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Abstract

Hypertension is the most considerable but treatable risk factor for cardiovascular
disease. Although physicians prescribe multiple antihypertensive drugs and promote
lifestyle modifications, the real-world blood pressure (BP) control rate remains poor.
To improve BP target achievement, we developed a novel digital therapeutic—the
HERB software system —to manage hypertension. Here, we performed a randomized
pilot study to assess the safety and efficacy of the HERB system for hypertension.
We recruited 146 patients with essential hypertension from March 2018 to March
2019. We allocated eligible patients to the intervention group (HERB system + stand-
ard lifestyle modification) or control group (standard lifestyle modification alone). The
primary outcome was the mean change from baseline to 24 weeks in 24-hour systolic
BP (SBP) measured by ambulatory blood pressure monitoring (ABPM). The baseline
characteristics in each group were well balanced; the mean age was approx. 57 years,
and 67% were male. In the primary end point at 24 weeks, HERB intervention did
not lower the mean change of 24-hour SBP by ABPM compared with the controls
(adjusted difference: -0.66 mmHg; p = .78). In an exploratory analysis focusing on
antihypertensive drug-naive patients aged <65, the effects of the HERB interven-
tion were significantly greater than the control for reducing 24-hour SBP by ABPM
at 16 weeks (adjusted difference: -7.6 mmHg; p = .013; and morning home SBP at
24 weeks (adjusted difference — 6.0 mmHg; p = .012). Thus, the HERB intervention
did not achieve a primary efficacy end point. However, we observed that antihyper-
tensive drug-naive adult hypertensive patients aged <65 years could be a potential

HERB system-effective target for further investigations of the efficacy of the system.
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1 | INTRODUCTION

Hypertension is the most considerable but treatable risk factor for car-
diovascular disease (CVD), and it is thus an enormous economic and
social burden.>? Although physicians prescribe multiple antihyperten-
sive drugs and promote lifestyle modifications, the real-world blood
pressure (BP) control rate remains poor. The percentage of reported
populations meeting the BP of 140/90 mmHg as the desired control
rate remains at only 15%-70%.%* A new American hypertension guide-
line setting the BP management target as BP < 130/80 mmHg has been
released, and thus, the prevalence of uncontrolled hypertension has
markedly increased.’ To achieve the latest BP target, real-world inno-
vations for hypertensive management are needed.?®

Digital therapeutics (DTx) including mobile health (mHealth) inter-
ventions are emerging and promising tools for the management, im-
provement, and treatment of diseases such as nicotine dependence,®”’
substance abuse,® and attention-deficit/hyperactivity disorder.” DTx
is a novel therapeutic method leveraging software programs such as
smartphone applications (apps) and device algorithms.'® In a meta-anal-
ysis of randomized controlled trials (RCTs) studying hypertension, Lu
et al reported that traditional mHealth interventions such as telephone
calls, patient Web services, and short text message services improved
the participants' home or office BP.* Regarding smartphone apps for
hypertension, there are hundreds of mobile apps in the Apple Store or
Google Play describing “hypertension management.”*? However, few
of these smartphone apps were developed with the involvement of
health care professionals or medical organizations, and there has been
no scientific assessment of the clinical efficacy of any smartphone app
for hypertension management.*?

We thus developed a novel DTx—the “HERB” software system—
to lower an individual's BP based on behavioral science,'® and we
created a unique algorithm that helps users make lifestyle modifi-
cations and use medically validated non-pharmacological inter-
ventions. The HERB software system was developed under expert
guidance from Jichi Medical University (Tochigi, Japan). The system
includes an investigational smartphone app for hypertensive indi-
viduals, a cloud data server, and a Web application for health care
providers (Figure 1). The investigational smartphone app can assess
each user's personality, behavioral characteristics, and hypertension
determinants to provide adequate support on an individual level.

Here, we performed a randomized pilot study to evaluate the
safety and efficacy of the HERB software system in addition to

guideline-based lifestyle modifications.

2 | METHODS

2.1 | Study design

This was a randomized, open-label, multicenter pilot study. We as-
sessed the efficacy of the HERB software system, a smartphone
app to treat hypertension, added to guideline-based lifestyle modi-
fications. In the intervention group, we provided the investigational

smartphone app to the participants and a Web-based patient man-
agement console to their primary physicians for 24 weeks. We con-
ducted this study in compliance with the Declaration of Helsinki, the
Ethical Guidelines for Medical and Health Research Involving Human
Subjects, and all other applicable laws and guidelines in Japan. This
study protocol was approved by the institutional review board at
Suda Clinic (Tokyo) and the Tokyo-Eki Center-Building Clinic (Tokyo).
The study was registered with the University Medical Information
Network Clinical Trial Registry (UMINO0O0033311).

