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Smartphone Application-Assisted Home Blood
Pressure Monitoring Compared With Office and
Ambulatory Blood Pressure Monitoring in Patients
With Hypertension: the AMUSE-BP Study

Eline H. Groenland®, Jean-Paul A.C. Vendeville, Remy H.H. Bemelmans, Houshang Monajemi‘®, Michiel L. Bots,
Frank LJ. Visseren(, Wilko Spiering

BACKGROUND: The development of automated, smartphone application (app)-assisted home blood pressure monitoring
(HBPM) allows for standardized measurement of blood pressure (BP) at home. The aim of this study was to evaluate the
(diagnostic) agreement between app-assisted HBPM, automated office BP (OBP), and the reference standard 24-hour
ambulatory BP monitoring (ABPM).

METHODS: In this open randomized 5-way cross-over study, patients diagnosed with hypertension were randomized to one of
10 clusters, each containing 5 BP measurement methods (ABPM, HBPM, attended OBP, unattended OBP, and unattended
30-minute BP) in different order.

RESULTS: In total, 113 patients were included. The average 24-hour ABPM was 126+11/7328 mmHg compared with
141£14/82410 mmHg with app-assisted HBPM, 134£13/80£9 mm Hg with unattended 30-minute BF, 137+16/81£11
mmHg with attended OBPF, and 135£15/814+10 mmHg with unattended OBP monitoring. Diagnostic agreement between
app-assisted HBPM and 24-hour ABPM for diagnosing sustained (OBP >140/90 mmHg and ABPM >130/80 mmHg or
HBPM >135/85 mmHg), white-coat (OBP >140/90 mmHg and ABPM <130/80 mmHg or HBPM <135/85 mmHg),
and masked hypertension (OBP <140/90 mmHg and ABPM >130/80 mmHg or HBPM >135/85 mmHg) was fair-to-
moderate (k statistics ranging from 0.34 to 0.40). App-assisted HBPM had high sensitivities (78%—-91%) and negative
predictive values (90%—97%) for diagnosing sustained and masked hypertension.

CONCLUSIONS: This study showed a considerable (diagnostic) disagreement between app-assisted HBPM and ABPM.
App-assisted HBPM had high sensitivity in the diagnosis of sustained and masked hypertension and may therefore be
used as complementary to, but not a replacement of, ABPM. (Hypertension. 2022;79:2373-2382. DOI: 10.1161/
HYPERTENSIONAHA.122.19685.) ® Supplemental Material
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roper diagnosis and monitoring of hypertension  office BP (OBP) measurements, either taken by a mer-
Prelies on accurate measurement of the blood pres-  cury sphygmomanometer or, nowadays more commonly,
sure (BP) level."? Traditionally, the diagnosis and  an automatic oscillometric device.® Although OBP read-
monitoring of hypertension is based on conventional ings are obtained conveniently and rapidly, they are easily
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NOVELTY AND RELEVANCE

What Is New?

This is one of the first studies that has directly compared
smartphone application (app)-assisted home blood pres-
sure monitoring (HBPM) with office and ambulatory BP
monitoring in patients with hypertension.

What Is Relevant?

We demonstrate that app-assisted HBPM substantially
overestimates 24-hour ambulatory BP monitoring by
156/8 mmHag.

Overall, app-assisted HBPM showed fair-to-moderate
diagnostic agreement with 24-hour ambulatory BP moni-
toring for the diagnosis of sustained, white-coat, and
masked hypertension.

App-assisted HBPM showed high sensitivities and
negative predictive values for diagnosing sustained and
masked hypertension.

Clinical/Pathophysiological Implications?
App-assisted HBPM should be considered as comple-
mentary rather than competitive to 24-hour ambula-
tory BP monitoring in the monitoring of patients with
hypertension.

Based on its high sensitivity and negative predictive value
for diagnosing sustained and masked hypertension, app-
assisted HBPM could be used as a screening test for
these diagnoses.

