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Background: It was hypothesized that post-endovascular aneurysm repair (EVAR) iliac flow 
disturbances and geometry variation may predispose to thrombus formation within the aortic 
stent component.

Methods: A retrospective cohort of 52 patients (average age of 72 ± 5.2 years; 88.8% male) 
treated with infrarenal bifurcated stent graft was analyzed using patient-specific iliac geometry 
measurement and computational fluid dynamics (CFDs) analysis. Digital computed tomography 
angiography (CTA) datasets were reconstructed to obtain aortoiliac lumen geometry, and pulsa-

tile flow simulations were performed to compute time-averaged wall shear stress (TAWSS), 
oscillatory shear index (OSI), and WSS extremes. Iliac geometric parameters (tortuosity, bifur-

cation angle) were also quantified. Patients were stratified by presence or absence of aortic in-

stent thrombus detected during surveillance CTA.

Results: Iliac WSS metrics differed between groups, with the thrombus cohort demonstrating 
lower mean TAWSS (0.3 Pa vs. 0.77 Pa, P = 0.006). Conversely, OSI and geometric parameters 
showed no significant intergroup differences. Spearman analysis revealed strong inverse correla-

tions between TAWSS and OSI (ρ = − 0.60 to − 0.64, P < 0.001), while tortuosity did not correlate 
with either WSS metrics. Multivariate analysis adjusting for age and mean hemodynamic param-

eters did not demonstrate statistically significant associations with aortic thrombus. 
Conclusion: Reduced iliac TAWSS magnitude, rather than OSI or iliac tortuosity, appears to 
characterize post-EVAR hemodynamics in patients who develop aortic in-stent thrombus. These 
data support a mechanistic role for low-shear outflow conditions in promoting thrombotic com-

plications after EVAR and highlights the potential value of shear-based CFD profiling for risk 
stratification.
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INTRODUCTION

Intraluminal or mural thrombus formation within 
endovascular stent-grafts is an increasingly recog-

nized late finding during post-endovascular aneu-

rysm repair (EVAR) surveillance imaging. 
Although frequently incidental and hemodynami-

cally insignificant, in-stent thrombus represents a 
potential substrate for limb thrombosis, distal embo-

lization, and secondary intervention. Contemporary 
series report mural or intraprosthetic thrombus 
(IPT) in approximately 20—30% of EVAR recipients, 
most commonly within the first postoperative year 
and often without overt clinical sequelae. 1 Device 
geometry and adverse flow environments, 
including abrupt caliber transitions, tapered main 
bodies, and aortouniiliac configurations, have 
been implicated as structural drivers of thrombus 
development. 1 Comparative data suggest device-

specific susceptibility, with Zenith Alpha limbs 
demonstrating higher rates of limb graft occlusion 
compared with Endurant II despite similar IPT inci-

dence. 2 Current European Society for Vascular Sur-

gery (ESVS) 2024 guidance classifies benign mural 
thrombus without stenosis or embolic events as a 
nonthreatening radiologic finding that does not 
materially increase rupture or occlusion risk, typi-

cally warranting observation alone. 1 Conversely, 
partial thrombotic limb narrowing ≥50% secondary 
to limb kinking or stenosis has been linked to subse-

quent occlusion and may necessitate relining, 
thrombectomy, or adjunctive stenting. 1,2 Evidence 
is insufficient to recommend a standardized antith-

rombotic strategy for asymptomatic IPT, although 
intensified therapy has been proposed in select pro-

gressive cases. 1 Given the lack of consensus and the 
potential for limb-related morbidity, lifelong imag-

ing surveillance remains essential to detect throm-

botic progression, device-related mechanical 
abnormalities, and sac behavior. 3

Thrombus formation within aortic stent-grafts 
following EVAR arises predominantly from 
disturbed flow related to graft geometry and local 
luminal configuration rather than systemic hyper-

coagulability alone. Most current evidence derives 
from computational fluid dynamics (CFDs) imaging 
studies and large anatomical outcome cohorts rather 
than dedicated thrombus registries. 4,5 Iliac limb tor-