2.2 | Participants and randomization

We conducted the study from March 2018 to March 2019. We in-
cluded participants with essential hypertension who met all of the
inclusion criteria (Table 1) and excluded those meeting any of the
exclusion criteria (Table 2). We obtained written informed consent
from all of the study participants. We allocated eligible participants
to the intervention group (HERB software system + standard lifestyle
modification) or the control group (standard lifestyle modification
alone) using a Web-based randomization system, with stratification
by history of antihypertensive medication use. The standard lifestyle
modification consisted of six components: (1) reducing salt intake, (2)
consuming more vegetables and less lipids in the diet, (3) lowering
body weight, (4) regular exercise 230 minutes per day, (5) reducing
alcohol intake, and (6) quitting smoking.

In the intervention group, we prescribed the investigational smart-
phone app and provided a home blood pressure monitoring (HBPM)
device to connect the app via Bluetooth. In the control group, we pro-
vided the HBPM device to measure daily BP, and the participants' pri-
mary physicians checked the written data at their planned visit. Both
groups received instructions about lifestyle modifications as a guide-
line-based standard regimen for essential hypertension.1 The target
BP was set according to the guideline! as <140/90 mmHg for patients
aged <75 years and <150/90 mmHg for patients aged >75.1

2.3 | Measurements of blood pressure
Ambulatory BP was taken by the TM-2441 device (A&D Co.) based
on the Japanese Society of Hypertension (JSH) guidelines and HOPE
Asia Network recommendations.’>?” The mean 24-hour BP was cal-
culated as an arithmetic mean by averaging all successful readings.
All of the participants recorded the times that they fall asleep and
wake up in their diaries. All participants were instructed to rest or
sleep during the nighttime and to maintain their usual activities dur-
ing the daytime. Nighttime readings were those ranging from the
time of falling asleep to the time of waking up based on the par-
ticipants' diary entries, and the remaining readings were defined as
daytime readings.

Office and morning home BP was measured based on the instruc-
tions of the JSH 2014 guideline! and the recommendations of the
HOPE Asia Network.'®1? In brief, morning home BP was measured



KARIO ET AL.

122
88

(o]

Home blood
pressure monitoring

N

Bluetooth Connection

®

i

=L

8 214

Software System

HERB

Data Server

Sync

% I -

Web application for
health care providers

Cam Installed
- 72 /]
onyour - Smartphone app GLERe
e SmantphelE for patients
, 9
N
The doctor will provide medical advice to patients e

based on the data monitored by Web application at clinic.

Doctor

FIGURE 1 Overview of HERB system

within 1 hour after waking and urination, before breakfast and be-
fore taking any medication. Morning home BP values obtained with
a validated HBPM device (UA-651BLE; A&D Co.) measured twice in
the morning for 5 days before the planned study visit (for a total of
10 measures) were averaged to calculate the individual participant's

morning home BP.

2.4 | HERB software system: Digital therapeutics
for hypertension

The HERB software system is a novel DTx for hypertension that
consists of an investigational smartphone app for users, a cloud
data server, and a patient management Web application console
for health care providers (Figure 1). The investigational smartphone
app was developed by CureApp, Inc (Tokyo, Japan) under expert

guidance from the Division of Cardiovascular Medicine, Department
of Medicine, Jichi Medical University School of Medicine. The app
can run on both iOS and Android platforms. In this study, the app's
prescription code was provided to the participants in the interven-
tion group at the randomization time point. Users download the app
through their smartphones, activate the app using the prescription
code, and input their personal baseline profile details including age,
sex, lifestyle, social background, and behavior patterns using >200
interactive questions related to hypertension management.20
These data are securely transferred to the cloud data server and
analyzed through a specific algorithm that generates a personalized
lifestyle-modification program for lowering BP. The user's personal
health records including the morning home BP records, various daily
activities, and progress on the proposed educational programs are
displayed to the user's primary physicians through the Web applica-
tion console. Referring to the user's personal record, the physicians
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TABLE 1 Inclusion criteria

We included patients who met all the following criteria:
1) Age = 20 years

2) Diagnosed with essential hypertension

(office SBP 140-179 mmHg and/or DBP 90-109 mmHg)

3) Antihypertensive medication-naive or prescribed
antihypertensive medication for > 30 days after initial use

4) Can use a smartphone daily
(operating system: Android 6.0 and above or iOS 11.0 or above)

5) Agree to follow the scheduled visits and to receive ABPM at both

16 and 24 weeks after registration

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP,
diastolic blood pressure; SBP, systolic blood pressure.

TABLE 2 Exclusion criteria

We excluded patients who met any of the following criteria:

1) Office SBP = 180 and/or DBP = 110
2) Suspected secondary hypertensions

3) Untreated for comorbidities in hypertension patients categorized
as high cardiovascular risk group by the JSH2014 guideline

4) Female with pregnancy or expecting

5) Recent history of cardio- and cerebrovascular diseases, history
of unstable angina, liver disease, renal disease, cancer, or heart
failure®

6) Difficulty with daily activities

7) Participating in ongoing clinical trials

8) Relatives or cohabitant partners who have already participated in
this trial

9) Judged by the investigator or clinical trial physicians to be

unsuitable for participation in this study for any other reason
(eg, irregular clinic visits)

Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood

pressure.

