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Purpose This study aimed to compare the diagnostic performance of cardiac CT and transthoracic
echocardiogram (TTE) depending on the degree of valvular calcification and bicuspid aortic valve
(BAV) subtype.

Materials and Methods This retrospective study included 266 consecutive patients (106 with BAV
and 160 with tricuspid aortic valve) who underwent cardiac CT and TTE before aortic valve replace-
ment. Cardiac CT was used to evaluate the morphology of the aortic valve, and a calcium scoring
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scan was used to quantify valve calcium. The aortic valves were classified into fused and two-sinus
types. The diagnostic accuracy of cardiac CT and TTE was calculated using a reference standard for
intraoperative inspection.

Results CT demonstrated significantly higher sensitivity, negative predictive value, and accuracy
than TTE in detecting BAV (p <0.001, p <0.001, and p = 0.003, respectively). The TTE sensitivity tend-
ed to decrease as valvular calcification increased. The error rate of TTE for CT was 10.9% for the two-
sinus type of BAV and 28.3% for the fused type (p = 0.044).

Conclusion Cardiac CT had a higher diagnostic performance in detecting BAV than TTE and may help
diagnose BAV, particularly in patients with severe valvular calcification.

Index terms Bicuspid Aortic Valve Disease; Aortic Valve Disease; Aortic Valve, Calcification of;
Multidetector Computed Tomography; Echocardiography

INTRODUCTION

The bicuspid aortic valve (BAV) is the most common congenital heart anomaly with a prev-
alence of 1.3% in the general population (1). BAV can be classified into two main subtypes
based on its morphology: the fused and the two-sinus types (Fig. 1). Fused BAV typically pres-
ents with three aortic sinuses and two functional cusps that are usually dissimilar in size and
shape. By contrast, the two-sinus BAV has two aortic sinuses with relatively symmetric cusps.
The fused type of BAV can be further subclassified into three subtypes based on which the
cusps are fused: BAV-RL (right-left cusp fusion), BAV-RN (right-non cusp fusion), and BAV-LN
(left-non cusp fusion). Similarly, in the case of the two-sinus type, if the left and right coro-
nary cusps are fused, its classification is BAV-AP (anterior-posterior), whereas if the left or
right coronary cusps is fused with the non-coronary cusp, its classification is BAV-LA (latero-
lateral). Notably, BAV-AP is characterized by the left and right coronary arteries arising from
a single cusp, whereas in BAV-LA, each cusp gives rise to one coronary artery (2-4).

BAV can result in various complications such as aortic valve regurgitation (AR), aortic ste-

nosis (AS), infective endocarditis, and BAV-associated aortopathy. In a meta-analysis study,

Fig. 1. Classification of BAV.
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AP = anterior-posterior, BAV = bicuspid aortic valve, LA = latero-lateral, LN = left-non cusp fusion, RL = right-left cusp fusion, RN =right-non
cusp fusion
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13%-30% of patients with BAV had moderate-to-severe AR, and 12%-37% developed moder-
ate-to-severe AS. Aortic dilatation has been reported in 20%-40% of patients with BAV, al-
though aortic dissection or rupture is rare (5). Patients with BAV require lifelong monitoring,
and delayed diagnosis of BAV may prevent prophylactic surgical intervention. According to
the 2020 ACC/AHC guidelines for the management of valvular heart disease, transthoracic
echocardiogram (TTE) is the first imaging tool used to evaluate aortic valve anatomy in pa-
tients with BAV (6). However, poor acoustic windows, extensive valvular calcifications, small
cusps, and operator skill discrepancies prevent adequate AV assessment, leading to misdiag-
nosis of tricuspid aortic valve (TAV) disease (7, 8).

