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CONTEMPORARY REVIEW

Risk Stratification Tools to Guide a
Personalized Approach for Cardiac
Monitoring in Embolic Stroke of
Undetermined Source
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ABSTRACT: Current recommendations support a personalized sequential approach for cardiac rhythm monitoring to detect
atrial fibrillation after embolic stroke of undetermined source. Several risk stratification scores have been proposed to pre-
dict the likelihood of atrial fibrillation after embolic stroke of undetermined source. This systematic review aimed to provide a
comprehensive overview of the field by identifying risk scores proposed for this purpose, assessing their characteristics and
the cohorts in which they were developed and validated, and scrutinizing their predictive performance. We identified 11 risk
scores, of which 4 were externally validated. The most frequent variables included were echocardiographic markers and de-
mographics. The areas under the curve ranged between 0.70 and 0.94. The 3 scores with the highest area under the curve
were the Decryptoring (0.94 [95% ClI, 0.88-1.00]), newly diagnosed atrial fibrillation (0.87 [95% CI, 0.79-0.94]), and AF-ESUS
(Atrial Fibrillation in Embolic Stroke of Undetermined Source) (0.85 [95% Cl, 0.80-0.87]), of which only the latter was externally
validated. Risk stratification scores can guide a personalized approach for cardiac rhythm monitoring after embolic stroke of
undetermined source.
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cause is identified despite the recommended diag-

nostic workup.! These strokes are classified as em-
bolic strokes of undetermined source (ESUS), a term
that is not synonymous with the broader term crypto-
genic stroke, because the latter also includes patients
with incomplete diagnostic workup, as well as those
who have multiple potential causes.?® The potential
causes of stroke in a patient with ESUS may include
supracardiac atherosclerosis, left atrial disease, left
ventricular disease, right-to-left shunt, cardiac valvular
disease, and others.>®

In about 17% of all patients with ischemic stroke, no

Atrial fibrillation (AF) is a frequently detected finding
during the diagnostic workup of ESUS, with incidence
ranging between 2% at 1week after stroke and up to
30% at 3years.* Although AF was initially considered
as the main underlying mechanism of ESUS, accumu-
lating evidence shows that this causal association is
weaker than was previously hypothesized.*® Current
recommendations support a personalized, sequential,
and stratified approach for cardiac rhythm monitoring
for AF detection in patients with ESUS.5" Specifically,
after the initial cardiac rhythm monitoring for 24 to
72hours, patients are selected for prolonged cardiac
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Source
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Daily Atrial Tachyarrhythmia
Burden From Implantable
Device Diagnostics and
Stroke Risk

ASSERT

AVERROES

ESUS

NAVIGATE ESUS

NDAF

RE-SPECT ESUS

TRENDS

rhythm monitoring based on the likelihood of covert
AF5-8 In this context, several risk scores have been
proposed to stratify the risk of covert AF and thereby
assist individualization of the diagnostic workup of
ESUS and guide clinical decisions about cardiac
rhythm monitoring in this patient population.

This systematic review aimed to provide a com-
prehensive overview of the field. We sought to iden-
tify all published risk scores through a systematic
review, assess their characteristics and the cohorts
in which they were developed and validated, and
scrutinize their predictive performance. The infor-
mation summarized in this review can be useful to
treating physicians in selecting the optimal tool for
individualization of clinical practice decisions perti-
nent to cardiac rhythm monitoring in patients with
ESUS.
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METHODS

The data that support the findings of this study are
available in the supplementary material of this article.

Registration and Search Strategy

This systematic review is registered at PROSPERO
(International Prospective Register of Systematic
Reviews; unique identifier: CRD42022381886).

We systematically reviewed the literature for pub-
lished scores proposed for the identification of AF
in patients with ESUS. We searched MEDLINE,
Scopus, Cochrane Library, Google Scholar, and the
ClinicalTrials registry from inception until October
2022. The detailed search strategy that we followed
for each individual database is available in Table S1,
and individual studies were screened using the prede-
termined inclusion criteria. The search was conducted
by 2 independent reviewers (A.M.L., K.P), blinded to
each other, and any disagreements were resolved by
discussion with a third reviewer (G.N.) and consensus.

Eligibility Criteria

We included both prospective and retrospective stud-
ies that described either the derivation of an original
risk score or the external validation of a previously
published risk score. For a study to be included, the
performance of the risk score assessed in the form of
diagnostic accuracy, specificity, and sensitivity should
have been reported. We excluded studies that re-
ported only predictors of AF rather than a structured
risk score, or were not reported in the English lan-
guage, or were not published as full texts. Studies were
screened for eligibility using the Preferred Reporting
ltems for Systematic Reviews and Meta-Analyses
guidelines (flow diagram outlining the screening pro-
cess [Figure S1] and checklist are presented in Table
$1).° Reference lists of eligible studies were reviewed
to screen for additional relevant observational or rand-
omized studies.

Data Extraction

Data were extracted independently by 2 investigators
(AM.L., K.P) and cross-checked blindly with each
other. Disagreements were reviewed by 2 other re-
viewers (AT.A., S.N.) and resolved by discussion and
consensus. From the eligible studies that met inclusion
criteria, we extracted data about (1) study characteris-
tics, (2) population characteristics, (3) the components
of the individual clinical risk scores, and (4) the perfor-
mance indices of the scores. The study characteristics
abstracted included author/study group name, name
of the clinical risk score assessed, year of publication,
study size, study duration including follow-up, study
type, stroke type, definition of AF and its onset, and
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mode of ECG monitoring used. Population characteris-
tics extracted included mean age, sex, mean National
Institutes of Health Stroke Scale at baseline, mean
modified Rankin Scale at baseline, comorbidities, and
mean left atrial diameter visualized on echocardiogra-
phy. Population characteristics were extracted from
both the original derivation cohort and internal and ex-
ternal validation cohorts.

