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Abstract

Study Objectives: Most epidemiological studies assess sleep duration using questionnaires. Interpreting this information requires
understanding the extent to which self-reported habitual sleep reflects objectively assessed sleep duration, particularly among African
Americans, who disproportionately experience poor sleep health.

Methods: Among African-American participants of the Jackson Heart Sleep Study, we investigated differences in questionnaire-based self-assessed
average sleep duration and self-assessed wake-bed time differences compared to actigraphy-based assessments of total sleep time (TST) and
average time in bed (TIB). Linear regression models provided estimates of concordance between actigraphy-based and self-reported sleep duration.

Results: Among 821 adults, self-assessed average sleep duration was lower than self-assessed wake-bed time differences (6.4 + 1.4

vs. 7.5+ 1.7 h, p <0.0001). Mean actigraphy-based TST was 6.6 + 1.2 h, and actigraphy-based average TIB was 7.6 + 1.2 h. Self-assessed
average sleep duration and actigraphy-based TST were moderately correlated (r = 0.28, p < 0.0001). Self-assessed average sleep duration
underestimated actigraphy-based TST by -30.7 min (95% confidence intervals [CI]: -36.5 to —24.9). In contrast, self-assessed wake-bed time
differences overestimated actigraphy-based TST by 45.1 min (95% CI: 38.6-51.5). In subgroup analyses, self-assessed average sleep duration
underestimated actigraphy-based measures most strongly among participants with insomnia symptoms.

Conclusions: Among African Americans, self-assessed average sleep duration underestimated objectively measured sleep while self-assessed
wake-bed time differences overestimated objectively measured sleep. Sleep measurement property differences should be considered when
investigating disparities in sleep and evaluating their associations with health outcomes.

Statement of Significance

Few large-scale epidemiological studies investigate the extent to which self-reported habitual sleep reflects average objectively measured
sleep duration. Among 821 African-American participants of the Jackson Heart Sleep Study, self-assessed average sleep duration underesti-
mated actigraphy-based total sleep time (TST) by —-30.7 min (95% confidence intervals [CI]: -36.5 to —24.9), but self-assessed wake-bed time
differences overestimated actigraphy-based TST by 45.1 min (95% CI: 38.6-51.5). Furthermore, self-assessed average sleep duration under-
estimated actigraphy-based measures particularly among participants with insomnia symptoms. Sleep measurement property differences
should be considered when investigating sleep disparities and evaluating their associations with health outcomes.
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Introduction

Insufficient sleep, defined as less than an average of 6 hours of
sleep per night, is associated with an increased risk of obesity,
type 2 diabetes, hypertension, cardiovascular disease (CVD), and
mortality [1-3]. Most epidemiologic studies rely on self-reported
habitual sleep duration. Few studies have investigated the extent
to which self-reported habitual sleep reflects average objectively
measured sleep duration as well as how questions to measure
sleep duration and their responses differ [4-9]. Although African
Americans have been found to have more sleep disturbances
including sleep apnea syndrome, short sleep duration, poor
sleep quality, and daytime sleepiness compared to non-Hispanic
white, Hispanic, and Asian individuals [10], most prior studies
have been conducted among predominately white populations
[7,9,11].

The level of agreement or concordance between self-reported
and objective measures has also been shown to vary by race in
the few studies with sufficient racial/ethnic diversity [6, 12].
Among 1910 adult participants (mean age: 68.3 + 9.1 years) of
the Multi-Ethnic Study of Atherosclerosis (MESA), Jackson et al.
found that self-assessed sleep duration overestimated both
wrist actigraphy and single-night in-home polysomnography
(PSG) across racial/ethnic groups, although whites were more
likely than blacks to overestimate their sleep duration [12].
This study also found that self-assessed sleep duration mod-
erately correlated with multi-day actigraphy-measured assess-
ments (p = 0.38 overall), but this correlation was significantly
lower among blacks (p = 0.28) compared to whites (p = 0.45),
and was even less correlated for PSG. Another study among the
Coronary Artery Risk Development in Young Adults (CARDIA)
participants (mean age: 42.9 + 3.6 years and 44% black) found
a mean difference of 0.8 h between actigraphy-measured and
self-reported sleep duration and moderate correlations for
blacks and whites [6]. Lastly, a recent study investigated agree-
ment between two nights of in-home PSG, nine nights of wrist
actigraphy, and sleep diaries among 223 middle-to-older aged
black, white, and Asian participants (mean age: 59.9 + 7.2 years).
All measures significantly differed in their estimation of sleep
duration, and PSG was less concordant with prospective diary
estimates among blacks [13]. To advance research on the sleep
of African Americans, it is important to replicate previous find-
ings and then to improve the measurement of sleep constructs
by assessing the validity and reliability of self-reported sleep
measures, which are more widely available and cost effective
compared to objective measures.

Furthermore, in addition to race/ethnicity, the magnitude of
agreement between objective and subjective measures of sleep
duration may be modified by other sociodemographic (e.g. age,
sex, education, income, primary language spoken), health (e.g.
depression, obesity, self-rated health), and sleep (e.g. insomnia,
sleep apnea, sleepiness, sleep efficiency, sleep variability) char-
acteristics. In MESA, non-English primary language was associ-
ated with an overestimation of sleep time [12]. In CARDIA, mean
difference varied by age, socioeconomic status, obesity, sleep
apnea risk, and level of sleepiness [6]. Matthews et al. found that
depressive symptoms and poor health perceptions affected the
magnitude of agreement between actigraphic-assessed sleep
duration and questionnaire and diary measures [13]. Insomnia
symptoms have also been identified as a factor that may influ-
ence perceived sleep duration [14]. While these previous studies
have identified potential modifiers of the association between

objective and subjective measures of sleep duration, these
modifiers have not rigorously assessed among a large sample of
African-American adults.

Therefore, we addressed the aforementioned literature gaps
by examining the concordance of alternative approaches for
eliciting self-reported sleep duration compared to an objective
actigraphy-based measure of sleep among a large sample of
African-American or black participants in the Jackson Heart
Sleep Study (JHSS). We also evaluated the influences of insomnia
symptoms, depressive symptoms, sleep apnea, low sleep effi-
ciency, and socioeconomic status (i.e. education) on measure-
ment differences in subjective and objective sleep duration.

