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Abstract:
Aim: Fenestrated endovascular abdominal aortic aneurysm repair (FEVAR) has been increasingly applied for the treatment of anatomically suitable short-necked, juxtarenal, and suprarenal abdominal aortic aneurysms (AAA). Blood flow
in the visceral vessels is maintained after FEVAR, but deployment of both the device and bridging covered stents might
give rise to hemodynamic conditions that could impair the long-term success of the treatment. The aim of the present
study is the development of a multiscale model that can reproduce hemodynamic flow in endograft models after FEVAR.
Methods: We reconstructed pre- and post-operative computed tomography scans of two patients treated with a custom-made fenestrated endograft. Blood flow properties were obtained by computational fluid dynamics (CFD) simulations for the post-FEVAR cases. Specifically, pressure drop, velocity, wall shear stress and mean helicity were measured
during the cardiac cycle.
Results: No hemodynamic extremities with respect to the specialized wall shear stress (WSS) and helicity, based indexes
were observed. A coherent helical field characterized blood flow topology during the cardiac cycle, with two counter-rotating helical structures. Regions of lowest time averaged WSS (TAWSS) in combination with high oscillatory shear index
(OSI) are the areas after the splanchnic vessels at the aortic wall. Flow in the superior mesenteric and renal arteries
remains almost unaffected after FEVAR. Important indices such as TAWSS, OSI and helicity are retained to almost normal
levels. Low WSS values followed by high OSI values suggest that specific regions are sensitive to flow separation and
probably to thrombus formation.
Conclusion: This pilot study shows the possibility of predicting non-invasively the hemodynamic performance of FEVAR
utilizing CFD. FEVAR does not seem to alter target vessel and aorta perfusion significantly allowing good perfusion of
visceral arteries.

INTRODUCTION
Fenestrated endovascular aneurysm repair (FEVAR) was first
reported in 1999 for the treatment of a juxtarenal aortic aneurysm1. The technique was initially developed to treat high-risk
patients unfit for open surgery and anatomically unsuitable
for standard EVAR. Gradually, FEVAR has been increasingly
applied for the treatment of all anatomically suitable shortnecked, juxtarenal, and suprarenal aortic aneurysms. High
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volume centers have reported excellent perioperative and
midterm outcomes2,3. However, FEVAR has also been associated with complications, such as loss of a visceral branch patency, stent fracture, endoleak, and graft migration2-4.
Complications after FEVAR, such as target vessel thrombosis, could be associated to potential alteration in hemodynamics. Computational Fluid Dynamics (CFD) facilitates the identification of the hemodynamic conditions that might promote
the advent of complications, focusing in regions of expected
disturbances with high-resolution hemodynamics. Despite the
increased popularity of CFD simulations in endovascular community, there are few studies delineating the hemodynamics
in fenestrated endografts5-8. Additionally, Ou et al. highlighted
hemodynamic variations in renal arteries with different stent
orientations, concluding that appropriate cephalic deployment
of a custom-made fenestrated endograft is a feasible strategy
to preserve hemodynamic stability and durability9. Kandail et
al. quantified the hemodynamic impact of flared renal stents
on the performance of fenestrated endografts2,4.
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The modeling of such hemodynamic flows requires specialized multiscale models due to the complexity of physiology. There have been proposed holistic models of the arterial system10,11. Detailed three-dimensional time-dependent
models have been developed, describing a particular part of
the cardiovascular system. In these models the waveforms
obtained from 1D / 0D models, used as boundary conditions
for the 3D simulations12,13. The aim of the present study is the
development of a multiscale model that can reproduce hemodynamic flow in endograft models after FEVAR.
MATERIAL AND METHODS
In this study, a multiscale model, composed of 1D and 3D parts
that can reproduce hemodynamic flow in endograft models
after FEVAR is presented. Through computational simulations,
the blood flow in an indicative FEVAR case is characterized,
drawing attention to the arteries that are supplied with blood
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through the fenestrations in the splanchnic vessels. The model provides high-resolution hemodynamic analytics, such as,
time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), and local normalized helicity (LNH).
We studied the computed tomography (CT) scans, preoperatively and 1 month after FEVAR of 2 patients with a para-renal AAA treated electively by FEVAR. The patients underwent
implantation of a custom-made fenestrated device at the Department of Vascular Surgery, Paracelsus Medical University,
Nuremberg, Germany. Both patients gave written consent for
utilization of the imaging data. The first patient underwent a
double FEVAR (two fenestrations for the renal arteries and
one scallop for the superior mesenteric artery, SMA). The second patient underwent FEVAR with three fenestrations (two
for the renals and one for the SMA) and one scallop for the
celiac axis, as depicted in Figure 1. Both patients received balloon expandable bridging stent-grafts in all target vessels.

2nd patient

Preop

Postop

Figure 1. CT scans of the two patients pre- and post-operative cases.

