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Abstract

Background: The study was aimed at investigating the mathematical relationship between the aortic valve and aortic 
root through CTA imaging-based reconstruction.
Methods: We selected 121 healthy participants and analyzed the measurements of aortic root dimensions, including 
the sinotubular junction (SJT), ventriculo-arterial junction (VAJ), maximum sinus diameter (SD), sinus height (SH), 
effective height (eH) and coaptation height (cH). We also reconstructed 3-D aortic valve cusps using CTA imaging 
to calculate the aortic cusp surface areas. Data were collected to analyze the ratios and the correlation between aortic 
valve and aortic root dimensions.
Results: Among healthy participants, the STJ was approximately 10% larger than the VAJ, and the SD was 1.375 
times larger than the VAJ. The average eH and cH were 8.94 mm and 3.62 mm, respectively. The aortic cusp surface 
areas were larger in men than women. Regardless of sex, the non-coronary cusp was found to be largest, and was fol-
lowed by the right coronary cusp and the left coronary cusp. Although the aortic root dimensions were also significantly 
larger in in men than women, the STJ to VAJ, SD to VAJ, and SH to VAJ ratios did not significantly differ by sex. The 
mathematical relationship between the aortic cusp surface areas and VAJ orifice area was calculated as aortic cusp  
 
surface areas { }2

2 ( )
(mm ) 1.512 166.866.

2
VAJ mm

= × ×π+

Conclusions: The aortic root has specific geometric ratios. The mathematical relationship between the aortic valve 
and aortic root might be used to guide aortic valve repair.
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Abbreviations and acronyms: AI, aortic insuffi-
ciency; AVR, aortic valve replacement; BSA, body 
surface area; cH, coaptation height; eH, effective 
height; SD, maximal sinus diameter; SH, sinus 
height; STJ, sinotubular junction; VAJ: ventricu-
loarterial junction.

Introduction

Aortic valve repair, including isolated aortic valve 
repair and valve-sparing aortic root replacement 
(the David procedure), are not performed as com-
monly as mitral valve repair. However, enthusi-
asm for aortic valve repair has increased among 
cardiac surgeons [1]. The purpose of aortic valve 
repair is to avoid any prosthetic valve-associated 
complications, including bleeding, thromboem-
bolism, endocarditis and tissue valve deteriora-
tion [2–4]. The value of aortic valve repair lies 
in its long-term maintenance of aortic valve func-
tion and favorable quality of life, particularly for 
young patients [5]. Factors contributing to aortic 
insufficiency (AI) include deformed aortic root 
configuration, diseased aortic valve or a combi-
nation of both. Normal aortic valve function has 
been demonstrated to depend on the specific rela-
tionship between the aortic valve and aortic root 
dimensions [6–8]. For patients with AI, prioritiz-
ing aortic valve repair is believed to restore a nor-
malized relationship between the aortic valve and 
aortic root. However, no objective methods are 
available for choosing graft size in the David pro-
cedure, and determining STJ and VAJ size in per-
forming isolated aortic valve repair. To provide a 
reference for aortic valve repair, we hypothesized 
that the aortic valve cusp areas should be consid-
ered the core anatomic geometry, which should be 
referenced and matched to the aortic root dimen-
sions. Therefore, in this study, we retrospectively 
analyzed 121 healthy participants with tricus-
pid aortic valve and used MeVislab software to 
reconstruct the aortic valve cusps in three dimen-
sions. This process enabled us to measure the 
individual aortic cusp surface areas and aortic 
root dimensions, and determine the mathematical 
relationship between them, to provide a surgical 
reference.

Materials and Methods

Study Population

The study protocol conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki and was 
approved by the Institutional Review Board of 
the First Affiliated Hospital of Nanjing Medical 
University (July 28th, 2021; No. 2021-SR-381). 
All participants provided informed consent. We 
retrospectively analyzed dual-source cardiac CT 
scan images of the participants between January 
2020 and October 2021. All participants underwent 
dual-source cardiac CT scanning and echocardiog-
raphy because of chest pain. The cardiac CT and 
echocardiography scans were ordered to verify the 
presence of any coronary artery abnormalities and 
aortic diseases. Finally, 121 participants (61 men 
and 60 women) among a total of 306 patients, who 
had a normal aortic root, as confirmed by cardiac 
CT, and normal tricuspid aortic valve anatomy and 
function, as confirmed by echocardiography, were 
considered healthy participants and selected for 
inclusion in this study. All participants denied any 
cardiovascular disease history, such as hyperten-
sion. The exclusion criteria were bicuspid aortic 
valve; any evidence of aortic valve diseases, such 
as stenosis, regurgitation or calcification; and any 
evidence of aortic root anomalies.

