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Poor sleep measured across many dimensions has been linked to adverse physical and
mental health outcomes including cardiovascular disease, diabetes, cancer, increased mortality,
depression, and anxiety. Current research typically relies upon brief, subjective, inadequately
validated methods to assess limited dimensions of sleep, resulting in inaccurate measurements
and possibly faulty conclusions. Specifically, research validating objective (e.g., actigraphy) and
subjective (e.g., sleep diaries, retrospective surveys) measurement methods against the gold
standard of polysomnography (PSG, an overnight sleep study) is primarily limited by a) a lack of
reliability based on too short (e.g., 24 or 48 hours) of an assessment period to capture night-to-
night variability, b) a lack of ecological validity (e.g., full PSG in a laboratory setting), and c) a
lack of generalizability due to limited or special populations (e.g., individuals with insomnia).
Barriers such as prohibitive cost, extensive setup time, and personnel training requirements
diminish the ability of researchers to conduct measurement comparison studies using gold
standard measures like traditional PSG. These barriers can be circumvented with the use of low-
cost, minimally invasive single-channel EEG devices (e.g., Zmachine), but to date few studies
have employed these devices. The current study evaluated the accuracy of retrospective surveys,
sleep diaries, and actigraphy compared to a single-channel EEG device for assessment of sleep
timing, duration, and efficiency in participants’ homes over one week using a broad community
sample (N = 80). Actigraphy generally demonstrated the best agreement with Zmachine across
sleep variables, followed by diary and then survey. Circadian midpoint was the most consistent
across measures, followed by sleep duration and then sleep efficiency. Implications and future

directions are discussed.
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CHAPTER 1
INTRODUCTION

Poor sleep measured across many dimensions has been linked to adverse physical and
mental health outcomes (Buysse, 2014; Czeisler, 2015). Current research in health disciplines
typically relies upon brief, subjective, inadequately validated methods to assess limited
dimensions of sleep, which results in inaccurate measurements that impede scientific progress
and discovery (Grandner, Hale, Moore, & Patel, 2010). Specifically, research validating
objective (e.g., actigraphy) and subjective (e.g., sleep diaries, retrospective surveys)
measurement methods against the gold standard of polysomnography (PSG) is primarily limited
by a) a validation period too short to capture night-to-night variability (e.g., 24 or 48 hours), b) a
lack of ecological validity (e.g., full PSG in a laboratory setting), and c) limited or special
populations (e.g., individuals with insomnia). However, barriers such as prohibitive cost and
setup time diminish the ability of researchers to conduct measurement comparison studies using
traditional PSG. These barriers can be circumvented with the use of low-cost, minimally invasive
single-channel EEG devices (e.g., Zmachine), but to date few studies have employed these
devices. The current study seeks to evaluate the accuracy of retrospective surveys, sleep diaries,
and actigraphy compared to a single-channel EEG device in participants’ homes over one week

using a broad community sample.

Overview of Sleep
Sleep is an essential, behaviorally modifiable biological function typically associated
with a sitting or lying posture, closed eyes, and reduced motor activity, perception, and

consciousness (Carskadon & Dement, 2011). However, sleep is multidimensional and can be



assessed at many levels of analysis (Buysse, 2014). Further, sleep is not a static construct from

night to night, but rather demonstrates considerable intra-individual variability.

Sleep Dimensions

“Poor sleep” has been associated with numerous poor physical and mental health
outcomes. However, the definition of “poor sleep” has been poorly and incompletely defined and
is often inadequately assessed in the literature (Buysse, 2014). Three primary domains of sleep
are typically thought to impact health and safety: duration, quality, and timing (Czeisler, 2015).
However, interactions within and across these dimensions make obtaining a clear picture of sleep
health quite complicated.

Sleep duration, or total sleep time, refers to the amount of sleep obtained in a 24-hour
period. Total sleep time is typically measured by PSG, actigraphy, sleep diary, or retrospective
questionnaire. Abnormal total sleep time (e.g., <7 hours or >9 hours) is associated with poor
health outcomes such as cardiovascular diseases, diabetes, and mortality (Alvarez & Ayas,
2004). Sleep disorders/complaints associated with short total sleep time include insufficient sleep
(Hublin, Kaprio, Partinen, & Koskenvuo, 2001) and insomnia (Vgontzas, Fernandez-Mendoza,
Liao, & Bixler, 2013), and sleep disorders associated with long total sleep time are typically
secondary to a medical or psychological disorder (Patel, Malhotra, & Gottlieb, 2006). Total sleep
time has been the most frequently studied aspect of sleep in the medical and psychological
literatures (Cappuccio, D'Elia, Strazzullo, & Miller, 2010).

Sleep quality, typically defined as one’s perception of the “restfulness” of sleep, is
largely a subjective and complex phenomenon (Buysse, Reynolds, Monk, Berman, & Kupfer,

1989). Sleep quality is most often assessed by retrospective questionnaire, but can also be



assessed via PSG, actigraphy, and some forms of sleep diaries. Notably, although objective
measurements can correlate highly with subjective sleep quality, they cannot fully define it due
to the subjective aspects of sleep quality (Buysse et al., 1989). However, subjective and objective
assessments of sleep quality likely provide distinct, yet overlapping information about an
individual’s heath status. Parameters associated with sleep quality are sleep efficiency,
movement during sleep, number and length of awakenings, “depth” of sleep (i.e., sleep stages),
fragmentation, and self-rated restorativeness or restfulness. One parsimonious metric that
captures much of the objective aspects of sleep quality is sleep efficiency, which is the
percentage of time that the intended sleep period is filled with sleep. Sleep efficiency is
calculated based on a set of sleep parameters, typically dividing total sleep time by time in bed to
obtain a percentage between 0 — 100. Depending on what information is available, total sleep
time is calculated by subtracting total wake time (sleep onset latency, wake after sleep onset, and
terminal wakefulness) during the intended sleep period (i.e., time in bed; Spielman, Saskin, &
Thorpy, 1987). For example, sleeping for 6 hours but spending 10 hours in bed trying to sleep
would be 60% sleep efficiency. Poor sleep efficiency is associated with poor health outcomes
including increased mortality, metabolic syndrome, diabetes, hypertension, coronary heart
disease, and depression (see Buysse, 2014 for citations). Sleep disorders associated with poor
sleep quality or efficiency include insomnia (Spielman et al., 1987), circadian rhythm disorders
(Reid & Zee, 2009), sleep apnea (Kimoff, 1996), and periodic limb movement disorder (Wetter
& Pollmécher, 1997).

Timing of sleep refers to the placement of sleep within a given day (i.e., 24-hour period).
Sleep timing can be considered both a trait and a state phenomenon, meaning that individuals

may not sleep during their preferred schedule. Trait sleep timing, or circadian preference, is



typically measured with self-report questionnaires (e.g., Composite Scale of Morningness;

Smith, Reilly, & Midkiff, 1989) or physiological measures of circadian rhythm (e.g., dim light
melatonin onset; Lewy & Sack, 1989). State sleep timing is typically measured by PSG,
actigraphy, sleep diary, or retrospective questionnaire, using parameters such as sleep onset,
sleep offset, and circadian midpoint. Abnormal sleep timing (i.e., majority of sleep occurs
outside of 9pm — 4am window) is associated with poor health outcomes including increased
mortality, coronary heart disease, metabolic syndrome, diabetes, and accidents (Costa, 1996).
Sleep disorders associated with abnormal sleep timing include circadian rhythm disorder (Reid &
Zee, 2009) and shift work disorder (Schwartz & Roth, 2006).

Similar to wake, there is considerable variability in sleep both between and within
individuals (i.e., night-to-night; Van Dongen, Vitellaro, & Dinges, 2005). This is due to a
multitude of biological, psychological, and social factors that can differentially affect sleep on an
hourly, nightly, weekly, monthly, seasonally, yearly, and lifetime basis. Because of this
variability, a single-night snapshot of an individual’s sleep does not yield an accurate estimate of
one’s habitual average total sleep time (Van Dongen et al., 2005).

Most sleep research has focused on inter-individual variability—primarily differences
between groups or individuals in total sleep time and related causes and consequences (Bei,
Wiley, Trinder, & Manber, 2016; Van Dongen et al., 2005). This research seeks to understand
why certain people may have different sleep patterns than others (e.g., Do people with lower
socioeconomic status have worse sleep?), or how sleep may differentially affect outcomes (e.g.,
Do people with poor sleep quality have an increased risk of cardiovascular disease?). Examining
this inter-individual variability provides a good understanding of the factors that may contribute

to or result from different sleep patterns. However, studying differences between individuals



does not necessarily provide information about how individuals change over time. Further,
considerably less research has focused on intra-individual variability in multi-dimensional
components of sleep—differences in timing, duration, and efficiency—and their relationship to
poor outcomes (Bei et al., 2016; VVan Dongen et al., 2005).

Almost no research to date has examined intra-individual variability in multi-dimensional
assessments of sleep—differences in sleep across contexts or time periods for a single individual
(Bei et al., 2016; VVan Dongen et al., 2005). Intra-individual variability research seeks to
understand the antecedents and consequences of sleep patterns for an individual (e.g., Do
depressive symptoms during a day lead to poor sleep that night? Does a week of fragmented
REM sleep increase inflammation the following week?) Examining intra-individual variability
provides a direct observation of changes in sleep over context and time, which allows for the
identification of the most influential determinants of the processes and systems underlying sleep
health. Further, assessing intra-individual variability provides information about temporal
sequencing and limits the effect of confounding variables which allows for stronger causal
inferences. Finally, some have suggested inter-night variability in sleep (e.g., consistency of
bedtime and waketime) may be a useful variable to examine in itself (Vallieres, Ivers, Bastien,
Beaulieu-Bonneau, & Morin, 2005).Therefore, examining both inter- and intra-individual
variability is crucial for developing targeted interventions and improving outcomes.

