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Abstract

Objective: Epidemiologic data increasingly supports sleep as a determinant of cardiovascular
disease risk. Fewer studies have investigated the mechanisms underlying this relationship using
objective sleep assessment approaches. Therefore, the aim of this study was to examine
associations between daily blood pressure and both objectively assessed sleep duration and
efficiency.

Methods: A diverse community sample of 300 men and women ages 21-70, enrolled in the North
Texas Heart Study, participated in the study. Actigraphy assessed sleep was monitored over 2
consecutive nights with ambulatory blood pressure sampled randomly within 45-min blocks on the
first and second day as well as the second night.

Results: Overall, sleep duration results paralleled those of sleep efficiency. Individuals with
lower sleep efficiency had higher daytime systolic (B=-0.35, S£=0.11, p=.0018, £2=0.26) but not
diastolic BP (B=-0.043, SF=0.068, p=.52, R%=0.17) and higher nighttime BP (systolic: B=-0.37,
SF=0.10, p<.001, R?=.15; diastolic: B=—0.20, SE=0.059, p<.001, R%=.14). Moreover, lower sleep
efficiency on one night was associated with higher systolic (B=-0.51, S£=0.11, p<.001, £%=0.23)
and diastolic BP (B=-0.17, S£=0.065, p=.012, £ =.16) the following day. When both sleep
duration and efficiency were assessed together, sleep efficiency was associated with daytime
systolic BP, while sleep duration was associated with nighttime BP.

Conclusions: Lower sleep duration and efficiency are associated with higher daytime systolic
BP and higher nighttime BP when assessed separately. When assessed together, sleep duration and
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efficiency diverge in their associations with BP at different times of day. These results warrant
further investigation of these possible pathways to disease.
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INTRODUCTION

Sleep and Cardiovascular Disease Risk

Sleep is increasingly recognized as a risk factor for cardiovascular disease (CVD).
Numerous studies and reviews document relationships between sleep, including both
individual variations and clinical sleep conditions, and a range of worse cardiovascular
outcomes as well as mortality (1,2). For example, a recent meta-analysis of 512 studies
involving 25,760 participants with obstructive sleep apnea (OSA) reported a 79% greater
risk of CVD, a twofold increase in stroke, and a 92% increased risk of all-cause early
mortality (3). Likewise, a recent prospective study of 23,447 men followed for 6 years
documented associations between insomnia symptoms and greater CVD mortality (4).

In addition to clinical syndromes, everyday sleep inadequacy is also linked to CVD.
Numerous reviews and meta-analyses have found an association between inadequate sleep
duration and the prevalence and incidence of CVD (5,6). For example, in a 2016 meta-
analytic review of literature regarding the association between sleep duration and incident
CVD, the American Heart Association found short sleep duration is related to adverse
cardiometabolic risk, including coronary heart disease and diabetes mellitus (7). Their
findings underscore the importance of sleep as a behavior that contributes to cardiovascular
health. Sleep quality, broadly defined, is also linked to CVD risk. A recent systematic review
of 32 studies documented a significant association between poor objective and subjective
insomnia and various measures of subclinical CVD, including endothelial dysfunction and
carotid intima-media thickness (CIMT) (6). Taken together, these data provide strong
evidence of the pathogenic effects of sleep inadequacy.

In addition to general quantity (i.e., sleep duration) issues, a significant portion of the
population experiences difficulties with insomnia (8). Insomnia affects nearly 30% of adults
in the U.S., and the best objective and continuous operational definition of insomnia severity
is sleep efficiency. Sleep efficiency is the amount of total sleep time that occurs during time
in bed (9), which accounts for the time spent awake lying in bed before sleep onset (i.e.,
difficulty initiating sleep), during the night (i.e., difficulty maintaining sleep), and in the
morning (i.e., early morning awakenings). Despite emerging evidence linking sleep
efficiency to CVD risk, the mechanisms underlying this relationship remain largely
unexplored.

Emerging research has begun to examine the relationship between sleep efficiency and CVD
risk broadly (6,10). For example, a study of 904 participants found a modest dose-response
relationship between lower polysomnography-derived (PSG) sleep efficiency and higher
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Framingham cardiovascular risk scores, after controlling for BMI and age (11). Additionally,
a large, prospective cohort study of 23,447 US men found a dose-dependent relationship
between more self-reported sleep efficiency-related difficulties and increased risk of CVD
mortality (4). Smaller studies have reported a relationship between decreased sleep
efficiency and a diagnosis of hypertension vs. normotension (12).

