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artery through the inflation of a balloon – has been used 
to relieve stenoses of the coronary arteries, for several 
decades (1). Although this technique has proved suc-
cessful and provides a minimally invasive treatment for 

INTRODUCTION

Percutaneous coronary intervention (PCI), in particular 
the implantation of stents – slotted tubes expanded in the 
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coronary artery disease, for a significant proportion of 
patients, the long-term outcome following intervention is 
compromised by restenosis.
Although not completely elucidated, our current under-
standing is that the stimulus triggering the cascade of 
events leading to restenosis comes from the vascular in-
jury caused by balloon dilation (barotrauma) and stent 
placement during PCI. Many biological processes have 
been proposed to be involved in restenosis including 
vessel recoil, neointimal proliferation, and early thrombus 
formation (2-3). The relative contribution of each compo-
nent to the ultimate extent of restenosis depends on the 
type of injury. 
Coronary stenting virtually eliminates vessel recoil, and 
in-stent restenosis (ISR) is largely due to neointimal pro-
liferative processes, including vascular smooth muscle 
cell (VSMC) proliferation and migration, and extracellular 
matrix formation, resulting in neointimal hyperplasia (4). 
These events are governed by the elaborate interaction 
of cellular and molecular responses, including platelet 
and leukocyte behavior and the coagulation-fibrinolysis 
system, as well as the secretion of growth factors and 
pro-inflammatory cytokines (5). In some patients, for 
particular lesions, the proliferative response is significant 
enough to result in a clinically significant re-narrowing of 
the treated vessel. Why this excessive growth of tissue 
occurs in some lesions and not others is not well under-
stood (2).
Decreased restenosis rates are reported for drug- 
eluting stents (DES) when compared with bare metal 
stents (BMS) or balloon angioplasty alone. DES are coat-
ed with anti-mitogenic or anti-proliferative drugs to inhibit 
smooth muscle cell proliferation and neointimal growth 
but, unfortunately, these too are not without problems. 
DES are associated with late in-stent thrombosis (IST) 
and lack of re-endothelialization (6-7). Clinical trials are 
currently underway to evaluate alternative solutions such 
as next generation DES (8), drug eluting balloons, (9) and 
biodegradable vascular scaffolds (10).
The characteristics of stent deployment have been related 
to the biological response, through investigation of correla-
tions between the depth of stent strut penetration into the 
vessel wall and the resulting neointimal thickness (11), and 
stent strut thickness and angiographic restenosis (12). To 
assess the impact of stent deployment on vascular injury 
an “injury score” can be derived for each strut. The mean 
injury score at each cross-section has been shown to be 

correlated to the neointimal area (11, 13) or percentage ste-
nosis (14). Other predictors of restenosis associated with 
stent design and deployment (mode of expansion, type, 
percentage metal coverage, length and strut number, dis-
tribution and thickness) have also been reported (15-20).
Although such data provides valuable insight to aid stent 
design, the exact nature of the association between the 
local mechanical and fluid dynamic impact of the deployed 
stent and the biological response of the vessel wall re-
mains unclear. One potential link is local hypoxia. Areas of 
recirculation local to stent struts and damage to the vasa 
vasorum may reduce the availability of oxygen to the ves-
sel wall. Recent indications of the correlation between ISR 
and hypoxia have been elucidated through in vivo (21-22), 
and in silico (23) studies.
Animal models provide insights into the mechanisms of 
ISR and are widely used to evaluate candidate drug inhibi-
tors of ISR (24). Such biological models allow the response 
of the vessel to stent implantation to be studied without the 
variability of arteriosclerotic lesion characteristics encoun-
tered in patient studies.
This paper brings together results from complementary  
in silico models, describing the methods employed and 
how their use can improve understanding of the biological 
response to stenting using a porcine model of restenosis. 
This process involves the monitoring of the biological re-
sponse using both imaging and histology and the use of 
this data to establish numerical models of restenosis. This 
paper is not intended to provide details of the implemen-
tation of each model; for this the reader is referred to rel-
evant publications. An overview of the approach adopted 
is provided in Figure 1. Such data-driven mathematical 
modeling will ultimately lead to a deeper insight into the 
mechanisms of ISR, suggest and inform follow-up studies, 
and contribute to improved treatment at a population level 
and, perhaps, even at a patient-specific level. The second 
section of this paper, “The porcine model of restenosis,” 
describes the nature of the biological model used to both 
establish and guide development of the numerical mod-
els (Fig. 1a), including the methods used to collect imag-
ing and histology data. The third section, “Spatial variation 
of ISR stimuli post-stenting,” describes the development 
of numerical models to examine the relationship between 
spatial localization of fluid and solid mechanics stimuli im-
mediately post-stenting and the degree of neointimal hy-
perplasia (Figs. 1b and c). Oxygen mass transport was also 
modeled. The fourth section, “Analysis of histology data 



to evaluate ISR progression,” describes the application of 
numerical modeling to the study of changes in the stimuli 
acting on cellular constituents within the vascular wall dur-
ing the process of neointimal growth (Fig. 1d). Finally, in the 
fifth section, “Challenges for future research,” we outline 
the challenges that remain to both complete our under-
standing of the mechanisms responsible for restenosis and 
translate these models to application in stent design and 
treatment planning at both population-based and patient-
specific levels.

