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Intra-stent thrombosis is one of the major failure modes of popliteal aneurysm endovascular repair, es-
pecially when the diseased arterial segment is long and requires overlapping stent-grafts having different
nominal diameters in order to accommodate the native arterial tapering.

However, the interplay between stent sizing, post-operative arterial tortuosity, luminal diameter, local
hemodynamics, and thrombosis onset is not elucidated, yet.
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In the present study, a popliteal aneurysm was treated with endovascular deployment of two overlapped
stent-grafts, showing intra-stent thrombosis at one-year follow-up examination. Patient-specific compu-
tational fluid-dynamics analyses including straight- and bent-leg position were performed.

The computational fluid-dynamics analysis showed that the overlapping of the stent-grafts induces a se-

Limb flexion vere discontinuity of lumen, dividing the stented artery in two regions: the proximal part, affected by
Intra-stent thrombosis thrombosis, is characterized by larger diameter, low tortuosity, low flow velocity, low helicity, and low
Helicity wall shear stress; the distal part presents higher tortuosity and smaller lumen diameter promoting higher

flow velocity, higher helicity, and higher wall shear stress. Moreover, leg bending induces an overall in-
crease of arterial tortuosity and reduces flow velocity promoting furtherly the luminal area exposed to

low wall shear stress.

© 2020 The Authors. Published by Elsevier Ltd on behalf of IPEM.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Popliteal artery aneurysms (PAAs) are the most frequent pe-
ripheral aneurysms [1]. PAA is treated when it reaches 2 cm in
diameter, often by open surgery [2]; the endovascular treatment
is one of the therapeutic options in elective cases, although it is
still impaired by a lower rate of short-term patency and higher
reintervention rate when compared with open surgical repair using
prosthetic materials or autologous vein [3]. In particular, intra-stent
thrombosis is still one of the long-term failures of femoro-popliteal
endovascular treatments [4].

The mechanisms underpinning the onset and progression of
femoro-popliteal intra-stent thrombosis are poorly investigated [5].
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A recent meta-analysis of the literature confirmed that primary pa-
tency during follow-up is lower in patients undergoing endovascu-
lar treatment than in patients undergoing surgical treatment. How-
ever, if we consider secondary patency after one and three years
of follow-up, it seems to be comparable between the two types
of treatment [4]. Literature data reporting information regarding
the follow-up intra-stent thrombosis are scarce because follow-up
after endovascular treatment is often performed only through ul-
trasound examination or computed tomography angiography (CTA)
performed shortly after treatment; all these factors can lead to un-
derestimate the presence of an intra-stent thrombotic apposition
[6,7].

Accordingly, the aim of the present study is to quantify the in-
terplay among geometrical features and local hemodynamics inside
femoro-popliteal endoprosthesis in a patient treated with endovas-
cular stent-graft placement for PAA and complicated by intra-stent
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Fig. 1. A) pre-operative CTA reconstruction shows a popliteal aneurysm located just behind the knee. B) 1-year follow-up CTA with volume rendering and C) coronal view
and five axial projections of intra-stent thrombosis highlighting its spiral evolution along the arterial axis.

thrombosis at one-year follow-up. In particular, we have performed
patient-specific computational fluid-dynamics analysis based on
3D geometrical models derived from CTA images of the femoro-
popliteal artery (FPA) segment covered with endovascular stent;
moreover, both straight- and bent-leg position are considered in
order to investigate the impact of leg bending on geometrical and
hemodynamic features.

2. Materials and methods
2.1. Clinical case study

In 2017, a 77-year-old man underwent endovascular treatment
for popliteal aneurysm. The patient was affected by an asymp-
tomatic 30-mm popliteal aneurysm located just behind the knee
(see Fig. 1A). In accordance with the preoperative planning, based
on CTA, two self-expanding covered Viabahn stent-grafts (W.L.
Gore & Associates, Flagstaff, AZ, USA) were positioned to cover
the segment ranging from the distal superficial femoral artery to
the popliteal artery up to the bifurcation with tibial artery: one
9 x 100 mm proximal stent-graft and one 7 x 100 mm distal
stent-graft. According to the product’s Instruction for Use, choice
of different diameter stent-grafts was motivated by different diam-
eter of the proximal (8 mm) and distal (6 mm) landing zones. The
length of stent-grafts was chosen in order to cover the aneurysm
and to obtain an adequate length of the proximal and distal land-
ing zones.

