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Abstract 

Patients with peripheral artery disease who undergo endovascular treatment are often inflicted by 

in-stent restenosis. The relation between restenosis and abnormal hemodynamics may be analyzed 

using patient-specific computational fluid dynamics (CFD) simulations. In this work, first a three-

dimensional (3D) reconstruction method, based on an in-house semi-automatic segmentation 

algorithm of a patient’s computed tomography (CT) images with calcification and metallic 

artifacts, and thrombus removal is de- scribed. The reconstruction method was validated using 3D 

printed rigid phantoms of stented femoral arteries by comparing the reconstructed geometries with 

the reference computer-aided design (CAD) ge- ometries employed for 3D printing. The mean 

reconstruction error resulting from the validation of the re- construction method was ~6% in both 

stented and non-stented regions. Secondly, a patient-specific model of the stented femoral artery 

was created and CFD analyses were performed with emphasis on the se- lection of the boundary 

conditions. CFD results were compared in scenarios with and without common femoral artery 

bifurcation, employing flat or parabolic inlet velocity profiles. Similar helical flow struc- tures 

were visible in all scenarios. Negligible differences in wall shear stress (< 0.5%) were found in 

the stented region. In conclusion, a robust method, applicable to patient-specific cases of stented 

diseased femoral arteries, was developed and validated.  
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Highlights:  

 
1) Automatic segmentation of patient-specific femoral arteries from computed tomography 

2) 3D reconstruction of patient-specific femoral artery models from computed tomography  

3) In-vitro validation of the reconstruction method using stented 3D printed phantoms 

4) Impact of boundary conditions on the hemodynamics of patients’ femoral artery models 

Abbreviations: 

PAD  peripheral artery disease 

SFA  superficial femoral artery 

ISR   in-stent restenosis 

WSS  wall shear stress 

CT  computed tomography 

3D  three-dimensional 

CFD  computational fluid dynamics 

DUS  Doppler ultrasound 

HU  Hounsfield unit 

ROI  region of interest 

CFA  common femoral artery 

STL  stereolithography  

CAD  computer-aided design 

TAWSS time-averaged wall shear stress 

PFA  profunda femoral artery 

LNH  local normalized helicity 
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1. Introduction 

Lower limb peripheral artery disease (PAD) is a world-wide pathology affecting more than 200 

million individuals [1]. This progressive arterial occlusive disease is a chronic inflammatory process 

and it is one of the main manifestations of atherosclerosis from the clinical viewpoint [2, 3]. 

Although from the latest trends 21.4% [5]. Thanks to more advanced and non-invasive diagnostic 

tools, treating the peripheral occlusive lesions with an endovascular approach has increased, 

though limited by the extension of the atherosclerotic lesion and by the pathological state of 

progress [6]. Focusing on superficial femoral artery (SFA), the most common and one of the 

longest arterial segments affected by lower limb PAD, it emerges that the use of angioplasty alone 

is favored for short lesions; while primary self- expanding stenting is privileged for treating 

medium and long lesions [7]. In the latest years, drug-coated balloon has become a mixed approach 

with Nitinol stents where lesions are as long as 30–40 cm. However, stenting is now considered 

the gold standard in treating SFA atherosclerotic lesions with an endovascular approach [8, 9]. 

One of the main drawbacks of stenting is in-stent restenosis (ISR) in the months after intervention 

[10]. This adverse event, usually diagnosed with computed tomography (CT) imaging, affects 

more than 115,0 0 0 patients in the USA each year, determining the failure of the endovascular 

treatment in 30%–40% of the cases [11]. Different systematic risk factors, mainly common to 

atherosclerosis, contribute to the development of ISR, such as an older age, a specific ethnicity, 

dyslipidemia, diabetes and a history of cardio- vascular diseases [12, 13]. In addition, a key role is 

played by local arterial hemodynamics [14–16]. In fact, the presence of a stent disturbs the 

physiological blood flow and the activity of the endothelial cells is subsequently modulated by 

local wall shear stress (WSS), possibly resulting in neointimal hyperplasia [16, 17]. Besides near-

wall hemodynamics, recent studies have suggested that an important role is also played by the bulk 
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flow hemodynamics [18–22]. In particular, the presence of helical flow structures might minimize 

flow disturbances [22, 23] and, hence, endothelium expo- sure to low WSS, which is believed to 

promote atherogenesis and neointimal hyperplasia [14, 16].  

Nowadays, the number of studies on the hemodynamics of femoral arteries is extremely low when 

compared to other vascular regions. In particular, most of these works considered non-stented 

femoral arteries. Only recently, a study focusing on the relationship between abnormal 

hemodynamics and ISR in patients treated with stents has been proposed [24]. However, the 

proposed vessel models were reconstructed from two angiographic views, assuming the lumen 

cross-sections as elliptical, and patient-specific boundary conditions were not applied. Thus, these 

models were characterized by limitations associated with the vessel reconstruction method from 

angiographic images and with the boundary conditions. In this context, the current study presents 

a computational framework for the hemodynamic characterization of SFA after stenting treatment, 

based on CT acquisition, which allows to overcome the previous limitations. In particular, the first 

aim of the work is the development of a three-dimensional (3D) reconstruction method from 

patients’ CT images that enables the creation of patient-specific post-operative SFA geometries by 

automatically reducing stent metallic image artifacts without employing manual correction. The 

reconstruction method was validated using CT-based 3D printed phantoms as ground-truth. The 

second aim of the work is the set-up of a CFD model based on a patient-specific SFA geometry 

and Doppler ultrasound (DUS) images, calling attention to the impact of the boundary conditions 

on the fluid dynamic solution. Such a model will enable the local quantification of both near-wall 

and bulk flow quantities in patient-specific SFAs at different time points (i.e. after the 

endovascular treatment and at follow-ups). 
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2. Materials and methods 

Fig. 1 shows a general overview of the computational framework for the hemodynamic 

characterization of the SFA developed here. The computational workflow starts from a patient’s 

CT and DUS images (Fig. 1 -A). The stented femoral arteries are 3D reconstructed by means of an 

in-house algorithm to obtain a patient- specific geometry (Fig. 1 -B). Then, a patient-specific CFD 

analysis is performed by using the obtained femoral artery geometry and imposing at the inlet 

boundary a flow rate derived from the DUS images. Finally, near-wall and bulk flow quantities are 

computed (Fig. 1 -C). Details of each step of the workflow are provided in the subsequent sections. 

