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Abstract

To assess if radiomics can differentiate left atrial appendage (LAA) contrast-mixing artifacts and thrombi on early-phase CT
angiography without the need for late-phase images. Our study included 111 patients who underwent early- and late-phase,
contrast-enhanced cardiac CT. Of these, 79 patients had LAA filling defects from thrombus (n =46, mean age: 72 + 12 years,
M:F 26:20) or contrast-mixing artifact (n=33, mean age: 71 + 13 years, M:F 21:12) on early-contrast-enhanced phase. The
remaining 32 patients (mean age: 66 + 10 years, M:F 19:13) had homogeneous LAA opacification without filling defects.
The entire LAA volume on early-phase CT images was manually segmented to obtain radiomic features (Frontier, Siemens).
A radiologist assessed for the presence of LAA filling defects and recorded the size and mean CT attenuation (HU) of filling
defects and normal LAA. The data were analyzed using multiple logistic regression with receiver operating characteristics
area under the curve (AUC) as an output. The radiologist correctly identified all 32 patients without LAA filling defects,
42/46 LAA with thrombi, and 23/33 contrast mixing artifacts. Although HU of LAA thrombi and contrast mixing artifacts
was significantly different, with the lowest AUC (0.66), it was inferior to both radiologist assessment and radiomics (p=0.05).
Combination of radiologist assessment and radiomics (AUC 0.92) was superior to HU (0.66), radiomics (0.85), and radiolo-
gist (0.80) alone (p <0.008). Radiomics can differentiate between LAA filling defects from thrombi and contrast mixing
artifacts on early-phase contrast-enhanced CT images without the need for late-phase CT.
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GLSZM  Gray level size zone matrix

NGTDM Neighboring gray tone difference matrix
GLDM Gray level dependence matrix

ROC Receiver operating characteristic

AUC Area under the curve

Introduction

Atrial fibrillation (AF) is the most commonly diagnosed sus-
tained cardiac arrhythmia in the United States and world-
wide. Worldwide estimates suggest that about 33.5-million
individuals suffered from AF in 2010 [1]. The United States’
Centers for Disease Control and Prevention (CDC) estimated
2.7-6.1 million cases in 2010 with an expected burden of
12.1 million cases in 2020 [2]. In 2018, AF was stated on
death certificates of 175,326 patients and described as the
underlying cause of 25,845 deaths [1]. Thrombus formation
in the left atrium is a major complication of AF associated
with acute ischemic stroke or transient ischemic attacks
with cardioembolic source [3]. Left atrial appendage (LAA)
thrombus is also a contraindication for elective cardiover-
sion of AF [4].

LAA is the most common location for thrombus forma-
tion in patients with AF. AF leads to loss of organized syn-
chronous mechanical contractions of the LAA, and reduced
LAA flow velocities, predisposing the thrombus formation
[5]. Patients with multiple lobes and complex LAA mor-
phology are more likely to develop LAA thrombus [6].
Unfortunately, slow blood flow that puts the patients with
AF at risk of thrombus formation is also responsible for
contrast mixing (pseudothrombus) artifacts on the early-
phase, contrast-enhanced chest, and cardiac CT examina-
tions. These artifacts can be challenging to differentiate from
a true thrombus [7].

Most patients with suspected or known LAA thrombus
undergo semi-invasive trans-esophageal echocardiogra-
phy (TEE), a sensitive, specific, and ionizing radiation-
free method of detecting thrombus. Prior studies report
oropharyngeal, esophageal, gastric, and some miscellane-
ous complications following TEE [6]. In addition, due to
the COVID-19 pandemic, the cardiac CT is the preferred
method to TEE to reduce the rate of aerosolizing and dis-
ease transmission [8]. ECG-gated, non-invasive contrast-
enhanced cardiac CT has a 96% sensitivity and 92% speci-
ficity for detecting LAA thrombus [9].

