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1  | INTRODUC TION

The nocturnal blood pressure (BP) obtained by ambulatory BP 
monitoring (ABPM) has been reported to be a stronger predictor 
of cardiovascular morbidity and mortality than either daytime 
ambulatory BP or clinic BP.1–4 In addition to nocturnal BP level, 
nocturnal BP variability (BPV) expressed as the standard devia-
tion (SD) of SBP values obtained by ABPM during sleep has been 

found to be an independent predictor of cardiovascular events and 
mortality.5

OSA, which is the most frequent cause of secondary hyperten-
sion and resistant hypertension,6 causes repetitive hypoxia, CO2 
retention, consequent sympathetic activation, and repeated exag-
gerated BP surges during sleep.7–9 Thus, OSA can lead to increases 
in not only nocturnal BP level but also nocturnal BPV, each of which 
increases the cardiovascular risk independently of the other.10,11 

 

Received:	14	January	2018  |  Revised:	13	March	2018  |  Accepted:	28	March	2018
DOI: 10.1111/jch.13308

O R I G I N A L  P A P E R

Polysomnography- derived sleep parameters as a determinant 
of nocturnal blood pressure profile in patients with obstructive 
sleep apnea

Mitsuo Kuwabara PhD1,2 | Naoko Tomitani BA1 | Toshikazu Shiga PhD1,2 |  
Kazuomi Kario MD, PhD1

1Division of Cardiovascular 
Medicine, Department of Medicine, Jichi 
Medical University School of Medicine, 
Tochigi, Japan
2Omron Healthcare Co., Ltd., Kyoto, Japan

Correspondence
Kazuomi Kario, MD, PhD, Division of 
Cardiovascular Medicine, Department of 
Medicine, Jichi Medical University School of 
Medicine, Shimotsuke, Tochigi, Japan.
Email: kkario@jichi.ac.jp

Funding information
This research was supported by a Grant- in- 
Aid for Scientific Research (B) (21390247) 
from the Ministry of Education, Culture, 
Sports, Science and Technology (MEXT), 
Japan, to K.K., 2009–2013, and by the 
MEXT- Supported Program for the Strategic 
Research Foundation at Private Universities, 
2011–2015.

Obstructive sleep apnea causes blood pressure (BP) surges during sleep, which may 
lead to increased sleep- onset cardiovascular events. The authors recently developed 
an oxygen- triggered nocturnal BP monitoring system that initiates BP measurements 
when oxygen desaturation (SpO2) falls below a variable threshold. The association 
between nocturnal BP parameters obtained by nocturnal BP monitoring and simulta-
neously examined polysomnography- derived sleep parameters in 116 patients with 
obstructive sleep apnea (mean age 57.9 years, 85.3% men) was studied. In multivari-
able analysis with independent factors of age, body mass index, sex, and 
polysomnography- derived measures (apnea- hypopnea index, apnea index, arousal 
index, lowest SpO2, and SpO2 < 90%), apnea- hypopnea index (β = .26, P = .02) and 
lowest SpO2 (β	=	−.34,	P < .001) were independent determinants of hypoxia- peak 
systolic BP (SBP), defined as the maximum SBP value measured by nocturnal BP 
monitoring. Similarly, apnea- hypopnea index (β = .21, P = .04) and lowest SpO2 
(β	=	−.49,	P < .001) were independent determinants of nocturnal SBP surge, defined 
as the difference between the hypoxia- peak SBP and the average of the SBP values 
within 30 minutes before and after the hypoxia- peak SBP, measured by the fixed- 
interval function in the manner of conventional ambulatory BP monitoring. In conclu-
sion, in polysomnography- derived parameters, lowest SpO2, defined as the minimum 
SpO2 value during sleep, is the strongest independent determinant of hypoxia- peak 
SBP and nocturnal SBP surge measured by nocturnal BP monitoring. Our findings 
suggest that the severity of the decrease in SpO2 and the frequency of such de-
creases would be important indicators to identify high- risk patients who are likely to 
develop cardiovascular events specifically during sleep.
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Although the detection of BP surges triggered by OSA episodes is 
clinically meaningful for the assessment of cardiovascular risks, con-
ventional ABPM with a fixed interval (eg, 30 minutes) of BP mea-
surements cannot detect such apnea- triggered BP surges because it 
cannot measure BP synchronized with apnea episodes.

To solve this problem, we recently developed a triggered noc-
turnal BP monitoring (TNP) method based on an oxygen- trigger 
function that initiates a BP measurement when the patient’s  oxygen 
saturation (SpO2) falls below a variable threshold.12–19 Our previous 
study19 demonstrated that hypoxia- peak systolic BP (SBP) values 
measured by triggered nocturnal BP monitoring were markedly 
higher (by approximately 25 mm Hg) than mean nocturnal SBP val-
ues measured by conventional fixed- interval BP monitoring, and the 
magnitude of hypoxia- peak SBP was quite different even among 
patients with OSA with comparable levels of mean nocturnal SBP 
measured by conventional fixed- interval BP monitoring. This differ-
ence might be partially explained by the patients’ demographics and 
the levels of sleep disorder or sleep quality. Therefore, an improved 
understanding of the factors affecting OSA- related nocturnal BPs 
would be helpful for identifying patients with OSA at high risk for 
cardiovascular events.