@Recent cardiovascular events are defined as stable angina occurred

within 3 months or myocardial infarction within 6 months before

registration. Recent cerebrovascular events are defined as any

thromboembolic events within 6 months before registration. Heart

failure is defined as congestive heart failure patients with New York

Heart Association class 2 Il.

can support the app user and promote daily app usage and provided

education and recommendations regarding BP and its measurement.

2.5 | Outcomes

This study's primary outcome was the mean change from baseline
to 24 weeks in 24-hour systolic BP (SBP) measured by ambulatory
blood pressure monitoring (ABPM). We also evaluated secondary
outcomes at 16 and 24 weeks (compared with baseline) as shown

in Table S1. ABPM readings were taken at the baseline, at 16 weeks,

and at 24 weeks after study registration. “Adverse event” was de-
fined as any unfavorable medical occurrence for the participants.
The participants who incurred an adverse event (AE) may be con-
sidered for withdrawal from the study at their physicians' discretion.
The app usage rate was calculated by the number of days launching
the smartphone app within 1 week (7 days) from the scheduled visits
(at 12, 16, and 24 weeks) divided by 7.

2.6 | Sample size

The necessary sample size for the assessment of the study's primary
outcome, that is, the mean change from baseline to 24 weeks in 24-
hour SBP by ABPM, was determined as follows. We set the clinically
meaningful difference in the mean change in 24-hour SBP between
the intervention and control groups at 4 mmHg with a standard de-
viation of 8 mmHg. Therefore, the number of patients required per
group was 64 at a two-tailed alpha level of 5% and statistical power
at 80%. Thus, we needed a total of 140 patients per group for this
study.

2.7 | Statistical analysis

The baseline characteristics are presented as the mean and stand-
ard deviation, or median and quantiles (for continuous variables),
or proportion (for categorical variables). The full analysis set was
used for the primary outcome analysis. We compared the primary
and secondary outcomes between the intervention group and
control group and calculated the 95% confidence intervals (Cls).
We analyzed the primary outcome using an analysis of covariance
(ANCOVA) including the participants' history of antihypertensive
medications and a mean outside temperature at the day of ABPM
measurement. We also compared secondary outcomes between
the groups at each pre-defined period using an ANCOVA or logistic
regression adjusted by the history of antihypertensive medications
and a mean outside temperature at the day of ABPM measurement.
We also performed subgroup analyses including the interaction
with the intervention group in the primary analysis model. All tests
were two-sided, and significance was accepted at p < .05. R ver.
3.6.1 (R Foundation for Statistical Computing, Vienna, Austria) was
used for these analyses.

3 | RESULTS

We randomized 151 participants to the intervention and control
groups (Figure 2). Of these, five participants discontinued their al-
located treatment by consent withdrawal. We assessed a final total
of 146 participants in the analyses. The baseline characteristics in
each group were well balanced (Table 3). In the total series of par-

ticipants, the mean age was approx. 57 years, 67% were male, 24%
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had diabetes mellitus, 46% had dyslipidemia, and at baseline 55%
of the participants had been treated with an antihypertensive drug.
The 24-hour ABPM, office , and home mean SBPs at baseline were
136.9 +12.5,145.2 + 13.8, and 143.9 + 9.7, respectively. During the
study period, nine antihypertensive drug-naive patients were newly
prescribed an antihypertensive drug (four intervention group pa-

tients and five control patients).

3.1 | Primary outcome

In the intention-to-treat population, the HERB software system in-
tervention did not lower the mean change of 24-hour SBP by ABPM
at 24 weeks compared with the control group (adjusted difference,
-0.66; 95% Cl: -5.3t0 3.9, p = .78).

3.2 | Secondary outcomes

Table 4 summarizes the results of secondary outcomes. At 16 weeks,
the mean change of 24-hour SBP by ABPM in the intervention
group was not significantly lower compared with that in the con-
trols. However, the mean change in morning home SBP was mar-
ginally lower in the intervention group compared with the controls
(-4.1 mmHg vs. -0.96 mmHg; adjusted difference, -3.1 mmHg; 95%
Cl: -6.3 to 0.11; p = .06). Of note, this effect continued to 24 weeks
(-5.2 mmHg vs. -2.0 mmHg; adjusted difference, -3.1 mmHg; 95%
Cl: -6.4 to 0.26; p = .07). In addition, the mean change in night-
time DBP by ABPM at 24 weeks was significantly lower in the in-
tervention group compared with that of the controls (-3.2 mmHg
vs. -0.042 mmHg; adjusted difference, -3.3 mmHg; 95% Cl: -6.3
to - 0.19; p = .04). We did not identify any significant changes in

Participants assessed for eligibility

A

y

Eligible participants r

andomized (N = 151)

!