In addition to studies of CVD risk factors and disease outcomes, a number of studies have
linked sleep efficiency to CVD pathways and mechanisms. For example, a cross-sectional
study of 340 women found an association between lower in-home PSG-assessed sleep
efficiency and higher C-reactive protein and fibrogen levels -- markers of inflammation that
contribute to atherosclerosis (13). In addition, a community-based observational study of
527 adults discovered that lower 7-day actigraphy-derived sleep efficiency was associated
with lower baseline heart rate variability (14).

Sleep and Blood Pressure

One pathway by which chronic perturbations in daily sleep may affect CVD risk is through
its effects on blood pressure (BP). Blood pressure is a well-established moderator of CVD
(15,16). Psychological/behavioral factors have consistently demonstrated moderation of BP
(17) with prospective data documenting their impact on underlying disease (18). Inadequate
sleep, including issues of quantity and efficiency, may acutely affect BP with implications
for disease depending on the chronicity of the sleep disturbance.

Specifically, sleep disturbance may affect BP by way of hypothalamic-pituitary-adrenal
(HPA) axis activation. Studies have indicated perceived stress as a risk factor for sleep
disturbance (19,20). A key component of the stress response involves HPA axis activation
(21). ACTH and cortisol, products of the HPA axis, promote wakefulness (22) and increase
blood pressure (23,24). Indeed, one 4-day PSG laboratory study comparing 11 insomniacs to
13 age- and BMI-matched healthy sleeping controls found that 24-hour ACTH and cortisol
secretions are higher in sleep disturbed individuals (22). Other studies have shown that
hypertension risk increases in a step-wise manner for individuals with insomnia and 24-hour
hyperarousal (25). This finding is congruent with the reactivity hypothesis, which posits that
higher psychophysiological reactivity to stress is a risk factor for CVD (26). Thus, it is
plausible that sleep disturbance due to physiological hyperarousal may lead to increased BP
via hormone secretion due to HPA axis activation.

To date, few studies have investigated the relationship between sleep efficiency and BP. The
studies that have examined this relationship are methodologically mixed with most having
various methodological shortcomings (27-29). Issues include reliance on self-report
measures of sleep efficiency and single time point measures of BP (30,31). A few studies
have used more preferred objective approaches but with various limitations. For example, a
study of 87 Black and White college-aged men and women found that actigraphy-assessed
sleep efficiency was associated with nighttime ambulatory diastolic BP, but not systolic BP
(32). However, their sample was not community-based, and sleep efficiency and BP were
only measured over 24 hours. A population-based single-night study of 2,040 ethnically
diverse older adults found that in-home PSG-assessed sleep efficiency was associated with
systolic BP, but not diastolic BP, before statistical adjustment (33). However, BP was only
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assessed with a single time point measure which raises questions about reliability. The few
remaining studies using objective measures of both sleep efficiency and BP have been
conducted with adolescent samples (34-36).

The aim of the current study was to examine the relationship between objectively assessed
sleep duration and efficiency along with blood pressure using objective measures and a
repeated measures design over two days in a large, diverse, community sample. The data
also allows us to test whether sleep duration and efficiency are concurrently related to day
and nighttime BP, their effects on BP the following day, and to disentangle the effects of
duration and efficiency as either mirrored or unique determinants of BP in daily life.

Participants were a community sample of 300 adults (150 men, 150 women) ages 21 to 70
years (M=42.44, SD=12.76) from the North Texas Heart Study; a longitudinal investigation
of stress and atherosclerotic risk (37). Inclusion criteria were 1) 21+ years of age, 2) residing
within Denton County, Texas, 3) written and verbal fluency in English. Exclusionary criteria
included, 1) cognitive impairment (i.e., dementia), 2) previous history of myocardial
infarction or tertiary cardiac interventions (e.g., coronary artery bypass surgery, implanted
cardiac defibrillator), 3) pregnancy within last year or anticipating pregnancy during study
period, and 4) an occupation that requires shift work. The sample was stratified by age
within sex and race/ethnicity in order to examine age-related effects. The diverse sample
included 60% non-Hispanic Whites, 15% non-Hispanic Blacks, and 19% Hispanic/Latinos,
of which 75% self-identified as being of Mexican descent.

