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Abstract

Importance: One-third of ischemic strokes have no identifiable cause after standard evaluation.
In 2014, Hart et al termed these “embolic strokes of undetermined source” (ESUS) and argued that
this entity would respond to anticoagulation. Two recent trials did not uphold this hypothesis,
leading to questions about the ESUS concept.

Observations: We propose that ESUS remains a useful concept, the clinical impact of which
can be enhanced by considering two subsets defined by their likelihood of responding to
anticoagulation. Recent studies indicate that some ESUS cases result from subclinical atrial
fibrillation, atrial cardiopathy, unrecognized myocardial infarction, patent foramen ovale, or
cancer, while other cases result from nonstenosing large-artery atherosclerosis, aortic
atherosclerosis, or non-atherosclerotic vasculopathies. Evidence suggests that anticoagulation will
prove superior to antiplatelet therapy for the former group of etiologies but not the latter,
suggesting the need for personalized therapy.

Conclusions and Relevance: Although the ESUS concept as currently constructed cannot
guide treatment, efforts to better understand ESUS and develop therapies tailored to specific
mechanisms are likely to help reduce the burden of stroke.

Stroke accounts for 10% of all deaths worldwide and leads to substantial long-term
disability. Most strokes are ischemic and up to one-third of ischemic strokes do not have a
known cause after standard evaluation.2:3 For decades, such strokes were referred to as
cryptogenic strokes; in 2014, Hart et al proposed the term “embolic stroke of undetermined
source” (ESUS).# These investigators elucidated that most cryptogenic strokes share the
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clinical and radiographic appearance of a distant embolic source. The ESUS concept has
been a conceptual spur to scientific advancement in vascular neurology; since 2014, over
200 published studies have shed light on various possible underlying mechanisms of ESUS,
its natural history, and optimal therapies to prevent recurrence. As part of this effort, two
randomized trials recently indicated that there is no overall benefit of anticoagulant therapy
in preventing recurrent stroke after ESUS.>6 These results have diminished the hope that
ESUS might be a single entity which can be addressed with a unified treatment approach.
Nevertheless, strokes that fit the ESUS definition remain a substantial challenge,’ suggesting
that additional research into their pathophysiology and management remains important. In
this article, we will review recent evidence indicating a previously underappreciated
heterogeneity in the mechanisms of ESUS (Figure 1) and outline the potential benefits of
tailoring treatments to patients’ individual characteristics.

Original Formulation of the Concept of Embolic Stroke of Undetermined

Source

The central thesis of the ESUS concept was that most cryptogenic strokes are
thromboembolic and that such strokes are a therapeutically relevant entity likely to benefit
from anticoagulation. Hart et al hypothesized that currently occult sources of
thromboembolism are mostly comprised of various cardiac abnormalities, venous
thromboembolism via a patent foramen ovale (PFO), and nonstenosing atherosclerotic
plague. They argued that embolization from all of the above sources mostly consists of
thrombus and thus anticoagulation should prevent recurrence better than antiplatelet therapy.
On the basis of this formulation, two major trials, NAVIGATE ESUS and RE-SPECT ESUS,
were launched to compare non-vitamin K antagonist oral anticoagulant (NOAC) drugs
versus aspirin in patients with recent ESUS. If validated, such an approach would have
obviated the need for extensive testing to identify the proximal cause of the ischemic event,
allowing the broad category of ESUS to be treated with the same NOAC drugs that
clinicians feel comfortable prescribing for atrial fibrillation (AF). Unfortunately, neither
NAVIGATE ESUS nor RE-SPECT ESUS demonstrated a reduction in stroke recurrence
with anticoagulation.®6 The results of these trials have understandably raised questions
about the utility of the ESUS concept and the role of anticoagulant therapy in patients with
strokes of undetermined source.8: Here, we propose that ESUS remains a useful concept,
the clinical impact of which can be enhanced by considering two subgroups defined by their
likelihood of responding to anticoagulation (Figure 2).