3-dimensional patient-specific FEVAR model
Modelling approaches
The 3D model of the fenestrated stent-graft system, including
the renal and superior mesenteric arteries and the celiac axis,
was constructed using the CT scan of the treated patient. The
reconstruction of the DICOM images into a three-dimensional
model that preserves the geometry of the lumen postoperatively, was performed in the image processing and reconstruction software, Mimics (Materialise, Leuven, Belgium).
The reconstructed geometry of the fenestrated endograft was
subsequently meshed with tetrahedral elements in the software package ICEM CFD (Ansys Inc., Canonsburg, PA). After
mesh independence test, a numerical grid of 2 million cells
was considered sufficient to accurately predict the hemodynamic flow in detail.

Governing equations
The numerical simulations were performed in the software
package Ansys Fluent (Ansys Inc., Canonsburg, US). Blood was
considered as Newtonian fluid with density, ρ=1050 Kg/m3
and kinematic viscosity, ν = 3.2×10-6 m2/s. The unsteady and
incompressible blood flow is governed by the coupled non-linear system of transport equation such as the continuity and
Navier-Stokes equations:

where u is the velocity vector, ν is the kinematic viscosity,
ρ is the density and p is the blood pressure.

A multiscale model for hemodynamic properties’ prediction after fenestrated endovascular aneurysm repair. A pilot study

Boundary conditions for the 3D model
1-dimensional holistic model
To perform CFD simulations, boundary conditions are required at the inlet and outlets of the model. The 3D model
of the fenestrated endograft has one inlet, at the suprarenal
abdominal aorta, and several outlets, at the superior mesenteric artery, celiac axis, renal arteries and common iliac arteries. Given the lack of patient-specific information regarding
flow or pressure at the inlet and the outlets, we developed
a 1D model that can provide the required waveforms at the
points of interest for subsequent use in the 3D hemodynamic
simulations. Specifically, the 1D model is composed of a system of elastic cylindrical tubes that enables the mathematical description of blood flow in an extended subset of the
arterial system, as displayed in Figure 2a. The tubes are in-
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ter-connected with each other, meaning that the outflow
from the preceding tube defines the inflow to the succeeding
one, along with appropriate conditions at bifurcations10,14. As
initial conditions the pressure and the flow waveforms in the
ascending aorta were introduced in the model. The 1D model can predict for each vessel the flow (q), pressure (p) and
cross-sectional area (A). The model relies on literature data for
the definition of the Young’s modulus, E, on each tube, while
the wall thickness, h, and base diameter, A0 of each segment
are patient-based. To include blood flow through the microvascular system (smaller arteries, arterioles and capillaries), a
lumped-parameter model (3-element Windkessel) is attached
at each end of the network of tubes13. Figure 2 shows a graphical representation of the multiscale model that relies on 0D,
1D parts to export boundary condition for the high-resolution
3D hemodynamic simulations after FEVAR.

(b)

1D + 0D

3D

Hemodynamic inflow
and outflow parameters

3-element Windkessel (0D model)
Figure 2. The multiscale arterial blood flow model.

Numerical solution
Τhe governing partial differential equations of blood flow are
discretized with the Finite Volume method. The resulting system of algebraic equations is solved iteratively using the SIMPLE pressure-velocity coupling scheme and convergence was
achieved when residual error of each equation was equal to
10-5. The cardiac cycle was considered to last 1s, with a fixed
time step of Δt = 0.0035s. The simulations were performed
for four cardiac cycles in two Intel Xeon processors (E5645,
2.40GHz, 12MB Cache, 5.86GT/s Intel QPI) of a Dell™ Precision™ T7500 workstation. We exclusively utilized the results of
the fourth cardiac cycle avoiding any dynamic disturbances of
the numerical solution in the initial three cycles.
1

the hemodynamic analysis includes the time averaged wall
shear stress (TAWSS) over a cardiac cycle,

and the oscillatory shear index (OSI),

Hemodynamic parameters

where T is the duration of cardiac cycle, s the generic location at the vessel wall and t is time15,16.

WSS-related properties. Besides wall shear stress (WSS), additional WSS-derived properties were calculated. Specifically,

Helicity-related parameters. Helicity, H(s, t), is an index applied to quantify the interplay between rotational and trans-
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lational motion of blood and is defined as the scalar product
of the velocity field v(s, t) and the vorticity field, ω(s, t) at a
location, s, in the flow field17,18. The local normalized helicity
(LNH) is defined as,

The quantity LNH, is a function of space and time and is
an indicator of the intensity of helical structures and their
direction of rotation17. Specifically, when the absolute value
of LNH is one, then the flow is purely helical, and when it is
zero, blood flow is characterized symmetric. The sign of LNH
dictates the right or left-handed direction of the rotation of
helical structures.
RESULTS
The proposed multiscale model of the arterial system is able to
provide information on the flow, pressure and changes in the
cross section of the entire arterial system, Table 1. It can be
used to describe significant hemodynamic phenomena based
on appropriate non-invasive patient-based measurements.

