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The role of the arterial baroreflex in the cardiovascular changes as-
sociated with the obstructive sleep apnea syndrome (OSAS), and
the effect of nasal continuous positive airway pressure (CPAP)
treatment on baroreflex function during sleep are unknown.
Baroreflex control of heart rate was studied in 29 normotensive
patients with OSAS under no treatment, in 11 age-matched con-
trol subjects, and in 10 patients at CPAP withdrawal after 5.5 

 

�

 

 3.7
(range 3–14) months of treatment. Baroreflex control of heart
rate was assessed by “sequence method” analysis of continuous
blood pressure recordings (Finapres) obtained during nocturnal
polysomnography. In untreated OSAS, baroreflex sensitivity (BRS)
was low during wakefulness and non–rapid eye movement (REM)
stage 2 sleep compared with control subjects, and correlated in-

 

versely with mean lowest Sa

 

O

 

2

 

 and the blood pressure increase af-
ter apneas. After CPAP treatment, the apnea-hypopnea index was
lower, and mean lowest Sa

 

O

 

2

 

 higher than before treatment. After
CPAP, patients were more bradycardic, blood pressure and its
standard deviation decreased as Sa

 

O

 

2

 

 improved in non-REM stage
2 sleep, and BRS increased (nocturnal wakefulness: 

 

�

 

59%; non-
REM stage 2 sleep: 

 

�

 

68% over pretreatment values). Our data
suggest that baroreflex dysfunction in OSAS may be at least partly
accounted for by nocturnal intermittent hypoxemia, and can be
reversed by long-term CPAP treatment.
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Marked cardiovascular fluctuations, secondary to hypoxia-
induced sympathetic activation (1), arousal (2), and mechani-
cal effects of airway obstruction (3) occur during sleep in ob-
structive sleep apnea syndrome (OSAS). However, the car-
diovascular effects of OSAS extend beyond night-time: OSAS
is associated with diurnal sympathetic hyperactivity (1) and in-
creased blood pressure responsiveness to hypoxia (4, 5), both
factors likely contributing to the pathogenesis of sustained
systemic hypertension and a high risk for cardiovascular dis-
ease (6).

The role of the arterial baroreflex in OSAS-induced car-
diovascular alterations during sleep and wakefulness is not
completely defined. The arterial baroreflex normally buffers
acute changes in blood pressure by feedback modulation of
sympathetic activity and vascular resistance. During daytime,
both decreased (7) and normal (8, 9) baroreflex control of
heart rate (HR) were found in untreated patients with OSAS.

Therefore, decreased baroreflex efficiency in OSAS could po-
tentiate sympathetic hyperactivity and apnea-associated pe-
ripheral vasoconstriction (10). Assessing baroreflex control of
HR in OSAS might be clinically relevant, since a low barore-
flex sensitivity (BRS) is an unfavorable prognostic indicator
and a marker of autonomic dysfunction in diseases such as di-
abetes (11), chronic heart failure (12), and coronary artery dis-
ease (13).

Baroreflex activity cannot be directly assessed by nerve re-
cording in humans, partly accounting for the limited knowl-
edge on the effects of OSAS on baroreflex. However, because
baroreflex activation/deactivation is associated with changes
in the vagal discharge to the heart, baroreflex function can be
explored by analyzing HR responses to pharmacologically-
induced changes in blood pressure. During sleep, injection of
vasoactive substances frequently causes arousal (14), a prob-
lem that may be overcome by a technique based on detection
of baroreflex sequences (i.e., spontaneous changes in ECG R-R
interval associated with blood pressure fluctuations), similar
to the effects evoked by bolus injection of vasoactive drugs
(15). Spontaneous BRS can be assessed as the sequence slope,
as in the traditional method. Disappearance of spontaneous
sequences after carotid denervation (16) strongly supports
their baroreflex origin. Clinically, the sequence technique was
shown to yield results similar to those obtained by the bolus
injection method (17), and was employed to study circadian
BRS changes in normotensive and hypertensive subjects (18,
19). In nonapneic, nondesaturating snorers, spontaneous BRS
decreased during non–rapid eye movement (REM) sleep (20),
suggesting that sleep-disordered breathing can impair barore-
flex function. No studies have analyzed spontaneous BRS dur-
ing sleep in untreated OSAS.

The effects of continuous positive airway pressure (CPAP)
treatment on OSAS-induced autonomic dysfunction and car-
diovascular alterations are still controversial. Acute CPAP
application normalizes OSAS-induced high cardiovascular
variability during sleep (21), but norepinephrine excretion
remained high after a single CPAP night (22). After long-term
CPAP, sympathetic hyperactivity during wakefulness decreased
(23, 24) and autonomic stress tests improved (25–27) in pa-
tients with good compliance to treatment. Blood pressure dur-
ing the daytime was reported to decrease (27–30) or remain
unchanged (24). No studies have examined baroreflex control
of HR and cardiovascular variables during sleep in OSAS af-
ter long-term CPAP.

In this study, we analyzed spontaneous baroreflex control
of HR during sleep by the sequence technique in untreated
patients with OSAS normotensive during wakefulness, and in
healthy control subjects of similar age. Changes in baroreflex
control of HR during sleep were assessed in 10 patients on the
first night of CPAP withdrawal after prolonged CPAP treat-
ment. This protocol was chosen to study CPAP-treated pa-
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tients in conditions as similar as possible to those of the con-
trol study (31).

 

METHODS

 

Subjects

 

A total of 29 men, normotensive during wakefulness and with newly
diagnosed OSAS, and 11 normal men of similar age were studied. In-
clusion criteria were: (

 

1

 

) repeated office blood pressure measure-
ments of greater than 140/90 mm Hg; (

 

2

 

) no clinical or laboratory evi-
dence of chronic heart failure, hypertension, or other diseases causing
autonomic dysfunction; and (

 

3

 

) no treatment with cardiovascular drugs.
No subject reported habitual alcohol intake of more than 30 g/day or
drug use. Caffeine intake was 2–4 cups/day in all subjects. A total of
5 control subjects and 15 patients with OSAS were current smokers
(all control subjects and 4 patients with OSAS smoked 7 cigarettes or
fewer per day, 7 patients with OSAS smoked 20 cigarettes or fewer
per day, and 4 patients with OSAS smoked more than 20 cigarettes
per day). Subjects were asked to refrain from caffeine and alcohol
consumption and smoking on the day of the study.

The effects of CPAP treatment were analyzed in 10 of the 29 pa-
tients after at least 3 months of treatment. Body mass index (BMI)
and office blood pressure were measured at entry and follow-up. No
change in drinking or smoking habits was reported at follow-up. Mean
nightly use of CPAP was calculated as the difference in ventilator
hourly counts from beginning of treatment to post-CPAP study di-
vided by the number of days of treatment. Polysomnography was ob-
tained in the first night of CPAP withdrawal.