The final angiographic check showed the correct positioning of
the stents and the exclusion of the popliteal aneurysm. Unfortu-
nately, the one-year follow-up CTA showed a partial thrombosis of
the stent in the transition zone between the proximal and distal
stent (see Fig. 1B and C).

2.2. Imaging acquisition protocol and image processing

According to the image acquisition protocol described in
Spinella et al. [8] and approved by the Institutional Ethics Com-
mittee, two scans were performed during one-year follow-up CTA
examination, in order to capture femoro-popliteal artery in both
straight- and bent-leg position. In particular, during the first scan,
the ipsilateral limb was placed in 90° position (bent-leg config-
uration) using a foam-coated support (see Fig. 2A), while the
second acquisition was performed in straight-leg position. CTA
scans were performed with a 64 multidetector-row CTA (General
Electric Optima 660). The adopted scan parameters were: thick-
ness, 0.625 mm; increment, 0.625 mm; collimation, 64 x 0.625;
pitch, 0.915; rotation time, 0.7 s; field of view, 35 cm; matrix,
512 x 512 pixels.
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Post-operative CTA images were anonymized and transferred
to a workstation for image processing. Segmentation of the FPA
segment (from the femoral artery bifurcation to the popliteal
artery bifurcation), leg bones, intra-stent thrombosis, and im-
planted stent-grafts was performed using the open source tool
Vascular Modeling ToolKit (VMTK, release 1.3). Briefly, a semiauto-
matic gradient-based level set segmentation process with colliding
fronts initialization was adopted to extract the FPA lumen segment
and the thrombotic region. A value of Hounsfield Units (HU) be-
tween 200 and 600 HU was adopted to initialize the segmentation
of the lumen region, whereas values inferior to 200 HU identify the
initialization of the thrombotic region. According to Kock et al. [9],
sensitivity and specificity for detecting a >50% thrombosis were
reported as 92% and 93%, respectively.

Leg bones were also extracted by semiautomatic gradient-
based level set segmentation process with a threshold initialization
method (HU>700). An in-house Python code was developed to au-
tomatically extract the stent surface combining the CTA images and
the information obtained by the segmented arterial lumen. Then,
independently from the segmentation procedure, the zero level set
surfaces are extracted using the Marching Cubes algorithm imple-
mented in VMTK.

Rigid-registration of bent-leg structures on their corresponding
straight-leg counterparts was performed by means of the Iterative
Closest Point algorithm implemented in VMTK in order to allow a
straightforward comparison between the 3D arterial models result-
ing from the two configurations (see Fig. 2B).

Vessel centerline was computed, resampled (resampling
interval=0.5 mm), and smoothed by moving average filter [10] by
means of VMTK scripts, in order to measure the luminal diameter
and the arterial tortuosity in each zone [11]. Starting from the
smoothed vessel centerline and the FPA lumen surface, equally
spaced planes perpendicular to the centerline were automati-
cally computed, and diameter measurements were taken on each
transverse section. Tortuosity index was measured as a global
parameter and was defined as T = L/ED - 1, where L is the
centerline length, and ED is the shortest distance between the
two centerline endpoints. Both parameters were automatically
computed by means of VMTK scripts.

2.3. Patient-specific computational fluid dynamics (CFD)

Two 3D models were considered for the CFD simulations:
1) femoro-popliteal artery in straight-leg position; 2) femoro-
popliteal artery in bent-leg position. Given our aim of understand-
ing the reasons of the thrombosis onset and its localization along
the lumen, the two models were derived removing the intra-stent
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Fig. 2. A) Volume rendering of the CTA scan in bent-leg configuration - top picture - and in straight leg configuration - bottom picture. B) 3D models derived from image
segmentation (left - lateral view, right — posterior view): bones, lumen, and stent-grafts are superimposed by rigid registration of the femur.
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Fig. 3. Zoom view at the level of the knee of 3D models derived from image segmentation of superimposed bones, lumen, and stent-grafts in both leg configurations. On
the left, the luminal model of the femoro-popliteal artery includes thrombosis, which is virtually removed to create the model resembling the pre-thrombosis lumen, used

for CFD analyses (on the right).

thrombosis during the image segmentation, in order to define a
surrogate pre-thrombotic condition (see Fig. 3).

