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Abstract

Background: With the advancement in information technology and mobile internet, digital health interventions (DHIs) are
improving the care of cardiovascular diseases (CVDs). The impact of DHIs on cost-effective management of CVDs has been
examined using the decision analytic model—based health technology assessment approach.

Objective: The aim of this study was to perform a systematic review of the decision analytic model—based studies evaluating
the cost-effectiveness of DHI's on the management of CVDs.

Methods: A literature review was conducted in Medline, Embase, Cumulative Index to Nursing and Allied Health Literature
Complete, PsycINFO, Scopus, Web of Science, Center for Review and Dissemination, and Institute for IEEE Xplore between
2001 and 2018. Studieswereincluded if the following criteriawere met: (1) English articles, (2) DHIsthat promoted or delivered
clinical interventions and had an impact on patients’ cardiovascular conditions, (3) studies that were modeling works with health
economic outcomes of DHIsfor CVDs, (4) studiesthat had acomparative group for assessment, and (5) full economic evaluations
including a cost-effectiveness analysis, cost-utility analysis, cost-benefit analysis, and cost-consequence analysis. The primary
outcome collected was the cost-effectiveness of the DHIs, presented by incremental cost per additional quality-adjusted life year
(QALY). The quality of each included study was evaluated using the Consolidated Health Economic Evaluation Reporting
Standards.

Results: A total of 14 studies met the defined criteria and were included in the review. Among the included studies, heart failure
(7/14, 50%) and stroke (4/14, 29%) were two of the most frequent CV Ds that were managed by DHIs. A total of 9 (64%) studies
were published between 2015 and 2018 and 5 (36%) published between 2011 and 2014. Thetime horizon was<1 year in 3 studies
(21%), >1 year in 10 studies (71%), and 1 study (7%) did not declare the time frame. The types of devices or technologies used
to deliver the health interventions were short message service (1/14, 7%), telephone support (1/14, 7%), mobile app (1/14, 7%),
video conferencing system (5/14, 36%), digital transmission of physiologic data (telemonitoring; 5/14, 36%), and wearable
medical device (1/14, 7%). The DHIs gained higher QALY s with cost saving in 43% (6/14) of studies and gained QALYsat a
higher cost at acceptable incremental cost-effectiveness ratio (ICER) in 57% (8/14) of studies. The studies were classified as
excellent (0/14, 0%), good (9/14, 64%), moderate (4/14, 29%), and low (1/14, 7%) quality.

Conclusions; Thisstudy isthefirst systematic review of decision analytic model—based cost-effectiveness analyses of DHIsin
the management of CVDs. Most of the identified studies were published recently, and the majority of the studies were good
quality cost-effectiveness analyses with an adequate duration of time frame. All the included studies found the DHIs to be
cost-effective.
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Introduction

Digital Health I nterventions

The application of information technology and mobile internet
in the health care industry takes the practice of patient care to
the era of digital health. Digital health is the convergence of
science and technology with health, health care, living, and
society [1]. According to the US Food and Drug Administration
(FDA), the broad scope of digital health includes awide range
of subsectors: mobile health, telemedicine, telehealth, wearable
devices, and personalized medicine [2]. Stakeholders, such as
health care practitioners and researchers, have adopted digital
health interventions (DHIs) aiming to promote access, reduce
costs, personalize medicine, and improve outcomes of patient
care. Various types of digital devices or technologies are used
to deliver the health interventions, such as the short message
service (SMS); mobile app; telephone; video conferencing
system; digital, broadband, satellite, wireless, or Bluetooth for
monitoring and transmission of physiol ogic data (telemonitoring
[TM]); and wearable medical device [3-6].

