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Abstract
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Background: Sleep-disordered breathing (SDB) is associated with an increased risk of
cardiovascular disease, but it is unclear which elements of SDB that are most harmful to the
cardiovascular system and whether the associations observed in men also apply to women.

Aim: To investigate associations between different aspects of SDB and cardiovascular
disease in women

Methods and results: All four papers were based on participants in “Sleep and Health in
Women” (SHE), a population-based cohort study of women.

Paper I is a cross-sectional study of 349 women with polysomnographic assessments of
obstructive sleep apnea (OSA) and measurements of plasma BNP, clinically used as a marker
of heart failure, in the morning. There was a dose-response relationship between the severity
of OSA and levels of BNP.

In Paper II, with a study population of 5,990 women, questionnaire data on symptoms of
obstructive sleep apnea were combined with register data from the Swedish National Patient
Register regarding a diagnosis of heart failure (mean follow-up 11.4 years). Women with the
combination of snoring and daytime sleepiness had a two-fold increase in the risk of incident
heart failure after adjustment for confounding.

Paper III was based on 201 women without known cardiovascular disease, with a
polysomnography at baseline, assessing OSA during REM sleep, and a carotid artery ultrasound
with measurements of intima thickness at follow-up. Severe OSA during REM sleep was
associated with a thicker carotid intima.

Paper IV comprised 253 women with polysomnographic data on severe OSA and severe OSA
during REM sleep, as well as proteomic analyses of cardiac and inflammatory proteins. After
adjustment for confounding and multiple testing, severe OSA during REM sleep was associated
with decreased levels of Sirt2, LAP-TGF-B, and Axinl, while there were no significant
associations for OSA based on a whole night and protein levels.

Conclusions: Women with symptoms of OSA run an increased risk of developing heart
failure and OSA is associated with increased levels of BNP. Severe OSA during REM sleep
is associated with an early sign of atherosclerosis and reduced levels of proteins with anti-
inflammatory effects linked to atherosclerosis and metabolic regulation.
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Introduction

Dionysius, the son of Clearchus, who was the first tyrant of Heracleia, who
was himself afterwards tyrant of his country, grew enormously fat without
perceiving it, owing to his luxury and to his daily gluttony; so that on account
of his obesity he was constantly oppressed by a difficulty of breathing and a
feeling of suffocation. On which account his physicians ordered thin needles
to be run into his sides and chest whenever he fell into a deeper sleep than
usual.

Even though descriptions of what might be sleep apnea date back to 340
BC,' obstructive sleep apnea (OSA) is a relatively young diagnosis, not de-
fined until the mid-1960s.> Soon after, it was reported that treatment with
tracheostomy not only improved daytime sleepiness but also reduced sys-
temic and pulmonary blood pressure.’ In the following decade, epidemiolog-
ical studies started to report an association between the main symptom of
OSA, snoring, and cardiovascular disease.*” Since then, researchers have
attempted to determine the adverse effects of sleep-disordered breathing on
the cardiovascular system.

Initially, OSA was regarded as a condition that mainly affected men and
it was not until in the 1990s that women were also included in epidemiologi-
cal studies of OSA.°

Sleep and breathing

Sleep architecture and regulation

Both sleep and wake are actively generated states regulated by a complex
interaction of multiple neuroregulatory systems.

Sleep regulation is thought to be an interaction between two regulatory
processes, the circadian process (Process C) and the homeostatic process
(Process S).” The circadian regulation of sleep depends on the suprachias-
matic nucleus, the central circadian clock, and operates on a cycle of about
24 hours affected by light input from the retina and other zeitgebers. The
homeostatic drive to sleep, on the other hand, increases with an increasing
duration of wakefulness and it is also affected by the quality of the preced-
ing sleep. The drive to sleep might be mediated by an accumulation of aden-
osine and other sleep-promoting substances.”
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Sleep can be divided into rapid eye movement (REM) sleep and non-rapid
eye movement (NREM) sleep, with NREM further divided into stage 1,
stage 2 and stage 3 sleep with increasing sleep depth.” REM sleep, first de-
scribed by Aserinsky and Kleitman in 1953 and associated with vivid
dreaming,'® is characterised by a wake-like electroencephalography (EEG)
pattern, high sympathetic activity and the suppression of motor activity.'
Normal sleep consists of cycles of NREM and REM sleep that repeat
throughout the night. REM sleep, occupying about 20 per cent of total sleep
time, occurs at approximately 90-minute intervals during sleep, with longer
episodes at the end of the night.'” The functional role of REM sleep is not
fully understood, but it is thought to be important for learning and memory
consolidation."

The ascending reticular activating system (RAS) is thought to play a cen-
tral role in the regulation of wakefulness.'? In adults, sleep onset is normally
initiated through NREM sleep. NREM sleep onset is characterised by de-
creased ascending RAS activation, in combination with increased neural
activity in the ventrolateral pre-optic (VLPO) area, anterior hypothalamus
and basal forebrain. REM sleep is triggered by the activation of cholinergic
neurons in the laterodorsal and pedunculopontine tegmental nuclei, while the
suppression of motor activity in REM sleep is generated by the glutamate-
mediated activation of descending medullary reticular formation.'

Breathing during sleep

During eupnoea, normal quiet breathing, inspiration is generated by the acti-
vation of the diaphragm and external intercostal muscles, while expiration is
passive.”” The preBotzinger complex, located in the ventrolateral medulla, is
considered to be the respiratory rhythm generator in eupnoea. A second clus-
ter of respiratory neurons called the retrotrapezoid nucleus (RTN) is be-
lieved to regulate the generation of active expiration when necessary, e.g.
during exercise.

The neural groups involved in sleep-wake regulation mentioned above al-
so have descending projections to neurons of the respiratory network and
sleep onset is associated with a reduction in neural activity to respiratory
muscles and the upper airway muscles.'® The tidal volume and minute venti-
lation decrease at sleep onset and are lowest during REM sleep."” There is
also a reduction in chemosensitivity and slightly higher levels of PaCO, and
lower levels of PaO, during sleep."

Sleep-disordered breathing

Sleep-disordered breathing (SDB) is an umbrella term that describes respira-
tory disturbances that occur during sleep characterised by a narrow upper
airway or the loss of a normal respiration pattern during sleep. The most
common form of SDB is OSA, characterised by recurrent episodes of airway
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narrowing with airflow reduction (hypopnea) or upper airway collapse with
airflow cessation (apnea), despite continued respiratory effort.

In humans unlike in other mammals the hyoid bone, which is an im-
portant anchorage site for pharyngeal dilator muscles, is not rigidly attached
to any skeletal structures." This predisposes the human pharynx to upper
airway obstruction and, in the presence of other risk factors affecting upper
airway lumen size, the changes during sleep with a reduction in upper air-
way dilator muscle tone, in combination with a decrease in tidal volume,
could cause the pharynx to collapse causing an obstructive apnea.'®

When an obstructive apnea occurs, the hypoxia, hypercapnea and in-
creased negative pharyngeal pressure stimulate an arousal, the dilator muscle
tone increases and the airway is re-opened.'’

Obstructive sleep apnea

Definition

Obstructive sleep apnea (OSA) is defined as the presence of at least five
obstructive respiratory events (apneas, hypopneas or respiratory effort-
related arousals) per hour of sleep, in combination with signs, symptoms or
associated medical disorders (i.e. cardiovascular disease).' In the absence of
associated symptoms and disorders, OSA can be diagnosed in the presence
of 15 or more obstructive respiratory events per hour of sleep. The definition
of OSA has changed over time and much research is based on a definition
distinguishing OSA, defined solely on the presence of at least five obstruc-
tive respiratory events per hour of sleep, from obstructive sleep apnea syn-
drome (OSAS), defined as the combination of symptoms and at least five
obstructive respiratory events per hour of sleep."”

Pathogenesis and risk factors

Factors that narrow the pharyngeal airway lumen may contribute to the de-
velopment and progression of OSA. These factors include retrognathia, mac-
roglossia, an inferiorly positioned hyoid bone and tonsillar hypertrophy.'*
Obesity is a strong risk factor for OSA and this could be explained both by
fat deposition in the upper airway and by a reduction in lung volume also
predisposing to upper airway collapse.”’ In the Wisconsin sleep cohort, a
10% increase in body weight was associated with a six-fold increase in the
incidence of moderate to severe OSA.*'

Factors that affect the muscular tone in the pharynx, e.g. alcohol and age,
also increase the risk of upper airway obstruction.”*

It has been suggested that smoking is associated with an increased risk of
sleep apnea, with upper airway inflammation and overnight withdrawal from
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nicotine as hypothesised explanations. The evidence in favour of smoking as
a risk factor for OSA is, however, limited.*

In patients with heart failure or renal failure, oedema with fluid redistri-
bution from the legs to the pharynx during sleep might contribute to in-
creased pharyngeal resistance and upper airway collapsibility.'**’

Snoring is regarded as the main symptom of OSA, but it might also con-
tribute to the development of OSA.* The vibration from snoring causes
inflammation in the upper airway, resulting in upper airway neuropathy,
contributing to the development and progression of OSA.

The link to cardiovascular disease

There are a number of possible ways OSA may contribute to the develop-
ment of cardiovascular disease. The obstruction of the upper airway during
sleep with subsequent oxygen desaturation and hypercapnia leads to the
activation of the sympathetic nervous system and arousal.”® The repetitive
cycles of increased sympathetic activity during sleep cause sympathetic
over-activity that remains while awake and may contribute to the develop-
ment of hypertension.”®?’ This sympathetic over-activity is illustrated by
increased urine and serum catecholamine levels in OSA and with Continu-
ous Positive Airway Pressure (CPAP) treatment withdrawal®®** and, in ran-
domised controlled trials (RCT), CPAP therapy has been shown to reduce
catecholamine levels.”® Sympathetic over-activity in combination with the
effects of increased negative intrathoracic pressure has been suggested as a
trigger for cardiac arrhythmias.”'

OSA is regarded as a disease of low-grade inflammation and is associated
with increased levels of several inflammatory markers.”” This is mainly be-
lieved to be an effect of intermittent hypoxia activating the transcription
factors hypoxia-inducible factor-1 (Hif-1) and nuclear factor-kB (NF-kB),
which in turn increase the expression of several inflammatory proteins.” It
is possible that the inflammation and oxidative stress over time contribute to
the development of endothelial dysfunction and atherosclerosis.”*>® On the
other hand, most randomised controlled trials investigating the effect of
CPAP therapy on inflammatory markers have failed to show any reduction
with active CPAP therapy.’®*’ Confounding by age and obesity have been
suggested as factors that might in part explain some of the observed associa-
tions between OSA and inflammatory markers.

Obstructive sleep apnea also has momentary effects on the heart. Trying
to breathe against a closed airway causes an increase in myocardial work
and oxygen demand and delays the necessary increase in coronary blood
flow.”™ In combination with the hypoxia, this may lead to impaired cardiac
contractility.”® The negative intrathoracic pressure swings caused by the
apneas also cause an increase in venous return and filling of the right ventri-
cle, leading to right ventricle distension and a leftward shift of the interven-
tricular septum, resulting in impaired filling of the left ventricle.** This re-
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duction in preload, in combination with an increase in afterload, also a con-
sequence of the negative intrathoracic pressure, causes a reduction in stroke
volume and cardiac output.*' An association between OSA and heart failure
might be explained by the long-term impact of these effects.

In proteomic studies of clinic-based male study populations, changed lev-
els of proteins involved in the complement system, lipid metabolism, oxida-
tive stress, vascular pathways and acute phase response have also been re-
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Figure 1. Possible mechanisms by which obstructive sleep apnea might contribute
to the development of cardiovascular disease.