Occult Embolic Mechanisms Likely to Respond to Anticoagulant Therapy

Subclinical Atrial Fibrillation

A leading candidate for an occult mechanism of ESUS is subclinical AF. This common
arrhythmia often occurs in a paroxysmal and asymptomatic form10 and may cause a stroke
but then revert back to sinus rhythm when the patient presents for evaluation, leading
clinicians to label the stroke as ESUS. Such a scenario spurred numerous studies of
continuous heart-rhythm monitoring over the past few decades. These studies show that
prolonged heart-rhythm monitoring establishes a new diagnosis of AF in 10-20% of patients
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with recent stroke,! a much higher rate than seen with only clinical follow-up.12 The yield
increases with the duration of monitoring and approaches 30% after 3 years of continuous

monitoring.13 Based on these studies, recent guidelines make a moderate recommendation

for post-discharge heart-rhythm monitoring.14-16

It is not fully established that AF detected after ESUS was responsible for the preceding
stroke. For example, post-stroke AF may be triggered by damage to central autonomic
pathways.1’ However, many post-ESUS AF cases are probably related to the preceding
stroke. The incidence of new AF diagnosis after hospitalization for ischemic stroke,
particularly cryptogenic stroke, appears to be higher than after hospitalization for
hemorrhagic stroke or other non-stroke conditions, arguing for some degree of pathogenic
connection.!® It remains unclear whether anticoagulation is superior to antiplatelet therapy
for secondary stroke prevention in patients with subclinical AF detected after ESUS. This
hypothesis will probably not be tested in patients with prior stroke, given that approximately
90% of physicians treated these patients with anticoagulation in the CRYSTAL-AF and
EMBRACE trials.1213 [t is hoped that the NoAH and ARTESIA trials,1920 which are
comparing anticoagulant and antiplatelet therapy in stroke-free patients with subclinical AF,
will shed more light on this question soon.

Several other questions remain about the relationship between subclinical AF and stroke.
First, what about the 70% of ESUS patients with no AF even after prolonged heart-rhythm
monitoring?12 Clearly, subclinical AF does not account for most cases of ESUS. Second,
how could only a few minutes of subclinical AF lead to an increased risk of stroke months
later?2! In many of these cases, AF occurs for the first time after the stroke.22:23 These
findings undermine the notion of a direct, causal relationship between AF and stroke22 and
have led to the hypothesis that underlying atrial disease may cause stroke in the absence of
arrhythmia.

Atrial Cardiopathy

AF rarely develops in a healthy atrium and usually occurs in the setting of an abnormal atrial
substrate (Figure 3B, 3E).24 It is possible that such an abnormal atrial substrate—referred to
as atrial cardiopathy, atrial cardiomyopathy, or atrial myopathy—forms a nidus for
thromboembolism even before AF occurs.25-28 In support of this hypothesis, multiple
studies have found associations between markers of left atrial dysfunction and ischemic
stroke in the absence of AF.29-32 Markers of atrial cardiopathy are most strongly associated
with embolic-appearing strokes.33:34 Even though anticoagulant therapy has not proven
superior to antiplatelet therapy for preventing stroke recurrence in patients without known
AF,535 post hoc analyses have found a benefit in the subset of patients with elevated NT-
proBNP3L or an enlarged left atrium.36 These findings suggest that atrial cardiopathy that
has not manifested with AF may be an underlying mechanism of ESUS and that
anticoagulant therapy may prove superior to standard antiplatelet therapy in this subset of
ESUS patients. The ongoing ARCADIA trial is testing this hypothesis.3”
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Unrecognized Myocardial Infarction

In addition to unrecognized atrial abnormalities, derangements in ventricular tissue may also
form a nidus for thromboembolism. Traditionally, myocardial infarction (MI) has been
thought to increase the risk of stroke for about 1 month.438 However, recent evidence
indicates that Ml is a much broader risk factor for stroke. First, the risk of stroke appears to
be elevated for longer than 1 month after MI, continuing for at least 3 months.3° Second,
unrecognized MI, which comprises at least one-third of all Mls,*% may also be a stroke risk
factor. Similar to clinically recognized MI, unrecognized M1 leads to myocardial scar
formation*! which may be capable of inducing thrombosis and subsequent cardiac embolism
and resultant ischemic stroke (Figure 3D). In support of this hypothesis, markers of
unrecognized MI are more common in patients with ESUS than in those with non-
cardioembolic stroke.#243 This category of cardiac disease may be amenable to
anticoagulation given the recent results of the COMPASS trial, which found that
anticoagulant therapy is more beneficial than antiplatelet therapy alone for reducing
ischemic stroke in patients with clinically apparent coronary artery disease.** Further studies
may be warranted to determine whether anticoagulant therapy, alone or in combination with
antiplatelet therapy, is more effective than antiplatelet therapy alone in patients with ESUS
and evidence of unrecognized or distant MI.

