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Abstract

The authors investigated the reproducibility of nighttime home blood pressure (BP)

measured by a wrist-type BP monitoring device. Forty-six hypertensive patients

(mean 69.0±11.6 years, 56.5% male) self-measured their nighttime BP hourly using

simultaneously worn wrist-type and upper arm-type nocturnal home BP monitoring

devices at home on two consecutive nights. Using the average 7.4±1.3 measurements

on the first night and the average 7.0 ± 1.8 measurements on the second night, the

authors assessed the reliability and the reproducibility of nighttime BP measured

on the two nights. The difference between nights in systolic BP (SBP) measured

by the wrist-device was not significant (1.6±7.0 mmHg, p = .124), while the dif-

ference in diastolic BP (DBP) was marginally significant (1.4±4.9 mmHg, p = .050).

The intraclass correlation coefficients (ICCs) for agreement between nights were

high both in SBP and DBP average (SBP: 0.835, DBP: 0.804). Averaging only three

points of SBP resulted in lower ICC values, but still indicated good correlations

(ICC > 0.6). On the other hand, the correlations of the standard deviation and aver-

age real variability of SBP between nights were low, with ICCs of 0.220 and 0.436,

respectively. In conclusion, the average SBP values measured on the first night were

reliable even when averaging only three readings. The reproducibility of nighttime

BP variability seemed inferior to that of BP average; it might be better to measure

nighttime BP over multiple nights to assess BP variability. However, this hypothesis

needs verification in other study population. In addition, our study population had

well-controlled BP, which limits the generalizability of this findings to all hypertensive

patients.
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1 INTRODUCTION

Home blood pressure (BP) monitoring has been well recognized as an

easy and reliable method for management of hypertension in clinical

practice and is recommended by several international guidelines.1–3

Despite the popularity of home BP monitoring (HBPM), an optimal

method to evaluate conventional home BP values (ie, BPs measured in

the morning and/or evening) has not been fully established. The Euro-

pean Society of Hypertension recommends discarding BP values mea-

sured on the first monitoring day because the BP values obtained at

first measurement are likely to be higher andmore unstable compared

to those obtained at subsequent measurements. However, the results

from the Ohasama Study and the Finn-Home Study showed that dis-

carding the first day of measurements did not enhance the predictive

ability.4–6

There ismuch less evidenceandnoconsensusonnighttimehomeBP

measurement, which can be measured by using a recently developed

HBPM device with a function for automatic BP measurement during

sleep. The Condition Study using an upper arm-type nocturnal HBPM

device demonstrated that the reproducibility of upper arm-measured

nighttime home BP values measured on the first night and the second

night was high.7

A newly developed wrist-type nocturnal HBPM device (HEM-

9601T; Omron Healthcare, Kyoto, Japan) reduces the discomfort

caused by cuff inflation and measurement noise. The BP values mea-

suredby theHEM-9601Twere confirmed tobe reliablebothunder lab-

oratory conditions8 and sleeping conditions at home.9 In the present

study, we investigated the reproducibility of nighttime homeBP values

measured by the wrist-type HBPM device under real-world sleeping

conditions at home.

2 SUBJECTS AND METHODS

2.1 Study design

This was a post hoc analysis of data obtained from our comparison

study of nighttime home BP readings measured by an HEM-9601T

wrist-type device (NightView; OmronHealthcare) and an HEM-9700T

upper arm-type device (Omron Healthcare).9 Details of the compari-

son study design have been published previously.9 Briefly, 50 hyper-

tensivepatientswith antihypertensive treatment (meanage68.9±11.3

years) were asked to measure their nighttime BP during sleep at home

for two consecutive nights. They wore both the wrist and upper arm-

devices on the same non-dominant arm and started the nighttimemea-

surement mode just before going to bed each night.

During the nighttimemeasurementmode, the wrist device was pre-

set to measure BP every hour on the hour (The measurement timing

was changed for this study. Thedefault setting is tomeasure at2:00am,

4:00 am, and 4 h after starting nighttimemeasurementmode.), and the

upper arm-device was preset to activate 3 min after the activation of

the wrist device. Since the HEM-9601T wrist device detects BP level

during cuff inflation, it can avoid over-pressurize and measurement

noise, resulting in less sleep disturbance. The HEM-9700T upper arm-

device detects BP level during cuff deflation. To reduce the influence

of sequent measurement, especially due to sleep disturbance caused

by cuff’s inflation, the measurement protocol was set up in which the

wrist device was activated first, followed by the upper arm-device.