Overview.—The complete North Texas Heart Study protocol is described elsewhere (37).
Briefly, a representative community sample of men and women was recruited and
participated in the study between November 2012 and September 2013. The study was
approved by the University of North Texas’s Institutional Review Board. Following
informed consent, participants attended a baseline session, which was conducted at a single-
site, vascular medicine clinic located in the community that functioned as a general clinical
research center. All laboratory sessions were conducted on Thursday mornings followed by
a 2-day/1-night ambulatory/ecological momentary assessment (EMA) study. This study was
comprised of two days of ABP collection (daytime of Thursday and Friday) and two nights
of actigraphic data collection (nighttime of Thursday and Friday), and one night of ABP
collection (Friday night). This ecological sampling design was developed through a
collaboration between experts/leaders in sleep, EMA, and ABP assessment (38-40).
Following arrival at the laboratory study and consent, all participants underwent a brief
physical exam, personal and family medical history, current medications and physical
conditions, health behaviors, and detailed cardiac disease history. Prior to leaving, all
participants were fitted with an actigraph monitor, an ambulatory BP monitor (see details
below), and given a cellular phone for the 2-day/1-night, ambulatory/EMA study and trained
on their use. Participants were further instructed to complete two additional EMA-based
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surveys: 1) an end-of-day survey completed at bedtime, and 2) a morning survey upon
awakening. On the third day, participants met the study coordinator at a designated site to
return the EMA/ambulatory equipment and complete final measures.

Sleep and ambulatory protocol.—Sleep was assessed using three distinct
methodologies: surveys, sleep diaries, and actigraphy. Sleep diaries and actigraphy (via
Actiwatch) were used to assess subjective and objective aspects of sleep on each study night.
The Actiwatch was used to objectively monitor sleep over the 48-hour measurement period.
In addition, participants were asked to keep sleep diaries (41) to assess self-reported sleep
and wake times as well as subjective experiences during the prior night’s sleep. Sleep diaries
were completed upon waking each study day. Participants used an EMA-based sleep diary to
report on the prior night’s sleep.

To assess the association between sleep and daily/nightly BP, participants were fitted with an
ambulatory BP monitor (ABPM). The ABPM was programmed to assess BP at random
times during 45-min intervals during the first and second study days and the second study
night. Since repeated sampling may potentially alter participant behavior (42,43), the
research team devised this methodology to randomize data capture while maintaining a
measurement timing standard and burden. This random sampling procedure prevents
participants from anticipating a reading and hence altering their activities. Participants were
instructed to complete the EMA protocol in response to each BP sampling during hours
awake. Participants were instructed to turn off the ABPM and remove it at bedtime on the
first night, to attach and activate it upon awakening the next morning, and to contact the
investigators immediately with questions. Participants were instructed to wear the ABPM on
the second study night in order collect night-time BP data. This procedure allowed any
disturbance in sleep due to the ABPM to be assessed and decreased participant burden.
There was no indication of significant differences in sleep efficiency from one night to the
next as indicated by t-test (p=0.21). However, night time awakenings significantly differed
slightly (p=0.04).

Objective sleep quantity and efficiency.—AW Spectrum Actiwatches (Philips-
Respironics, Inc., Bend, OR) utilize an accelerometer to monitor the occurrence and degree
of motion (44). This information is analyzed with Actiware software using settings of
medium activity threshold and ten immobile minutes to detect wakefulness. For the current
study, derived variables included: bed time, wake time, time in bed, sleep onset latency,
number of awakenings during the night, wake time after sleep onset, total sleep time, and
sleep efficiency, using proprietary scoring algorithms in the software. To test the current
aims, we focused on sleep duration (i.e., “total sleep time”) and sleep efficiency.

Sleep diaries and actigraphy data were combined to optimize assessment of sleep
parameters. In the current study, there were moderately significant correlations between
sleep diaries and actigraphy on total sleep time, sleep onset latency, wake time after sleep
onset, and sleep efficiency (all p% <.01).
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Snoring, Tired, Observed Breathing, Blood Pressure (STOP).—Obstructive Sleep
Apnea (OSA) risk was assessed using the STOP Sleep Apnea Screen, a 4-item measure to
screen for sleep apnea. The STOP was developed and validated in 211 pre-operative surgical
patients (45). Participants completed this assessment at each study visit.

Ambulatory BP Monitoring (ABPM).—Ambulatory BP was monitored using the Oscar
2 oscillometric ambulatory BP monitor (Suntech Medical Instruments, Inc., Raleigh, NC,
USA). The Oscar 2 was designed specifically for ambulatory assessments and is the only
ABPM clinically validated to all three international standards (46). The sensors and the cuff
were unobtrusively worn under the participant’s clothing, and only a small control unit
(approximately 4.7 x 2.8 x 1.2 inches; 284 grams) attached to the participant’s belt was
partially exposed. An appropriately sized BP cuff was selected according to participant size
and wrapped around the upper part of the non-dominant arm. Consistent with our extensive
prior work (47-50), data was cleaned using the criteria set by Marler and colleagues (51).
Specifically, outliers associated with artifactual readings were discarded if (a) SBP < 70
mmHg or > 250 mmHg, (b) DBP < 45 mmHg or > 150 mmHg, or (c) SBP / DBP < [1.065 +
(.00125 X DBP)] or > 3.0. “Daytime” BP was defined as readings occurring between 7am
and 10pm, while “Nighttime” BP was defined as readings occurring between 12am and 5am.
Though it is possible individuals may have been asleep during “daytime” readings and
awake during “nighttime” readings, these were the intervals during which it was most likely
the highest percentage of participants would be awake and asleep, respectively.

