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Abstract 
Stent treatment can be used to treat blood vessel stenosis in a less invasive manner, but re-stenosis is 
a concern. Because a helical-stent configuration has been thought to reduce the amount of intimal 
hyperplasia, the helical stent is considered clinically effective. The effects of the helical stent on blood 
flow velocity, however, have not been studied. In this study, we estimated flow velocities before and 
after helical stenting using time-intensity-curve (TIC) from angiography images and compared them 
with straight stenting velocities. As a result, in all cases (N = 3), the velocity reduction was less with 
helical stenting than with straight stenting. Based on angiography images, this flow estimation method 
can estimate patient-specific blood flow velocity in situ even in a presence of a stent.  
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Main text 

1. Introduction 
One of the most common treatments for arterial stenosis is a stent. It works by widening 

narrowed arteries and supplying adequate blood flow to the distal area. A stent can be inserted less 
invasively with a catheter during an angiography procedure. As a poor prognosis of stent treatment, 
re-stenosis can occur. 

A helical-stent configuration has been proposed, with the stent’s centerline having a helical 
configuration (1). According to a 2-year follow-up of patients, this helical stent is thought to reduce 
the amount of intimal hyperplasia (2). Caro et al. identified a helical-stent effect as a swirling of 
intraluminal flow caused by artery deformation (3). Several studies indicated that vessel wall is 
affected by wall shear stress which is induced by blood flow (4,5). The flow velocity changes by 
helical stent then become an appealing issue following helical stent implantation. 

Angiography images obtained during the angiography procedure can be used to estimate 
velocity. The images show the contrast agent flowing along with the patient’s blood flow; the flow 
velocity can be estimated by analyzing the image contrast changes. The time-dependent change in 
image intensity is referred to as the time-intensity curve (TIC). Niizawa et al. used TIC from 
indocyanine green videoangiography to estimate arterial and venous flow velocity in patients (6). 

The goal of this study is to estimate flow velocity before and after the placement of a helical 
stent. To determine the effect of helical-stent placement on velocity, we used TIC to compare helical 
stenting velocities to straight stenting velocities.  

2. Method 

2.1. Clinical setup 
Three healthy pigs with both types of stent implants were examined, and an angiography 

operation was performed as a Case 1, 2, and 3..  A surgical cut down was used to insert a 6Fr femoral 
access sheath into the right femoral artery. A 0.035-inch guidewire was inserted into both the left and 
right carotid arteries (LCA and RCA, respectively). A straight stent (ELUVIA 6 mm, Boston 
Scientific, Marlborough, Massachusetts for cases 1 and 2, and LIFESTENT 6 mm, Bard Peripheral 
Vascular, Tempe, AZ, the USA for Case 3) and a helical-centerline stent (BM3D 6 mm, Veryan 
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Medical, Horsham, the UK for all cases) were implanted in LCAs/RCAs, respectively. 

A biplane angiographic C-arm Infinix Celeve-i 8000C system (Canon Medical Systems, 
Tochigi, Japan) was used to acquire the images before and after the stent placement. A tip of 5Fr 
diagnostic catheter was advanced into the LCA/RCA to deliver contrast medium. For each case, 
several sets of angiography images (1024 × 1024 detecter pixel matrix) were acquired before and 
after the stent placement (Table 1). Case 3 also had C-arm cone-beam CT image sets acquired before 
and after the stent placement. All of those medical images were converted into DICOM format.  

This Fukushima Medical Device Development Support Center’s Safety Evaluation Department 
in Fukushima, Japan approved the animal experiments. The protocol numbers are E0000061 for cases 
1 and 2 and E0000072 for Case 3. 

2.2. Velocity estimation 

2.2.1. Overview 
The following workflow was implemented following the acquisition of angiography images. 

2.2.2. TIC method 
 In this study, the TIC method is divided into two parts: defining regions of interests (ROI) and 

analyzing TIC. To reduce noise, area-averaged TICs were obtained for each ROI, where the intensity 
values in each ROI were averaged by the area of each ROI. 

First, we extracted vessel areas based on intensity changes in the DSA images. We secondly 
extracted the centerline of each vessel by applying a thinning algorithm (“sleletonize” function from 
“morphology” module in python library “scikit-image” (7)) and a smoothing filter (“savgol_filter” 
function from “signal” module in python library “scipy” (8)) to the extracted vessel areas. We defined 
two 20	×	20 pixel wide ROIs at proximal and distal points on the centerline. 

To reduce noise, image intensity values in an ROI were averaged by the area of the ROI in this 
study, and an area-averaged TIC was calculated for each ROI. Several local peaks in the area-averaged 
TICs were confirmed, and the time points for those peaks were automatically detected by finding 
relative minima/maxima in those TICs (“argrelmax” function from “signal” module in python library 
“scipy” (8). Figure 1 depicts the area-averaged TICs obtained before and after the helical-stent 
placement in Case 1. 

