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Abstract

Cardioembolic stroke is a potentially devastating condition and tends to have a
poor prognosis compared with other ischemic stroke subtypes. Therefore, it is
important for proper therapeutic management to identify a cardiac source of
embolism in stroke patients. Cardiac computed tomography (CCT) can detect the
detailed visualization of various cardiac pathologies in the cardiac chambers,
interatrial and interventricular septum, valves, and myocardium with few motion
artifacts and few dead angles. Multiphase reconstruction images of the entire
cardiac cycle make it possible to demonstrate cardiac structures in a dynamic
manner. Consequently, CCT has the ability to provide high-quality information
about causal heart disease in cardioembolic stroke. In addition, CCT can simultan-
eously evaluate obstructive coronary artery disease, which may be helpful in
surgical planning in patients who need urgent surgery, such as cardiac tumors or
infective endocarditis. This review will introduce the potential clinical applic-
ations of CCT in an ischemic stroke population, with a focus on diagnosing
cardioembolic sources using CCT.

Key Words: Acute ischemic stroke; Cardioembolic stroke; Cardiac computed tomography

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Cardiac computed tomography (CCT) can detect the detailed visualization of
causal heart disease in cardioembolic stroke. This review introduces the potential
clinical applications of CCT in an ischemic stroke population, with a focus on
diagnosing cardioembolic sources using CCT. Specifically, left atrial thrombus and
associated pathologies, left ventricular thrombus and associated pathologies, intrac-
ardiac tumors, valvular abnormalities, and causal pathologies of paradoxical embolism
are discussed.
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INTRODUCTION

Ischemic stroke is a sudden onset of a focal neurologic deficit attributed to cerebral ischemia that results
in neuron death. Ischemic stroke is etiologically sub-classified into four categories: Large artery athero-
sclerosis, cardiac embolism, small vessel occlusion, and other uncommon causes[1,2]. Ischemic stroke
due to cardiac embolism commonly has a sudden onset, is more prone to hemorrhagic transformation,
and generally carries a worse prognosis with respect to disability, mortality, and early and long-term
recurrence of stroke compared with other etiologies. Therefore, in the diagnostic work-up of ischemic
stroke patients with suspected embolism, identification of a cardioembolic source is essential in
determining appropriate secondary prevention. The diagnosis of cardioembolic stroke is usually
performed based on medical history information, physical examination, laboratory testing, 12-lead
electrocardiogram (ECG), heart rhythm monitoring (in-hospital telemetry, ambulant 24-h Holter), and
transthoracic echocardiography (TTE)[3]. Transesophageal echocardiography (TEE) is highly accurate in
the detection of abnormalities in the left atrium and left atrial appendage (LAA), atrial septum, mitral
valve, and aortic arch. In fact, TEE has been shown to be superior to TTE for detecting potential sources
of cardiac embolism in patients with ischemic stroke[4,5]. However, TEE has inherent associated risks,
including esophageal injury, aspiration, and hypertension or hypotension during the procedure.
Although TEE complication rates are very low, TEE may be difficult to perform in stroke patients with
neurologic deficits that make it impossible to cooperate with instructions given during the procedure.
Progress in the technical development of cardiac computed tomography (CCT) enables rapid, accurate
imaging of the cardiovascular system. With CCT, it is necessary to use either prospective or
retrospective ECG gating to synchronize the CT image with the ECG. In both methods, the ECG
waveform is used to coordinate image reconstruction with the heart’s position in the chest. The
diagnostic accuracy of CCT compared with invasive coronary angiography has been evaluated in
multiple trials. A meta-analysis across nine studies identified 97% sensitivity with 78% specificity for
detecting > 50% stenosis[6]. In addition to stenosis location and severity, CCT can simultaneously
evaluate the plaque characteristics and plaque burden of the coronary artery (Table 1). With its high
spatial resolution and multiplanar reconstruction capabilities, CCT can detect the detailed visualization
of various cardiac pathologies in the cardiac chambers, interatrial and interventricular septum, valves,
and myocardium with few motion artifacts and few dead angles. In addition, multiphase reconstruction
images of the entire cardiac cycle detected by retrospective ECG gating can provide a functional
assessment of cardiac structure in a dynamic manner (Cine-CT)[7]. Therefore, CCT has the ability to
provide high-quality information about causal heart disease in cardioembolic stroke. Indeed, current
guidelines indicate that CCT should be performed as a second step if echocardiography is non-
diagnostic in evaluating cardiac mass, valvular heart disease, and congenital heart disease[8].

This review will introduce the potential clinical applications of CCT in an ischemic stroke population,
with a focus on diagnosing cardioembolic sources using CCT.

CARDIOEMBOLIC SOURCES OF ISCHEMIC STROKE

Numerous cardiac conditions have been proposed as potential sources of embolism. Based on the
evidence of their relative propensities for embolism, cardiac sources are divided into two categories:
High risk and medium risk (Table 2). Compared to standard stroke management, patients at high risk
for cardioembolic stroke require a different therapeutic strategy, such as the prescription of antico-
agulants. Patients at medium risk for cardioembolic stroke exhibit a strong association with increased
risk of stroke, but currently there are no clear and appropriate management guidelines for the
prevention of stroke occurrence. Cardiac sources of embolism are classified into arrhythmias and
structural cardiac diseases. Atrial fibrillation (Af) is the most common arrhythmia related to embolic
stroke. Atrial flutter and sick sinus syndrome (tachycardia-bradycardia syndrome) are also associated
with a higher risk of stroke. The diagnosis of atrial dysrhythmias is performed by 12-lead ECG and
heart rhythm monitoring (in-hospital telemetry, 24-h Holter ECG, prolonged rhythm monitoring).
Structural cardiac diseases are usually diagnosed by echocardiography. CCT can provide comple-
mentary information to echocardiography in the diagnosis of structural cardiac sources of embolism.
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Table 1 Information suitable for detection by cardiac computed tomography

