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Summary

Rapid eye movement (REM) obstructive sleep apnea might be particularly harmful to
the cardiovascular system. We aimed to investigate the association between sleep
apnea during REM sleep and signs of atherosclerotic disease in the form of carotid
intima thickness in a community-based sample of men and women and possible sex
differences in this association. The association between sleep apnea during REM
sleep and intima thickness was analysed cross-sectionally in women from the
community-based “Sleep and Health in Women” (SHE) study (n = 253) and age- and
body mass index (BMI)-matched men from the “Men in Uppsala; a Study of sleep,
Apnea and Cardiometabolic Health” (MUSTACHE) study (n = 338). Confounders
adjusted for were age, BMI, gender, alcohol, and smoking. All participants underwent
a full-night polysomnography, high-resolution ultrasonography of the common
carotid artery, anthropometric measurements, blood pressure measurements, and
answered questionnaires. There was an association between sleep apnea during
REM sleep and thicker carotid intima that remained after adjustment for confounding
(adjusted p = 0.008, p = 0.032). The intima was increased by 9.9% in the group with
severe sleep apnea during REM sleep, and this association between severe sleep
apnea during REM sleep and increased intima thickness remained after adjustment
for confounders (adjusted g = 0.043, p = 0.021). More women than men had severe
sleep apnea during REM sleep; moreover, in sex-stratified analyses, the association
between sleep apnea during REM sleep and intima thickness was found in women
but not in men. We conclude that severe REM sleep apnea is independently associ-
ated with signs of atherosclerosis. When stratified by sex, the association is seen in

women but not in men.
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1 | INTRODUCTION

Obstructive sleep apnea (OSA) is associated with an increased risk of
cardiovascular disease (CVD) (Marin et al., 2005; Redline et al., 2010).
The standard method for quantifying the severity of OSA is to measure
the number of apneas and hypopneas per hour of sleep. However, OSA
is a heterogeneous disorder with physiological and polysomnographic
differences between groups and by sex (Won et al., 2020). Hence, there
is an urgent need to identify the OSA phenotype that is most important
when it comes to cardiovascular consequences. Some previous studies
have indicated that the negative effect of OSA might differ by sleep
stages, and that the physiological effects are most pronounced when
apneas and hypopneas appear during the rapid eye movement (REM)
sleep stage (Appleton et al., 2016; Chen et al, 2014; Ljunggren
et al,, 2020; Mokhlesi et al., 2014).

Rapid eye movement sleep is a stage of vivid dreaming, variable
respiration, and bursts of sympathetic activity (Somers et al., 1993).
Rapid eye movements appear in ~20% of sleep and is especially seen
in the morning hours of sleep (Sahlin et al., 2009). The electroenceph-
alogram is similar to the awake activity, and the breathing frequency
is increased. However, the muscles are paralysed, with reduced activ-
ity in the chin-electromyogram, rib muscles, and the genioglossus
(Aserinsky & Kleitman, 1953; Eckert et al., 2009; McSharry et al.,
2014). The blood pressure is high during REM sleep, especially during
the sudden bursts of sympathetic activity in the phasic REM sleep
(Somers et al., 1993).

Obstructive sleep apnea is aggravated during REM sleep with lon-
ger apneas, and more severe hypoxic events (Findley et al., 1985). Par-

adoxically, women have a greater proportion of apneas during REM

SHE

sleep, despite OSA occurring less often during a whole night sleep in
women than in men (O'Connor et al., 2000; Won et al., 2020). REM-
OSA is related to arterial hypertension and non-dipping blood pres-
sure (Appleton et al., 2016; Mokhlesi et al., 2014, 2015).

Carotid artery intima thickness is a marker of atherosclerosis and
can detect early, sub-clinical changes (Akhter et al., 2013; Rodriguez-
Macias et al., 2006; M. Xu et al., 2021). From the “Sleep and Health in
Women” (SHE), we reported that severe REM-OSA was indepen-
dently and prospectively related to intima thickness, while severe
OSA based on all sleep stages, that is, total sleep time (TST), was not
(Ljunggren et al., 2018).

