Heart Failure Reviews (2022) 27:1281-1300
https://doi.org/10.1007/s10741-021-10150-5

=

Check for
updates

Remote monitoring for heart failure using implantable devices:
a systematic review, meta-analysis, and meta-regression
of randomized controlled trials

Alexander G. Hajduczok'® - Samer N. Muallem’ - Matthew S. Nudy? - Ami L. DeWaters' - John P. Boehmer?

Accepted: 14 July 2021 / Published online: 24 September 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

In heart failure (HF) patients, remote monitoring using implantable devices may be used to predict and reduce HF exacerba-
tions and mortality. Data from randomized controlled trials (RCTs) was assessed to determine the effectiveness of implant-
able remote monitoring on the improvement of outcomes in HF patients. A systematic review and meta-analysis of RCTs
testing remote monitoring versus standard of care for management of HF patients was performed. Primary endpoints were
all-cause mortality and a composite of cardiovascular (CV) and HF hospitalizations. Rate ratios (RRs) and 95% confidence
intervals (CI) were calculated. A secondary analysis tested for heterogeneity of treatment effect (HTE) comparing right
ventricular/pulmonary pressure monitoring versus impedance-based monitoring on hospitalization. A regression analysis
was performed using the mean follow-up time as the moderator on each primary endpoint. Eleven RCTs (n=6196) were
identified with a mean follow-up of 21.9 months. The mean age and reported ejection fraction were 64.1 years and 27.7%,
respectively. Remote monitoring did not reduce mortality (RR 0.89 [95% CI 0.77, 1.03]) or the composite of CV and HF
hospitalizations (RR 0.98 [0.81, 1.19]). Subgroup analysis found significant HTE for hospitalizations between those stud-
ies that used right ventricular/pulmonary pressure monitoring versus impedance-based monitoring (/> =87.1%, chi>=7.75,
p=0.005). Regression analysis found no relationship between the log rate ratio of remote monitoring’s effect on mortality,
CV hospitalization or HF hospitalization, and mean follow-up time. Compared to standard of care, remote monitoring using
implantable devices did not reduce mortality, CV, or HF hospitalizations. However, right ventricular/pulmonary pressure
monitoring may reduce HF hospitalizations, which will need to be explored in future studies.

Keywords Heart failure - Remote monitoring - Implantable devices - Systematic review - Meta-analysis - Randomized
controlled trials

Highlights Abbreviations
o Standard of care in heart failure outpatient monitoring is HF Heart failure
centered on patient-reported symptoms. cvV Cardiovascular

e New methods of monitoring physiologic markers with . .
implantable devices such as cardiac resynchronization therapy RCT Randomized controlled trial
device and pulmonary artery pressure sensors have been CRT-D Cardiac resynchronization therapy defibrillator
developed. ICD Implantable cardioverter-defibrillator

e Several randomized controlled trials (RCTs) have been
conducted examining whether use of remote monitoring has an
effect on mortality and hospitalizations.

o This systematic review and meta-analysis examined 11 RCTs
and showed no significant effect with implantable remote
monitoring on mortality, heart failure (HF) hospitalizations, or
cardiovascular hospitalizations when compared to standard of
care.

o A decrease in HF hospitalizations was observed in RCTs using
implantable continuous cardiac/pulmonary artery pressure
monitoring compared to thoracic impedance-based monitoring
strategies.

Extended author information available on the last page of the article

Introduction

Heart failure (HF) is a complex clinical syndrome that
affects over 26 million people worldwide [1, 2]. The disease
poses a tremendous strain on the current medical system due
to frequent rehospitalizations, accounting for over 1 mil-
lion annual hospital admissions [3]. In patients with HF,
the standard of care for surveillance of chronic disease has
been to monitor symptoms and maintain frequent outpatient
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follow-up with patient-initiated phone calls if symptoms
worsen. Outpatient diuretic regimens are adjusted in real
time to help reduce volume overload and improve heart
failure symptoms. Early follow-up for HF hospitalizations,
within 7 days of discharge, has been associated with a lower
30-day readmission rate, suggesting a benefit for closer mon-
itoring of HF patients [4]. Continuous remote monitoring of
specific metrics in HF patients may lead to earlier interven-
tions and therefore improved outcomes [5, 6].

Randomized controlled trials (RCTs) have tried to rep-
licate this close follow-up and monitoring technique using
telemonitoring that transmits metrics such as blood pressure,
weights, and symptoms [5, 7, 8]. Individual studies have not
shown a large benefit in reducing HF hospitalizations using
telemonitoring, but meta-analysis of these RCTs suggests
that there may be a role for telemonitoring in reducing mor-
tality and HF hospitalizations [8—10].

In addition to telemonitoring, a new method of surveil-
lance for disease severity has emerged in the form of remote
monitoring of implantable devices [7, 11]. Such devices,
which include implanted cardiac defibrillators, dual chamber
pacemakers, cardiac resynchronization therapy devices, and
implantable hemodynamic pressure sensors, can measure
physiologic parameters such as intrathoracic impedance,
tachyarrhythmias, and intracardiac or pulmonary artery pres-
sure, thereby providing actionable data to guide therapy [1,
5, 11].

The physiologic measures these devices are able to
monitor theoretically correlate with heart failure exacerba-
tion states [11], but their utilization for heart failure man-
agement with mortality benefit remains to be seen [12].
Ongoing research is being conducted to determine whether
monitoring of this physiologic data can be utilized to make
medication adjustments in the outpatient setting and control
heart failure symptoms to prevent hospitalization [13]. This
was based on previous observational studies that utilized
hemodynamic-based heart failure management strategies,
which improved New York Heart Association (NYHA)
class and decreased HF hospitalizations [14, 15].