To our knowledge, however, the determinants of OSA- related 
nocturnal BP parameters have not been clearly identified. The objec-
tive of our present study was to identify the determinants of OSA- 
related nocturnal BP parameters measured by TNP in patients with 
OSA in order to determine which of the simultaneously conducted 
polysomnography (PSG)- derived parameters (apnea- hypopnea, 
arousal, or hypoxia [oxygen- related] index) are associated with OSA- 
related nocturnal BP parameters.

2  | METHODS

2.1 | Study protocol

A total of 147 outpatients were recruited between June 2009 and 
March 2013. The study participants met both of the following cri-
teria: (1) subjective symptoms of sleep apnea syndrome such as 
heavy sleepiness during the day, and (2) 3% oxygen desaturation 
index >15 per hour in the screening test of sleep apnea syndrome 
with pulse oximetry. All patients underwent overnight full PSG and 
TNP simultaneously for two consecutive nights in the sleep labo-
ratory of Washiya Hospital (Tochigi, Japan). Each patient’s PSG 
parameters, including SpO2, and findings obtained by electroen-
cephalography, electrocardiology, electromyography, and electro- 
oculography (L [left], R [right]), airflow, and thoracic and abdominal 
movement were assessed by the PS2 Plus Sleep Watcher system 
(Compumedics). The apnea- hypopnea index (AHI) was defined 
as the mean number of apnea and hypopnea events per hour of 
sleep. Apnea was defined as the complete or almost complete 
cessation of airflow, and hypopnea was defined as a decrease in 
airflow	 or	 thoracoabdominal	 excursion	 of	 ≥50%	 of	 the	 baseline	
value	for	10	seconds	or	longer,	accompanied	by	a	≥3%	decrease	in	
SpO2. The arousal index (ArI) was defined as the mean number of 

arousal episodes per hour. Lowest SpO2 was defined as the mini-
mum SpO2 value during the night, and SpO2 < 90% was defined as 
the percentage of time spent below 90%. These parameters were 
automatically calculated by the PSG system. Because 31 patients 
had no BP measured by TNP, the number of patients in the study 
analysis was 116. This study was approved by the  institutional 
 research board of Washiya Hospital, and informed consent for 
participation in the study was given by every participant.

2.2 | Clinic BP measurements

Clinic BP was measured before bedtime (evening BP) and just after 
waking up (morning BP) on both measurement days. During each 
clinic BP measurement, triplicate BP measurements were taken by 
a nurse with an HEM- 780 validated cuff- oscillometric BP monitor 
(Omron Healthcare)20 with the patient in the sitting position, with his 
or her back supported, without his or her legs crossed, and with both 
arms supported at the heart level after a 5- minute rest. The average 
value of these three readings was used in the analysis.

2.3 | TNP monitoring

The TNP system consists of a pulse oximeter, a cuff- oscillometric BP 
monitor (HEM- 780), and a computer program including a BP meas-
urement–triggering algorithm. SpO2 is continuously measured every 
5 seconds by a pulse oximeter placed over the finger and is then 
transferred to the computer program run on a personal computer 
through the interface circuit.16 When the SpO2 value falls below the 
threshold level, the program sends a trigger signal to the BP monitor 
to initiate BP measurement. If the current SpO2 data have error- flag 
information caused by movement (for example), the triggering algo-
rithm ignores the data, which means it does not generate the signal 
to initiate BP measurement. The threshold to initiate BP measure-
ment is initially set to the patient’s baseline SpO2 value (ie, the SpO2 
value immediately before bedtime) minus 10% of the SpO2 value. 
Once triggered, the threshold is continuously decreased according 
to the current SpO2 value until a dip in SpO2 is reached, and, there-
after, the threshold is increased at a rate of 10% per hour from the 
values of the SpO2 dip. For example, if the baseline SpO2 value is 
98% and the first dip of SpO2 after the start of the measurement is 
80%, BP measurement is initiated when the SpO2 value falls below 
88% and the threshold is renewed to 80%. After the threshold is 
renewed, the threshold level to initiate BP measurement is increased 
in proportion to the time until the threshold level reaches the initial 
threshold level (ie, the threshold at 30 minutes after the SpO2 dip is 
85% and at 1 hour after the SpO2 dip is 88%). Once triggered, the BP 
monitor takes three measurements: SBP, diastolic BP, and pulse rate. 
The intervals between each BP measurement were set to 15 sec-
onds. In addition to this oxygen- triggered BP measurement function, 
TNP measures BP at a fixed interval (the same function as that of 
ABPM). In the present study, the nocturnal BP measurement was ob-
tained by both the oxygen- triggered function and the fixed- interval 
function (every 30 minutes).
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2.4 | Definition of BP parameters

