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Short sleep duration has been widely linked to increased cardiovascular morbidity 
and mortality. We performed a post hoc analysis of 24‐hour ambulatory blood pres-
sure monitoring (ABPM) in the Lifestyle Modification in Blood Pressure Lowering 
Study (LIMBS) and Penn Icelandic Sleep Apnea (PISA) Study. The 24‐hour mean sys-
tolic blood pressure (BP) was 12.7 mm Hg higher in LIMBS (P < 0.001; n = 66) and 
4.7 mm Hg higher in PISA (P = 0.005; n = 153) among participants with shorter sleep 
duration (less than 7 hours) compared to those with longer sleep duration (at least 
7 hours). In multivariable adjusted models, shorter sleep duration was strongly asso-
ciated with higher systolic BP on 24‐hour ABPM, independent of nocturnal BP and 
in‐office BP. There was no effect modification by obstructive sleep apnea. Adults 
with shorter sleep duration may benefit from screening with 24‐hour ABPM to pro-
mote earlier detection of hypertension and potentially mitigate their increased risk 
for future cardiovascular disease.

1  | INTRODUC TION

Circadian variations in blood pressure (BP) play an integral role 
in long‐term vascular outcomes. In 1988, O’Brien et al noted that 
both systolic BP (SBP) and diastolic BP (DBP) during sleep are 
typically 10% lower than waking BPs, a phenomenon he called 
“dipping.”1 Several subsequent studies demonstrated strong asso-
ciations between the absence of nocturnal dipping and increased 
risk of cardiovascular disease and stroke in both normotensive and 
hypertensive patients.2 Multiple studies have also shown a strong 

association between sleep disorders, including short sleep duration 
(often defined as anywhere from less than 5 hours of sleep3-5 to 
less than 7 hours of sleep6-10), and increased risk of cardiovascular 
disease.10-12 The increased cardiovascular risk appreciated in pa-
tients with short sleep duration and other sleep disorders suggests 
a potential relationship between abnormal sleep patterns and alter-
ations in circadian BP control.

While previous studies have demonstrated a link between short 
sleep duration and a diagnosis of hypertension,3,5,13,14 data evaluat-
ing the relationship between short sleep duration and parameters 
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related to circadian control of BP (such as 24‐hour BP control, 
dipping, and 24‐hour BP variability) are limited. In a study of 4810 
patients in the National Health and Nutrition Examination Survey, 
Gangwisch et al found that less than 5 hours of self‐reported sleep 
duration was significantly associated with subsequent diagnosis 
with incident hypertension (hazard ratio 2.10; 95% confidence inter-
val 1.58‐2.79),3 with a similar relationship between shorter sleep du-
ration and hypertension corroborated in other cohorts.5,9,14 A study 
by Mezick et al, performed in adolescents, demonstrated an associa-
tion between short sleep duration with an absence of nocturnal dip-
ping and with increased 48‐hour BPs on ambulatory BP monitoring 
(ABPM).4 To the best of our knowledge, these results have not been 
corroborated in an adult population.

In this study, our goal was to examine the association between 
sleep duration and 24‐hour BP parameters that would not oth-
erwise be captured by in‐office BP measurements, including 24‐
hour BP control, nocturnal dipping, and 24‐hour BP variability. 
To achieve this, we evaluated data from two distinct cohorts of 
adults not on antihypertensive medications, including one cohort 
of otherwise healthy, prehypertensive individuals and one cohort 
of individuals assessed for obstructive sleep apnea (OSA). Based 
on existing mechanistic and epidemiologic evidence, we hypothe-
sized that shorter sleep duration would be significantly associated 
with increased 24‐hour ambulatory SBP and increased prevalence 
of nondipping, particularly among obese adults and adults with 
OSA.

2  | METHODS

We performed post hoc, cross‐sectional analyses of baseline 
measurements from the Lifestyle Modification in BP Lowering 
Study II (Lifestyle Modification in Blood Pressure Lowering Study 
[LIMBS]; NCT00964847) and the Penn Iceland Sleep Apnea (PISA; 
NCT03176732) study. Both protocols were approved by the 
University of Pennsylvania institutional review board; PISA was 
also approved by the Landspitali – The National University Hospital 
of Iceland institutional review board. All participants provided in-
formed consent.