Nonstandard Abbreviations and Acronyms

ABPM ambulatory blood pressure measurement

AMUSE-BP Ambulant Versus Unattended and
Attended Office Versus Self-Home
Blood Pressure Measurement

App application

BP blood pressure

DBP diastolic blood pressure

HBPM home blood pressure monitoring
OBP office blood pressure

SBP systolic blood pressure

confounded, leading to incorrect diagnoses of normo-
tension and hypertension called masked hypertension
and white-coat hypertension, respectively.*® Moreover,
several meta-analyses have shown that compared with
OBP measurements, out-of-office BP measurements
have a stronger association with cardiovascular risk.5”
Therefore, out-of-office BP monitoring, either performed
by home blood pressure monitoring (HBPM) or 24-hour
ambulatory blood pressure measurement (ABPM), is
recommended for the diagnosis and monitoring of hyper-
tension by several guidelines'?#° Currently, ABPM is
considered the reference standard because of the large
evidence base demonstrating its strong association with
future cardiovascular events.'”

Although ABPM has several unique advantages such
as its capability of monitoring BP during sleep and daily
activities, it is a burdensome and costly method that is
not widely available, especially in primary care settings."
Home BP monitoring is not only able to capture day-to-
day variability and less expensive than ABPM but also
allows patients to take a greater role in self-management

2374 October 2022

of hypertension, which may have a beneficial effect on
medication adherence and BP control."”> However, the
need for manual notation of self-measured BP by the
patient, especially in the home setting, is prone to (unin-
tentional) errors, which could compromise the reliability
of HBPM.'®' The introduction of smartphone applica-
tion (app)-assisted HBPM, in which BP measurements
taken with a validated BP device can be automatically
transferred to a smartphone app, might improve reliability
and widespread use of HBPM in clinical practice.’® How
such app-assisted HBPM methods compare to the ref-
erence standard ABPM and automated OBP monitoring
has not been clarified yet.

Therefore, the objectives of this study were to (1)
compare BP measured by automated OBP (attended,
unattended, and unattended 30-minute), app-assisted
HBPM, and the reference standard ABPM; (2) to evalu-
ate the agreement between app-assisted HBPM, auto-
mated OBP (attended, unattended, and unattended
30-minute), and ABPM in diagnosing hypertension; and
(8) to evaluate the agreement between app-assisted
HBPM and ABPM in diagnosing sustained, white-coat,
and masked hypertension, in patients with hypertension.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Design and Participants

The AMUSE-BP study (Ambulant Versus Unattended
and Attended Office Versus Self-Home Blood Pressure
Measurement) was an open randomized 5-way cross-over
study that included patients diagnosed with hypertension in
3 hypertension clinics (University Medical Center Utrecht,
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Ziekenhuis Gelderse Vallei in Ede, and Rijnstate in Amhem)
in the Netherlands between March 2020 and February 2022.
Participants were >18 years of age, were stable on antihyper-
tensive medication for at least 2 months, and were familiar with
the use of a smartphone or tablet. Participants were ineligible
if they had a systolic/diastolic BP (SBP/DBP) >180/110
mmHg or <90/60 mmHg during the screening visit, or suf-
fered from conditions that may result in unstable BP (eg, preg-
nancy, endocrine disorders, arrhythmias, heart failure > New
York Heart Association class Il). Supplemental File S1 provides
further details on the inclusion and exclusion criteria. The study
protocol was approved by the institutional review board, and
all participants provided written informed consent. The study is
registered at www.trialregister.nl (ID NL8277).

Study Procedures

At screening, BP was measured 3 times simultaneously on
the right and left upper arm in an upright position with 1-min-
ute intervals by a trained research nurse using the Microlife
WatchBP Office AFIB (Microlife Corp, Widnau, Switzerland)
device.'® Screening BP was recorded as the average of these
3 measurements. The arm with the highest average BP value
was considered the reference. To collect demographic informa-
tion a structured questionnaire was administered.

Eligible participants were randomly assigned to one of the
10 randomization arms, each of which prescribed to perform 5
BP measurements methods (attended OBP, unattended OBP,
unattended 30-minute OBP, HBPM, and 24-hour ABPM) in
different predefined orders over a 3-week period (Figure S1).
The randomization arms were generated by the Latin Square
method which allows to control for the carry-over effect.'” In
addition, we applied a wash-out period of 2 to 4 days between
all BP measurement methods, except when an out-of-office
BP measurement followed an OBP measurement. If a mea-
surement failed, the measurement was repeated until a valid
measurement was obtained. If this was not possible, the mea-
surement was noted as missing data.

OBP Monitoring

Three types of OBP measurements were obtained: an attended
OBP, an unattended OBP, and an unattended 30-minute OBP.
All OBP measurements were taken by the research nurse who
activated the BP monitor.