Prevalence

When defined as an apnea-hypopnea index (AHI) of >5, in combination with
excessive daytime sleepiness, the prevalence of obstructive sleep apnea is
about 6% in men and 4% in women, based on population based studies pub-
lished between 1993 and 2013.” The sole occurrence of an increase in AHI
is much higher. In a recent Swiss study, an AHI of > 15 was seen in 50% of
men and 23% of women.* This is also in accordance with data from the
Sleep and Health in Women (SHE) study, showing the prevalence of an AHI
of > 15 to be 20% in women.*®

In the Wisconsin Sleep Cohort Study in 1997 an estimated 82% of men
and 92% of women with moderate or severe OSA were not diagnosed clini-
cally.”” Even though awareness of OSA has increased since then, a large
percentage of those fulfilling the criteria for OSA are probably still undiag-
nosed.

Recent studies report a higher prevalence of OSA than earlier. This might
be explained by the increasing prevalence of obesity and by methodological
differences, but a change in scoring criteria also contributes.”**
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Symptoms

Symptoms of OSA often develop gradually over time and increase in associ-
ation with weight gain and ageing. OSA can be associated with a wide range
of symptoms including snoring, witnessed apneas, choking, nycturia, sweat-
ing, gastroesophageal reflux and disturbed unrefreshing sleep, together with
daytime symptoms such as excessive daytime sleepiness, fatigue, morning
dry mouth, morning headache, irritability and difficulty concentrating.

Snoring

The sound of snoring is generated by vibrations in the narrow, unstable
pharynx. The prevalence of habitual snoring in the general population ranges
from 9-50% in men and 4-17% in women.” As a single symptom, snoring is
a poor predictor of obstructive sleep apnea.”* Combining snoring with other
symptoms increases its ability to identify individuals with sleep apnea. The
combination of no snoring and no obesity makes a diagnosis of moderate to
severe OSA unlikely.** Snoring has also been used in combination with ex-
cessive daytime sleepiness as a proxy for OSA.>"*

Daytime sleepiness

Excessive daytime sleepiness (EDS) is regarded as one of the main conse-
quences of OSA, but the relationship between OSA and EDS is not fully
understood. In the Wisconsin Sleep Cohort Study, 16% of men and 23% of
women with an AHI of >5 reported EDS compared with 3% of men and
10% of women without snoring or sleep apnea.’ In randomised controlled
trials, the treatment of OSA with CPAP improves daytime sleepiness, sug-
gesting a causal relationship between sleep apnea and EDS.” On the other
hand, the correlation between AHI and measurements of EDS is weak, sug-
gesting that the individual susceptibility to EDS differs.**

The presence or absence of EDS has also been reported to be associated
with other consequences of SDB. In a cross-sectional analysis of the Sleep
Heart Health study, severe OSA with EDS was associated with hyperten-
sion, while severe OSA without EDS was not™ and Gooneratne ef al. report-
ed that SDB with EDS was associated with increased mortality, while SDB
without EDS was not.”® Young et al., on the other hand, reported that EDS
status had no impact on mortality risk in severe OSA.>’

The cause of EDS in OSA is believed to be multifactorial. Apneas and
hypopneas with subsequent arousals cause sleep fragmentation and a re-
duced deep-sleep percentage. The effect of intermittent hypoxia, interleukins
or comorbid conditions such as depression might also contribute.”®*’

Several scales for the measurement of subjective sleepiness exist. One of
the most widely used is the Epworth Sleepiness Scale (ESS) that evaluates
the tendency to doze off or fall asleep in eight different situations commonly
encountered in daily life.”” Each question is scored with 0-3 points, with a
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total score of 0-24 points. A sum of ten points or more is regarded as exces-
sive daytime sleepiness. There are also tests to measure objective sleepiness,
such as the Multiple Sleep Latency Test and the Maintenance of Wakeful-
ness Test. The American Academy of Sleep Medicine (AASM) recommends
the ESS for assessments of sleepiness severity in patients suspected of OSA
while objective sleepiness tests are not routinely indicated.*

Diagnostic procedures

The standard method for diagnosing OSA is polysomnography (PSG), in
conjunction with a comprehensive sleep evaluation.®’ Simplified sleep apnea
recording is often used instead of PSG in clinical practice. Both methods
measure cardiorespiratory functions during sleep, including measurements
of airflow, respiratory effort, oxygen saturation, heart rate and body position.
In contrast to the simplified sleep apnea recording, PSG also includes elec-
troencephalography (EEG), electromyography (EMG) and electrooculog-
raphy (EOG). This enables measurements of sleep architecture, with the
scoring of sleep stages and arousals, and correct assessment of sleep time.

The frequency of obstructive events is reported as the AHI, the mean
number of apneas and hypopneas per hour of sleep. Alternatively, the term
respiratory disturbance index (RDI), also including respiratory effort-related
arousals (RERAs), is sometimes used. Simplified sleep apnea recordings,
without sleep staging channels, might result in an underestimation of the true
AHL"

The definitions of apneas and hypopneas have varied over time. The
AASM manual for the Scoring of Sleep and Associated Events updated in
2017 recommends that an apnea should be scored when there is a reduction
in airflow of > 90% compared with baseline for >10 seconds and a hypopnea
should be scored when there is a reduction of > 30% compared with baseline
for > 10 seconds in association with either > 3% arterial oxygen desaturation
or an arousal.’

Treatment

The treatment of OSA is indicated to reduce symptoms such as daytime
sleepiness and to prevent accidents and cardiovascular disease. Possible
treatment options include lifestyle changes, positional therapy, mandibular
advancement devices (MAD), CPAP therapy and surgery. The choice of
treatment depends on OSA severity, risk factors, the presence or absence of
daytime sleepiness and other symptoms and on patient’s anatomy, weight
and own preferences.

CPAP, providing pneumatic splinting of the upper airway, is the most ef-
fective and well-studied treatment option.” It is indicated for the treatment
of moderate to severe OSA and can be considered for mild OSA, especially
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if the patient is obese or has drug-resistant hypertension or other comorbidi-
ties.* It is effective in reducing AHI and improving subjective daytime
sleepiness.”® In randomised controlled trials, it has also been shown to
have a modest yet significant effect on blood pressure.” The incidence of
adverse cardiovascular outcomes is lower in CPAP-treated OSA compared
with untreated in non-randomised studies,**® but randomised controlled
trials have failed to show any cardioprotective effect of CPAP treatment.’*®
Adherence to CPAP therapy has been reported to range from 40% to 84% in
different study populations.”

In patients with mild to moderate OSA, or when CPAP therapy is not tol-
erated, an MAD, which holds the mandible in an advanced position, could
be an alternative to CPAP.**"” An MAD reduces AHI and EDS compared
with placebo devices, but it is less effective than CPAP therapy.’' Short-term
compliance with MAD treatment ranges from 76% to 95%, but with time the
compliance decreases and about half the patients have been reported to still
be using their MADs after a few years.”' Compared with CPAP therapy, its
effects on cardiovascular morbidity are less well studied.®

Positional therapy can be a treatment option in selected patients who have
most of their breathing abnormalities in the supine position, while weight
loss and the avoidance of alcohol and sedatives before bedtime are regarded
as supplementary treatments. Surgical treatments, aiming to correct anatom-
ical abnormalities in the upper airway, are rarely first-line treatment in adult
OSA, but they could be an option when non-invasive treatments have failed
and in patients with mild OSA with severe obstructing anatomy that is surgi-
cally correctable, e.g. tonsillar hypertrophy.*

Association with cardiovascular disease

Obstructive sleep apnea is associated with an increased risk of cardiovascu-
lar disease,*"* all-cause mortality’">’* and cardiovascular mortality.””**"

One of the most well-established relationships is with hypertension. In
1997 in an OSA model in dogs, Brooks and colleagues saw a progressive
increase in nighttime and daytime blood pressure when mimicking obstruc-
tive apneas with tracheostomy with an opening and closing valve.”” More
recently, similar results have also been reported in experiments with healthy
humans; exposure to intermittent hypoxia during the night resulted in an
increase in daytime blood pressure and sympathetic activity.”” The associa-
tion between OSA and an increased risk of hypertension has also been
shown in epidemiological cross-sectional” and prospective’’ studies. The
association appears to be stronger at younger age.””° Blood pressure is
normally lower during the night than in the day, but OSA patients with hy-
pertension often have a non-dipping pattern with blood pressure remaining
at higher levels even during the night.®
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In observational studies, CPAP-treated OSA is associated with a lower
incidence of hypertension than in untreated OSA® and the results of ran-
domised controlled trials show an overall reduction in systolic blood pres-
sure of 2-3 mmHg and diastolic blood pressure of about 1 mmHg with
CPAP treatment.®” The effects depend on hypertension status and are more
pronounced in patients with uncontrolled hypertension.****

In patients with coronary heart disease, OSA has been associated with
nocturnal angina® and myocardial infarction is more likely to occur between
midnight and 6 am in patients with OSA than in patients without OSA.*
Untreated severe OSA has also been associated with an increased incidence
of cardiovascular events defined as the combined endpoint of stroke, myo-
cardial infarction, coronary artery bypass surgery or percutaneous translu-
minal coronary angiography,* but, in studies looking prospectively at coro-
nary heart disease as a separate endpoint, the association is less clear.”
Gottlieb et al. reported an association between severe sleep apnea and inci-
dent coronary heart disease only in men younger than 70 years.*

While an association with coronary heart disease remains unclear, more
and more evidence is emerging in favour of OSA as a risk factor for stroke.
In a meta-analysis of prospective cohort studies, Dong et al. reported that
OSA significantly increased the risk of developing stroke (RR =2.02, 1.40-
2.90)* and, in a randomised controlled trial, CPAP treatment in patients
with first-time ischaemic stroke and moderate to severe OSA significantly
improved cardiovascular survival.”” Secondary analyses in the SAVE and
RICCADSA trials revealed a reduced stroke incidence in patients compliant
with CPAP, although this was not seen in the intention-to-treat analyses.**®

A number of small clinical studies have reported an association between
OSA and signs of atherosclerosis defined as an increase in carotid intima
media thickness,*™ but in epidemiological studies, the association is less
clear.***" In the Sleep Heart Health study, there was no association between
RDI and carotid intima media thickness or carotid plaques after adjustment
for cardiovascular disease risk factors.”” The Wisconsin Sleep Cohort, on the
other hand, reported an association between AHI at baseline and carotid
intima media thickness and carotid plaques measured 13 years later also
after adjusting for confounders.”

OSA has also been recognised as a risk factor for atrial fibrillation.”
Gami et al. reported an increased incidence of atrial fibrillation in OSA pa-
tients younger than 65 years’ and, in a meta-analysis, OSA patients had a
25% greater risk of atrial fibrillation recurrence after catheter ablation than
those without OSA.” The CPAP treatment of OSA was reported to reduce
the risk of atrial fibrillation recurrence after catheter ablation in a non-
randomised clinical study.”

While obstructive sleep apnea is a prevalent finding in heart failure pa-
tients and is associated with a poorer prognosis,” it is less clear whether
OSA may play a role in the pathogenesis and progression of heart failure. In
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human cross-sectional studies, OSA is associated with increased odds of
experiencing heart failure’® and, in a canine model, Parker et al. reported a
reduced left ventricular ejection fraction after one to three months of un-
treated OSA.”” Echocardiographic studies of OSA have yielded somewhat
conflicting results,” but an association between moderate to severe OSA and
diastolic dysfunction has been reported in several studies.””'®™ In a cohort
study, Gottlieb et al. reported an association between OSA and future inci-
dent heart failure in men but not in women.*

Kita et al.'® reported increasing levels of Type B natriuretic peptide
(BNP), used clinically as a diagnostic and prognostic marker of heart failure,
during sleep in patients with OSAS and reduced BNP levels with CPAP
treatment, but subsequent studies have produced conflicting data, as a signif-
icant association between sleep apnea and natriuretic peptides has been re-
ported by some'*'* but not by others.'**'"!

