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ABSTRACT

Objective: To summarize data on atrial fibrillation (AF) detection rates and predictors across different
rhythm monitoring strategies in patients with cryptogenic stroke (CS) or embolic stroke of undetermined
source (ESUS).
Methods: MEDLINE, Embase, and Web of Science were searched to identify all published studies provid-
ing relevant data through July 6, 2020. Random-effects meta-analysis method was used to pool estimates.
Results: We included 47 studies reporting on a pooled population of 8,215 patients with CS or ESUS.
Using implantable cardiac monitor (ICM), the pooled rate of AF was 12.2% (95% CI 9.4-15.0) at 3 months,
16.0% (95% C1 13.2-18.8) at 6 months, 18.7% (95% CI 15.7-21.7) at 12 months, 22.8% (95% CI 19.1-26.5) at
24 months, and 28.5% (95% CI 17.6-39.3) at 36 months. AF rates were significantly higher in patients with
ESUS vs CS (22.0% vs 14.2%; p < 0.001) at 6 months, and in studies using Reveal LINQ vs Reveal XT ICM
(19.1% vs 13.0%; p = 0.001) at 12 months. Using mobile cardiac outpatient telemetry (MCOT), the pooled
rate of AF was 13.7% (95% CI 10.2-17.2) at 1 month. Predictors of AF detection with ICM included older
age, CHA,DS,-VASc score, left atrial enlargement, P wave maximal duration and prolonged PR interval.
Conclusion: The yield of ICM increases with the duration of monitoring. More than a quarter of patients
with CS or ESUS will be diagnosed with AF during follow-up. About one in seven patients had AF detected
within a month of MCOT, suggesting that a non-invasive rhythm monitoring strategy should be consid-
ered before invasive monitoring.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

all ischemic strokes, and could be the underlying cause of a signif-
icant proportion of cryptogenic strokes (CS) [4]. Ischemic stroke

Ischemic stroke is a leading cause of mortality and disability
globally [1,2]. Identifying stroke etiology is crucial for effective sec-
ondary prevention. However, in about one third of ischemic
strokes, the likely cause cannot be identified despite extensive
investigations according to current protocols [3]. Cardioembolism
due to atrial fibrillation (AF) is responsible for about one third of
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due to AF is associated with higher mortality and disability com-
pared to stroke of other etiology [3,5]. Because AF-related strokes
can largely be prevented by oral anticoagulation, an active search
for underlying AF is essential in patients with CS, including those
with the more restrictive definition of embolic stroke of undeter-
mined source (ESUS) [4].

According to the American Heart Association/American Stroke
Association (AHA/ASA) guidelines, the clinical benefit of prolonged
cardiac monitoring to detect atrial fibrillation after acute ischemic
stroke is uncertain (Class IIb; Level of Evidence C) and there is no
consensus on the most appropriate modality and duration of mon-
itoring [6]. The CRYSTAL AF trial was the first to evaluate the utility
of prolonged continuous cardiac monitoring with implantable car-
diac monitor (ICM) and demonstrated increased AF detection
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compared to standard-of-care monitoring in patients with CS
(12.4% vs 2.0% at 12 months) [7]. Several other studies have
reported variable AF detection rates with ICM in patients with
CS, depending on the length of monitoring or other potential fac-
tors such as the duration of qualifying AF episodes, or patient char-
acteristics [4]. The current systematic review and meta-analysis
aimed to summarize data on AF detection rates across different
rhythm monitoring strategies (non-invasive and ICM) at precise
time points (e.g. 1 month, 12 months or 24 months) in patients
with CS or ESUS, and to explore factors influencing these detection
rates.

2. Methods

This review is reported in accordance with the Meta-analyses Of
Observational Studies in Epidemiology guidelines [8]. It was regis-
tered with PROSPERO (CRD42020204206).

2.1. Literature search

PubMed/MEDLINE, Excerpta Medica Database (EMBASE), and
Web of Science were searched to identify all cohort studies or ran-
domized controlled trials (RCTs) reporting primary data on the
rates and predictors of AF detection in patients with CS or ESUS,
published by July 6, 2020 (date of the last search), without lan-
guage restriction. The search strategy used a combination of the

» o«

following terms or their synonyms “cryptogenic stroke”, “embolic
stroke of undetermined source”, “atrial fibrillation”, “implantable
cardiac monitor”, “holter” or “telemetry” (Supplementary Table 1).
The reference lists of eligible articles were also scrutinized to iden-

tify potential additional data sources.

2.2. Study selection

We included: (1) cohort studies or RCTs, (2) with more than 30
participants, (3) reporting on rates and predictors of AF in patients
with CS or ESUS, or studies with enough data to compute these
estimates, (4) using either ICM or a non-invasive cardiac monitor-
ing strategy. We excluded AF screening strategies such as 12-lead
electrocardiography (ECG), 24-hour Holter or inpatient telemetry
that are normally part of the minimum work-up for patients with
acute ischemic stroke. For records/articles reporting data from the
same group/cohort of patients, we included the single most com-
prehensive report with the largest sample size. Two investigators
(JJN and JKT) independently screened records for eligibility based
on titles and abstracts. Full texts of articles deemed potentially eli-
gible were retrieved and screened independently by the same
investigators for final inclusion. Disagreements were resolved via
discussion and consensus.

