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Dual-Energy Computed
Tomography-Enabled

Material Separation
in Diagnosing Left Atrial Appendage Thrombus

We explored the potential clinical value of material separation enabled by dual-energy
spectral computed tomography in detecting left atrial appendage thrombi.

The study enrolled 24 patients who were scheduled to undergo atrial fibrillation abla-
tion (12 with and 12 without left atrial appendage thrombi). Computed tomograms were
acquired in gemstone spectral imaging mode, the densities in the regions of the left atrial
appendage cavities, pectinate muscles, and left atrial appendage thrombi were analyzed
on monochromatic 70-keV images. lodine and blood were chosen as the material basis
pair, the iodine and blood densities were observed and quantitatively determined from the
iodine- and blood-specific material decomposition images.

On the 70-keV monochromatic and iodine-specific images, the left atrial appendage
pectinate muscles and thrombi appeared as areas of hypodense attenuation. On the
blood-specific images, similar areas of high attenuation were observed in the thrombi and
cavities, whereas lower attenuation was noticed in the pectinate muscles. The quantita-
tive iodine and blood densities in the pectinate muscles were lower than those in the
cavities (P <0.001). The iodine densities in the thrombi were lower than those in the cavi-
ties (P <0.001); however, blood densities did not differ significantly between the thrombi
and cavities (P=0.192). Compared with the pectinate muscles, the thrombi showed lower
blood-density differences (P=0.003) and higher iodine-density differences (P=0.006) in
relation to the cavities.

Spectral computed tomography-enabled material separation is a novel method for dif-
ferentiating left atrial appendage thrombi from pectinate muscles. The potential applica-
tions of this technology warrant further studies. (Tex Heart Inst J 2019;46(2):107-14)

eft atrial appendage (LAA) thrombus formation is one of the most frequent

complications that develop in patients with atrial fibrillation (AF). Because

LAA thrombi are often accompanied by peripheral arterial thromboembolic
events such as ischemic stroke, they are associated with high morbidity and mortal-
ity rates.! To date, transesophageal echocardiography (TEE) is the chief method for
diagnosing LAA thrombi.? However, in addition to its relatively invasive nature, TEE
yields results that depend greatly on the operator’s skill and experience. Occasion-
ally, LAA pectinate muscles and spontaneous echocardiographic contrast (SEC) are
misidentified as LAA thrombi on TEE.? Cardiac computed tomography (CT) has
been validated as an alternative method for identifying LAA thrombi; however, tradi-
tional multislice spiral CT is prone to false-positive findings when used to detect LAA
thrombi.** A novel technology has recently been introduced in the form of dual-energy
spectral CT, which uses a single X-ray tube and enables fast tube-voltage switching
between low and high kilovoltage to simultaneously collect low- and high-energy data.
In addition to yielding 101 monochromatic images, spectral CT can generate material-
specific images based on the densities of material basis pairs, such as iodine and water,
iodine and calcium, and calcium and fat, thereby enabling material separation and
composition analysis.’ Spectral CT technology has proved to be valuable in applica-
tions such as coronary artery imaging,® plaque detection,” and myocardial perfusion
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imaging,® but it has rarely been used to diagnose cardiac
thrombi”’ In this study, we explored the applicability
and potential clinical use of cardiac spectral CT imag-
ing to differentiate LAA thrombi from LAA pectinate
muscles. We based our analysis on the spectral differen-
tiation of iodine and blood and the derived iodine- and
blood-based material decomposition images. To our
knowledge, this is the first reported use of spectral CT
technology for this purpose.

