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Abstract: Up to 20% of patients with ischemic stroke or transient ischemic attack have a prior history
of known atrial fibrillation (AF). Additionally, unknown AF can be detected by different monitoring
strategies in up to 23% of patients with cryptogenic or non-cardioembolic stroke. However, most
studies had substantial gaps in monitoring time, especially early after the index event. Following this,
AF rates would be higher if patients underwent continuous monitoring early after stroke, avoiding
any gaps in monitoring. The few existing randomized studies focused on patients with cryptogenic
stroke but did not focus otherwise specifically on prevention strategies in patients at high risk for
AF (patients at higher age or with high CHA2DS2-VASC scores). Besides invasive implantable loop
recorders (ILRs), external loop recorders (ELRs) and mobile cardiac outpatient telemetry (MCOT)
are non-invasive tools that are commonly used for long-term ECG monitoring in cryptogenic-stroke
patients in the ambulatory setting. The role of MCOT and hand-held devices within ECG smart
monitoring in the detection of AF for the prevention of and after cryptogenic stroke is currently
unclear. This intense review provides an overview of current evidence, techniques, and gaps in
knowledge and aims to advise which patients benefit most from the current available devices.
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1. Introduction

Stroke is one of the leading causes of death and disability worldwide. In ischemic
stroke, comorbidities can suggest an embolic cause, but frequently a specific source cannot
be identified. Following this, the term “embolic stroke of undetermined source” (ESUS)
designates patients with non-lacunar ischemic stroke where embolism could be the likely
stroke mechanism [1]. Despite advancements in medical technology, the cause of ischemic
stroke remains undetermined in approximately one third of cases [2]. This is also termed
“cryptogenic stroke” (CS). Risk of stroke is increased five-fold in atrial fibrillation (AF) [3]
independently of whether AF is paroxysmal or persistent [4]. Up to 20% of patients
with ischemic stroke have a previous history of AF, but incidence rates increase steeply
with age [5]. In stroke patients >80 years of age the incidence of AF-related stroke has
increased three-fold during the last 35 years, and another three-fold increase is expected by
2050 [5]. Detection of AF is of central importance after stroke or transient ischemic attack
(TIA), as risk of recurrent stroke can be effectively reduced by oral anticoagulation with
warfarin [6] and novel oral anticoagulants [7]. This strategy has a huge impact on secondary
prevention [8]. Prolonged electrocardiogram (ECG) monitoring is appropriate in patients
with CS and transient ischemic attack (TIA) who have a negative baseline diagnostic
workup. This workup usually includes inpatient telemetry and at least 24 h outpatient
Holter monitoring [8]. The strategy of long-term monitoring is used to substantially
increase the probability of AF detection in patients with CS. When AF is detected in time,
early initiation of anticoagulation therapy can have a huge impact on recurrent-stroke
prevention in these patients [9]. Long-term electrocardiogram (ECG) monitoring tools are
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commonly used for paroxysmal AF detection, and proof of their accuracy and the reliability
of detection algorithms should be of eminent interest. Current methods of ECG monitoring
include invasive and non-invasive methods [10]. External loop recorders (ELRs) and mobile
cardiac outpatient telemetry (MCOT) are ambulatory non-invasive diagnostic tools that
are commonly used for long-term ECG monitoring in CS patients [11]. The accuracy of
mobile cardiac outpatient telemetry (MCOT) in the detection of AF after cryptogenic stroke
is currently unclear. Promising non-invasive tools such as novel mobile-health (mHealth)
options for long-term ECG monitoring are arising, but their reliability and accuracy in
the setting of CS have to be proven. Devices with the highest proven yield in detecting
AF are implantable cardiac monitors (ICMs) and implantable loop recorders (ILRs). This
is true especially in patients with CS, since ICMs prolong substantially the duration of
cardiac monitoring (≥5 years) and use remote monitoring [12]. Compared to conventional
follow-up with scheduled ECG monitoring, both ILRs and MCOT have by far the highest
rates of AF detection [8,11,13]. Due to the relatively costly technology, the accuracy of
ICMs should be improved for further implementation of this technology in ischemic-stroke
patients. The use of artificial intelligence (AI) or other arising techniques may improve the
detection algorithms of ICMs suffering from false-positive detection rates [14].

In accordance with the 2021 American Heart Association/American Stroke Association
guidelines for the management of acute ischemic stroke, the best duration of extended
ECG monitoring after acute ischemic stroke is still uncertain [15]. Existing systematic-
review papers have their main focus on the assessment of the efficacy of ILRs in different
settings [10,16], with a relative lack of literature investigating the use of MCOT after CS
or comparing face to face the efficacy of ILRs with MCOT. Furthermore, the need for an
invasive procedure when implanting ILRs and the resulting extended follow-up is not
accepted by some patients [17]. Although health-technology assessments have proven their
efficacy, ILRs are still expensive and are considered cost effective if continuously used over
a three-year period [18]. Recently, promising data regarding the efficacy of MCOT have
been shown in some individual studies. These data suggest that MCOT may replace or
could be used in combination with ILRs [10,13].

This systematic review tries to compare the differences between ILRs and MCOTs
in the detection of AF following CS. Secondary aims are to determine AF-detection rates
regarding different ECG techniques, to identify factors influencing the rate of AF detection
between different modalities, and last but not least, to identify patients who will benefit
most from ILRs and MCOT.

2. Technologies

An overview of current technologies is outlined in Figure 1 and Table 1.

2.1. Handheld Devices

Handheld devices are electronic devices that are small enough to be held in the
palm of the user. These devices are portable and designed to be activated by touching
and are capable of detecting, analyzing, and transmitting bio-signals. Currently, three
technologies are available to detect and to monitor AF: photoplethysmography (PPG)-,
electrocardiography (ECG)-, and mechanocardiography (MCG)-based devices [20]. These
include mainly FibriCheck [21], CardiioRhythm [20], Preventicus [22], PULSE-SMART [23],
and Kardia mobile by AliveCor [24], and many others are currently being introduced on
the market.

2.2. Wearable Devices

Wearable devices are electronic devices that are worn on the body and are designed to
be lightweight so they can be integrated into clothing or worn like an accessory. Wearables
are characterized by their ability to collect data about the user, such as heart rate, ECG,
activity, and sleep patterns. They are particularly popular among people who want to
monitor their physical status with a wide range of PPG-based devices. Wearables can be
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designed as rings, armbands, wristwatches/bands, armbands, rings, and earlobe sensors.
ECG-based devices can be designed as patches, chest belts, and wireless recorders. Finally,
pulse-variability-based devices are devices such as sphygmomanometers. Due to the huge
amount and continuous development and presentation of new devices, only the method is
listed with names of current known products:
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Figure 1. Systems used for AF screening. Pulse palpation, automated BP monitors, single-lead ECG 
devices, PPG devices, and other sensors (using seismocardiography, accelerometers, gyroscopes, 
etc.) used in applications for smartphones, wristbands, and watches. Intermittent smartwatch de-
tection of AF is possible through PPG or ECG recordings. Smartwatches and other wearables can 
passively measure pulse rate from the wrist using an optical sensor for PPG and alerting the con-
sumer of a pulse irregularity (based on a specific algorithm for AF detection analyzing pulse irreg-
ularity and variability). AF = atrial fibrillation; BP = blood pressure; ECG = electrocardiogram; PPG 
= photoplethysmography. Reprinted with permission from Ref. [19]. 2021, Gerhard Hindricks. 

Table 1. Different methods of cardiac monitoring. 

Method 
Pros Cons 

Noninvasive 
(1) Continuous in-hospital telemetry  - Accurate diagnosis 

- Detects asymptomatic events 
- Requires inpatient monitoring 
- Restricts patient movement 
- Expensive 

(2) Holter-ECG (24–72 h) 
(3) Handheld devices 

- Accurate diagnosis 
- Detects asymptomatic events 
 

- Short monitoring period 
- Symptom diary required 

Patient triggered/event recorder - Correlation with symptoms 
- Longer monitoring periods 

- No detection of asymptomatic events 
- Patient participation required 

(4) Wearables 
Mobile automatic/wearable 
cardiovascular telemetry 

- Continuous recording 
- Detects asymptomatic events 

- Patient compliance, skin irritation 
- Expensive 

Invasive   

Figure 1. Systems used for AF screening. Pulse palpation, automated BP monitors, single-lead ECG
devices, PPG devices, and other sensors (using seismocardiography, accelerometers, gyroscopes, etc.)
used in applications for smartphones, wristbands, and watches. Intermittent smartwatch detection of
AF is possible through PPG or ECG recordings. Smartwatches and other wearables can passively mea-
sure pulse rate from the wrist using an optical sensor for PPG and alerting the consumer of a pulse ir-
regularity (based on a specific algorithm for AF detection analyzing pulse irregularity and variability).
AF = atrial fibrillation; BP = blood pressure; ECG = electrocardiogram; PPG = photoplethysmography.
Reprinted with permission from Ref. [19]. 2021, Gerhard Hindricks.