Descriptive statistics are presented as percentages
for categorical variables and as means for continuous
variables. To evaluate the performance of each risk
score, the area under the curve (AUC) (or C statistic)
and 95% Cl were extracted and compared for discrim-
inative ability or their overall performance.

Quality and Risk of Bias Assessment

The risk of bias for all included studies was inde-
pendently assessed by 2 investigators (A.M.L., K.P),
blind to one another, using the Quality Assessment of
Diagnostic Accuracy Studies-2 tool.'® Any disagree-
ment was resolved by discussion and consensus with
the addition of a third independent investigator (G.N.).
As a part of quality and risk of bias assessment, stud-
ies were evaluated under 4 individual domains: patient
selection, index test, reference standard, and flow and
timing. All domains addressed the risk of bias, whereas
the first 3 domains evaluated applicability. Quality as-
sessment of individual studies (Quality Assessment
of Diagnostic Accuracy Studies-2 tool) is detailed in
Figure S2.

RESULTS

Search Results

The literature search identified 8169 studies for review.
After screening titles and abstracts, 73 studies were
selected for full-text evaluation. Ultimately, 11 studies
evaluating 11 risk scores fulfilled the eligibility criteria
and were included. The Preferred Reporting Iltems for
Systematic Reviews and Meta-Analyses flow diagram
outlining the screening methodology is included in
Figure S1.

Study and Population Characteristics

Overall, 11 studies with a total of 9984 patients were
included in the systematic review."?" The character-
istics of included studies are detailed in Table 1.1-?
The characteristics of the population included in each
study are presented in Table 2.1-2" Mean age reported
in 10 out of 11 studies ranged from 63.1 to 81.4years,
and men constituted 41.5% to 61.9% of the individual
study populations. The definition of AF varied between
individual studies. Although any AF was considered
significant in some cohorts,213181922 others defined it
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as AF lasting >30seconds'*'%1820 or >30seconds.!'®
The mode and duration of cardiac rhythm monitoring
was largely variable between studies, including 24-
to 48-hour monitoring with a Holter or telemetry de-
vice, 14181722 Holter device for up to 4 weeks,'?1419:20
and implantable loop recorders.!*'®18 Similarly, there
were large differences in the duration of follow-up,
ranging from 15days'” to >5years.'

Components of the Risk Scores

The most frequent parameters used as components
of the risk scores were echocardiographic markers
including left atrial diameter,'?1%16.19.2023 |oft atrial area
>16cm?," left atrial volume index,'® reduced left ventric-
ular ejection fraction,'®:23 valvular heart disease,'®'® left
ventricular hypertrophy,?? left ventricular end-diastolic
volume <65mL,"? left atrial conduit strain <10.4%,'
and left atrial reservoir strain <25.3%." Demographic
characteristics such as age were included by all stud-
ies with the exception of the PROACTIA (Prediction
of occult atrial fibrillation in patients after cryptogenic
stroke and transient ischemic attack) score.'® Age cat-
egories considered to be significant varied between
studies, ranging from >60years®® to >75years.'®?
Several comorbidities were incorporated in the scores,
including hypertension,'®"1923 history of stroke,'’6:1°
recurrent stroke on antiplatelets or multiterritory brain
infarct,'® nonstenotic carotid plaque,?® coronary artery
disease,"'39 peripheral artery disease,'®'® congestive
heart failure,”® obesity (body mass index >30kg/m?),'®
hypercholesterolemia,'? chronic obstructive pulmonary
disease or obstructive sleep apnea,?® and thyroid dis-
ease.?? Stroke characteristics that formed key compo-
nents of the clinical risk prediction score included stroke
severity assessed by the National Institutes of Health
Stroke Scale score,’®'® absence of vascular cause of
stroke,'® presence of intracranial large vessel occlu-
sion,?® cortical stroke,?® subcortical infarct,'%?3 and
presence of a posterior lesion.'® Electrocardiographic
parameters included in the scores were supraventricu-
lar extrasystoles,'®1823 atrial runs,'® and P-wave mor-
phology and duration.’® Laboratory markers included
were N-terminal pro-B-type natriuretic peptide!®7-20
and troponin.” The components of individual risk-
prediction scores are detailed in Table 3"'-2" and graph-
ically represented as a Venn diagram in Figure 1.2

Assessment of the Performance of the
Risk Scores

Among the 11 risk scores, the Decryptoring,” newly
diagnosed atrial fibrillation (NDAF),"" and AF-ESUS
(Atrial Fibrillation in Embolic Stroke of Undetermined
Source) scores®' had the highest AUCs: 0.94 (95% ClI,
0.88-1.00), 0.87 (95% CI, 0.79-0.94), and 0.85 (95%
Cl, 0.79-0.86), respectively. The performance of each
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risk score along with the cohorts in which they were
evaluated is detailed in Table 4"'~2" and graphically rep-
resented as a forest plot in Figure 2.11215-19.21

External Validation of the Risk Scores
Among the 11 risk scores, 4 were externally vali-
dated: the AF-ESUS, Brown ESUS-AF, STAF (Score
for the Targeting of Atrial Fibrillation), and HAVOC
(Hypertension, Age, Valvular heart disease, Obesity,
Congestive heart failure, Coronary artery disease)
scores.’®1523 The AF-ESUS score was externally vali-
dated in 123 patients with ESUS and had a sensitivity
of 80% for the AF-ESUS threshold <0 to detect AF epi-
sodes lasting >6hours.?® Both Brown ESUS-AF'* and
STAF'® were validated in 191 patients with an AUC of
0.70 (95% Cl, 0.62-0.78) and 0.71 (95% Cl, 0.63-0.79),
respectively.”” The HAVOC score was validated in 2
cohorts of 214 and 658 patients with an AUC of 0.68
(95% Cl, 0.62-0.73) in the latter cohort.?6:2"

