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Abstract

Purpose of review With the evolution in digital medicine to identify and monitor cardiac
electrophysiological (EP) conditions, increased access to cardiac implantable electronic
devices (CIEDs), and reimbursements for non-face-to-face care, remote patient monitor-
ing (RPM) is becoming a key part of the EP service line. RPM of cardiac electrophysiological
conditions including the use of CIEDs has improved the quality of care and high patient
satisfaction and proved to be cost-effective. The focus of this review is literature on RPM in
EP, evidence from randomized trials, and observational studies including those of Apple
Watch and future of CIEDs.
Recent findings RPM has progressed to use implantable devices and wearable technologies
like sensors embedded in smartphones and apps. American College of Cardiology recently
launched a digital transformation network to support digital navigation and RPM across
different cardiovascular diseases.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11936-019-0787-3&domain=pdf


Summary The information presented here can inform healthcare providers of the most
widely implemented and effective forms of RPM for patients with chronic EP conditions.

Introduction

The term “remote patient monitoring” (RPM) and
sometimes known as “remote patient management”
means monitoring of patients outside the traditional
hospital or doctor office settings. Remote patient mon-
itoring uses digital technologies to collect medical and
other forms of health data from individuals in one
location and electronically transmit that information
securely to healthcare providers in a different location
for assessment and recommendations. This type of ser-
vice allows a provider to continuously track healthcare
data of a patient once released to home or a care facility
that needs continuous monitoring [1].

RPM devices can collect a variety of important
individualised data, such as blood sugar, blood pressure,
blood oxygen saturation level, heart rhythm/rate, etc. [1].
This seclusive data is then transmitted to health profes-
sionals in facilities such as monitoring centers in primary
care settings, hospitals and intensive care units, skilled
nursing facilities, and centralized off-site casemanagement
programs. Health professionals monitor each patient re-
motely and act on the information received as part of the
treatment plan.

The advantages of RPM of patients include early and
real-time detection of illnesses, prevention of worsening of
illnesses, decrease in cost by reduction in hospitalizations,
and monitoring efficacy through accurate readings while
permitting usual daily activities for patients and improve
efficiency in healthcare services by utilizing communication
technology [2]. As the US population ages, the number of
people suffering from chronic diseases such as diabetes,
heart conditions, or neurodegenerative diseases will in-
crease. The chronic nature of their conditions means that
a lapse of attention or knowledge could result in their
condition suddenly worsening, accompanied by a trip to
the hospital emergency room. This is especially true in
patients with cardiac diseases, where RPM could improve
outcomes by more timely identification of new or worsen-
ing medical conditions (such as arrhythmia or heart failure
(HF)) and the detection of device-related problems [3] and
also decrease in the cost in the management of these pa-
tients [4, 5].

With increased smartphone use and advancement in
mobile health technologies and sensors, as well as new
codes designed to reimburse chronic care management
and monitoring, RPM can become a major driver in
health-care quality improvement and also additional
source of revenue for EP practitioners. The purpose of this
review is to increase awareness about the latest technology
trends and share evidence so RPM can be adequately
utilized for relevant procedures and conditions.

Digital medicine and evolution of RPM
With the evolution in technology, RPM has transitioned
from capturing remote data through telephonic conver-
sations, video conference, or where the patient enters his
own health record into a secure website or smart phone
to utilizing automated devices (e.g., biosensors devices)
which focus on patients with chronic diseases who need
continuous care andmonitoring [6]. The digital technol-
ogy available today has given the opportunity to choose
from a variety of options that use cellular, satellite net-
works to communicate and follow up the patients with
CIEDs. There is an ever-improving capability to remotely
monitor the patient’s health, device function, or
check battery life without disturbing the routine of the
patient [7]. Wireless capabilities with home transmitters
that communicate automatically and relay data to the
physician are offered by most major companies, which
lead to an easier monitoring and follow-up of the
patient.