2.1. 3D reconstruction method  

The 3D reconstruction method, applied to the CT acquisition, employs a semi-automatic in-house 

developed segmentation algorithm made up of the following main steps (Fig. 2): pre-processing, 

segmentation, background and calcification correction in the non- stented lumen reconstruction, 

and metallic artifacts and thrombus removal in the stented lumen reconstruction. The output of the 

algorithm is the geometrical model of the SFA. Images elaboration was pursued using Matlab (v. 

2016b, MathWorks, Natick, MA, USA). 
 

2.1.1. Pre-processing and segmentation  

During the pre-processing, CT images of interest are prepared for the subsequent segmentation. 

First, the intensity values are converted to Hounsfield Unit (HU) and the region of interest (ROI) 

is cropped to reduce the computational time.  

To increase the algorithm’s capability of correct segmentation, the image is resized by imposing a 

new fixed in-plane resolution equal to 0.25 mm, independently of the initial lower CT resolution. 

Lastly, the image undergoes two different enhancements. In the first enhancement, used for the 

segmentation step, all the intensity values are normalized to the visualization window of 40–400 
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HU. Then, in the error removal step, the intensity is normalized to the window of 300–600 HU.  

The segmentation is performed using an active contour method, which is based on a level set 

algorithm [25, 26]. Briefly, given an initial ROI, a function ϕ(x , y ) is defined as follows:  

φ( x, y ) = dist (I BIN ( x, y ) ) − dist (1 − I BIN (x, y ) ) + I BIN (x, y ) − 0 . 5 

(1)  

where I BIN ( x, y )  is the binary image representing the ROI, d ist ( I BIN ( x, y ) )  is the distance transform 

computed for the binary image I BIN ( x, y ) and d ist ( 1 − I BIN ( x, y ) )  is the distance transform computed 

for the negative of the ROI. The function is defined so that ϕ(x , y ) < 0 inside the ROI, ϕ( x , y ) > 

0 outside the ROI, and the 0-level set of the function corresponds to the ROI contour. The active 

contour method based on level sets iteratively changes the function ϕ(x , y ) and, hence, the contour 

of the ROI to minimize a functional (referred to as “energy”) computed from the original image. 

The minimization of such functional (in this work, the Chan-Vese energy [27]) should lead to a 

contour that represents the optimal segmentation. A localized version of the active contour 

algorithm based on the work by Lankton et al. [26] was used. Specifically, this algorithm can 

segment images even in case of objects with heterogeneous intensity profiles, for which global 

active con- tours give poor results.  

To initialize the segmentation process, the user is required to define: total occlusion presence; 

common femoral artery (CFA) bifurcation presence and the slice where the CFA segmentation 

should start; number of implanted devices in the arterial portion of interest; and ISR presence. The 

algorithm chooses a pivot image for segmentation, taken in the middle of the CT stack to guarantee 

a regime condition in lumen brightness. The user is required to define on the pivot image a circular 

mask as initial guess. The level set algorithm is then used to obtain the final lumen segmentation 

in the image. From this initially segmented and roughly corrected image, the segmentation 

proceeds in top-direction to reach proximal end and then from the pivot image in bottom-direction 
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to reach distal end. Each following slice uses the segmented region of the previous slice as new 

initial guess.  

At the end of the sliding process along the artery, the output is a stack of segmented slices that 

represents a rough vessel lumen. Since the first solution still includes some errors, a segmentation 

correction is necessary. This automatic error removal phase depends on the following user-defined 

parameters: 

1. a background threshold for the removal of background noise in non-stented slices (minimum 

intensity to consider a pixel part of the lumen and not of the background);  

2. a threshold for the detection of the calcifications in non-stented slices (maximum intensity to 

consider a pixel part of the lumen and not of a calcification);  

3. an intensity threshold used to identify the bright ring of the stent in stented slices (every pixel 

with intensity higher than the threshold is considered part of the stent ring);  

4. an intensity threshold used to identify thrombus in the stented slices (everything below the 

threshold is part of the thrombus);  

5. a parameter representing the number of erosion/dilatation iterations applied in the stent artifacts-

removal step. Negative values refer to erosions; positive values refer to dilatation [28].  

Three of the five parameters can be easily set by visual inspection (parameters 2–3: 425 HU, 

parameter 4: 210 HU). To set the optimal value for the background threshold (parameter 1) and 

the number of erosion/dilatation (parameter 5), a calibration was per- formed on the artery phantom 

(for further details see Section 2.3).  

2.1.2. Non-stented lumen reconstruction: background and calcification removal  

The first automatic correction to the segmented region is applied to remove pixels erroneously 

included in the non-stented lumen. The algorithm identifies and classifies the CT slices containing 
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the stent, by considering the intensity threshold for the stent artifact. In non-stented slices, pixels 

are considered part of the back- ground if their intensity is lower than the background threshold 

(Fig. 2, on the top left). In an analogous way, if the pixel intensity is greater than the calcification 

threshold, those pixels are deemed as calcium (Fig. 2, on the bottom left). Both the low and high 

intensity pixels are removed from the segmentation mask. Finally, the ROI is smoothed by means 

of morphological operators and the holes are filled.  

