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BACKGROUND. Transthoracic echocardiography (TTE) is the standard of care for ini-
tial evaluation of patients with suspected cardioembolic stroke. Although TTE is useful
for assessing certain sources of cardiac emboli, its diagnostic capability is limited in the
detection of other sources, including left atrial thrombus and aortic plaques.

OBJECTIVE. The purpose of this article was to investigate sensitivity, specificity, and
predictive value of cardiac CTA (CCTA), cardiac MRI (CMRI), and TTE for recurrence in pa-
tients with suspected cardioembolic stroke.

METHODS. We retrospectively included 151 patients with suspected cardioembolic
stroke who underwent TTE and either CMRI (n = 75) or CCTA (n = 76) between January
2013 and May 2017. We evaluated for the presence of left atrial thrombus, left ventricu-
lar thrombus, vulnerable aortic plaque, cardiac tumors, and valvular vegetation as caus-
es of cardioembolic stroke. The end point was stroke recurrence. Sensitivity, specifici-
ty, PPV, and NPV for recurrent stroke were calculated; the diagnostic accuracy of CMRI,
CCTA, and TTE was compared between and within groups using AUC.

RESULTS. Twelve and 14 recurrent strokes occurred in the CCTA and CMRI groups, re-
spectively. Sensitivity, specificity, PPV, and NPV were 33.3%, 93.7%, 50.0%, and 88.2% for
CCTA; 14.3%, 80.3%, 14.3%, and 80.3% for CMRI; 14.3%, 83.6%, 16.7%, and 80.9% for TTE
in the CMRI group; and 8.3%, 93.7%, 20.0%, and 84.5% for TTE in the CCTA group. Accu-
racy was not different (p > .05) between CCTA (AUC = 0.63; 95% Cl, 0.49-0.77), CMRI (0.53;
95% Cl, 0.42-0.63), TTE in the CMRI group (0.51; 95% Cl, 0.40-0.61), and TTE in the CCTA
group (0.51; 95% Cl, 0.42-0.59). In the CCTA group, atrial and ventricular thrombus were
detected by CCTA in three patients and TTE in one patient; in the CMRI group, thrombus
was detected by CMRI in one patient and TTE in two patients.

CONCLUSION. CCTA, CMRI, and TTE showed comparably high specificity and NPV for
cardioembolic stroke recurrence. CCTA and CMRI may be valid alternatives to TTE. CCTA
may be preferred given potentially better detection of atrial and ventricular thrombus.

CLINICAL IMPACT. CCTA and CMRI have similar clinical performance as TTE for pre-
dicting cardioembolic stroke recurrence. This observation may be especially important
when TTE provides equivocal findings.

Ischemic stroke is a leading cause of mortality and long-term disability worldwide. Its
recurrence is considered to be the major cause of its associated mortality and morbidi-
ty [1, 2]. Cardiogenic strokes represent 20-30% of all ischemic cases and include various
cardiac causes such as atrial fibrillation, acute myocardial infarction, or valvular heart dis-
eases. Potential sources of cardiac emboli are divided into high-risk and medium-risk cat-
egories with respect to the relative risk of forming emboli [3-5]. Early identification of the
origin of ischemic stroke, especially strokes of cardioembolic nature, is essential for proper
risk assessment and patient management [3, 6].
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Transthoracic echocardiography (TTE) is the standard of care
for initial evaluation of patients with suspected cardioembolic
stroke [7]. Although TTE is useful for assessing certain sources of
cardiac emboli (e.g., left ventricle), its diagnostic capability is lim-
ited in the detection of other sources, including left atrial throm-
bus, patent foramen ovale, and aortic plaques. This restriction is
mostly because of limited acoustic windows [8]. Transesophageal
echocardiography is often performed after an inconclusive TTE.
Although transesophageal echocardiography is the reference
standard for the detection of potential cardiothoracic sources
of emboli and patent foramen ovale (especially with agitated sa-
line contrast enhancement during the Valsalva maneuver), it is a
semiinvasive procedure that creates physical discomfort and is
associated, although rarely, with potential life-threatening com-
plications [9]. Consequently, a reliable, noninvasive technique for
the assessment of cardioembolic sources would be useful.

Studies have shown that cardiac CTA (CCTA) and cardiac MRI
(CMRI) imaging can detect high-risk cardioembolic sources [10-
13]. CCTA has proved to be accurate in the detection of vulnerable
aortic plaques and intracardiac thrombi; likewise, CMRI has shown
adequate visualization of left ventricular thrombi, cardiac masses,
aortic plaques, and left atrial appendage thrombi [14-17]. In addi-
tion, high sensitivity and specificity have been reported for the de-
tection of patent foramen ovale by CCTA and CMRI [18]. However,
the confirmation or exclusion of small patent foramen ovale can be
challenging with these techniques. In addition, the relative effec-
tiveness of CCTA and CMRI in reliably ruling out stroke recurrence
in the absence of intracardiac sources of embolism on imaging is
insufficiently studied.