Due to the inconclusive RCT and meta-analysis data
about the effectiveness of telemonitoring, additional research
has been performed to assess objective measures that corre-
late with worsening HF, specifically via implantable remote
monitoring devices [12, 13, 16-28]. Whereas the current
standard of care relies on patient-reported symptoms for
intervention, utilization of remote monitoring would give
more objective clinical data to help drive management, and
may improve outcomes [11, 12, 17]. Given the burden of
heart failure hospitalizations on the individual patient as
well as the larger healthcare system, prevention of HF exac-
erbation is a critical goal [1-3].

We aimed to review and analyze the current literature on
invasive remote monitoring in HF patients to assess whether
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remote monitoring of physiologic markers of disease sever-
ity leads to a reduction in mortality, cardiovascular-related
hospitalization, or heart failure hospitalization rates when
compared to standard of care (routine outpatient follow-up).

Methods

Literature search strategy, selection criteria,
and outcomes of interest

The Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) document was used as a guide and
followed [29, 30]. Medline/PubMed, Embase, and Cochrane
databases were searched for English language studies pub-
lished between January 1, 1990 and August 9, 2019. Studies
of interest included prospective randomized controlled trials
(RCTs) testing remote monitoring versus control (standard
of care) in adult (> 18 years) patients with HF and analyzed
various outcomes using implantable remote monitoring
modalities that were able to directly or indirectly report
hemodynamic information. “Standard of care” was defined
as usual or routine follow-up for heart failure, based on clini-
cian discretion, including outpatient visits and bloodwork,
but not using remote monitoring or electronic transmission
of data to guide management. Outcomes of interest for this
analysis included all-cause mortality and heart failure hos-
pitalization. If an RCT did not report an outcome of inter-
est, it was not included in this analysis. Remainder of inclu-
sion criteria included subjects with New York Heart Failure
(NYHA) HF classes I-IV and use of an implantable remote
monitoring device that had remote monitoring capabilities
(intracardiac pressures, pulmonary artery pressures, thoracic
impedance, continuous arrhythmia monitoring, or a com-
bination of these parameters). Exclusion criteria included
studies that only utilized remote telemonitoring that did not
transmit information from an implantable device or studies
that only transmitted arrhythmia data from ICD or CRT-D
devices. Initial keywords that were used included “Heart
Failure, remote monitoring, wearable technology, heart
sensor, implantable hemodynamic monitoring, randomized
controlled trial, mortality, and hospital stay.”

Data extraction and quality assessment

Data extraction was done in two phases: a practical review
and a methodological review. In the practical review, the
title and abstract of each of the 1604 articles retrieved in
the search were reviewed independently for inclusion by a
team of two reviewers (AH and SM), after removing dupli-
cates. Gray literature was also searched, with revealed no
additional articles.
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Disagreements were resolved by consensus and resulted
in 105 articles selected for full review. In the full-text
review, inclusion/exclusion criteria were applied again,
yielding 25 articles eligible for methodological review.
These 25 studies were then further narrowed to 11 rand-
omized controlled trials (RCTs) after eliminating duplicate
datasets and studies that did not have the primary out-
comes of mortality and cardiovascular (CV) hospitaliza-
tions or HF hospitalizations, or included the proper forms
of remote monitoring (Fig. 1).

Data were independently recorded in a standardized
manner for each RCT. Supplemental appendices were
also searched if data were incomplete. Any inconsistencies
were reassessed by all parties until the data were deter-
mined to be accurate.

All included studies were graded for bias using the
Cochrane Handbook for Systematic Review of Interven-
tions by two authors (AH and SM). Bias was assessed on
predetermined criteria including random sequence gen-
eration, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incom-
plete outcome data, selective reporting, and other (i.e.,
predetermined outcome of trial, financial consideration)
[31, 32].

Statistical analysis

The primary analysis was performed using the Mantel-Haenszel
method, and summary rate ratios (RRs) and 95% confidence
interval (CI) were calculated using a random effect model for
each endpoint. Total patient-years were calculated using trial
duration and number of patients in each arm of the included
studies. Examination of heterogeneity across the RCTs was
assessed using Q statistics and I [33]. The 95% Cls were esti-
mated using a binominal distribution. A sensitivity analysis
was performed which excluded the 3 studies that only reported
all-cause hospitalizations [23, 24, 26] and included those that
reported HF hospitalization specifically [17, 19-22, 25,27, 34].
A random effect model was utilized given the inherent variabil-
ity in patient population, device types, remote monitoring pro-
tocols, variation in control arm oversight, and follow-up times
of the included studies. Publication bias was visually assessed
using funnel plots.

An exploratory subgroup analysis was performed
comparing implanted right ventricular/pulmonary pres-
sure monitoring versus impedance-based monitoring
on each hospitalization outcome. This was also per-
formed for clinician-based versus patient-based alerts
and reported for both hospitalization outcomes. In both
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cases, summary RRs with 95% CI were calculated. Each
subgroup was assessed for heterogeneity, and the test
for subgroup differences was performed using chi? and
I? tests to assess for heterogeneity of treatment effect
(HTE) [35].

A random effect meta-regression was performed using the
mean follow-up time in months of each RCT as the modera-
tor to determine if this continuous variable contributed to the
heterogeneity in the mortality, HF or CV hospitalization, and
HF hospitalization outcome. Meta-regression linear graphs
were created by plotting the moderator variable (mean
follow-up time) on the x-axis and the treatment effect of
remote monitoring on the y-axis (the log of the rate ratio of
remote monitoring’s treatment effect of mortality, HF or CV
hospitalization, and HF hospitalization for each RCT). When
interpreting meta-regression, the log of the rate ratio used is
on the y-axis. A log value of zero corresponds to a rate ratio
of one; a negative log value corresponds to a rate ratio less
than one, and a positive log value corresponds to a rate ratio
greater than one. Each circle in the regression represents
an included RCT, and the size of the circle is proportional
to the weight of each RCT in the regression. The darker
line in the center is the regression line, and the outer lighter
colored lines represent the 95% CI. The following statistical
tests were used in the regression: Tau? which estimates the
true variance among trials, I? which represents the ratio of
heterogeneity to total observed variation in the RCTs, and
R? index which is the proportion of between study variance
explained by the moderator (in this analysis mean follow-up
time). Regression coefficients and 95% Cls were calculated
and describe how remote monitoring’s treatment effect will
change with a unit change in the moderator variable.

