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Opinion statement

Cardioembolic (CE) stroke mechanisms account for a significant number of ischemic
strokes; however, the true burden is likely underestimated. It is critically important
to identify patients with CE strokes because these individuals have high recurrence
rates and represent a subgroup of patients who may benefit from targeted therapy
in the form of anticoagulation or device based treatments. Current guidelines offer rec-
ommendations for diagnosis and treatment of these patients; however, important
questions remain. First, appropriate cardiac testing in the setting of CE must be indi-
vidualized and the optimal duration of electrocardiographic monitoring to rule out atri-
al fibrillation (AF) is unclear. Second, risk stratification tools for AF remain
understudied, and there is controversy about which anticoagulant agents are most ap-
propriate. Lastly, important potential CE sources of stroke such as patent foramen ovale
have garnered significant attention recently, and debate regarding how to manage the-
se patients persists. In this review, we discuss some of the important controversies in
diagnosing and treating patients with possible CE stroke, pointing to areas where fu-
ture research might be particularly valuable.

Introduction
Despite decreasing stroke incidence and lower case fa-
tality rates over the last century, stroke syndromes re-

main a significant cause of morbidity and mortality.
Stroke represents the second most common cause of



death and the third most common cause of disability
worldwide [1, 2]. Approximately 6.8 million American
adults 920 years of age have had a stroke, and there are
approximately 800,000 events annually of which 87 %
are ischemic [3]. For individual patients with ischemic
stroke, the natural history, risk of recurrence, and
treatment strategies all vary widely based on the
presumed stroke mechanism. Cardioembolic (CE)
causes of stroke account for up to 20 % of ischemic
strokes and represent a subgroup of strokes with a
high rate of recurrence. These patients have a clear
potential therapeutic target (anticoagulation or de-
vice based treatments), however, they continue to
experience significant morbidity and mortality [4].

The pathophysiologic causes of CE strokes are high-
ly varied and can be categorized as originating from
cardiac lesions that tend to form thrombus [me-
chanical valves, left atrial appendage (LAA)], cardiac
masses (ie, tumors, vegetations, etc), or sources of
paradoxical embolism from venous thrombosis
[eg, patent foramen ovale (PFO)] [5••]. Despite
the clear importance of identifying and treating
CE sources of ischemic stroke, many questions for
patients and clinicians still exist. In this review,
we identify some of the major controversies in
the evaluation and management of patients with
CE stroke and discuss the recent clinical trial data
that inform these debates.

Controversy 1: Identifying the CE mechanism

For individuals presenting with ischemic stroke, depressed level of consciousness,
rapid symptom improvement, early onset of maximal deficit, and sequential
strokes in different arterial territories all increase the likelihood that an ischemic
stroke is related to aCE source [6]. In addition to cerebral and large vessel imaging,
patients should have routine testing to evaluate potential arrhythmic causes of
stroke. Current guidelines recommend that patients have a 12-lead electrocar-
diogram and telemetry monitoring for 24 hours to identify arrhythmic causes of
stroke [7]. The extent of additional evaluation for potential CE sources of stroke is
highly variable and many questions remain.

What cardiac imaging is necessary?

When considering CE sources of stroke it is important to perform a focused evalu-
ation to identify potentially important cardiac lesions. The European Society of
Echocardiography released guidelines to help improve the appropriateness of
echocardiographic imaging in the setting of ischemic stroke [5••]. These recom-
mendations are guided by the clinical history and the strokemechanism considered
most likely for an individual. In general, echocardiographic imaging is recom-
mended when this information will alter prognosis or treatment. When evaluating
lesions that are prone to thrombus formation, the preferred test depends on the
pathologic site. The majority of left ventricle (LV) thrombi can be effectively seen
with contrast enhanced transthoracic echocardiography (TTE) and are most often
seen followingmyocardial infarction or in the setting of heart failure with a reduced
LV ejection fraction. In contrast, thrombusdetection in the LAA in the settingof atrial
fibrillation (AF) is often missed with TTE and transesophageal echocardiography
(TEE) is needed [8]. Masses are often seen with TTE, though thorough characteri-
zation is often found only with TEE or MRI. TEE is also recommended when eval-
uating aortic atherosclerosis severity and complexity though TTE may offer some
complimentary views. Given the noninvasive nature of TTE, it is commonplace and
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appropriate to begin with this test when considering CE sources of stroke and only
move to TEEwhen clinical questions remain.Ordering clinicians should bemindful
that TEE requires sedation and passage of the imaging probe past the posterior
oropharanyx and into the esophagus (and into the stomach for a complete exami-
nation). Complications are rare, ranging from 0.18 %–2.8 % but include bleeding,
esophageal perforation, hoarseness, lip or dental injury, or worsening of a variety of
cardiovascular conditions. Death has also been reported [9].

