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The increase in pulmonary arterial pressure (Ppa) dur-
ing acute hypoxia is mainly related to alveolar hypoxae-
mia inducing vasoconstriction of precapillary pulmonary
arterioles [1, 2] whereas during chronic hypoxia, mechan-
ical and hormonal factors make the vessels adapt to hy-
poxia and modify their response to chemical stimulus [3].
Furthermore, the temporal profile of the hypoxaemic stim-
ulus may have a substantial effect on the pulmonary vas-
cular response [4] as suggested by experimental studies
allowing that repeated exposure to intermittent hypoxae-
mia [5] enhances the pulmonary hypoxic pressor response.

Previous studies [6] in obstructive sleep apnoea (OSAS)
patients have shown that repeated desaturations from ob-
structive apnoeas induce a transient increase in Ppa that,
together with daytime hypoxaemia, is considered to be the
key factor responsible for daytime pulmonary hyperten-
sion [7, 8]. Recent evidence in animals [9–11] has demon-
strated that repetitive hypoxic stimuli, simulating the
chemical changes produced by apnoeas lead to systemic
hypertension either during the exposure or during the rec-
overy period. A more direct approach to the pulmonary
vascular effects of repetitive hypoxaemia has been used by

IWASE et al. [12]. Using a canine model they have demon-
strated a progressive increase in systemic and pulmonary
arterial pressure during repetitive hypoxaemic exposure.
On the basis of these latter findings a trend in the pulmo-
nary arterial pressure response to repetitive hypoxaemia
similar to the one produced experimentally may occur in
patients with OSAS.

The two aims of the present study were: 1) to ascertain
whether recurrent apnoea-related oxygen desaturations are
associated with a progressive rise in Ppa during the night
in OSAS patients; 2) if there was a rise in the expected
direction, to determine whether diurnal and nocturnal var-
iables would predict the degree of progressive nocturnal
increase in Ppa.

Patients and methods

Patients

Thirty five consecutive patients referred to the sleep
laboratory for habitual snoring and possible sleep apnoea
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ABSTRACT: Recent results in animals have suggested that repetition of hypoxaemic
stimuli may result in a progressive increase in pulmonary arterial pressure (Ppa). The
purpose of the present study was to investigate the effects of recurrent obstructive
apnoeas on Ppa.

We have, therefore, examined the nocturnal trend of Ppa in seven obstructive sleep
apnoea syndrome (OSAS) patients and in five snorers. Mean Ppa was measured
before, at the start, at the end and after the selected apnoeas. The analysis was per-
formed for each 1 h period for at least 7 h throughout the night on at least 10 ran-
domly selected apnoeas per hour. In snorers, 100 randomly chosen values were
measured during every hour of the night. In the morning after the nocturnal study,
the Ppa responses to acute hypoxia and hypercapnia were measured.

No Ppa changes throughout the 7 h were found during sleep in snorers (Ppa
slope:-0.002±0.10 mmHg·h-1). In OSAS patients a small but significant increase in Ppa
throughout the night was noted, affecting the values before (Ppa slope: 0.7±0.16 mm
Hg·h-1), at the start of apnoea (Ppa slope: 0.53±0.1 mmHg·h-1) as well as at the end (Ppa
slope: 0.44±0.08 mmHg·h-1) and in the postapnoeic period (Ppa slope: 0.55±0.1
mmHg·h-1). When we limited the analysis to nonrapid eye movement (NREM) sleep, a
trend in progressive Ppa was also present, irrespective of changes in apnoea duration
and apnoea desaturation. The Ppa rise during the night was not affected by diurnal
Ppa pulmonary vascular response to hypoxia and hypercapnia or indices of sleep
apnoea severity.

We conclude that in obstructive sleep apnoea, pulmonary artery pressure progres-
sively increases during the night, reflecting the cumulative effects of apnoeas and noc-
turnal hypoxaemia.
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syndrome were enrolled in the study. All patients underwent
pulmonary artery catheterization and nocturnal monitor-
ing of Ppa. Patients were eligible if they met the following
criteria: 1) at least one rapid eye movement (REM) sleep
period during the nocturnal study; 2) no technical prob-
lems occurring during the nocturnal monitoring; and 3) no
history of heart failure and lung disease. Twelve studies
were suitable for analysis.

None of the patients was treated previously with nasal
continuous positive airway pressure (nCPAP) or uvulopal-
atopharyngoplasty and no patient was using vasoactive med-
ication at the time of the study. Written informed  consent
was obtained from all subjects before they participated in
the study, which was approved by the Ethics Committee
of the University of Sydney.

