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ABSTRACT
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This study aimed to investigate the associations between sleep quality and arterial stiffness in healthy postmenopausal women.
A total of 31 healthy postmenopausal women aged between 50 and 74 years participated in this study. Objectively and subjectively
measured sleep quantity and quality were concomitantly obtained by a waist-worn actigraphy, Pittsburgh Sleep Quality Index
(PSQI) questionnaire, and daily sleep diary. Carotid-femoral pulse wave velocity (cfPWV), brachial-ankle PWV (baPWV), and
femoral-ankle PWV (faPWV) were measured as indices of arterial stiffness. Based on the PSQI score, the participants were divided
into good (PSQI < 5.5; n = 21) and poor (PSQI > 5.5; n = 10) sleepers. Self-reported sleep duration was significantly longer in
poor sleepers than in good sleepers. However, there was no difference in total sleep time measured by actigraphy between the two
groups. Additionally, sleep latency and wake after sleep onset significantly increased, and sleep efficiency significantly decreased in
poor sleepers than in good sleepers. The cfPWV and baPWV were significantly higher in poor sleepers than in good sleepers, even
after adjustment for risk factors (i.e., age, blood pressure, and physical activity), but no difference in faPWV. These results suggest
that decreased sleep quality is associated with an increase in central arterial stiffness in postmenopausal women.
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1. INTRODUCTION
Accumulating evidence has consistently shown a U-shaped association between self-reported habitual sleep duration and adverse
health outcomes, including cardiovascular disease (CVD) risk
factors, cardiovascular morbidity, and mortality [1,2]. Data from
nationwide surveys worldwide have reported that more than 30%
of adults have sleep problems [3,4]. In particular, previous studies
suggest that females had a 41% higher risk for sleep disturbances
than males [5], and it becomes more prevalent in postmenopausal
than premenopausal women [6,7]. Moreover, Chair et al. [8] found
a significant relationship between subjective sleep quality and CVD
risk in postmenopausal women, indicating that poor sleep quality
as well as inadequate sleep duration might increase the CVD risk in
postmenopausal women.
Arterial stiffness, especially central arterial stiffness, progressively
increases with advancing age [9] and is an independent marker
for future CVD events and all-cause mortality [10–12]. In women,
decreased circulating estrogens with menopause interact with aging
process to accelerate an increase in arterial stiffness [13]. While a prospective cohort study has reported that self-reported sleep duration
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is associated with arterial stiffness in a U-shaped fashion [14], other
studies have found an association between only long sleep duration
and arterial stiffness [15–17]. Interestingly, several studies have indicated an association of self-reported sleep quality with increased
arterial stiffness measured by brachial-ankle pulse wave velocity
(baPWV) [15,18,19]. These results suggest a possibility of the adverse
effect attributed to an increase in arterial stiffness may be due to not
only sleep duration but also sleep quality. However, little research has
been done to investigate the effects of sleep quality using subjective
and objective measures of sleep on arterial stiffness.
This study aimed to investigate the association between sleep quality and arterial stiffness in healthy postmenopausal women who
are known to have sleep disturbance and increased arterial stiffness. We hypothesized that postmenopausal women with poor
sleep quality had increased central arterial stiffness. To test our
hypothesis, we assessed objectively and subjectively measured
sleep quality and quantity, and arterial stiffness in a cross-sectional
study of healthy postmenopausal women.

2. MATERIALS AND METHODS
2.1. Participants
A total of 31 healthy and postmenopausal women (aged 50–74
years old) participated in the study. Participants were nonsmokers,
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nonobese, and free of CVD as assessed by medical history. None
of the participants were taking cardiovascular-acting medications
or hormone replacement therapy. All participants gave written,
informed consent to participate. The Ethical Committee of the
University of Tsukuba approved this study.

2.2. Measurements
2.2.1. Subjective and objective sleep
quantity and quality
The assessment of sleep quality was determined by using both subjective and objective measures. The Pittsburgh Sleep Quality Index
(PSQI) questionnaire is a validated self-administered instrument
that measures subjective sleep quality over the previous month.
It consists of 18 items that, in turn, are comprised of seven components covering subjective sleep quality, sleep duration, sleep
onset, habitual sleep efficiency, sleep disturbances, use of sleeping
medications, and daytime dysfunction. Seven component scores
are summed to yield a total PSQI score (range, 0–21 points), with
higher scores on the PSQI indicating poorer sleep quality. Based
on the total PSQI score, participants were divided into two groups:
“Good sleepers” with PSQI score of less than 5.5 and “Poor sleepers” with PSQI score of more than 5.5 [20].
Sleep quality was also objectively assessed using actigraphy for
seven nights at home (five weekdays and two weekends) (Kenz
Lifecoder EX; Suzuken Co. Ltd., Nagoya, Japan). A concomitant
daily sleep diary was given to record their bed/rise time and other
night-time events. The information derived from the sleep daily
was also used to check possible discrepancies or missing data from
the actigraphy. The actigraphy data were downloaded to a sleep
software program (Kissei Comtec Co. Ltd., Nagano, Japan). They
were analyzed to yield variables estimating sleep quality (sleep
efficiency and sleep latency) and quantity (total sleep time). The
software provides the Enomoto algorithm to estimate sleep parameters from activity counts [21]. The mean agreement rate with the
corresponding polysomnography (PSG)-based sleep-wake data was
86.9%. The measures were sleep latency, wake after sleep onset
(WASO), total sleep time [sum of the amount of sleep time (min),
excluding all-time awake], and sleep efficiency (total sleep time
divided by the time in bed, multiplied by 100).