Obstructive sleep apnea in women

OSA is more common in men than in women. In the general population, the
male-to-female ratio is about 2:1, but, in clinical populations, the male pre-
dominance is even higher.” It has been suggested that this might be ex-
plained by a different symptom profile in women,''> but, even when symp-
toms are similar at baseline, women are less likely to be diagnosed and treat-
ed for sleep-disordered breathing.'"

The reasons for the difference in OSA prevalence between men and
women are not fully understood. Anatomic differences, differences in risk
factor profiles and the effects of sex hormones might contribute.''* Women
have a smaller upper airway volume, which could be expected to be associ-
ated with a greater risk of apneas, but they also have a stiffer upper airway
with a shorter length. This might explain why the female airway appears to
be less disposed to collapse. Sex differences in body-fat distribution, with a
higher tendency towards upper-body and neck fat accumulation in men,
might also contribute.''* OSA increases with age and, in women, the preva-
lence of OSA is higher in postmenopausal women than in premenopausal.*’
Post-menopausal women display more risk factors for SDB, such as central
obesity, while there is little evidence of a direct link between menopause per
se and the prevalence of sleep apnea.'”

Polysomnographically, at the same AHI, women have a greater propor-
tion of hypopneas and fewer apneas than men.''® The obstructive events also
tend to be shorter and associated with less severe desaturations in women.
Women have a greater proportion of their apneas and hypopneas in REM
sleep. 17118

The evidence that OSA increases the risk of cardiovascular disease and
mortality is weaker in women than in men. Since women were not included
in epidemiological studies until the 1990s, are underrepresented in clinic-
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based studies and randomised controlled trials (RCT), have a lower preva-
lence and severity of OSA and, since cardiovascular disease often present
later in life in women, this might be explained by a lack of statistical power.
It has also been hypothesised that this might represent a true difference, that
women are less vulnerable to the effects of OSA.

Obstructive sleep apnea during REM sleep

REM sleep, occurring in about 20% of total sleep time,'"” with a higher con-
centration the hours before morning awakening,'* is thought to be important
for learning and memory consolidation."" REM sleep is associated with de-
creased upper-airway dilator muscle activity, increased upper-airway col-
lapsability'*' and a reduced hypoxic ventilator drive.'** As a result, apneas in
REM sleep are longer and are associated with deeper desaturations.'” REM
sleep is also a state of high sympathetic activity. Whether these sleep-state-
specific features result in different consequences of OSA during REM sleep
compared with OSA during NREM sleep is unclear, but it has been suggest-
ed that OSA during REM sleep might have more severe cardiovascular con-
sequences than OSA during NREM sleep. Table 1 summarises studies inves-
tigating sleep-disordered breathing divided by sleep stage in association with
cardiometabolic outcomes.

In studies of adult populations analysing REM OSA and NREM OSA
separately, REM OSA was associated with an increased risk of prevalent
and incident hypertension'**'* and incident non-dipping blood pressure,'*
while NREM OSA was not. In children, on the other hand, NREM AHI but
not REM AHI was associated with higher blood pressure in two cross-
sectional studies.'?”'*® The reason for this discrepancy is unclear; it might be
explained by the small number of children with moderate to severe OSA in
the two studies (AHI > 5: n=8 and n=30 respectively). Alternatively, it
might reflect a true difference between adult and childhood OSA.

The effects of SDB on glucose metabolism have also been reported to dif-
fer by sleep stage. REM sleep is associated with a decline in glucose levels,
but Bialasiewicz et al. reported that this decline was abolished by episodes
of SDB in REM sleep, while NREM SDB had no effect on glucose levels.'”
Chami et al. reported that REM AHI was associated with insulin resistance,
while NREM AHI was associated with fasting and postprandial glucose
levels."”” REM OSA has also been associated with an increased risk of prev-
alent" and incident'” diabetes and higher haemoglobin Alc (HbAlc) in
patients with diabetes.'*’
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In the HypnoLaus Sleep Cohort, an REM AHI of > 20 was associated
with increased odds of having the metabolic syndrome, but a significant
association between an REM AHI of > 20 and diabetes was only seen when
the study-population was restricted to participants with an NREM AHI or an
AHI of < 10."° Unlike most studies, a Japanese study of predominantly male
patients with OSA reported that NREM AHI, but not REM AHI, was associ-
ated with higher HbA1c and glucose levels."™

Only a few studies have investigated OSA during REM sleep in associa-
tion with other cardiovascular outcomes. Chen ef al. reported that severe
OSA during REM sleep (REM AHI > 32.3) was associated with left ventric-
ular diastolic dysfunction after adjustment for confounders, while AHI and
NREM AHI were not.'”> An association between REM AHI and arterial
stiffness, a sign of biological ageing and atherosclerosis, has also been re-
ported.”® In a study restricted to participants with an NREM AHI of < 5 in
the Sleep Heart Health Study, the adjusted hazard ratio for a composite car-
diovascular endpoint of fatal or non-fatal myocardial infarction, coronary
artery revascularisation, heart failure episode or stroke for REM AHI > 30
was 1.35 (95% confidence interval (CI) 0.98-1.85). In stratified analyses,
there was an association between an REM AHI of > 30 and the endpoint in
those with prevalent cardiovascular disease but not in those without."*’

There is no uniform definition of REM SDB. Some studies use the term
REM-related OSA, defined as an REM AHI/NREM AHI ratio of > 2. In
other studies, REM AHI is used as a continuous variable or with different
cut-offs, sometimes in combination with a maximum value of NREM AHI
or AHI. An association between OSA during REM sleep and cardiometabol-
ic disease appears to be most evident for severe OSA during REM sleep;
REM AHI > 15,**'? REM AHI > 20,'*>"** REM AHI > 30."*"7

Cardiovascular disease in women

Cardiovascular disease accounts for one third of all deaths and is the leading
cause of death globally."”” More women than men die of cardiovascular dis-
ease, but women develop cardiovascular disease later in life than men.'*’
This might be explained by both sex and gender differences.'*!

The exact effect of sex hormones on the cardiovascular system is not fully
understood and is controversial, but oestrogens appear to have protective
effects in premenopausal women.'** Early menopause is associated with an
increased risk of coronary heart disease but not stroke.'*

The risk factor profile and the relative importance of different risk factors
differ between men and women. Hypertension is less common in premeno-
pausal women compared with men of the same age and premenopausal
women have better lipid profiles than men.'*' The prevalence of diabetes is
higher in men than women, but, on the other hand, the risk of developing
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cardiovascular disease is greater in women with diabetes than in men with
diabetes.””'** Smoking is also associated with a greater risk of developing
cardiovascular disease in women than in men."* Globally, more men than
women smoke,"”” but in Sweden smoking is now more common in women
than in men.

Heart failure

Heart failure, affecting 1-2% of the adult population in the developed coun-
tries and > 10% of the population > 80 years of age is a clinical syndrome
that can have many different causes.'*> The European Society of Cardiology
defines heart failure as “a clinical syndrome characterised by typical symp-
toms (e.g. breathlessness, ankle swelling and fatigue) that might be accom-
panied by signs (e.g. elevated jugular venous pressure, pulmonary crackles
and peripheral oedema) caused by structural and/or functional cardiac ab-
normality, resulting in a reduced cardiac output and/or elevated intracardiac
pressures at rest or during stress”."*®

Globally, the incidence of heart failure is one to nine cases per 1,000 per-
son-years, depending on definitions and the population studied.'* In Swe-
den, the incidence has been estimated at 3.7 per 1,000 person-years in wom-
en and 3.9 per 1,000 person-years in men.'*’ About half of the patients are
dead within five years of diagnosis.'"’

The diagnosis of heart failure is based on symptoms and signs in combi-
nation with cardiac functional and structural alterations.'*® An electrocardio-
gram (ECG) and measurement of natriuretic peptides can be used as a first
diagnostic procedure and to decide which patients require echocardiog-
raphy.'*® Heart failure is divided into heart failure with a reduced ejection
fraction, heart failure with a normal ejection freaction and the newly defined
heart failure with a mid-range ejection fraction.'*® Heart failure with a nor-
mal ejection fraction, which is more common in women, has been less stud-
ied than heart failure with a reduced ejection fraction and no treatments have
been shown to reduce morbidity or mortality in patients with heart failure
with a normal ejection freaction.'**'*®

Causes of heart failure include hypertension, ischaemic heart disease and
valvular heart diseases.'*’ The risk of developing heart failure due to hyper-
tension is higher in women and hypertension is a more common aetiology of
heart failure in women than in men."** Women with ischaemic heart disease
also run a higher risk of developing heart failure than men, but the propor-
tion of heart failure caused by ischaemic heart disease is still lower in wom-
en than in men."*"'*

Sleep-disordered breathing occurs in more than one-third of women with
heart failure, with a higher prevalence with increasing age.'* Both central
and obstructive sleep apnea are associated with a poorer prognosis in heart
failure.” An association between OSA and an increased risk of heart failure
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has been reported in men, but it is unclear whether this is also true in wom-
en.*

Even though the recommendations for diagnosis and treatment do not dif-
fer between men and women, a diagnosis of heart failure is less frequently
based on echocardiography in women than in men and women are often
undertreated, even for treatments like cardiac resynchronisation therapy,
which has been shown to be more effective in women.'*""*’

Atherosclerotic cardiovascular disease

Premenopausal women have less atherosclerotic disease than men, but after
menopause the gender gap narrows.'*!

The diagnosis of acute myocardial infarction might be more challenging
in women. Central chest pain is the most common symptom of acute myo-
cardial infarction in both men and women, but atypical symptoms are more
common in women than in men."** Women also wait longer before seeking
medical care and unrecognised myocardial infarction is more common in
women, #4151

Prognosis and pathophysiology may also differ between men and women.
Young women diagnosed with an ST-elevation myocardial infarction have a
higher in-hospital mortality rate than men of the same age.'*' Female gender
is also associated with increased short-term and long-term mortality after
percutaneous coronary intervention.'”> On the other hand, in women with
acute myocardial infarction examined with a coronary angiogram, the ab-
sence of stenosis is more common than in men.'” Microvascular disease,
coronary artery spasm and coronary artery dissection are alternative mecha-
nisms of angina and myocardial infarction that are more frequent in
women."*! Attacks of coronary artery spasm often occur during the night and

are more common during REM sleep than during NREM sleep.'™*

Markers of cardiovascular disease

Natriuretic peptides

BNP and N-terminal pro-B natriuretic peptide (NT-pro-BNP) serve as diag-
nostic and prognostic markers of heart failure and inversely relate to left
ventricle ejection fraction.”” In community-based studies, elevated levels of
natriuretic peptides have also been reported to represent an increased risk of
cardiovascular events and death.”**"’

BNP has a diuretic and vasodilatory effect and is secreted by the cardiac
ventricles in response to volume expansion and pressure load.””® Hypoxia
and ischaemia have also been reported to induce BNP secretion.'”” Plasma
levels of B-type natriuretic peptides increase with age and are higher in
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women than in men. The levels are also affected by body mass index (BMI)
and glomerular filtration rate.'>