We hypothesized that there would be poorer agreement be-
tween objectively assessed sleep duration and self-reported
total sleep duration as compared to sleep duration calculated
as the difference between bed and wake times because of the
challenges in accurately estimating average sleep duration com-
pared to recalling actual times when going to bed and waking
up. We further hypothesized that educational attainment, sleep
apnea, insomnia symptoms, low sleep efficiency, and depressive
symptoms would reduce concordance across measurements.
An improved understanding of agreement across sleep duration
measures will help guide future research aimed at character-
izing risks associated with sleep disturbances.

Methods
Jackson Heart Sleep Study

To test our hypotheses, we utilized data from an ancillary study
to the Jackson Heart Study (JHS), the JHSS. The design of the
overall JHS has been reported elsewhere [15]. Briefly, the JHS is
a large community-based, prospective cohort study designed
to examine the etiology of CVD in African Americans. The 5306
participants in the overall study were aged 35-84 years and res-
ided in the Jackson, Mississippi metropolitan statistical area
between September 2000 and March 2004. To date, JHS has con-
ducted three waves of data collection. Exam 1 occurred from
September 2000 to March 2004; Exam 2 occurred from October
2005 to December 2008; and Exam 3 occurred from February
2009 to January 2013. Institutional Review Board approval was
obtained from University of Mississippi Medical Center, Jackson
State University, and Tougaloo College, Partners Health, and all
participants gave written informed consent.

Our analysis utilizes data from the JHSS, which was con-
ducted from 2012 to 2016 and enrolled 913 JHS participants [16].
JHS participants were eligible for the JHSS if they participated
in the third JHS follow-up exam (n = 3609) or other follow-up
ancillary studies. Participants were contacted by phone and/
or mail (n = 3015) with an invitation to participate. Individuals
reporting regular use of continuous positive airway pressure
(n=70) or who were first-degree relatives of a consenting par-
ticipant (n=10) were not eligible for the study. The JHSS included
a clinic visit and in-home sleep apnea testing, 7-day wrist
actigraphy, fasting venipuncture, anthropometry, blood pressure
and other vascular assessments, and interviewer-administered
sleep and health questionnaires. Our analysis excluded partici-
pants missing self-reported sleep or actigraphy data (n = 81). We
further excluded participants with objective or subjective sleep
measurements at least 2 h or more than 23 h (n = 11), resulting
in a final study sample of 821 participants.
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Measurements

All variables, with the exception of educational attainment,
household income, marital status, and physical activity status,
were collected during the JHSS. Educational data were collected
during JHS Exam 1; and household income, marital status, and
physical activity status were collected during JHS Exam 3.

Sleep duration measures

Sleep questionnaire. Participants in the JHSS completed a
self-report questionnaire regarding their sleep duration on
weekdays or workdays and on weekends using questions
also used in the Sleep Heart Health Study and Hispanic
Community Health Study/Study of Latinos. Participants were
asked: (1) How many hours of sleep do you usually get per
night (a) on weekdays or workdays and (b) on weekends?,
(2) Not including naps, what time do you usually go to bed
(a) on weekdays or workdays and (b) on weekends?, and (3)
Not including naps, what time do you usually wake up (a) on
weekdays or workdays and (b) on weekends? Two self-report
sleep measures were derived for weekday and weekend sleep:
(1) self-assessed average sleep duration and (2) self-assessed
wake-bed time differences.

Wrist actigraphy. Objective sleep duration was obtained from
7-day wrist actigraphy. For 7 consecutive days, JHSS participants
wore a GT3X+ Activity Monitor on the nondominant wrist and
completed a sleep diary [17]. Actigraphic data were scored in
60-s epochs as sleep or wake using ActiLife version 6.13 analysis
software (ActiGraph Corp, Pensicola, FL) using a validated algo-
rithm (Cole-Kripke) [18]. Using activity counts and light (i.e. lux)
data from the actigraphs and sleep diary entries, scorers blinded
to all other data, annotated the start and end of the main sleep
period. From valid nocturnal actigraphy data, we computed the
average values for total sleep time (TST) and average time in bed
(TIB) (or sleep interval) for weekdays. Sunday through Thursday
nights were considered weekday nights. TST was calculated as
the time when asleep between sleep onset and end of the sleep
period. TIB (or sleep interval) was calculated as the total time be-
tween “lights off” and “lights on” (including sleep and wake epi-
sodes during the sleep period). Separate analyses, focusing on
weekend data, were also conducted and shown in the supple-
mental materials.

Potential moderators of concordance and calibration

Age group and sex. We investigated potential differences in
concordance between participants aged less than 65 and at least
65 years and between men and women.

Insomnia symptoms and sleep apnea. Insomnia symptoms
were based on self-report using the Women’s Health Initiative
Insomnia Rating Scale (WHIIRS) score of at least 9 (range: 0-20)
[19]. Based on our study protocol, all participants enrolled in the
JHSS agreed to a sleep study and attempted in-home sleep apnea
testing, and any apparent missing data (N = 43) was due to de-
vice failures or poor data quality. We conducted a level 3 in-home
sleep apnea test (Embletta-Gold device; Embla, Broomfield, CO),
recording nasal pressure (measuring airflow), thoracic and ab-
dominal inductance plethysmography, finger pulse oximetry,
body position, and ECG [16]. The Respiratory Event Index (REI) was
derived as the sum of all apneas and hypopneas associated with
at least 4% oxygen desaturations per hour of estimated sleep [16].
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Obstructive sleep apnea (OSA) was defined using the cutoff for
“moderate or severe” OSA of REI at least 15 events per hour [20].

Sleep efficiency. Sleep efficiency was obtained from JHSS 7-day
wrist actigraphy and was defined as the ratio of TST to total TIB
during the main sleep period (nocturnal sleep period). For our
analyses, we dichotomized sleep efficiency at 85% [21].

Educational attainment. Measured at Exam 1 (2000-2003), par-
ticipants were categorized into one of three educational groups:
less than high school; high school graduate/GED; or vocational
school, trade school, or college. For our analyses, we dichotom-
ized education into <high school education and >high school
education [12].