In previous studies, cardiac CT was shown to be more accurate than TTE in differentiating
BAV and TAV. Among the 50 patients who underwent surgical repair for AS, the sensitivity,
specificity, positive predictive value (PPV), and negative predictive value (NPV) for BAV detec-
tion were 76.5%, 60.6%, 68.4%, and 95.2% for TTE and 94.1%, 100%, 100%, and 97.1% for CT,
respectively (8). Lee et al. (9) reported that the sensitivity, specificity, PPV, and NPV for differ-
entiating TAVs from non-TAVs were 97%, 95%, 98%, and 94%, respectively, using multidetec-
tor CT in 262 patients and 98%, 88%, 95%, and 96%, respectively, using TTE in 249 patients.
However, to the best of our knowledge, previous studies have not considered the impact of
the absolute quantification values of valvular calcification when evaluating the diagnostic ac-
curacy of cardiac CT.

Therefore, we sought to compare the diagnostic accuracies of cardiac CT and TTE based
on valve morphology confirmed through intraoperative inspection. In addition, the effects of
valvular calcification on the diagnostic accuracy were investigated.

MATERIALS AND METHODS

SUBJECTS

Between March 2012 and November 2020, 452 patients underwent aortic valve replacement
surgery with preoperative cardiac CT in our institution. Five patients were excluded because
they did not undergo preoperative TTE and one patient had unavailable medical records.
Ninety-seven patients were excluded because of a history of thoracic aortic replacement sur-
gery or aortic valve surgery. Two patients with monocuspid or quadricuspid aortic valves
were also excluded. Seventy-eight patients whose four-dimensional (4D) CT cine images were
not available and three patients whose operation records did not include a description of val-
vular morphology were also excluded. Ultimately, 266 patients were included in this study
(Fig. 2).

This retrospective study was approved by our Institutional Review Board, which waived the

requirement for written informed consent (IRB No. 2022-11-028).

REFERENCE STANDARD FOR THE DIAGNSIS OF BAV

All patients underwent aortic valve surgery in our institution, and the surgeon intraopera-
tively evaluated the morphology of the aortic valve. The surgical record was considered the

reference standard for the presence of BAV.
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Fig. 2. Enrollment flow chart.

with preoperative cardiac CT at Samsung Medical Center
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TRANSTHORACIC ECHOCARDIOGRAPHY

Comprehensive TTE was performed preoperatively with a commercially available echocar-
diographic instrument (Vivid 7 or E9, GE Medical Systems, Milwaukee, W1, USA). Standard
M-mode, 2D, and color Doppler imaging were performed. All the TTE recordings were inter-
preted by a staff cardiologist. Standard reports included the morphology and measurements

of the aortic valve.

CT PROTOCOL

CT examinations were performed using a 128-slice dual-source CT scanner (Somatom Defi-
nition Flash, Siemens Medical Solutions, Forchheim, Germany) with a 2 mm X 64 mm X
0.6-mm detector collimation and the z-axis flying focal spot technique, resulting in 2 X 128
sections.

For calcium scoring, a prospective electrocardiogram (ECG)-triggering axial scan was used
with the following parameters: 280-ms gantry rotation time, 120-kV tube potential, and 80
reference mAs per rotation tube current-time product, using the automatic tube current
modulation technique (ATCM; CAREDose4D, Siemens Medical Systems). A retrospective
ECG-gated helical scan for cardiac CT was performed with the full radiation dose window set
at 20% to 80% of the R-R interval in all patients. To minimize the radiation dose, a reduced
dose (20% of the amount during the acquisition window) was used for the remaining R-R in-
terval. The acquisition parameters were 280-ms gantry rotation time, 100-kV tube potential,
and 330 mAs per rotation tube current-time product. The acquisition was craniocaudal from
the carina to the cardiac base.

A nonionic contrast medium (Iomeron 400; Bracco Diagnostics, Milan, Ttaly) was injected

https://doi.org/10.3348/jksr.2022.0170
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into the antecubital vein as a three-phase bolus at a rate of 4-5 m/s. First, 40-50 mL of undi-
luted contrast medium was administered after the optimal timing was determined using a
bolus tracking technique. Next, a 25-mI mixture of 30% contrast and 70% saline was admin-
istered with 20 mL of normal saline at the same flow rate.

