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Twenty-Four-Hour Ambulatory Blood Pressure Measurement
Using a Novel Noninvasive, Cuffless, Wireless Device
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BACKGROUND

Ambulatory blood pressure monitoring (ABPM) using cuff-based
devices is used for diagnosis and treatment of hypertension.
Technical limitations, low compliance, and complex procedures
limit their use. The aim of the present study was to test the ac-
curacy of a new photoplethysmography-based, wearable device
(Wrist-monitor) as compared with the standard cuff-based ABPM
device.

METHODS

Twenty-four-hour (24H) ABPM was performed in parallel for both
devices on volunteers aged 18-65 years, while documenting their
daily activities. Level of comfort and activity disturbance of both
devices were recorded. Linear regression and Bland-Altman were
used to evaluate the agreement between devices. Receiver operating
characteristic (ROC) curve analysis was used to classify hypertension
based on the average Wrist-monitor measurements as compared with
a cuff-based ABPM device.

RESULTS

The study included 28 subjects (18 men) mean age 41.5 *
16.2 years. Bland-Altman analysis resulted in 24H bias of —1.1 mm
Hg for both diastolic blood pressure (DBP) and systolic blood pres-
sure (SBP). Mean daytime bias was —1.9 mm Hg for DBP and SBP,
while nighttime bias was smaller (0.7 and 0.4 mm Hg for DBP and
SBP, respectively). ROC curve analysis yielded a mean area under the
curve (AUQ) of 1 for SBP and 24H blood pressure measurements.
AUCs of 0.994 and 0.955 were found for the daytime DBP and night
DBP, respectively. 24H ABPM with the Wrist-monitor caused signif-
icantly less inconvenience compared with the cuff-based device
(P <0.001).

CONCLUSIONS

The cuffless device provides comparable measurements to those
obtained with the currently used cuff-based ABPM device, with signif-
icantly less inconvenience to the subject.
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Hypertension is a major risk factor for cardiovascular and
cerebrovascular morbidity and mortality, yet its diagnosis
can be delayed due to lack of overt symptoms and reli-
ance on blood pressure (BP) measurements for diagnosis.
Ambulatory blood pressure monitoring (ABPM) has be-
come a frequently used method for the diagnosis of hyper-
tension,"? as it provides a more comprehensive assessment
of BP during daytime and nighttime, and allows identifi-
cation of patients with distinct BP profiles, such as masked
or white-coat hypertension.>-> There is increasing evidence
showing that ABPM may score the severity of hyperten-
sion and predict the cardiovascular risk of a patient more
accurately than office-based BP measurements.®’” The recent
National Institute for Health and Care Excellence (NICE)
guidelines recommend using 24-hour (24H) ABPM to con-
firm the diagnosis of hypertension.®

In spite of all the advantages, the currently used ABPM
devices have several setbacks that complicate their use and
influence the accuracy of BP measurement. These include
discomfort from using the cuff, inappropriate cuff size,
and inaccuracies in measurements during sleep and daily
activities.*”!* Moreover, it was recently shown that the US
hypertension control rates are now declining rather than
improving.'® Thus, there is a need for comfortable, pre-
cise, and user-friendly techniques for long-term BP meas-
urement, helping with monitoring hypertension treatment
dosing and medication compliance.

The purpose of the current study was to test the capability
and compare measurements obtained using a wearable,
noninvasive, cuffless photoplethysmography (PPG)-based
remote patient Wrist-monitor to measurements obtained
using a gold standard 24H oscillometric cuff-based
ABPM device.

MATERIALS AND METHODS
Study design and ethical considerations

This prospective, comparative clinical trial was approved
by the Institutional Review Board of the Hadassah Medical
Center, Jerusalem, Israel (0671-18-HMO, NCT03810586).

Population

Thirty participants between the ages of 18-65 years of both
genders were recruited for 24H BP monitoring. Included
were both healthy subjects and subjects with stable chronic
diseases on medical treatment. Excluded were individuals
undergoing medical evaluation, subjects with arrhythmia,
pregnant women, individuals with lack of judgment/mental
illness, and those employed by the recruiting center. Each
participant signed an informed consent form prior to the be-
ginning of the study.