Condition

Location Information

Coronary artery disease Coronary artery Stenosis location and severity

Plaque characteristics
Plaque burden: CAC score, plaque volume
Other: Pericoronary FAI, FFR
Myocardium Enhancement pattern: Perfusion defect, LIE
Degeneration: Fat, calcification, wall thinning
Wall motion Regional wall motion abnormality: LV, RV

Global function: LV, RV

Valvular heart disease Native heart valve Aortic stenosis: BAV or TAV, AVA, pre and post evaluation

of TAVR
Chronic secondary mitral regurgitation: Etiology assessment
Calcium score: AV, MAC

Prosthetic heart valve Mechanical valve dysfunction

Infective endocarditis Periannular complication

Congenital heart disease Anomaly of coronary artery

Anomaly of thoracic arteriovenous vessels
Complex and repaired adult congenital heart disease
Unusual anatomy of atrial and ventricular septal defect

Quantitative evaluation of right ventricular function

CAC: Coronary artery calcium; FAI: Fat attenuation index; FFR: CT-derived fractional flow reserve; LIE: Late iodine enhancement; LV: Left ventricle; RV:

Right ventricle; BAV: Bicuspid aortic valve; TAV: Tricuspid aortic valve; AVA: Aortic valve area; TAVR: Transcatheter aortic valve replacement; AV: Aortic

valve; MAC: Mitral annular calcification.

Jaishideng®

CARDIAC CT FOR DIAGNOSIS OF SPECIFIC CARDIOEMBOLIC SOURCES

Left atrial thrombus and associated pathologies

Stroke associated with Af is attributed to embolism of thrombus from the left atrium (LA). The LAA is
an anterolateral muscular extension of the LA arising adjacent to the left superior pulmonary vein and
lying in the left atrioventricular sulcus close to the left circumflex coronary artery. The LAA is an
embryological remnant that functions as a reservoir during conditions of fluid overload. Because of its
hooked morphology, blood stasis tends to occur in the LAA. As a result, more than 90% of thrombi in
patients with Af originate from the LAA[9]. Structural and functional aspects of the LAA are linked to
stroke risk in patients with Af. For example, stasis resulting from decreased emptying of the LAA due to
loss of organized mechanical contraction during the cardiac cycle, as evidenced by reduced LAA flow
velocities on TEE, is associated with thrombus formation and stroke risk.

In CCT examination under sinus rhythm, the LAA is opacified with a contrast medium in the early
phase, which evaluates the coronary artery. By contrast, in CCT examination under atrial fibrillation, a
contrast medium filling defect is usually observed in the LAA, which reflects the stasis of blood flow
within the LAA. A contrast medium filling defect in the LAA is an important finding by itself. In
patients with Af, increased contrast heterogeneity within the LAA on contrast-enhanced CT correlates
with an increased degree of spontaneous echo contrast and decreased LAA emptying velocity on TEE
[10-12]. Furthermore, in a study of 1019 patients who underwent CCT before first-time radiofrequency
catheter ablation for Af, Kawaji et al[13] reported that patients with severe contrast medium filling
defects in the LAA are associated with higher incidence of ischemic stroke compared to patients with
mild or no filling defects in the LAA during a mean follow-up of 4.4 years. However, the assessment of
thrombi in the LAA is confounded by such filling defects. Therefore, a second scan should be performed
several minutes after the initial first-pass scan. The addition of delayed imaging enables a better
distinction of both thrombus and blood stasis. An apparent filling defect in the LAA observed in early
phase resolves in delayed phase if no thrombus is present (Figure 1). On the other hand, true thrombi in
the LAA can be recognized as a filling defect in both early and delayed phases (Figure 2). In a meta-
analysis of seven studies with a total of 753 patients for whom delayed images were obtained, CCT
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Table 2 Sources of cardioembolism

Risk level

Source Condition

High-risk sources

Left atrial thrombus Atrial fibrillation (Af)
Mitral valve stenosis
Left ventricular thrombus Acute myocardial infarction
Cardiomyopathy (ischemic, nonischemic)
Congestive heart failure with low ejection fraction
Cardiac tumor Primary cardiac tumor
Secondary cardiac tumor
Vegetation Infective endocarditis
Nonbacterial thrombotic endocarditis

Mechanical prosthetic heart valve

Medium-risk sources Interatrial septal abnormalities Patent foramen ovale

Atrial septal aneurysm
Atrial septal defect

Interventricular septal abnormalities Interventricular membranous septal aneurysm
Ventricular septal defect

Pulmonary arteriovenous malformation

Bioprosthetic heart valve

Valvular abnormalities other than tumor and vegetation Aortic valve sclerosis/stenosis
Mitral annular calcification
Lambl’s excrescences
Calcified amorphous tumor
Mitral valve prolapse

Atrial cardiomyopathy

Atrial arrhythmias other than Af Atrial flutter

Sick sinus syndrome

Jaishideng®

showed equivalent diagnostic accuracy as TEE for detecting LA/LAA thrombus in patients with Af.
Specifically, two-phase CCT yielded sensitivity, specificity, positive predictive value, and negative
predictive value of 100%, 99%, 92%, and 100%, respectively, compared with TEE as a reference standard
[14]. Although the LAA is the most frequent site of atrial thrombi, they can occur in the right atrial
appendage or in the atrial chambers themselves, especially in the context of Af and/or significant
valvular heart disease such as mitral and tricuspid stenoses (Figure 3).