Depressive symptoms. Depressive symptoms were measured
by scores on the Center for Epidemiological Studies-Depression
Scale (CES-D) [22]. The CES-D is a 20-item, 4-point Likert-type
scale assessing the extent to which individuals experienced
depressive symptoms during the prior week [22]. While not
designed for clinical diagnoses, the CES-D is based on clinical
depression symptoms and correlates well with other depres-
sion scales [22]. The total score ranges from 0 to 60, with higher
scores indicating more depressive symptoms. CES-D scores
were dichotomized using a standard cutoff of at least 16 to clas-
sify individuals with high depressive symptoms [22].

Assessment of other covariates

Marital status was defined as married, divorced/separated/wid-
owed, or never married. Annual household income was classi-
fied as <$25,000, $25,000-<$75,000, or >$75,000. Work schedule
was categorized as not in the labor force, day shift or standard
hours, or night shift. Smoking status was classified as never,
former, or current, and alcohol consumption was classified as
never, moderate, or heavy. Measured weight and height were
used to calculate body mass index (BMI), and categorized as
follows: <18.5 kg/m? (underweight), 18.5-<25 kg/m? (normal),
25-<30 kg/m? (overweight), and >30 kg/m? (obese) [23]. Self-
rated health was dichotomized as fair/poor and excellent/good.
Physical activity was measured using the physical activity co-
hort instrument (PAC) at the home visit before the JHS clinical
examination. Based on the American Heart Association guide-
lines, physical activity was categorized as poor (0 min of mod-
erate and vigorous activity), intermediate (>0 min but <150 min
of moderate activity, >0 min but <75 min of vigorous activity, or
>0 min but <150 min of combined moderate and vigorous ac-
tivity), or ideal (=150 min of moderate activity, >75 min of vig-
orous activity, or 2150 min of combined moderate and vigorous
activity) [24]. Hypertension was defined as a systolic blood pres-
sure at least 130 mmHg or a diastolic blood pressure at least
80 mmHg, use of antihypertensive medications (based on self-
report and actual use) within 2 weeks prior to data collection, or
self-reported history of hypertension [25]. Diabetes was defined
as fasting glucose at least 126 mg/dL, and was confirmed by ei-
ther an self-reported diabetes diagnosis or medication inventory
or self-reported use of antidiabetic medications [26].

Statistical analysis

Sociodemographic, health, and sleep characteristics were first
summarized with descriptive and graphical analyses for the
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study population. We next employed linear regression models to
assess the associations of the two self-assessed sleep measures
(average sleep duration and wake-bed time differences) with the
two actigraphy-based measures (TST and TIB), centered at 7 h,
overall and separately for the various age categories, sex, edu-
cational attainment, insomnia symptoms, OSA, and depressive
symptoms. The intercepts, slopes, and corresponding 95% confi-
dence intervals (CI) were reported for each model.

Linear regression models were employed to regress sub-
jective self-assessed sleep duration onto the objective
actigraphy-measured sleep. Each model’s intercept represented
concordance. Concordance captured the degree to which, on
average, participants overestimated (intercept > 0) or underesti-
mated (intercept < 0) sleep. Where there is no disagreement or
complete concordance, the intercept would be 0. The regression
slope represented calibration, which is the change in the sub-
jective measure (self-reported sleep duration) relative to change
in the objective measure (actigraphy-measured sleep duration).
A slope of 1 indicated perfect synchrony between the two sleep
measures. Self-report and actigraphy could also be perfectly
calibrated with a slope other than 1, e.g. 0.50: in this case, 1 min
in self-reported sleep would equal a half-minute in actigraphy-
measured sleep. Poorly calibrated models have large Cls around
the slope. The ClIs around the slope are larger when there is
more uncertainty in the calibration (more variability in the rela-
tionship between subjective and objective sleep).

We were additionally interested in whether concordance
and calibration differed across categories of age, sex, educa-
tional attainment, insomnia symptoms, OSA, sleep efficiency,
and depressive symptoms. We, therefore, employed Wald tests
to examine an interaction term for actigraphy-measured sleep
and each potential modifier. When the interaction term was sig-
nificant at the p < 0.05 level, we considered the concordance and
calibration to differ between the two groups.

We also examined intercepts and slopes stratified by the po-
tential modifier (e.g. sex), and tested whether the intercepts dif-
fered at the p <0.05 level using the “suest” command for seemingly
unrelated estimation in Stata 15.0. We calculated Spearman cor-
relation coefficients (tho: p) between self-reported and actigraphy-
measured sleep, overall and by age, sex, education, insomnia
symptoms, OSA, sleep efficiency, and depressive symptom groups.
We then tested the between-group differences in Spearman cor-
relations using bootstrap estimation. For a given pair of Spearman
correlations (e.g. p [self-report vs. actigraphy] for males vs. fe-
males), we sampled with replacement from the male dataset and
female dataset 1000 times, each time calculating the difference in
p values for males vs. females, to obtain the standard error of this
difference, and then the probability of the corresponding z value
based on bootstrap difference and standard error.

We next calculated weighted and unweighted Kappa statis-
tics to assess agreement between categories of subjective and
objective measures of sleep duration. To do this, we created cat-
egorical sleep variables for each of the sleep measures (short
sleep: <7 h; recommended sleep: 7-9 h; and long sleep: >9 h).
We considered a less than chance agreement < 0, slight agree-
ment = 0.01-0.20, fair agreement = 0.21-0.40, moderate agree-
ment = 0.41-0.60, substantial agreement = 0.61-0.80, and almost
perfect agreement = 0.81-0.99.

Bland-Altman plots were employed to further analyze the
agreement between the subjective and objective measurements.
The mean difference represented the estimated concordance,

and the standard deviation (SD) of the differences measured the
random fluctuations around the mean. All analyses were con-
ducted for weekday sleep measurements, separately. SAS version
9.4 (SAS Institute, Cary, NC) and STATA 15.0 (Stata Corporation,
College Station, TX) were used to carry out the analyses.

Results
Study population characteristics

Table 1 displays sociodemographic, health behavior, and clinical
characteristics among the 821 eligible JHSS participants. Study
participants’ mean age was 63.4 + 10.7 years, and 66.1% iden-
tified as females. More than half of the population was mar-
ried. Nearly three-quarters of participants had greater than a
high school education, and 27.3% had an annual household in-
come less than $25,000. Most participants were not in the labor
force (53.7%), and those with employment were predominantly
day-shift workers. No JHSS participants identified as retired.
Compared to men, women were slightly older, less likely to be
married, more likely to have a high school education or less, to
not be in the labor force, and to have an annual household in-
come less than $25,000.