Allocated to HERB with
lifestyle modification based on the guideline

Allocated to Controls with
lifestyle modification based on the guideline

(N=77) (N=74)
Consent Consent
Withdrawal < > Withdrawal
(N=4) (N=1)

Full Analysis Set
(N=73)

Full Analysis Set
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A

\ 4

Completed at week 16
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A 4

v
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(N=72)

FIGURE 2 CONSORT flowchart
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Total Intervention
n 146 73
Age 56.8+9.2 56.9 +8.9
Male 98 (67) 48 (66)
Body weight 71.3+14 71.6 +15
BMI, kg/m? 25.7+3.8 26.1+4.2
Waist circumference 91.6 10 92.0+10.8
Comorbidities, n (%)
Diabetes mellitus 35 (24) 21(29)
Dyslipidemia 67 (46) 30 (41)
Cerebrovascular disease 2(1) 2(3)
Chronic kidney disease 11 (8) 7 (10)
Antihypertensive drugs, n (%) 80 (55) 40 (55)
ACE inhibitor 4(3) 4(5)
ARB 47 (32) 23(32)
Beta-blocker 6 (4) 2(3)
ccB 65 (45) 33 (45)
Diuretic 4(3) 2(3)
SGLT2 inhibitor 11 (8) 7 (10)
SBP
ABPM (24 hours) 136.9 +12.5 138.4 + 11.6
ABPM (daytime) 142.1+12.2 143.6 +11.1
ABPM (bedtime) 127.3+15.3 129.2 +13.9
Office 145.2 +13.8 146.4 +13.3
Home 143.9 + 9.7 144.0+8.1
DBP
ABPM (24 hours) 87.3+8.8 87.7+8.9
ABPM (daytime) 90.7 £9.4 909 +£9.1
ABPM (bedtime) 80.8+99 81.9+10.3
Office 90.6 £9.1 90.8+9.3
Home 89.9+9.8 90.2+9.8
Pulse pressure (24 hours by 49.6 +8.8 50.7 £8.2

ABPM)

Note: Data are mean + standard deviation or number of patients (%).

TABLE 3 Baseline characteristics
Controls

73

56.7 £9.4
50 (69)
71.0+ 13
254 £33
91.2+94

14 (19)
37(51)
0(0)
4(6)
40 (55)
0(0)
24 (33)
4(6)
32 (44)
2(3)
4(6)

135.4 £ 13.2
140.6 £ 13.1
1254 +16.5
144.0 £ 14.2
143.8 +11.2

86.9+8.8
90.6 £9.8
797 £9.5
90.5+8.9
89.7£9.9
48.6 9.2

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP, diastolic blood pressure; SBP,

systolic blood pressure.

body weight, body mass index (BMI), or waist circumference during
the study period.

3.3 | App usage rate and acceptability

In the intervention group (n = 73), the median (interquartile range,
IQR) app usage rates at 12, 16, and 24 weeks were 100% (100-100),
100% (100-100), and 57% (14-100), respectively. Of note, in the
group of participants < 65 years old (n = 53), the median app usage
rate at 24 weeks was higher than that of the participants > 65 years
(age < 65 years, 71% [14-100] vs. age = 65 years, 36% [14-100]).
Compared to the patients with low app adherence (ie, an app usage

rate below the median value of 57% at 24 weeks), the patients
with high app adherence (an app usage rate above the median at
24 weeks) demonstrated better ABPM 24-hour SBP lowering ef-
fects at both 16 and 24 weeks, but these differences between the
groups were not significant (Table S2). Regarding home BP measure-
ments, both groups showed high rates (>90%) of home BP measure-
ments at both 16 and 24 weeks (Table S3).

During the study period, forty-one AEs (43/151 [29%]) occurred,
and severe AEs were observed in one participant in the intervention
group (unplanned admissions at different times for hyperglycemia
and a cervical hernia). There was no significant difference in the rate
of AEs between the groups (intervention, 20/77 [26%)] vs. controls
23/74 [31%)]). The most frequent AE was a flu-like syndrome (19/151
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TABLE 4 Effects of lowering blood pressure by the HERB intervention

Mean changes at 16 weeks

Mean changes at 24 weeks

Adjusted difference

Intervention Controls  [95% Cl]
SBP
ABPM 24 hours 0.096 -0.29 0.35[-4.3t0 5.0]
ABPM daytime 1.6 2.5 -0.90[-5.6 to 3.8]
ABPM nighttime ~ -1.9 -3.4 1.3[-4.2t0 6.9]
Office -6.3 -2.8 -3.4[-8.5t0 1.6]
Home -4.1 -0.96 -3.1[-6.3t00.11]
DBP
ABPM 24 hours -0.15 -0.32 0.14 [-2.4 to 2.7]
ABPM daytime 1.0 0.92 0.066 [-2.6 to 2.8]
ABPM nighttime ~ -1.5 -1.1 -0.44 [-3.6 to 2.7]
Office =37 -2.6 -1.1[-3.9to 1.7]
Home 2.4 -0.81 -1.5[-3.8t0 0.74]
Pulse pressure 0.25 0.028 0.22 [-2.3t0 2.7]
Body weight -0.059 -0.26 0.19 [-0.42 to 0.81]
BMI -0.022 -0.093 0.068 [-0.15 to
0.29]
Waist 0.14 0.15 -0.021 [-1.1to 1.0]