Nocturnal BP was defined as in our previous studies.14,19 Regarding 
nocturnal BP parameters, we defined the “hypoxia- peak SBP” as the 
maximum SBP value measured by the oxygen- triggered function, 
the “maximum nocturnal SBP” as the maximum SBP value measured 
only by the fixed- interval function, the “mean nocturnal SBP” as the 
average of the nocturnal SBP values measured only by the fixed- 
interval function, and the “minimum nocturnal SBP” as the lowest 
SBP value among all of the nocturnal SBP values measured by either 
the oxygen- triggered or fixed- interval functions. Regarding the noc-
turnal BPV parameters, we defined the “nocturnal SBP surge” as the 
difference between the hypoxia- peak SBP and the average of the 
SBP values measured by the fixed- interval function within 30 min-
utes before and after the hypoxia- peak SBP and the “SD of nocturnal 
SBP” as the SD of SBP measured only by the fixed- interval function.

2.5 | Statistical analysis

PSG- derived parameters (ie, the AHI, apnea index, ArI, lowest SpO2, 
and SpO2 < 90%) and BP and pulse rate levels were calculated as the 
average value of each parameter on two consecutive days in 116 pa-
tients with OSA and were expressed as mean ± SD. In the univariable 
analysis of nocturnal BP parameters and nocturnal BPV parameters, 
the individual values for each night (116 patients × 2 nights = 232 
data points) were used in the analysis. Pearson correlation analy-
sis was used for the analysis of all variables other than sex and 
Spearman correlation was used for the analysis of sex. Multivariate 
linear regression analyses of nocturnal BP parameters and nocturnal 
BPV parameters were conducted by the forcible loading method to 
assess independent determinants of nocturnal BP parameters. All 
statistical analyses were performed using SPSS software, version 24 
(IBM). A P value of <.05 was considered statistically significant.

3  | RESULTS

The clinical characteristics of the 116 patients with OSA are shown 
in Table 1. Their average age was 57.9 ± 13.7 years (mean ± SD). 
There were 99 men and 17 women. Most patients were taking hy-
pertensive drugs. Their average AHI value was 39.6 ± 17.5 events 
per hour (mean ± SD). AHI had a close relationship with BMI in the 
univariable analysis (r = .47, P < .001).

Table 2 shows BP and pulse rate levels calculated as the average 
value of each parameter over two consecutive days in 116 patients 
with OSA. The hypoxia- peak SBP measured by the oxygen- triggered 
function was higher by 25.1 mm Hg than the mean nocturnal SBP 
measured by the fixed- interval function. The hypoxia- peak SBP was 
significantly correlated with the maximum nocturnal SBP (r = .83, 
P < .001). Although the hypoxia- peak SBP was not significantly 
higher than the maximum nocturnal SBP in all patients, it was sig-
nificantly higher than the maximum nocturnal SBP in patients in the 
moderate and severe OSA (AHI > 20) group (149.4 ± 21.0 mm Hg for 

hypoxia- peak SBP and 146.3 ± 16.6 mm Hg for maximum nocturnal 
SBP, P < .01 by paired t test; data not shown).

In the univariable analysis of nocturnal BP parameters (Table 
S1), young age, high body mass index (BMI), high AHI, high apnea 
index, low lowest SpO2, and high SpO2 < 90% were associated with 
increased hypoxia- peak SBP. Maximum nocturnal SBP was associ-
ated with high BMI, low lowest SpO2, and high SpO2 < 90%. Mean 
nocturnal SBP was associated with only high SpO2 < 90%. Minimum 
nocturnal SBP was associated with low BMI and high lowest SpO2.

In the univariable analysis of nocturnal BP surge and variability 
(Table S2), young age, high BMI, high AHI, high apnea index, high 
ArI, low lowest SpO2, and high SpO2 < 90% were associated with 
increased nocturnal SBP surge. High BMI, low lowest SpO2, and high 
SpO2 < 90% were associated with increased SD of nocturnal SBP. 
SD of nocturnal SBP was also associated with nocturnal SBP surge 
(r = .21, P < .01), hypoxia- peak SBP (r = .19, P < .01) and minimum 
nocturnal SBP (r	=	−.30,	P < .001) (data not shown).

