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The Effect of Stent Implantation on the Deformations 1 

of the SFA and the Popliteal Artery: In-Vivo 3D 2 

Deformational Analysis from 2D Radiographs 3 

 4 

Abstract 5 

The objective of this work was to develop a system for 3D reconstruction of the femoro-6 

popliteal artery from two angiographic views and to quantify the in-vivo 3D 7 

deformations of 18 patients prior to balloon angioplasty and following primary stent 8 

implantation. The procedure had an insignificant effect on the bending behavior of the 9 

artery, as the average mean curvature change remained constant before (0.04 ± 0.03 cm-10 

1 ) and after stent implantation (0.03 ± 0.04 cm-1) within the lesion. A significant effect of 11 

stent implantation was measured in terms of a decrease in arterial shortening during leg 12 

flexion.  13 

  14 
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1. Introduction 15 

Stent fractures have been frequently associated with arterial deformations [1, 2], but the 16 

effect of fractured struts on in-stent restenosis is contradictory [3, 4]. Even though, 17 

improved stent design has significantly decreased the occurrence of stent failures, 18 

changes in the mechanical environment distal or proximal to the stented arterial 19 

segment, could lead to arterial kinking and chronic trauma. This effect might be one 20 

explanation for the high restenosis rates observed in the femoro-popliteal (FP) arteries 21 

[5].  22 

Quantification of the arterial deformations following primary stent implantation is 23 

required to understand the relationship between the mechanical environment and high 24 

restenosis rates observed in the stented FP artery. Several groups have proposed 25 

methods to assess the dynamic conformational changes of the artery during leg 26 

movement [6-9]. With the exception of one, these studies fail to characterize the arterial 27 

deformations on stented arteries in-vivo and none describe the deformations of bare 28 

arteries in close vicinity of the stented segments. 29 

Therefore, the objective of this study was to estimate the in-vivo deformational changes 30 

of the FP artery before balloon angioplasty and after primary stent implantation. Two 31 

angiographic images of the leg in straight and flexed positions were used to determine a 32 

3D representation of the arterial tree. The resulting 3D patient-specific representations 33 

were subsequently aligned and the changes in length and curvature were measured.  34 

  35 
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2. Materials and Methods 36 

Ethical approval 37 

Institutional Review Board approval for this study was obtained by the *BLINDED*. The 38 

present study was performed in accordance to the Declaration of Helsinki and informed 39 

consent was obtained from all individual participants. 40 

 41 

Angiography 42 

18 patients (12 males; mean age: 68 ± 8.6) scheduled for PAD treatment were recruited 43 

for this study. A series of angiographic images were acquired as part of the normal 44 

clinical routine. Prior to balloon angioplasty and following primary stent implantation, 45 

angiographic images were acquired with a Philips Allura FD 20 Xper X-ray system with 46 

Clarity Upgrade (Best, Netherlands) and recurrent injection of contrast agent. During the 47 

intervention, the balloon was inflated to approximately 10 atmospheres. Following 48 

balloon angioplasty of the arterial calcifications, 15 patients underwent placement of 49 

one self-expanding Nitinol stent, whereas 3 patients received two stents (Table 1). The 50 

lengths and types of the stents were selected by the operator based on the lengths, 51 

morphologies and locations of the lesions. The patients were adjusted in supine position, 52 

and angiographic images of the straight and flexed leg (hip/knee flexion of 20°/70°) 53 

were obtained. The acquired images were stored on the workstation in terms of 54 

subtraction angiography and cine-images. In order to determine the spatial relationship 55 

between the angiographic images, a small-sized calibration object was conveniently 56 

attached to the patient’s thigh using a strap [10].   57 



4 
 

3D model reconstruction 58 

The 3D reconstruction of the arterial tree relies on a pair of angiographic images, which 59 

were interactively selected out of the series of images, having a view angle larger than 60 

