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Abstract
Endovascular Aneurysm Repair (EVAR), a method for repairing Abdominal Aortic 
Aneurysm (AAA), has increasingly been performed on patients with suitable 
anatomy, and has generated a great deal of interest toward enhancing minimally-
invasive therapeutics. However, there exist clinical cases of patients with large 
affected zones where one single oversized endograft does not provide a proper 
solution, often due to highly curved and irregular geometries. Therefore, the 
clinical practice of endograft implantation in patients with extended regions 
of arterial damage constitutes the use of multiple standard-sized endografts, 
usually overlapping to ensure a full coverage of the diseased areas. While being 
a clinically appealing practice, there exist reports on the confounding effects 
of using multiple, overlapping stents and the increased risk of adverse clinical 
outcome. The impacts of using multiple, overlapping stents on hemodynamics vis-
a-vis cardiovascular mechanics have not been fully examined, and we speculate 
that resulting local flow complications contribute to the escalation of such cases. 
In this article, we review the arterial hemodynamic parameters in physiological 
conditions, as well as under employment of single and multiple stents, and 
highlight the major concerning impacts on the quantified flow parameters. Even 
though stent overlap cannot always be avoided in clinical practice, an improved 
stent design and overlapping deployment strategies could potentially minimize 
flow complications and compounding pathological effects.
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Hemodynamics of Aortas with 
Multiple Overlapping Endografts: A 

New Design Consideration

Introduction
In 1991, the first aortic aneurysm repair using an aortic stent 
graft (endograft) was reported [1,2]. Endografts are devices that 
are secured within diseased areas of blood vessels to provide 
the damaged arterial walls with better structural support and to 
ensure functional blood flow without obstructed [3]. When first 
introduced, a fabric covered metallic stent would be inserted 
at the site of AAA without abdomen incision. In addition to 
bypassing an abdominal incision, aortic endografts result in 
considerably shorter recovery than traditional aortic aneurysm 
surgery. Between the years of 1991 and 1999, a boom in testing 
and refining of aortic endografts were undertaken on a global 
effort, and in 1999, the FDA approved the first human use of two 
endografts for the first time in the United States [4].

Though endografts are becoming more widespread, they are 
limited in size mostly due to manufacturing considerations and 
aspects relating to medical device marketing. One consequence 
of limited size endografts is that physicians may be unable to 
implant a single device in patients’ aortas restricted by the 
curvature and length of the blood vessels. Therefore, in patients 
with extended regions of damaged or diseased arteries, the 
common practice is to employ multiple endografts, usually 2 or 3, 
to cover the entire diseased area using existing commercialized 
endografts [5,6]. To minimize the endograft migration, an 
adequate grip is provided between the endografts by overlapping 
the endografts. Overlapping endografts also ensures coverage of 
the entire damaged areas.

However, stent overlap has been shown an associated increased 
risk of adverse clinical outcomes [7]. Several studies have 
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investigated the biological aspects relating to stent overlap, such 
as hemodynamics and thrombogenicity [8-11]. There have been 
numerous experimental and numerical studies focusing on the 
hemodynamic changes in Abdominal Aortic Aneurysms (AAA) 
when applying a single stent [8,12-14]. Computational Fluid 
Dynamics (CFD) is more common for assessing the shear stress 
and local hemodynamics in stented arteries. More conventionally, 
either the peak wall stress was computed or a simulation of the 
interaction between blood flow and the aneurysm wall was used 
to determine the risk of rupture relating to the hemodynamics 
properties [15-17]. To determine the stress distribution in an 
intact AAA wall, a noninvasive methodology was developed 
through use of data from spiral computer tomography scans 
[18]. Furthermore, studies focusing on reconstructing the in situ 
geometry have found the wall stress to be low and uniformly 
distributed (e.g. peak of 120 kPa). Through statistical analysis, 
the AAA volume (rather than diameter) was shown to be a better 
indicator of high wall stress and potential of rupture. The wall 
stress has also been studied for aneurysms in vivo and shown to 
be higher at rupture than at elective repair [19]. Rupture risk was 
analyzed over time in patients by computation of CT data, Finite 
Element Analysis (FEA) in 3D computer modeling (e.g. aneurysm 
wall behavior), and blood pressure depicted by nonlinear 
hyperelastic models during observation. It was concluded that 
peak AAA wall stress was a better indicator of potential rupture 
than the AAA diameter [20]. Using a three dimensional model 
of a patient with AAA, the mechanical interaction between 
hemodynamics and wall dynamics was studied by means of a 
computational coupled Fluid-Structure Interaction (FSI) analysis, 
providing actual 3D data of the AAA geometry using CT images 
[21]. One challenge with these types of techniques is the lack 
of a clinical imaging protocol that accurately establishes the 
precise location and orientation of the stent struts in relation 
to the arterial geometry. There are approaches that have been 
reported in literature to avoid the limitation of simulations with 
idealized geometries from stent CAD data [22], including hybrid 
domains where CT or MRI may capture stent geometry freely on a 
virtually-implanted stent, [23,24] such as in vivo Micro-computed 
Tomography (mCT) data from explanted, stented arteries [25] 
and mCT images of stented artery models in vitro [26,27].