Patent Foramen Ovale

Cancer

Besides acquired cardiac risk factors such as atrial cardiopathy and unrecognized M, there
is strengthening evidence that PFO, a congenital risk factor, is causally related to ESUS.
Numerous studies over the past 30 years have reported conflicting results regarding the
association between PFO and stroke. There is a strong association in case-control studies but
no significant association in cohort studies.*> PFO is not listed as a definite stroke etiology
in any of the major stroke etiological classification systems, 384647 including the original
ESUS formulation.# On the other hand, a meta-analysis of five randomized trials indicated
that percutaneous PFO closure reduced the risk of recurrent stroke in young patients with
cryptogenic stroke and evidence of a PFO.48 The benefit seen with specific PFO-targeted
treatment supports the longstanding hypothesis that PFO can be a causal mechanism of
stroke. The presumed mechanism of PFO-related stroke is passage of an embolus from the
venous circulation through the PFO to the arterial circulation, which suggests that
anticoagulant therapy may also prevent PFO-related stroke. A pooled analysis of several
randomized trials supports a protective effect of anticoagulation in patients with cryptogenic
stroke and PFO,49 although the more recently announced RE-SPECT ESUS trial did not find
such a benefit in its subjects with PFO.8 Thus, further analysis will be necessary to
determine the benefit of anticoagulation in specific subgroups such as young patients with a
large PFO.

In addition to cardiac pathology, systemic disorders may also be underappreciated
mechanisms of ESUS. A common example is cancer, which affects approximately 40% of
people over their lifetime. Cancer appears to increase the risk of stroke, including even in the
period before the cancer is detected. In a large population-based cohort, the risk of ischemic
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stroke increased starting about 5 months before a cancer diagnosis, suggesting that some
cryptogenic strokes may be caused by occult cancer.50 Cancer likely increases stroke risk
through several mechanisms, including hypercoagulability, iatrogenic effects of cancer
treatments, and diagnosis-related factors such as reduced antithrombotic use.>! Of these risk
factors, hypercoagulability may be the most important because stroke risk in cancer patients
is highest soon after diagnosis, when cancer-mediated hypercoagulability generally peaks,
and stroke is most strongly associated with cancer types classically associated with
hypercoagulability and subsequent venous thromboembolism.52:53 About 50% of cancer-
associated strokes are considered ESUS and most demonstrate infarctions in multiple
vascular territories (Figure 3A).%4 Transcranial Doppler ultrasound and autopsy studies
implicate cardiac emboli from nonbacterial thrombotic endocarditis in many of these
strokes, but in real-world practice nonbacterial thrombotic endocarditis is rarely confirmed
and thus these patients are often classified as ESUS. Other possible occult stroke
mechanisms in the cancer population include paradoxical embolism, tumor embolism, and
cerebral intravascular coagulation leading to in situ cerebral artery thromboses. Aside from
tumor embolism, all of these cancer-specific mechanisms may preferentially respond to
anticoagulant therapy. However, cancer patients are predisposed to systemic and intracranial
bleeding due to the destructive effects of tumors, frequent invasive procedures, and
chemotherapy-induced thrombocytopenia, so the risks of anticoagulation in these patients is
likely higher than in the general ESUS population. Therefore, the presumed benefit of
anticoagulation in patients with ESUS and cancer will need to be tested in a randomized
trial, which would likely be feasible based on the results of the TEACH pilot trial.5®

