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Abstract
Background Accurate diagnosis and evaluation of Williams Syndrome (WS) are essential yet challenging for effective 
surgical management. This study aimed to quantify the hemodynamic changes of surgical repair for WS through 
virtual surgery and computational fluid dynamics (CFD) for surgical guidance and postoperative evaluation.

Methods A patient preliminarily diagnosed with WS was included in this study. 3D model alongside hemodynamic 
analysis was used to guide and evaluate the surgical procedure. Preoperative, predictive and postoperative models 
were created and analyzed using CFD. Key parameters, including blood flow velocity, pressure differences, wall shear 
stress, and other critical factors, were assessed to evaluate the surgery’s effectiveness.

Results In the hemodynamics analysis, the CFD results of predictive model and postoperative model demonstrated 
a high level of consistency, and showed significant differences compared to the preoperative model. The velocity at 
the stenosis on the aorta decreased from 5.6 m/s before the operation to 1.6 m/s in the virtual model and 1.5 m/s in 
the postoperative model. Surgical repair increased the proportion of outlet flow of the descending aorta (dAo) from 
28.7% to 35.5%.

Conclusions Virtual surgery and CFD can predict surgical outcomes, enabling doctors to optimize and rehearse the 
procedure before the actual surgery. The method of predicting surgery through virtual surgery and CFD is accurate 
and feasible.

Trial registration Registered by the Ethics Committee of Peking University International Hospital (No. IRB2019-062).
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Background
Williams syndrome (WS), also known as Williams–
Beuren syndrome, is a congenital multisystem disorder 
that affects the cardiovascular, connective tissue, and 
central nervous systems [1]. Cardiovascular defects are 
the primary cause of mortality in patients with WS [2]. 
Common cardiovascular malformations in WS include 
supravalvular aortic stenosis (SVAS), peripheral pulmo-
nary arterial stenosis (PPS), coronary artery abnormali-
ties, and other systemic arterial stenoses [3]. The choice 
of surgical approach is typically guided by the anatomi-
cal characteristics of the stenosis [4]. The most com-
mon surgical intervention for WS is the augmentation of 
SVAS [5], which can be performed using several estab-
lished techniques, including the McGoon, Doty, Brom, 
and Myers’ repair methods [6]. Conventional methods 
for diagnosing and planning surgeries rely heavily on 
the physician’s expertise and spatial reasoning. How-
ever, these traditional approaches often lack visualization 
tools, quantifiable metrics, and the ability to accurately 
predict surgical outcomes. This limitation can occasion-
ally result in unfavorable outcomes, such as severe coro-
nary insufficiency postoperatively following the relief of 
distal aortic obstruction. While hemodynamic changes, 
such as coronary insufficiency, can be inferred from 
alterations in vascular morphology, accurately quantify-
ing these changes remains challenging. This limitation 
affects both surgical decision-making and long-term 
prognosis. Virtual surgery combined with computa-
tional fluid dynamics (CFD) provides a valuable tool for 
visualizing surgical planning, quantifying hemodynamic 
parameters, and predicting postoperative hemodynam-
ics. It has become an essential method for improving the 
understanding of blood flow dynamics in both healthy 
and diseased vessels. Yu Hohri [7] employed virtual 
surgery based on CFD to predict postoperative hemo-
dynamics in a patient with restenosis in the ascending 
aorta (AAo), bilateral coronary arterial aneurysms, and 
a significantly thickened left ventricular wall. They com-
pared the left coronary flow supply of root replacement 
within situ Carrel patch coronary reconstruction and 
coronary artery graft bypass. Similarly, Jie Hu compared 
the surgical effects on the hemodynamic parameters of 
McGoon, Doty, and Brom procedures for SVAS based on 
a 3D model of the aorta and its main branches [8]. Ingrid 
S. Lan accurately predicted postinterventional pulmo-
nary artery pressures of transcatheter interventions in 
patients with pulmonary artery stenosis in WS using 
CFD [9]. Gal et al. developed mean gradient prediction 
models, comparing Doppler-derived and CFD gradients. 
They proposed that the diameter ratio between the sino-
tubular junction (STJ) and the aortic annulus in patients 
with SVAS could serve as a reliable indicator of the sever-
ity of the defect [10]. Jack, J. T pre- and post-surgical 