THE PORCINE MODEL OF RESTENOSIS

The development of the numerical models described in 
this paper is based upon data obtained from a biological 
model of restenosis. This model has yielded an archive 
of transverse histological sections derived from over 500 
coronary arteries treated with a number of stent designs 
(25-30). Similar assessment of restenosis in porcine models 
has been reported by others (31-33). Both Diego et al (33) 
and Chen et al (31) report evidence to support the finding 
of Gunn et al (13) that increased stretch in the arterial wall 
results in greater levels of neointimal growth. Timmins et al 
(32) report implantation of stents within porcine iliac and

femoral arteries, suggesting that greater neointima results 
from larger differences between the stent-induced stress 
state and the normal physiological stresses, also support-
ing the evidence of Gunn et al (13).
This model allows restenosis following stent implantation to 
be studied by inducing arterial injury through the intention-
al over-sizing of the stent. As the deployed stent diameter 
is increased relative to the artery in which it is implanted, 
more significant arterial injury can be generated, increas-
ing the biological response and degree of restenosis. The 
animal is sacrificed and the treated artery is removed at 
a specific time-point post-stenting. To provide the three-
dimensional (3D) geometry of the implanted stent, the ar-
tery is imaged using a micro-CT scanner. Further details 
are provided in the next section of this paper. To provide 
details of the biological response to stenting, the artery is 
embedded in methacrylate resin and serial cross-sections 
are cut to allow histological investigation.

Analysis of histology data

Histological studies of the tissues surrounding the stent 
can provide data on tissue composition (e.g., degree of 
inflammation, fibrin content) associated with the vascular 
response to injury following implantation (34). In addition, 

Fig. 1 - Overview of the workflow for 
generation and validation of numeri-
cal models of restenosis from micro-
CT and histology data obtained from 
a porcine model of restenosis. Solid 
arrows demonstrate data process-
ing, dashed arrows represent post- 
processing to inform model behaviour 
and biological response. (a) Methods 
used to collect and analyse imaging 
and histology data. (b) Fluid and solid 
mechanics models to examine the 
spatial localization of stimuli imme-
diately post-stenting. (c) Multi-scale 
models of cellular constituents within 
the vascular wall to simulate progres-
sion of in-stent restenosis.



histomorphometrics yield quantitative information through 
identification of the internal arterial structures such as the 
lumen, internal elastic lamina (IEL), and external elastic 
lamina (EEL).
Figure 2 shows a typical histological section, obtained  
14 days after stent implantation and identifies the param-
eters of interest for the assessment of the magnitude of 
ISR response. These are:
•  neointimal  thickness  (identified  by  the  length  of  a  line

drawn radially between the most internal point of the
strut and the edge of the lumen)

•  neointimal  area  (lumen  area  subtracted  from  the  IEL
area)

•  percentage  restenosis  (ratio  of  lumen  area  to  IEL
area).

Detailed study of the variation in histology along the 
length of the stented artery at both the level of the vessel 
cross-section and the individual stent strut locations at a 
single time-point can be used to investigate hypotheses 
linking the biomechanical environment of the vessel to the 
biological response, as detailed in the third section of this 
paper. Since direct measurement of arterial biomechanics 
at the length-scale of the coronary arteries is challeng-
ing, if possible at all, it is necessary to employ modeling 
techniques to provide a description of the fluid and solid 
mechanics to explore such hypotheses. Analysis of his-
tological sections obtained from different studies, where 
the artery is explanted at a number of time-points follow-
ing stent implantation, allows assessment of trends in the 
biological response of the vessel wall over time. These 
issues are described in greater detail in the fourth section 
in relation to the simulation of the evolution of neointimal 
tissue development.

SPATIAL VARIATION OF ISR STIMULI 
POST-STENTING

This section describes the investigation of the relationship 
between the extent of ISR observed in the porcine model of 
restenosis and the mechanical stimuli that may play a role 
in determining the degree of ISR. More precisely, structural 
mechanics, fluid dynamics, and oxygen transport within a 
stented artery are reported, neglecting the influence of ar-
terial curvature. For a detailed analysis of the experimental 
data presented, including arterial curvature, the reader is 
referred to Keller et al (35), which examines the correla-
tion between structural and fluid mechanics and biological  
response, and Caputo et al (36), which studies the influ-
ence of oxygen transport and fluid dynamics on restenosis.

Combination of 2D histology and 3D stent 
geometry data

Analysis of serial cross-sections from histology is an effec-
tive method for studying the variation of ISR within a stent-
ed vessel. However, to provide a detailed description of 
deployed stent geometry in 3D it is also possible to image 
the stent using micro-CT. We have previously described a 
method for combining both histology and stent geometry 
data to provide a direct comparison between the localiza-
tion of ISR and realistic deployed stent geometry (37). This 
is achieved through identification of the axial location of 
each histology section relative to the 3D stent geometry, 
using the stent strut positions as landmarks. This approach 
is demonstrated in Figure 3, which shows both the 3D ge-
ometry of the deployed stent, obtained from volumetric mi-
cro-CT data, and the corresponding location of a number 
of histology cross-sections.
When the 3D stent geometry is also used to establish 
numerical models of the fluid and solid mechanics in the 
stented artery, as described below, this approach has the 
significant advantage that the ISR response at the level of 
both individual cross-sections and individual strut loca-
tions can be evaluated for comparison with the local envi-
ronment within the stented artery.

