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Abstract

Introduction: The third-generation subcutaneous implantable cardioverter-
defibrillator (S-ICD) (EMBLEM™ A219, Boston Scientific) contains a new diagnostic
tool to detect atrial fibrillation (AF) in S-ICD patients, without the use of an intracar-
diac lead. This is the first study to evaluate the performance of the S-ICD AF monitor
(AFM).

Methods: The AFM algorithm analyzes a subcutaneous signal for the presence of AF,
similar to the signals collected by implantable and wearable diagnostic devices. The
AFM algorithm combines heart rate (HR) scatter analysis with an HR histogram. The
algorithm was tested against publicly available electrocardiogram databases (simu-
lated performance). Real-world performance of the algorithm was evaluated by using
the S-ICD LATITUDE remote monitoring (RM) database.

Results: The simulated performance of the AFM algorithm resulted in a sensitivity of
95.0%, specificity of 100.0%, and positive predictive value (PPV) of 100.0%. To evaluate
the real-world performance of the AFM, 7744 S-ICD devices were followed for up to
30 months by RM, whereof 99.5% had the AFM enabled. A total of 387 AF episodes
were randomly chosen for adjudication, resulting in a PPV of 67.7%. The main cause of
misclassification was atrial and ventricular ectopy.

Conclusion: The AFM exhibited a very high sensitivity and specificity in a simulated
setting, designed to maximize PPV in order to minimize the clinical burden of reviewing
falsely detected AF events. The real-world performance of the AFM, enabled in 99.5%
of S-ICD patients, is a PPV of 67.7%.

KEYWORDS
algorithm, atrial fibrillation, remote monitoring, S-1CD, subclinical atrial fibrillation, subcutaneous
implantable cardioverter-defibrillator

1 | INTRODUCTION

Abbreviations: AF, atrial fibrillation; AFM, AF monitor; ECG, electrocardiogram; PPV,

Atrial fibrillation (AF) or subclinical AF (SCAF) is a common comorbid-

positive predictive value; RM, remote monitoring; SCAF, subclinical atrial fibrillation; S-ECG,

subcutaneous electrocardiogram; S-ICD, subcutaneous implantable

cardioverter-defibrillator; SR, sinus rhythm

ity in patients with an implantable cardioverter-defibrillator (ICD) indi-

cation and may occur in up to 40% of patients with an ICD.! In ICD
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patients without previously diagnosed AF, the incidence of new onset
AF may be as high as 20% per year.? It is important to identify patients
who experience AF as early detection of AF in ICD patients may impact
AF treatment, quality of life, stroke prevention, and prevent of inappro-
priate ICD therapy.-

During the last 8 years, the subcutaneous ICD (S-ICD) has been
proven to be an effective treatment option for the primary and sec-
ondary prevention of sudden cardiac death and serves as a class | rec-
ommended alternative for the transvenous ICD (TV-ICD) in patients
without the need for pacing.6® Until recently, the S-ICD and single-
chamber TV-ICD devices did not have the potential to detect AF, as,
unlike dual- or triple-chamber devices, there is no lead in the right
atrium to detect atrial signals. To facilitate AF detection in a patient
population with a single-chamber ICD, new solutions have been cre-
ated, such as adding R-R interval based AF detection algorithms or
proximal dipole rings in single-lead TV-ICDs.?1° While simulated per-
formance of AF detection in an ICD without a dedicated atrial lead
has been published, real-world performance data are lacking.1%-22 Like-
wise, in the most recent generation S-ICD (EMBLEM™ A219, Boston
Scientific), a new diagnostic algorithm has been added to detect AF
without requiring the information from an intracardiac lead, using
signals similar to those collected by implantable and wearable patch
diagnostic-recording devices. Therefore, the aim of this study was to
evaluate the simulated and the real-world performance of the atrial fib-

rillation monitor (AFM) in the latest generation S-ICD devices.

2 | METHODS

In this study, we describe AFM development and performance testing
in simulated setting. Further, we tested the real-world performance
of the AFM using S-ICD episodes derived from the US LATITUDE
database.