To differentiate LAA contrast mixing artifacts and
thrombi, late phase CT images are acquired following ini-
tial early-phase contrast-enhanced CT images. If the filling
defects resolve on the late-phase images, it is deemed as a
contrast mixing artifact. Persistent filling defects are con-
sidered abnormal, with the most common cause being an
LAA thrombus [9]. To ensure the acquisition of late-phase

@ Springer

images in patients with filling defects on the early-phase
images, imaging physicians and/or CT technologists need a
quick assessment of the images to make a prompt decision
for acquiring late-phase images, ideally within a minute. The
need for prompt review and repeat acquisition can make it
challenging to reduce radiation dose by limiting the scan
range for late-phase to the region with filling defects. The
LAA filling defect can change with a change in the timing of
the delayed acquisition. In a study by Spagnolo et al., 15/63
patients (6%) had a persistent defect at 1 min, 12 patients
(5%) at 3 min, and 10 (4%) at 6 min delay [10].

To avoid the need for the late-phase CT in these patients,
we hypothesized that radiomics from early-phase, contrast-
enhanced CT images could differentiate LAA mixing arti-
facts from thrombus. Radiomics obtains high-dimensional
mathematical features from the digital medical images
based on the intensity, shape, size, volume, and texture
within a defined region of interest [11]. Previous studies
have reported the successful characterization of lesions in
different anatomic areas using radiomics [12, 13]. The pur-
pose of our study was to assess if radiomics can differenti-
ate between LAA contrast mixing artifact and thrombus on
early-phase contrast-enhanced CT images without the need
for late-phase.

Materials and methods

Need for informed consent for our retrospective institutional
review board (IRB) approved and Health Insurance Portabil-
ity and Accountability Act (HIPAA)-compliant study was
waived. AP and FL are employees of Siemens Healthineers
and did not take part in patient selection or data analyses.
MKK has received research grants for unrelated projects
from Siemens Healthineers and Riverain Tech. Other co-
authors have no pertinent financial disclosure.

Patients

All 111 adult patients (mean age: 69 + 12 years; 66 males,
45 females) underwent contrast-enhanced, ECG-gated coro-
nary or pulmonary vein CT examinations. These patients
were identified from a retrospective review of our Radiol-
ogy Information System and picture archiving communi-
cation system (PACS; Agfa IMPAX-version 6.6.1.3004,
Agfa-Gevaert Group). Based on the CT findings, patients
were divided into those with LAA thrombus (n=46 patients;
mean age: 72 + 12 years, 26 males, 20 females), LAA con-
trast-mixing artifacts related to slow flow (n=33 patients;
mean age: 71 + 13 years, 21 males, 12 females), and those
with homogenous contrast enhancement in LAA without
thrombi or mixing artifacts (n=32 patients; mean age:
66 + 10 years, 19 males, 13 females).
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Patients with LAA filling defects, whether thrombi or
mixing artifacts, and without late-phase CT acquisition
through LAA were excluded. Patients with prior car-
diac surgery and artifacts were excluded from the study
(n=43).

CT acquisition technique

All patients underwent contrast-enhanced CT examina-
tions for clinically-indicated reasons such as pulmonary
vein mapping, chest pain, equivocal stress test, and ascend-
ing thoracic aorta or dissection. All patients with LAA fill-
ing defects underwent electrocardiography (ECG)-gated
cardiac CT on either a dual-source, second generation,
64-detector-row CT (n=95 patients; Siemens Definition
Flash, Siemens Healthineers, Forchheim, Germany) or
single-source, 64-detector-row CT (n= 16 patients; GE
Discovery 750 HD, GE Healthcare, Waukesha, Wis.)
between July 2016 and March 2020. We selected consecu-
tive patients without filling defects over the same time
span. Patients received 60-80 mL of iodinated intrave-
nous contrast (Iohexol 350, Omnipaque, GE Healthcare)
at 4-6 mL/second via the antecubital vein. Scanning was
triggered with bolus tracking technique with the region
of interest in the proximal ascending thoracic aorta at the
level of carina.

