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Abstract: Considering the field of application involving stent deployment simulations, the exploita-
tion of a digital twin of coronary stenting that can reliably mimic the patient-specific clinical reality
could lead to improvements in individual treatments. A starting step to pursue this goal is the
development of simple, but at the same time, robust and effective computational methods to obtain a
good compromise between the accuracy of the description of physical phenomena and computational
costs. Specifically, this work proposes an approach for the development of a patient-specific artery
model to be used in stenting simulations. The finite element model was generated through a 3D
reconstruction based on the clinical imaging (coronary Optical Coherence Tomography (OCT) and
angiography) acquired on the pre-treatment patient. From a mechanical point of view, the coronary
wall was described with a suitable phenomenological model, which is consistent with more complex
constitutive approaches and accounts for the in vivo pressurization and axial pre-stretch. The effec-
tiveness of this artery modeling method was tested by reproducing in silico the stenting procedures
of two clinical cases and comparing the computational results with the in vivo lumen area of the
stented vessel.

Keywords: coronary stent; stent deployment simulation; finite element analysis; patient-specific
cases; validation; artery model; 3D reconstruction; plaque characterization

1. Introduction

Coronary artery disease is the leading cause of death among cardiovascular patholo-
gies, with stenting being the most common treatment [1]. The treatment consists of a mini-
mally invasive surgical procedure, which, through balloon dilation and stent implantation,
aims to restore the physiological lumen in coronary arteries narrowed by atherosclerotic
plaque. Several stent types and clinical procedures were evaluated in the last decades,
leading to the current gold standard of drug-eluting stent implantation. Nevertheless,
there still remain risks of treatment failure due to in-stent restenosis and stent thrombosis.
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The occurrence of these adverse events is mainly correlated to the presence of arterial
injury during treatment and stent malapposition at the end of the surgical procedure [2].
Both phenomena are related to the mechanical interaction between the device and the
patient-specific arteries in the acute phase of treatment.

Finite element analysis (FEA) of the stent deployment is a useful tool that can be
used for investigating the potential causes of these adverse events. Several literature
works showed that through numerical simulations, different types of evaluation could be
performed, including the prediction of treatment outcomes, the assessment of device per-
formances, or the optimization of clinical procedures [3–8], using either generic anatomies
or patient-specific features. Having a virtual representation of the patient-specific case
that allows for these kinds of evaluations would be a great step forward in improving
individual treatments [3,9,10].

This approach evokes the so-called “digital twin”, which is nowadays well established
in industry where it is used to indicate a virtual representation of a physical product,
such as an engine or an aerospace vehicle. A digital twin is developed to monitor real-time
the product and obtain virtual insights and data for the optimization of design or control
processes [11]. The concept of the digital twin was recently introduced in the biomedical
context and, with particular interest for the current work, in interventional cardiology,
where the development of a digital twin can improve clinical decisions, specifically sup-
porting disease diagnosis, guiding treatments, or evaluating prognosis [12]. Some virtual
representations of patient-specific cases have already reached clinical adoption. A remark-
able example is the HeartFlow FFRCT Analysis (HeartFlow, Redwood City, CA, USA),
which through clinical measurements generates patient-specific 3D models of blood flow
across the diseased coronary arterial tree to calculate clinically relevant diagnostic indexes
(the fractional flow reserve) [13]. However, virtual representations involving clinical data
seem partially inconsistent with typical features of the industrial-use digital twin: indeed,
continuous data acquisition and real-time interaction between physical objects and virtual
models cannot be achieved in most cases.

Another crucial aspect to consider when developing a virtual representation is the
reliability of numerical results, which must be guaranteed by the employment of an appro-
priate validation strategy of the numerical models. Most of the literature studies concerning
the modeling of stent deployment in coronary arteries focused on the development of vir-
tual scenarios to compare the performance of different devices or clinical procedures, often
not adequately supported by the validation of the models employed. Validating a stent
deployment model that involves a patient-specific case implies acquiring patient data, simu-
lating the treatment, and then comparing the in silico outputs with the clinical observations.
Only a very limited number of scientific works replicated a clinical case of coronary stent
deployment, exploiting information available from in vivo images, and tried to compare,
at least qualitatively, the simulation outcomes with data from real clinical studies [3,7].

