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Purpose: Sleep efficiency is inversely associated with cardiovascular risk. Brachial artery 
diameter and flow-mediated dilation (FMD) are noninvasive cardiovascular disease markers. 
We assessed the associations between sleep efficiency and these vascular markers in midlife 
adults, including people with sleep apnea.
Patients and Methods: Thirty (18 males) participants completed an in-laboratory 8-hour 
sleep opportunity beginning at their habitual bedtimes. Polysomnography was used to assess 
sleep patterns and sleep efficiency (time asleep/time in bed). We measured systolic and 
diastolic blood pressure, heart rate, and baseline diameter, and FMD immediately upon 
awakening in the morning. Mixed model analyses, adjusting for apnea-hypopnea and body 
mass indices, were used to assess the relationship between overnight sleep efficiency and 
cardiovascular markers. We also explored sex differences.
Results: Sleep efficiency was negatively associated with baseline brachial artery diameter (p 
= 0.005), systolic BP (p = 0.01), and diastolic BP (p = 0.02), but not flow-mediated dilation 
or heart rate (p > 0.05). These relationships were confirmed with correlations between sleep 
efficiency and baseline diameter (r = −0.52, p = 0.004), systolic BP (r = −0.43, p = 0.017), 
and diastolic BP (r = −0.43, p = 0.019). There was a sex-specific interaction trend for sleep 
efficiency and arterial diameter (p = 0.07) and a significant sex-specific interaction (p < 0.05) 
for BP, such that the relationships between sleep efficiency and cardiovascular markers were 
significant in women but not in men.
Conclusion: In midlife adults, poor sleep efficiency is associated with increased brachial 
artery diameter and blood pressure, effects that were primarily driven by significant associa-
tions in women. These associations could underlie the observed increase in cardiovascular 
risk in adults with poor sleep and cardiovascular disease.
Keywords: sleep efficiency, midlife adults, obstructive sleep apnea, morning cardiovascular 
risk, polysomnography, sex differences

Introduction
Sleep is a fundamental behavior necessary for the optimal functioning of all 
physiological systems, including the cardiovascular (CV) system.1 Habitual short 
sleep duration is independently associated with increased CV risk, including 
increased risk for adverse CV events, even after controlling for traditional risk 
factors, such as age and body mass index.2,3 In addition to sleep duration, quality of 
sleep is also critical. For instance, sleep efficiency, which is a marker of sleep 
quality and defined as the ratio of sleep duration and total time in bed (analogous to 
total recording time when in the laboratory), is negatively associated with CV risk, 
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including blood pressure and atherosclerosis.4–7 

Furthermore, an 11-year longitudinal study from the 
Sleep Heart Health Study cohort (n = 3810) showed 
a strong inverse association between sleep efficiency, 
determined via at-home overnight polysomnography, and 
major adverse CV events.8 However, the physiological 
mechanisms by which poor sleep efficiency increases CV 
disease risk are not well understood.

Vascular endothelial function measured non-invasively 
as brachial artery flow-mediated dilation (FMD) is a well- 
established cross-sectional and longitudinal marker of CV 
disease, with poorer dilation implying increased CV risk.9–11 

Numerous studies have investigated the relationship between 
overnight sleep and FMD, but the findings are equivocal. 
Aggarwal and colleagues discovered that in adult women, 
subjective poor sleep quality measured using the Pittsburgh 
Sleep Quality Index (PSQI) was associated with increased 
endothelial nuclear factor kappa B activation but not asso-
ciated with FMD.12 Scott and colleagues found similar 
results using actigraphically measured sleep in a small sam-
ple of young and predominantly male adults.13 In contrast, 
Cooper and colleagues discovered a positive relationship 
between FMD and sleep quality measured using PSQI and 
objectively measured rapid eye movement sleep.14 

Furthermore, in a sample of participants with existing CV 
risk (eg, hypertension), Hill and colleagues found a linear 
relationship between sleep efficiency determined using acti-
graphy and FMD.15