Patients and Methods

A rtotal of 24 patients who were scheduled to undergo
radiofrequency ablation for AF at our hospital from
April 2014 through October 2015 were consecutively
enrolled in the study; the study population included
14 men and 10 women (mean age, 62.8 £ 9.6 yr; age
range, 4278 yr). All patients underwent TEE within
3 days before CT evaluation. The patients were di-
vided into 2 groups on the basis of TEE results and
were age- and sex-matched; each group included 7 men
and 5 women (age range, 42-78 yr; mean age, 62.8 =
9.8 yr). Group 1 consisted of 12 patients who did not
have LAA thrombi or SEC. The duration of persistent
AF in this group ranged from 6 months to 8 years; 2
patients had paroxysmal AF, 4 had persistent AF, and
6 had permanent AF. Group 2 consisted of 12 patients
with LAA thrombi confirmed by TEE. The diagno-
sis of LAA thrombosis was further confirmed by serial
TEE performed after systemic anticoagulation therapy
was given. The duration of persistent AF in this group
ranged from 8 months to 8 years; 2 patients had par-
oxysmal AF, 4 had persistent AF, and 6 had permanent
AF. The LAA thrombi varied in size from a minimum
of 6.2 x 4.5 mm to a maximum of 19.2 x 12.1 mm, as
determined by TEE. All patients in Group 1 underwent
radiofrequency ablation or balloon cryoablation for AF;
no thromboembolic events occurred in this group in-
traoperatively or postoperatively. All patients in Group
2 received systemic anticoagulation with warfarin
(Xinyi Pharmaceutical Co.), rivaroxaban (Bayer Scher-
ing Pharma AG), or dabigatran (Bochringer Ingelheim
International GmbH). This study was conducted after
we obtained informed consent from all human subjects
and approval from the ethics committee of China-Japan
Union Hospital of Jilin University.

Echocardiographic Evaluation

We used a Philips Sonos® 5500 ultrasound machine
(Philips Electronics) with color-Doppler mode and a
multiplane TEE probe, operated at a frequency of 5
MHez. After the LAA was clearly displayed, 0-180° con-
tinuous explorations were performed in various direc-
tions and at different depths. The LAA thrombus was
defined as a solid, cloudy ultrasonic signal within the
LAA cavity that was closely attached to the LAA wall,
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with margins that were distinguishable from the sur-
rounding tissues and morphologies distinct from those
of the LAA pectinate muscles and SEC (Fig. 1). We
defined SEC as cloudy shadows with cyclotron motions
within the LAA cavity, characterized by signals distinct
from those of pseudonoises.

Spectral Computed Tomography

We used a Discovery CT750 HD multidetector spec-
tral CT scanner (GE Healthcare) in gemstone spectral
imaging (GSI) mode, with prospective electrocardio-
graphic (ECG) gating. All patients signed an informed-
consent form before undergoing CT imaging. The
average heart rate of patients was 79 £ 14 beats/min.
No B-adrenergic blocking agents were used to control
the patients’ heart rates, because the purpose of CT im-
aging was to evaluate the cardiac structures rather than
the coronary arteries. While lying supine, each patient
was connected to an ECG machine and a dual-head
high-pressure injector. The scans were acquired from
1 to 2 cm below the tracheal carina extending to just
below the diaphragm. A test bolus technique was used
before image acquisition in each patient: a total of 20
mL of Omnipaque™ iodinated contrast agent (iohexol
350 mg/mL; GE Healthcare) was administered through
the antecubital vein at a flow rate of 5 mL/s, and 15
mL of saline solution was subsequently administered
at the same flow rate. A region of interest (ROI) was
plotted into the aortic root, and a bolus time-density
curve was acquired. The curve diagrams were analyzed
immediately after the acquisitions, and the time to
maximal enhancement scan delay was determined by
adding 6 s to the time to maximal enhancement value.
The patients were then instructed to hold their breath
while 70 to 80 mL of iohexol was injected intravenously
at the same flow rate, followed by 30 to 40 mL of sa-
line solution. The CT image acquisition parameters
were as follows: helical scan speed of X-ray tube, 0.6 s/
cycle; pitch, 0.969; detector width, 40 mm; tube vole
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Fig. 1 Transesophageal echocardiogram shows a 1.11 x 1.24-
cm thrombus in the left atrial appendage cavity.
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age, instantaneous (0.5-ms) switch between high and
low energy (140 and 80 kVp); tube current, 600 mA;
rotation time, 0.35 s; layer thickness, 0.625 mm; and
interlayer spacing, 0.625 mm. The scanning images
were then reconstructed with use of the default 70-keV
single-energy mode with a layer thickness and interlayer
spacing of 0.625 mm. Image analysis and measurements
were performed on an Advantage Workstation 4.6 (GE
Healthcare).

