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Study Objectives: The Consensus Sleep Diary (CSD) was developed by experts to promote standardization of sleep diary data across the field, but studies
comparing theCSDwith other assessments of sleep parameters are scarce. This study compared theCSDwith 3 othermethods to assess sleep duration, efficiency,
and timing.
Methods: Participants (n = 80) were community adults (mean age = 32.65 years, 63% female) who completed the time-stamped CSD and used single-channel
electroencephalography (EEG) and actigraphy for 7 days at home, then completed a retrospective sleep questionnaire. Total sleep time (TST), sleep efficiency (SE),
and sleep midpoint were compared using correlations, Bland-Altman plots, and limits of agreement (adjusted for repeated measures).
Results:Correlations between theCSD and all methods on TSTwere large (rs = .63–.75). AdjustedCSD average TSTwas 40minutes greater thanwith EEGand
31 minutes greater than with actigraphy. Correlations between CSD, actigraphy, and EEG for SE were small (rs = .18), and there was a medium correlation with
questionnaire (r =.42). AdjustedCSDaverageSEwas 7%greater thanEEGand 6%greater than actigraphy; both demonstrated heteroscedasticity. Sleepmidpoint
correlations between CSD and all methods were large (r = .92–.99). Adjusted CSDwas, on average, 6 minutes later than EEG and 1minute later than actigraphy.
Questionnaire-derived sleep parameters demonstrated nonconstant bias; lesser values had positive bias and greater values had negative bias.
Conclusions: The time-stamped CSD led to meaningful overestimations of TSTand SE asmeasured by objective/inferred methods. However, sleep timing was
rather accurately assessed with the CSD in comparison to objective/inferred measures. Researchers should carefully consider which sleep assessment methods
are best aligned with their research question and parameters of interest, as methods do not demonstrate complete agreement.
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BRIEF SUMMARY
CurrentKnowledge/StudyRationale:TheConsensus SleepDiary (CSD)was originally developed by expert consensus to standardize the sleep diary tool
across the field, but few studies have evaluated theCSD in comparison to other commonly used sleep assessmentmethods. The current study compared the
CSD with electroencephalography, actigraphy, and retrospective sleep questionnaire measures of total sleep time, sleep efficiency, and sleep midpoint.
Study Impact: The CSD was most closely aligned with all other measures for sleep midpoint, followed by total sleep time, followed by sleep efficiency, and
theCSDwas in closer agreement with actigraphy comparedwith electroencephalography across all sleep parameters. It is difficult to compare questionnaire
and CSD due to nonconstant bias and CSD is recommended over retrospective questionnaires for this reason.

INTRODUCTION

Poor sleep measured across many dimensions has been linked
to many adverse physical and mental health outcomes.1,2

However, the definition of “poor sleep” has historically been
imprecisely defined and assessed (eg, a single-item retrospec-
tive question querying total sleep time [TST] or “sleep dis-
turbance”) in the literature.2 Three primary domains of sleep
thought to impact health and safety are duration, continuity (ie,
efficiency), and timing.1 Current research in health disciplines
often relies upon brief, self-reported, inadequately validated
methods to assess limited dimensions of sleep, which results in
inaccurate measurements that impede and cloud scientific
progress and discovery.3 In order to better understand the

relationship between sleep and health, precise and well-
validated measurement strategies must be employed.

Prospective monitoring of sleep with daily sleep diaries is
an essential component of self-reported sleep parameter
assessment.4 Sleep diaries offer several inherent advantages
over single-time-point retrospective assessments, including
ability to capture night-to-night variability in sleep and re-
duction in potential retrospective bias. Additionally, sleep di-
aries are standard tools in the treatment of sleep disorders with
behavioral sleep medicine interventions.5 However, until re-
cently,many different versions of sleep diarieswere used across
published studies, which reduced comparability across studies
and complicated examination of sleep diary validity. In an
attempt to standardize sleep diary assessment, the Consensus
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Sleep Diary (CSD)6 was developed based on expert consensus
and tested with patient focus groups. The CSD allows for ex-
traction of the typical sleep parameters most often examined in
the health literature, including those that describe sleep dura-
tion, efficiency, and timing.