2.1 | LIMBS study design

Lifestyle Modification in Blood Pressure Lowering Study was a 
randomized, parallel group, nonblinded, prospective, controlled 
trial evaluating the effects of yoga and BP education on subse-
quent development of hypertension among subjects recruited 
from the University of Pennsylvania.15 The study population in-
cluded adults age 18‐80 years with prehypertension who were 
not taking any antihypertensive medications for at least 3 months 
prior to screening (Figure S1, Table S1). Subjects were excluded 
with BMI >40 kg/m2, history of kidney diseases (estimated glo-
merular filtration rate <60 mL/min/1.73m2), diabetes mellitus, car-
diovascular disease, active smoking status, or heavy alcohol use 

(defined as more than seven drinks per week among women, and 
>14 drinks per week among men). Pregnant women were also ex-
cluded from the study.

2.2 | PISA study design

PISA is an observational prospective trial evaluating clinical and 
molecular characteristics responsible for BP changes seen in adults 
with OSA. The study screened adults age 40‐65 years with no previ-
ous history of treatment for OSA; individuals were included in the 
interventional arm of the study if they were found to have moder-
ate‐severe OSA (apnea‐hypopnea index ≥15 events per hour based 
on full‐night diagnostic polysomnography; Figure S2, Table S1). The 
method of OSA diagnosis in PISA was described in detail previously.16 
Subjects were excluded with any unstable or new medical condition 
in the month prior to screening, severe and uncontrolled arterial 
hypertension (SBP > 180 mm Hg; DBP > 110 mm Hg), BMI > 40 kg/
m2, routine consumption of more than two alcoholic beverages 
per day, and excessive caffeine use (>10 cups/d). Pregnant women 
were also excluded. Subjects were recruited from The University of 
Pennsylvania and Landspitali – The National University Hospital of 
Iceland.

Subjects were included in the primary analyses if they under-
went ABPM during screening for eligibility for PISA, whether or not 
they were found to have OSA, and if they were not on antihyperten-
sive treatment for ≥2 months prior to screening.

2.3 | Blood pressure measurement

Arm circumference was measured to determine the appropriate 
cuff size. In‐office readings were obtained using the validated 
Datascope Accutorr Plus17 (Soma Technology, Paramus, NJ) 
in LIMBS and the OMRON HEM‐907XL18 (Omron Healthcare, 
Lake Forest, IL) in PISA by calculating mean of three observed 
automated office BP readings taken at 1‐minute intervals fol-
lowing 5 minutes seated at rest. In both studies, 24‐hour ABPM 
was performed at the baseline study visit using Spacelabs 
model 90207 and 90217 monitors19 (Spacelabs Healthcare, 
Snoqualmie, WA). In LIMBS, BP s were measured every 20 min-
utes during the day and every 30 minutes at night; the minimum 
acceptable number of readings were 28 from 6 AM to midnight, 
and six from midnight to 6 AM. In PISA, BPs were measured 
every 30 minutes over the 24‐hour period; the minimum accept-
able number of readings was 16 from 6 AM to midnight, and six 
from midnight to 6 AM. If the minimum number of readings for 
a valid ABPM interpretation was not achieved, the participant 
was asked to repeat the study. Sleep times were self‐reported, 
determined by direct subject query. Every subject completed 
a sleep diary indicating the time they fell asleep and the time 
they woke up for determination of sleep and wake times. Sleep 
duration was calculated as the difference between self‐re-
ported time to sleep and time of awakening. Subjects were also 
instructed to report any unusual events in the diaries, such as 
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atypical symptoms or sleep disruption. Subjects were excluded 
from the analyses if they did not complete a sleep diary. In PISA, 
sleep times were also corroborated with wrist actigraphy meas-
urements, which record sleep and wake patterns using physical 
movement.20

