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Aims Underutilization of guideline-directed heart failure with reduced ejection fraction (HFrEF) medications contributes to
poor outcomes.

Methods A pilot study to evaluate the safety and efficacy of a home-based remote monitoring system for HFrEF management was

and results performed. The system included wearable armband monitors paired with the smartphone application. An HFrEF medi-
cation titration algorithm was used to adjust medication daily. The primary endpoint was HFrEF medication utilization at
120 days. Twenty patients (60.5 + 8.2 years, men: 85%) with HFrEF were recruited. All received angiotensin-converting
enzyme inhibitor (ACEl)/angiotensin receptor blocker (ARB)/angiotensin receptor-neprilysin inhibitor (ARNI) at recruit-
ment; 45% received >50% maximal targeted dose (MTD) with % MTD of 44.4 + 31.7%. At baseline, 90 and 70% re-
ceived beta-adrenergic blocker and mineralocorticoid receptor antagonist (MRA), 35% received >50% MTD beta-
adrenergic blocker with % MTD of 34.1 + 29.6%, and 25% received >50% MTD MRA with % MTD of 25.0 +
19.9%. At 120 days, 70% received >50% MTD ACEI/ARB/ARNI (P=0.110) with % MTD increased to 64.4 + 33.5%
(P=0.060). The proportion receiving >50% MTD ARNI increased from 15 to 55% (P =0.089) with % MTD ARNI in-
creased from 20.6 + 30.9 to 53.1 + 39.5% (P =0.006*). More patients received >50% MTD MRA (65 vs. 25%, P=
0.011%) with % MTD MRA increased from 25.0 + 19.9 to 46.2 + 28.8% (P =0.009%*). Ninety-five per cent of patients
had reduced NT-proBNP with the percentage reduction of 26.7 + 19.7%.
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Introduction

Heart failure (HF) is an emerging public health challenge that affects
an estimated 38 million people worldwide with a prevalence of 1-2%
in the adult population."” Over the past few decades, randomized
controlled trials have demonstrated that HF medications, including
angiotensin-converting enzyme inhibitors (ACEIs),>* angiotensin re-
ceptor blockers (ARBs), beta-adrenergic blockers,” mineralocor-
ticoid receptor antagonists (MRAs),®? ivabradine,'® angiotensin
receptor-neprilysin inhibitor (ARNI),'" and more recently sodium
glucose cotransporter (SGLT) inhibitors,'"® can significantly im-
prove the outcomes of patients with HF with reduced ejection frac-
tion (HFrEF). However, in real-world clinical practice, the prognosis
of patients with HFrEF remains poor. In a recent European registry of
patients hospitalized for HF, 16.4% of patients with newly diagnosed
HF died within 1 year of diagnosis."* Similarly, 1-year mortality of HF
in Asia was reported to range between 8.9 and 19.5%.">"7

Failure to translate favourable results observed in landmark HFrEF
clinical trials into real-world practice is partly attributed to the under-
utilization and underdosing of guideline-directed HF medica-
tions.'®"®  Observational studies consistently demonstrated a
positive correlation between the dosage of HFrEF medication and
clinical outcomes.*®*** In fact, international guidelines for HF
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management strongly emphasize the importance of up-titrating
evidence-based HFrEF medication to the target dose, in addition
to initiating the drugs in concern.”*?* However, underdosing of
guideline-directed HF medications remains to be very common in
real-world practice. An international prospective observational lon-
gitudinal survey involving 7092 patients with chronic HFrEF from
36 countries revealed a disappointingly low proportion of patients
receiving guideline-directed HF medications at the target dose:
27.9% for ACEls, 24.8% for beta-adrenergic blocker, and 6.9% for
ARB." More recently, in the CHange the Management of Patients
With Heart Failure (CHAMP-HF) registry involving 3095 patients
with HFrEF,'® despite a high proportions of patients receiving
guideline-directed HF medication with 75.1% taking ACEI/ARB/
ARNI, 82.7% taking beta-adrenergic blocker, and 32.5% taking
MRA, only <20% of these HF medications were taken at target
doses. Obviously, true medication intolerance may limit up-titration
of guideline-directed HF medications in some patients. However, in
some scenario, clinicians are hesitant towards up-titrating HF medi-
cation because they cannot confidently assess patient’s blood pres-
sure, heart rate, and drug tolerability while they are at home.
Remote acquisition of symptomatology and physiological para-
meters such as blood pressure, heart rate, and body weight has
been explored to optimize HF management. Conceptually, these
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information could facilitate home-based HF management and im-
prove clinical outcomes. However, previously, a large-scale rando-
mized control trial that utilized telephone-based interactive
voice-response system to collect daily information about symptoms
and body weight for clinician review failed to improve the clinical out-
comes in terms of hospitalization and/or mortality.>” It has been pos-
tulated that patient non-adherence to daily reporting, clinician
non-compliance to data review and action implementation due to in-
formation overload, and lack of a systematic intervention strategy
undermine the effectiveness of telemonitoring for remote HF man-
agement.zé”28 Over the past decade, mobile technology has revolu-
tionized the way people communicate, allowing instantaneous,
multi-directional, and massive data transfer. In addition, wearable
technology nowadays can continuously monitor multiple physio-
logical parameters in the ambulatory setting in a fully automated
manner. The potentials of these technologies in the management
of patients with HF have nonetheless not been fully explored.
The Daily Ambulatory remote monitoring system Vs conventlonal
therapy for Drug escalation in chronic Heart Failure with reduced
ejection fraction study (DAVID-HF Study) is a multi-centre, open-
label, randomized controlled trial to explore the potentials of utilizing
mobile and wearable technologies to remotely manage HF patients,
particularly for remote escalation of evidence-based HF medications.
The present report described results from the pilot phase of the
DAVID-HF study.