geometries and performed CFD to evaluate the effec-
tiveness of surgical intervention in correcting a severe 
aortic defect in a patient with WS [11]. In addition, a 
group of researchers has applied CFD to patient-specific 
pre-surgical planning, design, and optimization of aortic 
and pulmonary artery repairs using tissue-engineered 
materials, as well as conducting animal studies to assess 
postoperative performance [12–14]. However, previous 
research has not conducted a comprehensive hemody-
namic analysis of systemic arterial stenoses in WS. In this 
study, we performed a detailed hemodynamic evaluation 
of cardiovascular abnormalities in WS, focusing on major 
affected blood vessels, including the aorta, carotid artery, 
coronary arteries, and pulmonary artery. Virtual surgery 
and CFD were used for both surgical planning and post-
operative assessment.

Materials and methods
Study design and case selection
This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and was approved 
by the Ethics Committee of Peking University Interna-
tional Hospital (Approval No. IRB2019-062). The aim of 
the study was to predict the surgical outcomes and assess 
the effectiveness of the repair surgery through hemody-
namic simulations, including preoperative, virtual pre-
dictive, and postoperative models. A 9-year-old male 
patient was included in the study. He was preliminarily 
diagnosed with congenital heart disease, supra-aortic ste-
nosis, mitral insufficiency, cardiac enlargement and sinus 
rhythm by ultrasonography. As the patient was under 18, 
informed consent was obtained from his legal guardian.

In the patient’s surgical management, 3D modeling 
and hemodynamic analysis were employed to guide and 
evaluate the procedure. The preoperative, predictive, and 
postoperative models were reconstructed and analyzed 
by engineers under the guidance of the surgical team. A 
multidisciplinary consultation group discussed the sur-
gical plan, using hemodynamic simulation as a key ref-
erence for decision-making. When designing the graft 
shape and size, potential anatomical changes during the 
interval between preoperative data collection and sur-
gery were considered. To ensure consistency with the 
original data, an additional ultrasound examination was 
performed one day before the surgery.

Clinical data measurement
Cardiac CT data were used to reconstruct the heart. 
CT scans were obtained with a 256-layer General Elec-
tric Revolution scanner (Revolution CT, GE Healthcare, 
Waukesha, WI, USA) and saved in Digital Imaging and 
Communications in Medicine (DICOM) format. Dop-
pler transthoracic echocardiography (TTE) was used 
to obtain flow data at the inlet of aorta. In this study, 
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ultrasound examinations were performed using the Phil-
ips EPIQ7 (Philips, NL) system. The velocity-time plot 
over a cardiac cycle was digitized and smoothed, the 
velocity data was multiplied by the inlet area to calculate 
the volumetric flow rate, and then used for the boundary 
condition definition.

Virtual model construction, surgical design and grid 
construction
Virtual models included preoperative diagnostic mod-
els, predictive surgical models, postoperative models, 
and models for CFD. The Mimics Innovation Suite 19.0 
(Materialise HQ, Leuven, Belgium) software was used 
for model processing. Preoperative, predictive, and post-
operative models were reconstructed using Rhinoceros 
6.0 (Robert McNeel & Associates, USA) software and 
Zbrush 4R9 (Pixologic, Los Angeles, USA) software. For 
grid construction, ICEM CFD (Fluent, Inc., Lebanon, 
NH) was used. Each model was meshed with a tetrahe-
dral/mixed meshing scheme. To reduce computational 
costs, a hybrid mesh was used, particularly consider-
ing the size differences between the aorta and coronary 
arteries. The aorta and coronary arteries were segmented 
into two separate components and meshed at different 
resolutions. Grid independence testing was performed 
using six different grid sizes to ensure the accuracy 
and reliability of the results (171,967, 272,914, 359,023, 
485,539, 659,628, and 1278,603). The model with 659,628 
cells was selected for simulation, as the results indicated 
that global flow features, such as velocity components, 
remained stable with further grid refinement. Consider-
ing that the predictive and postoperative models in sub-
sequent simulations closely resemble the preoperative 
model in terms of structural characteristics, the same 
size (LWall of Aorta=0.9 mm, L Wall of Coronary Artery =0.4 mm, L 
Outlet of Aorta=0.7 mm, and L Outlet of Coronary Artery =0.2 mm) 
is applied to grid division. The final grid sizes for the 
preoperative, predictive, and postoperative models were 
659,628, 654,685, and 776,030 cells, respectively.