Among all native valvular heart disease, the risk of systemic emboli is highest for rheumatic mitral
valve disease. Compared to normal controls, Af with rheumatic heart disease is associated with a 17-
fold increase in stroke incidence, whereas it is five-fold for Af in the absence of RHDJ[15]. The risk of
embolization is higher for mitral stenosis than mitral regurgitation, and the risk of embolism increases
approximately seven-fold in the presence of Af compared to those with sinus rhythm in patients with
rheumatic mitral valve disease[16]. In addition to delineating the morphological abnormalities of the
mitral valve apparatus, CCT can comprehensively evaluate LA function and the presence or absence of
LAA thrombus in a single examination (Figure 4).

LAA size is associated with increased thromboembolic risk[17,18]. Veinot et al[19] studied 500 normal
autopsy hearts, and reported the size of normal LAAs differentiated by age group and sex. Mean LAA
orifice diameter, body width, and length in subjects aged 20 or older were, respectively, 1.16, 1.83, and
2.59 cm for men and 1.07, 1.66, and 2.53 cm for women. Figure 5 shows a case of LAA aneurysm.
Although a clear consensus on a definition of LAA aneurysm does not exist, Aryal et al[20] proposed
defining it as a LAA with dimensions larger than 2.7 cm in orifice diameter, 4.8 cm in body width, and
6.75 cm in length. Whether congenital or acquired, LAA aneurysms grow in size over several years, and
they tend to become symptomatic with an increasing risk of thromboembolism. Thus, surgical treatment
for LAA aneurysm is often recommended, even in asymptomatic patients. By reconstructing images of
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Figure 1 Cardiac computed tomography images of left atrial appendage in patients with sinus rhythm and atrial fibrillation. A: Under normal
sinus rhythm, left atrial appendage (LAA) is filled with contrast medium in early phase, which evaluates the coronary artery. Left: axial image; right: three-dimensional
volume-rendered image; B: Under atrial fibrillation, axial early phase image shows triangular filling defect in LAA (left, asterisk). On delayed phase (right), LAA filling
defect completely disappeared, which means the filling defect reflected blood stasis in LAA rather than thrombus.

DOI: 10.4329/wjr.v15.14.98 Copyright ©The Author(s) 2023.

Figure 2 Left atrial appendage thrombus. An 85-year-old woman with congestive heart failure and atrial fibrillation underwent cardiac computed tomography
(CCT) in search of underlying heart disease. She suffered from acute ischemic stroke three months after CCT. A and B: Early phase CCT images (A: Axial; B:
Sagittal) show multiple filling defects in left atrial appendage (LAA, arrow and arrowheads); C and D: Delayed phase CCT images (C: Axial; D: Sagittal) also show
multiple filling defects in LAA (arrow and arrowheads) confirming multiple LAA thrombus; E: Diffusion-weighted brain magnetic resonance imaging shows
hyperintense lesions in right temporoparietal lobe and left anterior limb of internal capsule (arrows).

multiple phases throughout the cardiac cycle acquired by retrospective ECG gating, CCT can accurately
quantify the volumes of cardiac chambers and calculate ventricular and atrial ejection fraction. The
average maximum volume of the LAA on CCT in subjects with sinus rhythm and no history of cardiac
disease was reported to be 12.54 mL for men and 11.74 mL for women[21]. In the presented case of LAA
aneurysm, the CCT-derived maximum LAA volume was 56 mL (Figure 5).

Based on the imaging characteristics, the shapes of the LAA are classified into four different
categories: chicken-wing, cactus, windsock, and cauliflower[22]. There is growing evidence that the
morphology of the LAA delineated by CCT can assist with risk stratification in patients with
nonvalvular Af. Specifically, patients with non-chicken-wing LAA morphology are significantly more
likely to experience thromboembolic events than patients with chicken-wing LAA morphology[9].
Moreover, with regard to the cauliflower LAA morphology, defined as a main lobe less than 4 cm long
and without forked lobes, Kimura et al[23] demonstrated that it was significantly more common in
patients with stroke.

Left ventricular thrombus and associated pathologies

Left ventricular (LV) thrombus is complicated with various cardiac diseases that impair LV wall motion
and can induce thromboembolic complications such as stroke. Causal pathologies that generate LV
thrombus are classified into acute disorders and chronic disorders. Acute myocardial infarction (AMI) is
a representative acute disorder. Prolonged myocardial ischemia results in subendocardial and
endothelial injury and increased concentration of procoagulant factors, whereas akinetic areas of
necrotic myocardium lead to blood stasis, especially at the LV apex. In data from the era without early
coronary reperfusion therapy for AMI, LV thrombus was present in 46% of patients, usually in the first
two weeks after onset, and most frequently in acute anterior or apical MI[24]. Although the frequency of
LV thrombus in AMI has been significantly lowered since the advent of primary percutaneous coronary
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Figure 3 Bilateral atrial thrombus. A 53-year-old man with atrial fibrillation and right renal infarction underwent cardiac computed tomography (CCT) in search
of causal heart pathology of cardioembolism. A: Axial early phase CCT image shows filling defect in left atrial appendage (LAA, upper, asterisk). Axial delayed phase
CCT image also shows filling defect in LAA confirming LAA thrombus (lower, arrow); B: Axial early phase CCT image shows filling defect in right atrial appendage
(RAA, upper, asterisk). Axial delayed phase CCT image also shows filling defect in RAA confirming RAA thrombus (lower, arrowhead); C: Early phase CCT images
(upper: Axial; lower: Sagittal) show filling defect in LA posterior wall, which suggests LA thrombus (black arrow).