2.1 | AFM algorithm description

The S-ICD’s signal is subcutaneous, similar to that sensed by
implantable loop recorders and wearable patched-based technology.
The proprietary algorithm uses R-R intervals as input as P-wave detec-
tion is not available in the S-ICD". Metrics of R-R interval regularity
and the relative width of the R-R interval histogram are derived. The S-
ICD AFM algorithm classifies the rhythm as AF when R-R interval reg-
ularity is unstable, and the relative width of the R-R interval is wide.
The AFM algorithm evaluates whether AF is present for each window
of 192 certified R-R intervals and is under continuous operation when
the heart rate (HR) is less than 185 beats per minute.>3* Forty-four
seconds of the first AF episode detected within the last 24 hours will
be stored if the cumulative duration of AF exceeds 6 minutes, and if
another episode (e.g. VT/VF) of any type is not present. A daily trend
of AF burden is recorded and available, providing up to 100 days of

. Hereafter, all R-R intervals are assumed to be certified intervals.

history. A programmable AF burden alert can be sent to the physician
if the burden exceeds the programmed threshold. The AFM algorithm
was designed to not interact with VT/VF detection or discrimination.

2.2 | AFM algorithm development and
performance testing

2.2.1 | AFM algorithm development

The thresholds for R-R interval regularity and instantaneous HR (R-
R interval histogram) were determined using training datasets. The
robustness of the chosen thresholds was evaluated in algorithm per-
formance testing. The process of algorithm development and perfor-
mance testing is illustrated in Figure 1, and the datasets used are
listed in Table 1. Inputs for algorithm development were electrocardio-
grams (ECGs) used for previous algorithm development and validation
(Table 1). The ECG waveforms were derived from either the Cameron
Health ECG Signal Library or from spontaneously occurring S-ICD
episodes, both of which have been described in detail previously.}* R-
R intervals were obtained by feeding ECG waveforms into a computer
model that simulates the sensing of the S-ICD system. The R-R inter-
vals subsequently served as input for the AF algorithm. AF detection
algorithm thresholds were chosen to maximize the positive predictive
value (PPV) for AF detection using receiver operating characteristics
analysis.

2.2.2 | AFM algorithm simulated performance

The datasets used for the algorithm’s simulated performance testing
consisted of adjudicated rhythms and R-R intervals derived from pub-
licly available ECG databases from PhysioNet and were not used dur-
ing algorithm development (Figure 1, Table 1).1> ECG recordings of
10-24 hours in duration were separated into segments, where each
segment was adjudicated as AF or non-AF as part of the PhysioNet
databases. A segment is a subset of the full data recording, with at
least 192 R-R intervals, where the rhythm is consistently AF or non-
AF. Aggregate data from a given human subject comprised all true
and all false AF segments. These segments were fed into the AF algo-
rithm. Metrics of sensitivity, specificity, and PPV were used to eval-
uate the algorithm’s performance. The algorithm’s performance was
assessed at the patient level and biased toward detection—if the algo-
rithm detected true AF in at least one of the patient’s segments, the
patient was defined as a true positive patient. Conversely, the patient
was considered a false positive patient if the algorithm falsely detected

AF in a segment where no AF was present.

2.3 | AFM algorithm real-world performance

S-ICD AFM algorithm real-world performance was evaluated with the
use of the US LATITUDE™ database of 7744 EMBLEM™ A219 S-
ICD devices and episodes (Figure 1, Table 1). In August 2018, 39 170
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FIGURE 1 Datasets, processing, and metrics used for algorithm development (ECG waveforms), simulated performance testing (R-R
intervals), and real-world performance evaluation. ECG waveform data were used for algorithm development and processed by the S-ICD model,
both described previously.2* The resulting intervals were inputs into the AF algorithm. Performance testing data were adjudicated intervals from
several databases available from Physionet.'®> AF episodes recorded from implanted S-ICDs are stored in the US LATITUDE™ database. These
data were used for evaluating the AFM algorithm real-world performance. Each dataset is described in Table 1. Abbreviations: AF, atrial
fibrillation; S-ECG, subcutaneous electrocardiogram; S-ICD, subcutaneous implantable cardioverter-defibrillator [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Overview of the AFM algorithm development, simulated performance, and real-world performance testing datasets