CT IMAGE RECONSTRUCTION AND ANALYSIS FOR AORTIC VALVE
MORPHOLOGY

Twenty transaxial datasets were reconstructed in 5% steps, from 0% to 95% of the R-R in-
terval for each patient to assess aortic valve morphology. The CT datasets were transferred to
a 3D workstation (Aquarius iNtuition; TeraRecon, Inc., Durham, NC, USA) and reviewed us-
ing multiplanar reformations and the 4D cine technique. Post-processing included both static
and cine images of the aortic valve in double-oblique short-axis planes. Orthogonal views of
the aortic valve during early systole and mid-diastole were reconstructed to determine its
morphology of the aortic valve in a craniocaudal direction ranging from the top of the cusps
to the infundibulum.

All CT images were analyzed through consensus of two radiologists (S.M.K. with 10 years
of experience in cardiovascular imaging and J.K. with 3 years of experience as a radiology
resident) who were blinded to the corresponding patient data. Valves were considered as TAV
if three separate coronary sinuses were identified in systole and the closed valve leaflets pro-
duced a “Mercedes Benz” sign. Valves were labeled BAV if the above signs were absent and a
single coaptation line in diastole and a “fish mouth” or “oval shape” appearance in systole
were present (9). BAV types were classified into fused and two-sinus types. All fused BAVs are
characterized by two fused cusps and a fibrous ridge between them but still have three dis-
tinguishable aortic sinuses. In contrast to the fused type, the two-sinus BAV has two roughly
equal cusps and two sinuses with 180° commissural angles (2, 10).

CT IMAGE RECONSTRUCTION AND AORTIC VALVE CALCIUM ANALYSIS

From the calcium scoring scan, transaxial datasets were reconstructed with a section
thickness of 3 mm and a reconstruction increment of 0.5 mm and the dataset transferred to a
3D workstation (Aquarius iNtuition; TeraRecon, Inc.). Aortic valve calcium scores, such as

the Agatston score, were also calculated.

STASTICAL ANALYSIS

The clinical characteristics of patients with or without BAV were compared using the t-test
and Wilcoxon rank-sum test for continuous variables such as age, height, weight, body mass
index (BMI), body surface area (BSA), and calcium score. The chi-square test was used for
categorical variables such as sex, indication for surgery (valvular dysfunction based on TTE
findings), and the presence of valvular calcification. Sensitivity, specificity, and accuracy
were compared using McNemar's test, and the PPV and NPV were compared using Bennett’s
method. Diagnostic power, such as sensitivity, specificity, and accuracy, was calculated for
each subgroup and divided into high and low levels at all possible calcium cutoff levels, and
the trend of diagnostic power based on the cutoff level was plotted. In addition, a statistical

analysis was performed to compare the diagnostic power of the two diagnostic devices. The
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unweighted Cohen’s x coefficient was used to assess the interobserver agreement between
the two radiologists in the detection of BAV on CT scans. A p-value < 0.05 was considered sta-
tistically significant. All statistical analyses were performed using R (version 4.2.0, R Founda-

tion for Statistical Computing, Vienna, Austria).

RESULTS

PATIENT CHARACTERISTICS
Characteristics of the 106 patients with BAV and 160 with TAV are summarized in Table 1.

No significant differences were found in age, height, weight, BMI, and BSA between the two
groups. Patients with BAV were predominantly male (p = 0.01) compared with those with
TAV. The indication for valve surgery was AS in 72.6% of patients with BAV and in 41.9% of
patients with TAV (p < 0.001). The presence of aortic valve calcification was significantly
higher in the BAV group (85.4% in BAV vs. 61.3% in TAV, p < 0.001), and the median calcium
score was higher in the BAV group (2657.0 in BAV vs. 1353.0 in TAV, p < 0.001).

