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of the European Symposium of Vascular Biomaterials, which 
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Organized by the GEPROVAS

The GEPROVAS - Groupe Européen de Recherche sur les Prothèses Appliquées à la Chirurgie Vasculaire - is a 
unique and pioneer organization. Only independent platform of vascular explant analysis in the world, the 
GEPROVAS was established out of a common will from Pr. Nabil CHAKFÉ, vascular surgeon (Strasbourg) 
and from Pr. Bernard DURAND (Laboratoire Physique et Mécanique des Textiles, ENSISA, Mulhouse) to 
understand and characterize a certain number of complications occurring on vascular prostheses, in 
particular tearing and rupture phenomenon that could be observed after several years of implantation 
in patients. Strong from an intensive collaboration between the Department of Vascular Surgery and 
Kidney Transplantation from Strasbourg and the laboratory of textile physic and mechanic in the person 
of Pr. Frédéric HEIM, the GEPROVAS quickly became a reference in the field.

Henceforth major actor in vascular medical device appraisal and analysis, the GEPROVAS has an innovative 
and multidisciplinary approach covering the life cycle of a medical device from the innovation to explant 
analysis, clinical follow-up but also the training of vascular surgeons from all over Europe in our new 
René KIENY Simulation Training Center in Strasbourg, France.

This year was highly important for the GEPROVAS, since we decided to merge all surgical specialties to 
share their experiences according to the Cycle of the Implant. We are creating a large place for innovation, 
research, patient safety and education inside an Institute whose name will be given very soon. We hope 
to welcome you in with unique in our future building. 

More than ever, the Institute will be a global open place for all of you who would like to be part of the story 
we are writing.

Professor Nabil CHAKFÉ and Professor Frédéric HEIM

For more information, visit our website www.geprovas.org
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40Relationship between 
hemodynamics and in-stent 
restenosis in femoral arteries

Anna CORTI, Monika COLOMBO, Diego GALLO, 
Josè Felix Rodriguez MATAS, Francesco MIGLIAVACCA, 
Stefano CASARIN, Claudio CHIASTRA
 
Although percutaneous transluminal angioplasty with stenting is one of the preferred treatments 
of lower extremity peripheral artery disease, this procedure suffers from a 66% 1-year 
primary patency rate. The unfavorable outcome is mostly attributable to in-stent restenosis, 
an inflammatory-driven arterial response, characterized by excessive smooth muscle cell 
proliferative and synthetic activity ultimately leading to lumen re-narrowing. The etiology of 
in-stent restenosis is multifactorial, involving different systemic, biological and biomechanical 
drivers. Among the biomechanical factors, a key role has been recognized to the stent-induced 
hemodynamic alteration, influencing smooth muscle cell activity both directly and through 
endothelium-dependent mechanisms. In this scenario, computational fluid dynamics simulations 
of stented femoral arteries allowed quantifying the local hemodynamics and identifying wall 
shear stress-based hemodynamic predictors of in-stent restenosis. This contributed to enhance 
the current knowledge of the fluid dynamic-related mechanisms of post-stenting lumen 
remodeling. However, given the multiscale and multifactorial nature of in-stent restenosis, 
multiscale mechanobiological modeling relating the intervention-induced mechanical stimuli 
to the complex network of biological events has recently emerged as a fundamental approach 
to decipher the underlying pathological pathways. This involves the analysis of interactions, 
cause-effect relationships, feedback mechanisms and cascade signaling pathways across 
different spatial and temporal scales, thus allowing tracking the effect of the intervention-
induced perturbation to the molecular, cellular and finally tissue response. The present chapter 
examines the state-of-the-art of computational fluid dynamics studies of in-stent restenosis in 
femoral arteries and provides an overview on the emerging field of multiscale mechanobiological 
modeling of arterial adaptation following endovascular procedures. 

Introduction
In-stent restenosis in femoral arteries
Percutaneous transluminal angioplasty (PTA) followed by stent placement is a common minimally 
invasive procedure used to open narrowed atherosclerotic femoral arteries and to restore the correct 
blood flow to the lower limbs. Nowadays, this procedure is performed and recommended for those 
patients who are susceptible to surgical risk and in presence of lesions with stenosis/occlusions shorter 
than 25 cm.1 The incidence of adverse events is still high. In particular, in-stent restenosis (ISR), consisting 
in the re-narrowing of the stented segment in the months after intervention, is a major adverse event, 
with an incidence ranging from 15% to 32%, with a peak between 9 and 15 months post-intervention. 2
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ISR, often recalcitrant, is caused by excessive neointima growth and unfavorable inward vascular 
remodeling. PTA with stenting causes severe vascular injury including endothelial denudation. The 
healing process that begins after the endovascular treatment involves the activation of inflammatory 
and vascular cells leading to re-endothelialization, neointimal growth and remodeling. 3 However, 
this process can degenerate into a sustained inflammatory state and abnormal smooth muscle cell 
proliferation and extracellular matrix (ECM) deposition, potentially leading to neointima hyperplasia and 
ISR. 4–6 The mechanisms for the pathogenesis of ISR are not completely understood. ISR is promoted by 
several interrelated factors, including patient, biological, biomechanical, and operator-related factors. 7 