2.3. Data extraction and management

Data were extracted using a standard data abstraction form by
one investigator (JJN) and cross-checked by second investigator
(JKT). We collected data on study characteristics, study population
(CS or ESUS), sample size, etiological work-up, definition criteria
for CS or ESUS, mean or median time from event to initiation of
monitoring, minimal duration of qualifying AF episodes (e.g. 30
sec, 2 min or more), monitoring device, mean or median age, sex
proportion, frequency of/prevalence of/proportion of patients with
co-morbidities such as hypertension, diabetes, heart failure or pre-
vious thromboembolism (stroke or transient ischemic attack
[TIA]), number of participants with AF detected at various time
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points (3 weeks, 1 month, 3 months, 6 months, 9 months,
12 months, 18 months, 24 months and 36 months), and risk
estimate (hazard ratio, odds ratio or relative risk) with the 95%
confidence interval (95% CI) for each variable assessed as a poten-
tial predictor of AF. For each study, the risk of bias was assessed
using an adapted version of the tool developed by Hoy et al. [9].

2.4. Statistical analysis

Analyses were conducted with R statistical software (version
3.6.2, The R Foundation for statistical computing, Vienna, Austria).
We performed random-effects meta-analysis of detection rates
using the inverse variance method. Clinical conditions potentially
contributing to the variance of the estimates were evaluated by
meta-regression, with the proportion of categorical variables, such
as diabetes, fitted on a continuous scale. Heterogeneity was
assessed by the y? test on Cochrane’s Q statistic [10], and was
quantified by I values, assuming that I? values of <25%, 50-75%,
and >75% respectively represent low, medium, and high hetero-
geneity [11]. Heterogeneity across studies was further explored
using the Leave-One-Out influencer analysis model, with the aim
of detecting extreme effect sizes and assessing the influence of
each study on the overall estimates. We assessed small-study
effect by visual inspection of funnel plots and tests of funnel plot
asymmetry (Egger’s linear regression test). Next, we performed
univariable random-effects meta-analyses to assess the association
between clinical variables and AF detection rates, reporting this in
odds ratio (OR) and 95% confidence interval (95% CI). For continu-
ous variables, we converted the reported mean and standard devi-
ations (SD) to standardized mean difference and rescaled to OR
(95% CI) per SD change in the variable [12]. All statistical tests were
two-tailed and statistical significance defined as p-value < 0.05.

2.5. Ethic committee approval

This is a systematic review using published data. An ethics
approval is not required.

2.6. Patient and public involvement

This is not applicable to this systematic review that used pub-
lished data.

3. Results
3.1. Study selection and characteristics

Database and bibliographic searches retrieved 1139 records and
47 articles were finally included (Supplementary Fig. 1). The list of
included studies and their characteristics are presented in the
appendix (Supplementary Tables 2-4). The included studies
reported data from a pooled sample of 8,215 patients with CS or
ESUS, were conducted between 2003 and 2019, and published
between 2008 and 2020. Most studies were conducted in Europe
(55.3%, n = 26) and Northern America (36.2%, n = 17), with the most
represented country being the U.S. (34.0%, n = 16). Most studies
(59.6%, n = 28) had low risk of bias (Supplementary Table 5).