Image Analysis and Measurements

Group 1

On the 70-keV monochromatic images, the image den-
sities in the regions of the normal LAA cavities and the
LAA pectinate muscles were simultaneously observed
for each separate slice. The LAA pectinate muscles
were identified as low-density shadows or filling defects
within the iodine-enhanced LAA cavities (Fig. 2A). lo-
dine and blood were selected as the material basis pair in
the GSI viewer software. We simultaneously observed
the iodine and blood densities in the regions of the LAA
cavities and pectinate muscles on the iodine- and blood-
specific material decomposition images. Subsequently, a
scanning slice showing clear images and the maximum
pectinate muscle area was selected on the axial 70-keV
monochromatic images, and 1 x 1-mm ROIs were se-
lected for the regions of the LAA pectinate muscles and
the LAA cavities. The same ROIs were automatically
copied to the exact same locations on the iodine- and
blood-specific images, and the iodine and blood densi-
ties at these ROIs were quantitatively measured. Three
ROIs were selected for each slice in the normal LAA
cavities and pectinate muscles, respectively, and the
quantitative measurements were repeated for 10 scan-
ning slices. The averaged results of the iodine and blood
densities were used in the final statistical analysis.

To further illustrate the differences between the io-
dine and blood densities of the LAA pectinate mus-
cles and the LAA cavities, we inserted additional 1 x
1-mm ROIs in the central regions of the LAA pectinate
muscles and the LAA cavities, and we calculated the
differences in blood and iodine density by subtracting
the blood and iodine densities in the central regions
of the LAA pectinate muscles from those of their re-
spective LAA cavities for each slice. This process was
repeated for 10 scanning slices, and the averaged results
were used as the patients’ final differences in iodine and
blood densities between the LAA pectinate muscles and
LAA cavities.

Group 2

Using the same method as for Group 1, we simultane-
ously observed the image densities in the regions of the
LAA thrombi and the LAA cavities on the axial 70-keV
monochromatic images for each slice. We identified
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Fig. 2 In a patient without left atrial appendage (LAA) thrombus,
spectral computed tomography was used to produce A) a
reconstructed 70-keV monochromatic image; B) a decomposed
iodine-specific image, and C) a decomposed blood-specific
image. L1 and L2 are the regions of interest in the LAA cavity and
the pectinate muscles, respectively. The LAA pectinate muscles
show lower attenuation than does the LAA cavity.

LAA thrombi as uneven low-attenuation areas or fill-
ing defects within the LAA cavity, with morphologies
distinct from those of the LAA pectinate muscles and
CT artifacts. Two attending radiologists (LL and MCZ)
and one TEE expert (DMG or ]S) identified the LAA
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thrombi together. Using the iodine- and blood-specific
material decomposition images, we performed simulta-
neous comparative observation of the iodine and blood
densities in the regions of the LAA thrombi and the LAA
cavities and quantitatively measured the averaged iodine
and blood concentrations in the LAA thrombi and cavi-
ties. Similarly, the iodine- and blood-density differences
between the LAA thrombi and the LAA cavities were
obtained by subtracting the blood and iodine densities
in the central regions of the LAA thrombi from those of
their respective LAA cavities for each slice.

We planned simultaneous determination of the io-
dine and blood densities of the LAA thrombi and the
pectinate muscles in this group of patients. However,
because we were unable to identify the pectinate mus-
cles on the slices displaying the LAA thrombi, we deter-
mined only the iodine- and blood-specific densities of
the LAA thrombotic lesions and cavities for each slice,
without measuring those of the pectinate muscles.