All subjects gave informed consent to the study, the protocol of
which was approved by the ethics committee of one of the hospitals
involved.

 

Measurements

 

Full nocturnal polysomnography (Somnostar 2000, SensorMedics Cor-
poration, Yorba Linda, CA) was obtained in all subjects and condi-
tions; recordings at CPAP withdrawal were obtained by the same
equipment used at baseline. Arterial blood pressure was noninva-
sively monitored beat-by-beat (Finapres 2300, Ohmeda, Englewood,
CO). Finger cuff inflation was stopped for 5 minutes every 40 minutes
to prevent discomfort, and the hand to which the Finapres unit was
applied was held in a constant position. The Finapres was held in au-
tocalibration mode (automatic quality check).

 

Data Analysis

 

Sleep was scored in 30-second epochs according to standard rules
(32). Only epochs recorded during nocturnal wakefulness, non-REM
stage 2, and REM sleep were considered, due to the physiologic insta-
bility of non-REM stage 1 sleep and lack of slow-wave sleep in severe

 

OSAS. Epochs without blood pressure recordings (periodic interrup-
tion, Finapres calibration, or blood pressure artifacts) were also ex-
cluded. Apnea was defined as an interruption of airflow lasting at
least 10 seconds; it was scored as obstructive or central according to
persistence or absence of thoracoabdominal movements, respectively.
Mixed apneas started as central and subsequently developed obstruc-
tive features. Hypopnea was defined as airflow decreased by at least
50%, associated with decrease in Sa

 

O

 

2

 

 of 4% or more. All patients
with OSAS showed predominantly obstructive events. The apnea–
hypopnea index (AHI), mean Sa

 

O

 

2

 

 during wakefulness, and mean
lowest Sa

 

O

 

2

 

 in non-REM stage 2 and REM sleep were calculated.
Short-term cardiovascular variability during nocturnal wakeful-

ness, non-REM stage 2, and REM sleep was estimated in each subject
by analyzing all 2-minute segments of the recording showing un-
changed polysomnographic stage (32) and blood pressure signal for
85% or more of segment duration (to avoid inclusion of segments
with periodic interruptions of Finapres recording). All sleep segments
analyzed in patients with OSAS showed recurrence of obstructive ap-
neas. Mean systolic (SBP) and diastolic (DBP) blood pressure and
pulse interval (PI) over 2 minutes were calculated, and their standard
deviations (SD) taken as estimates of variability. Mean highest and
lowest blood-pressure values were calculated in non-REM sleep stage
2 apneas in each patient.

The baroreflex was studied by the sequence method (15, 18).
Briefly, sequences of four or more consecutive beats where both PI
and SBP progressively increased (

 

�

 

PI/

 

�

 

SBP) or decreased (

 

�

 

PI/

 

�

 

SBP) were identified. BRS was calculated as the slope of each se-
quence (milliseconds/mm Hg). In each subject, mean BRS and num-
ber of sequences/hour were calculated in each stage.

 

Statistical Analysis

 

Data were averaged for each group and polysomnographic stage and
means 

 

� 

 

SD were calculated. Student’s 

 

t

 

 test was used to test for dif-
ferences between control and OSAS groups (unpaired) and between
untreated and treated OSAS groups (paired). The effects of group
and sleep stages were analyzed by two-way analysis of variance with
Bonferroni correction. The relationships between cardiovascular vari-
ables and BRS versus age, BMI, AHI, and mean lowest Sa

 

O

 

2

 

 were an-
alyzed by simple linear regression. Results were statistically signifi-
cant at p 

 

�

 

 0.05.

 

RESULTS

 

Untreated OSAS and Control Subjects

 

Table 1 (

 

left columns

 

) reports anthropometric, daytime blood
pressure and sleep data for control subjects and untreated pa-
tients with OSAS. Age was similar in both groups, but patients
with OSAS showed a greater BMI and higher office blood

 

TABLE 1. CHARACTERISTICS OF THE SAMPLES

 

Controls
(

 

n 

 

� 

 

11

 

)
Untreated OSAS

(

 

n 

 

� 

 

29

 

)

OSAS before CPAP OSAS at CPAP withdrawal

p

 

*

 

(

 

n 

 

� 

 

10

 

) p

 

†

 

Age, yr 40.0 

 

�

 

 7.5 45.2 

 

�

 

 8.5 NS  46.6 

 

�

 

 8.9
BMI, kg/m

 

2

 

24.1 

 

�

 

 9.5 35.2 

 

�

 

 5.7

 

� 

 

0.0001 34.7 

 

�

 

 3.8 33.7 

 

�

 

 4.0 NS
Office systolic BP, mm Hg 118.2 

 

�

 

 13.3 131.4 

 

�

 

 10.2

 

� 

 

0.005 133.5 

 

�

 

 8.8 133.5 

 

�

 

 13.8 NS
Office diastolic BP, mm Hg 74.1 

 

�

 

 7.0 85.2 

 

�

 

 6.6

 

� 

 

0.0001 84.5 

 

�

 

 6.4 81.5 

 

�

 

 9.7 NS
AHI 2 

 

� 

 

1 77 

 

�

 

 22 — 82 

 

�

 

 14 63 

 

�

 

 26

 

� 

 

0.05
BP recording time, min 303 

 

�

 

 86 298 

 

�

 

 75 NS 260 

 

�

 

 65 293 

 

�

 

 68 NS
Nocturnal wakefulness, %

 

‡

 

19.9 

 

�

 

 7.5 15.4 

 

�

 

 8.1 NS 16.9 

 

�

 

 10.5 21.7 

 

�

 

 15.7 NS
REM stage 2 sleep, %

 

‡

 

52.7 

 

�

 

 7.2 64.3 

 

�

 

 10.6

 

� 

 

0.005 64.8 

 

�

 

 13.7 61.1 

 

�

 

 17.6 NS
Slow wave sleep, %

 

‡

 

6.1 

 

� 

 

6.9 3.1 

 

� 

 

6.0 NS 1.2 

 

�

 

 2.2 1.5 

 

�

 

 2.8 NS
REM sleep, % (n 

 

� 

 

26)

 

‡

 

12.1 

 

�

 

 3.1 8.1 

 

�

 

 4.1

 

� 

 

0.01 8.2 

 

�

 

 4.9 6.8 

 

�

 

 3.8 NS
Sa

 

O2

 

-wakefulness, % 97.3 

 

�

 

 0.8 95.6 

 

�

 

 1.5

 

� 

 

0.001 95.5 

 

�

 

 1.3 95.7 

 

�

 

 1.1 NS
Mean lowest Sa

 

O2

 

 NREM, % 96.6 

 

�

 

 1.0 81.2 

 

�

 

 7.1

 

� 

 

0.0001 85.5 

 

�

 

 4.7 89.6 

 

�

 

 2.6

 

� 

 

0.01
Mean lowest Sa

 

O2

 

 REM, % 96.2 

 

�

 

 0.9 67.7 

 

�

 

 12.7

 

� 

 

0.0001 62.3 

 

�

 

 16.2 68.9 

 

�

 

 17.4 NS

 

Definition of abbreviations

 

: AHI 

 

�

 

 apnea-hypopnea index; BMI 

 

�

 

 body mass index; BP 

 

�

 

 blood pressure; CPAP 

 

�

 

 continuous positive air-
way pressure; NREM 

 

�

 

 non–rapid eye movement; OSAS 

 

�

 

 obstructive sleep apnea syndrome; REM 

 

�

 

 rapid eye movement.
* Unpaired 

 

t

 

 test (normal subjects versus untreated OSAS).