3.2. AF detection by implantable cardiac monitors

3.2.1. Rates of AF by duration of monitoring
The pooled rate of AF was 2.0% (95% CI 0.0-5.6, I’ 52%) at 1 week,
4.1% (95% CI 2.8-5.3, I’ 32%) at 1 month, 8.0% (95% CI 0.0-17.6,
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Table 1
Pooled estimates of atrial fibrillation detection using invasive and non-invasive cardiac monitoring strategies.
Number of Studies No. of patients Detection rate Heterogeneity Egger’s test
Subgroup Total Cases (95% CI) P P value (P value)
ICM monitoring
3 months
e Overall 11 1098 143 12.19 (9.36-15.01) 52.8% 0.0199 0.0692
o Type of stroke
- ESUS 3 307 51 16.44 (10.99-21.90) 41.2% 0.1827 0.0297
- CS 8 791 92 10.68 (7.77-13.58) 43.2% 0.0905 0.3490
e Cutoff
-30s 3 521 74 11.06 (4.94-17.18) 59.3% 0.0857 0.3150
- 120s 6 255 29 13.54 (9.43-17.66) 49.5% 0.0779 0.0651
o Type of device
- Reveal LINQ 4 447 69 15.07 (11.76-18.38) 0.0% 0.4718 0.6839
- Reveal XT 4 340 35 9.69 (5.39-14.00) 46.7% 0.1311 0.1187
6 months
e Overall 18 3223 476 16.00 (13.21-18.79) 76.3% <0.0001 0.0085
o Type of stroke
- ESUS 4 408 91 22.05 (18.04-26.06) 0.0% 0.6027 0.2102
- CS 14 2 815 385 14.25 (11.41-17.09) 73.8% <0.0001 0.0864
o Cutoff
-30s 5 613 61 9.89 (6.12-13.66) 59.1% 0.0444 0.0555
- 120 s 11 2 288 360 19.22 (15.54-22.89) 71.1% 0.0001 0.0002
o Type of device
- Reveal LINQ 7 2132 293 14.72 (10.64-18.80) 80.8% <0.0001 0.2880
- Reveal XT 7 705 106 15.82 (10.67-20.96) 72.8% 0.0012 0.0098
- Reveal LINQ or XT 2 175 45 25.62 (19.16-32.08) 0.0% 0.5515 NE
12 months
e Overall 16 3310 603 18.71 (15.71-21.70) 76.3% <0.0001 0.1229
o Type of stroke
- ESUS 4 372 86 22.08 (15.32-28.88) 61.8% 0.0492 0.5716
- CS 12 2938 517 17.74% (14.45-21.03) 77.9% <0.0001 0.3224
o Cutoff
-30s 4 464 60 12.88 (9.84-15.93) 0.0% 0.9598 0.3096
-120s 9 2379 461 22.21 (18.55-25.87) 69.0% 0.0011 0.0022
e Type of device
- Reveal LINQ 8 2 460 448 19.14 (14.95-23.34) 82.0% <0.0001 0.2757
- Reveal XT 4 470 63 13.32 (10.25-16.39) 0.0% 0.9024 0.0333
- Reveal LINQ or XT 3 240 60 23.86 (11.47-36.26) 82.2% 0.0036 0.3252
24 months
e Overall 13 2 901 661 22.78 (19.90-26.47) 78.6% <0.0001 0.4384
e Type of stroke
- ESUS 3 312 79 24.79 (16.60-32.98) 64.7% 0.0586 0.8340
- CS 10 2 589 582 22.27 (18.02-26.52) 81.6% <0.0001 0.6144
o Cutoff
-30s 7 880 174 19.13 (13.84-24.42) 75.3% 0.0005 0.3194
- 120s 5 1926 459 26.98 (22.11-31.85) 72.5% 0.0057 0.0027
e Type of device
- Reveal LINQ 7 2262 530 25.70 (19.53-31.87) 89.2% <0.0001 0.2727
- Reveal XT 4 398 93 23.27 (16.00-30.54) 65.2% 0.0347 0.5355
MCOT monitoring
e Overall 13 1745 218 11.76 (9.12-14.40) 65.4% 0.0005 0.1203
e Duration
- 3 weeks 6 643 70 9.49 (5.55-13.43) 64.0% 0.0164 0.6172
- 1 month 7 1102 148 13.67 (10.16-17.18) 63.8% 0.0110 0.0659

ICM: implantable cardiac monitor; MCOT: mobile cardiac outpatient telemetry.

82%) at 2 months, 12.2% (95% CI 9.4-15.0, > 53%) at 3 months,
16.0% (95% CI 13.2-18.8, I? 76%) at 6 months, 18.0% (95% CI 13.9-
22.1, P 32%) at 9 months, 18.7% (95% CI 15.7-21.7, I 76%) at
12 months, 23.5% (95% CI 17.4-29.6, F 68%) at 18 months, 22.8%
(95% CI 19.1-26.5, P 79%) at 24 months and 28.5% (95% CI
17.6-39.3, I 92%) at 36 months (Table 1, Fig. 1 [Panels A and B]).
Overall, AF detection rates significantly increased with duration
of monitoring (p < 0.001, Fig. 2).

3.2.2. Rates of AF in ESUS versus CS

The pooled AF detection rate in ESUS vs CS was 16.4% (95% CI
11.0-21.9, P 41%) vs 10.7% (95% CI 7.8-13.6, I* 43%) at 3 months
(p = 0.067), 22.0% (95% CI 18.0-26.1, I 0%) vs 14.2% (95% CI 11.4-
17.1, P 74%) at 6 months (p < 0.001), 22.1% (95% CI 15.3-28.8, I
62%) vs 17.7% (95% CI 14.4-21.0, P 78%) at 12 months (p = 0.2579),

24.8% (95% Cl 16.6-33.0, I 65%) vs 22.3% (95% CI 18.0-26.5, I’ 82%)
at 24 months (p = 0.592) (Table 1, Supplementary Figs. 2-5.

