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ABSTRACT

Objectives: To evaluate the role of 4-dimensional (4D; 3-dimensional [3D] + time)
analysis using multiphase cardiac computed tomography (MCCT) in the description
of the aortic annulus (AA) of bicuspid aortic valves (BAV) with regard to the latest
expert consensus classification.

Methods: Electrocardiography-gated MCCT of 15 patients with BAV were analyzed using
in-house software and compared to 15 patients with normal tricuspid aortic valve (TAV).
The AA border was pinpointed on 9 reconstructed planes, and the 3D coordinates of the
18 consecutive points were interpolated in 3D using a cubic spline to calculate 3D areas,
perimeters, diameters, eccentricity indexes, and global height. Measurements were
repeated throughout the cardiac cycle (10 phases). Three additional planes were gener-
ated at the level of the left ventricular outflow tract (LVOT), the sinus of Valsalva, and the
sinotubular junction.

Results: The annulus area was significantly larger in BAV compared to TAV (mean in-
dexed 3D area, 564 + 0.84 cm’/m? vs 43 &+ 038 cm’/m?, respectively; P < .001). The
AA was also larger in BAV in terms of perimeter, diameters, and height (P < .001). The
Valsalva sinuses and sinotubular junction also were significantly larger in BAV compared
to TAV (mean area in end-diastole, 6.06 + 1.00 cm? vs 4.69 + 1.00 cm? [P < .001] and
513+ 1.62 cm?vs 362 & 0.99 cm? [P < .001], respectively). In BAV, 3D AA shape analysis
helps distinguish the 3 types of BAV: the 2-sinus type (symmetrical), the fused type, and
the partial-fusion type or “form fruste” (both asymmetrical). It also allows determination
of the position and height of the nonfunctional commissure. In symmetrical BAV, the
nonfunctional commissure was significantly lower than the other commissures
(6.01 £ 4.27 mm vs 18.24 = 3.20 mm vs 17.15 &= 3.60 mm; P < .00T1), whereas in asymmet-
rical BAV, the 3 commissures were of comparable height (1638 £ 0.86 mm vs
15.88 &£ 1.69 mm vs 15.37 &= 0.88 mm; P = 316). There was no difference in AA eccentricity
indices between TAV and BAV in all phases of the cardiac cycle; however, there was a
spectrum of ellipticity for the other components of the aortic root among the different
types of valves: going from TAV to asymmetrical BAV to symmetrical BAV, at end-diastole,
the LVOT became more circular and the sinuses of Valsalva became more elliptical.

Conclusions: 3D morphometric analysis of the BAV using MCCT allows identification of
the type of BAV and the position and height of the nonfunctional commissure. There are
significant differences in the morphology of the aortic root between TAV and the
different types of BAV. Further studies are needed to evaluate the impact of 3D analysis
on the procedural planning for pathologic BAV. (JTCVS Techniques 2024;27:60-7)
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Annulus representation of a bicuspid aortic valve.
*Nonfunctional commissure.

CENTRAL MESSAGE
Three-dimensional morpho-
metric analysis of the bicuspid
aortic valve using multiphase
cardiac computed tomography
allows identification of the type
of bicuspid aortic valve and the
position and height of the
nonfunctional commissure.

PERSPECTIVE

In this article, we provide a novel analysis tech-
nique of the bicuspid aortic valve based on 4-
dimensional computed tomography and specific
software developments. There are significant dif-
ferences in the morphology of the aortic root be-
tween tricuspid valves and subtypes of bicuspid
valves. These differences can impact procedural
preparations in transcatheter aortic valve replace-
ment and in aortic repair.
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Abbreviations and Acronyms

2D = two-dimensional

3D = three-dimensional

4D = four-dimensional

AA = aortic annulus

BAV = bicuspid aortic valve
(6[0) = commissural orientation
CT = computed tomography