Boundary conditions and CFD simulations
ANSYS Fluent, using the pressure-based solver, was 
employed to create and compute the solution. Blood flow 
in large arteries was modeled as a homogeneous Newto-
nian fluid, with a density of ρ = 1056 kg/m3 and dynamic 
viscosity of µ = 0.0035 Pa·s [15]. The finite volume method 
(FVM) was used for discretizing the computational 
regions. Spatial discretization was performed using the 
second-order upwind scheme. Pressure-velocity coupling 
was handled with the SIMPLE (Semi-Implicit Method for 
Pressure-Linked Equations) algorithm. Turbulent flow 
was modeled using the SST k-omega turbulence model. 
A low turbulence intensity of 1%, no-slip conditions, and 

the assumption of a rigid arterial wall were applied in this 
study.

The velocity profile at the aortic inlet, measured by 
Doppler TEE, was converted into mass flow rates and 
used as the inlet condition for the CFD models. Zero 
gradient pressure were set as the outlet. The cardiac 
cycle was set to 0.8  s based on clinical measurements. 
Additionally, a sensitivity test was conducted to evalu-
ate the effect of time step size on the unsteady simula-
tion results. Four time-steps—0.001s, 0.004s, 0.008s, and 
0.016s—were tested. Results showed that further reduc-
tion in time step beyond 0.008s had minimal impact on 
the velocity and pressure distributions. To optimize com-
putational efficiency, a time step of 0.008 s was selected. 
Each cardiac cycle consisted of 100 time-steps, with 30 
iteration steps set for each time step. The calculation of 
each step ends when the residual converges to 10− 5 or 
complete the iteration of 30 steps first. The simulation 
was run for five cardiac cycles to eliminate period depen-
dency. Convergence was deemed achieved when flow 
rate and pressure data exhibited periodic repetition, and 
data from the final cycle was used for analysis.

Once the flow solution converged for each model, the 
results were analyzed using CFD-POST (Fluent, Inc., 
Lebanon, NH). In addition to conventional parameters, 
several additional calculations were performed. Wall 
Shear Stress (WSS) represents the instantaneous stress 
applied at the vessel wall. To derive a meaningful conclu-
sion, the Time Average Wall Shear Stress (TAWSS) over a 
cardiac cycle was calculated [16, 17].

 
TAWSS = 1

T

∫
|

−−−−−→
WSS (t) | dt (1)

To assess the temporal oscillations in the immediate WSS 
vector over the cardiac cycle, the Oscillatory Shear Index 
(OSI) [18] was used as follows:
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Results
The following results are presented for the preoperative, 
predictive, and postoperative models.

Preoperative models and CFD analysis
The blood pool model, which includes the left ventricle 
(LV), right ventricle (RV), left atrium (LA), right atrium 
(RA), aorta (Ao), pulmonary artery (PA) and other car-
diac structures, clearly illustrates the cardiac anatomy 
and helps clinicians identify and understand the loca-
tion of lesions (Fig.  1a). It showed that cardiovascular 
stenosis mainly occurs on the Ao. Specifically, there was 
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a 5.6  mm stenosis near the right pulmonary artery ori-
fice (Fig. 1b), while no significant stenosis was observed 
in the left pulmonary artery. The aorta showed SVAS 
with diffuse, long-segment involvement throughout the 
entire thoracic aorta, with the narrowest point measuring 
approximately 6  mm. An aneurysm (28  mm diameter) 
was identified on the innominate artery, accompanied 
by severe ostial stenosis of the innominate artery and the 
left common carotid artery (LCCA). Additionally, the 
left coronary artery (LCA) exhibited diffuse expansion 
(Fig. 1c).

In this case, the coarctation of the right pulmonary 
artery was mild and deemed not requiring surgical inter-
vention. Hemodynamic simulations of the aorta were 
performed and used for surgical evaluation since the 
main coarctation or dilation were localized to the aorta.