The discrepancies between these findings could be 
attributed to various factors, including the age groups 
studied, the presence of underlying sleep disorders, and 
the methodology of sleep measurement (subjective vs 
objective measurements). Indeed, subjective sleep mar-
kers are not robust predictors of CV risk,16 and isolated 
use of actigraphy can overestimate sleep.17 More impor-
tantly, previous studies have likely not controlled for the 
marked time-of-day variation in FMD, as the timing of 
FMD measurements in these studies is often unreported. 
FMD has a time-of-day variation driven by the circadian 
system, with low FMD in the morning and a recovery by 
noon — a difference of nearly 75% between 6 AM and 
11 AM.18–20 The timing of the morning minimum in 
FMD also corresponds to the time window of increased 
frequency in major adverse CV events.21,22 There is also 
evidence that baseline diameter measured as part of 
FMD is positively associated with CV risk.23–26 Yet, 
previous reports have not specified the associations 
between sleep efficiency and baseline diameter. Finally, 

research on midlife adults in this area is generally lack-
ing but is important considering midlife adults are likely 
to be at higher risk for CV disease than younger people 
and have an increased likelihood of an underlying sleep 
disorder that could impact CV health.27 Furthermore, 
overt sleep disorders that disrupt sleep quality, such as 
obstructive sleep apnea, have been found to impair 
FMD.28

We aimed to explore the relationship between sleep 
efficiency, determined via gold-standard overnight in- 
laboratory polysomnography, and baseline diameter and 
FMD, measured in the morning while controlling for the 
effects of the internal body clock in midlife adults. We 
hypothesized that because midlife adults are likely to be at 
increased CV risk, overnight sleep efficiency will be posi-
tively associated with FMD and negatively associated with 
baseline diameter measured immediately upon awakening 
in the morning.27 To increase clinical relevance, we also 
measured standard clinical CV variables, eg, systolic 
blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR), and hypothesized that sleep efficiency 
would be inversely related to these parameters. Our sam-
ple also included people with untreated sleep apnea, which 
is a common disorder in midlife and can progressively 
increase CV risk with increasing severity of apnea by 
various mechanisms, including increased nocturnal blood 
pressure and increased variability in blood pressure.29–32 

Lastly, we explored sex differences as doing so could 
identify protective or maladaptive CV mechanisms in 
one group.33

Materials and Methods
Study Approval
This study was conducted in accordance with the 
Declaration of Helsinki. The Institutional Review Board 
for human subject protection at the Oregon Health & 
Science University approved the experimental protocol, 
and all participants provided written informed consent 
before study participation.

Data Availability
Deidentified data will be made available upon reasonable 
request to the corresponding author.

Participants
We report data that were collected as part of a more 
extensive study of the circadian system’s effects on 
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cardiovascular risk (ClinicalTrials.gov Identifier: 
NCT02202811). We have previously published limited 
circadian data from these studies.19,34 Volunteers were 
recruited using flyers on campus, internet research recruit-
ment websites, and word of mouth.

We excluded volunteers if they reported: 1) a history of 
any chronic disease (except untreated sleep apnea or untreated 
high blood pressure [BP < 160/100 mmHg]); 2) pregnancy; 3) 
current smoking or a history of more than 5 pack-years; 4) use 
of any prescription or non-prescription medications, or 5) 
history of travel across more than three time zones in the last 
three months or shift work in the past six months. We verified 
the absence of recent drug or medication use by urinalysis 
(Drugsmart 12 panel cup, Speares Medical Inc, SC, USA). We 
confirmed non-smoking status by cotinine measurements 
(NicAlert®, Nymox Corporation, NJ, USA). Each participant 
also filled out numerous questionnaires, including two sleep 
profile questionnaires (Sleep Disorders Questionnaire and the 
Owl & Lark Questionnaire), and underwent a clinical history 
interview, 12-lead electrocardiogram, clinical, biochemical 
screening tests of blood, and a physical examination. In addi-
tion, we determined each participant’s psychological suitabil-
ity using the Beck Depression Inventory-II questionnaire and 
a structured interview (Mini International Neuropsychiatric 
Interview) with study staff approved by a physician. 
Participants were excluded if they had a history of severe 
psychiatric illnesses or psychiatric disorders and no history 
of treatment with antidepressants, neuroleptic medications, or 
major tranquilizers.