25°. For each image the 2D boundaries of the main branch were semi-automatically 61 

outlined using live-wire algorithm [11]. In addition, points along the centerlines of a 62 

certain number of side-branches were interactively picked (s. Fig. 1). The extraction of 63 

corresponding sections is thereby guided by the visualization of epipolar lines [12]. The 64 

uniformly interpolated boundaries of the main branch together with the particular 65 

calibration information are then used to perform a straightforward multi-view 66 

reconstruction as for example described by Movassaghi et al. [13]. The side-branches 67 

were reconstructed in the same way. As only centerline points were defined for the side-68 

branches, the particular points were directly triangulated. A surface model of a 69 

reconstructed arterial tree is shown in Figure 1. 70 

 71 

Reconstruction Analysis 72 

To analyze the multi-view reconstruction capability, the forward- and backward 73 

projection accuracy of the arterial tree was assessed with respect to an additional 74 

validation view. This validation view was also interactively selected, whereas the view 75 

direction had to be different (at least 20° apart) than the two views used for 3D 76 

reconstruction. The forward projection error results out of the average error distance 77 

between the projected points (from the reconstructed model) and the extracted 78 

boundary information (defined in the validation view). The backward-projection error is 79 

determined by computing epipolar lines for each 2D centerline point (of main branch 80 

and side-branches) of the validation view and computing the distance to the closest 81 

vertex of the reconstructed model.  82 
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 83 
Deformation Analysis 84 

The deformation of the FP artery was quantified by measuring its axial elongation and 85 

its curvature. The elongation 𝜀 was determined as the ratio of the total change in arterial 86 

length ∆𝑙 and the initial length in straight position 𝑙𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡: 87 

𝜀 =
Δ𝑙

𝑙0
=

𝑙𝑓𝑙𝑒𝑥𝑒𝑑 − 𝑙𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡

𝑙𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡
∙ 100% 88 

The arterial length l was thereby measured as the distance along the main arterial 89 

centerline between corresponding side-branches. The curvature was assessed by 90 

successively fitting a circle to triplets of centerline points [14]. Accordingly, the 91 

curvature is defined as the inverse of the circle radius. This fitting process was 92 

performed along the entire centerline (sampling spacing of 1.25 mm) and the mean and 93 

maximum curvature values were subsequently determined for each reconstructed 94 

artery. Paired t-tests were used to evaluate the changes in arterial lengths and 95 

curvatures due to leg flexion and stent implantation.   96 
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3. Results 97 

For each of the 18 patients, four angiographic datasets (pre- and post-angioplasty in 98 

straight and flexed position) were analyzed. For one patient (patient 2), the artery 99 

reconstruction was not possible in the pre-angioplasty stage as the main branch was 100 

only partially visible due to severe arterial calcification. 19 datasets were available for 101 

assessing the reconstruction accuracy. The average angle between a pair of views used 102 

for 3D reconstruction was 37.9 ± 8.0° and between the validation view and its closest 103 

view used for reconstruction was 28.5 ± 9.1°. The forward projection error was 1.18 ± 104 

0.28 mm on average (max. error: 1.44 mm) and the average backward reconstruction 105 

error was 1.03 ± 0.15 mm (max. error: 1.24 mm).  106 

On average, the popliteal artery had the largest maximum curvature change (pre-107 

angioplasty: 0.29 ± 0.14; post-stent: 0.34 ± 0.16; P: 0.04), followed by the distal-SFA 108 

(pre-angioplasty: 0.13 ± 0.05; post-stent: 0.16 ± 0.16; P: 0.04) and the mid-SFA (pre-109 

angioplasty: 0.09 ± 0.03; post-stent: 0.12 ± 0.11; P: 0.02). A slight decrease in average 110 

arterial shortening was found after angioplasty (s. Table 2). The difference is larger 111 

within the lesions, where the stent implantation has induced a statistically significant 112 

lower shortening during flexion compared to the diseased states of the arteries (P: 0.01). 113 