The aim of the present study was to investigate the association
between REM-OSA and carotid intima thickness in a community-based
sample of men and women and to investigate possible sex differences in
this association. To achieve this, we have created an age- and body mass

index (BMI)-matched community-based cohort of women and men.

2 | METHODS

21 | Study population
The study population comprised women from the follow-up study in
the community-based cohort study SHE (n = 400) (Ljunggren
et al., 2020) and age and BMI matched men from the “Men in Upp-
sala; a Study of sleep, Apnea and Cardiometabolic Health”
(MUSTACHE) study (n = 400) (Figure 1).

The SHE study was initiated in the year 2000, with a postal ques-

tionnaire sent to randomly selected women from the population

MUSTACHE
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LJUNGGREN ET AL.

registry of the City of Uppsala, Sweden. Of the total study population
aged 20-70 years (n = 6,112), a random sample of 400 women, with
an oversampling of snorers, participated in Phase Il of the study and
was investigated with a whole night polysomnography (PSG), ques-
tionnaires, anthropometric measurements, blood sampling, blood
pressure measurement, and an electrocardiogram during 2001-2004
(Ljunggren et al., 2012). A follow-up study was initiated in 2010 with
a postal questionnaire to the whole cohort, and the participants from
Phase Il were invited to perform a new PSG. Out of the 400 original
participants, 273 accepted. An additional 127 women, randomly
selected from the participants answering the follow-up questionnaire,
also participated in the second phase of the follow-up study that was
performed during 2012-2014.

The MUSTACHE study was initiated in 2016 when men partici-
pating in the community-based study Epi-Health (Lind et al., 2013)
during 2011-2015 (n = 9,377), matched with the women in the SHE
cohort by age and BMI, were recruited. If no match could be recruited
among the Epi-Health participants (n = 59), a matching man was rec-
ruited from the community by local announcements. The men were
investigated with a whole night PSG, questionnaires, anthropometric
measurements, blood sampling, and blood pressure measurement
using the same protocol as for the SHE study.

All women in the follow-up study in SHE who had PSG, and all
men in the MUSTACHE study were asked to undergo high-resolution
ultrasonography of the common carotid artery. We have previously
published longitudinal data, using baseline PSG and carotid data from
the follow-up for the women in the SHE study (Ljunggren
et al., 2018). For the present study, cross-sectional data were used for
both the men and the women from the follow-up study. Participants
with continuous positive airway pressure (CPAP)-treated OSA
(n = 34) or <30 min of REM sleep (n = 29) were excluded.

2.2 | Ethics statement

Written informed consent was obtained from all the participants, and
the Ethics Committee at Uppsala University, Uppsala, Sweden,
approved the study protocol (approval number 2009/379 and
2016/029).

2.3 | Assessment of sleep disordered breathing
All participants underwent whole-night ambulatory PSG (EMBLA, Flaga
Inc., Iceland) using the same equipment in the SHE and the MUSTACHE
studies (Ljunggren et al., 2020). Sleep was then scored manually by the
same investigator, and with identical scoring criteria, in both cohorts.
For details on scoring criteria, see the online data supplement.
Commonly used cut-offs for the apnea-hypopnea index (AHI) were
used to categorise OSA in no (<5 events/h), mild (5 to <15 events/h),
moderate (15 to <30 events/h), and severe (230 events/h) disease. The
same cut-offs were used for the oxygen desaturation index (ODI) and
REM-AHI.
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24 | Assessment of covariates
The participants answered questionnaires including questions on day-
time symptoms, lifestyle factors such as smoking and alcohol con-
sumption, and medical history and medication. Additional details on
covariates and definitions are provided in the online data supplement.
The morning after the PSG, fasting blood samples were drawn for
the analysis of C-reactive protein (CRP) and low-density lipoprotein
(LDL). Blood pressure was measured in the right arm in a supine posi-
tion after 15 min of rest. The participants’ height and weight were
measured, and the BMI was calculated.