DISCUSSION

This systematic review identified 11 risk scores that
have been proposed as a tool for the stratification of
the likelihood of AF detection in patients with ESUS. We
identified significant heterogeneity in the components
of the risk scores, because 48 different parameters
have been included overall. Also, we found heteroge-
neity in the extent of external validation, because only
4 risk scores were externally validated. Additionally,
there was heterogeneity in the predictive performance
of the scores, with an AUC range of between 0.70
and 0.94. The 3 scores with the highest AUC were
the Decryptoring, NDAF, and the AF-ESUS scores, of
which only the latter was externally validated.! "1

Almost every study included in this systematic re-
view identified patient age as a powerful predictor of
AF.

The NDAF score defined age >72years as an in-
dependent predictive factor. HAVOC, ACTEL (Age,
Cholesterol, Tricuspid, End diastolic volume, Left
atrium), and the Decryptoring score used an age
threshold of >75years.’®'3" Graz AF included age
>75years in its major criteria and age 60 to 75years
in its minor criteria.'® Additionally, the AF-ESUS score
used an age threshold of >60years.?" Age >65years
was associated with a higher risk of AF also at the
Empoli ESUS-AF score, SAFE (the screening for
atrial fibrillation scale) score, and Brown ESUS-AF
score.'*1920 The STAF score adds 2 points to every pa-
tient >62 years old. PROACTIA was the only score that
did not use age as a compound.'®'®

All scores excluded, except HAVOC, identified
echocardiographic variables as some of the stron-
gest predictors of AF. Left atrial size was the dominant
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Figure 1. Venn diagram of clinical risk score components.

The diagram presents the variable categories included by the clinical risk scores. The radius of each circle
corresponds to the number of times the category is included by the risk scores. The union represents
the overlap of these categories between studies. Demographics and comorbidities include age,
coronary artery disease, peripheral artery disease, heart failure, hypertension, valvular disease, obesity,
hypercholesterolemia, chronic obstructive pulmonary disease, obstructive sleep apnea, thyroid disease,
and nonstenotic carotid plague. Stroke characteristics include previous stroke, National Institutes of
Health Stroke Scale, recurrent stroke on antiplatelets or multiterritory brain infarct, and vascular cause.
Neuroimaging includes posterior or cortical and/or subcortical lesion, and intracranial large vessel
occlusion. ECG includes supraventricular extrasystoles, P-wave duration and/or morphology, and atrial
runs. Laboratory markers include N-terminal pro-B-type natriuretic peptide levels and troponin levels.
Echocardiography includes LV ejection fraction, LA size, LV end-diastolic volume, LV hypertrophy, LA
strain conduct, LA strain reservoir, and LA volume index. ACTEL indicates Age, Cholesterol, Tricuspid,
End diastolic volume, Left atrium; AF, atrial fibrillation; AF-ESUS, Atrial Fibrillation in Embolic Stroke of
Undetermined Source; ESUS, embolic stroke of undetermined source; E2AF, The Empoli ESUS Atrial
Fibrillation; HAVOC, Hypertension, Age, Valvular heart disease, Obesity, Congestive heart failure, Coronary
artery disease; LA, left atrial; LV, left ventricular; NDAF, newly diagnosed atrial fibrillation; PROACTIA,
Prediction of occult atrial fibrillation in patients after cryptogenic stroke and transient ischemic attack;
SAFE, the screening for atrial fibrillation scale; and STAF, score for the targeting of atrial fibrillation.

covariate included in STAF, NDAF, Graz AF, AF-
ESUS, Brown ESUS-AF, SAFE, and Decryptoring
scores.! 14172021 Reduced left ventricular ejection
fraction was also associated with higher risk of AF
with varying thresholds; the Graz AF included left ven-
tricular ejection fraction <40% among the major risk
criteria and left ventricular ejection fraction 40% to
50% among the minor risk criteria, and the AF-ESUS
score set the threshold at left ventricular ejection
fraction <35%.'62" The Decryptoring score also used
left atrial strain reservoir <25.3% and left atrial strain
conduct <10.4%, which is in line with recent evidence
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showing that left atrial strain is a strong predictor at AF
in patients with ESUS.'":28

Atrial Fibrillation Is Frequently Detected
Among Patients With ESUS

AF is a frequent finding in patients with ESUS, with the
estimate ranging according to the intensity of cardiac
rhythm monitoring. In the Athens Stroke Registry, AF was
detected in 29.1% of all patients with ESUS. In the RE-
SPECT ESUS (Randomized, Double-Blind, Evaluation in
Secondary Stroke Prevention Comparing the Efficacy
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Table 4. Assessment of Performance of Clinical Risk Scores