In order to understand both inter- and intra-individual variability, sleep characteristics
must be accurately measured across seven or more days (Van Someren, 2007; Wohlgemuth,
Edinger, Fins, & Sullivan, 1999). Sleep characteristics measured across less than seven days do
not yield acceptable levels of reliability (i.e., temporal stability). The reliability of the

measurement also depends on measurement method, sleep disorders, setting, and sleep parameter



of interest. Actigraphy and PSG measures of total sleep time alone require 7-11 days and sleep
diaries require 2 weeks to achieve adequate stability (Van Someren, 2007; Wohlgemuth et al.,
1999). In general, normal sleepers in a home environment demonstrate the greatest temporal
stability in total sleep time and individuals with insomnia sleeping in the home environment
demonstrate the lowest temporal stability (Wohlgemuth et al., 1999). However, this finding is
moderated by sleep parameter and measurement method. For example, at 7 days of
measurement, sleep onset latency show relatively high temporal stability for normal sleepers and
individuals with insomnia when measured with PSG across lab and home settings, but low
temporal stability for normal sleepers at home when measured with sleep diaries (Wohlgemuth et
al., 1999). In sum, accurate and reliable measurement of sleep parameters requires at least 7 days
of measurement and may vary considerably based on 1) sleep component measured and 2)

between- and within-subjects factors.

Sleep Measurement

Sleep parameters are measured via objective (e.g., actigraphy, polysomnography),
subjective (e.g., retrospective survey, sleep diaries), or combined (e.g., actigraphy and sleep
diary) methods. Each measurement method has associated benefits and limitations. Further, these
different methods provide data varying in type and quality.

Polysomnography (PSG) is an objective, prospective measure of total sleep time that, at a
minimum, uses electroencephalography (EEG) to assess brain states and thereby determine
sleep/wake. PSG is considered the “gold standard” of objective sleep measurement because it
provides high-quality, high-frequency sleep staging data. However, there are multiple formats of

PSG with an array of drawbacks and benefits.



Full or diagnostic PSG provides the most comprehensive assessment of brain and
behavior during sleep and typically requires, at minimum, 3-lead EEG (e.g., O1 and O2, C3
and/or C4), chin electromyography (EMG), electrooculography (EOG), electrocardiogram
(EKG), nasal/oral airflow, thoracic effect, abdominal effort, oxygen saturation, and body position
(Kushida et al., 2005). Full PSG is used primarily for assessment of intrinsic sleep disorders like
sleep-related breathing disorders, restless legs syndrome or periodic limb movement disorder,
REM behavior disorder, and narcolepsy (Kushida et al., 2005). Depending on the aim of the
study, certain elements may or may not be included.

Although in-lab PSG has traditionally been considered the “gold standard” of objective
sleep measurement, it has substantial limitations. A primary limitation of in-lab PSG is the
financial burden—a full night of PSG costs, on average, $1,190 per participant (Chervin,
Murman, Malow, & Totten, 1999). Further, an in-lab PSG requires 8-12 hours of labor from a
trained technician, and a physical lab space equipped for one or more sleeping participants with
accompanying monitoring equipment. The equipment is uncomfortable and cumbersome, often
requiring one or more nights for the participant to adapt and sleep normally. Once data is
collected, it must be scored by trained technologists, which typically costs an additional sum and
takes about 2 hours per record (Malhotra et al., 2013). Although PSG data is high-quality
objective data, it cannot provide information about the participant’s subjective experience, and
therefore is not necessarily the “gold standard” for every type of sleep assessment. For example,
experts have recommended full PSG is not an essential component of clinical assessment of
insomnia, and instead emphasize a focus on clinical interview and sleep diaries (Buysse, Ancoli-
Israel, Edinger, Lichstein, & Morin, 2006). Finally, data achieved by in-lab PSG, although high-

quality, reflects the sleep of an individual sleeping in a laboratory environment and not in their



typical environment. This affects the ecological validity of the method and may limit study
conclusions.

Ambulatory PSG has been able to partially mitigate some of the challenges posed by in-
lab PSG but still suffers similar limitations. Ambulatory PSG, or in-home sleep testing, typically
involves a participant coming to a laboratory for a reduced PSG hookup (e.g., EEG, EOG, EMG)
by a trained technician, and then going home to sleep for the night. Every night of testing, the
participant must return to the lab to be hooked up to equipment again. Ambulatory PSG units are
typically more lightweight and portable than traditional PSG systems, but the cost and
discomfort of the equipment are similar. The burden of scoring the collected data remains.
Although automatic scoring systems have been developed, these systems still require a trained
technician to hook up the full array of PSG sensors (Kaplan, 2014). In short, although home
sleep testing can reduce the amount of technician labor and improve ecological validity
compared to in-lab PSG, many of the limitations remain.

In response to the limitations of in-lab and ambulatory PSG, single-channel EEG devices
(i.e., 3 electrodes) with automatic data scoring capabilities have recently emerged. The Zmachine
Insight+ (General Sleep Inc.) is a portable, single-channel, EEG recording device that costs
approximately $600 per unit. In comparison to the 10+ electrodes applied by a trained technician
required for full PSG, the Zmachine uses only three electrodes that can be easily applied by the
participant in their own home. The placement of the electrodes for the Zmachine (behind each
ear and on the back of the neck) allows for minimal participant discomfort during sleep. Because
participants do not have to return to the lab each night of a study for equipment hookup, the

Zmachine can be used for upwards of three weeks without researcher interference. The



Zmachine offers high quality sleep staging data, reduced participant burden, reduced cost, and
greater ecological validity compared to in-lab and ambulatory PSG.

Despite the promising features of the Zmachine, published research validating the
Zmachine and data scoring algorithm is extremely limited. The first published study of the
Zmachine (R. F. Kaplan, Wang, Loparo, Kelly, & Bootzin, 2014) examined the validity of an
algorithm processing single-channel EEG data from the differential-mastoid location to
determine sleep and wake. Participants were 99 healthy men and women aged 18-60 years, with
or without a sleep complaint. Compared to full PSG rated by 2-4 scorers, the Zmachine
demonstrated 96% sensitivity and 93% specificity for sleep-wake detection. Agreement between
PSG and Zmachine for sleep parameters was also high: total sleep time r = 0.95, sleep efficiency
r = 0.93, sleep onset latency r = 0.96, and wake after sleep onset r = 0.89.

Actigraphy is an objective measure of total sleep time that uses a wrist-worn
accelerometer to capture motion and sometimes light to determine sleep/wake. Computer
software uses an algorithm to analyze activity and estimate sleep parameters such as total sleep
time, sleep onset latency, number of awakenings, wake after sleep onset, and terminal
wakefulness (Ancoli-Israel et al., 2003). Actigraphy has a moderate up-front cost (e.g., $1000 -
$5000 per actigraph and scoring equipment) but no per-study associated costs. Actigraphy is an
ambulatory measurement device that allows for measurement over days, weeks, or months with
minimal user burden (Ancoli-Israel et al., 2003).

Actigraphy provides several benefits over other types of sleep measurement. Actigraphy
is an unobtrusive measure that does not substantially interfere with an individual’s routine which
allows for increased ecological validity compared to full PSG (de Souza et al., 2003). This

reduced burden also allows for long periods of data collection (e.g., several months), which can



provide more accurate information about habitual sleep habits compared to full PSG. Actigraphy
offers increased accuracy over subjective measures and can provide data about participant
nighttime movement/activity unlike single-channel EEG. Although costlier than sleep diaries and
surveys, actigraphy is substantially less expensive than PSG. Finally, actigraphy data is less
time-consuming to collect and score compared to PSG (R. F. Kaplan et al., 2014).

Limitations of actigraphy primarily stem from concerns regarding comprehensiveness
and accuracy of collected sleep data. Unlike PSG, actigraphy does not capture sleep staging data.
Actigraphy total sleep time estimates correlate well (rs .70 — .90) with polysomnography in a
laboratory setting (Ancoli-lIsrael et al., 2003; Sadeh & Acebo, 2002), but actigraphy has much
greater sensitivity (i.e., sleep detection) than specificity (i.e., wake detection; Ancoli-Israel et al.,
2003). This renders actigraphy data less accurate and useful in sleep-disordered populations
because these individuals are likely to have more periods of wakefulness during the night that
actigraphy is unable to detect (Ancoli-Israel et al., 2003). Related to this, a further concern is that
actigraphy typically overestimates total sleep time compared to PSG by an average of 0.8 hours
(Lauderdale, Knutson, Yan, Liu, & Rathouz, 2008).

