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Abstract
Background Obstructive sleep apnea syndrome (OSAS) is re-
lated to arterial hypertension. In the present study, we test the
hypothesis that patients with severe OSAS have excessive
apnea induced blood pressure (BP).
Methods We investigated 97 patients with an apnea/hypopnea
index (AHI) greater than 30. Systolic BP (SBP) was continu-
ously determined by using the pulse transit time (PTT).
Apnea/hypopnea induced nocturnal BP fluctuations
(NBPFs) were detected and showed phenomena of continuous
increases of the SBP baseline. Such periods of SBP baseline
elevations ≥ 10 mmHg were called superposition. Respiratory
and cardiac parameters were obtained from the polysomno-
graphic investigation.
Results Eighty-four periods of superposition were detected in
48 patients. They occurred mainly during REM sleep (76%).
Apnea duration was increased and the time in respiration was
reduced in periods of superposition compared to non-
superposition periods. In superposition periods mean oxygen
saturation (SpO2) and the minimal SpO2 were lower,
desaturations were more pronounced, and the mean heart rate
(HR) was increased. The maximum SBP during superposition
was significantly increased (204 ± 32 vs.171 ± 28 mmHg).

The clinic BP was higher in patients with superposition (SBP
149.2 ± 17.5 vs. 140 ± 19.1, DBP 91.5 ± 11.5 vs. 86.3 ± 11.8).
Conclusions The study reveals that patients with severe
OSAS can have periods of BP superposition during night with
extremely high SBP and very low oxygen saturation, which
may add to a high risk for cardiovascular events during the
night.
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Introduction

Obstructive sleep apnea (OSA) is a sleep-related breathing
disorder characterized by a complete or partial collapse of
the upper airway, which results in cessation of the airflow
(apnea) or significant reduction (hypopnea). Based on cohort
studies conducted in the USA, Europe, Australia, and Asia,
the prevalence of OSAwas estimated [1]. Approximately, one
in five adults has at least mild OSA (AHI 5–14), while one in
15 adults has moderate (AHI 15–29) or even severe OSA
(AHI ≥ 30). OSA is accompanied by fragmented sleep, which
may induce daytime sleepiness. It is associated with hyperten-
sion and systolic non-dipping blood pressure (BP) during
sleep [2, 3]. The term OSA syndrome (OSAS) is used if
OSA is accompanied with daytime symptoms, Cheyne-
Stokes breathing, and sleep hypoventilation syndrome [4].
OSA also correlates with drug-resistant hypertension [5, 6].
Moreover, OSA(S) has been associated with cardiovascular
events such as myocardial infarction, stroke, arrhythmia, and
congestive heart failure [1, 7].

Apnea/hypopneas induce hypoxemia and hypercapnia,
which cause an arousal reaction along with the activation of
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the sympathetic nervous system. As a result, BP and HR in-
crease [8]. In addition, the intermittent hypoxia in OSA may
also cause oxidative stress, endothelial dysfunction, and sys-
temic inflammation [9–12]. These factors contribute to the
risk of vascular diseases and life-threatening cardiovascular
events. In the present study, we hypothesize that patients with
severe OSAS show excessive apnea induced elevations of the
systolic BP (SBP), which may increase the chance for cardio-
vascular events during the night.

A better knowledge of nighttime BP behavior does not
only help for better understanding of the pathophysiology of
hypertension in OSA patients, but may support diagnosis and
therapy of hypertension in this high-risk group. We therefore
investigated the nighttime SBP beat-to-beat by using a recent-
ly established method based on pulse transit time (PTT, [13]).
Validation studies showed a clinically acceptable accuracy of
this method under physiological and pathophysiological con-
ditions [13–15]. It was also shown that NBPFs measured by
the PTT-based method and by the Portapres™ system corre-
lated significantly in patients with OSA [16]. In the present
study, we investigate NBPFs, which go along with increases
of the SBP baseline, called superposition of SBP. The rise of
the SPB baseline in combination with increased amplitudes of
NBPFs causes extremely high SBP, which implies a high risk
for nocturnal cardiovascular events in OSA patients.