Attended OBP included triplicate measurements with
1-minute intervals using an automatic oscillometric device
(Microlife WatchBP Office AFIB; Microlife Corp, Widnau,
Switzerland) device'® that was programmed to measure the BP
after the patient had rested for at least 5 minutes in a sitting
position. Measurement was performed with an appropriately
sized cuff on the reference arm. The research nurse stayed in
the office until all measurements were completed. OBP was
determined as the mean of all 3 measurements. Unattended
OBP was obtained in exactly the same manner as attended
OBP but without the research nurse attending the programmed
5-minute resting period and the triplicate BP measurements.

Thirty-minute OBP was obtained from the reference arm,
with the Microlife WatchBP Office AFIB 30 minutes (Microlife
Corp, Widnau, Switzerland) device.'® This device was pro-
grammed to perform 6 consecutive measurements with 5-min-
ute intervals after 5 minutes of seated rest.!® Thirty-minute
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OBP was performed without the research nurse in the office
which also makes it an unattended BP measurement. However,
an important difference compared with the unattended OBP
described above is that in this measurement, the average value
of 6 rather than 3 BP measurements was used for the analysis.

Home BP Monitoring

HBPM was performed with the Microlife A6 BT (Microlife Corp,
Widnau, Switzerland)?® combined with the EmmaHBPM app
(Medicine Men, Utrecht, the Netherlands)?" with an appropri-
ately sized cuff around the reference arm. The EmmaHBPM
app is able to graphically display BP measurements, indicate
whether the BP is within the normal range, and thus gives
patients more insight into their BF.

Before HBPM, participants were trained on the conditions
of HBPM, the use of the device, and use of the EmmaHBPM
app. Participants were instructed to measure their BP at home
every morning and evening for 7 consecutive days, after 5 min-
utes of rest in a sitting position. Morning BP had to be measured
between 6 am and 9 am, and evening BP had to be measured
between 6 pPv and 9 pPm. BP was measured using the Microlife
Average Mode mode, which calculates a weighted average of
a minimum of 3 consecutive BP readings with standardized
15-second intervals. In this mode, a specific algorithm takes
into account the change in BP between sequential readings
to determine the weight for the average of all readings. If the
difference in consecutive measurements exceeds 40 mmHg
for SBP and 25 mmHg for DBPF, the highest measurement
is rejected and an additional fourth measurement is taken. If
the difference is between 18 and 40 mmHg for SBP and 12
to 25 mmHg for DBP, the higher measurement contributes
only 50% to the average?? After calculation of the weighted
average, the device discards the 3 separate measurements
obtained. BP measurements obtained with the Microlife AG BT
device had to be synchronized by the patient via Bluetooth with
the EmmaHBPM app installed on the patient's smartphone or
tablet. A valid HBPM was defined as having at least 11 valid
Microlife Average Mode readings within a 7-day time period.
For calculation of the mean home BR, readings from the first
measurement day were discarded, which is in line with the cur-
rent practice guidelines."

Ambulatory BP Monitoring

Ambulatory BP was monitored using the Microlife WatchBP O3
BP AFIB device (Microlife Corp, Widnau, Switzerland)* with an
appropriate-sized cuff on the nondominant arm. If the interarm
BP difference at screening was >20/10 mmHg, ABPM had
to be performed on the arm with the highest BP. BP measure-
ments were taken at 20-minute intervals over a 24-hour period.
All individuals were instructed to follow their usual daily activity
pattern and to report the performed activities. Reported activi-
ties were reviewed and discussed with the patient. If patients
performed activities that did not fit into their usual daily pat-
tern, including activities that potentially resulted in extreme BP
readings, a repeat ABPM could be considered. Mean awake
and asleep BP were calculated using predefined nighttime
(10 PM—6 am) and daytime (6 aM—10 Pm) periods. In line with
the European guidelines, a valid ABPM was defined as hav-
ing 220 daytime readings and >7 nighttime readings with at
least 70% of all attempted BP readings being successful.? The
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BP readings during the 24-hour, daytime, and nighttime period
were averaged to obtain mean 24-hour, mean daytime, and
mean nighttime BP, respectively.