Development or

No. of patients No. of patients

performance with AF with non-AF Total number of
testing Data type Dataset episodes (%) episodes (%) patients
Development Surface ECG, Signals collected by Cameron 68 (22%) 235 (78%) 303
S-ICD Health using surface
vectors electrodes and device
Simulation Interval data Physionet databases’ 99 (56%) 79 (44%) 178
performance
Real-world S-ICD episode US LATITUDE™ database NA NA 387
performance data

Abbreviations: AF, atrial fibrillation; NA, not available; S-ICD, subcutaneous implantable cardioverter-defibrillator.
"Four separate Physionet datasets were used: (a) n = 78 from long-term AF (24 -hour recordings)'?; (b) n = 21 from MIT-BIH AF (10-hour recordings)*’; (c)
n = 54 from Physionet NSR (24-hour recordings),’”; (d) n = 18 from MIT-NSR (24-hour recordings).*

episodes that were classified by the device as AF were available in the
database. One episode per patient was downloaded for all patients who
had the AFM enabled. A total of 387 episodes were randomly chosen
for human adjudication of presence or absence of AF. With this sam-
ple size, we could establish the PPV with a 95% confidence interval of 5

and that this confidence interval would suffice. Baseline subcutaneous-
electrocardiograms (S-ECGs) obtained during LATITUDE™ connec-
tion sessions were also downloaded and referenced when needed
during the adjudication process. Episodes were evaluated by five

adjudicators not associated with development of the algorithm, trained
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TABLE 2 Atrialfibrillation monitor algorithm development and simulated performance testing results

Development dataset

True AF,n 68

Non-AF, n 235

Sensitivity, % (95% Cl) 79.4(67.9-88.3)
Specificity, % (95% Cl) 98.3(95.7-99.5)
Positive predictive value, % (95% Cl) 93.1(83.5-97.3)
Negative predictive value, % (95% CI) 94.3(91.2-96.3)
AF prevalence, % 22.4

Abbreviations: AF, atrial fibrillation; Cl, confidence interval.
"95% Cl cannot be calculated.

in S-ECG morphology recognition and with a median of 33 years of
experience in cardiac electrophysiology (range: 18-45 years). Each
episode was reviewed by one adjudicator on an internal viewer created
in MATLAB (The MathWorks, Inc., Natick, MA). The adjudicator could
adjust the amplitude and temporal resolution of the stored episode if
deemed required.

The S-ICD AFM performance was evaluated by its PPV. Episode
sensitivity, specificity, and negative predictive value could not be cal-
culated from this dataset as the dataset does not allow quantifica-
tion of undetected true AF episodes nor true negative episodes. PPV
was calculated from reported true positives, false positives, and prior

probability/prevalence.1:17

3 | RESULTS

3.1 | AFM algorithm development and
performance testing

3.1.1 | AFM algorithm development

A total of 303 ECGs (68 AF, 235 non-AF) with recording durations of
2-10 minutes were used for the development of the S-ICD AFM algo-
rithm (Table 2). The 235 non-AF ECGs contained sinus rhythm at rest or
during exercise, including 133 episodes adjudicated internally as inap-
propriate due to cardiac oversensing. Table 2 shows the overall devel-
opment and the testing results of the AFM. Fifty-four of the 68 true AF
episodes were detected as AF by the AFM with a sensitivity of 79.4%
and specificity of 98.3%. The PPV indicating the proportion of ECGs
with true AF that were detected as AF by the AFM was 93.1%.

3.1.2 | AFM algorithm simulated performance

To test the simulated performance of the AFM algorithm, we used four
different independent datasets of 10-24 hours recordings available on
Physionet (Table 1).1>1819 |n total, the simulated performance testing
set consisted of 178 ECGs, including 99 AF ECGs and 79 non-AF ECGs,

resulting in an AF prevalence in this dataset of 55.6%. The algorithm

Simulated performance dataset (pooled analysis)
99

79

95.0(88.6-98.3)

100.0 (95.4-100.0)

100.0

94.1(87.1-97.4)

55.6

correctly excluded AF in all 79 non-AF patients (PPV 100%, specificity
100.0%; Table 2). Conversely, the AF algorithm correctly identified 94
of the 99 AF patients (sensitivity 95.0%). AF was not detected when
AF episodes were short (<8 minutes; n = 3) or when the ventricular
response was stable (n = 2).