Risk Scores for AF Prediction After ESUS

Sensitivity/specificity at
Study Derivation and validation Cohort Size (n) | C statistic AUC (95% CI) | best thresholds
ACTEL™ Derivation cohort (Muscari et al) SOMH20 191 0.80 (0.73-0.87) 0.56/0.93
AF-ESUS?! Derivation cohort (Ntaios et al) ASTRAL, ASR, LSR | 839 0.85 (0.79-0.86) 0.95/NPV: 0.98
Internal validation (Ntaios et al) ASTRAL, ASR, LSR 0.84 (0.8-0.87)
External validation (Kitsiou et al) EKB 123 NA For AF episodes >6 min:
0.77/ NPV: 0.65
For AF episodes >6 h: 0.80/
NPV: 0.84
For AF episodes >10 h: 1.00/
NPV: 1.00
Brown Derivation cohort (Ricci et al) WAMSBU 296 0.73 (NA) 0.63/0.712
_AF14
ESUS-AF External validation cohort (Muscari et al) SOMH20 191 0.70 (0.62-0.78) NA
Decryptoring | Derivation cohort (Vera et al) HULP 63 0.94 (0.88-1.00) 0.83/0.66
score'’
E2AF® Derivation cohort (Grifoni et al) SGH 82 0.75 (0.64-0.84) 0.75/0.70
Graz AF'® Derivation cohort (Kneihsl et al) GSU 854 0.85 (0.78-0.92) 0.92/0.67
HAVOC'™ Derivation cohort (Kwong et al) STRIDE 7671 0.77 (NA) 0.55/0.82
Validation cohort (Zhao et al) CRYSTAL AF 214 NA (NA) 0.35/0.83
Validation cohort (Ntaios et al) ASTRAL, ASR, LSR | 658 0.68 (0.62-0.73) 0.77/NA
NDAF"! Derivation cohort (Bugnicourt et al) AUH 166 0.87 (0.79-0.94) NA
PROACTIA'® Derivation cohort (Skrebelyte-Strom et al) AkUH 236 0.79 (0.73-0.86) NA
SAFE?0 Derivation cohort (Pascasio et al) TUH 227 0.82 (NA) 0.83/0.80
STAF™ Derivation cohort (Goksu et al) ARTH 133 0.70 (0.59-0.80) 0.86/0.71
External validation cohort (Muscari et al) SOMH20 191 0.71 (0.63-0.79) NA

ACTEL, Age, Cholesterol, Tricuspid, End diastolic volume, Left atrium; AF, atrial fibrillation; AkKUH, Akershus University Hospital; ARTH, Antalya Research
Training Hospital; ASR, Athens Stroke Registry; ASTRAL, Acute Stroke Registry and Analysis of Lausanne; AUC, area under the curve; AUH, Amiens University
Hospital; CRYSTAL-AF, Cryptogenic Stroke and Underlying Atrial Fibrillation; EKB, Evangelisches Klinikum Bethel; ESUS, embolic stroke of undetermined
source; E2AF, The Empoli ESUS Atrial Fibrillation; GSU, Graz Stroke Unit; HAVOC, Hypertension, Age, Valvular heart disease, Obesity, Congestive heart
failure, Coronary artery disease; HULP, Hospital Universitario de La Princesa; LSR, Larissa Stroke Registry; NA, not applicable; NDAF, newly diagnosed atrial
fibrillation; NPV, negative predictive value; SGH, San Giuseppe Hospital; PROACTIA, Prediction of occult atrial fibrillation in patients after cryptogenic stroke
and transient ischemic attack; SAFE, the screening for atrial fibrillation scale; SOMH, Saint Orosola-Meldipighi Hospital 2020; STAF, score for the targeting of
atrial fibrillation; STRIDE, Stanford Translational Research Integrated Database Environment; TUH, Torrecardenas University Hospital; and WAMSBU, Warren

Alpert Medical School of Brown University.
aFor a score=2.

and Safety of the Oral Thrombin Inhibitor Dabigatran
Etexilate Versus Acetylsalicylic Acid in Patients With
Embolic Stroke of Undetermined Source) trial, 7.5% of
patients were found to develop AF reported as an ad-
verse event or using cardiac monitoring per standard
clinical care during a median follow-up of 19months.?®
In a meta-analysis of 47 studies and 8215 patients with
ESUS or cryptogenic stroke, the rate of AF detection by
implantable cardiac monitoring ranged between 2% at
1week after stroke and 28.5% at 36 months.*

AF Detected After ESUS: How Strong Is
the Causal Association?

There is a growing amount of evidence that suggests
that the causal association of AF detected after ESUS
is weaker than initially considered. For example, in the
ASSERT (Subclinical Atrial Fibrillation and the Risk
of Stroke) and TRENDS (The Relationship Between
Daily Atrial Tachyarrhythmia Burden From Implantable
Device Diagnostics and Stroke Risk) studies, the
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majority of embolic events did not occur proximal to
recent episodes of atrial tachycardia or fibrillation.3%-2
In addition, the rate of AF detection was similar be-
tween patients with ESUS and non-ESUS stroke in the
AF-Randomized study.®?

Moreover, the negative results of the NAVIGATE
ESUS (Rivaroxaban for Stroke Prevention After Embolic
Stroke of Undetermined Source) and RE-SPECT ESUS
trials, in which rivaroxaban and dabigatran, respectively,
did not reduce stroke rates compared with aspirin, point
to the same direction; if AF was a major cause of ESUS,
it could be expected that they would show reduced
stroke rates compared with aspirin in these 2 trials.
Considering the striking benefit of apixaban in reducing
the risk of stroke compared with aspirin in patients with
AF in the AVERROES (Apixaban Versus Acetylsalicylic
Acid to Prevent Stroke in Atrial Fibrillation Patients Who
Have Failed or Are Unsuitable for Vitamin K Antagonist
Treatment) trial,33-3° the results of NAVIGATE ESUS and
RE-SPECT ESUS do not support the hypothesis of
strong causal association between AF and ESUS.
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Figure 2. Areas under the curve of the risk scores for the prediction of AF.