2.1.3. Stented lumen reconstruction: metallic artifacts and thrombus removal  

In considering the stented lumen, the algorithm computes slice by slice the high intensity pixels, 

i.e. pixels whose intensity is greater than the stent artifact threshold (Fig. 2, top right). After the 

computation of the skeleton of the bright annulus and its convex hull, starting from its middle line 

the bright annulus is progressively dilated or eroded according to the user-defined parameter. The 

structural element chosen is a disk of unitary dimension. Successively, if the user detects the 

presence of ISR in the segmentation phase, pixels with an intensity lower than the thrombus 

intensity are excluded from the segmented image (Fig. 2, bottom right).  

2.1.4. Algorithm output  

The ROI resulting from the error correction phase requires further smoothing by means of 

morphological operators. If the output shown in the graphical user interface is deemed acceptable, 

it is saved in the stereolithographic (STL) format. Indeed, the algorithm produces a patient-specific 

lumen model described as an unstructured triangulated raw surface. After the completion of the 

3D reconstruction, the centerline of the vessel geometry is extracted using the Vascular Modelling 

Toolkit (VMTK) (Orobix, Bergamo, Italy, http://www.vmtk.org/ ) and final smoothing is 

performed using the Laplacian filter in MeshLab (Visual Computing Lab, ISTI-CNR, Pisa, Italy, 

http://www.meshlab.net/ ).  
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2.2. Patients’ and experimental data  

CT and DUS images of two PAD patients (56 and 64 years old) treated with stents at the Malcom 

Randall VA Medical Center (Gainesville, FL, USA) were considered. This study was approved by 

the Institutional Review Board at the University of Florida and written informed consent was 

obtained from the patients. The CT scanner used was Brilliance 16 (Philips, Amsterdam, Nether- 

lands), set with tube voltage of 120 kV (KVP), X-ray tube current of 375 mA, 512 × 512 matrix, 

convolution Kernel B, 2-mm slice thick- ness and 1-mm spacing between slices.  

Two rigid phantoms (i.e. Phantoms A and B) were derived from the patients’ CT images, acquired 

at 1 week post intervention (Fig. 3). The CT images were segmented using the reconstruction 

method developed in our study and the patient-specific geometries were designed using the 

computer aided design (CAD) soft- ware Rhinoceros (v.5, Robert McNeel & Associates, Seattle, 

WA, USA). The phantoms’ CAD geometries were obtained by means of a Boolean subtraction 

between a rectangular element and the arterial lumen surface. Finally, the phantoms were 3D 

printed at the University of Florida by means of the PolyJet technology, adopting a rigid translucent 

VeroPlus-like material and a resolution of 0.014 mm.  

The rigid phantoms underwent two experimental phases. Briefly, the first one aimed at finding the 

correct intensity of the filling volume, i.e. the right concentration of contrast agent (Omnipaque 

(Iohexol) 300, GE Healthcare, Chicago, IL, USA). To replicate the patient’s blood CT intensity 

(~200 HU), the proper volumetric concentration of the contrast agent was found to be 3.5% in 

0.9% saline. The second experiment was carried out to replicate the patient’s CT acquisition. First, 

two 6 × 80 mm Nitinol Ever-Flex TM self- expanding peripheral stent systems (EV3, Medtronic, 

Dublin, Ire- land), the same devices implanted in the patients, were implanted in the phantoms in 

38 °C water. Once air-dried, the phantoms were filled with the 3.5% contrast agent solution and 

underwent a CT acquisition at the Translational Imaging Core at Houston Methodist (Houston, 
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TX, USA). The same scanner settings used for patients were imposed in the CT scanner Brilliance 

16. Phantoms’ CT images were used as input data for the 3D reconstruction method.  

2.3. Calibration of the segmentation algorithm and 3D reconstruction method validation  

Among the segmentation parameters, the background threshold, which depends on the 

concentration of contrast agent in femoral artery blood, and the number of layers for progressive 

dilatation, which depends on the stent material, require calibration. Moreover, the 3D 

reconstruction method requires validation. For this purpose, different reconstructed geometries of 

the phantoms were compared with the original reference CAD geometries.  

Primarily, non-stented and stented lumen segmentation was calibrated adopting the 3D 

reconstruction of phantom A. Five different background thresholds were chosen for the non-

stented lumen portion (125, 150, 175, 200, and 225 HU), while the stented portion reconstruction 

was neglected (number of layers, NL = 0). While the inlet and outlet cross-sections of the 

geometries were derived from the axial CT slices, 100 planes perpendicular to the vessel centerline 

and evenly spaced were created in the non-stented lumen portion using the graphical algorithm 

editor Grasshopper ( http://www.grasshopper3d.com ). For each plane, the lumen area was 

automatically calculated. In an analogous way, 100 corresponding planes were created in the 

lumen portion of the CAD reference geometry. To evaluate the best background threshold, the 

percentage reconstruction error for each plane was calculated as:  

𝜀% =
𝐴𝑟𝑒𝑐−𝐴𝑟𝑒𝑓

𝐴𝑟𝑒𝑓
      (2) 

where Arec is the area of the reconstructed model and A ref is the area of the CAD reference model. 

Then, the best background threshold was derived from the comparison between the mean 

percentage errors and the standard deviation.  
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Secondly, maintaining the best background threshold, the calibration of the stented lumen portion 

was performed by assigning five numbers of layers ( −2, −1, 0, + 1, and + 2, where negative values 

indicated stent annulus erosion and expansion of the lumen, while positive values indicated the 

opposite). Similar to non- stented lumen calibration, for each reconstructed model and for the 

reference CAD model, 100 planes perpendicular to the vessel centerline were created and the 

stented-lumen reconstruction capability was assessed. The terminal slices, where the contrast 

agent was not homogenously diffused and some air bubbles were located, were excluded from the 

stack.  