Photoplethysmography-based wearables: These include Apple Watch, Samsung Galaxy
Watch, Fitbit, Empatica E4, and CardiacSense (all cleared by CE and the FDA). Storage of
PPG recordings and access for patients is managed by secure cloud solutions. Currently,
the following devices provide these solutions: Apple Watch, Samsung Galaxy Watch, Fitbit,
CardiacSense, Samsung Simband, Empatica E4, Gear Fit 2, Wavelet Health, Amazfit, Honor
Band 4, Huawei Watch GT, and Honor Watch.

Electrocardiography-based wearables: ZioXT (FDA approved), RhythmPad, Firstbeat
Bodyguard 2 (CE approved), and Medi-Trace 200 (validated in clinical studies, FDA and CE
approval). Usually, patches use a single-lead or a three-lead ECG recording that is placed
on the patients’ chest. In contrast, RhythmPad consists of three sensors placed around both
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arms and the right leg to record a six-lead ECG. The monitoring duration varies between
10 s and two weeks. TWH (Nuubo) is a textile Holter monitor that can be worn for 90 days.

Pulse-variability-based wearables: These include Microlife BP and OMRON (validated in
clinical studies, FDA and CE approval). Storage of PPG recordings and access for patients
is managed by secure cloud solutions.

Table 1. Different methods of cardiac monitoring.

Method
Pros Cons

Noninvasive

(1) Continuous in-hospital telemetry - Accurate diagnosis
- Detects asymptomatic events

- Requires inpatient monitoring
- Restricts patient movement
- Expensive

(2) Holter-ECG (24–72 h)
(3) Handheld devices

- Accurate diagnosis
- Detects asymptomatic events

- Short monitoring period
- Symptom diary required

Patient triggered/event recorder - Correlation with symptoms
- Longer monitoring periods

- No detection of asymptomatic events
- Patient participation required

(4) Wearables
Mobile automatic/wearable
cardiovascular telemetry

- Continuous recording
- Detects asymptomatic events

- Patient compliance, skin irritation
- Expensive

Invasive

(5) Implantable loop recorder - Follow-up up to 5a
- Internet-based data transmission
- Detects asymptomatic events
- Correlation with symptoms

- False-positive/-negative detection
- Initially expensive and invasive

(6) Already implanted PM or ICD - Endless follow-up
- Internet-based data transmission
- Detects asymptomatic events
- Correlation with symptoms

- Restricted to small population group

2.3. Implantable Loop Recorders

ILRs are small devices that are implanted under the skin in the chest area to continu-
ously record ECGs. They can be triggered manually by the patient by an external handheld
device or a smartphone. Due to the continuous-monitoring capability, activation is carried
out automatically by software routines. ILRs have a broad spectrum of other established
indications for use [25]. Wireless communication is possible between the clinician pro-
grammer, the ILR, the smartphone, or other computing devices. Via different applications,
patients receive information about the heart rhythm, possible rhythm disturbances, and
when they should get in contact with the treating doctor. Currently, ILRs are available
from four main manufactures: Reveal (Medtronic), BioMonitor (Biotronik), Lux (Boston
Scientific), and Confirm (Abbott).

2.4. Mobile Platforms and Support Systems

There is widespread use of mobile devices (smartphones, watches, and tablets), and
users spend time on mobile applications most of all. In 2017, 318,000 mobile applications
were available worldwide, including more than 500 dedicated to AF management [26].

3. Discussion
3.1. Overview of Current Evidence

Monitoring methods have been tested in several observational studies [27–29], with
average detection rates of atrial fibrillation of about 10% and with a higher yield in studies
screening selected patients (mostly cryptogenic stroke).

Four randomized, controlled studies of cardiac monitoring after IS/TIA have been
published: two smaller pilot studies (one analyzing MCOT [30] and the other a 7-day
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external loop recording [31]) and two randomized controlled trials analyzing 30 days of
external loop recording [13] and implantable loop recording [8]. Taken together, the results
of the two large randomized controlled trials (EMBRACE and CRYSTAL AF) suggest that
approximately 10 patients need to be screened with prolonged monitoring to establish
one new patient diagnosis of atrial fibrillation. Based on these published data and expert
opinion, guidelines [32] suggest that prolonged rhythm monitoring (≈30 days) for AF
is reasonable within 6 months of the index event. However, even though, according
to published guidelines, additional ECG monitoring by long-term non-invasive ECG
monitors or implanted loop recorders should be considered in stroke patients to document
silent atrial fibrillation, in clinical practice most patients still do not receive any extended
ambulatory external or implantable ECG monitoring. A reason for that might be the
restricted availability of external event recorders, that it is not well established, or due to
possible inter-disciplinary cooperation or ILR-associated costs [33].

A shortcoming of previous studies is the relatively long delay between hospital dis-
charge and the start of ambulatory ECG monitoring. In the randomized controlled trials
EMBRACE and CRYSTAL AF, patients were randomized to ECG-monitoring techniques
for 75.1 ± 38.6 days and 38.1 ± 27.6 days after the qualifying event, respectively.

Four sequential phases of AF screening were reported in a meta-analysis [28] of studies
reporting the detection of post-stroke AF: Phase 1 consisted of admission ECG; phase 2
comprised serial ECG, continuous inpatient ECG monitoring, continuous inpatient cardiac
telemetry, and in-hospital Holter ECG monitoring; phase 3 consisted of ambulatory Holter
ECG monitoring; and phase 4 consisted of mobile cardiac outpatient telemetry, external
loop recording, and an ILR. Overall, according to this meta-analysis, in 23.7% of patients
with ischemic stroke AF could be detected by screening. The probability of detecting AF
was 7.7% in phase 1, 4.2% in phase 2, 7.5% in phase 3, and 4.3% in phase 4.

Therefore, in about a third of patients, AF can be detected by the first ECG at admission
and in about half of the patients by in-hospital ECG screening. However, in most of
the studies included into phase 2, the duration of in-hospital ECG screening was short
(i.e., <72 h). Only few previous studies [31,34–37] analyzed prolonged ECG monitoring
(≥7 days) within 14 days of the cerebrovascular event by various methods (Holter ECG
monitoring, external loop recorders) and yielded detection rates of 10–20% compared to
standard monitoring (12-lead ECG and/or 24 h Holter ECG). In the randomized controlled
pilot study by Higgins et al., 100 patients with ischemic stroke were randomized either to
7 days of noninvasive cardiac-event monitoring or to standard monitoring (12-lead ECG
and 24 h Holter ECG monitoring) [31]. The external devices were applied within 7 days after
the index event. After 90 days, sustained episodes of AF were detected significantly more
often in patients undergoing prolonged cardiac-event monitoring (22% vs. 8%). Recently,
two large randomized studies compared 7-day Holter monitoring [38] and 10-day Holter
monitoring [39] early after IS. The first (MonDAFIS) did not find an effect of systematic ECG
monitoring on the rate of oral anticoagulation use after 12 months. The second (FIND-AF
Randomised), showed that enhanced and prolonged monitoring early in patients with
acute stroke aged 60 years or older was better than standard care for the detection of AF
(14% vs. 5% after 6 months).

So far, there has only been one small observational study [40] analyzing incidence
rates of AF using ILRs early after IS. In the randomized controlled study CRYSTAL AF [8],
the median time to randomization was 38.1 ± 27.6 days. In the randomized study STROKE-
AF [41], which analyzed incidence rates of AF in stroke patients with known etiology by
comparing continuous cardiac monitoring using an ILR with standard monitoring, patients
were randomized within 10 days but not using a gapless approach. STROKE-AF [41]
and the recent PER-DIEM [42] and MonDAFIS studies [38] showed that prolonged ECG
monitoring by an ILR produced high AF-detection rates not only in patients with CS but
also in patients with small-vessel or large-artery disease. However, STROKE-AF [41] had
relatively short ILR monitoring times and included patients with small-vessel or large-
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artery disease only. In contrast, monitoring time was longer (11–21 h) in the MonDAFIS
study [38] and additional 7-day monitoring was applied.

Very recently, the GEMS-AF study (Gapless Electrocardiogram-Monitoring in Stroke
at High Risk of Atrial Fibrillation Study) [43] demonstrated for the first time in 110 patients
that gapless ECG monitoring without any interruption in monitoring time is a feasible and
effective approach to substantially increase detection rates of AF after an ischemic stroke. In
GEMS-AF [43], the detection rate of AF within the first 30 days was 10.0%, which accounted
for two thirds of all new AF diagnoses. The median duration of the detected episodes
was 1.7 (0.2–4.7) hours. The detection rate of AF after 6 months was 15.5%. Relevantly, in
GEMS-AF [43], ILR implantation occurred after thorough telemetric ECG monitoring on
stroke units with a median duration of 70 h. During telemetry, AF was detected in another
seven cases, which were not included in the final analysis.