2.5 | Carotid artery ultrasonography

The participants were examined with high-resolution ultrasonography
(Collagenoson Minhorst Company, Meudt, Germany) of the left com-
mon carotid artery to assess the intima thickness. The same investiga-
tors performed and analysed the ultrasonograms in both the SHE and
the MUSTACHE cohort. The investigators were blinded to the PSG
results. The method has been described in detail previously
(Rodriguez-Macias et al., 2006), and information is also provided in

the online data supplement.

2.6 | Statistical methods

Statistical analyses were performed using Stata 16.1 (Stata Corporation,
College Station, TX, USA). Associations between REM-OSA and carotid
artery intima thickness were analysed using linear regression with log-
transformed intima thickness as a dependent variable, first with
log-transformed REM-AHI as a continuous variable and second with
REM-AHI as a categorical variable. The associations were analysed first
in an age adjusted model; second in a model adjusting for confounding
by age, BMI, alcohol, smoking, and sex (Model 1); and finally, in a model
considering possible intermediate mechanisms also including systolic
blood pressure, LDL, CRP, and diabetes (Model 2). Data that were not
normally distributed were log transformed, and the validity of the
regression models were examined with regression diagnostics. The ana-
lyses were further stratified by sex, and interaction based on sex was
investigated. The analyses were also repeated in the sub-sample of indi-
viduals with an AHI <15 events/h and non-REM-AHI <5 events/h. For
comparison, associations between other measures of OSA (AHI, ODI,
and proportion of TST with saturation <90%) and carotid artery intima

thickness were analysed in the same way.

3 | RESULTS

3.1 | Population characteristics

The final study population consisted of 338 men and 253 women
(Figure 1). In total, 157 participants (26.6%) had severe REM-OSA
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TABLE 1 Baseline characteristics and polysomnographic data for the participants
Characteristic All REM AHI <30 events/h REM AHI 230 events/h
No. of subjects 591 434 157
Women, n (%) 253 (42.8) 157 (36.2) 96 (61.2)
Age, years, mean (SD) 59.3(11.1) 57.5(11.3) 64.4 (8.5)
Body mass index, kg/m?, mean (SD) 26.2 (4.1) 25.6 (3.7) 27.9 (4.7)
Smoking status, n (%)
Never 341 (57.8) 264 (60.8) 77 (49.4)
Former 213 (36.1) 145 (33.4) 68 (43.6)
Current 36 (6.1) 25 (5.8) 11 (7.1)
Alcohol status, n (%)
Do not drink 53(9.0) 40 (9.2) 13(8.3)
CAGE <2 points 459 (77.7) 336 (77.4) 123 (78.3)
CAGE 22 points 63(10.7) 44 (10.1) 19 (12.1)
Hypertension, n (%) 141 (24.1) 85 (19.6) 56 (36.6)
Antihypertensive drugs, n (%) 164 (27.8) 93 (21.4) 71 (45.2)
Lipid lowering drugs, n (%) 67 (11.3) 46 (10.6) 21 (13.4)
Diabetes, n (%) 30(5.2) 18 (4.2) 12 (7.7)
Systolic blood pressure, mmHg, mean (SD) 131.0 (15.8) 129.6 (15.5) 135.0 (15.9)
Epworth Sleepiness scale, points, mean (SD) 7.3(4.2) 7.1(4.2) 7.6 (4.2)
LDL, mmol/L, mean (SD) 3.5(0.9) 3.4(0.9) 3.7 (0.9)
CRP, mg/L, mean (SD) 1.1 (0.6-2.2) 1.0 (0.5-2.0) 1.4 (0.7-2.5)
TST, min, mean (SD) 394.3 (60.5) 394.9 (62.2) 392.7 (55.7)
AHI, events/h, median (IQR) 6.5 (1.6-16.4) 3.5(1.0-8.2) 22.5(15.7-35.4)
ODI 3, events/h, median (IQR) 7.7 (2.2-18.4) 4.4 (1.4-9.8) 23.3(15.9-33.2)
ODI 4, events/h, median (IQR) 4.1(0.8-11.6) 2.1(0.4-5.7) 16.0(9.2-25.9)
Non-REM AHI, events/h, median (IQR) 4.4(1.0-13.2) 2.6 (0.6-6.9) 16.9 (10.2-32.6)
REM AHI, events/h, median (IQR) 10.4 (1.9-31.4) 44 (1.2-14.3) 424 (35.6-51.1)
Saturation, %, mean (SD) 94.2 (1.7) 94.4 (1.6) 93.4(1.7)
Lowest saturation, %, median (IQR) 86.0 (82.0-90.0) 88.0 (84.0-91.0) 81.0 (77.0-85.0)
Proportion of TST with saturation <90%, %, median 0.4 (0.0-2.8) 0.1(0.0-1.2) 2.9 (0.8-9.3)
(IQR)
Proportion of TST with REM sleep, % 19.4 (5.0) 19.8 (5.1) 18.4 (4.8)