Methods

Study design

The present study is the pilot phase of the DAVID-HF study performed
in a single-centre setting to evaluate the feasibility of the remote moni-
toring system for home-based HF medication escalation. The subsequent
randomization phase of the DAVID-HF Study will be performed using an
open-label, multi-centre, and randomized design to explore the poten-
tials of mobile technology for the optimization of HF management in a
home-based remote setting. The investigation conforms to the principles
outlined in the Declaration of Helsinki. The study protocol has been ap-
proved by the Institutional Review Board of The University of Hong
Kong, and Hong Kong West Cluster, Hospital Authority, Hong Kong.
The study is registered with ClinicalTrials.gov (NCT03072693).

Study participants

In the pilot phase, 20 patients with chronic HFrEF from the outpatient
cardiac clinic at Queen Mary Hospital, Hong Kong, were recruited.
Patients aged > 18 years with chronic HFrEF, defined as having stabilized
conditions for >3 months, were eligible for the study. Patients were ex-
cluded if they had recent hospitalization for HF, acute coronary syn-
drome, and/or other cardiovascular events within 6 months; had a
history of complex congenital heart disease, or significant valvular sten-
osis; were unable to operate simple electronic devices; or did not have
a mobile network service in the place of residence.

Home-based remote heart failure

management system

The home-based remote HF management system comprises a
multi-sensor-based wearable armband monitor, Everion (Biofourmis,
Boston, MA, USA),”’30 a handheld single-lead electrocardiogram
(ECG) recorder (Comfit limited, Hong Kong SAR, China), an electronic

blood pressure device, an electronic bath scale, a customized smart-
phone application BiovitalsHF (Biofourmis), a web-based clinician dash-
board BiovitalsHF platform (Biofourmis), and a cloud-based data
analytical algorithm, Biovitals Analytics Engine (Biofourmis) (Figure 1).
The wearable monitor was capable of tracking heart rate, heart rate vari-
ability, blood pulse wave, oxygen saturation, respiration rate, skin tem-
perature, electrodermal activity, and steps count. The wearable
monitor was worn during daytime and recharged while bathing or sleep-
ing. The handheld single-lead ECG recorder was incorporated with arti-
ficial intelligence-based AF detection.’' Patients were instructed to
document blood pressure in the morning and evening, record body
weight in the evening, and report symptoms using the smartphone appli-
cation (Figure 7). All devices were connected to the study smartphone via
Bluetooth. All data were automatically transferred in real time through
the smartphone application to a secured cloud storage for processing
using Biovitals Analytics Engine. Results were then displayed on the web-
based clinician dashboard for daily review and action implementation
(Figure 7).