circumference

p- Adjusted difference  p-
Value® Intervention Controls [95% Cl] Value®
.88 -0.47 -0.042 -0.66[-5.3 to 3.9] .78
71 21 21 -0.11[-5.0t0 4.8] 97
.64 -4.1 -1.9 2.6 [-7.9t0 2.7] .33
.18 -94 -5.5 -3.4[-8.8to 1.9] .21
.06 -5.2 -2.0 -3.1[-6.4to 0.26] .07
92 =il.3 -0.20 -1.1[-3.7 to 1.4] .39
.96 0.38 0.38 0.001 [-2.9 to 2.9] 1.00
79 =82 -0.042 -3.3[-6.3 to - 0.19] .04
A3 =5.7 -4.1 -1.6 [-4.8 to 1.7] .35
19 =82 =27 -0.73[-3.3t0 1.8] .58
.87 0.78 0.15 0.46[-2.2t0 3.1] .73
.54 0.18 -0.10 0.26 [-0.44 to 0.95] 47
.55 0.052 -0.034 0.079 [-0.17 to .54
0.33]
97 -0.59 -0.38 -0.17 [-1.2 t0 0.88] .75

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP, diastolic blood pressure; SBP, systolic blood pressure.

2Calculated by an ANCOVA adjusted by the use of antihypertensive medications and the mean outside temperature on the day of ABPM

measurement.

[13%]). No device-related adverse events were identified through-
out the study.

3.4 | Exploring a potential HERB software system-
effective target

We explored a subgroup that could be an effective target for the
HERB software system. Table 5 provides the results of our subgroup
analyses using the outcome of the mean changes of 24-hour SBP by
ABPM at 16 or 24 weeks by baseline profile and BP values at regis-
tration. The analyses revealed that participants who were using any
antihypertensive drug showed an inverse effect regarding the mean
change of 24-hour SBP by ABPM compared with the antihyperten-
sive drug-naive participants at 16 weeks (4.6 mmHg vs. -4.8 mmHg;
p interaction = 0.048). As for baseline SBP, the better the baseline
24-hour SBP values recorded by ABPM or the morning home SBP
was, the weaker the effect of the HERB software system was for
24-hour SBP by ABPM.

Table 6 summarizes the results of the subgroup analyses as the
mean changes in morning home SBP at 16 or 24 weeks. These anal-
yses indicated that the HERB system exhibited consistent morn-
ing home SBP reductions regardless of the participants' baseline
characteristics with the exception of the BP control status based
on the baseline morning home SBP. In other words, the HERB

system intervention was associated with a greater reduction in
morning home SBP, by 4.3 mmHg (95% Cl: -7.8 to - 0.86; p interac-
tion = 5.4 x 10~%) at week 16 in the group with uncontrolled morning
hypertension (morning home SBP > 135 mmHg at baseline).

Taking all of the above conditions into consideration, we set
the potentially effective subgroup for the smartphone app as par-
ticipants aged < 65 years and antihypertensive drug-naive (n = 56).
Notably, we observed that the effects of the intervention app were
significantly larger than those of the control measures alone in (1)
24-hour SBP by ABPM at 16 weeks (-6.1 mmHg vs. 1.4 mmHg; ad-
justed difference: -7.6 mmHg; 95% CI: -13 to - 1.8; p = .013) and
(2) Morning home SBP at 24 weeks (-6.8 mmHg vs. -1.8 mmHg;
adjusted difference, -6.0 mmHg; 95% Cl: -11 to - 1.5; p = .012)
(Table 7).

4 | DISCUSSION

We conducted the present randomized pilot trial to assess the
safety and efficacy of the DTx for essential hypertension in addi-
tion to guideline-based lifestyle modifications. For the primary end
point at 24 weeks, the HERB software system intervention did not
achieve a significantly larger effect for a mean change of 24-hour
SBP by ABPM compared with the control group. However, it was
notable that there was no device-related adverse effect of the HERB
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TABLE 5 Effects of the HERB intervention for ABPM 24-hour SBP by subgroups

Age < 50
(n=27)

50 < Age <65
(n=82)

Age = 65
(n=37)

Male (n = 98)

Female (n = 48)

BMI > 25
(n=77)

BMI < 25
(n=69)

DM + (n = 35)

DM - (n = 111)

Dyslipidemia +
(n=67)

Dyslipidemia
-(h=79)

Anti-HT drugs
+(n=80)

Anti-HT drug
-(n=66)

ACE-1/ARB +
(n=51)

ACE-1/ARB
-(n=295)

CCB + (n = 65)

CCB - (n = 81)