In order to examine the relatively recent and emerging clinical 
practice of multiple stent recruitment, the present review paper 
first discusses the baseline of hemodynamics (i.e., without any 
stent employment), in order to establish a foundation to examine 
hemodynamic characteristics. Then, the gradual complications 
in the arterial hemodynamics under recruitments of a single 
and multiple endografts are discussed. Finally, additional 
considerations for stent design and optimization are suggested 
that could potentially enhance the clinical outcome on patients 
requiring multiple stent recruitment.

Hemodynamic Characteristics without 
Stent Implants 
Hemodynamics
Vascular diseases commonly occur at specific sites within the 
vascular system, such as bifurcations, stenotic necks and sacs, 
which are associated with abrupt disturbances to the blood 
flow, indicating that hemodynamics complications may play 
an important role in the development and progress of vascular 
diseases [15,16]. Accordingly, biological markers based on 
hemodynamics have become increasingly important in clinical 
diagnostic techniques [22,23]. An understanding of the arterial 
geometry of interest, as well as a detailed characterization of the 
blood-flow characteristics at the site of interest must be formed 
to obtain an accurate description of the vascular biomechanics 
under pathological development. Blood flow is characterized 
as a pulsatile flow, quantified by non-dimensional numbers 
(e.g. Reynolds) and identifying parameters, including velocity 
and flow waveform shapes, inter- and intra-subject variability, 
and frequency content.  This data must be collected in order 
to properly examine the flow and to develop simulation device 
design and diagnostic models [24-28]. The ratio of inertial 
forces to viscous forces, the Reynolds number (Re), is used to 
characterize fluid flow as absolutely steady (laminar) or steady 
with unsteady fluctuations (turbulent). Blood flow in the human 
body is remarkably free of turbulence, but sounds attributed to 
turbulence are sometimes detected by stethoscope evaluation 
of the aorta [24]. The resulting turbulence increases resistance 
that must be balanced by a large increase in pressure to further 
increase the blood flow rate. Womersley number (α) varies in 

different human blood vessels. The equation r
v
ω

∝=  is used to 
calculate Womersley number, where r represents artery radius, 
v  equals to the kinematic viscosity, and ω  stands for the 

angular frequency of the oscillations [29,30]. Reynolds number 
for blood flow is commonly accepted to be approximately 2000 
[31]; however, modeling blood flow in the human aorta indicates 
the formation of some turbulence in the center of the flow. 