Despite the rigorous development process for the CSD, it
was not compared with other sleep assessment methods at the
time of its development and few studies have done so since its
inception. One prior study7 compared CSD sleep parameters
with those derived from actigraphy in a sample of individuals
with (n = 37) and without (n = 37) insomnia and found CSD-
derived TST and sleep efficiency (SE) were greater compared
with actigraphy. Another prior study8 compared CSD param-
eters with 2 single-time-point retrospective measures (ie,
Pittsburgh Sleep Quality Index [PSQI], Self-Assessment of
Sleep Survey [SASS] and SASS-split [SASS-Y]). This study
found CSD-derived TST was greater compared with the
PSQI and SASS, and lesser compared with the SASS-Y. SE
was greater on the CSD compared with all 3 questionnaire
measures. Another study9 compared the CSD with actigraphy
and a variety of wearable sleep trackers and found that CSD-
derived TST was generally greater compared with actigraphy
andmost activity trackers. CSD-derived SEwas fairly similar
to actigraphy and mixed in regard to other activity trackers.
Gaps in the literature still remain, namely (1) no study has
compared the CSD with other assessment methods of sleep
timing and (2) no study has compared the CSD with elec-
troencephalography (EEG)- or polysomnography (PSG)-
derived sleep parameters.

It is crucial for researchers and clinicians to understand how
sleep parameters derived from different sleep assessment
methods relate to one another in order to facilitate comparison
and contextualization of findings across studies. In the current
study, we sought to compare daily-collected CSD parameters of
sleep duration (ie, TST), continuity (ie, efficiency, or the per-
centage of intended sleep time that is filled with sleep), and
timing (ie, sleep midpoint) with single-channel EEG, actig-
raphy, and retrospective questionnaire across 7 nights in a
community sample.

METHODS

Participants
Participantswere recruited broadly in theDentonCounty,Texas
area. Recruitment efforts aimed to increase generalizability by
including a wide age range and a diverse racial/ethnic break-
down similar to that in the community. Recruitment materials
directed interested individuals to complete an online informed
consent and a brief screening questionnaire that collected
contact information and assessed the following inclusion cri-
teria: (1) English-language fluency, (2) over the age of 18, (3)
had a phone number at which they could be regularly reached,
and (4) had regular (daily) internet and personal email access.
Exclusion criteria included a pacemaker, cardiac defibrillator,
or othermedical electronic device due to interferencewith using
the single-channel EEG device. Data were collected from
February 2017 through August 2017.

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 partic-
ipants were contacted and asked to complete baseline measures
online at home via a secure online data-collection tool
(REDCap).10 Participants were scheduled for an initial in-
person appointment in the sleep laboratory during which they
were trained in the use of the EEGdevice via videos provided by
the equipment manufacturer and live demonstration. Partici-
pants were also trained in the use of actigraphy via verbal in-
struction from the research assistants and live demonstration.
Participants were trained in the use of daily CSD via a sample
questionnaire sent to their internet-enabled device and hands-on
demonstration with a research assistant. Participants were then
given an EEG device, actigraph, and written instructions for all
items. Finally, participants’ understanding of study procedures
was verified via a brief written quiz and their second in-
laboratory appointment was scheduled.

Participants used the time-stamped CSD, EEG device, and
actigraph in their typical sleep environment for 7 days. After the
first study night, research assistants securely messaged par-
ticipants to ensure that equipment worked properly and check if
they had any questions. At the first laboratory visit, participants
and research assistants mutually chose a time to receive the first
CSD reminder each day of the study (shortly after estimated
awakening time each day). Participants received up to 2 ad-
ditional reminders, at 3-hour intervals, if they did not complete
the CSD. Additionally, if they had not completed the CSD by
noon, research assistants messaged the participants to remind
them to complete it. After 7 days of data collection, participants
returned to the laboratory to return the equipment and complete
final measures including retrospective sleep questionnaires
(including the PSQI) and a structured interview for sleep dis-
orders. The compensation offered for participation in the study
was $20, a comprehensive report of the participant’s sleep over
the study duration and sleep disorders resources, and a deco-
rative refrigerator magnet.

Measures

Demographics and baseline sleep characteristics

In order to describe the sample, participants were asked to
report demographic and sleep characteristics using well-
validated questionnaires. Insomnia status was assessed with
the Structured Clinical Interview for Sleep Disorders–Revised
(SCISD-R).11,12

Sleep diary

TheCSD–Core versionwas used in the current study.6 TheCSD
is a self-reported measure typically administered as soon as
possible after the end of the major sleep period (eg, in the
morning upon awakening), which asks participants to give an
estimate of their sleep on the previous night (eg, bedtime, sleep
onset latency, wake time). These variables allow for the cal-
culation of additional sleep parameters (eg, TST, SE, sleep
midpoint). The CSD included in the current study was an online
version that was collected via electronic data capture software
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(REDCap) andwas therefore time-stamped.10 The CSD has been
validated for online use.13 In general, sleep diaries generally
correlate moderately with both PSG and actigraphy (eg,
.33–.71).6

