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Sleep apnoea, hypertension and vascular
disease: where are we now?

B. Buyse*, J. Hedner” and the participants of working group 2'

ABSTRACT: The objective of the present article was to explore the relationship between
obstructive sleep apnoea (OSA) and hypertension (HT) and/or arterial vascular disease (VD),

including stroke and ischaemic coronary disease.

Epidemiological and interventional studies on these relationships provide compelling evidence
that OSA is causally related to HT. The causal relationship between OSA and VD other than HT has

not been firmly established.

A number of pathophysiological mechanisms that could potentially provide a causal link
between obstructive sleep apnoea and hypertension, as well as vascular disease, have been
identified. Available data on such mechanisms include sustained daytime sympathetic activation,
oxidative stress, promotion of vascular inflammation and endothelial dysfunction.
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he objective of the present article is to
I explore the relationship between obstruc-
tive sleep apnoea (OSA) and hypertension
(HT) and/or arterial vascular disease (VD). The
relationship between OSA and cardiac failure
will not be addressed, nor will the link between
OSA and mortality; these topics will be
addressed in other articles [1, 2] in the current
issue of the European Respiratory Review (ERR).
The first section of the present article will deal
with clinical epidemiological and intervention
data on the relationship between OSA and HT/
VD. The second section deals with the biological
plausibility of the association in more detail and
will discuss some important recent research
papers in the area.

OSA IS AN INDEPENDENT AND
MODIFIABLE RISK FACTOR FOR HT/VD:
CLINICAL DATA

A large number of studies have shown that OSA
is over-represented in patients with HT/VD.
Conversely, the prevalence of HT/VD is higher
than expected in patients with OSA; however, the
establishment of OSA as an independent risk
factor for HT/VD has been a challenge, as obesity
is a risk factor for both OSA and HT/VD.

In order to quantify the influence of concomitant
obesity in OSA-induced HT and VD, large cross-
sectional and longitudinal epidemiological stu-
dies are needed that adequately control for
obesity. Such studies are currently available, but
it is worth noting that, reciprocally; “obesity
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researchers have largely ignored the possibility
that results attributed to obesity may be due to
OSA” [3].

Other studies have established the OSA-HT
association by administration of CPAP to miti-
gate OSA and thereby to induce changes in HT
and VD. Randomised, controlled interventional
trials (RCTs) using these approaches will be
reviewed.

Substantial literature exists suggesting that
OSA contributes to systemic hypertension
Several large cross-sectional studies, most impor-
tantly the Sleep Heart Health Study [4] and the
Wisconsin Sleep Cohort Study [5] have provided
strong evidence that OSA is an independent risk
for HT.

The Sleep Heart Health Study [4], which enrolled
>6,000 individuals (all subjects were >40 yrs old
and 47% of the subjects were >65yrs old)
undergoing an unattended home polysomnogra-
phy, identified an independent association
between OSA and HT. Although the impact of
OSA on hypertension was modest, there was a
dose dependency, as the HT prevalence
increased along with an increased severity of
OSA. The adjusted odds ratio (OR) was 1.37 for
patients with an apnoea/hypopnoea index
>30 events-h™ compared with those without
apnoea problems (fig. 1). The Wisconsin Sleep
Cohort Study [5], a cross-sectional study of
>1,000 patients (including a younger population,
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SLEEP APNOEA, HT AND VD

mean age 46 +8 yrs) undergoing an in-laboratory polysomno-
graphy, revealed an even stronger adjusted OR of 3.1 (fig. 1) [5].
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FIGURE 1. Fully adjusted odds ratio (OR; relative risk) for hypertension
compared with the reference group (M) for a) the Sleep Heart Health Study
(n=6,132; cross-sectional data) [4], b) the Wisconsin Sleep Cohort Study
(n=1,060; cross-sectional data) [5], and c) the Wisconsin Sleep Cohort Study
(n=893; prospective data) [6]. Data were fully adjusted, i.e. the OR was adjusted for
confounders (age, sex, body mass index, neck and waist circumference, alcohol,
tobacco use and, in the case of the prospective study, baseline hypertension
status). The OR and the upper 95% confidence intervals are shown. AHI: apnoea/
hypopnoea index. *: OR=1.37; ¥: OR=3.1; *: OR=2.89. The p-value for trend is
significant in all three studies. Data taken from [4-6].
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More compelling evidence that OSA is causally related to HT is
provided by the prospective longitudinal follow-up of almost
900 subjects in the Wisconsin Sleep Cohort Study [6]. The study
reported an intensity related association between the apnoea
severity at baseline and the development of HT during the 4 yr
follow-up period (fig. 1).

In view of the above-proven strong association between OSA
and HT, a substantial blood pressure (BP) reduction would be
expected with effective treatment of OSA. In addition,
interventional study findings by BROOKS et al. [7] in a dog
model suggest that continuous positive airway pressure
(CPAP) treatment induced an obvious lowering of BP within
the short term. In this model of sleep apnoea (using an
ingenious methodology that involves an electronic valve
intermittently occluding the trachea during the night), the
dogs not only developed diurnal HT after 3-5 weeks of
simulated apnoeas, but BP was also normalised within some
weeks after cessation of nocturnal apnoeic breathing (fig. 2) [7].

