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A New Technique for Detecting Sleep Apnea—
Related “Midnight” Surge of Blood Pressure

Osamu SHIRASAKI"?, Shingo YAMASHITA", Shin-ichi KAWARA?Y,
Kayoko TAGAMI?, Joji ISHIKAWA?, Kazuyuki SHIMADA?,
and Kazuomi KARIO?

Patients with obstructive sleep apnea syndrome (OSAS) have been reported to be at greater risk for cardio-
vascular events, and midnight surge of blood pressure (BP) may be a mechanism of sleep apnea-related
cardiovascular risk. However, there has been no accurate noninvasive technique to detect intermittent BP
surge at the time of each sleep apnea episode. We therefore developed an experimental system to detect
apnea-related short-term BP surge based on BP measurement triggered by peripheral (finger-tip) oxygen
desaturation (a desaturation-triggered BP monitoring system). In 16 patients with OSAS, this new system
successfully detected BP surges at the time of the sleep apnea, and the BP values were found to be signif-
icantly higher than those detected using a conventional fixed interval BP monitoring system (systolic BP
[SBP] difference: 13+5.8 mmHg, p=0.039; diastolic BP [DBP] difference: 10+6.8 mmHg, p=0.032). The max-
imum SBP time rate (velocity of BP surge) showed a strong positive correlation with the apnea-hypopnea
index (r=0.855, p<0.0001). In conclusion, we developed a noninvasive oxygen desaturation-triggered BP
monitoring system that can successfully detect sleep apnea-related BP surge. The midnight BP surge
detected by this new method was significantly associated with the severity of OSAS. (Hypertens Res 2006;
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Introduction

Obstructive sleep apnea syndrome (OSAS) is one of the
strongest risk factors for cardiovascular events, including car-
diac sudden death and stroke (/-5). Previous studies have
demonstrated that, like hypertension (6, 7), OSAS tends to be
accompanied by disrupted diurnal blood pressure (BP) varia-
tions such as those in non-dippers (less nocturnal BP fall) and
risers (higher nocturnal BP than daytime BP) (§—12), which
are associated with cardiovascular risk (73, 74). In addition,
BP variations assessed by standard deviation (/5—18) or time
rate (TR) of BP change (79) are also reported to be associated
with the risk for cardiovascular disease. Thus, not only higher

average BP level per se, but also exaggerated BP variation
(20-24), especially at the moment of sleep apnea events, may
one of the mechanisms involved in sleep apnea—related car-
diovascular risk. However, there is currently no accurate non-
invasive technique to detect intermittent BP surge at the time
of each sleep apnea episode.

Ambulatory BP monitoring (ABPM) has been most widely
used to noninvasively assess BP variation both during waking
and sleeping periods. However, regular ABPM devices that
measure BPs at fixed intervals, e.g., every 15 or 30 min, do
not seem useful for precisely detecting the sleep apnea—
related short-term BP variation. And although ABPM with
more frequent measurement might be better at detecting the
apnea-related BP variation, frequent BP measurements would
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Fig. 1. Block diagram of the experimental system.

disturb patients’ sleep, resulting in BP levels higher than the
real ones in a natural, unmonitored environment. Other non-
invasive techniques that are capable of detecting sleep apnea—
related BP variation are the arterial tonometry and arterial
volume clamp method. However, it is difficult to precisely
monitor absolute BP values using these techniques because of
the frequent body movements during long sleep periods.

We developed an experimental system to detect sleep
apnea—related BP variation based on BP measurement trig-
gered by peripheral (finger-tip) oxygen desaturation (an oxy-
gen desaturation—triggered BP monitoring system), and used
this system to evaluate sleep apnea—related BP surge.

Methods

Apparatus

Figure 1 shows the experimental set-up for our study. The
system consists of a pulse oximeter, OLV-3100 (Nihon
Kohden, Co., Ltd., Tokyo, Japan), a cuff-oscillometric BP
monitor, HEM-770 (Omron Healthcare, Co., Ltd., Kyoto,
Japan), a personal computer (PC), and an electronic circuit
unit functioning as an interface between the PC and pulse
oximeter or BP monitor. The pulse oximeter was set to obtain
optical pulse wave signals (wavelength: 660 and 940 nm) in
the right index finger and to generate pulse oximetry (SpO-)
readings every 5 s. A PC program newly developed for the
study monitored the Sp0O, continuously and triggered the BP
measurement when either of the following conditions of Spo,
variation was met (trigger method): 1) when SpoO, crossed
downward (moved from above to below) a threshold which
was set as the average of 3 consecutive readings minus 4% in
each subject just before going to bed; 2) when Spo, decreased
by 4% from the reading at the immediately previous BP mea-
surement.