Of the 12 patients, seven were defined as OSAS pat-
ients having an apnoea+hypopnoea index (AHI) >10. The
other patients, classified as snorers and with an AHI index
<10, were considered as the control group.

Methods

Daytime studies. All subjects underwent a full clinical
evaluation including spirometry and arterial blood gases
analysis. Lung volumes were measured using the closed
circuit helium dilution technique (Morgan, Chatham, Kent,
UK) and arterial blood gases were measured by an auto-
matically calibrated 178 pH/blood gas analyser (Ciba Corn-
ing Medfield, MA, USA).

The pulmonary artery catheterization was performed at
rest, breathing room air with the patients in a semirecum-
bent position. A single lumen, 4F pulmonary microcathe-
ter (Pulmoflex, Vygon, Germany) was introduced into the
pulmonary artery via the right or left cubital vein, under
the control of distally obtained pressure curves recorded
continuously on a HP 78353B pressure monitor (Hewlett-
Packard, USA) and a Mingograph 400/700 System (Sie-
mens, Stockholm, Sweden) recorder. After calibrating the
recorder, using a mercury manometer, Ppa was recorded
with the transducer placed 5 cm below the sternal angle
manubriosternal joint. After 15 min of rest, the mean val-
ues for systolic and diastolic Ppa were obtained, averaging
the values of at least five respiratory cycles. Mean pulmo-
nary arterial pressure (Ppa) was calculated following the
reported equation: Ppa=(mean systolic pressure+2 × mean
diastolic pressure)/3. A Ppa value Š20 mmHg was defined
as pulmonary hypertension. The catheter was then left in
situ for overnight recording of pulmonary artery pressure.

In the morning after the nocturnal study, Ppa response
to hypoxia and hypercapnia was measured according to
the previously described protocol [13]. Ventilatory resp-
onse tests were performed with the subject sitting upright
breathing via a mouth piece using a modified version of
the methods described by READ [14] and REBUCK and CAMPBELL

[15]. The rebreathing circuit included a flow- through bag,
a variable bypass soda-lime absorber and        a fixed
speed blower. The bag was encased in a perspex box con-
nected to a pneumotachograph allowing measurements of
tidal volume (VT). End-tidal partial pressure of carbon
dioxide (Pet,CO2) was kept constant by varying flow
through the soda-lime absorber and by adding CO2 to the
circuit. Pet,CO2 was measured at the mask using an infra-
red analyser (47210 capnometer; Hewlett Packard, USA).

Airflow, oxygen saturation and Ppa were measured on a
breath-by-breath basis throughout the test period and rec-
orded on a polygraph. Tidal volume was calculated by
integrating the flow signal. In the eucapnic hypoxic condi-
tion the Pet,CO2 was kept constant at resting values and
hypoxia was produced by stopping oxygen supply and by
a controlled administration of 100% nitrogen into the cir-
cuit. The ramp of hypoxia was terminated at an arterial
oxygen saturation (Sa,O2) of 70% within 2–3 min of start-
ing the test. Normoxic hypercapnic rebreathing runs were
performed using a mixture of CO2 and the test was termi-
nated when the Pet,CO2 reached a level of >10 mmHg (1.3
kPa) above the mixed venous plateau. Sa,O2 remained
>97% throughout the test.

Two hypoxic and hypercapnic tests were performed,
separated by a recovery period of 15 min, and the Ppa
response was obtained in duplicate and averaged. The reg-
ression of Ppa on Sa,O2 and Pet,CO2 were calculated for
each patient and the value obtained per percentage change
(ý) in Sa,O2 (mean ýPpa/ýSa,O2, in mmHg·%-1) and per unit
partial pressure of CO2 (mean ýPpa/ýPet,CO2, in mmHg·mm
Hg-1) was used to express the Ppa responsiveness to a giv-
en change in oxygen saturation and Pet,CO2.

Nocturnal studies

Protocol. Each patient was studied on a single night for
at least 7 h between 22:30 h and 06:00 h. Polysomnogra-
phy included electroencephalogram (EEG), electro-oculo-
gram (EOG), submental and diaphragm electromyogram
(EMG) and electrocardiogram (ECG). Nasal and oral air-
flow was recorded by a thermistor. Respiratory movements
were monitored by strain gauge transducers placed around
the chest and the abdomen (Ambulatory Monitoring Inc.,
Ardsley, NY system). Arterial oxyhaemoglobin saturation
was continuously measured by an ear oximeter (Biox III,
Ohmeda). Ppa was recorded through a single lumen, 4F pul-
monary microcatheter inserted in an antecubital vein and
connected to a calibrated pressure transducer. Prior to the
recording, a calibration of the system was performed us-
ing a mercury manometer. This manoeuvre was repeated
each hour during the nocturnal study to verify the stability
of the recorded pressure. All signals were continuously
recorded on a polygraph (model 78D, Grass Instruments,
Quincy, MA) at a paper speed of 10 mm·s-1.

