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ABSTRACT

Purpose: The dilation of proximal arch (PArc) was suspected 
to develop as a result of valve-related hemodynamics or in conse-
quence of the upward extension of the ascending aorta (AAo) dila-
tion. We aimed to investigate the one that might be the possible 
contributing factor in patients with bicuspid aortic valve (BAV).

Methods: All enrolled BAV patients underwent four-
dimensional flow magnetic resonance imaging. Contour-
averaged circumferential wall shear stress (WSScirc,avg) and 
the diameter of the middle of AAo (mid-AAo) were com-
pared between the patients with and without PArc dilation.  
Additionally, we analyzed the correlation between WSScirc,avg 
and aortic diameter at PArc section, as well as the correlation 
between the diameter of mid-AAo and that of PArc.

Results: No significant difference was observed in 
WSScirc,avg at PArc section between the patients with and 
without PArc dilation (P = .621). However, the diameter of 
mid-AAo in the patients with PArc dilation was higher than 
those without it (P = .007). In addition, the aortic diameter 
did not correlate with the WSScirc,avg at PArc level (R = 
-0.068, P = .701). The correlation was observed between PArc
diameter and mid-AAo diameter (R = 0.521, P = .002).

Conclusion: Hemodynamics may not contribute to the 
development of PArc dilation. PArc diameter correlated with 
mid-AAo diameter, implying PArc dilation may be second-
ary to the upward extension of AAo dilation. The influence 
of AAo dilation extending upward could be treated by AAo 
replacement; hence, a selective approach to transverse PArc 
replacement might be appropriate.

INTRODUCTION

Bicuspid aortic valve (BAV) is one of the most common 
congenital heart diseases appearing in 1% to 2% of the general 

population [Siu]. It is associated with a high risk of proximal 
aorta dilation, which involves proximal arch (PArc) in 73% of 
BAV patients [Fazel]. PArc dilation bears an increased risk of 
life-threatening events, such as aortic dissection or rupture. 
Hemiarch replacement was recommended as a routine pro-
cedure in these patients [Fazel]. However, the complexity of 
such a procedure is associated with increased risks, such as pro-
longed operation and cerebral ischemic stroke [Etz]. The fac-
tors that contribute to the development of PArc dilation may 
influence surgical decisions. If these factors can be addressed, 
the PArc dilation may not require prosthetic replacement.

However, the possible contributing factors have not 
been systematically investigated. Fazel et al [Fazel] found 
that PArc dilation rarely occurs alone. Instead, it is usually 
concomitant with ascending aorta (AAo) dilation. Based on 
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Figure 1. Schematic presentation of the measured levels at the proximal 
aorta and the definition of aortic regions in the circumferential direction 
in the aortic contour image derived from 4D-Flow MRI. A, The mea-
sured levels of aortic diameter were showed with the solid red line and 
the measured level of WSS were presented with the solid black line. B, 
The presentation of the definition of aortic regions in the circumferen-
tial direction. PArc: proximal arch; Mid-AAo: middle of ascending aorta.
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this observation, they inferred that PArc dilation might be 
secondary to the upward extension of AAo dilation [Fazel]. 
Whereas, in BAV patients, Dux-Santoy et al observed that 
dilated PArc, compared with non-dilated PArc, had higher in-
plane rotational flow [Dux-Santoy]. They explained that the 
development of PArc dilation might be a result of the impact 
of abnormal valve-related hemodynamics. Although the two 
possible mechanisms have been speculated, there currently is 
no further evidence to evaluate them.

In this study, we evaluated the two possible contributing 
factors of PArc dilation using four-dimensional flow magnetic 
resonance imaging (4D-Flow MRI). Increased wall shear 
stress (WSS) that derived from abnormal blood flow could 
directly impact the aortic wall and result in medial elastin 
degeneration [Guzzardi]. Thus, the regional WSS and aortic 
diameters were measured in BAV patients with or without 
PArc dilation. We then compared the regional WSS between 

the two groups and analyzed the correlation between WSS 
and PArc diameter, as well as the correlation between PArc 
diameter and the diameter of middle AAo (mid-AAo). Our 
study aimed to investigate whether the two factors contribute 
to the development of PArc dilation.