tuosity and sharp angulation generate spiral and 
recirculatory flow patterns, promoting intraluminal 
thrombus in 22—31% of bifurcated grafts. 4 Sharp 
caliber transitions, including large main bodies 
tapering to smaller limbs and aortouniiliac configu-

rations, are especially prone to mural thrombus 
deposition. 1 Branch protrusion into the lumen

alters shear environments, with >5-mm protrusion 
producing large abnormal wall shear stress (WSS) 
regions and inferred thrombotic risk. 5 Nonstandard 
renal branch orientations (e.g., ‘‘ballerina’’) further 
increase thrombus, compression, and occlusion 
events compared with standardized geometries 
(45% vs. 16%). 6 Hemodynamically, recirculation 
zones at bifurcations, kinks, and diameter changes 
favor particulate deposition and simulated 
thrombus growth. 4,5 Larger patent luminal volumes 
and reduced intrasac thrombus are associated with 
greater complication rates, particularly at the neck 
seal, likely via increased graft mobility and flow 
disturbance. 1,7 Contemporary ESVS 2024 guidance 
reports mural thrombus rates around 21% and 
strongly linked to barrel or tapered configurations 
but generally benign in the absence of symptoms 
or flow-limiting stenosis. 1 When thrombus becomes 
symptomatic, progressive, or hemodynamically sig-

nificant, individualized intervention or intensified 
antithrombotic therapy is advised. 1

Despite growing recognition of thrombus forma-

tion within aortic stent-grafts following EVAR, the 
mechanistic contribution of distal outflow hemody-

namics arising from the iliac limbs remains poorly 
defined. Prior studies have predominantly focused 
on local geometric configurations and hemody-

namic disturbances within the aortic graft body it-
self, such as caliber transitions, graft tapering, and 
intra-aortic flow recirculation. 8 While these factors 
are important, they do not fully account for the 
global hemodynamic coupling within the stent-

graft system, in which the iliac limbs function as 
the principal outflow pathways.

From a fluid-dynamic perspective, the iliac limbs 
impose critical boundary conditions that govern flow 
division, pressure gradients, and downstream resis-

tance, all of which may influence upstream aortic 
flow patterns. 9 Disturbances within the iliac segments, 
such as reduced forward flow, recirculation, or low 
WSS may therefore propagate proximally, promoting 
flow stagnation, prolonged particle residence time, 
and thrombus-prone environments within the aortic 
stent-graft. This downstream-to-upstream interaction 
has been insufficiently explored in current EVAR liter-

ature, in which the iliac arteries are often treated as 
passive conduits rather than active determinants of 
graft hemodynamics.

Accordingly, this study aims to investigate 
whether iliac flow disturbances and geometry-

derived hemodynamic alterations are associated 
with subsequent thrombus formation within the 
aortic stent-graft. By integrating patient-specific 
CFD analysis with imaging-based thrombus assess-

ment, we seek to provide a system-level perspective
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on EVAR hemodynamics and to identify iliac shear-

related metrics as potential markers for thrombotic 
risk stratification.

MATERIALS AND METHODS

The Hospital’s institutional review board reviewed 
and approved the study protocol. Informed consent 
was waived due to its retrospective design. All 
methods complied with institutional standards and 
with the ethical principles of the Declaration of 
Helsinki.

Patient Demographic

A single-institution retrospective cohort of EVAR 
patients treated for infrarenal abdominal aortic an-

eurysms (from 2015 to 2022) with Endurant stent-

grafts (Medtronic Vascular, Minneapolis, MN) was 
examined. Inclusion required bilateral iliac limb 
configuration and availability of both early 
(≤30 days) and surveillance computed tomography 
angiography (CTA). Stent-grafts lacking iliac limbs, 
poor-quality CTA studies, or absence of follow-up 
imaging were grounds for exclusion. Fifty-two pa-

tients (48 male, average age of 72 ± 5.2 years) satis-

fied the final criteria: 40 without and 12 with aortic 
in-stent partial thrombotic changes on subsequent 
CTA.