We speculate that CCTA and CMRI may be valid alternatives to
echocardiography in the workup of stroke of cardioembolic origin.
We thus conducted this investigation to quantify the sensitivity,
specificity, and predictive values of CCTA, CMRI, and TTE for stroke
recurrence in patients with suspected cardioembolic stroke.

Methods
Patient Selection

Our local institutional review board approved this single-cen-
ter, retrospective, HIPAA-compliant study; the requirement for
written informed consent was waived. At our institution (Medical
University of South Carolina), patients with symptoms of acute
stroke (onset < 7 days from admission) undergo on admission
head CT and/or brain MRI in addition to CT and/or MRA of the
intra- and extracranial vasculature according to a diagnostic pro-
tocol. Cerebral and/or carotid angiography is also performed if a
blood clot is suspected in the intra- or extracranial vasculature.
After the neuroimaging examinations, TTE is performed to rule
out a cardiac thrombus. Patients undergo CCTA or CMRI only if
previous findings are ambiguous or if there is high suspicion of
cardiac embolus. Particularly, CCTA is performed in acutely ill pa-
tients and in those with a suspected aortic cause of embolism.
CMRI is preferred in patients with previous myocardial infarction
or with heart failure to assess cardiac function.

We initially identified 457 consecutive patients, 18 years old or
older, admitted with symptoms of acute stroke between January
2013 and May 2017. Patients’ charts were reviewed for the follow-
ing imaging procedures: head CT; brain MRI; cerebral and carotid
CT, MRI, and invasive angiography; CCTA; CMRI; and TTE. A total
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HIGHLIGHTS

Key Finding

B Specificity, NPV, and AUC (95% Cl) of cardiac MRI
(80.3%, 80.3%; 0.53 [0.42-0.63]) and cardiac CTA
(93.7%; 88.2%; 0.63 [0.49-0.77]) were comparable to
TTE (cardiac MRI group: 83.6%;, 80.9%; 0.51 [0.40-0.61]
and cardiac CTA group: 93.7%; 84.5%; 0.51 [0.42-0.59])
for predicting cardioembolic stroke recurrence.

Importance

B Given their high NPV, cardiac MRI and cardiac CTA are
potential alternatives when echocardiography provides
equivocal findings for cardioembolic stroke recurrence.

of 284 patients underwent a cardiac imaging assessment includ-
ing TTE and CCTA or CMRI for a possible cardiac origin of cere-
bral embolism and were potentially eligible. For these patients,
demographics, clinical information, and blood test examinations
were retrieved from the medical record. Patient records were
evaluated from the date of the stroke on admission until either
the date of stroke recurrence or the last known date for which the
absence of stroke recurrence was documented.

Further categorization of the 284 patients was performed ac-
cording to the clinical and radiologic criteria in the acute stroke
treatment classification system (Trial of Org 10172 in Acute Stroke
Treatment, or TOAST) to exclusively select patients with suspect-
ed cardioembolic stroke [3]. Eight patients were excluded who
did not present with an abrupt cerebral cortical impairment
(aphasia, neglect, restricted motor involvement, for example)
with or without dysfunctional symptoms related to the brain-
stem or cerebellum and who thus had an incongruous clinical
presentation. A total of 55 patients were excluded who did not
show a lesion compatible with ischemic stroke in more than one
vascular territory on head CT or brain MRI. A total of 50 patients
were excluded who showed severe atherosclerotic diseases of ei-
ther or both of the intra- and extracranial vasculature on CT, MR,
or catheter angiography. An additional eight patients were ex-
cluded who had other underlying causes for stroke such as non-
atherosclerotic vasculopathies, hypercoagulable states, or he-
matologic disorders. A total of 163 patients remained after these
exclusions. Of these, 12 patients did not complete the TTE or the
TTE was nondiagnostic because of a limited acoustic window or
other reason and were excluded. This process left a final cohort of
151 patients with acute stroke of suspected cardioembolic origin
who underwent CCTA or CMRI after TTE. The flowchart of patient
selection is shown in Figure 1. Patients with recent myocardial in-
farction (< 4 weeks), atrial fibrillation or flutter, and sick sinus syn-
drome were not excluded.

Transthoracic Echocardiography Protocol

The Logiq E9 (GE Healthcare) or the iE33 (Philips Healthcare)
ultrasound machines were used for M-mode and Doppler TTE in
all patients. The echo protocol for stroke consisted of paraster-
nal long- and short-axis imaging, including all valves and Dop-
pler assessments.
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Apical four-, two-, three-, and five-chamber views were ob-
tained for the evaluation of any shunts. These focused on the in-
terventricular and interatrial septum, as well as the right ventricle,
including Doppler assessment of all valves. If there was poor vi-
sualization of the apex or if standard 2D imaging was suggestive
of thrombus, commercial contrast enhancement was used. Addi-
tionally, subcostal and suprasternal notch images were obtained.
Doppler assessment was performed across the interatrial septum
in the subcostal views. A bubble-agitated saline study was per-

formed in patients 55 years and younger to exclude the presence
of atrial septum defects.