Definition of Hypertension Categories

In line with the current hypertension guidelines,">'" we
defined office hypertension as a mean SBP 2140 mmHg
and mean DBP >90 mm Hg when based on the attended/
unattended office measurements, and as a mean SBP >135
mm Hg and mean DBP 285 mm Hg when based on 30-min-
ute BP readings. The corresponding thresholds were 135
mmHg systolic and 86 mmHg diastolic for home hyper-
tension, 130 mmHg systolic and 80 mmHg diastolic for
24-hour ambulatory hypertension, and 135 mmHg systolic
and 85 mmHg diastolic for daytime ambulatory hyperten-
sion. Sustained hypertension was defined as a consistently
elevated office and out-of-office BP (home or 24-hour
ambulatory). White-coat hypertension was defined as an
elevated office and a normal out-of-office BP and masked
hypertension as the reverse (normal office and elevated
out-of-office BP).

Data Analysis

To obtain 90% power of detecting a clinical important mean
difference in BP of >3 mmHg between app-assisted HBPM
and ABPM assuming a SD of the difference of 8.9 mmHg*
a sample of at least 95 participants completing the study was
required. Taking into account 25% drop-out, we aimed to
include 120 patients.

Patient characteristics were presented as categorical (n
[%]), normal distributed continuous (mean+SD) or non-normal
distributed continuous (median [interquartile rangel). Means
and proportions were compared by the Student t test and
McNemar test, respectively.

To evaluate the differences between absolute values of
the various BP measurement methods, a linear mixed effects
model was fitted. Random intercepts for patients accounted for
the dependence of repeated measurements and the variabil-
ity between patients. Models were adjusted for age, sex, body
mass index, and smoking. Fundamental assumptions of the lin-
ear mixed model (eg, normality of the residuals and homogene-
ity of variance) were tested to ensure the accuracy of results.
The use of a mixed model allowed for appropriate handling of
missing data in the outcome variable, assuming that the data
were missing at random.?®

In addition, Bland-Altman plots were used to provide a
visualized assessment of the agreement between the dif-
ferent BP measurement methods. For these plots, the aver-
age of measurements evaluated by 2 different methods (eg.
HBPM and ABPM) is plotted against their difference for both
SBP and DBP. A priori, we defined a difference >3 mmHg
as clinically relevant, based on the previously observed effect
on cardiovascular morbidity and mortality associated with this
difference.?®

The diagnostic agreement between HBPM and ABPM in
detecting sustained, white-coat, and masked hypertension was
assessed using the kappa (k) statistic. A k statistic >0.80 was
a priori considered to represent good agreement?” In addition,
we computed sensitivity, specificity, positive, and negative pre-
dictive values.
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For the primary analyses of this study, the average ABPM
was based on all BP readings taken during the 24-hour mea-
surement period. However, since office and home BP are only
based on BP readings taken during daytime, we also performed
a sensitivity analysis in which the average ABPM was based on
BP readings taken between 6 av and 10 pwm.

All analyses were performed with R statistical software
(Version 3.5.1; R foundation for Statistical Computing, Vienna,
Austria). All Pvalues were 2-tailed, with statistical significance
set at 0.05.

RESULTS

Patient Characteristics

Between February 2020 and March 2022, a total of 120
individuals were screened (Figure S2). Of these, 5 did not
meet the eligibility criteria, one due to a recent change in
prescribed medication and 4 due to extremely elevated
BP (=180/110 mmHg). During the study, 2 patients
dropped out due to comorbidities unrelated to the study,
one of whom was later rescreened. The characteristics
of the 113 study participants included in the analyses
are shown in Table 1. Mean age of the study popula-
tion was 61£10 years and 70 (62%) patients were male.
Most patients were prescribed antihypertensive drugs

Table 1. Characteristics of the Study Population

n=113

Male sex 70 (62%)
Age, y 61+10
Body mass index, kg/m? 29.0%5.1
Smoking status

Never 56 (50%)

Former smoking 51 (45%)

Current smoker 6 (5%)
Antihypertensive drug use 102 (90%)
No. of antihypertensive drugs 2 (1-3)

1 23 (20%)

2 31 (27%)

>3 47 (42%)
Antihypertensive drug classes

ACE inhibitors/ARB 79 (70%)

f3-Blocker 32 (28%)

Calcium channel blocker 55 (49%)

Diuretic 54 (48%)

Other* 3 (3%)
Blood pressure at screening

Office systolic blood pressure, mmHg 14116

Office diastolic blood pressure, mmHg 84%10

Interarm BP difference >20/10 mmHg 0 (0%)

All data in n (%), mean£SD or median (interquartile range). ACE indicates
angiotensin-converting enzyme; and ARB, angiotensin Il receptor blocker.