The PPG-based device

PPG is commonly applied for pulse oximetry, transmitting
light which is absorbed by a detector on the other side of rel-
atively thin body parts such as fingers, ear lobes, etc. While
passing through the tissue, the light wavelengths show a
unique absorbance pattern. The detector can measure the
changing absorbance at each of several wavelengths, deter-
mining the absorbance resulting from the pulsating arte-
rial blood. The currently used sensor (BB-613WP, Biobeat
Technologies, Petah Tikva, Israel, Figure 1) is based on re-
flective PPG, in which part of the transmitted light is re-
flected from the tissue and detected by a photodiode detector
positioned near the light source transmitter. The high reso-
lution of the PPG wave combined with advanced algorithms
allows the sensor to capture changes, as well as to track
vital signs, derived from the pulse contours. Tracking the
changes of BP is achieved after a preset baseline calibration
process, and is based on pulse wave transit time technology
combined with pulse wave analysis. The baseline calibra-
tion measurement is patient-specific and is performed using
an approved noninvasive, cuff-based device with the av-
erage value of 3 consecutive measurements entered into the
device’s management application. Calibration is needed once
every 3 months, which increases its clinical usability. Within
the context of this study, calibration was conducted only
once, at the beginning of the study. The algorithms used to
analyze the PPG signal provide values that reflect the values
within the large vessels/aorta, as was shown previously.'® The

Figure 1. The PPG-based Wrist-monitor and the ABPM device. Each participant wore both for a 24H period, each was attached on the opposite hand.
First measurements with the ABPM device before starting the comparison study were used as the baseline/calibration measurements for the PPG-based
device. Abbreviations: 24H, 24-hour; ABPM, ambulatory blood pressure monitoring; PPG, photoplethysmography.
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measurement is not influenced by arm position with relation
to the heart level. The data were collected and transmitted
in real-time to a web application available both to the user
and the health care provider, thus providing a remote patient
monitoring capability. The PPG-based sensor is integrated in
a Wrist-monitor device, and can be worn on any wrist size
(Figure 1). The device is FDA cleared for BP measurements.

Study protocol

On the morning of the study the subjects completed a
demographic and past medical history questionnaire, after
which both devices were placed, one on each arm—the
ABPM was placed on the left arm with the cuft size adjusted
as needed, and the Wrist-monitor was attached to the right
arm’s wrist.

The FDA and CE certified oscillometric ABPM [ABPM50
by CONTEC medical systems (People’s Republic of China)]
measured BP every 20-30 minutes for a 24H period, as fur-
ther detailed below. The collected data were transferred to a
designated computer program for further analysis.

We have previously shown that the PPG-based device
is comparable to a cuff-based sphygmomanometer de-
vice.!"” This device is able to measure BP every 5 seconds.
Initial calibration measurements were taken and entered
into the PPG-based devices web application, and from
that moment on, the PPG-based devices were continu-
ously monitoring the BP at a 5-second measurement rate.
The programmed ABPM BP measurements were recorded
every 20-30 minutes, for up to a 24H period, each having
an exact timestamp of when it was recorded. From 07:00 to
23:00 measurements were taken every 20 minutes, and from
23:00 to 07:00 measurements were taken every 30 minutes,
as accepted in the clinical practice. With each participant,
at the beginning of the study, the research team synchro-
nized the PPG-based device inner clock with the time as it
appeared in the ABPM app. This allowed us at the end of the
study, to pair a parallel measurement taken at the same time
in the PPG-based device and in the ABPM device, and com-
pare the two, even if the ABPM measurement time intervals
were not precisely as programmed. During this 24H period,
participants kept an activity diary which included items such
as sleeping, eating, and exercising activities. Nighttime pe-
riod was defined individually based on the data obtained
from the diary. The 24H data were directly transferred from
the ABPM device and collected from the PPG-based device’s
data cloud for further analysis.

Questionnaire

After 24H of measurements, participants answered a final
questionnaire, which included feedback on the use of both
devices. This questionnaire included questions about the
comfort level and compliance of both devices. Participants
were asked the following questions': How comfortable was
the device? (with the score of 1-5, where 1 indicates not com-
fortable at all and 5 indicates very comfortable)? How much
did the device disturb your daily activities? (1 indicating
substantial disturbance and 5 indicating no disturbance)?

Rate your level of willingness to use the device for long-term
BP monitoring (with the score of 1-5, where 1 indicated not
willing and 5 indicates very willing).

Statistical analysis

Clinical characteristicsand BP valuesare presented as mean
and SD. Paired sample t-test was used to compare between
the mean BP values obtained by the cuft-based device and
the Wrist-monitor. The level of absolute agreement between
the cuff-based device measurements and those obtained
from the PPG-based Wrist-monitor for daytime, nighttime,
and 24H systolic BP (SBP) and diastolic BP (DBP) were
evaluated using Bland-Altman plots. Results of the Bland-
Altman analyses are reported as mean biases + 95% limits of
agreement (LOA). Linear regressions were preformed to test
the relationship between the BP measurements recorded by
the cuff-based device and the Wrist-monitor. These analyses
were performed for 24H, daytime, and nighttime SBP and
DBP. The ability of the Wrist-monitor to identify abnormal
BP values as the cuff-based device was tested with receiver
operating characteristic (ROC) curve analysis and calcula-
tion of the area under the curve (AUC). Similarity between
methods was tested using TOST test, in order to assess
equivalence of 5 mm Hg for 24H, daytime, and nighttime
BP.!8 All other results are presented as means + SD. Statistical
analyses were considered significant if P < 0.05. Data were
analyzed using SPSS 23.0 (SPSS, Chicago, IL) and GraphPad
Prism 8 (GraphPad Software, San Diego, CA).