Use of Digital Health Interventionsin Cardiovascular
Diseases

Cardiovascular diseases (CVDs) cause 17.9 million deaths per
year, accounting for 31% of all mortality globaly [7]. It is
estimated that the global costs of CVDswill risefrom US $863
billion in 2010 to US $1044 in 2030 [8]. The potential benefits
of DHIs in CVDs were examined in clinical trials. TM was
applied in an intensive follow-up of heart failure (HF) patients
after discharge in the TElemonitoring in the MAnagement of
Heart Failure study [9]. Compared with the usual care group,
all-cause mortality was significantly lower in the TM group.
The number of follow-up days lost to HF-related events was
also significantly reduced in the TM group. A randomized
controlled trial investigated the effect of CardioFit, an
internet-based expert system, in patients with coronary heart
disease (CHD) [10]. Patientsin the CardioFit group received 5
Web-based tutorials over a period of 6 months for activity
planning and tracking and were in contact with an exercise
specialist. Physical activity, measured by a pedometer and
self-report, was improved over a period of 12 months. A
meta-analysis on 51 studies of DHIs in patients with CVDs or
risk factors of CVDs reported that DHIs were associated with
reduction of cardiovascular event rates and had a positive impact
onrisk factorsfor CVDs[11].

Decision Analytic M odel-based Health Technology
Assessment

In addition to theimproved clinical outcomesof DHIsfor CVD
patients, eval uating the health economic outcomesisalso crucia
for clinicians, patients, and third-party payers in deciding the
role of DHIsfor CVD management. Decision analytic modeling
is an approach that synthesizes cost-effectiveness evidence of
health technologies and interventions in health technology
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assessment (HTA) [12]. This approach provides a framework
to incorporate relevant clinical probabilities and cost items,
simulates outcomes of disease management, and allows
cost-effectiveness eval uation of medical interventions. Decision
tree and Markov modelsare 2 commonly used forms of decision
analytical modeling in health economic evaluation. In adecision
tree, distinct branches are used to represent a potential set of
outcomes for the patient cohort managed by an aternative
treatment. Outcomes and costs for each branch are combined
using branch possibilities to simulate the expected outcomes
and costs for the treatment option. In a Markov model,
hypothetical patients proceed through different health states
over timebased on transition probabilities between health states.
Outcomes and costs expected by the patient cohort in an
aternative treatment group are estimated from subject-time
spent in various health states. The confidence level in the output
of an economic modeling analysis, in relation to uncertainty in
the model inputs, istypically quantified by techniques such as
one-way and probabilistic sensitivity analyses. By applying
model-based HTA, the cost-effectiveness impacts of various
types of health technologies and interventions are compared
using findings from corresponding clinical trials [12,13]. The
implementation cost of DHIs is usualy substantial, and HTA
is, therefore, essential to inform the decision makers on the
potential impact of the DHIs on both clinical and health
economic outcomes [14]. The cost-effectiveness of DHIs is
subject to the balance of 3 elements: clinical and economic
benefits of DHI, cost of DHI, and payer’'s willingness-to-pay
(WTP) threshold. A previous review of HTA studies on DHIs
indicated that there were few health economic studies of DHIs
[15].

Objective

With increasing publications on the cost-effectiveness of DHIs
in CVDs, the purpose of this study is to conduct a systematic
review of decision analytic model-based health economic
analyses of DHIsfor CVD management.

Methods

Search Strategy

The investigators developed the search strategies from
September to October 2018 to include a wide range of DHIs.
Analogously, search terms included different types of CVDs,
such as HF, myocardial infarction, and stroke. The literature
search was conducted in the following databases: Medline,
Embase, Cumulative Index to Nursing and Allied Health
Literature Complete, PsycINFO, Scopus, Web of Science,
Center for Review and Dissemination, and Institute for |EEE
Xplore. A preliminary search found an evident surge of
publications on digital technologies in the field of health and
medical research starting in the 2000s, and all databases were,
therefore, searched back to 2001. A manual search of reference
lists of both included studies and relevant systematic reviews
was also conducted. Multimedia Appendix 1 provides detailed
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information about the search terms. This study was registered
on PROSPERO with the registration number of
CRD42018111473.

Inclusion and Exclusion Criteria

Full-text journal articleswritten in English wereincluded if (1)
the target population was patients with CVDs, (2) DHIs were
aimed to promote or deliver clinical interventions and had an
impact on cardiovascular conditions, (3) decision analytic
models (including decision tree and/or the Markov model) were
applied to evaluate health economic outcomes of DHIs, (4) the
interventions were compared with conventional care or other
DHIs, and (5) a full-scale health economic evaluation was
performed as a cost-effectiveness analysis, cost-utility analysis,
cost-benefit analysis, or cost-consequence analysis.