Accuracy of actigraphy can be affected by type of device, type of computer software and
algorithm, and participant adherence. Several mainstream devices used to assess total sleep time
and other sleep variables differ on factors such as type of accelerometer or software
compatibility (Ancoli-lIsrael et al., 2003). Devices from different manufacturers estimate total
sleep time differently (Cellini, Buman, McDevitt, Ricker, & Mednick, 2013), although
agreement between devices is generally high (>90%; Ancoli-lIsrael et al., 2003). Algorithms for
scoring actigraphy data have not been standardized, and few published studies have examined

differences between different algorithms (Ancoli-lIsrael et al., 2003). Participant adherence (e.g.,
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completing concurrent sleep diaries, pressing a button on the watch indicating intended sleep
time and final wake time, wearing the device consistently), device functioning (e.g., battery
charge) and environmental factors (e.g., bed partners, pets, bedroom light exposure) can also
impact accuracy (Sadeh & Acebo, 2002). The accuracy of actigraphy may be improved when it
is used in combination with a subjective measure (e.g., sleep diaries; Kushida et al., 2001).
Limitations of actigraphy yield it less useful in research or clinical situations requiring high
specificity or sleep staging data. See Table 1 for a summary of studies comparing actigraphy to
PSG.

Sleep diaries are a subjective measure of total sleep time that uses structured self-report
to capture estimated periods of sleep/wake. Sleep diary information can be collected via paper-
and-pencil means, via voicemails left by participants, or through electronic data capture
software. Sleep diaries are a low- or no-cost ambulatory measurement that allows for indefinite
periods of measurement (given user participation).

Sleep diaries are considered the gold standard of subjective sleep measurement (Carney
et al., 2012). Sleep diaries yield most of the commonly examined sleep parameters when
comprehensive forms are used (e.g., Consensus Sleep Diary; Carney et al., 2012). Sleep diaries
allow for high ecological validity and can allow for even longer periods of data collection
compared to actigraphy. Sleep diaries provide valuable information about an individual’s
subjective experience of sleep, which is a key feature of several sleep disorders (e.g., insomnia),
and may be differentially related to some health outcomes compared to objective measures
(Kurina et al., 2013). Sleep diaries offer improved accuracy and more comprehensive data

compared to surveys, making them a favorable alternative.
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Table 1

Summary of Studies Comparing Total Sleep Time and Sleep Efficiency Measured by Polysomnography and Actigraphy

. . . # . correlation Mean diff. correlation Mean diff.
First Author  Year N Population Actigraphy PSG . Setting +standard error xstandard error
Nights for TST for SE%
for TST for SE%
Beecroft 2008 12 mephanlcally ventilated Mllitter AWe4 Dataq WinDaq 1 ICU r=.14 - r=.18 --
patients Actiwatch
Ambulatory Monitoring Compumedics _ _
Blackwell 2008 68 Older adult women Inc. Sleepwatch-O Siesta 1 Home ICC =.76 44.2 £29.1 ICC = .61 9.8 6.5
Jean-Louis 2001 39  Post-menopausal Actillume actiwatch Oxford Medilog 1 Home r=.98 21.0 £10.5 r=.91 4020
(study 1) women 9200
SRNHLOUE 2001 11 healthy adults Actillume actiwatch VIS 5 lab r=.92 5.055 r=.69 1+0.9
(study 2) Somnostar
Jean-Louis 2001 5  healthy adults Actillume actiwatch; Somnostar 5  Lab r= 85 10 46.5 r= .60 20420
Mini Motionlogger
Kaplan 2012 54 AL i (117 B e AW64 Siesta 2 Lab r=.92 -- r=.49 --
controls
Lichstein 2006 57  Insomnia AW64 iffgg’”'cs 1 Lab r=.70 - r=0.43 -
Matthews 2018 223 ST liieeLe- Respironics Actiwatch 16 ~ Siesta 2 Home r=.66 -7.2 £51.0 - --
aged and older adults
Mccall 2012 54 Adultswithinsomnia e, SomnoStar 1 Lab r= 54 12.8 7.5 r=0.48 0.1 6.0
and depression
sleep-deprived Basic Mini-Motionlogger; - _ 14.7 £2.9; 39.9 . 2.23 £0.44;
R AU 2 community adults AW64 I EpBEIEe . il 2.6 6.05 £0.39
Sanchez- adults with insomnia; s . Lab and r=.92; r=0.77;
Ortuno 2010 31 community adults Mini Mitter not specified 6 home r=.93 N r=0.81 N
Signal 2005 21 Flight crew members Actiwatch Medcare Embla 1 Hotel r=.86 20.1 £97.9 r=0.54 7.0 £43.0
Siversten 2004 34 adul.ts with insomnia Actiwatch Plus Embla A10 2:1 Lab -- -- r :_0'54; --
(pre; post-tx) r=0.66
Taibi 2013 16  communitywomenwith e, Embla 8  Lab 89.2 18.9
insomnia Somnologica

Note. TST = total sleep time; SE% = sleep efficiency percentage.
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Table 2

Summary of Studies Comparing Total Sleep Time and Sleep Efficiency Measured by Polysomnography and Subjective Measures (i.e., Diary, Survey)

Mean diff. Mean diff.
. . . # . correlation  tstandard correlation tstandard
First Author  Year N Population Diary/Survey PSG Nights Setting for TST error for for SE% error for
TST SE%
Diary
Kaplan 2012 54 adults with bipolar and “standard sleep diaries” C_ompumedlcs 2 Lab r=.71 - r=.48 -
controls Siesta
. . . adapted from Lichstein, Respironics' _ . _ .
Lichstein 2006 57 Insomnia Riedel & Means (1999) Alice 3 1 Lab r=.59 r=.48
Matthews 2018 203 ~ Community middle-aged — modified Pittsburgh sleep ;o\, 2 Home  r=.56  15.667.2 - -
and older adults diary
McCall 2012 54 dultswithinsomniaand oo e WIIASVS 1 Lab r=33  545+141 - -
depression SomnoStar
Survey
Matthews 2018 223  community middle-aged  Pitisburgh Sleep Quality ;01 2 Home  r=.14 2224870 - -
and older adults Index Question
Signal 2005 21  Flight crew SESEElE) BB Embla 1 Hotel r=84  129#111.6  r=.41  -242%47.0

guestionnaire”

Note. TST = total sleep time; SE% = sleep efficiency percentage.
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Limitations of sleep diaries primarily stem from participant adherence/burden and
accuracy. Sleep diaries have demonstrated acceptable agreement with PSG in a community
sample (x = .87; Rogers, Caruso, & Aldrich, 1993), but limited validation research exists. Sleep
diaries tend to overestimate total sleep time overall, but sleep diaries perform differently in
individuals with and without sleep disorders. Individuals with sleep disorders like insomnia tend
to underestimate their total sleep time, whereas normal sleepers tend to overestimate their total
sleep time.

Accuracy of sleep diaries can be affected by factors such as type of sleep diary and
participant compliance (e.g., filling out sleep diaries every morning upon awakening). Although
a standardized research sleep diary exists (Carney et al., 2012), this sleep diary is not used
consistently across studies. Additionally, one study in a related field (i.e., chronic pain)
demonstrated daily-collected diaries are associated with 93.6% participant compliance compared
to 10.9% with weekly-collected diaries (Stone, Shiffman, Schwartz, Broderick, & Hufford,
2003). Low compliance may affect accurate reporting due to expectations about sleep, recall
bias, or memory impairments (Martin & Hakim, 2011). These limitations indicate use of a
concurrent objective measure, to assess subjective difficulties with sleep diaries, may be
warranted. See Table 2 for a summary of studies comparing sleep diaries to PSG.

Surveys and sleep questionnaires (e.g., Pittsburgh Sleep Quality Index; Buysse et al.,
1989) are subjective, retrospective measures of total sleep time that can use 1-20 questions (e.qg.,
“On average, how many hours do you sleep per night?”) to assess estimated periods of
sleep/wake. Surveys are a no-cost measurement that can capture long periods of retrospective

sleep data at a single time point.

14



The primary benefits of surveys are the convenience, low cost, and simplicity of their
use. Typically, survey questions of sleep focus on total sleep time and use three or fewer
questions, making them easy to insert into larger single time-point studies with relatively low
participant burden. Similarly, answers to survey questions require minimal scoring burden.
Further, survey measures can be used to capture long periods of time in a very brief assessment
period. Surveys are commonly used in large epidemiological studies that assess many variables
(Schwarz, 2007), and surveys are the most frequently used measure of total sleep time in existing
research (Cappuccio et al., 2010).

Despite their frequent use, surveys are a poor choice for accurately and comprehensively
assessing sleep. Retrospective survey estimates of total sleep time are only moderately correlated
(r = 0.45) with objective measures of sleep. One study (Lauderdale et al., 2008) found single-
point retrospective estimates tend to be systematically biased towards over-reporting total sleep
time compared to an objective measure (i.e., actigraphy). This effect was more pronounced for
individuals reporting shorter total sleep time (e.g., 1.3 hours overestimated for 5 hours of sleep
vs. 0.3 hours overestimated for 7 hours of sleep). Furthermore, surveys often give ordinal (e.g.,
“Less than 5 hours, 5-6 hours, etc.) response sets, which greatly limits response variability and
therefore power. Surveys typically only ask questions about total sleep time and/or sleep
disturbances and fail to capture other important aspects of sleep (e.g., timing, variability). See
Table 2 for a summary of studies comparing survey measures to PSG.