Sleep stages were scored using the method of RECH-
TSCHAFFEN and KALES [16]. Central, mixed and obstructive
apnoeas were defined according to standard criteria. Hy-
popnoeas were defined by an estimated 50% or greater
reduction in oronasal flow with a decrease in Sa,O2 of at
least 4%. The apnoea index (AI; number of apnoeas per
hour of sleep), AHI (number of apnoeas and hypopnoeas
per hour of sleep), the apnoea time (percentage of total
sleep time spent in apnoea) and the mean duration of res-
piratory events were computed. The following indices of
hypoxaemia were defined: the mean Sa,O2 during 10 min
of quiet wakefulness prior to sleep onset (Sa,O2,w); the low
Sa,O2 (mean minimal Sa,O2 after each event); the AHI at
Sa,O2 <90% (number of apnoeas and hypopnoeas per hour
of sleep with a low Sa,O2 below 90%), and the AHI at Sa,O2
<80% (number of apnoeas and hypopnoeas per hour of
sleep with a low Sa,O2 below 80%). Oximeter values bel-
ow 40% were considered to be equal to 40% because of
the alinearity of the instrument in this range.
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Data analysis

Analysis was performed for periods of 1 h from light
off to light on for at least 7 h. For each period, the AHI,
the AHI at Sa,O2 <90%, the AHI at Sa,O2 <80%, the low
Sa,O2 and the mean duration of apnoeas were calculated.

During 10 min of relaxed wakefulness prior to sleep on-
set (Ppa presleep) and for the selected apnoeas during each
1 h period, Ppa was analysed manually, computing the
mean value of systolic and diastolic pressure (Ppa,mean:
mean systolic Ppa + mean diastolic Ppa/2). This was done
for the pressure recorded during the expiratory phase, de-
fined by the analysis of diaphragm EMG activity, to ex-
clude the effects of negative intrathoracic pressure swings
during the obstructive efforts.

For each OSAS patient, at least 10 obstructive apnoeas
were randomly selected for each 1 h period occurring
either in nonrapid eye movement (NREM) and REM sleep,
in supine position. Apnoeas with arrhythmia or artefacts
related to body movements were rejected from the analy-
sis. Apnoeas lasting 10 s, occurring while the patients were
falling asleep and preceded or followed by body move-
ments, were discarded. The duration of the selected apnoeas
was equal to the mean duration for the entire night ±1 SD.
For each selected apnoea (fig. 1), the Ppa average was con-
sidered in four segments: Ppa during the 5 s before an
apnoea (Ppa,before); Ppa during the first 5 s at the start of
the apnoea (Ppa, start); Ppa during the last 5 s of apnoea
(Ppa,end); and Ppa during the first 5 s of the postapnoeic
phase (Ppa, after). These periods were determined with all
polygraphic data to define as accurately as possible the
start and the end of apnoea. No data were analysed twice,
i.e. as postapnoea in one episode and as pre-apnoea in the
following one.

In the snorers, to compute Ppa,mean, at least 100 random
values for each 1 h period were analysed, so that an equiv-
alent number of pressure readings was obtained in snorers
and in OSAS patients.

Statistical analysis

All values are presented as mean±SEM. Comparisons bet-
ween snorers and OSAS patients were made using one-
way analysis of variance (ANOVA). Data from periods
obtained for each subject were averaged and the slope of
Ppa variation from the first to the last hour was obtained in
all subjects for total sleep and for NREM sleep. Two-way

ANOVA for repeated measurements followed by Scheffé
test for multiple comparison was used to test for differ-
ences between pre-apnoeic, apnoeic and postapnoeic phases
and to test for the effect of the hour of the night. The anal-
ysis was performed for the total sleep period and for
NREM sleep periods. The relationships between the slope
of increase in Ppa during the night and diurnal and noctur-
nal parameters were analysed using Pearson's correlation
analysis. Rejection of the null hypothesis required a p-
value of less than 0.05.

Results

Table 1 presents demographic, pulmonary and noctur-
nal parameters for comparison of the OSAS patients and
snorers.