2.4 | Statistical analyses

Statistical analyses were performed using STATA version 15 
(Statacorp LP, College Station, TX) with 2‐sided hypothesis testing 
and P‐value of <0.05 as the criteria for statistical significance. All 
analyses were stratified by cohort (PISA or LIMBS) to account for 
heterogeneity across the two study populations. Means and propor-
tions were used to describe baseline characteristics of individuals 
with shorter sleep duration (less than 7 hours) compared to individu-
als with longer sleep duration (at least 7 hours), based on thresholds 
used most frequently in existing studies on sleep duration and ad-
verse outcomes.6-8 Continuous variables were compared using the 
Student t test. Categorical and binary variables were compared using 
chi‐square test.

We used in‐office BP and ABPM readings to identify indi-
viduals with controlled hypertension (BP < 140/90 in‐office and 
<135/85 on ABPM), white‐coat hypertension (BP ≥ 140/90 in‐of-
fice and <135/85 on ABPM), masked hypertension (BP < 140/90 
in‐office and ≥135/85 on ABPM), and sustained hypertension 
(BP ≥ 140/90 in‐office and ≥135/85 on ABPM).21 We evaluated 
dipping status, defined by a decline in SBP >10% during sleep.1 
We also evaluated 24‐hour, daytime (self‐reported time awake), 
and nocturnal (self‐reported time asleep) mean SBP, DBP, pulse 
pressure, and heart rate, as well as 24‐hour SBP variability (using 
average real variability, calculated as the sum of the absolute 
differences between each respective BP reading divided by the 
total number of readings minus one,22 as well as coefficient of 
variation, calculated as the standard deviation of the BP divided 
by the mean BP).

Multivariable linear regression was used to evaluate the asso-
ciation of 24‐hour mean SBP, heart rate, dipping status, and in‐of-
fice BP with sleep duration, adjusting for key covariates identified a 
priori based on known associations with elevated BP, including age, 
Black or African American race, and BMI.2,23‐25

2.5 | Sensitivity analyses

In the subgroup of subjects in the PISA study, we assessed for a cor-
relation between self‐reported sleep duration by sleep diary while 
undergoing ABPM and sleep duration extrapolated from the actig-
raphy data. We performed sensitivity analyses replacing the self‐re-
ported sleep durations with actigraphy sleep duration (mean sleep 
duration by actigraphy over 1 week) in each of the multivariable 
analyses. We performed sensitivity analyses omitting participants 
in PISA who had key exclusion criteria from LIMBS, including dia-
betes mellitus, cardiovascular disease, and congestive heart failure, 
for each of the multivariable analyses. Additionally, we performed 

sensitivity analyses including only participants in PISA on antihy-
pertensive medications. We also stratified and assessed for effect 
modification of the association between sleep duration and each of 
the outcomes by OSA (only available in PISA) and obesity (BMI ≥30 
vs <30 kg/m2).23,25‐28

3  | RESULTS

3.1 | Characteristics among participants with 
shorter vs longer sleep duration

In LIMBS, the mean sleep duration among participants with shorter 
sleep (less than 7 hours, N = 21) was 5.4 (standard deviation [SD] 
1.5) hours, and the mean sleep duration among patients with longer 
sleep (at least 7 hours, N = 45) was 8.6 (SD 1.0) hours. Compared 
to participants with longer sleep duration, individuals with shorter 
sleep duration were similar in age (Table 1; mean 50, SD 13 vs 49, 
SD 11 years, P = 0.736), sex (62% vs 44% male, P = 0.186), race/eth-
nicity (43% vs 36% Black, P = 0.816), and BMI (mean 31, SD 5 vs 
29, SD 6 kg/m2, P = 0.274). Participants with longer sleep duration 
were more likely to drink alcohol (40% vs 76%, P = 0.006). None of 
the LIMBS participants had a history of tobacco use, OSA, diabe-
tes mellitus, coronary artery disease, or congestive heart failure. 
Participants with shorter sleep duration had similar in‐office SBP 
(mean 140, SD 12 vs 137, SD 11 mm Hg, P = 0.368) and DBP (mean 
88, SD 11 vs 87, SD 9 mm Hg, P = 0.856) compared to participants 
with longer sleep duration.