Effects on wall mechanics
Cardiovascular biomechanics is regulated highly through fluid-
solid interaction mechanisms [32], and understanding the 
hemodynamics effects on the wall mechanics signifies the 
importance of the present study. One of the most common 
parameters in examining the vascular mechanical state, 
especially in regards to disease development, is the wall 
shear stress. Wall shear stress is the mechanical stress on the 
interface between flowing blood and the arterial wall during the 
heart cycle, depending on the dynamic viscosity and velocity 
gradients. Magnetic Resonance Velocimetry (MRV) has emerged 
as a non-invasive alternative to evaluate the condition of aorta 
and estimate the wall shear stress distribution using velocity 
measurements [18]. It is observed that two-thirds of the blood 
flowing through the thoracic aorta exists through the celiac 
trunk, the Superior Mesenteric Artery (SMA) and renal arteries 
during rest. By reproducing the bi-phasic flow waveform present 
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in suprarenal aorta and the tri-phasic flow waveform found in 
the infrarenal aorta, the pulsatile characteristics of flow are 
modeled [33-36]. The magnitude of shear stress can be simulated 
usually by Poiseuille’s law, which states that shear stress is 
proportional to blood flow viscosity, and inversely proportional 
to the third power of the internal radius. Measurements using 
different modalities show that shear stress ranges between 10 
and 70 dyne/cm2 in the arterial network [37]. An average aorta 
has a diameter of approximately 2.5 cm, which corresponds to 
a velocity of 48 cm/s, a mean wall shear rate of 155 s-1, and a 
Reynolds Number of 3400 [38]. Pressurization testing is used to 
assess the bulk response of the tissue to mechanical loading. Tests 
by Ohashi et al. on porcine thoracic aortas indicate pressurization 
can measure the rupture properties of human aortic aneurysms 
[39]. A non-invasive quantification of aortic stiffness was 
achieved by Georgakarakos et al., using in vivo pressurization 
information from blood pressure and ultrasound measurements 
of the maximum external diameter. The results showed the flow 
patterns within the different sections of the endografts, leading 
to characterization of pressures and stress distributions [40].

Aortas with One Stent Implant
Hemodynamic characteristics
Coronary Artery Disease (CAD) is a disease caused by 
atherosclerosis of the coronary arteries on the surface of the 
heart. In US, CAD is the primary cause of death for both men 
and women [41]. Approximately one-third of patients with CAD 
experience coronary angioplasty and stenting [24,42]. The stent 
allows blood perfusion to distal vessels. Implanting stents into 
coronary arteries can often result in damage to the arterial tissue 
that can re-block the vessel, and physical deformation of the 
artery can be caused by stent expansion [25]. Minimally invasive 
techniques are favorable for clinical operations because they 

reduce the risk associated with surgery, including operation time, 
recovery time, scar tissue, and infections [31]. The most common 
minimally invasive treatment of aortic arch aneurysms includes 
the use of endovascular stents [32]. One of the complications 
of coronary stenting is In-stent Restenosis (ISR). Endothelial 
Shear Stress (ESS) is a critical factor that affects the formation, 
progression, and heterogeneity of atherosclerotic plaques, 
which is determined by fluid flow velocity [40,42]. The low flow 
velocity results in a low ESS, and low ESS increases the possibility 
of synergistic pathobiological effects, enhancing injury-induced 
inflammation in pathobiology of Restenosis [43-45].

Coronary stenosis (Figure 1a) is defined as a condition where 
a coronary artery becomes tapered and backed up with fat 
and cholesterol, typically due to coronary atherosclerosis [46]. 
Atherosclerosis is characterized by the calcification and build-
up of fatty deposits, cellular debris, and cholesterol in arteries 
that cause a stenotic narrowing of the vessels [47]. If this occurs 
in coronary arteries, the lack of oxygenated blood to the heart 
manifests as cardiac ischemia and angina pectoris [48]. In the 
case of rupture, it can trigger thrombosis, which may cause a 
myocardial infarction heart attack. Coronary restenosis (Figure 
1b) is the reoccurrence of stenosis and is a local vascular biological 
response to injury. Lastly, in-stent restenosis (Figure 1c) is the 
narrowing of a previously stented coronary artery lumen, and 
is one of the biggest post-op complications for coronary stent 
implantation. Implantation of rigid stent frameworks alternates 
the 3-dimensional arterial geometry, which creates focal 
geometric irregularities related to strut protrusion and modifies 
flow velocity profiles, reducing the post-op ESS along the length 
of the stent, and alters the focal in-stent ESS distribution [49].  

Blunt injury to the thoracic vessels is the second most common 
cause of trauma-related death. Surgical procedures for blunt 
aortic injury are very challenging, but treatment has significantly 

a)  

b)

c)

a) Coronary atherosclerosis and coronary stenosis; b) Percutaneous transluminal coronary 
angioplasty and coronary restenosis; c) Stenting and coronary in-stent restenosis [47].

Figure 1
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improved with endovascular stent grafts. There has been an 
evolution of graft design and successive model improvements 
conforming to the actual curvature of the aortic arch [42].