Digitalmedicine (including apps, telemedicine, ePROs,
machine learning) is now seen as an important tool to
bridge gaps in healthcare delivery and to provide continu-
ous engagement for patients with chronic diseases [8–10].
Since the majority of patients with chronic conditions
spend less than a few hours per year face-to-face with their
provider(s), digital resources that enable home-based
monitoring and engagement can provide proactive care,
reduce emergency department (ED) visits, and provide
higher quality care [10, 11]. There is emerging evidence
that a higher quality of care is delivered when traditional
healthcare is augmented by ePROs and digital therapeutic
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interventions directly at patients’ homes [12–16]. A recent-
ly published meta-analysis of 13 remote monitoring stud-
ies in heart failure reported a significant reduction in mor-
tality (risk ratio of 0.76; 95% confidence interval [CI] of
0.62–0.93) as compared to conventional care [15]. Simi-
larly, a meta-analysis on ten randomized controlled trials
on COPD patients found a significant reduction in emer-
gency department visits (OR = 0.27; 95% CI = 0.11 to
0.66) [16]. With the approval of reimbursement codes for
telemedicine and RPM, disease and symptommonitoring
(and not just device-based monitoring) are likely to be-
come a central part of clinical practice (Fig. 1). With the
passion for more research and making the uncompromis-
ing development a continuous process, alot more can be
learned with respect to delivery science and scaling of
ePROs, mobile health, and the RPM of populations that
are especially relevant to EP practitioners [10, 17]. See
Table 1 for list of common EP-specific disease conditions
best suited for RPM.

Remote monitoring in cardiac electrophysiology
Frequent RPM has improved the quality of patient’s life
with multiple positive outcomes, including early detec-
tion of atrial fibrillation (AF) and reduction in inappro-
priate shocks from ICD which further lead to a decrease
in mortality. The number of outpatient follow-ups and
hospitalization is operatively reduced among RPM users
which promoted decrease in health resource utilization
and significant increase in cost savings. RPM users with

early and high transmission rates have exceptional out-
comes [18]. Early detection of atrial fibrillation or ven-
tricular arrhythmias could lead to early intervention and
potential prevention of stroke and heart failure exacer-
bation. The feasibility and benefits of RPM of CIEDs
have been shown in several clinically significant con-
cerns/events. RPM improves patient outcomes and can
be especially beneficial to pediatric and congenital heart
disease patients [19]. We have reviewed some of the
common conditions in EP which are a good fit for
RPM services (Table 1). Advances in cloud technology
and widespread smartphone access have allowed pa-
tients with newer devices to transmit data directly using
wireless technologies as well as receive instant notifica-
tion and guidance, enabling an efficient RPM ecosystem
(Fig. 1).

Atrial fibrillation

In the current medical practice, AF has been the most
commonly encountered arrhythmia [20]. About 6–12
million in the USA by 2050 and 17.9 million in Europe
by 2060 are predicted to be affected by atrial fibrillation
[20–22]. Medical expenses are about $8705 higher per
year in people with AFib than for those people who do
not have AFib, and overall it costs the USA about $6
billion per annum [23, 24].

RPM has been an invaluable tool in the diagnosis
and in the management of atrial fibrillation. The ability

Table 1. Traditional and emerging indications for remote patient monitoring (RPM) in the electrophysiology (EP) practice

Indication Novel technologies and updates
Holter monitoring Advent of a patch to allow Holter monitoring without removal during shower or exercise

Loop recording Cloud based recording, call center, and notifications

Event monitoring Small wearable device, call center, and notifications

Cardiac implantable electronic
devices (CIEDs)

Cloud-based monitoring, call center and notifications, text-based reminders to patients
to transmit data

Screening general population Through consumer devices like Apple watch

Smartphone-based EKG AliveCor, AI algorithms for better accuracy

Anticoagulation management Home-based INR testing and cloud-based feedback

Disease monitoring Education and electronic patient reporting outcomes (e-PRO) for heart failure, angina,
and other chronic conditions

Perioperative guidance Digital navigation for various EP procedures to reduce no-shows, adhere to pre-procedure
instructions, reduce 30-day readmissions through timely guidance and notifications,
enhance long-term adherence post procedures
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to monitor important physiologic parameters gives a
great opportunity for healthcare professionals to reform
the way they care for AF patients. RPM has the potential
to reduce persistent or permanent AF through early
identification and treatment of paroxysmal AF episodes.
The efficacy of antiarrhythmic drug therapy, rate control,
and catheter ablation procedures can be monitored by
real-time RPM. Risk of stroke can be reduced through
rapid initiation of anticoagulant therapy. It not only
meliorates the quality of patient care but also
reduces the healthcare costs associated with AF [25].