Cardiac CTA Imaging Data

Cardiac CTA images were obtained with dual-
source CT (Somatom Definition; Siemens Medical 
Systems, Erlangen, Germany) with a 64 row detec-
tor and retrospective ECG gating. Four ECG leads 
were attached to the patient’s chest in standard 
positions, and the ECG was continuously recorded 
throughout the scan. Bolus tracking was used for 
timing, and scanning started automatically 6 sec-
onds after the contrast enhancement reached 100 
HU in the region of interest placed in the descend-
ing aorta. The scanner settings were as follows: tube 
voltage of 120 or 100 kV, and effective tube current 
of 380 mAs for both tubes. The effective radiation 
dose ranged from 6 to 10 mSv. The scan direc-
tion was craniocaudal, starting above the carina 
of the trachea and ending at the diaphragm below 
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all cardiac structures. High  concentration con-
trast material (Ultravist iopromide, 370 mg I/mL; 
Bayer HealthCare Pharmaceuticals, Leverkusen, 
Germany) was administered at 4–6  mL/s with a 
mechanical power injector (Dual Shot, MedRad 
Inc., Indianola, PA, USA) via a 20-gauge cannula 
inserted into an antecubital vein. The image slice 
thickness was 0.75 mm or 0.625 mm. All CCTA 
data were transmitted to the workstation (syngo. 
ViaVB10, Siemens) for post-processing. Any 
images whose quality rendered image analysis 
unfeasible were excluded [9, 10].

CT Image Reconstruction and Analysis

The 3-D surface of each cusp of the tricuspid aor-
tic valve was reconstructed from cardiac CTA scans 
through the following steps:

1.	 The original CTA images were first interpolated 
along the z-axis to generate an isotropic volu-
metric image.

2.	 The orthogonal reformatted images were man-
ually defined, to generate a series of planar 
cross-sectional images perpendicular to the root 
of the aorta. The image size of the reformat-
ted cross-sectional images was fixed to 256 × 
256 × 80 mm3.

3.	 In the planar cross-sectional images, several 
points located on a single aortic cusp were 
annotated manually by the cardiac surgeon 
(Figure  1). After the aortic cusp was deline-
ated, the triangulated surface of each leaflet 
was created from a scattered points cloud by 
using Delaunay 3-D triangulation (Figure 2) 
(https://www.mathworks.com/matlabcentral/

fileexchange/63730-surface-reconstruction-
from-scattered-points-cloud).

4.	 The surface area of each aortic valve cusp was 
computed from the reconstructed triangulated 
3-D surface. The other parameters, comprising 
the diameters of the sinotubular junction (SJT) 
and ventriculo-arterial junction (VAJ), and the 
maximum sinus diameter (SD), sinus height 
(SH), effective height (eH) and coaptation height 
(cH), were measured in the reformatted images 
(Figure 3).

The above steps were performed in Mevislab 
(Ver  2.1) (https://www.mevislab.de/) and Matlab 
(Ver 2018).

Statistics

Data are presented as frequency (percentage) for 
categorical variables, and mean (standard devia-
tion) or median (Interquartile range) for continu-
ous variables according to the nature of the data. 
Differences between groups at baseline were 
assessed with χ2 test or Fisher’s exact test for 
categorical variables, and t test or Mann-Whitney 
U test for continuous variables. Linear regres-
sion was performed to investigate the associations 
among the VAJ, STJ, SD, SH and body surface 
area (BSA), and to calculate the aortic cusp sur-
face areas with a regression coefficient (β) and 
95% confidence interval (CI). We considered a 
two-sided P value <  0.05 to indicate statistical 
significance. Statistical analysis was performed 
in Stata version 14 (Stata Corp, College Station, 
TX, USA) and R version 3.5.0 (R Foundation for 
Statistical Computing).