RESULTS

Characteristics of the study population including daytime,
nighttime, and mean 24H BP recorded by the 2 devices are
shown in Table 1. Two of the initially recruited participants
were excluded from the analysis due to low rate of data col-
lection in the ABPM device. Among participants, 18 (64.3%)
were men, with mean age of 41.5 + 16.2 years and body mass
index of 26.3 + 5.2 kg/m?. Six participants (21.4%) had a diag-
nosis of hypertension. BP was obtained simultaneously every
20 minutes for approximately 24H, with both techniques.
When measurements from all time-points and participants
(n =2,381) were analyzed, 87.6% (DBP) and 81.5% (SBP) of
all measurements obtained by the Wrist-monitor were in the
range of +5 mm Hg from those obtained by the ABPM de-
vice, while 95.3% (DBP) and 94.2% (SBP) were in the range
of £10 mm Hg (Table 2). Table 3 summarizes the rate of
measurements in the hypertension range with both devices
during daytime, nighttime, and 24H.

Next, we analyzed the level of agreement between the 2
devices, using the Bland-Altman plots (Figure 2). Mean 24H
measurements were marginally underestimated (-1.1 mm
Hg for both DBP and SBP) with the PPG-based remote pa-
tient Wrist-monitor, with narrow 95% LOA (—4.1, 1.8, and
—4.2, 1.9 mm Hg for DBP and SBP, respectively; Figure 2a).
When comparing the measurements obtained during the
daytime or nighttime separately, average daytime bias was
-1.9 mm Hg for DBP and SBP (Figure 2b), while night-
time bias was smaller (0.7 and 0.4 mm Hg for DBP and SBP,
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Table 1. Characteristics of the study population including mean blood pressure values with both devices

Characteristics n=28
Age 415+ 16.2
Sex (m/f) 18/10
BMI (W/H?) 26.3+5.2
Known hypertension 6
Regularly exercise 25
Currently smoking &
Moderate alcohol consumption 4
Blood pressure ABPM PPG-based device
24H
SBP (mm Hg) 119.9 £ 11.3 118.8 £ 11.3*
DBP (mm Hg) 73.0+9.8 71.9 £ 10.0*
Daytime
SBP (mm Hg) 1252 +11.5 123.3 £ 11.1*
DBP (mm Hg) 77.2+9.7 753 £9.7¢
Nighttime
SBP (mm Hg) 106.0 £ 11.1 106.5 + 11.5*
DBP (mm Hg) 61.9+94 62.6 £ 9.8*

Values are mean + SD. Abbreviations: 24H, 24-hour; ABPM, ambulatory blood pressure monitoring; BMI, body mass index; PPG,
photoplethysmography. Hypertension defined as systolic blood pressure (SBP) 2130 mm Hg and/or diastolic blood pressure (DBP) 280 mm Hg
or treatment for hypertension.

*Significant (P < 0.001) equivalence between devices by TOST test within 5 mm Hg.

Table 2. Agreement of blood pressure measurements between the 2 devices

Total measurements 2,381
Measurements/participants 84.6 £8.5

DBP SBP
BP differences (24H), mean + SD 11+£71 1.1+£83
Differences <t5mm Hg 2,086 (87.6%) 1,940 (81.5%)

Differences <+10mm Hg

2,270 (95.3%)

2,244 (94.2%)
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ABPM PPG-based device

24H

Above 125/75 mm Hg 729 (30.7%) 684 (28.8%)

Above 125 mm Hg 869 (36.6%) 821 (34.5%)

Above 75 mm Hg 949 (39.9%) 939 (39.5%)
Daytime

Above 130/80 mm Hg 501 (21.0%) 438 (18.4%)

Above 130 mm Hg 640 (26.9%) 566 (23.8%)

Above 80 mm Hg 640 (26.9%) 585 (24.6%)
Nighttime

Above 110/65 mm Hg 232 (9.7%) 254 (10.7%)

Above 110 mm Hg 212 (8.9%) 229 (9.6%)

Above 65 mm Hg 166 (7.0%) 187 (7.8%)

Abbreviations: 24H, 24-hour; ABPM, ambulatory blood pressure monitoring; BP, blood pressure; DBP, diastolic blood pressure; PPG,
photoplethysmography; SBP, systolic blood pressure.
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Table 3. Comparison of levels in the hypertension range between the 2 devices

