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Abstract

Monitoring following catheter or surgical ablation for atrial fibrillation (AF) is an essential tool used to assess outcomes for

research purposes and help guide clinical decision making. The most commonly used methods to monitor for post-intervention

AF include a variety of ambulatory external electrocardiogram (ECG) monitors, cardiac implantable electronic devices (CIED),

and more recently, direct to consumer digital health technologies. The traditional metric of ablation success, recurrence >

30 seconds at 1 year, is below the detection capabilities of almost all monitoring techniques yet still undervalues the efficacy

of AF interventions. Measures of AF burden reduction and duration give a more complete assessment of the impact of AF

surgeries and ablation. As it is increasingly being recognized that AF burden and duration is related to stroke risk, long-term,

inexpensive, non-invasive monitoring methods are needed. Smart phones and watches with AF-detecting capabilities, which are

increasingly being used by the majority of US adults, have emerged as viable options to achieve this goal, shifting the paradigm

of AF monitoring to a more patient centered approach.

Introduction

Surgical and catheter ablation of atrial fibrillation (AF) have emerged as a safe1 and effective alternative to
antiarrhythmic drug therapy2–4,5,67,8,9,10. The perceived success rate of these procedures is highly dependent
on the duration of AF recurrence that defines treatment failure as well as the intensity and duration of
monitoring11–14. Historically, clinical trials have used varying cutoffs of AF recurrence with varying methods
to detect the endpoint. Society guidelines define AF recurrence as any AF, atrial tachycardia (AT) or atrial
flutter (AFL) of at least 30 seconds after a 90-day blanking period15, a definition that has traditionally been
tested with intermittent ECGs and Holter monitors performed at fixed intervals or with symptoms. With the
rapid expansion of direct to consumer monitoring technologies, the ease of patient reported self-monitoring
of AF recurrences post-intervention has already started to shift the paradigm towards a more patient- facing
approach.

Indications for monitoring

AF monitoring following ablation and surgery is if often used to assess efficacy of treatment, particularly
in the setting of clinical trials, as well as to guide clinical management16. Monitoring allows correlation of
symptoms with recurrent arrhythmias as many patients may have symptoms during normal sinus rhythm
or from other arrhythmias apart from AF. In addition, monitoring allows one to screen for drug induced
proarrhythmia, evaluate efficacy of rate control during recurrent AF and aid in decision making surrounding
anticoagulation in low-risk patients.

Definition of success

Procedural success varies substantially depending on how success is defined. The first 90 days following
ablation, termed the blanking period, are characterized by a high burden of atrial arrhythmias resulting from
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atrial inflammation which does not necessarily portend a reduction in long term success and is frequently not
used clinically or in research studies to indicate treatment failure. While one 30 second episode of AF over
the course of a year, excluding the blanking period, technically constitutes treatment failure to maintain
sinus rhythm, this low burden of AF is arguably clinically irrelevant to the individual patient and does
not increase stroke risk17. AF burden reduction18 and improvement in quality of life (QoL)7 may be more
clinically relevant endpoints. Clinical trials such as CIRCA Dose used insertable cardiac monitors (ICMs)
for AF monitoring post-ablation and showed a reduction in AF burden by 99% even though almost half
had one or more AF recurrences at 12 months18. Using a real-world dataset of 665 patients with a cardiac
implantable electronic device (CIED) having undergone an AF catheter ablation, we showed that AF free
survival at 1 year post-blanking period for patients with paroxysmal AF varied from 28.2 to 72.1% for AF
events >6 min and >24 hrs, respectively, despite a 99.6% reduction in AF burden, and AF free survival at
1 year for patients with persistent AF varied from 24.9 to 60% for AF events >6 min and > 7 days with
>23hrs, respectively, despite a 99.3% reduction in AF burden (Figure 1)19. These findings were similar to
those found in the LINQ AF study in which 419 patients that had an ICM implanted following AF catheter
ablation had a success rate that varied from 46 to 79%, depending on what threshold was used to define
success.