Survey measures of sleep are not standardized across studies, and varying question
formats can make comparisons difficult and impact data validity and reliability. First, using two
questions to differentiate between weekend and weekday sleep, as opposed to a single question

assessing a daily average, yields higher average total sleep time (Lauderdale, 2014). Second,
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assessing total sleep time via an hour estimate (e.g., “How many hours do you sleep per night?”)
versus bedtime and risetime estimates (e.g., “What time do you typically go to bed/wake up?”)
can yield consistently different results. A recent meta-analysis examining total sleep time and
mortality found studies using an hour estimate demonstrated a U-shaped relationship between
total sleep time and overall mortality, whereas studies that used bedtime and risetime estimates
to calculate average total sleep time failed to find the U-shaped relationship (i.e., found a linear
relationship or no relationship). This indicates there may be a systematic bias across studies
determined by the way total sleep time questions are asked (Kurina et al., 2013). Taken together,
these findings suggest the ease of using survey measures of sleep may come at the price of

accuracy, and a more thorough method of assessment is indicated.

Impact of Insomnia on Measurement

Previous research has demonstrated subjective estimates of sleep variables are impacted
by individual characteristics, most notably insomnia. Manconi et al. (2010) compared
restrospective sleep estimates of total sleep time (“How long, on average, do you think you slept
this night?”’) to PSG over one night in adults with (n =159) and without (n = 288) insomnia.
Individuals with insomnia underestimated their total sleep time by about 157 minutes on average
(95% limits of agreement = 240 minutes) whereas individuals without insomnia overestimated
their total sleep time by about 20 minutes on average (95% limits of agreement = 530 minutes).
Kay, Buysse, Germain, Hall, and Monk (2015) compared daily sleep diaries to actigraphy over
seven nights in older adults with (n = 63) and without (n = 51) insomnia. They found individuals
with insomnia overestimated their nighttime wakefulness (SOL + WASO) by about 36 minutes

on average and those without insomnia underestimated nighttime wakefulness by about 19
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minutes on average. Although actigraphy-derived total sleep time differed minimally between
individuals with and without insomnia, sleep diary-derived total sleep time was substantially
lower for individuals with insomnia. Taken together, these studies suggest individuals with
insomnia underestimate total sleep time on subjective measures compared to objective measures
whereas individuals without insomnia are fairly accurate or may slightly overestimate total sleep
time.

There are few studies comparing accuracy of actigraphy-derived total sleep time
estimates with PSG in individuals with and without insomnia. Sanchez-Ortufio, Edinger, Means,
and Almirall (2010) compared total sleep time assessed by actigraphy and PSG across 3 nights in
the lab in a sample of adults with (n=31) and without (n=31) insomnia. On average, actigraphy
estimates were higher than PSG estimates of total sleep time for both individuals with insomnia
(8.3 minutes) and without insomnia (4.9 minutes). McCall and McCall (2012) compared total
sleep time assessed by actigraphy and PSG in a single-night in-lab study with N=54 middle-aged
men and women with depression and insomnia. They found actigraphy overestimated sleep by,
on average, 12.8 minutes (SD = 7.5) compared to PSG. Although information on which to base
comparisons is limited, these studies study suggests insomnia status does not result in substantial

differences between PSG- and actigraphy-derived estimates of total sleep time.

Gaps in the Literature
Validation of global sleep/wake data for actigraphy, sleep diaries, and surveys compared
to PSG are limited in scope (see Table 1). Previous studies of actigraphy validation have
primarily assessed total sleep time over 1-7 days in a laboratory environment, or over 1-3 nights

in the home environment. These studies are important, but they cannot capture the night-to-night
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variability of sleep/wake in an ecologically valid setting. Previous research suggests a minimum
of 7 days of assessment of sleep is necessary to obtain an accurate estimate of habitual total sleep
time (Van Someren, 2007; Wohlgemuth et al., 1999). There are few previous studies of sleep
diary validation, and the existing studies have not used PSG as the gold standard, or have
focused on specialized populations like individuals with bipolar disorder. Finally, there are very
few previous studies of retrospective survey or sleep questionnaire validation and existing
studies have not used PSG as a gold standard. To our knowledge, no studies have examined
measurements of sleep timing, duration, and efficiency using actigraphy, sleep diary, or
retrospective sleep questionnaires against PSG for the recommended 7-night duration in an

ecologically valid setting (i.e., the individual’s typical sleep environment).

The Current Study
The current study examined sleep duration (total sleep time), sleep efficiency (percentage
of intended sleep time that is actually filled with sleep), and sleep timing (circadian midpoint)
across seven nights using four measurement methods (i.e., Zmachine, actigraphy, sleep diary,

retrospective survey) in a community sample. The primary hypothesis was that actigraphy and

sleep diaries would demonstrate acceptable agreement with Zmachine for circadian midpoint and
sleep efficiency, but not for total sleep time, and a sleep survey would fail to demonstrate
acceptable agreement with Zmachine for sleep timing, duration, or efficiency. The secondary
hypothesis was that insomnia severity would be a predictor of total sleep time differences
between a) actigraphy and Zmachine, with greater insomnia severity predicting higher
actigraphy-assessed total sleep time compared to Zmachine, b) sleep diary and Zmachine, with

greater insomnia severity predicting lower sleep diary-assessed total sleep time compared to
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Zmachine, and c) survey and Zmachine, with greater insomnia severity predicting lower survey-

assessed total sleep time compared to Zmachine.
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CHAPTER 2
METHOD
Participants

Participants for the proposed study were recruited broadly in the Denton County area.
Recruitment efforts aimed to increase generalizability by including a wide age range and a
diverse racial/ethnic breakdown similar to the community. Recruitment materials directed
interested individuals to informed consent and a brief online screening survey that collected
contact information and assessed the following inclusion criteria: a) willingness to participate for
at least 7 days, b) ability to travel to the Sleep and Health Research lab, ¢) English language
fluency, d) over the age of 18, €) had a phone number at which they could be regularly reached,
and f) had regular (daily) internet and personal email access.

Data were collected from February 2017 through August 2017. Initially, 120 people
expressed interest in the study, 101 completed the screening questionnaire, and 87 completed the
baseline questionnaire. A total of 81 participants attended the first lab appointment and
completed some measures and a final N = 80 were included in any analyses. Participant
characteristics are presented in Table 3. The majority of participants were female, non-Hispanic

White, married or in a relationship, well-educated, and employed.

Procedures
All procedures were approved by the University of North Texas Institutional Review
Board prior to the start of data collection. After completing the brief screening measure, eligible

participants were contacted and given the opportunity to complete the one hour of baseline
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measures online at home via a secure online data collection tool (REDCap). Participants were
then scheduled for their first in-person appointment in the Sleep and Health research laboratory.
Table 3

Sample Participant Characteristics

Mean (SD) n (%)
Age (y; range 19-69) 32.7 (10.1)
Male 30 (37.5)
Sex
Female 50 (62.5)
NH Black 3(3.8)
- NH White 68 (85.0)
Race/ethnicity -
Asian 4 (5.0)
Biracial/Other 5(6.2)
Married/Committed Yes 58 (72.5)
relationship No 22 (27.5)
High school or less 2 (2.5)
Educational attainment <4 years post-high school education 36 (45.0)
>4 years post-high school education 42 (52.5)
Full time 49 (61.3)
Employment status Part Time 19 (23.8)
Retired/Unemployed 12 (15.1)
STAI trait anxiety 39.8 (10.2)
General Positive Affect 30.5(7.8)
PANAS-X -
General Negative Affect 18.9 (7.1)
PCL-5 posttraumatic stress symptoms™> 13.8 (15.3)
>33 10 (13.3)
<33 65 (86.7)
PROMIS Sleep-Related Impairment (SF) 20.6 (5.9)
STOP sleep apnea >1 20 (25)
screening score <1 60 (75)
ISI insomnia severity 8.9 (5.7)
Insomnia diagnosis by ~ Yes 24 (30)
clinical interview No 56 (70)

Note: NH = non-Hispanic; for PCL-5, n = 75 due to missing responses. For all other descriptives, n = 80.
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During this appointment, participants were asked to provide a copy of their drivers’
license and contact information for two individuals who could be contacted if the participant
could not be reached and did not return equipment. Participants were trained in completion of the
Zmachine via videos provided by the equipment manufacturer and hands-on demonstration.
Participants were trained in use of actigraphy via verbal instruction from the research assistants
and hands-on demonstration. Participants were trained in use of daily sleep diaries via a sample
survey sent to their internet-enabled device and hands-on demonstration. Participants were then
given a Zmachine, actigraph, paper sleep diaries (in case of website malfunction) and written
instructions for all items (including online sleep diary instructions). Finally, participants’
understanding of study procedures was verified via a brief written quiz and their second in-lab
appointment was scheduled.

Participants used the Zmachine, actigraph, and sleep diary in their typical sleep
environment for 7 days. After the first study night, research assistants messaged participants to
ensure that equipment worked properly and check if they had any questions. At the first lab visit,
participants and research assistants mutually chose a time to receive the first sleep diary
reminder. Participants received up to two additional reminders, at three-hour intervals, if they
did not complete the sleep diary. Additionally, if they had not completed the diary by noon,
research assistants messaged the participants to remind them to complete. After 7 days of data
collection, participants returned to the lab to return the equipment and complete final measures
including retrospective sleep surveys. The compensation offered for participation in the study
was a) $20, b) a comprehensive report of the participant’s sleep over the study duration and sleep

disorders resources, and c) a decorative refrigerator magnet.

22



Measures

Retrospective Survey

The Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) a 19-item self-rated
questionnaire designed to measure seven domains of sleep. Domain scores range from 0 (no
difficulty) to 3 (severe difficulty), and combine to produce a global score of sleep quality ranging
from 0-21. The original validation study established a cutoff score of >5 indicating a significant
sleep disturbance (Buysse et al., 1989). In the current study, only questions that queried average
total sleep time, sleep efficiency and variables used in the assessment of circadian midpoint over

the past week were used for analyses.