Among the biomechanical factors, the stent-induced flow disturbances seem to play an important role 
on ISR development. 8–10

Role of computer simulations in the study of in-stent restenosis
Over the past two decades, mathematical and computational modeling has emerged as a powerful tool 
to help elucidate the role of hemodynamic flow disturbances on ISR development. Such research has 
predominantly focused on two approaches. The first approach adopts computational fluid dynamics 
(CFD) modeling on three-dimensional (3D) patient-specific femoral artery geometries reconstructed 
from clinical images to address the impact of the altered hemodynamics after stent implantation 
on ISR. This approach has provided evidence on the role of stent-induced flow disturbances on ISR 
development.8–10 In particular, the stent struts cause blood flow separation, creating recirculation and 
stagnation zones and expose the lumen to low and oscillatory wall shear stress (WSS), which promotes 
neointima regrowth. 8–10 The second approach aims to simulate the biological response of the artery 
following stent deployment, through a mechanobiological, multiscale model. The majority of the studies 
following this approach adopts agent-based models (ABMs) (e.g. 11–13), whereby a natural description of 
cellular systems is obtained through the definition of a set of rules governing the agents’ activities. 14 

Thanks to this bottom-up approach, a complete understanding of the whole system is not needed but 
its behavior will naturally emerge from the imposed rules. ABMs easily capture spatial-related aspects 
such as tissue heterogeneity, composition and morphology, and can integrate phenomena at different 
scales within multiscale frameworks. 15 Moreover, ABMs can be coupled with hemodynamic models,11,13,16-18 
enabling the replication of hemodynamic-related cellular behaviors through the inclusion of rules 
depending on quantitative descriptors of flow disturbances, like the exposure to low and oscillatory 
WSS. In this way, it is possible to gain insights into the hemodynamic-driven mechanisms of tissue 
remodeling and ISR following stent deployment.

Chapter contents
The present chapter reviews the state-of-the-art in computational research on ISR of femoral arteries 
treated by endovascular intervention. In the first part of the work, the studies elucidating the relationship 
between altered hemodynamics and ISR via a CFD-based approach are described. In the second part, 
the general concept of vascular adaptation is introduced and the way in which multiscale models are 
revolutionizing the related research towards clinical translation is presented. Finally, the innovative 
approach, based on a multiscale computational framework, that our research group is pursuing to 
investigate the interdependent factors promoting ISR is presented.
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Hemodynamics modeling of in-stent 
restenosis in femoral arteries
Recently, CFD models have been proposed to elucidate the direct link between the post-intervention 
altered hemodynamics and ISR in femoral arteries. Table 1 summarizes the aim of the studies, the 
clinical data available and the main characteristics of the developed models.

Table 1: Recent published studies on patient-specific hemodynamic modeling of in-stent restenosis in femoral arteries

First author, 
year 
[reference]

Aim Arterial model 
(no. patient-
specific cases)

Imaging data Follow-ups Analysis 
type 
(solver)

Boundary 
conditions

Blood model

Gokgol 
et al., 
2019 
[19]

Impact of leg 
configuration 
(i.e. straight, 
flexed) on 
restenosis 

3D patient-
specific, FPA 
(20)
 

2D 
angiography
(geometry),
MRI 
(boundary 
conditions)

Baseline +
Outcome 
(6M)

CFD
(ANSYS 
CFX)

I: parabolic 
velocity 
profile
O: zero 
pressure

Newtonian
(µ=0.004 Pa·s),
ρ=1050 kg/m3

Colombo 
et al., 
2021 
[20]

Impact of 
altered 
hemodynamics 
on restenosis 
progression

3D patient-
specific, SFA 
with CFA 
bifurcation (10)

CT 
(geometry), 
DUS 
(boundary 
conditions)

Baseline, 
Follow-up 
(1M, 6M, 1Y)
+ Outcome 
(2Y)

CFD
(ANSYS 
Fluent)

I: parabolic 
velocity 
profile
O: flow-split

Non-Newtonian 
Carreau (µ0= 0 
Pa·s µ∞=0.0035 
Pa·s, λ=25 s, 
n=0.25),
ρ=1060 kg/m3

Colombo 
et al., 
2021 
[22]

Restenosis 
prediction 
based on 
altered 
hemodynamics

3D patient-
specific, SFA 
with CFA 
bifurcation (10)