TEE has long been considered the gold standard when evaluating the
presence and characteristics of a PFO in the setting of stroke [10]. This
imaging technique allows for direct visualization of the PFO including
size, location, severity of right to left shunting (RLSh), and also presence
or absence of atrial septal aneurysms, though the significance of these so
called ‘high risk’ features has been called into question [11]. When clo-
sure of a PFO is considered, TEE remains an essential tool for detailed
evaluation of PFO. Recent data have renewed interest in transcranial
Doppler (TCD) imaging as a noninvasive and highly sensitive tool for
identifying RLSh. The sensitivity of this technique is likely higher than
that seen with TEE and while some of the RLSh identified with TCD may
be related to extracardiac shunting this technique is becoming an im-
portant noninvasive tool that can effectively rule out PFO and may have
prognostic significance [12, 13]. Complete evaluation of PFO likely will
involve multiple imaging modalities as we move toward fully under-
standing the significance of this frequently encountered anatomic feature
in the setting of stroke.

The difficulty with atrial fibrillation

Atrial fibrillation (AF) leads to stroke via thrombus formation, most
often in the LAA. AF is a major CE cause of stroke and is a major
contributor to the global ischemic stroke burden. A population study
suggests one in six ischemic strokes is due to this arrhythmia [14].
Identifying AF remains essential because secondary stroke prevention
with oral anticoagulation vs antiplatelet therapy leads to a 39 % relative
risk reduction (RRR) of recurrent stroke (NNT=24 over 1 year to prevent
one stroke) [15]. Data on the burden of atrial fibrillation and its asso-
ciation with stroke, however, is based on incident arrhythmia detection
at the time of an index stroke and as a result the number of strokes
attributable to atrial fibrillation is likely underestimated given the par-
oxysmal and often asymptomatic nature of this arrhythmia [16]. Inter-
estingly, recent evaluations suggest that even these asymptomatic
episodes of atrial fibrillation are clinically important [17•]. The ASSERT
study enrolled 2580 patients with either pacemakers or defibrillators
with no history of AF. Patients were monitored for 3 months for ar-
rhythmia detection and 2.5 years for development of ischemic stroke or
systemic embolism; 10 % of the patients had subclinical atrial tachyar-
rhythmias. These tachyarrhythmias were associated with clinical AF
[hazard ratio (HR) 5.56; 95 % confidence interval (CI), 3.78–8.17] and
the composite of ischemic stroke or systemic embolic event (HR 2.49;
95 % CI 1.28-4.85). Although this study demonstrated that these sub-
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clinical arrhythmic events are associated with stroke, there is no clear
data that treating these patients with oral anticoagulants will improve
outcomes.

There is wide practice variation in the intensity of AF detection efforts in
the setting of stroke. Methods for AF detection include history; 12-lead
electrocardiography; hospital telemetry; Holter monitoring; and external
loop recorder and implantable loop recorder. Further controversy exists
about the length of monitoring that is necessary to identify AF following
stroke in patients without another identified cause; data from two recent
randomized controlled trials (RCTs) renewed this debate. In CRYSTAL AF,
441 patients diagnosed with cryptogenic stroke (CS) were randomized to
either an insertable cardiac monitor (ICM) or routine follow-up for detection
of AF [18]. The ICM used in this study (REVEAL XT; Medtronic) was a
leadless monitoring device implanted subcutaneously that allowed for long-
term follow-up [19]. After 6 months, AF was detected in 8.9 % of patients in
the ICM group compared with 1.4 % in the control group (HR 6.45, 95 % CI
1.9–21.7). The EMBRACE investigators randomized 572 patients with cryp-
togenic stroke or TIA to 30-day event monitoring (treatment) vs 24-hour
monitor (control) for detection of onset of AF within 90 days [20]. The event
monitor (ER910AF Cardiac Event Monitor; Braemar) was attached with a
nonadhesive belt worn around the chest and automatically recorded AF
based on an established algorithm [21]. The primary outcome (detection of
AF 930 seconds) was detected in 16.1 % of patients in the treatment group
compared with 3.2 % in the control group representing a number needed to
screen of 8 over 30 days to identify an incident case of AF.