Numerical simulation of 3D fluid and solid 
mechanics in the stented artery

Changes in both the solid and fluid mechanics in  
stented arteries have been linked to the ISR response  

Fig. 2 - a) Typical histology cross-section; (b) detail of image from 
(a) showing strut-level neointimal thickness definition; (c) full section
showing definition of IEL area and lumen area.



post-stenting (38). The presence of the stent increases 
the stress acting on the vessel wall provoking a chronic 
injury. This results in the migration of smooth muscle 
cells towards the lumen (38). Changes in solid mechanics 
following stenting have been evaluated using finite ele-
ment techniques to simulate stent/artery interactions and 
include the generation of high tensile stress within the 
vessel wall due to stent deployment (32) and von Mises 
stress under the region of each stent strut (39). Reduced 
cyclic deformation within the stented region has been 
linked to increased SMC proliferation and decreased 
apoptosis in vitro using a mock vascular phantom (40). 
Coronary artery fluid dynamics are significantly altered 
following the deployment of a stent. This is particularly 
relevant in the porcine model of restenosis when a stent 
is deployed within a healthy artery in such a way that the 
stented segment has a greater diameter than the vessel. 
The stented region has lower compliance than that of the 
native artery (41) and the protrusion of the stent struts 
promotes local regions of recirculation (42).
Due to the small length-scales associated with these 
variations, computational fluid dynamics (CFD) has been 
employed as a tool to describe the local hemodynamics 
of stented arteries. In this way, several candidate param-
eters have been proposed that identify locations at high-
er risk of excessive ISR. These parameters include low 
wall shear stress (WSS<0.5 Pa) and increased oscillatory 
shear index (OSI values range between 0 when there is no 
oscillatory WSS to 0.5 when there is maximum oscillatory 

WSS) (43-44), both of which represent deviations from the 
physiological values of these parameters within an un- 
stented artery. Shear stresses within the typical physiolo-
gical range have been shown to decrease endothelial cell 
expression of VSMC mitogens such as endothelin-1 mRNA 
(45); while lower flow has been linked to up-regulation  
of this gene thus promoting extracellular matrix protein 
production (46). In addition, OSI has been associated 
with vascular cell rearrangement, and increased endothe-
lial permeability (43).
Changes in solid and fluid mechanics following stent im-
plantation have been studied using data from the porcine 
model of restenosis as illustrated in Figure 3. A detailed de-
scription of the methods employed is provided elsewhere 
(36), so here we review the approach employed in brief, 
and present key findings. A BioDivysio™ stainless- steel, 
balloon-expandable stent (Biocompatibles, Farnham, UK) 
was implanted in a porcine right coronary artery (RCA) at a 
stent-artery diameter ratio of 1.4:1, as assessed by quan-
titative angiography. It was explanted after a period of  
14 days and processed into serial sections to assess  
the ISR response following stent implantation using his-
tology. The 3D stent geometry was reconstructed from 
micro-CT and the axial location of each histological 
cross-section was identified as described above. These 
results are based on the experimental data reported by 
Morlacchi et al (37), where only fluid dynamics in the 
proximal region of the stented vessel was considered. 
Numerical results within the full 3D geometry defined by 
the deployed stent were used to investigate the variation 
of solid mechanics, fluid dynamics and oxygen transport 
within the stented vessel.
The coronary artery was modeled as a cylinder of constant 
thickness with an initial radius, r, 1.4 mm, measured from 
angiography before stenting and an arterial wall thickness, 
h, determined using the ratio h/2r = 0.04 (47). ANSYS Me-
chanical APDL (v14.0) (Ansys, Canonsburg, PA, USA) was 
used to study the solid mechanics of stent/artery interac-
tion within local regions of axial length 7.5 mm at three 
locations corresponding to individual histological cross-
sections in the proximal, middle, and distal regions of the 
vessel. Vessel material properties were described using a 
hyperelastic isotropic material model (48). The vessel was 
expanded beyond the diameter of the stent using a pres-
sure load (40 MPa) and contact between the stent and ves-
sel lumen was activated as this pressure was removed to 
capture the stent/artery interaction.

Fig. 3 - 3D geometry of deployed stent obtained from microCT data, 
solid lines show the axial locations of the histology sections shown 
below. The histology cross-sections show variation along the stent-
ed vessel of strut locations and magnitude of ISR response. The 
dashed lines illustrate the division into ‘top’ and ‘bottom’ sections of 
the stent used to plot model results in Figure 4.