Single-channel EEG

The Zmachine (General Sleep Corporation, Cleveland, OH)
Insight Plus is an ambulatory device that processes a single
channel of EEG data using information from 2 mastoid-placed
electrodes and1neck-placed ground electrode.TheZmachine is
capable of differentiating between wake, light sleep (stages N1
andN2), deep sleep (stageN3), and rapid eyemovement sleep.14

The Zmachine electrodes are single-use and participants were
instructed to self-apply them 30 or more minutes prior to
bedtime per the manufacturer’s instructions. In the original
validation study, compared with full PSG rated by 2–4 scorers,
theZmachine demonstrated 96%sensitivity and93%specificity
for sleep-wake detection.14 Correlations between PSG and
Zmachine for sleep parameters were high: TST, r = .95; SE, r =
.93; sleep onset latency, r = .96; and wake after sleep onset, r =
.89.14 In the current study, datawerevisually examinedusing the
Zmachine Data Viewer software v3.5.0 and poor-quality data (eg,
missingover1hourof recordingtime, illogicalvalues)wasremoved.
Firmware on the Zmachine Insight Plus devices was version 5.0.

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 TST, sleep onset latency,
number of awakenings, wake after sleep onset, and terminal
wakefulness.15 In the current study, the actigraphs used were
Philips Respironics (Philips Respironics, Bend, OR) Actiwatch
Spectrum devices, and data were analyzed with Respironics
Actiware version 6.0. Data were scored by 2 trained scorers
using an internally developed, publicly available scoring
hierarchy,16 and discrepancies were resolved by a third scorer.
In brief, this scoring hierarchy prioritizes event markers (as-
suming congruencewith sleep diary and activity/light patterns),
then sleep diaries, then activity/light patterns, for making de-
cisions about setting intervals. Settings used for data export in
Actiwarewere the following: low threshold (activity count: 10),
20 epochs inactivity for sleep onset/offset.

Retrospective sleep questionnaire

The PSQI17 is a 19-item self-rated questionnaire designed to
measure 7 domains of sleep. Domain scores range from 0 (no
difficulty) to 3 (severe difficulty). In the current study, only
questions that queried average TST, SE, and variables used in
the assessment of sleep midpoint over the past week were in-
cluded for analyses.

Data analysis
The following sleep parameters were computed across all 4
assessment methods when possible: sleep midpoint (bedtime
–wake time/2), TST (time in bed – total wake time [sleep onset
latency + wake after sleep onset + terminal wakefulness]),
and SE (TST/time in bed × 100). For the CSD, time in bed is

calculated at the time between lights out (“What time did you try
to go to sleep?”) and rise time (“What time did you get out of
bed for the day?”) For comparison to questionnaire method,
data were averaged across the week for CSD.Averages for CSD
were only calculated if ≥ 5 days of data existed for an individual
on that measure.

In order to compare agreement between CSD and actig-
raphy, retrospective questionnaire, and EEG assessments of
sleep timing, duration, and efficiency, parameters were
compared across measurement method using Pearson cor-
relations and the Bland and Altman/limits of agreement
technique to examine systematic bias and agreement.18 One
deficit in the sleep measure validation literature is the errone-
ous use of product-moment correlation coefficients (r) and
other global indices to demonstrate agreement between 2
measures; it is inappropriate to assess agreement between
measures using solely correlation, regression, comparison of
means, structural equations, or intraclass correlation methods,
which signify association rather than agreement.19 Instead,
Bland and Altman19 recommend examining plots of 2 methods’
means against mean differences (Bland-Altman plots) and es-
timates of where 95% of differences between measures are
expected to fall (limits of agreement). These items give in-
formation as to potential systematic bias and variability of
estimates in addition to mean differences.

Bland-Altman analyses were conducted in R software ver-
sion 3.1.3 (R Foundation for Statistical Computing, Vienna,
Austria)20 using the using the MethComp package version
1.22.2.21 Separate analyses were used for each sleep parameter
and each measure comparison. Data were first examined via 2
plots: (1) prediction plots, gold standard on the x-axis against
comparison method on the y-axis with a line of equality (ie,
perfect agreement between themethods), and (2) 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 exam-
ination of agreement between methods and detection of sys-
tematic or unsystematic bias. For comparison between CSD
with EEG and actigraphy (repeated measures) a mixed model
was used to estimate the 95% limits of agreement while con-
trolling for nesting of repetitions within participants (data were
considered “linked” or paired replicates).22 This method in-
cludes measure (ie, EEG, actigraphy, CSD) and participant as
fixed effects and the measure × participant interaction as a
random effect.