3.2.3. Rates of AF by minimal duration of qualifying episodes

The rate of AF was lower in studies using a cut-off of 30 sec
compared to those using a cut-off of 120 sec. The detection rate
for the studies using a 30 sec cut-off vs studies using a 120 sec
cut-off was 11.1% (95% CI 4.9-17.2, I° 59%) vs 13.5% (95% CI 9.4-
17.6, P 50%) at 3 months (p = 0.509), 9.9% (95% CI 6.1-13.7, P
59%) vs 19.2% (95% Cl 15.5-22.9, I? 71%) at 6 months (p = 0.001),
13.2% (95% CI 8.1-18.4, I’ 0%) vs 20.7% (95% CI 16.4-25.0, I° 0%)
at 9 months (p = 0.03), 12.9% (95% CI 9.8-15.9, I 0%) vs 22.2%
(95% CI 18.6-25.9, > 69%) at 12 months (p < 0.001), 17.9% (95%
Cl 12.5-23.3, P 70%) vs 27.0% (95% Cl 22.1-31.9, P 73%) at
24 months (p = 0.01) (Table 1, Supplementary Figs. 6-10).
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Author and Year Total Case Prevalence (95% Cl) Events 95%-Cl

1 we

Milstein 2020 343 3 0.87 [0.18; 2.53]
Ritter 2013 60 3 —+=— 5.00 [1.04;13.92]

S— 2.01

1 month
Ziegler 2017 = 4.57 [3.48; 5.88]
Milstein 2020 - 525 [3.14; 8.17]
Chorin 2020 - 276 [0.76; 6.91]
Carrazco 2018 - 2.00 [0.24; 7.04]
Christensen 2014 - 235 [0.29; 8.24]
Oner 2020 —— 5.68 [1.87;12.76]
Muller 2017 — 8.89 [3.92;16.77]
s model = 4.05 [2.83; 5.27]

2 mo s

Christensen 2014 8 3 = 3.53 [0.73; 9.97]
Muller 2017 12 —a— 13.33 [7.08;22.13]
15— 7.98 [0.00;17.55]
3 mo S
Asaithambi 2018 234 34 —— 14.53 [10.28; 19.71]
Reinke 2018 105 7 —a— 6.67 [2.72;13.25]
Oner 2020 8 6 —=— 6.82 [2.54;14.25]
Christensen 2014 85 6 —— 7.06 [2.63;14.73]
Israel 2017 123 15 —— 12.20 [6.99;19.32]
Carrazco 2018 100 18 —_— 18.00 [11.08; 26.95]
Muller 2017 15 — 16.67 [9.64;26.00]
Seow 2018 9 B 12.68 [5.96;22.70]
Ritter 2013 7 — 11.67 [4.82;22.57]
Iwata 2019 18 —_— 21.43 [13.22;31.74]

— 13.79

De Angelis 2020

= 12.19 .

6 months

Ziegler 2017 1247 152 - 12.19 [10.42; 14.13]
Chorin 2020 145 8 —— 552 [2.41;10.58]
Sanna 2014 213 19 —— 8.92 [5.46;13.58]
Riordan 2020 293 47 —— 16.04 [12.08; 20.75]
Asaithambi 2018 234 46 —— 19.66 [14.77;25.34]
Reinke 2018 105 9 — 8.57 [3.99;15.65]
Oner 2020 88 9 — 10.23 [4.78;18.53]
Israel 2017 123 23 —_— 18.70 [12.24;26.72]
Seow 2018 719 —_— 12.68 [5.96;22.70]
Christensen 2014 85 14 —_— 16.47 [9.31; 26.09]
Muller 2017 90 16 —_— 17.78 [10.52; 27.26]
Carrazco 2018 100 24 —_— 24.00 [16.02;33.57]
Rojo-Martinez 2013 101 26 —_— 25.74 [17.56; 35.40]
Iwata 2019 84 18 —_— 21.43 [13.22;31.74]
Ritter 2013 60 9 —_— 15.00 [7.10;26.57]
Poli 2016 75 21 —_— 28.00 [18.24;39.56]
De Angelis 2020 58 13 —_— 22.41 [12.51;35.27]

—_— 25.49 [14.33;39.63]

Cotter 2013 51 13

Random 1 = 16.00 [13.21; 18.79]
1

13 —a— 12.38 [6.76; 20.24]
Israel 2017 123 26 —— 21.14 [14.30;29.42]
Seow 2018 71 1 — 15.49 [8.00; 26.03]
Ritter 2013 60 9 —— 15.00 [7.10;26.57]
Iwata 2019 84 21 — 25.00 [16.19; 35.64]
De Angelis 2020 58 13 — 22.41 [12.51;35.27]
Ra fect: | 93 = 17.96 [13.87;22.05]

Fig. 1A. Panel A. Overall pooled atrial fibrillation detection rates on implantable
cardiac monitor in patients with cryptogenic stroke (one week to 9 months).