The forest plot summarizes the performance of each risk score in predicting the likelihood of AF after
ESUS using the calculated area under the curve and the corresponding 95% CI. ACTEL indicates Age,
Cholesterol, Tricuspid, End diastolic volume, Left atrium; AF: atrial fibrillation; AF-ESUS, Atrial Fibrillation
in Embolic Stroke of Undetermined Source; ESUS, embolic stroke of undetermined source; E2AF,
The Empoli ESUS Atrial Fibrillation; PROACTIA, Prediction of occult atrial fibrillation in patients after
cryptogenic stroke and transient ischemic attack; and STAF, score for the targeting of atrial fibrillation.

It is hypothesized that the more proximal an AF
episode is to the index stroke, and the longer it lasts,
the more likely it is that there is a causal association.®
On the other hand, episodes that are chronologically
distant from the ESUS or are of short duration might
be irrelevant in regard to cause.® The hypothesis that
AF episodes of shorter duration are only weakly as-
sociated with ESUS, if at all, is also supported by the
results of the NOAH-AFNET-6 (Non vitamin K antago-
nist Oral anticoagulants in patients with Atrial High rate
episodes) trial, which evaluated the potential benefit
of oral anticoagulation in patients with atrial high-rate
episodes. The trial was terminated prematurely due
to an observed trend toward futility for efficacy com-
bined with expected safety concerns, which weakens
the putative causal association of short episodes of AF
with ESUS.%¢

Should We Screen All Patients With ESUS
for AF? Choosing the Right Candidate
Wisely

Based on the aforementioned evidence and as sug-
gested by current recommendations and consensus
statements, a sequential stratified approach seems ra-
tional, in which prolonged cardiac rhythm monitoring
is reserved only for a subgroup of patients with ESUS
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with specific characteristics that indicate a higher likeli-
hood of covert AF.5-83" The use of risk scores in clinical
practice to stratify the risk of covert AF of our patients
with ESUS and select the best candidates for pro-
longed cardiac rhythm monitoring is a rational choice.
The availability of several noninvasive and invasive mo-
dalities for AF screening, including patient-initiated os-
cillometric blood pressure monitors, handheld devices,
smartwatches, wearable nonadhesive dry-electrode
belts, adhesive patch devices, and implantable loop
recorders, extends our ability to individualize further
our approach in patients with ESUS.”

Limitations

A limitation of this systematic review is the variety of
definitions of AF used in the included studies. Five
scores defined AF as any recorded episode, whereas
the rest of the scores used a definition of continuous
detected AF for >30seconds or more. The methods
for detection of AF also differed between the included
studies. Holter monitoring, routine visits with ECGs,
and implantable loop recorders were mainly used for
AF detection with a follow-up period range between
15days and >5years. Another limitation of this review
is we do not have access to prognostic covariates at
the level of individual patient data. Therefore, there is
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no accurate statistical method that can be used to ex-
amine the impact of each particular covariant.

CONCLUSIONS

This systematic review identified several risk scores that
have been proposed as tools to stratify patients with
ESUS according to their likelihood of AF detection. The
3 scores with the highest AUC were the Decryptoring,
NDAF, and the AF-ESUS scores, of which only the latter
was externally validated. These tools can guide individu-
alized clinical practice decisions about prolonged cardiac
rhythm monitoring in patients with ESUS.

ARTICLE INFORMATION

Affiliations

Department of Internal Medicine, Faculty of Medicine, School of Health
Sciences, University of Thessaly, Larissa, Greece (A.M.L., AT.A., G.N.);
Department of Internal Medicine, Jacobi Medical Center/Albert Einstein
College of Medicine, New York, NY (S.N., L.P.); Department of Cardiology,
Onassis Cardiac Surgery Center, Athens, Greece (K.P.); and Department of
Neurology, University of Picardie Jules Verne, Amiens, France (O.G., J-M.B.).

Sources of Funding
None.

Disclosures

Dr Ntaios served as speaker or on advisory boards for or received research
support from Abbott, Amgen, AstraZeneca, Ferrer, Javelin, Novartis, and
Sanofi outside of the submitted work. All fees were paid to his institution. The
remaining authors have no disclosures to report.

Supplemental Material
Table St
Figures S1-S2

REFERENCES

1. Hart RG, Catanese L, Perera KS, Ntaios G, Connolly SJ. Embolic
stroke of undetermined source: a systematic review and clinical update.
Stroke. 2017;48:867-872. doi: 10.1161/strokeaha.116.016414

2. Ntaios G. Embolic stroke of undetermined source: JACC review topic
of the week. J Am Coll Cardiol. 2020;75:333-340. doi: 10.1016/j.
jacc.2019.11.024

3. Diener HC, Sacco RL, Easton JD, Granger CB, Bar M, Bernstein RA,
Brainin M, Brueckmann M, Cronin L, Donnan G, et al. Antithrombotic
treatment of embolic stroke of undetermined source: RE-SPECT ESUS
elderly and renally impaired subgroups. Stroke. 2020;51:1758-1765.
doi: 10.1161/STROKEAHA.119.028643

4. Ntaios G, Papavasileiou V, Milionis H, Makaritsis K, Vemmou A, Koroboki
E, Manios E, Spengos K, Michel P, Vemmos K. Embolic strokes of un-
determined source in the Athens stroke registry: an outcome analysis.
Stroke. 2015;46:2087-2093. doi: 10.1161/strokeaha.115.009334

5. Diener H-C, Easton JD, Hart RG, Kasner S, Kamel H, Ntaios G.
Review and update of the concept of embolic stroke of undeter-
mined source. Nat Rev Neurol. 2022;18:455-465. doi: 10.1038/
s$41582-022-00663-4

6. Lip GYH, Lane DA, Lenarczyk R, Boriani G, Doehner W, Benjamin LA,
Fisher M, Lowe D, Sacco RL, Schnabel R, et al. Integrated care for op-
timizing the management of stroke and associated heart disease: a po-
sition paper of the European Society of Cardiology Council on Stroke.
Eur Heart J. 2022;43:2442-2460. doi: 10.1093/eurheartj/ehac245

7. Schnabel RB, Haeusler KG, Healey JS, Freedman B, Boriani G,
Brachmann J, Brandes A, Bustamante A, Casadei B, Crijns H,

J Am Heart Assoc. 2023;12:e030479. DOI: 10.1161/JAHA.123.030479

20.