Carotid artery ultrasound

Atherosclerosis may progress silently for decades before resulting in a cardi-
ovascular event. An ultrasound of the carotid artery is able to detect athero-
sclerotic plaques and measure the thickness of the layers of the vessel wall.
The number of plaques and plaque volume are independent predictors of
future cardiovascular disease and mortality but develop late in the athero-
sclerotic process. Increased intima media thickness (CIMT) can be detected
earlier and is also associated with the risk of cardiovascular events.'®

Intimal thickening, caused by inflammation and recruitment of inflamma-
tory cells, occurs early in the atherosclerotic process. Recent studies suggest
that the measurement of the individual layers of the common carotid wall
with high-resolution ultrasound may be an even more sensitive way to detect
early signs of atherosclerosis and that the individual intimal thickness, as
well as the ratio between the intimal and medial thickness, correlate with
cardiovascular disease.'®'

Proteomics

The development of proteomic techniques, enabling the detection of multiple
proteins in small samples, offers new opportunities to detect markers of car-
diovascular stress. From classical technologies such as mass spectrometry,
flow cytometry and immunoassays, refined techniques, allowing high multi-
plexing with high sensitivity and specificity, have been developed. Immuno-
polymerase chain reaction (immuno-PCR) technology, first developed al-
most three decades ago, combines the high specificity of immunoassays and
the high sensitivity of PCR, but it is limited by the risk of non-specific bind-
ing. To overcome this problem, proximity ligation assays and proximity
extension assays have been developed.'®

Proximity extension assays (PEA) use matched antibody pairs attached to
single-stranded DNA sequences.'®'* Only when both antibodies bind to the
same protein do the matched DNA sequences hybridise and are extended by
a DNA polymerase. The created double-stranded DNA is then amplified by
PCR and quantified by quantitative PCR. This enables both high specificity
and a high degree of multiplexing without the risk of cross-reactivity.'®
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Aims

The overall aim of this thesis was to investigate associations between differ-
ent aspects of sleep-disordered breathing and cardiovascular disease in
women.

The specific aims of the four papers were to:

I analyse the possible association between obstructive sleep ap-
nea during the night and levels of BNP the following morning
in women

II investigate whether symptoms of obstructive sleep apnea, i.¢.
snoring and EDS, are able to predict incident heart failure in
women

III  investigate whether OSA during REM sleep is associated with
early signs of atherosclerosis, defined as increased intima thick-
ness, in women

IV investigate whether severe OSA and severe OSA during REM
sleep are associated with changed levels of inflammatory and
cardiac disease-related proteins in a population-based cohort of
women.
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Methods

I Baseline study of year 2000 I Follow-up study of year 2010

Register data of
incident heart failure

I Phase | I Random sample of women living in to end of 2011
Uppsala aged >20

I Questionnaire, response rate 71.6%, n= 7,051 I Questionnaire, response rate 80.4%, n=5,193
— n=6,455
Snoring “never” "rarely” Snoring “often” or Random sample
or "sometimes” "very often” P
n=6,299 n=518 <79 years of age
— ——
= Random sample n=127
n=170 <70 years of age n=

PSG, questionnaires,
Bloodsampling (proteomics),
anthropometric variables,
blood pressure, ECG, carotid
artery ultrasound

n=400

PSG, questionnaires,
bloodsampling,
anthropometric variables,
blood pressure, OGTT, ECG
n=400 n=273

Paper |

Figure 2. Study design. PSG=polysomnography, OGTT=oral glucose tolerance test,
ECG= electrocardiogram

Population

The population-based cohort study “Sleep and Health in Women” (SHE)
was initiated in April 2000, when a postal questionnaire was sent to random-
ly selected females aged > 20 years from the population registry of the City
of Uppsala, Sweden. The questionnaire included questions on snoring, sleep
disturbances, daytime symptoms, lifestyle factors, anthropometric variables
and medical history. The response rate was 71.6%, with a total of 7,051
women responding to the questionnaire.

Based on their answer to the question “How often do you snore loudly
and disturbingly?”, the participants were categorised as non-snorers (answer-
ing “never”, “seldom” or “sometimes”, n = 6,299) or snorers (answering
“often” or “very often”, n = 518). Of the total study population aged 70 years
and younger (n = 6,112), a random sample of 170 women from the entire
study population and a random sample of 230 snorers participated in the
second phase of the study. The second phase of the study, initiated in 2003,
included a whole-night polysomnography, questionnaires, anthropometric
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measurements, blood sampling, blood pressure measurements, an ECG and
an oral glucose tolerance test (OGTT). Women who were expected not to
manage to perform the ambulatory recordings because of severe somatic or
psychiatric disease were excluded.

In 2010, the first phase of the follow-up study was initiated when a new
questionnaire was sent out to all the women answering the baseline ques-
tionnaire. In the second phase of the follow-up study, initiated in 2011, the
participants in the second phase of the baseline study were asked to perform
a new polysomnography, as well as a carotid artery ultrasound, blood sam-
pling, anthropometric measurements, blood pressure measurements and an
ECG and to answer new questionnaires. Out of the 400 original participants,
273 accepted the invitation. An additional 127 women, randomly selected
from the participants answering the questionnaire in the follow-up study,
also participated in the second phase of the follow-up study.

Paper I is based on the second phase of the baseline study, with a total
study population of 349 subjects who had plasma BNP levels measured the
morning after the polysomnography.

Paper II is based on questionnaire data from the baseline study in combi-
nation with register data. All the women who were pregnant (n = 104), suf-
fered from heart failure (n = 27) or were receiving CPAP treatment (n=8) at
baseline were excluded, as well as women who had omitted to respond to
any of the questions on exposure variables or to any of the main confounding
factors of smoking, alcohol use or waist circumference, leaving a total study
population of 5,990 women.

Paper 111 is based on the women with a polysomnography at baseline who
also participated in the second phase of the follow-up study and underwent a
carotid artery ultrasound. Women with atherosclerotic disease at baseline,
CPAP treatment or less than 30 minutes of REM sleep were excluded, leav-
ing a final study population of 201 women.

Paper 1V is based on a subsample of the women in the second phase of
the follow-up study in which proteomic analyses were performed. The sub-
sample included all the women with severe OSA (AHI > 30 or oxygen de-
saturation index (ODI) > 30), all the women with asthma and a random sam-
ple of women with no (AHI < 5), mild (AHI 5 -< 15) and moderate (AHI 15-
< 30) OSA. One woman was excluded because of low-quality samples in
both the Inflammation panel and the Cardiovascular II panel, leaving a total
study population of 253 women.
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Measurements

Table 2. Measurements of sleep-disordered breathing, cardiovascular disease,
markers of cardiovascular disease and covariates in Papers I-IV

Paper I Paper 11 Paper 111 Paper IV
Measurements AHI, ODI4, Snoring and EDS REM AHI cate- AHI<I15 vs >30,
of SDB lowest & mean gories ODI3<15 vs >30,
saturation REM AHI <15
Additional: AHI Vs >30
Additional: AHI categories, ODI3
with different categories, mean
degree of desatu- sat, mean sat
ration during REM
sleep, % of TST
with sat < 90%,
apnea length
Cardiovascular BNP Incident heart Carotid artery Cardiac and
disease/marker failure intima thickness  inflammatory
proteins
Adjustments for 1) Unadjusted 1) Age 1) Age 1) Unadjusted
confounding 2) Age and BMI  2) 1+ waist 2) 1 +BMI, 2) Age, BMI,
3) 2+ BP, anti-  circumference, alcohol, smoking plate
hypertensive smoking, alcohol 3) 1+ 2+ BP,
drugs, creatinine  dependence LDL, CRP, DM
3) 142 + HT,

DM, previous
MI, menopause,
HRT, inactivity,
depressive symp-
tomes

SDB=sleep-disordered breathing, AHI= apnea-hypopnea index, ODI4=oxygen desaturation
index with desaturations of > 4%, EDS=excessive daytime sleepiness, ODI3= oxygen desatu-
ration index with desaturations of > 3%, TST=total sleep time, BMI=body mass index,
BP=blood pressure, HT=hypertension, DM=diabetes mellitus, MI=myocardial infarction,
HRT=hormone replacement therapy, LDL=low density lipoprotein, CRP=C-reactive protein

Polysomnography

The 400 participants in the second phase of the baseline study and in the
follow-up study underwent full-night polysomnography in their own homes
or at the patients’ hotel at the hospital. During the evening before the poly-
somnography, the participants arrived at the Sleep Laboratory at Uppsala
University Hospital, where the polysomnography equipment was set up. The
polysomnography was conducted using the ambulatory EMBLA system
(Flaga Inc., Iceland) with 16 channels: two electroencephalography leads
(C3-A2, C4-Al), two electrooculography leads, three electromyography
leads (sub mental, left and right anterior tibialis muscles), two airflow leads
(oronasal thermistor and nasal flow pressure sensor), two respiratory effort
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leads from piezoelectric belts (thoracic and abdominal), two electrocardiog-
raphy leads, one piezo vibration sensor for snoring, one oximeter lead and
one body position lead. Data were downloaded to the Somnologica review-
ing analysis software (Version 2.0; Flaga Inc.) and sleep was scored manual-
ly in 30-sec epochs according to the standard criteria of Rechtschaffen and
Kales.'” An obstructive apnea was defined as the complete cessation of
nasal and oral airflow lasting 10 sec or more with continuing abdominal and
thoracic movements. An obstructive hypopnea was defined as a > 50% re-
duction in both oronasal thermistor and nasal pressure for at least 10 sec,
compared with baseline, accompanied by abdominal and thoracic move-
ments, in combination with a desaturation of > 3% or an arousal. The apnea-
hypopnea index (AHI) was calculated as the mean number of apneas and
hypopneas per hour of sleep. The oxygen desaturation index (ODI) was de-
fined as the mean number of desaturations of > 4% per hour of sleep in Pa-
per I, while it was defined as the mean number of desaturations of > 3% per
hour of sleep in Paper III and IV. Central apneas were scored at the cessation
of both oronasal thermistor and nasal pressure for 10 sec without respiratory
movements. The REM AHI was calculated as the numbers of apneas and
hypopneas during REM sleep divided by the hours spent in REM sleep. In
addition, data on mean oxygen saturation, mean oxygen saturation in REM
sleep, lowest oxygen saturation, percentage of total sleep time with satura-
tion below 90% and AHI with different levels of accompanying hypoxia
were obtained from the polysomnography recordings.

Questionnaires

The baseline questionnaire in 2000 consisted of 109 questions. To assess
snoring and EDS, participants were asked to state how often they used to
“snore loudly and disturbingly?” and “fall asleep involuntarily for a short
period during the day, for example when there is a pause at work?”. In Paper
II, snoring and EDS were defined as answering “sometimes”, “often” or
“very often” (in contrast to “never” or “seldom”) to the respective question.
The women were then categorised into four groups; non-snorers without
EDS, snorers without EDS, non-snorers with EDS and snorers with EDS.
The baseline questionnaire was also used to identify co-variables and ex-
clusion criteria in Paper II. Subjects with heart failure or a previous myocar-
dial infarction at baseline were identified by questions about medical condi-
tions requiring either a regular medical check-up or for which they had been
admitted to a hospital in the past ten years. Women with hypertension or
diabetes were identified by either answering “yes” to the question “Do you
have high blood pressure?” or “Do you have diabetes?” or stating “hyperten-
sion” or “diabetes” to the questions about the medical conditions. The wom-
en were asked whether they had had any treatment for snoring with the mul-
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tiple choices of operation, CPAP or other treatment. The questionnaire also
included a question on current pregnancy.