The exclusion criteria included the following: (1) DHIs were
only used for recording patients' information, (2) studies were
conducted alongside a clinical trial, (3) quality-adjusted life
years (QALYs) were not reported, or (4) the articles were
reviews, protocol papers, |etters, editorials, conference abstracts,
poster presentations with insufficient details, or case reports.

Study Selection

After removing the duplicates, titles and abstracts were screened
for eigibility. Thefull text of eligible articleswasthen reviewed
for verification of eigibility. The primary search was conducted
by one of the investigators (XJ). The abstracts were reviewed
by two of the investigators (XJ and WM), independently. Any
disagreements were discussed with the third investigator (JY)
to reach a consensus. At the final stage of the full-text review,
the included articles that met all the predefined criteria were
read by all the investigators (XJ, WM, and JY) to confirm
inclusion of the articles.

Data Extraction

A pilot data extraction was conducted by two of theinvestigators
(XJand WM), independently. Any discrepancy pertinent to data
extraction was discussed to reach a consensus. After that, an
abstraction form was adopted for guiding further dataextraction.
The collected information included the following items. (1)
genera information (including authors, title, country, and
publication date), (2) study characteristics (including types of
diseases and interventions), (3) methodology (including
modeling method, time horizon, and perspective), and (4)
summary of quantitative findingsand conclusions. The primary
outcomes collected were the cost-effectiveness of the DHIs,
presented by incremental cost per QALY as the incremental
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cost-effectiveness ratio (ICER). If the ICER was not available,
incremental cost and incremental QALY were assessed.

Assessment of M ethodological Quality

The Consolidated Health Economic Evaluation Reporting
Standards (CHEERS) checklist, developed by the International
Society for Pharmacoeconomics and Outcomes Research for
good reporting of health economic outcomes, was used to assess
the methodological quality of each study [16]. The CHEERS
checklist included 24 items, and the recommendations were
subdivided into 6 categories. (1) title and abstract, (2)
introduction, (3) methods, (4) results, (5) discussion, and (6)
other. One point was assigned to each item when the quality
criteria were fulfilled (and zero points for not entirely
conforming to the criteria) to generate atotal score (maximum
scoreis 24). Theincluded studieswere classified into 4 quality
categories: excellent (scored in 100% of theitems), good quality
(scored between >75% and <100% of the items), moderate
quality (scored between >50% and <75% of theitems), and low
quality (scored <50% of the items) [17].

Two of theinvestigators (XJ and WM) independently assessed
the quality of each study and assigned the scores based on the
CHEERS checklist. Any disagreement was resolved by
discussion and consensus with the third investigator (JY).

Data Analysis and Presentation

The number of studies included and excluded during the
selection process was presented in a flowchart. The included
studies were categorized by the type of devices or technologies
used for DHI delivery. The descriptive characteristics and the
study quality of the included studies and ICERs of DHIs were
summarized. The DHI was categorized as cost-effective if (1)
it was more effective and less costly than the comparator (DHI
dominated the comparator) or (2) it was more effective at a
higher cost and the | CER was lessthan the WTP threshold. The
cost-effective DHI identified in each included study was
presented.

Results

Search Results

The data extraction and selected results are shown in Figure 1.
The search retrieved 3771 studies from targeted databases and
21 studies from manual searches. After removal of the
duplicates, 2936 articles remained. A total of 14 out of the 36
full-text articles screened according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines
wereincluded in the review [18].
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Figure 1. Thearticle selection process according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guideline.
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Study Char acteristics

Table 1 summarizes the characteristics and main heath
economic outcomes of the included studies.