Home-based remote drug escalation

The objective was to maximize the utilization of guideline-directed HF
medications including ACEIl, ARB, ARNI, beta-adrenergic blocker,
MRA, ivabradine, and SGLT inhibitor using remotely obtained physio-
logical parameters of the patients. Based on individual patient’s daily
physiological parameters, recommendations for HF medication adjust-
ment were automatically generated by the remote monitoring platform
according to the predefined drug escalation algorithm (see
Supplementary material online, Methods and Figure S1). Cardiologists in-
volved in the clinical trial reviewed the algorithm-generated recommen-
dations and granted endorsement if they agree. Patients were notified for
any medication adjustment through both text messages in the smart-
phone application and phone calls from the research nurse. Drug records
were updated if both cardiologists and patients in concern agreed with
the proposed medication change. The hierarchy of HF medication escal-
ation was based on the European Society of Cardiology guidelines for the
diagnosis and treatment of acute and chronic heart failure, i.e. first line:
ACEI/ARB, MRA, and beta-adrenergic blocker; and second line: ivabra-
dine and sacubitril/valsartan.3? The dosage was stepwise adjusted to
the maximally tolerated dose according to patient status. The drug escal-
ation period was 17 weeks (119 days). During drug escalation, blood
tests were required to ensure tolerance and safety. Patients were in-
structed to directly visit phlebotomists for blood taking without the
need to arrange additional clinical visits to be assessed by clinicians or
nurses.

BiovitalsHF

The BiovitalsHF is a software platform designed to monitor and manage
medication for patients with heart failure. The platform comprises a set
of clinician tools available in a mobile application or web dashboard, a pa-
tient mobile application, and a web-based software application respon-
sible for data storage and management along with containing the
clinical rules and decision logic that encapsulate the clinical practice
guidelines.

Biovitals Analytics Engine

The Biovitals Analytics Engine was a US Food and Drug Administration
510(k) cleared algorithm which provides machine learning-derived health
index (Biovitals Index) that reflects the derivatives in physiology para-
meters or changes in symptoms. The higher Biovitals Index reflected lar-
ger deviations of physiology parameters from baseline or new symptoms,
potentially indicating the worsening of health status. The machine
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Figure 1 The home-based remote heart failure management system. (A) Wearable armband monitor, Everion (Biofourmis), capable of tracking
heart rate, heart rate variability, blood pulse wave, oxygen saturation, respiration rate, skin temperature, electrodermal activity, and steps count.
The wearable monitor was worn during daytime and recharged while bathing or sleeping. (B) Screenshots of patient smartphone application,

and (C) clinician dashboard.
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learning and statistical methods for the derivation of the Biovitals Index

. 012933
were previously described.””

Study measures

The primary measures were the proportion of patients receiving > 50%
of maximal target dose (MTD) of guideline-directed HF medications and
the percentage MTD of guideline-directed HF medications at the end of
the study. The secondary measures included wearable device and mon-
itoring adherence, New York Heart Association (NYHA) functional class,
unscheduled medical visit, NT-proBNP, renal function, and 6 min walk
test.

Statistical analysis and data safety
monitoring

Data are expressed as mean + standard deviation, median [interquartile
range (IQR)], or numbers and percentage of patients. The paired sample
t-test or Mann—Whitney U-test was used to identify the effects of home-
based remote HF management system on the study measures and other
variables of interest between baseline and the end of the study.
Calculations were performed using SPSS software (version 26.0, SPSS,
Chicago, IL, USA). A P-value of <0.05 was considered statistically signifi-
cant. The Data Safety Monitoring Board specializing in HF management
and one independent statistician reviewed the study progress and ad-
verse event rates and determine whether the study should be stopped
early because of excessive risk or benefits of study procedures.

Results

Thirty-one patients with HFrEF were referred to our clinic for con-
sideration of enrolment. Five (16.1%) were excluded because of the
inability to independently operate the wearable armband and smart-
phone application, 1 (3.22%) was excluded because of advanced
chronic renal failure, and 5 (16.1%) declined enrolment after explan-
ation of trial details. Finally, a total of 20 patients with chronic HFrEF
on stable medications for 3 months or more followed up in our car-
diac clinic were recruited. During the study period, the wearable
armband monitors were worn 14.0 £+ 3.0 h/day. Blood pressure
and heart rate were reported 1.77 + 0.87 times daily and body
weight was reported 1.5 + 0.85 times daily. Table 1 summarizes
the baseline clinical characteristics of the recruited patients. The me-
dian age was 60.2 (IQR: 55.0, 65.6) years and 85% were men. The
median age of HFrEF diagnosis was 52.6 (IQR: 48.5, 61.1) years
and the median duration from diagnosis of HFrEF was 72.6 (IQR:
16.3, 130.1) months. The mean LVEF at recruitment was 40.8 +
8.6%. Eleven patients (55.0%) had underlying coronary artery disease
and the remaining nine patients (45.0%) had non-ischaemic aetiolo-
gies. Fifty per cent of patients had hypertension and 50% had diabetes
mellitus. At recruitment, after being stabilized with HFrEF medication
for > 3 months, the proportion of patients classified as NYHA func-
tion Class |, Il, and Ill was 15, 70, and 15%, respectively. The baseline
systolic and diastolic blood pressure were 122.0 (IQR: 108.0, 130.5)
and 77.0 (IQR: 70.0, 81.0) mmHg with the resting heart rate of 63.0
(IQR: 585, 69.0) b.p.m. The mean and median serum NT-proBNP
concentration were 2007 + 6183 and 402 ng/mL (IQR: 150,
970 ng/mL), respectively. The mean serum creatinine was 99.7 +
25.8 ymol/L.