For comparison between the CSD and retrospective sleep
questionnaire, traditional calculations for Bland-Altman plots
were created and visually examined.19 Bland-Altman plots were
examined and found to demonstrate nonconstant bias (ie, sig-
nificant slope; all P < .05). Given nonconstant bias, traditional
limits of agreement could not be calculated,23 nor can an average
bias be meaningfully interpreted. Therefore, plots were
recomputed allowing differences to depend on averages in a
linear rather than constant fashion per recommendations by
Carstensen.23 Using the DA.reg function of the MethComp R
package,21 coefficients were calculated that can be used to
convert 1 method to another and prediction intervals were used
rather than traditional limits of agreement. Conversion from
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questionnaire to the other method can be achieved using the
following formula23:

y2|1 = α2|1 + β2|1y1 ± 2 × SD ð y2|1Þ:

Power analysis
Carstensen23 argues that power analysis calculations for mea-
sure 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 exceed that recommendation, even
given missing data.

RESULTS

Data were cleaned by examining and applying necessary cor-
rections for outliers, variable normality, and missing data in
accordance with recommendations from Tabachnick and
Fidell.24 Initially, 120people expressed interest in the study, 101
completed the screening questionnaire, and 87 completed the
baseline questionnaire. A total of 81 participants attended the
first laboratory appointment and completed some measures and
afinal n =80were included in any analyses, resulting in a total of
560 measurement opportunities. Participants were considered
“completers” and therefore included for analysis if they had ≥
5 days of usable data on at least 2 measures; 1 participant was
excluded for noncompletion. For CSD, 6 days were missing
across the entire study, but no participants were removed from
analyses (n = 80; all had ≥ 5 days of sleep diary data). For the
EEG, 65 days were excluded for bad data and 19 days were
missing, for a total of 84 excluded days (due to the nature of the
data errors, sleep midpoint was retained for 19 days with bad
data).A total of 11 participants had data removed for EEGdue to
< 5 days of usable data (n = 69 with complete data). For
actigraphy, 21dayswere excluded for bad data and 15dayswere
missing, for a total of 36 days missing (sleep 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 the questionnaire, 1 participant’s datawere completely
missing and 2 additional participants’ datawere removed for SE
due to impossible values given (n = 77 for all questionnaire
variables). Participant characteristics are presented in Table 1.
The majority of participants were female, non-Hispanic White,
married or in a relationship, well-educated, and employed.

Unadjusted means and correlations
Unadjusted means and standard deviations of sleep variables of
interest are presented in Table 2. The CSD demonstrated the
greatest TST and SE and latest sleep midpoint compared with all
other measures. Correlations (Pearson r) were conducted to ex-
amine relationships between each variable of interest (TST, SE,
sleep midpoint) as measured by the CSD, EEG, actigraphy, and
questionnaire (Table 3). For TST, correlations between the CSD
and all other measures were large. For SE, correlations between the
CSD, actigraphy, andEEGwere small and correlations between the
CSD and questionnaire were medium. For sleep midpoint, corre-
lations between the CSD and all other measures were very large.

Bland-Altman plots and limits of agreement:
EEG and actigraphy
Bland-Altman plots of EEG, actigraphy, and CSD for TST, SE,
and sleep midpoint are presented in Figure 1. These plots were
visually examined and found to demonstrate constant bias (ie,
homoscedasticity of differences) at all levels, so slopewasfixed to1
andbias and limits of agreementwere calculatedwithmixed-model
adjustments for repeatedmeasures (seeTable 4).22 The 95% limits
of agreement are displayed as the thin blue outer horizontal lines
on these plots, signifying that 95% of differences between
measures are expected to fall between these lines. Adjusted
mean difference, or bias, is represented as a single, thicker blue
horizontal line on these plots, with positive values indicating
greater values for the first measure compared with the second
and negative values indicating lower values for thefirst measure
compared with the second. The values reported in the following
sections reflected means adjusted for repeated measures.

CSD TST was, on average, 40.2 minutes greater than EEG
and demonstrated wide limits of agreement (4.1 hours). CSD
TST was, on average, 31.2 minutes greater than actigraphy and
demonstrated wide limits of agreement (3.7 hours)

CSD SE was, on average, 7.1% greater than EEG, with wide
limits of agreement (46.7%). Notably, the comparison for SE

Table 1—Participant demographic and
psychosocial characteristics.