Cardiac CTA Protocol

CCTA was performed on a first- or second-generation du-
al-source CT scanner (Somatom Definition and Somatom Flash,
Siemens Healthineers). To minimize radiation exposure, CT pro-
tocols were chosen according to individual patient characteris-
tics (heart rate and rhythm, body mass index). These protocols

457 Patients with acute ischemic stroke identified

¥

Cardiac imaging assessment
(TTE and CCTA or CMRI)
available

—>| 173 Patients excluded |

A 4

284 Patients with acute ischemic stroke and cardiac imaging ‘

v

Abrupt presentation with
cerebral cortical impairment
(aphasia, neglect, restricted
motor involvement, etc.) or

brainstem or cerebellar
dysfunction

l—>| 8 Patients excluded

Evidence of a previous TIA
or stroke in more than one
vascular territory or

TOAST
criteria

systemic embolism on head
CT or brain MRI

l—>| 55 Patients excluded

Absence of atherosclerotic

A

di causing a stenosis
> 50% in the intracranial or
extracranial vasculature on
CT, MRI, or angiography

l—>| 50 Patients excluded

Absence of non-
atherosclerotic
vasculopathies,
hypercoagulable states, or
hematologic disorders

—>| 8 Patients excluded

A

163 Patients with acute stroke of suspected cardioembolic origin who underwent

CCTA or CMRI after TTE

¥

Incomplete TTE or non-
diagnostic examination

—>| 12 Patients excluded |

A 4

151 Patients included in final cohort ‘

v

v

Fig. 1—Flowchart of patient selection. TTE =

| CCTA and TTE (n=76) |

| CMRI and TTE (n = 75) |

transthoracic echocardiography, CCTA = cardiac

CTA, CMRI = cardiac MRI, TIA = transient ischemic
attack, TOAST = Trial of Org 10172 in Acute Stroke

| 12 Recurrent strokes |

| 14 Recurrent strokes |

Treatment classification system.
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Fig. 2—ROC curves of diagnostic performance of three imaging modalities for excluding recurrent stroke in patients with suspected cardiac source of embolism.

A, ROC curves compare cardiac CTA (CCTA) and transthoracic echocardiography (TTE) in patients who underwent both examinations; their diagnostic performance

was not significantly different (p =.06).

B, ROC curves compare cardiac MRI (CMRI) and TTE in patients who underwent both examinations; their diagnostic performance was not significantly different (p = .23).

TABLE 1: Patient Demographics

Characteristic CCTA (n=76) CMRI (n=75) p

Sex .51

Men 42(55.3) 38(50.7)

Women 34 (44.7) 37 (49.3)
Age (y) 63.3£15.1 61.6+17.3 .50
Body mass index® 277 71 28+6.9 79
Comorbidity

Diabetes 24(31.6) 19 (25.3) .36

Hypertension 58(76.3) 53(70.7) .35

Congestive heart failure 17 (22.4) 14(18.7) .54

Vascular disease 9(11.8) 8(10.7) 79

Atrial fibrillation or atrial flutter 25(329) 14 (18.7) .06

Current smoking 20(26.3) 16 (21.3) 44

Dyslipidemia 43 (56.6) 30 (40.0) .06

Coronary artery disease 43 (56.6) 32(42.7) .06
Therapy

Heparin 16 (21.1) 15 (20.0) .84

Antiplatelet 48(63.2) 29(38.7) <.01
Cholesterol (mg/dL)

Total 147.2£39.3 165.6 £46.5 .01

HDL 453+12.7 47 £171 .06

LDL 83.6+30.7 95+ 35.1 .06
Triglyceride level (mg/dL) 84 (63.5-109) 92 (71-148) .08

Note—Unless otherwise indicated, values are represented as means + SDs or frequency (percentages). Patients undergoing anticoagulant therapy were considered to
be under chronic treatment. CCTA = cardiac CTA, CMRI = cardiac MRI, HDL = high-density lipoprotein, LDL = low-density lipoprotein.
2BMI is measured as weight in kilograms divided by the square of height in meters.