Pre-Admission at-Home Routine
To stabilize the internal body clock and sleep, for 1–3 
weeks before the overnight study, we asked participants 
to maintain a self-selected overnight eight-hour schedule 

in bed. We monitored compliance to this schedule by 1) 
using a mobile actigraphy device (ActiGraph wGT3X-BT, 
Actigraph Corporation, FL, USA); 2) tracking partici-
pants’ call-ins to a time-stamped voicemail box before 
bed and upon waking; and 3) a detailed sleep diary.

Inpatient Laboratory Studies (Figure 1)
Participants were admitted to the Oregon Clinical and 
Translational Research Institute (OCTRI) laboratory at 
OHSU approximately 6 hours after each individual’s habi-
tual wake time determined from the at-home routine. Upon 
admission, we conducted a drug screen and pregnancy test 
(in pre-menopausal females). Following a negative screen, 
participants were fitted with polysomnography electrodes 
and transducers, and an intravenous line was placed in the 
non-dominant arm. Lights were set to ~150 lux initially 
and dimmed to <3 lux approximately seven hours before 
the sleep opportunity. Six hours before the sleep opportu-
nity, participants were provided with dinner devoid of 
antioxidants (eg, no oranges or raw tomatoes), chocolate, 
and caffeine. A light snack was provided 1.5 h before the 
sleep opportunity. Participants were provided a sleep 
opportunity in a sound-attenuated, temperature-controlled 
(20.6–22.2°C) and dark (<1 lux) room at their habitual 
bedtime established during the at-home routine. 
Participants remained on bed rest throughout the sleep 
opportunity, except when they had to use a bedside com-
mode (provided by research nursing while maintaining 
environmental conditions, including dim light and minimal 
sound). Eight hours after beginning the sleep opportunity, 
participants were awoken using a standardized mild audi-
tory stimulus, and the light level was increased to ~3 lux. 
SBP, DBP, and HR were measured approximately 5 min-
utes after awakening in a supine position without a posture 

Figure 1 Protocol figure. Participants were admitted to the Oregon Clinical and Translational Research Institute (OCTRI) laboratory at OHSU approximately 6 hours after 
each individual’s habitual wake time. Lights were set to ~150 lux initially and dimmed to <3 lux approximately seven hours before the sleep opportunity. Six hours before the 
sleep opportunity, participants were provided with dinner, and a light snack was provided 1.5 h before the sleep opportunity. Participants were provided a sleep opportunity 
in a sound-attenuated, temperature-controlled (20.6–22.2°C) and dark (<1 lux) room at their habitual bedtime established during the at-home routine. Cardiovascular 
parameters were evaluated after awakening.
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change, followed by an ultrasound assessment of brachial 
artery dimensions at rest (see details below).

Overnight Polysomnography
We collected and scored sleep, cardiac and respiratory 
variables using polysomnography, including electrocardio-
gram, electroencephalogram, electrooculogram, and sub-
mental electromyograms according to the American 
Academy of Sleep Medicine guidelines35 as previously 
published by our group.20 Specifically, an overnight sleep 
study (Cadwell Easy III, Cadwell® Industries, Kennewick, 
WA, USA) was conducted on all participants using two 
frontal and central leads with reference electrodes placed 
at contralateral mastoid processes. We measured electro-
oculogram (EOG) using two offset electrodes placed lat-
eral to the eyes and chin electromyogram (EMG) using 
two electrodes placed on the chin. Respiratory effort was 
monitored by thoracic and abdominal piezoelectric belts, 
whereas airflow was monitored using a nasal cannula. 
Sleep scoring was performed by a certified polysomnogra-
phy technologist. Sleep efficiency was calculated as total 
sleep duration ÷ total recording time (time from lights out 
to lights on).