3.2. AF Duration and Type of Stroke

It is still an open question which duration of AF is associated with an increased stroke
risk. Whereas a 2 min cutoff is determined for AF-detection algorithms, within ILR devices
a 30 s cut-off is generally implemented based on expert consensus. Most studies used a 30 s
duration as a threshold [44]. This 30 s cutoff duration has to be seen in a historic context,
since it was established from the definition of non-sustained ventricular tachycardia (VTs
below 30 s duration). Accordingly, in clinical practice, most physicians use this threshold
for initiation of anticoagulant treatment in patients with AF after stroke/TIA. However,
data from the population-based OXVASC study questioned this approach [45]. In that
study, patients after stoke/TIA underwent ambulatory ECG monitoring (Novacor-R test).
Patients in whom AF was detected were stratified based on AF duration (<2 min/≥2 min).
Of note, patients with AF duration <2 min were not anticoagulated. At the end of the
study (mean follow up: 2.3 years), those with an AF duration of <2 min had a similar
risk of recurrent stroke as patients without AF. It has to be stated that the 2 min threshold
has additionally been used by manufacturers of ILRs for the minimum AF duration to
detect AF as AF. Therefore, additional evidence will also have on impact on programming
possibilities for ILRs.

Studies analyzing prolonged-monitoring methods, including the EMBRACE [13] and
CRYSTAL AF studies [8], mostly focused on patients with CS. However, in a population-
based study of patients with ischemic stroke or TIA, risk of newly detected AF as well
as of AF-related cardioembolic events was similar in patients with CS and those with
non-cardioembolic stroke (i.e., large-artery-disease and small-vessel-disease events com-
bined) [46]. A randomized pilot study of noninvasive cardiac-event monitoring included
unselected patients with non-cardioembolic stroke and reported high detection rates of AF
(see above) [31]. Therefore, studies focusing exclusively on patients with CS (or ESUS) [47]
might underestimate proportions of AF and demand of oral anticoagulation. Yet, the selec-
tion of patients at particularly high risk for AF and recurrent cardioembolic events after
stroke or TIA is crucial. Clinical scores have been developed to assess risk stratification for
cardioembolic events in patients with AF (i.e., CHADS2 score and CHA2DS2VASc score)
and have been associated with total duration of AF (lower CHADS2 scores in patients with
low AF burden). In addition, previous studies have also indicated the usefulness of the
CHADS2 and CHA2DS2VASc scores for prediction of AF in patients after stroke [48,49]. In
the study by Baturova et al., CHADS2 scores ≥ 4 and CHA2DS2VASc scores ≥ 5 predicted
new-onset AF in patients after ischemic stroke during 10 years of follow-up [49]. Impor-
tantly, this study did not focus on cryptogenic stroke specifically but rather reported data
on an unselected population of ischemic stroke.

3.3. Prevention Strategies

Relevantly, detection of atrial fibrillation cannot be equated with prevention of cere-
brovascular and peripheral embolic events. None of the previous studies analyzing dif-
ferent strategies of ECG monitoring after stroke were powered to show an effect on the
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prevention of clinical events. A meta-analysis of an ILR after stroke including the CRYSTAL
AF, STROKE AF, and PER DIEM studies did not detect a significant reduction in cerebrovas-
cular events. However, despite including data of 1233 randomized patients, the number of
recurring events was low (n = 94) and below the approximately 500 stroke events needed to
adequately power a definitive evaluation of stroke reduction with an ILR [50,51]. However,
in a meta-analysis of prolonged ECG monitoring after stroke/TIA not exclusively focusing
on ILRs and also including observational studies, prolonged monitoring was associated
with a lower risk (RR 0.58, 95% CI 0.41, 0.82) of recurrent stroke [52]. Previous studies
suggested that covert brain infarction (CBI) could be used as a surrogate for assessing
stroke therapies [50,53]. In the published PACIFIC stroke trial, the occurrence of CBI was
three times higher than of clinical stroke events [54]. Patients with CBI are at increased risk
of subsequent clinically manifest ischemic stroke [55]. In summary, these data show that
diagnosis of CBI in patients after acute ischemic stroke is of value, in particular in patients
with atrial fibrillation, and that CBI can be used as a surrogate for clinical manifest ischemic
stroke in clinical studies. Other strategies, such as wide and systematic AF screening for
prevention of stroke by event recording, failed, such as the 2021 published STROKESTOP
study [56].

3.4. Techniques

Because atrial fibrillation is known to be one of the strongest risk factors for stroke,
anticoagulation therapy has been shown to be highly effective in reducing AF-related
strokes [57]. This proven benefit of anticoagulation has been demonstrated in clinical
studies, where clinically relevant AF and asymptomatic AF detected by prolonged ECG
monitoring have been investigated [58]. The association between stroke and AF is probably
accelerated by an underlying atrial cardiopathy [59]. Undoubtably, AF itself increases
stroke risk [60]. Other strong risk factors for stroke are cardiovascular comorbidities, which,
on the one hand, elevate the burden of AF, a a higher burden of which increases the risk of
stroke by itself. On the other hand, patients with a history of stroke have, by definition, a
higher probability of a re-stroke than otherwise healthy patients with lone atrial fibrillation
only [61]. Once a recent stroke has occurred, newly diagnosed AF is associated with
an increased risk of a re-stroke [62]. In addition, higher age and vascular comorbidities
increase the likelihood of AF detection via prolonged monitoring in these patients [63].
Importantly, in the setting of a re-stroke, greater disabilities can be seen compared to non-
AF-related re-stroke [64]. Keeping this in mind, the increasing value of prolonged ECG
monitoring is evident, compromising low-cost smartphone-compatible devices and ILRs
that can provide five or more years of continuous ECG monitoring [65]. The setting of ILR
ECG monitoring of three years or more was shown to have clear advantages [42]. The close
relationship between the thrombogenic potential of atrial cardiopathy and AF itself, as
well as newly diagnosed AF in ESUS patients, has therapeutic implications. We might not
know this in detail until the full results of the ARTESiA (Apixaban for the Reduction of
Thrombo-Embolism in Patients with Device-Detected Sub-Clinical Atrial Fibrillation) and
NOAH (Non-Vitamin K Antagonist Oral Anticoagulants in Patients with Atrial High-Rate
Episodes) trials are available. Meanwhile, a relatively harmless and potentially beneficial
implantation with an ILR in this group of stroke patients seems to be the adequate strategy
to protect patients from re-stroke.

3.5. Knowledge Gaps for Atrial-Fibrillation Detection after Cryptogenic Stroke

There may be a critical burden of AF above which anticoagulation is effective that
varies depending on the overall risk profile. For example, an otherwise healthy young
patient with AF does not require anticoagulation, but when an ESUS patient crosses a
threshold to justify anticoagulation is unknown. Herein lies the controversy of what is
considered clinically meaningful AF. What level of burden of AF increases stroke risk
and what is the temporal relationship between AF and stroke? Therefore, scores may
not accurately assess future stroke risk in patients with ESUS with a low burden of AF
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identified via intensive monitoring. Furthermore, anticoagulation has yet to be proven
effective in patients with only low-burden AF detected by intensive rhythm monitoring.

Stroke-risk stratification using CHADS2 [61] and CHA2DS2-VASc [66] was investigated
with AF-screening methods that are considered less sensitive. Following this, CHADS2
and CHA2DS2-VASc were determined to not be accurate enough for future stroke patients,
especially ESUS patients who are known to have a relatively low burden of AF. Given the
low burden of AF detected by intensive ECG monitoring, the efficacy of anticoagulation
therapy needs further approval in this patient setting. To date, the critical burden of
AF detected with ILRs to initiate anticoagulation therapy is unknown. Furthermore, the
effectiveness of anticoagulation in low-AF-burden patients needs more confirmation from
clinical trials. The controversies of the proven benefits of anticoagulation in high-risk
patients and the unclear benefits of anticoagulation due to missing cutoff levels of detected
AF or AF burden are evident [67].

However, how can we overcome these controversies? Important sources are pacemaker
and defibrillator studies demonstrating that hours of AF are needed to significantly increase
stroke risk [68,69]. These studies also point to the dilemma that short-term AF accidently
found months after the index stroke may not be related to the stroke event. Moreover,
we have to ask ourselves whether these short telemetric-recorded AF episodes justify
life-long treatment with anticoagulants in ESUS patients. In turn, AF-related strokes are
known to be more disabling and are associated with worse outcome [70]. For instance, in
the CRYSTAL AF study [8], the mean baseline National Institutes of Health Stroke Scale
score was relatively low (1.6 ILR versus 1.9 control). In NAVIGATE ESUS (New Approach
Rivaroxaban Inhibition of Factor Xa in a Global Trial Versus ASA to Prevent Embolism in
Embolic Stroke of Undetermined Source) [71] and RE-SPECT ESUS (Randomized, Double-
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), stroke severity was similarly low (Stroke Scale
score 1) [72].