bInterquartile range is indicated in parentheses.
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included traditional retrospective ECG gating with default use of
ECG-dependent tube current modulation, prospective ECG trigger-
ing, and prospectively ECG-triggered high-pitch spiral acquisitions;
50-80 mL of iodinated contrast material (iopromide, Ultravist 370
mg I/mL, Bayer HealthCare) was injected at a rate of 4-6 mL/s, im-
mediately followed by a 50-mL saline bolus. Beta-blocker was ad-
ministered for heart rate control when necessary. The parameters of
the CCTA protocol included the following: tube current-time prod-
uct, 350-650 mAs; tube potential, 80-120 kVp; and gantry rotation
time, 0.28-0.33 second. All examinations were obtained during
breath-hold in the craniocaudal direction with z-axis coverage from
the aortic arch to the diaphragm, specific in patients with stroke as-
sessment. After 2 minutes, a delayed scan was acquired to discrimi-
nate between the presence of a thrombus or circulatory stasis in the
left atrial appendage, according to our stroke protocol. The 2-min-
ute delay also provided sufficient time for full opacification of the
inferior vena cava and the right atrium. All images were reconstruct-
ed with a section thickness of 0.75 mm and 0.4-mm increments us-

ing a soft-tissue convolution kernel (B36f). Three-dimensional vol-
ume-rendering and multiplanar reformations were generated on a
separate workstation (Syngo.via VB10B, Siemens Healthineers). Ra-
diation exposure was estimated from the dose-length product. The
calculated median dose-length product and the effective dose (con-
version factor 0.014) were 699 mGy X cm (interquartile range [IQR],
401-1123) and 9.7 mSv (IQR, 5.6-17.2), respectively [19].

Cardiac MRI Protocol

CMRI studies were performed on a 1.5-T system (Magnetom Avan-
to, Siemens Healthineers). Images were acquired during breath-hold
at end-expiration. Retrospective ECG-gated cine images were ob-
tained in a double-oblique short-axis view. The whole heart was cov-
ered with 8-mm-thick slices and without interslice gaps using a bal-
anced SSFP cine sequence. After IV administration of 0.2 mmol/kg of
gadobenate dimeglumine (MultiHance, Bracco Diagnostics), either a
time-resolved MRA of the aorta in a candy-cane view with inter-
leaved stochastic trajectories VIBE, or rest first-pass myocardial

TABLE 2: Diagnostic Performance of Cardiac CTA (CCTA), Cardiac MRI (CMRI), and Tran

Echocardiography (TTE)

CCTA and TTE Group (n = 76) CMRI and TTE Group (n =75)
Characteristic CCTA TTE CMRI TTE
No. with recurrent strokes 12 12 14 14
True-positives 4 1 2 2
False-negatives n 12 12
No. without recurrent stroke 64 64 61 61
True-negatives 60 60 49 51
False-positives 4 4 12 10
Median (IQR) time delay before cardiac examination after (d)
First stroke 2(1-4) 1(0-1) 4(2-6) 1(0-2)
Recurrent stroke 10 (3-71) 19 (6-59) 15 (3-71) 21 (11-46)
Sensitivity
Percentage 333 8.3 14.3 14.3
Raw numbers 4/4+8 17141 2/2412 2/2+12
Specificity
Percentage 93.7 93.7 80.3 83.6
Raw numbers 60/60+4 60/60+4 49/49+12 51/51+10
PPV
Percentage 50.0 20.0 14.3 16.7
Raw numbers 4/4+4 1/1+4 2/2+12 2/2+10
NPV
Percentage 88.2 84.5 80.3 80.9
Raw numbers 60/60+8 60/60+11 49/49+12 51/51+12
AUC (95% Cl) 0.63 (0.49-0.77) 0.51(0.42-0.59) 0.53(0.42-0.63) 0.51(0.40-0.61)
P
CCTA NA .06 23 NA
CMRI .23 NA NA 15

Note—IQR = interquartile range, NA = not available.

2According to the DeLong method to compare AUCs between the techniques.
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perfusion imaging in three short-axis slices of the left ventricle was
performed. Early (2-minute) and late (10- to 15-minute) gadolinium
enhancementimaging for the detection of thrombus and myocardial
hyperenhancement was then performed. Left atrial and left ventric-
ular thrombi were studied through short-axis and two-, three-, and
four-chamber long-axis views on both the cardiac chambers. Early
and late gadolinium enhancement images were obtained in long-
and short-axis views using an inversion recovery balanced SSFP se-
quence. Inversion time was set at 500 milliseconds for early imaging

to improve this technique’s sensitivity for thrombus by decreasing its
signal and was adjusted to null the signal from the normal myocardi-
um for late gadolinium enhancement. MR images were reviewed on
a PACS workstation.

Image Analysis

The clinical radiologic reports for each patient’s neuroradiologic
imaging were reviewed to identify patients with imaging suggestive
of cardioembolic stroke. The examinations were interpreted clinically

Fig. 3—53-year-old man with loss of consciousness.
A, DWI shows one area of restricted diffusion (arrow)
in right corona radiata. Another acute lesion was
found in white matter of left parietal lobe (not
shown), suggestive of cardioembolic stroke. Patient
was readmitted 45 days later.

B, DWI from repeat imaging 45 days later shows new
acute ischemic area (arrow) in left corona radiata.
Cand D, Early (C) and delayed (D) contrast-
enhanced images from cardiac CTA performed 1 day
after first stroke show round filling defect (arrows) in
left atrial appendage persisting in both acquisition
time points.