Blood Pressure and Heart Rate
SBP, DBP, and HR were measured in the supine position 
after at least 10 minutes of bed rest using an electronic 
transducer in the dominant arm and the oscillometric 
method (Philips SureSigns VS2+ vital signs monitor).36

Flow-Mediated Dilation
FMD of the dominant brachial artery was measured using 
established guidelines after the above measurements and 
after at least 20 minutes in a supine resting condition and 
as performed previously.19,20,37 A 5×84 cm automatic 
blood pressure cuff (E-20 rapid cuff inflator; D.E. 
Hokanson, Bellevue, Wash., USA) was placed on the 
dominant forearm. Images of the brachial artery were 
obtained with a 2-D high-resolution ultrasound system 
(Teratech Corp., Burlington, Mass., USA), using a 5- to 
12-MHz multifrequency linear-array transducer. Doppler 
flow signals were corrected at an insonation angle of 60°, 
and we placed the sample volume in the middle of the 
artery. Diameter images and Doppler measurements of 
blood velocity were continuously recorded for 1 minute 
at baseline before cuff inflation. The automatic blood 
pressure cuff was then rapidly inflated to 250 mm Hg 
and maintained for 5 min until cuff deflation. Diameter 
and blood velocity recordings resumed 1 min before cuff 

deflation and continued for 3 min after deflation. 
Ultrasound images were continuously recorded at 5 frames 
per second with Camtasia (TechSmith, Okemos, Mich., 
USA) and stored as.avi files for offline analyses.

Arterial Diameters and Blood Velocities
Offline analyses of brachial artery diameters were per-
formed using automated edge-detection software 
(Brachial Analyzer, Medical Imaging Applications LLC, 
Coralville, IA, USA) as previously described.38–40 The 
peak dilation after cuff deflation was determined using 
the highest 3-second moving average and was presented 
as a percentage change from baseline diameter (FMD%). 
Brachial artery shear rate was used as an estimate of 
arterial shear stress (we did not measure blood viscosity) 
and calculated using the formula: Vm ÷·D, where Vm is 
mean blood velocity (cm·s−1) and D is mean arterial 
diameter (cm). Shear rate area under the curve (SRauc) 
was calculated as the area from the time of deflation up 
until peak diameter. FMD% was also normalized to SRauc 

for analysis. All analyses were performed with blinding of 
the participant number, date, and time of the image.

Statistical Methods
We first tested the data for outliers; data points outside the 
mean ± 3 SD were excluded from analyses. To decide 
whether to include participants with moderate-severe sleep 
apnea in the analyses, we used a Welch t-test to rule out 
significant differences between people with moderate or 
severe OSA (apnea-hypopnea index≥15/hour) and no or 
mild OSA (apnea-hypopnea index <15/hour) with regard 
to age, body mass index, sleep duration, efficiency, SBP, 
DBP, HR, and FMD. Subsequently, we performed a mixed 
model analysis to test if overnight sleep efficiency signifi-
cantly predicted morning baseline diameter, FMD, SBP, 
DBP, and HR while controlling for apnea-hypopnea index 
and body mass index. Because hyperemic shear and resting 
baseline diameter can affect FMD response, we used four 
additional approaches for FMD: 1) we included baseline 
diameter as a covariate in the linear model, 2) we normalized 
FMD to SRauc as a dependent variable 3) we normalized 
FMD to SRauc as a dependent variable in addition to includ-
ing baseline diameter as a covariate, and 4) we adjusted for 
allometrically scaled baseline diameter using a linear model 
with diameter change expressed in the natural log as 
a dependent variable and baseline diameter expressed in 
the natural log as a covariate.41 To further inform our results 
about FMD, we also assessed the relationship between 
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baseline diameter and FMD. To corroborate the strength of 
relationships between sleep efficiency and CV variables, we 
conducted Pearson’s correlations. We did not adjust p-values 
for bivariate correlations because these CV variables are 
correlated with each other. To test if our results were affected 
by the presence of moderate- severe sleep apnea, we sepa-
rately ran the analysis including only those people (apnea- 
hypopnea index < 15/hour, n = 19).