Sleep Diaries

The sleep diary is a subjective measure that asks participants to give an estimate of their
sleep on the previous night (e.g., bed time, sleep onset latency, wake time). These variables
allow for the calculation of additional sleep metrics (i.e., sleep efficiency, total sleep time, sleep
onset latency, wake after sleep onset). In addition, the sleep diary included additional questions
that queried nightmare frequency and severity. Sleep diaries have been shown to correlate
moderately well with both polysomnography and actigraphy (Carney et al., 2012). Sleep diaries

were collected using electronic data capture software (REDCap; Harris et al., 2009).

Actigraphy
Actigraphs are wrist-worn, wristwatch-like devices that use an accelerometer to capture
motion as a proxy for activity. Computer software uses an algorithm to analyze activity and

estimate sleep parameters such as total sleep time, sleep onset latency, number of awakenings,
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wake after sleep onset, and terminal wakefulness (Ancoli-lIsrael et al., 2003). In the current
study, the actigraphs used were Philips Respironics Actiwatch Spectrum devices, and data was
analyzed with Respironics Actiware v6.0. Data was be scored by two trained scorers using an
internally-developed scoring hierarchy, and discrepancies were resolved by a third scorer.
Settings used for data export in Actiware were the following: low threshold (activity count: 10),

20 epochs inactivity for sleep onset/offset.

Zmachine

The Zmachine is an ambulatory device that processes a single channel of EEG data using
information from two mastoid-placed electrodes and one neck-placed ground electrode. The
Zmachine is capable of differentiating between wake, light sleep (stages N1 and N2), deep sleep
(stage N3), and rapid eye movement sleep (R. F. Kaplan et al., 2014). The Zmachine electrodes

are single-use and were self-applied by the participant 30 or more minutes prior to bedtime.

Insomnia Status and Severity

Insomnia status was determined via the Structured Clinical Interview for Sleep Disorders
(SCISD; Taylor et al., 2018). Interviewers were undergraduate-level students trained to fidelity
by the first author (JRD). In regression analyses, the Insomnia Severity Index (ISI) was used as a
continuous measure. The ISI is a 7-item self-report measure that assesses perceived severity of
insomnia (Bastien, Vallieres, & Morin, 2001). Each item uses a Likert scale ranging from 0 to 4
with higher scores indicating greater severity of insomnia symptoms. The items are summed to
produce a total score (range 0-28). The ISI has good internal consistency in the current study

(coefficient a = 0.88) with item-total correlations ranging from r = 0.39-.83 (all ps < 0.001).

24



Data Analysis
The following sleep parameters were computed across all four measurement methods,
when possible: circadian midpoint (bedtime — waketime/2), total sleep time (time in bed — [sleep
onset latency + wake after sleep onset + terminal wakefulness]), and sleep efficiency (total sleep
time/time in bed). For comparison to survey methods, data was averaged across the week for
Zmachine, actigraphy, and diary. Averages were only calculated for a given measure if >5 days

of data existed for that measure.

Hypothesis 1

In order to test whether actigraphy, sleep diary, and survey methods demonstrate
acceptable agreement with Zmachine for sleep timing, duration, and efficiency, parameters were
compared across measurement method using the Bland and Altman technique to examine
systematic bias and agreement (Bland & Altman, 2010). One deficit in the sleep measure
validation literature is the erroneous use of product-moment correlation coefficients (r) and other
global indices to demonstrate agreement between two measures. Correlation coefficients are
inadequate for assessing agreement for four primary reasons: a) high correlation between two
methods indicates the strength of a relationship instead of the agreement between the methods;
b) a difference in scale of measurement affects agreement but not correlation (e.g., a parameter
measured consistently lower by one method [e.g., 400 min vs 500 min] could be perfectly
correlated with a gold standard even though the two measures never agree), and therefore data
that has low agreement can still demonstrate high correlations; c) correlation fluctuates
depending on the range in the sample such that a wide-ranging parameter will inherently have a

greater correlation than a narrow-ranging parameter; and d) significance testing is irrelevant in
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testing the strength of agreement, as it is expected that two measures would have a certain degree
of relationship (Bland & Altman, 2010). Bland and Altman (1999) state, although frequently
done, it is inappropriate to assess agreement between measures using correlation, regression,
comparison of means, structural equations, or intra-class correlation methods. Instead, plots of
two methods against each other (prediction plots), plots of means against mean differences
(Bland-Altman plots), and estimates of where 95% of differences between measures are expected
to fall (limits of agreement) are suggested, as these items give information as to potential
systematic bias and variability of estimates in addition to mean differences.

Analyses for Hypothesis 1 were conducted in R software version 3.1.3 (R Core Team,
2015) using the using the MethComp package version 1.22.2 (Carstensen, Gurrin, Claus Ekstrom,
& Figurski, 2016). Separate analyses were used for each sleep parameter and each measure
comparison. Data was first examined via two plots: a) prediction plots: gold standard on the X-
axis against comparison method on the Y-axis with a line of equality (i.e., perfect agreement
between the methods); and b) Bland-Altman plots, the mean of both methods ([method 1 +
method 2]/2) on the X-axis against difference between methods (method 1 — method 2) on the Y-
axis. These plots allow for visual examination of agreement between methods and detection of
systematic or unsystematic bias. For comparison between Zmachine, actigraphy, and diary
(repeated measures) a mixed model was used to estimate the 95% limits of agreement while
controlling for nesting of repetitions within participants (data was considered “linked” or paired
replicates; Carstensen, Simpson, & Gurrin, 2008).This method includes measure (i.e., Zmachine,
actigraphy, diary) and participant as fixed effects, and the measure x participant interaction as a
random effect.

For comparison between survey and the other measures’ averages, traditional calculations

26



for Bland-Altman plots were created and visually examined (Bland & Altman, 1999). Given
non-constant bias across levels of the construct (i.e., total sleep time, sleep efficiency, and
circadian midpoint), recommendations by Carstensen (2010) were used to calculate coefficients
that can be used to convert one method to another and prediction intervals rather than traditional

limits of agreement.

Hypothesis 2

Analyses for Hypothesis 2 and descriptives were conducted in SPSS software version 21.
In order to test whether insomnia severity was a predictor of differences between average
actigraphy and Zmachine-assessed total sleep time, sleep diary and Zmachine, and survey and
Zmachine, three hierarchical linear regressions were used. Demographics (gender, marital status,
age, education level) were entered into the first block, psychosocial covariates (negative affect,
anxiety) were entered into the second block, and ISI score was entered into the third block as
predictors for all models. In the first model, the dependent variable was mean difference between
Zmachine and actigraphy total sleep time, with positive numbers representing underestimation
by actigraphy, and negative numbers representing overestimation by actigraphy compared to
Zmachine. In the second model, the dependent variable was mean difference between Zmachine
and sleep diary total sleep time. In the third model, the dependent variable was mean difference

between Zmachine and survey total sleep time.

Power Analysis
There are few recommendations for power analysis in method comparison studies using

Bland Altman analyses. Therefore, power analyses were calculated for repeated measures
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ANOVA, within factors effects with a small effect size of d = 0.15, power of 0.80, alpha of .01
(to control for multiple comparisons), correlation among repeated measures of 0.43 (Lichstein et
al., 2006) and 7 nights of repeated measures. This analysis indicated a total sample size of 70
participants was needed, but we included 80 to allow for 10-15% percent attrition and data loss.
Carstensen (2010) argues power analysis calculations for measure comparison studies are
irrelevant and instead recommends a sample of at least 50, with at least 3 days of measurement

per person. Data collected far exceeds that recommendation, even given missing data.
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CHAPTER 3
RESULTS

Data was cleaned by examining and applying necessary corrections for outliers, variable
normality, and missing data in accordance with recommendations from Tabachnick and Fidell
(2013). Participants were considered “completers” and therefore included for analysis if they had
>5 days of usable data on at least two measures. One participant was excluded for <5 days of
data on all measures. For Zmachine, 65 days were excluded for bad data and 19 days were
missing, for a total of 84 excluded days for Zmachine (due to the nature of the data errors,
circadian midpoint was retained for 19 days with bad data). A total of 11 participants had data
removed for Zmachine due to <5 days of usable data (n = 69 with complete data). For
actigraphy, 21 days were excluded for bad data and 15 days were missing, for a total of 36 days
missing (circadian midpoint retained for 15 days). A total of 5 participants had data removed for
actigraphy due to <5 days of usable data (n = 75 with complete data). For diary, 6 days were
missing but no participants were removed (n = 80). For survey, 1 participant’s data was
completely missing, and two additional participants’ data was removed for sleep efficiency due

to impossible values given (n = 77 for all survey variables).

Correlations between Variables of Interest
Means for sleep variables of interest, divided by insomnia diagnosis and combined, are
presented in Table 4. Preliminary correlations (Pearson r) were conducted to examine
relationships between each variable of interest (total sleep time, sleep efficiency, circadian
midpoint) as measured by Zmachine, actigraphy, diary, and survey (Table 5). Sole interpretation

of these values as evidence for concordance or lack thereof would be inappropriate for reasons
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described above. However, these values are presented to ease comparisons between the current
results and prior research, which commonly report correlations between measures.