Jaishideng®

intervention and dual antiplatelet therapy, the predilection site of LV thrombus has not changed and
most frequently occurs in patients with acute anterior or apical MI[25]. Patients with MI also have a
long-term risk of stroke after the acute phase. In the Survival and Ventricular Enlargement study, the
cumulative rate of stroke risk was 8.1% during the five years after MI, and a lower LV ejection fraction
(EF) was the independent predictor of stroke[26]. Specifically, patients with LVEF values of 35% or more
and 28% or less had a cumulative stroke rate of 4.1% and 8.9%, respectively. Weinsaft et al[27] used
cardiac magnetic resonance imaging (MRI) in 784 patients with LV systolic dysfunction (LVEF values of
50% or less), predominantly of chronic MI, and found the prevalence of thrombus to be 7% in this
population. Patients with thrombus were more likely to have LV aneurysms, lower LVEF, and more
extensive myocardial scarring by delayed enhanced MRI. Figure 6 shows a case of acute ischemic stroke
due to LV apical thrombus complicated with chronic anteroseptal MI. In CCT, because the LV
endocardial border is clearly depicted, LV thrombus is easily detected as a hypodense mass within the
contrast-enhanced LV cavity. When blood stasis within the left ventricle disturbs the visibility of LV
thrombus in the early phase image, a second scan should be performed several minutes after the initial
first-pass scan. The addition of delayed imaging enables a better distinction of both thrombus and blood
stasis. The LV apex is one of the anatomical blind spots at TTE[28]. Especially, when the LV apex
becomes aneurysmal, the finding tends to be missed at TTE because the true apex often extends beyond
its usual visualized location. Indeed, the diagnostic performance of TTE for detecting LV thrombus is
inferior compared with cardiac MRI[29]. Takotsubo syndrome is also an acute disorder that generates
LV thrombus. Takotsubo syndrome, caused in part by sympathetic activation and excess catec-
holamines, leads to LV apical ballooning, global or focal LV and/or right ventricular wall motion
abnormalities, and increased risk of stroke and TIA[30].

A representative chronic disorder that generates LV thrombus is cardiomyopathy. In patients with
cardiomyopathy, annual stroke rates are reported to be in the range of 1.3% to 3.5%[31]. The risk of
stroke is inversely related to LVEF in patients with cardiomyopathy, whether its etiology is ischemic or
nonischemic[31]. Risk factors that predispose patients with cardiomyopathies to thromboembolic events
include extensive LV wall motion abnormalities, very dilated left ventricles, low cardiac output with the
stagnation of blood within the ventricle, significant slow swirling streaks of blood within the left
ventricle, and the presence of Af. Figure 7 shows a case of LV noncompaction. LV noncompaction is a
rare congenital cardiomyopathy caused by an arrest of myocardial morphogenesis that results in
prominent endomyocardial trabeculations in the LV myocardium. Deep myocardial recesses are
thought to aggravate the risk of ventricular thrombus formation. Because thromboembolic risk is
recognized to be high, anticoagulation should be considered in patients with LV noncompaction[32].

Figure 8 shows a case of mid-ventricular obstructive hypertrophic cardiomyopathy (HCM) with LV
apical aneurysm and LV apical thrombus. In HCM, the location and degree of hypertrophy are variable.
Although asymmetric septal hypertrophy is the classic and most common morphologic subtype of
HCM, hypertrophy can involve various LV segments and may be focal or concentric. Mid-ventricular
obstructive HCM is an uncommon type of HCM and is complicated with LV apical aneurysms in more
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Figure 4 Mitral stenosis. A 70-year-old man with mitral stenosis and atrial fibrillation underwent cardiac computed tomography (CCT) to rule out obstructive
coronary artery disease. A and B: Left ventricular outflow tract long axis (A) and short axis (B) reformatted CCT images (upper: Mid systole at 20% of the R-R interval;
lower: Mid diastole at 80% of the R-R interval) show thickened anterior and posterior mitral valve leaflets (arrowhead) and restricted mitral valve opening,
representing mitral stenosis. Associated severe enlargement of left atrium is also found; C: Axial early phase CCT image shows triangular filling defect in left atrial
appendage (LAA, upper, arrow). Axial delayed phase CCT image also shows filling defect in LAA confirming LAA thrombus (lower, arrow); D: Atrial functional analysis
shows severely impaired LA function. LA end-systolic volume, end-diastolic volume, and ejection fraction were 180.3 mL, 166.3 mL, and 8%, respectively.
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than 20% of cases of this phenotype[33]. In patients with HCM, the presence of LV apical aneurysm
increases the risk for thromboembolic events six-fold compared with HCM patients without LV apical
aneurysm[34].

Figure 9 shows a case of interventricular membranous septal aneurysm (IVMSA). Because the
membranous portion of the interventricular septum notably lacks myocardium, this structure
predisposes to the development of IVMSA upon exposure to a high-pressure gradient. The blood stasis
in this abnormal structure predisposes to thrombus formation within the IVSMA. Although IVMSA is a
rare condition, it can be one of the causal pathologies of LV thrombus and a potential source of
cardioembolic stroke[35].