Figure 1  Aortic Cusps.
(A) Left aortic cusp, delineated with points. (B) Right aortic cusp. (C) Non-coronary aortic cusp.

https://www.mathworks.com/matlabcentral/fileexchange/63730-surface-reconstruction-from-scattered-points-cloud
https://www.mathworks.com/matlabcentral/fileexchange/63730-surface-reconstruction-from-scattered-points-cloud
https://www.mathworks.com/matlabcentral/fileexchange/63730-surface-reconstruction-from-scattered-points-cloud
https://www.mevislab.de/
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Results

All 121 healthy participants with tricuspid aortic 
valve were divided by sex into two groups compris-
ing 61 male and 60 female participants. The age 
ranges were 42.1 ± 14.1 years in men and 46.3 ± 
15.3 years in women. All baseline characteristics 
are shown in Table 1.

Figure 3  Measurements of Aortic Root Dimensions.
Line 0 indicates the STJ; line 1 indicates the SD; line 2 
indicates the VAJ; line 3 indicates the SH; line 4 indicates the 
eH; line 5 indicates the cH.

Figure 2  Reconstructed Aortic Valve.
(A) and (B) 3-D reconstructed aortic valve from the aortic side. (C) and (D) 3-D reconstructed aortic valve from the ventricular 
side. Red, left coronary aortic cusp; green, right coronary aortic cusp; blue, non-coronary aortic cusp.

Aortic Root Dimensions Size and Ratios

Among all participants, the men had larger aor-
tic roots than the women, with larger dimen-
sions across all anatomic structures (Table 1). 
Our data demonstrated that, across sexes, the 
STJ was approximately 10% larger than the VAJ, 
and the SD was approximately 1.375 times larger 
than the VAJ. Although the aortic root size was 
larger in men than women, the ratios of the aor-
tic root dimensions did not significantly differ by 
sex (Table 1). Specifically, the ratio of the STJ 
to VAJ was 1.09 in men and 1.10 in women; the 
ratio of the SD to VAJ was 1.39 in men and 1.36 
in women; and the ratio of the SH to VAJ was 
0.89 in men and 0.86 in women. Among all par-
ticipants, the three separate SH values were larger 
in men than women; the non-SH was largest and 
was followed by the right SH and left SH. The 
average eH and cH was 8.94 mm and 3.62 mm, 
respectively. The  ratio of cH to eH was 0.42 in 
men and 0.40 in women; and the ratio of eH to SH 
was 0.42  in men and 0.43 in women. Therefore, 
the aortic root dimensions have specific geomet-
ric ratios that are essentially independent of sex 
(Figure 4).
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Aortic Valve Cusp Surface Areas

The total aortic cusp surface areas were 947.8 ± 
138.9 mm2 for men and 714.9 ± 108.2 mm2 for 
women, thus demonstrating that the men had larger 
aortic cusps than the women. Regardless of sex, a 
comparison of the three aortic cusps indicated that 
the non-coronary cusp (339.6 ± 57.9 mm2 in men, 
269.7 ± 46.1 mm2 in women, P < 0.001) was larg-
est, and was followed by the right coronary cusp 
(320.1  ± 52.5 mm2 in men, 246.0 ± 41.8 mm2 in 
women, P < 0.001) and then the left coronary cusp 
(288.0 ± 47.0 mm2 in men, 226.1 ± 35.5 mm2 in 
women, P < 0.001) (Figure 5).

Correlation between Aortic Cusp Surface 
Areas and Aortic Root Dimensions

Linear regression analysis indicated a good correla-
tion between the aortic cusp surface areas and aortic 
root dimensions, including the STJ, VAJ, SD, SH 

and BSA (Table 2). Because all aortic root and aor-
tic valve dimensions were intercorrelated, as shown 
above, we aimed to provide a reference to normal-
ize the aortic root dimensions on the basis of meas-
urements of the corresponding aortic cusp surface 
area. The mathematical relationship between the 
aortic cusp surface areas and VAJ orifice area was 
calculated with linear regression (Figure 6). The 
equation was expressed as aortic cusp surface area  
 { }2

2 ( )
(mm ) 1.512 166.866,

2
VAJ mm

= × ×π+  which  
 
can be applied to determine the optimal aortic root 
dimensions for the purpose of aortic valve repair.