CTA Data Acquisition and Interpretation

CTA examinations of the aortoiliac artery were ob-

tained on a dual-source CT platform (SOMATOM 
Definition Flash, Siemens Healthcare, Forchheim, 
Germany) using intravenous Ultravist (Bayer 
Healthcare, Berlin, Germany) contrast injected at

5 mL/s, followed by a 50-mL saline bolus. Acquisi-

tion parameters consisted of 260—300 mA tube cur-

rent with 1.0-mm reconstructions and 5-mm 
maximum intensity projection images. Two blinded 
radiologists with 10 and 30 years of vascular imaging 
experience evaluated all scans. In-stent thrombus 
was defined as linear or irregular hypoattenuating 
material within the stent graft lumen exceeding

2 mm in thickness and >25% circumferential 
involvement (Fig. 1) as previously described. 10 To 
ensure uniform assessment, only follow-up CTA 
studies performed within 3 years post-EVAR were 
used for grouping into thrombus-negative and 
thrombus-positive cohorts.

Geometry Measurement

Initial CTA scans without thrombus (within 30 days 
post-EVAR) were exported in DICOM format and 
reconstructed in Mimics software (v25.0, Materi-

alise, Leuven, Belgium). Segmentation of the aor-

toiliac lumen, from 3 cm proximal to the graft to
3 cm distal to the iliac limbs, was performed using 
thresholding, manual refinement, and smoothing. 
Geometric measurements were extracted from the 
resulting three-dimensional (3D) model. Center-

lines were automatically generated as the paths of 
maximally inscribed spheres. The bifurcation angle 
was taken as the dominant angle between the iliac 
centerlines, and iliac tortuosity was calculated as 
the ratio of straight-line distance to centerline 
length for each limb (Fig. 2).

CFD Analysis of Iliac Flow

The reconstructed vascular geometries were im-

ported into COMSOL software (v5.2a, COMSOL

Fig. 1. CTA images of aorta in-stent partial thrombus. Axial CTA images (A and B) of representative cases showing 
circumferential thrombus formation within aorta stent graft (red arrows). CTA, computed tomography angiography.
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Inc., Burlington, MA) for meshing and numerical 
solution of the Navier-Stokes equations. 3D un-

structured tetrahedral meshes were generated for 
each model, consisting of approximately 1.2—2.0 
million elements, depending on anatomical 
complexity. To improve the accuracy of near-wall 
hemodynamic parameters, localized mesh refine-

ment was applied at the vessel wall and in regions 
of high velocity gradients, including the aortic bifur-

cation and proximal iliac segments. Boundary layer 
elements were incorporated to ensure adequate res-

olution of WSS. Mesh convergence analysis was 
performed in a subset of representative cases by pro-

gressively refining the mesh density. Time-averaged 
wall shear stress (TAWSS) and oscillatory shear in-

dex (OSI) demonstrated variations of <10% be-

tween successive refinements.

Blood flow was modeled as an incompressible, 
laminar Newtonian fluid with a dynamic viscosity

of 0.0035 Pa s and a density of 1066 kg/m 3. 11

Vessel walls were assumed rigid with a no-slip 
boundary condition. 12,13 Patient-specific inlet ve-

locity profiles were derived from published pulsa-

tile flow rates 14 scaled to the measured cross-

sectional aortic areas, while outlet boundaries at 
both iliac arteries were prescribed using a reported 
pressure waveform. 15 This approach was selected 
to provide a stable and reproducible representation 
of downstream hemodynamic loading in the 
absence of patient-specific flow split measure-

ments. Compared with resistance-based or Wind-

kessel models, pressure-driven outlet conditions 
offer a computationally efficient and reproducible 
alternative in vascular CFD simulations, particu-

larly in retrospective imaging studies in which 
distal vascular resistance and compliance parame-

ters are not directly measurable. 16,17 However, we 
acknowledge that this approach does not fully cap-

ture patient-specific peripheral impedance and 
may influence absolute shear stress values. Each 
simulation covered 3 cardiac cycles with a 0.01-

second time increment, and results from the sec-

ond cycle were used for hemodynamic analysis to 
minimize transient effects. 18 Computational runs, 
including postprocessing, required approximately 
10—12 hours per case. TAWSS, OSI, and WSS 
values were calculated using established formula-

tions. 19 Hemodynamic variables were extracted 
over 2 predefined iliac regions consisting of the 
proximal 10 cm of each iliac stent segment 
(Fig. 2). TAWSS describes the mean shear stress 
during one cardiac period, whereas the maximum 
and minimum WSS correspond to the extrema 
within a cycle. OSI characterizes directional 
changes in shear over the cardiac cycle. Mean 
values (TAWSS and OSI) represented averaged 
value of left and right iliac artery.