Methods

Subjects

We investigated 97 patients with the diagnosis of OSAS
(AHI ≥ 30) based on polysomnographic measurements in
the context of clinical investigations. In total, 48 patients
showing superposition phenomena were included in this ret-
rospective study. For this type of study, formal consent is not
required. Tables S1 and S2 in the supplemental material show
the morphometric parameters, comorbidities, medications,
and parameters of sleep of the 97 patients. All procedures
performed in study were in accordance with the ethical stan-
dards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Measurement equipment and polysomnographic
parameters

Polysomnography was performed by using the
SOMNO s c r e e n™ p o l y s om n o g r a p h y d e v i c e
(SOMNOmedics GmbH, Randersacker, Germany) con-
figured to record electroencephalogram (leads C4, C3,
A2, A1), electrooculogram, chin electromyogram, elec-
trocardiogram (after Nehb), nasal flow (cannula), snoring

sounds, respiratory effort signals (thoracic and abdomi-
nal), oxygen saturation (SpO2), pulse rate, EMG of the
anterior tibial muscle, finger plethysmogram, ambient
light, and body position. The determination of the PTT
and calculation of SBP were performed with the
DOMINO software (version 2.7.) as described before
[13]. The data were manually scored by a qualified sleep
practitioner in accordance to the AASM Manual for the
Scoring of Sleep and Associated Events [17]. Sleep stage
and percentages, arousal index, PLM associated arousal
index, and oxygen desaturation index (ODI, 4% drop in
blood oxygen levels) were analyzed.

Each apnea/hypopnea was terminated by cortical arousals
and reestablishment of breathing. The general activation of the
central nervous system was accompanied by transient in-
creases in SBP and HR. There were two scenarios for the
SBP behavior at the end of a respiratory event: (i) SBP
completely recovered and reached the value before the arousal
correlated rise or (ii) SBP did not recover to the baseline but
remained somewhat elevated, which corresponds to an in-
crease in the basal SBP. Thus, the basal SPB is the SBP before
and after an apneic event, respectively (see Fig. 1). With the
aim to characterize these periods, the change in HR, basal
SBP, and the maximum SBP were analyzed. The relation of
superposition phenomena to the respiration was studied by
determining the time in apnea and hypopnea, respectively
(%), mean apnea/hypopnea duration (s), time in respiration
(%), mean oxygen saturation during a period (SpO2), change
in the baseline of oxygen saturation during a period (ΔSpO2),
and minimum of oxygen saturation during a period; (min
SpO2, see Fig. 1). Increases of basal SBP ≥ 10 mmHg during
apneic breathing characterizes the superposition of BP. To get
information about possible mechanisms of the increase in the
baseline of the SBP, all these parameters were studied in pe-
riods of superposition of the SBP and compared to adjacent
periods of apneas without superposition of the SBP (non-
superposition).

Calibration protocol

Calibration of the PTT-based SBP was performed immediate-
ly after starting the polysomnographic device in each patient:
The patient’s BP was measured simultaneously by a cuff-
based method manually at the contralateral upper arm under
resting conditions and upright sitting. The time point of this
single BP measurement was marked manually in the protocol
and digitally in the software. These cuff derived BP values
served for calibration of the PTT-based BP determination.

Detection of SBP by using the PTT

The PTT was defined as the time between the R-wave of the
ECG and the arrival of the pulse wave at the site of the finger
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measured by plethysmography. The arrival was defined as the
steepest part of leading edge of the pulse wave. The pulse
wave velocity was calculated as the quotient of the travel
distance (from the midline of breast bone to the finger, deter-
mined by using the body correlation factor [18] and the PTT.
SBP values were determined automatically beat-to-beat with
the DOMINO software based on a non-linear pulse wave
velocity-SBP function in combination with an initial BP cal-
ibration (see protocol and [13]). The algorithm is matter of a
patent (11/364174 US 2006/0217616 A1, 7374542).

Clinic BP

Clinic BP was measured in every patient before sleep exami-
nations (2–3 per patient) under resting condition by using the
Riva Rocci method between 6 p.m. and 8 p.m. We averaged
these measurements for each patient.