To validate the calibration results, phantom B was 3D reconstructed imposing the best 

segmentation parameters resulted from the previous analyses. By automatically creating planes in 

stented and non-stented regions, the reconstruction error was calculated and compared to that 

obtained for phantom A. To ensure that calibration and validation results were independent from 

the image dataset, a cross-validation was also performed: the best back- ground thresholds and 

erosion/dilatation numbers of layers were calibrated on phantom B and validated on phantom A.  

2.4. CFD analyses  

The aforementioned 3D reconstruction method allows the creation of a patient-specific geometry 

of stented femoral artery, which is suitable for CFD analyses. First, to assess how the geometry 

reconstruction error would affect the computed near-wall hemodynamics, a comparison was 

performed between the phantoms’ best reconstruction obtained through the proposed 3D re- 

construction method and the corresponding CAD model, which was considered as ground-truth. 

Secondly, preliminary sensitivity analyses were carried out on the arterial geometrical model 

reconstructed from the patient’s CT images’ (the patient was used to create the phantom B). In 
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particular, the impact of the model boundary conditions on the hemodynamic solution was 

investigated.  

2.4.1. Impact of reconstruction error  

The CAD model of the phantoms and the best reconstruction resulting from the validation of the 

3D reconstruction method were imported into ICEM CFD (v.18.1, ANSYS Inc., Canonsburg, PA, 

USA) and discretized using tetrahedral elements. To obtain reliable near-wall hemodynamic 

results, 5 layers of prismatic elements were grown with an exponential law close to the wall. The 

meshes were composed of ~700,000 elements with 10 quadratic and ~30 triangle elements along 

the inlet cross-section diameter. The element size was defined after a mesh independence study.  

Transient CFD analyses were performed using FLUENT (v.18.1, ANSYS Inc.). As boundary 

conditions, a paraboloid-shaped velocity profile at the inlet (see Section 2.4.2 for further details), 

zero-pressure at the outlet and no-slip condition at the lumen were prescribed. The non-Newtonian 

behavior of blood was modeled using the Carreau model [29]. Blood density was defined constant 

and equal to 1060 kg/m 3 [30]. Since the maximum Reynolds number was 1260 at the peak flow 

rate, the flow was assumed as laminar. The pressure-based solver with a coupled scheme for the 

velocity-pressure coupling was used to solve the governing equations of unsteady, incompressible 

fluid motion. Second order and second order upwind schemes were adopted for pressure and 

momentum spatial discretization, respectively. A second order implicit scheme was used for the 

transient formulation. The pressure and momentum under-relaxation factors were set to 0.25. The 

FLUENT flow Courant number was set to 50. After a sensitivity analysis, a convergence criterion 

of 5 × 10 −5 was chosen for continuity and velocity residuals. By means of sensitivity analysis, 

the best temporal discretization to accomplish both reliability and cost effectiveness was found to 

be 100 time steps per cardiac cycle (time step size of 0.01 s) and two cardiac cycles were sufficient 
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for guaranteeing repeatable solution. The phantoms’ CFD results were compared in terms of area-

weighted average of time-averaged WSS (TAWSS) with the reconstruction geometrical error.  

2.4.2. Impact of boundary conditions  

The impact of the inlet boundary condition on the hemodynamic solution was evaluated by 

considering four different scenarios on a patient-specific model of stented femoral artery ( Fig. 

4 ):  

A. SFA model without an extension imposing a flat velocity profile at the inlet and zero-pressure 

at the outlet (‘SFA-Flat’, Fig. 4 -A).  

B. SFA model with a 3.5-diameter inlet extension imposing a paraboloid-shaped velocity profile 

at the inlet and zero- pressure at the outlet (‘SFA-Par’, Fig. 4 -B).  

C. SFA model with upstream CFA bifurcation without an extension imposing a flat velocity profile 

at the inlet and the flow-split of profunda femoral artery (PFA) and SFA at the outlets (‘CFA-

Flat’, Fig. 4 -C).  

D. SFA model with upstream CFA bifurcation with an extension imposing a paraboloid-shaped 

velocity profile at the inlet and the flow-split at PFA and SFA at the outlets (‘CFA-Par’, Fig. 4 

-D). This model is considered as the most complete and used as the reference when comparing 

CFD results.  

The inlet extensions were added to ‘SFA-Par’ and ‘CFA-Par’ models to impose a paraboloid-

shaped velocity profile, which needs a circular cross-section to be applied to.  

In the two models containing the bifurcation, the flow split was chosen according to literature 

(namely 67% in SFA and 33% in PFA) [31]. The velocity waveform was patient-specific and 

derived from the patient’s DUS image acquired at femoral level. The triphasic waveform typical 

of femoral arteries ( Fig. 1 , DUS image) was manually extracted from the Doppler spectrum. The 
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sequence of peak velocities derived from DUS image was elaborated in Matlab by applying the 

algorithm of Ponzini et al. [32]. A Womersley velocity profile was imposed to the inlet cross-

section, representing the in- let boundary condition of the CFD model. Besides the inlet and the 

outlet boundary conditions, the no-slip condition was applied on each wall.  

Transient CFD simulations were performed using the same settings of the previous analyses. To 

identify the best configuration, the CFD results were examined in terms of percentage difference 

from the reference model, ‘CFA-Par’. Similarly, to what was done to study the impact of the 

reconstruction error on the hemodynamics, near-wall hemodynamics was studied. The distribution 

of TAWSS, namely the area-weighted TAWSS and the percentage area exposed to TAWSS lower 

than 0.4 Pa (accepted threshold for atherogenesis [14 , 33 , 34] ), was considered. The analysis 

was carried out in the proximal, stented and distal arterial segments. As far as bulk flow analysis 

is concerned, the spiral flow patterns were visualized in terms of isosurfaces of local normalized 

helicity (LNH) [35] , indi- cator of the distribution of the velocity field with respect to the vorticity:  

𝐿𝑁𝐻 =
(𝛁×𝒗)∙𝒗

|𝛁×𝒗|∙|𝒗|
= cos 𝛼   (3) 

where α is the angle formed between the vorticity vector (∇ × v) and velocity vector v. 