A 2016 study done by Cantillon et al. attempted to
evaluate outcomes associated with an off-site central mon-
itoringunit (CMU)applying standardized cardiac telemetry
indications using electronic order entry. The CMU received
electronic telemetry orders for 99,048 patients and provid-
ed 410534 notifications (48% arrhythmia/hemodynamic).
About 3243 patients triggered the Emergency Response
Team (ERT) activation, with rhythm/rate changes occurring
1 hr or less prior to the ERT activation in 979 patients
(30%). The CMU detected and provided accurate notifica-
tion for 772 (79%) of those events. This study concluded
that among non–critically ill patients, use of standardized
cardiac telemetry with an off-site central monitoring unit
was associated with detection and notification of cardiac
rhythm and rate changes within 1 hr prior to the majority

of ERT activations and also with a reduction in the census
of monitored patients, without an increase in cardiopul-
monary arrest events [26].

Atrial fibrillation was detected more frequently by
RM with implantable loop recorder in comparison to
standard follow-up in patients with cryptogenic stroke
in CRYSTAL-AF trial both at 6 and 12 months duration
in comparison to standard follow-up (8.9% vs 1.4%,HR
6.4, 95% CI 1.9–21.7, p G 0.001 at 6 months; 12% vs
2%, HR 7.3, 95% CI 2.6–20.8, p G 0.001 at 12 months).
Themedian time from randomization to detection of AF
was 41 days with implantable loop recorders. This early
identification of AF is important for prevention of recur-
rence of stroke in this high-risk population by early
initiation of anticoagulation [7, 15].

Heart failure

Over the past several decades, the prevalence of HF has
increased substantially. HF affects around 26 million
people worldwide and thereby has been defined as a
global pandemic [27]. HF was responsible for an esti-
mated health expenditure of around $31 billion in 2012
that ismore than 10%of the US total health expenditure
for cardiovascular diseases [28]. A 127% increase in total

Fig. 1. Screenshot of digital navigation and symptom-based monitoring of procedures and diseases (courtesy of Rx.Health, Inc.)
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costs is further expected between 2012 and 2030 [28].
There was a 13.5% decrease in age standardized death
rate from heart failure between the years 2000 and 2009
[29]. But despite this, the risk of sudden cardiac arrest
(SCD) has remained high among patients with HF
which mostly results from arrhythmias and progressive
pump failure [30]. The advent of cardiac implantable
electronic devices (CIEDs) have opened the possibility
for early detection of arrhythmias and estimate cardiac
function in terms of cardiac indices such as stroke vol-
ume, ejection fraction, etc.

The new generation CIEDs can measure, store, and
transmit data like thoracic impedance, heart rate, and pa-
tient activity. They are capable of predicting HF-related
hospitalization days to weeks ahead [30]. CIEDs can give
valuable information on the progression of the disease by
monitoring patient’s physical activity [31]. A baseline re-
duction in intrathoracic impedance can specify possible
decompensating HF and can predict it 10–14 days in
advance by identifying increased fluid retention and left
atrial wedge pressure. Compared to daily weight monitor-
ing for predicting HF, intrathoracic impedance has shown
to be superior. Fluid accumulation through pleural effu-
sion or pneumonia in the pathway of intrathoracic imped-
ance can limit its use [32,33]. Wireless pulmonary artery
hemodynamicmonitoring in chronic heart failure patients
was done in a randomized single blinded controlled trial
used to assess and support the assumption that implant-
able hemodynamic surveillance devices could decrease
hospitalization rates in heart failure patients. In the treat-
ment group, in addition to the standard of care versus
standard of care alone in the control group, clinicians used
dailymeasurement of pulmonary artery pressure. Over the
next 6 months, 83 heart failure-related hospitalizations
were reported in the treatment group (n = 270) compared
to 120 in the control group (n = 280; 0·31 vs 0·44, 0·70,
95% CI 0·60–0·84, p G 0·0001). The treatment group
had a 39% decrease in heart failure-related hospitalization
compared to the control group over the entire follow-up
(mean 15 months [SD 7]) (153 vs 253, HR 0·64, 95% CI
0·55–0·75; p G 0·0001). This demonstrated a substantial
and significant reduction in hospitalization for NYHA
Class III heart failure patients who were managed with a
wireless hemodynamic monitoring scheme. Adding pul-
monary artery pressure data to clinical signs and symptoms
enables enhanced management of heart failure [34].