3.2.4. Rates of AF by device type

The pooled AF detection rate was higher in studies using Reveal
LINQ compared to those using Reveal XT, although the difference
was not significant at all timepoints. The detection rate for Reveal
LINQ vs Reveal XT was 15.1% (95% CI 11.8-18.4, I> 0%) vs 9.7% (95%
Cl 5.4-14.0, P 47%) at 3 months (p = 0.052), 14.7% (95% CI 10.6-
18.8, P 81%) vs 15.8% (95% CI 10.7-21.0, I 73%) at 6 months
(p = 0.744), 19.1% (95% CI 14.9-23.3, I 82%) vs 13.0% (95% CI
9.7-16.3, I 0%) at 12 months (p = 0.001), 25.7% (95% CI 19.5-
31.9, P 89%) vs 23.3% (95% Cl 16.0-30.5, I 65%) at 24 months
(p = 0.618) (Table 1, Supplementary Figs. 11-14).
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Author and Year Total Case Prevalence (95% Cl) Events 95%-Cl
12 months

Ziegler 2017 1247 203 = 16.28 [14.27;18.45]
Sanna 2014 234 29 —=— 12.39 [8.46;17.31]
Chorin 2020 145 11 —&— 7.59 [3.85;13.17]
Milstein 2020 328 67 —a— 20.43 [16.20; 25.20]
Riordan 2020 293 59 —E— 20.14 [15.70; 25.19]
Asaithambi 2018 234 57 —— 24.36 [19.00; 30.38]
Reinke 2018 105 14 — 13.33 [7.49;21.36]
Israel 2017 123 29 — 23.58 [16.39; 32.07]
Oner 2020 88 14 —— 15.91 [8.98;25.25]
Victor 2018 65 8 —— 12.31 [5.47;22.82]
Seow 2018 711 — 15.49 [8.00; 26.03]
Carrazco 2018 100 27 — 27.00 [18.61;36.80]
Ritter 2013 60 9 —_— 15.00 [7.10;26.57]
Iwata 2019 84 22 — 26.19 [17.20;36.93]
Poli 2016 75 25 —_— 33.33 [22.86; 45.17]
De Angelis 2020 58 18 —_— 31.03 [19.54; 44.54]
Random effects model 3310 603 = 18.71 [15.71;21.70]
Heterogeneity: /* = 76%, p < 0.01

18 months

Riordan 2020 293 64 —— 21.84 [17.25;27.02]
Reinke 2018 105 17 — 16.19 [9.72; 24.65]
Oner 2020 88 16 —a— 18.18 [10.76; 27.84]
Carrazco 2018 100 31 — 31.00 [22.13;41.03]
De Angelis 2020 58 21 —+—— 36.21 [23.99;49.88]
Random effects model 644 149 =_— 23.50 [17.43; 29.56]
Heterogeneity: /° = 68%, p = 0.02

24 months

Ziegler 2017 1247 268 = 21.49 [19.24;23.88]
Chorin 2020 145 13 —— 8.97 [4.86;14.84]
Riordan 2020 293 78 —a— 26.62 [21.65;32.07]
Watson 2020 227 57 —— 25.11 [19.61;31.28]
Asaithambi 2018 234 68 —s— 29.06 [23.33; 35.33]
Bettin 2018 173 33 — 19.08 [13.51;25.73]
Makimoto 2017 146 33 —a— 22.60 [16.10;30.25]
Oner 2020 88 17 - 19.32 [11.68;29.12]
Rojo-Martinez 2013 101 34 — 33.66 [24.56; 43.75]
Ritter 2013 60 10 — 16.67 [8.29;28.52]
Victor 2018 65 12 —— 18.46 [9.92;30.03]
Pecha 2020 64 16 — s 25.00 [15.02;37.40]
De Angelis 2020 58 22 —=—> 37.93 [25.51;51.63]
Random effects model 2901 661 = 22.78 [19.09; 26.47]
Heterogeneity: /= = 79%, p < 0.01

36 months

Chorin 2020 145 17 —= 11.72 [6.98;18.11]
Riordan 2020 293 93 — 31.74 [26.45; 37.41]
Sanna 2014 140 42 — 30.00 [22.55;38.32]
Israel 2017 123 52 —+—— 4228 [33.42;51.51]
Victor 2018 65 18 —a— 27.69 [17.31;40.19]
Random effects model 766 222 —— 28.47 [17.63; 39.31]
Heterogeneity: /° = 92%, p < 0.01

0 10 20 30 40 50

Fig. 1B. Panel B. Overall pooled atrial fibrillation detection rates on implantable
cardiac monitor in patients with cryptogenic stroke (12 months to 36 months).