2.2.2. Pulse wave velocity, blood pressure,
and heart rate
After a minimum resting period of 15 min, PWV, blood pressure,
and heart rate were measured in a quiet, temperature-controlled
room (24–26°C). Carotid-femoral PWV (cfPWV), femoral-ankle
PWV (faPWV), and brachial-ankle PWV (baPWV) were measured
using a previously described automatic waveform analyzer that
previously described (form PWV/ABI; Colin Medical Technology,
Komaki, Japan) [22,23]. Electrocardiogram, bilateral brachial, and
ankle blood pressures, and carotid and femoral arterial pulse waves
were simultaneously measured. The carotid and femoral arterial
pulse waves were obtained in triplicate using arterial applanation
tonometry, incorporating an array of 15 transducers. Bilateral brachial and ankle blood pressure waveforms were recorded for 10 s
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using extremity cuffs connected to an oscillometric pressure sensor
wrapped on both arm and ankles. The distance between the two
applanation sites was assessed in triplicate with a random zerolength measurement of the surface of the body, using a non-elastic
tape. Pulse wave transit time was determined based on the delay
in time between the proximal and distal ‘foot’ waveforms. The
foot of the pulse wave was identified as the commencement of the
sharp systolic upstroke, which was automatically detected. PWV
was calculated as the distance divided by the transit time and was
expressed in meters per second.
At the same time as PWV measurement, the resting brachial arterial blood pressure, and heart rate were measured in triplicate
using oscillometry and electrocardiogram (form PWV/ABI; Colin
Medical Technology).

2.2.3. Physical activity
The daily step count was collected in all participants using an
accelerometer (Lifecorder; Suzuken Co. Ltd.). Participants were
instructed to wear a Lifecorder on their waists continuously for
14 days, except while they were bathing. The data recorded from
a continuous 7-day period were used to assess the daily step count
of the participants.

2.2.4. Blood biochemistry
Blood samples were collected from the antecubital vein in each
participant after 12-h overnight fasting. The serum concentrations
of total cholesterol, high-density lipoprotein (HDL) cholesterol,
low-density lipoprotein (LDL) cholesterol, and triglyceride and
plasma concentration of glucose were determined using standard
enzymatic techniques.

2.3. Statistical Analysis
The Shapiro–Wilk test was used to assess the normality of all
parameters. All values were expressed as mean ± standard error
(SE). The mean differences between good and poor sleepers were
examined using independent t-test for normally distributes data,
or the Mann–Whitney U-test for non-normally distributed data
(i.e., sleep efficiency). Analysis of Covariance (ANCOVA) was performed to correct the influence of confounding factors of arterial
stiffness, such as age, blood pressure, and physical activity. All statistical analyses were performed using IBM SPSS Statistics 22 (SPSS
Inc., Chicago, IL, USA), with statistical significance set at p < 0.05.

3. RESULTS
The characteristics of participants divided into good and poor
sleepers are shown in Table 1. PSQI and diastolic blood pressure
were significantly higher in poor sleepers than in good sleepers
(PSQI, good sleepers; 3.4 ± 0.3 score vs. poor sleepers; 8.1 ± 0.4
score; p < 0.001; diastolic blood pressure, 70 ± 2 vs. 80 ± 4 mmHg;
p < 0.05). Physical activity measured as daily step counts was significantly higher in good sleepers than in poor sleepers (8655 ± 637 vs.
5525 ± 747 steps; p < 0.005). There were no significant differences in
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Table 1 | Characteristics of the participants

A

Good sleepers Poor sleepers
p-value
(n = 21)
(n = 10)
PSQI, score
Age, years
Height, cm
Weight, kg
Body mass index, kg/m2
Total cholesterol, mg/dl
HDL cholesterol, mg/dl
LDL cholesterol, mg/dl
Triglycerides, mg/dl
Glucose, mg/dl
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Heart rate, beats/min
Daily Step counts, steps