Before generating the mesh, the geometries were smoothed and
a flow-extension was added to the inlet of each model for ensur-
ing that the numerical solution in the region of interest is not
strongly affected by the selected inflow velocity profile. Accord-
ing to mesh convergence analysis, uniform meshes were generated
with 651,635 total number of elements for the straight-leg model
and with 569,817 total number of elements for the bent-leg model,
in order to ensure an adequate accuracy of the numerical model
[12,17]. Both preparing phase and generation of meshes were per-
formed using the software VMTK [13]. Simulations were run in
Intel Xeon W-2123 computing workstation (3.6 GHz, 32GB RAM)
with the commercial CFD software package ANSYS Fluent (ANSYS
Academic Research [Fluent], release 19.2). We performed transient
simulations, in which viscosity was set to 0.004 kg m~! s~! and
blood density to 1060 kg/m3. Moreover, in each simulation we pre-
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scribed the no-slip condition on the wall of the artery, an outflow
condition (Dirichlet boundary condition) enforcing the flow in the
anterior tibial artery to be 25% of the inflow, and traction-free con-
dition in the other outlets, located far away from the region of in-
terest. The inflow velocity curve is derived from literature [14,15]:
we impose a flat profile at the inlet section with time-dependent
magnitude, implemented in Ansys as a user defined routine. Simu-
lations were run for four cardiac cycles in order to damp transitory
states; the last cycle was used to compute the results. Each car-
diac cycle corresponds to 0.741 s, in which the systolic peak occurs
at 0.196 s; the time-step was set to 0.001 s. We selected a lami-
nar model (ANSYS Academic Research [Fluent], release 19.2) for all
the simulations because the peak Reynolds number at the inlet is
284. Semi-Implicit Method for Pressure Linked Equations (SIMPLE)
to solve the Navier-Stokes equations and a second order scheme
for both pressure and momentum spatial-discretization were
used.
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Fig. 4. (A) Posterior view of the femoro-popliteal artery in straight-leg configuration: (B) arterial lumen colored according to the three zones under investigation (proximal
artery, proximal stent, and distal stent); (C) streamlines colored according to velocity magnitude at the systolic peak; (D) arterial lumen colored according to low (less or

equal than 0.4 Pa) or high TAWSS (higher than 0.4 Pa).

2.4. Post-processing

We aim to set a proof of concept based on a case-study to be
generalized by further investigation of a cohort of patients. Con-
sequently, the definition of zones of interests that can be easily
identifiable (e.g., proximal and distal stent) and the averaging of
the results in these zones fits in such an aim. Moreover, the aver-
aging of the results allows the damping of highly localized effects
that often complicates the analysis of patient cohorts. Given such
considerations, FPA axis was divided into three zones (see Fig. 4B):
1) proximal artery, i.e., lumen of the 10 cm artery above the proxi-
mal end of the proximal stent; 2) proximal stent, i.e., the lumen of
the proximal stent, excluding the overlapping zone; 3) distal stent,
i.e., the lumen of the distal stent including the overlapping zone
(see Fig. 4A). In order to characterize the bulk flow features, flow
velocity is averaged in space and time in each of the zones under
investigation. Moreover, the vorticity vector field is computed and
used to define local normalized helicity (LNH) [16], representing
the normalized dot product between local velocity and vorticity
vectors. Such an index allows the visualization of helical blood flow
structures inside the artery. While LNH magnitude indicates the
degree of local alignment of velocity and vorticity, its sign denotes
the direction of rotation of helical structures, i.e., left- and right-
handed blood structures inside the artery. Subsequently, the abso-
lute value of the dot product of vorticity and velocity is averaged
in space and time to compute the helicity intensity (h, index), an
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indicator of the total amount of helical flow in the fluid domain,
irrespective of direction [17]. Near wall flow features are described
by the time-averaged wall shear stress (TAWSS); finally, the ratio
of luminal surface exposed to low values, i.e., ranging between 0
and 0.4 Pa [18], with the whole luminal surface is computed, ac-
cording with the experimental results of Zhan and coworkers [21],
who showed that platelet adhesion increased with reduced wall
shear stress.

