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Abstract Atrial fibrillation (AF) is a multifaceted and
highly variable disease that is often difficult to manage
within the traditional health-care model. The conven-
tional model of regular or pre-scheduled appointments
with physicians or allied health professionals is poorly
suited to the unpredictable and often urgent clinical
needs of patients with AF. Mobile health (mHealth)
has the potential to dramatically transform the delivery
and quality of AF care. In this brief review, we sum-
marize the current limitations and evidence gaps in
treating patients with AF. We then describe the current
mHealth landscape, changes in telehealth coverage and
reimbursement, and recent technological advances of
smartphones, mobile applications, and connected wear-
able devices. We also describe important barriers and
challenges, such as clinical management of large vol-
umes of data, application of predictive analytics/
machine learning, and the need for high-quality random-
ized clinical trials.
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1 Introduction: evidence gaps and unmet
needs in care of AF

Atrial fibrillation (AF) is a common and important disease that
is challenging and expensive to manage. There are unique
facets to the treatment of AF: treatment is directed both at
preventing complications (stroke, heart failure) and improving
quality of life, and decision-making is complicated due to
frequent competing comorbidities and potential harms of the
therapies themselves. AF may be self-limited, occurring a sin-
gle time after cardiac surgery, for example, or follow a more
chronic and relapsing pattern more consistent with other
chronic heart disease such as heart failure. Furthermore, care
of AF is delivered across a wide range of health-care settings
and providers, leading to high variation and heterogeneity in
disease assessment, treatment, and follow-up [1].

Complicating these issues is the often unpredictable and
sporadic nature of AF, associated symptoms, and disease pro-
gression. In lone paroxysmal AF, patients are typically symp-
tomatic only when AF occurs, which much like earthquakes,
is still only predictable moments before onset. Yet, the typical
paradigm of care in most health-care systems is prescheduled,
infrequent visits to the clinician. Unless AF is prolonged and
symptoms are sustained, these visits often have no relation-
ship to when the patient has AF or has AF symptoms. Patients
with paroxysmal AF frequently seek emergency care because
the tools and care infrastructure to support to manage episodes
in an ambulatory setting are lacking, although specialized AF
centers may be better resourced. Furthermore, because the
short office visit provides a very limited snapshot into the
chronicity of the patient’s AF and treatment, patients are often
asked to maintain logbooks with vital signs and symptoms.
However, reliance on symptoms may fail to account for pe-
riods of silent AF, which may augment stroke risk and also
predispose to cardiomyopathy from untreated tachycardia. In
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cases of persistent or permanent AF, symptoms and heart rate
control may fluctuate, often without obvious correlation to
environmental or other factors.

Ambulatory ECG monitoring, ranging from 24 h to
14 days, may be sporadically ordered to provide extended
Bsnapshots^ of AF, but these still represent a small portion
of the denominator of the patient’s experience, and health-
care insurers often reject coverage of repeat or sequential am-
bulatory ECGmonitoring. After AF ablation, there remains no
consensus on intensity of arrhythmia surveillance, leading to a
large practice variation as a result. In patients on non-vitamin
K oral anticoagulants, assessment of adherence is difficult and
not standardized (unlike for warfarin), leading to decreased
medication adherence [2, 3]. In sum, these unique aspects of
AF disease and care structure illustrate how the shortcomings
of traditionally health-care delivery have led to large evidence
gaps in decision-making and in optimizing treatment.

2 Mobile health: emergence and importance

Over the last 10 years, mobile telecommunication technology
has spurred rapid innovation and growth globally across many
sectors. While health care has traditionally been a late adopter
of process innovation, the provisions of health-care reform
from the Obama administration has served as a major catalyst.
The mandatory implementation of electronic health records,
introduction of quality- and value-based incentives for hospi-
tal reimbursement, and new reimbursements for non-face-to-
face management of chronic care conditions have established
new incentives to deliver care outside of the brick-and-mortar
health-care establishments [4].

In parallel, there has been rapid uptake of mobile and
smartphone technologies. Nearly two thirds (64 %) of
Americans owned a smartphone in 2015, up from 58 % in
the previous year [5]. Eighty percent of Internet users search
for health information online, while more than half seek infor-
mation on a specific disease or treatment [6].