In PISA, participants with shorter sleep duration (N = 84) had 
a mean of 5.8 (SD 1.2) hours of sleep, and participants with longer 
sleep duration (N = 69) had a mean of 8.3 (SD 0.9) hours of sleep. 
There was no clinically significant difference in age (Table 1; 
mean 52, SD 7 vs 52, SD 7 years, P = 0.581), sex (88% vs 84% 
male, P = 0.470), race (19% vs 23% black, P = 0.768), BMI (mean 
31, SD 4 vs 30, SD 4 kg/m2, P = 0.038), or alcohol use (77% vs 
81%, P = 0.567) among subjects with shorter sleep duration (less 
than 7 hours) compared to subjects with longer sleep duration (at 
least 7 hours). There were similar rates of tobacco use (19% vs 
25%, P = 0.448), moderate‐severe OSA (71% vs 72%, P = 0.811), 
diabetes mellitus (10% vs 3%, P = 0.091), coronary artery disease 
(1% vs 1%, P = 0.921), and congestive heart failure (1% vs 0%, 
P = 0.364) among participants with shorter sleep duration com-
pared to those with longer sleep duration. Subjects with shorter 
sleep duration had significantly higher in‐office SBP (mean 136, 
SD 14 vs 130, SD 13 mm Hg, P = 0.007) and DBP (mean 85, SD 10 
vs 81, SD 10 mm Hg, P = 0.043) compared to those with longer 
sleep duration.

3.2 | ABPM characteristics and sleep duration

In LIMBS, the 24‐hour mean SBP was 12.7 mm Hg higher among 
participants with shorter sleep duration compared to those with 
longer sleep duration (Table 2, Table S2, Figure 1A; mean 24‐hour 
SBP 146.3, SD 14.0 vs 133.6, SD 10.1 mm Hg, P < 0.001); the 
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greatest difference was appreciated in the daytime mean SBP 
(148.1 vs 136.0 mm Hg, P < 0.001), although there was also a sig-
nificant difference in nocturnal mean SBP (133.4 vs 124.1 mm 
Hg, P = 0.029). Participants with shorter sleep duration were also 
more likely to have uncontrolled, or sustained hypertension (47% 
vs 20%, P = 0.033) and faster mean 24‐hour heart rate (65.8 vs 
57.8 beats per minute [bpm], P = 0.027) compared to patients with 
longer sleep duration. There was no significant difference in 24‐
hour SBP variability (mean average real variability 9.3, SD 1.9 vs 
8.6, SD 1.6 mm Hg, P = 0.121), frequency of nocturnal dipping (65% 
vs 47%, P = 0.205), frequency of white coat hypertension (0% vs 
6%, P = 0.275), or frequency of masked hypertension (24% vs 22%, 
P = 0.913).

In PISA, the 24‐hour mean SBP was 4.7 mm Hg higher among 
shorter sleepers compared to longer sleepers (Table 2, Table 
S2, Figure 1B; mean 24‐hour SBP 131.5, SD 10.6 vs 126.8, SD 
9.6 mm Hg, P = 0.005). Both daytime SBP (134.6 vs 131.2 mm Hg, 
P = 0.053) and nocturnal SBP (118.0 vs 114.8 mm Hg, P = 0.098) 

were not significantly different in participants with shorter com-
pared to long sleep duration. There was no significant difference 
in 24‐hour SBP variability (mean average real variability 8.9, SD 
2.0 vs 9.0, SD 1.9 mm Hg, P = 0.777), 24‐hour mean heart rate 
(76.2 vs 75.3 bpm, P = 0.182), or in frequency of nocturnal dip-
ping (65% vs 65%, P = 0.973), white coat hypertension (11% vs 
7%, P = 0.459), masked hypertension (18% vs 26%, P = 0.218), 
or uncontrolled hypertension (25% vs 13%, P = 0.064). After 
excluding participants with tobacco use, diabetes, coronary ar-
tery disease, or congestive heart failure, there was a 5.5‐ mm Hg 
higher 24‐hour SBP among participants with shorter sleep du-
ration compared to those with longer sleep duration (Table S3; 
131.0 mm Hg vs 126.5 mm Hg, P = 0.009), and a higher frequency 
of participants with uncontrolled hypertension (Table S3; 28% vs 
13%, P = 0.028).