Finally, using the entire dataset, we ran an additional 
model by adding sex as a group variable and sleep effi-
ciency × sex as an interaction term to explore sex differ-
ences. Analyses were performed using StataIC 14 
(StataCorp LLC, College Station, TX, USA), and statisti-
cal significance was set at p<0.05.

Results
We studied 32 individuals (20 Males, 12 Females). Two 
male participants were identified as outliers for their 
apnea–hypopnea index and heart rate levels, respec-
tively, and were removed prior to statistical analysis. 
Thus, the final sample size was 30 participants (18 
Males, 12 Females; Table 1). Of the 12 females, 6 
were perimenopausal, 3 were postmenopausal, 1 had 
an endometrial ablation, 1 had a hysterectomy, and 1 
had an intrauterine device. Women were not on oral 
birth control medications. All perimenopausal women 
were studied in the follicular phase of their menstrual 
cycle. The ethnic breakdown included 27 people self- 
identifying as not Hispanic or Latino, 1 Hispanic or 
Latino, and 2 declined to provide an answer. The racial 
breakdown included 26 people self-identifying as White, 
1 Black or African American, 1 American Indian or 
Alaskan Native and Black or African American, 1 
Asian and White, and 1 identifying as other.

There were no differences between people with and 
without moderate-severe OSA (Table 2).

Sleep Efficiency and CV Outcomes
Overnight sleep efficiency significantly predicted baseline 
diameter (t = 3.04, p = 0.005), such that for every percent 
decrease in sleep efficiency, baseline diameter increased by 
0.04 mm (Figure 2). Sleep efficiency did not predict FMD 
regardless of how it was calculated: FMD without adjusting 
for baseline diameter (t = 1.72, p = 0.099), FMD normal-
ized to SRauc(t = 1.13, p = 0.27), FMD adjusted for baseline 
diameter as a covariate (t = 0.82, p = 0.42), FMD adjusted 
for shear rate and baseline diameter (t = 1.09, p = 0.29), or 
FMD using allometric scaling of baseline diameter (t = 
0.96, p = 0.35). It also did not predict HR (t = −0.09, 
p=0.9). SBP (t = −2.66, p=0.013) and DBP (t=−2.59, p = 
0.016), were significantly predicted by overnight sleep effi-
ciency (Figure 3). SBP and DBP increased by 0.6 mmHg 
for every percent decrease in sleep efficiency.

In Pearson correlations, sleep efficiency was signifi-
cantly correlated with baseline diameter (r = −0.52, 
p=0.004), SBP (r = −0.43, p=0.017), and DBP (r = 
−0.43, p = 0.019) (Figure 4), but not with HR (r = 
−0.05, p = 0.79), or FMD (r = 0.3, p = 0.13). FMD was 
not significantly correlated with baseline diameter (r = 
−0.37, p = 0.06).

Table 1 Baseline Participant Information

N 30

Gender 18/12 (M/F)
Age 50.8 ± 7.5 years

Body mass index 29.5 ± 6 kg·m2

Resting HR 64 ± 3 bpm
Systolic BP 122 ± 12 mmHg

Diastolic BP 69 ± 11 mmHg

Fasting glucose 93 ± 9 mg/dL
Total sleep duration 390.5 ± 50 min

Sleep efficiency from PSG 81.6 ± 10.4%

Note: Data presented as mean ± standard deviation. 
Abbreviations: HR, heart rate; BP, blood pressure; PSG, polysomnography.

Table 2 Differences Between People with and without Moderate-Severe Obstructive Sleep Apnea

Variable Mean Difference Difference Standard Error Welch’s t value P-value

Age 2.52 2.73 0.92 0.36

Body mass index -1.72 2.02 -0.85 0.40

Sleep duration 0.12 21.6 0.01 0.99
Sleep efficiency 0.56 4.49 0.13 0.90

Flow mediated dilation -1.44 1.52 -0.95 0.35

Systolic blood pressure 3.11 4.66 0.67 0.51
Diastolic blood pressure 0.68 4.51 0.15 0.88

Heart rate -3.85 3.11 -1.24 0.23

Nature and Science of Sleep 2021:13                                                                                               https://doi.org/10.2147/NSS.S329359                                                                                                                                                                                                                       