The majority of patients received ACEI/ARB/ARNI (100%),
beta-adrenergic blocker (90%), and MRA (70%) at baseline; however,

the proportion of patients who received >50% MTD of these
guideline-directed HF medications was only 45, 35, and 25%, respect-
ively (Table 2). Specifically, the mean percentage MTD of ACEI/ARB/
ARNIwas 44.4 + 31.7%, beta-adrenergic blocker was 34.1 + 29.6%,

Table 1 Baseline characteristics

(n=20)
Age (years) 60.5 + 82
Male, n (%) 17 (85.0)
Hypertension, n (%) 50 (50.0)
Diabetes mellitus, n (%) 10 (50.0)
Ischaemic, n (%) 11 (55.0)
Non-ischaemic, n (%) 9 (45)
Atrial fibrillation, n (%) 3 (15.0)
Previous stroke, n (%) 1(5.0)
Left ventricular ejection fraction (%) 408 + 86
Implantable cardioverter defibrillator, n (%) 7 (35)
Cardiac resynchronization therapy, n (%) 3 (15)
NYHA function class

I, n (%) 3 (15)

I, n (%) 14 (70)

I, n (%) 3 (15)
Systolic blood pressure, mmHg 1198 + 173
Diastolic blood pressure, mmHg 746 £ 115
Resting heart rate, b.p.m. 65.1+9.2
Serum NT-proBNP, ng/mL 2007 + 6183

402 (150, 970)
Serum creatinine, umol/L 99.7 + 25.8
Serum sodium, mmol/L 1398 +2.7
Serum potassium, mmol/L 43+ 05
Haemoglobin, g/dL 147 +1.8

Table 2 Utilization of heart failure medications at
baseline

HF Patients on HF Patients on > Mean %
medications medications (%) 50% MTD HF MTD
medication (%)

ACEI/ARB/ 100 45 444 + 317
ARNI

ARNI 55 15 20.6 + 30.9
ACEI/ARB 45 30 23.8 + 329
MRA 70 25 25.0 + 19.9
Beta-blocker 90 35 341 +29.6
Ivabradine 20 5 8.3 + 4.1

SGLT inhibitor 55 55 55.0 + 51.0

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;
ARNI, angiotensin receptor and neprilysin inhibitor; HF, heart failure; MRA,
mineralocorticoid receptor antagonist; MTD, maximal target dose; SGLT, sodium
glucose cotransporter.
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and MRA was 25.0 + 19.9%. In addition, 55% of patients received
SGLT inhibitor and 20% received ivabradine. Thirty-five per cent of
patients had implantable cardioverter defibrillator and 15% had car-
diac resynchronization therapy.

Heart failure medication escalation
Angiotensin-converting enzyme inhibitor/
angiotensin receptor blocker/angiotensin
receptor-neprilysin inhibitor

The proportion of patients receiving > 50% MTD ACEI/ARB/ARNI
increased from 45% at baseline to 70% at the end of the study
(P=0.110), with an insignificant increase in percentage MTD
(644 + 33.5 vs. 444 + 31.7%, P=0.060). Thirty per cent of pa-
tients were escalated from ACEI/ARB to ARNI and the proportion
of patients receiving >50% MTD ARNI increased from 15 to 55%
(P=0.089) with the mean percentage MTD of ARNI increased
from 20.6 + 30.9 to 53.1 £+ 39.5% (P =0.006*) (Figures 2 and 3A).