A rational approach to AF detection post-intervention should rest in part on the minimal duration of AF
associated with major events, with stroke constituting the most feared consequence of the disease. While AF
burden has been directly correlated with stroke risk20–23, the exact duration of AF that is required to increase
the risk of stroke is still being debated. In a sample of 725 patients with implanted pacemakers, Capucci and
colleagues showed that the risk of stroke was increased with AF episodes >24hrs24. The TRENDS study25,
which subsequently enrolled 2486 patients with CIEDs, found that only AF episodes >5.5 hours over a 30-
day rolling window were associated with an increased risk of thromboembolic events (HR 2.2). The initial
analysis of the ASSERT trial, which enrolled 2580 patients with CIEDs, found that AF events >6 minutes in
duration increased the risk of stroke or systemic embolization (HR 2.49)26. However, a subsequent analysis
of the ASSERT data showed that only AF events > 24 hours were associated with an increased stroke risk
(HR 3.24) and that patients with <24hrs of AF had the same stroke risk as those without AF27. What
further complicates the issue is the observation that the association between AF duration and stroke may
be dependent on the individuals underlying risk factors. A study of 21 768 non-anticoagulated patients with
CIEDs demonstrated a clear interaction between AF duration and CHA2DS2-VASc score, such that patients
with a CHA2DS2-VASc score of 2 required > 23.5hrs of AF but those with a CHA2DS2-VASc score of 4
required only >6min of AF to have a stroke risk >1%, the threshold some suggest is the “tipping point” for
anticoagulation20.

Conventional monitoring devices

Historically, post-intervention AF monitoring has been performed with either periodic electrocardiograms
(ECGs), external ambulatory ECG monitors16 or CIEDs when present. External ambulatory ECG monitors
include continuous Holter monitors that record all ECG data, event monitors that record patient events
when manually triggered, loop recorders that continuously monitor the patient’s rhythm and store events
that are either patient triggered or automatically triggered by abnormal rhythms and real-time ambulatory
telemetry that sends continuous ECG recordings to a central monitoring station where technicians can alert
physicians in real time to events. CIEDs capable of monitor AF recurrence and burden include ICMs as well
as pacemakers and implantable cardiac defibrillators with an atrial lead or with atrial sensing poles on the
ventricular lead.

Clinical practice guidelines recommend that for routine clinical care, patients should have, at a minimum, an
ECG at each follow up visit, including at 3 months and then every 6 months for 2 years, with more intense
monitoring at the discretion of the provider. For the purposes of clinical trials, guidelines recommend, in
addition to ECGs at each follow-up visit, a minimum of a 24hr Holter at the end of the follow-up period
(for paroxysmal AF) or every 6 months (for persistent AF) and event monitoring done regularly and at the
time of symptoms from the end of the 3 months blanking period to end of follow-up (for paroxysmal AF) or
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symptom driven event monitoring (for persistent AF).

Not surprisingly, the longer and more frequently you monitor for AF, the more frequently it is discovered.
This challenge is well illustrated by the concept of AF density where intermittent monitoring has a low
sensitivity for detecting AF in individuals with infrequent episodes of AF concentrated over short timeframes
and are therefore less likely to have AF detected with infrequent, intermittent monitoring.20 Consistent
with this observation, a meta-analysis of 66 AF ablation studies including a total of 6941 patients showed
that the method of AF detection was predictive of procedural success rather than any specifics of the
ablation procedure itself, with studies that used CIEDs to monitor for AF recurrence showing the highest
AF recurrence rates. Using a monitoring strategy simulation in 665 patients with CIEDs undergoing an AF
ablation, we have shown that commonly used strategies of external ambulatory monitoring have relatively
low sensitivity and negative predictive value in detecting post-ablation AF, with a commonly used strategy
of a single 7-day continuous Holter monitor recording having <50% sensitivity in detecting AF recurrence
> 6min at 1 year (Figure 2)19.

The emergence of personal monitoring devices

In recent years there has been an increasing array of direct-to-consumer devices capable of detecting AF,
predominantly utilizing smart phones and smart watches. Survey data from the Pew Research Center
(www.pewresearch.org) suggests that the proportion of US adults with a smart phone has roughly doubled
since 2011 to over 80% and the proportion who use a smartwatch or fitness tracker now exceeds 20%, with
ongoing expansion each year as more products enter the marketplace. The resulting growth in patient driven
heart rhythm monitoring without direct physician oversight has empowered patients to investigate their own
rhythm abnormalities either as a screening tool or for disease management. Current methods available to
monitor for AF include smart phone finger pulse wave photoplethysmography (PPG) using downloadable
applications and hardware already present in modern smartphones, external electrodes that communicate
with an app downloaded to a smart phone used to generate an mobile single or six-lead electrocardiogram
(iECG), or smart watch PPG with or without single lead iECG confirmation (by touching the crown of the
watch with opposite hand to create a single lead ECG).