We used prospective ECG-triggered acquisition mode
with automatic tube potential selection technique (Care
KV, Siemens; KV Assist, GE) for imaging patients for
pulmonary vein mapping CT and thoracic aorta CT angi-
ography. Patients for coronary CT angiography were
scanned with either prospective ECG-triggered or retro-
spective ECG-gated scan mode based on their heart rate
and rhythm. We applied automatic tube potential selec-
tion mode and ECG-based tube current modulation with
maximum tube current over the scanner-selected best
systolic phase for scans performed with a retrospective
ECG-gated acquisition. Images were reconstructed with
a 0.625-0.75 mm section thickness and 0.5 mm section
interval using a standard soft tissue reconstruction ker-
nel and commercial iterative reconstruction techniques
(ASIR, GE Healthcare for single-source CT; Safire, Sie-
mens Healthineers for dual-source CT).

As per the standard of care in our hospital, early-phase
contrast-enhanced images were reviewed on the scanner
graphic user interface upon completing their reconstruc-
tion. In patients with filling defects in LAA, late-phase CT
images were acquired through their hearts within one-minute
of their early-phase CT images.

Both CT dose index volume — CTDIvol (32 cm phantom
size) and dose length product — DLP were recorded sepa-
rately for early-phase contrast-enhanced and late phases.

Subjective assessment

A cardiothoracic subspecialty radiologist reviewed the early-
phase phase CT for the presence of LAA filling defects on
the PACS workstation. When present, LAA filling defects
were classified as thrombus or contrast mixing artifact on
only early-phase contrast-enhanced images and then with
late-phase images. The radiologist also measured CT attenu-
ation values (Hounsfield Units, HU) and the size of LAA
filling defects. In patients without LAA filling defect, CT
attenuation values were measured in the contrast-opacified
LAA on early-phase contrast-enhanced CT images.

Radiomic features

Deidentified thin-section CT image data were exported
offline in digital imaging and communications in medicine
(DICOM) format and processed with a standalone research
radiomics prototype (FRONTIER, Siemens Healthineers)
[14]. A post-doctoral research assistant (1-year experience)
segmented the entire LAA in the early phase CT images
with the manual segmentation tool. A free-hand ROI was
drawn to segment the entire LAA volume. The prototype
then calculated 1691 radiomic features from the segmented
volume of interest (Fig. 1). Calculated radiomics comprised
first-order, shape-based, and texture encoding features
(n=110), including the gray level co-occurrence matrix
(GLCM), gray level run length matrix (GLRLM), gray level
size zone matrix (GLSZM), neighboring gray-tone differ-
ence matrix (NGTDM), and gray level dependence matrix
(GLDM). Besides these, the prototype calculated square,
square root, logarithm, and exponential of the mentioned
features (n=2372). To evaluate the spatial time—frequency of
the two-dimensional images, 3-D wavelet transform param-
eters (n="744) were used with the following subdivisions:
HHH, HHL, HLL, HLH, LLH, LHL, LHH, LLL. Log with
five (1.5 mm) sigma level (n=465) of the radiomics classes
was also retrieved. Further information on these radiom-
ics is available on the following website (https://pyradiomic
s.readthedocs.io/en/latest/features.html accessed on October
28, 2020).

Statistical analysis

The extracted features were analyzed using built-in sta-
tistical tools in the same prototype. We used univariate
statistics and multiple logistic regression tests with the
area under the receiver operating characteristic (ROC)
curve (AUC) as outputs. In order to determine the best
model for multiple logistic regression analysis, the pro-
totype first performs statistical significance using t-test/
ANOVA for each feature. The p-values are corrected for

@ Springer


https://pyradiomics.readthedocs.io/en/latest/features.html
https://pyradiomics.readthedocs.io/en/latest/features.html