21.

22,

23.

Risk Scores for AF Prediction After ESUS

et al. Searching for atrial fibrillation poststroke: a white paper of the AF-
SCREEN international collaboration. Circulation. 2019;140:1834-1850.
doi: 10.1161/circulationaha.119.040267

Ntaios G, Omran SS. Diagnostic challenges and uncertainties of em-
bolic strokes of undetermined source in young adults. JAMA Neurol.
2022;79:444-447. doi: 10.1001/jamaneurol.2022.0058

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow
CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, et al. The PRISMA
2020 statement: an updated guideline for reporting systematic reviews.
BMJ. 2021;372:n71. doi: 10.1136/bmj.n71

QUADAS-2. Bristol Medical School: Population Health Sciences.
University of Bristol; 2014. Accessed March 17. https://www.bristol.ac.
uk/population-health-sciences/projects/quadas/quadas-2/
Bugnicourt JM, Flament M, Guillaumont MP, Chillon JM, Leclercq
C, Canaple S, Lamy C, Godefroy O. Predictors of newly diagnosed
atrial fibrillation in cryptogenic stroke: a cohort study. Eur J Neurol.
2013;20:1352-1359. doi: 10.1111/ene.12017

Muscari A, Barone P, Faccioli L, Ghinelli M, Pastore Trossello M, Puddu
GM, Spinardi L, Zoli M. Usefulness of the ACTEL score to predict atrial
fibrillation in patients with cryptogenic stroke. Cardiology (Switzerland).
2020;145:168-177. doi: 10.1159/000505262

Kwong G, Ling AY, Crawford MH, Zhao SX, Shah NH. A clinical score
for predicting atrial fibrillation in patients with cryptogenic stroke or tran-
sient ischemic attack. Cardiology (Switzerland). 2017;138:133-140. doi:
10.1159/000476030

Ricci B, Chang AD, Hemendinger M, Dakay K, Cutting S, Burton T,
Mac Grory B, Narwal P, Song C, Chu A, et al. A simple score that
predicts paroxysmal atrial fibrillation on outpatient cardiac monitoring
after embolic stroke of unknown source. J Stroke Cerebrovasc Dis.
2018;27:1692-1696. doi: 10.1016/j.jstrokecerebrovasdis.2018.01.028
Ozaydin Goksu E, Yiksel B, Esin M, Kiictikseymen E, Unal A, Geng
A, Yaman A. The value of STAF (score for the targeting of atrial fibrilla-
tion) in patients with cryptogenic embolic stroke. Noropsikiyatri Arsivi.
2019;56:119-122. doi: 10.5152/npa.2017.19348

Kneihsl M, Bisping E, Scherr D, Mangge H, Fandler-Hofler S, Colonna
I, Haidegger M, Eppinger S, Hofer E, Fazekas F, et al. Predicting atrial
fibrillation after cryptogenic stroke via a clinical risk score—a prospec-
tive observational study. Eur J Neurol. 2022;29:149-157. doi: 10.1111/
ene. 15102

Vera A, Cecconi A, Ximenez-Carrillo A, Ramos C, Martinez-Vives P,
Lopez-Melgar B, Sanz-Garcia A, Ortega G, Aguirre C, Vivancos J, et al.
A comprehensive model to predict atrial fibrillation in cryptogenic stroke:
the Decryptoring score. J Stroke Cerebrovasc Dis. 2022;31:106161. doi:
10.1016/j.jstrokecerebrovasdis.2021.106161

Skrebelyte-Strom L, Ronning OM, Dahl FA, Steine K, Kjekshus H.
Prediction of occult atrial fibrillation in patients after cryptogenic stroke
and transient ischaemic attack: PROACTIA. Europace. 2022;24:1881—
1888. doi: 10.1093/europace/euac092

Grifoni E, Baldini G, Baldini M, Pinto G, Micheletti |, Madonia EM,
Cosentino E, Bartolozzi ML, Bertini E, Dei A, et al. Poststroke detection
of subclinical paroxysmal atrial fibrillation in patients with embolic stroke
of undetermined source in the real world practice: the Empoli ESUS
atrial fibrillation (E2AF) study. Neurologist. 2022;28:25-31. doi: 10.1097/
NRL.0000000000000440

Amaya Pascasio L, Quesada Lopez M, Garcia-Torrecillas JM, Arjona-
Padillo A, Martinez SP. Development of a score to predict the paroxys-
mal atrial fibrillation in stroke patients: the screening for atrial fibrillation
scale. Front Neurol. 2022;13:900582. doi: 10.3389/fneur.2022.900582
Ntaios G, Perlepe K, Lambrou D, Sirimarco G, Strambo D, Eskandari A,
Karagkiozi E, Vemmou A, Koroboki E, Manios E, et al. Supraventricular
extrasystoles on standard 12-lead electrocardiogram predict new inci-
dent atrial fibrillation after embolic stroke of undetermined source: the
AF-ESUS study. J Stroke Cerebrovasc Dis. 2020;29:29. doi: 10.1016/j.
jstrokecerebrovasdis.2019.104626