Quantitatively, the bulk flow was analyzed by computing the following descriptors ( Table 1 ): 

h1 , the time-averaged value of helicity (equal to 0 in the presence of reflectional symmetry in the 

fluid domain); h2 , the helicity intensity, indicator of the total amount of helical flow in the fluid 

domain, irrespective of direction; h3 , non-dimensional quantity ranging between −1 and 1 

indicating left-handed or right-handed helical structures, respectively; h4 , indicator of the major 

rotation of helical structure (ranging between 0 and 1) [19 , 21, 22, 30] . 
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3. Results  

3.1. 3D reconstruction method: calibration and validation results  

Fig. 5 shows the cross-sectional areas along the vessel length for the 3D reconstructions obtained 

using different background thresholds and number of erosion/dilation layers. Specifically, the 

reconstructed cross-sectional area was related to the normalized vessel centerline length for the 

non-stented lumen in phantoms A and B (Fig. 5 -A and 5 -C) and for the stented lumen in 

phantoms A and B (Fig. 5 -B and 5 -D). Table 2 reports the quantitative cross-calibration results. 

In the parameter calibration of phantom A, the non-stented lumen was underestimated and the 

minimum error was acquired with threshold of 150 HU, producing a reconstruction error of −5.6% 

± 4.7%. Whilst, in the stented region of phantom A, with 1-layer erosion (NL = −1) the 

reconstruction error was 6.5% ± 3.9%. In the validation process on phantom B, which was 

reconstructed with 150 HU background threshold and −1 layer, the reconstruction error was 5.9% 

± 8.9% in the non-stented region and 5.4% ± 5.2% in the stented region. The results of the 

validation on phantom B were confirmed by the reconstruction errors evaluated in the calibration 

on phantom B. 

3.2. CFD results: impact of the reconstruction error  

Fig. 6 shows the geometric and hemodynamic comparisons between the CAD models of phantoms 

A and B and the corresponding best 3D reconstructions obtained using the proposed segmentation 

algorithm after the calibration and validation process. In particular, the cross-sectional area and 

the TAWSS of the two phantoms’ CAD models and corresponding reconstructions were plotted 

with respect to the normalized vessel centerline length. Qualitatively, the curves of TAWSS of 

the reconstructions of the two phantoms were similar to those of the reference CAD models, both 

in the stented and the non-stented regions. The major discrepancies were located at the ends of 
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the stented regions, where the geometrical error was high. Quantitatively, the area-weighted 

TAWSS percentage difference between the CAD model and the best reconstruction was ~1.5% 

and ~2.9% for phantoms A and B, respectively. 

3.3. CFD results: impact of boundary conditions  

Fig. 4 shows the velocity profiles at the cross-sections corresponding to the SFA inlet for each 

patient-specific stented SFA model with different boundary conditions. In the bifurcated models, 

the velocity profiles at the SFA inlet cross-section were neither flat nor paraboloid shaped, and 

the ‘CFA-Flat’ and ‘CFA-Par’ models had similar velocity profiles in SFA.  

The distributions of TAWSS were similar in all cases (Fig. 7). Slight differences were noticeable 

at the proximal vessel region close to the SFA inlet and at the stent site. Examining the quantitative 

results of area-weighted average TAWSS (Table 3 -A), the highest percentage differences 

between the different models were present at proximal SFA, with values higher than 2% with 

respect to the model ‘CFA-Par’. Small percentage differences (< 0.5%) were observed at the 

stented region. Comparing the percentage area with TAWSS lower than 0.4 Pa (Table 3 -B), the 

lowest difference (< 0.1%) was found between the bifurcated models at the stent site. However, 

the difference was ~6% in the proximal segment.  

Regarding bulk flow (Fig. 8 and Supplemental Figures S1 and S2), it is worth noting that, although 

the general topology of helical structures was maintained, small differences between the flat-

profile and the paraboloid-shaped profile scenarios (i.e. ‘CFA- Flat’ and ‘CFA-Par’) were visible. 

By examining the helicity indexes (Table 4 ), it was evinced that the orientation of helical flow 

structures was mainly right-handed in all models but ‘SFA-Flat’. The time-averaged value of 

helicity h1 was close to 0 in SFA models and it increased in the bifurcated models. In observing 

the major rotational direction h4, when the bifurcation is included, the helical flow structures were 

more relevant with a more evident major rotation.  
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4. Discussion  

Abnormal hemodynamics has been deemed a contributing factor for restenosis in different 

cardiovascular regions [36–38]. Until now, few CFD studies have focused on diseased femoral 

arterial segments [24, 39–41]. In most of those studies [39–41], idealized geometrical models 

were employed to investigate hemodynamic descriptors such as WSS, oscillatory shear index and 

particle residence time, or the effect of the lesion location along the femoral artery. Realistic vessel 

curvature and tortuosity, factors particularly present in the SFA [42], were not modeled. The stent 

presence was taken into account only by Gogineni et al. [40] , employing an ide- alized model of 

the bifurcated femoral artery, and by Gökgöl et al. [24] , where non-bifurcated image-based 

models were considered. In particular, this last work focused on the link between hemo- dynamics 

and ISR, but it was limited by the image quality de- riving from 2D angiography and by the 

boundary conditions not specific to the patients. Moreover, a comparison between the lo- cal WSS 

field immediately after stent implantation and the local lumen changes at follow-up could not be 

conducted. In the cur- rent study, a methodological framework to locally investigate the effects of 

hemodynamics on restenosis in patient-specific stented SFA models is presented.  