Fluid dynamics and oxygen mass transport simulations 
were performed on a structural configuration of the stent 
and vessel surface obtained using an explicit dynamics 
approach to obtain the boundary of the fluid domain fol-
lowing stent implantation (37). ANSYS CFX v.13.0 (Ansys 
Inc., Canonsburg, PA, USA) was used to perform fluid dy-
namic and mass transport simulations under non-pulsatile 
conditions. The Bird-Carreau constitutive law was used to 
represent near-wall blood behavior (49). A fully-developed 
parabolic flow was specified at the inlet, with a no-slip con-
dition at the vessel wall and on the stent, and a zero pres-
sure condition at the outlet.
Following the approach described in (50-53), oxygen 
transport was modeled using an advection-diffusion equa-
tion coupled to blood flow. Convective transport of oxygen 
within the vessel wall was neglected since transmural ve-
locities are significantly smaller than oxygen diffusion ve-
locities (51). A uniform oxygen concentration was assumed 
at the inlet and a homogeneous Neumann condition was 
imposed at the outlet with a value of half the inlet condi-
tion assumed at the outer surface of the wall (adventitial 
surface) based on experimental evidence (54).

Interpretation of 3D fluid and solid mechanics as 
a stimulus for ISR

Figure 4 shows the variation of compressive stress ob-
tained from the structural model, and the wall shear stress 
and oxygen concentration obtained from the fluid dynam-
ics model. These can be compared with the localization 
of neointimal growth, determined by histology, as shown 
in Figure 3. A greater biological response is observed in 
the proximal region of the vessel, with a residual lumen of 
5.5 mm2 following the development of neointimal tissue, 
compared with an IEL area of 10.3 mm2. This corresponds 
to a 46.3% stenosis by area. The residual lumen in middle 
and distal regions of the vessel is larger, corresponding to 
stenoses of 21.3% and 25.4%, respectively. Higher com-
pressive stresses are observed in the structural analysis 
toward both proximal and distal limits of the stent, with 
higher stresses observed on the ‘bottom’ of the vessel 
than on the ‘top’. A region of reduced wall shear stress is 
observed at the inlet of the fluid model. This is associated 
with flow separation due to the increase in vessel diam-
eter caused by the stent deployment. Smaller regions of 
reduced wall shear stress are observed in the region of 
each strut. The proximal region of reduced shear stress 

corresponds with the localization of neointima in the 
proximal histology section, as shown in Figure 3. The dis-
tribution of oxygen concentration does not demonstrate 
any significant variation along the length of the stent, ex-
cept for the local reduction in concentration observed in 
the region of each stent strut.
These results are consistent with the hypothesis that re-
gions of high stress generated under the struts as a result 
of contact between the stent and the vessel wall result in 
a greater biological response through increased vascular 
injury (55). The results also suggest that a combination of 
low wall shear stress and high structural stress may am-
plify the biological response, consistent with the observa-
tion that in the proximal region the neointimal response is 

Fig. 4 - (a) 3D stent geometry. Model results plots showing con-
tours on the inner surface of the vessel; (b), (d), (f) results on the 
‘top’ of the stent; (c), (e), (g) results on the ‘bottom’ of the stent (see 
Fig. 3 for definition). (b), (c) Compressive stress contours; (d), (e) 
wall shear stress contours; (f), (g) oxygen concentration contours. 
Locations of the histology cross-sections in Figure 3 are identified 
by solid lines. (d) - (g) are reproduced from (36) with permission. 



greater at the ‘bottom’ of the stent than at the ‘top’. This 
synergy between fluid dynamics and solid mechanics has 
been suggested by Chen et al (31), who reported that the 
product of wall shear stress and tensile stress correlated 
with neointimal growth in a porcine model using an ide-
alized numerical model of stent deployment. The oxygen 
plots (Fig. 4), indicate regions of low oxygen concentration 
adjacent to the strut rings and connectors. If these per-
sist over time they are likely to have an adverse effect on 
arterial homeostasis; the oxygen supply along the luminal 
tissue of arteries is considered critical for the metabolic 
needs of the intima and inner one-third of the artery, with 
the outer two thirds supplied from the adventitia by means 
of the vasa vasorum (56). The environment leaves the cells 
within the inner media under a constant risk of hypoxia and 
creates increased sensitivity to alterations in oxygen ten-
sion and intimal thickening. The results may indicate an as-
sociation of factors that could influence the tissue healing 
process and promote the progression of ISR.
A more detailed analysis of the correlation between param-
eters derived from these in silico models and the biological 
response of the vessel is reported by Caputo et al (36), 
extending the models to consider the influence of arterial 
curvature and pulsatile flow. The potential for analysis of 
the combined influence of these factors to determine the 
biological response of the vessel and the use of a realis-
tic description of 3D stent geometry to inform generation 
of the numerical models is demonstrated. The significant 
benefit of the approach detailed in Figure 1 is that all mod-
els, including those described in the following section, are 
informed by data from a common experimental framework, 
enhancing the impact of the results from individual model-
ing approaches on the understanding of stimuli for ISR.