3.2.5. Publication bias, meta-regression, and sensitivity analysis

There was evidence of publication bias by funnel plot analysis
and by Egger’s test (p < 0.01) only for studies reporting AF detec-
tion rates at 6 months (Table 1, Supplementary Figs. 15-18). We
performed meta-regression to assess the source of heterogeneity
in the estimation of AF rates (Supplementary Figs. 19-22). At
3 months of monitoring, history of hypertension accounted for
most of the variation in AF detection rate (r?> = 53.3%), though it
was not significant (p = 0.07). At 6 months of monitoring, no vari-
able significantly explained the variance in AF detection. At
12 months of monitoring, mean age and history of hypertension
explained 21.6% and 35.6% of the variation in AF detection rate,
respectively, although it did not reach significance (p = 0.08 and
0.06, respectively). At 24 months of monitoring, history of dyslipi-
daemia explained most of the variance in the estimation (1> 44.8%,
p =0.15).

Influencer analysis to ascertain the contribution of each study
to the overall heterogeneity showed that no study markedly
reduced the overall heterogeneity when its estimate was removed
from the overall analysis (Supplementary Figs. 23-26).
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Fig. 2. Relationship of atrial fibrillation detection with duration of monitoring in patients with cryptogenic stroke. Legend: the black bold line and dot lines represent the curves

of atrial fibrillation detection and the upper and lower limits of the 95% confidence interval.

3.3. Predictors of AF detection

Data from 14 studies contributed to pooled univariable analysis
of factors associated with AF detection (Fig. 3). Age (OR 3.48, 95% CI
2.50-4.84), female sex (OR 1.35, 95% CI 1.04-1.74), left atrial size
(OR 2.42, 95% CI 1.55-3.78), left atrial dilatation (>40 mm) (OR

Correlates Studies Odds Ratio OR [95% Cl] P-value
Age 13 i —8— 3.48 [2.50; 4.84] 0.00
Female sex 14 iI—H 1.35 [1.04; 1.74] 0.02
Hypertension 14 —ro— 1.14 [0.75;1.72] 0.54
Diabetes 14 —e 0.84 [0.59; 1.21] 0.36
Smoking status 5 I—Oi—| 0.80 [0.44; 1.44] 0.45
Previous stroke 5 l—%—'—i 1.53 [0.76; 3.08] 0.23
Heart failure 3 —— 1.58 [0.85; 2.93] 0.14
Vascular disease 2 —e— 1.24 [0.69; 2.22] 0.47
CAD 5 H—0—| 1.37 [0.89;2.11] 0.15
LA size 4 | —8— 242 [155;3.78] 0.00
LA Dilatation 3 —— 1.55 [1.08; 2.23] 0.02
LV hypertrophy 2 li—'—l 1.39 [0.87;2.23] 0.17
PFO 4 I—Q—%—| 0.68 [0.36; 1.29] 0.24
CHA,DS,VASc score 7 b—.—l 1.84 [1.00; 3.38] 0.05
NIHSS score 2 —— 0.58 [0.16;2.14] 0.41
T T f T !
025 05 1 2 5

Fig. 3. Univariable correlates of atrial fibrillation detection on implantable cardiac
monitors in patients with cryptogenic stroke.

1.55, 95% CI 1.08-2.23) and the CHA,DS,VASc score (includes
age, sex, history of hypertension, diabetes, heart failure, vascular
disease and stroke) (OR 1.84, 95% CI 1.00-3.38) were positively
associated with AF detection.

Eleven studies reported multivariable estimates of potential
predictors of AF detection (Supplementary Table 6). Due to high
heterogeneity in these estimates, a meta-analysis was not per-
formed. Age was consistently reported as a predictor of AF. In stud-
ies that used ICMs, other predictors included obesity, infarction in
the posterior cerebral artery territory, total atrial conduction time
assessed by tissue doppler imaging (PA-TDI Interval), left atrial
enlargement, P wave maximal duration, prolonged PR interval
and atrial runs (Supplementary Table 6).

3.4. Data on non-invasive cardiac monitoring strategies

Atrial fibrillation detection rates from studies that used non-
invasive cardiac monitoring are reported in Supplementary Table 7.
A meta-analysis was only feasible for data on mobile cardiac out-
patient telemetry (MCOT). The overall pooled AF detection rate
(episode lasting at least 30 s) using MCOT was 9.5% (95% CI 5.6—
13.4, P 64%) at 3 weeks and 13.7% (95% CI 10.2-17.2, I 64%) at
1 month (Table 1, Fig. 4).

4. Discussion

This study aimed to summarize data on the rates and predictors
of AF across different rhythm monitoring strategies at precise time
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Author and Year Total Case Prevalence (95% Cl) Prop (%) [95% CI] Weight
3 weeks

Gladstone 2014 286 35 — 12.24 [8.67;16.61] 10.2%
Miller 2013 118 9 —B— 7.63 [3.55;13.99] 9.1%
Rabenstein 2013 64 3 — 469 [0.98;13.09] 8.6%
Tayal 2008 56 3 4 536 [1.12;14.87] 7.9%
Lumikari 2019 57 6 : 10.53 [3.96;21.52] 5.9%
Bhatt 2011 62 14 P—————%—— 2258 [12.93;34.97] 4.3%
Random effects model 643 70 — 9.49 [5.55;13.43] 46.0%
Heterogeneity: /7 = 64%, p = 0.02