This again points to the dilemma of AF detection in ESUS patients: It is still unknown
whether AF represents the cause of the index stroke, whether AF is just incidental, and
whether or how AF contributes to stroke recurrence. Unquestionable, prolonged ECG mon-
itoring leads to increased AF detection, regardless of stroke etiology. This was favorably
demonstrated in different patient populations: CRYSTAL-AF showed a 12.4% AF-detection
rate in cryptogenic stroke [8], which was comparable to 12% in STROKE-AF (Stroke of
Known Cause and Underlying Atrial Fibrillation) [41] and 15% in PER DIEM (Post-Embolic
Rhythm Detection with Implantable vs. External Monitoring) [42]. Whether AF found
in these trials was an asymptomatic background rhythm or an incidental finding due to
expanded monitoring is still a matter of debate. This leads to the next question: Do we
have to treat incidental bystanders with lifelong anticoagulation therapy? For instance,
in NAVIGATE ESUS, >50% of recurrent strokes were atherosclerotic or lacunar [64]. In
ASSERT (Asymptomatic Atrial Fibrillation and Stroke Evaluation in Pacemaker Patients
and the Atrial Fibrillation Reduction Atrial Pacing Trial) [73], patients with asymptomatic
AF lasting >24 h were at higher risk for any cerebral event compared to those with AF
lasting <24 h. The latter had the same low risk as those without AF. The temporal associa-
tion between AF and the risk of ischemic stroke was demonstrated in a recent study: The
first five days after a multi-hour episode of AF seemed to be most relevant [60]. There is
still a lack of randomized-trial data on the benefit of anticoagulation for asymptomatic-AF
patients and the AF burden that should be treated with anticoagulation. Some discouraging
results are available from the LOOP study (Atrial Fibrillation Detected by Continuous ECG
Monitoring Using Implantable Loop Recorder to Prevent Stroke in High-Risk Individu-
als) [74]. Irrespective of the three-fold increase in AF detection resulting in anticoagulation
treatment, risk of re-stroke did not decrease. Current evidence indicates that in CS, when
unknown AF is found, it may be causal in about 38% of patients [75]. Therefore, whether
AF was an asymptomatic background rhythm or an incidental finding is still questionable.
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Following this, in ESUS patients, ILRs may not be inserted routinely but rather on an indi-
vidualized basis based on specific risk factors such as age, left-atrial size, supraventricular
extra beats, and ECG features [76–78]. Besides, ECG-monitoring quantification of left-atrial
cardiomyopathy has been given great importance because it may double recurrent-stroke
risk [79].

3.6. Future Directions and Practical Advice

The effectiveness of MCOT depends on several factors, including the patient’s medical
history and the reason for monitoring. Different studies have demonstrated that MCOT
increases the detection rate of AF by 10 times compared to Holter monitoring. However, it is
important to note that MCOT may not be effective for patients with a possible neurological
disability after stroke [80]. Handheld ECG-monitoring devices need good compliance [80],
even more than the use of chest belts [81]. Placing two fingers from each hand on electrodes
for 30 s to record an ECG is not feasible for many post-stroke patients, especially when twice-
daily monitoring over a 4-week period is demanded [82,83]. The growing range of MCOT
and the differences in usability, sensitivity, and specificity need further assessment in the
best case for each model in CS patients. Meanwhile, the value of extended ECG monitoring
with ILRs is unquestioned, and gapless ECG monitoring is the best and most effective
strategy to significantly increase the detection rate of atrial fibrillation after ischemic stroke.
This strategy further supports the use of ILRs without any interruption after the index
event as the gold standard in clinical practice. Future developments in artificial-intelligence
technologies may facilitate this approach. In summary, an ILR seems to be the best choice
for a selected patient group at high risk for atrial fibrillation, most probably leading to a
reduced risk of re-stroke and disability.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: There is no conflict of interest. The author takes responsibility for all aspects of
the reliability of the text presented and the discussed interpretations.

References
1. Hart, R.G.; Diener, H.C.; Coutts, S.B.; Easton, J.D.; Granger, C.B.; O’Donnell, M.J.; Sacco, R.L.; Connolly, S.J.; Cryptogenic

Stroke, E.I.W.G. Embolic strokes of undetermined source: The case for a new clinical construct. Lancet Neurol. 2014, 13, 429–438.
[CrossRef]

2. Ornello, R.; Degan, D.; Tiseo, C.; Di Carmine, C.; Perciballi, L.; Pistoia, F.; Carolei, A.; Sacco, S. Distribution and Temporal Trends
From 1993 to 2015 of Ischemic Stroke Subtypes: A Systematic Review and Meta-Analysis. Stroke 2018, 49, 814–819. [CrossRef]
[PubMed]

3. Wolf, P.A.; Abbott, R.D.; Kannel, W.B. Atrial fibrillation as an independent risk factor for stroke: The Framingham Study. Stroke
1991, 22, 983–988. [CrossRef] [PubMed]

4. Hohnloser, S.H.; Pajitnev, D.; Pogue, J.; Healey, J.S.; Pfeffer, M.A.; Yusuf, S.; Connolly, S.J.; Investigators, A.W. Incidence of stroke
in paroxysmal versus sustained atrial fibrillation in patients taking oral anticoagulation or combined antiplatelet therapy: An
ACTIVE W Substudy. J. Am. Coll. Cardiol. 2007, 50, 2156–2161. [CrossRef]

5. Yiin, G.S.; Howard, D.P.; Paul, N.L.; Li, L.; Luengo-Fernandez, R.; Bull, L.M.; Welch, S.J.; Gutnikov, S.A.; Mehta, Z.; Rothwell,
P.M. Age-specific incidence, outcome, cost, and projected future burden of atrial fibrillation-related embolic vascular events: A
population-based study. Circulation 2014, 130, 1236–1244. [CrossRef] [PubMed]

6. Hart, R.G.; Pearce, L.A.; Aguilar, M.I. Meta-analysis: Antithrombotic therapy to prevent stroke in patients who have nonvalvular
atrial fibrillation. Ann. Intern. Med. 2007, 146, 857–867. [CrossRef]

7. Ruff, C.T.; Giugliano, R.P.; Braunwald, E.; Hoffman, E.B.; Deenadayalu, N.; Ezekowitz, M.D.; Camm, A.J.; Weitz, J.I.; Lewis, B.S.;
Parkhomenko, A.; et al. Comparison of the efficacy and safety of new oral anticoagulants with warfarin in patients with atrial
fibrillation: A meta-analysis of randomised trials. Lancet 2014, 383, 955–962. [CrossRef] [PubMed]

8. Sanna, T.; Diener, H.C.; Passman, R.S.; Di Lazzaro, V.; Bernstein, R.A.; Morillo, C.A.; Rymer, M.M.; Thijs, V.; Rogers, T.; Beckers, F.;
et al. Cryptogenic stroke and underlying atrial fibrillation. N. Engl. J. Med. 2014, 370, 2478–2486. [CrossRef]

https://doi.org/10.1016/S1474-4422(13)70310-7
https://doi.org/10.1161/STROKEAHA.117.020031
https://www.ncbi.nlm.nih.gov/pubmed/29535272
https://doi.org/10.1161/01.STR.22.8.983
https://www.ncbi.nlm.nih.gov/pubmed/1866765
https://doi.org/10.1016/j.jacc.2007.07.076
https://doi.org/10.1161/CIRCULATIONAHA.114.010942
https://www.ncbi.nlm.nih.gov/pubmed/25208551
https://doi.org/10.7326/0003-4819-146-12-200706190-00007
https://doi.org/10.1016/S0140-6736(13)62343-0
https://www.ncbi.nlm.nih.gov/pubmed/24315724
https://doi.org/10.1056/NEJMoa1313600


J. Cardiovasc. Dev. Dis. 2023, 10, 306 10 of 13

9. Tsivgoulis, G.; Katsanos, A.H.; Grory, B.M.; Kohrmann, M.; Ricci, B.A.; Tsioufis, K.; Cutting, S.; Krogias, C.; Schellinger, P.D.;
Campello, A.R.; et al. Prolonged Cardiac Rhythm Monitoring and Secondary Stroke Prevention in Patients With Cryptogenic
Cerebral Ischemia. Stroke 2019, 50, 2175–2180. [CrossRef]