Occult Embolic Mechanisms Unlikely to Respond to Anticoagulant Therapy

Nonstenosing Large-Artery Atherosclerosis

The mechanisms discussed above would be expected to respond to anticoagulant therapy.
The neutral results of NAVIGATE ESUS and RE-SPECT ESUS suggest either that
anticoagulation is not effective in subclinical AF, atrial cardiopathy, unrecognized MlI, PFO,
and cancer, or that any benefit of anticoagulation in these subsets is offset by its lack of
efficacy in other mechanistic subsets of the ESUS population. Recent data suggest that a
substantial proportion of ESUS cases may be the result of large-artery atherosclerotic
disease that goes unrecognized because it does not cause significant stenosis of the arterial
lumen. Multiple studies have found a higher prevalence of nonstenosing atherosclerotic
plaque ipsilateral to a cryptogenic brain infarction compared to the contralateral hemisphere.
56-59 Atherosclerosis of the intracranial and cervical large arteries has traditionally been
defined using angiography of the arterial lumen, and the major stroke etiological
classification systems define a large-artery origin of stroke based on whether there is >50%
luminal stenosis.#3846:47 However, recent imaging advances allow more detailed
characterization of the vessel wall and the plaque itself, revealing other features of
atherosclerosis (Figure 3C). High-risk features such as soft plaque or intraplaque
hemorrhage are detectable on computed tomography and magnetic resonance imaging and it
is likely that many cases of ESUS result from rupture of such high-risk, nonstenosing
plaques. In addition to nonstenosing plaque of the cervical and intracranial arteries, there is
an association between aortic atherosclerosis and stroke.50 Patients with stroke due to aortic
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atherosclerosis may often be labeled as ESUS because transesophageal echocardiography is
infrequently performed after stroke.51 The authors of the original ESUS concept presciently
recognized these mechanisms, but argued that thrombin-rich clots on the surface of
atherosclerotic plaques would respond to anticoagulant therapy. However, they
acknowledged that “some embolic sources under the ESUS umbrella might have a variable
response to anticoagulation.” Subgroup analyses from the NAVIGATE ESUS trial indicated
that such heterogeneity was in fact present; for example, a benefit was seen with rivaroxaban
in the ~10% of subjects with left atrial diameter >4.6 cm. That the trial found no overall
benefit suggests that the effects of anticoagulation in subgroups such as this were diluted by
other groups, most likely those with large-artery atherosclerosis. This subset of the ESUS
population would not be expected to benefit from anticoagulant therapy more than
antiplatelet therapy given that several randomized trials have found no reduction in recurrent
stroke with anticoagulant versus antiplatelet therapy in patients with large-artery
atherosclerotic stenosis or aortic atherosclerosis.62:63

Non-Atherosclerotic Vasculopathies

Although atherosclerosis is the most common cause of vasculopathy leading to stroke, other
pathophysiological processes can also lead to vasculopathy of the cerebral circulation.
Dissection of the cervicocephalic arteries causing downstream embolization or
hypoperfusion is a well-known mechanism of stroke, especially in younger patients.
Dissections are usually recognized on non-invasive vessel imaging; however, focal
dissections, particularly nonstenosing ones or those involving the intracranial medium-sized
arteries, can be missed.%4 Recent neck trauma or respiratory infections can trigger
dissections and may serve as a useful clue to the diagnosis. The CADISS trial demonstrated
similar efficacy of antiplatelet and anticoagulant drugs for preventing stroke in patients with
symptomatic carotid- and vertebralartery dissections.%® Infectious and inflammatory
vasculopathies are also important considerations in ESUS, particularly if systemic signs are
present or multiple vascular territories are involved. Varicella zoster vasculopathy is an
increasingly recognized mechanism of stroke and has also been implicated in the
development of temporal arteritis.%8 Systemic or primary central nervous system vasculitis is
a rare form of vasculopathy, although it may be underappreciated in ESUS because it is
often limited to the small- and medium-sized arteries, thereby necessitating brain biopsy for
definitive diagnosis. It remains to be established whether directed immunosuppressive
and/or antiviral therapy improve the natural history of these non-atherosclerotic
vasculopathies. Neither infectious nor inflammatory vasculopathies would be expected to
benefit from anticoagulant therapy and harm might occur in the forms of vasculopathy
predisposed to hemorrhage, such as amyloid beta-related angiitis.” Based on these
considerations, it is likely that ESUS patients whose mechanism involves lesions of the
cervical or intracranial arteries do not benefit more from anticoagulant therapy than
antiplatelet therapy.

Interactions between Underlying Mechanisms of Stroke

Mechanisms of stroke often do not occur in isolation. Many share risk factors, so their co-
occurrence would be expected more often than by chance alone. In some cases, such
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coexisting mechanisms may augment each other and work synergistically to cause
thromboembolism.

