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ABSTRACT

Embolic stroke of undetermined source (ESUS) represents a heterogeneous subgroup of patients with

cryptogenic stroke, in which despite an extensive diagnostic workup the cause of stroke remains uncertain.

Identifying covert atrial fibrillation among patients with ESUS remains challenging. The increasing use of

cardiac implanted electronic devices (CIED), such as pacemakers, implantable defibrillators, and implant-

able loop recorders (ILR), has provided important information on the burden of subclinical atrial fibrilla-

tion. Accumulating evidence indicate that long-term continuous monitoring, especially in selected patients

with ESUS, significantly increases the possibility of atrial fibrillation detection, suggesting it may be a

cost-effective tool in secondary stroke prevention. This review summarizes available evidence related to

the use of long-term cardiac monitoring and the use of implantable cardiac monitoring devices in patients

with ESUS.

� 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/) � The American Journal of Medicine (2022) 000:1−7
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INTRODUCTION
Ischemic stroke is a heterogeneous syndrome that may result

from several causes such as atherosclerosis, small vessel dis-

ease, and atrial fibrillation.1 Despite an extensive diagnostic

workup during the acute or chronic phase of the ischemic

stroke, the cause of ischemic stroke remains unexplained for

20% of patients and is termed cryptogenic stroke.2,3

The term embolic stroke of undetermined source (ESUS)

has been used to describe a subgroup of patients with cryp-

togenic stroke, in which, despite an extensive diagnostic

workup, the cause of stroke remains uncertain.4 ESUS com-

prises about 17% of all patients with ischemic stroke with a

considerable risk for stroke recurrence and cardiovascular

events.2,5-8 ESUS represents a heterogeneous population of

these patients in terms of the underlying cause of stroke.

This may be due to atherosclerotic disease and low-degree

stenosis, covert paroxysmal atrial fibrillation, patent fora-

men ovale, left ventricular disease, and others, which
article under the CC BY license
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frequently overlap.4,9,10 Among the diagnostic workup of

potential causes of ESUS, identifying covert atrial fibrilla-

tion remains challenging.

The increasing use of cardiac implanted electronic devices

(CIED), such as pacemakers, implantable defibrillators, and

implantable loop recorders (ILR), has provided the ability to

assess atrial arrhythmia burden. These devices can identify
CLINICAL SIGNIFICANCE

� Identifying covert atrial fibrillation
among patients with embolic stroke of
undetermined source remains chal-
lenging.

� Some patients with embolic stroke of
undetermined source may benefit from
anticoagulation.

� Identifying patients with embolic
stroke of undetermined source in
higher risk of atrial fibrillation is
essential.

� Long-term continuous monitoring in
selected patients with embolic stroke
of undetermined source increases the
possibility of atrial fibrillation detec-
tion.
short episodes of subclinical atrial

fibrillation and other atrial tachyar-

rhythmias, summarized under as

atrial high-rate episodes (AHREs).

Evidence suggests AHREs signifi-

cantly increase the risk of stroke

when present for >30 seconds in

patients with CIEDs, and >2
minutes among patients with crypto-

genic stroke and ILR.11 However, it

is unclear whether these patients

would benefit from the use of oral

anticoagulants to reduce their risk of

stroke.12

Despite the results of several

studies indicating the importance of

atrial fibrillation detection by

implantable monitoring devices, the

use of ILRs remains underappreci-

ated in clinical practice. This

review summarizes available evi-

dence related to the use of implant-
able devices in patients with ESUS.
CRYPTOGENIC STROKE AND ESUS, NOT JUST
ANOTHER CARDIOEMBOLIC STROKE
In pursuit of reclassifying patients with cryptogenic stroke

into a therapeutically relevant category, which may benefit

from use of oral anticoagulation, the Cryptogenic Stroke/

ESUS International Working Group introduced the term

ESUS.4 Two large randomized control trials, New Approach

Rivaroxaban Inhibition of Factor Xa in a Global Trial versus

ASA to Prevent Embolism in Embolic Stroke of Undeter-

mined Source (NAVIGATE ESUS) and Randomized, Dou-

ble-Blind, Evaluation in Secondary Stroke Prevention

Comparing the Efficacy and Safety of the Oral Thrombin

Inhibitor Dabigatran Etexilate Versus Acetylsalicylic Acid in

Patients With Embolic Stroke of Undetermined Source (RE-

SPECT ESUS), which compared rivaroxaban and dabigatran

versus aspirin, respectively, showed that anticoagulation was

not superior to aspirin for secondary stroke prevention in

patients with ESUS.13,14 These findings indicated that the use

of oral anticoagulation for the unselected population with

ESUS was not the optimal strategy and further suggested

that the ESUS concept remains an etiologically heteroge-

neous entity. The failure of the RESPECT-ESUS and NAVI-

GATE-ESUS trials in demonstrating efficacy in the

prevention of stroke recurrences in patients with ESUS may

be partially attributed to the recent finding that the majority
of patients with ESUS have more than 1 potential embolic