Statistics

Data are presented as bars and whiskers (mean and standard
deviation). Student’s t test served for testing the differences
between parameters measured in the superposition period
compared to the non-superposition period in patients with
superposition. The t test was also used to test differences be-
tween the groups with superposition vs. without superposi-
tion. P < 0.05 was considered significant.

Results

Periods of obstructive apnea were accompanied with NBPFs
in all patients, i.e., the BP transiently increased at the end of
each apneic period (Fig. 1). In some periods, the amplitude of
the apnea related BP fluctuations and the baseline of the SBP
increased (Fig. 1). Both, the increase of apnea related NBPFs

as well as the increase in the baseline SPB add to the phenom-
enon of very high BP in under these conditions (superposi-
tion). We found 84 periods of superposition in 48 patients,
while 49 patients did not show superposition. Patients with
superposition vs. without superposition did not significantly
differ regarding the age, height, body mass, and BMI (see
Tables S1 and S2 in the supplement). N1, N2, N3, and
N1 + N2 (all in percentage of time in bed (TIB)) did not differ
comparing patients with and without superposition. However,
patients with superposition showed a larger proportion of
REM (15.5 ± 12.2 vs. 6.2 ± 6.0%, Fig. 2). The percentages
of awake (5.3 ± 6.7 vs. 10.2 ± 7.3%) and of N1 + N2 + awake
(81.6 ± 13.4 vs. 90.3 ± 8.6%) were smaller in patients with
superposition (Fig. 2). The ODI was slightly, but significantly
increased in patients with superposition (81.5 ± 15.4 vs.
74.6 ± 15.8%). No differences were found for arousal index,
PLM arousal index, and AHI (Fig. 3). There were more fe-
males in the group without superposition (14/49 vs. 7/48). We
obtained higher values for the clinic systolic and diastolic BP
in the group of patients with superposition (SBP 149.2 ± 17.5
vs. 140 ± 19.1, p < 0.05, DBP 91.5 ± 11.5 vs. 86.3 ± 11.8,
p < 0.05). The BP differences remain when the groups were
reduced to male patients. Patients of the superposition group
received less antihypertensive drugs than non-superposition
patients did (71 vs. 122). Detailed information about individ-
ual medication is available in Tables S1 and S2 in the supple-
ment to this article. In the superposition group, 10 out of 39
patients (25.6%) with the diagnosis of hypertension met the
criteria of resistant hypertension. There were 15 out of 42
(35.7%) patients with resistant hypertension in the group of
patients without superposition.

Superposition group: The mean duration of superposition
periods was 17 ± 7min. Themean change of basal SBPwas +
16.7 ± 6.7 and + 0.6 ± 2.9 mmHg during the periods of super-
position and non-superposition, respectively. The maximum
systolic pressure during superposition periods was higher

Fig. 1 Original data showing
flow, oxygen saturation (SpO2),
systolic blood pressure (SBP),
and instantaneous heart rate for a
period of non-superposition and
superposition during obstructive
apneic breathing. Maximum SBP
(dotted circle), the change in the
baseline of the SBP (Δbasal
SBP), decrease in SpO2 baseline
(ΔSpO2), and min SpO2 (broken
circle) are indicated for the period
of superposition. The same
parameters have been obtained
for non-superposition periods (not
displayed)
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(204.4 ± 32.1 mmHg) than during non-superposition
(171.2 ± 27.9 mmHg, Fig. 4). Superposition occurred mainly
during REM sleep (76% of all superposition periods) and in
the last third of the night (40%). The AHI was lower in super-
position (73.7 ± 20.0) compared to non-superposition periods
(84.8 ± 26.7). The mean apnea duration and the time in apnea
were prolonged (25.0 ± 13.7 vs. 15.4 ± 10.4 s and 50.8 ± 24.7
vs. 37.4 ± 24.4%, respectively). The time in respiration was
shortened (49.2 ± 24.7 vs. 62.6 ± 24.7%) in periods of super-
position compared to non-superposition periods (Fig. 5). The
mean SpO2 (85.1 ± 5.8 vs. 90.2 ± 3.2%) and the minimal
SpO2 ‘(70.5 ± 89 vs. 80.4 ± 9.7%) were lower during super-
position. The desaturation was pronounced during superposi-
tion periods (9.2 ± 6.3 vs. 1.7 ± 3.1%, Fig. 6). The mean HR
during superposition was slightly, but significantly, increased
(71.4 ± 8.2 vs. 69.0 ± 8.7 bpm) and there was a rise of HR over
the time of superposition compared to non- superposition
(4.5 ± 7.6 bpm vs. 0.6 ± 4.1 bpm, Fig. 7).