BMI was calculated from self-reported height and weight. The women
were given a tape measure and instructions on how to measure their waist
circumference along with the questionnaire. The women also reported their
level of physical activity during leisure time on a four-point scale.'® In the
statistical analysis, the level of physical inactivity was defined as score 1:
spending most of the time watching television, reading and being sedentary
for most of their leisure time. Alcohol dependence was investigated using
the CAGE questionnaire'®” and participants answering “yes” to > two ques-
tions were defined as alcohol dependent. Based on six questions about smok-
ing habits, the participants were classified as never, former or current smok-
ers.'® Depression was assessed using the Hospital Anxiety and Depression
(HAD) scale.'” Based on 15 questions relating to menopausal and hormonal
status,'® the women were divided into premenopausal, postmenopausal or
postmenopausal on hormone replacement therapy (HRT).

In the second phase of the baseline study, the 400 participants completed
a second questionnaire, which included specific questions about hyperten-
sion, myocardial infarction, chronic heart failure, angina pectoris, stroke,
diabetes and current medication. Daytime sleepiness was assessed using the
Epworth Sleepiness Scale® and a value of 10 or more was regarded as ex-
cessive daytime sleepiness. Alcohol consumption was assessed with a ques-
tion in which the participants were asked to state how many units of different
kinds of alcoholic beverage they drank per week. Smoking was assessed
with questions identical to those in the baseline questionnaire. The baseline
data, co-variables and exclusion criteria in Paper I and Paper III are based on
the answers from this second questionnaire.

In the second phase of the follow-up study, the women also answered a
questionnaire including questions similar to those in the second phase of the
baseline study. The baseline data in Paper IV are based on the answers from
this questionnaire.

Laboratory analyses and anthropometric measurements

The morning after the polysomnography, the subjects returned to the hospital
while fasting. Blood samples were drawn and blood pressure was taken in
the right arm after 15 min of rest in a supine position. The participants’
height and weight were measured and their BMI was calculated. An electro-
cardiogram was taken to detect atrial fibrillation. The women had also col-
lected their urine during the night and, in the morning after the polysomnog-
raphy, the urine volume was measured.

The blood samples for glucose, C-reactive protein (CRP), creatinine, low-
density lipoprotein (LDL), follicle-stimulating hormone (FSH) and BNP, all
taken between 7 am and 9 am the morning after the polysomnography, were
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analysed at the Department of Clinical Chemistry and Pharmacology at Upp-
sala University.

The plasma levels of BNP were analysed using an immunoradiometric as-
say (Shionoria BNP, Shionogi, Japan). The lower detection limit was 4 ng/L
and a value of > 20 ng/L was regarded as elevated, in accordance with the
reference value of the method. Plasma BNP values are available for 349 of
the 400 women. This is due to a change in the analysis method for BNP at
the laboratory during the study period and problems obtaining blood from
some participants.

Based on the FSH levels, the women’s menopausal status was assessed
(Paper I11).""

Women without known diabetes also underwent an oral glucose tolerance
test and were then categorised as having diabetes, impaired glucose toler-
ance, impaired fasting glucose or no impairment of glucose
metabolism.'”"'"?

Blood samples for the proteomic analysis in Paper IV were drawn the
morning after the polysomnography in the follow-up study and stored at -
70°C until analysis. The proteomic analyses were performed at Olink Analy-
sis Service (Olink Proteomics, Uppsala, Sweden) using PEA technology.
Two panels, each measuring 92 proteins, were analysed: the Olink Proseek®
Multiplex Inflammation kit and the Olink Proseek® Cardiovascular IT ****°
kit. Data are presented as normalized protein expression (NPX) values, on a
log2 scale. Proteins with more than 90% of the values below the limit of
detection (LOD) were excluded from the analyses, leaving 78 proteins in the
Inflammation panel and 92 proteins in the Cardiovascular II panel. Proteins
with 20-90% of the values below the LOD (eight proteins in the Inflamma-
tion panel and three proteins in the Cardiovascular Il panel) were discretised
as detectable (above the LOD) or undetectable (below the LOD). For all
proteins with less than 20% values below the LOD, the values below the
LOD were imputed by replacing the missing value with the value of the
LOD. The samples were analysed on three different plates.

Register data

Register data, used in Paper II, were obtained from the Swedish National
Patient Register and the Swedish Cause of Death Register regarding all-
cause mortality and a diagnosis of heart failure (International Statistical
Classification of Diseases and Related Health Problems 10th Revision (ICD-
10) codes 150, 142.0 and 111.0) between 1 April 2000 and 31 December
2011. The Swedish National Patient Register contains all inpatient care in
Sweden and, since 2001, also outpatient visits but not primary care visits.
The registers list the diagnoses for which the patients have been treated, the
first being the principal cause of hospitalisation or outpatient visit. Since
studies have shown a higher validity for main diagnoses in the register than
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for secondary diagnoses (for heart failure, positive predictive value 95%
compared with 81.7%),'” only main diagnoses were included in the analysis.

Carotid artery ultrasound

In the second phase of the follow-up study, the women were examined with
high-resolution ultrasound (Collagenoson Minhorst Company, Meudt, Ger-
many) of the left common carotid artery, with separate measurements of the
intima and the media layers."®’ The examination was performed after 15
minutes of rest with the participant sitting in an upright position looking
straight ahead, using a broad-banded probe with 22MHz centre frequency.
The transducer was applied at the point of maximum pulsation of the com-
mon carotid artery in front of the sternocleidomastoid muscle and the near
carotid artery wall was identified. Point estimates of the artery wall were
obtained and means of 10 separate measurements were calculated and used
in the analysis. Measurements of the intima were made using the brightest
echoes from leading edge to far edge and the thickness of the media layer
was measured as the distance between the two brightest echoes.

Statistical analyses

Statistical analyses were performed using Stata 10.0, Stata 12.0, Stata 13.0
(Stata Corporation, College Station, TX) and R version 3.4.4.

To compare baseline data between groups, the unpaired t-test was used
for normally distributed variables, the Mann-Whitney U test for not normally
distributed variables and the chi-square test for categorical variables. Data
are presented as the mean + standard deviation (SD) for normally distributed
data, as the median (interquartile range (IQR)) for not normally distributed
data or as n (per cent (%)).

Associations between measurements of sleep-disordered breathing and
markers of cardiovascular disease were analysed using linear regression for
continuous dependent variables (Papers I, 11l and I'V) and logistic regression
for dichotomous dependent variables (Papers I and IV). The results from
regression analyses are presented as regression coefficients or odds ratios
(OR) with 95% confidence intervals (CI). In Paper IV, the p-values were
adjusted for multiple testing using the Benjamin and Hochberg method for
controlling the false discovery rate (FDR), setting the false discovery rate at
10%. The g-value is the FDR-adjusted p-value.

In Paper 11, Kaplan-Meyer curves were used to estimate heart failure inci-
dence and the association between the combination of snoring and EDS with
incident heart failure was analysed using Cox proportional hazard regression
analysis. The results are presented as hazard ratios (HR) with 95% CI. The
time at risk for each participant was calculated from the date of the baseline
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questionnaire to the date of the first-time heart failure diagnosis, date of
death or the end of the study period, whichever came first.

Possible confounders included in the regression models in Papers [-IV
were selected on the basis of existing literature, on the results of directed
acyclic graph (DAG) analyses,'” created at dagitty.net, and on the results in
previous papers. Table 2 summarises the covariates included in the regres-
sion models in Paper I-IV. A DAG used in Paper II is shown in Figure 3.

> exposure - outcome
ancestor of exposure - ancestor of outcome
I:l ancestor of exposure and outcome O unobserved (latent)
W= causal path #== biasing path
Minimal sufficient adjustment sets for estimating the total effect of SDB
on heart failure: Age, Alcohol, Obesity, Smoking

Alcohol
Physical inactivity f Obesity

Dyslipidemia
Smoking ysip

[\

{

|

Ischemic disease

Age

Heart failure
SDB |

| 2 vOC

N

Diabetes Hypertension

Figure 3. Directed acyclic graph (DAG) of proposed associations between sleep-
disordered breathing (SDB) and heart failure. According to this model, to assess the
total effect of sleep-disordered breathing on heart failure, adjustments for age, alco-
hol, obesity and smoking are needed. (created on dagitty.net).
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Ethics

The written informed consent of all participants was obtained and the Ethics
Committee at the Medical Faculty at Uppsala University approved the stud-
ies.
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Results

Table 3. Baseline characteristics of the participants in Papers I-IV

Paper I Paper 11 Paper 111 Paper IV
Population, n 349 5,990 201 253
Age 49.8+11.3 444 +16.8 498 +104 60.1 +10.7
BMI 26.5+4.9 24.0+4.1 26.1+4.1 272+4.8
AHI 7.6(3.1-17.8) 7.6(3.3-16.2) 12.6(4.1-24.8)
ESS 8.6+4.2 8.8+4.0 79+43
Current smoking, n (%) 73 (21.2) 1018 (17.0) 42 (21.1) 23 (9.1)
Hypertension, n (%) 55 (16.2) 655 (10.9) 25 (12.8) 69 (27.3)

Data presented as the means + SD for normally distributed data, as the median (IQR) for not
normally distributed data or as n (%). AHI= apnea-hypopnea index, BMI=body mass index,
ESS=Epworth Sleepiness Scale

Paper I

No sleep apnea, defined as an AHI of < 5, was seen in 34.7% of the women
(n=121), while 32.4% (n=113) had an AHI of 5-14.9, 22.1% (n=77) had an
AHI of 15-29.9 and severe sleep apnea with an AHI of > 30 was seen in
10.9% (n=38). There was a significant increase in mean BNP as the severity
of sleep apnea increased, from a mean value of 8.5 ng/L. among women with
a normal AHI to 18.0 ng/L in women with severe sleep apnea. A box plot
showing the distribution of BNP level in the AHI groups is presented in Fig-
ure 4.

There was an association between variables of sleep apnea and plasma
BNP, using a univariate linear regression model. For AHI and ODI, but not
for lowest or mean oxygen saturation, this association remained after ad-
justment for age, BMI, systolic blood pressure, antihypertensive drugs and
plasma creatinine (for AHI; coeff 0.117 (95% CI 0.03-0.21) and for ODI;
coeff 0.110 (95% CI 0.02-0.20) in the fully adjusted model).

Elevated plasma BNP levels (> 20 ng/L) were found in 29.8% of the
study population. Participants with elevated plasma BNP levels were signifi-
cantly older, had higher blood pressure and were more frequently on antihy-
pertensive medication, while there was no significant difference in BMI,
central obesity or levels of creatinine. OSA, defined as an AHI of > 5, was
more common in women with increased BNP, but there was no difference in
daytime sleepiness.

38



BNP ng/L .
o
O °
- [ ]
[ J
[ J
0
[ ]
o $
o [ J
s
s
o
| =
o -
<5 5-14,9 15-29,9 >30 AHI

Figure 4. Distribution of BNP by AHI group. The box is the 25th-75th percentile
(including 50% of the participants), the line in the box is the median, the whiskers
the 5th to 95th percentiles, and the dots the outliers.

There was a dose-response relationship between increasing severity of sleep
apnea, defined with either the AHI or ODI, and elevated BNP. This relation-
ship remained after adjustment for confounders. The results from logistic
regression models for AHI are shown in Table 4. Additional analyses of AHI
with different levels of hypoxia showed no clear associations with BNP after
adjustment for confounders.