Statistical Analysis

SigmaStat® 3.5 software (Systat Software, Inc.) was used
for statistical analyses. Quantitative data are expressed
as mean = SD for continuous variables with normal
distribution. Data are expressed as median (25th-75th
percentile) for continuous variables without normal dis-
tribution. The paired Student 7 test was used to compare
the blood and iodine densities between the LAA cavities
and thrombi and between the LAA cavities and pecti-
nate muscles for each slice. An independent-sample #
test was used to compare the iodine and blood densities
and the iodine- and blood-density differences between
groups. The nonparametric Mann-Whitney test was

used to compare samples without a normal distribution.
Pvalues <0.05 were considered statistically significant.

Results

Group 1

On visual evaluation, the LAA cavities with normal
filling of iodinated contrast medium showed high at-
tenuation on the 70-keV monochromatic (Fig. 2A) and
the iodine-specific images (Fig. 2B), whereas the LAA
pectinate muscles appeared as areas of hypodense atten-
uation or filling defects. On the blood-specific images,
the LAA pectinate muscles showed lower attenuation
than did the LAA cavities on visual evaluation (Fig,
2C). The quantitative iodine and blood concentrations
in the regions of the LAA pectinate muscles were sig-
nificantly lower than those of the LAA cavities: iodine
density, 5.74 £ 2.4 vs 16.64 £ 3.06 mg/cm’ (P <0.001);
and blood density, 1,002.37 +20.6 vs 1,047.53 + 11.88
mg/cm® (P <0.001) (Table I).

Group 2

On visual evaluation, the LAA cavities with normal fill-
ing of iodinated contrast medium showed high attenu-
ation on the 70-keV monochromatic (Fig. 3A) and the
iodine-specific images (Fig. 3B), whereas LAA thrombi
appeared as areas of low attenuation or filling defects.
On the blood-specific images, comparable areas of high
attenuation were observed in the LAA cavities and
thrombi (Fig. 3C). The quantitative iodine concentra-
tions were lower in the regions of the LAA thrombi than
in the LAA cavities (1.77 + 1.53 vs 16.96 * 4.83 mg/
cm’; P <0.001), whereas the quantitative blood concen-

TABLE I. Comparison of lodine and Blood Densities and Differences in Densities between the Regions of the LAA
Thrombi and Pectinate Muscles and their Respective LAA Cavities in Patients with and without LAA Thrombi

Group 1 (n=12) Group 2 (n=12)
LAA Cavities Pectinate Muscles LAA Cavities LAA Thrombi
Variable (mg/cm?) (mg/cm?) PValue (mg/cm?) (mg/cm?) PValue PValue*

Blood density  1,047.53+11.88  1,002.37 +20.6 <0.001 1,046.74+10.68 1,036.25 +24.87 0.192 0.001
lodine density 16.64 £ 3.06 574+24 <0.001 16.96 +£4.83 1.77 £1.53 <0.001 <0.001
Blood-density — 41.28 (34.5-47.69) — — 9.55 (-0.08 10 23.84) — 0.003
differences

lodine-density — 10.74+2.14 — — 15.19 £4.65 — 0.006

differences

LAA = left atrial appendage

*LAA thrombi vs pectinate muscles

The blood-density differences were calculated by subtracting the blood densities in the central regions of the LAA pectinate muscles
and thrombi from those of their respective LAA cavities for every slice. The iodine-density differences were calculated by subtracting
the iodine densities in the central regions of the LAA pectinate muscles and thrombi from those of their respective LAA cavities for

every slice.