Statistical analyses were conducted, and forest plots were
created with Review Manager (RevMan [Computer pro-
gram]. Version 5.3. Copenhagen: The Nordic Cochrane Cen-
tre, The Cochrane Collaboration, 2014). The meta-regression
was performed using Comprehensive Meta-Analysis Version
3, Biostat, Englewood, NJ, 2013.

Results

Eleven RCTs were identified comparing remote monitor-
ing of implantable devices with hemodynamic monitoring
capabilities to standard of care for heart failure management.
These RCTs had a total of 6196 participants with weighted
mean follow-up time of 21.9 months (10,667 patient-years
of follow-up). The mean age and reported ejection frac-
tion were 64.1 years and 27.7%, respectively (Fig. 1 and
Table 1). There was some variation in primary endpoints
between the studies, with 8 measuring HF hospitalizations
and the remaining 3 measuring the broader measure of CV
hospitalizations, which were defined as any hospitalizations
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with a cardiovascular diagnosis as the reason for admission
(Table 2). All 11 RCTs had mortality data included as either
primary or secondary endpoints (Tables 1 and 2 and Appen-
dix 1). When comparing remote monitoring to standard of
care, there was no significant reduction in mortality (RR
0.89 [95% CI 0.77-1.03]) or the composite of CV or HF
hospitalizations (RR 0.98 [95% CI 0.81-1.19]) (Figs. 2 and
3). Statistically significant heterogeneity existed among
the RCTs analyzing CV or HF hospitalization (I*=90%,
chi?=101.02, p <0.0001). Minimal, although statistically
insignificant, heterogeneity existed amongst the RCTs when
analyzing all-cause mortality (*=7%, chi’=10.7, p=0.38).
On visual evaluation of the funnel plot, there was no evi-
dence of publication bias for both of the measured primary
outcomes (Supplementary Figs. 3, 4).

Sensitivity analysis examining exclusively HF hospitali-
zations with data from 8 of the 11 RCTs included revealed
no significant reduction in HF hospitalizations in the remote
monitoring group compared to control (RR 0.97 [95% CI
0.74-1.24]). Statistically significant heterogeneity was
observed among these 8 RCTs (chi’=64.9, p <0.0001,
P =89%) (Fig. 4).

Given the significant heterogeneity observed when ana-
lyzing the hospitalization outcome, exploratory subgroup
analyses were performed based on type of remote moni-
toring and alert type (clinician versus patient). Subgroup
analysis showed that there was a statistically significant dif-
ference in the composite of CV or HF hospitalizations and
HF hospitalizations alone when comparing studies using
implanted right ventricular/pulmonary pressure monitoring
versus impedance-based monitoring, favoring the intracar-
diac pressure monitoring (RR 0.75 [95% CI 0.59-0.95] vs.
RR 1.10 [95% CI 0.96-1.26]) and test for subgroup differ-
ences: I=87.1%, chi’=7.75, p=0.005 (Fig. 5, Supplemen-
tal Fig. 5). When RCTs were stratified by alert type (clini-
cian versus patient alerts), there was an increase in both CV
or HF hospitalizations and HF hospitalizations alone when
studies used devices with patient alerts (RR 1.55 [95% CI
1.28-1.89]) compared to clinician alerts (RR 0.91 [95% CI
0.75-1.09]) and test for subgroup differences: *=93.7%,
chi?=15.87, p<0.0001 (Fig. 6, Supplemental Fig. 6).

The overall risk of bias in the included RCTs was judged
to be low, as 11/88 (12.5%) of the domains were graded as
moderate or high (Supplementary Table 1).

The meta-regression analysis found no statistically sig-
nificant relationship between the log rate ratio of remote
monitoring’s effect on mortality and the mean follow-up
time [Tau?=0.01, I’=17.1% and R*>=0.00, regression
coefficient=0.004 (95% CI —0.02-0.03)] (Fig. 7). In addi-
tion, there was no statistically significant linear relation-
ship between the log rate ratio of remote monitoring’s
effect on CV or HF hospitalization and mean follow-up
time [Tau2 =0.07, I*’=78% and R*=0.00, regression
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Remote Monitoring Control

Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Abraham 2016 50 270 64 280 17.3% 0.81[0.58, 1.13) —
Adamson 2011 7 202 9 198 2.3% 0.76[0.29, 2.01) ——
Bohm 2016 59 505 63 497 17.1% 0.92 [0.66, 1.29] —-—

Boriani 2017 40 437 34 428 10.4% 1.15 [0.74, 1.78] T
Bourge 2008 13 134 11 140 3.6% 1.23 [0.57, 2.686] S
Domenichini 2016 4 41 3 39 1.1% 1.27 [0.30, 5.31]

Hindricks 2014 10 233 27 331 4.2% 0.37 [0.18, 0.75] —_—

Landolina 2012 7 99 g 101 2.2% 0.89[0.34, 2.37]

Luthje 2015 8 87 6 89 2.1% 1.36 [0.48, 3.77] —

Morgan 2017 128 824 152 B26 324.7% 0.84 [0.68, 1.05] —H

Yan Veldhuisen 2011 19 168 15 167 5.1% 1.26 [0.66, 2.39] e e —
Total (95% CI) 3100 3096 100.0% 0.89 [0.77, 1.03] ’

Total events 345 392

Heterogeneity. Tau? = 0.00; Chi® = 10.70, df = 10 (P = 0.38); I? = 7% 0:1 0:2 0:5 é[ S‘ 1:0

Test for overall effect: 2 = 1.55 (P = 0.12)

Fig.2 All-cause mortality. Forest plot showing rate ratio and 95%
confidence for each endpoint among HF patients randomized to
remote monitoring versus standard of care. When comparing remote
monitoring to standard of care, there was no significant reduction in

coefficient=0.01 (95% CI—0.01-0.04)] (Supplementary
Fig. 1). Also, the meta-regression analysis found no signifi-
cant relationship between the log rate ratio of remote moni-
toring’s effect on HF hospitalization and the mean follow-up
time [Tau2 =0.09, ’=79.9% and R*=0.1, regression coef-
ficient=0.02 (95% CI—-0.022-0.063)] (Fig. 5).