There was no significant effect modification between obesity 
(Table S4, Figure S3) or moderate‐severe OSA (Table S5) and 24‐
hour mean SBP with regard to sleep duration.

TA B L E  1   Baseline participant characteristics by sleep duration in LIMBS and PISA

LIMBS study, N = 66 PISA study, N = 153

Short sleep (<7 h), 
N = 21

Long sleep (≥7 h), 
N = 45 P‐value

Short sleep (<7 h), 
N = 84

Long sleep (≥7 h), 
N = 69 P‐value

Mean sleep duration, hours 
(SD)

5.4 (1.5) 8.6 (1.0) <0.001 5.8 (1.2) 8.3 (0.9) <0.001

Mean age, years (SD) 50 (13) 49 (11) 0.736 52 (7) 52 (7) 0.581

Male sex, n (%) 13 (62) 20 (44) 0.186 74 (88) 58 (84) 0.470

Race, n (%)

Caucasian 10 (48) 23 (51) 0.816 66 (79) 50 (74) 0.768

Black 9 (43) 16 (36) 16 (19) 16 (23)

Asian, Pacific Islander, or 
other

2 (9) 6 (13) 2 (2) 2 (3)

Mean BMI, kg/m2 (SD) 31 (5) 29 (6) 0.274 31 (4) 30 (4) 0.038

Obese, n (%) 11 (55) 19 (42) 0.340 50 (60) 35 (51) 0.276

Alcohol use, n (%) 8 (40) 34 (76) 0.006 65 (77) 56 (81) 0.567

Tobacco use, n (%) 0 (0) 0 (0) 1.000 16 (19) 17 (25) 0.448

Obstructive sleep apnea, n 
(%)

0 (0) 0 (0) 1.000 60 (71) 47 (72) 0.811

Diabetes mellitus, n (%) 0 (0) 0 (0) 1.000 8 (10) 2 (3) 0.091

Coronary artery disease, n 
(%)

0 (0) 0 (0) 1.000 1 (1) 1 (1) 0.921

Congestive heart failure, n 
(%)

0 (0) 0 (0) 1.000 1 (1) 0 (0) 0.364

Mean in‐office SBP, mm Hg 
(SD)

140 (12) 137 (11) 0.368 136 (14) 130 (13) 0.007

Mean in‐office DBP, mm Hg 
(SD)

88 (11) 87 (9) 0.856 85 (10) 81 (10) 0.043

Mean in‐office pulse 
pressure, mm Hg (SD)

52 (11) 50 (9) 0.392 52 (11) 49 (13) 0.148

DBP, diastolic blood pressure; LIMBS, Lifestyle Modification in Blood Pressure Lowering Study; PISA, Penn Iceland Sleep Apnea Study; SBP, systolic 
blood pressure; SD, standard deviation.
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3.3 | Multivariable models evaluating ABPM and 
sleep duration

In multivariable linear regression models adjusting for age, race, 
and BMI, there was a 1‐ mm Hg higher 24‐hour mean SBP for every 
2.57  minute shorter sleep duration (Table 3, Figure 2A; P = 0.012) 
and a 1‐bpm higher 24‐hour mean heart rate for every 2.50 minute 
shorter sleep duration (P = 0.017) among participants of LIMBS. 
Among PISA participants, there was a 1‐mm Hg higher 24‐hour 
mean SBP for every 1.99 minute shorter sleep duration (Table 3, 
Figure 2B; P = 0.009) and a 1‐bpm higher 24‐hour mean heart rate 
for every 1.68 minute shorter sleep duration (P = 0.007). There was 

no significant association between sleep duration and nocturnal 
dipping (LIMBS P = 0.163; PISA P = 0.548) or in‐office SBP (LIMBS 
P = 0.942; PISA P = 0.064). The relationship between 24‐hour mean 
SBP and sleep duration persisted in both cohorts after additional 
adjustment for nocturnal dipping and in‐office SBP (Table 3).