DovePress                                                                                                                       
1645

Dovepress                                                                                                                                                          Thosar et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Sleep Efficiency and CV Outcomes in 
People without Untreated 
Moderate-Severe Sleep Apnea (n = 19)
Overnight sleep efficiency significantly predicted baseline 
diameter (t = −2.82, p = 0.01). For every percent decrease 
in sleep efficiency, baseline diameter increased by 
0.05 mm. Sleep efficiency did not predict FMD regardless 
of how it was calculated: FMD without adjusting for base-
line diameter (t = 1.51, p = 0.16), FMD normalized to 
SRauc(t = 1.59, p = 1.4), FMD adjusted for baseline dia-
meter as a covariate (t = 0.89, p = 0.39), FMD adjusted for 
shear rate and baseline diameter (t = 1.51, p=0.16), or 
FMD using allometric scaling of baseline diameter (t = 

0.93, p = 0.37). SBP (t = −2.75, p=0.015) and DBP (t = 
−2.21, p = 0.04), but not HR (t = −0.88, p = 0.4) were 
significantly predicted by overnight sleep efficiency. For 
every percent increase in sleep efficiency, SBP increased 
by 1 mmHg and DBP increased by 0.9 mmHg.

Sleep efficiency was significantly correlated with base-
line diameter (r=−0.60, p=0.007), SBP (r=−0.53, p=0.019), 
DBP (r=−0.46, p=0.049), but not with HR (r=−0.06, 
p=0.8), or FMD (r=0.34, p=0.18).

Sex Difference Analyses
There was a non-significant trend for an interaction 
between sex and sleep efficiency (t = −1.9, p = 0.07) 

Figure 2 Forest plots (with 95% CI) of sleep efficiency versus baseline diameter in the entire sample (●), men (♂), women (♀). The x-axis shows the marginal effects’ 
coefficient for baseline diameter. The overall significant relationship between sleep efficiency and baseline diameter appears to be driven by females.

Figure 3 Forest plots (with 95% CI) of sleep efficiency versus systolic (SBP) and diastolic (DBP) blood pressure in the entire sample (●), men (♂), women (♀). The x-axis 
shows the marginal effects’ coefficients for blood pressure. The overall significant relationship between sleep efficiency and blood pressure appears to be driven by females.
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such that overnight sleep efficiency significantly predicted 
baseline diameter in women (z=−2.74, p=0.006), but not 
men (z=−0.58, p=0.6) (Figure 2). Similarly, we discovered 
a significant interaction between sex and sleep efficiency 
for SBP (t=−2.82, p=0.01) and DBP (t=−2.07, p=0.049). 
BP was inversely associated with overnight sleep effi-
ciency in women (SBP: z=−3.6, p < 0.001; DBP: z= 
−2.78, p=0.005), but these relationships were not signifi-
cant in men for SBP (z=−0.19, p=0.85) or DBP (z=−0.33, 
p=0.74) (Figure 3). The interactions between sex and sleep 

efficiency were not significant for FMD (p=0.19), or HR 
(p=0.31).

Discussion
Sleep disturbance is known to be associated with increased 
cardiovascular risk, with impaired peripheral vascular 
function suggested as an underlying mechanism.42 We 
discovered that in midlife adults, while controlling for 
the effects of circadian rhythms, polysomnographically 
recorded overnight sleep efficiency is negatively asso-
ciated with baseline brachial artery diameter, SBP, and 
DBP, but not HR or FMD. Importantly, these relationships 
remained when analyzed using correlation analyses. 
Lastly, exploratory analyses suggest that these relation-
ships between sleep efficiency and morning cardiovascular 
risk markers in our sample are driven by associations 
amongst women but not men.