At a first glance, the results of the RCTs of CPAP in OSA
appear to be disappointing and demonstrate conflicting
results. So far, 12 RCTs have been published (table 1) [8-19].
While there was no significant drop in BP with CPAP in seven
studies [8-11, 13, 18, 19], there was a small decrease in 24-h
diastolic BP by 1.5 mmHg in one study [12]. Only four studies
demonstrated a significant reduction of BP with an effect size
ranging -3— -10 mmHg [14-17]. What is the explanation for
these discrepant results? Few studies included a proper
statistical power analysis; moreover, the number of patients
treated was small and the study populations were quite
heterogeneous (table 1).

An important difference between hitherto published studies is
the number of hypertensive patients included. It is evident that
a marked BP decrease cannot be expected with treatment in
patients who do not exhibit a substantial increased BP at
baseline. Indeed, some of the RCTs not only included patients
with obvious elevation of BP at baseline, but also normotensive
patients, as well as patients with normalised BP as a result of
antihypertensive drug treatment. Only five RCTs stated the
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FIGURE 2. Effect of obstructive sleep apnoea on daytime blood pressure (BP)
in a dog model.
from the publishers.

:50-60 apnoeas-h™' of sleep. Modified from [7] with permission
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1.\ B=8 B Baseline data of the continuous positive airway pressure (CPAP) arm of the randomised clinical trials studying the

impact of CPAP on hypertension (HT)

First author Patients  Study Placebo Females BP  AHT Mean BP mmHg ESS AHI CPAP AHI CPAP- Significant
[ref.] n design used % % use events-h’ use on pli imp
% 24-h Daytime weeks CPAP h-night™ on BP
mmHg
ENGLEMAN [8] 13 C Tablets 15 38 31 NA 103 NA 49 >3 NA 4.3 None
DimsDALE [9] 39 P Sham 29 29 0 NA 99 NA 54 1 3 >5 None
BaRsk [10]% 54 P Sham 10 NA 31 94.7" 98" 7 54 6 NA 5 None
EEIRSEE 125 P Consevative 1 o A NA 96 12.1 20 26 6 48 None
[11] treatment
FEERERIE © Tablets 19 NA 0 94.4 NA 15 35 4 NA 53 (£ @m 2
diastolic BP)
BaRNEs [13]" 28 ¢ Tablets 17 25 NA 97.8" 100" 1.2 13 8 4 35 None
I RERRET, 118 P Sham 0 NA NA 101 1043 163 a8/ 4 NA 49 =Sen 2HIH @
[14] daytime mean BP
D (e 32 P 3-4 omH;0 6 50 47 100.4 1036 144 63 9 3 55 = D en 20 @
daytime mean BP
s [FIE] 50 P Sham 12 sp rapered o g NA NA 65 2 3 6.8 =7 @n2H
off mean BP
Ropvaliz] 46 P Sham 17 NA Tapered 98.1 NA 12.0 66 2 NA 6.7 =@ e 2H
off mean BP
CAmPOS-
RODRIGUEZ 68 = Sham 85 NA 100 97.7 100.8 15.0 58 4 NA 5.0 None
[18]
R°[B1';]sf" 32 © Sham 1 NA 77 103.4 106.1 53 28/ 4 6 52 None

BP: blood pressure; AHT: antihypertensive drugs; ESS: Epworth sleepiness scale; AHI: apnoea/hypopnoea index; C: crossover; P: parallel; sham: sham CPAP delivering a pressure <2 cmH,O; NA:
not available. *: studies focusing especially on patients without sleepiness; *: studies focusing especially on patients with mild increase in AHI; T: calculated value = (systolic value + 2 x diastolic
value)/3; *: not a 24-h ambulatory value but an office-measured value; 3-4 cmH,0; *: the authors used the oxygen desaturation index <4% instead of the AHI. 1 cmH,0=0.1 kPa.

exact number of patients demonstrating an increased BP at
baseline [8, 9, 13, 15, 16]. The studies that showed the largest
BP impact [15, 16] included at least 50% hypertensive subjects
in their patient population. This is in contrast with the studies
showing no or a smaller effect [8, 9, 13].

When accounting for all studies published so far, it is evident
that the severity of OSA varies considerably. The treatment
effect on BP seems to be more pronounced in severe sleep
apnoea. Indeed, the severity of OSA was the highest in the
study by BECKER et al. [15] and in the studies by MILLS et al. [16]
and NORMAN et al. [17], which were the studies that also
reported the strongest effect on BP. A subgroup analysis in two
other studies also demonstrated a more pronounced reduction
in BP in the patients with more severe OSA [12, 14]. Moreover,
studies specifically targeting mild-to-moderate apnoea showed
no response in BP [11, 13]. It is noteworthy that these findings
contrast with those of the cross-sectional and noninterven-
tional, longitudinal follow-up studies discussed above, show-
ing a statistically significant relationship between HT and even
mild-to-moderate OSA.