Figure S1 shows scatterplots of the linear relationships between 
nocturnal BP parameters and PSG- derived parameters and Figure 
S2 shows that in nonmedicated patients with hypertension (39 pa-
tients × 2 nights = 78 data points). FigureA shows the slope of the 
regression line (absolute value) between hypoxia- peak SBP and low-
est SpO2 (=slope A) and FigureB shows that between nocturnal SBP 

TABLE  1 Clinical characteristics of the study patients with 
obstructive sleep apnea (n = 116)

Age, y 57.9 ± 13.7

Men/women, No. (%) 99/17 (85.3/14.7)

BMI, kg/m2 29.2 ± 5.5

Hypertension, % 70.7

Hyperlipidemia, % 25.9

Diabetes mellitus, % 16.4

History of angina, % 6.9

History of myocardial infarction, % 5.2

History of stroke, % 4.3

Antihypertensive drugs, % 66.4

Calcium channel blockers, % 43.1

ACEIs/ARBs, % 56.0

Diuretics, % 30.2

Other, % 17.2

PSG- derived parameters

Apnea- hypopnea index, per h 39.6 ± 17.5

Apnea index, per h 19.0 ± 16.1

Arousal index, per h 35.7 ± 16.5

Lowest SpO2, % 74.8 ± 8.3

SpO2 < 90%, % 16.8 ± 17.2

ACEIs, angiotensin- converting enzyme inhibitors; ARBs, angiotensin 
 receptor blockers; BMI, body mass index; SpO2, oxygen saturation.
Data are expressed as mean ± standard deviation or percentage. 
Polysomnography (PSG)- derived parameters are the average value of 
each parameter on two consecutive days.
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surge and lowest SpO2 (=slope B) in different subgroups of different 
classes of hypertensive drugs. Slope A in nonmedicated patients with 
hypertension	(−1.25)	was	significantly	greater	than	that	in	all	patients	
(−1.02)	and	that	in	each	class	of	drugs.	Slope	A	in	patients	who	were	
administrated	calcium	channel	blockers	 (−0.58)	was	the	 lowest	of	all	
subgroups. Similarly, slope B in nonmedicated patients with hyperten-
sion	 (−1.02)	was	significantly	greater	 than	that	 in	all	patients	 (−0.88)	
and that for each class of drugs. Slope B in patients who were adminis-
trated α- adrenergic or β-	adrenergic	blockers	(−0.64)	was	the	lowest	of	
all subgroups. Similar trends were seen in the analysis of the correlation 
coefficient between hypoxia- peak SBP and lowest SpO2 (Figure S3A) 
and that between nocturnal SBP surge and lowest SpO2 (Figure S3B).

Table 3 shows the multiple linear regression analysis of noctur-
nal BP parameters with demographics and PSG- derived parameters. 
When the independent factors were age, BMI, sex, and PSG- derived 
parameters (AHI, apnea index, ArI, lowest SpO2, and SpO2 < 90%), 

high AHI and low lowest SpO2 were independent determinants of 
increased hypoxia- peak SBP. Maximum nocturnal SBP and mean 
nocturnal SBP had no independent determinants. BMI was an in-
dependent determinant of minimum nocturnal SBP. When we de-
fined minimum nocturnal SBP as the minimum SBP measured by 
only a fixed- interval function, minimum nocturnal SBP had no sig-
nificant independent determinant in the multivariate analysis (data 
not shown). In the subgroup of nonmedicated patients with hyper-
tension, old age, high BMI, and low lowest SpO2 were independent 
determinants of increased hypoxia- peak SBP. Here, β means stan-
dardized partial regression coefficient. Old age was an independent 
determinant of maximum nocturnal SBP, high BMI was an indepen-
dent determinant of mean nocturnal SBP, and minimum nocturnal 
SBP had no independent determinant in the nonmedicated group. 
High AHI and low lowest SpO2 were independent determinants of 
increased nocturnal SBP surge (Table 4). Old age and high BMI were 

TABLE  2 Blood pressure and pulse rate levels in all patients

All patients (N = 116)
Nonmedicated patients with 
hypertension (n = 39)

Medicated patients with 
hypertension (n = 77)