Of the 106 surgically confirmed patients with BAV, 102 were diagnosed with BAV using CT.
Except for three cases in which a consensus was not reached, based on valvular morphology
on CT, patients with BAV were classified into two groups: two-sinus (n = 46) and fused types
(n = 53). Table 2 shows the aortic valve calcification of each subtype; 42 of 46 patients with
two-sinus type (91.3%) and 42 of 53 patients with fused type (79.2%) had valve calcifications

Table 1. Patient Characteristics

BAV (n =106) TAV (n=160) p-Value
Age, years 56.5+ 13.2 59.9 + 154 0.061
Sex (male), % 70.8 55.0 0.010
Height,cm 163.91+99 1635+ 11.2 0.797
Weight, kg 65.4 = 13.9 64.1 =125 0.427
BMI, kg/m? 242136 240+ 4.2 0.670
BSA, m? 1.72%+0.2 1.70£ 0.2 0.464
Indication for valve surgery, % <0.001
Normal 0 1.2
AS 72.6 419
AR 20.8 47.5
Mixed AV dysfunction 6.6 9.4
AV calcification, % 85.4 61.3 <0.001
Calcium score (median, IQR) 2657.0 (1272.3-4451.3) 1353.0 (111.5-3146.5) <0.001

AR = aortic regurgitation, AS = aortic stenosis, AV = aortic valve, BAV = bicuspid aortic valve, BMI = body mass
index, BSA=body surface area, IQR = interquartile range, TAV = tricuspid aortic valve

Table 2. Bicuspid Aortic Valve Calcification

Two-Sinus Type (n =46) Fused Type (n =53) p-Value
Aortic valve calcification, % 91.3 79.2 0.159
Calcium score (median, IQR) 2703.5 (1274.0-4761.0) 2620.5 (1382.8-3989.3) 0.668

IQR =interquartile range

https://doi.org/10.3348/jksr.2022.0170
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(p = 0.159). No statistically significant difference in the calcium score was observed between
two-sinus and fused types (p = 0.668).

DIAGNOSTIC PERFORMANCE: CTVS. TTE
For the detection of BAV, sensitivity, specificity, PPV, and NPV were 0.96, 0.95, 0.93, and 0.97

in CT and 0.77, 0.97, 0.94, and 0.87 in TTE, respectively. The diagnostic accuracy was 0.95 in
CT and 0.89 in TTE. CT demonstrated significantly higher sensitivity, NPV, and accuracy than
TTE for BAV detection (p < 0.001, p < 0.001, and p = 0.003, respectively) (Fig. 3). However,
specificity and PPV were not significantly different between CT and TTE (Table 3).

Among the 106 patients with surgically confirmed BAV, 4 were classified as having TAV on

Fig. 3. Cases diagnosed as BAV on CT and TAV on TTE among patients confirmed as BAV on surgical findings.

A. Asingle coaptation line in diastole (left) and fish mouth appearance in systole (middle) are shown. At TTE,
this case was diagnosed as TAV due to severe calcification and motion limitation (right).

B. Two roughly equal cusps are observed in both diastole (left) and systole (middle). At TTE, this case was
diagnosed as TAV due to poor echo window (right).

BAV = bicuspid aortic valve, TAV = tricuspid aortic valve, TTE = transthoracic echocardiogram

Table 3. Diagnostic Performance in the Detection of BAV: CT vs. TTE (n = 266)

CcT TTE p-Value
Sensitivity 0.96 0.77 <0.001
Specificity 0.95 0.97 0.366
PPV 0.93 0.94 0.627
NPV 0.97 0.87 <0.001
Accuracy 0.95 0.89 0.003

p-value of sensitivity, specificity, and accuracy was assessed using McNemar’s test. p-value of PPV and NPV
was assessed using the Bennett method.