There was a similar inverse relationship between sleep duration 
and 24‐hour mean SBP in sensitivity analyses excluding PISA par-
ticipants who did not meet eligibility criteria for LIMBS (Table S6; 
regression coefficient −1.85, P = 0.034), and after replacing the PISA 
self‐reported sleep durations with sleep duration measured by ac-
tigraphy (Table S6; regression coefficient −1.54, P = 0.003. Figure 
S4; correlation between self‐reported and actigraphy sleep duration 

TA B L E  2   Ambulatory blood pressure monitoring characteristics by sleep duration in LIMBS and PISA

LIMBS study, N = 66 PISA study, N = 153

Short sleep (<7 h), 
N = 21

Long sleep (≥7 h), 
N = 45 P‐value

Short sleep (<7 h), 
N = 84

Long sleep (≥7 h), 
N = 69 P‐value

24‐h mean SBP (SD), mm 
Hg

146.3 (14.0) 133.6 (10.1) <0.001 131.5 (10.6) 126.8 (9.6) 0.005

24‐h SBP variability (SD), 
mm Hg

9.3 (1.9) 8.6 (1.6) 0.121 8.9 (2.0) 9.0 (1.9) 0.777

24‐h heart rate (SD), bpm 65.8 (11.6) 57.8 (12.4) 0.027 76.2 (9.1) 74.3 (8.6) 0.182

Dippers, n (%) 11 (65) 21 (47) 0.205 55 (65) 45 (65) 0.973

White coat hypertension, 
n (%)

0 (0) 3 (6) 0.275 9 (11) 5 (7) 0.459

Masked hypertension, n 
(%)

4 (24) 10 (22) 0.913 15 (18) 18 (26) 0.218

Uncontrolled hyperten-
sion, n (%)

8 (47) 9 (20) 0.033 21 (25) 9 (13) 0.064

bpm, beats per minute; LIMBS, Lifestyle Modification in Blood Pressure Lowering Study; PISA, Penn Iceland Sleep Apnea Study; SBP, systolic blood 
pressure; SD, standard deviation.

F I G U R E  1   Mean 24‐h systolic blood pressure (SBP) in (A) LIMBS and (B) PISA. The graphs represent mean 24‐h SBP (bars) and 
95% confidence intervals (capped lines) during the full 24‐h period, self‐reported wake time (“Daytime”), and self‐reported sleep time 
(“Nocturnal”). Mean SBP was stratified by sleep duration. Shorter sleep duration was defined as <7 h; longer sleep duration was defined as 
≥7 h. *Indicative of a statistically significant difference (P < 0.05) between the shorter and longer sleep duration groups
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Pearson’s Rho 0.23, P = 0.008). There was no significant association 
between 24‐hour mean SBP and sleep duration among participants 
in PISA who were on antihypertensive medications (Table S6; regres-
sion coefficient 1.28, P = 0.158).

4  | DISCUSSION

In this analysis of two distinctive cohorts of adults not on antihyper-
tensive medications, there was a considerable association between 
shorter sleep duration and higher SBP on 24‐hour ABPM. There was 
no association between sleep duration and nocturnal dipping, coun-
tering existing evidence that shorter sleep duration is associated 
with nondipping in adolescents.4 In fact, in LIMBS, we observed a 
greater increase in daytime SBP readings than in nocturnal readings 

when comparing patients with shorter sleep duration to those with 
longer sleep duration. Thus, our study demonstrates the novel find-
ing that, in adults, the association between shorter sleep duration 
and 24‐hour elevated SBP is robust, and seems to be independent of 
nocturnal variations in BP.