TABLE 3: Pathologic Findings Detected by Cardiac CTA (CCTA), Cardiac MRI (CMRI), and Transthoracic

Echocardiography (TTE)

CCTAand TTE (n =76) CMRland TTE (n =75)
CCTA TTE CMRI TTE

Pathologic Findings TP FP TP FP TP FP TP FP
Left atrial thrombus 1 2 0 0 1 3 1 0
Left ventricular thrombus 2 2 1 2 0 5 1 7
Vegetation 0 0 0 2 0 3 0 2
Vulnerable aortic plaque 1 0 0 0 1 1 0 0
Cardiac tumor 0 0 0 0 0 0 0 1
Total positives 4 4 1 4 2 12 2 10
Note—TP = true-positive (positive cardiac examination and recurrent stroke), FP = false-positive (negative cardiac examination but recurrent stroke).
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TABLE 4: Prevalence of Atrial Fibrillation Between Patients With Recurrent Stroke Who Underwent

Cardiac CTA (CCTA), Cardiac MRI (CMRI), and Transthoracic Echocardiography (TTE)

With Atrial Without Atrial
Patients Total Fibrillation Fibrillation p
CCTA and TTE group (n =76)
CCTA .38
True-positives 4 2 2
False-negatives 6 2
TTE 14
True-positives 1 0 1
False-negatives n 8 3
CMRIand TTE group (n =75)
CMRI .82
True-positives 2 1 1
False-negatives 12 5 7
TTE .82
True-positives 2 1 1
False-negatives 12 5 7

Fig. 4—76-year-old man with heart failure and
sudden onset neurologic deficit.

A, DWI shows two small areas of restricted diffusion
(arrows) in centrum semiovale bilaterally, suggestive
of cardioembolic stroke.

B, DWI from repeat imaging performed after 3 days
indicates that three acute ischemic areas (arrow)
occurred in left parietal lobe.

C, Axial HASTE image shows concentric intramural
hematoma (arrows) extending from proximal
ascending aorta to descending aorta.

D, VIBE image shows extension into brachiocephalic
artery (arrow).
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by one of two nonauthor neuroradiologists as part of the patients’
routine workup. This imaging included head CT; brain MRI; and CT,
MRI, and invasive angiography of the intra- and extracranial vas-
culature. The radiologic reports were considered suggestive of
cardioembolic stroke if describing either a corticosubcortical terri-
torial lesion without large-vessel atherosclerotic disease causing a
stenosis greater than 50% or multifocal ischemic lesions present at
different vessel territories (e.g., cerebri posterior and cerebri media,
or both left and right hemispheres) [20].

TTE, CCTA, and CMRI examinations were assessed for left atrial
or left ventricular thrombus, vulnerable aortic plaque, cardiac tu-
mors, or valvular vegetation. The TTE assessment was made accord-
ing to the examinations’ clinical reports; these were interpreted clin-
ically by one of two cardiologists (S.E.L. with 21 years of experience
and a nonauthor cardiologist with 6 years of experience) who per-
formed the studies as part of routine patient care. Blinded to TTE re-
sults, clinical data, and CMRI and CCTA reports, a senior radiology
resident (F.L., with 4 years of experience in cardiovascular imaging)
reviewed CMRI and CCTA images. The original report and the resi-
dent’s blinded reading agreed in 69 of 76 CCTA examinations and
in 64 of 75 CMRI examinations. The discrepancies were resolved by
a cardiovascular radiologist (JW.N., with 5 years of experience). Car-
diac imaging was considered positive for a cardioembolic source if
thrombus, vulnerable aortic plaque, valvular vegetation, or intrac-
ardiac tumor was identified. The cardiac imaging study was consid-
ered negative in the absence of these findings. A thrombus was de-
fined as a filling defect in the left chambers present in early and late
phase images [21]. A vulnerable aortic plaque in the ascending aorta
and aortic arch was identified as a plaque greater than 4 mm thick
with complex morphologic features such as ulcerations or superim-
posed thrombi [22]. Valvular vegetation was defined as irregularly
shaped, oscillating masses distinct from the endocardium of the mi-
tral or aortic valve [23]. Cardiac tumors were defined as variably en-
hancing, heterogeneous intracardiac or myocardial masses [24].

The study end point of recurrent stroke was defined as the oc-
currence of a new ischemic lesion on head CT or brain MRI. Cases
with positive cardiac examination and recurrent stroke were con-
sidered a true-positive; those with negative cardiac examination
and without recurrent stroke were considered a true-negative.
Cases with negative cardiac examination but recurrent stroke were
considered a false-negative; those with positive cardiac examina-
tion but without recurrent stroke were considered a false-positive.