It is particularly important how RPM has affected
heart failure patients with CIEDs. Since the past few
decades, the number of CIED patients with heart failure
has increased significantly. Using a single RPM platform,

the implant-based multiparameter telemonitoring of
patients with heart failure (IN-TIME) study assessed if
the outcome of heart failure patients would improve
using RPM. A total of 664 patients were assigned ran-
domly (716 enrolled) in which 333 to telemonitoring
and 331 to control and monitored for a year. After 1
year, 63 (18·9%) of 333 telemonitor group patients
versus 90 (27·2%) of 331 control group patients (p =
0·013) had a worsened composite score (0·63, 95% CI
0·43–0·90). Ten patients in the telemonitoring group
versus 27 in the control group died during follow-up.
Automatic, daily, implant-based, multiparameter
telemonitoring for patients with heart failure can con-
siderably enhance clinical results. The study demonstrat-
ed that implant-based telemonitoring resulted in signif-
icant improvement in composite clinical score and all-
cause mortality compared to control population [34].
The CIED-based technologies available to monitor
events specific to heart failure have improved, for exam-
ple, many CIEDs can calculate transthoracic impedance,
and the trends in these values can alert providers to an
active or impending heart failure exacerbation, thus re-
ducing risk of hospitalization and improving other clin-
ical outcomes [35]. These device functions may be used
in the comprehensive assessment of heart failure in a
given patient rather than be used in isolation to diag-
nose and treat heart failure exacerbations [37].

In a Seamless User-Centered Proactive Provision of
Risk-Stratified Treatment for Heart Failure (SUPPORT-
HF) study which is a cohort study, Rahimi and col-
leagues presented an android-based easy-to-use moni-
toring system to lessen hospital readmissions and em-
power patients. The median age of this cohort was 77
years, and they had very little experience with devices.
According to this study, the patients are very comfort-
able using this device and also described it as easy-to-use
[35].

Bloodless, blood test

Variations in blood potassium levels can cause ar-
rhythmias and death. Diagnosing hyperkalemia
outside a hospital setting can be a challenge be-
cause of the absence of symptoms. The KardiaK
Software Platform can screen for elevated blood
potassium levels without requiring a blood sample
from the patient. This software uses data from
electrocardiogram (ECG) and detects hyperkalemia
through artificial intelligence (AI) algorithm. Using
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AliveCor patients can record an ECG and check for
hyperkalemia using KardiaK at home. KardiaK soft-
ware was granted “Break through device” designa-
tion by the FDA while waiting for the approval
[36,37].

Apple Watch EKG

New fitness trackers and smart watches are released
to the consumer market every year. In addition to
functioning as a timekeeping device, the initial
smart watches kept track of a person’s movement,
count of their daily steps and also detect a person’s
heart rate during rest and workout. With the ad-
vances in technology, now these smart watches
with special sensors can record tracing of a heart’s
electrical signature (electrocardiogram or ECG) and
alert a patient if it detects an irregular rhythm.