Intracardiac tumors

Cardiac tumors are classified into primary and secondary tumors. Primary cardiac tumors are very rare,
and secondary or metastatic cardiac tumors are 30 times more common[36]. The affected cardiac
chamber of predilection is different among cardiac tumor subtypes. Cardiac tumors that affect left heart
chambers and valves provoke systemic thromboembolic phenomena. Tumor fragment detachment or
superimposed thrombi underlie embolic risk. A representative cardiac tumor that induces embolic
stroke is cardiac myxoma (Figure 10 and 11), which is the most frequent primary cardiac neoplasm in
adults. Cardiac myxomas are most commonly found within the left atrium but may arise from other
cardiac chambers and rarely from the valves. Although they are histologically benign, they can provoke
potentially life-threatening conditions like thromboembolic phenomena or intracardiac obstructive
complications. Neurologic complications can be the first manifestation of cardiac myxomal37,38]. For
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Figure 5 Left atrial appendage aneurysm. A 56-year-old man with atrial fibrillation (Af) underwent cardiac computed tomography (CCT) to rule out obstructive
coronary artery disease before catheter ablation for Af. A and B: Axial (A) and sagittal (B) reformatted CCT images show enlarged left atrial appendage (LAA, arrow)
with triangular filling defect inside. LAA orifice diameter, body width, and length were 3.4 cm, 5.2 cm, and 6.8 cm, respectively; C: Three-dimensional volume-
rendered image of CCT shows LAA aneurysm. CCT-derived maximum LAA volume was 56 mL.

15
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Figure 6 Left ventricular thrombus complicated with anteroseptal myocardial infarction. An 80-year-old man hospitalized with acute ischemic stroke
underwent cardiac computed tomography (CCT) to rule out obstructive coronary artery disease. A: Diffusion-weighted brain magnetic resonance imaging shows
hyperintense lesions in right thalamus and right posterior limb of internal capsule (arrow); B and C: Horizontal long axis (B) and vertical long axis (C) reformatted CCT
images show round-shaped thrombus in left ventricular apex (arrow); D: Soap-bubble maximum intensity projection reconstruction image of whole coronary artery
shows total occlusion of left anterior descending coronary artery (LAD, arrow) and right coronary artery (RCA, arrowhead); E: Polar map of left ventricular wall motion
shows severely reduced anterior to anteroseptal wall motion perfused by LAD (arrowheads). LCX: left circumflex coronary artery.

those with serious clinical manifestations, immediate surgical tumor resection should be performed to
prevent devastating embolic complications or sudden cardiac death. While echocardiography remains
the first-line imaging modality, CCT has come to be increasingly utilized as a modality for assessing
cardiac tumors, particularly when other imaging modalities are non-diagnostic (Figure 11)[8].

Valvular abnormalities
Various valvular abnormalities can lead to thromboembolism, such as infective or noninfective
vegetations, and valvular thrombi with or without pannus formation and calcific debris. Several specific
valvular abnormalities have been associated with cardioembolic stroke, including infective endocarditis
(IE), nonbacterial thrombotic endocarditis, valvular papillary fibroelastoma, biologic or prosthetic valve
thrombosis, and valvular calcifications.

Figure 12 shows a case of IE complicated with ischemic stroke. IE is a systemic septic disease that
accompanies generation of vegetation containing aggregations of bacteria occurring on the valve,
endocardium, and intima of large vessels. Various clinical symptoms are demonstrated in IE, including
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Figure 7 Left ventricular noncompaction. A 60-year-old man with congestive heart failure underwent cardiac computed tomography (CCT) in search of
underlying heart disease. A-C Horizontal long axis (A), vertical long axis (B), and short axis (C) reformatted CCT images show increased trabeculations from mid to
apical portion of left ventricle (arrows). Noncompacted-to-compacted layer ratio at end-diastolic was 2.6. Note contrast heterogeneity within left atrial appendage
(LAA), which reflects blood stasis in LAA (arrowhead); D: Left ventricular (LV) functional analysis shows impaired LV function. LV end-diastolic volume, end-systolic
volume, and ejection fraction were 191.1 mL, 121.5 mL, and 36%, respectively.

DOI: 10.4329/wjr.v15.i4.98 Copyright ©The Author(s) 2023.

Figure 8 Left ventricular apical thrombus complicated with mid-ventricular obstructive hypertrophic cardiomyopathy. A 56-year-old man with
unsustained ventricular tachycardia underwent cardiac computed tomography (CCT) in search of underlying heart disease. A and B: Horizontal long axis (A) and
vertical long axis (B) reformatted CCT images at end diastole show partially calcified round-shaped thrombus in left ventricular apex (arrow). C and D: Horizontal long
axis (C) and vertical long axis (D) reformatted CCT images at end systole show mid-ventricular hypertrophy and mid-cavitary obliteration of left ventricle (arrowhead)
with thin-walled left ventricular apical aneurysm; E and F: Horizontal long axis (E) and vertical long axis (F) reformatted images of delayed enhanced cardiac magnetic
resonance imaging show transmural late gadolinium enhancement in mid to apical portion of left ventricle (arrowheads).

bacteremia, vascular embolization, and cardiac disorders. Symptomatic neurological complications are
seen in 10% to 35% of IE patients, and 65% to 80% of patients show one or more neurological complic-
ations when asymptomatic cases are included[39]. Echocardiography is the first-line imaging modality
for the diagnosis of IE. TEE is more sensitive than TTE for the detection of both vegetation and
periannular complications. However, the sensitivity of echocardiography is lower in IE patients with a
prosthetic valve or an intracardiac device, even with the use of TTE. A recent meta-analysis showed that
the addition of CCT to TEE can improve diagnostic accuracy for vegetations and periannular complic-
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Figure 9 Interventricular membranous septal aneurysm. A 78-year-old man underwent cardiac computed tomography (CCT) to further evaluate pathologic
outpouching from the left ventricular outflow tract (LVOT) observed on transthoracic echocardiography. A-C: Axial (A), horizontal long axis (B), and sagittal (C)
reformatted CCT images show multi-lobular outpouching projecting into right ventricle from LVOT (arrows) consistent with interventricular membranous septal
aneurysm (IVMSA), with no evidence of a shunt. Note contrast heterogeneity within IVMSA, which reflects blood stasis in IVMSA.