Personal monitoring devices have been shown to have a relatively high accuracy in detecting AF. The
SEARCH-AF study used iECGs to screen 1000 pharmacy customers for AF using 12 lead ECG confirmation,
finding a sensitivity of 98.5% and specificity of 91.4% for AF, diagnosing new AF in 1.5% of customers, all of
which had a CHADS-VASc score of 2 or more and therefore would conceivably benefit from anticoagulation
to reduce stroke risk28,29. Chan and colleagues screened 1013 primary care patients with a smartphone
camera-based PPG algorithm against iECG tracings reviewed by two cardiologists and found a sensitivity
of 92.9% and specificity of 97.7%, though lower sensitivities are reported outside the research setting30. The
WATCH AF trial31compared the accuracy of an automated wrist watch PPG algorithm in diagnosing AF
in 672 hospitalized patients as compared to a single lead iECG interpreted by cardiologists as a reference.
Although 21.8% of PPG datasets were not interpretable, the remaining datasets had a sensitivity of 93.7%
and specificity of 98.2% for detecting AF. Contact-free facial PPG using subtle beat-to-beat variations of
skin color has similarly shown promise in detecting AF with similar sensitivity32. As a proof of concept on
a larger community scale, the Apple Heart Study recruited 419,297 participants with smart watches using
an irregular pulse notification algorithm and mailed a 7-day continuous Holter monitor patch to those with
an irregular pulse. They found that 0.52% of participants received notifications of an irregular pulse, of
which 34% had AF diagnosed on the monitoring patch that was placed on average 13 days later33. Of the
86 participants that had an irregular pulse notification subsequently while wearing a patch, the positive
predictive value of the irregular pulse notification was 0.84 in detecting AF confirmed on the patch.

Advancements in wearable AF-sensors raises the possibility that assessment of AF duration and burden over
long time horizons will no longer require implantable devices. In a study of 24 patients Wasserlauf and
colleagues compared the accuracy of a simultaneous deep convolutional neural network PPG algorithm with
single lead iECG confirmation using KardiaBandTM (AliveCor, Mountain View, CA) with simultaneous ICM
recordings34. The smart watch algorithm had a sensitivity of 97.5% in detecting AF episodes > 1 hour and
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had a high correlation (R2 0.996) with the duration of AF recorded on the ICM. With studies suggesting
that stroke risk is highest for the 30 days following an episode of AF35 and that hours and not minutes of
AF is likely necessary to increase stroke risk in those with few vascular risk factors, wearable AF-detection
devices raise the possibility that stroke risk and bleeding risk can be reduced by targeted, time-delimited,
“pill-in-pocket” anticoagulation in those with infrequent episodes of paroxysmal AF, either spontaneously
or as the result of AF ablation or surgery.

Conclusion

AF monitoring following ablation is an indispensable tool to guide patient management. The traditional
strategy of intermittent external ambulatory monitoring devices to assess recurrence of AF as a binary
outcome is increasingly being recognized as inaccurate and misses the opportunity for tailored patient man-
agement. AF burden and duration assessment by personal monitoring devices, in the form of direct to
consumer smart watches and smart phones, holds promise to guide individual patient management and is
likely to empower patients to manage their own disease.
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Figure 1. Freedom from Atrial Fibrillation (AF) Following Catheter Ablation Stratified by Event Definition
in Patients with Paroxysmal AF (Panel A, n = 248) and Persistent AF (Panel B, n = 417).
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AF: Atrial fibrillation
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Figure 2. Estimated Sensitivity and NPV by Monitoring Strategy at 1 Year Post Blanking Period in
Paroxysmal (Panel A, n = 137) and Persistent AF (Panel B, n = 232) Patients.

AF: Atrial fibrillation; NPV: Negative predictive value
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