Discussion

The overall prevalence of aortic insufficiency is 
13% in men and 8.5% in women, as documented by 
color Doppler echocardiography in the Framingham 

Figure 4  Normalized Ratios.
(A) Normalized ratios governing the aortic root dimensions. All numbers are referenced to VAJ (VAJ = 1). (B) Average cH and 
eH in all healthy participants.

Figure 5  Comparison of Three Individual Aortic Valve Cusp Areas within the Same Sex.
L: left coronary aortic cusp; R: right coronary aortic cusp; N: non-coronary aortic cusp. ***P < 0.001.
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Offspring Study [11]. The factors contributing to 
aortic insufficiency include aortic root dilatation 
causing malcoaptation of the aortic valve; aortic 
valve leaflet anomalies, such as prolapse; or both 
[12]. Traditionally, the surgical treatment for AI 

has been aortic valve replacement (AVR) which is 
highly straightforward and reproducible. Currently, 
AVR remains the first choice for most cardiac sur-
geons worldwide [13]. However, with increased 
understanding of the mechanism of aortic insuffi-
ciency, aortic root anatomy and geometric relation-
ships, interest in aortic valve repair has markedly 
increased among cardiac surgeons [14–16]. The 
advantage of aortic root repair is its avoidance of 
any valve-related complications including bleed-
ing, prosthetic thromboembolism, endocarditis and 
tissue valve deterioration [2–4]. Previous publica-
tions have shown that aortic valve repair provides 
better quality of life, with a minimal transvalvular 
gradient and normal life expectancy, than observed 
in a general matched population [5]. Therefore, aor-
tic valve repair is currently recognized as a better 
choice than AVR in selected patients with AI, par-
ticularly young patients.

The techniques for aortic valve repair, such as 
modification of annuloplasty and sinus reconstruc-
tion, have substantially evolved in the past two 
decades [17, 18]. Considering isolated aortic valve 
repair, use of plasty of the STJ and VAJ to reshape 
the aortic root is considered crucial [19,  20]. 

Table 2  Correlation between Aortic Valve Cusp Areas and 
Aortic Root Dimensions.

 
 

Aortic valve cusp areas

r   r2   P value

Age   0.11   0.013   0.21
Weight   0.49   0.239   <0.0001
Height   0.55   0.298   <0.0001
BSA   0.48   0.235   <0.0001
STJ   0.65   0.418   <0.0001
SD   0.84   0.699   <0.0001
VAJ   0.71   0.508   <0.0001
SH   0.68   0.458   <0.0001
STJ orifice area   0.65   0.428   <0.0001
VAJ orifice area   0.72   0.524   <0.0001

BSA: body surface area, STJ: sinotubular junction, VAJ: 
ventriculoarterial junction, SD: maximal sinus diameter, SH: 
sinus height.

Figure 6  Linear Regression Correlation between Aortic Cusp Surface Areas and VAJ Orifice Area.
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Dr. Schäfers proposed the method of intra-operative 
measurement of eH (criterion ≥ 9 mm) [21, 22]. Our 
data on eH (9.26 + 1.16 mm in men, 8.61 + 1.04 
mm in women) were consistent with those stud-
ies. Despite technical progress, aortic valve repair 
remains technically challenging. The long-term 
outcomes of aortic valve repair vary widely and are 
highly dependent on surgeons’ experience [23, 24]. 
To date, no consensus exists regarding how to 
choose the graft size and the aortic sinus reconstruc-
tion size in valve-sparing aortic root replacement, 
and how to determine STJ, SD, SH and VAJ size in 
performing isolated aortic valve repair. In the first 
report of the David procedure by the pioneer Dr. 
Tirone David, the graft size was chosen by doubling 
the average height of all leaflets and multiplying by 
two-thirds [25]. Dr. Laurent de Kerchove believed 
that the height of the commissure is equal to the 
external diameter of the STJ and therefore applied 
the height of the commissure between noncoronary 
and left coronary leaflets to determine the graft size 
[26]. However, our findings revealed that the SH is 
approximately 20% smaller than the STJ diameter. 
In addition, Dr. Morishita has chosen a graft 15% 
larger than the average distance between commis-
sures [27].

