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ABSTRACT: This study was undertaken to determine whether abolition of obstructive
sleep apnoea (OSA) by continuous positive airway pressure {CPAP) could reduce blood
pressure (BP) in patients with refractory hypertension.

In 11 refractory hypertensive patients with OSA, the acute effects of CPAP on
nocturnal BP were studied during sleep and its longer term effects on 24-h ambulatory
BP after 2 months.

During a single night's application, CPAP abolished OSA and reduced systolic BP in
stage 2 sleep from 138.316.8 to 126.046.3 mmHg. There was also a trend towards a
reduction in average diastolic BP (from 77.7£4.5 to 72.914.5). CPAP usage for 2
menths was accompanied by an 11.044.4 mmIHg reduction in 24-h systolic BP. In
addition, both the nocturnal and daytime components of systolic BP fell significantly by
14.4+4.4 and 9.3+£3.9 mmHg, respectively. Diastolic BP was reduced significantly at
pight by 7.8+3.0 mmIlg.

In patients with refractory hypertension, acute abolition of obstructive sleep apnoea
by continuous positive airway pressure reduces nocturnal blood pressure. These data
also suggest that continuous positive airway pressure may reduce noctrnal and daytime
systolic blood pressure chronically. Randomised trials are needed fo confirm the latter
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Only a guarter of hypertensive patients in the USA
have blood pressure (BP) levels that are well con-
trolled [1]. Hypertension in some of these patients
persists despite multiple antihypertensive medications
and excellent compliance [2]. In specialised hyperten-
sion clinics the prevalence of such refractory hyperten-
sion ranges 5-18% [3]. These patients are at greater
risk for stroke, renal insufficiency and morbid cardio-
vascular events than patients whose BPs are well
controlled by medical therapy [4].

Obstructive sleep apnoea (OSA) has recently been
identified as an independent risk factor for the deve-
lopment of hypertension [5, 6]. However, its potential
contribution to refractory hypertension has received
little attention. Recently, the current authors described
a high prevalence of OSA in patients with refractory
hypertension [7]. In these patients, repetitive nocturnal
OSA-related surges in BP, associated with recurrent
hypoxia, arousals from sleep, activation of the
sympathetic nervous system and impaired baroreflex
sensitivity (BRS) for heart rate, could contribute to
the development or progression of hypertension [8, 9].
In addition, since antihypertensive drugs do not
have a significant influence on the severity of OSA
[10, 11], these pathophysiological mechanisms may go
unichecked in such patients, rendering their hyper-
tension relatively resistant to drug therapy.

2002

Systolic hypertension is an independent risk factor
for cardiovascular events. Control of systolic hyper-
fension reduces overall cardiovascular morbidity and
mortality [12-15]. Consequently, increasing empha-
sis has been placed on the importance of lowering
elevated systolic BP [16, 17). However, recent studies
indicate that it is more difficult to control systolic than
diastolic hypertension even in a specialist clinic [18].

STAESSEN et al. [19] recently reported that night-time
systolic BP predicted cardiovascular morbidity and
mortality more accurately than daytime systolic BP.
In a previous study, the present authors showed that
refractory hypertension in patients with OSA is
primarily systolic and relatively more pronounced at
night [7]. Therefore, nocturnal increases in systolic BP
due to OSA may have particularly adverse effects in
patients with refractory hypertension. Consequently,
it is possible that treatment of coexisting OSA in
patients with refractory hypertension could improve
nocturnal and perhaps daytime BP control.

The effects of nasal continuous positive airway
pressure (CPAP) on BP in patients with OSA have
been examined in a number of trials [20-25]. However,
the great majority of patients who participated were
normotensive and CPAP therapy was associated
with either slight or no reductions in daytime BP. It
remains to be seen whether treating OSA can lower
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nocturnal and/or daytime BP in patients who remain

“hypertensive despite optimal medical therapy. It was

hypothesised that abolition of OSA by CPAP would
acutely reduce surges in BP and improve BRS during
sleep in patients with refractory hypertension. Follow-
ing this acute interventional study, the effects of CPAP
on 24-h'BP were assessed after 2 months of treatment.