As shown in Fig.  2a, the velocity streamline distribu-
tion illustrates the blood flow in the aorta, with nota-
ble acceleration observed at the STJ due to SVAS and 
coarctation at the root of the LCCA. Distinct eddy cur-
rents were observed in the dilated area of the LCA, the 
innominate aneurysm (IA) and the anterior region of the 
descending aorta (dAo). In the IA, a slow, circumfluent 
flow was observed. Blood entered the aneurysm from 
the upper opening and exited through the lower part of 
the opening after a rotational flow pattern. Additionally, 
blood acceleration across the aortic arch (AoA) resulted 
in complex downstream swirling and recirculation, 
with a jet impinging on the posterior wall of the dAo. 
The velocity vector distribution (Fig.  2b) on the cross-
sectional view of the aorta illustrates the direction and 
velocity of the blood flow. The pressure distribution map 
(Fig.  2c) illustrates the variations in pressure across the 
blood vessels. Due to the sharp stenosis at the STJ, a sig-
nificant pressure drop was observed between the upper 

and lower parts of this region, ranging from 17,000 Pa to 
500 Pa (ΔP = 123.75 mmHg). This result is consistent with 
the pressure drop evaluated via ultrasound, using the 
Bernoulli equation [19] (ΔP = 4 V²), where Vmax = 5.6 m/s, 
resulting in ΔP = 125.44 mmHg.

Predictive surgical models and CFD analysis
Guided by the preoperative model and hemodynamic 
analysis, the surgical plan was developed, and a predic-
tion model was established. The primary objectives of the 
surgery were to widen the SAVS and LCCA stenosis, and 
to remove the aneurysm on the IA. Additionally, several 
hemodynamic parameters were considered: expanding 
the SVAS and LCCA to increase blood flow to down-
stream vessels, minimizing pressure drops within the 
vessels, and reducing the values of time-averaged wall 
shear stress (TAWSS) and oscillatory shear index (OSI). 
Although the right coronary artery (CA) was dilated, 
there was no stenosis at the CA orifice. Therefore, no sur-
gical intervention was performed on the coronary arter-
ies due to the patient’s young age. A gradually tapered 
tubular graft was designed from the STJ to the top of the 
aortic arch (Fig.  3a-c), with a similar approach applied 
to address the stenosis in the LCCA. The shape and size 
of the patch were determined based on the difference in 
diameters between the preoperative and the predictive 
models (Fig. 3d-e).

Hemodynamic analysis was performed after the virtual 
aorta model was established. The velocity streamline dis-
tribution in the predictive surgical model indicates that 
blood flow acceleration at the STJ and coarctation at 
the LCCA root were alleviated, resulting in a more uni-
form velocity profile along the aorta (Fig. 4a). Aside from 
minor eddy currents at the LCA expansion and IA, other 
turbulent flow patterns were eliminated. The maximum 

Fig. 1 Preoperative blood pool models. (a) Blood pool model including the left ventricle (LV), right ventricle (RV), left atrium (LA), right atrium (RA), aorta, 
pulmonary artery (PA) and other cardiac structures. (b) Venous system model including the pulmonary artery and left ventricle. (c) Aorta model showing 
various lesions
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velocity across all regions decreased from 7.6  m/s to 
1.6  m/s. As the severe coarctations were resolved, the 
pressure on the aortic wall became more stable (Fig. 4b). 
A uniform WSS distribution was achieved along the 
entire aorta, with the previously high WSS area between 
the STJ and the top of the AoA being eliminated (Fig. 4c).

Surgery
After optimization and evaluation, the results of the vir-
tual surgery were used to guide the actual procedure. A 
polyester artificial blood vessel was cut into a patch based 
on the calculated shape (Fig. 4f ). The tissue at the stenotic 
region of the Aao and part of the anterior aortic wall of 

the aortic arch were excised, and the patch was sutured 
in place to reconstruct the aortic arch. The aneurysm on 
the innominate artery was removed and the incision was 
sutured. Additionally, the coarctation at the LCCA was 
addressed by widening it with a sutured patch.

Postoperative surgical models and CFD analysis
Postoperative CT and ultrasound data were used to 
reconstruct the aortic model, which was then used to 
set the inlet flow conditions. The maximum flow rate 
decreased to 1.5 m/s (Fig. 5a). The maximum pressure on 
the vessel wall surface was reduced to 1618 Pa (Fig. 5b), 
and the maximum time-averaged wall shear stress 

Fig. 2 CFD results of the preoperative model of the Aorta. (a) Velocity streamline distribution at the peak of the systolic period. (b) Velocity vector on 
some cross-sections at the peak of the systolic period. (c) Pressure distribution at the peak of the systolic period. (d) WSS distribution at the peak of the 
systolic period. (e) TAWSS distribution. (f) OSI distribution. WSS: wall shear stress; TAWSS: time average wall shear stress; OSI: oscillatory shear index
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(TAWSS) decreased to 20.9  Pa (Fig.  5c). The results of 
the postoperative CFD analysis showed good consistency 
with the predicted CFD analysis, confirming the accuracy 
of the surgical plan and its effectiveness in improving 
hemodynamic conditions.