Beta-adrenergic blocker and ivabradine

Compared with baseline, there was no statistically significant differ-
ence in the proportion of patients receiving >50% MTD of
beta-adrenergic blocker (40 vs. 35%, P=0.744), or the mean per-
centage MTD of beta-adrenergic blocker (34.1 + 29.6 vs. 37.5 +
28.4%, P=0.710). On the other hand, the proportion of patients re-
ceiving ivabradine increased from 20 to 40% (P = 0.168) and the pro-
portion of patients receiving > 50% MTD of ivabradine from 5 to
30% (P=0.091) with the mean percentage MTD of ivabradine
from 8.3 + 4.1 to 30.0 + 41.7% (P=0.04*) (Figures 2 and 3B).
The escalation of ivabradine was only performed if there were in-
stances of blood pressure below the predefined threshold of systolic
blood pressure <100 mmHg (see Supplementary material online,
Appendix and Figure ST). As a result of low blood pressure, ivabradine
was escalated instead of beta-adrenergic blocker in a subgroup of the
recruited patients. The inability to escalate beta-adrenergic blockers
to the maximal target dose for HFrEF was similarly observed in cer-
tain contemporary multi-centre registries.34

Mineralocorticoid receptor antagonist and
sodium glucose cotransporter inhibitor

The proportion of patients receiving MRA increased from 70% at
baseline to 90% at the end of the study (P=0.235). The proportion
of patients receiving > 50% maximal targeted dose of MRA in-
creased from 25 to 65% (P=0.011%) and the mean percentage
MTD of MRA increased from 250 4+ 199 to 46.2 + 28.8%
(P=0.009%) (Figures 2 and 3C). On the other hand, there was no
statistically significant change in the utilization of SGLT inhibitor
over the study period.

NYHA functional class and serum NT-proBNP
concentration

At Week 17, 70% patients had improved NYHA function class, 25%
remained unchanged, and 5% worsened. Compared with baseline,
the proportion of patients with NYHA function Class | increased
from 15 to 65% at the end of the study (P=0.003%) (Figure 4A).
As depicted in Figure 4B, all except one patient (95%) had reduction
in serum NT-proBNP concentration at the end of the study

compared with baseline, and the mean percentage reduction in ser-
um NT-proBNP concentration was 26.7%. Thirteen patients (65%)
had serum NT-proBNP concentration reduced >25% from baseline.

Haemodynamic changes, kidney function, and
adverse events

Compared with baseline, there were no statistically significant differ-
ences in systolic [122.0 (IQR: 108.0, 130.5) vs. 123.0 (IQR: 102.5,
130.0) mmHg, P=0.38] and diastolic blood pressure [77.0 (IQR:
70.0,81.0) vs. 72.0 (IQR: 59.5, 81.5) mmHg, P = 0.23], and the resting
heart rate [63.0 (IQR: 58.5, 69.0) vs. 63.0 (IQR: 58.0, 71.5) b.p.m,,
P=044] at the end of study measured in clinic (see
Supplementary material online, Figure S2). Likewise, serum creatinine
concentration did not change significantly from baseline towards the
end of the study. There was no symptomatic hypotension, worsening
of renal function, or worsening of HF symptoms necessitating un-
scheduled medical visit during the study period.

Six-minute walk test

The 6 min walk test has been commonly used to assess functional
capacities of HF patients.35 Using wearable armband monitors, the
number of steps taken by patients within any 6 min periods could
be measured. As the wearable armband monitors did not have
Global Positioning System (GPS) modules for tracking distance, the
maximum number of steps taken within 6 min periods was used as
proxies for 6 min walk test. It was previously shown that the max-
imum daily total steps count highly correlated with NYHA functional
status.>® There was no statistically significant difference in 6 min walk
test at the end of the study comparing to baseline (P=0.11)
(Figure 5A). Nonetheless, when stratified by change in % total
MTD, patients with at least 50% increase in % total MTD showed
significantly larger improvements in 6 min walk test in the last
week of the study when compared with the first week of the study
(P=0.009%) (Figure 5B).

Biovitals Index for heart failure patient
monitoring

The Biovitals Index was a US Food and Drug Administration 510(k)
cleared machine learning-derived health index that reflects the deri-
vatives in physiology parameters or changes of symptoms. The higher
Biovitals Index reflected larger deviations of physiology parameters
from baseline or new symptoms, potentially indicating the worsening
of health status®”>? (see Supplementary material online, Appendix).
The overall patients’ daily mean Biovitals Index was significantly lower
in the last week of the study when compared with the first week of
the study (P=0.02%), indicating more stable physiological para-
meters and fewer symptoms (Figure 5C).