CPAP compliance and efficacy should also be taken into
account. A subgroup analysis clearly demonstrated that only
patients who report a mean of >5 h of CPAP use per night
appeared to benefit in terms of BP reduction [14]. Indeed, in
the other three studies proving the benefit of CPAP on BP,
CPAP use was high: 5.5-6.8 h-night” [15-17]. Also, in the
study by BECKER et al. [15] there was no BP reduction in the
partially treated group; the control arm received treatment
with CPAP at a minimum setting 4 cmH,O (0.4 kPa). Despite a
reduction in an apnoea/hypopnoea index (AHI) score in the
order of 50%, there was no reduction in BP, suggesting that
OSA needs to be completely resolved in order to receive a
beneficial effect on BP. There are additional issues that need to
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be discussed in these studies. In several studies published to
date, the treatment period may have been too short; in one
study [9], the treatment period was only 1 week. Given the fact
that most studies of antihypertensive drugs use a minimum
treatment period of at least 4 weeks, an immediate BP
resolution after CPAP would not be expected. In addition,
long-standing HT may be associated with a rearrangement of
smooth vessels (vascular remodelling).

Two negative studies [10, 19] focused on nonhypersomnolent
patients with fairly severe OSA. Consequently, it might be
speculated that in patients without symptoms, there is no
effect of CPAP treatment on BP. In the study by PEPPERELL ef al.
[14], there was also a relationship between the number of
performance lapses in the Oxford Sleep Resistance test
(measuring alertness), and the magnitude of BP fall with
CPAP. This relationship appeared to be partially independent
of OSA severity, suggesting that the mechanisms causing
sleepiness may account for some of the BP elevation in OSA.

In conclusion, a critical evaluation of currently available data
in OSA suggests the following: 1) in hypertensive patients with
severe OSA, there is a BP drop reaching 10 mmHg with CPAP
treatment. According to published calculations, this correlates
with a reduction in the incidence of coronary disease of 37%
and stroke incidence of 56% [20]. However, adequate CPAP
treatment and compliance are a conditio sine qua non in order to
obtain this relevant BP lowering effect. 2) There are several
unresolved questions: Why do not all hypertensive OSA
patients respond with BP reduction after CPAP? Why does
the effect of CPAP treatment appear to be absent in patients
with less-severe OSA, while epidemiological studies show a
relationship between mild OSA and HT? Why does the impact
of CPAP on BP appear to be absent in cases where the patient
is not hypersomnolent? What about the effect on females?
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Since not all hypertensive OSA patients demonstrate an
adequate reduction in BP after the initiation of CPAP
treatment, an important question remains: Which antihyper-
tensive drug will induce the most prominent reduction in BP?
There are only a few small-sized trials that deal with this topic
[21-24], and there appears to be no antihypertensive drug class
that has repetitively demonstrated superior antihypertensive
efficacy. However, a more recent study using a multiple
crossover design compared five substances (enalapril, losartan,
atenolol, hydrochlorothiazide and amlodipin) that represent
different mechanisms of action [25]. The B-blocker atenolol
appeared to induce the most pronounced reduction of BP. If it
is assumed that sustained overactivity of the sympathetic
nervous system plays a dominant part in the physiology of
hypertension in OSA, adrenoceptor blockade might be
expected to be particularly effective for BP reduction in
patients with this condition. Additional clinical research is
certainly needed in order to identify preferable substances for
an adequate BP control in this high-risk cardiovascular patient

group.

Does obstructive sleep apnoea contribute to vascular
diseases other than HT?

OSA has been proposed as a risk factor for VD, but the
evidence is not fully conclusive. Two major topics, stroke and
ischaemic coronary disease, will also be discussed; cardiac
failure and cardiovascular mortality will be reviewed else-
where in the current issue of the ERR [1, 2].

Is OSA a proven independent risk factor for stroke?

In the cross-sectional analysis of the Sleep Heart Health Study
(a population with a mean age of 60 yrs), OSA emerged as a
modest risk factor for cerebrovascular disease (fig. 3) [26]. The
overall OR was 1.58 and the OR was significantly higher
among subjects with sleep-disordered breathing (SDB) who
had an AHI of >11 when a parsimonious model not adjusting
for body mass index (BMI) and hypertension was used [26].
The fully adjusted OR (also taking BMI and hypertension into
account) was 1.55, that is, higher in the OSA population
compared with non-OSA subjects, but not significant (p=0.06);
however, the fully adjusted OR increased to a value of 1.8 for
an AHI >19. Artz et al. [27] performed a cross-sectional
detailed analysis of the Wisconsin Sleep Cohort Study data (a
study population with a mean age of 47 yrs, significantly
younger than the study population from the Sleep Heart
Health Study [4]). The association between OSA and prevalent
stroke was confirmed. Moreover, it was demonstrated that this
relationship was independent of potential confounding factors,
such as obesity, atrial fibrillation and even HT; the fully
adjusted OR for a prevalent stroke history associated with an
AHI >20 events-h™ was even more than twice the adjusted
OR reported for an AHI>19 events-h™ in the Sleep Heart
Health Study (3.83 versus 1.80) [4]. However, both studies had a
cross-sectional design and the temporal relationship between
SDB and stroke could not be ascertained.