Morphological comparison of preoperative, predictive, and 
postoperative models
To compare the morphological changes between the 
preoperative, predictive, and postoperative models, the 
circumferences at various sections of the aorta were 
measured and analyzed. The results showed that the 
circumference at the location of the greatest expansion 
increased by 25  mm (Fig.  6). The difference in perim-
eter between the predictive and postoperative models 
was minimal, with a mean difference of 1.17 ± 0.23 mm, 
indicating strong consistency between the predicted and 
actual outcomes.

Comparison of predictive and postoperative models
To assess the accuracy and effectiveness of surgical plan-
ning, a detailed comparison was made between the pre-
dictive and postoperative models. Morphologically, the 
differences between the two models were minimal, with 
a mean circumference difference of 1.17 ± 0.23 mm. This 
slight variation is inevitable due to the processes of patch 
creation, trimming, and suturing during the aortic repair. 
In terms of hemodynamics, the velocity streamline dis-
tributions of the predictive and postoperative models 
were largely consistent, with a reduction in rotational 
flow observed in the descending aorta in both models. 
However, the postoperative model exhibited a larger 
Aao diameter, resulting in higher downstream outlet 
flow velocities compared to the predictive model. The 
distribution of TAWSS was also similar in both models, 
though differences in numerical values were observed at 
the junction of the brachiocephalic artery and the aor-
tic arch. The OSI distribution showed more pronounced 
differences in the lower aortic arch and the inner side of 
the descending aorta. These variations may be attributed 

Fig. 3 Design process of virtual surgery. (a) Virtual reconstruction of the aortic arch morphology was performed using Rhinoceros 6.0, where point curves 
were interpolated to define the centerlines and edge lines. The centreline and the edge lines were drawn on both sides of the expected model, and circles 
were drawn perpendicular to it along the centreline. (b) A tapered pipe model was created in Rhinoceros 6.0 using the “sweep by one rail” tool, with the 
centerline of the simulated blood vessel serving as the path and circular cross-sections at both ends. (c) The final aortic model was obtained by smooth-
ing and merging the structure in Zbrush 4R9, using grid fusion techniques. (d) The circumference of each aortic cross-section was measured in Mimics 
Innovation Suite 19.0. (e) The shape of the patch was calculated according to the difference between the circumference of the aortic cross section of the 
prediction model and the preoperative model in Rhinoceros 6.0. (f) The calculated shape was used as a template for patch cutting
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to the differences in size and shape of the aortic arch 
between the two models. Overall, the predictive and 
postoperative models demonstrated a high degree of 
consistency, validating the predictive model as an effec-
tive tool for guiding surgical planning.

Discussion
Accurate diagnosis and evaluation of the various cardio-
vascular abnormalities associated with WS are critical 
for both surgical management and long-term prognosis. 
Traditional diagnostic methods and surgical planning 

Fig. 4 CFD results of the predictive model of the aorta. (a) Velocity streamline distribution at the peak of the systolic period. (b) Pressure distribution at 
the peak of the systolic period. (c) TAWSS distribution. (d) OSI distribution. TAWSS: time average wall shear stress; OSI: oscillatory shear index
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Fig. 5 CFD results of the postoperative model of the aorta. (a) Velocity streamline distribution at the peak of the systolic period. (b) Pressure distribution 
at the peak of the systolic period. (c) TAWSS distribution. (d) OSI distribution. TAWSS: time average wall shear stress; OSI: oscillatory shear index
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often face challenges in predicting postoperative hemo-
dynamic parameters with precision. Virtual models and 
CFD offer a solution by enabling advanced predictions 
of surgical outcomes and hemodynamics [20]. The appli-
cation of hemodynamic analysis and optimization has 
already been well-established in cardiovascular surgery 
[12, 21–23]. However, there was no study has performed 
a comprehensive global hemodynamic analysis of the 
systemic arterial stenoses in WS. In this study, virtual 
surgery and CFD were employed for surgical planning, 
guidance, and postoperative evaluation. Unlike previous 
studies on CFD in WS [9–12], this research presents the 
first systematic comparison of postoperative and predic-
tive models. Several critical hemodynamic parameters 
essential for developing precise surgical strategies were 
analyzed and compared, providing valuable insights for 
improving surgical decision-making.