Discussion

Compared to standard of care, remote monitoring of physi-
ologic parameters using implantable devices did not have
a significant reduction in mortality or in the composite of
CV or HF hospitalizations in patients with HF in the 11
RCTs included in this systematic review and meta-analysis.

Remote Monitoring Control

Favors Remote Monitoring Favors Control

mortality (RR 0.89 [95% CI 0.77-1.03]). Minimal, although statisti-
cally insignificant, heterogeneity existed among when analyzing all-
cause mortality (*=7%, chi’=10.7, p=0.38)

Sensitivity analysis of HF hospitalizations alone, which
was measured in 8 of the 11 RCTs, showed that remote
monitoring had no significant reduction in HF hospitaliza-
tions. However, statistically significant heterogeneity was
found in the studies measuring CV or HF hospitalizations
leading to a subgroup analysis that revealed a statistically
significant advantage in the composite of CV or HF hospital-
izations and HF hospitalizations in studies using implanted
right ventricular/pulmonary pressure monitoring when com-
pared to studies using impedance-based monitoring.

The high heterogeneity among the hospitalization out-
come can be due to multiple reasons: (1) only 11 stud-
ies met inclusion and exclusion criteria, with a relatively
short mean total follow-up time (21.9 months) including
only 6196 patients (10,667 patient-years); (2) variability

Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Apraham 2016 182 270 279 280 11.7% 0.68 [0.62, 0.74] -

Adamson 2011 79 202 83 188 10.1% 0.93 [0.74, 1.18] —

Bohm 2016 220 505 218 497  11.2% 0.99[0.86, 1.14] —

Boriani 2017 187 437 200 428 11.2% 0.96 [0.83, 1.11] ——

Bourge 2008 37 134 57 140 8.7% 0.68 [0.48, 0.95] e —
Domenichini 2016 11 41 3 39 3.3% 1.74 [0.71, 4.26]

Hindricks 2014 23 333 27 331 6.1% 0.85 [0.50, 1.45] —_—T
Landolina 2012 57 99 49 101 9.7% 1.19[0.81, 1.54] T
Luthje 2015 20 87 22 89 6.2% 0.93 [0.55, 1.58] s E—
Morgan 2017 315 824 297 826  113% 1.06 [0.94, 1.21] T

Yan Yeldhuisen 2011 115 168 74 167 10.6% 1.54[1.27, 1.88] —
Total (95% CI) 3100 3096 100.0% 0.98 [0.81, 1.19] B

Total events 1256 1312

Heterogeneity. Tau? = 0.08; Chi? = 101.02, df = 10 {P < 0.00001); I* = 90% 0l2 015 j' g‘

Test for overall effect: Z = 0.18 (P = 0.85)

Fig.3 CV or HF hospitalizations. Forest plot showing rate ratio and
95% confidence for each endpoint among HF patients randomized to
remote monitoring versus standard of care. When comparing remote
monitoring to standard of care, there was no significant reduction

@ Springer

Favors Remote Monitoring Favors Control

in the composite of CV or HF hospitalizations (RR 0.98 [95% CI
0.81-1.19]). Statistically significant heterogeneity existed among the
RCTs analyzing CV or HF hospitalization (”=90%, chi’=101.02,
p<0.0001)
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Remote Monitoring Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI

Abraham 2016 182 270 279 280 16.2% 0.68 [0.62, 0.74] -

Adamson 2011 79 202 83 198 14.3% 0.93 [0.74, 1.18] —

Bohm 2016 220 505 218 497 15.7% 0.99[0.86, 1.14] ——

Boriani 2017 111 437 103 428 14.4% 1.06 [0.84, 1.33] —

Bourge 2008 37 134 57 140 12.6% 0.68 [0.48, 0.95] s

Domenichini 2016 11 41 S 39 5.2% 1.74 [0.71, 4.26]

Luthje 2015 20 87 22 89 9.4% 0.93 [0.55, 1.58] —_——

Yan VYeldhuisen 2011 60 168 6 187 12.3% 1.66[1.16, 2.36] —_——

Total (95% CI) 1844 1838 100.0% 0.97 [0.76, 1.24] i

Tatal events 720 804

Heterogeneity. Tau? = 0.10; Chi® = 64.90, df = 7 (P < 0.00001); I = 89% 0=2 0’5 jl él

Test for overall effect: Z = 0.25 (P = 0.81)

Fig.4 HF hospitalizations. Forest plot showing rate ratio and 95%
confidence for each endpoint among HF patients randomized to
remote monitoring versus standard of care. Sensitivity analysis
examining exclusively HF hospitalizations with data from 8 of the

in devices/measured parameters; and (3) variability in
study protocols, including lack of a standardized treat-
ment protocol. Multiple different devices, with proprietary
data collection and transfer methods, were utilized among
the RCTs, including CRT-D vs. ICD vs. pulmonary artery
pressure sensor-based devices.