ABPM 24-hour SBP at 16 weeks

ABPM 24-hour SBP at 24 weeks

Intervention

0.31

-0.98

2.1

2.3

11

-0.70

Baseline SBP by ABPM (24 hours)

<130 (n = 44)

2130
(n=101)

14

—e17/

Baseline SBP by office

<140 (n=57)

2140 (n = 89)

5.8

-3.3

Baseline SBP by home

<135 (n = 25)
2135
(n=119)

0.67

0.13

Controls

-5.7

1.3

0.41

2.0

=51

0.26

-0.91

-0.36

-0.31

-0.28

=il

158

-0.70

-0.10

1.7

5.8

=20

0.036

Adjusted

difference

5.1[-8.4to
19]

-2.3[-8.4to
3.8]

1.7[-6.2 to
9.6]

0.28 [-5.5to
6.1]

1.4[-5.7 to
8.5]

1.5[-6.3 to
9.3]

-1.2[-6.5t0
4.1]

6.3 [-6.5to
19]

-2.2[-7.0to
2.6]

2.9 [-4.6 to
10]

-1.7 [-7.8 to
4.4]

4.6 [-2.0to
11]

-4.8[-11to
1.5]

5.0[-5.0to
15]

-2.1[-7.0to
2.8]

4.0[-2.6 to
11]

-2.3[-8.6 to
4.1]

8.0 [-0.86 to
17]

0.31[-4.6 to
5.3]

3.9 [-4.4to
12]

-1.4[-6.7 to
4.0]

1.6 [-7.1 to
10]

0.065 [-5.4
to 5.5]

p
Interaction®

.66

.88

.60

43

.34

.048

17

19

.056

.61

Intervention

0.42

-1.9

2.0

1.5

0.17

-1.2

1.8

-0.029

-0.94

-0.50

-0.45

-1.5

0.28

10

-3.6

0.069

Controls

1.9

-0.53

-0.47

3.5

4.4

-4.6

-0.36

0.34

1.6

6.3

0.69

-0.22

Adjusted
difference

-0.77 [-15 to
14]

-1.1[-6.8 to
4.6]

1.3[-8.1to
11]

-2.0[-7.3to
3.3]

5.8[-3.2to
15]

-2.2[-9.3to
4.9]

1.1[-4.8to
7.0]

-4.4[-15to
6.3]

-0.70 [-5.9
to 4.5]

-3.0[-9.8 to
3.8]

2.5[-3.6to
8.6]

-0.44[-7.2
to0 6.3]

-1.4[-7.8to
5.0]

0.77 [-9.4 to
11]

-14[-6.6to
3.71

-0.35[-7.2
to 6.5]

-1.2[-7.2 to
4.8]

4.6[-3.4to
13]

0.27 [-4.9 to
5.4]

-1.2[-8.6to
6.2]

0.43[-5.4to
6.3]

-4.2[-11to
2.5]

-0.010[-5.6
to 5.6]

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP, diastolic blood pressure; SBP, systolic blood pressure.

p
Interaction®

.63

.24

.50

.55

.25

.80

.62

.73

.82

.30

.045

aCalculated by the primary ANCOVA model including each baseline variable and interactions of the intervention/control groups with the variable.
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TABLE 6 Effects of the HERB intervention for morning home SBP by subgroups