Statistical Analyses

Ambulatory BP averages were created for each of the two study days and the one study
night. Specific derived variables included: day one and two systolic and diastolic BP, and
night two systolic and diastolic BP. In addition, average day systolic and diastolic BP were
calculated by averaging all daytime measures between 7am and 10pm during the study
period. In addition to nighttime BP, we sought to examine the more specific concept of
“asleep blood pressure”. Similar to the International Database of Ambulatory Blood Pressure
in relation to Cardiovascular Outcomes (IDACO) and methods employed in The Coronary
Artery Risk Development in Young Adults (CARDIA) study (52) and in consultation with
sleep and ambulatory BP experts, we operationalized asleep BP as BP readings occurring
during a period of time that included at least 90% actigraphic sleep. For those whom less
than 90% sleep occurred in the 12-5am window, but who had significant sleep period
overlapping with some part of the 12-5am window, we identified the actigraphic parameters
of their sleep window not to exceed the 5 hours total and averaged BP from within that
window to represent “sleep BP.” The resulting BP average was one in which all “BP while
sleeping” readings occurred during greater than 90% of sleep. The repeated measure BP
sampling method afforded us the opportunity to examine mean person levels, which are a
more important indicator of disease risk than individual BP readings. Consistent with
established protocol (9), actigraphy-derived sleep duration was defined as the amount of
time the participant was actually asleep during the night (i.e., TST). Actigraphy-derived
sleep efficiency was calculated as the ratio between total sleep time (TST) and time in bed
(TIB) (TST/TIB)*100. Specific derived variables included: night one sleep duration, night
two sleep duration, night one sleep efficiency, night two sleep efficiency. In addition,
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average sleep duration and efficiency were calculated by averaging night one and two sleep
duration and efficiency measured during the study period, respectively.

Linear regression was used to test hypotheses regarding the association between both
actigraphic sleep duration and efficiency, and ambulatory BP. More specifically, we sought
to examine whether both average sleep duration and sleep efficiency were associated with 1)
average daytime BP, 2) average nighttime BP, and 3) whether average sleep duration and
efficiency on one night were temporally associated with average daytime BP the next day.

First, simple correlations were performed between all sleep duration and efficiency
variables, BP outcome variables, and continuous control variables. Next, linear regressions
were conducted in steps. Separate unadjusted regressions were conducted analyzing the
association between sleep duration and BP variables, and sleep efficiency and BP variables.
Next, partially adjusted models were conducted, assessing the influence of demographic
characteristics (i.e., age, sex, and race/ethnicity). Lastly, fully adjusted models were
conducted to assess the added influence of BMI and sleep apnea risk—factors that are likely
to explain variance in our models. Baseline BP was recorded, but was not included as a
covariate in analyses as ambulatory BP (our outcome variable) predicts CVD outcome better
relative to baseline BP (53). Each analysis was conducted for systolic and diastolic BP,
respectively. Unadjusted, partially-, and fully-adjusted models that included both sleep
duration and efficiency were then conducted to determine the differential impact of sleep
duration and efficiency on BP.

In describing the analyses, we report the unstandardized (B) regression coefficients, standard
error, 95% confidence intervals (Cl), and p-values of the main outcomes and predictors. We
also report the overall adjusted multiple correlation square (A2) for each model, as well as
the change in /2 between unadjusted and partially-adjusted models, and between partially-
and fully-adjusted models. ~statistics, p-values, and adjusted /2 of the overall models are
reported. Model comparisons were made using the Akaike information criterion (AIC).
Alpha level was set at p < .05 (two-tailed) and were performed using R version 3.3.2 and
RStudio 1.0.136 (R Core Team, 2017).