Statistical Analysis

All analyses were performed with SPSS software (version 24,
IBM). Data were tested for normality using the Shapiro-Wilk test.
Differences between categoric variables were analyzed using the
chi-square test or the Fisher exact test. A chi-square test of inde-
pendence with Cramér V was performed to test the relationship
between recurrent stroke and chronic anticoagulant therapy. We
also performed a one-sample nonparametric test between the
false-negative and the true-positive cases to test the different
prevalence of atrial fibrillation between patients with recurrent
stroke. Differences between continuous variables were analyzed
using the ANOVA test. Sensitivity, specificity, PPV, and NPV were
calculated for CMRI, CCTA, and TTE in relation to recurrent stroke.
The AUC was obtained to compare the diagnostic accuracy of
CCTA, CMRI, and TTE in the two patient groups. Diagnostic accu-
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racy between imaging modalities was compared using the De-
Long method. A p value < .05 was considered significant.

Results
Patient Characteristics

A total of 151 patients (CCTA and TTE, n = 76; CMRI and TTE,
n = 75) with suspected cardioembolic stroke were included (80
men [53.0%], 71 women [47.0%]; mean age, 62.4 + 16.2 [SD] years).
All CCTA and CMRI scans were complete and diagnostic. Table 1
shows patient characteristics. The clinical variables were not sig-
nificantly different between the groups (p > .05), aside from a
significantly higher (p < .01) rate of antiplatelet treatment in the
CCTA group (63.2%) than the CMRI group (38.7%) and the signifi-
cantly higher (p =.01) level of total cholesterol in the CMRI group
(165.6 = 46.5 mg/dL) than the CCTA group (147.2 £ 39.3 mg/dL).

Diagnostic Performance of Cardiac CTA, Cardiac MRI, and
Transthoracic Echocardiography

A total of 26 recurrent strokes occurred, 12 in the CCTA group and
14 in the CMRI group. Among the 16 and 15 patients under heparin
therapy in the CCTA and CMRI groups, three and two patients had a
recurrent stroke, respectively. Heparin therapy and recurrent stroke
were not associated in either group (CCTA group: p =.73, CramérV =
0.04; and CMRI group: p = .55, Cramér V = 0.06). A total of 77 patients
received antiplatelet therapy, 48 in the CCTA group and 29 in the
CMRI group. The rate of stroke recurrence was 15.1% in the anticoag-
ulant group and 14.5% in the antiplatelet group (p > .99).

The median (IQR) time delay between cardiac examination and
recurrent stroke was 10 (3-71) and 19 (6-59) days for CCTA and
TTE, respectively, in the CCTA group, versus 15 (3-71) and 21 (11-
46) days for CMRI and TTE, respectively, in the CMRI group. The di-
agnostic accuracy of the imaging techniques is shown in Table 2.
Sensitivity, specificity, PPV, and NPV were 33.3%, 93.7%, 50.0%, and
88.2% for CCTA; 14.3%, 80.3%, 14.3%, and 80.3% for CMRI; 14.3%,
83.6%, 16.7%, and 80.9% for TTE in the CMRI group; and 8.3%,
93.7%, 20.0%, and 84.5% for TTE in the CCTA group. Accuracy was
not different (p > .05) between CCTA (0.63; 95% Cl, 0.49-0.77), CMRI
(0.53; 95% Cl, 0.42-0.63), TTE in the CMRI group (0.51; 95% Cl, 0.40-
0.61), and TTE in the CCTA group (0.51; 95% Cl, 0.42-0.59). Figure
2 shows the ROC curves of the different imaging techniques; the
three AUCs were not significantly different (p > .05).

The pathologic findings detected by the three techniques are
shown in Table 3, and the number of true-positive and false-neg-
ative cases are shown in Table 4. In the CCTA group, among 11
patients with a false-negative TTE for recurrent stroke, three had
a positive CCTA. Among these three patients, one had a left ven-
tricular thrombus, one had a left atrial thrombus, and one had a
vulnerable aortic plaque (Fig. 3). In the CMRI group, one of the 12
false-negative TTE cases had a vulnerable aortic plaque with an
intramural hematoma on CMRI (Fig. 4). No left atrial or left ventric-
ular thrombus was detected on CMRI in patients with a false-neg-
ative TTE. Among three total cases of left atrial or left ventricu-
lar thrombus in the CCTA group, CCTA detected three and TTE
detected one. Among 12 false-negative CMRI cases for recurrent
stroke, one had a left ventricular thrombus on TTE. In the latter
case, TTE was performed and medical therapy was started a day
earlier than CMRI. None of the eight false-negative CCTA cases
had a cardioembolic source on TTE. Valvular vegetation was sug-
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gested by CMRI in three patients but was ruled out by follow-up
transesophageal ultrasound in all three cases. TTE suggested val-
vular vegetation as well in two of these three patients. Among
three total cases of left atrial or left ventricular thrombus in the
CMRI group, CMRI detected one, and TTE detected two.

Table 4 compares the prevalence of atrial fibrillation between
patients with recurrent stroke that underwent CCTA, CMRI, and
TTE, stratifying by true-positive versus false-negative results for
each of the three techniques. The distribution of atrial fibrilla-
tion was not significantly different between true-positive and
false-negative cases for any technique (CCTA, p =.38; CMRI, p = .82;
TTE in the CCTA and CMRI groups, p =.14 and p = .82, respectively).