Arteries

Mean Arterial
Mean Flow,
Cross-sectional
Pressure, p
q (ml/s)
variation, A (%)
(mm Hg)

Ascending aorta

99.8

95.91

3.53

R. subclavian & brachial

7.49

86.88

4.90

R. com. carotid

7.49

78.21

6.21

Aortic arch (I)

84.91

95.01

3.68

Thoracic aorta

70.13

93.97

4.09

Celiac axis

0.54

93.85

4.11

Superior mesenteric

10.11

90.06

4.73

Abdominal aorta (II)

59.47

93.42

3.75

R. renal

10.72

87.71

5.06

R. com. & external iliac

19.66

90.50

2.44

R. Internal iliac

4.53

79.57

1.16

R. Femoral

15.13

86.54

2.10

Table 1. Quantification of mean flow, mean blood pressure and percentage change in cross-sectional area, as derived from the model in
basic arteries during the cardiac cycle.

WSS-related parameters. The spatial WSS profile at peak
systole is displayed in Figure 3. It is shown that low WSS magnitude applies on the main body of the stent-graft, WSS <
10 Pa, and higher WSS, in the range of 15-40 Pa, is observed
along the surface of the limbs, Figure 3 (a). On the wall of renal arteries, celiac axis and superior mesenteric arteries, the
magnitude of WSS is in the range of 30-35 Pa, Figure 3 (b)-(e).

(a)

(b)

(d)

(c)

(e)

Figure 3. Wall shear stress at the maximum of the systolic phase. (a)
WSS in extended graft (abdominal and iliacs), (b) WSS in the celiac
axis, (c) WSS in the superior mesenteric artery, (d) WSS in the left
renal artery, and (e) WSS in the right renal artery.

The distribution of TAWSS on the surface of the lumen
showed that areas with higher values appear in the smaller
arteries, iliacs, mesenteric, celiac axis and renal arteries, in the
range of 4 - 8Pa, while smaller values of 2 - 4Pa, Figure 4 (a),
are observed on the main body of the device. In the superior
mesenteric, celiac axis and renal arteries, Figure 4 (b)-(e) the
value of TAWSS ranges from 2 - 9 Pa.
(a)

(b)

(d)

(c)

(e)

Figure 4. The profiles of time-averaged wall shear stress, (TAWSS)
during cardiac cycle. (a) TAWSS throughout the graft (abdominal and
iliacs), (b) TAWSS in the celiac axis, (c) TAWSS in the superior mesenteric artery, (d) TAWSS in the left renal artery and (e) TAWSS in the
right renal artery

The OSI has been proposed as a parameter that can give
an estimate of in-graft thrombus formation risk in correlation with WSS and TAWSS19 and characterizes whether the
WSS vector is aligned with the TAWSS vector throughout the
cardiac cycle. Elevated OSI levels are often accompanied by
low TAWSS, and together they serve as indicators for vascular
injury or dysfunction20, as depicted in Figure 5. An OSI value
close to zero (OSI < 0.2) indicates that flow is unidirectional
at that location throughout the pulsatile cycle whereas a high
OSI value (OSI > 0.2) indicates that the flow oscillates forward
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and backward for the same periods of time during the entire
cardiac cycle21. At high OSI values blood flow induces the retrograde flow, causing a greater change in flow direction near
the wall. In addition, this regions has a higher probability of
developing lesions, as OSI values>0.2 trend to the development of endothelial dysfunction. Thus, OSI is a relatively sensitive hemodynamic indicator of regional vascular remodeling.
In Figure 5, the areas in the renals mesenteric, celiac axis and
iliac arteries exhibits low OSI. On the contrary regions such as
the entrance of these arteries and a large portion of the aortic
lumen reveal an intense OSI.
(a)

(b)

(d)

(c)

(e)

Figure 5. The profiles of oscillatory shear index (OSI) during cardiac
cycle. (a) OSI throughout the graft (abdominal and iliacs), (b) OSI in
the celiac axis, (c) OSI in the superior mesenteric artery, (d) OSI in the
left renal artery and (e) OSI in the right renal artery.