TEMPORAL VARIATION OF ISR STIMULI DUR-
ING ISR PROGRESSION

This section describes our investigation of the relationship 
between the extent of ISR observed in the porcine model 
of restenosis and the behavior of cellular constituents with-
in the vascular wall and the neointima. A multi-scale simu-
lation framework is presented to describe the evolution of 
the neointima over time, and the relationship between sim-
ulation parameters and biological metrics from histology 
is described. The aim of these simulations is to establish 
hypotheses associated with two fundamental questions: 

Why does ISR start? And why does it stop? By employ-
ing in silico modeling based on histology from the porcine 
model we are able to propose and test specific biological 
mechanisms. In some cases the in silico approach is able 
to exclude or confirm hypotheses, and in other cases the 
results of simulation can be used to direct future experi-
ments in the porcine model.

Analysis of histology data to evaluate ISR pro-
gression

For the assessment of the neointimal response using a 
single stent design, transverse sections from more than  
50 arteries treated with BiodivYsio (Biocompatibles, Farn-
ham, United Kingdom) bare metal stents were evaluated. 
These sections were harvested at 6 h, 14, 21 and 28 days 
after the coronary intervention. An average of 10 struts was 
present in each section. The Gunn injury score (13) was 
used to quantify the extent of injury at individual struts and 
the neointimal thickness was measured from the top of each 
strut (Fig. 2). From this data neointimal thickness was plot-
ted as a function of both the extent of injury and the elapsed 
time following intervention. Figure 5 shows the mean and 
standard deviations for a complete set of histological mea-
surements, previously reported by Tahir et al (57).

Multi-scale modeling of ISR progression

The development of a model of ISR is motivated by the de-
sire for a better understanding of the dynamics regulating 
restenosis. Dynamic modeling of ISR requires a multi-scale 
multi-science approach (3) coupling a number of single 
scale models, each representing distinct components of 
the response. A 2D model of ISR incorporating three single- 
scale models: blood flow (lattice Boltzmann model), smooth 
muscle cells (agent-based model) and drug diffusion (based 
on a finite difference scheme) has been developed and is 
currently being extended to 3D. Details of the implemen-
tation of the single-scale models, their formulation, and 
mutual coupling can be found in previous publications (3, 
57-59); here we provide an overview of the key features of
the model.
The definition of the relevant space and time scales as-
sociated with ISR and the use of a scale separation map
to inform the framework for a multi-scale model of ISR
has been described previously (3). The current approach
assumes that scale separation between the single-scale



models is confined to the temporal scale. SMC prolifera-
tion is identified as the slowest process, dictated by the 
SMC cell cycle (order 30 h), and blood flow is the fastest 
process, dictated by the length of one cardiac cycle (order 
1 s). However, it is worth noting that scale separation on a 
spatial scale exists as well within the SMC model itself. The 
SMC model can be subdivided into processes which oc-
cur at the cellular level (order 10 μm), and those occurring 
at the tissue level (order 1 mm), resulting in a hierarchical 
multi-scale model.
We have recently reported the application of this multi-
scale model of ISR to predict the dynamic response of 
ISR (57). The model has been used to study the influ-
ence of strut shape and size and the dynamic response 
was characterized by fitting a logistic growth function. 
Through direct comparison with histology, as described 
above, the computational output qualitatively predicts 
the in vivo response relating the extent of vascular injury 
caused by the stent to the degree of neointimal growth. 
During the initial stage of the response, the model repro-
duces the in vivo observation that the degree of SMC 
proliferation, and resulting neointima, increases with the 

degree of injury caused by stent deployment. However, 
model predictions of the long-term dynamics become 
unrealistic as all simulations share the same endpoint, a 
feature which is not observed in the in vivo data.
In addition to SMC behavior, the model has been extended 
to include the process of re-endothelialization following 
endothelial damage due to balloon inflation and stent de-
ployment. A functional endothelial layer responds to WSS 
levels by releasing nitric oxide which inhibits SMC growth 
(60-61). Tahir et al have been able to demonstrate that re-
stenosis may or may not develop, depending on the rates 
at which re-endothelialization is completed. If restenosis 
occurs, the amount of neointima directly correlates with 
the degree of injury caused by the stent, in agreement with 
the histology (59).
For the 2D simulations presented here, stent deployment 
is modeled as a separate process to provide an initial con-
dition for the dynamic model of ISR. SMCs start to prolif-
erate as a result of the mechanical insult following stent 
implantation. The rate of smooth muscle cell proliferation 
is dependent on the blood flow (specifically WSS) and the 
number of neighboring SMCs. The blood flow depends on 
the luminal geometry and thus changes with the prolifera-
tion of SMCs.
The initial condition represents the arterial injury caused 
by the stent by deploying six bare metal stent struts into 
a 4.5 mm long, 2D artery with a vessel wall thickness of 
0.12 mm. The chosen diameter of the lumen prior to stent 
deployment is 1 mm. The vessel wall is solely composed 
of densely packed SMCs (media) and an inner lining of 
internal elastic lamina cells that act as a barrier between 
the blood and the SMCs. Blood flow is considered to be 
non-pulsatile. During the stent deployment procedure, 
stent struts are pushed into the arterial wall, inflicting a 
structural injury. It is assumed that the pressure exerted 
by the balloon damages the endothelium and the stent 
struts cause stretching of the arterial wall that ruptures the 
IEL layer. In the current model, complete endothelial de-
nudation following stent deployment is assumed. Partial 
removal of the IEL is based upon the level of longitudinal 
and hoop stresses imposed by the struts. The partial re-
moval of the IEL represents the amount of injury caused by 
the stent, which increases with the increase in the deploy-
ment depth of the struts (Fig. 6A). After the damage caused 
by the stent, SMCs from the medial layer become directly 
exposed to the blood flow and are affected by the altered 
hemodynamics due to the presence of struts. This allows 