Evening

SBP, mm Hg 127.7 ± 14.0 127.8 ± 15.0 127.6 ± 13.6

DBP, mm Hg 80.6 ± 11.3 84.6 ± 12.6 78.6 ± 10.1*

PR, beats per min 70.3 ± 9.6 74.3 ± 10.9*** 68.2 ± 8.2*

Nighttime

Fixed- interval function

Maximum SBP, mm Hg 147.1 ± 16.4 148.6 ± 17.6 146.3 ± 15.9

Mean SBP, mm Hg 123.7 ± 14.0 124.4 ± 14.8 123.4 ± 13.7

SD of SBP, mm Hg 11.7 ± 3.0 11.5 ± 3.0 11.8 ± 3.0

SBP at 2 am, mm Hg 121.6 ± 17.8 121.9 ± 18.3 121.4 ± 17.7

Mean SBP at 2 am and 3 am, mm Hg 121.4 ± 16.4 121.5 ± 17.9 121.4 ± 15.6

Mean SBP at 2 am, 3 am, and 4 am, mm Hg 121.7 ± 16.1 122.1 ± 17.1 121.5 ± 15.7

Mean DBP, mm Hg 76.4 ± 10.8 79.9 ± 11.7 74.6 ± 9.9**

Mean PR, beats per min 60.1 ± 7.5 62.7 ± 9.4 58.8 ± 6.0*

Oxygen- triggered function

Hypoxia––peak SBP, mm Hg 148.8 ± 20.5 150.4 ± 22.5 148.0 ± 19.5

Hypoxia––mean SBP, mm Hg 125.3 ± 15.1 125.2 ± 14.5 125.3 ± 15.5

Hypoxia––SD SBP, mm Hg 10.5 ± 3.6 10.4 ± 4.2 10.6 ± 3.2

Hypoxia––mean DBP, mm Hg 76.7 ± 10.7 79.5 ± 10.7 75.3 ± 10.4**

Hypoxia––mean PR, beats per min 59.8 ± 7.2 61.8 ± 8.7 58.8 ± 6.2**

Nocturnal SBP surge, mm Hg 25.9 ± 12.7 27.6 ± 15.6 24.9 ± 10.9

Minimum nocturnal SBP, mm Hg 96.3 ± 14.2 96.9 ± 15.1 96.0 ± 13.8

Morning

SBP, mm Hg 136.6 ± 15.2 134.3 ± 17.1 137.7 ± 14.1

DBP, mm Hg 83.2 ± 11.1 86.5 ± 12.1 81.5 ± 10.3**

PR, beats per min 64.0 ± 9.5 67.9 ± 12.3*** 62.0 ± 6.9*

DBP, diastolic blood pressure; PR, pulse rate; SBP, systolic blood pressure.
Calculated as the average value of each parameter on two consecutive days in all 116 patients: 39 nonmedicated patients with hypertension and 77 
medicated patients with hypertension and obstructive sleep apnea. Data are expressed as mean ± standard deviation (SD). The individual values of 
each parameter were calculated as the average of two consecutive nights.
*P < .01 and **P < .05 vs nonmedicated patients with hypertension by t test; ***P < .05 vs all patients by t test.
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independent determinants of increased SD of nocturnal SBP. In the 
subgroup of nonmedicated patients with hypertension, low lowest 
SpO2 was an independent determinant of increased nocturnal SBP 
surge. Old age was an independent determinant of increased SD of 
nocturnal SBP in the nonmedicated group.

4  | DISCUSSION

The present study using TNP was the first to demonstrate that 
hypoxia- peak SBP and the nocturnal SBP surge (measured by an 
oxygen- triggered function) were much more closely associated with 
OSA- related PSG parameters than maximum nocturnal SBP and mean 
nocturnal SBP (measured by a fixed- interval function in the manner of 
conventional ABPM) in patients with OSA. Lowest SpO2, defined as 
the minimum SpO2 value during sleep, was the strongest independent 
determinant of hypoxia- peak SBP and also nocturnal SBP surge.

4.1 | Hypoxia- peak SBP: the maximum SBP value 
measured by the oxygen- triggered function

In the present study, the hypoxia- peak SBP was significantly corre-
lated with the maximum nocturnal SBP. However, the associations 
of these two parameters with the PSG- derived sleep parameters 
were quite different. Whereas the maximum nocturnal SBP had no 

significant relationship with the PSG- derived sleep parameters, the 
hypoxia- peak SBP had a strong relationship with those parameters, 
which means that the hypoxia- peak SBP represents a specific com-
ponent of nocturnal BP affected by OSA. In the present study, lowest 
SpO2 was the strongest independent determinant of hypoxia- peak 
SBP. This can be attributed to the long OSA duration. The patients’ 
long OSA episodes may have induced a severe drop in oxygen satu-
ration, stronger transient sympathetic activation, and a stronger 
Valsalva effect, resulting in an exaggerated sleep BP surge. Clinically, 
the severity of OSA is now determined by the number of apnea- 
hypopnea episodes from the viewpoint of sleep disturbance, but 
from the viewpoint of cardiovascular risk, the severity of the drop in 
oxygen saturation during apnea episodes and the frequency of these 
episodes would be more important indicators to identify the high- risk 
patients who are likely to develop cardiovascular events specifically 
during sleep. Some studies have demonstrated that hypoxia- peak 
SBP could be reduced by suppressing sympathetic nerve activity. 
Catheter- based renal denervation, which ablates the afferent and 
efferent sympathetic nerves around the renal artery, significantly 
reduced peak nocturnal SBP values measured by ABPM21,22 and 
hypoxia- peak SBP detected by TNP by 10 mm Hg23 in patients with 
drug- resistant hypertension who had OSA. Another study showed 
that bedtime dosing of 20 mg of carvedilol significantly reduced 
hypoxia- peak SBP by 23 mm Hg in patients with hypertension who 
had OSA.14 We demonstrated in our earlier investigations10,16 that BP 

F IGURE Slope of the regression line (absolute value) between hypoxia- peak systolic blood pressure (SBP) and lowest oxygen saturation 
(SpO2) and between nocturnal SBP surge and lowest SpO2 in subgroups treated with different classes of hypertensive medication. ARB, 
angiotensin receptor blocker; ACEi, angiotensin- converting enzyme inhibitor; CCB, calcium channel blocker; SBP, systolic blood pressure
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TABLE  3 Multiple linear regression analysis of nocturnal blood pressure parameters with demographics and PSG- derived parameters