The study protocol was approved by the institutional review board

of Jichi Medical University School of Medicine (rin-A19-241) and reg-

istered on a clinical trials registration site (University Hospital Medi-

cal InformationNetworkClinical TrialsRegistry,UMIN000041540). All

participants provided written informed consent.

In the present reproducibility analysis, we used data obtained from

46 participants who successfully measured their nighttime home BP

over two nights (four participants failed to measure their nighttime BP

on one of the nights).

2.2 BP measurement devices

The HEM-9601T (NightView) is an automatic oscillometric device

for self-measuring BP at the wrist, equipped with an algorithm for

supine-position measurements.8 The BP parameters measured by

this wrist device was optimized to the parameters measured by a

mercury sphygmomanometer at the upper arm both in the sitting

and supine position. The HEM-9700T is an automatic upper arm-type

device for the self-measurement of BP.10 Both thewrist device and the

upper arm-device have an automatic BPmeasurement function during

sleep.

2.3 Nighttime BP measurement index

The participants’ nighttime BP values were measured every hour on

the hour after going to bed during the nighttime measurement mode

by both the HEM-9601T and the HEM-9700T with 3 min intervals

between the two devices (HEM-9601T first, then HEM-9700T). Of

those values, the average of three readingsmeasured at 2:00, 3:00, and

4:00 a.m. (2:03, 3:03, and4:03 a.m. for theHEM-9700Tmeasurements)

was defined as a clock-based index, and the average of three readings

of the second, third, and fourth hourly measurements taken after the

participant’s bedtime (actually 61–120 min, 121–180 min, and 181–

240min after bedtime) was defined as a bedtime-based index.

The variability of nighttimeBPwas assessed by calculating the stan-

dard deviation (SD) and average real variability (ARV). The SD reflects

thedispersionofBPmeasurementswithout accounting for theorder of

BP measurements. The ARV averages the absolute differences of con-

secutivemeasurements.11

2.4 Statistical analyses

All statistical analyses were performed using the SAS ver. 9.4 software

program (SAS Institute, Cary, NC, USA). The reproducibility of night-

time BP indexes between nights or between devices was assessed by
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testing for bias, association, and agreement.12 Differences between

the nighttime BP indexes were tested using a paired t-test. The intr-

aclass correlation coefficient (ICC) for agreement using a two-way

randommodel of absolute agreement, that is, the ICC (2,1), was calcu-

lated to assess the association of nighttime BP values between devices

or between nights. Bland–Altman plots were created to represent the

mean bias and limits of agreement. Values of p < .05 were considered

significant. All data processing and analyses were independently con-

ducted at the Global Analysis Center of BP (GAP) at the Jichi Medical

University COE Cardiovascular Research and Development (JCARD)

Center.

3 RESULTS

3.1 Participant characteristics

All 50 participants in the comparison studywere hypertensive patients

receiving antihypertensive treatment and details of their characteris-

tics were previously reported.9

Of the 50 patients, 46 patients were included in this reproducibility

analysis. The mean age of the 46 patients was 69.0±11.6 years, 56.5%

were male, and the average body mass index was 25.6±3.4 kg/m2.

The prevalence of regular alcohol use was 26.1%; current smoking,

2.2%; diabetes mellitus, 19.6%; hyperlipidemia, 43.5%; chronic kid-

ney disease, 4.4%; hyperuricemia, 23.9%; sleep apnea syndrome (SAS),

17.4%; history of cardiovascular disease, 10.9%; and history of heart

failure, 4.4%.

3.2 Nighttime BP measured by the wrist HBPM
device and the upper arm HBPM device

As previously reported, the self-monitored nighttime home systolic BP

(SBP) values measured by the wrist HBPM device equipped with a

supine-position algorithm were comparable to those measured by the

upper arm HBPM device.9,13 In a previous paper, we reasoned that

the significantly lower diastolic BP (DBP)measuredwith awrist device

compared to that measured with an upper arm-device could be due to

the different BP algorithms used in the two devices.9 Among all the

50 participants, the ICCs for the agreement of each reading simulta-

neously taken by the wrist and upper arm HBPM device in SBP, DBP,

and heart rate were 0.802, 0.686, and 0.877, respectively (Supplemen-

tary Table). The ICCs for the agreement of individual average values

betweendeviceswerealsohigh (SBP:0.835–0.920;DBP:0.694–0.796;

heart rate: 0.831–0.908).