Fig. 5 - Neointimal thickness as a function of time after stent de-
ployment. The mean and standard deviation of the neointimal 
measurements are plotted at 6 h, 14, 21, and 28 days post-stent 
deployment. The data show a positive correlation between neointi-
mal thickness and the Gunn injury scores. Figure reproduced with 
permission from (57).



phenotype switching in the SMCs from a quiescent con-
tractile state to a more proliferative synthetic state. As the 
simulation progresses, in parallel with SMC proliferation, 
damaged endothelium is replaced by the healthy endothe-
lial cells that grow on the innermost layer of the vessel.
The results presented here are obtained by running simu-
lations with two different re-endothelialization scenarios. 
The first case (rapid endothelial re-growth) is based on 
data published by Nakazawa et al (62) where a 59% cov-
ering of functional endothelium was observed inside the 
vessel at 3 days post stenting. The percentage of endo-
thelium increased as a function of time until it reached 
100% at day 15. The second scenario (a delayed re- 
endothelialization) is based on our own assumptions and 
identifies the possible effects of a delay in the appear-
ance of a functional endothelium on the development of 
ISR. Immediately after stenting, no (0%) endothelium is 
present and the endothelium re-grows in a linear fashion 
until it reaches 100% coverage at day 23. To improve our 
understanding of the dynamic response, for both cases, 
stent struts were deployed to two different depths (namely,  
0.09 mm and 0.13 mm).

Interpretation of results from multi-scale 
simulations

Figures 6B and 6C show instantaneous representations of the 
neointimal growth inside the vessel at 28 days post-stenting 
at a deployment depth of 0.09 mm for both re-endothelializa-
tion scenarios. It is clear that a delayed re-appearance of the 
endothelium results in a greater neointimal response com-
pared to the case of faster re-endothelialization. The varia-
tion in neointimal area over time for both re-endothelialization 
scenarios and both strut deployment depths is shown in  
Figure 7. This clearly demonstrates that the deeper deploy-
ment depth, resulting in greater injury, produces greater neo-
intimal growth and results in a faster growth response (as 
dictated by the steepness of the curve) for all time-points. 
This dynamic growth response remains true for both re- 
endothelialization scenarios.
These results highlight the importance of iterative model 
development in parallel with analysis and interpretation 
of biological data. In this case, the histology has driven 
model development to incorporate an endothelial layer to 
reproduce the correlation between injury and neointima 
in the long-term dynamics. However, in silico approaches 
have the potential to direct future biological experiments, 

to provide quantitative comparisons. Additional experi-
ments are required to determine accurate rates of recov-
ery of functional endothelium. There also remains further 
potential for model development with existing data to 
capture the decrease in the neointimal thickness mea-
sured after 28 days. This response, shown in Figure 5, 
may be related to vessel remodeling a feature which is not 
captured in the present computational model.

CHALLENGES FOR FUTURE RESEARCH

This paper has described numerical models employed to 
study both the localization of mechanical stimuli within 
stented arteries and the evolution of such stimuli over time 
during development of neointimal tissue. Through direct 
comparison with in vivo data of the biological response 
to stent implantation, provided by histology, we are able 
to examine hypotheses which increase our understanding 

Fig. 6 - Qualitative comparison of neointimal growth between two 
endothelialization rates. (A) A benchmark geometry where six BMS 
struts were deployed at a depth of 90 μm into the tissue. Blood flow 
is from left to right and streamlines are shown inside the domain. 
Neointimal growth after 40 days post-stenting with the assumption 
of a faster endothelium recovery (B) and with delayed endothelium 
recovery (C).



of why a greater degree of in-stent restenosis is observed 
within some stented regions.
However, a significant challenge in modeling biologi-
cal phenomena is the limited availability of appropriate  
in vivo or in vitro data to both inform the establishment 
of the modeling framework and to validate the outcomes 
of numerical models. In particular, acceptance of such 
models by both industrial and clinical end-users is deter-
mined by the ability of the models to reproduce biologi-
cal phenomena consistently and efficiently. This section 
outlines the challenges for future research in this area 
addressing issues associated with in vitro and in vivo 
experimental data requirements, model enhancements, 
and translation of models from the controlled context  
of experimental models of restenosis to application in 
patient studies.