ECG = electrocardiography

ED = end-diastole

LVOT = left ventricular outflow tract

MCCT = multiphase cardiac computed tomography
annulus

TAV = tricuspid aortic valve

TAVR = transcatheter aortic valve replacement

Bicuspid aortic valve (BAV), the most common congenital
heart disease, is characterized by significant heterogeneity
in its valvular and aortic phenotypic expressions, as well
as in its associated disorders and prognosis.'”
Consequently, several classifications have been proposed
based on the echocardiographic, surgical, or pathologic
appearance of the valve.*® To provide a common
language among all disciplines, the International
Consensus Classification and Nomenclature for the
congenital bicuspid aortic valve condition described 3
types of bicuspid valves: fused type (3 aortic sinuses and
2 cusps of different sizes), 2-sinus type (2 aortic sinuses
and 2 symmetrical cusps), and partial-fusion type (3 aortic
sinuses and 3 symmetrical cusps).” de Kerchove and col-
leagues® proposed a similar repair-oriented classification
in which BAV are divided according to their commissural
orientation (CO) of the nonfused cusp: type A, symmetrical
BAV (CO 160°-180°); type B, asymmetrical BAV (CO
140°-160°); and type C, very asymmetrical BAV
(tricuspid-like BAV; CO 120°-140°).

BAV pathologies present several challenges in valve
repair surgeries and transcatheter aortic valve replacement
(TAVR) planning. In particular, the partially fused very
asymmetrical type (tricommissural BAV) can be chal-
lenging to repair. Therefore, a careful assessment of the
BAV morphology is mandatory. In this context, electrocar-
diography (ECG)-gated computed tomography (CT) has
emerged as a powerful tool to detect BAV with an excellent
sensitivity and specificity’ and also to assess associated
aortopathy or to evaluate coronary artery disease.

We previously reported our results on the morphologic
temporal analysis of the normal TAV using ECG-gated
CT.'” Using the same original image analysis technique,
in the present study we sought to evaluate the role of

4-dimensional (4D; 3-dimensional [3D]+ time) CT in the
analysis of BAV and to describe the dynamics of the
different morphotypes of BAV with regard to the latest
expert consensus classification.’

METHODS
Ethics Statement

Ethics approval was waived by the Institutional Ethics Committee of
Assistance Publique des Hopitaux de Paris in a view of the study’s retro-
spective nature and because all procedures were part of routine care (CE-
RAPHP.5 00011928; February 19, 2019). All subjects were informed in
writing that unless they objected, all data in their medical records,
including cardiac images, could be used for research and scientific
publications.

Population

Over a 6-month period, from the imaging database of 2 French institu-
tions (Hopital Européen Georges Pompidou and Limoges University Hos-
pital), we included 15 consecutive patients with BAV who had undergone
ECG-gated CT and echocardiography within 6 weeks. Subjects were age
>18 years and in sinus rhythm with no significant coronary artery stenosis
(>50%). Exclusion criteria were greater than moderate aortic stenosis or
regurgitation, ascending aortic diameter >45 mm, infective endocarditis,
and previous cardiac surgery. BAV were further divided into subgroups ac-
cording to the latest expert consensus classification as well as their CO.

We also analyzed CT scans of 15 patients with the same inclusion/exclu-
sion criteria and who had a normal functioning TAV to compare aortic mor-
phometrics in the study groups.

ECG-Gated CT Protocol and Image Reconstruction

The imaging protocol and reconstruction technique have been described
previously.'” In brief, retrospective ECG-gated acquisition of multiphase
cardiac computed tomography (MCCT) were performed from the level
of the carina to the apex of the heart in a craniocaudal direction. Images
were reconstructed at 10% to 100% of the R-R interval in 10% incre-
ments. End-systole was identified as the phase of aortic valve closing;
end-diastole (ED), as the phase of mitral valve closing.

Using an in-house software (Lattido) developed at Favaloro University
(Buenos Aires, Argentina), annular delineation for all 10 temporal phases
was performed with 9 orthogonal planes generated automatically every 20°
around an approximated long axis of the left ventricular outflow tract
(LVOT). Observers identified the 2 edges of the aortic annulus (AA) on
each of these 9 planes to obtain 18 points, from which a 3D curve was
generated using a cubic spline. A best-fit plane was adjusted to the spline
and 3 additional planes were created automatically for manual inner con-
touring of the other aortic root components. Two planes were generated
10 mm distant to the best-fit AA plane at the level of the LVOT and the level
of sinus of Valsalva. The third plane, defined as the sinotubular junction,
intercepted the 3 higher points of the AA. This procedure was repeated
for all 10 temporal phases of the cardiac cycle.