Atrial Fibrillation, Atrial Cardiopathy, and Cancer

The atrial abnormalities that predispose to AF and thromboembolism include mechanical
dysfunction and chamber dilatation that lead to stasis of blood as well as tissue fibrosis that
affects the normal homeostasis of pro- versus anticoagulant activity in the left atrium. At the
same time, active malignancy leads to a hypercoagulable state. It may be that these two
conditions work synergistically, with atrial cardiopathy providing a reservoir of slow-
flowing arterial blood and cancer contributing a systemic hypercoagulability that in
combination lead to a particularly heightened risk of arterial thromboembolism.68.69

Atherosclerosis and Cancer

Cancer promotes atherosclerotic plaque formation and rupture through heightened systemic
inflammation.”® Radiation, a standard treatment for many cancers, also predisposes to
atherosclerosis and subsequent stroke risk, especially if the radiation fields include the heart
or large arteries of the head, neck, and mediastinum. Radiation-induced vascular injury
generally develops several years after treatment and is a major concern in pediatric and
young adult cancer survivors. In one study of survivors of Hodgkin lymphoma, radiation to
the neck and mediastinum more than doubled the long-term risk of cerebrovascular events.’!

Conclusions and Future Directions

The 2014 article by Hart et al formulated a concise definition of ESUS that facilitates a
standardized approach to diagnosing stroke etiology. Although it does not appear that this
definition alone can serve as a therapeutic guide, it may provide a useful foundation for
additional diagnostic advances that could in turn allow more effective, tailored treatment to
prevent stroke. A great deal of work remains before this is possible. Although subgroup
analyses must always be viewed with caution, such subgroup analyses from NAVIGATE
ESUS and RE-SPECT ESUS will be important to preliminarily evaluate current hypotheses
and generate further hypotheses about mechanisms that may respond to anticoagulant
therapy. Additional information about the benefits of anticoagulation in specific
subpopulations with PFO will be particularly important. The ARCADIA trial will hopefully
shed light on whether anticoagulation can reduce stroke recurrence in patients with atrial
cardiopathy. The ATTICUS trial is evaluating the benefit of anticoagulation in ESUS
patients with a variety of cardiac abnormalities, such as left atrial enlargement, PFO, or a
high risk of AF (defined by the CHA,DS,-VASc score).”? The ARTESIA and NoAH trials
will provide important knowledge about the benefit of anticoagulation in patients with
isolated episodes of subclinical AF. Based on the results of the TEACH pilot trial,>® a phase
2/3 trial of anticoagulation versus antiplatelet therapy may be warranted in patients with
ESUS and active malignancy. In the meantime, earlier-phase exploratory research is required
to better understand the relationship between unrecognized MI and stroke, and to identify
optimal markers of high-risk nonstenosing plaque. Such work may set the stage for future
trials of anticoagulant therapy in those with ESUS and unrecognized M1 and trials of
aggressive atherosclerosis treatment in those with high-risk plaque. Although the results of
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the recent ESUS trials may be disappointing, the evolutionary success of mechanical
thrombectomy for acute ischemic stroke highlights the importance of avoiding nihilism and
working to improve patient selection and personalized therapy. It remains highly likely that
continued efforts to better understand ESUS and develop therapies tailored to specific
mechanisms will lead to further reductions in the burden of stroke.
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Figure 1.
Currently Accepted Etiologies of Ischemic Stroke and Their Likely Reclassification Based

on Emerging Evidence.
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Figure2.
Potential Occult Sources of Currently Unexplained Ischemic Stroke, Their Overlap, and

Their Expected Response to Antithrombotic Drugs.
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Figure 3. Imaging Findings Associated with Potential Occult Sources of Currently Unexplained
Ischemic Stroke.
(A) Diffusion-weighted magnetic resonance imaging demonstrating acute infarction in all

three major arterial territories of the brain, a finding suspicious for cancer-related
hypercoagulability. (B) Cardiac magnetic resonance imaging demonstrating significant areas
of atrial fibrosis (image on right) compared to an atrium with minimal fibrosis (image on
left).”3 (C) Hemorrhage within nonstenosing atherosclerotic plaque demonstrated on 3-
dimensional time-of-flight magnetic resonance angiography (upper image) and T1 CUBE
FS sequences (lower image). (D) Cardiac magnetic resonance imaging demonstrating late
gadolinium enhancement consistent with Ml in an ESUS patient with no clinical history of
MI. (E) Echocardiography demonstrating a severely dilated left atrium in an ESUS patient
without known atrial fibrillation.
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