Arterial shortening also differed between stent types, with Zilver PTX showing less 114 

shortening after stent implantation compared to the Everflex and Pulsar stents. No 115 

difference was found in the overall bending behavior before angioplasty and after stent 116 

implantation. However, seven patients showed arterial kinking after the procedure. For 117 

six of the patients, this extreme deformation occurred in the popliteal artery, adjacent to 118 

the distal end of the stents. In the remaining case, the kinking was observed in the distal 119 

SFA and adjacent to the proximal end of the stent (adjacency refers to a margin of 1 cm).  120 
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4. Discussion 121 

The effects of the mechanical environment created due to leg flexion on in-stent 122 

restenosis in the FP arteries are not clear. To this end, a method for the 3D artery 123 

reconstruction has been developed and validated. The reported reconstruction errors 124 

correspond well with data published in literature. Based on 4-5 projections of the 125 

coronary artery, Liao et al. [15] reported a mean back-projection error of 1.18 mm. The 126 

RMS forward projection error of the FP arterial centerline was reported by Klein et al. 127 

[9] to be 2.13 mm for the leg in straight position and 1.61 mm for the leg in flexed 128 

position. For both diseased and treated arteries, the deformations of the regions in close 129 

proximity to the knee are increasingly affected by leg flexion. The effect of stent 130 

implantation on the overall stiffness of the arterial segment indicates that the procedure 131 

decreases axial elongation, but doesn’t affect the average arterial curvature. However, 132 

arterial kinking occurs when the stents are placed in the vicinity of arterial segments 133 

that are subject to heavy mechanical loads such as the distal SFA or popliteal segment 134 

artery. The same behavior was observed for all types of stents, indicating that large 135 

arterial deformation is primarily associated with stent positioning along the arterial 136 

tract. A possible reason for this kinking deformation is the axial stiffening introduced by 137 

the stent, which limits the possible displacement of the flexible segment of the artery 138 

during flexion of the leg. A similar behavior was also observed for severe calcifications 139 

prior to stent implantation, where large arterial curvatures were measured in the distal 140 

SFA/popliteal segments. These maximum localized curvatures in the bare arteries 141 

adjacent to the stents may trigger re-occlusion and restenosis. 142 

Even though these characteristics were observed for all considered patient datasets, 143 

they need to be further confirmed by follow-on studies. Due to the sample size, only a 144 
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basic statistical analysis could be conducted. Another limitation of this study is the 3D 145 

reconstruction from only two views. As the arterial tree is reasonably complex, an 146 

adequate reconstruction of overlapping structures is restricted. Moreover, 3D 147 

reconstructions from a limited number of views commonly suffer from foreshortening 148 

effects.  149 

In conclusion, a better understanding of the mechanical environment of the FP artery is 150 

necessary to improve the clinical treatment and thus to reduce the restenosis rate. Even 151 

though further clinical trials need to be conducted, the feasibility of using 2D/3D 152 

reconstruction to assess the in vivo deformational characteristics of the artery before 153 

and after angioplasty could be demonstrated.   154 
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Tables 208 

patient 
no. 

age gender 
calcification 

level 

lesion implanted stents* 

location length Type Size 

1 65 M Moderate 
Mid SFA/ 
Distal SFA 

60  mm Pulsar 18 ∅6 x 40 mm 

2 75 M Moderate 
Distal SFA / 

Popliteal 
180 mm Pulsar 18 

∅6 x 200 
mm 

3 56 M Moderate 
Mid SFA/ 
Distal SFA 

50  mm Xpert ∅4 x 40 mm 

4 68 F Moderate Mid SFA 60  mm Zilver PTX ∅5 x 80 mm 

5 66 F 
In-stent 

re-occlusion 
Prox. SFA / 

Mid SFA 
200  mm EverFlex 

∅5 x 150 
mm 

6 75 M Severe 
Mid SFA / 
Distal SFA 

180  mm EverFlex 
∅6 x 200 

mm 

7 79 F Severe 
Prox. SFA / 
Distal SFA 

350  mm 
Pulsar-18 

(x2) 
∅5 x 200 

mm 

8 71 M Severe 
CFA** / Distal 

SFA 
350  mm 

EverFlex 
(x2) 