OSAS patients had a mean AHI of 83.7±6.7; the
apnoea time was 43.1±0.4% of total sleep time and the
mean duration of apnoeas 26.7±0.8 s. In all subjects a
high percentage of obstructive apnoeas were recorded
(78%), with no central and few mixed apnoeas (22%).
OSAS patients were characterized by moderate or severe
hypoxaemia in sleep with a mean low Sa,O2 of 77.5±0.5%,
a mean AHI at Sa,O2 <90% of 75.1±0.5 and a mean AHI at
Sa,O2 <80% of 36.3±0.4. In the snorers the mean AHI was
6.8±1.3 and the mean low Sa,O2 92.0±0.8%.

Three OSAS patients had pulmonary hypertension (def-
ined as a Ppa Š20 mmHg; 26, 26 and 27 mmHg, respec-
tively) while one snorer had a Ppa of 21 mmHg. None of
the OSAS patients showed restrictive or obstructive lung
disease or daytime hypoxaemia. Obstructive lung disease de-
fined as a forced expiratory volume in one second (FEV1)/
forced vital capacity (FVC) ð70% was present in two snor-
ers. Mild hypercapnia, defined as a Pa,CO2 Š45 mmHg (6.0
kPa), was present in three OSAS patients (46, 46 and 51
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Fig. 1.  –  Schematic representation of the analysis. 

Table 1.  –  Clinical and nocturnal respiratory findings in
subjects with obstructive sleep apnoea syndrome (OSAS)
and snorers

OSAS group Snorer group p-value

Subjects  n
Age  yrs
BMI  kg·m-2

Ppa diurnal  mmHg
Ppa presleep  mmHg
Pa,O2  mmHg
Pa,CO2  mmHg
FEV1  mL
FVC  mL
ýPpa/ýPet,CO2 

mmHg·mmHg-1

ýPpa/ýSa,O2  mmHg·%-1

AHI  n·h-1

Low  Sa,O2  %
Apnoea duration  s

           7
43 (3)

38.7 (1.6)
22.9 (1.3)
12.7 (0.5)
80.6 (3.4)
44.6 (1.3)

2937 (146)
3784 (111)
0.53 (0.09)

0.33 (0.05)
83.7 (6.6)
77.5 (0.5)
26.7 (0.8)

5
42 (4)

30.2 (5.6)
15.8 (1.5)
7.2 (0.8)

88.8 (3.4)
43.0 (1.6)

3320 (366)
4473 (668)
0.23 (0.04)

0.20 (0.03)
6.8 (1.3)

92.0 (0.8)
13.8 (1.0)

NS

0.01
0.005
0.008

NS

NS

NS

NS

0.02

NS

0.002
0.005

Values are presented as mean with SEM in parenthesis. BMI: body
mass index; Ppa diurnal: daytime mean pulmonary artery pres-
sure; AHI: apnoea + hypopnoea index; Ppa: pulmonary artery
pressure; Pa,O2: arterial oxygen tension; Pa,CO2: arterial carbon
dioxide tension; FEV1: forced expiratory volume in one second;
FVC: forced vital capacity; ýPpa/ýPet,CO2: pulmonary artery
pressure response to hypercapnia; ýPpa/ýSa,O2: pulmonary artery
pressure response to hypoxia.
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mmHg (6.1, 6.1 and 6.8 kPa) respectively ) and in one
snorer (49 mmHg (6.5 kPa)).

As shown in Table 1, age, blood gas analysis and spi-
rometry were not different between the two groups of sub-
jects whereas body mass index (BMI) and daytime Ppa were
significantly lower in snorers. The slopes of Ppa responses
to hypoxia and hypercapnia were greater in OSAS patients,
but the difference achieved significance only in the hyper-
capnic response.

The sleep and respiratory parameters for each 1 h per-
iod in OSAS patients are presented in table 2. In the OSAS
patients, sleep was disrupted, with lower sleep efficiency
(79%) and higher number of arousals and awakenings.
Sleep architecture was characterized by a higher percent-
age of light sleep (stages 1 and 2: mean 90.8± 1.5%), an
absence of slow wave sleep and a reduced amount of REM
sleep (mean: 9.2±1.8%). REM sleep was recorded in all
patients, occurring especially in the second and third hour
of sleep and in the second half of the night. The hourly
distribution of apnoeas and the apnoea time did not differ
significantly throughout the night, whereas more severe
fall in Sa,O2 occurred during the REM sleep periods.