A total of 10 out of the 14 studies (10/14, 71%) were conducted
using the Markov model [19-21,25,27-32] and 4 studies (4/14,
29%) used the decision tree model [22-24,26]. All the 14 studies
conducted (14/14, 100%) a cost-utility analysis with cost and
QALY s as the outcome measures and 7 studies (7/14, 50%)
a so performed a cost-effectiveness analysisto include survival
as the effectiveness measure [19,20,28-32]. Types of targeted
CVDs were CHD [19], HF [20,21,27-31], congenital heart
disease (CoHD) [22], stroke [23-26], and sudden cardiac arrest
(SCA) [32]. A total of 9 studies (9/14, 64%) were published
between 2015 and 2018[19,20,23,26,28-32] and 5 studies (5/14,
36%) between 2011 and 2014 [21-22,24,25,27]. The types of
devices or technol ogies used to deliver the health interventions
were SMS (1/14, 7%) [19], telephone support (1/14, 7%) [20],
mobile app (1/14, 7%) [21], video conferencing system (5/14,
36%) [22-26], digital transmission of physiologic data (TM;
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5/14, 36%) [27-31], and wearable medical device (1/14, 7%)
[32]. The model time horizon in 3 studies (3/14, 21%) was <1
year [23,24,26], whereas 10 studies (10/14, 71%) used atime
horizon longer than 1 year [19,20,22,25,27-32] and 1 study
(1/14, 7%) did not declare the time horizon. In total, 3 studies
(3/14, 21%) received funding from the industry [19,25,30], 6
(6/14, 43%) received grants from public organizations
[21,23,24,26,27,29], 1 (1/14, 7%) received no funding [22], and
4(4/14, 29%) did not declaretheir funding source[20,28,31,32].
All the included studies (14/14, 100%) found the DHIs to be
cost-effective: DHIs gained higher QALY swith cost-saving in
6 (6/14, 43%) studies[19,20,22,23,25,32]; DHIsgained QALY's
with a higher cost at an acceptable ICER in 8 studies (8/14,
57%) [21,24,26-31]. All the 14 studies conducted a sensitivity
analysis, including a probabilistic sensitivity analysis in 10
studies (10/14, 71%) [19,20,22-24,26-29,31] and a one-way
sensitivity analysis in 10 studies (10/14, 71%) [22-26,28-32].
A scenario analysis, a subtype of a sensitivity analysis, was
performed for the best-case, worse-case or base-case scenarios
in 6 (6/14, 43%) studies to inform the optimal scenario for
cost-effective use of the DHIs[19,20,26-28,31].
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Table 1. General characteristics and quality assessment of the included studies.
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Technologiesor de-  Country ~ Targeted  Model Perspec-  Time Intervention Incremental  Cost-effec-  Source  cHEERs?
vicesfor digital health disease  type tive horizon versuscom- cost-effec-  tivestrategy of fund- (%) (qual-
intervention delivery parator tivenessratio  (willingness- ing ity classi-
with references and to-pay where fication)
year available)
Short message service
Burneta, 2017 Austraia Coronary Markov — Australia Life- TEXTMEP TEXTME  TEXTME Industry 92
[19] heart diss  model health time programver- Program Program (Good)
ease care sys- UCe dominated  (Aus
tem us uc $64,000)
Telephone support
Grustam et a, United HEd Markov ~ UKthird- Oyears Tmeversus €12479 NTS<Y Notde- 92
2018[20] Kingdom model party pay- uc QALY (€9000) clared  (Good)
er
Grustam et a, United HF Markov ~ UKthird- Oyears NTSversus €8795 h — —
2018 [20] Kingdom model party pay- uc /QALY
er
Grustam et United HF Markov ~ UK third- Oyears NTSversus NTSdomi- — — —
2018 [20] Kingdom model party pay- ™ nated TM
er
M obile apps
Martinetal, 2014 Spain HF Markov ~ Spain Notde- CardioMan- €9.303/ CardioMan- Public 50 (Low)
[21] model health clared  agerversus QALY ager organi-
care sys- uc zation
tem
Video conferencing system
Mistry etal, 2013  United Congeni- Decision UK Life- Telemedicine Telemedicine Telemedicine No 71 (Mod-
[22] Kingdom ta heart tree hedthser- time screening screening screening funding erate)
disease vice versusdirect dominated  (€20,000)
assessment  direct assess-
ment
Whetten et al, United Stroke Decison UShedth 90days aAccgesg ACCESS ACCESS Public 75 (Mod-
2018 [23] States tree care pay- programver- Program program organi-  erate)
er SUS NO pro- dominated zation
gram no program
Nelson et &, United Stroke Decision Society  90days Telestroke — US$108,363 — Public 92
2011 [24] States tree versusUC  /QALY organi-  (Good)
zation
United Stroke Decision  Society Life- Telestroke ~ US $2449 Telestroke — — —
States tree time versusUC  /QALY (us
$100,000)
Demaerschalk et United Stroke Markov ~ Society Life- Telestroke ~ Telestroke — Telestroke Industry 79
al, 2013 [25] States model time versusUC  dominated  (US (Good)
uc $50,000)
Nelson et al, United Stroke Decision A spoke Inpa- Telestroke  US$25,991 Telestroke Public 79
2016 [26] States tree hospital  tient versusUC  /QALY (us organi-  (Good)
stay $50,000) zation
Nelson et a, United Stroke Decision A hub Inpa- Telestroke ~ US$47,033 — — —
2016 [26] States tree hospital  tient versusUC  /QALY
Stay
Telemonitoring
Thokalaet d, United HF Markov ~ National  30years grgpml UCdominat- TM Public 88
2013 [27] Kingdom model Health versusuc e STSHM  (€20,000) organi-  (Good)
Servicein zation
England
and
Wales
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Technologiesor de-  Country ~ Targeted  Model Perspec-  Time Intervention Incremental  Cost-effec-  Source  cHEERs?