Values

Age, mean (SD); range, y 32.7 (10.1); 19–69

Sex

Male 30 (37.5)

Female 50 (62.5)

Race/ethnicity

NH Black 3 (3.8)

NH White 68 (85.0)

Asian 4 (5.0)

Biracial/other 5 (6.2)

Married/committed relationship

Yes 58 (72.5)

No 22 (27.5)

Educational attainment

High school or less 2 (2.5)

≤ 4 years post–high school education 36 (45.0)

> 4 years post–high school education 42 (52.5)

Employment status

Full time 49 (61.3)

Part time 19 (23.8)

Retired/unemployed 12 (15.1)

Insomnia diagnosis by clinical interview

Yes 24 (30)

No 56 (70)

Values are presented as n (%) except for age. NH = non-Hispanic,
SD = standard deviation.
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demonstrated substantial heteroscedasticity, with greater var-
iability in differences at lesser average values of SE (see
Figure 1). In other words, days with greater SE (average of
CSD and EEG) were more precisely measured by CSD with
respect to EEG. CSD SE was, on average, 6.3% greater than
actigraphy, with wide limits of agreement (42.3%). A similar
pattern of heteroscedasticity was seen with actigraphy com-
pared with CSD.

CSD sleep midpoint was, on average, 6.0 minutes later
than EEG and limits of agreement weremoderate (1.4 hours).
CSD sleep midpoint was, on average, 1.2 minutes later
than actigraphy and limits of agreement were moderate
(1.2 hours).

Bland-Altman plots and prediction
interval: questionnaire
Coefficients that can be used to convert 1 method to another,
standard deviation of the prediction (precision), and 95% limits
of prediction are presented in Table 5. Plots of differences
between questionnaire and other measures are presented in
Figure 2. For TST, the prediction interval for the comparison
between the CSD and questionnaire was 2.8 hours. Additionally,
the slope indicated that differences were not the same for indi-
viduals with high and low TST. For individuals with longer av-
erage TST (average of both measure), the questionnaire was
greater compared with the CSD. For individuals with shorter
averageTST, thequestionnairewas lesser comparedwith theCSD.

Table 2—Unadjusted means (SD) for Consensus Sleep Diary, single-channel electroencephalography (EEG), actigraphy, and
questionnaire total sleep time, sleep efficiency, and sleep midpoint.

Mean (SD) n

Total sleep time, h

CSD 7.08 (0.86) 80

EEG 6.14 (0.75) 69

Actigraphy 6.35 (0.84) 75

Questionnaire 6.89 (1.20) 79

Sleep efficiency, %

CSD 90.37 (5.59) 80

EEG 81.22 (6.59) 69

Actigraphy 81.59 (5.71) 75

Questionnaire 84.69 (11.63) 77

Sleep midpoint, t (min)

CSD 3:46 (73.20) 80

EEG 3:37 (75.0) 72

Actigraphy 3:43 (71.40) 78

Questionnaire 3:11 (82.20) 79

Values are unadjusted means (SD) for CSD, single-channel EEG, actigraphy, and questionnaire total sleep time, sleep efficiency, and sleep midpoint.
CSD = Consensus Sleep Diary, EEG = single-channel electroencephalography, SD = standard deviation, t = clock time.

Table 3—Correlations among CSD, single-channel EEG, actigraphy, and questionnaire total sleep time, sleep efficiency, and
sleep midpoint across 7 nights at home.

CSD EEG Actigraphy

Total sleep time

EEG .71*** —

Actigraphy .75*** .75*** —

Questionnaire .63*** .57*** .68***

Sleep efficiency

EEG .18 —

Actigraphy .18 .25* —

Questionnaire .42*** .15 .38**

Sleep midpoint

EEG .98*** —

Actigraphy .99*** .99*** —

Questionnaire .92*** .94*** .93***

*P < .05, **P < .01, ***P < .001. CSD = Consensus Sleep Diary, EEG = single-channel electroencephalography.
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For SE, the prediction interval for the comparison between
the CSD and questionnaire was 21.6%. The slope indicated,
similar to TST, that differences were not the same for indi-
viduals with high and low SE. For individuals with greater
average SE (average of both measures), the questionnaire
was greater compared with the CSD. For individuals with

lesser average SE, the questionnaire was lesser compared
with the CSD.