Statistical Analysis

Normally distributed variables were summarized as 
mean ± standard deviation, whereas non-normally 
distributed variables were reported as median with 
range. Differences between the normal and diseased 
groups were evaluated using independent t-tests for 
parametric data and Mann—Whitney U tests for 
nonparametric data. Associations between contin-

uous variables were assessed using Spearman rank 
correlation coefficient (ρ). Exploratory multivariate 
analyses were performed including age and mean 
hemodynamic variables to account for potential 
confounding effects. Statistical significance was

Fig. 2. Study procedure. (A) Three-dimensional model 
of aortoiliac vessel and stent graft created from CT data. 
(B) Measurement of iliac tortuosity and iliac angle. (C) 
Iliac segments for blood-flow postprocessing analysis us-

ing computational fluid dynamic. (D) Postprocessing 
result of blood-flow simulation during systolic phase of 
cardiac cycle. CT, Computed tomography; 3D, three-

dimensional.
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defined as P < 0.05. All analyses were performed in 
SPSS (v20.0, IBM, Chicago, IL).

RESULTS

Among the 52 cases evaluated, 12 patients (23.1%) 
demonstrated thrombotic involvement of the aortic 
stent-graft on follow-up CTA. The detection 
occurred at an average of 6.8 months after EVAR, 
with the time to diagnosis spanning 1 to 13 months.

Iliac Geometry and Hemodynamic 
Differences Between Control and Aortic 
Thrombus Group

Table I showed baseline characteristics and clinical 
information of our sample. Age distribution was 
similar between those without thrombus and those 
with in-stent thrombus (72.28 ± 7.16 vs. 
72.00 ± 5.81 years, P = 0.91). Table II demonstrated 
hemodynamic and geometry differences between 2 
groups. Pronounced differences were found in 
shear-related hemodynamic metrics. Mean iliac 
TAWSS was significantly lower in the thrombus 
group (0.30 Pa (0.24—0.87) versus 0.77 Pa (0.39— 
1.11), P = 0.06), and minimum iliac TAWSS showed 
a similar reduction (0.18 Pa (0.11—0.34) versus 
0.47 Pa (0.15—0.74), P = 0.01). Measures of shear 
oscillation, including mean and maximum OSI, did 
not differ between groups (all P > 0.5), indicating 
that oscillatory behavior was not associated with 
thrombotic status in this cohort.

Structural geometric variables, including iliac 
tortuosity (mean 0.15 vs. 0.15, P = 0.77) and

bifurcation angle (72.28 ◦ vs. 72.63 ◦ , P = 0.82), 
also showed no significant intergroup variation. 
Figure 3 better illustrated the representative vari-

ables in our study.

Taken together, these findings suggest that 
reduced WSS across the iliac limbs, rather than 
oscillatory shear or geometric deformation, may 
constitute the principal hemodynamic correlation 
of in-stent aortic thrombus formation following 
EVAR in this patient population.

Exploratory multivariate analysis incorporating 
age and mean hemodynamic parameters did not 
reveal statistically significant independent associa-

tions with thrombus formation (Supplementary 
Table 1).