CT 
(geometry), 
DUS 
(boundary 
conditions)

Baseline, 
Follow-up 
(1Y)
+ Outcome 
(2Y)

CFD
(ANSYS 
Fluent)

I: parabolic 
velocity 
profile
O: flow-split

Non-Newtonian 
Carreau (µ0= 0 
Pa·s µ∞=0.0035 
Pa·s, λ=25 s, 
n=0.25),
ρ=1060 kg/m3

Gokgol et al. 19 performed CFD simulations in 
patient-specific femoropopliteal artery models 
both in straight and flexed leg configuration. 
Twenty lesions were analyzed, half treated with 
PTA and the other half with self-expandable stents. 
The vessel models were reconstructed from two-
dimensional X-ray angiographic images acquired 
immediately after the endovascular intervention. 
The lumen areas affected by low time-averaged 
wall shear stress (TAWSS) were larger in case of 
leg flexion (Figure 1) and also of lesions classified 
for restenosis at 6-month follow-up. However, 
none of the investigated hemodynamic descriptors

Figure 1: Time-averaged wall shear stress (TAWSS) distribution 
in an explanatory model of stented femoral artery exhibiting 
kinking during leg flexion. The X-ray images were acquired in 
the straight (left) and flexed (right) leg position and show the 
locations of the stented region and the kink when the leg is 
flexed. The lumen area exposed to low TAWSS (< 0.5 Pa) were 
located next to the kink or highly curved segment.

Reprinted with permission from Biomechanics and Modeling in 
Mechanobiology, 2019, Vol. 18(6), Gökgöl C et al., Prediction of 
restenosis based on hemodynamical markers in revascularized 
femoro-popliteal	arteries	during	leg	flexion,	1883-1893	(http://
creativecommons.org/licenses/by/4.0/).
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resulted significantly related to restenosis, possibly due to the limited resolution of the imaging modality 
used for the vessel reconstruction or by the lack of patient-specific boundary conditions imposed in 
the CFD simulations. Furthermore, the evaluation of success/failure of the endovascular treatment 
was based on a dichotomous information about the absence/presence of restenosis at 6-month 
follow-up. Thus, a local quantification of the lumen remodeling leading to restenosis was not possible.

To analyze the lumen remodeling trajectory over time after stent placement and to investigate the 
impact of altered hemodynamics on ISR initiation and progression, Colombo et al. 20 performed a 
longitudinal study by considering the data of 10 superficial femoral artery (SFA) lesions of 7 patients 
at multiple follow-ups, namely at post-operative 1 week, 1 month, 6 months and 1 year. Following the 
framework depicted in Figure 2, the patient-specific SFA models, semi-automatically reconstructed 
from computed tomography (CT) at the different follow-ups, 21 were used (i) to perform a morphological 
analysis (all the follow-ups), quantifying the lumen area change between the time-points, and (ii) to 
analyze the hemodynamics by means of transient CFD simulations (1-week, 1-month and 6-month follow-
ups), computing several WSS-based descriptors. 

Colombo and colleagues observed that the largest lumen remodeling occurred in the first post-operative 
month, with significantly larger inward remodeling in the fringe segments of the stented lesions, 
whereas focal re-narrowing frequently occurred after 6 months (Figure 3A-C). In exploring the impact 
of hemodynamics, the authors found that abnormal patterns of multidirectional WSS were significantly 
associated with lumen remodeling occurring both in the first- and last-time intervals (Figure 3D). In 
particular, TAWSS at 1 week was negatively correlated with lumen area change in the first-time interval 
(1-week:1-month), suggesting that for low TAWSS an inward remodeling occurred. Also, positive trends 
between oscillatory shear index (OSI) and relative residence time (RRT) and the lumen area change were 
observed at both first- and last-time intervals.

Figure 2: Schematic overview of the computational workflow adopted in the studies of Colombo et al. 20,22 to investigate the link 
between hemodynamics and in-stent restenosis in human superficial femoral arteries.

Reprinted with permission from Annals of Biomedical Engineering, 2021, in press, Colombo M et al., In-stent restenosis progression 
in	human	superficial	femoral	arteries:	dynamics	of	lumen	remodeling	and	impact	of	local	hemodynamics.	(http://creativecommons.
org/licenses/by/4.0/)
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Following the previous findings on the association between altered hemodynamics and lumen 
remodeling, Colombo et al. 22 evaluated the power of the WSS-based descriptors computed at 1 week to 
predict the inward lumen remodeling at 1 year (quantified as the lumen area change occurring during 
the time interval 1-week:1-year). From the findings of the study, it emerged that the TAWSS was strongly 
negatively correlated to the lumen area change (ρ = -0.75, p = 0.013), suggesting that low TAWSS is 
related to a large lumen area change. Furthermore, a positive strong correlation was found between the 
lumen area exposed to low TAWSS and the lumen area change (ρ = 0.69, p = 0.026), suggesting that the 
larger the lumen area exposed to low TAWSS is, the larger the lumen area change at 1 year is expected 
to be. Conversely, OSI and RRT were not correlated to the lumen area change (p > 0.05). Moreover, 
compared to the other WSS-based descriptors, the TAWSS was the best predictive marker with a 
positive predictive value (i.e. the probability that the lumen area subjected to altered hemodynamics 
can successfully identify corresponding regions of larger lumen area change) of ~45%.