ABPM PPG Wrist-monitor

24H

Above 125/75 mm Hg 729 (30.7%) 684 (28.8%)

Systolic above 125 mm Hg 869 (36.6%) 821 (34.5%)

Diastolic above 75 mm Hg 949 (39.9%) 939 (39.5%)
Daytime

Above 130/80 mm Hg 501 (21.0%) 438 (18.4%)

Systolic above 130 mm Hg 640 (26.9%) 566 (23.8%)

Diastolic above 80 mm Hg 640 (26.9%) 585 (24.6%)
Nighttime

Above 110/65 mm Hg 232 (9.7%) 254 (10.7%)

Systolic above 110 mm Hg 212 (8.9%)

166 (7.0%)

229 (9.6%)

Diastolic above 65 mm Hg 187 (7.8%)

Abbreviations: 24H, 24-hour; ABPM, ambulatory blood pressure monitoring using cuff-based devices; PPG Wrist-monitor,

photoplethysmography-based, wearable device.

respectively; Figure 2c). As expected, 95% LOA for the av-
erage daytime (SBP: -7.0, 3.3; DBP —6.3, 2.5 mm Hg) was
greater as compared with the average nighttime (SBP: —1.7,
2.6; DBP -1.5, 2.9 mm Hg) measures compared with the av-
erage 24H values. We have also analyzed the level of agree-
ment for each measurement during daytime, nighttime,
and 24H (presented in Supplementary Figure S4 online).
Comparison of average BP measurements throughout the
longitudinal monitoring show high precision and accuracy
(LOAs for each panel in Figure 2: from —4.2 to 1.9 for 24H
SBP, from —6.9 to 3.3 for daytime SBP, from —1.7 to 2.6 for
night SBP, from —4.1 to 1.8 for 24H DBP, from —6.3 to 2.5 for
daytime DBP, and from —1.5 to 1.8 for night DBP), with a rel-
atively narrow 95% LOAs, as shown in Figure 2. Comparison
at the level of specific measurements show wider LOAs for
daytime and 24H measurements while those for night are
narrower (Supplementary Figure S4 online).

We found a slight under and over estimate of the agree-
ment between the PPG-based device and the cuff-based
ABPM device (Figure 2 and Supplementary Figure S4 on-
line). However, under estimate was present in less than 2%
of the total number of measurements for both SBP and DBP
(38 and 50 out of 2,377 measurements, respectively), and
over estimate was present in less than 1% of the total number
of measurements for both SBP and DBP (19 and 17 out of
2,377 measurements, respectively).

Mean values obtained by both devices were highly
correlated (R? > 0.95, P < 0.0001) for both DBP and SBP,
during the 24H measurement period, and during the day-
time and nighttime separately (Figure 3a—c).

In Supplementary Figure S5 online, we present the BP graphs
of both the ABPM and the PPG-based devices of all participants.

We used ROC curve analysis to determine the differences
obtained between devices for the acceptable abnormal
threshold. Thresholds for the ROC were determined ac-
cording to the 2017 ACC/AHA Guideline’s definition for hy-
pertension: the cutoffs for SBP were 130, 110, and 125 for
daytime, nighttime, and 24H, respectively, and the cutofts

for DBP were 80, 65, and 75 for daytime, nighttime, and
24H, respectively.!” ROC curve analysis of the average BP
measurements yielded a mean AUC of 1 for SBP and 24H BP
measurements. AUCs of 0.994 and 0.955 were found for the
daytime DBP and night DBP, respectively. When analyzing
all BP measurements (n = 2,381), AUC for both SBP and
DBP were >0.94 for all means of 24H, daytime, and night BP.

We then compared the average of all the 24H
measurements taken using the PPG-based devices with the
average of the 24H measurements of the PPG-based devices
excluding those taken in parallel with the cuff-based ABPM
device; with the average of measurements taken by the PPG-
based device in parallel to the cuff-based ABPM device; and
with the average of measurements of the cuff-based ABPM
device. We found that the average measurements taken
with the cuff-based ABPM device and with the paralleling
PPG-based device measurements were significantly higher
than the average taken during the rest of the day (mean of
differences (MOD) of 24H measurements of the PPG-based
devices—114/68; MOD of measurements of the cuff-based
ABPM device—120/73; MOD of measurements of the PPG-
based devices excluding those taken in parallel with the cuff-
based ABPM device—114/68; MOD of measurements of the
PPG-based device taken in parallel to the cuff-based ABPM
device—119/72) (Supplementary Figure S6 online).