There are also prospective longitudinal studies that suggest
higher OR for stroke development in patients with OSA. The 4-
yr follow-up data from the Wisconsin Sleep Cohort Study,
published by ARrtz et al. [27], provided the first prospective
epidemiological evidence to demonstrate that OSA (AHI
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>20 events-h™) is associated with an increased probability of
suffering a stroke (unadjusted OR 4.31). The OR was still
elevated (3.08) after adjustment for BMI, age and sex, but the
difference was no longer statistically significant. YAGGI ef al.
[28] provided follow-up data from >1,000 consecutive subjects
without previous cardiovascular or cerebrovascular events at
baseline. An AHI >5 eventsh! (mean+sp 35+29) was
demonstrated by an attended overnight polysomnography in
68% of the population, while an AHI <5 events-h™ (i.e. the
reference group, mean+sp 2.0+1.5) was found in 32%. The
mean duration to follow-up was 3.4 yrs. The hazard ratio for
OSA was 1.97 for the composite end-point of incident stroke
(including transient ischaemic attack) or death from any cause
after adjustment for BMI, sex, hypertension and other
confounders, including atrial fibrillation. RCTs of CPAP
treatment in OSA focusing the impact on stroke incidence
are still lacking.

Is OSA an independent risk factor for coronary disease?

Data linking OSA to coronary artery disease are not completely
convincing. In the cross-sectional analysis of the Sleep Heart
Health Study [26], OSA emerged as a modest risk factor for
coronary artery disease. The OR (when using a parsimonious
model that did not adjust for BMI and hypertension) was 1.27
among subjects with SDB who had an AHI of >11 events-h™
[26]. However, the fully adjusted OR (also taking BMI and HT
into account) was not increased in the OSA population
compared with the non-OSA subjects.

There is still a lack of large longitudinal follow-up studies and
interventional RCTs of the influence of OSA on incident
coronary artery disease. Several small longitudinal noninter-
ventional and interventional studies in patients with known
coronary disease demonstrate a worse outcome if OSA is
present [29, 30]. CPAP appears to have a beneficial influence
[31]. The interpretation of the existing data is complicated by
the fact that studies were proportionally small, correction for
confounding influences was incomplete and the studies used
different and sometimes complex composite end-points, such
as combinations of myocardial infarction, cerebrovascular
events, hospitalisation for cardiac failure and death [32].

Is OSA an independent risk factor for HT and VD: how can the

available clinical data be summarised?

Based on well-designed, large, cross-sectional and longitudinal
epidemiological studies (the Wisconsin Sleep Cohort Study
and Sleep Heart Health Study [4-6]) OSA is a proven
independent risk factor for HT. In addition, it appears that
OSA is a modifiable factor, at least in the patient presenting a
severe symptomatic form of OSA: treatment by CPAP can
reduce mean blood pressure by 10 mmHg. There is evidence
for an independent causal role of OSA in stroke: cross-sectional
and longitudinal follow-up data from the Wisconsin Sleep
Cohort and Sleep Heart Health Cohort [26-27] are quite
convincing on this aspect. However, well-designed, rando-
mised, interventional CPAP trials are still lacking in this field.
There are some data linking OSA to coronary artery disease,
but these data are preliminary.

In conclusion, data from clinical epidemiological and inter-
ventional studies provide particularly strong evidence for the
association between OSA and HT. The independent causal role
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FIGURE 3. Fully adjusted odds ratio (OR; relative risk) for stroke compared
with the reference group (M) for a) the Sleep Heart Health Study (n=>5,250; cross-
sectional data) [24], b) the Wisconsin Sleep Cohort Study (n=1,475; cross-sectional
data) [27], and c) the study by Yacal et al. [28] (n=1,022; prospective data). Data
were fully adjusted, i.e. the OR was adjusted for confounders (age, sex, body mass
index, alcohol, tobacco use, diabetes, hyperlipidaemia, hypertension and, in case of
the prospective study, also atrial fibrillation). The OR and the upper 95% confidence
intervals are shown. AHI: apnoea/hypopnoea index. *: OR=1.55, p=0.06; ':
OR=3.83, p=0.03; : OR=1.97. **: p=0.01. Data taken from [24, 27, 28].

for OSA in atherogenesis is less well confirmed. There is still a
need for large-scale, randomised interventional trials demon-
strating a reduction in cardiovascular events after CPAP
treatment in OSA.
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THE MECHANISMS UNDERLYING HT/VD IN OSA: WHAT
IS KNOWN SO FAR?

The pathogenesis of HT/VD in OSA is incompletely under-
stood, but is likely to be multifactorial. A range of pathophy-
siological mechanisms have been proposed and these have
been explored in both animal and human studies. The present
article will only deal with available human data that includes
sustained daytime sympathetic activation, oxidative stress,
activated vascular inflammatory pathways and endothelial
dysfunction (fig. 4).

Sustained daytime sympathetic overactivity

Sleep apnoea episodes are associated with a pronounced
increase in sympathetic activity. In 1987, FLETCHER et al. [33]
had already collected urinary catecholamines before and
within 2 weeks of elective tracheotomy in a small group of
hypertensive subjects with severe OSA. Levels of both
norepinephrine, and its metabolite normetanephrine, were
significantly increased in the OSA patients compared with a
control group of obese hypertensive nonapnoeic subjects.
Following tracheotomy, catecholamines returned to control
levels. Data supporting this finding have subsequently been
published by several other groups. In a recent study of 38
patients treated with either CPAP or sham CPAP, ZIEGLER et al.
[34] reported a reduction of plasma and urinary daytime
catecholamine levels by nearly 26 and 36%, respectively, in the
treated group.