In all reviewed studies, the image resolution of angiography and CT did not allow to detect the stent struts 
and, hence, to reconstruct the 3D stent geometry (i.e. detailed stent geometry with struts and links) and 
include it within the computational models. Moreover, the CFD simulations were performed assuming 
rigid arterial walls and fixed leg configuration (either straight/flexed in Gokgol et al. 19 or straight in 
Colombo et al. 20,22). In the future, intravascular images could be combined with angiography or CT to 
reconstruct the stent geometry 23 and the leg movement could be simulated by using a methodology 
recently proposed for idealized femoral artery models. 24

Figure 3: 

A-B) Remodeling trajectory over time of the human superficial 
femoral artery (SFA) lesions analyzed in Colombo et al.20, 
reported as mean and minimum lumen area normalized with 
respect to the 1-month (1M) lumen area. 

C) Reconstructed SFA models at 1-week (1W), 1M, 6-month 
(6M) and 1-year (1Y) follow-up and corresponding cross-
sectional computed tomography images of one explanatory 
case. 

D) Spearman’s correlations between the lumen area change 
(ΔA) in the current time interval and the wall shear stress 
(WSS) -based descriptors (I) computed at the beginning of that 
time interval. TAWSS: time-averaged WSS; OSI: oscillatory 
shear index; RRT: relative residence time; TAWSSax: axial 
component of TAWSS; TAWSSsc: secondary component of 
TAWSS; transWSS: transverse WSS; CFI: cross-flow index; 
WSSratio: ratio between the cycle-averaged magnitude of 
the secondary and the axial WSS components; *: p<0.05; **: 
p<0.01; ***: p<0.001.

Adapted with permission from Annals of Biomedical 
Engineering, 2021, in press, Colombo M et al., In-stent 
restenosis progression in human superficial femoral 
arteries: dynamics of lumen remodeling and impact of local 
hemodynamics. 
(http://creativecommons.org/licenses/by/4.0/)
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Multiscale computational modeling of 
in-stent restenosis in femoral arteries 
Multiscale models of vascular adaptation: general concepts
Vascular adaptation is driven by a complex network of heterogeneous and interconnected mechanisms 
(e.g. mechanotransduction, gene pattern alterations), 25 a deep understanding of which is crucial to 
deliver personalized treatment, yet lacking. To cope with it, researchers have lately revolved to a 
“systems biology” approach, for which a biological system is seen as an interconnected web involving 
environmental conditions and mutual interactions among its components. 26–28 Multiscale models are the 
computational translation of the “systems biology” concept and thus they are suitable to bridge in-vitro 
models of single-scale phenomena to in-vivo models of whole systems of interest. 25,29 Such a detail level, 
together with late progress in biomedical technology, offers a powerful instrument for personalized 
medicine and fosters the establishment of in-silico models to drive biomedical research in a more robust 
fashion. 

ABMs are a class of computational models well-fitting to represent heterogeneous populations and 
capture the behavior of systems with an intrinsic discrete nature, as systems of cells. 30,31 They are 
convenient in a multiscale optic since they replicate complex systems’ behavior that directly emerges 
from (i) agent individual dynamics, (ii) interactions among agents, and (iii) environmental conditions. 
ABMs easily incorporate stochasticity, consistently with the real observations of the phenomena of 
interest. Additionally, they capture spatial-related aspects as tissue heterogeneity and composition, 
and can integrate phenomena at different scales within a multiscale framework. These integrated 
frameworks have a twofold advantage: (i) they can augment the knowledge we have on complex systems, 
thanks to their bottom-up structure, and (ii) they can act as a therapy/intervention outcome predictor, 
since they are able to track the propagation of perturbation (therapy/intervention) across the multiscale 
network and quantify its effect at tissue/organ level. 