3.4 ± 0.3
60 ± 1
154 ± 1
55 ± 2
23.0 ± 0.7
231 ± 5
67 ± 4
138 ± 6
116 ± 18
92 ± 1
117 ± 3
70 ± 2
60 ± 2
8655 ± 637

8.1 ± 0.4***
61 ± 2
153 ± 2
53 ± 3
22.7 ± 1.4
230 ± 9
69 ± 8
142 ± 9
95 ± 13
91 ± 2
126 ± 5
80 ± 4*
64 ± 3
5525 ± 747**

0.000
0.744
0.415
0.560
0.827
0.93
0.833
0.737
0.472
0.769
0.141
0.012
0.161
0.004

B

p < 0.05 vs. good sleepers; **p < 0.005 vs. good sleepers; ***p < 0.001 vs. good sleepers;
Values are mean ± SE.
*

Table 2 | Sleep parameters of good sleepers and poor sleepers
Good sleepers
(n = 21)

Poor sleepers
(n = 10)

Self-reported
Sleep duration, min

387 ± 11

436 ± 16*

Actigraphy
Sleep latency, min
Wake after sleep onset, min
Total sleep time, min
Sleep efficiency, %

6±1
59 ± 8
319 ± 8
80.8 ± 1.9

10 ± 1*
91 ± 12*
328 ± 15
75.0 ± 2.6*

Variable

p < 0.05 vs. good sleepers. Values are means ± SE.

*

age, BMI, systolic blood pressure, heart rate, total cholesterol, HDL
cholesterol, LDL cholesterol, triglyceride, and glucose between the
two groups.
Sleep parameters, as assessed by actigraphy and sleep daily, are
shown in Table 2. Significant differences were found in self-reported
sleep duration, sleep latency, WASO, and sleep efficiency between
two groups. Poor sleepers spent 49 more minutes asleep per night
(387 ± 11 vs. 436 ± 16 min; p < 0.05) based on the self-reported sleep
duration. However, based on actigraphy, total sleep time did not differ
in both groups (319 ± 8 vs. 328 ± 15 min; p = 0.27). Furthermore, in
poor sleepers, sleep latency was 4 min longer (6 ± 1 vs. 10 ± 1 min;
p < 0.05), WASO was 32 min greater (59 ± 8 vs. 91 ± 12 min; p <
0.05), and sleep efficiency was 5.8% worse (80.8 ± 1.9 vs. 75.0 ± 2.6 %;
p < 0.05) compared to good sleepers.
Arterial stiffness measured by PWV between the two groups is
shown in Figure 1. The cfPWV, faPWV, and baPWV in poor sleepers were found to be significantly higher than that in good sleepers.
Furthermore, in ANCOVA analyses adjusted for age, blood pressure,
and physical activity, the results of cfPWV and baPWV remained
significant (adjusted cfPWV, 9.3 ± 0.2 vs. 10.5 ± 0.4 m/s; F = 6.34,
p < 0.05; adjusted baPWV, 13.0 ± 0.3 vs. 14.3 ± 0.4 m/s; F = 5.14,
p < 0.05) (Figure 1). However, there was no significant difference
in faPWV between the two groups (adjusted faPWV, 8.2 ± 0.2 vs.
8.6 ± 0.3 m/s; p = 0.26).

C

Figure 1 | Carotid-femoral PWV (A), brachial-ankle PWV (B), and
femoral-ankle PWV (C) values for good sleepers and poor sleepers.
Differences in PWV between good sleepers and poor sleepers were
assessed by a covariance analysis model that included age, blood pressure,
and physical activity as covariates. Data are expressed as mean ± SE.