3.2 | AF algorithm real-world performance

The real-world performance of the AFM was determined by evaluat-
ing the data from 7744 EMBLEM™ A219 devices that were followed
up for a duration up to 30 months with the use of the US LATITUDE™
database. The AFM was enabled in 7707 (99.5%) of the 7744 patients
with an S-ICD EMBLEM™ A219 device (Figure 2). Of the 7707 patients
with the AFM switched on, 2004 patients (26%) had >1 stored episodes
of possible AF, of whom 462 (6%) of patients had one stored episode
and 1542 (20%) had >1 stored possible AF episodes (Figure 2). Figure 3
shows the distribution of stored AF episodes by the AFM per patient.
In August 2018, 39 170 possible AF episodes were available in the
US LATITUDE™ database, from which 387 randomly chosen episodes
from 387 patients were adjudicated by the human reviewers as AF or
non-AF. The overall performance of the AFM in this real-world dataset
resulted in a PPV of 67.7%, indicating the proportion of detected AF
episodes that were concordant with the adjudicated AF (n = 262). A
total of 125 (32.3%) stored AF episodes were misclassified as AF by
the AFM. Table 3 shows the PPV and AF incidence relation of the S-
ICD AFM as well as the causes of misclassifications. Atrial and ventric-
ular ectopy were the greatest source of false positive AF at almost 70%
of misclassified cases. Noise and bad signals resulted in almost 18% of
misclassifications. Oversensing, including T-wave oversensing, was the
source of misclassification in only 6.4% of cases.

4 | DISCUSSION

4.1 | Main findings

This study is the first to report both the simulated and real-life per-

formance of a novel monitoring algorithm to detect AF integrated
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FIGURE 2 Alertrate of monitored AF episodes by the
AFM observed in the US LATITUDE remote monitor
database. Twenty-six percent of the 7707 patients had
one or more stored AF alert. The PPV of 67.7% results in
an estimated false positive rate of AF alerts of 8%,
assuming that the 74% of patients with no stored AF alert
are true negatives. Abbreviations: AF, atrial fibrillation;
RM, remote monitoring [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 AF episode distribution across
patients with 1 or more AF episodes monitored
by the AFM. Top: total episode distribution.
Bottom: zoomed episode distribution.

Abbreviations: AF, atrial fibrillation; AFM, atrial ™
fibrillation monitor [Color figure can be viewed -g
at wileyonlinelibrary.com] .g
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TABLE 3 S-ICD AFM real-world performance of random selected
events of the US LATITUDE database and cause of misclassification
AFM real-world performance
Stored AF episodes, n 387
AF incidence, %

PPV, % (95% Cl)

15-17
67.7 (62.8-72.3)

Cause of misclassification

Ectopy, % 69.6
Oversensing + TWOS, % 6.4
Noise + bad signals, % 17.6
Undersensing, % 2.4
Other arrhythmias, % 1.6

“Estimated by previous publications reporting the incidence of AF in S-ICD
cohorts.”2?

Abbreviations: AF, atrial fibrillation; AFM, atrial fibrillation monitor; Cl, con-
fidence interval; PPV, positive predictive value; TWOS, T-wave oversensing.

in the third generation of the S-ICD (EMBLEM™, A219). The pur-
pose of the AFM is to early detect symptomatic AF or SCAF in S-ICD
patients to potentially prevent AF-related complications, timely ini-
tiate anticoagulation therapy guided by the CHA,DS,VASc score in
patients with new onset AF, and to manage AF in patients with a history
of AF.

The main findings of this study are that the development and sim-
ulated performance of the AFM demonstrated that the AFM has a
promising high sensitivity, specificity, and PPV. The real-world PPV of
the AFM algorithm is 67.7%, and the algorithm remained enabled in
almost all of the S-ICD patients in the United States with remote moni-

toring.