3. Results

Fig. 4C-D shows the results of CFD analysis for the straight-leg
configuration, reporting streamlines colored according to velocity
magnitude at the systolic peak and the arterial lumen colored ac-
cording to low (less or equal than 0.4 Pa) or high TAWSS (higher
than 0.4 Pa).

Fig. 5 reports the bar-plots of luminal diameters, tortuosity, av-
erage flow velocity magnitude along the cardiac cycle, and the per-
centage of luminal surface exposed to low TAWSS for each zone
(proximal artery, proximal stent, and distal stent) for both straight-
and bent-leg configuration.

In the straight-leg configuration, the luminal diameters are
9.1740.74 mm, 7.854+0.42 mm, and 4.90+£0.54 mm in the proxi-
mal artery, the proximal stent, and the distal stent zone, respec-
tively. Such measurements do not vary significantly after leg bend-
ing; in fact, the luminal diameters in bent-leg configurations are
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Fig. 5. Bar plot of luminal diameter, tortuosity, velocity magnitude averaged in space and time, helicity (h,-index), and percentage of luminal area exposed to low TAWSS.
The data are reported for the three zones under investigation (proximal artery, proximal stent, and distal stent) in both leg configurations.

8.78+0.65 mm, 7.74+0.40 mm, and 5.06+0.27 mm in proximal
artery, proximal stent, and distal stent zone, respectively. The size
difference between two stent-grafts induces a difference of lumi-
nal diameters of almost 35%, resulting in a sudden jump of the lu-
minal area localized at the beginning of the overlapping zone be-
tween the two stent-grafts. It is interesting to note that the throm-
bosis is located upstream of this jump in lumen diameters. More-
over, thrombosis has a spiral shape with counterclockwise evolu-
tion from distal to proximal direction.

In the straight-leg configuration, the tortuosity is 0.007, 0.003,
and 0.06, respectively, in the area of the proximal artery, the proxi-
mal stent, and the distal stent; this result shows that the tortuosity
is significantly higher in the distal stent area than in the proximal
artery and in the proximal stent. Flexion of the leg increases the
tortuosity of the proximal artery (0.02) and the distal stent (0.1),
while the tortuosity of the proximal stent area keeps similar val-
ues to the straight leg configuration (0.06).

The average flow velocity magnitude along the cardiac cycle
is lower in the proximal artery (0.072 m/s) and proximal stent
(0.1 m/s) zone when compared with the magnitude of the velocity
of the flow inside the distal stent-graft (0.2 m/s). The leg bend-
ing induces also an overall reduction of the velocity magnitude:
0.065 m/s, 0.09 m/s, and 0.16 m/s in proximal artery, proximal
stent, and distal stent zone, respectively.

Analogously, the helicity (h,-index) is similar in the proximal
artery (0.2 m/s?) and proximal stent zone (0.4 m/s?), being sig-
nificantly lower than value computed in the distal stent zone
(6.1 m/s?). Leg bending induces an overall decrease of the flow he-
licity intensity: 0.24, 0.32, and 5.2 m/s2 in the proximal artery, the
proximal stent, and the distal stent zone, respectively.

Finally, the proximal artery is highly exposed to low TAWSS
in both leg configurations (straight-leg: 86.58%, bent-leg: 91.38%);
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similarly, proximal stent zone shows a large area exposed to low
TAWSS (straight-leg: 59.3%, bent-leg: 73.7%) while this is absent in
distal stent zone (straight-leg: 0.5%, bent-leg: 0%).