∅6 x 200 
mm 

9 66 F Moderate 
Prox. SFA / 
Distal SFA 

300  mm Pulsar-18 
∅5 x 200 

mm 

10 76 F Severe 
Prox. SFA / 
Distal SFA 

400  mm 
Everflex 

(x2) 
∅6 x 200 

mm 

11 65 M Moderate Distal SFA 100  mm Zilver PTX 
∅6 x 120 

mm 

12 71 M Moderate 
Mid SFA / 
Distal SFA 

100  mm Zilver PTX 
∅6 x 120 

mm 

13 81 M Moderate Popliteal 70  mm Pulsar-18 ∅5 x 80 mm 

14 48 M Severe 
Mid SFA / 
Distal SFA 

50  mm Everflex ∅6 x 60 mm 

15 79 F Severe Mid SFA 80  mm Everflex 
∅5 x 100 

mm 

16 61 M Moderate Mid SFA 100  mm Zilver PTX 
∅5 x 120 

mm 

17 62 M Moderate 
Prox. SFA / 

Mid SFA 
300  mm Everflex 

∅6 x 200 
mm 

18 65 M Moderate Distal SFA 100  mm Zilver PTX 
∅6 x 120 

mm 

 209 
Table 1: Patient demographics, level of calcification, as well as the description of the lesions 210 

and implanted stents.  211 
 212 

*Pulsar 18: Biotronik AG, Bülach Switzerland; Xpert: Abbott Vascular, Santa Clara, CA, USA; Zilver PTX: Cook Medical Inc., Bloomington, IN, 213 

USA; EverFlex: Ev3 Endovascular Inc., Plymouth, MN, USA 214 

 215 
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 axial elongation (%) 
curvature change (cm-1) 

mean max 

Pre-Angio    

Proximal to lesion -8.0 0.11 0.28 
Lesion -6.4 ± 3.4 0.04 ± 0.03 0.12 ± 0.04 
Distal to lesion -12.8 ± 3.6 0.10 ± 0.06 0.28 ± 0.14 

Post-Stent    

Proximal to lesion -8.7 ± 8.7 0.08 ± 0.10 0.18 ± 0.19 
Lesion -3.2 ± 2.9 0.03 ± 0.04 0.16 ± 0.14 
Distal to lesion -9.3 ± 6.7 0.09 ± 0.07 0.24 ± 0.18 

Pulsar-18    

Proximal to stent -10.3 ± 13.8 0.10 ± 0.11 0.30 ± 0.31 
Stent -4.6 ± 3.6 0.04 ± 0.04 0.22 ± 0.21 
Distal to stent -13.2 ± 14.2 0.09 ± 0.09 0.20 ± 0.07 

Everflex    

Proximal to stent -5.2 ± 1.4 0.01 ± 0.01 0.08 ± 0.03 
Stent -3.2 ± 2.7 0.03 ± 0.03 0.14 ± 0.08 
Distal to stent -9.5 ± 5.3 0.11 ± 0.08 0.33 ± 0.21 

Zilver-PTX    

Proximal to stent -14.6 ± 10.0 0.14 ± 0.17 0.22 ± 0.23 
Stent -1.62 ± 2.3 0.04 ± 0.06 0.15 ± 0.18 
Distal to stent -8.8 ± 6.4 0.08 ± 0.07 0.21 ± 0.14 

 216 
Table 2: Overview of the average change in the axial elongation and curvature values of 217 
18 patients due to leg flexion measured before balloon angioplasty (pre-angio) and after 218 
primary stent implantation (post-stent) within the lesion and regions that are proximal 219 
or distal to the lesions. Differences between the deformations measured for three 220 
different stent types are also reported.  221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 
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Figures 230 

 231 

Fig. 1: a, b: Pair of angiographic images with semi-automatically extracted arterial tree; 232 

c: Reconstructed arterial tree on top of radiograph; d: Reconstructed arterial tree 233 

 234 

 235 

Fig. 2: Error plot of forward (left two columns of each patient) and backward projection 236 

error (right two columns of each patient). 237 