When approaching the simulation of patient-specific coronary stenting, one of the main
difficulties is in the modeling of the artery, which unlike devices and clinical procedures to
be replicated, is always affected by unavoidable uncertainties. Indeed, although the in vivo
image processing allows the 3D reconstruction of the arterial patient-specific anatomy
and plaque components distribution, average mechanical behaviors from literature data
have to be assumed for the various vessel components as their measure in vivo on the
patient is impossible. Different models were proposed in the literature for the arterial
mechanical behavior, ranging from complex constitutive models [14], suitable for idealized
geometries, to simpler phenomenological models, more easily applicable to patient-specific
geometries [3,7,8]. A further aspect is to be considered when modeling the mechanical
behavior of in vivo coronary artery, namely the vessel pre-stretching and pressurization
under physiological conditions. Although the geometry derived from clinical images is
representative of an in vivo stressed configuration, this is generally not accounted for in
the arterial modeling, and the constitutive parameters of material models are based on
experimental tests performed on unloaded layers of coronary tissue [3–5,7,8,15,16].
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For these reasons, this paper focuses on the definition of a smart methodological
approach for modeling patient-specific coronary arteries to be used for a virtual represen-
tation of coronary stenting. Furthermore, the study aims to evaluate the model reliability
by quantitative comparison with clinical data collected immediately after the stenting
treatment. Specifically, the arterial models were developed based on patient-specific clinical
images. Their mechanical behavior was described adopting a phenomenological model,
capable through a simple and effective method of accounting for the plaque heterogeneity
and in vivo condition of the coronary artery. The availability of two clinical cases with
detailed information on the procedure and in vivo images pre- and post-stent deployment
allowed a faithful replication of the treatment and quantitative comparison between model
results and clinical data. The final goal of this work is to allow the use of virtual repre-
sentation of coronary stenting as a tool for aiding clinical decisions, supported by a new
conceptualization of the digital twin in the biomedical field.

2. Materials and Methods
2.1. Finite Element Model of Patient-Specific Coronary Arteries
2.1.1. From the Clinical Images to the 3D Reconstruction

An ad hoc methodology was implemented for the accurate reconstruction of the artery
and plaques from OCT (St. Jude Medical, Inc., Saint Paul, MN, USA) images. For the
lumen detection, the following process was applied: (i) pre-processing; (ii) guidewire
removal; (iii) bilateral filtering application to smooth out any residual noise and enhance
the lumen border; and (iv) application of a fast marching algorithm, for the lumen extraction.
For the segmentation of the outer border, the methodology was based on the detection
of the sharp transition effect between bright areas representing the tissue to dark areas
representing background pixels. The first step was the bilateral filtering of the OCT frame.
Next, standard deviation filtering of each image on a 11 × 11 neighborhood was performed.
The final step of the methodology was to apply Frangi’s vesselness filter [17] on the image
of the standard deviation. It allowed finding the outer border corresponding to the external
elastic lamina (EEL), the tissue that divides the media and the adventitia.

For the characterization of the different plaque types, a new methodology was de-
veloped, that is based on deep learning techniques and specifically convolutional neural
networks (CNN). More specifically, a convolutional neural network was trained to identify
4 different types of plaques from OCT images (calcified plaque (CA), fibrous tissue (FT),
lipid tissue (LT), mixed tissue (MT)), as can be seen in Figure 1b. The plaque characteri-
zation step was executed right after the extraction of the lumen and borders because the
methodology needs the definition of the region of interest (ROI) of the tissue where the
neural network is applied and trained. For the sake of completeness, it should be pointed
out that the CNN generates predictions for five classes: four classes representing the four
plaque types (CA, FT, LT, MT) and one class (background (BK)) representing the rest of
the pixels, e.g., catheter shadow pixels, healthy tissue pixels. The process includes the
following steps: (i) determination of the ROI; (ii) patch cropping of the ROI; (iii) feeding
the patches to the CNN; (iv) CNN outputs the inference in the form of probability scores
for each class.
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Figure 1. OCT images were used for the reconstruction of the patient-specific artery and plaque:
(a) good OCT image quality was required both for the reconstruction of the artery from the OCT
pre-treatment images and for the quantitative comparison of the OCT post-treatment lumen areas and
model results; (b) a CNN was used to characterize the plaque types (calcified plaque (CA), fibrous
tissue (FT), lipid tissue (LT), mixed tissue (MT)) from patient OCT images.