Table 4. Results from logistic regression analysis with dependent variable BNP > 20

Adjusted for age, BMI,
systolic blood pressure,
Adjusted for age and antihypertensive drugs

Unadjusted BMI and plasma creatinine
OR (95% CI) p-value OR (95% CI) p- OR (95%CI) p-
value value
AHI <5 1.0 1.0 1.0

AHIS<15 27 (14-53) 0.002 22 1.1-44 0.023 22 (1.1-43) 0.027
AHI 15<30 44 (2.2-8.6) <0.001 3.0 14-63 0.004 3.0 (1.4-6.5) 0.004
AHI >30 6.8 (3.0-154) <0.001 49 19-12.6 0.001 4.6 (1.8—12.1) 0.004

AHI= apnea hypopnea index, BMI=body mass index
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Paper 11

The distribution of snoring and EDS in the study population is shown in
Figure 5. Snoring was reported by 25.5% (n=1,528) and EDS by 12.3%
(n=735). A combination of the two symptoms was reported by 4.1%
(n=246), while 66.3% (n=3,973) of the women had no symptoms of OSA.
Compared with the non-snorers without EDS, the snorers with EDS were
older and more often postmenopausal and on HRT. Physical inactivity was
more common among the women with the combination of snoring and EDS.
They also had a higher mean BMI and waist circumference and were more
often smokers. They had a higher prevalence of diabetes, hypertension and
depressive symptoms, while there was no difference in the prevalence of
alcohol dependence.

Of the total study population, 1.2% were diagnosed with heart failure dur-
ing a total follow-up of 11.8 years (mean 11.4 years). Among the women
with both snoring and EDS, 5.3% (n=13) developed heart failure compared
with 0.9% (n=36) in the reference group with neither snoring nor EDS (Fig-
ure 6).

Total study population n=5,990

Non-
| snorers
| with EDS
/ n=489

Snorers
without
EDS,

n=1,282

Non-snorers
without EDS
n=3,973

Figure 5. Distribution of sleep apnea symptoms in the study population.
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Figure 6. Incidence of heart failure in relation to follow-up time. EDS=excessive
daytime sleepiness

In Cox proportional hazard regression analyses, the combination of snoring
and EDS was associated with a higher rate of heart failure. After adjustment
for confounding by age, waist circumference, smoking and alcohol, women
with the combination of snoring and excessive daytime sleepiness had a two-
fold increase in the risk of incident heart failure (HR 2.2, 95% CI 1.1-4.2).
The association remained after further adjustments for hypertension, diabe-
tes, previous myocardial infarction, physical inactivity, depressive symp-
toms, menopausal status and hormone replacement therapy (Table 5).

Table 5. Snoring and excessive daytime sleepiness (EDS) as risk factors for incident
heart failure. Cox proportional hazards regression model adjusted for age, waist
circumference, smoking, alcohol dependence, hypertension, diabetes mellitus, previ-
ous myocardial infarction, menopausal status, HRT, physical inactivity and depres-
sive symptoms.

Incident heart failure

Exposure HR 95% CI p-value
Non-snorers without EDS 1.00

Snorers without EDS 0.84 041-1.71 0.63
Non-snorers with EDS 1.14 0.53-2.46 0.73
Snorers with EDS 2.17 1.07 - 4.40 0.032
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Paper III

Severe OSA during REM sleep (REM AHI>30) was associated with a thick-
er intima, while there was no association between severe OSA, defined as an
AHI of > 30 or an ODI > 30, and intima thickness (Table 6). The group with
severe OSA based on a whole night was, however, small (n=13) compared
with the group with severe OSA during REM sleep (n=58).

The association between severe OSA during REM sleep and intima thick-
ness remained after adjustment for age, BMI, alcohol and smoking and also
after further adjustment for possible intermediators (Table 7).

The association between severe OSA during REM sleep and intima thick-
ness also remained when trying to isolate the effect of OSA during REM
sleep by restricting the analysis to women with an overall AHI of < 15 and
an NREM AHI of < 5.

Table 6. Associations between measurements of obstructive sleep apnea and carotid
artery-intima thickness (mm). Mean values and results of age-adjusted linear re-
gression models.

Mean intima Linear regression model,
thickness (SD), age adjusted
mm

B-coeff (95% CI) p-value

AHI

0-4.9 n=69 0.084 (0.012)

5-14.9 n=70 0.089 (0.016) 0.004  (-0.002-0.009) 0.175
15-29.9 n=49 0.090 (0.016) 0.002  (-0.003-0.008)  0.401
>30 n=13 0.092 (0.018) 0.004  (-0.006-0.013)  0.438
ODI

0-4.9 n=100 0.085 (0.013)

5-14.9 n=65 0.091 (0.016) 0.006  (0.001-0.010)  0.023
15-29.9 n=24 0.090 (0.015) 0.002  (-0.005-0.009)  0.506
>30 n=11 0.091 (0.019) 0.003  (-0.006-0.013)  0.477
REM AHI

0-4.9 n=47 0.082 (0.010)

5-14.9 n=42 0.088(0.014) 0.006  (-0.001-0.012)  0.096
15-29.9 n=54 0.089 (0.015) 0.005  (-0.001-0.011) 0.117
>30 n=58 0.092 (0.017) 0.007  (0.0004-0.014)  0.038

AHI= apnea-hypopnea index, ODI=oxygen desaturation index with desaturations of > 3.
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Table 7. Associations between sleep apnea during REM sleep and intima thickness
(mm) after adjustment for confounders.

Adjusted for age, BMI, Adjusted for age, BMI, alco-

alcohol and smoking hol, smoking, systolic blood
pressure, LDL, CRP and dia-
betes

REM AHI B-coeff  (95% CI) p-value f-coeff (95% CI) p-value

5-14.9 0.006 (-0.001-0.013) 0.081  0.004 (-0.003-0.011)  0.239
15-29.9 0.006 (-0.001-0.012) 0.097  0.005 (-0.002-0.012)  0.158
>30 0.009 (0.002-0.016) 0.013  0.008  (0.001-0.016) 0.022

AHI=apnea-hypopnea index, BMI=body mass index, LDL=low-density lipoprotein, CRP=C-
reactive protein

Analyses of hypoxia measurements revealed no independent associations
with intima thickness, but mean apnea length was associated with a thicker
intima.

It has been suggested that OSA might be more harmful to the cardiovas-
cular system at younger age. Stratifying by age, an association between OSA
during REM sleep and intima thickness was only seen in those aged < 70
years (for REM AHI > 30 in the fully adjusted model < 70 years vs > 70
years; coeff 0.085 p=0.033 vs coeff 0.0004 p=0.983).

Paper IV

In unadjusted models, 57 proteins were associated with AHI, 56 proteins
with ODI and 64 proteins with REM AHI.

After adjustment for age, BMI and plate, there was no significant associa-
tion between AHI or ODI and any of the proteins. The top association for
both AHI and ODI was with Cystatin D (CST5) (for AHI coeff 0.31 (0.11-
0.50) p=0.0019 g=0.32, for ODI coeff 0.23 (0.04-0.43) p=0.018 q=0.72).

Severe OSA during REM sleep was still associated with decreased levels
of SIR2-like protein 2 (Sirt2), latency-associated peptide transforming
growth factor beta-1 (LAP-TGF-B;) and Axinl, after adjustment for age,
BMI and plate (Table 8).

Figures 7-9 summarise associations between different measurements of
severe sleep-disordered breathing and proteins after adjustment for age, BMI
and plate.

Stratifying by age, an association between protein levels and OSA during
REM sleep was only seen in those aged < 70 years (for REM AHI > 30,
adjusting for age and BMI < 70 years vs > 70 years: Sirt2 coeff -0.67
p<0.001 vs coeff -0.15 p=0.74, LAP-TGF-; coeff -0.29 p<0.001 vs coeff -
0.01 p=0.97, Axinl coeff -0.46 p<0.001 vs coeff 0.06 p=0.84).
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Table 8. Top associations of an REM AHI of > 30 with plasma proteins. Results
from linear regression models adjusted for age, BMI and plate. The ratio (high REM
AHI/low REM AHI )=2"coeff. The q-value is the FDR-adjusted p-value.

Regression  Ratio p-value q-value

coefficient
Sirt2 -0.60 0.66 0.00016 0.016
LAP-TGF-B; -0.23 0.85 0.00019 0.016
Axinl -0.37 0.77 0.0017 0.095
CD84 -0.20 0.87 0.0025 0.11
CD244 -0.17 0.89 0.0039 0.11
STAMBP -0.33 0.79 0.0040 0.11
ITGB1BP2 -0.46 0.73 0.0047 0.11
CASP-8 -0.29 0.82 0.0059 0.12
ST1A1 -0.57 0.67 0.0084 0.14
STK4 -0.38 0.77 0.0085 0.14

Sirt2=SIR2-like protein 2, LAP-TGF-B,=latency-associated peptide transforming growth
factor beta-1, CD84=SLAM family member 5, CD244=natural killer cell receptor 2B4,

STAMBP=STAM binding protein,

ITGB1BP2=melusin,

sulphotransferase 1A1, STK4=serine/threonine-protein kinase 4
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Figure 7. Associations between an AHI > 30 and plasma proteins after adjustment
for age, BMI and plate. The bars represent the ratio with a 95% confidence interval
and the p-value is presented.
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Figure 8. Associations between an ODI > 30 and plasma proteins after adjustment
for age, BMI and plate. The bars represent the ratio with a 95% confidence interval
and the p-value is presented.
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Figure 9. Associations between an REM AHI > 30 and plasma proteins after ad-
justment for age, BMI and plate. The bars represent the ratio with a 95% confidence
interval and the p-value is presented.

47



Discussion

The main findings are that, in a community-based sample of women, there is
a dose-response relationship between the severity of obstructive sleep apnea
during the night and levels of plasma BNP in the morning, that women with
symptoms of obstructive sleep apnea run an increased risk of developing
heart failure and that severe obstructive sleep apnea during REM sleep is
associated with early signs of atherosclerosis and decreased levels of pro-
teins with anti-inflammatory effects linked to the atherosclerotic process and
metabolic regulation.

£ Ssympathetic
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Sleep
fragmentation
Oxygen
desaturation
Negative
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SN Heart failure
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Figure 10. Graphic summary and explanatory model of the findings in Papers I-IV.
Obstuctive sleep apnea is associated with negative intrathoracic pressure swings and
causes increased myocardial work and oxygen demand, a reduction in preload and
increased afterload. In combination with the hypoxia, this might lead to impaired
cardiac contractility and contribute to the development of heart failure and elevated
levels of BNP. OSA during REM sleep is associated with longer apneas, deeper
desaturations, REM sleep fragmentation and a high sympathetic activity. These
features of REM OSA might explain why OSA during REM sleep, but not OSA
based on a whole night, was associated with decreased levels of anti-inflammatory
proteins and increased intima thickness.
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OSA and heart failure

The finding in Paper I that there is a relationship between the severity of
obstructive sleep apnea during the night and levels of plasma BNP in the
morning is in accordance with some previous studies,'*"'"*"'* while others
reported no association.'”"'® Most previous studies are clinic-based studies
of predominantly male study populations'®"'**'%!%7 or children,'”'* while
few other community-based studies on OSA and BNP existed when Paper |
was published.'”™ The subjects with OSA are generally leaner in the studies
reporting an association between OSA and BNP levels,'*"'*"* than in those
reporting no association.'””'” Since BNP is affected by BMI, with lower
levels in obese subjects,'” the cardiac stress caused by OSA might be more
difficult to detect with BNP in obese populations.

After Paper I was published, the relationship between OSA and NT-pro-
BNP has been investigated in a large cohort study where no association was
seen.'” This is in accordance with some previous studies of OSA and NT-
pro-BNP.'""" The reason for the discrepancy between the results for BNP
and NT-pro-BNP is unclear, but it might be related to differences in half-life
and stability between the active peptide, BNP, and its inactive split metabo-
lite, NT-pro-BNP.'"