Methods
Subjects

All patients with refractory hypertension referred to a

. specialised hypertension clinic over a 6-month period

were invited to participate in the study. Refractory
hypertension was defined as a daytime clinic BP of
= 140 mmHpg systolic or =90 mmHg diastolic, des-
pite a stable rational combination of three or more
antihypertensive medications, including a diuretic,
unless contraindicated, titrated to maximally recom-
mended doses as tolerated [26] for at least ! month
prior to entry into the study. Patients with the "white-
coat” effect were excluded by 24-h ambulatory BP
monitoring [27], as were those with a history of non-
compliance with drug treatment, use of medications
that can raise BP or interfere with the actions of
antihypertensive agents, any secondary form of hyper-
tension including renal insufficiency (defined as a
serum creatinine level =150 pmol-L), excess alcohol
use or elevated liver enzymes (more than twice the
upper limit of normal), haemodynamically significant
aortic or mitral valve disease or previously docu-
mented OSA. Patients meeting these criteria then
underwent overnight polysomnography to determine

whether they had OSA (as defined below). Those

found to have OSA were invited to receive a 2-month
trial of CPAP.

Ambulatory blood pressure monitoring

Ambulatory BP was monitored for 24 h using an
automated sphygmomanometer (SL.-90207; SpaceLabs
Medical, Redmond, WA, USA). An appropriate-sized
caff was fitted to the nondominant arm. Patients
recorded the times when they retired at night and
awoke in the morning. The BP was recorded every
20 min during the 24-h period.

Sleep studies

Polysomnography was performed using standard
techniques and scoring criteria for the determination
of sleep stages and movement arousals [28-30]. The
electrocardiogram was recorded from a precordial
lead from which heart rate was derived. Thoraco-
abdominal movements were measured by a calibrated
respiratory inductance plethysmograph (Respitrace;
Ambulatory Monitoring Inc., White Plains, NY, USA)
[31]. Arterial oxygen saturation (5a,0,) was measured
with an ear oximeter (Biox 3700; Ohmeda, Boulder,
CO, USA). Obstructive apnoeas were identified by the

absence of, or a 50% or greater reduction in, tidal
volume for at least 10 s during which there were para-
doxical thoracoabdominal movements. The apnoea/
hypopnoea index (AHI) was defined as the number
of apnoeas and hypopnoeas per hour of sleep. OSA
was defined as at least 10 obstructive apnoeas and
hypopnoeas per hour of sleep. In addition to the
above, on the acute CPAP intervention night (see
below), finger BP was measured continucusly by
digital photoplethysmography (Finapres 2300 BP
Monitor; Ohmeda, Englewood, CO, USA) with
patients supine, and the arm and hand secured on a
splint and maintained in the horizontal position.

Protocol -

The study protocol was approved by the Human
Subjects Review Committee of the University of
Toronto (Toronto, ON, Canada), All patients pro-
vided wnitten informed consent prior to participation.
Patients with refractory hypertension identified in
the hypertension clinic underwent a diagnostic over-
night polysomnography. Those found to have OSA
were invited to participate in the interventional
protocol, which consisted of acute and chronic
studies. In the acute study, subjects were studied
during two consecutive nights in the sleep laboratory.
During the first night, CPAP was titrated to the
optimal pressure at which apnoeas and hypopnoeas
were abolished. On the second night, once the sub-
jects fell asleep, they were studied: 1) while off CPAP
for at least 1 h of stable nonrapid eye movement
(nmon-REM) sleep during the first part of the night
(pre-CPAP); and 2) while on CPAP (using the optimal
pressure determined during the first night) for 2-3 h
during the second part of the night.

For the chronic study all subjects underwent 24-h
ambulatory BP monitoring prior to initiation of CPAP.
They were then given CPAP machines and were
instructed to use CPAP for at least 6 h per night at
home at the optimum pressure determined during
CPAP titration. Two months later a repeat 24-h BP
assessment was performed. Compliance with CPAP
was assessed at the end of the trial using a time-on-
pressure recording.