Other investigators have shown increased muscle sympathetic
nerve activity (SNA) via a more direct measurement using an
insertion of a tungsten microelectrode into the peroneal nerve.
Using this method, HEDNER et al. [35] was the first group able to
demonstrate an increase of muscle SNA following each acute
event of apnoea associated with hypoxia. Several subsequent
publications corroborated their findings. Of great significance
was the finding that, in OSA patients, the sympathetic muscle
nerve traffic was still elevated during daytime normoxic
wakefulness [35-37]. In addition, it has been demonstrated
that elimination of apnoeas by CPAP leads to abolishment of
muscle SNA surges (and BP surges) accompanying the apnoeic
events (fig. 5) [37, 38]. Even more importantly, follow-up of
OSA patients has demonstrated a marked reduction of awake
daytime muscle SNA at 6 months and 1 yr after initiation of
CPAP treatment (fig. 5) [39].

The exact trigger behind the sympathicoexcitation during
apnoea remains uncertain. Clearly, the arousal may contribute
to the acute increase in muscle SNA and BP at termination of
OSA events [40]. However, there is also substantial data
providing support that cyclic intermittent hypoxic episodes
contribute to the activation. Asphyxia during the apnoea acutely
stimulates chemoreceptors and data from OSA patients suggest
that the chemoreflex activity and sympathetic activity, as well as
BP surges, can be attenuated by administration of 100% oxygen
[41, 42]. Chemoreceptor stimulation acts through the central
nervous system to increase sympathetic neural activity and BP
increases as the apnoea progresses. During the resumption of
ventilation, the restoration of venous return and consequently
increased cardiac output, together with severely constricted
peripheral circulation, contribute to an acute increase in BP.
Once breathing resumes, sympathetic activity is instantaneously
suppressed for the following two major reasons: 1) ventilation of
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FIGURE 4. Mechanisms explaining the increased incidence of hypertension and cardiovascular disease in patients with obstructive sleep apnoea syndrome (OSA).

the lung activates vagally mediated stretch-sensitive mechan-
oreceptors, resulting in afferent signalling to the brainstem with
sympathetic inhibition; and 2) the surge in BP activates the
baroreflex to suppress sympathetic drive.

It remains unknown how this cyclic sympathetic overactivity
actually leads to development of daytime HT. In a study by XIE
et al. [43], a hypercapnic hypoxic gas mixture was administered
intermittently (20 s of the gas mixture, 40 s normoxia) in
healthy subjects during 20 min. Muscle SNA was found to
follow a cyclic crescendo-decrescendo pattern in conjunction
with asphyxic periods. Moreover, with each successive 40-s
normoxic period, muscle SNA increased progressively rather
than returning to baseline (fig. 6). There are human clinical
data suggesting that the peripheral chemoreflex sensitivity is
augmented following exposure to cyclic intermittent hypoxia.
Hypertensive subjects with OSA show an exaggerated BP
response to hypoxia that was less evident in hypertensive
subjects without apnoea. Collectively, this suggests that carotid
chemoreceptor output may be reset to a higher level as a result
of recurrent cyclic intermittent hypoxia, causing a chronic
increase in sympathetic tone [44]. It has also been demon-
strated that patients with OSA, besides having a heightened
peripheral chemoreceptor sensitivity resulting in increased
ventilation during hypoxia, also exhibit an increased chemor-
eceptor response during normoxia [45]. In OSA patients
treated with CPAP for 3 months, there is a decrease in the
ventilatory response to progressive hypoxia relative to their
untreated baseline [46]. Interestingly, hyperoxia was found to
decrease muscle SNA in OSA patients but not in nonapnoeic
controls [42]. Sympathetic activation is also accompanied by
renal sympathetic activation and thereby an activation of the
renin—angiotensin—aldosterone system, including production
of angiotensin II (a potent vasoconstrictor) and secretion of
aldosterone (a potent salt-retention hormone), would be
assumed. Activation of this cascade would be expected to
result not only in increased basal arterial vascular resting tone,
but also in volume overload; both factors are potential
predicators of HT development.

Other studies have focussed on genetic factors as independent
modulators of the physiological sympathoadrenergic response
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[47]. However, the R3896 polymorphism of the Bl-adrenocep-
tor gene was unrelated to resting BP in untreated OSA
patients.

Oxidative stress and inflammation

In recent years, oxidative stress has gained widespread
attention as one of the fundamental mechanisms responsible
for the development of cardiovascular morbidities in OSA.
LAVIE [48] postulated that in OSA, hypoxia re-oxygenation-
related formation of free radicals is an early key trigger of
vascular inflammation, endothelial dysfunction and athero-
sclerosis. One proposed schematic model is presented in fig. 7.