 

†

 

 Paired 

 

t

 

 test (pre- versus post-CPAP).

 

‡

 

 % refers to BP recording time (

 

�

 

 100%, data for non-REM stage 1 sleep not reported, 

 

see text

 

).
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pressure values, albeit in the normal range. OSAS was severe
in our sample, as indicated by the AHI and Sa

 

O2

 

 values re-
corded during sleep. Over an average 5-hour recording of
blood pressure, REM sleep was identified in all control sub-
jects and in 26 untreated patients with OSAS, its overall dura-
tion being slightly greater in the former than in the latter
group. The percentage of non-REM stage 3–4 sleep was low in
both groups. In patients with OSAS the supine position ac-
counted for 71.4 

 

�

 

 21.4% of total recording.
The mean number of 2-minute segments analyzed to assess

cardiovascular variability was similar in control subjects (97 

 

�

 

34) and untreated patients with OSAS (94 

 

�

 

 34), the highest
percentage of segments being obtained in non-REM stage 2
sleep (67 

 

�

 

 10% in control subjects, 77 

 

�

 

 10% in OSAS, p 

 

�

 

0.01). Mean SBP, DBP, and PI over 2-minute periods did not
change significantly from supine wakefulness to sleep (Table
2). Both nocturnal SBP and DBP were markedly and signifi-
cantly greater in patients with OSAS than in control subjects,
whereas PI was markedly and significantly lower in patients
with OSAS. Mean HR values in OSAS and control subjects,
respectively, were: 76.8 

 

�

 

 12.2 and 63.2 

 

�

 

 7.1 beats per minute
(bpm) during wakefulness; 70.3 

 

�

 

 10.8 and 60.3 

 

�

 

 7.0 bpm in
non-REM stage 2; 68.3 

 

�

 

 9.0 and 61.0 

 

�

 

 6.8 bpm in REM
sleep; (p 

 

�

 

 0.01). Patients with OSAS showed much greater
variabilities of SBP, DBP and PI, i.e., larger SD over 2-minute
intervals during sleep than control subjects. During interap-
neic hypertensive peaks in non-REM stage 2 sleep, SBP in-
creased from 123 

 

�

 

 14 to 165 

 

�

 

 18 mm Hg, and DBP in-
creased from 61 

 

�

 

 8 to 91 

 

�

 

 10 mm Hg. Blood pressure
increase after apneas did not correlate with age or AHI. In
non-REM stage 2 sleep, mean lowest Sa

 

O2

 

 correlated with SD
of SBP (

 

r

 

 

 

� �0.46, p � 0.05) and mean PI (r � 0.55, p �
0.005). In REM sleep, mean lowest SaO2 correlated with mean
SBP and DBP (r � �0.46, p � 0.05 for both), but not with SD
of SBP, SD of DBP, mean PI, or SD of PI.

A large number of �PI/�SBP and �PI/�SBP sequences
was recorded during polysomnography (i.e., 100 sequences or
more per type per subject) in both control subjects and pa-
tients with OSAS. The number of sequences did not differ be-
tween OSAS and control subjects in any sleep stage (Figure 1,
upper panels). BRS was significantly lower in patients with
OSAS than in control subjects during wakefulness and sleep
(Figure 1, lower panels). No significant difference in BRS was
found between current smokers and nonsmokers in either
group.

Spontaneous BRS in patients with OSAS, either during
wakefulness or sleep, did not correlate with age, BMI, or AHI.
There was, however, a significant correlation between mean
lowest SaO2 and BRS (Figure 2) in non-REM sleep (i.e., the
lower SaO2, the lower BRS). The same correlation was not sig-
nificant in REM sleep (Figure 2). Mean BRS in non-REM
sleep was lowest in the patients showing marked SBP increase
after apneas (r � �0.45, p � 0.01).

Effects of CPAP Treatment

The patients studied after CPAP treatment (Table 1, right col-
umns) showed anthropometric characteristics, blood pressure
during wakefulness, and OSAS severity in the untreated state
similar to those of the entire OSAS group. Mean BMI did not
differ between pre- and posttreatment studies. The mean
CPAP level prescribed was 11.6 � 2.5 cm H2O. Average
CPAP nightly use was 5.1 � 1.6 hours, and mean treatment
duration was 5.5 � 3.7 months (range 3–14 months).

At CPAP withdrawal, AHI was lower compared with no
treatment. Mean apnea duration was 27.9 � 9.1 seconds under
no treatment, and 26.1 � 11.5 seconds at CPAP withdrawal
(NS). Mean lowest SaO2 in non-REM stage 2 was higher at
CPAP withdrawal than under no treatment (Table 1), with a
similar trend in REM sleep (paired REM sleep data available
in seven patients). Sleep structure (Table 1) did not differ be-
tween pre- and post-CPAP studies. The percentage of non-
REM stage 3–4 sleep was low in both studies. Time spent su-
pine did not differ between studies (67.6 � 23.3% versus 76.8 �
19.1% of total recording). Similarly, sleep efficiency (total
sleep time/time in bed) was 81 � 11% pretreatment, and 78 �
14% posttreatment (NS).