Discussion

Several studies showed that nighttime SBP and ambulatory
blood pressures, respectively, have the highest ability to pre-
dict all cause of mortality or cardiovascular mortality com-
pared to office BP and home BP. It was also shown that night
time BP predicts cardiovascular events better then daytime BP
[19, 20]. In addition, increased nighttime SBP or the night-day
BP-ratio independently predicted higher incidence of cardio-
vascular events [21, 22]. The present study demonstrates that
patients with severe OSAS can develop very high SBP values
during superposition periods. These extreme apnea related
SBP values occur mainly in REM sleep phases and are char-
acterized by a successive increase of the basal SBP as well as
an increase of the apnea induced NBPF. This high SBP may
increase the risk for cardiovascular events during night.

Fig. 4 Change of the basal SBP (BP change) and maximum SBP (max
BP) in periods of non-superposition (open bars) vs. periods of
superposition (hatched bars, *p < 0.0001)

Fig. 5 The respiratory parameters AHI (apnea/hypopnea index), apnea/
hypopnea duration (apnea duration), time in apnea/hypopnea (time in
apnea), and time in respiration for periods of non-superposition (open
bars) and superposition (hatched bars, *p < 0.0001)

Fig. 3 Sleep characteristics for patients with (gray bars) and without
superposition phenomena of SBP (open bars, AHI apnea hypopnea
index, ODI oxygen desaturation index, *p < 0.05)

Fig. 2 Sleep characteristics for patients with (gray bars) and without
superposition phenomena of SBP (open bars, %TIB % to the time in
bed, N1 to N3—sleep stages according to the ASSM (see method
section), REM rapid eye movement sleep, *p < 0.0001, #p < 0.01)
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Furthermore, these BP elevations lead directly to non-dipping
and or reverse dipping behavior and nocturnal hypertension.

Patients with superposition phenomenon also showed in-
creased clinic BP compared to the patients without superposi-
tion in the present study. This observation is in line with the
assumption of a causative relation between OSA and hyper-
tension [6, 23]. Anthropometric parameters such as age,
height, body mass, or BMI of patients with and without su-
perposition did not differ significantly. There is a relatively
smaller number of women in the superposition group.
Remarkably, differences in the number of women do not in-
fluence the SBP differences between both groups. The inci-
dence of the metabolic syndrome (definition after WHO) is
higher in patients with superposition. They had less prescrip-
tion of medication including antihypertensive drugs. Latter
may bias the BP data; however, it is difficult to estimate the
potential influence of the medication on BP. The proportion of
patients with resistant hypertension was higher in the non-

superposition group, which reflects the higher number of an-
tihypertensive medication in this group.