Morning home SBP at 16 weeks Morning home SBP at 24 weeks

Adjusted p Adjusted p
Intervention  Controls difference Interaction® Intervention  Controls difference Interaction®
Age < 50 -9.5 -2.3 -7.0[-15 to .54 -11 -0.13 -11[-18 to A1
(n=27) 0.96] 4.5]
50 <Age<65  -1.7 0.23 -1.9[-59 to -31 -2.2 -0.87 [-5.2 to
(n=282) 2.1] 3.4]
Age = 65 -5.6 -2.7 -2.7[-9.5to -5.4 -3.2 -2.0[-9.9 to
(n=237) 4.2] 5.9]
Male (n = 98) =33 0.037 -3.0[-7.1to .93 -5.0 -0.83 -3.6 [-7.8 to .55
1.1] 0.58]
Female -5.8 -3.1 -2.6 [-7.4 to -5.4 -4.5 -0.93[-6.9 to
(n = 48) 2.3] 5.0]
BMI > 25 -5.7 -0.034 -4.2[-8.6to .24 -5.2 -0.068 -4.7[-9.4 .30
(n=77) 0.32] to - 0.085]
BMI < 25 -2.3 -2.0 -0.23[-5.0to -5.1 -4.2 -1.2[-6.0to
(n = 69) 4.5] 3.6]
DM + (n = 35) -7.2 0.15 -7.2[-14 .18 -6.7 -1.5 -5.7 [-13 to .37
to - 0.0078] 1.4]
DM -3.0 -1.2 -1.8[-5.4 to -4.6 -2.1 -2.0[-5.8 to
-(n=111) 1.8] 1.8]
Dyslipidemia -4.5 -0.20 -3.7[-8.5to .57 -3.1 -0.44 -2.3[-6.9to .82
+(n=67) 1.2] 2.4]
Dyslipidemia -3.9 -2.2 -1.8[-6.2 to -6.5 -3.7 -29[-7.6to
-(h=79) 2.5] 1.8]
Anti-HT drugs  -5.0 2.3 -2.5[-7.0to 74 -4.4 -3.4 -0.67 [-5.8 to .16
+(n = 80) 1.9] 4.5]
Anti-HT drug =8l 0.62 -3.7[-8.3 to -6.0 -0.4 -5.6[-9.6
- (n=66) 0.86] to - 1.6]
ACE-I/ARB + -4.0 -2.4 -0.66[-6.2to .34 -0.50 -2.3 0.013[-7.7 to .21
(n=51) 4.9] 7.8]
ACE-I/ARB -4.2 -0.26 -4.2[-8.2 -5.5 -0.91 -4.7 [-8.0
-(n=95) to - 0.27] to - 1.4]
CCB+(n=65) -54 -3.0 -2.3[-7.5to .69 -5.1 -4.1 -0.51[-6.4 to .19
3.0] 5.4]
CCB-(n=81) -3.1 0.61 -3.6 [-7.6 to -5.2 -0.44 -5.0[-8.7
0.33] to - 1.3]
Baseline SBP by ABPM (24 hours)
<130 -0.34 -1.8 1.6[-3.5t06.7] .23 -1.1 -1.7 0.90 [-4.3 to 46
(n=44) 6.1]
>130 -5.2 -0.39 -44[-84 -6.3 -2.2 -4.1[-8.4to
(n=101) to - 0.28] 0.18]
Baseline SBP by office
<140 -1.9 1.7 -3.6[-8.2to 72 -2.4 0.083 -2.8[-8.2to .90
(n=57) 0.93] 2.5]
2140 -5.5 -2.8 -2.8[-7.1to -6.8 -3.4 -3.0[-7.2to
(n=89) 1.5] 1.2]
Baseline SBP by home
<135 41 -1.1 5.3[-2.3t0 13] 54x107* 1.5 1.2 0.27 [-5.7 to .016
(n = 25) 6.3]
2135 =53 -0.93 -4.3[-7.8 -6.2 -2.9 -3.2[-7.0to
(n=119) to - 0.86] 0.62]

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP, diastolic blood pressure; SBP, systolic blood pressure.

aCalculated by the primary ANCOVA model including each baseline variable and interactions of the intervention/control groups with the variable.
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TABLE 7 Effect of lowering blood pressure by the HERB intervention in antihypertensive drug-naive participants under 65 years (n = 65)

Mean changes at 16 weeks

Mean changes at 24 weeks

Adjusted difference

Intervention  Controls [95% Cl]
SBP
ABPM 24 hours -6.1 1.4 -7.6 [-13 to - 1.8]
ABPM daytime -4.0 3.3 -7.4[-13to - 1.4]
ABPM nighttime ~ -7.9 -2.7 -5.2[-13t02.8]
Office -5.8 -4.9 -0.92[-6.5t04.7]
Home -3.2 0.66 -3.8[-8.8t01.2]
DBP
ABPM 24 hours =85 0.86 -4.4[-7.7 to - 1.0]
ABPM daytime -1.9 1.7 -3.5[-7.3 t0 0.20]
ABPM nighttime ~ -4.7 -0.38 -4.3[-9.0t0 0.27]
Office -2.5 -1.5 -1.1[-4.8to0 2.6]
Home =83 -0.48 -2.9[-6.5t00.72]

p- Adjusted difference p-
Value® Intervention  Controls  [95% Cl] Value®
.013 -2.7 0.54 -3.2[-9.3t02.9] .30
.019 0.85 21 -1.2[-7.5t0 5.0] 71
.21 -7.0 -0.39 -6.7 [-15to 1.1] .098
.75 -8.6 -8.6 -0.23[-7.1to 6.6] .95
.14 -6.8 -1.8 -6.0[-11to - 1.5] .012
.013 =16 0.32 -1.9 [-5.4 to 1.5] .28
.069 0.81 0.54 0.31[-3.5t0 4.1] .87
.071 -4.6 -0.86 -5.5[-10to - 0.70]  .029
.57 -3.7 =8.3 -0.36 [-5.6 t0 4.8] .89
12 -4.5 =iLS -2.6 [-6.3 to 1.1] 17

Abbreviations: ABPM, ambulatory blood pressure monitoring; DBP, diastolic blood pressure; SBP, systolic blood pressure.

?Calculated by an ANCOVA adjusted by the use of antihypertensive medications and the mean outside temperature on the day of ABPM

measurement.

intervention. From the results of our exploratory analysis, we ob-
served that the participants who are aged <65 years and antihyper-
tensive drug-naive might be a potentially effective target for the
HERB software system intervention.