Variable

All patients (N = 232)
Nonmedicated with patients 
hypertension (n = 78)

Medicated patients with 
hypertension (n = 154)

β SE P value β SE P value β SE P value

Hypoxia- peak SBP

Age .00 0.12 .99 .31 0.25 .02 −.18 0.18 .06

Sex (0: women, 1: men) .07 4.17 .29 .07 10.8 .47 .06 4.57 .45

BMI −.06 0.38 .55 .41 0.66 .03 −.25 0.49 .02

Apnea- hypopnea index .26 0.13 .02 .03 0.24 .88 .30 0.17 .01

Apnea index −.19 0.13 .054 .14 0.27 .51 −.24 0.15 .03

Arousal index −.01 0.09 .87 .12 0.17 .32 −.08 0.11 .40

Lowest SpO2 −.34 0.24 <.001 −.57 0.42 <.01 −.18 0.29 .09

SpO2 < 90% .09 0.15 .42 −.42 0.25 .07 .24 0.19 .049

R2 19.4% <.001 38.5% <.001 19.1% <.001

Maximum nocturnal SBP

Age .08 0.11 .34 .38 0.23 .02 −.03 0.16 .80

Sex (0: women, 1: men) .13 3.63 .07 .11 10.1 .35 .12 4.05 .18

BMI .03 0.33 .74 .31 0.61 .15 −.05 0.43 .67

Apnea- hypopnea index .13 0.12 .28 .17 0.22 .51 .12 0.15 .37

Apnea index −.10 0.11 .35 −.08 0.25 .76 −.10 0.13 .38

Arousal index −.13 0.08 .11 −.05 0.16 .74 −.15 0.09 .14

Lowest SpO2 −.08 0.21 .42 −.04 0.39 .86 −.06 0.25 .57

SpO2 < 90% .15 0.13 .22 .09 0.23 .74 .14 0.17 .30

R2 6.9% .04 15.3% .15 5.8% .36

Mean nocturnal SBP

Age .02 0.09 .81 .29 0.19 .06 −.13 0.13 .19

Sex (0: women, 1: men) .10 2.99 .16 .21 8.02 .08 .05 3.35 .58

BMI −.01 0.27 .94 .44 0.49 .045 −.2 0.36 .14

Apnea- hypopnea index .13 0.09 .28 −.002 0.18 .99 .16 0.12 .22

Apnea index −.20 0.09 .06 −.08 0.20 .74 −.18 0.11 .11

Arousal index −.08 0.06 .30 −.004 0.13 .98 −.12 0.08 .26

Lowest SpO2 .03 0.17 .74 −.06 0.31 .78 .12 0.21 .28

SpO2 < 90% .24 0.10 .054 −.06 0.18 .82 .29 0.14 .03

R2 5.6% .11 14.8% .17 7.8% .15

Minimum nocturnal SBP

Age −.06 0.099 .44 .11 0.21 .50 −.17 0.14 .09

Sex (0: women, 1: men) .03 3.33 .65 .21 8.86 .09 −.06 3.68 .54

BMI −.20 0.30 .046 .14 0.54 .55 −.33 0.39 <.01

Apnea- hypopnea index .21 0.11 .07 .09 0.19 .72 .21 0.13 .10

Apnea index −.20 0.10 .06 −.05 0.22 .85 −.20 0.12 .08

Arousal index −.04 0.07 .66 −.18 0.14 .20 .03 0.09 .75

Lowest SpO2 .12 0.19 .22 −.06 0.34 .79 .21 0.23 .051

SpO2 < 90% .08 0.12 .51 −.22 0.20 .43 .13 0.15 .31

R2 5.5% .12 10.1% .47 12.0% .02

β, standardized partial regression coefficient; PSG, polysomnography; SE, standard error; SBP, systolic blood pressure.
Variables included in multiple linear regression analysis were age, apnea- hypopnea index, apnea index, arousal index, body mass index (BMI), 
lowest oxygen saturation (SpO2), sex, and SpO2 < 90%. The individual values for each night (116 patients × 2 nights for all patients, 39 patients × 2 
nights for nonmedicated patients with hypertension and 77 patients × 2 nights for medicated patients with hypertension) were used in the 
analysis.
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surges monitored by TNP could be reduced by continuous positive 
airway pressure (CPAP). However, this BP- lowering effect of CPAP is 
not perfect. The 2017 American Heart Association/American College 
of Cardiology guidelines24 note that the effectiveness of CPAP for 
reducing BP is not well established in adults with hypertension and 
OSA.25–29 The key factor of CPAP therapy and its effectiveness for 
cardiovascular protection may be the patient’s adherence to CPAP.30 
There is a possibility that the use of TNP could improve adherence 
to CPAP therapy because patients can estimate their cardiovascular 
risk of BP surges induced by OSA and its suppression by using CPAP 
in day- by- day nocturnal BP monitoring.