Any form of monitoring, but especially invasive meth-
ods as mentioned above and examined in this study, are
not inexpensive; thus, it is critical to define whether these
technologies are actually superior to the standard of care

Remote Monitoring Control

Study or Subgroup Events Total

Events Total Weight M-H, Random, 95% CI

Favors Remote Monitoring Favors Control

11 RCTs included revealed no significant reduction in HF hospi-
talizations in the remote monitoring group compared to control (RR
0.97 [95% CI 0.74-1.24]). Statistically significant heterogeneity was
observed among these 8 RCTs (chi>=64.9, p <0.0001, I*=89%)

for outpatient follow-up [11, 12]. Value-based care is
becoming increasingly prevalent in outpatient cardiol-
ogy, as it has become a goal to prevent rehospitalizations
for HF [3]. This meta-analysis does not support invasive
methods as a more “high value” option for patients with
HF. We argue that the reason why this was not captured
in the data from the 11 RCTs presented is because the
metrics used may lack adequate sensitivity or specificity
for the true pathophysiology of the heart failure disease
state. In addition, patient-based alerts were associated

Risk Ratio Risk Ratio

M-H, Random, 95% CI

1.7.1 Intracardiac pressure monitoring

Abraham 2016 182 270 279 280 11.7%
Adamson 2011 79 202 83 198 10.1%
Bourge 2008 37 134 57 140 8.7%
Subtotal (95% CI) 606 618 30.4%
Total events 298 419

Heterogeneity. Tau? = 0.03; Chi® = 7.39, df = 2 (P = 0.02); I? = 73%
Test for overall effect: Z = 2.41 (P = 0.02)

1.7.2 Impedance-based monitoring

Bohm 2016 220 505 218 497 11.2%
Boriani 2017 197 437 200 428  11.2%
Domenichini 2016 11 41 6 39 3.3%
Hindricks 2014 23 333 27 331 6.1%
Landoalina 2012 57 99 49 101 9.7%
Luthje 2015 20 87 22 89 6.2%
Morgan 2017 315 824 297  B26 113%
Yan Veldhuisen 2011 115 168 74 167  10.6%
Subtotal (95% CI) 2494 2478 69.6%
Total events 958 893

Heterogeneity. Tau? = 0.02; Chi® = 18.99, df = 7 (P = 0.008); I* = 63%
Test for overall effect: 2 = 1.39 (P = 0.17)

Total (95% CI)
Total events

3100 3096 100.0%

1256 1312

Heterogeneity. Tau? = 0.08; Chi® = 101.02, df = 10 (P < 0.00001); I* = 90%

Test for overall effect: 2 = 0.18 (P = 0.85)
Test for subgroup differences: Chi? = 7.75, df = 1 (P = 0.005), I* = 87.1%

Fig. 5 Intracardiac pressure monitoring vs. thoracic impedance-based
monitoring (subgroup analysis). Outcomes shown are the composite
of HF or CV hospitalizations. Subgroup analysis showed that there
was a statistically significant difference in the composite of CV or
HF hospitalizations when comparing studies using implanted right

0.68 [0.62, 0.74]
0.93[0.74, 1.18]
0.68 [0.48, 0.95]

0.75 [0.59, 0.95] -

0.99 [0.86, 1.14]
0.96 [0.83, 1.11]
1.74 [0.71, 4.26]
0.85 [0.50, 1.45] —
1.16[0.91, 1.54] +—
0.93 [0.55, 1.58]
1.06 [0.94, 1.21] 4
1.54[1.27, 1.88]
1.10 [0.96, 1.26] »

0.98 [0.81, 1.19] R

0.2 05 p) 5
Favors Remote Monitoring Favors Control

ventricular/pulmonary pressure monitoring versus impedance-based
monitoring, favoring the intracardiac pressure monitoring (RR 0.75
[95% CI 0.59-0.95] vs. RR 1.10 [95% CI 0.96-1.26]) and test for
subgroup differences: I>=87.1%, chi>=7.75, p=0.005

@ Springer
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Remote Monitoring Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
1.9.1 Clinician alerts
Abraham 2016 182 270 279 280 11.7% 0.68[0.62, 0.74] -
Adamson 2011 79 202 83 198 10.1% 0.93 [0.74, 1.18] —
Bohm 2016 220 505 218 497  11.2% 0.99[0.86, 1.14] —
Boriani 2017 197 437 200 428 11.2% 0.96 [0.83, 1.11) —
Bourge 2008 37 124 57 140 8.7% 0.68 [0.48, 0.95] —_—
Hindricks 2014 23 333 27 331 6.1% 0.85 [0.50, 1.45] ——
Landolina 2012 57 99 49 101 9.7% 1.19[0.91, 1.54] T
Luthje 2015 20 87 22 89 6.2% 0.93 [0.55, 1.58] S E—
Morgan 2017 315 824 297 826 11.3% 1.06 [0.94, 1.21] o
Subtotal (95% CI) 2891 2890 86.1% 0.91 [0.76, 1.09] -
Total events 1130 1232
Heterogeneity. Tau? = 0.06; Chi® = 65.80, df = 8 (P < 0.00001); I’ = 88%
Test for overall effect: 2 = 1.04 (P = 0.20)
1.9.2 Patient alerts
Damenichini 2016 11 41 & 29 2.3% 1.74 [0.71, 4.26]
Yan Yeldhuisen 2011 115 168 74 167 10.6% 1.54[1.27, 1.88] —
Subtotal (95% CI) 209 206 13.9% 1.55 [1.28, 1.89] B
Total events 126 80
Heterogeneity. Tau? = 0.00; Chi® = 0.07, df = 1 (P = 0.79); I? = 0%
Test for overall effect: £ = 4.45 (P < 0.00001)
Total (95% CI) 3100 3096 100.0% 0.98 [0.81, 1.19] i
Total events 1256 1312
Heterogeneity. Tau? = 0.08; Chi® = 101.02, df = 10 (P < 0.00001); I* = 90% 0:2 0:5 jl é

Test for overall effect: 2 = 0.18 (P = 0.85)

Test for subgroup differences: Chi® = 15.87, df = 1 (P < 0.0001), I* = 93.7%

Fig.6 Clinician vs. patient-based alerts (subgroup analysis). Out-
comes shown are HF or CV hospitalizations. There was an increase in
both CV or HF hospitalizations and HF hospitalizations alone when

with an increase in hospitalizations [22, 27]. This is pre-
sumably due to biasing of symptomatology, leading to a
lower threshold for HF admission if a remote monitoring
device designed to detect HF exacerbations is in “alert.”