Sample Descriptives and Preliminary Analyses

Descriptive statistics for the total sample are shown in Table 1. Over the two study days,
average daytime systolic BP was 146.15 mmHg while average daytime diastolic BP was
84.31 mmHg. Mean sleep efficiency was 82.52%, and mean sleep duration was 402.10
minutes, or approximately 6.7 hours

Bivariate correlations for all relevant continuous variables are displayed in Table 2.
Replicating prior work, individuals with higher body mass index (BMI) had significantly
higher daytime (/= 0.37, p<.01 for systolic; /=0.34, p<.01 for diastolic) and nighttime BP.
Correlational analyses also revealed that there was a significant relationship between higher
average sleep efficiency, and greater and average sleep duration, as well as lower average
daytime systolic BP, and average nighttime systolic and diastolic BP. Night One and Night
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Two sleep duration variables were weakly correlated (/=0.059), whereas Night One and
Night Two sleep efficiency variables were moderately correlated (/=0.25).

Data Quality

Of the 300 individuals enrolled in the study, 48 participants (16%) had missing data for
average sleep efficiency and average sleep duration, 4 (1%) had missing data for both mean
daytime systolic and diastolic BP, and 58 (19%) had missing data for mean nighttime
systolic and diastolic BP. Specifically, the missing rate for ABP readings on the first day
were 1% and 3% the following day. Such missing rates are relatively common, and values
were not imputed (54). Participants were not excluded based on missing data. Rather, we
relied on listwise deletion in order to maximize the n within specific models (55). We found
that the only variable that predicted the missingness of nighttime BP, average sleep
efficiency, and average sleep duration, was race/ethnicity. Race/ethnicity was included in all
partially- and fully-adjusted models to account for this non-random missingness.

For all models, we assessed the normality of the residuals as well as any potential outliers
and cases with significant leverage. We found no leverage points associated with our models.
For models with significant associations, we followed up with a sensitivity analysis in which
we removed outliers in the outcome variable. Most substantive effects remained after
removal of outliers. All adjusted results shown are those conducted after outlier removal.

Associations between Sleep Duration and Blood Pressure

Association between average sleep duration and daytime blood pressure.—
Multiple regression analyses were used to test whether actigraphic sleep duration, was
associated with average daytime BP (Figure 1a). All main outcomes and predictors were
averaged over the two study days. The results of all unadjusted, partially, and fully adjusted
models are displayed in Table 3. Unadjusted analyses revealed that lower average sleep
duration was associated with higher average daytime systolic (A1,248)=5.77, p=.017, R2=
0.019) but not diastolic BP (A1,248)=1.70, p=.19, R2= 0.0028). The association with
systolic BP remained significant after partial (A(4,241)=8.16, p=.021, R2= 0.11) and full
adjustment (A6,229)=13.58, p=.046, £2=0.24) (Table 3) with all changes in /2 significant.

Association between sleep duration and same night blood pressure.—Multiple
regression analyses were used to determine whether sleep duration was associated with
average nighttime systolic and diastolic BP on the same night (Figure 1b). These analyses
focused on night two of the study when sleep and BP were measured concurrently.
Unadjusted analyses revealed that lower sleep duration was significantly associated with
higher average systolic A1,230)=21.81, p<.001, £2=0.083) and diastolic BP
(A1,230)=20.73, p<.001, R2=0.079). These associations remained significant after both
partial (systolic: A4,223)=7.56, p<.001, R2=0.10; diastolic: A4,223)=7.02, p<.001,
R2=0.096) and full adjustment (systolic: A6,211)=8.92, p<.001, £2=0.18; diastolic:
F6,212)=8.98, p<.001, A2=0.18), with full adjustment accounting for up to 18% of the
variance in both systolic and diastolic BP, respectively (Table 3). Only changes in /2
between the partially- and fully-adjusted models were significant.
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Next, we investigated the association between objectively measured sleep duration and
asleep BP. Under these more specific conditions, the preceding effects largely disappear for
both systolic and diastolic BP at the unadjusted (systolic: A1,219)=3.24, p=0.073, R2=0.01;
diastolic: A1,219)=0.20, p=0.66, A2=—0.003), partial (systolic: A4,214)=2.91, p=0.36,
R2=0.03; diastolic: A4,212)=2.59, p=0.99, A2=0.02), and fully adjusted levels (systolic:
F(6,200)=6.03, p=0.23, A2=0.13; diastolic: A6,200)=7.23, p=0.86, £2=0.15).

Association between sleep duration and next day blood pressure.—Additional
multiple regression analyses were used to determine whether a temporal trend existed
between sleep duration on one night and BP the next day (Figure 1c). Unadjusted analyses
revealed that lower sleep duration on one night was associated with higher systolic
(A1,251)=5.46, p=.020, A2=0.017), but not diastolic BP (A1,251)=3.10, p=.08, R2=0.0083),
during the following day. The association between lower Night One sleep duration remained
associated with higher average Day Two systolic BP after partial (A4,245)=7.46, p=.019,
R%=0.094) and full adjustment (A6,228)=10.07, p=.0065, R2= 0.19) (Table 3). Adjustment
rendered associations with diastolic BP significant; partial (H4,245)=5.37, p=.033,
R?=0.066), full adjustment (A6,230)=7.29, p=.028, R2=0.14) (Table 3). All changes in /2
were significant.