4. DISCUSSION
The present study examined the effects of sleep quality on arterial
stiffness in healthy postmenopausal women. The main finding of
this study was that postmenopausal women with poor sleep quality had significantly higher cfPWV and baPWV, but not faPWV,
even after adjustment for age, blood pressure, and physical activity.
These results suggest that sleep quality could play an essential role
in central arterial stiffness in postmenopausal women. This study
added new scientific evidence concerning the relationship between
sleep quality and arterial stiffness by using an objective and standardized method of measuring sleep activity (i.e., actigraphy) and
included the analysis of potential confounders.
With respect to the association between sleep and arterial stiffness,
subjective tools, such as self-reported questionnaires, have been used
as a simple method for assessing sleep behavior [14–19]. However,
those of previous studies have reported inconsistent associations
of self-reported sleep with arterial stiffness. This methodology
only assesses subjective sleep quantity or quality without capturing other components, and subjective sleep questionnaires may not
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correspond well with objective sleep estimates. Indeed, Lauderdale
et al. [24] revealed that self-reported sleep duration has a moderate,
not high, correlation with actigraphy-measured sleep, indicating the
importance of adding objective recordings (e.g., actigraphy) under
natural environmental conditions. Actigraphy provides objective
sleep parameters, such as sleep latency, WASO, total sleep time, and
sleep efficiency. There have been a few studies that have reported
association of objective sleep variable with arterial stiffness [25,26],
the available evidence may be not applicable to postmenopausal
women with high risk of poor sleep quality. To the best of our knowledge, this is the first report regarding the association between sleep
quality and arterial stiffness using subjective and objective measured
sleep especially in postmenopausal women.
This study showed that individuals who have poor sleep quality
with a PSQI score >5.5, did have a longer self-reported sleep duration than their counterparts who have good sleep quality (7.3 vs.
6.5 h). In turn, the poor sleepers spent more time in bed than the
good sleepers. However, there was no difference in total sleep time,
resulting in a reduction in sleep efficiency as estimated by actigraphy in the poor sleepers. Although an epidemiologic study showed
an association between self-reported habitual sleep duration and
arterial stiffness [14], several studies using subjective measures of
sleep duration have failed to find an association of short or long
sleep duration with arterial stiffness in women [27–29]. In this
study, the self-reported daily sleep durations of good and poor
sleepers were 6.5 and 7.3 h, which approximates the empirical
evidence, showing that adults require, on average, approximately
seven hours of sleep for lower arterial stiffness. Interestingly, this
study revealed that individuals who had poor sleep quality while
having appropriate self-reported sleep duration had significantly
increased arterial stiffness even after adjustment for potential
confounders. Taken together, this study suggests that good sleep
quality, as well as adequate sleep duration, may contribute to
decreasing arterial stiffness.
Another issue apparent from our findings is that poor sleepers did have a decrease in physical activity. Interestingly, recent
studies revealed a bidirectional association between sleep and
physical activity, and that sleep quality increases physical activity,
and higher levels of physical activity promote good sleep [30,31].
Furthermore, evidence from our group and other studies has
shown that physical activity and aerobic exercise lead to decreased
arterial stiffness in postmenopausal women [32–36]. Because this
study was a cross-sectional design, we could not consider the possible influence of physical activity related to decreasing arterial
stiffness. Nevertheless, our results clearly show that individuals
who had poor sleep quality had significantly increased arterial
stiffness even after adjustment for physical activity, suggesting that
adequate sleep in postmenopausal women has a beneficial effect
on reducing arterial stiffness. Further studies are needed as direct
evidence (e.g., the role of sleep parameters, such as sleep stages on
arterial stiffness) to support these results.
Unfortunately, our results do not fully elucidate the mechanisms
underlying the association of sleep quality with arterial stiffness in
postmenopausal women. Given that endothelial function affects the
regulation of arterial stiffness [37,38], impaired endothelial function
induced by poor sleep quality may predispose to increased arterial
stiffness. Several studies have reported the association of reduced
endothelial function with decreased self-reported sleep quality
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(decreased PSQI scores) [39], % Rapid Eye Movement (REM) sleep
[40], and increased daytime sleepiness (i.e., daytime dysfunction)
[39]. Increased inflammation, which may lead to arterial stiffening
and endothelial dysfunction [41–43], was also associated with poor
sleep quality and circadian disruption [44,45]. Friedman et al. [45]
reported that better sleep efficiency was related to lower levels of
IL-6 in postmenopausal women. In addition, a laboratory-based
study by Wright et al. [44] examined whether chronic circadian
misalignment, which is related to sleep problems such as poor
sleep and daytime sleepiness could affect plasma concentrations of
pro-inflammatory proteins. They showed that weeks of circadian
misalignment increased levels of TNF-a and CRP, with subsequent
disrupted sleep in healthy adults. Interestingly, a recent study has
shown that circadian rhythm-related gene (i.e., PER2) decreased
as a consequence of menopause [46]. Furthermore, their study
reported that menopause-induced oxidative stress, which also has
detrimental effects on arterial stiffening [47], parallels a disruption
of circadian rhythm clock. Thus, it is possible that reduced endothelial function, increased inflammation, oxidative stress, and circadian disruption caused by low sleep quality might lead to arterial
stiffening in postmenopausal women. Additional studies are needed
to clarify the mechanisms underlying the impacts of sleep quality on
arterial stiffness in postmenopausal women.
Our study had certain limitations. First, cross-sectional design of
the study did not allow inference of the causal relationship between
sleep quality and arterial stiffness. Second, this study was conducted with a small sample size. Finally, this study included only
healthy postmenopausal women. Therefore, the findings of this
study cannot be generalized to other populations (i.e., obese individuals, young adults).

5. CONCLUSION
In summary, our findings reveal that postmenopausal women with
poor sleep quality have higher central arterial stiffness than women
with good sleep quality. These findings indicate that the associations of sleep quality with arterial stiffness are important issues in
postmenopausal women.
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