Figure 2. The comparison of WSS in PArc. A, B, Example of 4D-Flow 
MRI imaging with three-dimensional velocity encoding-derived aor-
tic WSS map in BAV patients with or without PArc dilation. C, The 
comparison of WSScirc,avg in PArc section between the patients with 
and without PArc dilation. D, The comparison of maximum WSSreg 
between the two groups. WSS: wall shear stress; PArc: proximal arch; 
WSScirc,avg: contour-averaged circumferential wall shear stress; WSS-
reg: regional wall shear stress; Pa = N/m2.

Figure 3. A, The comparison of the diameter of mid-AAo and Valsalva 
sinus between the patients with and without PArc dilation. B, The cor-
relation analysis between WSScirc,avg and aortic diameter at PArc sec-
tion. C, Mid-AAo diameter correlated with PArc diameter. Mid-AAo: 
middle of ascending aorta; PArc: proximal arch. WSScirc,avg: contour-
averaged circumferential wall shear stress. Correlation coefficients R, 
P values, lines of best fit (solid line), and lines of 95% CI (dashed line) 
are provided. 
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MATERIALS AND METHODS

Study population: All enrolled patients signed an informed 
consent that was approved and granted by the ethics commit-
tee of Fuwai Hospital before enrollment. Between May 2017 
and January 2019, 34 BAV patients with the dilation of the 
proximal aorta were enrolled and divided into two groups: 
PArc dilation (N = 16) and PArc non-dilation (N = 18). The 
patients with previous cardiac surgeries, a family history of 
aortopathy, suspected connective tissue diseases, and abdomi-
nal aortic aneurysm were excluded. 4D-Flow MRI was used 
to assess hemodynamic characteristics in the thoracic aorta.

4D-Flow MRI image acquisition: MRI examination 
was performed for all patients at a 3.0 Tesla MR scanner  
(Discovery MR750, GE Healthcare, Waukesha, Wis.) before 
the surgery. Aortic blood flow was assessed by 4D-Flow MRI 
with three-directional velocity encoding [Markl]. All data was 
obtained during free breathing using retrospective electrocar-
diograph gating in a sagittal-oblique volume covering the entire 
left ventricular outflow tract and thoracic aorta. Four NEX was 
used for suppressing respiratory artifacts. The scan parameters 
were as follows: TE: 2.2 ms, TR: 4.4 ms, bandwidth: 62.5 Hz/
pixel, flip angle: 14°, temporal resolution: 35.2 ms, field of view: 
360×252 mm, matrix: 180×126, slice thickness: 4.8 mm, recon-
structed spatial resolution: 2.0×2.0×2.4 mm3, number of slices: 
36±4. Twenty-five reconstructed phases during one cardiac 
cycle; velocity encoding: 150-300 cm/s (based on two-dimen-
sional phase-contrast MRI scout measurements).

WSS calculation: Image data of 4D-Flow MRI was post-
processed using the CardioSim software (Shengshi Technol-
ogy, Co., Ltd, Hangzhou, China).  Neighborhood variance 
method and neighborhood sign determination method were 
used for denoising 4D-Flow MRI velocity field [Huang]. In 
this way, the majority of noise can be removed to reveal the 

profile of aorta. At last, a 3D aortic model was extracted and 
reconstructed based on the velocity field attached in anatomi-
cal images [Otsu; Kazhdan].

Generally, 4D-Flow MRI flow field contains a high level 
of noise, errors, and coarse resolution near the vessel’s wall. 
Therefore, post-processing on the velocity field is neces-
sary. In this paper, an advanced technique of experimen-
tal fluid mechanics, the divergence-free smoothing (DFS) 
method [Wang], was applied to the velocity field to reduce 
noise and fix errors. However, the available DFS meth-
ods only provide the methodology on applications of the 
external flow field [Wang], while the issue of using DFS 
in wall-bounded flows as blood flow in the aorta will be 
investigated in the current work. In a wall-bounded flow, 
the no-slip condition on the wall needs to be satisfied with 
DFS. Therefore, special treatment of discrete grids near 
the curved wall is required, and the most important thing 
is to establish the difference equation of divergence-free in 
the near wall region. For this reason, the Taylor expansion 
of the velocity at the nearest grid point from 4D-Flow MRI 
was adopted along the wall-normal direction to achieve 
the difference equation for near wall region. The aim of 
the DFS process is that the difference between optimized 
velocity field and original velocity field should be as small 
as possible. So, the objective function of the optimization 
process is established, which is subjected to the divergence 
of smoothed velocity field in the DFS method that needs 
to be zero [Wang; Garcia]. By addressing this optimization 
issue, smoothed velocity field can be obtained.