Agent-based multiscale frameworks have been largely adopted to describe the complexity of vascular 
pathologies (e.g. atherosclerosis 32,33) and depict the driving mechanisms of response to endovascular 
procedures or surgical interventions, from stenting (e.g. 11,12) to vein graft bypass (e.g. 34,35). In the 
specific arena of ISR, several studies have been presented until now, even though none of them has 
been applied to femoral arteries. Hoekstra’s research group proposed a multiscale framework to 
dissect the hemodynamic and mechanical effects of stenting on the pathological process of ISR and 
the benefit of eluting antiproliferative drugs to reduce neointimal growth. 11,13,16–18,36 The following four 
modules were integrated: (i) a Lattice-Boltzman-based module for hemodynamic computation, (ii) a finite 
difference scheme to solve the set of partial differential equations of drug transport, (iii) an ABM of 
tissue mechanics to compute the stress and strain state within arterial wall, and (iv) an ABM of cellular 
dynamics to replicate cellular activities. The stent deployment acted as a perturbation from the model 
equilibrium and propagated to the other sub-modules, driving the system towards its adaptation. In the 
last improvements of the framework, the ECM was included and a validation against data from porcine 
coronary arteries was conducted. 11 On a different perspective, an Irish research group focused on the 
arterial wall damage induced by PTA and stenting. 12,37–39 The triggering action on cellular proliferation 
employed by arterial injury was studied by means of an agent-based multiscale framework characterized 
by three modules: (i) a finite element method module of stent deployment, (ii) a module based on the 
solution of ordinary differential equations to compute inflammatory cues, and (iii) an ABM of cellular 
dynamics. 
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Multiscale model of in-stent restenosis of femoral arteries: an example of 
agent-based computational framework
Our research group is currently developing a patient-specific multiscale computational framework of 
ISR of femoral arteries able to integrate the effects of hemodynamics and monocyte gene expression 
on the cellular dynamics (Figure 4). The framework is characterized by the integration of the following 
two modules: (i) a hemodynamic module computing the WSS along the stented region of the vessel 
coupled with (ii) an ABM of cellular dynamics replicating arterial wall remodeling in response to local 
WSS and gene expression inputs. 

To develop the framework, the CT images (at 1 week and 1 month after the intervention) and monocyte 
gene expression (measured at 1 hour before, and 2 hours, 1, 7 and 28 days after intervention) of one case 
of diseased SFA treated with self-expanding stent at the Malcom Randall VA Medical Center (Gainesville, 
FL, USA) were considered. The study was conducted in accordance with the ethical standards of the local 
institutional review board, and with the 1964 Helsinki Declaration and its later amendments. Informed 
consent was obtained from the patient. A 3D stented SFA geometry was reconstructed from the CT 
images using a validated reconstruction algorithm 21 and the stent was deployed with morphing procedure. 
A steady-state CFD simulation was performed with Fluent (Ansys Inc., USA) to compute the average 
hemodynamics along the stented area (Figure 4A), extracting the WSS at specific equally-spaced vessel 

Figure 4: Workflow of a multiscale agent-based computational framework of in-stent restenosis in superficial femoral arteries, 
able to link hemodynamics, monocyte gene expression and cellular dynamics. 

A) A computational fluid dynamics simulation (CFD) of a patient-specific stented superficial femoral artery is performed to 
compute the wall shear stress (WSS) along the stented segment. 

B) The WSS profile for each selected cross-sectional plane within the stented region as well as monocyte gene expression data are 
used to initialize two-dimensional agent-based models (ABMs) simulating the arterial wall remodeling after stent implantation. 

C) ABM-simulated intimal regrowth at 1-month follow-up. All cross-sectional planes are characterized by increased intima 
thickness with coverage of the stent struts, caused by perturbed cell and extracellular matrix activities, while media and 
adventitia preserve their initial areas. 

D) The ABMs are stopped. The vessel geometry is updated by reconstructing the lumen from the ABM outputs at 1-month follow-
up. Then, a new CFD analysis can be performed considering the updated vessel geometry and the entire cycle can be repeated 
for simulating the time period of interest. 

A B C D
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cross-sections (Figure 4B). A two-dimensional ABM simulating the arterial wall remodeling by replicating 
cell and ECM dynamics was implemented in Matlab (MathWorks, USA) for each cross-section (Figure 4C). 
Each ABM was generated on a hexagonal grid and filled with smooth muscle cells, fibroblasts, ECM, and 
stent strut agents. The behavior of cell and ECM agents was simulated by assigning probabilistic rules to 
the following events: cell mitosis/apoptosis and ECM production/degradation. Constant activities were 
set in the media and adventitia layers to preserve homeostasis. 33 Cell mitosis and ECM production in the 
intima depended on the local WSS and patient-specific gene expression. Specifically, only those genes 
for which a statistically significant correlation was found with the intervention outcome were used as 
input of the ABM. 40,41 The process of intimal growth was preliminary simulated for a time period of 1 month 
(Figure 4C). After that period, the ABM simulations were stopped and an updated vessel geometry was 
reconstructed by smoothly connecting the ABM lumen contours at 1 month (Figure 4D). Potentially, new 
CFD simulations can be performed and the cycle can be then repeated to simulate the arterial wall 
remodeling for longer time periods.