The accurate calculation of WSS is strictly dependent on the detail level of the vessel geometry, 

which is derived from clinical images [43]. Two main factors influence the quality of the 

reconstructed geometry, namely the imaging technique, with its specific resolution and limitations 

(e.g. presence of metallic artifacts in the vessel images in case of deployed stent), and the 3D re- 

construction method. Referring to peripheral limbs, CT imaging has become a preferential 

technique in diagnosing disease and monitoring treatment outcomes [44]. Unfortunately, despite 

the relevant improvements [45], the derived patient-specific information results in limited 

resolution and the reconstruction errors, if not corrected, may highly affect the CFD results, in 
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particular along the stented regions. Moreover, to avoid operator-dependence in the correction 

phase, a semi-automatic correction of the reconstruction errors could reduce the processing time 

and the variability of the reconstructed models [46] . In this work, a semi-automatic method for 

the 3D reconstruction of stented SFA starting from CT images was developed. Compared to other 

image processing methods, such as region growing, the presented algorithm allowed a better 

reconstruction of the stented portion of the lumen, i.e. the image portion most affected by stent 

artifacts. In particular, by employing the present algorithm, the stented lumen was not under- 

estimated, especially in the area of the brilliant annulus, which is wrongly reconstructed if 

employing intensity-based methods with- out any manual operation. The reconstruction capability 

of this method was verified using rigid 3D printed phantoms for calibration and validation 

purposes. Generally, most of the validations are performed comparing the automatic segmentation 

against the manual one. Here, the validation was based on in-vitro observations. A similar 

approach was followed in a previous study [47], which was, however, focused on a 3D 

reconstruction method of stented coronary arteries from optical coherence tomography, an 

imaging technique presenting a resolution much higher than CT.  

The comparison between the phantom lumens reconstructed with the proposed method and the 

reference CAD geometries resulted in a small mean percentage reconstruction error (~6%) both 

in the stented and non-stented vessel regions. The reconstructions were obtained semi-

automatically and required approximatively 10 min on a desktop computer (i7-950 @3.07 GHz, 

16 GB RAM). Although a good reconstruction of the non-stented regions might be obtained also 

with commercial software based on image intensity thresholding for the segmentation process, 

the stented region would require manual operations to reduce the metallic artifacts usually without 

the possibility of imposing a new resolution to the images for erosion/dilatation operations.  
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The impact of the reconstruction error on the computed hemodynamics was analyzed by 

comparing the TAWSS results of the best 3D reconstructions of the two phantoms with respect to 

those of the corresponding CAD models, which represent the ground-truth. Local discrepancies 

were found along the vessel length, in particular at the stent ends. However, globally the TAWSS 

percent- age differences between the models were lower than 3%, smaller than the mean 

reconstruction error.  

Additionally, the impact of the inlet boundary condition on the near-wall and bulk-flow 

hemodynamic results was investigated aiming at verifying that a patient-specific CFD model of 

SFA presenting the upstream CFA bifurcation provides more realistic hemodynamic information. 

In lights of this, we compared the hemodynamic results of less complex models (i.e. non-

bifurcated models of SFA and bifurcated model with flat velocity pro- file at inlet cross-section) 

to the bifurcated model with inlet paraboloid-shaped velocity profile ‘CFA-Par’. Differences 

between the investigated models in terms of TAWSS results were found at the proximal level of 

the SFA, highlighting that the near-wall hemodynamics was influenced, though marginally, by 

the type of inlet velocity profile and the insertion of the bifurcation in the CFD model. The smallest 

differences were observed at the ROI (i.e. stented region), proving that the more the ROI was 

distant from the inlet and outlet boundaries, the more the resulting quantities were comparable. 

The type of inlet boundary condition influenced the bulk flow hemodynamics. Although similar 

helical flow structures were present in all cases, the quantitative analysis showed differences 

between the flat-profile and the paraboloid-shaped profile scenarios, in particular in terms of 

helicity intensity h2 and helical rotation balance h4.  
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Finally, the developed computational framework is of general application. In fact, the 3D 

reconstruction method is applicable even to non-stented femoral arteries and to follow-up patients’ 

cases presenting restenosis or not. Furthermore, it is not limited to straight leg configuration.  

Although CT imaging does not particularly suffer from operator- dependence [48], the image 

quality and, consequently, the lumen visibility depend on the implanted stent type, determining 

different metallic artifacts, and on the number of CT scanner detectors [49, 50]. Hence, a limitation 

to our study is the necessity of the calibration of the segmentation parameters if the stent device 

and the CT scanner settings change. However, numerical results revealed that, after a good 

calibration of the segmentation parameters,  the reconstruction method introduces small 

geometrical errors. Another limitation of the work is related to the 3D reconstruction of the 

detailed stent structure from CT images, which was unfeasible due to the poor resolution of this 

imaging technique. Besides, intravascular imaging techniques, such as optical coherence 

tomography, could overcome this limitation [51], but their use in the evaluation of PAD is still 

limited [52]. However, since the reconstructed geometry used to perform the CFD analyses is 

referred to 1-week follow-up, it was hypothesized that a minimal endothelialization was already 

present [53]. Furthermore, besides variations in cardiac frequency, the geometry and 

hemodynamics in SFA might be widely affected by posture and leg disposition [54]. This study 

was limited to a CFD model in a straight leg configuration with rigid-walls. Further fluid dynamic 

studies on SFA models reconstructed from CT using the proposed method might be performed 

taking into account the movement of the vessel.  

5. Conclusions  

A computational framework for the investigation of both near- wall and bulk flow hemodynamics 

of patient-specific stented SFA models was developed. The workflow includes a 3D 
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reconstruction method from CT images, which was validated using 3D printed stented SFA 

phantoms as ground-truth. The hemodynamic results of the best reconstructions of each phantom 

were compared to the corresponding CAD models, presenting smaller differences than the mean 

reconstruction error. Furthermore, the sensitivity analysis on the inlet boundary condition showed 

that the type of inlet velocity profile and the insertion of the CFA bifurcation slightly influenced 

the hemodynamic results. The smallest difference between the different scenarios were observed 

in the stented region, which was far from the boundaries.  