Sleep Efficiency and Baseline Diameter
Our study population’s baseline brachial artery diameter 
(mean 4.5 mm) is within the normative ranges for midlife 
adults.43 Furthermore, the median sleep efficiency in our 
sample was 81%. Based on our results, a 5% decrease in 
sleep efficiency could lead to a 0.2 mm increase in base-
line brachial artery diameter. Baseline brachial artery dia-
meter is directly associated with increased cardiovascular 
risk, specifically decreasing cardiovascular event-free sur-
vival by 15% for each 1 mm increase in baseline 
diameter.23–26 It has previously been shown that an 
increase in brachial artery diameter is likely 
a homeostatic and adaptive process to maintain vascular 
shear in the presence of cardiovascular risk factors.43 It 
can also be a maladaptive process in the face of aging.43 

Additionally, our participants were devoid of any overt 
chronic disease (except sleep apnea), but because this 
was a midlife sample, we cannot exclude the presence of 
subclinical cardiovascular disease, especially because dis-
orders such as obstructive sleep apnea can accelerate vas-
cular aging.44 Still, our results persisted after controlling 
for the apnea–hypopnea index. One person had 
a surprisingly low sleep efficiency (53%) that could be 
due to sleep apnea (AHI=22.9/h) or a first night effect.45,46 

The contribution of this individual was tested in 
a sensitivity analysis. Excluding this participant did not 
affect the pattern of results, and indeed, the correlations 
were strengthened (baseline diameter r = −0.58, SBP r = 
−0.58, DBP r = −0.52).

Figure 4 Pearson’s correlation between sleep efficiency and baseline diameter, and 
systolic and diastolic BP.
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Discussion of potential mechanisms is speculative at 
this point, and more experimental work needs to be done 
in a larger sample to reproduce these findings. It is unli-
kely that one night of low sleep efficiency may change 
baseline brachial artery diameter. Indeed, we showed in 
a previous study that baseline morning brachial artery 
diameter does not differ depending on whether participants 
slept or stayed awake through the preceding night.20 

However, sleep timing in the current study was selected 
based on our participants’ habitual sleeping behaviors, and 
thus we would hypothesize that our observations may be 
indicative of a chronic sleep phenotype. Poor sleep effi-
ciency and increased resting baseline diameter may be 
parts of increased cardiovascular risk composition.

Sleep Efficiency and Blood Pressure
We found that sleep efficiency is inversely related to SBP and 
DBP measured soon after awakening. Although this is 
a statistical association and not a proven mechanistic link, 
our data suggest that for every 5% decline in sleep efficiency, 
one can expect both SBP and DBP to be 3 mmHg higher. Such 
a sleep-related increase in morning BP along with the com-
monly observed morning surge in BP can significantly increase 
the risk of adverse CV events in midlife adults, especially if 
they have underlying CV disease such as hypertension.47,48 

Our blood pressure results are similar to the previous epide-
miological association between actigraphy-measured sleep 
parameters and blood pressure from the CARDIA study in 
midlife adults.49 After examining polysomnography reports, 
we noticed that 4/30 participants were already awake before 
the mild auditory stimulus. To account for the morning BP 
surge timing,50 we adjusted for the duration of awakening in an 
additional model, and our statistical inferences were the same.

Sleep Efficiency and FMD
We did not find a significant relationship between sleep effi-
ciency and FMD. In that regard, our results are similar to those 
of Scott and colleagues and Aggarwal and colleagues, who 
also found that low sleep efficiency and quality, respectively, 
did not impair FMD.12,13 Furthermore, we normalized FMD to 
hyperemic shear to account for any shear-related differences 
and controlled for the effects of baseline diameter as 
a covariate and using allometric scaling, and our results 
remained the same. These adjustments did not change the 
results likely due to the non-significant inverse relationship 
between FMD and baseline diameter. Nonetheless, given our 
lack of a priori power analyses, this non-significant finding 
should be interpreted with caution.