These trials raise important questions for clinicians treating patients
with possible CE stroke. What is the duration of monitoring necessary
to ‘exclude’ AF and what burden of AF is clinically important? Further-
more, how invasive will patients and clinicians be as they work to ex-
clude this arrhythmia and at what point is extended monitoring no
longer cost effective? We do not yet know what to do for these patients
with respect to oral anticoagulation though the majority of clinicians will
presume that if any AF is identified in the post stroke setting and there
are no contraindications, patients should be offered anticoagulation
therapy. Such an approach is probably reasonable given the mechanistic
uncertainty that is likely to remain. While it is clear that long-term
ambulatory monitoring can identify AF for a group of patients previously
diagnosed with CS we do not know for an individual what AF burden is
clinically import, whether an index stroke is attributable to AF, or
whether recurrent stroke risk can be minimized with anticoagulation.

Controversy 2: Risk stratification for CE stroke

For patients who have had or are at risk for having CE stroke because of
nonvalvular AF, the risk of recurrent or incident stroke is related to pa-
tient specific factors and decisions about oral anticoagulation are individ-
ualized. Clinicians have used the CHADS2 risk stratification tool to
guide decisions about anticoagulation and in an external validation co-
hort of registry data from Medicare beneficiaries this clinical prediction
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model showed excellent discrimination with a c-statistic 0.82 (95 % CI
0.80–0.84) [22]. Subsequent analyses have demonstrated that the c-sta-
tistic ranges from 0.52–0.82 dependent on the population under study
[23]. This score, however, placed a significant number of patients
(27 % in the original external validation cohort) into an intermediate
risk category and as a result did not effectively identify those individuals
at lowest risk for thromboembolic complications [24]. This observation
and recognition that CHADS2 did not account for other important
known stroke risk factors led to the recent adoption of a newer CPM.

Are we using an improved predictive model?

To address these issues the CHA2DS2VASc score was developed and was
recently recommended as the preferred CPM for individualizing
anticoagulation decisions for individuals. This newer score incorporates
female sex, history of vascular disease, and increases the significance of
age 975 and has replaced the CHADS2 score as the currently recom-
mended prediction model for helping to guide decisions about
anticoagulation [24, 25]. The CHA2DS2VASc score was developed by
refining the previously reported 2006 Birmingham/NICE stroke risk
stratification schema. New risk factors were added and the model was
applied to the Euro Heart Survey for AF, a database of 5333 patients
with AF recruited from both ambulatory and hospital sites in 35 coun-
tries in 2003–2004 and followed for 1 year. This model showed a c-
statistic in this validation cohort of 0.61 (95 % CI 0.51–0.70) and
classified only 9.2 % of patients as low risk (with a 0 % thromboem-
bolism rate at 1 year) [25]. The c-statistic for the CHA2DS2VASc score
has ranged from 0.52–0.89 as it has been studied across a variety of
populations and since this CPM has proved better able to differentiate
the low and intermediate risk patients it is now the preferred tool for
guiding decisions about anticoagulation [23, 24]. Use of this score has
increased the number of people who are anticoagulated and largely re-
distributes older women from low to high risk categories [26]. It remains
unclear, however, whether this risk redistribution will result in fewer
thromboembolic events and how bleeding rates will change in contem-
porary clinical practice, especially with the increasing use of novel oral
anticoagulants (NOACs).

Additional questions remain when assessing the performance and
thus utility of this clinical prediction model (CPM). Effective discrimi-
nation is a necessary but not sufficient feature of CPM to be valuable
tools for clinicians and researchers [27]. Model discrimination is a
measure of how well a CPM can separate patients with the outcome of
interest (in this case stroke) from those without. It is a rank order sta-
tistic and as such is insensitive to whether or not the predicted values
match observed rates of disease in the populations the tool is applied,
which is the relevant objective for clinical decision making [28]. To
address this issue, it is essential that CPMs are assessed for calibration on
contemporary validation cohorts. CHA2DS2VASc underwent external
validation with a cohort from 2003–2004 who were not using oral
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anticoagulation. It is crucial to appropriately calibrate models guiding
therapy for stroke prevention where the harms of anticoagulation (i.e.
bleeding) must be weighed against the true rates of stroke in the pop-
ulation, especially considering the national trend toward fewer and less
severe strokes over time [2]. A recent systematic review and meta-analysis
reported that calibration data are lacking and unreliably reported for the
CHA2DS2VASc score [23] and as a result accurate recommendations
about treatment thresholds remain unclear.