After the improvement of blood velocity field with 
modified DFS and aorta reconstruction, both the three- 

Table 1. Baseline characteristics

Characteristics PArc Dilation PArc Non-Dilation P

Men, n (%) 11 (68.8) 16 (88.9) .214

Age, y 57.88 ± 7.75 50.72 ± 14.41 .079

Body mass index (kg/m2) 24.93 ± 3.31 25.00 ± 4.53 .962

Body surface area (m2) 1.77 ± 0.16 1.81 ± 0.24 .551

Hypertension, n (%) 8 (50.0) 10 (55.6) 1.000

Patterns of valvular  
dysfunction, n (%)

1.000

AS 12 (75.0) 13(72.2)

AR 4 (25.0) 5 (27.8)

AV-mean gradient (mmHg) 46.50 ± 30.67 32.94 ± 24.11 .159

LVEF, % 59.81 ± 7.76 59.39 ± 9.59 .695

Data are reported as mean ± standard deviation or number (percentage). 
PArc: proximal arch; AS: aortic stenosis; AR: aortic regurgitation; AV: aortic 
valve; LVEF: left ventricular ejection fraction

Table 2. Regional WSS and aortic diameters

PArc Dilation PArc Non-Dilation P

WSS at PArc section (Pa)

WSScirc,avg 1.24 [0.51-2.85] 1.35 [0.89-2.23] 0.621

Maximum WSSreg 2.37 [0.93-5.58] 2.04 [1.53-4.47] 0.670

WSSreg-GC 0.93 [0.54-2.48] 1.15 [0.39-1.64] 0.798

WSSreg-A 1.73 [0.57-3.22] 1.61 [0.68-2.78] 1.000

WSSreg-LC 1.06 [0.54-1.84] 1.50 [0.82-2.37] 0.224

WSSreg-P 0.61 [0.24-2.24] 0.87 [0.31-1.70] 0.721

Aortic diameters (mm)

PArc 42.69 ± 3.23 36.20 ± 1.86

Mid-Ascending Aorta 52.76 ± 5.51 47.27 ± 5.48 0.008

Valsalva Sinus 40.48 ± 7.17 40.78 ± 4.92 0.888

Continuous variables with a normal distribution are presented as the mean 
± standard deviation or median [IQR] when nonnormally distributed. P 
values showed comparison analyses between the groups, PArc dilation and 
PArc non-dilation. PArc: proximal arch; WSS: wall shear stress; WSScirc,avg: 
contour-averaged circumferential WSS; WSSreg: regional WSS; GC: greater 
curvature; A: anterior; LC: lesser curvature; P: posterior
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dimensional velocity field and the vessel wall are available 
for further calculation of WSS. To estimate the WSS, local 
coordinates of the curved wall surface were established. A fit-
ting of binomial was then applied to the velocity field along 
the local wall-normal direction based on the Musker model 
[Kendall]. The formula of velocity profile near the wall was 
based on the vortex-bonding model [Kendall], which was 
determined with local flow properties of the wall friction 
velocity, blood density, and dynamic viscosity coefficient of 
the blood. Finally, the WSS was calculated following the for-
mula, . Here, μ is the coefficient of viscosity 
and all coordinates and velocity components are local.