Intima thickness, mm, median (IQR)

0.08 (0.07-0.09)

0.08 (0.07-0.09) 0.09 (0.08-0.10)

AHI, apnea-hypopnea index; CRP, C-reactive protein; IQR, interquartile range; LDL, low-density lipoprotein; ODI, oxygen desaturation index; REM, rapid

eye movement; TST, total sleep time.

defined as REM-AHI =30 events/h, while 59 participants (10.0%) had
severe OSA defined as AHI 230 events/h.

Baseline characteristics and PSG parameters for the whole study
population and by severity of REM-OSA are presented in Table 1;
characteristics by AHI below or above 30 events/h can be found in
Table S1.

Participants with severe sleep disordered breathing, defined
either as REM-AHI 230 events/h or AHI 230 events/h, were older,
had a higher BMI, and more often a diagnosis of hypertension than
participants with REM-AH or AHI <30 events/h, respectively.

The mean age and BMI did not differ between men and women

(Table S2). Systolic blood pressure and prevalence of hypertension

and diabetes were also similar in men and women. Smoking and alco-
hol habits differed by gender; women were more often former or cur-
rent smokers, while alcohol overconsumption was more common in
men. For the PSG parameters, there were several sex differences.
Women had a longer TST, while there was no difference in REM sleep
percentage. Women also had a slightly higher AHI, with a median
(interquartile range) AHI of 8.7 (2.5-19.5) events/h compared to
5.1 (1.3-14.0) events/h in men. With AHI divided by sleep stage, the
sex difference was more pronounced for REM-AHI (17.6 events/h in
and 6.5 events/h in non-REM-AHI

(5.2 events/h in women and 3.9 events/h in men). Also, severe REM-

women men) than for

OSA was more common in women (37.9%) than in men (18%).
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TABLE 2 Associations between different measures of sleep disordered breathing and intima thickness

Sleep-disordered breathing and intima thickness

Age-adjusted

B-coef. (95% Cl) p
REM-AHI 0.010 (0.004 to 0.017)
AHI 0.009 (0.001 to 0.017)
ODI 3 0.007 (—0.002 to 0.015)

0.002
0.028
0.127

Adjusted for age, BMI, alcohol, smoking, and sex

B-coef. (95% Cl) p

0.008 (0.001 to 0.015) 0.032
0.006 (—0.002 to 0.015) 0.155
0.004 (—0.006 to 0.013) 0.439

AHI, apnea-hypopnea index; Cl, confidence interval; coef., coefficient; ODI, oxygen desaturation index; REM, rapid eye movement.
Results from the linear regression analysis with intima thickness, REM-AHI, AHI, and ODI log transformed. Each line in the table represents a separate

regression model.

Despite the higher AHI, women had a better Mean (SD) saturation
during the night at 94.7% (1.7%) versus 93.8% (1.6%).