Controversy 3: Alternatives to warfarin for CE stroke prevention

There has been significant progress and study of alternatives to warfarin
for patients with AF. Researchers have studied mechanical occlusion of
the LAA to decrease the likelihood of thromboembolic complications.
The success of these techniques, however, has been limited by device
related complications [29]. Development and study of NOACs has ex-
panded in recent years in response to the narrow therapeutic window
and frequent dose adjustments needed to safely manage patients on
warfarin. The first such agent, dabigatran, is a direct thrombin inhibitor
that was studied in the RE-LY trial [30]. This RCT compared dabigatran
with warfarin in 18,113 patients recruited from 44 countries around the
world and demonstrated that dabigatran was associated with similar
rates of the primary endpoint of stroke or systemic embolism as warfarin
after 2 years of follow- up. Rivaroxaban, a factor Xa inhibitor, was
evaluated in the ROCKET AF trial in which 14,264 patients were ran-
domized to rivaroxaban or warfarin [31]. Rivaroxaban was noninferior to
warfarin for preventing the primary endpoint, a composite of stroke
(ischemic or hemorrhagic). The final NOAC available for stroke pre-
vention in AF, the factor Xa inhibitor apixaban, was studied in the AR-
ISTOTLE trial [32]. This trial randomized 18,201 patients with atrial
fibrillation and one stroke risk factor to receive either warfarin or
apixaban. Investigators followed patients for 1.8 years and found that
this agent was noninferior to warfarin for prevention of the composite
outcome of stroke or systemic embolism. Important secondary endpoints
of death from any cause, major bleeding, and hemorrhagic stroke were
all lower in the apixaban arm suggesting a possible advantage over
warfarin. Emerging data suggest that NOAC therapy results in lower rates
of stroke when compared with warfarin with an overall improved safety
profile (Fig. 1) [33••]. With the proliferation of these novel agents there
is a noticeable lack of direct comparison, and as additional agents are
added to this group [34], there is little guidance to help physicians know
which agent is best for their patients.

With the development of these innovative therapeutics important
questions arise. Because these agents are new and have not been used
for extended periods of time, the long-term risks are largely unknown.
Reports of increased rates of acute coronary syndrome with dabigatran
have drawn interest [35]. So too possible increased rates of thrombo-
embolic events when rivaroxaban is stopped abruptly without bridging
therapy led to a black box warning though the significance of this ob-
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servation is not clear [36]. Hepatic failure with rivaroxaban was also
recently described [37]. While the bleeding risks with these agents were
low in the seminal clinical trials above the event rates in clinical practice,
where patients are outside of the highly monitored clinical trial envi-
ronment, have not yet emerged. Understanding these rates will be im-
portant for patients and providers because no effective reversal agents are
yet commercially available [38]. Lastly, as is common for new technol-
ogies, the cost effectiveness of these agents must be fully evaluated to
understand whether they represent a good value for our health care
system [39]. While these questions remain unanswered and additional
information accumulates, the most prudent approach may be to pause
before embracing these novel agents and to maintain warfarin for pa-
tients who tolerate this medication well.

Controversy 4: Treatment strategies: The case of cryptogenic
stroke and PFO

Patent foramen ovale (PFO) is associated with CS and it is frequently
considered as a possible CE source since it allows for potential para-
doxical embolism, a systemic arterial embolus from a venous source
[40, 41]. Although this anatomic feature is present in approximately
25 % of the general population, it is more commonly seen in patients
with CS suggesting a causative role [42]. There has been significant
interest in closing identified PFO for patients with CS in the hopes of
altering the risk of stroke recurrence. Three recent trials testing different
interventional devices have all missed their primary intention to treat
outcomes [43–45]. CLOSURE I randomized 909 patients to closure
with the STARFlex device vs medical therapy and followed them for
2 years. The RESPECT and PC Trials were both randomized controlled