OSA is frequently accompanied by episodes of profound
intermittent hypoxia, followed by rapid re-oxygenation. This
pattern may be considered analogous to that typical of
repeated reperfusion injury [49]. In response to hypoxia, the
aerobic production of ATP is impaired and degradation
products, such as ADP, AMP, uric acid and hypoxanthine,
accumulate. As a consequence, glycolysis is upregulated and
concomitantly, due to hypoxia, circulating xanthine oxidases
are activated and convert xanthine dehydrogenase to xanthine
oxidase. During the period of re-oxygenation, the newly
activated xanthine oxidases utilise hypoxanthine and molecu-
lar oxygen to produce free radicals (fig. 7). Free oxygen
radicals (which are reactive oxygen species (ROS)) are atoms
or molecules possessing one or more unpaired electrons in the
outer orbit. These molecules are able to react with nucleic
acids, lipids and proteins, thereby potentially hindering
cellular metabolism and resulting in cell injury and dysfunc-
tion. Highly reactive oxidant molecules are normally counter-
balanced by antioxidants. Disturbances in the pro-oxidant
versus enzymatic and nonenzymatic antioxidant system bal-
ance in favour of the former, lead to potential oxidative cell
damage.

Several publications in patients with OSA have demonstrated
ATP depletion with increased accumulation of ATP degrada-
tion products, such as adenosine and uric acid, and increased
blood concentrations of 2,3-diphosphoglycerate, indicating
that glycolysis is indeed accelerated. Moreover, several
investigators demonstrated that CPAP lowered the amount

EUROPEAN RESPIRATORY REVIEW
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FIGURE 5. a) Recording of muscle sympathetic nerve activity (SNA),
respiration and intra-arterial blood pressure (BP) in the same patient with obstructive
sleep apnoea (OSA). When awake, muscle SNA is high and increases even further
during each obstructive event and is accompanied by BP surges; continuous
positive airway pressure (CPAP) is able to abolish the surges in muscle SNA and BP
accompanying the apnoeic events. b) Repeated measurements of muscle SNA
while awake demonstrated a significant decrease in OSA patients treated with
CPAP after 6 months, still present after 1 yr; in nontreated OSA patients, no change
was observed. [I: untreated subjects; M: treated subjects. REM: rapid eye
movement sleep. *: p<0.05. Reproduced from a) [37] and b) [39] with permission
from the publishers.

of catabolic products [50-54]. In OSA patients, increased ROS
production, namely increased free radical production by
leukocytes, has been demonstrated. After starting CPAP, there
is a rapid and long-lasting decrease of ROS release [55, 56]. In
addition, antioxidant activity is decreased in OSA patients [57,
58]. Plasma lipid peroxidation by free oxygen radicals has been
observed in OSA patients and found to be reduced after CPAP
[58, 59]. These are important findings, as enhanced lipid
peroxidation represents an important early step in the
atherosclerotic process. In addition, more recently, DNA
oxidation has also been detected [60].

EUROPEAN RESPIRATORY REVIEW

SLEEP APNOEA, HT AND VD

250 -
(0]
£ 200 » 1 M B I L
g [—
e, -
8 O
x Q o)k, ...‘ o
< 150 4 [
c% o\l & & i - Q9 w
o AFES
g O
50 -
0 5 10 15 20
Time min

FIGURE 6. A hypercapnic hypoxic gas mixture was administered intermittently
(20 s gas mixture (@), 40 s normoxia (O)) to healthy subjects for 20 min. Muscle
sympathetic nerve activity (SNA) followed a cyclic crescendo-decrescendo pattern
of asphyxia, but with each successive 40-s interasphyxia period, muscle SNA
became progressively elevated, not returning to baseline (-++--+ ). ——— y=0.36x +
190.36, r=0.13, p=0.58; - - - -1 y=2.98x + 118.84, r=0.86, p<0.001. Reproduced
from [43] with permission from the publishers.

Increased oxidative stress can cause cell damage; however,
ROS are also signalling molecules. It is now well established
that ROS production is associated with the expression of
specific genes, resulting in physiological and pathological
consequences. The expression of these genes relies on activa-
tion of redox-sensitive signalling pathways and transcription
factors. The most relevant redox-activated transcription factors
in this context include the hypoxia-inducible factor (HIF)-1a,
nuclear factor (NF)-xB and activator protein (AP)-1. In
response to hypoxia, HIF-1lo activates proteins adaptive to
the sustained reduced oxygen availability, including proteins
participating in angiogenesis, vascular reactivity and remodel-
ling. Factors that may be involved in cardiovascular morbidity
in OSA include vascular endothelial growth factor (VEGEF),
erythropoietin (regulating blood mass) and endothelin-1 (a
potent vasoconstrictor and mitogenic peptide with blood
pressure-elevating properties). Activation of NF-xB and/or
AP-1 results in the expression of a large number of cytokines
and adhesion molecules. In a human cell culture model of
intermittent hypoxia and re-oxygenation, RYAN et al. [61]
identified a selective activation of inflammatory pathways,
mediated by the transcription factor NF-kB over adaptive HIF-
1o (fig. 8). These results indicate a specific molecular response
to intermittent hypoxia re-oxygenation that differs from the
characteristic of sustained hypoxia, which is primarily
mediated by HIF-1o. Several studies in OSA patients indirectly
support these in vitro findings. In OSA, the increase of the HIF-
lo-induced proteins was either only moderate (VEGF) or the
results were conflicting (erythropoietin, endothelin-1) [48].
However, marked upregulation of several protein products of
the NF-«xB transcription factor have been documented in OSA
patients, including inflammatory cytokines, such as tumour
necrosis factor-o, interleukin-6 and adhesion molecules. More
details on the topic of inflammatory cytokines are covered in
the articles by HARSCH [62] and BUYSE et al. [63] in the current
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issue of the ERR. Circulating levels of adhesion molecules (i.e.
intercellular adhesion molecule-1 and vascular adhesion
molecule-1) are found to be increased in patients with OSA
compared with matched controls [64, 65]. More recently,
expression of this type of adhesion molecule was determined
in patients with coronary artery disease, either with or without
concomitant OSA, in order to eliminate confounders, such as
coronary artery disease itself [66]. The patients with coronary
artery disease and OSA expressed higher concentrations of
several adhesion molecules compared with those without OSA.