Apple Inc. advanced into digital healthcare de-
vice space with the release of the Apple watch 4
series, which helps to detect heart arrhythmias such
as atrial fibrillation. Apple Watch looks for arrhyth-
mias using a photoplethysmograph-based algo-
rithm, and the ECG app on Apple Watch Series 4,
which is capable of generating an ECG similar to a
lead I electrocardiogram [38]. This app also clas-
sifies an ECG as sinus rhythm (SR), atrial fibrilla-
tion (AF), or inconclusive and reports high or low
heart rate. Apple Inc. along with the Stanford Uni-
versity conducted a clinical trial to know how well
the Apple watch detects important heart rhythm
changes [39]. In this study a total of 419,297
people self-enrolled in the study. To participate in
the study, participants should not have been diag-
nosed with AF or are taking anticoagulants and
were required to have an Apple Watch and com-
patible iPhone. They were given information about
the study when they downloaded the Heart Study
app. Detection of five of six repeat tachograms of
an irregular pulse within a 48-hr period triggered a
notification to be sent via the app. Participants
receiving a notification were prompted to contact
the study doctor through the app for a video con-
sultation to determine if the participant should
wear an ECG patch. The patch was worn for up
to 7 days.

The primary endpoints were AF 9 30 seconds on ECG
patch and simultaneous AF on ECG patch and
tachogram. A pulse notification was received by 2161
participants (0.52%). Notification rates were most fre-
quent in participants over age 65 (slightly 9 3.0%) and
lowest among those under 40 (0.16%). Patches were
sent to 658 participants, and 450 were returned and
included in the analysis. AF was identified in 34% of
those who received a notification and wore the ECG
patch.

“AF” can be paroxysmal, particularly early on in the
course of the disease. It’s not surprising for it to go
undetected in subsequent ECG patch monitoring. The
positive predictive value (PPV) for the tachogram was
71%, and the PPV for notification was 84% (meaning if
the watch notified the user of AF, so did the patch).
About half of participants receiving an irregular pulse
notification contacted a study doctor. Subsequent sur-
veys showed that 57% of participants who received an
alert sought medical care outside of the study regardless
of whether they had been seen virtually by a study
doctor. Early results from the study of AppleWatch users
show the wearable device appears to detect atrial fibril-
lation (AF) with a high degree of accuracy. However the
study had several limitations. It was not a randomized
controlled trial and relied on self-reported data from
participants. Additionally, the target enrolment of
500,000 participants, with 75,000 aged 65 or older,
was not reached. However the watch is not designed to
replace traditional medical devices. But given the lack of
standards for widespread screening for AF, the Apple
Watch could potentially detect a problem in someone
who had no other known risk factors [40]. In September
2018, this product was categorized as class II received
US-FDA clearance for over the counter use [41].

New reimbursement models for RPM
One of the major upsides for practices implementing
RPM is the reimbursement mechanism that the Centers
for Medicare & Medicaid Services (CMS) has been
pioneering for remote care and RPM through connected
care program.Chronic caremanagement (CCM) services
are generally non-face-to-face services provided to Medi-
care beneficiaries who have two or more chronic condi-
tions expected to last at least 12 months or until the
death of the patient [45]. These services are reimbursed
through specific CPT codes per member per month
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bases (PM PM) (see Table 2 for list of reimbursement
methods) [46].

In addition, for procedures and acute clinical epi-
sodes, CMS through its innovation center has released a
new voluntary bundled payment model called Bundled
Payments for Care Improvement Advanced (BPCI Ad-
vanced). These include payment for AMI(Acute myocar-
dial infarction), cardiac arrhythmia, cardiac defibrillator,
cardiac valve, congestive heart failure, coronary artery
bypass grafting, pacemaker, and percutaneous coronary
intervention (PCI) [47]. Outside the BPCI advanced en-
rollment, there are significant upsides for practices to use
digital medicine by avoiding no-shows, improve prepa-
ration before procedures, decrease readmission rates, and
enhance patient satisfaction and outcomes through close
monitoring post procedures. The American College of
Cardiology (ACC) recently launched digital transforma-
tion network practices to support digital toolkits for PCI,
heart failure, and EP procedures using evidence-based
care pathways (https://rx.health/cardiology/).