BAV = bicuspid aortic valve, NPV = negative predictive value, PPV = positive predictive value, TTE = transtho-
racic echocardiogram
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CT. All four patients had valvular calcification, and the calcium scores (except for one patient
whose calcium score was unavailable) were 2632.0, 3599.0, and 3721.0. In three patients, the
valve morphology was unclear due to severe calcification but showed a triangular-shaped
opening during systole (Supplementary Fig. 1A in the online-only Data Supplement). The
third patient had three separate coronary sinuses and a normal opening (Supplementary Fig.
1B in the online-only Data Supplement). Among the 160 patients with surgically confirmed
TAV, eight were classified as BAV on CT. Four patients showed an oval-shaped valve opening
with suspicious partial fusion of the commissure (Supplementary Fig. 2A in the online-only
Data Supplement), while the other four patients showed two sinuses of the aortic valve on CT
(Supplementary Fig. 2B in the online-only Data Supplement). Among the false-positive and
false-negative CT scans, one patient was diagnosed with BAV on TTE (Supplementary Table 1
in the online-only Data Supplement).

On TTE, 24 of the 106 patients with surgically confirmed BAV were classified as TAV, and 5
of the 160 patients with surgically confirmed TAV were classified as BAV. Except for 8 patients
with unavailable calcium scores, 67.8% (156/230) of the true-positive and true-negative cases
and 96.4% (27/28) of the false-positive and false-negative cases had valvular calcification. The
median calcium score was significantly higher in false-positive and false-negative cases than
in true-positive and true-negative cases (3173.0 and 1905.5, respectively; p = 0.007).

The % score for interobserver agreement between the two radiologists in the detection of
BAV on CT was 0.948 (p < 0.001).

DIAGNOSTIC PERFORMANCE BASED ON VALVULAR CALCIFICATION
The sensitivity, specificity, PPV, and NPV of CT and TTE were 0.97, 0.92, 0.91, and 0.97 and

0.75, 0.95, 0.93, and 0.80, respectively. The sensitivity, NPV, and accuracy of CT and TTE were
significantly different (p < 0.001, p < 0.001, and p = 0.004, respectively) (Table 4). Changes in
diagnostic performance based on the calcium score are shown in Fig. 4. On both CT and
TTE, the group with a high calcium score was less sensitive than the group with a low calci-
um score. CT showed a higher sensitivity than TTE regardless of the calcium score. As the
calcium score increased, the sensitivity tended to decrease more for TTE than for CT. The
NPV and accuracy showed similar sensitivity tendencies. The p-value based on the statistical
analysis was low at a calcium score of 1000 or higher (Fig. 5).

In the absence of aortic valve calcification, the sensitivity, specificity, PPV, and NPV for CT

Table 4. Diagnostic Performance in Patients with Valvular Calcification (n = 183)

CcT TTE p-Value
Sensitivity 0.97 0.75 <0.001
Specificity 0.92 0.95 0.366
PPV 0.91 0.93 0.676
NPV 0.97 0.80 <0.001
Accuracy 0.94 0.85 0.004

p-value of sensitivity, specificity, and accuracy was assessed using McNemar’s test. p-value of PPV and NPV
was assessed using the Bennett method.
NPV = negative predictive value, PPV = positive predictive value, TTE = transthoracic echocardiogram

https://doi.org/10.3348/jksr.2022.0170 1331
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Fig. 4. Changes in diagnostic performance based on calcium score.
A. The solid line shows the sensitivity of the group higher than the corresponding calcium score, and the dotted line shows the sensitivity
of the group lower than the corresponding calcium score. In both CT and TTE, the group with the high calcium score was less sensitive
than the group with the low calcium score. CT showed higher sensitivity than TTE regardless of calcium score. As the calcium score in-
creased, the sensitivity tended to decrease more in TTE than in CT.
B-E. NPV and accuracy also show a similar tendency to sensitivity.
NPV = negative predictive value, PPV = positive predictive value, TTE = transthoracic echocardiogram
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Fig. 5. p-value for the difference in sensitivity between CT and TTE.
The difference in sensitivity between CT and TTE in the group with
lower than the corresponding calcium score was compared using
McNemar’s test, and the p-value was graphed. The black solid line
represents the raw p-value, and the black and green dots are the
results of the correction of type 1 errors using the FDR and Holm
method, respectively. The p-value reached statistical significance
when the calcium score was approximately 1000.
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Table 5. TTE Error Rate in BAV Detection