In 10 participants, the static BP measurements taken by
the cuff-based device and used for baseline calibration were
above the threshold regarded as hypertensive. In 2 of them,
average 24H measurements show normal BP. In the other
18 participants, baseline calibration static BP measurements
were normotensive, yet in 3 of them the average 24H
measurements are consistent with hypertension.

The participants reported the Wrist-monitor was signifi-
cantly (P < 0.0001) more comfortable (Supplementary Figure
S7A online), was less of a disturbance for their daily routine
(Supplementary Figure S7B online), and had a significantly
(P < 0.0001) higher rating for long-term adherence/respon-
siveness (Supplementary Figure S7C online).
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Figure 2. Bland-Altman plots of the limits of agreement between the Wrist-monitor and the ABPM measurements for 24H ambulatory blood pressure
(BP) monitoring. Systolic BP (SBP; left panels) and diastolic BP (DBP; right panels) for the entire 24H measurement period (panel a), daytime measurements
(panel b), and nighttime measurements (panel c). The dashed horizontal lines represent the mean difference between the 2 measurements (bias) and
the dotted horizontal lines represent the 95% limits of agreement (LOA). Abbreviations: 24H, 24-hour; ABPM, ambulatory blood pressure monitoring.

DISCUSSION

In this observational study, we tested the capability of
a novel remote patient monitoring device to repeatedly
measure BP during a 24H period and compared it with a
gold standard commonly used oscillometric ABPM device.
No significant differences in average measurements between
the 2 devices were found. High correlations were observed
between the BP levels recorded by the 2 devices even when
looking at individual measurements throughout the 24H pe-
riod, and when looking at daytime and nighttime separately,

6 American Journal of Hypertension

as seen in the Pearson correlation test and Bland-Altman
analysis. Moreover, ROC analysis has shown that the differ-
ence between measurements is within the high correlation,
in more than 80% of the measurements the difference be-
tween the devices was less than 5 mm Hg, and in ~95% of
the measurements the difference between the devices was
less than 10 mm Hg, for both SBP and DBP values. These
findings suggest that the PPG-based device might be used
for 24H BP recording and can potentially replace the gold
standard sphygmomanometer-based BP ABPM device. The
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Figure 3. The association between the measures obtained by the Wrist-monitor and the ABPM for 24H ambulatory blood pressure (BP) monitoring.
Systolic BP (SBP; left panels) and diastolic BP (DBP; right panels) for entire 24H measurement period (panel a), daytime measurements (panel b), and
nighttime measurements (panel c). The solid line is the best fit linear regression and the dashed line is the line of identity. Panels d and e show an example
of a normotensive participant and a hypertensive participant, respectively, as an example to the accordance between the devices. Abbreviations: 24H,

24-hour; ABPM, ambulatory blood pressure monitoring.

recording with the new device is much more convenient and
can be used for more than 24H and therefore might give
much more reliable information. Our results suggest con-
tinuous BP measurement with the novel device causes less
disturbance in daily activities and therefore may become

a routine method to diagnose hypertension and to follow
patients with hypertension.

The obvious clinical need to improve BP recording
resulted in several attempts to develop noninvasive, wear-
able devices for continuous BP measurement. These include,
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among others, the applanation pulse tonometry, in which
the pressure wave is continuously measured in the radial
artery, from which the BP is extrapolated following calibra-
tion with a standard cuff-based BP device®; the vascular
unloading time, in which the pulse wave is recorded using
PPG and compared with an induced and changing pressure
that keeps the amplitude constant, enabling to calculate the
BP from the required change in pressure?!; and pulse wave
transit time, in which the BP is calculated from the delay in
the pulse wave compared with an electrocardiogram signal
recorded in parallel.?? In all, preliminary theoretical and
small clinical studies have been conducted, but there is still
aneed to have more information from well-established clin-
ical validation studies.!®*?-%> Here, we present a clinical study
of a PPG-based device, using the pulse wave transit time and
pulse wave analysis techniques unique by the fact that there
is no need to combine electrocardiogram signals, allowing a
less cumbersome method to continuously record BP.

ABPM has several advantages over a single BP meas-
urement either in the clinic or at home, as it allows a more
accurate characterization of the BP pattern of an indi-
vidual throughout the day and night, and during activities
of daily living.>!> However, as the currently used ABPM
devices are cumbersome, the users’ compliance is relatively
limited.!426-28

Whenlookingat the cuff-based BP repeatabilityand aiming
to reduce BP measurement errors, several recommendations
were issued so far in different guidelines, including the use
of validated upper-arm oscillometric devices in place of aus-
cultation, training of medical assistants, monitoring compli-
ance with BP protocols, and having several measurements
taken to reduce standard errors.?>?° All of these issues are
easy to comply with when using the PPG-based device.