In spite of the somewhat conflicting results regarding the association be-
tween OSA and natriuretic peptide levels, CPAP treatment has recently been
shown to reduce the levels of natriuretic peptides in patients with OSA in
both non-randomised studies'”'”® and also in a randomised trial.'” This was
not, however, true in a trial of minimal symptomatic mild to moderate OSA,
where no effect on BNP levels or cardiac functional parameters was seen
with CPAP treatment.'*’

The finding in Paper II that women from the general population with
symptoms of obstructive sleep apnea run an increased risk of developing
heart failure is in accordance with the results in Paper I and previous exper-
imental’’ and cross-sectional studies,”®””'%° but it differs from the results of a
study in the Sleep Heart Health cohort reporting an association between
OSA and incident heart failure in men but not in women.*® Interestingly,
since Paper II was published, the Sleep Heart Health cohort published anoth-
er study, with a study population consisting of participants that also partici-
pated in the Atherosclerosis Risk in the Communities study. In this study
population, OSA was associated with incident heart failure in women but not
in men in unadjusted models and with left ventricular hypertrophy in women
but not in men even after adjustment for confounders.'*'

Although definite conclusions about causality cannot be drawn, the re-
sults from Papers | and II indicate that the association between obstructive
sleep apnea and heart failure, first reported in men, also exists in women.
The levels of BNP seen in Paper I are low compared with the thresholds
used to diagnose heart failure clinically, but, even in asymptomatic individu-
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als without known cardiovascular disease, there is an association between
levels of BNP and future risk of cardiovascular events, heart failure and
death.'®

Intermittent hypoxia has been suggested as the main cause of long-term
cardiovascular consequences in OSA,'™ but the effect of obstructive sleep
apnea on the development and progression of heart failure is probably
caused by a combination of factors, where both the effect of repetitive epi-
sodes of negative intrathoracic pressure, increased sympathetic activity and
intermittent hypoxia contribute.'™ BNP is secreted from the cardiac ventri-
cles in response to cardiac wall stretch."” The dose-response association
between AHI and levels of BNP is most probably explained by negative
intrathoracic pressure swings during the apneic cycles causing pressure load
and volume expansion. In combination with hypoxia, this might in time lead
to impaired cardiac contractility” and the development of heart failure. In-
termediate mechanisms might also contribute. Non-dipping blood pressure
during the night has been associated with an increased incidence of heart
failure, even after adjustment for daytime blood pressure measurement.'®
The association between OSA and BNP levels and symptoms of OSA and
heart failure remained after adjustment for blood pressure or known hyper-
tension, but it is still possible that OSA promotes heart failure through non-
dipping nocturnal blood pressure that was not discovered with morning
blood pressure measurement.

The impact of daytime sleepiness on cardiovascular risk in OSA is the
subject of debate. In Paper I, only the combination of snoring and daytime
sleepiness was associated with an increased incidence of heart failure. This
could be because the combination of snoring and daytime sleepiness is a
better proxy for OSA than snoring alone, but, alternatively, it could indicate
an impact of daytime sleepiness on cardiovascular risk. In accordance with
the latter, an independent association between ESS and impaired cardiac
function has been reported in OSA'™ and a recent study reported an in-
creased risk of cardiovascular disease and heart failure in the excessively
sleepy OSA subtype.'® On the other hand, when heart failure is established,
individuals with the combination of heart failure and OSA have been report-
ed to be less sleepy than those with OSA without heart fajure."®® This is
thought to be a consequence of the high sympathetic tone in heart failure.'®

Heart failure is a condition with a poor prognosis. Five-year survival after
the diagnosis of heart failure is 50-60%."* Identifying risk factors and treat-
ing them might prevent the development of heart failure, although threating
risk factors is not always associated with risk reduction. While the treatment
of hypertension with anti-hypertensive medication reduces the risk of heart
failure, smoking cessation and most kinds of diabetic treatment have not
been shown to reduce the risk.'*® Whether treatment for OSA with CPAP
could help prevent heart failure remains to be investigated. In a randomised
controlled trial of patients with severe OSA, an improvement in diastolic
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function was seen with CPAP therapy.'”” However, in the SAVE trial, inves-
tigating the effect of CPAP on a composite endpoint of cardiovascular death,
myocardial infarction, stroke or hospitalisation for heart failure, unstable
angina or transient ischaemic attacks in patients with cardiovascular disease,
no risk reduction was seen with CPAP.%

Although heart failure patients with OSA have been reported to have a
poorer prognosis than those without sleep-disordered breathing’ "' it is also
unclear whether the treatment of coexisting OSA affects the prognosis in
established heart failure. In observational studies of patients with the combi-
nation of heart failure and OSA, CPAP compliance is associated with in-
creased hospitalisation-free survival'®® and, in randomised trials of heart
failure patients, treating OSA with CPAP was associated with improved left
ventricular ejection fraction'”'™ and reduced BNP levels.'”” CPAP also
reduces blood pressure and sympathetic activity, but no improvement in
terms of survival has been shown. Screening for OSA in heart failure pa-
tients has been suggested, but, since evidence of survival benefits is lacking,
there is currently no recommendation for screening in European
guidelines.'*

OSA during REM sleep and cardiovascular disease

In Papers III and IV, we found that severe OSA during REM sleep was asso-
ciated with an early sign of atherosclerosis and changes in the levels of pro-
teins involved in metabolic regulation and atherosclerosis. These results
suggest that, even though REM sleep only accounts for about 20% of total
sleep time, OSA during REM sleep might have negative effects on the cardi-
ovascular system.

These results are in accordance with several recent studies.
Severe OSA during REM sleep has been associated with hypertension,
diastolic dysfunction,'” the metabolic syndrome"® and cardiovascular in-
sults.”” Some studies reported that OSA during REM sleep had a greater
impact on the outcome than OSA during non-REM sleep, 2% 24126:129-131.133-133
while others only investigated the effect of OSA during REM sleep.'**"*’
Since NREM accounts for about 80% of total sleep time, a greater impact of
OSA during NREM on cardiovascular outcomes could be expected. Howev-
er, very few studies have found an association between OSA during NREM
sleep but not during REM sleep and cardiometabolic outcomes.'*”'**!** The
greater impact of OSA during REM sleep might be explained by longer ap-
neas with deeper desaturations in REM sleep or might be related to the nega-
tive effects of REM sleep fragmentation.

Few other studies have investigated the association between OSA during
REM sleep and atherosclerotic disease. Lin et al. reported that REM AHI
was associated with arterial stiffness'> and, in patients with cardiovascular

120,124-126,129-135
124-126
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disease, severe OSA during REM sleep was associated with an increased
risk of cardiovascular insults."’

The association between OSA during REM sleep and signs of atheroscle-
rosis might be explained by the activation of inflammatory pathways that
over time contribute to the development of atherosclerosis. Decreased levels
of Sirt2, LAP-TGF-B, and Axinl might be a part of this altered inflammatory
state, although it is only possible to hypothesise about the exact mechanisms.
The NF-kB pathway is activated in OSA, causing an increase in the expres-
sion of several inflammatory proteins.> Sirt2 has been shown to exhibit anti-
inflammatory effects by inhibiting NF-kB activity.'”® LAP-TGF-p, is also an
anti-inflammatory protein and decreased serum levels of TGF-B; have been
correlated to clinical atherosclerosis,’”’ while Axinl has been reported to
facilitate TGF-B signalling.'”® Intermittent hypoxia, the activation of the
sympathetic nervous system and REM sleep fragmentation are all possible
ways that OSA during REM sleep could cause decreased levels of Sirt2,
Axinl and LAP-TGF-f;.

The importance of obesity as a major contributor to the increased risk of
cardiovascular disease seen in OSA is illustrated by the results in Paper IV,
where the vast majority of the associations between sleep-disordered breath-
ing and protein levels were no longer significant after adjustment for BMI.
Obesity is a state of low-grade inflammation and is associated with changes
in the levels of adipokines like leptin. Leptin has also been reported to be
increased in OSA,"” but in our study the association between AHI and leptin
(coeff 0.53 p<0.001 for AHI>30) was explained by obesity (coeff 0.08
p=0.359 for AHI>30 after adjustment for BMI). Interestingly, for the pro-
teins significantly associated with OSA during REM sleep after adjustment
for confounding, OSA during REM sleep and BMI had the opposite effect
on protein levels, suggesting a mechanism separate from obesity.

It has been suggested that OSA might be more harmful to the cardiovas-
cular system at younger age. Punjabi et al. reported that, in age-stratified
analyses, OSA was only associated with increased mortality in those young-
er than 70 years” and Gottlieb reported an association with myocardial in-
farctions only in men aged < 70 years.*® In accordance with this, if stratify-
ing by age, an association between protein levels and OSA during REM
sleep was only seen in those aged < 70 years. The same pattern was also
observed for intima thickness. These results should, however, be interpreted
with caution since the group of women older than 70 years was small (Paper
III n=26, Paper IV n=31) and we might not have enough power to detect an
association in this subgroup.
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Methodological considerations

The SHE study is a well-characterised cohort based on a sample from the
general population. In Papers I, III and IV, we used PSG, the gold-standard
diagnostic method for OSA, to assess sleep-disordered breathing. The meas-
urements of the dependent variables were also assessed with well-established
laboratory techniques (Paper 1), register based diagnoses with high validity
(Paper II), high-resolution ultrasound measurement (Paper III) and a high
quality proteomic technique (Paper IV). However, the studies also have sev-
eral limitations.

While Papers I, III and IV are based on PSG-verified OSA, the exposure
variable in Paper II is based on self-reported symptoms. The combination of
snoring and EDS is a somewhat crude proxy for OSA. Validation of its abil-
ity to identify women with an AHI of > 15 showed a sensitivity of 85% and
a specificity of 37%.

Because of the cross-sectional design of Papers I, III and IV, conclusions
on causality cannot be drawn. Based on the dose-response relationship be-
tween OSA and BNP levels, we speculate that OSA causes an increase in
BNP, but, in heart failure patients, fluid shift from the legs to the neck during
the night might cause pharyngeal narrowing and contribute to the appearance
of obstructive events. On the other hand, the levels of BNP in our healthy
population-based cohort were low compared with those seen in established
heart failure with oedema and excluding women with known heart failure
did not change the results. In Paper III we had no carotid ultrasound at base-
line and we cannot be certain that the intimal thickening did not precede the
occurrence of OSA during REM sleep, even though we attempted to address
this issue by excluding women with known cardiovascular disease. There is,
however, no plausible biological explanation as to why atherosclerosis
would contribute to OSA during REM sleep.

The associations between SDB and biomarkers that was seen in Papers I,
I and IV do not necessarily translate into an increased risk of heart failure
or cardiovascular disease. They do, however, illustrate the cardiovascular
stress and point toward possible mechanisms by which SDB could contribute
to cardiovascular disease. The prospective design in Paper 11, with a register-
based diagnosis of heart failure as the endpoint, strengthens the evidence of
OSA as a risk factor for heart failure. To address the problem of possible
reverse causation caused by undiagnosed heart failure at baseline, sensitivity
analyses excluding heart failure diagnoses within the first year of follow-up
were performed.

In Paper IV, multiple proteins were studied. We adjusted for multiple test-
ing, but the findings should ideally be confirmed in an independent cohort
and with absolute quantification. In the absence of a confirmatory cohort, the
results should be regarded as hypothesis generating. Nonetheless, even
though the decreased levels of Sirt2, LAP-TGF-f; and Axinl need to be
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further confirmed, the pattern of a greater impact of OSA during REM sleep
on protein levels than for OSA based on a whole night highlights the signifi-
cance of OSA during REM sleep.