Ntaios G, Pearce LA, Veltkamp R, Sharma M, Kasner SE, Korompoki
E, Milionis H, Mundl H, Berkowitz SD, Connolly SJ, et al. Potential em-
bolic sources and outcomes in embolic stroke of undetermined source
in the NAVIGATE-ESUS trial. Stroke. 2020;51:1797-1804. doi: 10.1161/
STROKEAHA.119.028669

Ntaios G, Perlepe K, Lambrou D, Sirimarco G, Strambo D, Eskandari A,
Karagkiozi E, Vemmou A, Korompoki E, Manios E, et al. Identification
of patients with embolic stroke of undetermined source and low risk
of new incident atrial fibrillation: the AF-ESUS score. Int J Stroke.
2021;16:29-38. doi: 10.1177/1747493020925281

10


https://doi.org//10.1161/strokeaha.116.016414
https://doi.org//10.1016/j.jacc.2019.11.024
https://doi.org//10.1016/j.jacc.2019.11.024
https://doi.org//10.1161/STROKEAHA.119.028643
https://doi.org//10.1161/strokeaha.115.009334
https://doi.org//10.1038/s41582-022-00663-4
https://doi.org//10.1038/s41582-022-00663-4
https://doi.org//10.1093/eurheartj/ehac245
https://doi.org//10.1161/circulationaha.119.040267
https://doi.org//10.1001/jamaneurol.2022.0058
https://doi.org//10.1136/bmj.n71
https://www.bristol.ac.uk/population-health-sciences/projects/quadas/quadas-2/
https://www.bristol.ac.uk/population-health-sciences/projects/quadas/quadas-2/
https://doi.org//10.1111/ene.12017
https://doi.org//10.1159/000505262
https://doi.org//10.1159/000476030
https://doi.org//10.1016/j.jstrokecerebrovasdis.2018.01.028
https://doi.org//10.5152/npa.2017.19348
https://doi.org//10.1111/ene.15102
https://doi.org//10.1111/ene.15102
https://doi.org//10.1016/j.jstrokecerebrovasdis.2021.106161
https://doi.org//10.1093/europace/euac092
https://doi.org//10.1097/NRL.0000000000000440
https://doi.org//10.1097/NRL.0000000000000440
https://doi.org//10.3389/fneur.2022.900582
https://doi.org//10.1016/j.jstrokecerebrovasdis.2019.104626
https://doi.org//10.1016/j.jstrokecerebrovasdis.2019.104626
https://doi.org//10.1161/STROKEAHA.119.028669
https://doi.org//10.1161/STROKEAHA.119.028669
https://doi.org//10.1177/1747493020925281

Louka et al

24.

25.

26.

27.

28.

29.

30.

J Am Heart Assoc. 2023;12:e030479. DOI: 10.1161/JAHA.123.030479

Muscari A, Bonfiglioli A, Faccioli L, Ghinelli M, Magalotti D, Manzetto F,
Pontarin A, Puddu GM, Spinardi L, Tubertini E, et al. Usefulness of the
MrWALLETS scoring system to predict first diagnosed atrial fibrillation
in patients with ischemic stroke. Am J Cardiol. 2017;119:1023-1029. doi:
10.1016/j.amjcard.2016.12.009

Kitsiou A, Sagris D, Schabitz WR, Ntaios G. Validation of the AF-ESUS
score to identify patients with embolic stroke of undetermined source
and low risk of device-detected atrial fibrillation. Eur J Intern Med.
2021;89:135-136. doi: 10.1016/j.ejim.2021.04.003

Zhao SX, Ziegler PD, Crawford MH, Kwong C, Koehler JL, Passman
RS. Evaluation of a clinical score for predicting atrial fibrillation in cryp-
togenic stroke patients with insertable cardiac monitors: results from
the CRYSTAL AF study. Ther Adv Neurol Disord. 2019;12:12. doi:
10.1177/1756286419842698

Ntaios G, Perlepe K, Lambrou D, Sirimarco G, Strambo D, Eskandari
A, Karagkiozi E, Vemmou A, Koroboki E, Manios E, et al. External per-
formance of the HAVOC score for the prediction of new incident atrial
fibrillation. Stroke. 2020;51:457-461. doi: 10.1161/STROKEAHA.119.
027990

Saberniak J, Skrebelyte-Strem L, Orstad EB, Hilde JM, Solberg MG,
Renning OM, Kjekshus H, Steine K. Left atrial appendage strain predicts
subclinical atrial fibrillation in embolic strokes of undetermined source.
Eur Heart J Open. 2023;3:0ead039. doi: 10.1093/ehjopen/oead039
Bahit MC, Sacco RL, Easton JD, Meyerhoff J, Cronin L, Kleine E,
Grauer C, Brueckmann M, Diener HC, Lopes RD, et al. Predictors of
atrial fibrillation development in patients with embolic stroke of unde-
termined source: an analysis of the RE-SPECT ESUS trial. Circulation.
2021;144:1738-1746. doi: 10.1161/CIRCULATIONAHA.121.055176
Brambatti M, Connolly SJ, Gold MR, Morillo CA, Capucci A, Muto C, Lau
CP, Gelder ICV, Hohnloser SH, Carlson M, et al. Temporal relationship
between subclinical atrial fibrillation and embolic events. Circulation.
2014;129:2094-2099. doi: 10.1161/CIRCULATIONAHA.113.007825

31.

32.

33.

34.

35.

36.

37.