CPAP treatment did not affect blood pressure significantly,
either during daytime (Table 1) or at night (Table 3). The
number of 2-minute segments analyzed was similar in pre- (88 �
33) and post-CPAP (97 � 27) polysomnographies. Table 3 il-
lustrates the main changes in SBP, DBP, and PI observed at
CPAP withdrawal, as compared with no treatment conditions:
(1) the trend to increased SD of SBP and DBP from wakeful-
ness to sleep was blunted; (2) the SD of SBP and DBP in non-
REM stage 2 sleep decreased; and (3) patients were more
bradycardic (i.e., mean PI was higher) in nocturnal wakeful-
ness and non-REM stage 2 sleep. Mean HR before and after
treatment, respectively, was: 80.9 � 12.9 bpm and 68.8 � 9.7
bpm during wakefulness; 73.2 � 12.9 and 65.7 � 9.0 bpm in
non-REM stage 2; 66.6 � 5.6 and 65.3 � 9.0 bpm in REM

TABLE 2. SHORT-TERM VARIABILITY AND UNPAIRED t TESTS OF SYSTOLIC BLOOD PRESSURE, DIASTOLIC BLOOD PRESSURE, AND PULSE
INTERVAL DURING NOCTURNAL WAKEFULNESS AND SLEEP IN NORMAL SUBJECTS AND PATIENTS WITH OBSTRUCTIVE SLEEP
APNEA SYNDROME

Sleep Stage

Mean SBP (mm Hg) SD of SBP (mm Hg) Mean DBP (mm Hg)

Normal Subjects Patients w/ OSAS p Normal Subjects Patients w/ OSAS p Normal Subjects Patients w/ OSAS p

Nocturnal
wakefulness 117.1 � 19.6 134.6 � 15.0 0.005 7.4 � 2.0 11.1 � 3.7* � 0.005 67.4 � 13.3 77.3 � 9.5 � 0.01

Non-REM 2 110.1 � 16.9 134.5 � 15.5 0.0001 6.0 � 0.8 15.6 � 4.3 � 0.0001 62.3 � 11.3 73.7 � 8.4 � 0.001
REM 122.3 � 19.3 143.5 � 21.4 � 0.01 7.6 � 1.6 15.6 � 4.1 � 0.0001 66.9 � 13 78.0 � 9.4 � 0.01

SD of DBP (mm Hg) Mean PI (ms) SD of PI (ms)

Nocturnal
wakefulness 4.2 � 1.3 6.2 � 1.9* � 0.005 961 � 113 798 � 113† � 0.0005 73 � 20 58 � 21* � 0.05

Non-REM 2 3.2 � 0.7 8.7 � 2.0 � 0.0001 1,007 � 120 871 � 119 � 0.005 58 � 12 90 � 28 � 0.001
REM 4.3 � 1.0 9.4 � 2.5 � 0.0001 995 � 107 892 � 108 0.01 74 � 26 114 � 51 � 0.05

Definition of abbreviations: DBP � diastolic blood pressure; OSAS � obstructive sleep apnea; PI � pulse interval; REM � rapid eye movement; SBP � systolic blood pressure.
* Wakefulness data different from non-REM stage 2 and REM sleep data (p � 0.0005).
† Wakefulness data significantly different from REM sleep data (p � 0.005).
Unpaired t test applied to test for differences between groups; ANOVA applied to test for differences among sleep stages in each group. 
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sleep (p � 0.01). After treatment, nocturnal HR in OSAS was
close to the values found in control subjects. Mean SBP and
DBP, and SD of SBP in non-REM stage 2 sleep, decreased in
those patients showing an increased mean lowest SaO2 after
treatment (r � �0.91, �0.86, and �0.85, respectively, p �
0.002 for all regressions, Figure 3); SD of DBP showed a simi-
lar trend (p � 0.05, Figure 3). The improvement in mean low-
est SaO2 after treatment mostly occurred in young patients
(�SaO2 between studies versus age: r � �0.79, p � 0.01). Ac-
cordingly, age was positively associated with post-treatment
changes in mean SBP during non-REM sleep (r � 0.77, p �
0.01). Conversely, no significant correlation was found be-
tween improved mean lowest SaO2 and changes in mean PI or
its SD in any sleep stage (data not shown).

After CPAP treatment, mean BRS increased compared
with pretreatment during nocturnal wakefulness and non-
REM stage 2 sleep, but not in REM sleep (Figure 4). Mean
BRS increased from 5.0 � 1.7 to 8.0 � 2.9 milliseconds/mm
Hg during nocturnal wakefulness (�59%, p � 0.01), and from
5.6 � 1.5 to 9.3 � 3.6 milliseconds/mm Hg in non-REM stage 2
sleep (�68%, p � 0.005). Corresponding values in REM sleep
were 6.9 � 2.9 and 7.2 � 2.8 milliseconds/mm Hg (NS). The
number of sequences per hour was similar before and after
treatment, the only exception being a small decrease in �PI/
�SBP sequences during wakefulness after CPAP (Figure 4).

Figure 5 shows the change in mean BRS from pre- to post-
treatment condition in the individual patients. The change in
BRS after CPAP (�BRS) did not correlate with age, treat-
ment duration, mean nightly use of CPAP, or the BRS value
recorded under no treatment. No significant relationship was
found between �BRS after treatment and changes in AHI or

apnea duration. BRS for �PI/�SBP sequences increased after
treatment as mean lowest SaO2 in non-REM stage 2 sleep in-
creased (r � 0.66, p � 0.01). Apnea-induced hypertensive
peaks were significantly lower after CPAP (p � 0.05 by paired
t test), but their change after treatment did not correlate with
�BRS.

DISCUSSION

Our study indicates that baroreflex control of HR during
sleep: (1) was impaired in severe untreated OSAS, and (2) im-
proved significantly after CPAP treatment. Spontaneous BRS
was much lower in patients with OSAS compared with normal
subjects, and was lowest in the patients with the highest ap-
nea-induced hypertensive peaks, supporting the hypothesis
that baroreflex dysfunction may contribute to OSAS-induced
cardiovascular changes. Significant relationships were found
in non-REM sleep between mean lowest SaO2 and BRS under
no treatment, and between improved nocturnal SaO2 after
CPAP and changes in BRS, mean SBP and DBP, and SBP
variability, suggesting a role of hypoxemia in OSAS-induced
baroreflex dysfunction. However, because intrathoracic pres-
sure swings during apneas may also decrease after prolonged
CPAP treatment (33), the possibility that changes in the me-
chanical effects of OSAS might contribute to the observed
improvement in baroreflex function cannot be excluded. What-
ever the mechanism, the increased BRS after treatment sup-
ports the concept that long-term CPAP improves cardiovascu-
lar control in OSAS.

Before discussing the results, some methodologic issues
should be addressed. The sequence technique has been vali-
dated in experimental animals (16) and humans (17), and em-
ployed in different clinical conditions including sleep (18–20).
Although we cannot exclude the possibility that baroreflex-
like sequences might occur in our experimental conditions in-
dependent of baroreflex intervention, previous observations
suggested a nonrandom distribution of sequences in the ap-
neic cycle (34). Moreover, preliminary evaluation of our data
by spectral analysis of PI and SBP signals at different frequen-
cies (i.e., the � coefficient) yielded superimposable results to those
obtained with the sequence technique. Finally, we analyzed
only baroreflex control of HR, since no method is available to
investigate spontaneous baroreflex control of peripheral resis-
tance and blood pressure. During wakefulness, baroreflex-
dependent modulation of muscle sympathetic activity was
found to be lower in patients with OSAS compared with con-

Figure 1. Spontaneous baroreflex control of HR during sleep in
normal subjects (open bars) and untreated patients with OSAS
(filled bars). �PI/�SBP and �PI/�SBP refer to hypertension/brady-
cardia and hypotension/tachycardia sequences, respectively (for
details, see text and [16]). Upper panels: mean number of se-
quences per hour recorded in each polysomnographic stage;
lower panels: mean sequence slope (BRS). Asterisks indicate sig-
nificant differences between control and OSAS groups (p � 0.0005).