Table 4

Means (SD) for Individuals With and Without Insomnia and Whole Sample for Zmachine,

Actigraphy, Diary, and Survey Measures of Total Sleep Time, Sleep Efficiency, and Circadian
Midpoint

Insomnia No Insomnia Combined

o N ey N ey N

Zmachine (gég) 19 (8%2) 50 (g%g) 69

Total Sleep Time Actigraphy (?gg) 22 (81731;) 53 ((6)2451) &
o Diary ((7):32) 24 (gfgg) 56 (gfgg) 80
Survey (?:ﬁ) 24 (iig) 55 (igg) &

Zmachine %g:gg) 19 Eéé:g) 50 ?61;92) 69

Sleep Efficiency Actigraphy 3251;(7)) 22 %éég) >3 ?;%9) ~
R [ S A
SUINiEY (71937cg) e (81%652) == ?fiéga i

Zmachine é;g) 22 (igg) 50 (igg) 72

Circadian Actigraphy (igg) 23 (i??) 55 (ﬂg) 78
vicpont© Diary (igg) 24 (i;g) 56 (i;;) 80
Survey (iig) 24 (iée?s) 55 (iég) &

Generally, Zmachine demonstrated the highest correlations with actigraphy, followed by
diary, and then survey across all variables. Correlations between Zmachine and actigraphy, diary,
and survey were highest for circadian midpoint, followed by total sleep time, then sleep
efficiency.
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Hypothesis Testing
Hypothesis 1
Plots of Zmachine vs. actigraphy and diary for total sleep time, sleep efficiency, and
circadian midpoint are presented in Figure 1. Bland Altman plots of Zmachine vs. actigraphy and
diary for total sleep time, sleep efficiency, and circadian midpoint are presented in Figure 2.
Table 5

Correlations among Survey, Diary, Actigraphy and Single-Channel EEG Measures of Total
Sleep Time, Sleep Efficiency, and Circadian Midpoint across 7 Nights at Home

Actigraphy Diary Survey
Zmachine J5FF* o Rk H7x**
Total Sleep Actigraphy -- JI5*F** .68***
Time (h) Diary - 63%x*
Survey --
Zmachine .25* 18 15
Sleep Efficiency Actigraphy - 18 .38
(%) Diary - 42
Survey -
Zmachine Q9*** 98*** 94*x**
Circadian Actigraphy -- 99*** 93***
Midpoint (t) Diary - 92H*
Survey -

*p<.05. **p<.0L ***p< 001

These plots were examined and found to demonstrate constant bias (i.e.,
homoscedasticity of differences) at all levels so slope was fixed to 1 and bias and limits of
agreement were calculated with mixed model adjustments for repeated measures (see Table 6;
Carstensen et al., 2008). The 95% limits of agreement are displayed as thin blue lines on these
plots, signifying that 95% of differences between measures are expected to fall between these
lines. Mean difference, or bias, is represented as a thicker blue line on these plots, with positive

values indicating underestimation of the second measure (e.g., actigraphy, diary) compared to the
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first (Zmachine) and negative values indicating overestimation. For example, sleep efficiency

was overestimated by sleep diary compared to Zmachine by 7.1%, on average (center image of

Figure 2).
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Figure 1. Prediction plots for repeated measures (7 days) of Zmachine- (EEG), actigraphy-, and
sleep diary-assessed total sleep time, sleep efficiency, and circadian midpoint.

For total sleep time, the comparison between Zmachine and actigraphy demonstrated a

slight tendency toward overestimation by actigraphy (8 minutes) with wide 95% limits of

agreement (>3 hours). A similar pattern was seen for the comparison between Zmachine and
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diary, with diary overestimating total sleep time by, on average, 40 minutes and wide limits of

agreement (>4 hours).
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Figure 2. Bland-Altman plots adjusted for repeated measures (7 days) of Zmachine- (EEG),
actigraphy-, and sleep diary-assessed total sleep time, sleep efficiency, and circadian midpoint
with blue lines indicating mean bias and 95% limits of agreement.

For sleep efficiency, the comparison between Zmachine and actigraphy demonstrated
almost no bias (<1% overestimation by actigraphy) and wide limits of agreement (>35%). The

comparison between Zmachine and diary revealed an average overestimation of diary by

approximately 7%, with wide limits of agreement (>45%). Notably, all comparisons for sleep
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efficiency demonstrate substantial heteroscedasticity, with greater variability in differences at
lower average values of sleep efficiency. In other words, days with greater sleep efficiency had
more precise estimates compared to Zmachine.

For circadian midpoint, the comparison between Zmachine and actigraphy demonstrated
almost no bias (<5 minutes overestimation by actigraphy) and rather narrow limits of agreement
(<1.5 hours). The comparison between Zmachine and diary revealed a similar pattern with little
bias (6 minutes) and rather narrow limits of agreement (<1.5 hours).

Bias, precision and 95% limits of agreement for survey vs. Zmachine are displayed in
Table 6. Plots of Zmachine, actigraphy and diary vs. survey for averaged-across-week total sleep
time, sleep efficiency, and circadian midpoint are presented in Figure 3. Bland Altman plots of
averaged-across-week values for Zmachine, actigraphy, and diary versus survey for total sleep
time, sleep efficiency, and circadian midpoint were examined and found to demonstrate non-
constant bias (i.e., significant slope; all ps <.05). Therefore, plots were recomputed allowing
differences to depend on averages in a linear rather than constant fashion. These plots are
presented in Figure 4. Given non-constant bias, traditional limits of agreement could not be
calculated (Carstensen, 2010). Instead coefficients for the regression line allowing linear
conversion between each measure vs. survey were calculated using the DA . reg function of the
MethComp R package (Carstensen et al., 2016). These coefficients are provided along with
standard deviation of the prediction (precision) and 95% limits of prediction in Table 7.
Conversion from survey to the other method can be achieved using the following formula from
Carstensen (2010):

Y21 = o 2ptf 2ny1 £ 2 X 8.d.(y2p).
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For total sleep time, the prediction interval for the comparison between Zmachine and
survey was >2.5 hours. Additionally, the slope indicated that differences were not the same for
individuals with high and low total sleep time. For individuals with lower total sleep time, survey
was predicted to underestimate total sleep time compared to Zmachine. For individuals with
higher total sleep time, survey was predicted to overestimate total sleep time compared to
Zmachine. Practically, this means for an individual reporting 4 hours total sleep time on survey
the predicted Zmachine value would be 4.4 hours and for an individual reporting 8 hours total

sleep time on survey the predicted Zmachine value would be 6.8 hours.
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Figure 3. Prediction plots for averaged-across-week Zmachine- (EEG), actigraphy-, sleep diary-
and survey-assessed total sleep time, sleep efficiency, and circadian midpoint.
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Figure 4. Bland-Altman plots for averaged-across-week Zmachine- (EEG), actigraphy-, sleep
diary- and survey-assessed total sleep time, sleep efficiency, and circadian midpoint with slopes
allowed to vary linearly and blue lines indicating mean bias and 95% prediction intervals.

For sleep efficiency, the prediction interval for the comparison between Zmachine and
survey was >25%. Sleep efficiency demonstrated a similar pattern to total sleep time, such that
for individuals with lower sleep efficiency, survey was predicted to underestimate their sleep
efficiency compared to Zmachine. For individuals with higher sleep efficiency, survey was

predicted to overestimate total sleep time compared to Zmachine. For an individual reporting

70% sleep efficiency on survey the predicted Zmachine value would be 74% and for an
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individual reporting 95% sleep efficiency on survey the predicted Zmachine value would be
85%. Notably, most individuals in this study had sleep efficiency >75%, so information about
lower sleep efficiencies is somewhat limited.

For circadian midpoint, the prediction interval for the comparison between Zmachine and
survey was >1 hour. Circadian midpoint displayed a slight slope such that individuals sleeping
earlier during the nighttime period were predicted to overestimate sleep timing on survey, and
individuals sleeping later during the nighttime were predicted to slightly overestimate sleep
timing on survey. For example, for an individual reporting a 2:00am circadian midpoint on
survey the predicted Zmachine value would be 2:33am and for an individual reporting a 6:00am
circadian midpoint on survey the predicted Zmachine value would be 6:04am.

Table 6
Bias, Precision, and 95% Limits of Agreement for 7 Days of Total Sleep Time, Sleep Efficiency,

and Circadian Midpoint as Compared between Zmachine, Actigraphy, and Diary Compared to
Survey

LoA LoA
o (¢
lower upper
Zmachine v. Actigraphy -0.13 0.84 -1.81 1.54
E\‘;ta' Sleep Time = 2 chine v. Diary 0.67 103 272 1.39
Actigraphy v. Diary -0.52 0.92 -2.36 1.32
Zmachine v. Actigraphy -0.55 9.97 -20.49 19.39
ﬁ,'/f)e" Efficiency  Zmachine v. Diary 707 1168  -3043  16.29
Actigraphy v. Diary -6.32 10.58 -27.47 14.83
Zmachine v. Actigraphy -0.08 0.27 -0.62 0.47
Circadian : :
Midpoint (t) Zmachine v. Diary -0.10 0.35 -0.81 0.61
Actigraphy v. Diary -0.02 0.30 -0.61 0.57

Note. LoA = limit of agreement.
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Hypothesis 2

Final models of linear regression results for hypothesis 2 are presented in Table 8. As
hypothesized, insomnia severity was not a significant predictor of differences between
Zmachine- and actigraphy-assessed total sleep time. The only significant predictors were gender
and relationship status. Women had higher total sleep time on actigraphy than Zmachine (Maift =
0.31) and men had lower total sleep time on actigraphy than Zmachine (Mgitt = 0.07).
Participants in a relationship had higher total sleep time on actigraphy than Zmachine (Mitt = -
0.23) and single participants had lower total sleep time on actigraphy than Zmachine (Maift =
0.05). Contrary to hypothesis, insomnia severity nor any other tested variables were significant
predictors of differences between Zmachine- and diary-assessed total sleep time.
Table 7
Slopes, Intercepts, Standard Deviation of Prediction, and 95% Prediction Intervals for

Averaged-Over-Week Total Sleep Time, Sleep Efficiency, and Circadian Midpoint as Measured
by Zmachine, Actigraphy, and Diary Compared to Survey

a B o 95% p.i.