This study could not demonstrate the efficacy of the HERB soft-
ware system. Compared with the control group's changes, the mean
changes of 24-hour SBP evaluated by ABPM were not significantly
different after the HERB intervention at both 16 and 24 weeks.
Nonetheless, the mean change in the morning home SBP reduction
was marginally different between the interventions and controls
(-3.1 mmHg at 16 weeks, p = .06; -3.1 mmHg at 24 weeks, p = .07).
Of note, the HERB intervention was associated with a greater reduc-
tion in morning home SBP at 16 weeks in the participants with un-
controlled morning hypertension (morning home SBP > 135 mmHg
at baseline). Therefore, the app may perform more extensively and
significantly to reduce morning home SBP in individuals who have
uncontrolled morning hypertension or sustained hypertension with
higher 24-hour BP.

There were no device-related AEs during the study. Unlike the
existing antihypertensive drugs, this could be one of the valuable
benefits of the HERB app, that is, the investigational app did not
lower the users' BP so far that it caused adverse events such as diz-
ziness or syncope.

The investigational app usage rate was favorable throughout the
study, as the median app usage rate was 100% at 16 weeks; how-
ever, this rate at 24 weeks was decreased to 57%. In particular, the
usage rate of the app by the elderly (age > 65) hypertensives was
almost 50% that of the non-elderly adult hypertensives (36% vs.
71%). In our exploratory analyses, we observed that the participants
with essential hypertension who were <65 years old and antihyper-
tensive drug-naive might be a potentially effective subgroup for the

HERB app intervention. We observed that the participants aged
<65 years might engage with the app at a high level. In contrast, the
participants who were being treated with an antihypertensive drug
exhibited a paradoxical effect of the app, that is, increasing BP. We
therefore set an exploratory app-effective target group as the par-
ticipants aged <65 years and antihypertensive drug-naive.

When we focused on this target, the effects of the HERB app
for lowering users' BPs were robust in the 24-hour SBP at 16 weeks
(7.6 mmHg, p = .013) and the morning home SBP at 24 weeks
(-6.0 mmHg, p = .012). In addition, the rationale of this subgroup is
compatible to the hypothesis that the impact of HERB-induced life-
style modifications seems to be more effective at the early stage of
neurohumoral factor-activated hypertension in younger adults than
in the late stage of structural hypertension in elderly hypertensive
patients with increased vascular disease.?! This target group (aged
<65 and antihypertensive drug-naive) may thus be a potential HERB
app-effective subgroup that we should focus on in an upcoming piv-
otal trial to evaluate the efficacy of the app on BP.20

Telemedicine has emerged worldwide as an indispensable re-
source to improve the management of chronic disease. It is espe-
cially effective in disaster situations and in the coronavirus disease
2019 (COVID-19) pandemic era.}”?%2? Once the efficacy of HERB is
validated, introducing the effective DTx into the telemedicine sphere
will markedly improve the management of hypertension and cardio-
vascular risk factors in clinical practice. The continuous and frequent
use of an app is essential to preserve the effectiveness of DTx. In
the present study, the app usage throughout the study period was
worse in the elderly participants compared with the younger ones.
Further improvements of the app program are thus needed to main-
tain a high level of long-term app use for participants, even among
the elderly, so that the app's usage will lead to successful lifestyle
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modifications and lowered blood pressure as a future antihyperten-

sive treatment.

4.1 | Study limitations

This pilot study has several limitations. We used ABPM to assess
the efficacy of the BP-lowering effect of the HERB app. The BP
measurements by ABPM are partly affected by the ABPM user's

17.30 and thus, the reproducibility is occasionally lim-

daily activity,
ited. In contrast, morning home BP monitoring evaluates BP at
the resting and sitting conditions at a specific time in the morn-
ing.183! The BP-lowering effect of the HERB app might be more
accurately assessed by morning home BP monitoring than ABPM.
In this study, we used a recently developed actigraphy-equipped
ABPM.?"28 The 24-hour BP will thus be adjusted for physical ac-
tivity in future analyses.

Another study limitation is that the sample size might be rela-
tively small given the heterogeneity of the baseline characteristics
(although we calculated the sample size in advance). In addition, we
did not perform urine or blood sampling to determine the adherence
to medications. The app system itself should also be improved to
increase the efficacy of lowering blood pressure. In a future study,
although the fundamental concept of the app remains, we may mod-
ify some app contents, the app's usability, and/or the design of the
HERB system to achieve the BP goals.

5 | CONCLUSIONS AND PERSPECTIVES

In conclusion, a novel DTx for hypertension—the HERB software
app—did not achieve a significantly larger effect on the interven-
tion group for a mean change of 24-hour SBP by ABPM compared
with the controls. However, we observed that antihypertensive
drug-naive hypertensive patients aged <65 years might be a poten-
tial intervention app-effective target. We thus plan to focus on this
promising subgroup to perform further clinical trials to investigate

the efficacy of the DTx intervention app for hypertension.
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