Analysis of Correlation Between Iliac 
Geometry and Hemodynamic Factors

Spearman rank correlation analysis was performed 
to evaluate the relationship between post-EVAR 
iliac WSS, oscillatory index, and geometric parame-

ters. Specifically, correlations between TAWSS and 
OSI were examined for the right and left iliac ar-

teries (Table III), followed by assessment of the asso-

ciation between iliac tortuosity and TAWSS/OSI 
metrics (Table IV). A strong inverse correlation 
was observed between TAWSS and OSI, with right 
iliac TAWSS demonstrating a significant negative 
correlation with right iliac OSI (ρ = − 0.60, 
P < 0.001) and left iliac TAWSS similarly correlating 
with left iliac OSI (ρ = − 0.61, P < 0.001). Mean iliac 
TAWSS also negatively correlated with mean iliac

Table I. Baseline demographic and clinical characteristics

Variables Control group (n = 40) In-stent partial thrombus (n = 12) P value

Age (year) 72.28 ± 7.16 72.00 ± 5.81 0.91

Male, sex 28 (70%) 8 (66.6%) 0.33

Baseline antithrombotic therapy 
Single antiplatelet therapy 3 (7.5%) 0 (0)

Dual antiplatelet therapy 4 (10%) 1 (8.3%)

Oral anticoagulation therapy 4 (10%) 1 (8.3%)

Outcome

Reintervention 3 (7.5) 6 (50) 0.02 a

Endoleak 4 (10) 1 (8.3%) 0.54

Distal thromboembolic event 1 (2.5) 2 (16.7)

Migration 1 (2.5) 1 (8.3%)

Sac growth 5 (12.5) 2 (16.7) 0.29

Graft infection 1 (2.5) 0 (0)

30-day all-cause mortality 0 (0) 1 (8.3%)

Independent sample t-tests (for continuous variables) and Fisher exact test (for categorical variables) were used to compare differences 
between normal and diseased groups.
a Statistical significance (P < 0.05).
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OSI (ρ = − 0.64, P < 0.001), further supporting a 
consistent shear-oscillation relationship (Fig. 4).

In contrast, tortuosity showed no meaningful 
correlation with TAWSS or OSI across any limb, 
with right iliac tortuosity yielding ρ = − 0.02 for 
TAWSS (P = 0.91) and ρ = 0.10 for OSI 
(P = 0.50), and left iliac tortuosity yielding 
ρ = 0.02 for TAWSS (P = 0.89) and ρ = − 0.15 for 
OSI (P = 0.33). Mean iliac tortuosity also demon-

strated no significant association with either TAWSS 
(P = 0.99) or OSI (P = 0.84).

Collectively, these results indicate that post-

EVAR iliac hemodynamics are characterized by a 
robust shear—oscillation coupling, whereas iliac

tortuosity within the studied range appears not to 
influence local shear behavior.

DISCUSSION

In this study, iliac hemodynamics after EVAR 
differed significantly between patients with and 
without aortic in-stent thrombus, with the 
thrombus group displaying markedly reduced WSS 
magnitude, while oscillatory shear and geometric 
parameters remained largely unchanged. The mini-

mum iliac TAWSS was significantly lower in the 
thrombus cohort (0.18 vs. 0.47 Pa, P = 0.01), and

Fig. 3. Box plots demonstrating differences of representative variables between control and thrombus group. TAWSS, 
time-averaged wall shear stress; OSI, oscillatory shear index.
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maximum WSS on the right iliac limb was reduced 
by nearly half (1.21 vs. 2.17 Pa, P = 0.004), support-

ing the interpretation that diminished WSS may 
contribute to thrombus formation after EVAR. 
These findings align with established vascular 
biology showing that chronically low or oscillatory 
shear at bends and bifurcations promotes endothe-

lial dysfunction, lipid accumulation, and atheroscle-

rotic plaque progression, creating prothrombotic 
niches. 20,21 Experimental and clinical studies 
further demonstrate that low WSS coexists with 
recirculation zones and prolonged residence time, 
favoring platelet deposition and fibrin accumulation 
in aneurysmal or stenotic segments. 22,23 Although 
the association between low WSS and thrombus for-

mation is well established in native vascular biology, 
its applicability to prosthetic stent grafts requires 
careful interpretation as in our study, thrombus 
formation happened on prosthetic surface. 
Unlike native vessels, thrombus formation within 
endografts occurs on nonendothelialized prosthetic 
surfaces, in which classical endothelial dysfunction 
may not be the primary mechanism. Instead, 
low-shear conditions are more likely to promote 
thrombogenesis through flow stagnation, increased 
residence time, and enhanced platelet and coagula-

tion activity within the graft lumen. Therefore, the 
relationship between reduced shear stress and 
thrombus formation observed in this study likely re-

flects hemodynamic rather than endothelial-

mediated mechanisms.