source.10 Despite the overlap, among all potential embolic

sources, patients diagnosed with atrial fibrillation were identi-

fied with the highest risk of stroke recurrence.10 Although a

direct causative association between ESUS and atrial fibrilla-

tion episodes detected during follow-up is unclear, especially

if the episodes occur late or are of short duration,15 it is
important that these episodes are

detected because this may indicate

the need for oral anticoagulation

treatment to reduce the risk of recur-

rent stroke. Overall, available evi-

dence suggests that not all patients

with ESUS may benefit from antico-

agulation, but a thorough investiga-

tion for atrial fibrillation following

stroke and initiation of anticoagula-

tion if atrial fibrillation is detected

may be warranted in this population.
FROM
ELECTROCARDIOGRAPHY TO
IMPLANTABLE CARDIAC
MONITORS AFTER ESUS:
SEARCH LONGER
Atrial fibrillation is a dynamic

arrhythmia, and the ability to identify

atrial fibrillation during follow-up is
improved with an intensity of the diagnostic workup. Conse-

cutive electrocardiography recordings identified atrial fibrilla-

tion in almost 1 in 20 patients with acute stroke.16 Although

other modalities such as telemetry and bedside monitoring

during the acute stroke are highly sensitive, these approaches

are associated with high false-positive rates and are not suit-

able for long-term monitoring.17

The Event Monitor Belt for Recording Atrial Fibrillation

after a Cerebral Ischemic Event (EMBRACE) study, which

included patients with cryptogenic stroke who were investi-

gated for atrial fibrillation with wearable event recorders,

showed that 30-day cardiac monitoring could significantly

increase the identification of atrial fibrillation and the pre-

scription of oral anticoagulants.18 Similarly, wearable

patches or mobile continuous outpatient telemetry devices

significantly increase the possibility of atrial fibrillation iden-

tification compared to short-duration Holter.19 Furthermore,

in the Cryptogenic Stroke and Underlying Atrial Fibrillation

(CRYSTAL-AF) study, patients underwent continuous mon-

itoring with an insertable device for a 6-month period follow-

ing ischemic stroke. The results showed that atrial fibrillation

detection was significantly higher in the implantable cardiac

monitoring (ICM) group compared to conventional follow-

up (8.9% vs 1.4% respectively; hazard ratio [HR]: 6.4; 95%

confidence interval [CI]:1.9 - 21.7),20 while after 2 years of

follow-up, 1 out of 5 patients with cryptogenic stroke were

diagnosed with atrial fibrillation episodes >2 minutes, which
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otherwise may have been missed by external recorders.21 In

the same study, among patients with ICM long-term continu-

ous monitoring was found to be superior in detecting atrial

fibrillation compared to several intermittent monitoring strat-

egies.22 A recent meta-analysis including 47 studies and

8,215 patients with cryptogenic or ESUS stroke using ICMs

or noninvasive cardiac monitoring showed that the rate of

atrial fibrillation detection by ICMs increased by the duration

of follow-up (range from 2.0% [95% CI: 0.0-5.6, I2: 52%] at

1 week to 28.5% [95% CI:17.6-39.3, I2 92%] at 36

months),23 whereas age (odds ratio [OR]: 3.48, 95% CI:

2.50-4.84), female sex (OR: 1.35, 95% CI 1.04-1.74), left

atrial dilatation ˃40 mm (OR: 1.55, 95%CI 1.08-2.23), and

the congestive heart failure, hypertension, age, diabetes, pre-

vious stroke/transient ischemic attack, vascular disease, and

sex (CHA2DS2VASc) score (OR: 1.84, 95% CI: 1.00-3.38)

were positively corelated to atrial fibrillation detection.23

The recently published Post-Embolic Rhythm Detection

With Implantable Versus External Monitoring (PER

DIEM) randomized trial including 300 patients with crypto-

genic stroke, confirmed that the detection of atrial fibrilla-

tion lasting >2 minutes was significantly higher in long-

term monitoring with ILR compared with external loop

recorders.24 In this study, atrial fibrillation detection rate

was 15.3% among patients with cryptogenic stroke fol-

lowed with ILRs for 12 months compared with 4.7% in the

group of external monitoring for 30 days (risk ratio [RR]:

3.29, 95% CI: 1.45-7.42).24 Accordingly, the Atrial Fibrilla-

tion Detected by Continuous ECG Monitoring (LOOP)

study showed that ILR screening among individuals with

stroke risk factors resulted in a 3-fold increase in atrial

fibrillation detection (HR: 3.17, 95% CI: 2.81-3.59).25

Despite this high proportion of diagnosed atrial fibrillation,

with a significant increase in the use of anticoagulation

(HR: 2.72, 95% CI: 2.41-3.08), atrial fibrillation detection

did not result in a significant reduction of stroke during fol-

low-up (HR: 0.80, 95% CI: 0.61-1.05).25 This finding may

potentially be attributed to the short duration threshold of 6

minutes used in this study, which may have led to anticoa-

gulation initiation in patients at low risk of future ischemic

stroke.25 Although ILR were found to be superior compared

with external monitoring in atrial fibrillation identification,

the combination of both external cardiac monitoring fol-

lowed by an ICM may be a cost-effective way to identify

more patients with ESUS with atrial fibrillation.26 These

data indicate that long-term continuous monitoring of

patients with ESUS significantly increases the possibility of

identifying atrial fibrillation during follow-up and demon-

strates the need to optimize patient selection for long-term

cardiac monitoring, including wearable and ICM devices,

based on the risk of atrial fibrillation and stroke recurrence.
CANDIDATES FOR LONG-TERM CARDIAC
MONITORING: LOOK HARDER
Given the large prevalence of ESUS and the restricted

resources for prolonged cardiac monitoring, which may not
always be accessible to patients with ESUS, it is essential

to stratify patients with ESUS based on the risk of incident

atrial fibrillation. The CHA2DS2-VASc score, which was

originally created to assess the risk of thromboembolism

among patients with atrial fibrillation, was found to corre-

late with increased risk of stroke recurrence among patients

with ESUS.27 Accordingly in the CRYSTAL-AF study,

atrial fibrillation was detected in almost half of the patients

with ESUS with a CHADS2 score ≥4.28

Several other atrial fibrillation risk stratification tools

have been developed or validated among patients with cryp-

togenic stroke or ESUS (see Table).29-36 The atrial fibrilla-

tion-embolic stroke of undetermined source (AF-ESUS)

score, which was derived by a multicenter ESUS database,

factoring for the coexistence of several potential causes of

ESUS, showed high sensitivity and a high negative predic-

tive value to identify patients with ESUS with a low proba-

bility of new atrial fibrillation (94.9%, 95% CI: 89.3-98.1%

and 98.0%, 95% CI: 95.8-99.3%, respectively), suggesting

that patients with ESUS with score of ≥1 may be better can-

didates for prolonged automated cardiac monitoring.30 AF-

ESUS was externally validated in patients with ESUS with

ICM, showing that patients with AF-ESUS score ≤0 were

unlikely to develop long lasting episodes of atrial fibrilla-

tion on follow-up.37 The HAVOC score, which stands for

hypertension, age, valvular heart disease, peripheral vascu-

lar disease, obesity, congestive heart failure, and coronary

artery disease, and which was developed from and validated

in the Stanford Translational Research Integrated Database

Environment (STRIDE), in a cohort of patients with crypto-

genic stroke or transient ischemic attack showed that

patients with lower HAVOC scores had a lower risk of

atrial fibrillation (area under the curve [AUC]: 0.77).31 A

recent analysis of the Randomized, Double-Blind, Evalua-

tion in Secondary Stroke Prevention Comparing the Effi-

cacy and Safety of the Oral Thrombin Inhibitor Dabigatran

Etexilate Versus Acetylsalicylic Acid in Patients With

Embolic Stroke of Undetermined Source (RE-SPECT

ESUS) trial showed that a HAVOC score ≥3 was associated
with a significantly higher possibility of incident atrial

fibrillation compared with a score of 0 or 1 (HR: 2.68, 95%

CI: 1.96-3.66).38 Although an increase in the HAVOC score

per 1 point was associated with an increased risk of atrial

fibrillation (OR: 1.22, 95% CI:1.16-1.28), the score showed

only modest ability to discriminate this risk (c-statistic:

0.62),38 while the low rate of atrial fibrillation detection in

patients with a low HAVOC score was not confirmed in

external validation.39 Similarly the recent Graz AF Risk

Score developed among 150 patients with cryptogenic

stroke showed good discriminating effect (AUC: 0.85, 95%

CI 0.78-0.92).32 Recently, the Re-CHARGE-AF (Re-

Cohorts for Heart and Aging Research in Genomic Epide-

miology for Atrial Fibrillation) score, which was developed

based on the Cohorts for Heart and Aging Research in

Genomic Epidemiology for Atrial Fibrillation (CHARGE-

AF) score, was proposed to identify atrial fibrillation among

patients with ischemic stroke, independently of the
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ischemic stroke etiology, with improved discrimination

capacity [C-statistic, 0.74 (95% CI: 0.68-0.79)].40

Several other tools that have been developed in the non-

stroke population have been proposed to evaluate the risk

of atrial fibrillation in patients with ischemic stroke, includ-

ing the Coronary, Heart failure, Age, stroke SEverity,-Lipi-

dEmia, Sugar, prior Stroke (CHASE-LESS),41 the

Coronary Artery Disease or Chronic Obstructive Pulmonary

Disease; Hypertension; Elderly; Systolic Heart Failure;

Thyroid Disease (C2HEST),
42 the Age: 0.76 points/year,

Stroke Severity NIHSS ≤5 = 9 points, NIHSS >5 = 21

points; to Find AF (AS5F),43 and the CHA2DS2-VASc

score (even though the latter was designed as a stroke risk

stratification score and not to predict incident atrial fibrilla-

tion).27 Therefore, the accuracy of clinical tools to predict

risk of atrial fibrillation in patients with ESUS may warrant

further investigation. The recent focus on multimorbidity,

the challenges of dynamic risk stratification (with aging and

incident comorbidities), and the opportunities from artificial

intelligence and machine learning may improve our

approach to risk stratification.44,45

In summary, the use of atrial fibrillation risk stratification

tools in patients with ESUS has the potential to improve the

distribution of resources by targeting long-term monitoring

and ICM to the highest-risk patients. The increasing use of

mHealth technologies and machine learning approaches are

increasing in this rapidly evolving arena.
THE PATHWAY TOWARD IMPROVING ATRIAL
FIBRILLATION DETECTION
Searching harder and longer for atrial fibrillation in patients

with ESUS will give the opportunity of an individualized

and holistic approach to the thromboembolic risk assess-

ment and reduction of future stroke risk.46 This is important

given that asymptomatic atrial fibrillation episodes may be

associated with poor outcomes post stroke.47,48

Although it is important to identify patients with ESUS

who will most likely benefit from long-term rhythm moni-

toring, a standardized pathway may further improve the

quality of secondary stroke prevention management for

patients with ESUS, decreasing the future burden of atrial

fibrillation related to ischemic stroke (Figure). The increas-

ing use of ICM in patients with ESUS and the available evi-

dence from randomized and observational studies suggest

that it may be a cost-effective diagnostic modality that may

benefit an important proportion of patients with ESUS.49,50

However, despite the evident efficacy of ICMs to iden-

tify atrial fibrillation in patients with ESUS, its efficacy

related to recurrent major cardiovascular outcomes and

whether short subclinical atrial fibrillation episodes identi-

fied by ICMs merit anticoagulation remains unclear. The

ongoing Apixaban for the Reduction of Thrombo-Embo-

lism in Patients With Device-Detected Sub-Clinical Atrial

Fibrillation (ARTESIA) and Non-Vitamin K Antagonist

Oral Anticoagulants in Patients with Atrial High Rate Epi-

sodes (NOAH-AFNET) trials in patients with CIEDs, may
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Figure The pathway toward more AF detection. AF = atrial fibrillation; ECG = electrocardiogram; ECM = external con-

tinuous monitoring (wearable patches, mobile cardiac outpatient telemetry, etc.); ESUS = embolic stroke of undetermined

source; ICM = implantable continuous monitoring. Servier Medical Art images were used for this figure (https://smart.serv-

ier.com)
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provide essential information on the use of anticoagulation

in patients with subclinical atrial fibrillation.51,52 These

data may highlight the importance of new randomized car-

diovascular outcome trials assessing the efficacy and safety

of anticoagulation therapy in patients with ESUS with

ICM.

Nonetheless, on detection and confirmation of atrial

fibrillation in patients after sustaining a stroke, appropriate

stroke prevention with anticoagulation can be initiated, but

it should be remembered that stroke prevention is only one

part of the appropriate characterization53 and the holistic

management approach to atrial fibrillation care.54 Adher-

ence to such an integrated care approach has been associ-

ated with improved clinical outcomes in patients with atrial

fibrillation.55,56 Indeed, an integrated care approach has

also been proposed for patients of stroke and other chronic

conditions.57-59

In conclusion, not only do we look harder and look lon-

ger for atrial fibrillation, this should lead into a holistic,

integrated patient pathway for comprehensive atrial fibrilla-

tion detection and confirmation of the diagnosis; characteri-

zation and evaluation of the patient; and an integrated care

approach to its management.
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