Figure 2. Relationship between BRS and mean lowest SaO2 in non-REM
stage 2 sleep (left) and REM sleep (right) in the OSAS group. Each
point represents a patient.
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trol subjects (9). On the other hand, the sequence technique
shows a major advantage for sleep studies, since it requires no
active intervention on the part of the subject. Injection of va-
soactive substances caused arousal (14) with increases in
blood pressure and HR (2), suggesting that bolus injections
may heavily interfere with baroreflex assessment during sleep.
Moreover, a vasoactive drug may evoke different responses
according to the timing of injection in the apneic cycle, possi-
bly resulting in artifacts and increased variability of results.

In untreated patients with severe OSAS, spontaneous barore-
flex control of HR during wakefulness and sleep was low com-
pared with age-matched normal subjects, but patients with
OSAS were obese and control subjects were not. Baroreflex
control of HR was reported to be lower in obese than non-
obese awake humans and improved after weight reduction
(35); it also improved after a low-calorie diet in patients with
OSAS, but the respective roles of weight reduction and re-
duced OSAS severity associated with weight loss were not as-
sessed (36). On the other hand, obesity was associated with
sympathetic hyperactivity during wakefulness only in patients
with sleep-disordered breathing, suggesting a major role of
OSAS in the autonomic disturbances associated with obesity
(37). Although our study does not allow us to draw any con-

clusions on the relationship between obesity and BRS, our
data support the hypothesis that OSAS affects baroreflex con-
trol of HR. Indeed, BRS in untreated OSAS did not correlate
with BMI, but correlated with mean lowest SaO2 during sleep
(i.e., a marker of OSAS severity). Finally, baroreflex control
of HR improved considerably after CPAP treatment, whereas
BMI did not change during follow-up.

Subjects were asked to avoid drinking and smoking on the
days of the study. Some control subjects and OSAS patients
were current smokers, but BRS did not differ between smok-
ers and nonsmokers in either group. In addition, the effects of
smoking on BRS were previously found to be short-lived (38),
and smaller at night compared with daytime (39). Ethanol ad-
ministration acutely depressed baroreflex sensitivity in hu-
mans (40), but none of our subjects could be classified as a
moderate or heavy drinker before or after treatment.

In severe untreated OSAS, apnea-induced hypoxemia in
non-REM sleep correlated significantly with BRS. According
to experimental studies on baroreceptor–chemoreceptor in-
teractions, marked stimulation of either receptor type was as-
sociated with attenuated responses to stimulation of the other
receptor (41–43). In humans, baroreflex control of HR de-
creased as hypoxia, acutely induced by simulated high alti-

TABLE 3. SHORT-TERM VARIABILITY OF SYSTOLIC BLOOD PRESSURE, DIASTOLIC BLOOD PRESSURE, AND PULSE INTERVAL DURING
NOCTURNAL WAKEFULNESS AND SLEEP IN 10 PATIENTS WITH OBSTRUCTIVE SLEEP APNEA SYNDROME STUDIED UNDER NO
TREATMENT CONDITIONS AND AFTER LONG-TERM CPAP TREATMENT

Mean SBP (mm Hg) SD of SBP (mm Hg) Mean DBP (mm Hg)

No treatment Long-term CPAP p No treatment Long-term CPAP p No treatment Long-term CPAP p

Nocturnal
wakefulness 135.6 � 12.5 131.9 � 11.7 NS 11.5 � 5.0 9.5 � 3.6 NS 77.0 � 12.9 73.1 � 7.0 NS

Non-REM 2 133.6 � 11.0 127.0 � 15.0 NS 15.7 � 4.0 11.0 � 2.5 � 0.05 71.4 � 8.2 70.9 � 6.3 NS
REM, n � 7 141.3 � 16.4 139.0 � 24.2 NS 14.1 � 3.7 10.2 � 4.1 NS 76.0 � 5.1 74.8 � 14.5 NS

SD of DBP (mm Hg) Mean PI (ms) SD of PI (ms)

Nocturnal
wakefulness 6.4 � 2.6 5.4 � 1.7 NS 776 � 100* 886 � 117 � 0.0005 46 � 9* 65 � 29 NS

Non-REM 2 8.6 � 1.8 6.4 � 1.7 � 0.05 839 � 125 934 � 140 � 0.005 75 � 17 79 � 32 NS
REM, n � 7 8.7 � 2.3 6.0 � 2.8 NS 907 � 76 932 � 110 NS 101 � 48 86 � 53 NS

 Definition of abbreviations: CPAP � continuous positive airway pressure; DBP � diastolic blood pressure; PI � pulse interval; REM � rapid eye movement; SBP � systolic blood
pressure.

* Wakefulness significantly different from REM sleep (p � 0.01) from ANOVA applied to each group to test for differences among sleep stages.

Paired t test applied to test for differences between conditions.

Figure 3. Changes in mean lowest SaO2 and blood pres-
sure during sleep at CPAP withdrawal. Circles: non-REM
stage 2 sleep; squares: REM sleep; regression lines refer to
non-REM sleep points. Improvement in SaO2 during non-
REM stage 2 sleep correlated with decreased mean SBP
(A); variability of SBP (B), i.e., the standard deviation of
SBP, over 2-minute periods of stable sleep also de-
creased as SaO2 improved (upper right panel); and DBP
(C). A similar trend (p � 0.05) was observed for SD of
DBP (D). In REM sleep, no relationship was significant.
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tude, progressed (44). During acclimatization to high altitude,
normal subjects showed an enhanced blood pressure response
to hypoxia during wakefulness (45), with a similar trend for
the pressor response to periodic breathing during sleep (46),
suggesting that chronic hypoxia is likely associated with in-
creased chemoreceptor sensitivity, and thus possibly barore-
flex impairment.