Interestingly, oscillatory shear was not associated 
with thrombotic status in our cohort (all OSI 
P > 0.05), suggesting that post-EVAR iliac flow 
disturbance may be dominated by reduced forward 
shear rather than shear oscillation. Iliac tortuosity 
and bifurcation angle were similarly nondiscrimina-

tory, indicating that within typical EVAR anatom-

ical ranges, geometric deformation may exert less 
influence on thrombogenesis than flow-mediated 
shear reduction. Taken together, these results sup-

port a mechanistic paradigm in which low post-

EVAR iliac shear may transmit prothrombotic he-

modynamic conditions to the aortic stent body, 
consistent with the broader low-shear thrombo-

genic literature. 20,21

In this cohort, iliac hemodynamics after EVAR 
exhibited a strong inverse relationship between 
TAWSS and OSI, with right and left iliac TAWSS 
significantly and negatively correlated with their 
respective OSI values (ρ = − 0.60 and − 0.61, both 
P < 0.001), and mean values showing a similar 
pattern (ρ = − 0.64, P < 0.001). This shear stress— 
oscillation coupling aligns with established CFD 
concepts in which OSI is computed from the time-

resolved WSS vector and increases when shear re-

verses or oscillates throughout the cardiac cycle. 24 

Prior CFD studies report that regions of low mean 
or TAWSS typically colocalize with high OSI in 
disturbed flow environments such as bifurcations 
and aneurysmal expansions, 25,26 though the associ-

ation is not strictly linear nor globally uniform.

Table II. Comparison of iliac blood flow characteristics and geometry between control and aortic 
thrombus group

Variables Control group (n = 40) In-stent partial thrombus (n = 12) P value

Right iliac TAWSS 0.56 (0.31—0.84) Pa 0.33 (0.11—1.34) Pa 0. 23

Left iliac TAWSS 0.83 (0.16—1.31) Pa 0.38 (0.14—1.41) Pa 0.71

Mean iliac TAWSS 0.77 (0.39—1.11) Pa 0.30 (0.24—0.87) Pa 0.006 a

Iliac/aortic TAWSS ratio 6.40 (2.18—16.89) 3.92 (1.59—24.06) 0.65

Minimum iliac TAWSS 0.47 (0.15—0.74) Pa 0.18 (0.11—0.34) Pa 0.01 a

Right iliac OSI 0 (0—0.13) 0.01 (0—0.09) 0.53

Left iliac OSI 0 (0—0.04) 0.00 (0—0.02) 0.58

Mean iliac OSI 0.01 (0—0.1) 0.03 (0—0.05) 0.95

Maximum iliac OSI 0.02 (0—0.19) 0.05 (0—0.09) 0.95

Right iliac maximum WSS 2.17 (1.27—4.21) Pa 1.21 (0.41—1.34) Pa 0.004

Left iliac maximum WSS 3.70 (1.01—6.07) Pa 1.70 (0.6—7.03) Pa 0.67

Right iliac minimum WSS 0.08 (0.02—0.14) Pa 0.01 (0—0.05) Pa 0.004

Left iliac minimum WSS 0.09 (0.01—0.17) Pa 0.02 (0.01—0.15) Pa 0.29

Right iliac tortuosity 0.12 (0.1—0.16) 0.14 (0.12—0.18) 0.17

Left iliac tortuosity 0.16 (0.13—0.23) 0.15 (0.13—0.17) 0.38

Mean iliac tortuosity 0.15 (0.12—0.19) 0.15 (0.13—0.19) 0.77

Iliac bifurcation angle (degree) 72.28 (67.19—77.56) 72.63 (65.5—78.16) 0.82

P value from Student t-test (parametric variables) or Mann—Whitney U test (nonparametric variables). 
a P value < 0.05.
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Notably, OSI highlights directional shear fluctua-