10. Noubiap, J.J.; Agbaedeng, T.A.; Kamtchum-Tatuene, J.; Fitzgerald, J.L.; Middeldorp, M.E.; Kleinig, T.; Sanders, P. Rhythm
monitoring strategies for atrial fibrillation detection in patients with cryptogenic stroke: A systematic review and meta-analysis.
Int. J. Cardiol. Heart Vasc. 2021, 34, 100780. [CrossRef]

11. Hermans, A.N.L.; Gawalko, M.; Dohmen, L.; van der Velden, R.M.J.; Betz, K.; Duncker, D.; Verhaert, D.V.M.; Heidbuchel, H.;
Svennberg, E.; Neubeck, L.; et al. Mobile health solutions for atrial fibrillation detection and management: A systematic review.
Clin. Res. Cardiol. Off. J. Ger. Card. Soc. 2022, 111, 479–491. [CrossRef]

12. Maines, M.; Zorzi, A.; Tomasi, G.; Angheben, C.; Catanzariti, D.; Piffer, L.; Del Greco, M. Clinical impact, safety, and accuracy of
the remotely monitored implantable loop recorder Medtronic Reveal LINQTM. EP Eur. 2018, 20, 1050–1057. [CrossRef]

13. Gladstone, D.J.; Spring, M.; Dorian, P.; Panzov, V.; Thorpe, K.E.; Hall, J.; Vaid, H.; O’Donnell, M.; Laupacis, A.; Cote, R.; et al.
Atrial fibrillation in patients with cryptogenic stroke. N. Engl. J. Med. 2014, 370, 2467–2477. [CrossRef]

14. Purerfellner, H.; Pokushalov, E.; Sarkar, S.; Koehler, J.; Zhou, R.; Urban, L.; Hindricks, G. P-wave evidence as a method for
improving algorithm to detect atrial fibrillation in insertable cardiac monitors. Heart Rhythm Off. J. Heart Rhythm Soc. 2014, 11,
1575–1583. [CrossRef]

15. Kleindorfer, D.O.; Towfighi, A.; Chaturvedi, S.; Cockroft, K.M.; Gutierrez, J.; Lombardi-Hill, D.; Kamel, H.; Kernan, W.N.; Kittner,
S.J.; Leira, E.C.; et al. 2021 Guideline for the Prevention of Stroke in Patients With Stroke and Transient Ischemic Attack: A
Guideline From the American Heart Association/American Stroke Association. Stroke 2021, 52, e364–e467. [CrossRef] [PubMed]

16. Edwards, S.J.; Wakefield, V.; Jhita, T.; Kew, K.; Cain, P.; Marceniuk, G. Implantable cardiac monitors to detect atrial fibrillation after
cryptogenic stroke: A systematic review and economic evaluation. Health Technol. Assess 2020, 24, 1–184. [CrossRef] [PubMed]

17. Seet, R.C.; Friedman, P.A.; Rabinstein, A.A. Prolonged rhythm monitoring for the detection of occult paroxysmal atrial fibrillation
in ischemic stroke of unknown cause. Circulation 2011, 124, 477–486. [CrossRef]

18. Chew, D.S.; Rennert-May, E.; Quinn, F.R.; Buck, B.; Hill, M.D.; Spackman, E.; Manns, B.J.; Exner, D.V. Economic evaluation of
extended electrocardiogram monitoring for atrial fibrillation in patients with cryptogenic stroke. Int. J. Stroke 2021, 16, 809–817.
[CrossRef] [PubMed]

19. Hindricks, G.; Potpara, T.; Dagres, N.; Arbelo, E.; Bax, J.J.; Blomström-Lundqvist, C.; Boriani, G.; Castella, M.; Dan, G.-A.;
Dilaveris, P.E.; et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with
the European Association for Cardio-Thoracic Surgery (EACTS): The Task Force for the diagnosis and management of atrial
fibrillation of the European Society of Cardiology (ESC) Developed with the special contribution of the European Heart Rhythm
Association (EHRA) of the ESC. Eur. Heart J. 2021, 42, 373–498.

20. Rozen, G.; Vaid, J.; Hosseini, S.M.; Kaadan, M.I.; Rafael, A.; Roka, A.; Poh, Y.C.; Poh, M.Z.; Heist, E.K.; Ruskin, J.N. Diagnostic
Accuracy of a Novel Mobile Phone Application for the Detection and Monitoring of Atrial Fibrillation. Am. J. Cardiol. 2018, 121,
1187–1191. [CrossRef]

21. Vandenberk, T.; Stans, J.; Mortelmans, C.; Van Haelst, R.; Van Schelvergem, G.; Pelckmans, C.; Smeets, C.J.; Lanssens, D.; De
Canniere, H.; Storms, V.; et al. Clinical Validation of Heart Rate Apps: Mixed-Methods Evaluation Study. JMIR Mhealth Uhealth
2017, 5, e129. [CrossRef]

22. Fan, Y.Y.; Li, Y.G.; Li, J.; Cheng, W.K.; Shan, Z.L.; Wang, Y.T.; Guo, Y.T. Diagnostic Performance of a Smart Device With
Photoplethysmography Technology for Atrial Fibrillation Detection: Pilot Study (Pre-mAFA II Registry). JMIR Mhealth Uhealth
2019, 7, e11437. [CrossRef] [PubMed]

23. O’Sullivan, J.W.; Grigg, S.; Crawford, W.; Turakhia, M.P.; Perez, M.; Ingelsson, E.; Wheeler, M.T.; Ioannidis, J.P.A.; Ashley, E.A.
Accuracy of Smartphone Camera Applications for Detecting Atrial Fibrillation: A Systematic Review and Meta-analysis. JAMA
Netw. Open 2020, 3, e202064. [CrossRef]

24. Hall, A.; Mitchell, A.R.J.; Ashmore, L.; Holland, C. Atrial fibrillation prevalence and predictors in patients with diabetes: A
cross-sectional screening study. Br. J. Cardiol. 2022, 29, 8. [CrossRef] [PubMed]

25. Pezawas, T.; Stix, G.; Kastner, J.; Schneider, B.; Wolzt, M.; Schmidinger, H. Implantable loop recorder in unexplained syncope:
Classification, mechanism, transient loss of consciousness and role of major depressive disorder in patients with and without
structural heart disease. Heart 2008, 94, e17. [CrossRef] [PubMed]

26. Guo, Y.; Chen, Y.; Lane, D.A.; Liu, L.; Wang, Y.; Lip, G.Y.H. Mobile Health Technology for Atrial Fibrillation Management
Integrating Decision Support, Education, and Patient Involvement: mAF App Trial. Am. J. Med. 2017, 130, 1388–1396.e6.
[CrossRef] [PubMed]

27. Dussault, C.; Toeg, H.; Nathan, M.; Wang, Z.J.; Roux, J.F.; Secemsky, E. Electrocardiographic monitoring for detecting atrial
fibrillation after ischemic stroke or transient ischemic attack: Systematic review and meta-analysis. Circ. Arrhythm. Electrophysiol.
2015, 8, 263–269. [CrossRef] [PubMed]

28. Sposato, L.A.; Cipriano, L.E.; Saposnik, G.; Ruiz Vargas, E.; Riccio, P.M.; Hachinski, V. Diagnosis of atrial fibrillation after stroke
and transient ischaemic attack: A systematic review and meta-analysis. Lancet Neurol. 2015, 14, 377–387. [CrossRef]

29. Kishore, A.; Vail, A.; Majid, A.; Dawson, J.; Lees, K.R.; Tyrrell, P.J.; Smith, C.J. Detection of atrial fibrillation after ischemic stroke
or transient ischemic attack: A systematic review and meta-analysis. Stroke 2014, 45, 520–526. [CrossRef]

https://doi.org/10.1161/STROKEAHA.119.025169
https://doi.org/10.1016/j.ijcha.2021.100780
https://doi.org/10.1007/s00392-021-01941-9
https://doi.org/10.1093/europace/eux187
https://doi.org/10.1056/NEJMoa1311376
https://doi.org/10.1016/j.hrthm.2014.06.006
https://doi.org/10.1161/STR.0000000000000375
https://www.ncbi.nlm.nih.gov/pubmed/34024117
https://doi.org/10.3310/hta24050
https://www.ncbi.nlm.nih.gov/pubmed/31944175
https://doi.org/10.1161/CIRCULATIONAHA.111.029801
https://doi.org/10.1177/1747493020974561
https://www.ncbi.nlm.nih.gov/pubmed/33232196
https://doi.org/10.1016/j.amjcard.2018.01.035
https://doi.org/10.2196/mhealth.7254
https://doi.org/10.2196/11437
https://www.ncbi.nlm.nih.gov/pubmed/30835243
https://doi.org/10.1001/jamanetworkopen.2020.2064
https://doi.org/10.5837/bjc.2022.008
https://www.ncbi.nlm.nih.gov/pubmed/35747310
https://doi.org/10.1136/hrt.2007.116616
https://www.ncbi.nlm.nih.gov/pubmed/17947364
https://doi.org/10.1016/j.amjmed.2017.07.003
https://www.ncbi.nlm.nih.gov/pubmed/28847546
https://doi.org/10.1161/CIRCEP.114.002521
https://www.ncbi.nlm.nih.gov/pubmed/25639643
https://doi.org/10.1016/S1474-4422(15)70027-X
https://doi.org/10.1161/STROKEAHA.113.003433