vicesfor digital health disease  type tive horizon versuscom- cost-effec-  tivestrategy of fund- (%) (qual-
intervention delivery parator tivenessratio  (willingness- ing ity classi-
with references and to-pay where fication)
year available)
Thokalaet d, United HF Markov  England 30years TM versus  £11,873 — — —
2013 [27] Kingdom model and uc IQALY
Wales
Thokalaet d, United HF Markov ~ England 30years Structured £228,035 — — —
2013 [27] Kingdom model and telephone /QALY
Weles support with
a human-to-
human con-
tact.
versus TM
Cowieetal, 2017 United HF Markov UK 10years Car- £19,274 Car- Notde- 79
[28] Kingdom model health dioMEMS  /QALY dioMEMS clared  (Good)
care pay- vsUC (us
er $20,000)
Sandhu et a, United HF Markov ~ Society  Life Car- US$71,462 Car- Public 88
2015 [29] States model time dioMEMS  /QALY dioMEMS  organi- (Good)
versusUC (us zation
$150,000)
Schmier et &, United HF Markov ~ UShedth S5years Car- UsS$44,832 Car- Industry 71 (Mod-
2017 [30] States model care pay- dioMEMS  /QALY dioMEMS erate)
er versus UC (us
$100,000)
Martinsonetal,  United HF Markov ~ UShedlth 5years Car- US$12,262 Car- Notde- 83
2017 [31] States model care pay- dioMEMS  /QALY dioMEMS clared  (Good)
er versus UC (us
$50,000)

Wear able medical device
Healy et al, 2015 United scak Markov ~ Society  Syears \wcp've- US$26436 WCD (US  Notde- 71 (Mod-

[32] States model wusdis IQALY $50,000) clared  erate)
chargehome
Healy et al, 2015 United SCA Markov  Society = 5years WCDversus WCD domi- — — —
[32] States model SNET nated SNF
Healy et al, 2015 United SCA Markov ~ Society 5years WCDversus WCD domi- — — —
[32] States model in-hospital  natedin-hos-
stay pital stay

8CHEERS: Consolidated Health Economic Evaluation Reporting Standards is a 24-item checklist with a maximum score of 24. Studies that fulfilled
100% of the items were classified as excellent quality, those that fulfilled between >75% and <100% of the items were classified as good quality, those
that fulfilled between >50% and <75% were classified as moderate quality, and those that fulfilled <50% were classified aslow quality.

bTEXT ME: Tobacco, Exercise, and Diet Messages.

CuC: usual care.

9HF: heart failure.

€TM: telemonitoring.

fQALY: quality-adjusted life year.

INTS: nurse telephone support.

PNot applicable.

IACCESS: Access to Critical Cerebral Emergency Support Services.
ISTS HM: structured tel ephone support with a human-to-machine interface.
KSCA: sudden cardiac arrest.

'WCD: wearable cardioverter-defibrillator.