tions, while TAWSS captures magnitude, and high 
WSS jets can coexist adjacent to recirculation zones 
with high OSI but low WSS, underscoring the 
distinct biophysical interpretation of each param-

eter. 27 Our findings support these conceptual frame-

works, demonstrating that iliac flow post-EVAR 
conforms to the expected CFD behavior of linked 
but nonidentical WSS and OSI domains. In contrast, 
iliac tortuosity showed no significant correlation 
with either TAWSS or OSI (all P > 0.3), suggesting 
that geometric deformation within the studied 
range did not substantially alter local shear 
behavior. Sensitivity analyses in prior CFD literature 
emphasize that OSI is influenced not only by geom-

etry but also by inlet waveforms and outflow split, 
often responding more strongly to waveform per-

turbations than WSS itself. 28 Moreover, compari-

sons across rigid-wall CFD and fluid—structure 
interaction frameworks show robust spatial consis-

tency in OSI-TAWSS patterns despite modest abso-

lute differences. 29 Taken together, these data 
suggest that post-EVAR iliac flow remains governed

by shear—oscillation relationships seen in arterial 
CFD, and that OSI and TAWSS should be inter-

preted jointly rather than in isolation when evalu-

ating disturbed flow physiology.

In the present study, hemodynamic assessment 
was based on region-averaged indices (e.g., TAWSS) 
rather than detailed spatial characterization of shear 
stress distributions. Although surface area—based 
thresholds or histogram analyses of WSS/OSI may 
provide a more comprehensive representation of 
abnormal shear environments, such approaches 
are highly sensitive to mesh resolution, segmenta-

tion variability, and geometric smoothing. Given 
the retrospective nature of this study and interpa-

tient anatomical heterogeneity, standardized imple-

mentation of these high-resolution analyses could 
not be reliably ensured. Therefore, we focused on 
global hemodynamic metrics to facilitate robust 
interpatient comparison. Future studies incorpo-

rating standardized meshing strategies and 
advanced postprocessing techniques may further 
refine spatial characterization of thrombogenic 
shear patterns.

Table III. Correlation between post-EVAR iliac TAWSS and OSI

P value (Spearman co-efficient index) Right iliac OSI Left iliac OSI Mean iliac OSI

Right iliac TAWSS <0.001 (�0.60)

Left iliac TAWSS <0.001 (�0.61)

Mean iliac TAWSS <0.001 (�0.64)

Fig. 4. Representative cases showing negative correlation 
of WSS and OSI. Systolic-phase WSS map (A and C) and 
flow velocity (B and D) of 2 different cases showing

corresponding areas (red arrows) of low WSS and fluctu-

ated blood flow (high OSI). WSS, wall shear stress; OSI, 
oscillatory shear index.
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Multivariate analysis was explored but not re-

ported due to instability related to the small number 
of thrombus-positive cases (n = 12), which increased 
the risk of overfitting and yielded inconsistent esti-

mates. Similarly, sensitivity analysis for TAWSS 
threshold discrimination demonstrated limited per-

formance (low area under the curve) and was there-

fore not included. In addition, key graft-related 
structural parameters, including endograft diameter, 
iliac limb diameter, and graft oversizing, were not 
consistently available and could not be incorporated 
into the analysis. As these factors may influence 
post-EVAR hemodynamics, their omission may limit 
interpretation of geometry—shear relationships. 
Accordingly, the present findings should be consid-

ered exploratory, and larger studies integrating 
detailed device parameters are needed to enable 
robust multivariate modeling and clinically mean-

ingful risk stratification.

In summary, post-EVAR CFD analysis identified 
reduced iliac TAWSS magnitude as the hemody-

namic feature most strongly associated with subse-

quent aortic in-stent thrombus, whereas 
oscillatory shear and geometry showed no meaning-

ful contribution. In addition, OSI and TAWSS in 
post-EVAR iliac artery also showed significant nega-

tive correlation, emphasizing their co-effect in iliac 
blood flow. These findings suggest that low-shear 
outflow conditions may underpin late thrombotic 
complications after EVAR.
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