Regarding health behaviors and clinical characteristics,
most participants reported never smoking (64.5%) and did
not currently drink alcohol (66.4%). The majority (54.8%) were
classified as obese, 17.2% had high depressive symptoms, and
22.0% had fair/poor self-rated health. Less than a third of par-
ticipants (30.5%) had an ideal level of physical activity and
80.1% had hypertension while 26.8% were classified as having
diabetes. Compared to men, women were less likely to smoke,
consume alcohol, or report fair/poor health. Women were
more likely than men to be obese and to have high depres-
sive symptoms, poor physical activity levels, hypertension, or
diabetes.

Sleep characteristics

Table 1 displays the average sleep measures, focused on week-
days. Self-assessed average sleep duration and wake-bed time
differences were 6.4 + 1.4 and 7.5 + 1.7 h, respectively. Average
actigraphy-based TST and TIB (sleep interval) were 6.6 + 1.2 and
7.6 + 1.2 h, respectively. Furthermore, 27.2% of participants had
insomnia symptoms (WHIIRS > 9), 23.1% had moderate or severe
OSA, and 29.2% had low sleep efficiency (<85%). Insomnia symp-
toms prevalence was higher among women, while women had a
lower prevalence of OSA than men.

Figure 1, illustrating the overall distribution of the two
self-reported and two actigraphy-based sleep measures for
weekdays, demonstrates that self-assessed average sleep dur-
ation overlapped to a large extent with actigraphy-based TST
but underestimated actigraphy-based TIB (sleep interval).
In contrast, self-assessed wake-bed time differences largely
overlapped with actigraphy-based TIB (sleep interval) but over-
estimated actigraphy-based TST. Figure 1 also demonstrates that
both self-reported sleep measures had more variability than the
actigraphy-based measures.

Figure 2 illustrates Bland-Altman plots of the systematic dif-
ference between self-reported and actigraphy-measured sleep
duration. These plots show that agreement appeared to mostly
decrease with increasing average sleep duration.
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Table 1. Sociodemographic, health behavior, and clinical characteristics among 821" participants of the Jackson Heart Sleep Study, 2012-2016

Sex
Female Male
Total n =543 (66.1) n =278 (33.9)
Age (years), mean + SD 63.4+10.7 63.8+10.7 62.5+10.8
Marital status®
Married 461 (56.2) 245 (45.1) 216 (77.7)
Divorced/separated/widowed 279 (34.0) 231 (42.5) 48 (17.3)
Never married 81(9.9) 67 (12.3) 14 (5.0)
Educational attainment*
<High school 210 (25.6) 150 (27.6) 60 (21.6)
>High school 611 (74.4) 393 (72.4) 218 (78.4)
Annual household incomet
<$25,000 193 (27.3) 146 (31.4) 47 (19.5)
$25,000-74,999 343 (48.6) 234 (50.3) 109 (45.2)
>$75,000 170 (24.1) 85 (18.3) 85 (35.3)
Weekday sleep duration (hours), mean + SD
Self-assessed average sleep duration (subjective)® 64+1.4 64+1.4 63+1.4
Self-assessed wake-bed time difference (subjective)! 75+1.7 76+1.6 73+1.7
Actigraphy total sleep time (objective)! 6.6+1.2 6.7+1.2 6.5+1.2
Actigraphy average time in bed (objective)! 76+1.2 7.7 +1.2 74+12
Work schedule
Not in the labor force 438 (53.7) 309 (57.0) 129 (47.1)
Day shift or standard hours* 290 (35.5) 189 (34.9) 101 (36.9)
Night shift 88 (10.8) 44 (8.1) 44 (16.1)
Health behaviors
Smoking status
Never 492 (64.5) 350 (69.0) 142 (55.5)
Former 205 (26.9) 120 (23.7) 85(33.2)
Current 66 (8.7) 37 (7.3) 29 (11.3)
Current alcohol use (yes) 273 (33.6) 157 (29.2) 116 (42.2)
BMI categories
Underweight (<18.5 kg/m?) 4(0.5) 2(0.4) 2(0.7)
Normal (18.5-<25 kg/m?) 102 (12.5) 64 (11.9) 38 (13.8)
Overweight (25-<30 kg/m?) 263 (32.2) 159 (29.4) 104 (37.7)
Obese (230 kg/m?) 447 (54.8) 315 (58.3) 132 (47.8)
Clinical characteristics
Obstructive sleep apnea (yes)* 180 (23.1) 98 (19.1) 82 (31.1)
Insomnia symptoms (yes)** 223 (27.2) 168 (31.0) 55 (19.8)
Low sleep efficiency (yes)! 240 (29.2) 160 (29.5) 80 (28.8)
High depressive symptoms (yes)# 139 (17.2) 107 (19.9) 32(11.7)
Self-rated health: fair/poor (vs. excellent/good) 175 (22.0) 114 (21.6) 61 (22.9)
Physical activity"
Poor 314 (39.1) 212 (39.9) 102 (37.6)
Intermediate 244 (30.4) 169 (31.8) 75 (27.7)
Ideal 245 (30.5) 151 (28.4) 94 (34.7)
Hypertension 646 (80.1) 443 (83.3) 203 (73.8)
Diabetesl! 216 (26.8) 148 (27.9) 68 (24.7)

N (%), unless otherwise noted. Variables with 3% and greater missing: annual household income (13.9%), smoking (7.1%), OSA (5.2%), and self-rated health (3.4%).
SD, standard deviation; BMI, body mass index.

“Includes those with all actigraphy and self-reported sleep measures and with sleep measures >2 h and <23 h.

fCollected at Jackson Heart Study Exam 3.

*Collected at Jackson Heart Study Exam 1

§Self-reported sleep duration (in hours) using the question “How many hours of sleep do you usually get per night?”

ISelf-reported sleep duration (in hours) calculated using questions regarding bed and wake times.

TMeasured using wrist actigraphy.

&Standard hours = “regular 9:00 am to 5:00 pm job.”

“Obstructive sleep apnea (OSA) was measured using the Respiratory Event Index (REI) > 4% (i.e. the number of all apneas and hypopneas with >4% oxygen desatur-
ations per hour of sleep); OSA was defined as an apnea-hypopnea index (AHI) > 15 events per hour.