BRS improved after CPAP treatment, but hypoxemia dur-
ing sleep was less severe at CPAP withdrawal. Therefore, re-
sults of the present study will not allow a determination of
whether the observed increase in BRS was secondary to de-
creased severity of desaturation during sleep or an overall im-
provement in autonomic function after prolonged treatment.
We favor the second hypothesis, because BRS did not show
major changes in patients with OSAS during CPAP applica-
tion (47). There is evidence that regular CPAP treatment in
OSAS decreases sympathetic hyperactivity (23, 24), as well as
tonic activation of peripheral chemoreceptors (5) and hyper-
responsiveness to hypoxia (4, 5). CPAP treatment improved
OSAS-induced autonomic dysfunction (24–27), and HR dur-
ing sleep was lower at CPAP withdrawal, observations that
are in line with similar findings during wakefulness (26). Thus,
we favor the explanation that the improvement in BRS after
long-term CPAP seems mostly secondary to chronic rather
than acute effects of treatment.

The change in BRS did not correlate with compliance to, or
duration of, CPAP treatment. Moreover, the link between
nocturnal hypoxemia and BRS was weaker after CPAP com-
pared with untreated OSAS. A large number of patients may
be needed to show significant relationships between variables.
Alternatively, other factors, such as the duration of disease
before patients sought medical care, may affect BRS recovery.
In the present study, the greatest improvements in nocturnal
hypoxemia and cardiovascular variables were observed in rel-
atively young patients. Because the risk of systemic hyperten-
sion is higher in younger patients with OSAS compared with

older patients (48, 49), our results suggest that it may be young
patients who benefit most from CPAP.

We did not measure intrathoracic pressure, leaving the im-
portant question of the role of OSAS-induced mechanical
changes on baroreflex control of HR unaswered. Airway ob-
struction alters the balance of afferent activity from aortic (in-
trathoracic) and carotid (extrathoracic) baroreceptors in ex-
perimental animals (50). Indirect data by pulse transit time
suggest respiratory efforts as a likely explanation for the
blunted decline in nocturnal blood pressure seen in apneic pa-
tients (3). Spontaneous BRS reflects the integrated response
to multiple inputs to cardiovascular control mechanisms, yielding
no direct information on the relative roles of mechanical and
chemical changes induced by airway obstruction during sleep.
However, a direct role of intrathoracic pressure swings on BRS is
supported by the finding that spontaneous BRS progressively
decreased with increasing snoring frequency in nonapneic,
nondesaturating snorers during non-REM sleep (20). The
data obtained at CPAP withdrawal do not provide any addi-
tional insight into the relative role of apnea-induced mechani-
cal and chemical changes on BRS. Indeed, after prolonged
CPAP treatment, esophageal pressure swings were signifi-
cantly reduced compared with pretreatment studies (33). On
the other hand, studying patients on CPAP is not ideal, since
CPAP treatment could affect cardiovascular regulation inde-
pendent of its effects on upper airways. Indeed, decreased
venous return and peripheral vasoconstriction were docu-
mented in healthy awake subjects during positive-pressure
ventilation (51).

No significant change in office daytime blood pressure was
detected after CPAP treatment, possibly because we studied
normotensive subjects. Hypertensive patients with OSAS
were excluded due to the known association of high blood
pressure with decreased baroreflex function (18). Whether
CPAP positively affects baroreflex control of HR in hyperten-
sive OSAS remains to be determined. In the present study,
beat-by-beat analysis of blood pressure clearly indicated that
both average values and blood pressure variability during
sleep fell significantly after treatment. Intermittent 24-hour
blood pressure monitoring showed decreased blood pressure
after CPAP treatment in those patients with frequent signifi-
cant desaturation episodes while untreated, but the change in
blood pressure was small (29, 30). Therefore, continuous blood
pressure recording seems necessary in OSAS to detect changes
in nocturnal blood pressure after treatment (52).

Figure 4. Effect of long-term CPAP on baroreflex control of
HR during sleep. Black bars: untreated OSAS; hatched bars:
first night of CPAP withdrawal after treatment. �PI/�SBP and
�PI/�SBP: same as in Figure 1. Statistical significance (aster-
isks) refers to paired comparisons between pre and posttreat-
ment studies. Paired data in REM sleep were available in six
subjects for �PI/�SBP sequences, and in five for �PI/�SBP
sequences.

Figure 5. Mean BRS over the entire
recording before and after CPAP
treatment in individual patients (n �
10).
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This study was not randomized or placebo-controlled. Pre-
liminary data by the Oxford group showed no improvement in
BRS during wakefulness after sham CPAP, but daytime BRS
significantly increased after 4 weeks of effective CPAP treat-
ment (53), ruling out a placebo effect on BRS. Finally, we did
not measure left ventricular ejection fraction, but no patient
showed clinical symptoms or signs of heart failure, making it
unlikely that our findings might be accounted for by changes
in cardiac function.

Some consistent differences in BRS were observed between
non-REM stage 2 and REM sleep: (1) in untreated OSAS,
BRS and mean lowest SaO2 correlated in non-REM stage 2 but
not in REM sleep; and (2) after CPAP treatment, BRS in-
creased during wakefulness and non-REM sleep, but not in
REM sleep. Because REM sleep is normally characterized by
increased sympathetic nervous activity compared with non-
REM sleep (54), the lack of change in BRS after treatment
during REM sleep could reflect the physiologic autonomic im-
balance of this sleep phase. The ventilatory response to hy-
poxia is reduced during REM sleep (55), suggesting decreased
chemosensitivity and/or state-dependent effects on the central
integration of baroreflex input.

In conclusion, CPAP treatment significantly improved the
depressed spontaneous baroreflex control of HR found in pa-
tients with severe OSAS during sleep. The relationship be-
tween nocturnal BRS and OSAS-induced hypertensive peaks
supports a link between baroreflex dysfunction, chronic inter-
mittent hypoxia, and sympathetic hyperactivity in OSAS, a re-
sult that is similar to data obtained during wakefulness (7). The
clinical efficacy of CPAP therapy in decreasing arterial blood
pressure or cardiovascular risk in OSAS is still debated (24, 28–
30). Since arterial baroreflex dysfunction is a marker of high
cardiovascular risk in patients with coronary artery disease (13)
or heart failure (12), we speculate that it may also indicate an
increased cardiovascular risk in patients with OSAS. This study
clearly indicates that OSAS-induced baroreflex dysfunction is
partly reversible, but long-term prospective observations in
larger patient samples are needed to test whether baroreflex
control of HR may be used as a clinical risk marker in OSAS.

References
1. Somers VK, Dyken ME, Clary MP, Abboud FM. Sympathetic neural

mechanisms in obstructive sleep apnea. J Clin Invest 1995;96:1897–1904.
2. Morgan BJ, Crabtree DC, Puleo DS, Badr MS, Toiber F, Skatrud JB.

Neurocirculatory consequences of abrupt change in sleep state in hu-
mans. J Appl Physiol 1996;80:1627–1636.

3. Stradling JR, Barbour C, Glennon J, Langford BA, Crosby JH. Which
aspects of breathing during sleep influence the overnight fall of blood
pressure in a community population? Thorax 2000;55:393–398.