For sleep midpoint, the prediction interval for the com-
parison between theCSDand questionnairewas 1.9 hours. The
slope indicated, similar to TST and SE, that differences were
not the same for individuals with early and late sleepmidpoint.

Figure 1—Bland-Altman plots adjusted for repeated measures (7 days) of single-channel EEG-, actigraphy-, and CSD-assessed
total sleep time, sleep efficiency, and sleep midpoint with diagonal blue lines indicating mean bias (thicker middle line) and 95%
limits of agreement (thinner outer lines).

CSD = Consensus Sleep Diary, EEG = electroencephalography.
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For individuals with later average sleep midpoint (average
of both measures), the questionnaire was later compared
with the CSD. For individuals with earlier average sleep
midpoint, the questionnaire was earlier compared with
the CSD.

DISCUSSION

The primary objective of the current study was to compare
measures of TST, SE, and sleep midpoint as assessed by CSD
with assessments by single-channel EEG, actigraphy, and
retrospective questionnaire in a community sample in the
naturalistic sleep environment. We do not consider this to be a

“validation” study per se, as each of these methods measure
distinct, yet overlapping constructs of sleep. However, the
findings may be interpreted as evidence for or against the
validity of the CSD to assess a given sleep parameter in
comparison to a given assessment method. In general, the
CSD was in closer agreement with actigraphy compared with
EEG across sleep parameters. It is difficult to make a com-
parison for questionnaire due to the nonconstant bias com-
pared with all 3 other measures. Based on the overall picture of
the correlations, Bland-Altman plots, and limits of agreement,
the CSD was most closely aligned with other measures for
sleep midpoint, followed by TST, followed by SE. In sum, the
time-stamped CSD leads to meaningful overestimations of
objective/inferred measurements of TST and SE. However,

Table 4—Bias, precision, and 95% limits of agreement (adjusted for repeated measures) for 7 days of total sleep time, sleep
efficiency, and sleep midpoint as compared between single-channel EEG, actigraphy, and diary.

α σ 95% LoA Lower 95% LoA Upper

Total sleep time, h

EEG vs CSD −0.67 1.03 −2.72 1.39

Actigraphy vs CSD −0.52 0.92 −2.36 1.32

EEG vs actigraphy −0.13 0.84 −1.81 1.54

Sleep efficiency, %

EEG vs CSD −7.07 11.68 −30.43 16.29

Actigraphy vs CSD −6.32 10.58 −27.47 14.83

EEG vs actigraphy −0.55 9.97 −20.49 19.39

Sleep midpoint, t

EEG vs CSD −0.10 0.35 −0.81 0.61

Actigraphy vs CSD −0.02 0.30 −0.61 0.57

EEG vs actigraphy −0.08 0.27 −0.62 0.47

CSD = Consensus Sleep Diary, EEG = single-channel electroencephalography, LoA = limit of agreement, t = time, α = bias, σ = precision.

Table 5—Intercepts, slopes, standard deviation of prediction, and 95% prediction intervals for averaged-over-week total sleep
time, sleep efficiency, and sleepmidpoint asmeasured by single-channel EEG, actigraphy, and diary comparedwith questionnaire.

α β σ 95% p.i.

Total sleep time, h

CSD vs questionnaire 2.42 0.68 0.73 ±1.42

EEG vs questionnaire 2.04 0.60 0.67 ±1.31

Actigraphy vs questionnaire 1.68 0.67 0.66 ±1.30

Sleep efficiency, %

CSD vs questionnaire 59.41 0.36 5.50 ±10.79

EEG vs questionnaire 43.92 0.43 7.52 ±14.74

Actigraphy vs questionnaire 48.69 0.38 5.69 ±11.15

Sleep midpoint, t

CSD vs questionnaire 0.92 0.89 0.49 ±0.95

EEG vs questionnaire 0.79 0.88 0.44 ±0.85

Actigraphy vs questionnaire 0.95 0.87 0.45 ±0.89

CSD = Consensus Sleep Diary, EEG = single-channel electroencephalography device, p.i. = prediction interval, t = time, α = intercept, β = slope, σ =
standard deviation.
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sleep timing is rather accurately assessed with the CSD in
comparison to objective/inferred measures.

Total sleep time
CSD-assessed TST was 40 minutes longer than EEG, on av-
erage, after adjusting for repeated measures. This was similar to

findings of a study that found that sleep diary (not CSD)
overestimated TST compared with PSG by 50minutes (night 1)
and 28 minutes (night 2) in a group of n = 27 adults with bipolar
disorder.25 Matthews et al26 found that sleep diary (not CSD)
overestimated TST compared with PSG by 15 minutes, on
average, across 2 nights in n =223middle-aged and older adults.