The software allows calculation of geometric features, including 3D and
projected 2D parameters. To calculate the AA area in 3D, triangles were
formed between 2 consecutive points on the spline in 3D, delineating the
border of the annulus and the AA centroid of the 18 seed points. The AA
area was then calculated as the sum of each triangle’s area. The perimeter
was estimated as the length of the interpolated spline in 3D. For 2D mea-
surements, a best-fit plane was adjusted to the 18 seed points of each time
phase using a principal component analysis approach. AA area was esti-
mated in 2D, projecting the spline points into the best-fit plane. The height
of the annulus was estimated as the sum of distances of the farthest points
on the 3D spline describing the AA below and above the best-fit plane. The
longest distance between each pair of opposite points around the TA was
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adopted as the maximal diameter value, and the distance between the pair
of points orthogonal to the maximal diameter was called orthogonal to
maximal diameter. The eccentricity index was calculated using the
following formula:

. Orthogonal to maximal diameter 2
Eccentricity=/1— - -
Maximal diameter

Statistical Analysis

Analyses were done using SPSS 26.0 (IBM). Continuous variables were
reported as mean £ SD, and their normality of distribution was tested using
the Shapiro-Wilk test. Comparisons between 3D and 2D areas, perimeters,
and diameters were performed using the 2-tailed ¢ test. Comparisons for
categorical data were performed using the x? test. Statistical significance
between parameters was defined as P <.05.

RESULTS

Table 1 presents the general characteristics of the study
population. The mean patient age was 54 £ 13 years in
the BAV group and 58 + 11 years in the TAV group
(P = .74). Eighty percent of the BAV phenotypes were Si-
evers type 1 with a predominant left/right commissural
fusion.

AA 3D Representation

Figure 1 shows the 3D curve of the AA generated using a
cubic spline after pinpointing the 18 points on the annulus
border. The 3D curve analysis allowed us to distinguish
the 3 types of BAV: the 2-sinus type (Figure 1, A), fused
type (Figure 1, B), and partial-fusion type (form fruste;
Figure 1, C). The position and the height of the nonfunc-
tional (“fused”) commissure as well as the CO can be
readily assessed.

TABLE 1. Demographic data

Dimensions of the Aortic Root

We classified BAVs into 2 subgroups according to their CO:
symmetrical BAV (CO 160°-180°) and asymmetrical BAV
(CO 120°-140°). In our study population, we did not have sub-
jects with a CO of 140°-160°. In total, 7 subjects had a sym-
metrical BAV, and 8 subjects had an asymmetrical BAV.

Table 2 shows the mean AA morphometrics in both
groups. The BAV annulus was significantly larger than
TAV annulus in terms of 3D/2D areas, perimeter, diameter,
and height (P <.001). There were no differences between
the 2 subtypes of BAV.

The sinuses of Valsalva and the sinotubular junction also
were significantly larger in the BAV group compared to the
TAV group (Table 3). There was no difference in the LVOT-
indexed area between the 2 groups. All these findings re-
mained constant throughout the cardiac cycle.

Analysis of BAV Subtypes and Comparison to TAV

Table 4 shows the relative height of the nonfunctional
commissure relative to the least square plane of the annulus
compared to the normal commissures. In symmetrical BAV,
the nonfunctional commissure was significantly lower than
the other 2 functional commissures (P <.001), whereas in
asymmetrical BAV, the 3 commissures were of comparable
height (P = .32).

Table 5 shows the eccentricity index (EI) of the different
components of the aortic root at ED. Although there were no
differences in the EI of the AA, the LVOT was more ellip-
tical in TAV compared to asymmetrical BAV (P = .023)
or symmetrical BAV (P = .008). On the other hand, sinuses
of Valsalva were more circular in TAV and asymmetrical
BAV compared to symmetrical BAV (P = .002).