Among smartphone owners, one fourth of them have limited
or no other options for broadband access, making their
smartphone their only means of accessing online information
and services. Among Americans age 50 or more, 39 % used
their smartphones to seek information on a health condition [5].

Mobile health (BmHealth^) is the delivery of health care via
mobile communication devices [7]. Previously, mHealth re-
ferred almost exclusively to the use of cellular phones and
simple interventions such as text messaging, which have
shown promise in cardiovascular care [8]. More recently,
mHealth has focused on Bsmart^ mobile phones, which allow
for complex user input and data display with touch screens.
Smartphones often have their own sensors, such as acceler-
ometers and cameras that can be exploited for physiological
measurements and patient monitoring. Smartphones can be

continuously connected to the Internet or a computer network
(cellular transmission and Wi-Fi) and to wearables or sensor
devices via Bluetooth. This continuous connectivity can allow
for data transmission to and from cloud-based data reposito-
ries, such as a personal or electronic health record.

These factors have led to exponential growth of the digital
and mHealth space. In 2014, total venture capital investment
in digital health companies was US$4.3 billion, nearly equal
to the total investment in the prior 3 years [9]. Digital medical
devices and telemedicine were the third and fourth most
funded categories, behind analytics and patient engagement.
For AF, there was an abundance of new companies working
on sensor technologies (electrocardiography, heart rate, blood
pressure, and motion/exercise), remote care and personalized
management, and patient engagement (drug adherence).
Some of these applications extended to patients with implant-
able devices, aiming to improve clinician user experience of
device interrogation and remote device management [10].

3 Solutions today

For AF, mHealth solutions extend across four broad catego-
ries: ECG or rhythmmonitoring, heart rate monitoring, symp-
tom and environmental annotation, andmedication adherence.

3.1 Heart rate monitoring

Heart rate monitors have seen an explosion in available sensing
devices, primarily due to the low cost of photoplethysmographic
(PPG) sensor design. In response to a growing market in well-
ness and fitness tracking, the penetration of these devices has
occurred primarily in a retail consumer space rather than in clin-
ical use. PPG-based heart rate sensors approved as medical de-
vices by the Food and Drug Administration (FDA) are widely
available but have lagged in their innovation, possibly due to
regulatory barriers. FDA-approved PPG heart rate monitors
may have the capability to signal irregularity, but there remain
no FDA-approved PPG or non-ECG sensor devices approved
for AF detection or for arrhythmia discrimination.

Smartphones have also been used to directly measure heart
rate without electrodes. In the Apple iPhone suite of devices,
the placement of the camera (optical sensor) adjacent to the
light emitting diode flash can facilitate transillumination of a
finger and measurement of heart rate by detecting the change
in detected light during pulse transit. There are no published
randomized trials of the effect of ambulatory heart rate mon-
itoring on clinical outcomes in AF.

3.2 ECG and rhythm monitoring

The landscape of ambulatory ECG monitoring devices has been
extensively detailed by Mittal and Steinberg [11]. These devices
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are generally classified by their duration ofmonitoring (previous-
ly ranging from 24 h to 30 days or longer), the electrode style,
and the presence or absence of mobile or real-time transmission
capability. Since the publication of that paper, there have been
some recent advances. A sampling of contemporary devices is
shown in Fig. 1 that plots devices based on their duration of
monitoring versus the expected setting of delivery of care.
Traditional lead- or wire-based devices have been increasingly
displaced by solutions with electrodes embedded in adhesive
patches that can be worn up to 14 days [12, 13]. Unlike adhesive
electrodes for lead-based systems, the water-resistant patches are
not removed during the monitoring period leading to greater
wear time, more analyzable time, and no lead reversal errors.
The wireless coupling of these devices to smartphones via
Bluetooth® provides some of them the capability for real-time
telemetry, signal interpretation, and two-way communication.
Similar chest-strap devices have been developed in the retail
fitness and exercise performance markets [14].

More recently, non-wearable solutions coupled to
smartphones have emerged. These devices, including the
AliveCor device (San Francisco, CA), allow the user (patient
or clinician) to perform a Bspot check^ single lead ECG strip,
usually of up to 30 s and sometimes longer [15]. The device
may be used by clinicians as a point-of-care device to obtain a
reimbursable rhythm strip in place of a 12-lead ECG. Patients
may use these devices for ad hoc our routine evaluation of
rhythm. The ECG data can be instantaneously transmitted for
automated interpretation with the ability of the consumer to
request a physician overread for a surcharge. Unfortunately,
the device is not reimbursed by most health plans and patients
usually must purchase them (Fig. 1).