Associations between Sleep Efficiency and Blood Pressure

Association between average sleep efficiency and daytime blood pressure.—
Multiple regression analyses were used to test whether actigraphic sleep efficiency, averaged
across the two study days, was associated with average daytime BP, also averaged across the
two study days. The results of all unadjusted-, partially-, and fully-adjusted models are
displayed in Table 4. Unadjusted analyses revealed that lower average sleep efficiency was
associated with higher average daytime systolic (A1,248)=7.96, p=0.005, R2= 0.027), but
not diastolic BP (A(1,248)=2.66, p=.10, R2=.0066). The association for systolic BP
remained significant after partial (H4,242)=9.18, p=.002, £2=0.12) and full adjustment (A6,
229)=14.91; p=.002, R2=0.26) (Table 4) with all changes in /2 significant.

Association between sleep efficiency and same night blood pressure.—
Unadjusted analyses revealed that lower sleep efficiency on night two was significantly
associated with higher average systolic (A1,230)=14.64, p<.001, R2=0.056) and diastolic
BP (A1,230)=12.08, p<.001, £2=0.046) the same night. These associations remained
significant after both partial (systolic: A(4,224)=5.77, p<.001, R2=0.077; diastolic:
F4,223)=2.89, p=.006, R2=0.032) and full adjustment (systolic: A6,210)=7.39, p<.001,
R2=0.15; diastolic: A6,210)=6.69, p<.001, £2=0.14), with full adjustment accounting for up
to 15% and 14% of the variance in systolic and diastolic BP, respectively (Table 4). Only the
change in /2 from the partially to fully adjusted model was significant.

Next, as we did for sleep duration, we investigated the association between objectively
measured sleep efficiency and asleep BP. Under these more specific conditions, the
preceding effects largely disappear for both systolic and diastolic BP at the unadjusted
(systolic: A1,219)=4.34, p=0.038, R2=0.015; diastolic: A1,219)=1.54, p=0.22, R2=0.002),
partial (systolic: A4,213)=3.28, p=0.09, R2=0.040; diastolic: A4,213)=3.12, p=0.39,
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R2=0.038), and fully adjusted levels (systolic: A6,200)=6.17, p=0.15, £2=0.13; diastolic:
F(6,199)=7.57, p=0.83, R2=0.16) except for unadjusted systolic BP.

Association between sleep efficiency and next day blood pressure.—Temporal
trend analyses for sleep efficiency mirrored those of sleep duration. Unadjusted analyses
revealed that lower sleep efficiency on one night was associated with higher systolic
(A1,251)=10.50, p=.0014, £2=0.036), but not diastolic (A1,251)=3.63, p=0.058, £2=0.01),
BP during the following day. The association between lower sleep efficiency one night and
higher systolic BP the following day remained after partial (AH4,245)=9.05, p<.001,
R2=0.12) and full adjustment (A6,230)=12.73, p<.001, £2=0.23) (Table 4). Additionally, the
association between lower sleep efficiency on one night and higher diastolic BP the next day
was significant after partial (A(4,245)=5.56, p=0.022, R2=0.068) and full adjustment
(F6,228)=8.36, p=0.012, R2=0.16) (Table 4). All changes in /< for systolic BP models were
significant.

Associations between both Sleep Duration and Sleep Efficiency and Blood Pressure:
Combined Model

Given the conceptual overlap between sleep duration and sleep efficiency, we tested whether
sleep duration and efficiency confer unique influence in a single competing model. The
results of all unadjusted-, partially-, and fully-adjusted models are displayed in Table 5.

Association between average sleep duration and efficiency and daytime blood
pressure.—First, we tested the relationships between sleep duration and efficiency, each
averaged across the two study days, and daytime BP, also averaged across the two study
days. Unadjusted analyses revealed that when entered together, neither average sleep
duration nor efficiency was associated with average daytime systolic or diastolic BP, all /&
(2,247)<4.74; p>.05. However, the association between lower sleep efficiency and higher
systolic BP was significant after partial (A5,240)=7.81, p=.008, £2=0.12) and full
adjustment (A7,228)=12.83, p=.012, £2=0.26) (Table 5) with all changes in R? significant.
Sleep duration remained unassociated with BP after partial and full adjustment.