MSNF: skilled nursing facility.
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Study Quality

The percentage of itemsfulfilled by each study per the CHEERS
checklist is shown in Table 1. The number of studies classified
as excellent quality, good quality, moderate quality, and low
quality were 0 (0/14, 0%), 9 (9/14, 64%), 4 (4/14, 29%), and 1
(1/14, 7%), respectively. The CHEERS checklist items and
detailed quality assessment for each study are listed in
Multimedia Appendix 2. In total, 3 CHEERS checklist items
werefulfilled by <7 (50%) studies: (1) the abstract wasfulfilled
in 3 (3/14, 21%) studies [23,24,31], (2) target population and
subgroupswerefulfilled in 4 (4/14, 29%) studies[19,20,22,29],
and (3) characterizing heterogeneity in results was fulfilled in
3(3/14, 21%) studies[20,26,29]. Intotal, 7 CHEERS checklist
items were fulfilled by al studies (100%): (1) title, (2)
background and objectives, (3) comparators, (4) choice of heath
outcomes, (5) choice of model, (6) analytic methods, and (7)
study findings, limitations, generalizability, and current
knowledge. The remaining 14 CHEERS itemswerefulfilled in
>50% of the studies: (1) setting and location [19-24,27,28,31],
(2) study perspective[19,20,22,24,26-29,31,32], (3) time horizon
[19,20,22-32], (4) discount rate [19,20,22,24-32], (5)
measurement of effectiveness [19,20,24,25,27,31,32], (6)
measurement and valuation of preference-based outcomes
[19,20,23-31], (7) estimating resources and costs [19-21,23-32],
(8) currency, price date, and conversion [19-21,23-32], (9)
assumptions [19,20,22,24-29,31,32], (10) study parameters
[19,20,22-30], (11) incrementa costs and outcomes
[19,20,22-32], (12 characterizing uncertainty
[19,20,22-25,27-32], (13) source of funding [19,21-27,29,30],
and (14) conflicts of interest [19-21,23-32].

Type of Devicesor Technologiesfor Digital Health
Intervention Delivery

Short Message Service

The Tobacco, Exercise and Diet Messages (TEXT ME)
intervention sent text messages via SMS to CHD patients in
addition to their usual physician counseling. The text messages
included 4 types of information: general information on heart
diseases, nutrition, physical activity, and smoking cessation. A
total of 4 text messages were sent per week for 24 weeks. The
TEXT ME program wasreported to gain 1143 QALY sand save
a direct medical cost of Aus $10.56 million over a lifetime
horizon for a hypothetical cohort of 50,000 CHD patients in
Australia[19].

Telephone Support

Structured telephone support is the use of phone calls by
specialists, such as nurses, to deliver self-care support and/or
management. Nurse telephone support (NTS) for HF patients,
managed by a specialist nurse, included monthly assessments
of symptoms, current medication, and delivery of timely
feedback to physicians and patients. A cost-effectiveness
analysis examined the NTS strategy for HF patients in the
United Kingdom [20]. NTSgained .14 QALY sand saved €3190
(including direct medical costs) in a 20-year time horizon.

http://www.jmir.org/2019/6/e13166/
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Mobile App

CardioManager, a mobile app, was divided into 3 sections to
allow the patientsto self-manage their heart disease conditions.
An informative section that provided medical information and
a patient guide. A section that recorded the user’s activities
(physical activities and food intake) and health measurements
(vital signs). A registry of medications was aso included for
patients to set alarms for medication administration time. The
| CER of the CardioM anager was€9.303/QALY (including total
direct medical costs) in Spain, yet the study did not specify the
time horizon and WTP threshold [21].

Video Conferencing System

A total of 5 of the included studies evaluated the
cost-effectiveness of delivering specialist consultation services
viaavideo conferencing system for remote patients with heart
disease—associated conditions [22-26].

An app of thevideo conferencing system, using thetelemedicine
equipment installed in the district hospital, allowed the remote
specialist to view live or prerecorded ultrasound images of a
pregnant woman and to help thelocal specialist to identify fetal
CoHD. The telemedicine service was reported to gain .042
QALY and save £30 (total direct medical cost) per child's
lifetimein the United Kingdom [22].