*Insomnia symptoms was based on self-report using a Women’s Health Initiative Insomnia Rating Scale score of 9 (range: 0-20).

tParticipants defined as having low sleep efficiency when <85% of total time spent in bed was spent asleep.

#High depressive symptoms defined as a Center for Epidemiological Studies-Depression Scale (CES-D) score >16.

S$5Based on the American Heart Association Physical Activity categorization.

liDiabetes includes type 1 and type 2 diabetes mellitus.
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Figure 1. Overall distributions of weekday sleep duration from self-assessed average sleep duration, self-assessed wake-bed time differences, wrist actigraphy for total
sleep time, and wrist actigraphy for average time in bed.

@
£ Ew
w a”
oo @
Ay 8 B) 2 .
b =
i 2
8a 821
£ £ *
(=8 [=%
g 5
= 2
% oA %
o z W
% o
=) =
£51 %
a
& o
B 3
1 @
g g
2 @
Lo g
& =
3THIGI3 10.3668 3.283333 11.5816
Average of self-reported and actigraphy-hased sleep time Average of self-reported and actigraphy-based sleep time
i+ he
L) L
e e?
L
£ E
£2 g D) 3 ®
ﬁ B o_
o 7
£ 5 *
o] 4]
=g =g
g 8,
R =
& &
h+ =
£ £
2 g
EE“ [CR=1
7 g
g :
(L B
B N L J |
B 4225 11.0416 O 375a333 121418
Average of self-reported and actigraphy-based time in bed Average of self-reported and actigraphy-based time in bed

Figure 2. Bland-Altman plots of the difference versus the average of weekday self-reported and actigraphy-based sleep duration, using (A) self-assessed average sleep
duration vs. actigraphy-based total sleep time (TST); (B) self-assessed wake-bed time differences vs. actigraphy-based TST; (C) self-assessed average sleep duration vs.
actigraphy-based average time in bed (TIB); (D) self-assessed wake-bed time differences vs. actigraphy-based TIB.

Sleep duration based on questionnaire vs. wrist and overestimated (45.1 min [95% CI: 38.6-51.5]) when using
actigraphy self-assessed wake-bed time differences (Table 2). Self-reporting
disagreement for actigraphy-based TIB (sleep interval) was

Actigraphy-based TST was underestimated (-30.7 min [95% CI: . -
-50.6 min (95% CI: -56.7 to —-44.5) when using average sleep

-36.5 to -24.9]) when using self-assessed average sleep duration
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Table 2. Unadjusted average concordance and calibration (95% CI) between self-reported and measured sleep duration (minutes) using wrist actigraphy for both total

sleep time and average time in bed on weekdays, centered at 7 hours of sleep”

Weekday wrist actigraphy

Total sleep time (TST)

Average time in bed (TIB)

Self-assessed wake-bed time

Self-assessed wake-bed time

Self-assessed average sleep duration differences Self-assessed average sleep duration differences
Intercept Slope Intercept Slope Intercept Slope Intercept Slope
(concordance) (calibration) (concordance)  (calibration) (concordance) (calibration) (concordance) (calibration)
All -30.7 (-36.5,-24.9)  0.35(0.27,0.43)  45.1(38.6,51.5) 0.63(0.54,0.71) -50.6 (-56.7,-44.5)  0.33 (0.25, 0.40) 7.8(1.1,14.5)  0.63(0.55,0.71)
Age (years)
<65 -284(-36.6,-20.2)  0.38(0.27,049)  36.9(26.9,47.0) 0.56(0.42,0.69) -50.3(-57.8,-42.9)  0.34(0.24,0.44) 3.4 (-5.6,12.3) 0.56 (0.44,0.68)
265 -32.1(-40.7,-23.5) 0.32 (0.20, 0.44) 51.9 (43.4,60.4) 0.65 (0.54,0.77) -50.7 (-61.1, -40.2) 0.32 (0.20, 0.43) 13.4(3.3,23.5) 0.66 (0.55,0.77)

Sex

Women  -29.2(-36.3,-22.1)  0.34(0.25,0.44)  50.1 (42.6,57.7) 0.66(0.55,0.76) -48.9 (-56.7,-41.0)

0.31(0.22,041)  10.2(2.1,18.3) 0.66 (0.56,0.75)

Men -33.7(-43.7,-237)  0.35(0.22,048) 33.8(21.7,45.9) 054(0.39,0.70) -53.3(-63.0,-43.7) 0.34(0.22,047)  2.8(-8.8,144) 0.55(0.40,0.70)
Education

<HS -36.4 (-48.2,-24.7)  0.33(0.18,0.48)  52.2(39.3,65.0) 0.69 (0.53,0.85) -55.2(-68.2,-42.3)  0.30 (0.16,0.44) 8.7 (-4.8,22.3) 0.73(0.58,0.87)
>HS -28.6(-35.2,-21.9)  0.36 (0.26,0.45)  42.2(34.7,49.7) 0.59 (0.49,0.70) -49.1(-55.9,-42.2)  0.34(0.25,0.43) 7.6 (-0.0,15.3) 0.58(0.49, 0.68)
Insomnia *

Yes -71.3(-82.8,-59.8) 0.23(0.08,0.37) 39.3(27.4,51.2) 0.58(0.43,0.73) -84.7(-97.0,-72.4) 0.20 (0.07,0.34)  1.5(-10.9, 13.8) 0.60 (0.46, 0.74)
No -15.1(-21.3,-8.8)  0.41(0.32,0.49) 47.2(39.5,54.9) 0.65(0.54,0.75) -38.3(-44.8,-31.8) 0.40(0.32,0.48) 10.0(2.1,17.9) 0.64 (0.54,0.74)

Sleep apnea *

Yes -28.2(-40.6,-159)  0.20 (0.04,0.37) 42.6 (30.5,54.6) 056 (0.41,0.72) -40.7 (-53.9,-27.5)  0.19 (0.04,0.35)  6.1(-6.3,185) 0.59(0.45,0.73)

No -29.4(-36.0,-22.7)  0.40(0.31,0.50) 47.6(39.9,55.4) 0.65(0.54,0.76) -51.9 (-59.0, -44.8) 0.38(0.29,0.46) 10.3(2.1,18.4) 0.64(0.54,0.74)
Efficiency §

Low -28.0(-42.3,-136)  0.25(0.08,043) 754 (61.1,89.7) 0.75(0.58,0.92) -48.0(-59.5,-36.5)  0.20 (0.05,0.35) 14.0(2.6,253) 0.66(0.52,0.81)