Risk Scores for AF Prediction After ESUS

Daoud EG, Glotzer TV, Wyse DG, Ezekowitz MD, Hilker C, Koehler J,
Ziegler PD. Temporal relationship of atrial tachyarrhythmias, cerebro-
vascular events, and systemic emboli based on stored device data: a
subgroup analysis of TRENDS. Heart Rhythm. 2011;8:1416-1423. doi:
10.1016/j.hrthm.2011.04.022

Wachter R, Groschel K, Gelbrich G, Hamann GF, Kermer P,
Liman J, Seegers J, Wasser K, Schulte A, Jurries F, et al. Holter-
electrocardiogram-monitoring in patients with acute ischaemic stroke
(find-AFRANDOMISED): an open-label randomised controlled ftrial.
Lancet Neurol. 2017;16:282-290. doi: 10.1016/S1474-4422(17)30002-9
Connolly SJ, Eikelooom J, Joyner C, Diener HC, Hart R, Golitsyn S,
Flaker G, Avezum A, Hohnloser SH, Diaz R, et al. Apixaban in patients
with atrial fibrillation. N Engl J Med. 2011;364:806-817. doi: 10.1056/
NEJMoa1007432

Diener HC, Sacco RL, Easton JD, Granger CB, Bernstein RA, Uchiyama
S, Kreuzer J, Cronin L, Cotton D, Grauer C, et al. Dabigatran for pre-
vention of stroke after embolic stroke of undetermined source. N Engl J
Med. 2019;380:1906-1917. doi: 10.1056/NEJMoa1813959

Hart RG, Sharma M, Mund| H, Kasner SE, Bangdiwala S|, Berkowitz
SD, Swaminathan B, Lavados P, Wang Y, Wang Y, et al. Rivaroxaban for
stroke prevention after embolic stroke of undetermined source. N Engl
J Med. 2018;378:2191-2201. doi: 10.1056/NEJM0a1802686
NOAH-AFNET 6 trial terminates ahead of time (NOAH AFNET 6 trial).
Deutsches Zentrum fur Herz-Kreislaufforschung. 2022. Accessed
January 2, 2023. https:/dzhk.de/en/news/latest-news/article/noah-
afnet-6-trial-terminates-ahead-of-time-noah-afnet-6-trial/.

Kleindorfer DO, Towfighi A, Chaturvedi S, Cockroft KM, Gutierrez J,
Lombardi-Hill D, Kamel H, Kernan WN, Kittner SJ, Leira EC, et al. 2021
guideline for the prevention of stroke in patients with stroke and tran-
sient ischemic attack: a guideline from the American Heart Association/
American Stroke Association. Stroke. 2021;52:€364-e467. doi: 10.1161/
str.0000000000000375

11


https://doi.org//10.1016/j.amjcard.2016.12.009
https://doi.org//10.1016/j.ejim.2021.04.003
https://doi.org//10.1177/1756286419842698
https://doi.org//10.1161/STROKEAHA.119.027990
https://doi.org//10.1161/STROKEAHA.119.027990
https://doi.org//10.1093/ehjopen/oead039
https://doi.org//10.1161/CIRCULATIONAHA.121.055176
https://doi.org//10.1161/CIRCULATIONAHA.113.007825
https://doi.org//10.1016/j.hrthm.2011.04.022
https://doi.org//10.1016/S1474-4422(17)30002-9
https://doi.org//10.1056/NEJMoa1007432
https://doi.org//10.1056/NEJMoa1007432
https://doi.org//10.1056/NEJMoa1813959
https://doi.org//10.1056/NEJMoa1802686
https://dzhk.de/en/news/latest-news/article/noah-afnet-6-trial-terminates-ahead-of-time-noah-afnet-6-trial/
https://dzhk.de/en/news/latest-news/article/noah-afnet-6-trial-terminates-ahead-of-time-noah-afnet-6-trial/
https://doi.org//10.1161/str.0000000000000375
https://doi.org//10.1161/str.0000000000000375

Supplemental Material



Table S1. Database search.

Databases Search terms
searched
MEDLINE | (exp Embolic Stroke/ OR exp Ischemic Stroke/ OR cryptogenic stroke.mp.
OR embolic stroke of undetermined source.mp.) AND (exp Atrial
Fibrillation/ OR atrial fibrillation.mp.) AND (predicts.mp OR score.mp.
OR exp Risk Assessment/ OR risk.mp.)
Scopus ( TITLE-ABS-KEY ( "cryptogenic stroke" OR "stroke of un*
source" OR "stroke of un* cause" OR "stroke of un*
origin" OR "stroke of un* etiology" ) ) AND ( TITLE-ABS-
KEY ( "atrial fibrillation" ) ) AND ( TITLE-ABS-
KEY (scor* OR predict* OR risk)) AND ( LIMIT-
TO (DOCTYPE, "ar")) AND ( LIMIT-
TO (LANGUAGE, "English")) AND ( LIMIT-
TO (SRCTYPE, "i"))
Google Score AND "atrial fibrillation" AND "cryptogenic stroke" OR "embolic
Scholar stroke of undetermined source" OR "stroke of unknown source" OR
"stroke of unknown cause"
Cochrane "cryptogenic stroke" OR "embolic stroke of undetermined source" OR
Library ESUS in Title Abstract Keyword AND "atrial fibrillation" in Title Abstract

Keyword AND scor* OR predict® OR risk* in Title Abstract Keyword




Clinical
Trials

Registry

"cryptogenic stroke" OR "embolic stroke of undetermined source" |Atrial

Fibrillation |score




Figure S1. PRISMA flow diagram of screening methodology.
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4.Studies not in English language (n = 2)

5. Potentially eligible studies available only
in abstract form (n = 2)



Figure S2. Risk of bias assessment using the QUADAS-2 tool (Quality Assessment of Diagnostic).
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