_ Zmachine v. Survey 2.04 0.60 0.67 +1.31

(Th‘;ta' Sleep Time A ctigraphy v. Survey 1.68 0.67 066  +1.30
Diary v. Survey 242 0.68 0.73 +1.42

Zmachine v. Survey 43.92 0.43 7.52 +14.74

(S(,'/(‘f)ep Efficiency  actigraphy v. Survey 48.69 0.38 569  +11.15
Diary v. Survey 59.41 0.36 5.50 +10.79

Zmachine v. Survey 0.79 0.88 0.44 +0.85

g)ircadia” Midpoint 4 -iaraphy v. Survey 095 087 045  +0.89
Diary v. Survey 0.92 0.89 0.49 +0.95

Note. p.i. = prediction interval.
As hypothesized, insomnia severity significantly predicted differences between

Zmachine- and survey-assessed total sleep time. Individuals with greater insomnia severity
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demonstrated greater positive differences between survey- and Zmachine-assessed total sleep
time, indicating lower total sleep time on survey than on Zmachine. Relationship status was also
a significant predictor of differences between survey and Zmachine. Both participants in a
relationship and single participants had higher total sleep time on actigraphy than Zmachine but
the difference was greater for those in a relationship (Mair = 0.85) versus those single (Mgitr =
0.38). When the same analysis was conducted using absolute value of the differences between
Zmachine and survey as the outcome variable, insomnia severity was again a significant
predictor of differences suggesting greater insomnia severity is related to greater bias between

survey and Zmachine estimations overall.
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Table 8

Regression Results for Insomnia Severity, Demographics, and Psychosocial Variables Predicting Differences between Predictions by
Zmachine Compared to Actigraphy, Diary and Survey for Total Sleep Time

Zmachine v. Actigraphy

Zmachine v. Diary

Zmachine v. Survey

Variable (n=67) (n=169) (n = 69)

B SE B B rs B SEB B rs B SE B B rs
ISI 0.01 0.01 11 -.06 0.02 0.02 .20 42 0.08 0.02 A7F* | .63
PANAS NA -0.02 0.02 -.26 -.17 -0.01 0.02 -.14 -31 -0.02 0.03 -.13 .02
STAI 0.00 0.01 -.06 -12 -0.01 0.01 -11 -.27 -0.03 0.02 -.28 -.09
age -0.01 0.01 -.20 -43 0.00 0.03 .05 34 0.01 0.01 .07 24
gender -0.28 0.13 -33** | -.65 -0.15 0.15 -12 -39 -0.33 0.21 -17 -.20
relationship status 0.45 0.18 34> 44 0.20 0.21 14 .33 0.73 0.29 33* 49
education level 0.02 0.03 .08 16 0.00 0.03 .00 .02 0.03 0.05 .07 12
R? .25 .06 27
F (df) 2.83* 0.59 3.27**

Note. rs-structure coefficients (r/R); in a relationship = 0; male = 0. * p <.05; ** p < .0.
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CHAPTER 4
DISCUSSION
The primary objective of the current study was to examine the accuracy of total sleep

time, sleep efficiency, and circadian midpoint as assessed by actigraphy, sleep diary, and survey
compared to a gold standard objective measure (Zmachine) in a community sample (N = 80)
across 7 nights in the naturalistic sleep environment. Actigraphy generally demonstrated the best
agreement with Zmachine across sleep variables, followed by sleep diary and then survey.
Circadian midpoint was the most accurately assessed sleep parameter across measures, followed

by total sleep time and then sleep efficiency.

Total Sleep Time

Actigraphy-assessed total sleep time did not differ substantially, on average, from
Zmachine (+8 minutes). Previous findings are mixed, but the current results fall within the range
of similar research. Current results are most similar to findings by McCall and McCall (2012)
who compared PSG and actigraphy across one night in-lab in 54 patients with insomnia and
depression and found actigraphy-assessed total sleep time was, on average, 13 minutes higher
than PSG. Jean-Louis, Kripke, Mason, Elliott, and Youngstedt (2001) compared different
actigraphy scoring modalities across 5 nights in lab in a small sample (N = 5) of healthy young
adults and found for four out of five scoring modalities, actigraphy-assessed total sleep time was
higher than PSG by 1-12 minutes. Similarly, Blackwell et al. (2008) compared 3 actigraphy
scoring modalities across one night in lab in N = 68 older women and found for two of three
modalities, actigraphy-assessed total sleep time was higher than PSG by 17-33 minutes and
limits of agreement were similar in magnitude to the current study. Conversely, Matthews et al.

(2018) found actigraphy-assessed total sleep time was lower than PSG by 7 minutes in a PSG-
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actigraphy comparison of total sleep time across two nights of in-home PSG in a community
sample (N = 215). Similarly, Signal, Gale, and Gander (2005) found actigraphy values were
lower than PSG by 6 minutes, on average, when using a low wake threshold setting for an in-
flight night, and 36 minutes lower, on average, during a layover night in a study comparing PSG
and actigraphy in N = 21 flight crew members. In the current study, limits of agreement were
broad due to poor precision (i.e., a large standard deviation of differences around the mean), with
95% of differences between the two measures falling within a range of >3 hours. McCall and
McCall (2012) reported similarly broach 95% limits of agreement, with 95% of differences
expected to fall between -1.5 to +2 hours, a total of a 3.5 hour span. Taken together, these results
suggest actigraphy concordance with PSG/EEG appears to be dependent on numerous factors,
likely including actigraphy scoring algorithm and settings, concurrent use of diary to set
actigraphy scoring intervals, and setting of the study (e.g., in-lab vs. at home).

Given the lack of consistency in reporting and high degree of variability in actigraphy
algorithm scoring settings, direct comparison is difficult. Regardless, in the current study
actigraphy was, on average, an accurate measure of total sleep time compared to Zmachine.
However, broad limits of agreement suggest a high degree of variability in the differences
between these measures in individual cases and thus for a given individual the accuracy of
actigraphy may be highly variable (i.e., over- or under-estimated by up to 2 hours). The average
accuracy of actigraphy is likely due, in part, to a balance between over- and under-estimation
which cancel out across an average. Although it is outside the scope of this study to suggest why
the variability in accuracy was so high, one mechanism may be the variability in sleep
complaints across the sample. For example, individuals with insomnia may be more likely to lie
still while awake in bed, which would be incorrectly designated as sleep by actigraphy and

correctly designated as wake by Zmachine (Lichstein et al., 2006). Conversely, individuals with
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other sleep disorders (e.g., upper airway resistance syndrome and periodic limb movement
disorder) may demonstrate the opposite effect (Kushida et al., 2001). It is likely that “good
sleepers” and good nights of sleep produce greater accuracy whereas individuals with sleep or
medical disorders may be more prone to discrepancies between actigraphy and Zmachine
estimates of total sleep time.

In the current study, sleep diary-assessed total sleep time was 40 minutes higher than
Zmachine on average. This was similar to findings by K. A. Kaplan, Talbot, Gruber, & Harvey
(2012), who found sleep diary overestimated total sleep time compared to PSG by 50 minutes
(night 1) and 28 minutes (night 2) in a group of N =27 healthy middle-aged adults. Matthews et
al. (2018) found diary overestimated total sleep time compared to PSG by only 15 minutes on
average across 2 nights in N = 223 middle-aged and older adults. In contrast, McCall and McCall
(2012) found sleep diary estimates were 55 minutes lower, on average, than PSG in a sample of
N = 54 young, middle-aged, and older adults. This extreme difference from the current findings
is potentially attributable to a difference in participant characteristics, as McCall and McCall
(2012) had a sample of people with depression and insomnia which is a group known to
underestimate sleep on subjective measures. In the current study, limits of agreement were broad
(i.e., 95% of differences fall within a range of >4 hours). McCall and McCall (2012) found even
broader 95% limits of agreement (6.8 hours). Given the current and previous studies
demonstrating sleep diary substantially overestimates total sleep time compared to PSG and
Zmachine, and produced broad limits of agreement, it is reasonable to suggest that sleep diary is
not an interchangeable method for measuring total sleep time. Instead, subjective total sleep time
may reflect an overlapping yet distinct construct than objectively-assessed total sleep time and
should be treated as such. Emerging research suggests subjective aspects of sleep like “depth” or

“restfulness” are not closely related to objective sleep assessments (K. A. Kaplan et al., 2017). In
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other words, self-assessment of sleep may not reflect its underlying biological functions (K. A.
Kaplan et al., 2017). However, both objective and subjective assessments of sleep are important
variables to consider depending on the domain of interest.