*Other antihypertensive drug classes including mineralocorticoid receptor
antagonists, a-blockers, direct vasodilators, and centrally acting drugs.

Hypertension. 2022;79:2373-2382. DOI: 10.1161/HYPERTENSIONAHA.122.19685



Groenland et al

(90%) with an average number of 2 antihypertensive
drug classes.

Agreement Between Automated Office, App-
Assisted Home, and 24-Hour BP

Table 2 reports the mean SBP and DBP for each mea-
surement method and their difference compared with
24-hour ABPM as the reference method. Since not all
patients completed all 5 BP measurements, the number
of measurements varies per BP measurement method.
Of the 113 patients, 101 (89%) had valid ABPM mea-
surements, 109 (96%) had valid HBPM measurements,
and 112 (99%) had valid OBP measurements. SBP
measured by HBPM and the OBP measurement meth-
ods were significantly different from 24-hour ABPM,
with the latter being the lowest (Table 2). The mean dif-
ference between the HBPM and 24-hour ABPM SBP
was 15 mmHg (95% of the differences were between
—6 and 36 mmHg; 95% limits of agreement; Figure 1),
whereas the mean differences between the unattended
30-minute, attended, and unattended OBP and 24-hour
ABPM were 8 mmHg (95% limits of agreement: —14
to 31 mmHg), 11 mmHg (95% limits of agreement:
—16 to 38 mmHg), and 10 mmHg (95% limits of
agreement: —16 to 36 mm Hg), respectively (Figure 2).
With respect to the DBPs, differences showed a similar
pattern (Figure 2). When daytime ABPM was used as
the reference, the differences in BP with all BP meth-
ods were smaller, but still clinically relevant (>3 mmHg;
Table S1 and Figure S3).

Diagnostic Agreement Between Automated
Office, App-Assisted HBPM, and 24-Hour
ABPM in Diagnosing Hypertension

Figure S4 shows the prevalence of hypertension
according to each BP measurement method using the
method-specific hypertension thresholds. Prevalence
of hypertension was 39% for 24-hour ABPM, 69% for
app-assisted HBPM, 47% for attended OBP, 38% for
unattended OBP, and 56% for unattended 30-minute

Application-Assisted HBPM vs Office and ABP Monitoring

BP. Compared with the office-based BP measurement
methods, app-assisted HBPM showed a higher sensitiv-
ity (92% versus 62%-"77%) and negative predictive value
(90% versus 76%—83%) for the diagnosis of hyperten-
sion (Table 3). Sensitivity analyses using daytime ABPM
instead of 24-hour ABPM gave similar results with the
main analysis (Table S2).

Diagnostic Agreement Between App-Assisted
HBPM and 24-Hour ABPM in Diagnosing
Sustained, White-Coat, and Masked
Hypertension

Compared with 24-hour ABPM, app-assisted HBPM
showed a significant higher prevalence of sustained
(39% versus 69%; R<0.05) and masked hypertension
(10% versus 23%; £<0.05) but showed a significant
lower prevalence of white-coat hypertension (23% ver-
sus 10%; R<0.05; Figure Sb).

If the 24-hour ABPM was considered as the stan-
dard for the diagnosis of white-coat, masked, and
sustained hypertension, app-assisted HBPM showed
fair-to-moderate diagnostic agreement (x statistics
0.34-0.40; Table 4). Overall, the sensitivity, specific-
ity, positive predictive value, and negative predictive
value for each diagnosis indicated moderate diagnostic
performance. However, for the diagnosis of sustained
and masked hypertension, app-assisted HBPM had
relatively high sensitivities (range 80%--90%) and
negative predictive values (range 90%—97%; Table 4).
Sensitivity analyses using daytime ABPM instead of
24-hour ABPM gave similar results with the main anal-
ysis (Table S3 and Figure S6).