The International Journal of Cardiovascular Imaging (2021) 37:2071-2078

Fig. 1 Early-phase (a, e, i) and late-phase (b, f, j) transverse CT
images of three patients including a 52-year-old male with LAA con-
trast mixing artifact (a, b), a 75-year-old male with a LAA thrombi
(e, ), and a 63-year-old male with homogenous LAA opacification (i,

multiple testing with Benjamini—-Hochberg false discovery
rate (FDR). Features with a corrected p-value of <0.05
are considered statistically significant and selected for fur-
ther analysis. For the remaining set of statistically signifi-
cant features, a minimum redundancy maximum relevance
(mRMR) feature selection is applied to eliminate irrelevant
and redundant features. To keep the one-in-ten rule, we
limited the mRMR feature selection to four features. With
these resulting four features, a step-wise forward selection
is applied. The best subset is selected using the Akaike
information criterion (AIC). Separately, we assessed the
performance of radiologist-measured HU and subjective
classification of LAA filling defects (as thrombi or con-
trast mixing artifacts) on early-phase contrast-enhanced
CT images with ROC analysis and compared them with
radiomics using DeLong’s test (IBM SPSS, version 26).
One-way analysis of variance (ANOVA) was performed
to compare age, gender, LAA volume, and size of filling
defects in patients with and without LAA filling defects.
A corrected p-value of 0.05 or less was considered as a
statistically significant difference.

@ Springer

J)- Following manual segmentation of LAA (¢, g, and k), the radiom-
ics prototype created a three-dimensional volume of interest to esti-
mate radiomics (d, h, and 1)

Results

There was no difference in age or gender distribution in
patients belonging to the three subgroups (Table 1). The
LAA volume in patients with contrast mixing artifacts was
significantly higher than in patients with LAA thrombi
or those without filling defects (Table 1) (p=0.046).
There was no significant difference in LAA volume in
patients with thrombi and homogenous LAA opacification
(p=0.096). On early-phase, contrast-enhanced CT images,
the radiologist correctly identified all 32 patients without
filling defects in LAA, 42/46 LAA thrombi, and 23/33
patients with contrast mixing artifacts. Filling defects in
4/46 patients with LAA thrombi were labeled as contrast
mixing artifacts, whereas 10/33 contrast mixing artifacts
were deemed as thrombi on early-phase contrast-enhanced
images.

The respective CTDIvol (mean + standard deviation) for
early and late phases were 14 + 8 and 10 + 6 mGy. Cor-
responding DLP for the two CT phases were 238 + 162
and 166 + 128 mGy.cm (p<0.001).
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LAA thrombi and contrast mixing artifacts

CT attenuation values, radiologist assessment, and radiom-
ics enabled differentiation of LAA thrombi and contrast
mixing artifacts with variable AUCs (Table 2). Although
HU of LAA thrombi and contrast mixing artifacts were
significantly different, with the lowest AUC (0.66), it was
significantly inferior to both radiologist assessment and
radiomics (p=0.05). A combination of radiologist assess-
ment and radiomics was superior to the AUCs of HU, radi-
omics, and radiologist alone (p <0.008). A combination

of radiomics including 3D wavelet-transform of size zone
non-uniformity (GLSZM), log-sigma (1.5 mm) of small
area emphasis (GLSZM), and a square of dependence
variance (GLDM), had the highest AUC for differentiat-
ing mixing artifacts and thrombi (AUC: 0.85, p=0.03)
(Table 3). There was no change in the ability of radiom-
ics (AUC 0.86, p=0.004) for differentiating patients with
LAA thrombi and contrast mixing artifacts when analyses
was limited to exams performed on scanners one CT ven-
dor (with exclusion of GE scanners, n= 16 patients).

Table 1 Distribution of patients

. § Thrombus Mixing artifact Normal LAA P-value

in the three groups of patients

included in the study # Patients 46 33 32 _
Gender (M:F) 26:20 21:12 19:13 0.817
Age 72 + 12 years 71 + 13 years 66 + 10 years 0.054
LAA volume 13.7 + 6.9 mL 169 + 9.1 mL 13.1 + 6.9mL 0.096
HU 66 + 26 100+51 405 + 127 *
Size of filling defect 20 + 7mm 18 £ 5mm - 0.08
Radiologist assessment ~ Thrombus (42/46) Mixing artifact (23/33) 32/0 *

Mixing artifact (4/46)  Thrombus (10/33)