All of these contemporary devices have shown promise for
large-scale population screening of undiagnosed AF. In the
USA, modeling estimates have shown the population of undiag-
nosed AF to be approximately half a million patients with a

societal health-care cost of US$3.1 billion [16]. The STROKE-
STOP study provided patients in Sweden age 75 or 76 a point-
of-care rhythm strip device (Zenicor Medical Systems,
Stockholm, Sweden) to be used over a 2-week period and found
previously undiagnosed AF in 3% of the 7173 participants [17].
In the SEARCH-AF study, a smartphone-coupled rhythm strip
device (AliveCor, San Francisco, CA) was used to perform
community-based screening at ten pharmacies in Australia age ≥
65 and found newly diagnosed AF in 1 % of the 1010 partici-
pants [18]. The limitation of these devices in screening is the
sampling error for detection of paroxysmal AF, which may in-
dicate the substantially lower prevalence than what would be
expected based on risk factors [19]. Population screening using
patch-based adhesive 14-day monitors are underway ([20]
mSTOPS study), and pilot data shows promise, with diagnostic
yields of 5 % in high-risk samples [21].

For continuous, uninterrupted monitoring, the only current
solutions are invasive and include implantable loop recorders
(ILRs) (Medtronic Inc., Mounds View, MN; St. JudeMedical,
St. Paul, MN). Their role in chronic AF management and in
care pathways are still in evolution. Although they are more
sensitive in detecting AF simply based on wear time alone, the
impact on therapeutic strategy and clinical outcomes have not
been tested in randomized trials. Several trials are underway to
use ILRs to guide ad hoc non-vitamin K oral anticoagulant
therapy [22–24]. Importantly, there still exists a major tech-
nology gap for continuous or uninterrupted rhythm monitor-
ing that is non-invasive (Fig. 1).

Methods to classify AF and to discriminate arrhythmias
using smartphone LED lights and cameras have been devel-
oped, with one irregularity quantification algorithm demon-
strating high agreement with ECG rhythm strips [25].
Unfortunately, such technologies have not been validated in
larger populations and their calibration or performance in pa-
tients with implanted pacemakers or with significant atrial or

Fig. 1 Landscape of atrial
fibrillation monitoring devices
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ventricular ectopy has not been well characterized. Still, im-
provements in PPG or optical sensors and detection algo-
rithms could one day match the performance of ECG-based
rhythm assessment. If so, then delivery of AF care would be
expected to change substantially, as this would reflect a radical
departure from relying on an ECG for ascertainment of AF.

3.3 Medication adherence

The emergence of the non-warfarin oral anticoagulants that do
not require regular blood tests for monitoring has simulta-
neously resulted in a rise of adherence concerns.

Given the short half-life of these drugs compared to warfa-
rin and the absence of routine or required monitoring for ther-
apeutic effect, consistent and sustained medication adherence
is crucial to maximally reduce risk of stroke. For example,
with dabigatran, every 10 % reduction in medication adher-
ence was associated with a 13 % increase in stroke and death.

Automated phone or text messaging has been described as a
useful intervention in some health-care systems to improve car-
diovascularmedication adherence [8, 26]. Dozens of smartphone
apps that allow patients to self-report and track medication ad-
herence are available on iOS® and Android® platforms. One app
allows users to share data with clinicians and family members to
facilitate a support system approach to improving care
(Care4Today™, Janssen Innovation, La Jolla, CA). The app will
issue automated alerts to remind patients to take their medica-
tion(s) on time and if medications appear to have been skipped.

3.4 Patient-reported symptoms and environmental data
collection

Correlation of AF occurrence to symptoms, patient behavior,
or environmental triggers may be heterogeneous or difficult.

The traditional way that patients have documented these pa-
rameters, often at the recommendation of their health-care
professional, is to keep a logbook that documents blood pres-
sure, heart rate, and any other comments. Similar logbooks are
often encouraged during ambulatory ECG monitoring.
However, in a study of 286 patients with 7-day ambulatory
ECG monitoring with a detailed AF symptom assessment im-
mediately following, there were no significant ECG predictors
of AF symptom severity [27].