Despite the work being preliminary and a validation of the model is still ongoing, the proposed framework 
was able to capture the process of intimal growth in a patient-specific stented region at 1-month follow-up 
in response to different stimuli (Figure 4C-D). In perspective, the application of such a framework to other 
patient-specific cases will enable elucidating the role and the interdependence of the different factors 
promoting ISR in femoral arteries.

Conclusions and future perspectives
This chapter reviewed the recent CFD studies that have sought to establish a direct link between the 
post-stenting altered hemodynamics and ISR in femoral arteries. Furthermore, it provided an overview 
about multiscale computational approaches that could allow elucidating the underlying pathological 
mechanisms, by integrating biological and biomechanical stimuli at different spatiotemporal scales. 

The number of patient-specific hemodynamic studies in the context of femoral arteries is still limited. In 
addition to the studies reported in Table 1, it is worth mentioning those by Conti et al. 42 and Ferrarini et 
al.43. However, here the focus was on the relationship between hemodynamics and thrombus formation 
after stent-graft placement rather than hemodynamics and ISR. Moreover, the clinical dataset analyzed 
in each study was small (20 lesions in Gokgol et al. 19 and 10 lesions in Colombo et al. 20,22). Thus, further 
investigations on larger datasets are strongly required to confirm the present findings. 

Further experimental research, in tandem with computational multiscale modeling, is required to better 
understand the hemodynamic-driven mechanisms leading to ISR of femoral arteries. Future experimental 
and modeling work should seek to address some of the limitations highlighted here by considering 
the analysis of interactions, cause-effect relationships, feedback mechanisms and cascade signaling 
pathways across different spatial and temporal scales. Ideally, to assess the credibility of the 
computational models, future experimental protocols should allow quantitative comparison with the 
simulation outputs. In this way, it will be possible to confirm the potential of computational models as a 
tool able to (i) elucidate the mechanistic link between hemodynamic disturbances and clinical outcomes 
after femoral artery stenting, (ii) provide patient-specific predictions of the risk of ISR, and (iii) support 
the design, optimization and evaluation of femoral artery stents.



392

RELATIONSHIP BET WEEN HEMODYNAMICS AND IN-STENT RESTENOSIS IN FEMORAL ARTERIES

Acknowledgements
This work has been supported by Fondazione Cariplo, Italy (Grant number 2017-0792, TIME). The authors 
are grateful to Jared M. Rozowsky, Dr. Yong He and Prof. Scott Berceli (University of Florida, Gainesville, FL, 
USA) for their contribution to the multiscale agent-based modeling framework. 

References
1. Aboyans V, Ricco J, Bartelink M, Björck M, Brodmann M, Cohnert T, et al. 2017 ESC Guidelines on the Diagnosis and Treatment of 
Peripheral Arterial Diseases, in collaboration with the European Society for Vascular Surgery (ESVS). Eur Heart J 2018; 39: 763-816. 

2. Kim W, Choi D. Treatment of Femoropopliteal Artery In-stent Restenosis. Korean Circ J 2018; 48: 191-7. 

3. Chaabane C, Otsuka F, Virmani R, Bochaton-Piallat ML. Biological responses in stented arteries. Cardiovasc Res 2013; 99: 353-63. 

4. Marx S, Totary-Jain H, Marks A. Vascular smooth muscle cell proliferation in restenosis. Circ Cardiovasc Interv 2011; 4: 104-11. 

5.	 Welt	FG,	Rogers	C.	Inflammation	and	restenosis	in	the	stent	era.	Arter Thromb Vasc Biol 2002; 22: 1769-76.

6. Chung I, Gold H, Schwartz S, Ikari Y, Reidy M, Wight T. Enhanced extracellular matrix accumulation in restenosis of coronary 
arteries after stent deployment. J Am Coll Cardiol 2002; 40: 2072-81. 

7.	 Shlofmitz	 E,	 Iantorno	M,	Waksman	 R.	 Restenosis	 of	 Drug-Eluting	 Stents:	 A	 New	 Classification	 System	 Based	 on	 Disease	
Mechanism to Guide Treatment and State-of-the-Art Review. Circ Cardiovasc Interv 2019; 12: e007023. 

8. Koskinas KC, Chatzizisis YS, Antoniadis AP, Giannoglou GD. Role of endothelial shear stress in stent restenosis and thrombosis: 
Pathophysiologic mechanisms and implications for clinical translation. J Am Coll Cardiol 2012; 59: 1337-49. 

9. Wang J, Jin X, Huang Y, Ran X, Luo D, Yang D, et al. Endovascular stent-induced alterations in host artery mechanical environments 
and their roles in stent restenosis and late thrombosis. Regen Biomater 2018; 5: 177-87. 