4.2 | Mean nocturnal SBP: the 
average of the nocturnal SBP values measured by the 
fixed- interval function

In the present study, SpO2 < 90% was significantly correlated with 
mean nocturnal SBP in the univariable analysis. Some studies have 

reported that intermittent exposure to hypoxia induced sympathetic 
nerve activation by enhancing c- fos in the brain stem, causing the 
nerve cells to memorize the hypoxic condition.31,32 These results 
indicate that SpO2 < 90%, which reflects continuous hypoxia, is 
a more useful index than either apnea- hypopnea episodes or the 
arousal index in terms of assessing increased mean nocturnal SBP, 
which is regarded as the strongest predictor of future cardiovascular 
events. This is clinically meaningful because SpO2 < 90% could be 
obtained by a simple screening test of OSA with pulse oximetry at 
home, rather than PSG, which requires hospitalization. However, no 
significant relationship between mean nocturnal SBP and any poly-
somnographic variables was revealed by the multivariable analysis. 
This might indicate that mean nocturnal SBP measured at 30- minute 
fixed intervals is more vulnerable to other polysomnographic vari-
ables such as sodium intake together with salt sensitivity33 or the 
loss of sleep quality attributable to the disturbance of sleep by cuff 
inflation34–36 compared with hypoxia- peak SBP measured by the 
oxygen- triggered function.

TABLE  4 Multiple linear regression analysis of nocturnal blood pressure variability with demographics and PSG- derived parameters

Variable

All patients (N = 232)
Nonmedicated patients with 
hypertension (n = 78)

Medicated patients with 
hypertension (n = 154)

β SE P value β SE P value β SE P value

Nocturnal SBP surge

Age −.06 0.08 .41 .11 0.18 .42 −.15 0.11 .13

Sex (0: women, 1: 
men)

.05 2.68 .45 −.08 7.49 .42 .10 2.87 .27

BMI −.098 0.25 .29 .09 0.47 .63 −.17 0.31 .13

Apnea- hypopnea 
index

.21 0.09 .045 −.01 0.17 .98 .31 0.10 .01

Apnea index .01 0.08 .88 .27 0.19 .22 −.06 0.09 .60

Arousal index .04 0.06 .53 .15 0.12 .20 −.05 0.07 .59

Lowest SpO2 −.49 0.15 <.001 −.69 0.29 <.001 −.37 0.18 <.001

SpO2 < 90% −.098 0.09 .38 −.39 0.17 .10 −.01 0.12 .97

R2 26.6% <.001 40.4% <.001 22.4% <.001

SD of nocturnal SBP

Age .31 0.02 <.001 .41 0.04 <.01 .32 0.03 <.01

Sex (0: women, 1: 
men)

.09 0.66 .18 −.20 1.59 .06 .20 0.75 .02

BMI .25 0.06 .01 .11 0.10 .58 .30 0.08 .01

Apnea- hypopnea 
index

−.04 0.02 .72 .37 0.04 .12 −.15 0.03 .20

Apnea index .08 0.02 .46 −.15 0.04 .50 .07 0.02 .53

Arousal index −.12 0.01 .12 .02 0.03 .89 −.15 0.02 .12

Lowest SpO2 −.17 0.04 .08 −.12 0.06 .53 −.20 0.05 .06

SpO2 < 90% .06 0.02 .64 .24 0.04 .32 .02 0.03 .85

R2 14.3% <.001 30.7% <.01 17.1% <.01

β, standardized partial regression coefficient; PSG, polysomnography; SBP, systolic blood pressure; SD, standard deviation; SE, standard error.
Variables included in the multiple linear regression analysis were age, apnea- hypopnea index, apnea index, arousal index, body mass index (BMI), lowest 
oxygen saturation (SpO2), sex, and SpO2 < 90%. The individual values for each night (116 patients × 2 nights for all patients, 39 patients × 2 nights for 
nonmedicated patients with hypertension, and 77 patients × 2 nights for medicated patients with hypertension) were used in the analysis.
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4.3 | Minimum nocturnal SBP: the lowest SBP 
value among all of the nocturnal SBP values 
measured by either the oxygen- triggered or fixed- 
interval functions

In the present study, minimum nocturnal SBP had a significant 
positive relationship with lowest SpO2 and a significant negative 
relationship with BMI. In addition, BMI had a close relationship 
with AHI in the univariable analysis. These results indicate that 
there were many cases in which the minimum nocturnal SBP was 
detected as a decreased BP overshoot at the phase after the 
peak of an SBP surge, because we defined minimum nocturnal 
SBP as the minimum SBP measured by both the fixed- interval 
function and the hypoxia- triggered function, which takes three 
consecutive BP measurements when the SpO2 falls below the 
threshold. In fact, when we defined minimum nocturnal SBP as 
the minimum SBP measured by only a fixed- interval function, 
minimum nocturnal SBP had no significant independent deter-
minant in the multivariate analysis. Because nocturnal BP fre-
quently varies throughout the night, especially in patients with 
OSA, it might be difficult to determine an actual basal noctur-
nal SBP that reflects the stable basal condition of sympathetic 
nerve activity and is determined by structural changes of the 
small resistance arteries or circulating volume. To exclude the 
reactive hypotension just after OSA- related BP surge, we are 
now trying to improve the algorithm triggered by the stable low-
est heart rate (for a significant time period without a cluster of 
OSA episodes) in order to more accurately determine the basal 
nocturnal BP.