A rich body of evidence links shorter sleep duration with several 
comorbidities and all‐cause mortality.7,8 Many of the comorbidities 
associated with shorter sleep duration are end organ effects of hy-
pertension, including progressive decline in renal function6 and car-
diovascular disease.10,11 Additionally, both short sleep duration29,30 
and circadian abnormalities in BP31-33 have been associated with 
neurocognitive decline and dementia. Taking this evidence into ac-
count, elevated ambulatory BP may be a mediator or early indicator 
of the association between shorter sleep duration and adverse out-
comes. In this study, we found that 24‐hour ABPM had a stronger, 

F I G U R E  2   Adjusted 24‐h systolic blood pressure (SBP) and sleep duration in (A) LIMBS and (B) PISA. The graphs represent the linear 
association (solid lines) and 95% confidence intervals (shading) of the multivariable models evaluating the association between mean 24‐h 
SBP and sleep duration, adjusted for age, race, and BMI

TA B L E  3   Age, race, and BMI‐adjusted models evaluating the association between sleep duration (minutes) and ambulatory blood 
pressure parameters in LIMBS and PISA

LIMBS study, N = 66 PISA study, N = 153

β coefficient (95% CI) P‐value β coefficient (95% CI) P‐value

1 mm Hg increase in 24‐h mean SBP −2.57 (−4.56 to −0.58) 0.012 −1.99 (−3.48 to −0.50) 0.009

1 bpm increase in 24‐h heart rate −2.50 (−4.54 to −0.46) 0.017 −1.68 (−2.89 to −0.47) 0.007

Nocturnal dipping −0.60 (−1.45 to 0.25) 0.163 −10.64 (−45.60 to 24.31) 0.548

1 mm Hg increase in in‐office SBP −0.11 (−3.09 to 2.87) 0.942 −1.11 (−2.25 to 0.02) 0.064

24‐h mean SBP model also adjusted for nocturnal dipping

1 mm Hg increase in 24‐h mean SBP −2.74 (−4.63 to −0.85) 0.005 −2.10 (−3.57 to −0.63) 0.005

Nocturnal dipping −0.48 (−0.97 to 0.35) 0.072 −8.54 (−40.51 to 23.44) 0.599

24‐h mean SBP model also adjusted for in‐office SBP

1 mm Hg increase in 24‐h mean SBP −3.92 (−7.00 to −0.85) 0.013 −1.65 (−2.66 to −0.03) 0.046

1 mm Hg increase in in‐office SBP 2.68 (−0.90 to 6.25) 0.138 −0.74 (−1.93 to 0.45) 0.224

bpm, beats per minute; CI, confidence interval; LIMBS, Lifestyle Modification in Blood Pressure Lowering Study; PISA, Penn Iceland Sleep Apnea; SBP, 
systolic blood pressure.
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more consistent association with shorter sleep duration than in‐of-
fice BP; additionally, the association of 24‐hour mean SBP with sleep 
duration persisted after adjusting for in‐office SBP. Given the prog-
nostic superiority of ABPM over in‐office BP measurement,34,35 use 
of ABPM in premorbid, normotensive and prehypertensive patients 
with shorter sleep duration may help identify many patients with 
shorter sleep duration at particularly high risk for adverse renal, neu-
rocognitive, and cardiovascular outcomes.

The existing studies that demonstrated an association between 
shorter sleep duration and subsequent hypertension or circadian 
dysregulation in BP identified this relationship in individuals already 
on antihypertensive medications36 (making ABPM results difficult 
to interpret in the absence of information on duration of action or 
nocturnal dosing of antihypertensive medications), or in healthy, rel-
atively young individuals.3‐5,9 Corresponding to the latter, we found 
the strongest association between higher 24‐hour SBP and shorter 
sleep duration in the LIMBS study, which targeted relatively healthy, 
prehypertensive subjects, and excluded individuals with other med-
ical comorbidities such as diabetes, chronic kidney disease, conges-
tive heart failure, and cardiovascular disease. PISA, on the other 
hand, which aimed to recruit higher risk adults, demonstrated a 
significant, but less robust relationship between 24‐hour SBP and 
sleep duration. Correspondingly, we did not find a significant asso-
ciation between sleep duration and BP control in sensitivity analy-
ses of PISA patients on antihypertensive medications. Although we 
performed subgroup analyses of PISA excluding patients who were 
ineligible for LIMBS (which demonstrated a greater unadjusted dif-
ference in 24‐hour SBP between shorter and longer sleepers than 
in the primary analyses), we suspect these subgroup analyses were 
unable to sufficiently control for the higher morbidity in the patients 
selected for the PISA study. We hypothesize that the stronger rela-
tionship between SBP and sleep duration in the younger, healthier 
cohort may be related to younger vascular age, resulting in more 
sensitive vascular response to sympathetic stimuli.37