The polygraphic and haemodynamic data for each 1 h
period in OSAS patients and snorers are presented in table
3. Five hundred and seven apnoeas were analysed in the

OSAS patients with a mean duration of 28.5±0.2 s  and a
mean low Sa,O2 of 76.2±0.2%. All apnoeas included in the
analysis were obstructive and their mean duration did not
differ from the overall value during the night. During ob-
structive apnoeas, Ppa increased significantly across the ap-
noea, until a maximum was reached in the postapnoeic
period (F=29.6, p=0.001). Compared with presleep values
of 12.7±0.5 mmHg, as the night progressed (table 2),
there was a small cumulative increase in Ppa (F=7.8;
p=0.001). Figure 2 illustrates the average Ppa values of
each segment of apnoea against the hours of night for the
total sleep period in each patient and in each control.
Inspection of the figure reveals that the pattern of Ppa rise
in OSAS pat-ients is similar before, during and after the
apnoea. The mean slope of Ppa increase during sleep was
0.7±0.2 mm Hg·h-1 for Pap,before (range 0.2–1.6 mmHg·h-

1), 0.53±0.1 mmHg·h-1 for Ppa,start (0.2–1.0 mmHg·h-1),
0.44±0.1 mmHg·h-1 for Ppa,end (0.2–0.8 mmHg·h-1) and
0.55±0.1 mmHg·h-1 for Ppa,after (0.2–0.8 mmHg·h-1). As
shown        in figure 2, the rise was greater in some patients
compar-ed to the others and in some hours of the night.
This in-crease was significantly different (p=0.001) from
the slope obtained in snorers. In snorers, no significant
changes         in Ppa average value occurred during the
night (Ppa slope   -0.002±0.03 mmHg, range -0.6–0.1).
Ppa was 10.0±1.0 mmHg in the first hour and 10.1±1.1
mmHg in the last hour, with no significant changes com-
pared to presleep values.

To exclude the confounding effects of REM sleep on
apnoea duration and apnoea desaturation, the statistical an-
alysis was also performed considering only NREM sleep
periods (table 4). As the night progressed, Ppa increased
significantly from the first to the last hour of the night.
The mean change throughout the night was: 0.63±0.19
mm Hg·h-1 (F=8.9, p<0.001) for Ppa,before; 0.47±0.11 mm
Hg·h-1 (F=9.1. p<0.001) for Ppa,start; 0.39±0.10 mmHg·h-1

(F=4.0, p=0.003) for Ppa,end; and 0.45±0.10 mmHg·h-1

(F=5.7, p=<0.001) for Ppa,after. There were no consistent
changes in the apnoea duration or mean low Sa,O2 for the
analysed apnoeas from the first to the seventh hour of
sleep.

A Pearson's correlation analysis including, diurnal Ppa,
Pa,O2, Pa,CO2, AHI, mean low Sa,O2, apnoea duration and
apnoea time, and the slope of Ppa,before, Ppa,start, Ppa,end

Table 2.  –  Sleep and respiratory parameters for each
hour of total sleep in obstructive sleep apnoea syndrome
patients 

NREM 
sleep
min

REM 
sleep
min

AHI

n·h-1

Low 
Sa,O2

%

Minimal 
Sa,O2

%

Hour 1
Hour 2
Hour 3
Hour 4
Hour 5
Hour 6
Hour 7

37.3 (5.8)
47.4 (5.8)
49.3 (5.1)
43.1 (6.5)
48.3 (6.6)
41.3 (5.8)
36.7 (6.9)

2.8 (1.0)
3.6 (2.8)
8.0 (4.9)
3.2 (2.0)
5.7 (3.1)
6.9 (3.9)
6.7 (3.8)

89.6 (8.5)
88.8 (8.2)
87.9 (5.8)
83.0 (6.1)
82.9 (5.6)
86.2 (6.3)
85.1 (6.3)

81.9 (1.6)
77.7 (3.1)
76.9 (2.2)
81.8 (1.6)
78.8 (1.2)
77.3 (1.6)
76.5 (1.3)

70.4 (2.4)
61.4 (6.4)
62.9 (4.5)
68.7 (2.3)
58.3 (4.2)
60.3 (5.8)
55.3 (5.4)

Values are presented as mean with SEM in parenthesis. NREM:
nonrapid eye movement; REM: rapid eye movement; AHI:
apnoea + hypopnoea index; Sa,O2: arterial oxygen saturation;
Low Sa,O2: mean minimal Sa,O2 after each event.