1 month

Flint 2012 239 18 — 753 [4.52;11.64] 10.7%
Gladstone 2014 286 42 —— 14.69 [10.79;19.33] 9.9%
Favilla 2015 227 31 —— 13.66 [9.47;18.82] 9.4%
Kass—-Hout 2018 132 17 — 12.88 [7.68;19.82] 8.1%
Jordan 2019 99 18 —a 18.18 [11.15;27.20] 6.2%
Lumikari 2019 57 7 12.28 [5.08;23.68] 5.5%
Bhatt 2011 62 15 P& —— 2419 [14.22;36.74] 4.2%
Random effects model 1102 148 —_— 13.67 [10.16; 17.18] 54.0%
Heterogeneity: /2 = 64%, p = 0.01 :

Random effects model 1745 218 T 11.76 [9.12; 14.40] 100.0%

Heterogeneity: /% = 65%, p < 0.01 ] ‘
5 10

T T T 1
15 20 25 30

Fig. 4. Overall pooled atrial fibrillation detection rates on mobile cardiac outpatient telemetry in patients with cryptogenic stroke.

points in patients with CS or ESUS. We found 1) a steady increase of
AF rates with duration of monitoring using ICM; 2) higher rates of
AF when the cutoff of 120 s was used to define an episode of AF
compared to 30 s; 3) higher rates of AF in patients with ESUS com-
pared to those with CS; 4) association of older age, CHA,DS,-VASc
score, PA-TDI Interval, left atrial enlargement, P wave maximal
duration, prolonged PR interval and atrial runs with higher rates
of AF detection.

Although there is still no specific recommendation on the opti-
mal duration of prolonged cardiac monitoring [6], this study con-
firms that the longer the monitoring, the higher the AF detection
rates in patients with CS. Therefore, it might be judicious to con-
tinue monitoring as long as possible until AF is detected. Most
studies reported data on AF detection up to a maximum duration
of ~36 months, probably because the current ICMs have about 3-
year battery longevity. Although, as expected, the AF detection rate
increases with the duration of monitoring, most cases of AF (about
half) are detected in the first six months (Fig. 2). Moreover, it is
uncertain whether AF detected much later, after two or three years
of monitoring for instance, has any causative role in the index
stroke. It is possible that AF detected long after the index stroke
is of new onset, as a result of all the risk factors for AF that patients
with stroke usually have, including older age and cardio-metabolic
co-morbidities [4]. Furthermore, few studies have shown similar
yield of new AF on ICM in patients with no stroke history and those
with CS [4]. Altogether, these findings highlight the need to rethink
the implications of prolonged continuous ECG monitoring after a
stroke. Moreover, studies are needed to determine the adequate
cutoff for AF burden that is significant and requires anticoagulation
prophylaxis, as the current expert consensus to treat as significant
any episode of AF > 30 s detected by continuous monitoring after a
stroke is not evidence-based [4].

The duration of cardiac monitoring to detect AF after an
ischemic stroke might be individualized, based on a risk stratifica-
tion score. The HAVOC score (abbreviation for Hypertension, Age,
Valvular heart disease, peripheral Vascular disease, Obesity,
Congestive heart failure, and Coronary artery disease) was

developed based on seven clinical factors to stratify the risk of AF
occurrence in patients with CS or TIA. The score showed good dis-
crimination (c-statistic 0.77) of patients into three risk categories
(low, medium, and high), with the potential of being used to select
patients for prolonged monitoring [13]. Imaging parameters such
as LA dimension and PA-TDI Interval, or electrocardiographic
markers including PR interval and maximum P wave duration,
could be combined with clinical risk factors to design an efficient
risk score to predict the development of AF in patients with CS.
Blood biomarkers such as cardiac natriuretic peptides may also
be useful to refine AF risk stratification [14,15].

We found that female sex was a correlate of AF detection in
patients with CS. This finding contrasts with evidence of lower AF
incidence rates in women in the general population [16]. In fact, in
a large multi-country patient-level meta-analysis including
141,220 individuals, the screened-detected AF rates were consis-
tently lowerin women across all age strata[17]. The finding of higher
AF detection rates in female patients with CS emerged from univari-
able analysis and is, therefore, not free from potential confounders.
Furthermore, the sensitivity analysis revealed that this association
between female sex and AF detection was driven by one study
[18]. No association between female sex and AF detection was
observed after excluding that study (Supplementary Fig. 27).