Once triggered, the BP monitor repeated 3 times, with an
interval of 15 s, the measurements of systolic (SBP) and dias-
tolic BP (DBP), and pulse rate (PR) based on the cuff-oscillo-
metric principle. After a trigger took place, the next trigger
was interrupted for 10 min to avoid excessive succession of

BP measurements due to prolonged desaturation. The Omron
HEM-770 was chosen to monitor BP because this device is
capable of high speed measurement within 20 to 25 s in most
readings and could complete a cycle of measurement 20% to
30% more quickly than conventional oscillometric devices,
and therefore the BP readings made using this device could
more accurately detect rapid changes in BP and PR. The cuff
of the BP monitor was attached to the patient’s left upper arm.
The PC program also stored Sp0,, BP, and PR readings.

In addition to the trigger method, a series of BP measure-
ments with a fixed interval of 30 min were performed in order
to compare the performance of our system with that of ABPM
(regular method).

Subjects

We applied the technique to 16 patients (12 men and 4
women, 22-79 years of age) with OSAS (with apnea-hypop-
nea index [AHI]>5) diagnosed by overnight polysomnogra-
phy (PSG) in the sleep clinic at Washiya Hospital
(Utsunomiya, Japan). A PS2 Plus Sleep Watcher system
(Compumedics Limited, Inc., Melbourne, Australia) was
used for the PSG measurements, which included Spo,, EEG,
ECG, EMG, EOG (L, R), airflow, and thoracic and abdominal
movement. We calculated AHI as the average number of
apnea and hypopnea events per hour of sleep. Apnea was
defined as complete or almost complete cessation of airflow,
and hypopnea as a decrease in airflow or thoracoabdominal
excursion of at least 50% of baseline for 10 s or longer,
accompanied by a 3% or higher decrease in Sp0.. Sleep depth
was evaluated using the Rechtschaffen and Kales standard
(25).

The experimental protocol was approved by the ethics com-
mittee of the hospital. Informed consent for participation in
this study was given by every participant.

The patient group included 14 patients with hypertension
(office SBP>140 mmHg or DBP>90 mmHg), 1 with diabe-
tes mellitus, 11 with obesity (BMI>25.0 kg/m?), and 3 with
hyperlipidemia (low-density lipoprotein cholesterol [LDL-
C]=150 mg/dl).
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Fig. 2. A: Profiles of systolic BP (SBP) by the fixed interval method (thick gray line) and by the triggering method (thin line),
and of diastolic BP (DBP) and pulse rate (PR) in Case 1 without CPAP treatment. B: Horizontally zoomed profiles in Case 1
without CPAP application. C: Profiles in Case 1 with CPAP treatment.
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Analysis

For each patient, we calculated the average of the highest
three readings of SBP, DBP, and PR recorded in one night by
the trigger method (max-trigger) and those recorded by the
regular method (max-regular). We also calculated the aver-
ages of the lowest three readings as the min-trigger value and
the min-regular value, respectively. For the purpose of com-
parison with conventional ABPM, the average of all readings
in the night also were calculated for SBP, DBP, and PR
(mean-regular). We examined the correlation between AHI
measured by PSG and the above values obtained by the three
methods, i.e., max-trigger, max-regular, and mean-regular.

The TR is a measure of the velocity of BP surge per nor-
malized period of time, and is not affected by the irregularity
of the time interval between consecutive BP readings (79).
We used the following formula for the TR of SBP: TR; =
[SBP;—SBP;_]/[T;— T;-1], where, SBP;and SBP;_, are two
consecutive SBP readings, and 7; and T;_, are the correspond-
ing times when the two SBPs were measured. TRs of DBP
and PR were also calculated in the same manner. To investi-
gate the association between the velocity of BP surge and the
severity of OSAS, we calculated the averages of the highest
three values of TR (TRuax) for SBP, DBP, and PR.

Statistical Analysis

The paired #-test was used to examine the significance of the
difference between the max-trigger value and the max-regular
value within the same patients. Pearson’s correlation coeffi-
cient () was used to measure correlations between continu-
ous variables. Values of p<0.05 (two-tailed) were considered
statistically significant. All the statistical analyses were per-
formed with Microsoft Excel 2000 Ver.9.0.6926.