3.3 Nighttime average BP measured on the first
night and the second night

Among the50participants, 46participants successfullymeasured their

nighttime BP on each of the two nights and were included in the

analysis for the reproducibility of individual average BPs measured

at night. Forty-three participants measured BP at least once at 2:00,

3:00, or 4:00 on each night and were included in the analysis for the

reproducibility of individual clock-based average index. Forty-five par-

ticipants measured BP at least once at the second, third, or fourth

hourly measurement points after going to bed on each night and were

included in the analysis for the reproducibility of individual bedtime-

based average index.

Table 1 shows individual average parameters of nighttime BP for

the first night and the second night. There was no significant dif-

ference between nights in the wrist-measured SBP parameter when

averaging all readings (1.6±7.0 mmHg, p = .124), three clock-based

readings (0.1±10.9 mmHg, p = .956), and three bedtime-based read-

ings (0.1±9.7 mmHg, p = .927). The ICCs (95% CI) for the agree-

ment of these three SBP average indexes between nights were 0.835

(0.721–0.905), 0.690 (0.492–0.819), and 0.774 (0.622–0.869), respec-

tively. The DBP average of all readings was lower on the second night

(1.4±4.9 mmHg lower, p = .050), while their correlation was strong

with an ICC of 0.804 (0.668–0.887). The heart rate average of three

bedtime-based readings was significantly higher on the second night

(1.5±4.8 mmHg higher, p = .038), while the correlation of the readings

was strong with an ICC of 0.740 (0.568–0.850). The other DBP and

heart rate indexes showedno significant differencebetweennights and

high ICCvalues. As for theBPsmeasuredby theupper arm-typedevice,

all average parameters were comparable between nights. The ICCs of

these average values were high and similar to the results for the wrist-

type device. The limits of agreement between the first and the second

night are shown in Figure S1. The Bland–Altman plot indicated good

agreement between nights in the averages of all readings of SBP, DBP,

and heart ratemeasured by both devices.

3.4 Variability of nighttime BP measured on the
first night and the second night

Table 2 shows the averages of nighttime BP variability parameters for

the first night and the second night. There was no significant differ-

ence between nights in the SD and ARV of SBP, DBP, and heart rate

measured by both devices, except for the ARV ofDBPmeasured by the

upper-arm device. The limits of agreement between the first and the

second night were shown in the supplementary figures (Figure S2: SD

values, Figure S3: ARV values). The Bland–Altman plot indicated good

agreement between nights in all the SD and ARV indexes. However,

the correlation of SD and ARV was poor with low ICC values both

in the wrist-type device (SBP: 0.220 for SD, 0.436 for ARV; DBP:

−0.030 for SD, 0.047 for ARV; heart rate: 0.419 for SD, 0.516 for

ARV) and the upper-arm device (SBP: 0.205 for SD, 0.259 for ARV;

DBP: 0.116 for SD, 0.250 for ARV; heart rate: 0.419 for SD, 0.131

for ARV).

Among the 38 patients who had not been previously diagnosedwith

SAS, the ICCs for the SDandARVof SBPwere slightly improved (wrist-

device: 0.278 for SD and 0.465 for ARV; upper arm-device: 0.290 for

SD and 0.383 for ARV).
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4 DISCUSSION

This is the first study to investigate the reproducibility of nighttime

home BP measured by a wrist-type HBPM device. The results indicate

that the reproducibility of nighttime BP variability was inferior to that

of BP average.

4.1 The first day measurement

In the present study, the average of the wrist-measured SBP on the

first night was comparable to that on the second night, whether

averaged over all 60-min interval measurements, averaged over three

time points at 2, 3, and 4 o’clock, or averaged over three readings

measured at the second, third, and fourth hourly measurement points

after bedtime. Regarding homedaytimeBPmeasurements (ie,morning

and evening measurements), some studies have compared morning

and/or evening home BPmeasured on the first day and the second day.