J. Cardiovasc. Dev. Dis. 2023, 10, 306 11 of 13

30. Kamel, H.; Navi, B.B.; Elijovich, L.; Josephson, S.A.; Yee, A.H.; Fung, G.; Johnston, S.C.; Smith, W.S. Pilot randomized trial of
outpatient cardiac monitoring after cryptogenic stroke. Stroke 2013, 44, 528–530. [CrossRef]

31. Higgins, P.; MacFarlane, P.W.; Dawson, J.; McInnes, G.T.; Langhorne, P.; Lees, K.R. Noninvasive cardiac event monitoring to
detect atrial fibrillation after ischemic stroke: A randomized, controlled trial. Stroke 2013, 44, 2525–2531. [CrossRef]

32. Kirchhof, P.; Benussi, S.; Kotecha, D.; Ahlsson, A.; Atar, D.; Casadei, B.; Castella, M.; Diener, H.C.; Heidbuchel, H.; Hendriks, J.;
et al. 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration with EACTS. EP Eur. 2016, 18,
1609–1678. [CrossRef]

33. Rizos, T.; Quilitzsch, A.; Busse, O.; Haeusler, K.G.; Endres, M.; Heuschmann, P.; Veltkamp, R. Diagnostic work-up for detection
of paroxysmal atrial fibrillation after acute ischemic stroke: Cross-sectional survey on German stroke units. Stroke 2015, 46,
1693–1695. [CrossRef] [PubMed]

34. Ritter, M.A.; Kochhauser, S.; Duning, T.; Reinke, F.; Pott, C.; Dechering, D.G.; Eckardt, L.; Ringelstein, E.B. Occult atrial fibrillation
in cryptogenic stroke: Detection by 7-day electrocardiogram versus implantable cardiac monitors. Stroke 2013, 44, 1449–1452.
[CrossRef] [PubMed]

35. Stahrenberg, R.; Weber-Kruger, M.; Seegers, J.; Edelmann, F.; Lahno, R.; Haase, B.; Mende, M.; Wohlfahrt, J.; Kermer, P.; Vollmann,
D.; et al. Enhanced detection of paroxysmal atrial fibrillation by early and prolonged continuous holter monitoring in patients
with cerebral ischemia presenting in sinus rhythm. Stroke 2010, 41, 2884–2888. [CrossRef] [PubMed]

36. Barthelemy, J.C.; Feasson-Gerard, S.; Garnier, P.; Gaspoz, J.M.; Da Costa, A.; Michel, D.; Roche, F. Automatic cardiac event recorders
reveal paroxysmal atrial fibrillation after unexplained strokes or transient ischemic attacks. Ann. Noninvasive Electrocardiol. 2003,
8, 194–199. [CrossRef]

37. Suissa, L.; Lachaud, S.; Mahagne, M.H. Optimal timing and duration of continuous electrocardiographic monitoring for detecting
atrial fibrillation in stroke patients. J. Stroke Cerebrovasc. Dis. Off. J. Natl. Stroke Assoc. 2013, 22, 991–995. [CrossRef]

38. Haeusler, K.G.; Kirchhof, P.; Kunze, C.; Tütüncü, S.; Fiessler, C.; Malsch, C.; Olma, M.C.; Jawad-Ul-Qamar, M.; Krämer, M.;
Wachter, R.; et al. Systematic monitoring for detection of atrial fibrillation in patients with acute ischaemic stroke (MonDAFIS): A
randomised, open-label, multicentre study. Lancet Neurol. 2021, 20, 426–436. [CrossRef]

39. Wachter, R.; Groschel, K.; Gelbrich, G.; Hamann, G.F.; Kermer, P.; Liman, J.; Seegers, J.; Wasser, K.; Schulte, A.; Jurries, F.;
et al. Holter-electrocardiogram-monitoring in patients with acute ischaemic stroke (Find-AF(RANDOMISED)): An open-label
randomised controlled trial. Lancet Neurol. 2017, 16, 282–290. [CrossRef]

40. Etgen, T.; Hochreiter, M.; Mundel, M.; Freudenberger, T. Insertable cardiac event recorder in detection of atrial fibrillation after
cryptogenic stroke: An audit report. Stroke 2013, 44, 2007–2009. [CrossRef]

41. Bernstein, R.A.; Kamel, H.; Granger, C.B.; Piccini, J.P.; Sethi, P.P.; Katz, J.M.; Vives, C.A.; Ziegler, P.D.; Franco, N.C.; Schwamm,
L.H. Effect of Long-term Continuous Cardiac Monitoring vs. Usual Care on Detection of Atrial Fibrillation in Patients With Stroke
Attributed to Large- or Small-Vessel Disease: The STROKE-AF Randomized Clinical Trial. JAMA J. Am. Med. Assoc. 2021, 325,
2169–2177. [CrossRef]

42. Buck, B.H.; Hill, M.D.; Quinn, F.R.; Butcher, K.S.; Menon, B.K.; Gulamhusein, S.; Siddiqui, M.; Coutts, S.B.; Jeerakathil, T.; Smith,
E.E.; et al. Effect of Implantable vs. Prolonged External Electrocardiographic Monitoring on Atrial Fibrillation Detection in
Patients With Ischemic Stroke: The PER DIEM Randomized Clinical Trial. JAMA J. Am. Med. Assoc. 2021, 325, 2160–2168.
[CrossRef] [PubMed]

43. Burger, A.L.; Roesler, C.; Ebner, J.; Sommer, P.; Mutzenbach, S.; Winkler, W.B.; Weidinger, F.; Ristl, R.; Pezawas, T.; Greisenegger, S.
Gapless Electrocardiogram-Monitoring in stroke at high risk of atrial fibrillation. Eur. J. Neurol. Off. J. Eur. Fed. Neurol. Soc. 2023,
30, 2092–2098. [CrossRef]

44. Diener, H.C. To monitor or to not monitor for paroxysmal atrial fibrillation after transient ischemic attack or stroke: This is the
question. Stroke 2014, 45, 355–356. [CrossRef]

45. Yiin, G.S.C.; Li, L.; Bejot, Y.; Rothwell, P.M. Time Trends in Atrial Fibrillation-Associated Stroke and Premorbid Anticoagulation.
Stroke 2018, 50, 21–27. [CrossRef]

46. Li, L.; Yiin, G.S.; Geraghty, O.C.; Schulz, U.G.; Kuker, W.; Mehta, Z.; Rothwell, P.M.; Oxford Vascular, S. Incidence, outcome,
risk factors, and long-term prognosis of cryptogenic transient ischaemic attack and ischaemic stroke: A population-based study.
Lancet Neurol. 2015, 14, 903–913. [CrossRef] [PubMed]

47. Perera, K.S.; Vanassche, T.; Bosch, J.; Giruparajah, M.; Swaminathan, B.; Mattina, K.R.; Berkowitz, S.D.; Arauz, A.; O’Donnell, M.J.;
Ameriso, S.F.; et al. Embolic strokes of undetermined source: Prevalence and patient features in the ESUS Global Registry. Int. J.
Stroke 2016, 11, 526–533. [CrossRef]

48. Henriksson, K.M.; Farahmand, B.; Asberg, S.; Terent, A.; Edvardsson, N. First-ever atrial fibrillation documented after hemorrhagic
or ischemic stroke: The role of the CHADS(2) score at the time of stroke. Clin. Cardiol. 2011, 34, 309–316. [CrossRef] [PubMed]

49. Baturova, M.A.; Lindgren, A.; Carlson, J.; Shubik, Y.V.; Olsson, S.B.; Platonov, P.G. Predictors of new onset atrial fibrillation during
10-year follow-up after first-ever ischemic stroke. Int. J. Cardiol. 2015, 199, 248–252. [CrossRef]

50. Sharma, M.; Smith, E.E.; Pearce, L.A.; Shoamanesh, A.; Perera, K.S.; Coutts, S.B.; Damgaard, D.; Ameriso, S.F.; Rha, J.H.; Modrau,
B.; et al. Frequency and Patterns of Brain Infarction in Patients With Embolic Stroke of Undetermined Source: NAVIGATE ESUS
Trial. Stroke 2022, 53, 45–52. [CrossRef]