Results

Overview of Nocturnal BP and PR Profiles

Figure 2A, B, and C show representative records of Sp0,, BP
(SBP and DBP), and PR, respectively, obtained by the regular
method and by the trigger method. As seen in the figures, the
trigger was activated selectively by sleep apnea events that
were seen as a series of steep decreases in Sp0,. Some of the
SBP readings obtained by the trigger method showed spike-
like surges which could not have been detected by the regular
method. Examination of an enlargement of the chart for the
same patient over a single period (Fig. 2B) more clearly dem-
onstrates the differences between the outcomes of the two
methods. In three periods in the time range, i.e., 4:09 to 4:18
AM, 5:20t0 5:29 AM, and 5:32 to 5:39 AM, BP measurement
was not triggered despite the considerable decrease in Spo,
because of the interruption period of 10 min. Figure 2C shows
the results of standard continuous positive airway pressure
(CPAP) titration in the same patient. CPAP was initiated by 4
c¢cmH,0, and was increased by 1 to 2 cmH,O until respiratory
events were controlled. A comparison between the records
with and without CPAP (Fig. 2A) revealed that sleep apnea
events were drastically reduced and, more importantly, far
fewer BP measurements were triggered during the night with
CPAP treatment.

Comparison of Maximum SBP, DBP, and PR Val-
ues by 3 Different Methods

Figure 3 shows differences between the max-trigger and max-
regular values of SBP, DBP, and PR. The max-trigger values
were significantly higher than the max-regular values for SBP
(difference: 13+5.8 mmHg, p=0.039) and DBP (difference:
10£6.8 mmHg, p=0.032), while the differences between the
min-trigger BPs and the min-regular BPs were not significant
(data not shown). There were no significant differences
between the max-trigger PR and max-regular PR (difference:
7+5.1 bpm, p=0.118) or between the min-trigger PR and the
min-regular PR.

The max-trigger values of SBP, DBP, and PR were signifi-
cantly correlated with the max-regular values (Fig. 4).

Correlation between Max Values and AHI

Figure 5 shows scattered plots of AHI with SBP, DBP, and
PR values obtained by the mean-regular, max-regular, and
max-trigger methods. The slope and r-value of max-trigger of
SBP and DBP were the highest among the three different
methods for SBP and DBP, and that of mean-regular was the
highest for PR.
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Correlation between AHI and TRuax

Individual TRyax values varied over a wide range of 12.4—
47.2 mmHg/min and 6.5-36.8 mmHg/min for SBP and DBP,
and 3.9-30.5 bpm/min for PR, respectively. As shown in Fig.
6, AHI showed a marked positive correlation with TRuax of
SBP (r=0.855, p<0.0001). A similar association was also
found for DBP (r=0.741, p=0.001) but not for PR (»=0.579,
»=0.019). TRuax values were defined as the average of the
three highest values of time-normalized differences between
adjacent BP or PR readings. As a result, in this study, all the
TRuax values were calculated from BP or PR changes within
a cluster of triplicated measurements by one apnea event.

Discussion

In the present study, we developed an experimental system
that triggers BP measurement intermittently based on periph-
eral oxygen desaturation due to sleep apnea events. This BP
monitoring system successfully detected apnea-related BP
surges that could not be detected by conventional ABPM. The
TR of the BP surge was highly correlated with the severity of
sleep apnea.

In the clinical setting, to study the impact of BP surge on
the progression of hypertensive target organ damage and the
triggering of cardiovascular events, a specific technique to
measure BP in particular situations is required. There are var-
ious possible ideas for automatically triggering BP measure-
ment based on physiological changes, such as alterations in
heart rate, peripheral oxygen saturation, and cardiac status
(ECG waveform analysis). In this study, we applied the “trig-
ger technique” to detect the BP variability during sleep apnea
events. To the best of our knowledge, no study has applied
this technique to the observation of nocturnal BP variability
associated with sleep apnea events.

Continuous (beat-to-beat) BP monitoring is ideal for
detecting dynamic BP changes during sleep apnea events.