Figure 2 shows the differences in EI for the aortic root. At
ED, going from TAV to asymmetrical BAV to symmetrical

Characteristic BAV (N = 15) TAV (N = 15) P value
Age, y, mean = SD 55+13 58 £ 11 74
Male sex, n (%) 15 (100) 5(33.3) <.001
Body surface area, mean = SD 1.95 £ 0.16 1.75 £ 0.3 .03
Ejection fraction, %, mean £+ SD 60.6 + 1.8 592 +7.8 .87
Indication for CT scan, n (%)
BAV evaluation 11 (73.3) 0 (0)
Chest pain 3 (20.0) 8(53.3)
Arrythmias 0 (0) 5(33.3)
Other 1(6.7) 2 (13.4)
Sievers classification, n (%)
Type O 3 (20.0)
Type 1 12 (80.0)
L/R 8
N/R 3
N/L 1

BAV, Bicuspid aortic valve; TAV, tricuspid aortic valve; CT, computed tomography; L, left; R, right; N, noncoronary.
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FIGURE 1. Aortic annulus (AA) automated contouring representation using our in-house software:
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aspect of the valve in diastole and systole,

3-dimensional representation of the AA (green curve), and projection (mean, 10 phase aspect) for each subtype of bicuspid aortic valve. A, 2-sinus

type; B, fused type; C, partial-fusion type. *Nonfunctional commissure.

TABLE 2. CT measurements of the aortic annulus

TAV (N = 15), BAV (N = 15), Symmetrical Asymmetrical
Measurement mean + SD mean + SD P value (N = 7), mean = SD (N = 8), mean + SD P value
Mean 3D area, cm? 7.58 £ 1.59 10.97 £ 1.52 <.001 1047 £ 1.29 11.41 £+ 1.65 24
Mean indexed 3D area, 4.3 +£0.38 5.64 £ 0.84 <.001 520 £ 0.7 6.02 + 0.79 .06
cm?/m>
Mean 2D area, cm? 5.14 £ 1.24 7.58 £ 0.99 <.001 7.45 £ 0.77 7.68 £ 1.19 .67
Mean 2D indexed area, 291 £ 0.34 3.89 £+ 0.54 <.001 3.69 £ 0.32 4.06 £+ 0.65 .19
cm*/m?
Mean 3D perimeter, cm? 11.75 £ 1.29 13.88 £ 1.22 <.001 13.45 £ 1.56 1427 £ 1.21 2
Mean 2D diameter, cm 2.5+ 0.31 3.07 £ 0.26 <.001 3.05 £ 0.43 3.09 £043 .84
Height, mm 16.7 £ 2.2 21.81 +£3.82 <.001

CT, Computed tomography; TAV, tricuspid aortic valve; BAV, bicuspid aortic valve; 3D, 3-dimensional; 2D, 2-dimensional.
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TABLE 3. CT-indexed areas of the aortic root components

Component BAV (N = 15), cm*/m* TAV (N = 15), cm*/m> P value

LVOT

ED 372 + 041 3.45 + 0.99 41

ES 3.04 + 0.55 2.81 +0.87 45
Valsalva

ED 6.06 & 1.00 4.69 + 1.00 <.001

ES 5.83 + 0.94 4.67 +1.08 004
STJ

ED 5.13 + 1.62 3.62 &+ 0.99 .001

ES 5.25 + 1.63 3.64 + 1.17 .001

CT, Computed tomography; BAV, bicuspid aortic valve; TAV, tricuspid aortic valve; LVOT, left ventricular outflow tract; ED, end-diastole; ES, end-systole; STJ, sinotubular

junction.

BAYV, the LVOT became more circular and the sinuses of
Valsalva became more elliptical, whereas EI of the AA re-
mained the same.