4.4 | OSA- related nocturnal SBP surge: the 
difference between the hypoxia- peak SBP and the 
average of the SBP values measured by the fixed- 
interval function within 30 minutes before and 
after the hypoxia- peak SBP

The present study shows that nocturnal SBP surge had a stronger 
association with PSG- derived sleep parameters (AHI, apnea index, 
ArI, lowest SpO2, and SpO2 < 90%) than the SD of nocturnal SBP. 
This may indicate that nocturnal SBP surge more precisely reflects 
OSA- related BPV than the more generalized SD of nocturnal 
SBPs, because the former is derived from direct BP measurement 
in synchronization with OSA episodes. Frequent and large fluc-
tuations of BP levels over time might have a role as a reliable risk 
factor of cardiovascular morbidity and mortality. Indeed, there is 
a great deal of evidence that BPV can also be a determinant of 
neurocognitive dysfunction37–40 by a multitude of putative mecha-
nisms including cerebral hemodynamic instability and blood flow 
imbalance with repeated episodes of cerebral tissue hypoxia,41,42 
microvascular damage, arterial remodeling and impairment of cer-
ebrovascular reactivity,43 and inflammatory response and oxida-
tive stress.44

In the present study, old age and high BMI were independent 
determinants of an increased SD of nocturnal SBP (ie, the SD of 
SBP measured by the fixed- interval function). It is reasonable that 
age could be positively correlated with arterial stiffness, and the 
reduced elasticity of the vascular bed could mediate the higher 
BP fluctuation. Moreover, artery remodeling can make the cere-
bral blood flow highly dependent on the BP levels and magnify 
the harmful effects of the BP fluctuations. Dysautonomia and 
impairment of baroreceptor functions are also common in the el-
derly, and they could partly explain these findings. Moreover, the 
SD of nocturnal BP may include not only OSA- related nocturnal 
BP surge, but also non–OSA- related BP surges such as arousal- 
induced or REM sleep–induced BP surge. In fact, the present study 
demonstrates that the arousal index is correlated with short- term 
BP elevation induced by OSA. This suggests that arousal during 
sleep may be a target of medication from the viewpoint of pre-
venting cardiovascular events.

4.5 | Effect of antihypertensive drugs

The present study showed that the association between low-
est SpO2 and hypoxia- peak SBP was stronger in nonmedicated 
patients with hypertension than in all patients. Antihypertensive 
medication lowered the slope of the regression line (absolute 
value) between hypoxia- peak SBP and lowest SpO2. These trends 
were also found in the association between lowest SpO2 and OSA- 
related nocturnal SBP surge. These facts might indicate that hy-
pertensive medication could reduce hypoxia- peak SBP, especially 
in the patients with low lowest SpO2. Specifically, in the present 
study, calcium channel blockers significantly reduced the regres-
sion line (absolute value) between hypoxia- peak SBP and lowest 
SpO2, and α- adrenergic or β- adrenergic blockers significantly re-
duced that between nocturnal SBP surge and lowest SpO2. These 
results for the different classes of antihypertensive drug were the 
same as those in our previous crossover study,14 which evaluated 
the effects of single- dose nighttime administration of vasodilating 
(nifedipine 40 mg) vs sympatholytic (carvedilol 20 mg) antihyper-
tensive agents on nocturnal BP parameters measured by TNP in 
patients with hypertension who had OSA. In that study, sympa-
tholytic antihypertensive agents significantly reduced OSA- related 
short- term BP surge.

4.6 | Limitations and perspectives

The present study has some limitations. The BP values obtained by 
the oxygen- triggered function of the TNP system were measured by 
a cuff inflation–based BP monitor. This device may have underesti-
mated BP surges induced by OSA compared with the actual peak of 
the BP surges induced by an OSA episode. In addition, the present 
study was a cross- sectional study. Therefore, a future drug interven-
tion study using TNP is needed to demonstrate the direct effects on 
OSA- triggered nocturnal BP.
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5  | CONCLUSIONS

The hypoxia- peak SBP and the nocturnal SBP surge measured by 
the oxygen- triggered function were much more closely associated 
with PSG- derived sleep parameters than the maximum nocturnal 
SBP and mean nocturnal SBP obtained by a fixed- interval func-
tion. Lowest SpO2 was the strongest independent determinant of 
hypoxia- peak SBP and also nocturnal SBP surge. Our findings might 
indicate that the severity of the drops of SpO2 and the frequency of 
these drops would be important indicators for the identification of 
high- risk patients who are likely to develop cardiovascular events 
specifically during sleep.
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