Fig. 1. Secondary efficacy and safety outcomes. Data are n/N, unless otherwise indicated. Heterogeneity: ischemic stroke l2=32 %,
P=0.22; hemorrhagic stroke l2=32 %, P=0.21; myocardial infarction l2=48 %, P=0.13; all-cause mortality l2=0 %, P=0.81; intra-
cranial hemorrhage l2=32 %, P=0.22; gastrointestinal bleeding l2=74 %, P=0.009. NOAC new oral anticoagulant, RR risk ratio.
Adapted with permission from reference [33••].
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trials studying device closure with the Amplatzer PFO Occluder device
vs medical therapy. The RESPECT trial enrolled 980 patients and
followed them for a median of 2.1 years. PC Trial randomized 414
patients and followed them an average of 4.1 years. Efforts to combine
these trials through meta-analysis have not identified a clear answer as
to whether or not closure is an effective therapy (Fig. 2) [46]. Despite
the completion of three randomized trials with crudely consistent
overall results (ie, their summary effect measure was null), because the
outcome rate is very low among medically treated patients, the power
of these trials—even when combined—is limited to detect moderate
effects, and many interpret the trials (particular those testing the
Amplatzer device) as suggestive. These trials together raise more ques-
tions than they provide answers; it is clear that PFO closure is not
clearly beneficial for everyone [47].

Importantly, optimal medical therapy for patients with stroke and
PFO has not been defined. The major trials discussed above have
allowed a variety of antiplatelet and anticoagulant regimes. Definitive
head-to-head studies comparing antiplatelet therapy to anticoagulation
have not been performed. With the exception of patients with atrial fi-
brillation, known thrombi, and mechanical heart valves, where oral
anticoagulation is the preferred antithrombotic, guideline-recommended
care for ischemic stroke patients generally includes antiplatelet therapy
[48]. However, there is considerable disagreement over the best anti-
thrombotic approach in patients with CS and PFO. Although the clinical
syndrome caused by paradoxical embolism is arterial occlusion, the
thrombus arises from a venous source and, therefore, response to therapy
may be more analogous to that of venous thromboembolism where

Fig. 2. Forest plot for the meta-analysis of hazards ratios of stroke of mechanical closure vs medical treatment from three
randomized clinical trials. Adapted with permission from reference [46].
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anticoagulation is far superior. There has been renewed interest in the
optimal medical therapy of these strokes with the advent of NOACs and
clinical trials are ongoing [49]. Classification of patients with CS and
PFO into a broader (more heterogeneous) category of patients with
“embolic stroke of undetermined source” (ESUS) may permit an average
treatment effect to be determined and help clarify guidelines for the
treatment of this broader group, while still leaving the question of PFO-
specific therapy unanswered [50].

Treating individuals

Fortunately for clinicians treating these patients, there has been progress
in identifying individuals for whom PFO-specific therapy (such as clo-
sure) might (at least in theory) be beneficial. The recently published
RoPE score stratifies patients based on the probability an identified
PFO is related to CS [51•]. This CPM relies on clinical features that
are associated with finding a PFO for an individual with CS and esti-
mates an ‘attributable fraction’ for an identified PFO based on Bayes’
theorem. Generally speaking for young patients without traditional
stroke risk factors of hypertension or diabetes the likelihood an observed
PFO is related to CS is high. Conversely, for an older patient with tradi-
tional stroke risk factors a PFO is likely to be incidental. Assuming that
device closure does not help CS patients with incidental PFO, this ther-
apy can be directed toward patients most likely to benefit however appli-
cation of the CPM in this way has not yet been described. Despite our
improved understanding of the contribution of PFO, important ques-
tions persist.

While the RoPE score estimates an ‘attributable fraction’ for an indi-
vidual, this is a probability estimate and it remains unknown for a given
individual whether an identified PFO was related to an index stroke.
Stroke recurrence risk is highly variable and appears to be lowest for pa-
tients with the highest RoPE scores (most likely to have a PFO attribut-
able stroke) [52]. This raises important questions about the value of
closure, especially in light of the occasional device-related complications
that are seen [53]. More work is needed to understand whether there are
patients who have a high PFO attributable fraction and a reasonably
high recurrence rate such that device based closure of PFO would offer
clinical benefit.

Conclusions

CE stroke is caused by a variety of mechanisms and is associated with signif-
icant morbidity and risk of recurrence. The varied stroke mechanisms present
important therapeutic targets for the treating clinicians. Despite our under-
standings of CE stroke mechanisms significant controversies remain regard-
ing diagnostic testing and treatment decisions for individuals with CE
strokes. Recent clinical trials and CPM development help to inform these de-
bates though more work is needed to direct treatments to patients who are
most likely to benefit.
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