M male, F female

*Variables assessed with ROC analysis

Table 2 Performance of
HU, radiologist subjective
assessment, and radiomics for

Thrombus vs artifact Thrombus vs no thrombus

differentiating LAA thrombi,
contrast mixing artifacts and HU
those without any thrombi (with
normal LAA enhancement or

mixing artifacts) Radiomi
adiomics

Radiomics + Radiologist assessment

AUC (95% CI) P-value AUC (95% CI) P-value

0.66 (0.54-0.79) 0.012  0.83(0.75-0.91) 0.037
Radiologist assessment 0.80 (0.69-0.90) <0.001 0.89 (0.83-0.95) 0.031
Radiologist assessment+HU 0.79 (0.68-0.90) <0.001 0.89 (0.83-0.96) 0.032

0.85 (0.79-0.85) 0.03
0.92 (0.86-0.98) <0.001

0.87 (0.83-0.88) 0.02
0.94 (0.90-0.98) <0.001

Combining radiologist assessment and radiomics yielded the best AUCs for both comparisons

Table 3 Best radiomic models for differentiating patients with LAA thrombi and contrast mixing artifacts as well as those with and without

LAA thrombi

LAA thrombus vs contrast mixing artifact

AUC (95% CI) P-value
Wavelet-size zone non uniformity (GLSZM) + Square-dependence variance (GLDM) + Log-sigma (1.5 mm)-  0.85 (0.77-0.94) 0.03
small area emphasis (GLSZM)
Wavelet-size zone non uniformity (GLSZM) + Square-dependence variance (GLDM) 0.84 (0.75-0.93) 0.0001
Wavelet-size zone non uniformity (GLSZM) 0.79 (0.70-0.89) <0.0001
LAA with and without thrombus
Wavelet-10th percentile (First order) + Log-sigma (4.5 mm)-Normalized size zone non uniformity 0.87 (0.80-0.93) 0.02
(GLSZM) + Original-Imc1 (GLCM)
Wavelet-10th percentile (First order) + Log-Sigma (4.5 mm)-Normalized size zone uniformity (GLSZM) 0.86 (0.76-0.91) 0.01
Wavelet-10th percentile (First order) 0.83 (0.72-0.88) <0.0001

GLCM gray level co-occurrence matrix, GLDM gray level dependence matrix, GLSZM gray level size zone matrix
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LAA with and without thrombi

A combination of radiologist assessment and radiomics had
significantly higher AUC for differentiating patients with
LAA thrombi from those with normal LAA opacification
and mixing artifacts (p=0.05). A combination of 3D wave-
let-transform of first-order statistics, log-sigma (4.5 mm) of
normalized size zone non-uniformity (GLSZM), and origi-
nal of Imc1 (GLCM) had the highest AUC of 0.87 (p=0.02)
for differentiating LAA thrombi from LAA without a throm-
bus (Table 3) (Figs. 2 and 3). Performance of radiomics for

gl IIn]
|

Radiomic

LN

detecting LAA thrombi did not change (AUC 0.90, p=0.03)
when only one-vendor CT scanners were used (exclusion of
GE scanners, n= 16 patients).

Discussion

Radiomics differentiates LAA thrombi from contrast mix-
ing artifacts with respective AUCs of 0.85 and 0.92 without
and with radiologist evaluation of filling defect. Our results
compare favorably with a recent study from Chun et al.,

Fig.2 Cluster map of radiomics for differentiating LAA thrombus from contrast mixing artifact (a) and for differentiating LAA thrombus from
normal LAA (patients with either contrast mixing artifact or homogenous contrast enhancement) (b) with the list of top radiomics

A Receiver Operating Characteristic

o o o
» o ©

True Positive Rate

©
N

27 ~— ROC curve (area = 0.85)

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Fig.3 Receiver operating characteristic curves for differentiating
LAA thrombus from contrast mixing artifact (a) and for differentiat-
ing LAA thrombus from normal LAA (patients with either contrast
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mixing artifact or homogenous contrast enhancement) (b) with the
list of top radiomics
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who reported an AUC of 0.78 for radiomics from the early
contrast-enhanced phase [13]. Higher AUCs in our study
was likely related to the use of a wider array of radiomics
or segmentation over the whole LAA as opposed to seg-
mentation and radiomics confined to the LAA filling defect
in the prior study [13]. Another reason for the differential
performance of radiomics between the two investigations
might be difficulty in isolating small thrombi for radiomics
in the prior study [13] compared to a larger volume of left
atrial appendage that provides a larger volume of interest for
radiomics in the current work.