Discussion
This investigation quantified the diagnostic performance of
CCTA, CMRI, and TTE for stroke recurrence in patients presenting
with acute stroke of suspected cardioembolic origin. Although the
performance of individual imaging techniques in this setting has
been described, their comparative performance to reliably rule out
stroke recurrence in the absence of intracardiac sources of embo-
lism on imaging is insufficiently studied [7, 10-13]. CCTA, CMRI, and
TTE all had high specificity and NPV for cardioembolic stroke recur-
rence (CCTA, 93.7% and 88.2%; CMRI, both 80.3%; TTE in the CCTA
group, 93.7% and 84.5%; TTE in the CMRI group, 83.6% and 80.9%).
The low sensitivity and PPV (CCTA, 33.3% and 50.0%; CMRI,
both 14.3%; TTE in the CCTA group, 8.3% and 20.0%; TTE in the
CMRI group, 14.3% and 16.7%) may reflect the study design ac-
cording to cardioembolic stroke recurrence. The specific therapy
that was initiated according to initial diagnostic testing may have
decreased the number of true-positives and resulted in false-pos-
itives on cardiac imaging, thereby lowering the PPV. A possible
cause of stroke recurrence without any embolic source identi-
fied by cardiac imaging is the potential formation of a clot inside
the cardiac chambers during the time delay between the cardiac
examination and the stroke recurrence. Such occurrences could
have contributed to the false-negatives that in turn resulted in
low sensitivity. CCTA's higher sensitivity and PPV relative to CMRI
and TTE may be from the technique’s better performance in the
detection of left atrial thrombi and vulnerable aortic plaque.
Left atrial thrombi and vulnerable aortic plaques are directly
linked to the incidence of cardioembolic stroke and its recurrence
[13, 25]. Although the three techniques showed comparable re-
sults overall, the higher diagnostic yield of CCTA in the identifica-
tion of these two pathologic findings may impact the prediction
of recurrent stroke. This implication is suggested by the lower
proportion of false-negative CCTA cases and the higher number
of true-positive CCTA cases compared with TTE. This higher di-
agnostic performance of CCTA compared with TTE may not have
been statistically significant because of the small sample size.
Previous studies showed that TTE may not be reliable in the
detection of left atrial thrombi and vulnerable aortic plaques [8].
Conversely, both CCTA and CMRI have good diagnostic accura-
cy in the identification of these two findings [15, 26]. Particular-
ly, CCTA could detect more vulnerable plaques throughout the
aortic arch and around the origins of the supraaortic arch vessels
in comparison with transesophageal echocardiography [14, 27].
Although it is not the clinical protocol at our institution, the ex-
tension of CTA to the carotid arteries using a nongated scan has
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been shown to be beneficial for the evaluation of supraaortic ar-
teries, especially in patients who have had a stroke [28].

In contrast with a previous study that showed that CMRI is a reli-
able technique in the detection of left ventricular thrombi [16], we
observed a patient in whom TTE was able to detect a left ventricu-
lar thrombus not detected by CMRI. TTE was performed 1 day be-
fore CMRI in this patient, and we speculate that the medical ther-
apy may have caused the dissolution of the thrombus inside the
left ventricle with potential embolization to brain vessels. It is also
possible that the inferior spatial resolution of CMRI compared with
both TTE and CCTA contributed to missing small thrombi. On the
other hand, CMRI detected an aortic valve vegetation that was not
detected by TTE. This vegetation measured 5 x 9 mm. Although
TTE has better spatial resolution than CMRI, its high operator de-
pendency may have influenced the detection of this vegetation.

Although echocardiography is considered an integral part of the
imaging strategy for the assessment of stroke, suitable criteria or es-
tablished guidelines regarding the use of CCTA or CMRI for such as-
sessmentare currently lacking [29, 30]. Our study suggests that these
two techniques may be valid alternatives to TTE in patients with high
suspicion of cardioembolic stroke. In fact, in addition to having a
similarly high specificity and NPV as TTE, CCTA and CMRI have the
advantage of greater objectivity and reproducibility for a compre-
hensive assessment of patients who have had a stroke. Although all
three techniques allow the study of extracardiac structures such as
the carotid arteries in a single examination, each has its own benefits
and limitations. TTE and carotid Doppler imaging can be performed
in the same imaging session and provide relatively good spatial res-
olution and functional information. However, both are operator-de-
pendent, and the examination’s diagnostic certainty may be limited
by inadequate acoustic windows and the inability to comprehen-
sively study chest and vascular anatomy. Extending a CMRI session
to a head and neck examination adds substantial imaging time and
exposure to gadolinium-based contrast material. Although the abili-
ty of MRl to characterize plaque is limited, MRI provides excellent in-
tracranial assessment. Finally, CCTA provides high spatial resolution
and excellent ability to characterize plaques; however, the extension
of a CCTA examination to a head and neck examination increases ex-
posure to contrast material and radiation. Therefore, additional ex-
aminations must be individually and carefully chosen if a TTE exam-
ination is incomplete or provides inconclusive findings [8].