DISCUSSION

The present study shows that in patients with hyperten-
sion, BP measured by the reference standard 24-hour
ABPM was overestimated by 15/8 mmHg using app-
assisted HBPM, 8/7 mmHg using 30-minute BPF,
11/8 mmHg using attended OBP, and 10/7 mmHg
using unattended OBP. In addition, app-assisted HBPM

Table 2. Mean BP Values for Each BP Measurement Method and the Difference Compared With 24-Hour ABPM

(Reference)
App-assisted Unattended
24-h ABPM HBPM 30-min BP Attended OBP Unattended OBP
(n=101) (n=109) (n=112) (n=112) (n=112)
Systolic BP, mmHg 125.8+11.1 140.6£13.6 133.5+13.4 136.7£16.0 135.3+15.3
Mean difference (95% ClI) - 15.2 (12.9-17.5) 7.7 (6.5-10.0) 11.1 (8.8-13.3) 9.5 (7.2-11.8)
Diastolic BP, mmHg 73.0+7.7 81.5+9.8 80.2+9.1 81.3+10.7 80.61+9.7
Mean difference (95% CI) - 8.5 (7.1-9.9) 6.9 (5.6-8.3) 8.3 (7.0-9.7) 7.3 (6.0-8.7)

All data in meanSD or mean difference (95% CI). Mean differences were obtained by fitting a linear mixed model. This model was adjusted for
age, sex, body mass index, and smoking. ABPM indicates ambulatory blood pressure monitoring; app, application; BR, blood pressure; HBPM, home

blood pressure monitoring; and OBP, office blood pressure.

Hypertension. 2022;79:2373-2382. DOI: 10.1161/HYPERTENSIONAHA.122.19685
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Figure 1. Bland-Altman plots of agreement between home and ambulatory systolic (SBP) and diastolic (DBP) blood pressure

(BP).

Plots comparing the difference between app-assisted home blood pressure monitoring (HBPM) and ambulatory BP monitoring (ABPM) SBP
(A) and DBP (B) on the y-axis with the mean of the 2 methods on the x-axis.

showed better performance in diagnosing hypertension
than automated OBP measurements, using ABPM as
the reference. App-assisted HBPM showed fair-to-mod-
erate diagnostic agreement with ABPM for the diagnosis
of sustained, white-coat, and masked hypertension.
Although current hypertension guidelines evenly rec-
ommend home and ambulatory measurements for the
diagnosis and monitoring of BPF, the different diagnostic
thresholds for hypertension already suggest an essen-
tial difference between both methods.'? However, the
magnitude of the difference between app-assisted home
and ambulatory BP found in this study has rarely been
described. The HOMERUS (Home Versus Office Mea-
surements, Reduction of Unnecessary Treatment Study), a
randomized clinical trial in patients with hypertension that
investigated whether one can safely base antihypertensive
treatment decisions on HBPM, also described a consider-
able difference of +12/5 mmHg between 7-day home
and 24-hour ambulatory BP?® Likewise, a study that eval-
uated HBPM usefulness in the management of patients
with resistant hypertension showed a difference of +11/1
mmHg between 4-day HBPM and 24-hour ABPM.?°
Several explanations for this clinically relevant differ-
ence may be considered. Although HBPM and ABPM both
measure BP outside the office, the conditions in which
BP is measured for both methods greatly differ. HBPM is
performed in the morning and evening, whereas ABPM is
performed over a period of 24 hours in ambulatory condi-
tions (at home or work, during active and inactive phases,
without a period of rest before measurements, and dur-
ing sleeping hours). Both methods might, therefore, simply

2378  October 2022

reflect different aspects of BP profile and behavior. Also,
patients often ensure that they have a quiet schedule on
the day of ABPM because of the burdensome aspect (BP
recording at 20-minute intervals) of this measurement
which might have resulted in a lower BRF. In addition, the
app-assisted HBPM method as applied in this study was
a newly developed method that requires experience using
a smartphone and a number of additional actions from
the patient. Since this may be more difficult and stressful
than standard HBPM methods, it may have led to higher
home BP readings. Last, in contrast to many previous
studies,?*3%%" home BP values obtained by this study were
not self-reported. It has been shown that HBPM read-
ings reported by patients frequently differ from the actu-
ally measured values automatically stored in the device
memory."”® Therefore, previous studies might suffer from
misreporting by the patient which potentially resulted in an
underestimated difference between HBPM and ABPM.
While understanding the mechanisms underlying the
difference between app-assisted HBPM and 24-hour
ABPM s important, the practical question is whether
these BP differences actually result in different diagno-
ses and treatment decisions. The current study showed
moderate diagnostic agreement between app-assisted
HBPM and ABPM in diagnosing sustained, white-coat,
and masked hypertension, which is consistent with
findings from previous studies.®2*® Similar to our study,
a recent meta-analysis of 4 studies that evaluated the
effectiveness of HBPM compared with ABPM for the
diagnosis of hypertension found a pooled sensitivity of
0.84 (95% ClI, 0.76-0.90) and a pooled specificity of

Hypertension. 2022;79:2373-2382. DOI: 10.1161/HYPERTENSIONAHA.122.19685
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Figure 2. Bland-Altman plots of agreement between automated office and ambulatory systolic (SBP) and diastolic (DBP) blood

pressure (BP).