Drug eluting stents 
Drug-eluting stents (DES) incorporate stent technology and design 
with local drug delivery with the prospect of reducing restenosis 
and neoatherosclerotic rupture compared with bare-metal stents 
[50-52]. There are different compounds that can be applied on 
DES platforms: Cypher elutes sirolimus (SRL), and Taxus releases 
paclitaxel (PTX). Sirolimus (rapamycin), the first drug that was FDA 
approved for stents in April 2003, shown in small registry studies 
and randomized clinical trials to reduce the risk of restenosis 
in patients who were at low risk for restenosis [53]. Various 
studies have shown that both Sirolimus and paclitaxel efficiently 
prevent angiographic and clinical restenosis rates in contrast 
to bare metal stent [52,54,55]. However, Sirolimus-eluting 
and paclitaxel-eluting stents were then found to potentially be 
toxic and delay endothelial healing [47]. By formulating a more 
potent sirolimus analogue, the second-generation drug eluting 
stents improve the efficacy of the anti-restenotic effect expected 
from drug release. Zotarolimus was the first drug synthesized 
exclusively for treatment of in-stent restenosis. Endeavor® was 
then approved by the FDA in February 2008, and Endeavor® 
stents use a zotarolimus drug and a cobalt alloy stent with a 
biocompatible phosphorylcholine coating on a cobalt-chromium 
based driver metallic stent platform. The everolimus eluting 
stent was approved by the FDA in July 2008, and this stent has 
a different inhibitor and polymeric platform [56]. Furthermore, 
it is characterized by a different design that may add to their 

therapeutic utility and minimize a late endothelial response [47]. 
The existence of drug-eluting stents for treating CAD appears to 
offer beneficial effects in the clinical investigations; however, this 
comes with some limitations that need to be considered. Only a 
small sample size has been used in clinical trial (e.g. the largest 
one involved over 1000 patients, the Sirius study). In addition, 
CAD patients with complicating conditions, such as diabetes and 
bifurcated lesions were excluded from the trails. The long-term 
data for the efficacy and safety of this drug are lacking, and the 
FDA has approved the request for 5-year follow-up studies for 3 
principle trails [57].

Computational fluid dynamics 
Numerical simulations of fluid flow, enabled by the CFD 
techniques, provide tools to quantify the hemodynamics such as 
the drag forces acting on the stent [58,59]. A CFD analysis was 
run by Lam and colleagues in 2008 to stimulate the aorta and the 
implanted graft to a specific patient case, in order to investigate 
the impact of the stent graft apposition on the displacement force 
acting on the stent graft [60]. CFD is also used in cardiovascular 
biomechanics to assess the hemodynamic condition of a vessel 
segment (Figure 2). Hemodynamic characteristics associated with 
stent implantation are difficult to quantify in vivo. CFD overcomes 
lack of resolution of current imaging technology and provides a 
realistic method of modeling arterial blood flow [61,62]. Ladisa et 
al. constructed a 3D computer model of an AAA and performed 
simulation of blood flow and pressure [63]. In the analysis, an 
aortic endograft was virtually implanted in the aneurysm model 
(Figure 3). In both the pre- and post-endograft simulations, 
the flow and pressure baseline conditions were kept constant. 

TEVAR for an aneurysm rupture at the isthmic region. A) Intraoperative angiography. B) 
Postoperative CTA with stent grafting of the aortic arch. C) Computational fluid dynamics. D) 
Vector-field analysis [61].

Figure 2
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Then, the post-implantation computer model was altered to 
reduce endograft curvature. The flow and pressure conditions 
were virtually identical in comparison between the model with 
pulsatile forces on the normal curved endograft and the one with 
a modified planar endograft (Figure 4). As Figure 5 shows, the 
pressure field in the aorta was not influenced significantly by the 
changes in endograft curvature, while the marked changes in the 
total displacement force acting on the endograft were obtained.

The current optimization method does not consider uncertainty 
in simulation or model inputs (e.g. model inflow waveform, 
boundary conditions, blood rheology, and stent-to-artery ratio.) 
that may affect the output. The total force on an endograft is 
presented as an estimated analysis. In reality, actual endograft 
migration will also depend on a number of other factors, such as 
the friction between the wall and graft, fixed length, longitudinal 
columnar force, and the influence of penetrating hooks and barbs 
that are not considered in this analysis. Computational methods 
are valuable in isolating and understanding mechanisms, 
but idealized models do not account for all possible clinical 
considerations and complexities.