High -33.4(-39.8,-26.9) 0.41 (0.32, 0.50) 35.9 (28.5,43.3) 0.68(0.57,0.78) -51.9(-59.1,-44.7) 0.37 (0.29, 0.46) 5.2 (-3.0,13.4) 0.62(0.52,0.72)

High depressive symptoms |
Yes -30.1(-44.8,-15.3)  0.40 (0.22,0.58)
No -30.7 (-37.1,-24.4)  0.33(0.24,0.42)

53.9(38.7,69.0) 0.68(0.50,0.87) -52.3 (~67.7,-36.8)
435(36.3,50.7) 0.61(0.51,0.71) -50.0 (~56.7, -43.2)

0.39 (0.22, 0.56)
0.31(0.23,0.39)

14.4 (-1.0,29.8) 0.71 (0.54,0.88)
6.8 (-0.7,14.3) 0.61 (0.52,0.70)

Concordance captures the degree to which, on average, subjects over (if intercept >0) or underestimate (if <0) sleep. Where there is complete concordance, the intercept would be 0. The regres-

sion slope represents calibration, which is the relationship between the two scales, or the change in the subjective (self-reported sleep duration) relative to change in the objective measure (wrist

actigraphy measured sleep duration). Sleep Duration Concordance and Calibration by Potential Moderators: Table shows unadjusted average concordance and calibration between self-reported and

measured sleep duration (in minutes) using multi-day (Sunday through Thursday night) wrist actigraphy for both total sleep time and average time in bed by a priori sociodemographic (e.g. age, sex,

education) and health-related (e.g. insomnia symptoms, sleep apnea, low sleep efficiency, depressive symptom) characteristics.
CI, confidence interval; <HS, high school education or less; >HS, more than high school education; Inter., intercept; TIB, time in bed; TST, total sleep time.

*Bold coefficients are significantly different within strata (p < 0.05).

Insomnia symptoms was based on self-report using a Women'’s Health Initiative Insomnia Rating Scale score of >9 (range: 0-20).

*Obstructive sleep apnea (OSA) was measured using the Respiratory Event Index (REI) > 4% (i.e. the number of all apneas and hypopneas with >4% oxygen desaturations per hour of sleep); OSA was

defined as an REI > 15 events per hour.

SParticipants defined as having low sleep efficiency when <85% of total time spent in bed was spent asleep.

IHigh depressive symptoms defined as Center for Epidemiological Studies-Depression Scale (CES-D) score >16.

duration and 7.8 min (95% CI: 1.1-14.5) when using wake-bed
time differences. Calibration between self-assessed average
sleep duration and actigraphy-based TST (0.35 [0.27-0.43]) indi-
cated that a change of 1 h in average sleep duration was equiva-
lent to 21 min (0.35 x 60 min) of actigraphy-based TST (Table
2). Calibration with self-assessed wake-bed time differences
(0.63 [0.54-0.71]) indicated that 1 h in wake-bed time differences
equaled 38 min (0.63 x 60 min) of actigraphy TST (Table 2).

The overall Spearman correlation between self-assessed average
sleep duration and actigraphy-based TST was p = 0.28, and the
overall Spearman correlation between self-assessed wake-bed time
differences and actigraphy-based TST was p = 0.48 (Supplementary
Table S1). These findings indicated that actigraphy-based TST ex-
plained 8% of the variation in self-assessed average sleep duration
but 23% of the variation in self-assessed wake-bed time differences.
As shown in Table 3, the weighted kappa statistics for categories of
weekday self-reported sleep measures and weekday actigraphy-
based TST suggested slight agreement with average sleep duration
(k, = 0.1848) and fair agreement with wake-bed time differences
(k, = 0.2372). Table 3 also demonstrates fair agreement between the
two self-assessed sleep measures (k, = 0.2874).

Potential moderators of concordance and calibration
for sleep measures

Examination of concordance and calibration for actigraphy-
based TST across potential moderators indicated that for
self-reported average sleep duration there were no significant
differences in concordance nor calibration across categories
defined by age, sex, education, high depressive symptoms,
low sleep efficiency, or OSA (Table 2). Those with insomnia
symptoms underestimated sleep duration to a greater ex-
tent than those without insomnia symptoms (-71.3 min
[-82.8 to —-59.8] vs. -15.1 min [-21.3 to -8.8]). Those with in-
somnia symptoms also had less accurate calibration than
those without insomnia symptoms (0.23 [0.08-0.37] vs. 0.41
[0.32-0.49]). For the relationship between self-assessed wake-
bed time differences and actigraphy-based TST, there were
no significant disagreements in concordance or calibration
for education, insomnia symptoms, OSA, or high depressive
symptoms. However, concordance did vary by age, sex, and
low sleep efficiency, whereby those aged at least 65 years
had greater overestimation of sleep and lower concordance
than those aged less than 65 years (51.9 min [43.4-60.4] vs.
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Table 3. Agreement between self-assessed and actigraphy-based sleep measures on weekdays

Self-assessed average sleep duration
Short sleep
Recommended sleep
Long sleep
Total
Agreement: 58.2%
(w)Agreement: 78.4%
Self-assessed wake-bed time differences
Short sleep
Recommended sleep
Long sleep
Total
Agreement: 58.8%
(w)Agreement: 78.6%
Self-assessed average sleep duration
Short sleep
Recommended sleep
Long sleep
Total
Agreement: 49.9%
(w)Agreement: 72.8%
Self-assessed wake-bed time differences
Short sleep
Recommended sleep
Long sleep
Total
Agreement: 58.8%
(w)Agreement: 78.6%
Self-assessed average sleep duration
Short sleep
Recommended sleep
Long sleep
Total
Agreement: 57.7%
(w)Agreement: 76.6%

Short sleep Recommended sleep Long sleep Total

Wrist actigraphy (total sleep time)

336 (72.1) 121 (26.0) 9(1.9) 466

183 (54.0) 141 (41.6) 15 (4.4) 339
3(18.8) 12 (75.0) 1(6.3) 16

522 (63.6) 274 (33.4) 25 (3.1) 821

Expected agreement: 49.9% Kappa: 0.1656 p <0.0001

(w)Expected agreement: 73.5%
Wrist actigraphy (total sleep time)