Table 3.  –  Duration, oxygen desaturation and pulmonary artery pressure (Ppa) values of the selected apnoeas for each
hour of total sleep in obstructive sleep apnoea syndrome (OSAS) patients. For snorers, Ppa for every hour of sleep is
represented

OSAS patients Snorers

Apnoea

n

Apnoea
duration

s 

Low
Sa,O2

%

Ppa,before

mmHg

Ppa,start

mmHg

Ppa,end

mmHg

Ppa,after

mmHg

Ppa

mmHg

Hour 1
Hour 2
Hour 3
Hour 4
Hour 5
Hour 6
Hour 7

70
70
74
68
74
75
76

26.1 (0.3)
27.8 (0.5)
28.8 (0.5)
26.6 (0.4)
29.1 (0.6)
30.5 (0.6)
30.6 (0.7)

78.2 (0.4)
74.8 (0.7)
75.6 (0.5)
81.0 (0.4)
75.9 (0.6)
73.3 (0.7)
73.7 (0.6)

15.6 (0.6)
17.4 (0.7)
19.1 (1.1)
17.3 (0.7)
19.1 (1.2)
20.6 (1.3)
19.7 (1.2)

13.7 (0.6)
15.5 (0.5)
16.5 (0.8)
15.5 (0.8)
17.3 (0.9)
17.7 (0.9)
16.9 (0.7)

16.3 (0.8)
18.1 (0.8)
18.6 (0.9)
17.6 (1.3)
19.5 (0.7)
19.9 (1.1)
19.0 (1.0)

18.1 (1.1)
20.0 (1.0)
21.1 (1.2)
19.5 (1.3)
21.9 (1.0)
22.6 (1.5)
21.3 (1.2)

10.0 (1.0)
10.4 (1.1)
9.8 (1.0)
10.0 (1.1)
10.0 (1.1)
10.1 (1.2)
10.1 (1.1)

The analysis included both rapid eye movement (REM) and nonREM sleep periods. Low Sa,O2: mean minimal arterial oxygen satura-
tion after each event; Ppa,before: pulmonary artery pressure (Ppa) during the 5s before an apnoea; Ppa,start: Ppa during the first 5s at the
start of an apnoea; Ppa,end: Ppa during the last 5s of an apnoea; Ppa,after: Ppa during the first 5s of the postapnoeic phase.
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and Ppa,after during total sleep and NREM sleep, showed
that none of the variables considered were correlated with
the slope of Ppa increase during the various intervals. Fur-
thermore, no correlations were found between the slope of
Ppa during the night and the diurnal vascular pulmonary
pressure response to hypoxia and hypercapnia.

Discussion

Using 1 h analysis of nocturnal Ppa, we demonstrated a
progressive increase in Ppa in OSAS patients. This in-
crease was detectable from the beginning to the end of the
night, with a maximal rise prior to awakening. In contrast,
there were no significant changes in snorers. This finding
suggests that as sleep progressed, the recurrent stimulus of

the repetitive apnoeas and hypoxaemia may have contrib-
uted to nocturnal pulmonary hypertension.

Studies in OSAS patients have shown that Ppa increases
are transient and mainly postapnoeic with a return to base-
line values when Sa,O2 returns to preapnoeic levels [6]. The
new finding of this study is that a nocturnal trend of pro-
gressive increase in Ppa is present in OSAS patients, but
not in snorers. This suggests that repetitive episodic
hypoxia or stress resulting from the apnoea-related chemi-
cal or mechanical changes may amplify pulmonary bed vaso-
constriction during the night, contributing to the upward
trend found in the present patients.

The potential mechanisms underlying these apnoea-
dependent changes in Ppa were not specifically examined
in our study and remain undetermined. However, we know
that the adjustment of Ppa in response to obstructive
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Fig. 2.  –  The mean Ppa values are represented for snorers (         ) and OSAS patients (         ) for 7 h of the night. For OSAS patients, the data are plot-
ted for the Ppa before and after the apnoea as well as for Ppa at the start and the end of apnoea. Compared to snorers, OSAS patients showed a small but
significant increase in Ppa from the first to the last hour of the night. For definitions see table 3. 

Table 4.  –  Duration, oxygen desaturation and mean pulmonary artery pressure values for the analysed apnoeas for each
hour of nonrapid eye movement (NREM) sleep in obstructive sleep apnoea syndrome (OSAS) patients

Apnoea

n

Apnoea
duration

s 

Low
Sa,O2

%

Ppa,before

mmHg

Ppa,start

mmHg

Ppa,end

mmHg

Ppa,after

mmHg

Hour 1
Hour 2
Hour 3
Hour 4
Hour 5
Hour 6
Hour 7

60
63
64
61
61
62
61

24.1 (0.3)
26.9 (0.4)
27.2 (0.4)
26.6 (0.4)
27.1 (0.4)
28.1 (0.5)
26.5 (0.4)