Plots comparing the difference between unattended 30-min (A), attended office (B), and unattended office (C) and 24-h ambulatory BP on the
y-axis with the mean of the 2 methods on the x-axis. Plots on the left indicate show agreement for systolic BP and plots on the right indicate
agreement for diastolic BP. ABPM indicates ambulatory BP monitoring; and OBP, office BP.

0.60 (95% ClI, 0.48-0.71).3* Due to this limited diag-
nostic performance, (app-assisted) HBPM should not
be relied on for making the final diagnosis of sustained,
white-coat, or masked hypertension. However, the high
sensitivity and negative predictive value for the diagno-
sis of sustained hypertension and masked hypertension
indicate that app-assisted HBPM seems suitable to be
used as a screening method for these diagnoses, which,
if positive, requires confirmation with 24-hour ABPM.
This is further supported by the fact that in the current
study, automated OBR, still the most widely used method

for hypertension detection and management today,'
showed worse diagnostic agreement with ABPM for the
diagnosis of sustained hypertension than app-assisted
HBPM. Since HBPM has also been shown to be a more
reliable predictor of cardiovascular outcomes than OBP3®
app-assisted HBPM should, therefore, be the preferred
method for screening on sustained hypertension.

Based on the above-mentioned findings, app-
assisted HBPM and ABPM appear to have a comple-
mentary rather than a competitive role in the evaluation
of hypertension and provide similar but also different

Hypertension. 2022;79:2373-2382. DOI: 10.1161/HYPERTENSIONAHA.122.19685 October 2022 2379

(—)
=
{-1)
—
==
-
==
=
=.
()
—-—
m




Groenland et al

Application-Assisted HBPM vs Office and ABP Monitoring

Table 3. Diagnostic Performance of App-Assisted HBPM and Automated OBP Monitoring in Detecting
Hypertension Diagnosed by 24-Hour Ambulatory Blood Pressure Monitoring (Reference)

(o]
:':':' Sensitivity (%) Specificity (%) PPV (%) NPV (%) ¥ coefficient

I:l<: HBPM 92 (78-98) 46 (33-59) 51 (38-63) 90 (74-98) 0.33 (0.18-0.47)
= Unattended 30-min BP | 77 (61-89) 56 (42-68) 53 (39-66) 79 (64-90) 0.30 (0.13-0.47)
E Attended OBP 77 (61-89) 73 (60-83) 64 (49-77) 83 (71-92) 0.48 (0.31-0.65)
g Unattended OBP 62 (45-77) 79 (66-88) 65 (47-80) 76 (64-86) 0.41 (0.22-0.59)

Values in the parentheses are 95% CI. Cutoff values hypertension; HBPM: 2135/85 mmHg, 30-min BP: 2135/85 mmHg, attended
OBP: 2140/90 mmHg, and unattended OBP: >140/90 mmHg. app indicates application; BPF, blood pressure; HBPM, home blood pres-
sure monitoring; NPV, negative predictive value; OBP, office blood pressure; and PPV, positive predictive value.

information about the BP profile and behavior of a
patient. This is supported by findings from an outcome
study where patients with partial masked hypertension
(elevated ambulatory but normal home BP values or
the reverse and normal OBP values) were at increased
cardiovascular risk compared with patients with sus-
tained normotension (normal BP on OBP, ABPM, and
HBPM), but at lower risk compared with patients with
sustained hypertension (elevated office and out-of-
office BP), implying additive prognostic information
provided by each method.3¢