10. Ng J, Bourantas C V., Torii R, Ang HY, Tenekecioglu E, Serruys PW, et al. Local hemodynamic forces after stenting: implications 
on restenosis and thrombosis. Arterioscler Thromb Vasc Biol 2017; 37: 2231-42. 

11.	 Zun	PS,	Narracott	AJ,	Chiastra	C,	Gunn	J,	Hoekstra	AG.	Location-specific	comparison	between	a	3D	in-stent	restenosis	model	
and micro-CT and histology data from porcine in vivo experiments. Cardiovasc Eng Technol 2019; 10: 568-82.

12. Nolan DR, Lally C. An investigation of damage mechanisms in mechanobiological models of in-stent restenosis. J Comput Sci 2018; 
24: 132-42.

13. Tahir H, Bona-Casas C, Hoekstra AG. Modelling the effect of a functional endothelium on the development of in-stent restenosis. 
PLoS One 2013; 8: e66138. 

14. Hwang M, Garbey M, Berceli S, Tran-Son-Tay R. Rule-based simulation of multi-cellular biological systems - A review of modeling 
techniques. Cell Mol Bioeng 2009; 2: 285-94. 

15. Glen C, Kemp M, Voit E. Agent-based modeling of morphogenetic systems: Advantages and challenges. PLoS Comput Biol 2019; 
15: e1006577. 

16. Tahir H, Hoekstra AG, Lorenz E, Lawford P V, Hose DR, Gunn J, et al. Multi-scale simulations of the dynamics of in-stent 
restenosis: impact of stent deployment and design. Interface Focus 2011; 1: 365-73. 

17. Tahir H, Bona-Casas C, Narracott A, Iqbal J, Gunn J, Lawford P, et al. Endothelial repair process and its relevance to longitudinal 
neointimal tissue patterns: comparing histology with in silico modelling. J R Soc Interface 2014; 11: 20140022. 

18. Zun P, Anikina T, Svitenkov A, Hoekstra A. A comparison of fully-coupled 3D in-stent restenosis simulations to in-vivo data. 
Front Physiol 2017; 8: 284. 

19. Gökgöl C, Diehm N, Räber L, Büchler P. Prediction of restenosis based on hemodynamical markers in revascularized femoro-
popliteal	arteries	during	leg	flexion. Biomech Model Mechanobiol 2019; 18: 1883-93. 

20. Colombo M, He Y, Corti A, Gallo D, Ninno F, Casarin S, et al.	 In-Stent	Restenosis	Progression	in	Human	Superficial	Femoral	
Arteries: Dynamics of Lumen Remodeling and Impact of Local Hemodynamics. Ann Biomed Eng 2021; 49; 2349-64.. 

21. Colombo M, Bologna M, Garbey M, Berceli S, He Y, Rodriguez Matas JF, et al.	Computing	patient-specific	hemodynamics	 in	
stented femoral artery models obtained from computed tomography using a validated 3D reconstruction method. Med Eng Phys 
2020; 75: 23-35. 

22. Colombo M, He Y, Corti A, Gallo D, Casarin S, Rozowsky JM, et al. Baseline local hemodynamics as predictor of lumen remodeling 
at	1-year	follow-up	in	stented	superficial	femoral	arteries. Sci Rep 2021; 11: 1613.

23.	 Chiastra	C,	Migliori	S,	Burzotta	F,	Dubini	G,	Migliavacca	F.	Patient-Specific	Modeling	of	Stented	Coronary	Arteries	Reconstructed	
from Optical Coherence Tomography: Towards a Widespread Clinical Use of Fluid Dynamics Analyses. J Cardiovasc Transl Res 
2018; 11: 156-72. 

24. Colombo M, Luraghi G, Cestariolo L, Ravasi M, Airoldi A, Chiastra C, et al. Impact of lower limb movement on the hemodynamics 
of femoropopliteal arteries: A computational study. Med Eng Phys 2020; 81: 105-17. 



393

RELATIONSHIP BET WEEN HEMODYNAMICS AND IN-STENT RESTENOSIS IN FEMORAL ARTERIES

25.	Qu	Z,	Garfinkel	A,	Weiss	J,	Nivala	M.	Multi-scale	modeling	in	biology:	how	to	bridge	the	gaps	between	scales?	Prog Biophys Mol 
Biol 2011; 107: 21-31. 

26.	 Kesić	S.	Systems	biology,	emergence	and	antireductionism.	Saudi J Biol Sci 2016; 23: 584-91. 

27. Mazzocchi F. Complexity and the reductionism-holism debate in systems biology. Wiley Interdiscip Rev Syst Biol Med 2012; 4: 
413-27. 