DOI: 10.4329/wjr.v15.i4.98 Copyright ©The Author(s) 2023.

Figure 10 Atrial myxoma. A 76-year-old man hospitalized with acute ischemic stroke underwent cardiac computed tomography (CCT) to further evaluate a left
atrial mass observed on transthoracic echocardiography. A: Diffusion-weighted brain magnetic resonance imaging shows hyperintense lesions in bilateral cerebellar
hemisphere, pons, splenium of corpus callosum, and bilateral occipital lobe (arrows); B-D: Axial (B), horizontal long axis (C), and short axis (D) reformatted CCT
images show a 31-mm-sized lobulated left atrial mass attached to the interatrial septum (arrows). He had a previous history of chronic aortic dissection (asterisk).
Urgent surgical mass resection was performed. Histological examination confirmed cardiac myxoma.
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ations in patients with prosthetic heart valve endocarditis[40].

In patients with prosthetic heart valves, the incidence of thromboembolism ranges from 0.6% to 2.3%
per patient-year[41]. The absolute risk of thromboembolism is higher for prosthetic valves in the mitral
position than the aortic position. Figure 13 shows a case of mechanical mitral valve dysfunction. The
most common causes of prosthetic valve dysfunction are thrombus formation and pannus overgrowth.
One particular advantage of CCT is the ability to evaluate patients with mechanical valves, because
mechanical valves often have significant artifacts on echocardiography. In the absence of contrast
medium administration, CCT can demonstrate abnormal leaflet or disc motion of a mechanical
prosthetic valve. Indeed, the opening and closing angles measured by non-contrast CCT strongly
correlate with those measured by cinefluoroscopy[42]. In daily clinical practice, doppler-echocardio-
graphy is the method of choice to evaluate prosthetic valve function. To identify thrombus or pannus by
CCT, contrast enhancement of the blood pool is necessary. Because contrast-enhanced CCT can
visualize details of soft-tissue anatomy surrounding the prosthesis, it can provide reliable information
for the diagnosis and differentiation of valvular thrombosis and pannus overgrowth when there is
suspicion of prosthetic valve dysfunction[43,44].
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Figure 11 Gradually increased atrial myxoma. An 80-year-old man with chest pain underwent cardiac computed tomography (CCT) to evaluate obstructive
coronary artery disease. CCT showed severe stenosis in the left anterior descending coronary artery, and percutaneous coronary intervention was performed.
Simultaneously, CCT incidentally demonstrated a left atrial mass that could not be visualized on transthoracic echocardiography. A: Axial (upper) and horizontal long
axis (lower) reformatted CCT images show left atrial mass of 7 mm by 5 mm in diameter attached to interatrial septum (arrows); B: Axial (upper) and horizontal long
axis (lower) reformatted CCT images performed one year later show increased mass size of 11 mm by 11 mm in diameter. Subsequently, elective surgical mass
resection was performed. Histological examination confirmed cardiac myxoma.

vy
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Figure 12 Infective endocarditis. A 73-year-old man hospitalized with infective endocarditis and acute ischemic stroke underwent cardiac computed
tomography (CCT) to rule out obstructive coronary artery disease before urgent surgical aortic valve replacement. A: Diffusion-weighted brain magnetic resonance
imaging shows hyperintense lesions in bilateral cerebral hemisphere (arrows). B: Left ventricular outflow tract long axis reformatted CCT image shows irregularly
shaped aortic valve vegetations adherent to left coronary cusp (LCC); C: Surgically resected LCC of aortic valve with fragile vegetations. NCC: Noncoronary cusp.
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Figure 13 Mechanical mitral valve dysfunction. An 86-year-old woman who had undergone St. Jude Medical 29 mm-sized mitral valve replacement 17
years earlier and now presented with congestive heart failure underwent non-contrast cardiac computed tomography (CCT) to evaluate the etiology of mitral
regurgitation observed on transthoracic echocardiography. A and B: Multiplanar reformatted images perpendicular to valve leaflet (A) and short axis images (B) of
non-contrast CCT show incomplete opening of bileaflet mechanical mitral valve (arrows).
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Aortic valve sclerosis and mitral annular calcification are associated with atherosclerotic vascular
disease. While their association with stroke reflects their status as a marker for atherosclerotic disease,
several reports show their potential as a direct source of calcific or thrombotic debris. Aortic valve
sclerosis is irregular thickening and/or calcification of the aortic valve leaflets without significant flow
obstruction. The prevalence of aortic valve sclerosis without stenosis increases with age and ranges from
9% in populations with a mean age of 54 to 42% in populations with a mean age of 81. The rate of
progression from aortic sclerosis to stenosis is 1.8% to 1.9% per year[45]. Figure 14 shows a case of aortic
stenosis (AS) for which evaluation by CCT over time was possible. The coronary artery calcium score is
usually calculated by the Agatston method and is a marker of coronary atherosclerotic plaque burden
[46]. The severity of aortic sclerosis can also be determined by calculating the Agatston calcium score of
the aortic valve. The aortic valve calcium score (AVCS) can help in the classification of AS severity.
Reported mean AVCSs were 3219 for severe AS, 1808 for moderate AS, and 584 for mild AS[47]. AVCS
is reported to be a useful prognostic imaging marker in AS and is associated with higher rates of
mortality during follow-up, with a hazard ratio of 2.11 as a binary threshold[47]. In addition, a higher
AVCS is reported to be an independent risk factor for acute stroke after transcatheter aortic valve
replacement[48].