Figure 2—Bland-Altman plots for averaged-across-week single-channel EEG-, actigraphy-, CSD-, and questionnaire-assessed
total sleep time, sleep efficiency, and sleep midpoint with slopes allowed to vary linearly and with diagonal blue lines indicating
mean bias (thicker middle line) and 95% limits of agreement (thinner outer lines).

CSD = Consensus Sleep Diary, EEG = electroencephalography.
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In contrast, McCall and McCall27 found that sleep diary (not
CSD) was 55 minutes shorter, on average, than PSG in a
sample of n = 54 young, middle-aged, and older adults with
insomnia and depression. These differences may be attrib-
utable to differences in sleep diary format, as none of the
aforementioned studies used the time-stamped CSD or
single-channel EEG, and population differences. In the
current study, limits of agreement were broad (ie, 95% of
differences fell within a range of > 4 hours). McCall and
McCall27 found even broader 95% limits of agreement (6.8
hours). Given current and previous studies demonstrating
that sleep diary substantially overestimated TST compared
with PSG/EEG, and produced broad limits of agreement, it is
reasonable to suggest that sleep diaries (including CSD) and
PSG/EEG are not interchangeable methods for measuring
TST. Instead, self-reported TST may reflect an overlapping,
yet distinct construct from objectively assessed TST and
should be treated as such.

Consistent with prior research,7,9 actigraphy-derived TST
was shorter than TST derived from time-stamped CSD.
However, unlike those prior studies with discrepancies ranging
from 70 to 124 minutes, actigraphy and CSD TST only differed
by 31 minutes, on average (adjusted). One prior study of in-
dividuals with insomnia collected on 1 night found minimal
differences between TST derived from PSG, actigraphy, and
sleep diary (not CSD), which is unsurprising given the highly
controlled nature of the study (ie, a single night in the sleep
laboratory).28 Given the lack of consistency in reporting and
high degree of variability in rest-interval setting procedures,
devices, and algorithm choices/export settings, direct com-
parison is difficult. It is possible that the smaller discrepancy in
measures in the current study is attributable to the rest-interval
setting procedure used by our group, which uses sleep diary
information to inform this process,16 and the time-stamped
nature of the CSD used in the current study, which encour-
aged close adherence. Regardless, the finding in the current
study that limits of agreementwere broad suggests a high degree
of variability in the differences between these measures in
individual cases. Thus, for a given individual, the accuracy of
actigraphy may be highly variable.

On average, similar to 1 prior study,8 PSQI questionnaire–
derived TST was approximately 11 minutes lower than CSD
(unadjusted; no adjustment for repeated measures was used
since the PSQI is only measured at a single time point). This is
unsurprising given that both measures assess self-reported
perception of sleep parameters. However, the questionnaire
TST demonstrated nonconstant bias, such that lesser values of
TST had positive bias (questionnaire was lesser than CSD), and
the reversewas true for greater values ofTST (questionnairewas
greater than CSD). Additionally, precisionwas poor for CSD vs
questionnaire comparisons of TST. The current findings shed
light on the potential for bias in a questionnaire depending on
level of the parameter. Given this bias, the current study con-
firms that a daily sleep diary is the preferred self-reported
measure compared with questionnaire, given that a sleep di-
ary does not result in substantial nonconstant bias compared
with actigraphy and EEG, which is difficult to adjust for either
clinically or statistically.

Sleep efficiency
CSD overestimated SE compared with EEG by 7%, on average
(adjusted). Two existing studies demonstrated minimal dif-
ferences between sleep diary–derived (not CSD) and PSG-
derived SE.25,28 Consistent with 1 prior study, CSD SEwas also
fairly similar to actigraphy, overestimating by approximately
6% (adjusted).9 Notably, for both EEG and actigraphy, com-
parisons demonstrated substantial heteroscedasticity, indicat-
ing that, for lower values of SE, the differences between
measuresweremorevariable. In otherwords,CSDestimationof
SE was more precise compared with EEG and actigraphy for
nights with greater values of SE. This is consistent with prior
research demonstrating that individuals with insomnia, a dis-
order of reduced SE, report greater discrepancies between diary/
self-report sleep parameters compared with good sleepers or
those who have been treated for insomnia.29–32

PSQI questionnaire–derived SE demonstrated nonconstant
bias, such that lesser values of SE had positive bias (ques-
tionnaire was lesser than CSD), and the reverse was true for
greater values of SE (questionnaire was greater than CSD).
Additionally, precision was poor for CSD vs questionnaire
comparisons of SE. On average, SE was quite similar between
questionnaire and CSD; however, the nonconstant bias and
broad prediction interval suggest caution should be used in
interpreting questionnaire-derived SE.