3.2 | Carotid intima thickness

There was an association between REM-OSA and thicker carotid
intima. The association remained after adjustment for confounding by
age, BMI, smoking, alcohol, and sex (Table 2), and also after further
adjustment for the possible intermediators: systolic blood pressure,
LDL, CRP, and diabetes (adjusted g = 0.010, p = 0.006). OSA assessed
by the AHI was associated with intima thickness in unadjusted
models. However, after adjustment for age, BMI, smoking, alcohol,
and sex, the association was no longer significant (Table 2). There was
no association between ODI and intima thickness. Proportion of TST
with saturation <90% was associated with intima thickness; (adjusted
B = 0.0097, p = 0.007) after adjustment for age, BMI, alcohol,
smoking and gender. When proportion of TST with saturation <90%
was added to the multivariate model for REM-AHI, there was a signifi-
cant association between REM-AHI and intima thickness (adjusted
B = 0.0079, p = 0.049), while not for proportion of TST with satura-
tion <90% (adjusted g = 0.0063, p = 0.114).

When analysing the different categories of REM-OSA, the intima
was increased by 9.9% in the group with severe REM-OSA compared
to those without REM-OSA. In adjusted models, an association was
seen for severe REM-OSA and intima thickness, but not for milder
REM-OSA (Table 3). Adding lipid-lowering drugs to the confounders
in Model 2 did not affect the significant findings.

In sex-stratified analyses, an association was observed between
REM-OSA and intima thickness in women, but not in men (Table 4);
however, there was no significant interaction based on sex
(p = 0.493). Moreover, an association was seen between AHI and
intima thickness in women (adjusted g = 0.017, p = 0.039 in Model
1), but not in men (adjusted g = 0.002, p = 0.681) (Table S3).

Trying to isolate the effect of REM-OSA, the calculations were
repeated in a sub-sample with an AHI of <15 events/h and in those
with a non-REM AHI of <5 events/h. This reduced the participants
with severe REM-OSA to 36 and 17 individuals, respectively. In
these calculations, there was no significant association with
REM-OSA.

4 | DISCUSSION

The main finding in this study of a community-based sample of age-
and BMI-matched men and women is that there was an association
between severe REM-OSA and signs of atherosclerosis, which was
not explained by age, BMI, smoking, or alcohol. More women than
men had severe REM-OSA; moreover, in the analyses stratified by
sex, the association between severe REM-OSA and intima thickness
remained significant only in women.

There are only a few other studies that have investigated the
association between REM-OSA and atherosclerotic CVD. We previ-
ously reported that in women, severe REM-OSA was associated with
early signs of atherosclerosis 10 years later (Ljunggren et al., 2018).
Our results are also in accordance with a study reporting an associa-
tion between REM-OSA and arterial stiffness (Lin et al., 2018), and in
patients with CVD, an increased risk of a new cardiovascular event
has been reported for patients with severe REM-OSA (Aurora
et al., 2018). The association between REM-OSA and intima thickness
was mainly visible for severe REM-OSA, this is in accordance with our
previous findings (Ljunggren et al., 2018) and the work by Aurora
et al. (2018).

There was a stronger association between REM-OSA and intima
thickness than OSA assessed by the AHI or ODI. Furthermore, in the
fully adjusted model, only the association with REM-OSA remained
significant. The impact of REM-OSA on atherosclerosis might be
explained by negative effects of REM-sleep fragmentation or by more
severe OSA during REM sleep compared to non-REM sleep, with lon-
ger apneas and deeper desaturations. Possible intermediate mecha-
nisms include inflammation, metabolic dysregulation, hypertension, or
dyslipidaemia. In a previous study of a sub-sample from the SHE
cohort, we found that women with severe REM-OSA had altered
levels of inflammatory proteins involved in metabolic regulation and
in the atherosclerotic process, while the associations were weaker for
overall AHI and ODI (Ljunggren et al., 2020). Thus, obstructive events
during REM sleep might trigger a stronger inflammatory response
than during non-REM sleep and thereby contribute to the inflamma-
tory process causing atherosclerosis. REM-OSA is further associated
with increased risk of incident and prevalent hypertension (Appleton
et al., 2016; Mokhlesi et al., 2014), while no independent alteration in
lipid profile has been reported (Bikov et al., 2019; H. Xu et al., 2020),
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making a pathway involving dyslipidaemia less likely. In an attempt to
address the question of possible intermediate mechanisms, a model
also adjusting for systolic blood pressure, LDL, CRP, and diabetes
(Model 2) was constructed. However, these covariates did not explain
the association between REM-OSA and intima thickness. It is possible
that other inflammatory markers than CRP might better reflect the
activated inflammatory pathways, and that systolic blood pressure
measured in the morning does not properly reflect the effects of non-
dipping blood pressure (Mokhlesi et al., 2015) during the night.