Favors Remote Monitoring Favors Control

studies used devices with patient alerts (RR 1.55 [95% CI 1.28-1.89])
compared to clinician alerts (RR 0.91 [95% CI 0.76-1.09]) and test
for subgroup differences: I>=93.7%, chi’=15.87, p <0.0001

Clinician-based alerts did not individually increase hospi-
talizations. Therefore, this raises concern that these alerts
could lead to an unnecessary increase in hospitalization
(Table 2).

Regression of Log Rate Ratio of Remote Monitoring's Treatment Effect on Mortality

0.80

0.60 —

0.40 —

0.20

0.00 —

-0.20

-0.40

-0.60 —

-0.80

-1.00

-1.20

Log Rate Ratio of Remote Monitoring's Treatment Effect

-1.40 T T T
0.0 5.3 10.5 15.8

T T T T

21.0 26.3 315 36.8 42.0

Mean Follow-Up Time (Months)

Fig.7 This figure represents the random effect meta-regression. The
log rate ratio of remote monitoring’s treatment effect on mortality
from each trial is plotted on the y-axis. The mean follow-up time in
months (moderator variable) is plotted on the x-axis. Each circle on

@ Springer

the graph represents an included randomized trial, and the size of the
circle is proportional to the weight each study had in the regression
model. The darker line in the center is the regression line and the
lighter colored, outer lines represent the 95% confidence interval
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While invasive remote monitoring may not have been
shown to provide high value care for HF under normal cir-
cumstance, the novel coronavirus SARS-CoV2 (COVID-19)
pandemic highlighted the importance of remote monitoring
of various medical conditions, including heart failure [36].
Reduced in-person visits and hesitancy to seek care in the
early stages of the pandemic may have paradoxically caused
a decrease in HF hospitalizations; however, this merely
highlighted the need for advances in telehealth and remote
monitoring for HF. Experts such as Abraham et al. have pos-
tulated that remote monitoring devices, specifically invasive
devices such as CardioMEMS [16, 17], should be quickly
adopted by clinicians in the absence of in-person visits [36].
This would be pertinent to aid clinicians in providing remote
care and prevent further HF hospitalizations.

Interestingly, the subgroup analysis shows that implant-
able hemodynamic pressure monitoring, whether of RV or
PA pressures [17, 21, 34], did reduce hospitalizations as
compared to monitors that were centered around thoracic
impedance (Fig. 5). Although thoracic impedance may be a
measure of pulmonary edema, it may be limited in detect-
ing changes in patients with chronic heart failure or may
be subject to changes other heart failure, such as pneumo-
nia. Therefore, the sensitivity and specificity of this sin-
gle metric may be limited. This finding is in concordance
with the findings from the CHAMPION trial, which used
a regimented and aggressive treatment plan based on PA
pressure-based determination of volume status [17]. This
included stratifying subjects as optivolemic, hypervolemic,
or hypovolemic. If volume status was optimal, no changes
were made. Whereas for a designation of hypervolemia or
hypovolemia, clinicians were encouraged to make immedi-
ate changes to diuretics, fluid/salt restrictions, and neurohu-
moral/vasodilator therapy, with close (2-3 day) follow-up
often included repeating laboratory testing. This monitoring
strategy proved to be effective in reducing hospitalizations.

Only one of the 11 studies had a statistically significant
mortality benefit, the IN-TIME trial (RR 0.37; 95% CI
0.18-0.75) [23]. Notably, this study utilized a multiparame-
ter monitoring system and is the only RCT to use such a sys-
tem, although others have been studied in non-randomized
prospective observational trials including PARTNERS-HF,
MultiSENSE, and MANAGE-HF (NCT03237858) [18, 28,
37, 38]. Given that these studies are not RCTs (PARTNERS-
HF and MultiSENSE) or ongoing (MANAGE-HF), they
were excluded from this analysis.

In addition, ongoing multisensory remote monitor-
ing studies could potentially replicate the results from
these implantable device studies, with the use of wearable
devices measuring the same or surrogate parameters. This
includes the Multisensor Monitoring in Congestive Heart
Failure (MUSIC) study and the Nanosense cohort study
(NCT03719079), which incorporates the third heart sound

(S3) among other metrics measured by a wearable device
[39, 40]. This would expand the number of patients that
could potentially be monitored beyond those who have an
indication for an ICD or CRT-D, suggesting advanced heart
failure. Overall, these techniques are promising moving for-
ward and may prove to show more benefit that intrathoracic
impedance-based or intracardiac/PA pressure-based moni-
toring systems, with potentially less complications or side
effects [11].

The results of this meta-analysis are consistent with other
recent meta-analyses. Yun et al. focused on telemonitoring for
HF, but not specifically using implantable devices, yet there
was an all-cause mortality and HF-related mortality benefit,
driven mainly by smaller clinical trials [9]. Adamson et al.
showed that five clinical trials that did use hemodynamic
data (intracardiac/PA pressure monitoring) had a benefit in
terms of heart failure hospitalizations, which was reproduced
and expanded upon in our meta-analysis [12]. A more recent
meta-analysis, Alotaibi et al., of heart failure remote monitor-
ing using implantable devices had similar conclusions to our
study, however did not include the all of the RCTs due to a
difference in inclusion/exclusion criteria, as well as a focus
on arrhythmia-only based strategies [41].

To our knowledge, no formal meta-regression has been
performed analyzing the association with follow-up time and
outcomes related to HF remote monitoring. Using the mean
follow-up time as the moderator on each primary endpoint,
our regression analysis found no relationship between the
log rate ratio of remote monitoring’s effect on mortality,
CV hospitalization or HF hospitalization, and mean follow-
up time. Suggestions have been made that longer follow-
up times would be more efficacious in detecting clinically
meaningful differences in outcomes; however, this has not
been proven through RCT evidence. Notably, interim results
of the CHAMPION trial at 6 months showed a similar reduc-
tion in HF hospitalizations (39%) as was seen in final study
analysis at 18 months (33% reduction) [16, 17]. This falls
in line with our regression analysis on follow-up time and
could serve to guide future studies.