Discussion

Using a single-arm, open-label approach, we evaluated the safety and
feasibility home-based HFrEF medication escalation using the wear-
able armband monitor and remote monitoring system. Following
17 weeks of home-based remote HF management, the proportion
of patients receiving >50% MTD of ARNI increased from 15 to
40% (P=0.077%) with % MTD from 20.6 + 30.9 to 53.1 &+ 39.5%
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Figure 2 Utilization of guideline-directed heart failure medications. (A) Proportion of patients on heart failure medications, (B) proportion of
patients on >50% maximal target dose of heart failure medications, and (C) mean percentage heart failure medications, at baseline and the end
of the study period. *P < 0.05. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor
and neprilysin inhibitor; HF, heart failure; MRA, mineralocorticoid receptor antagonist; MTD, maximal target dose; SGLT, sodium glucose

cotransporter.
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Figure 3 Change in the mean percentage maximal target
dose of heart failure medications over the study period.
(A) Angiotensin-converting enzyme inhibitor/angiotensin receptor
blocker/angiotensin receptor and neprilysin inhibitor, angiotensin
receptor and neprilysin inhibitor, and angiotensin-converting en-
zyme inhibitor/angiotensin receptor blocker, (B) beta-adrenergic
blocker and ivabradine, and (C) mineralocorticoid receptor antag-
onist and sodium glucose cotransporter inhibitor. ACEI,
angiotensin-converting enzyme inhibitor; ARB, angiotensin recep-
tor blocker; ARNI, angiotensin receptor and neprilysin inhibitor;
HF, heart failure; MRA, mineralocorticoid receptor antagonist;
MTD, maximal target dose; SGLT, sodium glucose cotransporter.

(P=0.006%). Likewise, the proportion of patients receiving >50%
MTD of MRA increased from 25 to 65% (P=0.011*) and the %
MTD increased from 25.0 + 19.9 to 46.2 + 28.8% (P=0.009*).
The proportion of patients receiving ivabradine increased from 5
to 30% (P=0.091) with % MTD from 8.3 + 4.1 to 30.0 + 41.7%

(P=0.04%). However, there was no statistically significant change
in the dosage of ACEI/ARB, beta-adrenergic blockers, and SGLT in-
hibitors. The proportion of patients in NYHA functional Class | in-
creased from 15 to 65% (P=0.003%). The majority of patients
(95%) had reduced serum NT-proBNP concentration with a mean
percentage reduction of 26.7 + 19.7%. There were no unscheduled
medical visits, or worsening of renal function during the drug escal-
ation period.

Heart failure is a public health challenge affecting 38 million people
worldwide with increasing prevalence.*’*® Remote monitoring has
been explored as a means to reduce HF-associated mortality, hospi-
talization, and healthcare burden. The main objective of most of
these remote monitoring systems is to facilitate fluid status manage-
ment, thereby reducing the risk of HF decompensation. The implant-
ation pulmonary artery pressure sensor has been utilized to
remotely monitor fluid status and guide heart failure medication ad-
justment. In the CardioMEMS Heart Sensor Allows Monitoring of
Pressure to Improve Outcomes in the NYHA Class lll Heart
Failure Patients (CHAMPION) trial, the implanted pressure sensor
was shown to reduce HF-related hospitalization by 37% comparing
to control.?®*® Alternatively, reporting of blood pressure, pulse,
body weight, and blood oximetry through the Internet using smart-
phones, tablet computers, and desktop computers has been used to
guide HF management with some randomized controlled trials dem-
onstrating the reduction in the risk of HF hospitalization.*'** In add-
ition to fluid status management, DAVID-HF took a step further by
empowering remote escalation of guideline-directed medical therapy
for HFrEF. Despite the overwhelming evidence that the usage of
guideline-directed medical therapy results in the lower risk of HF
hospitalization and mortality, there is underutilization because of
various barriers such as infrequent clinic visits and lack of self-
monitored physiological parameters by patients. The remote drug
escalation approach adopted in DAVID-HF potentially benefit pa-
tients and healthcare providers in a number of ways: first, HFrEF
medication titration in DAVID-HF was guided by automatic analysis
of the collected physiological parameters and predefined drug escal-
ation algorithms. As a result, the amount of time and effort clinical
staff need to spend on filtering medical record to identify patients re-
quiring drug titration is reduced. Second, from the perspective of
hospital administers, remote titration of medications reduced the
usage of resources by reducing the number of clinic sessions re-
quired. Third, it reduces the number of commutes patients have to
make between home and hospital during the drug escalation period.
Fourth, continuous passive measurement by wearable armband en-
sures clinicians to have access to physiological parameters without
requiring patient to perform manual measurement and
documentation.