Sleep midpoint
CSD-assessed sleep midpoint was quite similar, on average,
to both actigraphy and EEG. Questionnaire sleep midpoint
demonstrated slight nonconstant bias, such that earlier sleep
midpoints had positive bias (questionnaire was earlier than
CSD) and the reverse was true for later sleep midpoints
(questionnaire was later than CSD). Precision was accept-
able for all methods. To our knowledge, this is the first study
to compare accuracy across measures of sleep midpoint. The
close agreement between measures of sleep 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 (eg, sleep onset latency, wake after sleep
onset) that factor into the calculation of TST and SE are likely
to be recalled less accurately. Further, setting alarms for
morning wake-up provides a time stamp for bedtime and an
anchor point for wake time, which can improve recall ability.
The stability of sleep midpoint for CSD suggests that it is a
good proxy for actigraphy- or EEG-assessed sleep timing,
whereas a questionnaire is slightly biased and should be used
with caution.

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
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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 CSD with other
sleep-assessment tools. This is a crucial area of study, asmany
studies present self-reported measures of sleep parameters
as substitutes for objective measures when they appear to
reflect different constructs. Finally, to our knowledge, this
was the first study to examine accuracy of sleep measures for
sleep midpoint.

The current studywas notwithout limitations. First, although
this sample of participants was drawn from the community, the
sample demographics do not reflect the larger community and
substantially limit the 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 less 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 limits comparison between
CSD and full PSG. The results here cannot be generalized to
studies conducted in a laboratory environment. Third, it is
crucial to consider the way in which the CSD was delivered in
the current study when generalizing the results. The method
used in the current study, namely digital time-stamped ad-
ministration of the CSD that was closely monitored by research
assistants, likely yielded close to the maximum potential ac-
curacyof theCSD.Usingmethodswithout this close attention to
measure completion and participants’ awareness of time-
stamping may attenuate the accuracy of the CSD. Finally,
retrospective questionnaires were collected after 1 week of
careful attention to sleep via a diary, which likely increased the
accuracy of questionnaire measures compared with typical use.
Similarly, the version of the PSQI that was used as a retro-
spective questionnaire in the current study queried participants
on their sleep in the past week, rather than the typical use of the
PSQI to assess sleep across the past month. This may have also
artificially increased the accuracy of the questionnaire measure.

Implications and future directions
The results of this study highlight the importance of careful
attention to measurement method, particularly when assessing
TST and SE as accuracy varies across method and outcome.
Emerging research suggests that self-reported aspects of sleep
like “depth” or “restfulness” are not closely related to objective
sleep assessments.33 In other words, self-assessment of sleep
may not always closely reflect its underlying biological
function.33 However, both objective and self-reported assess-
ments of sleep are important variables to consider depending on
the research question, sleep parameters of interest, and out-
come variables.

These results demonstrate the importance of using statis-
tical techniques that describe agreement (eg, Bland-Altman
plots) in addition to those that describe relationship (eg,
correlation). Although, on average, the CSD demonstrated
acceptable agreement with TST and SE compared with EEG
and actigraphy, poor precision suggests individual days or

participants may not demonstrate acceptable accuracy. Use of
these methods also revealed retrospective questionnaire-
derived sleep parameters were universally biased compared
with othermeasures. On average, dayswith shorter TST, lesser
SE, and earlier sleep midpoint were fewer than determined by
other methods, and the reverse was true for greater values of
each parameter. We recommend that brief retrospective
questionnaires of sleep parameters should be replaced with
other methods (eg, SASS/SASS-Y,8 CSD), when possible, to
facilitate accurate interpretation.

Future studies should examine potential predictors of dis-
crepancies between sleep measures. Future studies should
continue to explore measurement validity in the naturalistic
sleep environment, as much current validation research focuses
on a laboratory environment, whereas a substantial portion of
sleep and health research occurs in the home environment. In
particular, individuals from low-socioeconomic-status back-
groundsmay bemore likely to have discrepancies between their
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.

ABBREVIATIONS

CSD, Consensus Sleep Diary
EEG, electroencephalography
PSG, polysomnography
PSQI, Pittsburgh Sleep Quality Index
SASS, Self-Assessment of Sleep Survey
SE, sleep efficiency
TST, total sleep time
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