Our study had a relatively symmetric distribution of
LAA thrombi (n=46 patients) and mixing artifacts (n=33)
as compared to the prior study with a skewed distribution
of patients with artifacts (n="70) than those with thrombi
(n=25) [13]. The combination of radiologist and radiom-
ics had an AUC of 0.92 for differentiating LAA thrombi
in our study, identical to 0.917 AUC in a recent study on a
deep learning neural network trained with information on
patients’ gender and several other factors such as a history of
myocardial infarction or heart failure, creatinine level, use of
anticoagulants, LAA volume and linear dimensions related
factors for predicting the probability of LAA thrombosis in
patients with AF [15].

The mean HU of LAA had a low AUC (0.66) for differ-
entiating LAA filling defects in our study instead of an AUC
of 0.88 in a smaller study with 27 patients [16]. However,
HU values in our study fared better than an AUC of 0.54
reported in a 95-patient study from Chun et al. [13]. These
variations in AUCs can be related to heterogeneity in the
patient population, contrast injection, scan, or reconstruc-
tion parameters for different CT examinations included in
the three studies. However, such variations would also affect
the performance of radiomics.

Our study’s primary implication is that radiomics from
the entire LAA with and without radiologist assessment
can differentiate contrast mixing artifacts and thrombus.
Such differentiation can help eliminate the need for late-
phase images and reduce associated radiation dose. Mean
CT attenuation values (HU) form the region of filling defect
had much lower performance than radiomics. Although
manual segmentation of LAA takes 1-2 min of process-
ing time, in the future, machine learning algorithms can
simplify and automate the segmentation of LAA from their
current applications in the segmentation of multiple organs,
including heart, lungs, and coronary arteries [17-20]. Radia-
tion dose for late-phase CT can be reduced by limiting scan
length to the LAA region, but this requires close monitor-
ing of reconstructed images so that late phase acquisition is
completed within 1 min of early-phase images. The radiation
dose with the late-phase CT through LAA was 30% lower
than the radiation dose for the entire cardiac CT (166 mGy.
cm versus 238 mGy.cm) in our study.

There are limitations to our study. Our study was a retro-
spective analysis of single-center imaging data. Therefore,
we could not include a larger sample size with equal dis-
tribution of patients in the three study groups. Our study
is larger than a recent survey of radiomics in patients with
and without LAA thrombus [13]. Another caveat pertains to
the volume of interest over the entire LAA as opposed to a
region of interest over the filling defect in prior studies [13].
We decided to use the entire LAA as a volume of interest
since it was often challenging to segment an accurate region
of interest to ill-defined filling defects in LAA, particularly
with smaller thrombus and mixing artifacts. Our strategy
might have resulted in better AUCs than reported in a prior
study on radiomics confined to the region of interest with
the filling defect [13]. We did not perform radiomics on CT
images acquired in late-phase of contrast enhancement since
we wanted to eliminate late-phase acquisition to reduce radi-
ation dose and improve scanning efficiency. Finally, we used
late-phase CT images as the standard of reference since sev-
eral patients did not undergo transesophageal echocardiog-
raphy or cardiac MRI. However, prior studies have reported
the high accuracy of cardiac CT for detecting LAA thrombi
[10, 21-23].

In conclusion, volumetric radiomics from the entire left
atrial appendage can differentiate thrombi and contrast mix-
ing artifacts from a single, early-phase contrast-enhanced
cardiac CT without the need for late-phase images. Although
our prototype automates the calculation and statistical
analysis of radiomics, volumetric segmentation of the left
atrial appendage requires additional effort and time. Future
improvements in machine learning-based organ segmenta-
tion are needed to automate the process of LAA isolation
fully.
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