The video conferencing system is applied in the Telestroke
network for delivery of neurology careto remote stroke patients.
Telestroke operates on a hub-and-spoke system. The spoke
facilities are regiona hospitals connecting to a hub hospital.
The hub hospital serves as the complex stroke care provider
and accepts patients from the spoke hospitals. The 4
cost-effectiveness studies of tel estroke for management of acute
ischemic strokewere all conducted in the United States[23-26].
The Access to Critical Cerebral Emergency Support Services
with 12 partner hospitals was reported to save a total direct
medical cost of US $4241 and gain .202 QALY's per patient
over aperiod of 90 days [23]. A telestroke system with 1 hub
and 8 spokes was found to be accepted as cost-effective with
an ICER of US $2449/QALY [24], whereas a network with 1
hub and 7 spokes gained .022 QALY s and saved US $1436 per
patient in the lifetime horizon (including both direct medical
and indirect costs) [25]. A short-term analysis (duration of
inpatient stay) on anetwork with 2 hubsand 17 spokefacilities
reported the network to be accepted as cost-effective (including
direct medical costs) for both the hub hospital
(ICER=US$47,033/QALY) and the spoke hospital (ICER=US
$25,991/QALY) [26].

Telemonitoring

TM of HF deterioration indicators (such as changes in blood
pressure, intrathoracic impedance, heart rates during rest, and
exertion), transmitted to heath care providers for review,
facilitates early detection of significant changesand alows early
intervention for patients with signs of deterioration to prevent
emergency admissions and avoid complications. The
cost-effectiveness of TM of HF patients postdischarge was
examined in the United Kingdom [27]. It was accepted to be
cost-effectivewith an ICER of £11,873/QALY (including direct
medical costs) in a30-year time frame.
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CardioMEMS, a wireless pulmonary artery pressure sensor,
was the first implantable HF monitoring device approved by
the FDA in 2014. Thewireless sensor is permanently implanted
into the distal pulmonary artery and transmits hemodynamic
data to a secure website (as the patient database). Changes in
pulmonary artery pressure are used, in conjunction with HF
signs, to guide physiciansin treatment initiation and adjustment.
The cost-effectiveness of CardioMEMS was evaluated in 4
studies (3 studiesin the United Statesand 1 study in the United
Kingdom) [28-31]. CardioMEMS was accepted to be
cost-effective in the 3 US studies in a lifetime horizon
(ICER=US$71,462/QALY including direct and indirect medical
costs) [29] and in a 5-year time frame (ICER less than US
$50,000/QALY including direct medical cost) [30,31]. Similarly,
a 10-year UK anaysis aso accepted CardioMEMS to be
cost-effectivewith an ICER of £19,274/QALY including direct
medical costs[28].

Wearable Medical Device

Wearabl e cardioverter-defibrillator (WCD) isan external device
used for monitoring heart rhythm continuously. The WCD
alarms the patient by vibration when ventricular arrhythmia
(ventricular tachycardia or ventricular fibrillation) is detected.
If the patient does not respond to the alarm, the WCD then
deliverselectric shocksto resuscitate the patient from presumed
SCA.. The cost-effectiveness of WCD against sudden cardiac
death in patients who require temporary remova of the
implantable cardioverter-defibrillator was examined [32]. WCD
gained higher QALY sand saved total cost (including direct and
indirect costs) when compared with discharge-to-skilled nursing
facility (by .076 QALYs and US $6681) and in-hospital stay
(by .039 QALY sand US $26,001).

Discussion

Principal Findings

This is the first systematic review of a decision analytic
model—based cost-effectiveness analysis of DHIs in the
management of CVDs. This review identified a small but
growing body of evidence (14 studies) evaluating the
cost-effectiveness of DHIs. Thesefindings were similar to those
of a previous review (on cost-effectiveness of telehealth
interventions for HF patients) where 7 studies assessed both
costs and effectiveness outcomes comprehensively [33].

The assessment of the study quality found that the majority of
the methodology items (including comparators, time horizon,
choice of models and health outcome measures, and analytical
methods; Multimedia Appendix 2) met the requirements of the
CHEERS checklist, indicating the scientific rigor of the
modeling approaches applied in the included studies. All the
14 included studies were conducted in developed countries,
suggesting that DHIs were more ready to be implemented in
developed regions. Most of the studies were funded by a public
organization (6/14, 43%), followed by theindustry (3/14, 21%),
showing that both the public sectors and the technol ogy industry
have astrong interest to implement cost-effective DHIsfor CVD
management in the health care system.

http://www.jmir.org/2019/6/e13166/
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The DHIs that showed to be cost saving were SMS for CHD
patients [19], telephone support for HF patients [20], wearable
medical device for patients at risk of SCA [32], and video
conferencing systems for prenatal screening [22] and stroke
patients [23,25], whereas the DHIs found to incur higher costs
were mobile app for HF patients [21], video conferencing
systemsfor stroke management [24,26], and TM for HF patients
[27-31]. The type of DHIs is, therefore, one of the influential
cost drivers in the management of CVD patients.