DISCUSSION

BAYV, a common congenital heart disease, is a complex
entity characterized by heterogeneous morphologic features
and pathologies. Comprehensive evaluation of the morpho-
logic aspects of BAV is mandatory, especially in the era of
TAVR and root repair surgeries. In this study, we used an
innovative image analysis method for BAV based on 4D
MCCT and specific software developments. Our technique
enables a 3D dynamic evaluation of the AA throughout
the cardiac cycle with easy assessment of BAV morphology,
nonfunctional commissural features, and commissural
orientation. BAV represents a spectrum of morphology
with significant differences in the aspect of the aortic root
between the different types of BAV.

CT Evaluation of BAV Morphology

CT is the imaging modality of choice in the preoperative
evaluation of BAV. Whereas standard valve analysis con-
sists of scrolling through transverse images or performing
double-oblique multiplanar reconstructions, some authors
have proposed novel analysis techniques. Amoretti and col-
leagues'' proposed a multiplanar analysis based on com-
plete visualization of the line of insertion of the valve
leaflets and the interleaflet triangles. Categorization of
BAV anatomy then would be based on the degree of under-
development (or on the absence) of 1 interleaflet triangle.
Devos and colleagues'” proposed the use of a new sign,
the “hammock” sign, on standard coronal images, inspired

reconstruction, with its curve resembling a hammock. Our
analysis technique does not necessarily distinguish all
forms of BAV, since the 3D representation of the AA of a
very asymmetrical BAV is similar to that of TAV. However,
our method provides more detailed information on the BAV
morphology, especially with regard to the height and the po-
sition of the nonfunctional commissure as well as the CO.

Along with the differences observed for the AA, the
entire aortic root presents a spectrum of variability in its
morphology within the different subtypes of BAV and
compared to TAV. Actually, going from TAV to asymmet-
rical BAV to symmetrical BAV, the LVOT became more cir-
cular, and the sinuses of Valsalva became more elliptical.
The EI of the AA remained the same. In their study, Chiri-
chilli and colleagues'™'* found a spectrum of AA ellip-
ticity, with the AA being more elliptical in TAV and
asymmetrical BAV and more circular in symmetrical BAV.
However, in this study, the AA reflected the virtual basal
ring and not the true 3D AA. Therefore, their results on
the EI of the virtual basal ring are in accordance with our
findings on the EI of the LVOT.

BAV in TAVR

For several years, BAV have been excluded from large
randomized trials in TAVR because of their association
with higher rates of paravalvular leak, new permanent pace-
maker, and annular rupture compared to TAV.'” Several fac-
tors make TAVR more challenging in BAV compared to
TAV: BAV often is more calcified, the aortic root is more
elliptical, and the AA is typically larger.'® Several recent
observational studies have suggested improved outcomes
for TAVR in BAYV, driven by improvements in device

by the occasional depiction of a BAV spanning the entire technology, implantation techniques, and imaging
width of the aortic sinus on a coronal or sagittal screening.'”'®
TABLE 4. Commissure height by subtype of BAV
Commissure 1, mm, Commissure 2, mm, Nonfunctional commissure,
Subtype mean + SD mean + SD mm, mean + SD P value
Symmetrical (n = 7) 18.24 £+ 3.20 17.15 £ 3.60 6.01 £ 4.27 <.001
Asymmetrical (n = 8) 16.38 £+ 0.86 15.88 & 1.69 15.37 £ 0.88 32

BAV, Bicuspid aortic valve.
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TABLE 5. EI of the aortic root components in TAV and subgroups of BAV at end-diastole

TAV (N = 15) Symmetrical BAV (N = 7) Asymmetrical BAV (N = 8)
Component EI EI P value EI P value
LVOT 0.74 0.61 .023 0.6 .008
AA 0.49 0.49 .06 0.52 .30
Valsalva 0.28 0.19 .070 0.47 .002

EI, Eccentricity index; TAV, tricuspid aortic valve; BAV, bicuspid aortic valve; LVOT, left ventricular outflow tract; AA, aortic annulus.