Definitions and measurements: PArc level was defined 
as the transection proximal to the innominate artery. The 
contour-averaged circumferential WSS (WSScirc,avg) was 
acquired at PArc level (Figure 1A). The sections at proximal 
aorta were equally divided into four parts in the circumfer-
ential direction: greater curvature and lesser curvature walls, 
as well as the anterior and posterior walls (Figure 1B). The 
regional WSS (WSSreg) of all parts was computed. The 
diameters of mid-AAo and PArc were measured using the 
images derived from 4D-Flow MRI (Figure 1A). The diam-
eter at the level of the Valsalva sinus was obtained from axial 
half-Fourier single-shot turbo spin-echo scan sequence imag-
ing of the thorax. PArc dilation was defined as the diameter of 
PArc ≥ 40mm [Jackson]. Aortic valve dysfunction was evalu-
ated using two-dimensional cardiac ultrasound, and the pat-
tern of valve dysfunction was determined according to the 
guideline of valvular heart disease [Nishimura 2014].

Statistical analysis: Continuous variables were tested by 
Shapiro-Wilk test to evaluate whether the data is normally 
distributed. The data with a normal distribution was presented 
as mean ± standard deviation, while those with a non-normal 
distribution were presented as median (interquartile range). 
Categorical variables are presented as number (n) and per-
centage (%). Student’s t-test and Mann-Whitney U test were 
used to compare the values between two groups. Chi-square 
test or Fisher’s exact test was used to compare the frequencies 
between the groups. The correlation was analyzed by Pear-
son or Spearman correlation analysis. Statistical analyses were 
performed with SPSS version 25 (IBM Inc., New York, NY), 
and P < .05 was considered statistically significant (two-sided).

RESULTS

Baseline characteristics: The baseline characteristics are 
shown in Table 1. (Table 1) The mean age of all enrolled 
patients was 54.09 ± 12.14 years, and 79.4% (N = 27) of these 
patients were males. There is no statistical difference in age 
and gender between the patients with and without PArc dila-
tion (P = .079, P = .214; respectively). No significant differ-
ence was observed in the patterns of aortic valve dysfunction 
between the two groups. Similarly, other demographics also 
did not show significant difference between the two groups.

No difference in WSS between patients with and without 
PArc dilation: The results of regional WSS are summarized in 
Table 2. Examples of aortic WSS map derived from 4D-Flow 

MRI are shown in Figure 2A and Figure 2B. No significant 
difference was found in the WSScirc,avg on the PArc sec-
tions between the patients with and without PArc dilation  
(P = .621) (Figure 2C), as well as no difference in the WSSreg 
(greater curvature, anterior, lesser curvature, and posterior) 
between the two groups (P = .798, P = 1.000, P = .224, P = .721, 
respectively) (Table 2). There were no significant differences in 
the regional distribution of maximum WSSreg at circumferen-
tial direction between the two groups (P = .807). Furthermore, 
the maximum WSSreg were selected from the four regions, 
and no significant differences were observed in the maximum 
WSSreg between the patients with and without PArc dilation 
(P = .670) (Figure 2D).

PArc diameter correlated with mid-AAo diameter, but not 
regional WSS: Next, we investigated whether PArc dilation 
associated with AAo dilation. The results of the aortic diam-
eters are presented in Table 2. The diameter of mid-AAo in 
patients with PArc dilation is higher than the patients without 
PArc dilation (P = .008) (Figure 3A). There was no significant 
difference in the diameter of Valsalva sinus (P = .888, Figure 
3A) between the two groups. The correlation was found 
between the diameters of PArc section and of mid-AAo sec-
tion (R = 0.521, P = .002 (Figure 3C). However, the corre-
lation analysis between PArc diameter and the WSScirc,avg 
showed that there was no significant difference (R = -0.068,  
P = .701) (Figure 3B).