(w)Kappa: 0.1848

(w)p < 0.0001

228 (84.8) 40 (14.9) 1(0.4) 269
266 (58.5) 178 (39.1) 11 (2.4) 455
28 (28.9) 56 (57.7) 13 (13.4) 97
522 (63.6) 274 (33.4) 25 (3.1) 821
Expected agreement: 39.7% Kappa: 0.1881 p <0.0001

(w)Expected agreement: 65.6%
Wrist actigraphy (average time in bed)

(w)Kappa: 0.2372

(w)p < 0.0001

187 (40.1) 245 (52.6) 34 (7.3) 466
73 (21.5) 216 (63.7) 50 (14.8) 339
1(6.3) 8 (50.0) 7 (43.8) 16
261 (31.8) 469 (57.1) 91 (11.1) 821
Expected agreement: 41.9% Kappa: 0.1391 p <0.0001

(w)Expected agreement: 67.5%
Wrist actigraphy (average time in bed)

(w)Kappa: 0.1651

(w)p < 0.0001

150 (55.8) 113 (42.0) 6(2.2) 269

103 (22.6) 300 (65.9) 52 (11.4) 455
8(8.3) 56 (57.7) 33 (34.0) 97

261 (31.8) 469 (57.1) 91 (11.1) 821

Expected agreement: 43.4% Kappa: 0.2728 p < 0.0001

(w)Expected agreement: 68.0%
Self-assessed wake-bed time differences

(w)Kappa: 0.3301

(w)p < 0.0001

220 (47.2) 209 (44.9) 37 (7.9) 466
49 (14.5) 242 (71.4) 48 (14.2) 339
0(0.0) 4 (25.0) 12 (75.0) 16
269 (32.8) 455 (55.4) 97 (11.8) 821
Expected agreement: 41.7% Kappa: 0.2749 p <0.0001

(w)Expected agreement: 67.2%

(w)Kappa: 0.2874

(w)p < 0.0001

Data presented as N (row %). Short sleep: <7 h; recommended sleep: 7-9 h; long sleep: >9 h. Kappa statistic interpretation: less than chance agreement < 0; slight

agreement = 0.01-0.20; fair agreement = 0.21-0.40; moderate agreement = 0.41-0.60; substantial agreement = 0.61-0.80; almost perfect agreement = 0.81-0.99.

36.9 min [26.9-47.0]), women had lower concordance than
men (50.1 min [42.6-57.7] vs. 33.8 min [21.7-45.9]), and those
with low sleep efficiency had lower concordance than those
with high sleep efficiency (75.4 min [61.1-89.7] vs. 35.9 min
[28.5-43.3]).

For actigraphy-based TST, the Spearman correlations did
not significantly differ across potential modifiers, with the ex-
ception of across categories of sleep efficiency for self-assessed
average sleep duration and across age groups among men for
self-assessed wake-bed time differences (Supplementary Table
S1). The correlation was significantly lower among those with
low sleep efficiency than among those with high sleep efficiency
(p = 0.14 vs. p = 0.34). Additionally, the correlation was signifi-
cantly lower among men aged less than 65 years than among
men aged at least 65 years (p = 0.32 vs. p = 0.57). An opposite age
pattern emerged among men for self-assessed average sleep
duration; however, these differences did not reach statistical
significance.

Examination of concordance and calibration for actigraphy-
based TIB (sleep interval) across potential moderators indi-
cated that, for self-assessed average sleep duration, there were
no significant disagreements in concordance nor calibration

across age, sex, education, sleep efficiency, or high depressive
symptom categories. Those with insomnia symptoms had sig-
nificantly underestimated sleep duration compared to those
without insomnia symptoms (-84.7 min [-97.0 to -72.4] vs.
-38.3 min [-44.8 to -31.8]). Those with insomnia symptoms
also had less accurate calibration than those without insomnia
symptoms (0.20 [0.07-0.34] vs. 0.40 [0.32-0.48]). OSA and sleep
efficiency demonstrated a similar pattern with regard to cali-
bration. For self-assessed wake-bed time differences, there
were no significant disagreements in concordance or calibra-
tion across potential moderators.

For actigraphy-based TIB (sleep interval), the Spearman
correlations did not significantly differ across potential
moderators, with the exception of insomnia status and
sleep efficiency for self-assessed average sleep duration
(Supplementary Table S1). The correlation was significantly
lower among those with insomnia symptoms compared to
those without insomnia symptoms (p = 0.19 vs. p = 0.35)
and lower among those with low sleep efficiency than
among those with high sleep efficiency (p = 0.12 vs. p = 0.34).
A similar pattern was observed across OSA; however, these
differences were not statistically significant.
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Weekend sleep duration

Similar analyses were conducted for weekend sleep duration
(see Supplement). Overall, all sleep duration measurements
were longer on weekends than weekdays and while patterns
were similar for weekday measurements, overall concordance
and calibration were poorer for weekday measurements.

Discussion

Among 821 African-American participants of the JHSS, we found
low-to-modest agreement among self-reported and actigraphy-
based sleep duration measurements, butidentified that concord-
ance differed according to the specific questions used to assess
sleep duration. The two common approaches for assessing self-
reported sleep duration—i.e. one requiring the participant to es-
timate average sleep duration and the other estimating sleep
duration based on average bed and wake times—resulted in dif-
ferent and directionally opposite levels of disagreement when
compared to actigraphy-estimated sleep duration. Notably,
self-reported average sleep duration provided a significant
underestimate of sleep duration while self-reported wake-bed
differences overestimated sleep duration. Wake-bed differences
agreed well with TIB (sleep interval) but overestimated TST.
Concordance appeared to generally decrease with increasing
mean sleep duration, which suggests that individuals with more
time awake during the night may have more trouble reporting
or that individuals with shorter sleep have greater sleep mis-
perception. Similarly, self-reported sleep duration resulted in
greater underestimation of actigraphy-estimated TST among in-
dividuals with insomnia symptoms based on a comparison of
self-reported sleep duration and actigraphy TST. Overall, these
findings underscore that sleep duration may be systematically
over or underestimated according to measurements used, and
that this is particularly large among participants with insomnia
symptoms, potentially due to sleep misperception that often ac-
companies insomnia [27].