There are 2 types of noninvasive techniques for such continu-
ous BP monitoring; however, neither would be suitable for
nocturnal BP monitoring. The first one is arterial tonometry,
which continuously compresses the artery in the wrist (gener-
ally the radial artery) by a pressure transducer array and mea-
sures arterial pressure as interaction (counter pressure) from
the arterial wall (26). However, the method requires periodic
calibration with conventional BP measurement, e.g., the cuff-
oscillometric method, to cancel time-dependent reading
errors (so-called “offset”). In addition, for long-term use,
such as nocturnal monitoring, there is concern about out-posi-
tioning of the transducer, which needs to be attached exactly
over the artery. The second possible technique for continuous
BP monitoring is the arterial volume clamp method. In this
method, a finger cuff pressure is controlled to keep the
intraarterial volume constant over a heart beat cycle and BP is
measured as the finger cuff pressure (27). This method also
requires periodic calibration with conventional measurement.
The other shortcomings of this technique are peripheral
ischemia due to continuous venous occlusion and the differ-
ence of regional BP vs. general BP, which might be exacer-
bated during the acute physiological changes caused by sleep
apnea events. Both of these noninvasive techniques for con-
tinuous monitoring require expensive instruments that may
not be available for routine medicine and home healthcare.
Thus, there are many technical and economic difficulties in
using the currently available noninvasive techniques for con-
tinuous monitoring of nocturnal BP. Accordingly, we pursued
the possibility of evaluating intermittent BP measurement
based on a trigger method.

A short interval between BP readings may affect the accu-
racy of the measurement in the case of auscultation because
Korotkof sounds which are used to determine the auscultatory
BP values are attenuated by peripheral blood congestion by
successive arterial occlusion. However, the accuracy of the
oscillometric method, which measures BP based on the
equivalence between regional intraarterial volume and pres-



sure, has been proven not to be affected by the shortness of
the interval as long as it is greater than 15 s (28).

The present experimental BP monitoring system based on a
combination of fixed-interval intermittent BP measurement
and triggered BP measurement, could separately evaluate
overall nighttime BP levels throughout the total sleep period
and sleep apnea-related BP variation. Many reports have
demonstrated that the average nighttime BP and nocturnal BP
dipping status are significantly associated with cardiovascular
disease and death (10, 14-18). In addition, nighttime BP vari-
ation is also associated with cardiovascular risk indepen-
dently of the average nighttime BP level in elderly
hypertensives (29). This nighttime BP variability may be
partly explained by sleep apnea—related BP variability. In the
present study, max-trigger SBP and DBP were both signifi-
cantly higher than the mean-regular and max-regular ones.
High-speed oscillometric measurement by the BP monitor
(Omron HEM-770) seems to contribute to these results. The
max-trigger SBP (r=0.532, p=0.034) and DBP (r=0.664,
p=0.005) were more closely correlated with AHI than the
mean-regular SBP (r=0.453, p=0.078) and DBP (r=0.567,
p=0.022), or the max-regular SBP (»=0.398, p=0.126) and
DBP (»=0.523, p=0.038). However, the min-trigger BPs
were comparable to the min-regular BPs. These results sug-
gest that BPs detected by our trigger method may more
clearly reflect the components of sleep apnea—related BP
surge.

TRumax, Which measures the velocity of BP (or PR) surge
per normalized period of time, could be applicable to BP mea-
surements with irregular intervals between readings (79). In
this study, the TRuax of SBP showed a strong correlation with
AHI (r=0.855, p<0.0001), suggesting that BP variability is
augmented by the severity of sleep apnea in patients with
sleep apnea. A question arises as to whether frequent trigger-
ing in patients with high AHI could have artificially increased
the TRmax-AHI correlation, since frequent triggering could
have shortened the interval between the clusters of BP or PR
readings, and increased the TR of the given change in BP or
PR. However, since all the TRyax values were of BP or PR
changes within a cluster of 3 consecutive readings, not of
those over different clusters, the frequency of the triggering
would not have affected the results on the TRuax values.

The TRuax of SBP, DBP and PR obtained by the max-trig-
ger method varied up to 47 mmHg/min, 37 mmHg/min, and
31 bpm/min, respectively. These rapid physiological changes
would never be captured by conventional ABPM with a fixed
interval. Recently, it has been reported that the TR of BP vari-
ability in the morning was significantly higher in hyperten-
sives than in normotensives and was independently
associated with carotid atherosclerosis independently of the
average BP level (19). The sleep apnea—related BP surge and
its TR detected by this method may also be more closely asso-
ciated with hypertensive target organ damage and cardiovas-
cular events, particularly in hypertensive patients with sleep
apnea.
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A limitation of this study is that BP measurement was trig-
gered immediately after an oxygen desaturation was detected
and, therefore, the phase of the sleep apnea event when the BP
was measured could not be controlled. More specifically, the
present method could catch BP values that were close to but
not always at the BP peak.

Self-measured home BP monitoring has been increasingly
recommended by various international guidelines for the
management of hypertension (30—33). Our oxygen desatura-
tion—triggered BP monitoring system using a pulse oximeter
can be easily introduced to home BP monitoring devices. Fur-
ther investigations will be necessary to test the clinical useful-
ness of the indices obtained from our trigger method in
patients with sleep apnea.
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