Limitations

One limitation of this meta-analysis is the RCT heteroge-
neity observed among the hospitalization outcomes. The
studies were conducted slightly differently, using a variety
of remote monitoring devices/parameters. Based on the find-
ings using hemodynamic pressure measurements, more stud-
ies investigating intracardiac or PA pressure monitoring may
show that this specific measure is beneficial [13].

Another limitation of this meta-analysis was the out-
come congruence and powering. Mortality was included in
this analysis given that the data was reported in each study
(and it is a valuable measure), yet it was not the primary
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outcome of the individual RCTs and these studies were not
powered to detect differences in mortality. Larger enroll-
ment and follow-up time would be required, yet this is
not always the feasible given the nature of the patient HF
severity (often NYHA classes III-IV) and including those
who require implantable devices such as ICD/CRT-Ds or
PA pressure monitors. In addition, not every study reported
heart failure hospitalizations, with some only including car-
diovascular hospitalizations (any hospitalization for heart
failure, arrhythmia, myocardial infarction, etc.). Ideally,
studies would report both measures (in addition to all-cause
hospitalization) to determine the specific benefit of remote
monitoring thereby defining reduction of types of hospitali-
zations, if any.

Although a large majority of the studies enrolled patients
with implanted CRT-D or ICD, they each had different phys-
iologic markers as part of their monitoring protocol. One
of the 11 RCTs utilized a pulmonary artery pressure sensor
[17]. Two of the 11 RCTs utilized audible patient alarms [22,
27], which adds an additional confounding factor, as these
alarms notified the patients directly whenever they crossed
the threshold for OptiVol fluid index of 60 (ohms). One of
the 11 RCTs [26] had only initial CV hospitalizations as a
primary endpoint, which would likely underreport the num-
ber of total CV hospitalizations.

Future Studies

Additional studies, especially those focused on monitoring
of hemodynamic parameters, will help elucidate the role for
remote monitoring. This includes the GUIDE-HF trial, a
follow-up to the CHAMPION trial [17] which is poised to
enroll 3600 patients in order to power for mortality [13].
A study of this magnitude would not have been feasible
without initial data from CHAMPION showing a positive
result. The full LAPTOP-HF trial study results will also help
answer this question [42]. The study was stopped early due
to device implantation adverse outcomes (during atrial sep-
tal puncture for LA pressure monitor implantation), but did
have a 41% reduction in annual HF hospitalizations [43].

Conclusion

In our systematic review, meta-analysis, and meta-regression,
we sought to determine whether there was evidence to sug-
gest that implantable remote physiologic monitoring in heart
failure patients results in reduced mortality and hospitaliza-
tions when compared to the standard of care. While a few
individual studies showed potential benefit, our meta-analysis
showed no significant difference in these outcomes between
patients who underwent a remote monitoring strategy and
those who had regular clinic follow-up. Given the significant
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morbidity and healthcare burden associated with heart failure
hospitalizations, further studies should assess clinically rel-
evant metrics that can accurately predict an exacerbation state
to ideally prevent hospitalization. According to our meta-
analysis, right ventricular/pulmonary pressure monitoring
may reduce hospitalizations compared to impedance-based
monitoring. Last, regression analysis found no relationship
between mean follow-up time and primary outcomes of mor-
tality, CV hospitalization, or HF hospitalization. In future
studies, utilization of standardized remote monitoring proto-
cols for intervention would likely allow for better assessment
of the utility of heart failure remote monitoring, and possibly
improve overall patient outcomes.

Appendix 1 Study descriptions

CHAMPION (Abraham, 2016) randomized 550 patients with
NYHA class III HF and implanted CardioMEMS pulmonary
artery pressure sensor into intervention and control groups.
The intervention group (n=270) had their pulmonary artery
pressure readings uploaded daily and used by the investiga-
tors to guide outpatient diuretic therapy. The control group
(n=280) did not have their pressure readings made available
to the study investigators. After mean follow-up of 6 months,
the intervention group had 182 HF hospitalizations, com-
pared to the control group’s 279 HF hospitalizations, and 50
deaths compared to the control’s 64 deaths [17].

REDUCEAf (Adamson, 2011) randomized 400 patients
with class II-1IT HF with an implanted hemodynamic moni-
tor system or an ICD capable of hemodynamic monitoring.
The physiologic markers measured were RV systolic pres-
sure, RV diastolic pressure, an estimate of pulmonary artery
diastolic pressure (ePAD), maximum positive and negative
changes in pressure over time, heart rate, and activity. The
intervention group had weekly uploads of this data sent to
their cardiologist, who adjusted outpatient medication regi-
mens per their discretion, whereas the control group did not
have their data made visible to their cardiologists, instead
continuing standard of care phone calls from the heart fail-
ure nursing team. After a mean follow-up time of 12 months,
the intervention group (n=202) had 79 HF hospitalizations
and 7 deaths, compared to the control group (n=198) with
83 HF hospitalizations and 9 deaths [34].

OptiLink HF (Bohm, 2016) randomized 1002 patients
with class II-III HF and an EF <35% who had recently
had an ICD with or without resynchronization capability
to either intervention or control group. Both groups had
intrathoracic impedance measured via the OptiVol fluid
index. The intervention group (n=>505) had alerts transmit-
ted to the study investigators whenever a certain threshold
index of intrathoracic impedance had been reached, and the
physicians would then follow an intervention protocol. The
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control group (n=>507) did not have these alerts transmitted
to the physicians, and instead continued standard of care
with nursing phone calls. After a mean follow-up time of
23.6 months, the intervention group had 214 initial CV hos-
pitalizations, of which 119 were initial HF hospitalizations,
with a total of 220 HF hospitalizations and 59 deaths. After
a mean follow-up time of 22.3 months, the control group had
221 initial CV hospitalizations, of which 128 were initial
HF hospitalizations, with a total of 218 HF hospitalizations
and 63 deaths [19].