Hemodynamic Characteristics in Aortas 
with Overlapping Stent Implants
Stent overlap was defined as the presence of at least two 
separate stents within a single treated lesion and an overlapping 
stent zone of at least 1 mm [7]. Adverse events, such as increased 
in-stent restenosis and lumen loss, are associated with stent 
overlap due to increased inflammation and delayed healing 
regardless of stent type [10,64,65]. Stent malapposition has been 
shown to increase thrombogenicity [10]. It is hypothesized that 

hemodynamics plays a role therein, as the contents between high 
shear stress area and recirculation zone caused by malapposed 
stents result in active platelets and improve the local residence 
time of the thrombocytes [10,35,65]. Kolandaivelu et al. have 
shown both in vivo and via computational model with idealized 
domain geometry that the stent thrombogenicity could possibly 
be modulated by the flow recirculation between overlapping and 
malapposed stent struts [66].

Common quantification techniques
Computational Fluid Dynamics (CFD) has been one of the 
significant tools in assessing mechanical properties such as shear 
stress and local hemodynamics in stented arteries [67]. The 
accurate acquisition of the stent struts and arterial geometry 
is fundamental for precise CFD analysis, but lack of clinical 
imaging modalities that could yield such data with sufficient 
resolution has been a challenge [68]. Several approaches have 
been reported in the literature to circumvent this limitation; for 
instance, conducting simulations on idealized geometries based 
on stent CAD data [69,70], on hybrid domains where the stent 
geometry is freely obtained by CT, or MRI as a contribution of 
a virtually-implanted stent [57,70], on ex vivo Micro-computed 
Tomography (mCT) data of explanted, stented arteries [21] or 
mCT images of stented in vitro artery models [22,63]. Although 
these approaches have their particular advantages, they result 
in either inaccurate geometric data, narrow treatable domain 
size in aorta, and/or under-defined expression of the mechanical 
interaction between the stent and aorta wall.

Balakrishnan et al. have created a mathematical model based 
on the drug eluting stent, which the computational domain 
comprised an idealized section as a rectangle in long axial arteries 

 
A 3D computer model is shown on the left. The preoperative CFD analysis is shown along with the 
post-endograft implantation CFD analysis. Comparisons of normal curved endografts to reduced 
curvature (planar) endografts were made under the same pressure and flow conditions. The 
curved endograft has a 5-fold greater temporal average force (5.01 vs. 0.81 N) than the planar 
endograft model [64].

Figure 3
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without relative to strut dimensions (Figure 6). The results 
showed that local drug load and blood flow were higher than 
normal, and the direct contact between tissue and strut were 
increased by the influence of overlapping stents. The relative 
strut shape and configuration effected the final drug deposition. 
Correspondingly, no large difference was found between the flow 
fields with stacked and side-by-side configurations versus those 
of single struts with twice the width or height. Mathematical 
modeling is essential when clinical and animal studies indicate 
areas of concern without fully identifying them.

Rikhtegar et al. worked on the hemodynamics in coronary 
arteries with overlapping stents [68]. The results showed that 
the relative size of low wall shear stress areas is increased 
significantly in regions of stent overlap compared to non-
overlapped regions (Figure 5). Normalized wall shear stress 
also distributes differently in various overlapping stents (Figure 
7). Since low wall shear stress is generally accepted as a factor 
in atherogenesis and thrombogenesis, they conclude that 
the adverse hemodynamics caused by stent overlap may be 
responsible in part for the adverse clinical outcome in patients 
that are treated with overlapping stents.

 

Inflow pressure performance and total force acting on graft, comparing curved endografts and 
reduced curvature endografts [64].

Figure 4

 

Normalized wall shear stress distribution in a porcine left coronary artery with two overlapping 
stents. Magnified views of the stented segment and a bifurcation are shown in the insets. Wall 
Shear Stress (WSS) below 5% of maximum WSS occurs mainly in the vicinity of stent struts and at 
bifurcations, which are sites known to be prone to intimal thickening. A large area of low WSS is 
observed in the region of stent overlap [4].

Figure 5
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the ‘vessel area’ within the stent, which is quite similar for all 
models: The values increase from the zones near the stent struts 
towards the center of the vessel region [71]. The observations 
also agreed with the results reported by Ladisa et al. [72]. 