The high precision and accuracy of average BP
measurements throughout the longitudinal monitoring
with a relatively narrow 95% LOAs (Figure 2) further
shows the value of the PPG-based devices for ambulatory
BP monitoring. When comparing all BP measurements
(n = 2,381, Supplementary Figure S4 online), a wider LOA
can be noticed during daytime. This is expected due to the
dynamic nature of everyday living, as measurements were
taken while the participants were ambulatory and in a dy-
namic real-life setting, unlike measurements taken in a static
laboratory setting. This is further strengthened when we see
a higher level of agreement in the night measurements, col-
lected mostly during sleep. As neutralization of hydrostatic
effects during the night might also be involved as a mech-
anism, this should be addressed and included in future
studies.

It is important to emphasize that clinically, the diag-
nosis of hypertension, as well as treatment and outcome
measures, are based on the average measurements. Thus,
since the aim of this study was to test whether the PPG-
based device can be used for ambulatory BP monitoring,
comparing the average measurements is more relevant than
comparing all measurements. Despite the higher LOAs of all
measurements, ROC analysis of over 94% during daytime,
night, and 24H measurements demonstrates high level of ac-
curacy at the individual measurement level.
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As shown in Supplementary Figure S6 online, we found
that BP values are influenced by the cuff-based device in
comparison to the optical-based Wrist-monitor device, per-
haps indicating a cuff-related bias. Though this might have
a profound effect on future BP monitoring, we think that
the current study should be repeated with larger numbers
of participants before definite conclusions could be drawn.

When comparing the static baseline BP levels with the
measurements taken during the 24H monitoring we found
that in 5 participants out of the 28 there were discrepancies,
further emphasizing the advantage and the importance of
having a 24H monitoring period and not relying on single
measurements for the diagnosis of hypertension.

Outliers or unreliable measures could potentially influ-
ence such comparison studies. Indeed, in our hands, we
found that out of the thousands of measurements collected,
less than 1% were either outliers or unreliable measures,
leading to the mean + SD values described in Table 2 and
shown in Supplementary Figure S5 online. Despite these
outliers, we still show that 94.2% of SBP measurements
and 95.3% of DBP measurements fall within 10 mm Hg
(Table 2).

Our study has limitations. We studied a relatively small
group of subjects and we did not include enough hyper-
tensive subjects, very elderly subjects, obese subjects and
patients with very high or very low BP levels. Therefore, we
are unable to estimate the accuracy of the device in these
subpopulations. Nevertheless, it is important to note that
we compared more than 2,800 measurements between the
2 devices, that the average age of the participants was within
the range of people diagnosed with primary hypertension,
and that the average body mass index fits the definition of
overweight.

We did not take BP measurements from both arms be-
fore starting the test in each individual, and thus may have
missed individuals with a substantial BP difference between
arms. None of the participants knew of any such difference
before joining the study.

Finally, the PPG-based device is under validation for
other inpatient settings, such as in pregnant women during
labor, in postsurgery patients, and in COVID-19 patients,
helping in all of these clinical settings by remote patient
monitoring.?!

In conclusion, the wearable, wireless, noninvasive PPG-
based device is more comfortable, user-friendly, and offers
accurate and continuous BP monitoring. This device could
provide a 24H ABPM for hypertension diagnosis and treat-
ment, with high compliance and without reducing the sensi-
tivity of the test. Moreover, this device offers a longer period
of continuous monitoring, potentially enabling better ad-
justment of treatment of hypertensive individuals. Further
studies are needed to confirm the accuracy of the device in
hypertensive patients and in other subpopulations.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of
Hypertension online.
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Supplementary Figure S4. Bland-Altman plots of the level
of agreement between the Wrist-monitor and the ABPM
measurements for each measurement. Systolic BP (SBP; left
panels) and diastolic BP (DBP; right panels) for the entire
24H measurement period (panel A), daytime measurements
(panel B), and nighttime measurements (panel C). The
dashed horizontal lines represent the mean difference be-
tween the 2 measurements (bias) and the dotted horizontal
lines represent the 95% limits of agreement (LOA).

Supplementary Figure S5. Graphs showing the 24H sys-
tolic and diastolic blood pressure measurements of both the
ABPM and the PPG-based devices of all 28 participants.

Supplementary Figure S6. Comparison between the av-
erage of all 24H measurements, daytime measurements, and
nighttime measurements taken using the cuft-based ABPM
device (black bars) with the average of measurements of the
Wrist-monitor excluding those taken in parallel with the
cuff-based ABPM device (white bars); with the average of all
measurements taken by the Wrist-monitor (dark-gray bars);
and with the average of measurements of the Wrist-monitor
taken in parallel with the cuff-based ABPM device (gray
bars). (A) Systolic blood pressure (SBP) and (B) diastolic
blood pressure (DBP). ***P < 0.0001, *P < 0.05.