Survey estimates of total sleep time demonstrated non-constant bias such that lower
values of total sleep time had positive bias (survey estimates were lower than Zmachine), and the
reverse was true for higher values of total sleep time (survey estimates were higher than
Zmachine). Additionally, precision was poor for Zmachine versus survey comparisons of total
sleep time (i.e., 95% of predictions fall within a range of >2.5 hours). To our knowledge, no
studies have examined non-constant bias between survey- and PSG-assessed sleep parameters.
However, previous studies demonstrated a slight trend toward overestimation by survey
compared to PSG, which was consistent with the current results. The current findings shed light
on the potential for bias in survey estimates depending on level of the estimated parameter.
Given this bias, daily sleep diary estimates are the preferred subjective measure given that they

do not result in non-constant bias, which is difficult to adjust for either clinically or statistically.

Sleep Efficiency

Actigraphy-assessed sleep efficiency did not differ substantially (<1%), on average, from
Zmachine. These findings are similar to Jean-Louis et al. (2001), McCall and McCall (2012) and
Lichstein et al. (2006) who found minimal differences between measures in estimating sleep
efficiency. Previous studies have also shown actigraphy to overestimate (Blackwell et al., 2008;
4-7%) or underestimate (Blackwell et al., 2008; 6%; Rupp & Balkin, 2011; 4-6%; Signal et al.,
2005; 3-9%), depending on actigraphy modality, device, and sleep situation. In the current study,
precision was poor, resulting in broad 95% limits of agreement (almost 40%). This suggests

although actigraphy estimates of sleep efficiency are similar to Zmachine on average across a
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sample, for an individual the accuracy of actigraphy is highly variable. Further, this variability
was greater for lower estimates of sleep efficiency. Therefore, to better approximate Zmachine
estimates of sleep efficiency, it is recommended to use actigraphy in large samples across several
nights. Additionally, at the individual level, actigraphy estimates of sleep efficiency are likely to
be more accurate for individuals or nights with greater sleep efficiency, and less accurate for
lower sleep efficiency (e.g., people with insomnia).

Diary overestimated sleep efficiency compared to Zmachine by 7% on average. Two
existing studies demonstrated minimal differences between sleep diary and PSG estimates of
sleep efficiency (Lichstein et al., 2006; Kaplan et al., 2012). These differences may relate to
variations in the form of sleep diary used across studies or the format of administration, as
previous studies used paper-based sleep diaries. Similar to actigraphy, variability was greater for
lower values of sleep efficiency. Additionally, precision was poor resulting in broad 95% limits
of agreement (>45%). Diary performed only slightly worse than actigraphy for both mean and
precision, underlining that as a subjective measure

Survey estimates of sleep efficiency demonstrated non-constant bias such that lower
values of sleep efficiency had positive bias (survey estimates were lower than Zmachine), and
the reverse was true for higher values of sleep efficiency (survey estimates were higher than
Zmachine). Additionally, precision was poor for Zmachine versus survey comparisons of sleep
efficiency (i.e., 95% of predictions fall within a range of almost 30%). To our knowledge, this is
one of only two studies to compare sleep efficiency estimates between survey and PSG. Signal et
al. (2005) found survey underestimated sleep efficiency by 22% on average compared to PSG,
although their questionnaire substantially differed from the one used in the current study. On

average sleep efficiency estimates were quite similar between survey and Zmachine, however the
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non-constant bias and broad prediction interval suggest caution should be used in survey

estimates of sleep efficiency.

Circadian Midpoint

Both actigraphy- and diary-assessed circadian midpoint was quite similar, on average, to
Zmachine. Survey estimates of circadian midpoint demonstrated slight non-constant bias such
that earlier circadian midpoints had positive bias (survey estimates were earlier than Zmachine)
and the reverse was true for later circadian midpoints (survey estimates were later than
Zmachine). Precision was acceptable for all methods. To our knowledge, this is the first study to
compare accuracy across measures of circadian midpoint. High accuracy for actigraphy is likely
due to the anchoring events for both devices (i.e., pressing the event marker and putting
on/removing the Zmachine electrodes). The high accuracy of diary for circadian midpoint is
likely attributable, in part, to the attention that individuals pay to bedtime and wake time and the
proximity of these events to periods of sustained wakefulness. Because sleep is an inherently
amnesiac state, memory for nighttime periods of wakefulness (e.g., SOL, WASO) are likely to
be recalled less accurately. Further, setting alarms for morning wake-up provides a timestamp for
bedtime and an anchor point for wake time, which can improve recall ability. The stability of
circadian midpoint for both actigraphy and diary suggests that they are excellent proxies for
Zmachine-assessed sleep timing, whereas survey estimates are slightly biased and should be used

with caution.

Prediction of Measure Discrepancies
The second objective of the current study was to assess whether insomnia severity and

other participant characteristics predicted differences between measures of total sleep time.
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Insomnia severity was only a significant predictor of differences between Zmachine- and survey-
assessed total sleep time but did not predict differences between Zmachine and other measures.
Greater insomnia severity was related to greater underestimation of total sleep time on survey
compared to Zmachine, suggesting people with insomnia subjectively underestimate their total
sleep time in a week-long retrospective. These findings extend the work of Manconi et al.
(2010), who found individuals with insomnia substantially underestimated total sleep time on
retrospective survey compared to PSG across one night in lab. In contrast, insomnia severity was
not a significant predictor of differences between actigraphy- or diary-assessed total sleep time
compared to Zmachine. This suggests that when measured with another objective measure, or a
daily-observed subjective measure, insomnia severity does not significantly impact total sleep
time estimates. It is only on the week-long retrospective that a bias for underestimation on survey
is observed. This suggests when measuring individuals with insomnia using subjective measures,
daily diary may reduce underestimation bias and therefore be the preferred method over

retrospective survey.

Strengths and Limitations

To our knowledge, this study was the first in the field of sleep measurement to adjust for
repeated measures using a mixed model approach. Few studies examined Bland-Altman plots or
limits of agreement to assess accuracy of measures, and among those that did, none adjusted for
repeated measures. Adjusting for repeated measures improves confidence in the accuracy of the
limits of agreement calculated (without adjustments for repeated measures, limits of agreement
in the current study were calculated to be much wider). Further, this study extends the scarce
literature comparing diary and survey measures to PSG. This is a crucial area of study, as many

studies present subjective measures of sleep parameters as substitutes for objective measures
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when in reality they appear to reflect different constructs. Finally, this was the first study to
examine accuracy of sleep measures for circadian midpoint. The encouraging findings suggested
all examined measures accurately reflected circadian midpoint and can be used to estimate sleep
timing.

The current study was not without limitations. First, although this sample of participants
was drawn from the community, the sample demographics do not reflect the larger community
and substantially limit generalizability of results. In particular, this was a highly educated and
largely non-Hispanic White convenience sample, so results may not apply to individuals with
lower education or with different racial/ethnic identities. Second, use of a single-channel EEG
device as a gold standard sacrifices some accuracy in assessing the true value of the measured
construct in trade for greater ecological validity. The exact impact of this trade-off cannot be
assessed within the current study but use of this device may limit comparisons with full PSG.
Obviously, the results here cannot be generalized to studies conducted in a laboratory
environment. Finally, retrospective surveys were collected after a week of careful attention to

sleep via diary which likely increased accuracy of survey measures compared to typical use.

Implications and Future Directions
This was one of few studies to examine the validity of actigraphy, sleep diary, and
Zmachine measures across a week in an ecologically valid setting, and the results highlight the
importance of paying careful attention to measurement method when assessing total sleep time,
sleep efficiency, and circadian midpoint because accuracy varies across method and outcome.
These results also demonstrate the importance of using statistical techniques that describe
accuracy (e.g., Bland Altman plots) in addition to relationship (e.g., correlation). Unsurprisingly,

the current study demonstrated actigraphy is the best Zmachine proxy for all outcomes examined
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and appears valid when viewed in aggregate across participants. However, poor precision for
total sleep time and efficiency suggests individual days or participants may not demonstrate
acceptable accuracy. Sleep diary was a worse Zmachine proxy for all outcomes and substantially
overestimated total sleep time and efficiency. This is unsurprising given that sleep diary is a
subjective measure and cannot be expected to agree perfectly with objective measures. Survey,
the most commonly used sleep assessment in health research, performed poorly and
demonstrated problematic bias in differences across levels of total sleep time, sleep efficiency,
and circadian midpoint. Results suggest insomnia may be one characteristic that explains the
poor performance of survey compared to Zmachine—insomnia severity impacted recall across
the past week. Optimally, use of an objective measure in conjunction with a subjective measure
(preferably sleep diary) will produce the greatest confidence in results and capture a fuller
picture of sleep.

Future studies should continue to examine potential predictors of discrepancies between
sleep measures, particularly in the comparison of subjective and objective measures. For
example, with more information steps can be taken to adjust for known causes of discrepancies
(e.g., for a person with insomnia, an upward adjustment for subjective total sleep time). Future
studies should also continue to examine diary and survey methods in comparison to other
measures, as relatively little is known about the accuracy of these tools. In particular, the current
work could be extended by collecting objective sleep data in conjunction with a retrospective
survey without a sleep diary in order to more closely mimic typical survey use.

Future studies should continue to explore measurement validity in the naturalistic sleep
environment, as most current validation research focuses on a laboratory environment, whereas a
large amount of sleep research occurs in the home environment. In particular, individuals from

low-socioeconomic status backgrounds may be more likely to have discrepancies between their
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typical sleep environment and the laboratory environment. Thus, it is important to continue this
work in individuals with diverse characteristics, particularly on known sources of sleep

disparities such as socioeconomic status, race/ethnicity, and sex/gender.
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