Association between sleep duration and efficiency and same night blood
pressure.—Unadjusted analyses revealed that lower sleep duration (systolic:
F2,229)=11.46, p=.006, R2=0.083; diastolic: A2,229)=10.58, p=.004, £2=0.077), but not
sleep efficiency (systolic: A2,229)=11.46, p=.30, R2=0.083; diastolic: A2,229)=10.58, p=.
49, R?=0.077), was significantly associated with higher average systolic and diastolic BP on
the same night. The association between lower sleep duration and nighttime BP remained
significant after both partial (systolic: A5,222)=6.30, p=.006, R2=0.11; diastolic:
A5,221)=4.613, p=.004, R2=0.074) and full adjustment (systolic: A7,210)=7.71, p=.0049,
R2=0.18); diastolic: A7,210)=6.60, p=.015, R2=0.15), with full adjustment accounting for
up to 18% and 15% of the variance in systolic and diastolic BP, respectively (Table 5). Only
the change in /2 from the partially to fully adjusted model was significant. 1

1\\e also examined whether end-of-day survey questions about stress predicted BP. These items were not significantly associated with
BP (p’s>0.2) at full adjustment, and were not included in final models.
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Next, we examined the associations between both objectively measured sleep duration and
efficiency, and asleep BP. Under these more specific conditions, the preceding effects again
largely disappear for both sleep duration and efficiency, all ~s(7,199)>2.65, p=ns.

Association between sleep duration and efficiency and next day blood
pressure.—Unadjusted analyses revealed that lower sleep efficiency but not sleep duration
was associated with higher systolic BP during the following day, A2,250)=5.86, p=.014,
R?=0.037. This relationship remained significant after partial (A5,242)=8.42, p=.001,
R2=0.13) and full adjustment (A7,227)=11.35, p<.001, /2=0.24) (Table 5) with all changes
in /2 significant. No other significant relationships were found.

Discussion

This study examined the association of sleep duration and sleep efficiency, respectively, with
day and nighttime BP in a diverse community sample of adults. The key findings were that
sleep duration and efficiency, when assessed separately, mirrored each other in their
associations with day and nighttime BP. Namely, sleep inadequacy, in the form of lower
sleep duration or lower sleep efficiency, was associated with higher daytime systolic BP,
higher nighttime systolic and diastolic BP, and temporally associated with higher BP the
next day. When sleep duration and efficiency were assessed together in the same model,
unique patterns emerged; lower sleep duration was associated with higher nighttime systolic
and diastolic BP, whereas lower sleep efficiency was associated on average and temporally
with higher daytime systolic BP. However, these associations did not hold when we
examined the more specific asleep BP. Together, these findings advance the science of sleep
and blood pressure with implications for the epidemiology of sleep and CVD risk.

Increasingly robust data supports sleep as an important behavioral moderator of CVD risk.
The current work helps to identify one potential psychophysiological pathway that may help
to explain the epidemiological observations. In fact, blood pressure and blunted dipping
status are broadly accepted risk determinants (56,57). Here we show that a good or bad
night’s sleep may predict BP on the following day. In addition, the current work suggests
that the level of specificity in how “nighttime” BP is measured must be considered, as such a
shift in characterization has a strong impact on results. Here we show evidence that sleep is
associated with nighttime BP but not asleep BP. This difference may have implications for
how self-report sleep and nighttime BP is viewed. In addition, some caution may be
warranted in discarding nighttime BP as it may still reflect a valid ecological experience of
nighttime activity which may include periods of sleep and wakefulness for a significant
minority of the population.

Despite these qualifications, the current work posits that the effects of sleep inadequacy on
BP operate on a continuum and are not exclusively in the context of clinical syndromes such
as insomnia or apnea. Here we show that natural variations in actigraphy-assessed sleep are
associated with BP. Finally, the current study speaks to the ecological validity of these
relationships in daily life. The focus here is on the pathway and not on individual differences
in the frequency of the activation. However, we could hypothesize that chronic perturbations
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in sleep inadequacy (duration, efficiency, or both) would likely account, in part, for such
differences.

Methodologically, this study is amongst the first to report on objectively assessed sleep
characteristics and concurrent ambulatory blood pressure in a diverse community sample
which may have important implications for the associated literature. Previous reviews and
meta-analyses on the relationship between sleep duration and BP have yielded mixed results
(58), with some positing a relationship between short sleep duration and high BP or
hypertension (59,60) and others refuting this claim (61). The results of the present study
may help to explain this heterogeneity in the literature. In the present study, the association
between daytime BP and sleep duration was dependent upon whether sleep efficiency was
considered in the same model. Thus, when sleep efficiency was not considered, sleep
duration was associated with daytime and nighttime BP. This finding is relatively consistent
with the current literature that often posits a relationship between short sleep duration and
high BP (62) in the absence of an index of sleep continuity (i.e., sleep efficiency or
insomnia).