Mitral annular calcification (MAC) is defined as calcific deposition in the mitral annulus. Similar to
AVCS, the severity of MAC can be determined by calculating the Agatston calcium score. It has been
shown that a higher MAC calcium score is associated with increased risk of ischemic stroke[49].
Figure 15 shows a case of caseous MAC. Caseous MAC is a rare variant of MAC with a central
liquefaction necrosis that typically affects the posterior annulus. It is sometimes misdiagnosed as a
cardiac tumor or abscess. Macroscopically, the inner fluid of the caseous MAC appears as a toothpaste-
like milky caseous material. Histological examination of the inner fluid reveals amorphous, eosinophilic
acellular content surrounded by macrophages and lymphocytes[50]. A recent comprehensive review of
the literature showed that the prevalence of cardioembolic events is significantly higher in patients with
caseous MAC than in patients with non-caseous MAC[51]. The high incidence of cardioembolic events

in caseous MAC is assumed to be due to spontaneous fistulization and embolization of caseous necrotic
debris.

Paradoxical embolism

Paradoxical embolism is a type of stroke or arterial thrombosis caused by embolic sources of venous
origin transiting from the right chambers of the heart to the left chambers without passing through the
lung filters. Paradoxical embolism can occur via interatrial, interventricular, or pulmonary arteriovenous
malformations.
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Figure 14 Aortic stenosis. A man in his seventies with chronic renal failure requiring hemodialysis and aortic stenosis underwent cardiac computed tomography
(CCT) on two occasions to evaluate obstructive coronary artery disease. A: 19 years after initiation of hemodialysis. Left: Short axis reformatted CCT image in
diastole shows tricuspid aortic valve with calcification. Middle: Aortic valve calcium score (AVCS) by Agatston method and aortic valve calcium volume were 2534 and
1988 mm®, respectively. Right: Quantification of aortic valve area (AVA) by planimetry is 1.14 cm? B: 24 years after initiation of hemodialysis. Left: Extent of aortic
valve calcification has increased. Middle: AVCS by Agatston method and aortic valve calcium volume were 5888 and 4447 mm®, respectively. Right: Quantification of
AVA by planimetry is 0.65 cm?, C: Surgical aortic valve replacement was performed after second CCT examination. Gross specimen of surgically resected aortic
valve is shown.

DOI: 10.4329/wjr.v15.i4.98 Copyright ©The Author(s) 2023.

Figure 15 Caseous mitral annular calcification. A and B: Apical four chamber view (A) and parasternal short axis view (B) of transthoracic echocardiography
show irregularly shaped calcific mass attached to mitral annulus adjacent to posterior mitral valve leaflet (arrows); C—F: Cardiac computed tomography (CCT) images
with (C, D) and without (E, F) contrast medium. Horizontal long axis (C, E) and short axis (D, F) reformatted CCT images show a centrally hypodense mass with
irregular calcified borders attached to mitral annulus adjacent to posterior mitral valve leaflet (arrows).
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A patent foramen ovale (PFO) is an integral part of normal fetal circulation. Although PFOs typically
close shortly after birth, they may still be open in approximately 25% to 30% of the general population
[52]. Therefore, PFOs are considered to be a normal variant rather than a pathologic finding. By cardiac
imaging, a PFO is demonstrated as a flap-like opening at the fossa ovalis, which allows intermittent
bidirectional shunting between the atria. A left-to-right shunt is more frequent than a right-to-left shunt.
In CCT, a contrast material jet with a flap-like appearance of the interatrial septum is a highly
confirmative finding of PFO (Figure 16). In a study of 152 patients with ischemic stroke, both findings of
interatrial septum (contrast material jet and flap-like appearance) on CCT yielded sensitivity, specificity,
positive predictive value, and negative predictive value of 73.1%, 98.4%, 90.5%, and 94.7%, respectively,
compared with TEE as a reference standard[53].

Atrial septal aneurysm (ASA) is a localized sacculation or deformity in the interatrial septum at the
level of the fossa ovalis, and protrudes to the right or left atrium or both atria. ASAs are roughly
classified into three types according to the direction and movement of protrusion during the cardiac
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Figure 16 Patent foramen ovale. A: Horizontal long axis (left) and short axis oblique (right) reformatted cardiac computed tomography (CCT) images show
passage of higher-contrast jet (arrow) from left atrium (LA) via patent foramen ovale (PFO) with channel-like appearance (arrowhead) into adjacent right atrium (RA).
B: Horizontal long axis (left) and short axis oblique (right) reformatted CCT images show passage of lower-contrast jet (arrow) from RA via PFO with channel-like
appearance (arrowhead) into adjacent LA.

DOIL: 10.4329/wjr.v15.i4.98 Copyright ©The Author(s) 2023.