79.2 (0.4)
77.5 (0.5)
78.4 (0.4)
81.0 (0.4)
80.0 (0.3)
77.6 (0.3)
76.4 (0.4)

15.6 (0.6)
16.9 (0.6)
17.9 (0.8)
17.2 (0.6)
18.4 (0.6)
19.8 (1.0)
19.5 (1.1)

13.7 (0.5)
14.8 (0.7)
15.6 (0.6)
15.5 (0.7)
16.1 (0.7)
17.1 (0.9)
16.5 (0.9)

16.4 (0.8)
17.3 (1.0)
17.8 (1.0)
17.6 (1.2)
18.0 (0.9)
19.1 (1.2)
18.7 (1.2)

18.2 (1.1)
19.1 (1.2)
20.0 (1.0)
19.4 (1.2)
20.0 (0.9)
21.2 (1.3)
20.9 (1.3)

Values are presented as mean±SEM, from analysis of NREM sleep periods only. For definitions see legend to table 3.
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apnoea results from a complex interplay between several
factors including the reactivity of local vascular bed, the
hypoxia-related vasoconstriction and possibly the direct
influence of the decrease in intrathoracic pressure during
the apnoea. It has been demonstrated experimentally [3–5,
12] that pulmonary vascular responsiveness depends on
the intensity, the duration and the repetition of the hypoxic
stimulus applied. MARRONE et al. [17] found that transmural
systolic Ppa progressively increased during repetitive
apnoeas in four OSAS patients only when the falls in Sa,O2
became greater and in REM sleep. In our analysis, we first
included values during NREM and REM sleep so that
changes in Ppa would reflect the time course during the
night. According to previous data, we would assume that
the rise in pulmonary pressure is greater during REM sleep
and when hypoxaemia is more severe. However, after the
elimination of REM sleep periods, an upward trend in Ppa
was still observed. This result suggests that the repetition
of hypoxic stimuli, rather than the intensity of hyp-
oxaemia, may influence the haemodynamic response to
obstructive apnoea. In animals [5], the repetition of hypox-
aemia induces a temporal pattern of progressive increase
in Ppa present after the first five or six hypoxic exposures
and affecting values during the stimulation as well as
during the recovery period. Although the data from the
present study suggest that certain indices of nocturnal hy-
poxaemia, i e. low Sa,O2 and minimal Sa,O2 are not a suffi-
cient explanation for the rise in Ppa, they do not exclude
other effects of episodic and repetitive hypoxaemia on noc-
turnal pulmonary hypertension. Although speculative, the
intermittent nature of hypoxaemic stimuli in OSAS may
affect the nocturnal Ppa rise by modifying the vascular
response to chemical stimuli either directly on pulmonary
vascular muscles [18, 19] or indirectly via vasoactive med-
iators. Alternatively, anatomical vascular remodelling [20]
or pulmonary capillary damage [21], related to recurrent
apnoeas, may lead to potentiation of pulmonary vessel
reactivity. These intrinsic modifications of the vascular pul-
monary bed would elicit major vascular responses to
hypoxic stimulus. This hypothesis is supported by experi-
mental data [5, 12] showing that application of repetitive
hypoxia for several hours is followed by an hyperactivity
of the pulmonary vascular bed that persists in the recovery
period.

Our approach, however does not exclude the possibility
that factors other than hypoxaemia contributed to the rise
in Ppa. We know that the acute cardiovascular response to
apnoea is complicated by the interaction of mechanical
effects (i.e. changes in intrathoracic pressures) that may
have an effect on pulmonary vasoreactivity, either directly
or by the increase in venous return and right ventricular
diastolic size. Although a mechanical effect cannot be en-
tirely excluded in the present patients, we believe it is
unlikely. In snorers, in whom an increase in negative oeso-
phageal pressure is present, Ppa was maintained and no
changes were detectable throughout the night. This is in
keeping with the results of IWASE et al. [12] showing that
during airway obstruction, oxygen inhalation reverses the
cyclical changes in Ppa, and intermittent hypoxia without
obstruction may cause rises in systemic artery pressure
and Ppa that do not differ in magnitude from those associ-
ated with obstruction. These data are consistent with the
view that increased mechanical loading during apnoea

does not play a key role in mediating the progressive rise
in Ppa.