51. Tirschwell, D.; Akoum, N. Detection of Subclinical Atrial Fibrillation After Stroke: Is There Enough Evidence to Treat? JAMA J.
Am. Med. Assoc. 2021, 325, 2157–2159. [CrossRef]

https://doi.org/10.1161/STROKEAHA.112.679100
https://doi.org/10.1161/STROKEAHA.113.001927
https://doi.org/10.1093/europace/euw295
https://doi.org/10.1161/STROKEAHA.115.009374
https://www.ncbi.nlm.nih.gov/pubmed/25931467
https://doi.org/10.1161/STROKEAHA.111.676189
https://www.ncbi.nlm.nih.gov/pubmed/23449264
https://doi.org/10.1161/STROKEAHA.110.591958
https://www.ncbi.nlm.nih.gov/pubmed/20966415
https://doi.org/10.1046/j.1542-474X.2003.08305.x
https://doi.org/10.1016/j.jstrokecerebrovasdis.2012.01.015
https://doi.org/10.1016/S1474-4422(21)00067-3
https://doi.org/10.1016/S1474-4422(17)30002-9
https://doi.org/10.1161/STROKEAHA.113.001340
https://doi.org/10.1001/jama.2021.6470
https://doi.org/10.1001/jama.2021.6128
https://www.ncbi.nlm.nih.gov/pubmed/34061146
https://doi.org/10.1111/ene.15741
https://doi.org/10.1161/STROKEAHA.113.004036
https://doi.org/10.1161/STROKEAHA.118.022249
https://doi.org/10.1016/S1474-4422(15)00132-5
https://www.ncbi.nlm.nih.gov/pubmed/26227434
https://doi.org/10.1177/1747493016641967
https://doi.org/10.1002/clc.20869
https://www.ncbi.nlm.nih.gov/pubmed/21400547
https://doi.org/10.1016/j.ijcard.2015.07.047
https://doi.org/10.1161/STROKEAHA.120.032976
https://doi.org/10.1001/jama.2021.7429


J. Cardiovasc. Dev. Dis. 2023, 10, 306 12 of 13

52. Tsivgoulis, G.; Triantafyllou, S.; Palaiodimou, L.; Grory, B.M.; Deftereos, S.; Kohrmann, M.; Dilaveris, P.; Ricci, B.; Tsioufis, K.;
Cutting, S.; et al. Prolonged Cardiac Monitoring and Stroke Recurrence: A Meta-analysis. Neurology 2022, 98, e1942–e1952.
[CrossRef]

53. Sharma, M.; Hart, R.G.; Smith, E.E.; Bosch, J.; Eikelboom, J.W.; Connolly, S.J.; Dyal, L.; Reeh, K.W.; Casanova, A.; Diaz, R.; et al.
Rivaroxaban for Prevention of Covert Brain Infarcts and Cognitive Decline: The COMPASS MRI Substudy. Stroke 2020, 51,
2901–2909. [CrossRef]

54. Shoamanesh, A.; Mundl, H.; Smith, E.E.; Masjuan, J.; Milanov, I.; Hirano, T.; Agafina, A.; Campbell, B.; Caso, V.; Mas, J.L.;
et al. Factor XIa inhibition with asundexian after acute non-cardioembolic ischaemic stroke (PACIFIC-Stroke): An international,
randomised, double-blind, placebo-controlled, phase 2b trial. Lancet 2022, 400, 997–1007. [CrossRef]

55. Meinel, T.R.; Kaesmacher, J.; Roten, L.; Fischer, U. Covert Brain Infarction: Towards Precision Medicine in Research, Diagnosis,
and Therapy for a Silent Pandemic. Stroke 2020, 51, 2597–2606. [CrossRef] [PubMed]

56. Svennberg, E.; Friberg, L.; Frykman, V.; Al-Khalili, F.; Engdahl, J.; Rosenqvist, M. Clinical outcomes in systematic screening
for atrial fibrillation (STROKESTOP): A multicentre, parallel group, unmasked, randomised controlled trial. Lancet 2021, 398,
1498–1506. [CrossRef] [PubMed]

57. Diener, H.C.; Eikelboom, J.; Connolly, S.J.; Joyner, C.D.; Hart, R.G.; Lip, G.Y.; O’Donnell, M.; Hohnloser, S.H.; Hankey, G.J.;
Shestakovska, O.; et al. Apixaban versus aspirin in patients with atrial fibrillation and previous stroke or transient ischaemic
attack: A predefined subgroup analysis from AVERROES, a randomised trial. Lancet Neurol. 2012, 11, 225–231. [CrossRef]

58. Healey, J.S.; Connolly, S.J.; Gold, M.R.; Israel, C.W.; Van Gelder, I.C.; Capucci, A.; Lau, C.P.; Fain, E.; Yang, S.; Bailleul, C.; et al.
Subclinical atrial fibrillation and the risk of stroke. N. Engl. J. Med. 2012, 366, 120–129. [CrossRef] [PubMed]

59. Kamel, H.; Okin, P.M.; Elkind, M.S.; Iadecola, C. Atrial Fibrillation and Mechanisms of Stroke: Time for a New Model. Stroke 2016,
47, 895–900. [CrossRef]

60. Singer, D.E.; Ziegler, P.D.; Koehler, J.L.; Sarkar, S.; Passman, R.S. Temporal Association Between Episodes of Atrial Fibrillation
and Risk of Ischemic Stroke. JAMA Cardiol. 2021, 6, 1364–1369. [CrossRef]

61. Lip, G.Y.; Nieuwlaat, R.; Pisters, R.; Lane, D.A.; Crijns, H.J. Refining clinical risk stratification for predicting stroke and
thromboembolism in atrial fibrillation using a novel risk factor-based approach: The euro heart survey on atrial fibrillation. Chest
2010, 137, 263–272. [CrossRef]

62. Kamel, H.; Johnson, D.R.; Hegde, M.; Go, A.S.; Sidney, S.; Sorel, M.; Hills, N.K.; Johnston, S.C. Detection of atrial fibrillation after
stroke and the risk of recurrent stroke. J. Stroke Cerebrovasc. Dis. Off. J. Natl. Stroke Assoc. 2012, 21, 726–731. [CrossRef]

63. Kim, A.S.; Kamel, H.; Bernstein, R.A.; Manchanda, M.; Caprio, F.Z. Controversies in Stroke: Should Patients With Embolic Stroke
of Undetermined Source Undergo Intensive Heart Rhythm Monitoring With an Implantable Loop Recorder? Stroke 2022, 53,
3243–3247. [CrossRef] [PubMed]

64. Veltkamp, R.; Pearce, L.A.; Korompoki, E.; Sharma, M.; Kasner, S.E.; Toni, D.; Ameriso, S.F.; Mundl, H.; Tatlisumak, T.; Hankey,
G.J.; et al. Characteristics of Recurrent Ischemic Stroke After Embolic Stroke of Undetermined Source: Secondary Analysis of a
Randomized Clinical Trial. JAMA Neurol. 2020, 77, 1233–1240. [CrossRef] [PubMed]

65. Benjamin, E.J.; Al-Khatib, S.M.; Desvigne-Nickens, P.; Alonso, A.; Djousse, L.; Forman, D.E.; Gillis, A.M.; Hendriks, J.M.L.; Hills,
M.T.; Kirchhof, P.; et al. Research Priorities in the Secondary Prevention of Atrial Fibrillation: A National Heart, Lung, and Blood
Institute Virtual Workshop Report. J. Am. Heart Assoc. 2021, 10, e021566. [CrossRef]

66. Gage, B.F.; van Walraven, C.; Pearce, L.; Hart, R.G.; Koudstaal, P.J.; Boode, B.S.; Petersen, P. Selecting patients with atrial
fibrillation for anticoagulation: Stroke risk stratification in patients taking aspirin. Circulation 2004, 110, 2287–2292. [CrossRef]

67. Brambatti, M.; Connolly, S.J.; Gold, M.R.; Morillo, C.A.; Capucci, A.; Muto, C.; Lau, C.P.; Van Gelder, I.C.; Hohnloser, S.H.; Carlson,
M.; et al. Temporal relationship between subclinical atrial fibrillation and embolic events. Circulation 2014, 129, 2094–2099.
[CrossRef] [PubMed]

68. Kaplan, R.M.; Koehler, J.; Ziegler, P.D.; Sarkar, S.; Zweibel, S.; Passman, R.S. Stroke Risk as a Function of Atrial Fibrillation
Duration and CHA(2)DS(2)-VASc Score. Circulation 2019, 140, 1639–1646. [CrossRef]

69. Turakhia, M.P.; Ziegler, P.D.; Schmitt, S.K.; Chang, Y.; Fan, J.; Than, C.T.; Keung, E.K.; Singer, D.E. Atrial Fibrillation Burden and
Short-Term Risk of Stroke: Case-Crossover Analysis of Continuously Recorded Heart Rhythm from Cardiac Electronic Implanted
Devices. Circ. Arrhythm. Electrophysiol. 2015, 8, 1040–1047. [CrossRef]