Supplementary Figure S7. Participants’ feedback re-
garding the ease of use of the noninvasive PPG-based Wrist-
monitor and the ABPM device. The level of comfort (A),
daily activity disturbance (B), and willingness for long-term
use (C) in a scale of 1-5.

FUNDING

None.

DISCLOSURE

R.L. and A.E. are employees of Biobeat Technologies. For
the remaining authors none were declared. The company
provided free devices for the investigators.

REFERENCES

1. Krause T, Lovibond K, Caulfield M, McCormack T, Williams B;
Guideline Development Group. Management of hypertension: sum-
mary of NICE guidance. BMJ 2011; 343:d4891.

2. Grossman E. Ambulatory blood pressure monitoring in the diag-
nosis and management of hypertension. Diabetes Care 2013; 36(Suppl
2):S307-S311.

3. Higashi Y, Nakagawa K, Kimura M, Noma K, Hara K, Sasaki S, Goto C,
Oshima T, Chayama K, Yoshizumi M. Circadian variation of blood
pressure and endothelial function in patients with essential hyperten-
sion: a comparison of dippers and non-dippers. ] Am Coll Cardiol 2002;
40:2039-2043.

4. Maio R, Perticone M, Sciacqua A, Tassone EJ, Naccarato P, Bagnato C,
Tannopollo G, Sesti G, Perticone F. Oxidative stress impairs endothe-
lial function in nondipper hypertensive patients. Cardiovasc Ther 2012;
30:85-92.

5. Anstey DE, Muntner P, Bello NA, Pugliese DN, Yano Y, Kronish IM,
Reynolds K, Schwartz JE, Shimbo D. Diagnosing masked hypertension

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

using ambulatory blood pressure monitoring, home blood pressure
monitoring, or both? Hypertension 2018; 72:1200-1207.

. Mancia G, Verdecchia P. Clinical value of ambulatory blood pressure:

evidence and limits. Circ Res 2015; 116:1034-1045.

. Wolf M, Ewen S, Mahfoud F, Bohm M. Hypertension: history and de-

velopment of established and novel treatments. Clin Res Cardiol 2018;
107:16-29.

. Boffa R], Constanti M, Floyd CN, Wierzbicki AS; Guideline Committee.

Hypertension in adults: summary of updated NICE guidance. BM]
2019; 367:15310.

. Aylett M, Marples G, Jones K. Home blood pressure monitoring: its

effect on the management of hypertension in general practice. Br ] Gen
Pract 1999; 49:725-728.

Schoot TS, Weenk M, van de Belt TH, Engelen LJ, van Goor H,
Bredie SJ. A new cuffless device for measuring blood pressure: a real-
life validation study. ] Med Internet Res 2016; 18:e85.

Shin J, Kario K, Chia YC, Turana Y, Chen CH, Buranakitjaroen P,
Divinagracia R, Nailes ], Hoshide S, Siddique S, Sison J, Soenarta AA,
Sogunuru GP, Tay JC, Teo BW, Zhang YQ, Park S, Van Minh H,
Kabutoya T, Verma N, Wang TD, Wang JG. Current status of ambula-
tory blood pressure monitoring in Asian countries: a report from the
HOPE Asia Network. J Clin Hypertens (Greenwich) 2020; 22:384-390.
Ruzicka M, Akbari A, Bruketa E, Kayibanda JF, Baril C, Hiremath S.
How accurate are home blood pressure devices in use? A cross-sec-
tional study. PLoS One 2016; 11:e0155677.

Soléd ], Proenga M, Chételat O. Wearable PWV technologies to measure
blood pressure: eliminating brachial cuffs. Annu Int Conf IEEE Eng Med
Biol Soc 2013; 2013:4098-4101.

Beevers G, Lip GY, O’Brien E. ABC of hypertension. Blood pressure
measurement. Part [—sphygmomanometry: factors common to all
techniques. BMJ 2001; 322:981-985.

Muntner P, Shimbo D, Carey RM, Charleston JB, Gaillard T, Misra S,
Myers MG, Ogedegbe G, Schwartz JE, Townsend RR, Urbina EM,
Viera AJ, White WB, Wright JT Jr. Measurement of blood pressure in
humans: a scientific statement from the American Heart Association.
Hypertension 2019; 73:e35-e66.

Nachman D, Constantini K, Poris G, Wagnert-Avraham L, Gertz SD,
Littman R, Kabakov E, Eisenkraft A, Gepner Y. Wireless, non-invasive,
wearable device for continuous remote monitoring of hemodynamic
parameters in a swine model of controlled hemorrhagic shock. Sci Rep
2020; 10:17684.