2.2.3. Velocity calculation 
 Along the vessel centreline, the distance between two ROIs, ∆x (px), was calculated. For each 

peak, a time difference, ∆t (frame), was calculated by subtracting the peak time at the distal ROI from 
the one at the proximal ROI. Equation 1 calculated the velocity between two ROIs for each peak in 
the unit of (mm/s). All peaks' estimated velocities were averaged, and the averaged velocity was 
compared before and after stent treatment. The change of the average velocity by stent treatment was 
evaluated by velocity reduction (%), as calculated in equation 2. 

velocity	(mm/s) =
Δx
Δt × image	resolution	(mm/px) × fps	(frame/s)

(1) 

velocity	reduction	ratio	(%) =
average	velocity	(after)
average	velocity	(before) × 100

(2) 

2.3. Geometrical analysis 
 To investigate the geometrical change by stent placements in Case 3, 3D vessel geometries 
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were analyzed using the Vascular Modeling Toolkit (vmtk (9)). First, C-arm CBCT images were used 
to reconstruct 3D vessel geometry. Second, for each vessel, the vessel centerlines and the radiuses 
along the centreline were computed. 

3. Results 
The estimated flow velocities for each blood vessel in each case are summarized in  

 

 

 
Table 2. Flow velocities were reduced in all cases, regardless of stent configurations (straight 

or helical). The velocity reduction ratio was higher at the helical-stent placement in all cases (N = 3). 
The reduction ratios were 64.7, 55.0, and 71.3% at helical stenting in each case, while 57.2, 43.0, and 
68.0% at straight stenting. 

Figure 2 depicts the radiuses along the centerline of each vessel before and after stent treatment 
in Case 3. The vessel radiuses increased slightly after stent placement, but the increase was less than 
the resolution of the original image, which is 0.305 mm. In angiography images, a small torsion of 
the artery was observed after helical stent placement (supplementary material).  

4. Discussion 
The flow velocity measurement at helical-stent placement helps to evaluate the helical stent’s 

swilling flow effect. Using the TIC method, we calculated the flow velocity with stents. In all cases, 
the reduction ratios of helical stent were less than that of stratight stent. The helical stent may maintain 
blood flow, and this effect may lead to reduced re-stenosis, as Caro et al. found that the intimal 
thickness after stent placement was lower in helical stented vessels than in straight stents (3). The 
reduction ratios at helical stenting and straight stenting were differed between the helical and straight 
stents. A small torsionby the helical stent may have an effect on the flow velocity.  

In all cases, both helical and straight stenting resulted in velocity reductions. Oliveira et al. 
measured average blood flow velocity in the aorta of pigs and found a reduction in velocity after stent 
placement (10). This velocity reduction may be related to artery expansion by stent placement(11). 
However, the expansion in the carotid aretry was less than the image resolution in our study, and 
determining the effect of stent expansion on vessel radius for both straight and helical stents is 
difficult. 

Using angiography images and the TIC method, we have estimated flow velocities. 
Angiography images are routinely acquired during the angiography operations. This means that the 
TIC method can estimate the effect of a stent by comparing patient flow velocity in situ just before 
and after stent replacement. Further research into the frame rate and the ROI distance is still required 
to validate this method (12). Several peaks in TIC with 15 and 30 fps were observed in this study, and 
patient flow velocity can be estimated even with a metallic stent. 
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Table 1 Acquired sets of angiography images 
case number of frames fps (frame/sec) resolution (mm/sec) 

1 95 15 0.174 
152 15 0.174 

2 92 15 0.249 
126 15 0.249 
109 15 0.249 
96 15 0.249 
72 15 0.249 

3 177 30 0.224 
187 30 0.224 
189 30 0.109 

 

 
Figure 1 TICs (a) before and (b) after the stent placement for Case 1 
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Table 2 Estimated velocity (mm/s) and velocity reduction ratio (%) 
case Straight Helical 

velocity (mm/s) reduction ratio 
(%) 

velocity (mm/s) reduction ratio 
(%) 

1 before 441.4 ± 0.0 57.2 309.4 ± 39.8 64.7 
after 252.4 ± 29.8 200.2 ± 0.0 

2 before 285.3 ± 19.7 43.0 452.9 ± 105.4 55.0 
after 122.7 ± 0.0 249.1 ± 42.3 

3 before 255.6 ± 54.6 68.0 269.9 ± 43.3 71.3 
after 173.7 ± 23.2 192.5 ± 31.2 

 

 
Figure 2 Vessel radiuses along the vessel centerline before (solid line) and after (dotted line) stent 
teatment in Case 3. (a) straight stent and (b) helical-centerline stent. The mionor y-axis represents 

the resolution of C-arm CBCT images, which is 0.305 mm. 
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