4. Hedner JA, Wilcox I, Laks L, Grunstein RR, Sullivan CE. A specific
and potent pressor effect of hypoxia in patients with sleep apnea. Am
Rev Respir Dis 1992;146:1240–1245.

5. Narkiewicz K, van de Borne PJ, Pesek CA, Dyken ME, Montano N,
Somers VK. Selective potentiation of peripheral chemoreflex sensitiv-
ity in obstructive sleep apnea. Circulation 1999;99:1183–1189.

6. Shahar E, Whitney CW, Redline S, Lee ET, Newman AB, Nieto FJ,
O’Connor GT, Boland LL, Schwartz JE, Samet JM for the Sleep
Heart Health Study Research Group. Sleep-disordered breathing and
cardiovascular disease: cross-sectional results of the Sleep Heart
Health Study. Am J Respir Crit Care Med 2001;163:19–25.

7. Carlson JT, Hedner JA, Sellgren J, Elam M, Wallin BG. Depressed
baroreflex sensitivity in patients with obstructive sleep apnea. Am J
Respir Crit Care Med 1996;154:1490–1496.

8. Ziegler MG, Nelesen RA, Mills PJ, Ancoli-Israel SN, Clausen JL, Wat-
kins L, Dimsdale JE. The effect of hypoxia on baroreflexes and pres-
sor sensitivity in sleep apnea and hypertension. Sleep 1995;18:859–865.

9. Narkiewicz K, Pesek CA, Kato M, Phillips BG, Davison DE, Somers
VK. Baroreflex control of sympathetic nerve activity and heart rate in
obstructive sleep apnea. Hypertension 1998;32:1039–1043.

10. Imadojemu VA, Gleeson K, Gray KS, Sinoway LI, Leuenberger UA.
Obstructive apnea during sleep is associated with peripheral vasocon-
striction. Am J Respir Crit Care Med 2002;165:61–66.

11. Frattola A, Parati G, Gamba P, Paleari F, Mauri G, Di Rienzo M, Cas-
tiglioni P, Mancia G. Time and frequency domain estimates of sponta-
neous baroreflex sensitivity provide early detection of autonomic dys-
function in diabetes mellitus. Diabetologia 1997;40:1470–1475.

12. Mortara A, La Rovere MT, Pinna GD, Prpa A, Maestri R, Febo O, Poz-
zoli M, Opasich C, Tavazzi L. Arterial baroreflex modulation of heart
rate in chronic heart failure: clinical and hemodynamic correlates and
prognostic implications. Circulation 1997;96:3450–3458.

13. La Rovere MT, Bigger JT Jr, Marcus FI, Mortara A, Schwartz PJ.
Baroreflex sensitivity and heart rate variability in prediction of total
cardiac mortality after myocardial infarction. ATRAMI (Autonomic
Tone and Reflexes After Myocardial Infarction) Investigators. Lancet
1998;351:478–484.

14. Kesler B, Anand A, Launois SH, Weiss JW. Drug-induced arterial pres-
sure elevation is associated with arousal from NREM sleep in normal
volunteers. J Appl Physiol 1999;87:897–901.

15. Di Rienzo M, Bertinieri G, Mancia G, Pedotti A. A new method for evalu-
ating the baroreflex role by a joint pattern analysis of pulse interval and
systolic blood pressure series. Med Biol Eng Comput 1985;23:313–314.

16. Bertinieri G, Di Rienzo M, Cavallazzi A, Ferrari AU, Pedotti A, Mancia
G. Evaluation of baroreceptor reflex by blood pressure monitoring in
unanesthetized cats. Am J Physiol 1988;254:H377–H383.

17. Parlow J, Viale JP, Annat G, Hughson R, Quintin L. Spontaneous car-
diac baroreflex in humans. Comparison with drug-induced responses.
Hypertension 1995;25:1058–1068.

18. Parati G, Di Rienzo M, Bertinieri G, Pomidossi G, Casadei R, Groppelli
A, Pedotti A, Zanchetti A, Mancia G. Evaluation of the baroreceptor-
heart rate reflex by 24-hour intra-arterial blood pressure monitoring
in humans. Hypertension 1988;12:214–222.

19. Parati G, Frattola A, Di Rienzo M, Castiglioni P, Pedotti A, Mancia G.
Effects of aging on 24-h dynamic baroreceptor control of heart rate in
ambulant subjects. Am J Physiol 1995;268:H1606–H1612.

20. Mateika JH, Kavey NB, Mitru G. Spontaneous baroreflex analysis in non-
apneic snoring individuals during NREM sleep. Sleep 1999;22:461–468.

21. Polo O, Berthon-Jones M, Douglas NJ, Sullivan CE. Management of ob-
structive sleep apnoea/hypopnoea syndrome. Lancet 1994;344:656–660.

22. Marrone O, Riccobono L, Salvaggio A, Mirabella A, Bonanno A, Bonsi-
gnore MR. Catecholamines and blood pressure in obstructive sleep
apnea syndrome. Chest 1993;103:722–727.

23. Waradekar NV, Sinoway LI, Zwillich CW, Leuenberger UA. Influence
of treatment on muscle sympathetic nerve activity in sleep apnea. Am
J Respir Crit Care Med 1996;153:1333–1338.

24. Narkiewicz K, Kato M, Phillips BG, Pesek CA, Davison DE, Somers
VK. Nocturnal continuous positive airway pressure decreases daytime
sympathetic traffic in obstructive sleep apnea. Circulation 1999;100:
2332–2335.

25. Veale D, Pepin JL, Wuyam B, Levy PA. Abnormal autonomic stress re-
sponses in obstructive sleep apnoea are reversed by nasal continuous
positive airway pressure. Eur Respir J 1996;9:2122–2126.

26. Khoo MC, Belozeroff V, Berry RB, Sassoon CS. Cardiac autonomic
control in obstructive sleep apnea. Effects of long-term CPAP ther-
apy. Am J Respir Crit Care Med 2001;164:807–812.

27. Nelesen RA, Yu H, Ziegler MG, Mills PJ, Clausen JL, Dimsdale JE.
Continuous positive airway pressure normalizes cardiac autonomic
and hemodynamic responses to a laboratory stressor in apneic pa-
tients. Chest 2001;119:1092–1101.

28. Wilcox I, Grunstein RR, Hedner JA, Doyle J, Collins FL, Fletcher PJ,
Kelly DT, Sullivan CE. Effect of nasal continuous positive airway
pressure during sleep on 24-hour blood pressure in obstructive sleep
apnea. Sleep 1993;16:539–544.

29. Faccenda JF, Mackay TW, Boon NA, Douglas NJ. Randomized pla-
cebo-controlled trial of continuous positive airway pressure on blood
pressure in the sleep apnea-hypopnea syndrome. Am J Respir Crit
Care Med 2001;163:344–348.