Hypertension and particularly resistant hypertension are
strongly represented in patients with sleep apnea. Although
the relation between OSA and hypertension has been revealed
in numerous studies, the pathomechanism is still poorly un-
derstood. Sympathetic activation during the apneic periods
and increased activation during daytime as shown in several
studies suggest a contribution of the sympathetic nervous sys-
tem [24]. The intermittent hypoxia during phase of apnea
seems to be an important factor for the genesis of hypertension
and cardiovascular diseases [25, 26]. A further elucidation of
the underlying pathophysiological mechanism of the OSA-
hypertension relation requires BP measurements during sleep.
The ambulatory BP measurement using cuff-based methods
provides only few BP values during the night and is unable to
measure dynamic changes. Continuously working methods,
for example, that after Penaz, are not established in daily clin-
ical work and are not very common in clinical or experimental
research. Therefore, measurements of BP fluctuations during
sleep in patients are rare. Here, we applied an indirect beat-to-
beat measurement of SBP based on the PTT, which enables us
to detect dynamic changes of the SBP [13, 27]. Compared to
cuff-based methods, the PTT method has several benefits,
such as its continuous and non-reactive measurement princi-
ple. This allows for undisturbed detection of superposition
periods with a mean duration of 17 ± 7 min as shown in this
study. Due to the discontinuous nature of ABPM, these epi-
sodes cannot be detected with this cuff-based measurement.
By application of the continuous and non-reactive PTT meth-
od, we observed novel patterns of SBP behavior during apneic
periods. The so-called superposition phenomenon is associat-
ed with changes in respiratory patterns. The time in apnea was
increased and the time in respiration was shorter when com-
paring superposition vs. non-superposition periods. The AHI
was smaller during periods of superposition. This suggests
that the increased time in apnea induces stronger autonomic
reactions, i.e., strong activation of the sympathetic nervous
system along with a decreased vagal tone. Further,
desaturations were more pronounced during superposition,
which indicates lower pO2 and higher pCO2 in these
phases, and consequently enhanced activity of chemorecep-
tors activating the autonomic nervous system. Elevations of
basal HR in superposition periods support the assumption of a
sympathetic activation.

The study has limitations. We provide clinic BP values but
are aware that ambulatory BP would allow a more compre-
hensive interpretation of the observed apnea induced BP phe-
nomena. Another constraint is related to the method of BP
measurement. The determination of BP by using the PTT as
performed in the present study has some inherent limitations.
They are related to incomplete knowledge about effects of
vasoactive substances on the PTT and the variability of pre-

Fig. 7 Mean heart rate (HR) and change in HR (HR change) during
periods of non-superposition (open bars) and superposition (hatched
bars, *p < 0.0001)

Fig. 6 Oxygen saturation parameters during periods of non-
superposition (open bars) and superposition (hatched bars). SpO2—
mean oxygen saturation during a period, ΔSpO2—change in baseline
oxygen saturation during a period (desaturation. See Fig. 1), min
SpO2—minimum of oxygen saturation during a period (*p < 0.0001)
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ejection period under certain conditions. However, despite of
these and other potential sources of error, a recent validation
study showed identical apnea induced BP transients when
comparing mean values obtained from the PTT- and the
Penaz-method during the night. Moreover, BP values obtain-
ed by these methods correlated very well [16]. These findings
indicate that the PTT method is similar effective to the Penaz-
method for nighttime BP measurement. Other limitations
might be due to the retrospective character of the study and
the fact that the patients were recruited from the patient pop-
ulation of one sleep laboratory. Although, the selection of
patients included in the study based on the screening for sleep
apnea and not for hypertension, bias due to the selection can-
not be excluded.

The superposition occurred mainly during REM sleep and
in the last third of the night. BP has a circadian pattern show-
ing low BP during the night, but with a trend to higher values
in the early morning hours. In patients with severe OSA, sym-
pathetic activation in the last third of the night leads to much
higher BP and this may contribute to the increased cardiovas-
cular risk observed in the morning hours [28]. Several studies
showed that the morning rise of BP poses an independent risk
factor for example for stroke (for review see Giles [29]). It has
also been demonstrated that patients with OSA have myocar-
dial infarction in the morning hours [30]. Therefore, the de-
tailed investigation of nocturnal BP fluctuations using contin-
uous and non-reactive measuring methods is of serious clini-
cal interest.

In conclusion, patients with severe obstructive apnea dem-
onstrate periods in which the basal SBP rises and the ampli-
tude of SPB fluctuations increases, both leading to extreme
high SBP peaks. This may be due to prolonged apneas and
shortened breathing periods resulting also in very low oxygen
saturation. Activation of the sympathetic nervous system
along with reduction in vagal tone during the apneic events
very likely mediates the cardiovascular reactions.

The further elucidation of BP behavior during night by
routinely application of a non-invasively and continuously
working method may potentially improve prognosis, diagno-
sis, therapy, and follow-up of patients with hypertension.
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