In a wider perspective, the proposed framework can be applied to a large number of patient-

specific stented SFA models to per- form reliable CFD analyses with the final aim of correlating 

the abnormal hemodynamics with ISR after stenting.  
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Table 1. WSS and helicity-based hemodynamic descriptors 
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WSS is the WSS vector, T is the cardiac cycle period, v is the velocity vector, ω is the vorticity vector, 

V is the arterial volume. 
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Table 2. Numerical results of the calibration of the segmentation parameters for phantom A and 

B, in terms of correction of the background reconstruction and of the stent artifacts. 

Calibration 
 Phantom A Phantom B 

HU threshold Mean ± SD Mean ± SD 

Background noise 

125 -5.9 % ± 5.2 % 17.4 % ± 11.7 % 

150 -5.6 % ± 4.7 % 5.9 % ± 8.9 % 

175 -12.9 % ± 6.1 % -9.6 % ± 8.9 % 

200 -29.8 % ± 7.7 % -29.9 % ± 8.7 % 

225 -48.6 % ± 8.6% -49.9 % ± 10.7 % 

 Number of layers   

Stent artifacts 

+2 -44.0 % ± 3.3 % -45.8 % ± 4.1 % 

+1 -28.7 % ± 3.6 % -29.8 % ± 4.0 % 

0 -11.4 % ± 3.6 % -12.2 % ± 4.7 % 

-1 6.5 % ± 3.9 % 5.4 % ± 5.2 % 

-2 25.4 % ± 4.4 % 25.3 % ± 7.5 % 

HU: Hounsfield Unit. 
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Table 3. A) Results in terms of area-weighted TAWSS. B) Relative wall area exposed to TAWSS lower 

than 0.4 Pa.  

 

 

 

 

 

 

 

 

A 

Area-weighted TAWSS 

Proximal wall Stented wall Distal wall 

Value 

[Pa] 

Percentage 

Difference 
Value [Pa] 

Percentage 

Difference 
Value [Pa] 

Percentage 

Difference 

SFA-

Flat 
1.472 7.79 % 0.804 0.49 % 1.575 4.54 % 

SFA-

Par 
1.452 6.55 % 0.809 0.11 % 1.586 5.22 % 

CFA-

Flat 
1.330 2.00 % 0.806 0.25 % 1.498 0.37 % 

CFA-

Par 1.357 / 0.808 / 1.503 / 

B 

Percentage area with TAWSS ≤ 0.4 Pa 

Proximal wall 

(2986.0 mm2) 

Stented wall 

(1151.2 mm2) 

Distal wall 

(710.7 mm2) 

Value 

[%] 

Percentage 

Difference 
Value [%] 

Percentage 

Difference 
Value [%] 

Percentage 

Difference 

SFA-

Flat 
10.61 % 5.81 % 26.52 % 3.33 % 1.72 % 6.01 % 

SFA-

Par 
11.36 % 1.23 % 26.21 % 2.18 % 1.82 % 0.55 % 

CFA-

Flat 
11.92 % 5.80 % 25.62 % 0.09 % 1.74 % 4.92 % 

CFA-

Par 
11.22 % / 25.64 % / 1.83 % / 

TAWSS: time-averaged wall shear stress; SFA: superficial femoral artery, CFA: common femoral artery; 

Par: parabolic inlet velocity profile; Flat: flat inlet velocity profile. 
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Table 4. Bulk hemodynamics results in terms of helicity indexes. 

 

  

 
Helicity indexes 

h1 h2 h3 h4 

SFA-Flat -0.163 6.816 -0.024 0.024 

SFA-Par 0.094 8.430 0.011 0.011 

CFA-Flat 0.650 8.085 0.080 0.080 

CFA-Par 0.990 8.534 0.116 0.116 

Par: parabolic inlet velocity profile; Flat: flat inlet velocity profile; h1: average helicity; h2: average 

helicity intensity; h3: signed balance of counter-rotating helical flow structures; h4: unsigned balance of 

counter-rotating helical flow structures.  

https://doi.org/10.1016/j.medengphy.2019.10.005


Accepted manuscript at https://doi.org/10.1016/j.medengphy.2019.10.005 

 

Figure captions 

Figure 1.  Computational framework to perform patient-specific simulations of superficial femoral artery 

(SFA). A) Patient’s data, consisting in computed tomography (CT) and Doppler ultrasound (DUS) images. 

B) Patient-specific geometry of the SFA with upstream bifurcation is reconstructed using the proposed 

semi-automatic segmentation algorithm. C) CFD analysis of the reconstructed SFA and post-processing of 

the results. The output of the computational framework consists of patient-specific information in terms of 

both near-wall and bulk flow hemodynamics. CFA: common femoral artery; PFA: profunda femoral artery. 

Figure 2.  Scheme of the segmentation algorithm. After the pre-processing and the segmentation of the 

stack of CT images (input), correction of the reconstruction errors takes place. The correction phase is 

subdivided into the procedure for non-stented region (removal of the background noise and calcifications 

included in the reconstructed lumen) and for stented region (removal of metallic artifacts of the stent and 

thrombotic formations inside the lumen). For each correction step, the perimeter of the pre-correction lumen 

is indicated in red, while the post-correction step lumen is colored in green. The output of the algorithm is 

an unstructured triangulated isosurface, used for the creation of the geometrical model of the femoral artery. 

Figure 3.  3D printed phantoms A and B containing self-expandable peripheral stents used for the 

calibration and validation of the reconstruction method (left). Computed tomography (CT) acquisition of 

the two stented phantoms (right). 