There is great variation in how sleep duration can be assessed
in epidemiological studies as there is no standard, agreed upon
way to ask participants about their habitual sleep duration. Our
study finding that the directionality of the level of agreement
differed depending on which question was asked highlights the
understudied challenge of using different self-reported meas-
urements across epidemiological studies investigating sleep
disparities across various populations. If participants under-
estimate or overestimate their sleep duration depending on the
survey question, then population differences in the true asso-
ciation of health outcomes could be either overestimated or
underestimated.

All questions of sleep duration are limited by problems in
their ability to accurately determine actual sleep latency even
though people generally know the time they went to bed. Using
bedtimes (which can be more easily estimated than asking for
sleep onset times) to anchor sleep onset will result in an over-
estimation of sleep duration, as shown in this and prior studies
[12, 28]. Underestimation of wake after sleep onset also will
contribute to overestimation of sleep duration using bed-wake
times. Additionally, we showed that sleep duration is under-
estimated when individuals are asked to estimate their average
sleep duration. This likely reflects sleep misperception, overesti-
mation of sleep latency (which is also difficult to estimate from
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actigraphy), and/or overestimation of time awake after sleep
onset. In addition, simple questions asking for usual sleep time
can be limited by participant rounding that reduces precision
and may introduce reporting biases, such as those resulting
from participants seeking to report what they understand may
be desirable durations.

As previously mentioned, several previous studies found
moderate correlations between actigraphy and self-report
ranging from 0.31 to 0.47 [7, 9, 11]. In CARDIA (mean age of
42.9 £ 3.6 years), there was a correlation of 0.45 (p = 0.26 for blacks;
p = 0.54 for whites); and in MESA (mean age of 68.3 + 9.1 years),
there was a correlation of 0.38 (p = 0.28 for blacks; p = 0.45 for
whites). Correlation among black adults in our JHS study was
also moderate (p = 0.28). In CARDIA, self-reported sleep duration
overestimated 3-day actigraphy-based measures of sleep dur-
ation by 48 min when based on the subjective measure of: “How
many hours of sleep do you usually get at night (or when you
usually sleep)?” [6]. These results could be in the opposite dir-
ection of our findings of —-30.7 min due to, for instance, varying
population characteristics and methodologies (e.g. 3 vs. 5 days of
actigraphy measurements) between the studies. Another study
that used PSG and diaries among 96 black adults (mean age of
59.9 + 7.2 years) found that sleep duration from PSG was less
concordant with prospective diary estimates among blacks [13].

Regarding potential moderators, there were no signifi-
cant differences in concordance nor calibration for TST across
categories defined by age, sex, education, high depressive symp-
toms, low sleep efficiency, or OSA in our study. For wake-bed
time differences, those aged at least 65 years had greater dis-
agreement than those aged less than 65 years, and women had
greater disagreement than men. This finding could reflect the
general poor sleep quality and lower sleep efficiency in older in-
dividuals. In CARDIA and MESA, high sleep efficiency (>85%) also
was associated with less disagreement. In CARDIA, Lauderdale
et al. also found that mean difference was closer to 0 for par-
ticipants who were black, obese, had high depression scores,
high risk for sleep apnea (which made the greatest difference
in concordance), high sleepiness, and among participants with
high sleep efficiency [6]. According to MESA data, Jackson et al.
found no significant differences in agreement for insomnia
symptoms, depression, or educational attainment for each ra-
cial/ethnic group [12]. Chinese participants speaking Chinese
vs. English as the primary language overestimated their sleep
time, indicating a potential influence of culture or language on
sleep-reported sleep duration. Additionally, depressive symp-
toms, poor health perceptions, and hostility affected the magni-
tude of agreement in a separate study [13]. Moreover, our study
found that agreement for average sleep was less among indi-
viduals with insomnia symptoms. Misperception that often ac-
companies insomnia may have contributed to the particularly
large measurement error observed among individuals with in-
somnia symptoms [27]. Understanding potential explanations
for mixed findings is an important next step.

It is also important to acknowledge that, although actigraphy
is our “gold standard,” these methods may still introduce errors
due to difficulties in distinguishing waking rest and sleep diffi-
culty. Actigraphs have different hardware and software and use
different scoring algorithms [29]; thus, results and sources of
error may vary across devices. Hand annotation of actigraphy
records also varies across laboratories and studies, and there are
no standardized guidelines on how to annotate to sleep onset
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and offset or nap periods. Such standardization is needed to im-
prove comparability of data across studies.

This study has several potential limitations and strengths.
Due to geographic, socioeconomic, and cultural differences,
the sample from Jackson, Mississippi is not representative of
African Americans across the United States. Also, our findings
may not be generalizable to populations with lower education
levels. Despite these limitations, investigating concordance of
subjective and objective sleep among African Americans, an
understudied population, is a major strength of the study. This is
one of the first and largest studies to administer both commonly
used sleep duration questions and objective measures of sleep
duration through several days of actigraphy among African
Americans. Furthermore, our findings have important implica-
tions for the health disparities literature as it is important to
distinguish true differences from apparent differences that are
due to measurement error in all subgroups of the population.
Additionally, we had a relatively large sample size for which we
were able to stratify by various potential modifiers (e.g. sleep
apnea; insomnia symptoms) that are rarely formally investi-
gated as modifiers of reporting differences.

In conclusion, the findings from this study underscore the
need to cautiously extrapolate findings across studies using
alternative measurement instruments. We often compare re-
sults across studies with varying sleep duration questions when
investigating sleep-related disparities, but if participants under-
estimate or overestimate their sleep duration depending on
the survey question, racial differences in the true association
of health outcomes could be either underestimated or over-
estimated due to sleep duration misclassification among race/
ethnic minorities. Future research should evaluate the psycho-
metric properties of various widely used sleep instruments—
whether questionnaire-based or across devices for objective
sleep measures—across racial/ethnic groups. More methodo-
logical assessments are needed to identify the preferred way to
ask questions regarding sleep duration in the general popula-
tion and especially across diverse populations. Until then, self-
reporting differences across measurement instruments and
demographic groups appear to limit our ability to appropriately
compare findings across epidemiological studies. Moreover, our
findings underscore a need to identify low cost and low burden
objective tools for measuring sleep duration in large populations.
Although various commercial wearable devices are growing in
popularity, there is a need for rigorous research to understand
their limitations and utility across population groups.

Supplementary Material

Supplementary material is available at SLEEP online.
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