Helical blood flow patterns developing into the endoprosthe-
ses are visualized in Fig. 6 using isosurfaces of LNH at the peak
of the inflow velocity, where blue and red colors indicate respec-
tively left-handed and right-handed helical flow rotation [19,20].
It is possible to observe a consistent flow pattern characterized
by two counter-rotating flows, which keeps being stable along the
whole cardiac cycle. Such a flow pattern is stronger in the distal
stent as stated by the h, index. It is also interesting to see that the
spiral shape of the thrombosis matches the path of the negative
LNH region.

4. Discussions

Our results showed that the overlapping of the stent-grafts in-
duces a severe discontinuity of lumen diameter, dividing the region
treated with endovascular stent-graft in two zones: a) the proximal
part, where thrombosis is located, is characterized by larger diame-
ter, low tortuosity, low flow velocity, low helicity, and low TAWSS;
b) the distal part, that presents higher tortuosity and smaller lu-
men diameter, promoting higher flow velocity, higher helicity, and
higher TAWSS.

The indication that intra-stent thrombosis is located in the re-
gion where the intensity of helicity is low confirmed the crucial
role of helical (or swirling flow) in the prevention of thrombosis.
Such an indication has been previously reported by Zhan et al.
[21] who, from the experimental tests, revealed that the swirling
flow significantly reduces the adhesion of platelets to the inner
surface of a glass tube when compared with the normal flow.
Zhan and colleagues put forward the key concept that the blood
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Fig. 6. (A) Posterior view of the femoro-popliteal artery in straight-leg configuration: the area where the thrombosis is localized is highlighted by a red box. (B) Zoom view
of the lumen, in light red, with thrombosis (in yellow): it is possible to appreciate the helical shape of the thrombosis that evolves in an almost one turn from distal to
proximal direction. (C) Blood flow helicity: in blue the flow with negative LNH and in red the flow with positive LNH. Superimposing the thrombosis (in yellow), it is possible

to observe how it follows the helical shape of negative LNH region.

flow swirling in small diameter grafts promotes the blood veloc-
ity near the vessel wall and wall shear rate could be increased
and, consequently, this hemodynamic condition can suppress the
adhesion of platelets to the graft wall, impeding the occurrence
of acute thrombus formation. Similar considerations have driven
the seminal work of Caro et al. [22], who tested patented grafts
with helical shapes [23] in a porcine model study, reporting con-
sistently less thrombosis than conventional grafts. Caro and col-
leagues have even proposed a commercial self-expandable stent for
femoro-popliteal disease, having a 3D helical centerline geometry
set into a shape memory Nitinol material [24]. Our results sug-
gest that the spiral shape of the thrombosis matches the path of
the negative LNH region; it is hard to formulate a hypothesis to
explain this result but, at the same time, it is intriguing to ob-
serve such a peculiar pattern. The consolidation and generaliza-
tion of this result by the analysis of cohort of patients will surely
provide more information to explain this observation, whether
confirmed.

At the best of our knowledge, the present study is the first re-
porting patient-specific CFD analysis of both straight- and bent-leg
femoro popliteal models derived from CTA. Indeed, G6kgol and col-
leagues in a very recent study have proposed a similar approach
considering 20 patients but the models were reconstructed from
2D angiographic images [25]. Despite the approach proposed by
Gokgol and colleagues has the benefit of being easily integrated
into the clinical workflow, it is limited by the precision of the
imaging system, being not able to capture localized crucial effects,
such as the jump of luminal diameter in the overlapping stent-
graft region. Very recently, investigating the impact of leg move-
ment on FPA hemodynamics, Colombo et al. have proved the im-
portance of accounting leg bending using idealized geometrical
model of the vessel, calling for patient-specific FPA models recon-
structed from clinical images [26].

Nevertheless, our study suggests that the leg flexion reduces
the overall flow velocity, helicity, and TAWSS confirming the re-
sults reported by analysis of Gokgol et al. [25], who showed that
leg bending significantly modifies certain flow behaviors in stented
arteries.

Finally, we found that the lumen area exposed to low shear
stress increases after leg bending; this result matches the find-
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ings of Schlager et al. [27], who performed velocity measurements
in the femoro-popliteal arteries of 46 healthy subjects in supine
and sitting positions, showing that the mean WSS significantly de-
creased when the patients were sitting; this indication is reported
by Gokgol et al.,, as well [25].