This study has a number of limitations. Because of the study’s
retrospective nature, information on the history of previous cere-
brovascular accidents and ongoing statin and antiplatelet therapy
were not available for all patients. Moreover, the study could not
assess adherence to anticoagulant therapy, which may influence
stroke recurrence. Transesophageal echocardiography, the refer-
ence standard for the detection of the cardiac source of embolism,
was performed in a small fraction of patients and thus was not
considered. Because a recurrent cerebrovascular event is the major
cause of increased mortality and morbidity in patients with cardio-
embolic stroke, it is of paramount importance to define the risk of
recurrence to select the most appropriate strategies for follow-up
and therapy. For this reason, our results included stroke recurrence,
for which avoidance is the main goal of diagnosis in this clinical
scenario. Moreover, although transesophageal echocardiography
excels in the detection of a medium-risk cardiac source, evidence is
lacking regarding optimal management and therapy [31].
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The time delay between the cardiac examinations and the re-
current stroke and medical therapy started as a result of the di-
agnostic tests may have influenced the occurrence of recurrence.
However, our study was designed to precisely reflect the clinical
and radiologic workup of patients with suspected cardioembolic
stroke. Consequently, we considered the role of these factors im-
portant as part of the variables involved in this clinical scenario.

A high percentage of patients presented with atrial fibrillation and
cardiac diseases, which may have increased the risk of recurrence in
our cohort. We included these patients given that these diseases
are considered high-risk sources of cardiac embolism. Nonetheless,
atrial fibrillation was not more prevalent in patients with recurrent
stroke, which likely reflects the chronic therapy in these patients.

We only evaluated the presence of high-risk cardiac sources
(cardiac thrombi, valvular vegetation, cardiac tumors, and vul-
nerable aortic atheroma) that, when present, require immedi-
ate initiation of the appropriate clinical therapy [4]. However, this
approach may have lowered the NPV of the three imaging tech-
niques. The median time between the first and recurrent stroke
episodes was relatively short. Thus, our investigation predomi-
nantly captured earlier recurrent strokes. Our single-center study
included a limited number of highly selected patients because
of the strict exclusion and inclusion criteria focusing solely on
cardioembolic strokes. This investigation is hypothesis-gener-
ating, and future multicenter prospective studies are warranted
to more granularly describe the comparative diagnostic perfor-
mance of the imaging techniques under investigation.

In conclusion, CCTA, CMRI, and TTE all showed comparable
high specificity and NPV for stroke recurrence. CCTA and CMRI
may be useful alternatives to TTE. CCTA may be preferred given
its better detection of left atrial and left ventricular thrombi.
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Editorial Comment on “Predictive Value of Cardiac CTA, Cardiac MRI, and Transthoracic Echocardiography for

Cardioembolic Stroke Recurrence”

During my residency in radiology between 15 and 20 years ago,
one specialty with which | had less contact was cardiology. Echocar-
diography was the domain of the cardiologist. We learned to evalu-
ate the cardiomediastinal silhouette on radiographs, but in our hos-
pital there was not yet a cardiac MRI (CMRI) program, and on the
helical CT scanners at that time, the heart was just a blur. Nowadays,
the discipline | coordinate in our institution is called thoracic and car-
diovascularimaging, and our radiology fellows learn to report on car-
diac CTA (CCTA) and CMRI. Radiology residents learn to look at the
heart with different eyes, knowing that even on thoracic radiographs,
as with chest CT, cardiac findings can be clinically significant [1].

In this study, the authors investigated the accuracy of CCTA,
CMRI, and transthoracic echocardiography (TTE) for recurrence
in patients with suspected cardioembolic stroke. A total of 151
patients were evaluated for the presence of left atrial thrombus,
left ventricular thrombus, vulnerable aortic plaque, cardiac tu-
mors, and valvular vegetation as causes of cardioembolic stroke.
CCTA and CMRI showed similar clinical performance to TTE for
predicting stroke recurrence, which may be especially important
when TTE provides equivocal findings. CCTA was better for de-
tection of atrial and ventricular thrombus.

A comprehensive evaluation of patients with ischemic stroke
depends on the stroke’s etiologic classification, which usually
is multifactorial and dictates treatment during and after ictus,

prognosis, and risk of recurrence [2]. Head and neck CTA is widely

incorporated into acute stroke protocols and may be most useful

in guiding therapeutic decisions when complemented by CCTA.

The same complementary role may apply for brain MRl and CMRI.

General radiologists should also be aware of the importance of

stroke etiologic classification and actively search for cardiac find-

ings that may be associated with cardioembolic disease (Zotin
MCZ, et al., 2017 American Society of Neuroradiology meeting).
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