Data analysis

In the acute study, beat-by-beat BP and heart rate
data were analysed during stage-2 sleep using a cus-
tomised computer program. Variables were averaged
over five consecutive obstructive apnoeas and five
ventilatory periods between apnoeas. The program
also identified sequences of at least three consecutive
cardiac cycles during which increases or decreases in sys-
tolic BP were accompanied by simultaneous increases
or decreases in R-wave to R-wave intervals, respec-
tively, over 7-min periods. Based on these sequences,
spontaneous BRS for heart rate was determined as
previously described [29, 32]. The analysis of BP, heart
rate and BRS was confined to stage-2 sleep to control
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Fig. 1.-A typical polysomnographic recording from a patient with refractory hypertension and obstructive sleep apnoea (OSA} off and
then on continuous positive airway pressure (CPAP) Abolition of OSA and improvement in oxyhaemoglobin saturation {Sz,0,) by CPAP
are accompanied by elimination of the surges in blood pressure (BP). EEG: clectroencephalogram; ECG: electracardiogram; Vr: tidal

volume.

for potential influence of sleep state on the outcome
variables.

Paired t-tests were used to compare mean values of
variables obtained during the pre-CPAP and CPAP
periods of stage-2 sleep during the acute study. Data
collected after 2 months of CPAP therapy in the
chronic study were compared with baseline by general
linear mixed modelling to take into account repeated
measures, subject effects and circadian variation in BP
[33]. Data are expressed as meantseMm,

Results
Characteristics of the subjects

Of 19 patients with refractory hypertension, 16 were
found to have OSA. Of these, 11 (10 male and one
fernale) agreed to participate in the acute and chronic
CPAP intervention studies. Their mean age was
5742 yrs and their mean body mass index (BMI)
was 34.442.4 kgm™. All patients had long-standing
hypertension with an average duration of 17+3 yrs.
They had also been on antihypertensive medications
for an average of 16 yrs (range 6-27 yrs). Five sub-
jects had coronary artery disease and two had hyper-
tensive cardiomyopathy. Daytime clinic BP, measured
by cuff, was 1566 over 96143 mmHg. Antihyperten-
sive medication consisted of a diuretic in nine, a
calcium-channel blocker in 11, a B-adrenergic blocker
in eight and an angiotensin-converting enzyme inhi-
bitor in 10 subjects. Subjects had moderately severe
OSA, indicated by an AHI of 36.6+6.6 h'!, frequency
of movement arcusals of 39.7+6.0-h!, and a lowest
Sa,0, of 81.412.2%. :

Acute effects of continuous positive airway pressure
during stage-2 sleep

A representative example of the acute effects of CPAP
on obstructive apnoeas, BP and Sa,0, during stage-2
non-REM sleep is illustrated in figure 1. CPAP (mean
pressure of 9.240.6 cmH,0) significantly reduced both
AHI and arousal index (p<0.01 and p<0.001, respec-
tively), and raised the lowest Sa,0, (p<0.0001; table 1).

Table 2 summarises the acute effects of CPAP on
BP, heart rate and BRS. CPAP reduced peak systolic
BP and peak pulse BP {p<0.01 and p<0.001, res-
pectively). Peak diastolic BP did not change signifi-
cantly. There were significant reductions in average
systolic BP {p<0.05), average pulse BP (p<0.05) and
average heart rate (p<0.05). The slope of BRS for
heart rate increased (p<0.05). There was also a trend
for a reduction in average diastolic BP (p=0.054).

Chronic effects of contimuous positive airway pressure
on 24-h blood pressure

On average, subjects used CPAP for 4.210.4 h
night! over the 2-month study period, during which

Table 1.—Acute effects of continuous positive airway
pressure (CPAF) on severity of sleep apnoea

Pre-CPAP On CPAP p-value

AHI n'h sleep™ 45.3+10.1 22205 <0.01
Arousal index n-h sleep™ 37.1£5.9 9.4x1.6 <0.001
Lowest $2,0, % 83.3x11  92.1%0.7  <0.0001

Data are presented as mean3SEM. AHI: apnosa/hypopnoea
index; Sa,0.: arterial oxygen saturation.
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Table 2.—Acute effects of continuous positive airway
pressure (CPAP) on blood pressure (BP) and baroreflex
sensitivity (BRS) during stage-2 sleep