Although out-of-office BP monitoring by 24-hour
ABPM or HBPM is increasingly used and endorsed by
the recent hypertension guidelines,"?%"" diagnosis and
monitoring of hypertension is still frequently based on
OBP measurements, especially in settings with limited
financial resources and time. Since conventional aus-
cultatory OBP is known to suffer from observer-related
bias and unstandardized measurement conditions,?” vali-
dated automated BP devices are increasingly used for
this purpose. Such devices can be used with (attended)
or without (unattended) the presence of a physician or
a nurse. Consistent with results of the SPRINT (Sys-
tolic Blood Pressure Intervention Trial)®® and with find-
ings of a previous meta-analysis,®" this study found an
unattended-attended automated OBP difference of
—1.5/—1.0 mmHg (Table 2) which is considered a non-
clinically relevant difference (<3 mmHg). These find-
ings suggest that when automated OBP measurements
are performed under standardized conditions (resting
period, triplicate measurements, no talking), the pres-
ence of the observer itself has minimal or no effect on
measured OBP. Although unattended automated OBP
has the advantage of avoiding several sources of error, it

requires additional resources within a routine office visit
(office space and time) limiting its app in all health care
settings. Therefore, in case out-of-office BP monitoring
is not available, attended automated OBP should be con-
sidered the most feasible option.

A major strength of this study is the direct comparison
of automated office, home, and ambulatory BP levels in a
well-defined population within a short time frame. More-
over, BP was assessed with highly standardized BP mon-
itoring protocols consistent with recommendations in the
current guidelines. Also, assessment of home BP was
based on readings exported by the device memory, thus
avoiding potential issues related to inaccurate reporting
of readings by patients. Finally, by app of a randomized
balanced design and wash-out periods we minimized the
risk of order-effect and carry-over bias.

Some limitations also need to be considered. Since
the majority of the population was prescribed antihy-
pertensive medication, the findings may not be gen-
eralizable to individuals (in primary care) who have
not yet been prescribed antihypertensive medications,
in whom BP variability is likely to be greater3® Fur-
thermore, the cross-sectional design of this study did
not allow the performance of HBPM to be assessed
based on the occurrence of clinical outcomes, which
is considered an important aspect in determining the
best BP measurement method.

In conclusion, the present study showed that office
and app-assisted HBPM substantially overestimate
ABPM. Overall, app-assisted HBPM showed fair-to-
moderate diagnostic agreement with ABPM for the diag-
nosis of sustained, white-coat, and masked hypertension.
The high sensitivity and negative predictive value for
diagnosing sustained and masked hypertension suggest

Table 4. Diagnostic Performance of App-Assisted Home Against 24-Hour Ambulatory BP Monitoring

(Reference) in Detecting Different Hypertension Phenotypes

Sensitivity (%) Specificity (%) PPV (%) NPV (%) k coefficient
Sustained hypertension 92 (78-98) 46 (33-59) 51 (38-63) 90 (74-98) 0.33 (0.18-0.47)
White-coat hypertension 32 (16-52) 99 (92-100) 90 (55-100) 81 (68-86) 0.38 (0.18-0.58)
Masked hypertension 80 (44-97) 84 (75-91) 36 (17-59) 97 (91-100) 0.42 (0.20-0.64)

Values in the parentheses are 95% Cl. Sustained hypertension=consistently elevated BP on office and home or 24-h ambulatory mea-
surements. White-coat hypertension=an elevated BP in the office and a normal home or 24-h ambulatory BP. Masked hypertension=an
elevated home or 24-h ambulatory BP with normal office BP. app indicates application; BP, blood pressure; NPV, negative predictive value;
and PPV, positive predictive value.
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that app-assisted HBPM may be suitable for screening
on these hypertension phenotypes.

PERSPECTIVES

The emergence of mobile health apps offers an impor-
tant new strategy to more actively involve patients in
their own hypertension management. Smartphone app-
assisted HBPM is an important example of such a strat-
egy. Teletransmission of BP readings self-measured by
patients at home, especially when combined with edu-
cation and counseling, appears to be able to improve
adherence, the doctor-patient relationship, as well as BP
control. However, the present study showed considerable
(diagnostic) disagreement between app-assisted HBPM
and the reference standard 24-hour ABPM, suggesting
that app-assisted HBPM and ABPM have a complemen-
tary rather than a competitive role in the evaluation of
patients with hypertension. When app-assisted HBPM is
considered, the results of this study also suggest that it is
important to do so in an objective manner to avoid misre-
porting by the patient. Whether guiding antihypertensive
therapy based on app-assisted HBPM also results in dif-
ferent effects on morbidity and mortality compared with
ABPM-guided treatment remains to be studied.
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