In vitro experimental data

The experimental data presented in this paper were ob-
tained from an in vivo experimental model of restenosis. 
Such a system reduces the variability of the biology un-
der study, in this case by removing the uncertainty associ-
ated with lesion characteristics that would be present in 
a clinical study. However, significant variation remains in 

the conditions present in each vessel. Although some of 
these variations can be accounted for by measurement of 
the 3D deployed stent geometry, it is challenging to accu-
rately measure all system parameters, such as 3D vascu-
lar geometry and wall thickness, and time-dependent fluid 
boundary conditions. Even if all such parameters could be 
accurately determined, the complex interaction of stimuli 
responsible for the biological response makes interpreta-
tion of the causal links between physics and biology chal-
lenging in such systems.
To address this issue, in vitro experimentation is often un-
dertaken to examine specific biological outcomes under 
controlled stimuli, such as the response of endothelial cells 
to changes in shear stress (63). The multi-scale models 
presented in this paper describe the behavior of vascu-
lar constituents at the cellular level and how this behavior 
varies throughout the vascular wall. Dynamic monitoring 
of smooth muscle and endothelial cell behavior and how 
this varies with spatial and temporal changes in physical 
stimuli would provide valuable data to both inform and 
validate such models. Techniques such as traction force 
microscopy provide a mechanism to obtain such data in 
idealized experimental settings (64).
The idealized nature of such experiments can limit the 
application of the outcomes from such studies within 
models that aim to reproduce biological behavior in more 
complex environments. To bridge this gap there is a need 
for iterative research to provide understanding of the 
variation of the biological response at incremental levels  
of complexity. Zahedmanesh and Lally (65) report such 
an approach applied to the study of SMC behavior within 
a tissue-engineering scaffold and the variation in cel-
lular response with scaffold compliance under pulsatile 
pressure loading. It is important for such approaches to  
maintain a tight coupling between development of the 
modeling and experimental approach, so that individual 
model features can be validated through appropriate ex-
perimental design.

In vivo experimental data

This study reports methods used to enhance the information 
that can be obtained from in vivo experimental data through 
the combined analysis of 3D stent geometry provided by 
microCT, and the biological response of the vascular tissue 
provided by histology. However, such data can only be ob-
tained following explantation of the stented vessel, which 

Fig. 7 - Dynamic response of ISR with the assumption of two re- 
endothelialization rates and two deployment depths. Simulations  
result shown in black represents the cases where strut deployment 
depth was 90 μm, whereas grey shows the results obtained with 
a deeper deployment depth (130 μm). The dashed lines show the 
cases where endothelium recovery was faster whereas continuous 
lines show the results of delayed re-endothelialization.



does not allow assessment of restenosis development over 
time for a specific case of stent implantation. Techniques 
have been reported that provide the 3D geometry of both 
the vessel lumen and vessel wall. These have been used to 
study the development of restenosis in clinical cases at a 
small number of time-points (66). A detailed description of 
the deployed stent geometry cannot be obtained with such 
methods due to the low spatial resolution of the imaging 
techniques employed. A combination of the techniques re-
ported within this paper, to provide a detailed description 
of deployed stent geometry, with serial evaluation of devel-
opment of neointima in 3D would allow direct comparison  
of model predictions with biological response on a case- 
by-case basis, rather than relying on comparisons with  
averaged data.
However, it is clear that the mathematical models have 
been able to point to key aspects in the response for 
which little experimental data exists. Considering the 
initial response, does ISR initially appear at locations of 
both high compressive stress and low wall shear stress 
as suggested by our studies? What is the underlying bio-
logical mechanism for this? Considering the final stage 
of the response, the appearance of a healthy endothe-
lium seems to be key, and the dynamic simulations sug-
gest that the time scales at which a healthy endothelium 
is established may be significant in determining if ISR 
appears or not. All these issues require more detailed 
experimentation with either animal model or controlled 
ex vivo environments. Moreover, the appearance of high 
resolution imaging modalities such as OCT (67) opens up 
exciting new ways to study the detail of ISR in model sys-
tems. We believe that a close interplay between mathe-
matical modeling and new in vivo and in vitro techniques 
is required to significantly improve our understanding 
of ISR, doing justice to the inherent complexity of this  
pathology.

Model enhancements

So far, the mathematical models of ISR as presented 
above have shown qualitative agreement with histolog-
ical data. As a final test of the current set of models, 
we intend to integrate the detailed post stenting histol-
ogy and simulations described above in the section on 
“Spatial variation of ISR stimuli post-stenting” with the 
3D version of the dynamical simulations from the section 
on “Temporal variation of ISR stimuli during ISR progres-