Morning Cardiovascular Risk
Major adverse cardiovascular events occur most com-
monly in the morning, and several cardiovascular risk 
variables have a morning peak driven by the circadian 
system.51 All our measurements were made during this 
cardiovascular risk window. A combination of poor sleep- 
quality driven increases in blood pressure, circadian driven 
increases in cardiovascular risk markers, and blood pres-
sure increases due to typical morning behaviors could 
potentially increase the risk of a severe adverse cardiovas-
cular event in people with existing CV risk.51

Sex-Differences
There are well-known sex-difference in cardiovascular 
disease, yet the differential mechanisms in men and 
women are not well understood.33 Our exploratory ana-
lyses suggest that the significant relationship between 
sleep efficiency and cardiovascular risk markers, including 
baseline diameter, and SBP and DBP, is driven by women 
and not men. These findings may have important implica-
tions, considering the known sex differences in CV disease 
and sleep across the lifespan.33,52,53 During midlife, close 
to peri- and post-menopause, sleep quality deteriorates, 
whereas cardiovascular risk increases abruptly in women 
compared to prior decades.54,55 Sleep restriction increases 
sleep efficiency and is a commonly prescribed treatment 
for insomnia, which is common in women with the onset 
of menopause.53,56,57 Our results suggest that theoretically, 
such behavioral treatments that improve sleep efficiency 
could also improve cardiovascular health in midlife by 
reducing blood pressure and leading to adaptations in the 
vasculature, which should be further assessed. On the 
other hand, such treatments do not necessarily increase 
sleep duration, so the effects of increasing sleep efficiency 
vs sleep duration could be tested on CV parameters.

Strength and Limitations
Our use of tightly controlled outpatient and in-laboratory 
procedures present several strengths and limitations to be 
considered. We included people with untreated sleep apnea 
as this syndrome is common in the general population.29,30 

Yet, there were no significant differences between people 
with and without moderate to severe sleep apnea. Our results 
for the relationship between overnight sleep efficiency and 
morning CV risk markers held even after excluding people 
with moderate-severe sleep apnea suggesting that the results 
were independent of apnea status. We studied midlife (mean 
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age 51 years) and overweight (mean BMI 29.5 kg/m2) adults 
who are likely at a higher risk for cardiovascular disease than 
the younger population previously studied to answer this 
question. Our participants were in bed for an 8 h sleep 
opportunity at habitual timing in a light-controlled environ-
ment, thereby avoiding any changes in circadian timing of 
the sleep episode that could disrupt sleep.58 However, we 
cannot discount the wake-promoting system’s overactivity 
due to the first-night effect due to sleeping in a new 
environment,45,46 or the effect on sleep efficiency due to 
limiting the time in bed to 8 h. Future studies need to account 
for these limitations. We measured sleep via polysomnogra-
phy and made measurements immediately upon awakening, 
which advances previous investigations in this area12,13 espe-
cially due to the adequate experimental control of circadian 
effects. We cannot infer causality and could not examine 
mechanisms underlying the relationship between sleep effi-
ciency and CV markers, which are limitations. Since these 
data were collected as part of multi-day circadian protocols 
requiring data collection across the day and the night, it was 
not possible to have a single sonographer make all measure-
ments. Staffing for these studies was variable to avoid sys-
temic effects. The sonographer training in our laboratory 
consists of individualized hands-on training and the collec-
tion of at least 20 full FMD images under the supervision of 
an experienced operator. Formal feedback is provided after 
each set of 5 images. Subsequently, new operators are 
required to acquire at least an additional 10 (5 consecutive) 
polished images verified by an expert. For continued prac-
tice, all operators make approximately 100 measurements 
each year. For analysis, the intra-class correlation 
between analyzers needs to be ≥0.9. Our rigorous selection 
of participants, self-selected strict at-home sleep routine 
before the in-laboratory visit, excellent experimental control 
all considerably strengthen the confidence in our findings. 
Properly powered studies using at least two nights of poly-
somnography (to account for a first night effect) are perhaps 
essential to conclusively assess the relationship between 
sleep efficiency and FMD.

In conclusion, we discovered that in midlife adults, over-
night sleep efficiency is inversely associated with baseline 
brachial artery diameter and SBP and DBP, but not FMD or 
HR. These associations were driven by a significant effect in 
women, but not in men. Future studies in people with exist-
ing cardiovascular risk are warranted to understand the 
clinical significance of these findings. If these findings per-
sist in adults with existing cardiovascular disease, disturbed 

sleep could be implicated as a mechanism in the morning 
increase in adverse cardiovascular events.
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