70. Lin, H.J.; Wolf, P.A.; Kelly-Hayes, M.; Beiser, A.S.; Kase, C.S.; Benjamin, E.J.; D’Agostino, R.B. Stroke severity in atrial fibrillation.
The Framingham Study. Stroke 1996, 27, 1760–1764. [CrossRef]

71. Diener, H.C.; Sacco, R.L.; Easton, J.D.; Granger, C.B.; Bernstein, R.A.; Uchiyama, S.; Kreuzer, J.; Cronin, L.; Cotton, D.; Grauer, C.;
et al. Dabigatran for Prevention of Stroke after Embolic Stroke of Undetermined Source. N. Engl. J. Med. 2019, 380, 1906–1917.
[CrossRef]

72. Hart, R.G.; Sharma, M.; Mundl, H.; Kasner, S.E.; Bangdiwala, S.I.; Berkowitz, S.D.; 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.
[CrossRef] [PubMed]

73. Van Gelder, I.C.; Healey, J.S.; Crijns, H.; Wang, J.; Hohnloser, S.H.; Gold, M.R.; Capucci, A.; Lau, C.P.; Morillo, C.A.; Hobbelt,
A.H.; et al. Duration of device-detected subclinical atrial fibrillation and occurrence of stroke in ASSERT. Eur. Heart J. 2017, 38,
1339–1344. [CrossRef] [PubMed]

https://doi.org/10.1212/WNL.0000000000200227
https://doi.org/10.1161/STROKEAHA.120.029762
https://doi.org/10.1016/S0140-6736(22)01588-4
https://doi.org/10.1161/STROKEAHA.120.030686
https://www.ncbi.nlm.nih.gov/pubmed/32646332
https://doi.org/10.1016/S0140-6736(21)01637-8
https://www.ncbi.nlm.nih.gov/pubmed/34469764
https://doi.org/10.1016/S1474-4422(12)70017-0
https://doi.org/10.1056/NEJMoa1105575
https://www.ncbi.nlm.nih.gov/pubmed/22236222
https://doi.org/10.1161/STROKEAHA.115.012004
https://doi.org/10.1001/jamacardio.2021.3702
https://doi.org/10.1378/chest.09-1584
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.03.008
https://doi.org/10.1161/STROKEAHA.122.037342
https://www.ncbi.nlm.nih.gov/pubmed/36000393
https://doi.org/10.1001/jamaneurol.2020.1995
https://www.ncbi.nlm.nih.gov/pubmed/32628266
https://doi.org/10.1161/JAHA.121.021566
https://doi.org/10.1161/01.CIR.0000145172.55640.93
https://doi.org/10.1161/CIRCULATIONAHA.113.007825
https://www.ncbi.nlm.nih.gov/pubmed/24633881
https://doi.org/10.1161/CIRCULATIONAHA.119.041303
https://doi.org/10.1161/CIRCEP.114.003057
https://doi.org/10.1161/01.STR.27.10.1760
https://doi.org/10.1056/NEJMoa1813959
https://doi.org/10.1056/NEJMoa1802686
https://www.ncbi.nlm.nih.gov/pubmed/29766772
https://doi.org/10.1093/eurheartj/ehx042
https://www.ncbi.nlm.nih.gov/pubmed/28329139


J. Cardiovasc. Dev. Dis. 2023, 10, 306 13 of 13

74. Svendsen, J.H.; Diederichsen, S.Z.; Hojberg, S.; Krieger, D.W.; Graff, C.; Kronborg, C.; Olesen, M.S.; Nielsen, J.B.; Holst, A.G.;
Brandes, A.; et al. Implantable loop recorder detection of atrial fibrillation to prevent stroke (The LOOP Study): A randomised
controlled trial. Lancet 2021, 398, 1507–1516. [CrossRef]

75. Chaisinanunkul, N.; Khurshid, S.; Buck, B.H.; Rabinstein, A.A.; Anderson, C.D.; Hill, M.D.; Fugate, J.E.; Saver, J.L. How often is
occult atrial fibrillation in cryptogenic stroke causal vs. incidental? A meta-analysis. Front. Neurol. 2023, 14, 1103664. [CrossRef]
[PubMed]

76. Healey, J.S.; Gladstone, D.J.; Swaminathan, B.; Eckstein, J.; Mundl, H.; Epstein, A.E.; Haeusler, K.G.; Mikulik, R.; Kasner, S.E.; Toni,
D.; et al. Recurrent Stroke With Rivaroxaban Compared With Aspirin According to Predictors of Atrial Fibrillation: Secondary
Analysis of the NAVIGATE ESUS Randomized Clinical Trial. JAMA Neurol. 2019, 76, 764–773. [CrossRef]

77. Hart, R.G.; Veltkamp, R.C.; Sheridan, P.; Sharma, M.; Kasner, S.E.; Bangdiwala, S.I.; Ntaios, G.; Shoamanesh, A.; Ameriso, S.F.;
Toni, D.; et al. Predictors of Recurrent Ischemic Stroke in Patients with Embolic Strokes of Undetermined Source and Effects of
Rivaroxaban Versus Aspirin According to Risk Status: The NAVIGATE ESUS Trial. J. Stroke Cerebrovasc. Dis. Off. J. Natl. Stroke
Assoc. 2019, 28, 2273–2279. [CrossRef]

78. Thijs, V.N.; Brachmann, J.; Morillo, C.A.; Passman, R.S.; Sanna, T.; Bernstein, R.A.; Diener, H.C.; Di Lazzaro, V.; Rymer, M.M.;
Hogge, L.; et al. Predictors for atrial fibrillation detection after cryptogenic stroke: Results from CRYSTAL AF. Neurology 2016, 86,
261–269. [CrossRef]

79. Kamel, H.; Longstreth, W.T., Jr.; Tirschwell, D.L.; Kronmal, R.A.; Broderick, J.P.; Palesch, Y.Y.; Meinzer, C.; Dillon, C.; Ewing, I.;
Spilker, J.A.; et al. The AtRial Cardiopathy and Antithrombotic Drugs In prevention after cryptogenic stroke randomized trial:
Rationale and methods. Int. J. Stroke 2019, 14, 207–214. [CrossRef]

80. Koh, K.T.; Law, W.C.; Zaw, W.M.; Foo, D.H.P.; Tan, C.T.; Steven, A.; Samuel, D.; Fam, T.L.; Chai, C.H.; Wong, Z.S.; et al. Smartphone
electrocardiogram for detecting atrial fibrillation after a cerebral ischaemic event: A multicentre randomized controlled trial. EP
Eur. 2021, 23, 1016–1023. [CrossRef]

81. Magnusson, P.; Lyren, A.; Mattsson, G. Diagnostic yield of chest and thumb ECG after cryptogenic stroke, Transient ECG
Assessment in Stroke Evaluation (TEASE): An observational trial. BMJ Open 2020, 10, e037573. [CrossRef]

82. Magnusson, P.; Lyren, A.; Mattsson, G. Patient-reported feasibility of chest and thumb ECG after cryptogenic stroke in Sweden:
An observational study. BMJ Open 2020, 10, e037360. [CrossRef] [PubMed]

83. Rizas, K.D.; Freyer, L.; Sappler, N.; von Stulpnagel, L.; Spielbichler, P.; Krasniqi, A.; Schreinlechner, M.; Wenner, F.N.; Theurl, F.;
Behroz, A.; et al. Smartphone-based screening for atrial fibrillation: A pragmatic randomized clinical trial. Nat. Med. 2022, 28,
1823–1830. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0140-6736(21)01698-6
https://doi.org/10.3389/fneur.2023.1103664
https://www.ncbi.nlm.nih.gov/pubmed/36998779
https://doi.org/10.1001/jamaneurol.2019.0617
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.014
https://doi.org/10.1212/WNL.0000000000002282
https://doi.org/10.1177/1747493018799981
https://doi.org/10.1093/europace/euab036
https://doi.org/10.1136/bmjopen-2020-037573
https://doi.org/10.1136/bmjopen-2020-037360
https://www.ncbi.nlm.nih.gov/pubmed/33115891
https://doi.org/10.1038/s41591-022-01979-w
https://www.ncbi.nlm.nih.gov/pubmed/36031651

	Introduction 
	Technologies 
	Handheld Devices 
	Wearable Devices 
	Implantable Loop Recorders 
	Mobile Platforms and Support Systems 

	Discussion 
	Overview of Current Evidence 
	AF Duration and Type of Stroke 
	Prevention Strategies 
	Techniques 
	Knowledge Gaps for Atrial-Fibrillation Detection after Cryptogenic Stroke 
	Future Directions and Practical Advice 

	References