MORE-CARE (Boriani, 2017) randomized 865 HF
patients with recently implanted CRT-D to either interven-
tion or control group, where both groups’ CRT-D reported
automatic alerts for lung fluid accumulation (OptiVol®),
atrial tachyarrhythmia (atrial tachycardia/fibrillation), and
system integrity. The control group (n=428) had “stand-
ard of care” defined as in-office follow-up every 4 months
without any remote checks of the CRT-D alerts, whereas the
intervention group (n=437) had follow-up every 4 months
alternating between remote checks of the CRT-D alerts and
regular in-office appointments. Over the median follow-up
time of 24 months, the intervention group had 197 CV hos-
pitalizations, of which 111 were HF hospitalizations, and
40 deaths. The control group had 200 CV hospitalizations,
of which 103 were HF hospitalizations, and 34 deaths [20].

COMPASS-HF (Bourge, 2008) randomized 274 patients
with NYHA class III-IV HF to either intervention (n=134)
or control (n=140) groups. Both groups then received an
implanted continuous hemodynamic monitoring device
(Chronicle, Medtronic Inc.). The intervention group had
physiologic data from their implanted devices reviewed
weekly by a clinician, whereas the control group did not
have their data reviewed during the mean follow-up time of
6 months. The intervention group had 37 HF hospitalizations
and 13 deaths, while the control group had 57 HF hospitali-
zations and 11 deaths [21].

LIMIT-CHF (Domenichini, 2016) randomized 80
patients with class I-III HF, EF <50%, and recent implan-
tation of an ICD or CRT-D capable of measuring the pro-
prietary intrathoracic impedance indices from Medtronic
OptiVol or SJM CorVue. The intervention group (n=41)
had an audible alarm set to the devices’ default conges-
tion thresholds (fluid index of 60 for OptiVol, congestion
trigger of 13 for CorVue), with patients instructed to call
their cardiologists if the alarm went off, and increase oral
loop diuretic dose by 50% for 1 week if indices were ris-
ing. The control group (n=39) did not have audible alarms
set up, and instead had routine in-office follow-up. Over
the median follow-up time of 375 days, the intervention
group had 11 HF hospitalizations and 4 deaths, while the
control group had 6 HF hospitalizations and 3 deaths [22].

IN-TIME (Hindricks, 2014) randomized 664 patients
with class II-III HF, EF <35%, and a recent dual chamber

ICD or CRT-D to either intervention (n=333) or control
(n=331) groups. The intervention group had their hemo-
dynamic data sent to the study investigators at a set time
daily and on detection of tachyarrhythmia, and the inves-
tigators made adjustments to outpatient medication per
their discretion. The control group did not have the data
reviewed and instead proceeded with standard of care.
Over a mean follow-up time of 335 days, the intervention
group had 23 CV hospitalizations and 10 deaths. Over a
mean follow-up time of 326 days, the control group had
27 CV hospitalizations and 27 deaths [23].

EVOLVO (Landolina, 2012) randomized 200 patients
with class I-1II HF, EF <35%, and dual chamber ICD or
CRT-D capable of intrathoracic impedance monitoring to
either intervention (n=99) or control (n=101) groups.
The intervention group had data regarding thoracic imped-
ance, arrhythmias, and ICD shocks transmitted to the
study investigators, and had 4-month follow-up alternat-
ing between in-person clinic visits and remote monitoring
visits based on the transmitted data, with adjustments to
medications made per physicians’ discretion, whereas the
control group had standard of care with regular 4-month
in-person clinic visits. Over the mean follow-up time of
16 months, the intervention group had 57 CV hospitaliza-
tions and 7 deaths, whereas the control group had 49 CV
hospitalizations and 8 deaths [24].

Luthje (2015) randomized 176 patients with class I-IV
HF and ICD or CRT-D to either the intervention group with
remote monitoring via OptiVol alerts or a control group of
standard in-office visits every 3 months. The intervention
group (n=287) had OptiVol alert system connected to the
Medtronic CareLink Network, whereas the control group
(n=289) did not have their devices connected to the network,
and instead had regular in-office visits. Of note, OptiVol
audible alerts were disabled in both groups. Both groups
were followed for 15 months. The intervention group had
20 HF hospitalizations during that follow-up time, whereas
the control group had 22 HF hospitalizations. Eight patients
died in the intervention group, compared to 6 patients who
died in the control group [25].

REM-HF (Morgan, 2017) randomized 1650 patients with
NYHA class II-IV HF and implanted ICD to either interven-
tion (n=_824) or control (n=_826) groups. The intervention
protocol consisted of weekly uploads of thoracic impedance,
Bi-V pacing, HR variability, arrhythmia, and AF/AT burden,
with guide book-directed adjustment of medical therapy by a
designated clinician, whereas the control group had standard
of care phone calls and clinic visits. Over a median follow-
up of 34 months, the intervention group had 315 initial CV
hospitalizations and 128 deaths, while the control group had
297 initial CV hospitalizations and 152 deaths [26].

DOT-HF (Van Veldhuisen, 2011) randomized 335 patients
with NYHA class II-IV HF, EF <35%, and implanted ICD
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or CRT-D capable of thoracic impedance monitoring with
the OptiVol system to either intervention (n=168) or con-
trol (n=167) groups. The intervention group had an audible
alarm set for an OptiVol fluid congestion threshold, with
patients instructed to call the study investigators when the
alarms went off, at which point interventions were performed
per clinicians’ discretion. The control group did not have any
audible alarms set for a specific threshold. Over a mean fol-
low-up time of 15 months, the intervention group had 115
CV hospitalizations, of which 60 were HF hospitalizations,
as well as 19 deaths. The control group had 74 CV hospi-
talizations, of which 36 were HF hospitalizations, and 15
deaths [27].
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