Stergiou and colleagues concluded that the first day gives higher and

unstable BP values.14 A Japanese study also demonstrated that both

morning and evening home BP measured on the first day were signif-

icantly higher than those on the second day.15 However, fewer reports

have been published on the reliability of nighttime home BPmeasured

on the first day. Fujiwara and colleagues demonstrated that there

was no difference in the nighttime home BP measured by an upper

arm nocturnal HBPM device between the first and the second night.7

Consistent with the results of their study, our present results showed

that both the wrist-measured and upper arm-measured nighttime BP

levels measured on the first day were comparable to those measured

on the second day. Thus, the first night BP readingsmeasured by either

the wrist-type or upper arm-type HBPM were reliable and could be

included in the evaluation. Nighttime home BP measured using an

automatic function is less likely to be affected by psychological factors.

This might be partly responsible for the fact that the nighttime home

BP measured on the first day was not higher than that measured on

later days.

4.2 The reproducibility of wrist-measured
nighttime BP average

The correlation of wrist-measured overnight BP average between the

first and the second night was fairly good. Recent studies using a home

nocturnal BPmonitoring device have employed three preset measure-

ments per night at 2, 3, and 4 a.m. or at 2, 3, and 4 h after bedtime.16

When the three time points of BP readings were averaged based on

clock time or bedtime, the ICC values were lower compared with that

of the overnight average but still indicated good correlation both in the

wrist and upper arm measurements. The Bland–Altman plot showed

good agreement between nights in the averages of all readings of SBP

andDBPmeasured by both devices.

In the results of paired t-test, there was no significant difference

between nights in the SBP average indexes both in the wrist and
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upper-arm measurements, while the wrist-measured DBP average of

all readings showed marginally significant differences between nights

(1.4±4.9 mmHg, p = .050). However, the Bland–Altman plot did not

show any notable difference and its ICC value was high (0.804). In

addition, no significant difference in DBP average of three time points

(ie, clock-based average and bed-time based average) was observed.

Therefore, we considered this difference is not clinically important.

Based on these results of the correlation, agreement, and bias, the

reproducibility of the wrist-measured nighttime SBP average between

nights was good, even when only three measurements were taken per

night. However, the reproducibility of the wrist-measured nighttime

DBP average needs further verification.

4.3 The reproducibility of wrist-measured
nighttime BP variability

In this study, the correlation of SD assessed by ICC was poor both in

the wrist-measured BP and the upper arm-measured BP, but that of

ARV was better than SD. Our results were consistent with a previous

study that assessed the reproducibility of BP variability measured by

ABPM.17 The ARV is considered to be more representative of time

series variability than SD, and it has been reported thatARVadds prog-

nostic value to the ABPM readings.11

A previous study that evaluated the reproducibility of nighttime BP

in patients suspected of having obstructive sleep apnea demonstrated

that SAS causes poor reproducibility of the SD of nighttime SBP mea-

sured at a fixed-interval.18 In the present study, the ICC value of the

SBPvariability indexwas improved by excluding the eight patientswith

SAS from the analysis.

As nighttime BP variability is an important risk factor for cardio-

vascular risk,19 the assessment for nighttime BP variability is essen-

tial for hypertension treatment. From these results, which showed

good reproducibility of SBP average but not good reproducibility of

SBP variability indexes, we hypothesized that measuring nighttime BP

over multiple days is needed to evaluate cardiovascular risk, even for

patients without SAS.

4.4 Study limitations

There are several possible limitations to our study. First, the sample

size for this reproducibility analysiswas small (n=46), andwe assessed

only two nights of BP readings. In addition, our study patients had

well-controlled nighttime BP and it is unclear whether the results in

this study can be applied to uncontrolled hypertensive patients. Sec-

ond, we assessed the reproducibility by testing for bias, association,

and agreement. Inconsistent results betweenmean difference and ICC

were observed in variability indexes. The ICC has a limitation that it

resides in its dependence on the variance of the assessed population.20

That is, the ICCs for BP averages may be overestimated and the ICCs

for variability indexes may be underestimated. Therefore, the results

of this study are needed to be interpreted carefully. Further prognos-

tic studies with longer nighttime measurement schedule in larger pop-

ulations are needed to confirm the reproducibility of nighttime BP for

wrist BPmonitoring.

5 CONCLUSIONS AND PERSPECTIVES

In the 46 hypertensive patients, the average SBP values measured on

the first night were reliable even when averaging only three readings.

The reproducibility ofwrist-measured nighttime SBP average between

the first and second nights was good, whereas the reproducibilities of

SD and ARV seem to be inferior to that of BP average. These results

indicate that it might be better to repeatedly measure nighttime BP

over multiple nights to assess BP variability. However, this hypothe-

sis needs verification in other study populations including uncontrolled

hypertensive patients.
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