Figure 17 Classification of atrial septal aneurysm. A: Cardiac computed tomography (CCT) image of right bulging atrial septal aneurysm [Atrial septal
aneurysm (ASA), arrow] in which bulging during cardiac cycle is right atrium (RA) only; B: CCT image of left bulging ASA (arrow) in which bulging during cardiac cycle
is left atrium (LA) only; C: CCT image of bidirectional ASA (arrowheads) in which ASA movement during cardiac cycle is bidirectional.

cycle: right-bulging ASA, left-bulging ASA, and bidirectional ASA (Figure 17)[54]. In a study of 103
autopsy hearts, Kuramoto et al[55] reported that PFO was more frequently found in subjects with ASA
than in those without ASA. A prospective study of 581 patients with cryptogenic stroke showed that a
PFO with concomitant ASA is associated with a significant risk of recurrent stroke (Figure 18)[56].

Atrial septal defect (ASD) is the most common congenital heart disease in adults. ASD can also
appear in conjunction with ASA (Figure 19). In ASD, CCT shows different features compared with PFO,
namely a contrast material jet passing through a sharply defined defect hole, not a channel, in the atrial
septum, and perpendicular to the atrial septum. Patients with ASD and right-to-left shunt are at risk for
stroke due to paradoxical embolism. ASD is classified in three main types: ostium secundum, ostium
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Figure 18 Atrial septal aneurysm with patent foramen ovale. A 53-year-old man with acute ischemic stroke underwent cardiac computed tomography
(CCT) to rule out obstructive coronary artery disease. A: Diffusion-weighted brain magnetic resonance imaging shows hyperintense lesions in right frontal lobe and
left precentral gyrus (arrows); B and C: Horizontal long axis (B) and short axis oblique (C) reformatted cardiac computed tomography (CCT) images show right
bulging atrial septal aneurysm (arrowheads); D and E: Horizontal long axis (D) and short axis oblique (E) reformatted CCT images show small pinhole-like jet from LA
via patent foramen ovale into RA (arrows). LA: Left atrium; RA: Right atrium.

DOI: 10.4329/wijr.v15.i4.98 Copyright ©The Author(s) 2023.

Figure 19 Atrial septal aneurysm with atrial septal defect. A 66-year-old man underwent cardiac computed tomography (CCT) to further evaluate
outpouching of the interatrial septum observed on transthoracic echocardiography. Transthoracic echocardiography did not detect interatrial shunt flow. A: Horizontal
long axis reformatted CCT image shows right bulging atrial septal aneurysm [Atrial septal aneurysm (ASA), asterisk]. B: Above ASA, in upper portion of interatrial
septum just below aortic valve, atrial septal defect (ASD) with contrast shunt from LA into RA is found (arrow). Measured size of ASD is 14 mm by 10 mm; C: Below
ASA, in lower portion of interatrial septum, another 5 mm-sized ASD with left to right shunt is found (arrowhead). LA: Left atrium; RA: Right atrium.
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primum, and sinus venosus. Coronary sinus ASD is very rare. Echocardiography is generally an
accurate means in the diagnosis of most secundum and primum ASDs, but sinus venosus ASDs are
sometimes overlooked. CCT is a useful supplementary imaging modality for depicting sinus venosus
ASDs and defining associated partial anomalous pulmonary venous return (Figure 20)[57].

Pulmonary arteriovenous malformations are structurally abnormal vessels that provide direct
communication between a pulmonary artery and vein, and the absence of lung filtering capillary beds
offers the potential for paradoxical embolism[58]. CT is recognized to be the gold standard investigation
for diagnosis and also plays an important role in treatment planning. They are demonstrated as a
nodule or serpiginous mass connected with blood vessels (Figure 21).

CONCLUSION

CCT can provide high-quality information about the causal heart disease in patients with cardioembolic
stroke. In addition, CCT can simultaneously evaluate obstructive coronary artery disease, which may be
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Figure 20 Superior sinus venosus atrial septal defect. A 57-year-old woman underwent cardiac computed tomography (CCT) to evaluate right ventricular
(RV) morphology and function because transthoracic echocardiography revealed gradual RV dilatation over time. She had a previous history of cryptogenic ischemic
stroke when she was 3 years old. A-C: Horizontal long axis (A), short axis oblique (B), and RV long axis reformatted CCT images show atrial septal defect (ASD) in
superior aspect of interatrial septum at level of entry of superior vena cava (SVC, arrows). Measured size of ASD is 26 mm by 25 mm. Partial anomalous pulmonary
venous return is not complicated. Subsequently, she underwent right and left heart catheterization. The Qp/Qs ratio and mean pulmonary artery pressure measured
using right heart catheterization were 4.8 and 23 mmHg, respectively. Surgical ASD closure was performed. LA: Left atrium; LV: Left ventricle; RA: Right atrium; PA:
Pulmonary artery; Ao: Aorta.
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Figure 21 Pulmonary arteriovenous malformation. A 31-year-old woman hospitalized with acute ischemic stroke underwent chest computed tomography
(CT) to further evaluate a nodular shadow in right lower lung field on chest radiography. A: Diffusion-weighted brain magnetic resonance imaging shows hyperintense
lesions in left insula and left parietal lobe (arrowheads); B: Non-contrast chest CT shows nodular shadow in lateral basal segment of right inferior lobe (arrow); C-E:
Maximum intensity projection reconstruction images (C: Axial; D: Coronal) and three-dimensional volume-rendered image (E) of contrast-enhanced CT show
pulmonary arteriovenous malformation in lateral basal segment of right inferior lobe (arrow).

helpful in surgical planning in patients who need urgent surgery, such as for cardiac myxoma or
infective endocarditis. However, clinicians should sift through the information derived from CCT and
determine whether the clinical symptoms, physical findings, and results of neuroimaging are consistent
with the causal relationship in individual patients with ischemic stroke.
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