Pre-CPAP On CPAP p-value

Peak BPsys mmHg 155.249.1 140.4+7.5 «<0.01
Peak BPdias mmig 89.615.1 744447 0.282
Peak pulse BP mmHg 76.6+5.8 66.015.2 <0.001
Average BPsys mmllg 138.3+6.8 126.016.3 <0.05
Average BPdias mmHg - 77.744.5 729145 0.054
Average pulse BP mmHg 60.6+4.4 521142 <0.05
Average heart raie beats-min™ 67.144.1 63.324.0 <0.05 .
Slope of BRS ms-mmHg™ 77421 99425 <0.05

Data are presented as meandSEM. BPsys: systolic blood
pressure; BPdias: diastolic blood pressure.
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Fig. 2.-Nocturnal continuous positive airway pressure for 2
months ()} was accompanied by significant reductions in systolic
blood pressure (BP) from baseline ((I) over 24 h (from 147.2+3.3
to 136.2+3.8 mmHg), which was due to falls in systolic BP both
during the daytime (from 149.9+3.4 to 140.3£3.7 mmHg) and at
night (from 137.9+4.2 to 124.2+4.5 mmHg). * p<0.05 versus
baseline; *: p<0.02 versus baseline.

time there was no change in BMI (from 34.4x2.4
to 34.142.4 kgm™). Over this period, 24-h systolic
and diastolic BP were significantly reduced due to
a treatment effect of 10.5+4.2 mmHg (p<0.05) and
5.7+2.5 mmHg (p<0.05), respectively, In addition,
both the nocturnal and daytime components of sys-
tolic BP fell significantly due to treatment effects
of 14.4+4.4 mmHg (p<0.005) and 9.313.9 mmHg
(p<0.03), respectively (fig. 2). Diastolic BP was
reduced significantly at night due to a treatment
effect of 7.8:3.0 mmHg (p<0.02; fig. 3). The treat-
ment effect during the day for diastolic BP was
5.142.6 mmHg (p=0.07). Heart rate did not change
significantly from baseline to 2 months either over
24 h (72.843.9 versus 72.743.3 beats'min™), during
the daytime (75.0+4.3 versus 74.413.6 beats'min™)
or at mght (67.0£3.8 versus 66.7+2.8 beats'min™").

Discussion

The present study provides two novel observations
on the potential significance of OSA. in patients with
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Fig. 3.—Nocturnal continuous positive airway pressure for 2
months () was associated with a reduction in diastolic blood
pressure (BP) from baseline () both over 24 h (from 88.312.2
to 826+32mmHg} and at night (from 80.8+25 1o
72.9+2.5 mmHg). There was also a tendency for daytime diastolic
BP to decrease (from 90.442.0 to 85.442.0 mmHg, p=0.07).
* p<0.05 versus baseline; #. p<0.02 versus baseline.

refractory hypertension. First, acute abolition of OSA
during stage-2 sleep by CPAP reduced systolic BP and
increased BRS. Secondly, CPAP therapy for 2 months
was accompanied by reductions in nocturnal, daytime
and 24-h systolic BP. These results suggest that in
patients with refractory hypertension, treating co-
existing OSA with CPAP may reduce both nocturnal
and daytime BP.

Several factors may play a role in the develop-
ment of refractory hypertension, including misdiagnosis
("white coat syndrome"), noncompliance with medical
therapy, occult secondary causes for hypertension,
obesity, confounding effects of medications and
other substances, and suboptimal combinations of
antihypertensive therapies [2]. With the exception
of obesity, these factors were all excluded in these
patients. Because obesity itself may have contributed
to refractory hypertension, all obese subjects had
been counselled to lose weight on numerous occasions
prior to entry into the trial, but had failed to do so.
Before enrolment, all patients were seen repeatedly, at
2-4 week intervals, by a hypertension specialist, to
titrate medications to maximal doses tolerated and
to maximise patient compliance with the prescribed
medications. Only those patients whose daytlime clinic
BP exceeded the BP criteria for refractory hyper-
tension [26] despite these efforts were enrolled in the
study. Seven of 11 patients studied were obese (BMI
>30 kg'm™). However, there was no change in their
weight over the 2-month study period. Moreover, BP -
also fell in the nonobese patients.