28. Kohl P, Crampin E, Quinn T, Noble D. Systems biology: an approach. Clin Pharmacol Ther 2010; 88: 25-33. 

29. Walpole J, Papin J, Peirce S. Multiscale computational models of complex biological systems. Annu Rev Biomed Eng 2013; 15: 
137-54.

30. Bonabeau E. Agent-based modeling: methods and techniques for simulating human systems. Proc Natl Acad Sci 2002; 99: 
7280-7. 

31. An G, Mi Q, Dutta-Moscato J, Vodovotz Y. Agent-based models in translational systems biology. Wiley Interdiscip Rev Syst Biol 
Med 2009; 1: 159-71. 

32. Bhui R, Hayenga HN. An agent-based model of leukocyte transendothelial migration during atherogenesis. PLOS Comput Biol 
2017; 13: e1005523. 

33.	Corti	A,	Chiastra	C,	Colombo	M,	Garbey	M,	Migliavacca	F,	Casarin	S.	A	fully	coupled	computational	fluid	dynamics	–	agent-based	
model of atherosclerotic plaque development: Multiscale modeling framework and parameter sensitivity analysis. Comput Biol 
Med 2020; 118: 103623. 

34. Garbey M, Casarin S, Berceli SA. A versatile hybrid agent-based, particle and partial differential equations method to analyze 
vascular adaptation. Biomech Model Mechanobiol 2019; 18: 29-44. 

35. Garbey M, Casarin S, Berceli SA. Vascular adaptation: pattern formation and cross validation between an agent based model 
and a dynamical system. J Theor Biol 2017; 429: 163. 

36. Caiazzo A, Evans D, Falcone JL, Hegewald J, Lorenz E, Stahl B, et al. A Complex Automata approach for in-stent restenosis: two-
dimensional multiscale modelling and simulations. J Comput Sci 2011; 2: 9-17. 

37. Boyle C, Lennon A, Early M, Kelly D, Lally C, Prendergast P. Computational simulation methodologies for mechanobiological 
modelling: a cell-centred approach to neointima development in stents. Philos Trans A Math Phys Eng Sci 2010; 368: 2919-35.

38. Boyle C, Lennon A, Prendergast P. In silico prediction of the mechanobiological response of arterial tissue: application to 
angioplasty and stenting. J Biomech Eng 2011; 133: 081001. 

39. Zahedmanesh H, Van Oosterwyck H, Lally C. A multi-scale mechanobiological model of in-stent restenosis: deciphering the 
role of matrix metalloproteinase and extracellular matrix changes. Comput Methods Biomech Biomed Engin 2014; 17: 813-28. 

40. DeSart K, O’Malley K, Schmit B, Lopez M, Moldawer L, Baker H, et al.	Systemic	inflammation	as	a	predictor	of	clinical	outcomes	
after lower extremity angioplasty/stenting. J Vasc Surg 2016; 64: 766-78.e5. 

41. Rehfuss J, DeSart K, Rozowsky J, O’Malley K, Moldawer L, Baker H, et al. Hyperacute Monocyte Gene Response Patterns Are 
Associated With Lower Extremity Vein Bypass Graft Failure. Circ Genomic Precis Med 2018; 11: e001970. 

42. Conti M, Ferrarini A, Finotello A, Salsano G, Auricchio F, Palombo D, et al.	Patient-specific	computational	fluid	dynamics	of	
femoro-popliteal stent-graft thrombosis. Med Eng Phys 2020; 86: 57-64. 

43. Ferrarini A, Finotello A, Salsano G, Auricchio F, Palombo D, Spinella G, et al.	 Impact	of	 leg	bending	 in	 the	patient-specific	
computational	fluid	dynamics	of	popliteal	stenting.	Acta Mech Sin 2021; 37: 279-91.


	BOOK
	EDITORS
	Relationship between hemodynamics and in-stent restenosis in femoral arteries

	Bouton 9: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	Bouton 8: 
	debut chapitre 1: 
	Bouton 7: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	Bouton 6: 
	Bouton 2: 
	Page 2: 
	Page 3: 

	Bouton 3: 
	Page 2: 
	Page 3: 

	debut chapitre: 
	Page 2: 
	Page 3: 

	Bouton 4: 
	Page 2: 
	Page 3: 

	Bouton 5: 
	Page 2: 
	Page 3: 

	cote avant 2: 
	Page 2: 
	Page 3: 

	cote apres 2: 
	Page 2: 
	Page 3: 

	Bouton 10: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	Bouton 11: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	cote avant: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	cote apres: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 

	retour chap 7: 
	Page 384: 
	Page 385: 
	Page 386: 
	Page 387: 
	Page 388: 
	Page 389: 
	Page 390: 
	Page 391: 
	Page 392: 
	Page 393: 