Limitations and continued challenges
Although there are significant benefits with RPM, there
are some potential downsides. Expanding indications
for ICD(Implantable Cardioverter-Defibrillator) and
CRT(Cardiac Resynchronization Therapy) therapy leads

to an unsustainable burden on device clinics [42]. There
can be challenges in developing an efficient workflow
for remote monitoring, as it requires review of multiple
websites each day, according to how many device com-
panies are utilized. In addition, these transmissions in-
clude a large amount of data that take significant time to
review and process. There is potential for increased bur-
den due to false alarms as well. Calling back and triaging
patients are often required. Finally, there are no
reprogramming capabilities remotely; therefore, patients
do require an in-office evaluation if reprogramming is
needed [43]. In patient with older generation CIEDs, the
majority of visits involve data collection without
reprogramming or change in patient medications or
investigations (“nonactionable”).More significantly, pa-
tient or device events (leadmalfunction or tachyarrhyth-
mia therapy) may remain undetected for a prolonged
period between device interrogations [42]. Fortunately,
there are now many service providers that can be
contracted for RPM-related services to offset the addi-
tional work and logistics required to run an effective
RPM program.

Although the technology has many proven suc-
cesses, certain RPM services still rely on patients to
take an active role in their own health. Wireless
technologies are also not suitable for some rural

Table 2. New reimbursement codes for remote patient monitoring (RPM) and chronic disease management approved by the
Centers for Medicare & Medicaid Services [45, 46]

CPT codes
99453 Remote monitoring of physiologic parameter(s) (e.g., weight, blood pressure, pulse oximetry, respiratory

flow rate), initial; setup and patient education on use of equipment

99454 Remote monitoring of physiologic parameter(s) (e.g., weight, blood pressure, pulse oximetry, respiratory
flow rate), initial; device(s) supply with daily recording(s) or programmed alert(s) transmission, each
30 days

99457 Remote physiologic monitoring treatment management services, 20 min or more of clinical
staff/physician/other qualified healthcare professional time in a calendar month requiring interactive
communication with the patient/caregiver during the month

99489 Remote monitoring for each additional 30 min

99491 Services provided personally by a physician or other qualified healthcare professional for 30 min

99490 Noncomplex CCM is a 20-min timed service provided by clinical staff

99487 Complex CCM is a 60-min timed services provided by clinical staff
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areas, and some older patients may not know how
to use modern technologies like apps [44]. Any
collected health information also needs to be
encrypted and protected from hackers, and some
RPM technologies are very expensive. The shift of
accountability associated with RPM brings up lia-
bility issues. There are no clear guidelines in re-
spect to whether clinicians have to intervene every
time they receive an alert regardless of the urgency.
The continuous flow of patient data requires a
dedicated team to handle the information, which
may, in fact, increase the workload. Although tech-
nology is introduced with the intent to increase
efficiency, it can become a barrier to some
healthcare providers that are not technological.
Using service providers, which provide RPM as well
as support reimbursement, can help address some
of these challenges.

RPM incurs additional issues, including defining
responsibilities (e.g., defining an acceptable amount

of time for notifying a patient after identifying a
possible problem), potential liability to health pro-
fessionals if information provided by the device is
not documented, maintaining patient confidentiali-
ty, and licensing issues with physicians who are
monitoring patients in states in which they are not
licensed to practice. Currently, manufacturers main-
tain remote follow-up data repositories and informa-
tion regarding specific patients which can be
accessed by designated providers through a password
system. Database vulnerability remains a concern,
and best practices in security and privacy need to
be ensured to mitigate the risk [21]. Engagement
with service providers and digital transformation
networks (such as with ACC) allows personal train-
ing, pooled resources, indemnification support, and
legal and reimbursement guidance for a network of
multiple practices and health systems, enabling a
more efficient and responsive care.

Conclusions

Patient care using RPM had added a new dimension in managing patients with
procedures and chronic cardiac conditions. Even though there are multiple
significant benefits to RPM for both patients and practices, it has remained
underutilized. EP practitioners can now use evidence-based care developed for
RPM to provide more effective care, improve outcomes, and enhance revenue
for a variety of procedures and disease conditions ranging from arrhythmia
screening, device-basedmonitoring, anticoagulationmanagement to symptom,
and ePRO monitoring. Participation in national society-led digital transforma-
tion networks can fast-track adoption, sharing of implementation science, and
generation of rigorous evidence.
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