None of the patients in the present study had
sought medical attention for possible sleep apnoea
prior to entering the trial. Therefore, it was not pos-
sible to determine the duration of their OSA, nor
whether it preceded the onset of their hypertension.
Nevertheless, two lines of evidence point to a causal
relationship between OSA and arterial hypertension.
First, in dogs, Brooks et al. [34] demonstrated that
induction of OSA caused sustained daytime elevations
of BP that were reversed when OSA was relieved.
Secondly, recent large epidemiological studies have
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identified OSA as an independent risk factor for both
the presence and development of hypertension [3, 6].
A dosefresponse association between the frequency of
apnoeas and hypopnoeas and degree of elevation in
daytime BP has also been described [6]. In addition,
the current authors have recently reported an exira-
ordinarily high (83%) prevalence of OSA in patients
with refractory hypertension [7]. In the present study,
reductions in systolic BP during sleep in the acute
-study, and during both the night and daytime after 2
months of CPAP in the chronic study, provide addi-
tional evidence for a causal relationship between OSA
and both nocturnal and daytime hypertension.

Normally, at the transition from wakefulness to
non-REM sleep, BP falls and BRS increases in asso-
ciation with an increase in parasympathetic and a
decrease in sympathetic nervous system activity [35].
However, in OSA, these mechanisms are counter-
acted by apnoea-related stimuli for sympathetic
activation and parasympathetic withdrawal (e
repetitive hypoxaemia and arousals) during sleep.
These lead to repetitive surges in BP [8] and blunting
of BRS for heart rate at the onset of non-REM
sleep [9]. The mechanisms that translate these nightly
recurrent increases in BP into sustained daytime
hypertension may be mediated by central or peri-
pheral upward resetting of sympathetic vasoconstric-
tor tone, increased activity of circulating vasoactive
hormenes or abnormalities of vascular endothelial
function [36-38).

Several trials have addressed the effects of CPAP on
24-h and daytime BP in OSA patients. However, these
trials did not specifically address the effects of treating
OSA by CPAP on hypertension, since the great major-
ity of subjects were normotensive [20-24]. Most
of these studies reported significant falls in nocturnal
BP, but only marginal or no falls in daytime BP.
Nevertheless, the two largest randomised trials did
show slight but significant reductions in daytime BP
(1-2 mmHg) in subjects who complied with CPAP
[20, 21]. Because patients in these studies were either
entirely [20] or predominantly normotengive [21], any
potential to lower BP in hypertensive patients by
treatment of coexistent OSA may have been under-
estimated. Indeed, PerrERELL et al [21], reported
that CPAP caused a larger fall in mean 24-h BP
(-6 mmHg) in a subset of patients who were on anti-
hypertensive medications than in those who were
not (-2 mmHg). This finding suggested that hyper-
tensive patients may have a more pronounced
BP-lowering response to CPAP than normotensive
subjects. However, the authors did not report how
many patients fell into this category, what medications
they were on nor what their actual BPs were. The
present data are, in general, consistent with those
findings, but extend them to patients with uncon-
irolled hypertension, where reductions in daylime
and 24-h systolic BP were more pronounced (9.3%
3.9 mmHg and 10.5+4.2 mmHg, respectively), and
were associated with improvements in BRS. Since
antihypertensive medications probably caused some
lowering of BP in these patients, it is possible that had
these medications been discontinued CPAP may have
caused an even greater reduction in BP. However, it

would have been ethically unjustifiable to discontinue
antihypertensive medications in this group of severe
hypertensives, many of whom had already suffered
complications from their uncontrolled hypertension.

The current protocol differs from previous ones in
important ways. First, a well-defined group of refrac-
tory hypertensive patients was used, in whom medi-
cations were not discontinued during the study period.
Secondly, BP in all these patients was managed in a
specialised hypertension clinic before inclusion in the
study. Thirdly, in contrast to another study [39], reduc-
tions in weight did not confound the present results.