Data are presented as mean + SD or as median (25th—75th percentile). P <0.05 was considered statistically significant.
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Fig. 3 In a patient with left atrial appendage (LAA) thrombus,
spectral computed tomography was used to produce A) a
reconstructed 70-keV monochromatic image; B) a decomposed
iodine-specific image; and C) a decomposed blood-specific
image. L1 and L2 are the regions of interest in the LAA thrombus
and the LAA cavity, respectively. In comparison with the LAA
cavity, the LAA thrombus shows lower attenuation in A and B;
conversely, areas of higher attenuation are observed in C.

trations did not differ significantly between the LAA
thrombi and the cavities (1,036.25 + 24.87 vs 1,046.74
£ 10.68 mg/cm’; P=0.192) (Table I).

Texas Heart Institute Journal

The LAA thrombi in Group 2 showed a higher blood
density (1,036.25 £ 24.87 vs 1,002.37 £ 20.6 mg/cm?;
P=0.001) and a lower iodine density (1.77 £ 1.53 vs 5.74
* 2.4 mg/cm’; P <0.001) than did the LAA pectinate
muscles in Group 1. In addition, the statistical analysis
showed that the LAA thrombi in Group 2 had lower
blood-density differences and higher iodine-density
differences in relation to the LAA cavities than with
the LAA pectinate muscles in Group 1: blood-density
differences, 9.55 (—0.08 to 23.84) vs 41.28 (34.5—-47.69)
mg/cm’® (P=0.003); and iodine-density difference, 15.19
+4.65 vs 10.74 £ 2.14 mg/cm® (P=0.0006) (Table I).

Discussion

Left atrial appendage thrombosis is a frequent complica-
tion in patients with AF! An LAA thrombus is defined
as a solid lumpy mass that is closely attached to the LAA
wall, with well-defined margins that are distinguishable
from the surrounding tissues and a morphology that can
be differentiated from that of the LAA pectinate mus-
cles and from technological artifacts.”” The thrombosis
is associated with high morbidity and mortality rates
because it often occurs simultaneously with peripheral
arterial thromboembolic events such as ischemic stroke.!
The thrombus can be substantially reduced in size or
even completely dissolved if effective anticoagulation
is administered in a timely fashion.' In addition, LAA
thrombosis is an absolute contraindication for interven-
tions such as AF ablation and LAA closure." Therefore,
accurate and timely detection of an LAA thrombus is
crucial to optimal treatment and improving patients’
prognoses.

Transesophageal echocardiography has been vali-
dated as a fairly accurate method for identifying LAA
thrombi and is currently the gold standard for the di-
agnosis of these lesions. Manning and colleagues' con-
ducted an intraoperative study and found that TEE had
a sensitivity of 100%, a specificity of 99%, a positive
predictive value of 86%), and a negative predictive value
of 100% for the diagnosis of LAA thrombi.” However,
TEE is a semi-invasive technique associated with rare
but potentially life-threatening complications.” In ad-
dition, TEE results depend greatly on the operator’s skill
and experience. Furthermore, normal LAA pectinate
muscles or SEC are sometimes misdiagnosed as LAA
thrombi on TEE.? Cardiac magnetic resonance im-
aging has been proposed as an alternative method for
the diagnosis of LAA thrombi; however, it has several
limitations, including lower imaging speed, higher cost,
longer examination time, and some contraindications."
Multislice spiral CT is a widely used noninvasive diag-
nostic method with multiple advantages. In addition to
its high scanning speed and high resolution, it enables
simultaneous 3-dimensional imaging of the coronary
arteries, left atrium, pulmonary veins, esophagus, and
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phrenic nerves.”'* However, because the normal LAA
pectinate muscles appear as low-density shadows that
are like LAA thrombi on traditional CT images, differ-
entiating between these structures and LAA thrombotic
lesions has been challenging for clinicians.**"

A meta-analysis conducted by Romero and col-
leagues' showed that multislice CT delayed scanning
is a reliable alternative to TEE for diagnosing LAA
thrombi, with sensitivity, specificity, and positive and
negative predictive values >92%."¢ Hur and associates"?’
further improved the delayed-scanning techniques for
differentiating between LAA thrombi and SEC. Hur
and colleagues® used dual-energy CT scanning and
found that the quantitative iodine (water) density was
significantly lower in LAA thrombus than in SEC. Re-
ceiver operating characteristic (ROC) analysis indicated
that a cutoff of 1.74 mg/mL provided a sensitivity and
a specificity of 100% for differentiating LAA thrombi
from SEC, with an area under the curve of 1.