Two-Sinus Type Fused Type

-Value
(n=46) (=53 P
Concordance between TTE and CT in patients with BAV 89.1 1.7 0.044
TTE error rate, % 10.9 28.3 '

BAV = bicuspid aortic valve, TTE = transthoracic echocardiogram

and TTE were 1.00, 1.00, 1.00, and 1.00, and 0.93, 1.00, 1.00, and 0.98, respectively. A compari-
son between CT and TTE was not possible because CT and surgical results were identical in

this group.

CONCORDANCE BETWEEN CT AND TTE BASED ON VALVE SUBTYPE
The BAV group was classified into two-sinus and fused types based on CT. The concor-

dance between CT and TTE was 89.1% (41/46) in the two-sinus type and 71.7% (38/53) in the
fused type. The TTE error rate was defined as the rate of TTE misdiagnosing BAV as TAV
among cases diagnosed with BAV on both CT and surgical records. TTE misdiagnosed BAV as
TAV in 10.9% of the two-sinus type and 28.3% of the fused type patients (Table 5). This differ-
ence was statistically significant (p = 0.044).

DISCUSSION

Several major findings were observed in this study. First, CT showed higher sensitivity,
NPV, and accuracy than TTE for diagnosing BAV in all patients. The calcium scores in false-
positive and false-negative cases were significantly higher than those in true-positive and
true-negative cases when using TTE. Second, in patients with valvular calcifications, the sen-
sitivity of CT was higher than that of TTE for the diagnosis of BAV. In particular, as the calci-
um score increased, TTE sensitivity tended to decrease more than CT sensitivity. The differ-
ence in sensitivity between CT and TTE was statistically significant when the calcium score
was approximately 1000 or more. Third, the TTE error rate for BAV diagnosis was higher in
the fused subtype.

In a previous study, CT also showed higher sensitivity and specificity than TTE (94.1% and
100% in CT and 76.5% and 60.6% in TTE, respectively), and CT was more useful, particularly
in patients with severe valvular calcification (8) because an aortic valve with extensive calcifi-
cation is difficult to identify owing to severe acoustic shadowing on echocardiography. How-
ever, the effect of the calcium score on diagnostic accuracy has not yet been investigated.
The aortic valve calcium score is a predictor of severe AS (11), and Pawade et al. (12) suggest-
ed that an aortic valve calcium score higher than 1300 AU in females or 2000 AU in males
should be considered severe AS. Because CT tends to be more sensitive than TTE at higher
calcium scores, particularly those approximately > 1000 in the present study, CT may be a
better diagnostic modality than TTE when severe valvular calcification or AS is suspected.

BAV is usually classified into three subgroups based on phenotype: fused, two-sinus, and
partial fusion types (10). In this study, the partial fusion type was classified as the fused type
without separate classification because a separate classification of the partial fusion type did

https://doi.org/10.3348/jksr.2022.0170 1333
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not exist in the surgical records and TTE results. The TTE error rate for the fused type was
significantly higher than that for the two-sinus type. In the absence of prior studies demon-
strating the effect of BAV subtypes on diagnostic accuracy, the results of this study indicate
that CT could be more useful in detecting fused-type BAV. Because a significant difference
was not observed in the frequency and extent of valvular calcification between the two sub-
types, the two-sinus type consisting of two equal cusps was presumably easier to diagnose
with TTE than the fused type.

LIMITATIONS

The present study has several limitations. First, it was a single institutional retrospective
study. Second, most surgical records did not include information regarding valve subtype;
thus, valve subtype was evaluated using CT. In a recent study, the agreement between CT and
surgical diagnoses was satisfactory for BAV categorization (13), which justified the classifica-
tion of BAV using CT in this study.

In conclusion, CT may be a more useful modality than TTE in detecting BAV, particularly
in patients with severe valvular calcification and fused-type BAV.
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