Herein, we sought to determine a reference nor-
malized relationship between the aortic valve and 
aortic root in healthy participants with tricuspid 
aortic valve, to provide an objective method for 
guiding aortic valve repair. Our research question 
was how to accurately determine this normalized 
relationship. As we observed, the entire aortic root 
dimensions should match its own corresponding 
aortic cusp surface areas, to achieve normal aortic 
valve function. Therefore, we hypothesized that the 
aortic cusp surface areas could be considered the 
core geometric parameter for the entire aortic root 
dimensions during aortic valve repair. In fact, the 
aortic valve cusp has a specific curved 3-D struc-
ture, and the application of the 3-D reconstruction 
of the aortic valve cusps, as illustrated in our study, 
was more accurate and representative than 2-D 
parameters such as free margin length, cusp width 
and height.

Our data indicated that the STJ was approxi-
mately 10% larger than the VAJ, similarly to find-
ings in other publications [22, 28]. However, our 
findings contrasted with Dr. Kunzelman’s report 

[29] that the VAJ is larger than the STJ. We con-
sider this discrepancy to be due to differences in 
measurement circumstances: our measurement was 
derived from healthy individuals in diastolic phase 
under physiological blood pressure and cardiac 
cycle, whereas Dr. Kunzelman used formol-fixed 
in  vitro specimens under non-pressurized condi-
tions, which might have caused a lack of aortic 
elasticity.

Our data also demonstrated that the SD was 1.375 
times larger than the VAJ, and the SH was 12.5% 
smaller than the VAJ. The average eH was 8.94 mm 
in all healthy participants, similarly to Dr. Schäfers’s 
suggestion that the eH should be ≥9 mm. The eH 
has been shown to account for 42.5% of the SH; 
therefore, the coaptation line should be close to the 
middle of the SH. In addition, our study indicated an 
average coaptation height of 3.62 mm in all healthy 
participants, accounting for 41% of the eH.

We reconstructed aortic cusps in 3-D by using 
specific software based on cardiac CTA imaging 
to calculate the aortic cusp surface areas, whereas 
most previous studies have used the excised forma-
lin fixed homograft to measure the aortic cusp sur-
face areas in vitro. Among all participants, the total 
aortic cusp surface areas were 947.8 ± 138.9 mm2 
in men and 714.9 ± 108.2 mm2 in women. Our data 
demonstrated that the non-coronary cusp is largest, 
followed by the right coronary cusp, and the left 
coronary cusp is smallest. More importantly, we 
established the mathematical relationship between 
the aortic cusp surface areas and the VAJ. Our 
ultimate goal is the application of the equation to 
objectively calculate the desired aortic root dimen-
sions in patients with AI, to precisely guide aortic 
valve repair.

Clinical Implications and Innovation

In our study, we assembled measurement data of 
aortic cusp surface areas and diameters of the entire 
aortic root dimensions in healthy participants. We 
established the reference ratios of the aortic root 
dimensions and determined the mathematical rela-
tionship between the aortic cusp surface areas and 
VAJ orifice area. The predicted normalized aortic 
root dimensions in patients with aortic insufficiency 
can be calculated on the basis of pre-operative meas-
ured aortic cusp surface areas, and can be used to 
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precisely guide the individualized selection of graft 
size and reshaping of the entire aortic root during 
aortic valve repair.

Conclusion

The aortic root has specific geometric ratios and a 
mathematical relationship with corresponding aor-
tic cusp in healthy individuals. We propose that res-
toration of the normalized relationship between the 
aortic valve and aortic root in patients with aortic 
insufficiency might serve as an objective method 
for successful aortic valve repair.
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Limitation

Aortic sizes may vary among racial groups – an 
aspect requiring further consideration. In addition, 
the number of specimens in our study was not suf-
ficiently large. In the future, we plan to expand the 
number of participants to reexamine the relationship 

between the aortic valve and aortic root. This study 
focused on theoretical principles, and data from 
surgical practice are needed to further confirm our 
findings.
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