The abovementioned CT imaging algorithm im-
proved the ability to distinguish between LAA thrombi
and SEC; however, it might not be helpful in differ-
entiating LAA thrombotic lesions from normal LAA
pectinate muscles. The current standard method for the
diagnosis of LAA thrombi, TEE, also has limitations
and can yield false-positive results.”? The anatomic com-
plexity of the LAA, which includes multiple branches,
uneven walls, and pectinate muscles,” leaves normal
LAA structures susceptible to misidentification as LAA
thrombi when TEE or CT is used.””** Hypertrophy of
the LAA pectinate muscle often occurs in patients who
have AF because of myocardial remodeling, and when
an irregular and pectinate muscle-like LAA thrombus
coexists with enlarged pectinate muscles in the same
LAA cavity, differentiating between these structures
becomes even more difficult.” In addition, the normal
membranous or ridgelike structures near the orifices
of the left superior pulmonary vein and the LAA have
been easily misdiagnosed as thrombi on TEE.*

Spectral CT is a novel diagnostic technology and a
qualitative leap forward in the field of radiology.* Un-
like conventional CT, which is limited to CT number
measurement, this technology enables a multiparameter
imaging approach, offering an alternative to magnetic
resonance imaging. In this study, we used a high-defini-
tion CT scanner in GSI mode, with a single X-ray tube
and instantaneous fast switching between low and high
voltages (80 and 140 kVp) to obtain the reconstructed
70-keV monochromatic images. We found that obtain-
ing separate iodine- and blood-specific material decom-
position images facilitated the differentiation between
LAA thrombotic lesions and pectinate muscles. To our
knowledge, this is the first reported use of spectral CT
technology for this purpose.

In this study, we noticed that both LAA thrombi and
pectinate muscles appeared as low-density shadows on
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the 70-keV monochromatic images. Similarly, on the
iodine-specific images, LAA thrombi and pectinate
muscles were both visually observed as areas of low at-
tenuation or filling defects. The quantification of io-
dine concentrations, which were lower in the regions
of the LAA thrombi and pectinate muscles than in the
LAA cavities, confirmed these visual findings. On the
blood-specific images, there were differences between
the appearance of the LAA thrombi and that of the
pectinate muscles; comparable areas of high attenuation
were observed in the LAA thrombi and the LAA cavi-
ties, whereas lower attenuation was noted in the LAA
pectinate muscles. The quantified blood concentrations
in the LAA thrombi were like those in the LAA cavities,
whereas lower blood concentrations were noted in the
LAA pectinate muscles than in the LAA cavities. By si-
multaneously comparing the blood- and iodine-specific
images slice by slice, we could easily differentiate an
LAA thrombus from normal LAA pectinate muscles.
This is impossible to achieve when using traditional
multislice spiral CT technology.

The differences between the LAA thrombi and pecti-
nate muscles on the blood- and iodine-specific material
decomposition images may be explained by differences
in the composition of the materials and in blood-supply
characteristics. Iodine is the key component of the con-
trast material most often used in contrast-enhanced CT.
Dual-energy CT enables the evaluation of iodine dis-
tribution by creating iodine-specific images. The iodin-
ated contrast agent may not easily reach the areas of the
LAA pectinate muscles and thrombi, which are char-
acterized by reduced or sluggish blood flow. Therefore,
in comparison with the LAA cavity, which fills with
the iodinated contrast agent rapidly, the LAA pectinate
muscles and thrombi exhibit slight or no enhancement
on the iodine-specific images. It may be even more
difficult for the iodinated contrast agent to reach the
central areas of LAA thrombi than to reach pectinate
muscles; therefore, LAA thrombi may have lower iodine
concentrations and higher iodine-density differences in
relation to the LAA cavity than do the LAA pectinate
muscles, as shown in this study.