4.2 | AF monitor simulation and real-world
performance

The high PPV of 100.0% for the AFM during simulated performance
testing shows that all the episodes adjudicated by the AFM as AF were
concordant with physician adjudicated AF. The AFM correctly excluded
AF in 79 of the 79 patients without AF (specificity 100%) and cor-
rectly identified 94 of the 99 AF patients (sensitivity 95.0%), in a cohort
with a true AF prevalence of 56%. Real-world performance testing of
the AFM, using remote monitor S-ECGs of patients implanted with an
EMBLEM™ A219 S-ICD, showed a PPV of 67.7%. The fact that the S-
ICD currently does not detect P-waves in real time in subcutaneous
signals, which could help to discriminate AF from other rhythms, may
impede real-world performance relative to ICDs with atrial leads.2°
Future algorithms using deep learning models may overcome the disad-
vantage of lacking this information and improve the real-world perfor-
mance of S-ICD AFM and other subcutaneous insertable cardiac moni-
tors (ICMs) by reducing the false positive rate caused by other irregular

rhythms, such as frequent atrial or ventricular ectopy.2?

4.3 | Comparison of AF detection by the AFM with
single-chamber TV-ICDs

In line with the S-ICD AFM, other TV-ICD algorithms have been devel-
oped with the aim to enable physicians to monitor AF in patients with
a single-chamber ICD indication. The VISIA AF™, Medtronic is a CE-
marked and FDA-approved transvenous single-chamber ICD with inte-
grated AF monitor, consisting of a dedicated AF detection algorithm
previously developed for use in the Medtronic Reveal XT ICM.10-22 §jm-
ulated performance of the VISIA AF™ shows promising results with
a similar high sensitivity and specificity comparable to the simulated
performance of the S-ICD AFM.'° Real-world data and thereby real-
world performance of the VISIA AF are lacking so far. The Medtronic
LINQ™ ICM includes the same R-R interval based algorithm as the
VISIA AF™ and also uses subcutaneous signals for the detection of
AF similar to the S-ICD AFM.23 The Medtronic Reveal LINQ™ has a
reported comparable real-world performance as the S-ICD AFM, with
a PPV of 25.7% in the cryptogenic stroke population with an AF preva-
lence of 8% and a PPV of 72.5% in a patient population with an AF
prevalence of 47.1%.2° The sources of misclassification with AF detec-
tion in the Reveal LINQ™ appear similar to that for the S-ICD AFM,
with the possible exceptions of the S-ICD reporting false AF due to
noise and bad signals more frequently than the Reveal LINQ™ (17.6%
vs 10%), and the Reveal LINQ™ having a higher proportion of false AF
due to cardiac oversensing (22% vs 6.4%).2*

The Biotronik DX™ single-chamber ICD contains an atrial sensing
dipole on the ventricular lead, which provides continuous atrial moni-
toring and thereby the option to detect AF or other atrial arrhythmias.’
With the exception of a small sized study, large real-world perfor-
mance data are not yet available.? The observational MATRIX registry
(NCT01174357) and ongoing randomized Dx-AF study should provide
reliable data on the real-world performance of this integrated system
to diagnose AF in single-chamber TV-ICD patients.'12° To the best of
our knowledge, this is the first study presenting large real-world per-
formance data of an AF detection monitor integrated in an ICD without
the use of an atrial lead.

The existing S-ICD AFM algorithm is based solely on R-R inter-
vals. Previous analyses based on Holter and ECG have shown that
an ICM-based algorithm employing signal morphology and rhythm
identification in addition to R-R interval analysis shows improved
PPV and false positive rates with minimal impact to sensitivity.2:27
It is anticipated that these algorithmic improvements can be adapted
for the S-ICD for future generation devices, analogous to the S-ICD
algorithmic advances that have been observed for mitigating T-wave

oversensing.1428

4.4 | Clinical implications

The AFM has been designed to detect AF or SCAF in the S-ICD patient
population. Our results show that the AFM is enabled in almost 100%
of patients with an EMBLEM A219 device monitored by US LATITUDE
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and thereby likely used by physicians to assist in monitoring of (SC)AF.
With anincidence of >1 episodes of AF of 17.6% (corrected for the esti-
mated false positive rate of 8% of total AF episodes based on the PPV
of 67.7% of the AFM and the 26% alert rate), our results are in line with
previous published data reporting an AF incidence of 15-17% in the S-
ICD population.”-2?