Nachman D, Gepner Y, Goldstein N, Kabakov E, Ishay AB,
Littman R, Azmon Y, Jaffe E, Eisenkraft A. Comparing blood pressure
measurements between a photoplethysmography-based and a standard
cuff-based manometry device. Sci Rep 2020; 10:16116.

Dixon PM, Saint-Maurice PE, Kim Y, Hibbing P, Bai Y, Welk GJ. A
primer on the use of equivalence testing for evaluating measurement
agreement. Med Sci Sports Exerc 2018; 50:837-845.

Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins K],
Dennison Himmelfarb C, DePalma SM, Gidding S, Jamerson KA,
Jones DW, MacLaughlin EJ, Muntner P, Ovbiagele B, Smith SC
Jr, Spencer CC, Stafford RS, Taler SJ, Thomas RJ, Williams KA Sr,
Williamson JD, Wright JT Jr. 2017 ACC/AHA/AAPA/ABC/ACPM/
AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the prevention,
detection, evaluation, and management of high blood pressure in
adults: a report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. Hypertension
2018; 71:e13-el15.

Cheng HM, Lang D, Tufanaru C, Pearson A. Measurement accuracy
of non-invasively obtained central blood pressure by applanation
tonometry: a systematic review and meta-analysis. Int J Cardiol 2013;
167:1867-1876.

Tanaka S, Yamakoshi K. Ambulatory instrument for monitoring in-
direct beat-to-beat blood pressure in superficial temporal artery
using volume-compensation method. Med Biol Eng Comput 1996;
34:441-447.

Sharifi I, Goudarzi S, Khodabakhshi MB. A novel dynamical approach
in continuous cuffless blood pressure estimation based on ECG and
PPG signals. Artif Intell Med 2019; 97:143-151.

Wang Y], Chen CH, Sue CY, Lu WH, Chiou YH. Estimation of
blood pressure in the radial artery using strain-based pulse wave and
photoplethysmography sensors. Micromachines (Basel) 2018; 9:556.

American Journal of Hypertension 9

1202 1sNBny g Uo Jasn wajesniar Jo AlsisAlun maigeH ayl Aq 05870£9/S600edu/ule/s601L 01 /10p/8onle-aoueApe/yle/woo dnoolwepese//:sdiy wol) papeojumod



Nachman et al.

24.

25.

26.

27.

28.

29.

Liu ZD, Liu JK, Wen B, He QY, Li Y, Miao E Cuffless blood pressure esti-
mation using pressure pulse wave signals. Sensors (Basel) 2018; 18:4227.
Nabeel PM, Jayaraj ], Mohanasankar S. Single-source PPG-based local
pulse wave velocity measurement: a potential cuffless blood pressure
estimation technique. Physiol Meas 2017; 38:2122-2140.

Dadlani A, Madan K, Sawhney JPS. Ambulatory blood pressure
monitoring in clinical practice. Indian Heart ] 2019; 71:91-97.
Agarwal R, Light RP. The effect of measuring ambulatory blood pres-
sure on nighttime sleep and daytime activity—implications for dipping.
Clin ] Am Soc Nephrol 2010; 5:281-285.

Davies R], Jenkins NE, Stradling JR. Effect of measuring ambulatory blood
pressure on sleep and on blood pressure during sleep. BMJ 1994; 308:820-823.
Ostchega Y, Prineas R], Paulose-Ram R, Grim CM, Willard G,
Collins D. National Health and Nutrition Examination Survey

10 American Journal of Hypertension

30.

31.

1999-2000: effect of observer training and protocol standardization
on reducing blood pressure measurement error. J Clin Epidemiol
2003; 56:768-774.

Muntner P, Einhorn PT, Cushman WC, Whelton PK, Bello NA,
Drawz PE, Green BB, Jones DW, Juraschek SP, Margolis KL, Miller ER
III, Navar AM, Ostchega Y, Rakotz MK, Rosner B, Schwartz JE,
Shimbo D, Stergiou GS, Townsend RR, Williamson JD, Wright JT Jr,
Appel LJ; 2017 National Heart, Lung, and Blood Institute Working
Group. Blood pressure assessment in adults in clinical practice and
clinic-based research: JACC scientific expert panel. ] Am Coll Cardiol
2019; 73:317-335.

Halberthal M, Nachman D, Eisenkraft A, Jaffe E. Hospital and home re-
mote patient monitoring during the COVID-19 outbreak: a novel con-
cept implemented. Am ] Disaster Med 2020; 15:149-151.

1202 1sNBny g Uo Jasn wajesniar Jo AlsisAlun maigeH ayl Aq 05870£9/S600edu/ule/s601L 01 /10p/8onle-aoueApe/yle/woo dnoolwepese//:sdiy wol) papeojumod