Velocity
The velocity streamline distribution illustrates the impact 
of stenosis location and severity on blood flow dynamics. 
In this case, flow acceleration was observed at the STJ, 
with coarctation at the root of the LCCA. The velocity at 
the STJ decreased from 5.6 m/s before the operation to 
1.6 m/s in the predictive model and 1.5 m/s in the post-
operative model. Both the predictive and postoperative 
models exhibited stable blood flow velocities.

Vortex
Vortex flow was observed in the dilated areas of the LCA, 
the IA and the anterior region of the dAo. Previous stud-
ies suggest that vortical flow structures, with relatively 
high swirling strength, may contribute to vessel dilation 
downstream of a coarctation segment [24]. However, in 
both the virtual and postoperative models, the vortex 
flow in the IA and dAo regions disappeared, with only 
the LCA retaining some vortex flow characteristics.

Pressure gradient
The pressure gradient across the coarctation provides 
valuable insight into the risk of acute complications and 
the necessity for timely intervention. The pressure is 
highest at the AAo, and progressively drops at the CoA 
the supra-aortic branches along the aorta. As the sever-
ity of the coarctation decreases, the pressure difference 
between the ascending and descending aorta gradually 
diminishes (Figs.  2C, 4B and 5B). With the widening of 
the STJ, the overall pressure on the whole blood ves-
sel walls decreases. Additionally, computational analysis 
offers a non-invasive method for estimating the pressure 
gradient across the CoA [25].

WSS and TAWSS
Accurate estimation of WSS is usually used to predict 
specific tear locations, whereas abnormal WSS and WSS 
gradients are often discussed to investigate biological 
processes that may result in vascular wall remodeling 
[26]. In the preoperative model, high WSS was observed 
at the STJ, root of the LCCA and upper part of the AoA. 
The regional distributions of TAWSS and WSS closely 
mirrored those of peak systolic WSS, though the val-
ues were generally lower during the systolic period. In 
the prediction model and postoperative model, the area 
and value of the TAWSS distribution decreased. WSS 
is determined by many factors, such as blood flow pat-
tern, blood vessel morphology, and blood viscosity [27]. 
Previous studies have shown that excessively low or high 
WSS can be associated with risks of atherosclerosis or 
thrombosis [28]. Abnormally high WSS can alter pro-
tein expression on the endothelial cell wall, negatively 
affecting vessel distensibility and compliance [29]. On 
the other hand, excessively low WSS (less than 0.5  Pa) 
can reduce endothelial nitric oxide production, leading 
to smooth muscle cell proliferation and collagen accu-
mulation [30]. In the preoperative model, high WSS was 
detected at the STJ, root of the LCCA and upper part of 
the AoA. The maximum TAWSS value decreased from 

Fig. 6 Perimeter comparison of different sections distributed on three models
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158 Pa in the preoperative model to 22.8 Pa in the pre-
dictive model and 20.9  Pa in the postoperative model. 
Overall, the TAWSS values significantly decreased in the 
postoperative model, aligning with the surgical objectives 
of reducing hemodynamic stress and promoting better 
vascular health.

OSI
OSI measures the directional changes in WSS. A low OSI 
indicates unidirectional WSS, while a value of 0.5 rep-
resents bidirectional WSS with a time-averaged value 
of zero. Previous studies have shown that areas exposed 
to both high OSI and low TAWSS are at greater risk of 
rupture, calcification, or wall thickening [31]. In this 
study, high OSI values were primarily observed in the 
IA, the lower side of the descending aortic arch, and the 
downstream vasculature following the expansion of the 
CA. The OSI values in the downstream regions of these 
constrictions decreased, reflecting a reduction in flow 
disruption and potentially lowering the risk of adverse 
vascular events.