What are the potential mechanisms whereby treat-
ment of OSA by CPAP might decrease nocturnal
and daytime BP? One likely possibility is that CPAP
reduces sympathetically mediated vasoconstriction.
These effects have been shown to occur acutely dur-
ing sleep [8] and to carry over into the daytime after
periods of weeks to months [40]. Another possibility is
that a downward resetting of the baroreflex threshold
and/or an increase in its gain could reset the BP to a
lower level and improve its regulation. The present
findings of acute increases in BRS, in association with
acute reductions in systolic BP and heart rate, pro-
vide further evidence that by eliminating OSA, CPAP
acutely improves autonomic regulation of heart rate
[29]. These improvements were all the more impressive
becanse most patients were on [j-blockers, which
could themselves counteract the surges in sympathetic,
nervous system activity that blunt BRS. While it
would have been interesting to examine the influence
of CPAT on BRS in these patients while they were off
all medications, to do so would have been ethically
unjustifiable. Accordingly, these results are clinically
relevant since the great. majority of patients with
severe hypertension will be on antihypertensive medi-
cations. Whether these acute nocturnal improvements
in BRS are carried over into the daytime and whether
they are directly linked to short- or long-term improve-
ments in BP control remains to be addressed in
future studies. Since blunted endothelially mediated
vasodilation has been reported in OSA, another
possible cause of improved BP control with CPAP is
that reversal of OSA caused an improvement in
vascular endothelial function [37, 38].

Evidence from the Framingham Heart Study indi-
cate that systolic BP is a more robust predictor of
cardiovascular risk than diastolic BP [41]. However,
controlling systolic BP remains more diffieult [18, 19,
42, 43]. Each 10 mmHg increment in ambulatory day-
time systolic BP is associated with a 20% higher
cardiovascular risk. Therefore, if reductions in systolic
BP of the magnitude observed in this study could be
chronically sustained they might improve prognosis in
patients with refractory hypertension.

Night-time systolic BP more accurately predicts
cardiovascular risk than daytime systolic BP [19]. The
reasons for this elevated risk remain poorly under-
stood and have been addressed in only a few studies,
In an animal model of hypertension, the best predictor
of cardiac hypertrophy was elevated sleeping BP [44].
However, in hypertensive patients with OSA, anti-
hypertensive medications are relatively ineffective at
controlling nocturnal systolic BP, even when daytime
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systolic BP is brought under control [45]. These data
showed pronounced reductions in nocturnal systolic
BP in association with CPAP application for OSA,
both acutely and after 2 months of home therapy
(12.3 and 14.4 mmHg, respectively). The consistency
between these acute and chronic reductions in noc-
turnal systolic BP underscore the clinical significance
of the present findings.

A potential problem with this study is the lack of
an untreated control group. However, this has little
bearing in the acute nocturnal experiments because
the fall in nocturnal BP in response to acute appli-
cation of CPAP was instantaneous, was large in mag-
nitude and occurred simultareously with abolition
of OSA. It could not, therefore, be attributed to a
placebo effect. With respect to the chronic part of the
study, the two largest randomised placebo-controlled
trials of CPAP demonstrated no beneficial placebo
effect of CPAP on BP [20, 21]. Indeed, use of sub-
therapeutic placebo CPAP in the control group was
actually associated with an increase in BP [21].
Moreover, reductions in BP after 2 months of CPAP
in this study occurred on a background of unremitting
hypertension and neither the types nor dosages of
antihypertensive medications were changed during
the course of the study. Therefore, it is unlikely that
the chronic reductions in BP observed were due to
a placebo effect. In addition, it wonld be difficult to
justify an expensive and time-consuming randomised
controlled clinical trial in this highly selected group
of refractory hypertensive patients without first obtain-
ing preliminary evidence suggesting the potential for a
beneficial effect. Data from this study provide such
evidence.

In conclusion, these data demonstrate that contin-
uous positive airway pressure acutely reduces blood
pressure and increases baroreflex sensitivity during
sleep in patients with refractory hypertension and
obstructive sleep apnoea. Although the possibility that
a placebo effect or regression to the mean could play a
role in the chronic falls observed in systolic blood
pressure cannot be ruled out, the data nevertheless
suggest that treatment of obstructive sleep apnoea can

-chronically reduce blood pressure in patients with refrac-

tory hypertension. Accordingly, they provide a strong
rationale to conduct randomised controlled trials of
continuous positive airway pressure in refractory hyper-
tensive patients with obstructive sleep apnoea to assess
the validity and generalisability of these findings.
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