While this simple method can sometimes reveal insights (e.g.,
worsening heart rate control at certain times per day), the limita-
tion of such an approach is that it fails to account for additional
data that may be useful as predictors, such as medication
nonadherence, and as outcomes, such as activity or walk speed.
Smartphone applications, or an integrated set of applications,
could have a role here, by collecting data, actively or passively,
on medication adherence, heart rate, rhythm, pulse transit time,
blood pressure, symptom severity questions, walk speed (similar
to 6-minwalk), diet, caffeine and alcohol intake, sympathetic tone
(galvanic skin response), sleep (including sleep apnea), and
weight. Data exchange frameworks such as Apple HealthKit®
and Google Fit® allow applications and connected devices to
share data via common application programming interfaces.

Furthermore, machine learning, a statistical methodology
that attempts to classify patterns of data without any pre-
specified null hypotheses, could be applied to attempt to gen-
erate insights in data associated with changes in AF symptom
severity, exercise tolerance, mood, or other outcomes. While
these hypothesis-generating analytics would not be prescrip-
tive, they may help to provide insights to patients to motivate
changes in behavior that could favorably affect AF or its symp-
toms. The smartphone app of the AliveCor smartphone-based
ECG device (San Francisco, CA) allows for symptom annota-
tion of rhythm strips (Fig. 2), but the current version (3.2) does

Fig. 2 Application screenshots from the AliveCor iPhone mobile application (version 3.2)
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not incorporate passive or external sensor data or provide ana-
lytical insights beyond data visualization. More AF-specific
applications are expected to come to market with clinical trials
expected to follow.

3.4.1 Reimbursement

In order for mobile technologies to be incorporated into phy-
sician workflows, significant changes are required to reim-
bursement structures and patient-engagement platforms. The
flood of patient data, even with optimized alarms and treat-
ment algorithms, is likely to lead to heavier clinician work-
loads, which may lack adequate reimbursement incentives. In
the current fee for service model, reducing clinical appoint-
ments and hospitalizations may not be in the best interest of
physicians, who are financially dependent upon office visits
and procedural volume. In addition, monitoring outpatient
data also incurs potential liability risk or payment penalties
for not meeting meaningful use criteria [28]. Fortunately, re-
cent reimbursement legislation highlights that the culture of
health care is advancing across multiple arenas. The majority
of states have enacted laws regarding private payer reimburse-
ment for remote patient care [29]. For example, Minnesota’s
telemedicine parity law, which takes effect for health plans
beginning in 2017, requires private payers to provide coverage
in the same manner and at the same rate as in-person services
[30]. However, the strongest incentivemay be a newMedicare
reimbursement code (CPT 99490), launched in 2015, to reim-
burse physicians for non-face-to-face care chronic care man-
agement (CCM) in patients with two or more chronic condi-
tions, of which AF has been specifically targeted. The billing
requirements include documentation of at least 20 min of clin-
ical staff time (including non-physician and non-nursing staff)
and a comprehensive care plan for management of chronic
conditions. The average reimbursement is US$40–50 per pa-
tient directly to the practice as a professional fee. For a typical
practice, this equates to more than US$75,000 of net annual
revenue per full-time equivalent physician if only 50 % of
eligible patients enroll [31]. Over 60 telehealth startups have
launched since the implementation of this new reimbursement
code.

4 Conclusion

Atrial fibrillation is a multifaceted and highly variable disease
that is poorly managed within the traditional brick-and-mortar
health-care model. Mobile health enables wide-reaching dis-
ease surveillance among entire patient panels and payer pop-
ulations with real-time trends in patient rhythm, heart rate,
symptoms, and medication adherence. New reimbursement
models may encourage mobile health adoption and similarly
stimulate greater innovation. The surging global penetration

of smartphones and low-cost connected ECG and pulse wave-
form devices may enable worldwide populations at risk for
AF to be screened efficiently and inexpensively. However,
challenges remain, including clinical management of large
volumes of data, limitations of predictive analytics and ma-
chine learning, and the need for high-quality randomized clin-
ical trials. Despite these hurdles, mobile health has an extraor-
dinary potential to improve the care of AF and rapidly redefine
the framework for its management.
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