Blood flow ratio
One of the main goals of aortic stenosis dilation surgery 
is to improve blood flow to downstream vessels. To quan-
titatively assess the impact of broadening the coarcta-
tion of the aorta, the flow through each outlet vessel was 
monitored and calculated. As shown in Fig.  7, the flow 
distribution at each outlet exhibited a strong correla-
tion between the predictive and postoperative models. 
The proportion of outlet flow of dAo (28.7% before the 
operation) increased both in the prediction CFD (44.9%) 
and the postoperative CFD (35.5%). In the postopera-
tive CFD, the flow percentage of the IA outlet increased 
(from 28.94% to 32.59%) reflecting the enlargement of 
the IA following aneurysm removal and suturing. These 
changes in flow distribution help explain the dilation of 

the coronary arteries. Aortic constriction reduces down-
stream blood flow, which in turn increases the volume of 
blood directed into the coronary arteries, leading to their 
dilation. This condition is alleviated after surgery, as the 
aortic constriction is relieved and normal blood flow is 
restored.

Hemodynamic analysis based on individual patient 
data offers valuable insights, enabling doctors to gain a 
more comprehensive understanding of cardiovascular 
malformations. Vascular stenosis and other structural 
lesions in WS can vary in type and location, making it 
challenging to accurately identify and assess all abnor-
malities for appropriate surgical planning. Virtual mod-
els provide a clear, intuitive representation of the entire 
cardiovascular structure, helping doctors quickly pin-
point lesion sites. Measurements based on virtual mod-
els and CFD analysis can quantify the morphological and 
hemodynamic characteristics of the whole cardiovascular 
system, especially the lesion location. This enhances the 
diagnostic process. In addition, hemodynamic analysis 
has outstanding advantages in revealing pathogenesis. In 
this case, CFD effectively highlights key hemodynamic 
characteristics, providing a solid foundation for guiding 
surgical decisions.

For the operation of cardiovascular structural diseases, 
the expected hemodynamic improvement after opera-
tion is crucial. However, it is difficult to accurately evalu-
ate the postoperative morphology and hemodynamics 
through imaging. Similar to diagnosis, whether surgical 
intervention should be performed, the degree of inter-
vention at different locations, and the expected results 
are uncertain due to the complexity of WS. The diagnosis 
and surgical planning mainly depend on the experience 
of surgeons. The patch is generally made by the surgeon 
at the operating table in combination with intraoperative 
exploration and experience, which may prolong the oper-
ation time and increase the operation risk.

Fig. 7 Proportion of outflow from different blood vessels. IA: innominate artery; LCCA: left common carotid artery; LSA: left subclavian artery; dAo: de-
scending aorta; RCA: right coronary artery; LCA: left coronary artery
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Virtual surgery and hemodynamic simulation can pre-
dict surgical outcomes, enabling doctors to optimize 
and rehearse procedures in advance. Patches with com-
plex shapes can be calculated before surgery. Addition-
ally, virtual models and 3D-printed blood vessels offer 
the opportunity for repeated in vitro simulations. These 
predictable results and preoperative drills are of great 
significance for reducing intraoperative exploration, 
shortening the operation time and enhancing the confi-
dence of surgeons.

In this study, the morphological and hemodynamic 
characteristics of the preoperative, predictive, and post-
operative models were analyzed and compared. This 
comparison confirmed the consistency between the 
postoperative and predictive models, demonstrating the 
feasibility of the virtual surgery approach. Additionally, 
postoperative CFD simulations provided valuable met-
rics for experts to assess the surgical outcomes and guide 
future treatment strategies. As hemodynamic analysis 
can validate the surgical intervention, it also offers fur-
ther diagnostic insights for the ongoing management of 
the patient.

This study has several limitations that should be 
acknowledged. First, only a single case was analyzed, 
which allowed us to explore the feasibility of the pro-
posed method but did not evaluate its effectiveness 
across multiple cases. Further studies with larger sam-
ple sizes are required to validate these findings. Second, 
a zero-pressure outlet condition was used instead of 
dynamic pressure prediction via the 3-element Windkes-
sel method [32]. Because of the use of a zero-pressure 
outlet, the pressure distributed throughout the entire 
aorta will decrease compared to the actual value. Lastly, 
the influence of the aortic valve’s opening and clos-
ing during the cardiac cycle on hemodynamics was not 
incorporated into the analysis, which may affect the accu-
racy of the results.

Conclusions
Hemodynamics based on patient specific virtual mod-
els offer intuitive insights that enable doctors to better 
understand and address cardiovascular malformations. 
Virtual surgery and CFD can predict the surgical results 
and allow doctors to optimize and practice the sur-
gery and then guide the cutting of the patch before the 
operation. The method of predicting surgery through 
virtual surgery and CFD is accurate and feasible, and it 
has potential advantages in postoperative diagnosis and 
follow-up treatment.
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