Both short sleep duration38,39 and nondipping23,40 are partic-
ularly prevalent in patients with OSA and obesity. The underlying 
pathophysiology of hypertension, OSA, and obesity are closely 
interrelated, with increased rates of cardiovascular morbidity 
and mortality observed in these patient populations.26,41 OSA, 
which is commonly seen in obese patients, gives rise to a surge 
in sympathetic tone during apneic events, followed by an eleva-
tion in BP that persists for hours after awakening.27,28 Based on 
this physiologic mechanism, we expected that decreased sleep 
duration in obese patients and patients with OSA would be asso-
ciated with higher risk of nondipping and elevated 24‐hour SBP 
readings. However, OSA and obesity did not significantly modify 
the association between 24‐hour ABPM and sleep duration. Thus, 
we hypothesize that the sympathetic mechanisms driving hyper-
tension in OSA may contribute similarly to elevated 24‐hour SBP 
in patients with shorter sleep duration, regardless of OSA status; 
this is further supported by our finding of higher 24‐hour heart 
rate with shorter sleep duration. The lack of association of dip-
ping with shorter sleep duration in our study may be related to 

differences in continuous sleep and sleep quality between sub-
jects with shorter sleep duration and those with OSA. Accordingly, 
the physiologic mechanisms linking 24‐hour BP and sleep duration 
require further investigation.

While the current study is strengthened by validation of the 
results across two distinctive cohorts that benefited from pro-
spective data collection, there are also important limitations. Self‐
reported sleep duration may be prone to misclassification of sleep 
duration due to differences in sleep quality, which is known to be 
associated with nocturnal dipping,42 and recall bias. We attempted 
to address this by assessing for correlation between self‐reported 
sleep duration and objective sleep duration by actigraphy data ob-
tained in PISA; we also performed sensitivity analyses using the 
sleep duration determined by the actigraphy data for the multi-
variable analyses, which corroborated our findings. Additionally, 
we did not have information available on the reason for shorter 
sleep duration (eg, poor sleep hygiene, insomnia, anxiety, sleep 
disorder), besides the diagnosis of OSA in many PISA patients, 
which would potentially provide insight for future areas of inter-
vention. As this was a cross‐sectional study, we also did not have 
information on the length of time over which the subjects were 
exposed to shorter sleep duration (eg, days, months, years); none-
theless, we are not aware of any literature that has identified if 
differing lengths of exposure to short sleep duration alter the as-
sociation of short sleep duration with adverse outcomes. Lastly, 
the cross‐sectional nature of the study limits the ability to draw 
conclusions regarding temporal relationship between sleep dura-
tion and 24‐hour ABPM measurements. Furthermore, there may 
have been environmental and demographic differences across the 
Philadelphia and Iceland groups that could not be accounted for by 
statistical adjustment; for example, it is possible that differential 
seasonal exposure to light may impact circadian variations in BP 
across the two geographic groups.43

In conclusion, the association between shorter sleep duration 
and hypertension seems to be most strongly discernable by 24‐hour 
ABPM. With an increasing emphasis on out‐of‐office BP measure-
ment when screening for hypertension,44,45 patients with self‐re-
ported shorter sleep duration in particular may benefit from 24‐hour 
ABPM to promote earlier detection of elevated BP readings and per-
haps attenuate longitudinal adverse outcomes. Future studies should 
evaluate the effects of interventions to address elevated BP and sleep 
duration (such as lifestyle modifications, pharmacologic management 
of hypertension, and therapies to improve sleep duration) on mitigat-
ing end organ damage in patients with shorter sleep duration.
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