The current study may also help to clarify seemingly mixed evidence in the literature.
Specifically, several recent studies report mixed results regarding associations between sleep
duration and BP or hypertension; some reporting associations between lower duration and
higher daytime BP and some not (58,63). A key methodological difference between these
studies appears to be treatment of sleep continuity variables. The majority of studies that
control for either insomnia or sleep efficiency do not find a significant relationship between
sleep duration and hypertension or BP. Studies that do not account for some index of sleep
continuity such as insomnia or sleep efficiency generally report a significant relationship
between sleep duration and BP whereas those that do account for continuity largely do not
find such a relationship. The current findings support this possibility by demonstrating that
when examined separately, duration is associated with BP but when sleep efficiency is added
in a competing model (vs. simply covarying) it becomes the dominant factor in daytime BP
and duration results are nullified. Hence, the literature may not be discrepant but rather in
need of a more contextualized explanation. More broadly, the current findings suggest that
these sleep parameters exert unique influence despite their high collinearity.

We would note a few key limitations of the current study. First, the data collection time was
limited to 2 days/1 night and thus, the data may not prove representative of broader sleep
patterns or be as stable as a longer data sampling window might yield. Future work should
attempt to replicate these findings over a longer period of time and perhaps at different time
periods. Second, despite our efforts, the ambulatory BP cuff may have perturbed sleep
quality for some participants resulting in artificially inflated readings that may not be a true
ecologically representation of normal sleep/BP patterns. In order to get a sense of this, we
assessed whether sleep one night (without ABPM) was different from the next night (with
ABPM). Sleep efficiency did not significantly differ one night to the next (p=0.21), but night
time awakenings did (p=0.04). It is difficult to tell whether awakenings differed because of
the ABPM. Third, the association between lower sleep duration and higher nighttime BP
may be an artifact of higher arousal/wakefulness during the time at which nighttime BP was
collected (12am-5am). To confirm this, future studies should map ABP onto patient-specific
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actigraphic data to confirm each individual’s unique “asleep” vs. “waking” BP readings.
Fourth, we used an abbreviated form of the STOPBANG questionnaire to capture sleep
apnea risk. This measure was included in fully adjusted models, but was not associated with
BP. This may indicate that the abbreviated STOP questionnaire is not worth using as a
meaningful sleep apnea risk indicator. Fifth, although we have a racially/ethnically diverse
sample, we examined the relationships across the whole sample which may omit group
differences. There is evidence to suggest there are racial/ethnic differences in sleep
disturbance (64) and in the relationship between sleep and cardiovascular disease (65).
Studies powered to look at those relationships should be conducted to elucidate those trends.
Hence, this study should be viewed as conceptually consistent with expectations but in need
of replication and extension. Finally, as is common in ecological sampling research,
unknown/daily life factors occurring at random across participants may have influenced the
individual data.

Despite these limitations, the present findings help to clarify the relationship between both
sleep duration, sleep efficiency, and BP and support the sleep-BP relationship as a plausible
risk pathway in CVD. Future work should examine 1) this relationship with subjective
indices of sleep, and 2) how stable these relationships are over time in both representative
samples and in clinical populations particularly as it may influence CVD morbidity and
outcomes.
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Unadjusted Associations Between Sleep Duration and Blood Pressure
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Table 1.

Variable

Participants (n)
Sex
Female (n)
Race/Ethnicity
Non-Hispanic Black (n)
Non-Hispanic White (n)
Hispanic (n)
Non-Hispanic Other (n)
Mean age (years) (SD)
Mean BMI (kg/m?) (SD)
Mean STOP score (sleep apnea risk, 0 to 4) (SD)
Mean Sleep Duration (minutes) (SD)
Mean Sleep Efficiency (%) (SD)
Mean daytime systolic BP (mmHg) (SD)
Mean daytime diastolic BP (mmHg) (SD)
Mean nighttime systolic BP (mmHg) (SD)
Mean nighttime diastolic BP (mmHg) (SD)

300

150

46
180

57

17

42.44 (12.76)
29.30 (6.48)
1.15 (0.96)
402.10 (67.56)
82.52 (9.63)
146.15 (20.42)
84.31 (12.35)
128.97 (25.37)
69.12 (15.43)

Note. BMI= body mass index. SD=standard deviation. BP=Blood Pressure.
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