441 | Device detected subclinical atrial fibrillation
By enabling the AFM, (SC)AF detection in S-ICD patients may be
improved as already established or new-onset (SC)AF may be more
appropriately managed to avoid AF-related complications. Episodes
of SCAF are defined as newly detected, asymptomatic, episodes of
AF detected by ICMs like loop recorders, pacemakers, or 1ICDs.3% A
recently published comparison study reported a higher incidence of
(SC)AF detection in patients receiving a single-chamber ICD capa-
ble of detecting AF/AT than in patients with a conventional ICD.3!
In this study, the diagnosis of these arrhythmias resulted in clinical
interventions as prescription of OAC therapy in most cases.>! How-
ever, the implication of SCAF detected by this novel device remains
incompletely understood. Similarly, whether or not all patients with
detected SCAF require OAC therapy remains controversial. A recent
meta-analysis showed that patients with SCAF have a 2.4-fold higher
stroke risk compared to patients without SCAF.32 A subanalysis of
the ASSERT study reports a correlation that stroke mainly occurs in
patients with SCAF lasting longer than 24 hours.3® Whether patients
with SCAF are at the same stroke risk as patients with clinical AF, and
whether the same anticoagulation indications apply, is the subject of
two large ongoing clinical trials.3#3> With the reported real-world S-
ICD AFM data, in routine clinical practice, physicians are advised to
accurately determine AFM outcome per patients and/or consider addi-
tional monitoring in case of detected (SC)AF by the S-ICD AFM, before
prescribing OAC in patients at high risk for stroke.

44.2 | Value of false positives

False AFM episodes were found to be due to oversensing, undersens-
ing, ectopy, or other arrhythmias (see Table 3). These episodes could be
leveraged as alerts: ectopy and slow VTs may be leveraged as clinically
relevant alerts to the physician to intervene with changes in device or
medication therapy, undersensing could alert the physician to correc-
tive action to prevent arrhythmia undersensing, and cardiac or noncar-
diac oversensing observed in a false AFM episode could result in cor-

rective actions to prevent inappropriate shock due to oversensing.

4.4.3 | Inappropriate shocks

Identifying patients with (SC)AF may indirectly reduce the number of
IAS, as physicians can initiate and manage appropriate AF therapy. Cur-
rently, the AFM is not designed to interact with other S-ICD integrated

WILEY——

algorithms and filters while almost 25% of AFM false positive episodes
are due to S-ICD cardiac and noncardiac oversensing. Future cooper-
ation between the AFM and the S-ICD algorithms may directly reduce
the number of IAS.

4,5 | Study limitations

This analysis has several limitations. (a) For simulated performance
dataset, we used ECG and Holter recordings only. Holter monitors and
ECG machines use prespecified AF detection algorithms that may have
selected only the most evident AF episodes, leading to more unmistak-
able AF episodes and thus a higher performance of the AFM. (b) S-ICD
signal morphology was not externally validated by surface ECG and we
could not calculate the sensitivity of the real-world performance of the
AFM and could only estimate the false positive rate, as the number of
AF episodes and patients with no record of AF in the real-world perfor-
mance cohort were not available as no real-time Holter monitors were
used for data collection. (c) The AFM is not optimized for the detec-
tion of the burden of (SC)AF, which may be relevant for clinical deci-
sion making, as stroke risk appears to correlate with the duration of AF.
In addition, duration of AF may increase the incremental likelihood of
catching AF. (d) The AFM only detects episodes of AF and not episodes
of atrial flutter or atrial tachycardia. (e) Real-world adjudication was
performed with each episode evaluated by one reviewer. (f) We did
not have programming information (e.g., SMART PASS) along with the
AF episodes detected by the AFM. Therefore, we do not know if mis-
classification of AF by T-wave oversensing occurred with SMART PASS
enabled or disabled. (g) The lack of direct detection of atrial signals may
have increased the false positive episodes and may have missed other
atrial arrhythmias that may require further monitoring and OAC ther-
apy.

5 | CONCLUSION

The S-ICD AFM detection algorithm exhibited a high sensitivity and
specificity during development and simulated performance testing.
Real-world performance of the S-ICD AFM was less accurate than in
the development and simulation cohort, but similar to the real-world

performance of other comparable devices.
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