Our results confirm that stent sizing is crucial for popliteal
stenting outcome. During the planning of endovascular treatment,
an adequate proximal landing zone is fundamental for the suc-
cess of the treatment [28,29]. When we take into consideration the
femoro-popliteal axis in the planning of endovascular treatment,
we should take into consideration the difference of diameters be-
tween the distal and proximal landing zone. In fact, in patients not
affected by aneurysmal pathology of the popliteal femoral axis, the
average diameter of the distal popliteal artery and the superficial
femoral artery is approximately 4.4 mm and 7.3 mm, respectively.
In patients with popliteal aneurysm, on the other hand, the aver-
age diameter of the distal popliteal artery is 6.4 mm and the super-
ficial femoral artery of 8.4 mm [30]. Consequently, in the present
case study, the diameter of the distal landing zone was 6 mm
while the diameter of the proximal landing zone was 8 mm; there-
fore, using the recommended oversizing, a 7 mm diameter stent
was used distally, and a 9 mm stent of diameter was used proxi-
mally. It is worth nothing that the choice of stent diameter is also
done taking into consideration the need to avoid infolding of the
stent graft that can then lead to stent occlusion [31,32]; in fact, an
oversizing of the stent in more than 15% should be avoided [33].
Currently, the covered stents available on the market have a con-
stant diameter and therefore it is necessary to use at least two
stents when treating arteries with different proximal and distal di-
ameters; this condition implies that along the stented region there
could be a large variation of luminal caliber, as in the case under
investigation.

5. Limitations

The present proof concept study is aiming at linking post-
stenting geometry, hemodynamics, and thrombosis in endovascular
repair of popliteal aneurysms. Based on the analysis of one case,
our results cannot be generalized; consequently, further analyses
addressing a large database of patients with similar characteristics
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should be performed in order to withdraw statistically significant
and clinically relevant conclusions.

The inflow data are taken from the literature [15]; patient-
specific flow information will be included in future studies by elab-
orating echo doppler measurements as proposed by Colombo et al.
[17].

We have created a surrogate geometrical model of the lumen
prior to thrombosis by virtually removing the thrombus during
the segmentation process. Such a limitation could be overcome by
the analysis of CT scans performed at different time instants, from
early post-operative to annual follow-up exams; unfortunately, the
current standard clinical follow-up protocol for popliteal stenting
foresees the use of echo-color doppler at 1, 6, 12 months follow-
up, and yearly thereafter that does not allow to extract the ves-
sel thrombosis. Although some centers are beginning to perform
a CTA once during short-time follow-up, in general in the clinical
practice a second level examination is prescribed only when intra-
stent stenosis or thrombotic apposition within the stent is found
[7,34].

Thrombosis is a complex phenomenon that cannot be analyzed
only from a fluid dynamics point of view as we have done in
the present study. Artificial surfaces, such as the inner layer of
stent-graft, promote clotting through a complex series of intercon-
nected processes, from protein adsorption to adhesion of platelets,
through thrombin generation and complement activation [35]. Fur-
ther developments of the present study should consider the role of
hemodynamic stress in the platelet activation [36], recently proved
to be predictive of aortic thrombus formation following thoracic
endovascular aortic repair [37]. Finally, stent struts are not taken
into consideration in the present study; however, the stent struts
have an effect on wall shear stress [38], further developments will
target this aspect.

6. Conclusions

Although limited to single case, the results of the present study
show that the overlapping zone of the stent-grafts induces a se-
vere discontinuity of lumen, dividing the landing site in two seg-
ments: the proximal part, affected by thrombosis, is characterized
by larger diameter, low tortuosity, low flow velocity, low helic-
ity, and low TAWSS; the distal part presents higher tortuosity and
smaller lumen diameter promoting higher flow velocity, higher he-
licity, and higher TAWSS. Moreover, leg bending induces an overall
increase of arterial tortuosity and reduces the flow velocity pro-
moting furtherly the luminal area exposed to low wall shear stress.
Intra-stent thrombosis has a helical shape suggesting that there is
an implication of flow helicity in the thrombosis onset and pro-
gression to be elucidated by further developments of the present
study.
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