DYUGOVKAYA et al. [56] and LAVIE ef al. [67] have also
demonstrated increased monocyte and lymphocyte activation,

176 VOLUME 16 NUMBER 106

cytotoxicity and adherence to endothelial cells in OSA patients.
Not only was intracellular monocyte ROS production
increased, but there was also increased expression of mono-
cytes of selectins exaggerating rolling and integrins, as well as
exaggerated firm adhesion. After pre-treating endothelial cells
with antibodies against selectins, the monocytes in the cultures
of patients with OSA adhered significantly more avidly to
endothelial cells than those of controls. The monocyte selectin
upregulation in OSA was directly associated to the amount
of hypoxia these patients experienced, as attested by the
apnoea/hypopnoea severity dependence and by the increase of
expression obtained after exposing monocytes of control sub-
jects to hypoxia in vitro. More importantly, CPAP proportionally
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reduced the expression of leukocyte selectin and integrin,
decreased the ROS production of monocytes, and attenuated
monocyte—endothelial cell interactions in culture.

LAVIE et al. [67] found not only hypoxia-related increased
monocyte activation in patients with OSA, but also hypoxia-
induced lymphocyte changes that might be of critical
importance in the formation of atherosclerosis plaques.
WEYAND et al. [68] clearly demonstrated that especially T-
lymphocyte cell immunity plays a significant role in plaque
formation and in the development of acute coronary syndrome
(upon activation, T-cells either differentiate into effector cells
with tissue-damaging potential or secrete cytokines that may
affect atherogenic pathways, such as macrophage activation,
oxygen free radical production, adhesion molecule expression
and smooth cell proliferation). DYOGOVASKA et al. [69-71] found
that in OSA patients, 8 T-cells, and CD4 and CD8 cells
undergo functional changes and acquire cytotoxic capabilities
against endothelial cells which could (in the case of CD4 and
CD8) be reduced by CPAP treatment.

Endothelial dysfunction/atherosclerosis

The blood vessel has been characterised as a dynamic organ
capable of sensing injury or changes in its surroundings,
communicating such changes via intracellular signals, and to
subsequently altering its structure [72]. In the vessel, there is a
complex balance between vasoconstrictor vasoactive sub-
stances (which, in general, also induce cell growth) and
vasodilators (which generally inhibit cell growth). Not only
do these substances exert independent vascular effects, but
they also reciprocally modulate actions. Injury of the endothe-
lium results in disruption of the normal homeostatic balance of
this system and this disruption results in endothelial dysfunc-
tion, which is considered to be the earliest manifestation of
atherosclerosis. Endothelial injury can appear secondary to
shear stress, as in the case of HT, but it may also result from
excessive ROS production, such as that demonstrated to occur
in OSA patients.
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The functions of the vascular endothelium are complex and
involve inhibition of platelet aggregation, modulation of
leukocyte rolling, adhesion and transmigration, regulation of
smooth muscle cell proliferation, and modulation of vascular
wall contractility and permeability. However, in most cases,
the term endothelial function is used as an equivalent to the
ability of the endothelium to maintain the balance between
vasodilatation and vasoconstriction [73].

Patients with OSA were first demonstrated to exhibit endothe-
lial dysfunction on functional testing in small case control trials
[74]. The Sleep Heart Health Study was the first population
study to associate OSA with impaired flow mediated vasodi-
latation [75]. Several other publications on this topic have been
found, but the present article will only report on those studies
dealing with an interventional design (CPAP treatment).

IMADOJEMU et al. [76] detected that OSA patients had markedly
reduced reactive hyperaemic forearm blood flow at baseline
compared with nonapnoeic controls and found that reactive
hyperaemic blood flow increased by ~25% after CPAP
therapy. Bradykinin is known to be able to activate nitric
oxide synthase in endothelial cells leading to the generation of
nitric oxide, a vasodilating agent [77]. DUCHNA et al. [78] used
bradykinin and the forearm vasodilatation test in normoten-
sive OSA patients versus nonapnoeic controls. There was a
lower nitric oxide-dependent vasodilatation in the OSA group.
Following 2 months of CPAP treatment, there was a return to
the control levels. The degree of abnormality appeared to be
related to the severity of hypoxaemia during sleep. In a further
study from the same group [79], it was demonstrated that this
recovery was still present after 6 months of regular CPAP use.
Ip et al. [80] studied males with and without OSA. Subjects with
OSA had lower reactive hyperaemia than the controls (fig. 9a)
and were randomised to either CPAP or observation for
4 weeks. There was a significant increase of reactive hyper-
aemia in the CPAP group, whereas those on observation had
no change (fig. 9b and c). A group of 8 subjects who used
CPAP for >3 months were reassessed upon short-term
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treatment withdrawal and the response to reactive hyperaemia
again was similar to the baseline value (fig. 9d).