We chose confounding variables based on literature research and DAG
analyses, but there is a risk of residual confounding. Obesity is the most
important risk factor for OSA and it is also an important risk factor for car-
diovascular disease. The best way to adjust for obesity to avoid residual con-
founding is the subject of debate. We used BMI in Papers I, III and IV,
while, in Paper II, we used waist circumference, as self-reported waist cir-
cumference, measured with a tape measure that was sent to the women along
with the questionnaire, was expected to give a more satisfactory measure-
ment than BMI based on self-reported weight. However, European guide-
lines on cardiovascular disease prevention conclude that both BMI and waist
circumference are similarly strong and continuously associated with cardio-
vascular disease and type II diabetes'* and using self-reported BMI instead
of waist circumference in Paper II did not change the results.

Smoking is an important risk factor for cardiovascular disease and is
thought to be a risk factor for OSA, although this remains to be proven. We
adjusted for smoking in Papers II and IIl. Smoking had, however, no real
impact on the results and was not included as a confounder in Paper IV.

The difference between a confounder and an intermediator is not always
clear. The inclusion of hypertension, diabetes and other cofactors that might
not be confounders but intermediators in the multivariable models increases
the risk of type II errors. In Papers II and III, we created separate models
also considering the effect of intermediators, but these models might under-
estimate the true effect of the exposure variable on the outcome.

The cohort is based on a random sample of women from the general pop-
ulation, thereby minimising the risk of selection bias. There is, however,
always a risk of non-participation introducing bias.

General discussion

The pathophysiology of OSA is seemingly simple — repeated episodes of
complete or partial obstruction of the upper airway during sleep causes ap-
neas and hypopneas. From this perspective, the AHI, quantifying the number
of apneas and hypopneas per hour of sleep, is a reasonable measurement of
OSA. However, to fully reveal the consequences of OSA, mediated by the
disruption of functions essential for human life, like sleep and oxygenation,
factors other than the number of apneas and hypopneas per hour of sleep
might need to be taken into consideration. While the evidence for SDB as an
independent risk factor for cardiovascular and metabolic disease has in-
creased rapidly in the last decade, the usefulness of the AHI as the sole
measurement of OSA has been increasingly questioned. The inability of the
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AHI to fully reflect the impact that sleep apnea might have is illustrated by
the weak association between the AHI and daytime sleepiness,” by the find-
ing that an OSA severity classification that also accounted for the duration of
the apneas and the area of desaturations was a better predictor of cardiovas-
cular mortality than the AHI*® and by the findings in this thesis and other
studies that the impact of sleep apnea might differ by sleep stage.

Identifying factors other than the overall AHI that have a prognostic im-
pact would also have consequences for treatment. Even though CPAP treat-
ment adherence is often defined as CPAP use for at least four hours a night
on 70 per cent of nights,”®' RCTs have failed to show any cardioprotective
effect of CPAP for three to four hours a night.*® Since REM sleep increas-
es through the night, with the highest concentration during the hours before
awakening, treatment for three to four hours a night leaves much of OSA
during REM sleep untreated. It is possible that an improved cardioprotective
effect could be obtained with longer CPAP usage that covers REM sleep
more effectively. This is supported by secondary analyses in RCTs.*"%®

Appart from the question regarding what is harmful about SDB, it is also
important to answer to whom it is harmful. The impact of gender and age on
cardiovascular risk in OSA is still not fully understood. Fortunately, the gap
in knowledge regarding the effects of SDB in women has been increasingly
recognised in the past few years and more studies with female participants or
stratified by gender have been published. As a result, we now know that the
association with hypertension first reported in men also exists in women,
that CPAP treatment lowers blood pressure in women as well*” and that
CPAP treatment is associated with improvements in EDS and mood in wom-
en.”” While the results of early studies including few women led to the in-
terpretation that SDB might not be as harmful in women, recent studies re-
port the opposite, that OSA is associated with cardiovascular events in wom-
en® and that the effects of SDB on the cardiovascular system might be even
more pronounced in women than in men."*"***** In spite of this, in RCTs
investigating the effects of CPAP treatment, women are underrepresented.
The fact that women have a greater proportion of their apneas and hypop-
neas during REM sleep, with a greater concentration during the second half
of the night, might also require alternative study designs to truly assess the
effect of OSA treatment on cardiovascular endpoints in women.

Future perspectives

While the results from Papers I & II strengthen the evidence that the associa-
tions between OSA and heart failure that have previously been reported in
men also exist in women, the findings in Papers III and IV are novel and the
question of whether there is an association between OSA during REM sleep
and atherosclerosis or decreased levels of Sirt2, LAP-TGF-B; and Axinl in
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men needs to be investigated. It is possible that OSA during REM sleep is a
more important risk factor in women, as women have a larger percentage of
their apneas and hypopneas during REM sleep. The Men in Uppsala; a Study
of sleep, Apnea and Cardiometabolic Health (MUSTACHE) study, with men
matched by age and BMI to the participants in SHE, will provide an oppor-
tunity to address these questions and to study gender differences in sleep
apnea.

There is real need to redefine OSA. With the current definition, the preva-
lence of OSA is very high in the population in general and even more so in
patients with cardiovascular disease, while the AHI gives little information
about which patients run the greatest risk of OSA-related consequences and
will benefit the most from treatment. Future studies also have to consider the
impact of measurements other than the AHI on symptoms and health out-
comes. In addition to sleep stage-dependent OSA, algorithms also consider-
ing the lengths of the apneas and the depths of the desaturations might pro-
vide more accurate measurements of the impact of sleep apnea.

While we are far from identifying biomarkers that can help us diagnose
OSA, biomarker studies are needed to reveal the pathophysiological mecha-
nisms linking OSA to cardiometabolic disease. Biomarkers might also be a
future tool to identify individuals running an increased risk of cardiovascular
consequences. Established cardiovascular disease markers like natriuretic
peptides and troponins would be the first-hand choice, with some studies
already examining their potential to predict cardiovascular risk in OSA."
Newer biomarkers might add additional information. Few studies so far have
investigated associations between SDB and sirtuins. Since sirtuins are in-
volved in metabolic'”® and circadian regulation,”® they offer an intriguing
possible link between SDB and cardiometabolic dysregulation that deserves
to be studied in greater detail. There are seven human sirtuins and so far only
two have been investigated in relation to SDB.*"’

The emerging body of evidence on the importance of OSA during REM
sleep also calls for differently designed treatment studies to investigate the
effect of effective treatment during REM sleep on cardiovascular events or
markers of cardiovascular disease. A randomised CPAP withdrawal trial,
investigating the effect on cardiovascular biomarkers of CPAP withdrawal
for a few weeks in patients with severe OSA during REM sleep and good
CPAP compliance, could be the first step.

The significance of daytime sleepiness for OSA prognosis and conse-
quences also deserves further investigation. The Swedevox project, with data
on more than ten thousand CPAP-treated patients with the ESS at baseline
and follow-up and register data from the Swedish National Patient Register
and the Swedish Cause of Death Register, provides a good opportunity to
study this.
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Conclusions

In a community-based sample of women

I

II

II

v

There is a dose-response relationship between the severity of
obstructive sleep apnea during the night and levels of plasma
BNP in the morning that cannot be explained by known con-
founding factors

Those with the combination of snoring and daytime sleepiness,
symptoms of obstructive sleep apnea, run an increased risk of
developing heart failure

Severe obstructive sleep apnea during REM sleep is associated
with early signs of atherosclerosis with a thicker carotid intima

Severe obstructive sleep apnea during REM sleep is associated
with decreased plasma levels of Sirt2, LAP-TGF-B; and Axinl,
proteins with anti-inflammatory effects involved in numerous
cellular functions, in metabolic regulation and in the atheroscle-
rotic process. For OSA based on a whole night the associations
with cardiac and inflammatory proteins are weaker and are to a
large extent explained by age and BMI.
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Sammanfattning pd svenska

Obstruktiv somnapné betraktades ldnge som ett tillstind som framfor allt
drabbar mén, men senare studier har visat att det i allra hogsta grad dven
drabbar kvinnor. Somnapné leder till dagsomnighet och sinkt livskvalitet
och allt fler studier visar att somnapné ocksd dr en riskfaktor for hjart-
karlsjukdom. Eftersom somnapné lange betraktades som en manlig sjukdom
ar en stor del av befintliga studier gjorda pa mén, medan vi vet mindre om
vilka konsekvenser sdmnapné kan ha hos kvinnor.

Aven om vi nu vet att andningsstorningar under sémnen ir associerade
med en Okad risk for hjart-kdrlsjukdom vet vi dnnu forhéllandevis lite om
vad det 4r med dessa andningsstérningar som &ar skadligt och vilket eller
vilka métt pa andningsstorningarna som bést forutspar risken att drabbas av
hjart-kérlsjukdom. Andningsuppehéllen dr associerade med aterkommande
sdankningar i blodets syresattning, fragmenterad sdmn och 6kad aktivitet i det
sympatiska nervsystemet. Att forsoka andas mot en sluten luftvidg medfor
ocksa stora tryckfordndringar i brostkorgen. Alla dessa faktorer skulle poten-
tiellt kunna bidra till den 6kade risken for hjart-karlsjukdom.

Somnen kan delas in i REM-sémn, dven kallad drémsémn, och i non-
REM-somn. Det finns studier som talar for att andningsstorningar under
REM-somn skulle kunna vara mer skadligt dn andningsstorningar under
nonREM-somn.

Syftet med denna avhandling var att undersoka samband mellan olika
matt pa somnrelaterade andningsstérningar och tecken pé hjart-karlsjukdom
hos kvinnor.

Alla delarbeten dr baserade pa ”Somn och hélsa hos kvinnor” (SHE-
studien), diar 7051 kvinnor bosatta i Uppsala har svarat pa fragor om sémn
och hilsa forsta gdngen ar 2000. 400 av dessa kvinnor undersoktes sedan
med nattlig andnings- och somnregistrering (polysomnografi) for att detek-
tera somnrelaterade andningsstorningar. Frageformuldr och undersokningar
upprepades sedan tio ar senare.

Studie I undersokte sambandet mellan somnapné under natten och nivéer
av hjartsviktsmarkoren B-typ natriuretisk peptid (BNP) i blodet efterfoljande
morgon hos 349 kvinnor.

Studie II inkluderade totalt 5990 kvinnor och jamforde risken att insjukna
i hjartsvikt hos kvinnor med de tva huvudsymptomen pa somnapné, snark-
ning och dagsémnighet, med risken hos kvinnor som inte hade dessa symp-
tom under en uppfoljningstid pa drygt 11 ar.
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I studie III undersdktes sambandet mellan somnapné under REM-s6mn
och tecken pa ateroskleros. 201 kvinnor, som inte hade ndgon kédnd hjart-
kérlsjukdom ndr de genomgick polysomnografin, undersoktes ca 10 ar se-
nare med ultraljud av halspulsadern. Tjockleken pa blodkérlets innersta la-
ger, intiman, anvandes som en markor for ateroskleros.

Studie IV undersokte sambandet mellan svar sdmnapné, svar somnapné
under REM-s6mn och nivéerna av 170 olika proteiner hos 253 kvinnor.

Studie I och II visade att det finns ett samband mellan sdmnapné under
natten och nivaer av hjartsviktsmarkoren BNP efterfoljande morgon och att
kvinnor med kombinationen dagsomnighet och snarkning, typiska symptom
vid sdmnapné, har en fordubblad risk att drabbas av hjartsvikt jamfort med
dem som inte snarkar eller 4r dagsomniga. I studie III och IV fann vi att svar
somnapné under REM-sdmn, med mer &n 30 andningsstorningar per timmes
REM-somn, &r associerat med tecken pa ateroskleros och med minskade
nivaer pa tre av de undersokta proteinerna: Sirt2, LAP-TGF-B; och Axi