Another important feature that distinguishes DAVID-HF from
other HF remote monitoring trials is the inclusion of wearable arm-
band monitor for monitoring a wide-range of physiological para-
meters. Parameters such as photoplethysmogram-based heart rate
and oxygen saturation could be continuously measured in a 24/7
manner. Previous clinical trials revealed that only 62% of the required
physiological parameters measurement were completed®® and the
expected compliance in real-life setting is similarly suboptimal.
Wearable armband-based data collection allows more consistent
and reliable data collection. Moreover, there are a wide array of
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parameters that are not otherwise available in previous HF remote
monitoring trials. As demonstrated by us and others,**® assessment
of 6 min walk test could be performed by measuring steps count
using an accelerometer in wearable armband monitors to serve as
objective indicators of exerciser tolerance. Furthermore, the wear-
able armband monitor was capable of tracking blood pulse wave,

respiration rate, skin temperature, and electrodermal activity. The
multi-dimensional data streams are suitable for developing machine
learning-based prediction and classification models. In a previously
published Multisensor Non-invasive Remote Monitoring for
Prediction of Heart Failure Exacerbation (LINK-HF) study, multivari-
ate physiological parameters acquired using wearable sensors
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Figure 5 (A) The maximum number of steps taken within 6 min
periods were used as proxies for 6 min walk test. There was no
statistically significant difference in 6 min walk test in the first
week of study (P=0.1). (B) When stratified by change in % total
maximal target dose, patients with at least 50% increase in % total
maximal target dose showed significantly larger improvements in
6 min walk test in the last week of study when comparing with
the first week of study (P=0.009%). (C) Overall patients’ daily
mean Biovitals Index was significantly lower in the last week of study
when compared with the first week of study (P = 0.02%*), indicating
more stable physiological parameters and fewer symptoms. MTD,
maximal target dose.

allowed prediction of HF hospitalization with 76—-88% sensitivity and
85% specificity. */ In the study, a multivariate change index was de-
vised to assess for change in physiological parameters comparing
with the baseline state. Similarly, a machine learning-derived health
index that reflects the derivatives in physiology parameters or
changes of symptoms was used in the currently reported study.33

We previously demonstrated that such machine learning-derived
health index was superior to National Early Warning Score 2
(NEWS2) in predicting clinical worsening events (sensitivity 94.1%
and specificity 88.9%) and prolonged hospitalization (sensitivity
66.7% and specificity 72.7%) among Coronavirus Disease 2019 pa-
tients.”” The accuracy in predicting HF hospitalization will be further
explored in the randomized controlled phase of the DAVID-HF trial.

Limitations

This study had several limitations. First, the generalizability of results
from this pilot phase study was limited by basing on a single centre,
having a small sample size, and not having random allocation of treat-
ment groups. Nevertheless, it demonstrated that remote drug escal-
ation is safe among HFrEF patients and a randomization phase will
follow to provide further insight regarding its efficacy. Second, the re-
mote monitoring platform for HFrEF management used in this study
is not yet available for use or validation by other clinicians. Third, as
this study was performed before the release of the 2021 ESC guide-
line for HFrEF, some of the latest societal recommendation were not
reflected in the original study protocol. Study protocol will be up-
dated accordingly before initiating the randomization phase of the
study. Fourth, as this study had an open-label design, the
Hawthorne effect and other biases could not be entirely eliminated.
Fifth, patients who could not independently operate the wearable
armband and smartphone application, or lack Internet access, could
not readily utilize the remote monitoring system without assistance
from caregivers and derive benefit from it. Sixth, data regarding dis-
agreements between cardiologists and the algorithm-generated
drug titration recommendations would provide useful insights.
Nonetheless, the database system used in this pilot phase study
was not designed to document the occurrence and reasons for
such discrepancies. The updated database system will be utilized
in the subsequent randomization phase to record the relevant
information.

Conclusion

Home-based, remote HF monitoring using a wearable armband
monitor and dedicated smartphone application appeared feasible
for HF medication escalation in chronic HFrEF.
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