Schematic of implanted endovascular stent strut 
residing in blood flow field and underlying arterial 
walls.  indicates drug coating on strut surfaces; 
ΩTissue and ΩLumen represent tissue (shaded gray) and 
lumen (shaded orange) regions, respectively [5].

Figure 6

Normalized wall shear stress distribution in the 
stented segment of six arteries with overlapping 
stents. Flow direction is from left to right. A large 
area of low WSS (<5% of maximum WSS) is clearly 
visible in all samples. The extent of the low WSS 
region depends on the number of overlapping struts. 
The first three cases have shorter length of overlap 
(two to three struts) compared to the remaining 
cases (four to five struts). The approximate length of 
overlap for the first three samples is indicated by the 
dashed lines, while the approximate borders of the 
remaining samples are shown with solid lines [4].

Figure 7

A 3D model with 4 different structures (Figure 8) of stents was 
built by Balossino et al. to run this coronary stent and disruption of 
an atheromatous plaque simulation in ANSYS. The results (Figure 
9) reported the Wall Shear Stress (WSS) spatial distribution on 

Stents models (left) and particular of the single stent 
units (right) used in the simulations [71].

Figure 8

 
Contour plots of the WSS magnitude values on the 
arterial wall portion delimited by the links and the 
stent struts at the diastolic peak (0.16 s) for each 
stent model [71].

Figure 9
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Discussion and Conclusion
Choosing proper boundary conditions significantly contributes 
to the correct calculation of WSS distribution, and in- and out-
flow conditions of subject-specific measurements would give 
more precise results. As different imaging modalities, such 
as invasive intravascular Doppler ultrasound, phase contrast 
magnetic resonance imaging or in vivo flow could be utilized. 
Stenting was released partially to allow blood flow and mitigate 
artery diseases. The biological response of the vascular wall is 
not considered here. Incorporating more complex models that 
take into account vascular biology and transport processes 
would give deeper insight into the topic, as would the inclusion 
of a wall injury model. The latter is relevant due to the increased 
mechanical load in areas of stent overlap. Hemodynamics also 
influences the distribution and uptake of drugs eluted from 
DES, and the effect of flow on local drug concentration should 
be characterized more thoroughly. Given the significance of 
the altered hemodynamics on proper cardiovascular mechanics 
and functioning when undergoing multiple-stent employment, 
future work needs to be conducted on developing appropriate 
constitutive models for the different tissues, in order to explicitly 
represent their interactions. CSM analysis considered only the 
temporal mean of the displacement force uniformly distributed 
through the surface of the endograft. In reality, the displacement 
forces vary spatially and temporally, and these variations may 
play an important role in the evolution of contact stresses at the 
endograft junctions [32]. The measurements of flow and pressure 
are essential for further clarification between inflow and outflow 

boundary conditions in static or higher flow extension condition 
[33]. 3D printing customized vascular stent is viewed as another 
promising trend in future work. Metal is widely used as a reliable 
material for stents to ensure strength [73]. However, according 
to recent research by Ameer and Cheng from Northwestern 
University, citric-acid based polymer is used as a new 3D printing 
material of stent, which provides flexible, biodegradable and 
inherent antioxidant properties. Compared with metal, citric-acid 
is safer to the body. Meanwhile, advancements in 3D printing 
technology could help physician and patient to build unique best-
fit vascular stents, instead of using existing stent with different 
sizes [74]. With the combination method of both mathematical 
and animal-based modeling, the direct contact of struts with 
particular tissue is shown to be important but not indispensable 
due to the uncertain linearly scaling of drug deposition with either 
drug load or stent-artery contact area. Tissue concentration 
essentially depends on the relative positioning of struts and flow 
over the stent. More innovative and efficient approaches on drug 
delivering to vascular patients may be created by more studies 
with computational models, as the process of identifying the 
kinetics of drug releasing and tissue uptake. Based on the result 
of the study conducted by Rikhtegar et al. [68], in cases where 
stent overlap cannot be avoided, new deployment strategies or 
stent designs should be considered to reduce the size of low wall 
shear stress areas. Although customized vascular stent has not 
been a prevalent clinical practice, enhanced precision, reliability 
and affordability of such products could promote practice of 
employing personalized endografts [75,76].
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