sion.” This should demonstrate our capability to compute 
the ISR response in three dimensions, in a realistic artery 
geometry. The dynamic model of ISR allows computation 
of the inhibitory effect of drug-eluting stents; a validation 
of this capability still needs to be demonstrated. The next 
logical questions are thus: What can we do with these 
models in their current form? Should they be improved? 
And if so, how?
Improved accuracy in the collection of data used to inform 
model generation has been described above. In addition, 
the accuracy of descriptions of the physics and biology 
of restenosis may be improved by further model enhance-
ments. For example, further development of modeling at 
the cellular level might include representation of inter- 
cellular signaling with careful selection from evidence in 
the literature of the most appropriate signaling pathways 
(63). However, caution is required in selecting targets for 
further model development as an increase in complex-
ity of such models across all physical and biological pro-
cesses is unlikely to aid understanding of the primary  
determinants of restenosis.
We strongly believe that model improvement should be 
driven by the availability of experimental or clinical data. 
But we also believe in the converse: that setting up new 
experiments should take into account hypotheses that 
have been suggested and tested in mathematical models. 
The key role of re-endothelialization is a good example. 
The dynamic simulations of ISR show that under differ-
ent scenarios of re-endothelialization, ISR may or may not 
develop. Therefore, we propose that experiments are de-
signed that study in more detail the appearance of healthy 
endothelium at the site of the stent. This could lead to a 
better understanding of why one specific patient develops 
ISR while another does not.
The combination of modeling approaches reported in 
this paper presents an opportunity to enhance the fidel-
ity of the modeling framework with little increase in com-
putational cost. Coupling of the finite element approach  
reported in the section on the spatial variation of ISR 
stimuli post-stenting to the multi-scale model in the sec-
tion on the temporal variation would provide a mechanism  
to improve the representation of the structural mechan-
ics following stent implantation. An approach of this  
type has been reported by Boyle et al (39) to model neo-
intimal growth through a cellular model based on the 
damage caused by uniform stent deployment within ide-
alized arterial geometries, obtained by the finite element 



method (FEM). Update of a finite element representation 
of vascular mechanics to include the volumetric growth 
behavior predicted by this multi-scale model of reste-
nosis has not yet been reported, although finite element 
methods have been applied to study growth and remod-
eling in other clinical contexts including development of 
cerebral aneurysms (68).

Translation to clinical studies

Application to clinical studies includes both the use 
of modeling to inform patient-specific treatment and 
the application of modeling to guide population-based  
development of novel medical devices. Morlacchi and 
Migliavacca (69) review the state-of-the-art in the ap-
plication of finite element analysis and computational 
fluid dynamics to the analysis of stented arteries, which 
includes the study of arterial bifurcations and complex  
implantation of multiple stents. This review identifies 
model validation as a significant challenge to be ad-
dressed in the translation of simulation to address clini-
cal problems. Computational cost is also a significant 
issue, in particular the multi-scale approach described 
in this paper requires considerable computational re-
sources when extended to consider stent/vessel inter-
actions in 3D. High performance distributed computing 
infrastructures provide a mechanism to facilitate solution 
of such complex problems in reasonable timescales as 
described elsewhere (70-71).
Access to such resources also makes it tractable to con-
sider application of the multi-scale approach to the study 
of parameter sensitivity within such complex systems. The 
simulation of biological response over a range of input pa-
rameters will allow such models to be used to tailor device 
design to provide optimal results over the full range of an-
ticipated variation within the population. In order to allow 
for such population studies, we need to further validate our 
mathematical models, as discussed above, but we also 
need to assess the key parameters in our models and their 
distribution over the population.
Patient-specific analysis using such approaches requires 
simulations to run within timescales that can be accommo-
dated within the clinical workflow associated with patient 
treatment. In the case of stenting, these timescales are in 
the order of hours. Although it is unlikely that multi-scale 
modeling will find direct application within these contexts, 
the results of multi-scale simulations can be used to guide 

development of lower-order models of reduced computa-
tional cost.
Moreover, in order to translate the current set of mathemati-
cal models to clinical studies requires model validation in 
the context of human data obtained for ISR. This requires 
two major steps. First, the models should demonstrate their 
validity for diseased arteries, since the porcine model sys-
tem describes the response to injury in initially healthy ar-
teries. This requires application of both in vivo experiments 
and mathematical modeling to the domain of diseased, 
stenosed arteries. Next, we need sufficient human datas-
ets to allow calibration and validation of the mathematical 
models. Only then will we be able to take the next step and 
apply the mathematical models in clinical settings, as sug-
gested above.

CONCLUSIONS

This paper presents modeling techniques used to de-
scribe the physics and biology of in-stent restenosis 
(ISR). The methods employed to inform the definition of 
these models and interpret model outcomes in the con-
text of biological data obtained from a porcine model of 
ISR have also been described. The importance of con-
sidering the combined influence of structural and fluid 
dynamic stimuli has been demonstrated through simula-
tion of the environment within a stented artery, using the 
measured 3D deployed stent geometry to establish the 
model and histology to quantify the resulting neointimal 
response. The use of a multi-scale approach to provide 
a description of both endothelial and smooth muscle cell 
behavior during neointimal growth has been described. 
Comparison between the dynamic response of the simu-
lation and data from the porcine model has been used to 
propose novel experimental questions to be addressed 
through further experimentation.
Future perspectives for in vitro and in vivo experimentation 
to further inform model development have been proposed 
along with avenues for further model enhancement. The 
challenges with translation of such approaches to clinical 
studies for device optimization at the population level or 
for patient-specific analysis to aid treatment planning have 
been outlined. These include model validation across a 
range of levels of complexity and ensuring computational 
resource requirements do not present a barrier to further 
application.
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