In this regard, standard sizing for BAV has not yet been
developed. Prosthesis sizing based on a virtual basal ring
evaluation is the gold standard in TAV stenosis. Most previ-
ous studies used prosthesis sizing based on virtual basal ring

area measurement in BAV.'”*" Others opted for a supra-
annular sizing at the level of maximal constraint’’ or with
the LIRA (level of implantation at the raphe) technique.””
However, we have previously demonstrated that VBR

| TAV | | Asymmetric BAV | | Symmetric BAV |

Valsalva

Annulus

LVOT

EI0.74

Eccentricity index; LVOT, left ventricular outflow tract.

El 0.61 El 0.6

FIGURE 2. Summary of the eccentricity indexes in end-diastole of the aortic root in tricuspid aortic valves (TAVs) and bicuspid aortic valves (BAVs). EI,
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analysis significantly underestimated the 3D and projected
2D dimensions of the true AA in normal functioning
TAV.'® Moreover, Ciobotaru and colleagues23 found that
the use of 3D analysis might reduce the risk of paravalvular
regurgitation following TAVR in TAV patients. Whether
annular sizing (2D projected area and perimeter) using our
4D method that includes a 3D temporal analysis technique
provides a solution to prosthesis sizing in TAVR for BAV ste-
nosis is yet to be demonstrated through dedicated studies, but
our results suggest that the varied morphology of AA in the
different BAV types should be considered for optimal pros-
thesis sizing. Furthermore, whether the spectrum of ellip-
ticity between the different subtypes of BAV persists in
heavily calcified stenotic BAV remains to be demonstrated.

BAV in Aortic Root Surgeries

Improved techniques in aortic root surgery have been
associated with improved durability of the aortic repair.”*
Several challenges remain in the BAV repair, owing

|JTCVS

TECHNIQUES

2"

|

15 patients with a normal functioning BAV vs 15 patients
with a normal function TAV

Semi-automated representation of aortic
annulus using in-house software (Lattido®)

This study provides a novel analysis technique of the
BAV based on 3D analysis of MCCT which can easily
identify the morphology of the BAV and provides
important information on the position and height of the
nonfunctional commissure, helping the surgeon for the
optimal treatment strategy in dysfuctional BAV.

BAV: bicuspid aortic valve; TAV: tricuspid aortic valve;
MCCT: multiphase computed tomography

2-sinus type

fused type

partial-fusion type

essentially to BAV polymorphism. Additionally, several
anatomic characteristics have been reported as predictors
of valve repair failure, including partial fusion and very
asymmetrical CO.”>*°

Owing to the heterogeneity in BAV morphology, De Ker-
chove and colleagues® proposed a new repair-based classi-
fication based on the CO. Patients with symmetrical CO
(160°-180°) were treated with central plication without
modification of the commissural angle. Patients with asym-
metrical commissural orientation (140°-160°) were treated
by increasing the commissural angle to 180°. Patients with
very asymmetrical commissural orientation (120°-140°)
were treated like those with a trileaflet valve. In this context,
preoperative CT assessment of the aortic valve is of utmost
importance to evaluate AA morphology in BAV. Our anal-
ysis technique provides an excellent overview of the AA
morphology (commissural orientation in particular) and
also allows visualization of the position and height of the
nonfunctional commissure, guiding annuloplasty.
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FIGURE 3. Graphical abstract.
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Limitations

This study is a retrospective bicenter study with a small
sample size, and our results should be validated in larger
populations. Although we indexed the measurements of
the aortic root to body surface area, the differences in sex
distribution and thus body surface area in BAV and in
TAV might impact our results. Our results reflect the
morphology of normal BAV. Further studies are needed to
evaluate pathologic BAV (stenosis or regurgitation) and to
analyze the impact of 4D analysis in clinical practice.

CONCLUSIONS

This study confirms the significant morphologic differ-
ences of the aortic root between TAV and BAV in terms of
its dimensions and between the different morphotypes of
BAV, mainly in the EI (Figure 3). This study also describes
anovel BAV analysis technique based on 3D MCCT, which
can readily identify the morphology of the BAV and provide
important information on the position and height of the
nonfunctional commissure that can contribute to deter-
mining the optimal treatment strategy for dysfunctional
BAV.
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