DISCUSSION

In this study, aortic hemodynamics was visualized by means 
of 4D-Flow MRI. Few reports described the valve-related 
blood flow patterns (i.e. flow jet, helical flow, and vortices), or 
measured WSS in proximal aorta. It has been shown that WSS 
could directly impact on aortic wall leading to medial elas-
tin degeneration [Guzzardi]. Dux-Santoy and his co-workers 
[Dux-Santoy] observed increased rotational flow located in 
the position of PArc, speculating that the dilation of PArc may 
be attributed to the blood flow turbulence. Interestingly, they 
also showed that BAV patients who suffered PArc dilation had 
lower regional axial WSS and increased regional circumferen-
tial WSS at the PArc comparing with the non-dilated patients 
[Dux-Santoy]. Farag et al. observed that aortic valve replace-
ment did not alter the distribution and intensity of WSS on 
PArc [Farag; Farag]. These different findings implied that the 
hemodynamic factor should be re-evaluated with regard to 
its possible contribution to the development of PArc dilation. 
Besides, Park and his colleagues [Park] provided clinical evi-
dence based on long–term follow–up for patients undergoing 
repair or replacement of the AAo, which showed that progres-
sive PArc dilation was uncommon after AAo surgery. 

Together, this challenged the speculation that valve-
related hemodynamics contributed to the development of 
PArc dilation.

Our study compared the regional WSS between the two 
groups and analyzed the correlation between WSS and PArc 
diameter. No significant difference was found in the regional 
WSS between the patients with or without PArc dilation. We did 
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not observe significant correlation between the WSScirc,avg and 
the diameter of its corresponding level, too. These results may 
suggest that WSS is not a contributing factor in the development 
of PArc dilation in BAV patients. Furthermore, we compared the 
mid-AAo diameter of the two groups and analyzed the associa-
tion between the diameter of mid-AAo and PArc. We found that 
the diameter of mid-AAo in patients with PArc dilation signifi-
cantly is higher than that without the PArc dilation. Besides, the 
diameter of PArc significantly correlated with the diameter of 
mid-AAo. These results indicated that PArc dilation might be 
secondary to the upward extension of AAo dilation. 

Embryologic evidence also supports our findings. Based 
on the Edwards’ hypothetical double arch diagram and the 
Rathke’s diagram of aortic arches [Edwards; Edwards; Sto-
janovska], the branchial apparatus consists of six branchial 
arches; the fourth one becomes the aortic arch [Murillo]. 
However, the AAo originate from the truncus arteriosus and 
primordial aortic sac [Stojanovska]. It is clear that AAo and 
aortic arch originated from different portions of the embryo, 
which could explain the disease-related heterogeneity 
between the two segments of the aorta. The region of PArc 
is a transition region from AAo to aortic arch, which could 
be influenced by the dilation of proximal tubular ascend-
ing aorta. These information are consistent with the clinical 
observation that AAo dilation rarely involved the aorta distal 
to the innominate artery [Fazel].

The partial arch replacement was recommended together 
with AAo repair in ascending aortic aneurysms involving 
the PArc, using right subclavian/axillary artery inflow and 
hypothermic circulatory arrest [Hiratzka 2010]. With the 
improvement of surgical techniques, the operative morbidity 
and mortality are low in patients who underwent aortic arch 
surgery, albeit higher than those of AAo replacement alone 
[Etz]. In our study, the results revealed that WSS is not a 
contributing factor in proximal arch dilation in BAV patients. 
The enlargement of PArc might be secondary to the upward 
extension of the AAo dilation. The contributing factor of 
the development of PArc dilation could be removed from 
the surgery of prosthetic replacement of AAo alone, hence, 
a less aggressive strategy to hemiarch replacement might be 
appropriate.

Limitations: Our study did not find the correlation 
between WSS and PArc diameter. The relatively small study 
population size will increase the probability of making a 
Type II error, which may fail to reject the null hypothesis of 
no association. Further studies with larger sample sizes are 
needed to confirm these results. Besides, only BAV patients 
were included in this study to evaluate whether WSS is a con-
tributing factor in the development of PArc dilation. An addi-
tional control group of patients with normal tricuspid aortic 
valve may be beneficial to contextualize our findings.

CONCLUSIONS

Our study shows WSS is not a contributing factor in the 
development of PArc dilation. We observed that the PArc diam-
eter correlated with mid-AAo diameter, which indicated that 

the enlargement of PArc may be a result of the upward exten-
sion of AAo dilation. AAo replacement could remove the con-
tributing factor of PArc dilation, hence, a selective approach to 
transverse PArc replacement might be appropriate.
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