There are several studies focusing on typical biomarkers for
endothelial dysfunction. Angiotensin has been demonstrated
to act at a local “autocrine/paracrine”” level within tissues. A
distinct tissue angiotensin system is found in the central
nervous system, heart, reproductive organs and, importantly,
also in the vasculature [72]. In this system, angiotensin
converting enzyme (ACE), predominantly present in the
endothelium, plays a significant role. ACE regulates angioten-
sin II production and bradykinin. MOLLER et al. [81] measured
24 h BP and plasma levels of vasoactive hormones (renin,
angiotensin II, aldosterone, atrial natriuretic peptide, brain
natriuretic peptide, vasopressin, and endothelin-1) in 24
patients with OSA and in 18 controls. As expected, the patients
with OSA had higher BP levels without nocturnal dipping, and
in these patients, higher circulating levels of angiotensin II and
aldosterone were demonstrated. A positive correlation was
also found between angiotensin II levels and daytime BP.
BARCELO et al. [82] have also reported increased ACE activity in
OSA patients. Several cardiovascular disorders have been
linked to the presence of a specific insertion/deletion
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polymorphism of the ACE gene. In a recent study, LIN et al.
[83] explored 1,100 subjects of the Wisconsin Sleep Cohort for
the association between this insertion/deletion polymorphism
and OSA/HT. OSA and the insertion/deletion polymorphism
interacted significantly to modulate BP independently of age,
sex, ethnicity and BMI. However, the authors hypothesised
that in the absence of OSA, the effect of the deletion allele alone
may not be sufficient to increase BP. Nitric oxide is another
typical biomarker for endothelial dysfunction. Nitric oxide
produces vascular smooth muscle relaxation and vasodilat-
ation. It has been demonstrated that patients with OSA have
decreased circulating levels of nitric oxide and, in addition,
nitric oxide levels increased with the start of CPAP. The effect
of CPAP was already obvious after the first night [84] and was
still present at 5 months of follow-up [85].

Not only has endothelial dysfunction been demonstrated in
OSA, but early structural signs of atherosclerosis have also
been observed. Increased carotid artery intima thickness
measured by ultrasonography, a method of evaluating athero-
sclerosis, is associated with an increased risk of stroke and
cardiovascular disease. SUZUKI ef al. [86] used this technique in
patients without known cerebrovascular or cardiovascular
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FIGURE 9. Reversible endothelial dysfunction in obstructive sleep apnoea (OSA). a) Comparison of males with (O; n=28) and without OSA (@ n=12); the 28 with OSA
were then randomised to either b) observation or c) continuous positive airway pressure (CPAP) treatment for 4 weeks. d) CPAP users were then compared with CPAP users
subjected to a 1-week withdrawal from CPAP. AHI: apnoea/hypopnoea index. Modified from [80] with permission from the publisher.

178 VOLUME 16 NUMBER 106

EUROPEAN RESPIRATORY REVIEW



B. BUYSE ET AL.

disease, and demonstrated that the severity of OSA was
independently (taking into account possible confounders, such
as age, sex, obesity, hyperlipidaemia, hypertension, diabetes
mellitus and smoking history) related to increased intima
thickness or atherosclerosis. The same authors demonstrated
that in this context, the severity of OSA-related hypoxaemia
appeared to be more important than the frequency of the
apnoea events. Their results have also been corroborated by
others [87, 88].

In summary, a range of pathophysiological mechanisms have
been proposed to explain the link between obstructive sleep
apnoea and hypertension/vascular disease. Cyclic intermittent
hypoxia is surely a key mechanism. On the one hand, these
cyclic intermittent hypoxic events during sleep increase the
peripheral chemoreflex sensitivity, which is accompanied by a
sustained increase in sympathetic neural activity and blood
pressure; on the other hand, hypoxia re-oxygenation-related
formation of free radicals is an early key trigger of vascular
inflammation, endothelial dysfunction and atherosclerosis.
However, several other mechanisms should be considered
(e.g. the impact of angiotensin activation, especially at the local
vascular level and the role of different gene polymorphisms)
and surely merit further investigation. Some other mechanisms
include the following; 1) the increased ability of platelets to
aggregate, which is observed in patients with obstructive sleep
apnoea, and the observation that abolition of obstructive sleep
apnoea by continuous positive airway pressure therapy results
in reduced ability of platelets to aggregate. This aspect is in
part explained by sympathetic overactivity [89-91]; 2) the
leptin and insulin resistance problem that appears to be
common in obstructive sleep apnoea subjects (again, this
resistance may, at least in part, be induced by sympathetic
overactivity); and 3) the role of the baroreceptor and
baroreceptor adaptation.
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