30. Pepperell JC, Ramdassingh-Dow S, Crosthwaite N, Mullins R, Jenkin-
son C, Stradling JR, Davies RJ. Ambulatory blood pressure after
therapeutic and subtherapeutic nasal continuous positive airway pres-
sure for obstructive sleep apnoea: a randomised parallel trial. Lancet
2002;359:204–210.

31. Kribbs NB, Pack AI, Kline LR, Getsy JE, Schuett JS, Henry JN, Maislin
G, Dinges DF. Effects of one night without nasal CPAP treatment on
sleep and sleepiness in patients with obstructive sleep apnea. Am Rev
Respir Dis 1993;147:1162–1168.

32. Rechtschaffen A, Kales A. A manual of standardized terminology, tech-



286 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 166 2002

niques and scoring system for sleep stages of human subjects. BIS/
BRI, UCLA, Los Angeles 1968.

33. Boudewyns A, Sforza E, Zamagni M, Krieger J. Respiratory effort dur-
ing sleep apneas after interruption of long-term CPAP treatment in
patients with obstructive sleep apnea. Chest 1996;110:120–127.

34. Parati G, Di Rienzo M, Bonsignore MR, Insalaco G, Marrone O, Cas-
tiglioni P, Bonsignore G, Mancia G. Autonomic cardiac regulation in
obstructive sleep apnea syndrome: evidence from spontaneous barore-
flex analysis during sleep. J Hypertens 1997;15:1621–1626.

35. Grassi G, Seravalle G, Colombo M, Bolla G, Cattaneo BM, Cavagnini F,
Mancia G. Body weight reduction, sympathetic nerve traffic, and arterial
baroreflex in obese normotensive humans. Circulation 1998;97:2037–2042.

36. Kansanen M, Vanninen E, Tuunainen A, Pesonen P, Tuononen V, Har-
tikainen J, Mussalo H, Uusitupa M. The effect of a very low-calorie
diet-induced weight loss on the severity of obstructive sleep apnoea
and autonomic nervous function in obese patients with obstructive
sleep apnoea syndrome. Clin Physiol 1998;18:377–385.

37. Narkiewicz K, van de Borne PJH, Cooley RL, Dyken ME, Somers VK.
Sympathetic activity in obese subjects with and without obstructive
sleep apnea. Circulation 1998;98:772–776.

38. Mancia G, Groppelli A, Di Rienzo M, Castiglioni P, Parati G. Smoking
impairs baroreflex sensitivity in humans. Am J Physiol 1997;273:H1550–
H1560.

39. Gerhardt U, Hans U, Hohage H. Influence of smoking on baroreceptor
function: 24 h measurements. J Hypertens 1999;17:941–946.

40. Fazio M, Bardelli M, Macaluso L, Fiammengo F, Mattei PL, Bossi M,
Fabris B, Fischetti F, Pascazio L, Candido R, et al. Mechanics of the
carotid artery wall and baroreflex sensitivity after acute ethanol ad-
ministration in young healthy volunteers. Clin Sci 2001;101:253–260.

41. Mancia G. Influence of carotid baroreceptors on vascular responses to
carotid chemoreceptor stimulation in the dog. Circ Res 1975;36:270–276.

42. Heistad DD, Abboud FM, Mark AL, Schmid PG. Interaction of barorecep-
tor and chemoreceptor reflexes. Modulation of the chemoreceptor reflex
by changes in baroreceptor activity. J Clin Invest 1974;53:1226–1236.

43. Pisarri TE, Kendrick JE. Reduced effectiveness of the carotid baroreflex
during arterial hypoxia in dogs. Am J Physiol 1984;247:H623–H630.

44. Sagawa S, Torii R, Nagaya K, Wada F, Endo Y, Shiraki K. Carotid
baroreflex control of heart rate during acute exposure to simulated al-

titudes of 3,800 m and 4,300 m. Am J Physiol 1997;273:R1219–R1223.
45. Insalaco G, Romano S, Salvaggio A, Braghiroli A, Lanfranchi P,

Patruno V, Donner CF, Bonsignore G. Cardiovascular and ventila-
tory response to isocapnic hypoxia at sea level and at 5,050 m. J Appl
Physiol 1996;80:1724–1730.

46. Insalaco G, Romano S, Salvaggio A, Braghiroli A, Lanfranchi P,
Patruno V, Marrone O, Bonsignore MR, Donner CF, Bonsignore G.
Blood pressure and heart rate during periodic breathing at high alti-
tude. J Appl Physiol 2000;89:947–955.

47. Bonsignore MR, Di Rienzo M, Castiglioni P, Parati P, Insalaco G, Ro-
mano S, Marrone O, Mancia G, Bonsignore G. Spontaneous barore-
flex activity during sleep in the obstructive sleep apnea syndrome (ab-
stract). Somnologie 1997; Suppl. 2, p. 23.

48. Grote L, Ploch T, Heitmann J, Knaack L, Penzel T, Peter JH. Sleep-re-
lated breathing disorder is an independent risk factor for systemic hy-
pertension. Am J Respir Crit Care Med 1999;160:1875–1882.

49. Bixler EO, Vgontzas AN, Lin H, Have TT, Leiby BE, Vela-Bueno A,
Kales A. Association of hypertension and sleep-disordered breathing.
Arch Intern Med 2000;160:2289–2295.

50. Fitzgerald RS, Robotham JL, Anand A. Baroreceptor output during
normal and obstructed breathing and Mueller maneuvers. Am J Phys-
iol 1981;240:H721–H729.

51. Peters J, Hecker B, Neuser D, Schaden W. Regional blood volume dis-
tribution during positive and negative airway pressure breathing in su-
pine humans. J Appl Physiol 1993;75:1740–1747.

52. Marrone O, Romano S, Insalaco G, Bonsignore MR, Salvaggio A, Bon-
signore G. Influence of sampling time on the evaluation of nocturnal
blood pressure in obstructive sleep apnea syndrome. Eur Respir J
2000;16:653–658.

53. Pepperell JCT, R-Dow S, Crosthwaite NR, Maskell NA, Stradling JR,
Davies RJO. Baroreflex sensitivity in obstructive slep apnoea and its
change after 4 weeks continuous positive airway pressure [abstract].
Eur Respir J 2001;18(Suppl 33):519s.

54. Somers VK, Dyken ME, Mark AL, Abboud FM. Sympathetic nerve ac-
tivity during sleep in normal subjects. N Engl J Med 1993;328:303–307.

55. Douglas NJ, White DP, Weil JV, Pickett CK, Martin RJ, Hudgel DW,
Zwillich CW. Hypoxic ventilatory response decreases during sleep in
normal men. Am Rev Respir Dis 1982;125:286–289.