The impact of a technology on health economics is highly
subjected to the difference between the technol ogy cost and the
change (reduction or increase) in health care resource utilization
asaresult of theclinical effect of thistechnology. For instance,
the effective technol ogies improving the survival rate of stroke
patientsinevitably increased thetotal treatment costs associated
with long-term carefor stroke survivors. The cost-effectiveness
of the technology was influenced by both the differencein cost
and in QALY gained. In this review, all studies (except onein
which the time frame was not declared [21]) of DHIs for HF,
CHD, CoHD, and SCA patients had used along-term timeframe
(ranged from 5 years to lifelong). Both short- and long-term
models were used for stroke. As shown by the studies of the
Telestroke network, the cost-effectiveness of DHI improved in
models with lifelong versus short-term (90 days and inpatient
stay) time horizon [24-26]. Thetime horizon of the model needs
to be adequate to capture the QALY s gained by the technol ogy.

Limitations

This systematic review was limited by the search approach.
Only studieswritten in the English language wereincluded, and
limited databases with fixed number keywords were used. Some
relevant studies, therefore, might not beidentified by thissearch
approach, limiting both the total number and origins of studies
(al in developed countries) included. The search was aso
limited to studies conducted by decision analytic modeling.
Despite the fact that the decision analytic model—based
methodology allows a cost-effectiveness analysis of multiple
treatment strategies (supported by the evidence of corresponding
clinical trials) for disease management, economic evaluations
conducted alongside clinical trials produce valid and rigorous
cogt-effectiveness evidence. Further review of cost-effectiveness
studies of DHIs for CVDs conducted alongside clinical trials
is highly warranted.

Implications

Despite the small number of model-based health economic
analyses on DHIs for CVD management, the majority were
ranked to be good quality health economic evaluations and were
conducted in the past 5 years. It showed an up-and-rising
demand for cost-effective application of DHIs in the
management of CVD patients. The development of DHIs has
blossomed with the advancement of technology on the internet
and mobile devices over the past 2 decades. An increasing
number of digital health tools, including wearable and smart
devices, make early or real-time detection, monitoring, and
intervention possible for CVD patients to prevent events with
high morbidity and mortality. Model-based health economic
analysisisawell-accepted tool used in the technology appraisal
process by national ingtitutes, such asthe National Institute for
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Health and Care Excellence in the United Kingdom, to inform
the clinical criteria and intervention cost for reasonable
cost-effective use of health technology. In this review, the
decison anaytic model-based anayses evaluated the
cost-effectiveness of DHIs and identified scenarios in which
DHIswerelikely to be accepted as cost-effective. The evidence
generated by the health economic analysesfacilitatesthetimely
implementation of digital technologies in health care systems.

Jang et d

economic evaluation of DHIs for the management of chronic
illnesses, in both devel oped and devel oping countries.

Conclusions

This is the first systematic review of decision anaytic
model—-based cost-effectiveness analyses of DHIs in the
management of CVDs. Most of the identified analyses were
published recently, and the majority were good quality

cost-effectiveness analyses with an adequate duration of time
frame. All included studiesfound the DHIsto be cost-effective.

Quality research is, therefore, highly warranted in health
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CHEERS: Consolidated Health Economic Evaluation Reporting Standards
CoHD: congenital heart disease

CVD: cardiovascular disease

DHI: digital health intervention

FDA: Food and Drug Administration

HF: heart failure

HTA: health technology assessment

ICER: incremental cost-effectivenessratio

NTS: nurse telephone support

QALY: quality-adjusted life year

SCA: sudden cardiac arrest

SMS: short message service

TEXT ME: Tobacco, Exercise and Diet Messages
TM: telemonitoring

WCD: wearable cardioverter-defibrillator

WTP: willingness-to-pay
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