Figure 4.  Four scenarios for the analysis of the impact of the inlet boundary condition on the hemodynamic 

solution: A) Superficial femoral artery (SFA) model with an inlet flat velocity profile (‘SFA-Flat’); B) SFA 

model with an inlet paraboloid-shaped velocity profile (‘SFA-Par’); C) SFA model with common femoral 

artery (CFA) bifurcation with an inlet flat velocity profile (‘CFA-Flat’); D) SFA model with CFA 

bifurcation with an inlet paraboloid-shaped velocity profile (‘CFA-Par’). The velocity contours, obtained 

from CFD results, are shown for each model at several corresponding cross-sections. The vectors of velocity 

magnitude at SFA cross-section are shown in the boxes. 

https://doi.org/10.1016/j.medengphy.2019.10.005


Accepted manuscript at https://doi.org/10.1016/j.medengphy.2019.10.005 

 

Figure 5.  Results of calibration and validation of the segmentation algorithm. Areas of the lumen cross-

sections with respect to the normalised vessel centerline length: A) non-stented lumen correction of 

phantom A; B) stented lumen correction of phantom A; C) non-stented lumen correction of phantom B; D) 

stented lumen correction of phantom B. The region of interest is highlighted above each plot in dark grey. 

Figure 6. Comparison between the CAD model of phantoms A (left) and B (right) and the corresponding 

3D reconstruction, pursued by means of the proposed segmentation algorithm, in terms of cross-sectional 

area (top) and time-averaged wall shear stress (bottom) with respect to the normalized vessel centerline 

length.  

Figure 7.  Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms of 

contour maps of time-averaged wall shear stress (TAWSS) for all investigated scenarios. The stented region 

is highlighted. 

Figure 8.  Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms of 

isosurfaces of local normalized helicity (LNH) at four time instants for the stented region of all investigated 

scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-handed 

rotating fluid structures along the main flow direction, respectively. 

Supplementary Figure captions 

Figure S1. Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms 

of isosurfaces of local normalized helicity (LNH) at four time instants for the inlet region of all 

investigated scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-

handed rotating fluid structures along the main flow direction, respectively. 

Figure S2. Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms 

of isosurfaces of local normalized helicity (LNH) at four time instants for the central region of all 

investigated scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-

handed rotating fluid structures along the main flow direction, respectively. 
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Figure 1.  Computational framework to perform patient-specific simulations of superficial femoral artery 

(SFA). A) Patient’s data, consisting in computed tomography (CT) and Doppler ultrasound (DUS) images. 

B) Patient-specific geometry of the SFA with upstream bifurcation is reconstructed using the proposed 

semi-automatic segmentation algorithm. C) CFD analysis of the reconstructed SFA and post-processing of 

the results. The output of the computational framework consists of patient-specific information in terms of 

both near-wall and bulk flow hemodynamics. CFA: common femoral artery; PFA: profunda femoral artery. 
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Figure 2.  Scheme of the segmentation algorithm. After the pre-processing and the segmentation of the 

stack of CT images (input), correction of the reconstruction errors takes place. The correction phase is 

subdivided into the procedure for non-stented region (removal of the background noise and calcifications 

included in the reconstructed lumen) and for stented region (removal of metallic artifacts of the stent and 

thrombotic formations inside the lumen). For each correction step, the perimeter of the pre-correction lumen 

is indicated in red, while the post-correction step lumen is colored in green. The output of the algorithm is 

an unstructured triangulated isosurface, used for the creation of the geometrical model of the femoral artery. 
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Figure 3.  3D printed phantoms A and B containing self-expandable peripheral stents used for the 

calibration and validation of the reconstruction method (left). Computed tomography (CT) acquisition of 

the two stented phantoms (right).  
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Figure 4.  Four scenarios for the analysis of the impact of the inlet boundary condition on the hemodynamic 

solution: A) Superficial femoral artery (SFA) model with an inlet flat velocity profile (‘SFA-Flat’); B) SFA 

model with an inlet paraboloid-shaped velocity profile (‘SFA-Par’); C) SFA model with common femoral 

artery (CFA) bifurcation with an inlet flat velocity profile (‘CFA-Flat’); D) SFA model with CFA 

bifurcation with an inlet paraboloid-shaped velocity profile (‘CFA-Par’). The velocity contours, obtained 

from CFD results, are shown for each model at several corresponding cross-sections. The vectors of velocity 

magnitude at SFA cross-section are shown in the boxes. 
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Figure 5.  Results of calibration and validation of the segmentation algorithm. Areas of the lumen cross-

sections with respect to the normalised vessel centerline length: A) non-stented lumen correction of 

phantom A; B) stented lumen correction of phantom A; C) non-stented lumen correction of phantom B; D) 

stented lumen correction of phantom B. The region of interest is highlighted above each plot in dark grey. 
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Figure 6. Comparison between the CAD model of phantoms A (left) and B (right) and the corresponding 

3D reconstruction, pursued by means of the proposed segmentation algorithm, in terms of cross-sectional 

area (top) and time-averaged wall shear stress (bottom) with respect to the normalized vessel centerline 

length.  
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Figure 7.  Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms of 

contour maps of time-averaged wall shear stress (TAWSS) for all investigated scenarios. The stented region 

is highlighted.  
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Figure 8.  Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms of 

isosurfaces of local normalized helicity (LNH) at four time instants for the stented region of all investigated 

scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-handed 

rotating fluid structures along the main flow direction, respectively.  
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Figure S1. Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms 

of isosurfaces of local normalized helicity (LNH) at four time instants for the inlet region of all 

investigated scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-

handed rotating fluid structures along the main flow direction, respectively. 
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Figure S2. Computational fluid dynamics (CFD) results of the inlet boundary condition analysis in terms 

of isosurfaces of local normalized helicity (LN H) at four time instants for the central region of all 

investigated scenarios. Positive (red) and negative (blue) LNH values correspond to right-handed and left-

handed rotating fluid structures along the main flow direction, respectively. 
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