It remains unclear from the present data whether the
trend of evolution of Ppa during the night is affected by the
diurnal pulmonary vascular setting. It was previously doc-
umented that some subjects are more susceptible (high
responders) to the development of pulmonary hyperten-
sion in hypoxic conditions than others (nonresponders) [22,
23]. However, in the present study no significant correla-
tions were found between diurnal vascular response to hy-
poxia and hypercapnia, daytime Ppa and the slope of Ppa
changes during the night. It might be noted that diurnal
vascular response to hypoxia may not reflect the changes
in the pulmonary artery pressure at night. In OSAS pat-
ients, MARRONE et al. [24], comparing the change in  systolic
blood pressure with changes in Sa,O2 during hypercapnic
hypoxia, normocapnic hypoxia and sleep found a greater
systemic vascular response during wakefulness than dur-
ing sleep. LAKS et al. [13] measured the response of Ppa to
hypoxia and hypercapnia during wakefulness in 20 OSAS
patients and nine controls and found a wide range of
response to hypoxia in both groups. A potential problem
with the interpretation of these results lies in      the
method of analysis of diurnal pulmonary vascular res-
ponse to hypoxia. We used a chronic hypoxic stimulus that
may not provide an accurate quantitative assessment in the
OSAS situation. Therefore, it is conceivable that statis-
tically significant differences in Ppa responses to obstruc-
tive apnoea might be observed only when comparing the
vascular response at a similar level of Pa,O2 and duration
of hypoxic stimulus.

While it is not necessarily possible to extrapolate the
present findings to a general OSAS population they do
demonstrate the potentially negative effects of obstructive
apnoeas during sleep. Controversy surrounds the mecha-
nisms responsible for diurnal pulmonary hypertension.
Some authors have stressed the role of diurnal hypoxae-
mia [25], others have considered the effects of repetition
of apnoeas and nocturnal hypoxaemia [26]. Considering
the nocturnal trend of progressive rise in Ppa found in the
present patients it is conceivable that in the long term
these patients if left untreated would develop irreversible
anatomical vascular changes underlying diurnal pulmo-
nary hypertension. This would be a further incentive to
provide early treatment of OSAS to prevent the risk of
diurnal pulmonary hypertension.

We have acknowledged, above, some of the limitations
of this study that may have affected the results. Firstly, to
measure Ppa we used intravascular Ppa, which is directly
influenced by the changes in intrathoracic pressure occur-
ring during obstructive apnoeas. Since oesophageal pres-
sure was not recorded, we decided to analyse expiratory
values of Ppa on the basis that during normal respiration
intravascular Ppa equals transmural Ppa only at the end of
expiration. If this is correct for the segments before and at
the start of apnoea, at the end of apnoea and in the post-
apnoeic period, a shortening of expiratory time is pres-
ent, caused by an activation of expiratory muscles. This
means that the criteria for intravascular Ppa being equal to
transmural Ppa are not completely fulfilled in the second
part of apnoea and in the postapnoeic period. For this rea-
son relative changes in Ppa, more than absolute values,
were considered for the statistical analysis. Secondly,
since in the present OSAS patients, the nocturnal Ppa rise
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was significant but small, the question arises whether arte-
facts or body movements may have affected the results. In
an attempt to control the variables that may induce varia-
tions in our measurements, only supine position was al-
lowed during the study and periods with artefacts or body
movements were discarded from the analysis. Moreover,
the pressure calibration was rechecked each hour during
the nocturnal recording and identical techniques were used
in all subjects. Since no changes were observed in snorers,
we do not believe that the nocturnal Ppa increase found in
OSAS patients may be related merely to technical inter-
ference in Ppa measurement. Finally, several factors such
as age, BMI and lung disease may influence Ppa inde-
pendently of OSAS. In the present study the best possible
age matching was attempted and patients with a history of
lung disease were excluded. Unfortunately we did not
succeed in fully matching the study groups for BMI and
daytime pulmonary function, both of which may act as
potential confounders. However, although the size of the
study groups was not large enough to draw a conclusion
with certainty, up to now no systematic studies have been
performed in order to examine the evolution of Ppa during
sleep. COCCAGNA et al. [27] described an increase in Ppa that
parallels the deepening of sleep from stage 1 to stage 4,
the highest values being recorded in REM sleep. Measure-
ments, however, were made randomly during the night and
not correlated with the changes in Sa,O2 or apnoea dura-tion.

In summary, we observed a progressive rise in noctur-
nal pulmonary artery pressure during the course of the
night in patients with obstructive sleep apnoea syndrome.
The specific mechanisms underlying this temporal trend
remain to be established. Research efforts should focus on
how diurnal or nocturnal factors may differentiate the pat-
ients who had the greatest progressive nocturnal rise and
the consequence of this rise on the development of diurnal
pulmonary hypertension.
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