When stratifying by sex, an association was observed between
REM-OSA and arthrosclerosis in women, but not in men. However,
there was no significant interaction based on sex. It is possible that
this is explained by differences in power, as fewer men had severe
REM-OSA. Another possibility is that REM-OSA is a more important
marker of cardiovascular risk in women. Aurora et al. (2020) also
reported sleep-state-specific gender differences in the risk of incident
CVD in sleep disordered breathing. Women with isolated REM-OSA
at baseline, who progressed to develop OSA during non-REM sleep
5 years later, had an increased incidence of CVD, while men with
REM-OSA at baseline did not. Several other recent studies also report
higher cardiovascular risk in women with OSA than in men
(Kendzerska et al., 2020; Roca et al., 2015; Strausz et al., 2018).This is
in contrast to earlier studies, including fewer women with severe
OSA, reporting an increased risk of CVD in OSA in men, but not in
women (Gottlieb et al., 2010).

The main strengths of this study are the large population-based
sample of individuals, the reliable data from PSG and high-resolution
ultrasonography of the carotid artery, as well as detailed information
on relevant confounders. However, there are several limitations that
need to be acknowledged. In the sub-analyses, limited to those with
an AHI of <15 events/h or a non-REM AHI of <5 events/h, we could
not find a significant association between REM-OSA and intima thick-
ness. Although that might be due to a lack of power due to the low
number of remaining participants, we cannot claim to have shown the
effect of isolated REM-OSA in the absence of OSA during non-REM
sleep. Also, the cross-sectional design of the study does not allow for
conclusions to be drawn on causality. However, the results in this
paper are consistent with the previously published results of a sub-
sample of women in the SHE cohort with a longitudinal design, where
severe REM-OSA at baseline was associated with increased intima
thickness 10 years later, also in the sub-sample with isolated REM-
OSA (Ljunggren et al., 2018). The lower number of individuals with
severe OSA based on the AHI or ODI than with severe REM-OSA,
after excluding individuals with CPAP-treatment, is also a limitation.
Hence, the lack of association between the AHI and intima thickness
should be interpreted with caution. However, the results from previ-
ous epidemiological studies on the association between the AHI and
intima-media thickness are conflicting (Gunnarsson et al., 2014; Souza
et al., 2021; Wattanakit et al., 2008; Zhao et al., 2019). Finally, the
original female study cohort was oversampled by snoring women,
while this was not the case for the men in the MUSTACHE cohort.
This affects the prevalence of OSA in the cohorts and could explain a

lower power to detect an association in the males.
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Despite these limitations, our results add to the increasing evi-
dence that other measures than the total AHI need to be taken into
account when diagnosing and treating OSA, showing an association
between severe REM-OSA and early signs of atherosclerosis. A pro-
tective effect of OSA treatment has only been shown in those with
high treatment adherence (Javaheri et al., 2020). To properly treat
REM-OSA, it is important that the treatment covers the early morning
hours when much of the REM sleep occurs. This might be especially
important to protect women from additional risk for atherosclerosis
from residual untreated REM-OSA, as women have a greater propor-
tion of their OSA in REM sleep.

5 | CONCLUSION

Severe REM-OSA is associated with early signs of atherosclerosis, and
the association is not explained by confounding with age, BMI,
smoking, or alcohol. More women than men had severe REM-OSA;
when stratified by sex, the association between severe REM-OSA and

intima thickness was seen in women but not in men.
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