The LAA thrombus is a solid mass that contains ag-
gregated blood components from within the LAA cav-
ity, so its composition is quite like the blood circulating
in the cavity (for example, both contain erythrocytes
and platelets). Therefore, the observed attenuation and
measured blood concentrations of the LAA thrombi are
like those of the LAA cavities on the blood-specific ma-
terial decomposition images. On the other hand, LAA
pectinate muscles mainly comprise fibrous tissue and
smooth muscle, which differ substantially from the clot
and blood components in the LAA cavity. Thus, the
observed attenuation and measured blood concentra-
tions in the LAA pectinate muscles are quite different
from those of the LAA thrombi and cavities on the
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blood-specific images. It is this principle that enables
the differentiation between LAA thrombi and pecti-
nate muscles on the basis of simple visual evaluation and
quantitative density measurement.

Currently, both TEE and CT evaluations are neces-
sary before AF ablation. The TEE evaluation reveals
the cardiac thrombi, and multislice CT anatomic re-
constructions of the left atrium and pulmonary veins
guide the isolation procedure. Widely used 3-dimen-
sional electroanatomic mapping systems such as the
CARTO®3 system (Biosense Webster, a Johnson &
Johnson company) or the EnSite Precision™ cardiac
mapping system (Abbott) integrate the reconstructed
CT images with those of the electrophysiologic maps,
reinforcing the use of CT for routine evaluation before
AF ablation. We anticipate that a spectral CT “one-
stop” imaging technique may provide detailed anat-
omy of the coronary arteries, left atrium, pulmonary
veins, esophagus, and phrenic nerves while meeting the
clinical requirements for the diagnosis of LAA throm-
bi. This technology could benefit patients by replacing
semi-invasive TEE before AF ablation and may, there-
fore, have clinical value in this context.

Dual-energy CT-enabled material separation technol-
ogy with its generation of blood- and iodine-specific
images provides a novel, simple, and feasible method
to differentiate between LAA thrombi and pectinate
muscles. The potential applications of this technology
in clinical practice warrant further research.

Study Limitations
The main limitation of this study was the small size of
our sample, so our findings should be interpreted as a
proof of principle, which shows the feasibility of using
dual-energy spectral CT-enabled material separation
to distinguish LAA thrombi from pectinate muscles.
Larger studies in which investigators are blinded to TEE
results are necessary to validate the current results and to
establish the cutoff and reference values for normal and
abnormal blood-density differences between the LAA
thrombus and pectinate muscles and the LAA cavity.
Ideally, we should have simultaneously determined
the iodine and blood densities of the LAA thrombi and
pectinate muscles in the patients in Group 2. However,
because we were unable to detect pectinate muscles
and LAA thrombotic lesions in the same slice, we com-
pared only the iodine- and blood-specific densities of
the LAA thrombi to those of their respective cavities
for each slice and did not measure those of the pectinate
muscles. We also found relatively large between-subject
variability in the blood and iodine densities, which may
be attributed to differences in thrombus formation time
and embolus composition among individuals; howev-
er, we observed significant differences in the quanti-
fied blood and iodine densities for LAA thrombi and
pectinate muscles—and, of note, these differences were
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obvious from mere visual evaluation. In addition, TEE
examination was considered the gold standard for diag-
nosing LAA thrombi in this study, and diagnoses were
not confirmed by surgery and histopathology. Another
challenge of using the CT imaging technique that we
describe is differentiating between LAA thrombi and
stasis; however, patients with both AF and SEC were
not enrolled in this study. Finally, we found that the
blood-iodine material basis pair is a valuable marker of
LAA thrombus. However, the selection and combina-
tion of material pairs are crucial in the differential di-
agnosis of tissue components, so additional substance
pairs should be explored in future studies.
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