Atrial fibrillation detection rates using ICM were somewhat
higher in patients with ESUS compared to those with CS across
all timepoints, with a marked difference at 6 months. An ischemic
stroke is considered cryptogenic when no definite cause is identi-
fied during the baseline etiological workup, whereas an ESUS is a
clinical construct that refers to non-lacunar non-atherosclerotic
ischemic strokes of presumable cardioembolic origin. The relative
lower rate of AF in patients with CS highlights the greater hetero-
geneity of stroke etiologies in this subgroup while ESUS are pre-
selected based on their likelihood of being embolic and, therefore,
related to covert AF. Moreover, it is known that patients with ESUS
who have an ipsilateral mild carotid stenosis are 2 times less likely
to develop AF during follow-up [19], and there is evidence to sug-
gest that the mild carotid stenosis instead of AF might be the actual
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cause of the stroke [20]. This further emphasizes the fact that a
more comprehensive work-up and classification of stroke cases
at baseline is important to increase the yield of ICM and may help
optimize the cost-benefit ratio. Because advanced carotid and
intracranial vascular imaging was not required for the definition
of ESUS in the NAVIGATE-ESUS trial [21], it is possible that the
residual heterogeneity of stroke etiologies contributed to the neu-
tral results of the trial.

This review shows that higher rates of AF were reported by
studies using a 2-minute cutoff to define an episode of AF on
ICM than in those using a 30-second cutoff. This observation
should not be considered as indicative that AF detection rates are
higher with a cut-off of 2 min compared to 30-seconds. This is
actually counterintuitive, as the lower the cut-off, the higher the
yield. In fact, the two cut-offs were not compared in the same
patients using the same devices. This unexpected finding can be
partly explained by different device capabilities to detect AF. While
the 30-seconds cutoff was established by consensus, the 2-minute
cutoff is related to technology improvement in AF detection.
Indeed, the most recent AF detection algorithms have a better epi-
sode detection accuracy than the older ones. For instance, the P-
wave enhanced AF detection algorithm of Reveal LINQ is based
on both R-R interval and a P-wave evidence score. The P-wave evi-
dence score limits inappropriate AF detections in the original R-R
interval pattern-based algorithm and leverages the evidence of a
single P wave between two R waves using morphologic processing
of the ECG signal [21]. The algorithm requires a 2-minute detection
window. As a result, Reveal LINQ has better AF detection capabili-
ties compared to the previous generation device Reveal XT [22].
Indeed, the detection rates in our study were higher with Reveal
LINQ compared to the Reveal XT, although the difference was sig-
nificant only at 6 months.

There was a relatively high detection rate with 1-month MCOT,
highlighting the importance of prolonged non-invasive cardiac
monitoring before ICM. This is in keeping with AHA/ASA guidelines
for secondary prevention of stroke which considers that cardiac
rhythm monitoring for about a month is reasonable in the first
six months following CS [6]. Although it is striking to see that
the detection rate with 1-month MCOT (14.4%) was higher than
the detection rate with ICM at the same timepoint (4.1%), these
rates are not comparable due to difference in populations’ charac-
teristics. In fact, patients who had an ICM were likely a more
selected population who had extensive non-invasive monitoring
before implantation and therefore, with a lower likelihood of AF
detection compared to patients undergoing MCOT.

This study has some limitations. There were differences across
studies, in terms of participants’ clinical characteristics and extent
of etiologic investigations done before reaching the diagnosis of
cryptogenic stroke. Even within the same study, the etiologic
work-up was not always standardized. For instance, not all stroke
units have inpatient telemetry and when available, only a small pro-
portion of patients receives it [23]. The time between the index
stroke and the start of monitoring, ICM for instance, was not always
reported or when reported, it was done very differently across stud-
ies (Supplementary Table 3), making its contribution in interpreting
the AF detection rates very limited. Moreover, many studies did not
provide the criteria used to define ESUS. Therefore, it was not possi-
ble for us to make sure that appropriate criteria were applied. Fur-
thermore, we could not appropriately investigate the predictors of
AF detection. A multivariable meta-analysis was not possible due
toinsufficient data and inconsistent reporting across studies. Never-
theless, our review has important strengths. It has added value com-
pared to previous systematic reviews on AF detection in the broader
population of patients with ischemic stroke [24,25]. Our study pro-
vides the most up-to-date estimates of AF detection rates and pre-
dictors from various rhythm monitoring strategies, specifically in
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patients with CS. We included only fully published peer-reviewed
articles, not conference abstracts, to ensure that we have data with
the highest possible quality and avoid including duplicates. All anal-
yses were performed at precise timepoints (e.g. 3 months, 6 months,
12 months, 24 months), providing a better appreciation of the trends
of AF rates over time.

5. Conclusion

This study shows that more than one quarter of patients with
CS or ESUS will be diagnosed with AF during follow-up and that
the yield of ICM increases with the duration of monitoring. About
one in seven patients had AF detected within a month of MCOT,
suggesting that a non-invasive monitoring strategy should be con-
sidered before invasive monitoring. Predictors of AF detection dur-
ing monitoring include older age, CHA,DS,-VASc score, PA-TDI
Interval, left atrial enlargement, P wave maximal duration, pro-
longed PR interval and atrial runs. Such factors combined in a score
might help in risk stratification and selection of patients for
extended ICM monitoring.
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