Helicity-related parameters. In the main body of the
fenestrated device there are two, almost uniformly distributed helical structures in different directions, Figure 6 (a). In the
smaller arteries and at the entrance of the graft, these helical
structures are separated into individual smaller structures,
Figure 6 (b)-(e). The order of average helicity is |LNH|≤0.2.
(a)

(b)

(d)

(c)

(e)

Figure 6. The local normalized helicity (LNH) during the cardiac cycle.
(a) LNH throughout the graft (abdominal and iliacs), (b) LNH in the
celiac axis, (c) LNH in the superior mesenteric artery, (d) LNH in the
left renal artery, and (e) ) LNH in the right renal artery.
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The above hemodynamic indices are similar for the two
patients, so we have decided to highlight the results obtained
from one of the two patients. We observe that the second patient exhibits slightly lower WSS values in the abdominal part
of the stent-graft, the remaining part exhibits similar behavior.
The second patient also presents lower OSI values but similar
LNH behavior with the first patient.
DISCUSSION
FEVAR has matured and became a valid alternative to open
surgery, especially in high-risk surgical patients. In the short
term, FEVAR success largely depends on the accurate preoperative planning, and the appropriate device design22, while
in the long-term, it seems important to maintain graft integrity to avoid complications such as target vessel thrombosis or
endograft’s migration. Data obtained by CFD simulations may
theoretically aid to improve those devices and eventually lead
to a better long-term outcome.
CFD simulations may aid to evaluate the durability of
fenestrated stent-grafts and seem cost-effective and reliable
when used in conjunction with physiologically correct boundary conditions4. In recent years, a number of multiscale approaches have been proposed to accurately describe blood
flow dynamics of compliant arterial vessels11,13,23. Multiscale
models are widely used as boundary conditions for advanced
3D patient-based models through simple Windkessel or
lumped models for the rest of the circulation. Simplified 1D
models, have been coupled with 3D model to determine the
hemodynamic characteristics and represents a significant step
forward for realistic representation of the cardiovascular system24-28. In this study, a multiscale model was developed composed of a 1D simplified model to describe blood circulation.
The data from the simplified model are used as boundary conditions for advanced 3D patient-based FEVAR models. For the
microvascular system, a lumped-parameter model is attached
at each end of the circulation network. This pilot study shows
the possibility of predicting non-invasively the hemodynamic
performance of FEVARs utilizing CFD.
The notion of wall shear stress (WSS) is important in the
clinical practice due to the fact that a pathological profile of
shear stresses can impede atherogenesis, thrombosis, adhesion of leukocytes, smooth muscle proliferation and endothelial apoptosis29. Additionally, the parallel action of high
and low shear stresses at the aortic wall in connection with
irregularities of the lumen, could initiate the activation of the
platelets that could eventually lead to thrombosis30-33. For the
stented cases, the presence of low shear stresses might lead
to in-stent restenosis and possibly to limb occlusion that in
turn will force the patient to undergo additional intervention29. In previous studies has been shown that the postoperative structures reveal a reduction in the maximum WSS
in the abdominal part of the graft compared to the normal
cases34,35. Additionally, TAWSS has a significant difference between repaired and healthy cases during the cardiac cycle36.
The combination of TAWSS and OSI could reveal regions more
susceptible to thrombus formation due to flow separation.
The results of the present study demonstrate that the regions
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characterized by the lowest TAWSS in combination with high
values of OSI are the areas after the splanchnic vessels at the
abdominal aortic wall.
Helical flow has been reported to play a positive role facilitating blood flow transport, suppressing disturbed blood flow,
preventing accumulation of atherogenic lipoproteins on the
arterial surfaces, enhancing oxygen transport from the blood
to the arterial wall, thus reducing the adhesion of blood cells
on the surface37. The helical arrangement of the flow visualized at renals, superior mesenteric and celiac axis, has its energetic meaning in the compensative attempt of curling the
forward blood flow, to fill the space due to flow separation
at the wall. The results of the present study indicate that a
coherent helical field characterizes blood flow topology during the entire cardiac cycle, with two counter-rotating helical
structures17. Additionally, a high level of LNH is instrumental
in suppressing low velocity/stagnation regions leading to a
healthy flow profile in the FEVAR. In a nutshell, the study reveals no significant changes according to the hemodynamic
indices. The clinical outcome of this pilot study is that FEVAR
does not alter target vessel and aorta perfusion significantly
allowing good perfusion of visceral arteries. Additional study
including a large cohort of patients is required to infer unquestionable clinical implications.
Limitations
The elastic properties of the graft material were not taken into
account in the 3D patient-based structure and the surface of
the lumen was modeled as rigid. Blood could be modeled as
non-Newtonian fluid, separating red blood cells from plasma,
which were considered in the current study as a single continuum medium. The geometric and structural parameters
employed in the 1D arterial model was based on bibliographic data. A future arterial model could be constructed with a
geometry and elasticity database derived from patient-based
measurements, and the model predictions would be compared with non-invasive measurements.
CONCLUSION
The findings of this study show that the flow in the superior
mesenteric and renal arteries remains almost unaffected after
FEVAR retaining all important indices to normal levels. However, low values of WSS followed by high values of OSI could suggest that these regions are more sensitive to flow separation
and may become prone to thrombus formation.
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