Following the segmentation of the inner and outer borders and plaques, the extrac-
tion of the 2D centerline and borders of the targeted portion of the artery on two angio-
graphic projections (X-ray Biplane Angiographies, Philips Allura Xper) was performed [18].
Next, the 2D dimensional data from both views were combined to obtain the 3D centerline
path. By combining the 3D centerline path information (i.e., vessel curvature and torsion)
obtained from X-ray Angiography with the cross-sectional data obtained from OCT, geo-
metrically correct 3D models of the artery and plaques were obtained. The process can be
summarized as follows: (i) extraction of the 3D centerline path from biplane angiographies;
(ii) segmentation of OCT frames to obtain 2D locations of lumen/wall/plaques; (iii) map-
ping of the 2D frames on the catheter path; (iv) calculation of the relative catheter twist;
(v) calculation of the absolute frame orientation; and (vi) visualization or quantification of
the 3D models.

2.1.2. Discretization of the 3D Reconstructed Geometries

The reconstruction method generated two 3D surfaces in .stl format: the inner surface
(i.e., the surface representing the artery lumen) and an external surface (corresponding
to the external elastic lamina (EEL)). The EEL surface was taken as a reference for the
identification of the artery tissue layers, namely the diseased intima, the media, and the
adventitia. The thickness of media and adventitia was related to the EEL mean diameter
with two coefficients, α = 0.0890 and µ = 0.0838, whose values were identified based on the
literature work by Holzapfel et al. (2005) [19]:
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tADVENTITIA = α·DEEL (1)

tMEDIA = µ·DEEL (2)

where tADVENTITIA and tMEDIA stands for the thickness of the two artery layers and DEEL
corresponds to the EEL mean diameter. The surfaces representing the internal elastic lamina
(IEL), i.e., the interface between the intima and the media, and the outer surface of the
adventitia were obtained as offsets of the EEL surface: an internal offset with thickness
value equal to tMEDIA was used to generate the IEL, while the outer surface was obtained
with an external offset with a thickness value equal to tADVENTITIA. In this way, it was
possible to identify the three volumes representing the artery layers: the adventitia between
the outer surface and the EEL, the media between the EEL and the IEL, and the diseased
intima between the IEL and the lumen surface. Each layer was meshed with hexahedral
elements through ANSA Pre Processor v20.0 (BETA CAE Systems, Root, Switzerland)
and, to have an almost homogeneous dimension of the elements, two elements were
considered in the thickness of both the adventitia and the media, and four elements for the
diseased intima.

In addition to the identification of the lumen and the EEL surfaces by the 3D reconstruc-
tion method, it was also possible to detect the presence of four different plaque components
and each of them was associated to point clouds in which each point was described by its
three spatial coordinates. Since from the point of view of the mechanical behavior, signifi-
cant differences were identified only between lipidic, calcified, and a generic plaque [20]
(i.e., without a specific predominance of plaque components), in this work, it was decided
to consider only CA and LT position data for modeling mechanical behaviors other than the
generic plaque. Before coupling this information with the meshed artery, spatial filtering
was applied to eliminate isolated points and other artifacts that would lead to an unrealistic
representation of these tissues. Then, a Matlab script was employed to identify in which
elements of the diseased intima each point was located. The strategy adopted for plaque
modeling was based on the prevalence of identified plaque points within the element. Each
element was considered as calcified plaque, lipid plaque, or generic plaque according to
the following rule: the mesh element was described as a generic plaque if it had less than
two points inside or, in case of two or more points inside, if there was not a prevalence of at
least 70% of the points belonging to one of the two types. Otherwise, the mesh element
was considered to belong to the plaque type to which at least 70% of the points inside the
element belonged.

2.1.3. Mechanical Description of the Different Considered Tissues

For the mechanical description of coronary artery layers, the literature proposes com-
plex constitutive models based on fiber reinforcement and able to replicate the anisotropic
behavior of real tissues [19]. However, when modeling patient-specific reconstructed
arteries, this approach is rarely applied and simpler models are generally preferred.
In agreement with other literature works [16,21,22], for this application, the artery was
described with an isotropic material model based on the circumferential behavior of
real tissues.

To describe the media and adventitia layers, the following 6th order reduced polyno-
mial strain energy density function (Equation (3)) was adopted:

U = C10
(

I1 − 3
)
+ C20

(
I1 − 3

)2
+ C30

(
I1 − 3

)3
+ C40

(
I1 − 3

)4

+C50
(

I1 − 3
)5

+ C60
(

I1 − 3
)6 (3)

where U is the strain energy per unit of the reference volume, I1 is the first deviatoric strain
invariant, and Ci0 are the material parameters.
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When patient-specific vessel anatomies are reconstructed based on in vivo clinical
images, the stretched and pressurized vessel configurations are involved, whereas the exper-
imental tests performed to obtain material data and derive constitutive model parameters
are usually carried out on unloaded specimens of the tissue layers. To comprehensively
model the mechanical behavior of the artery, it would be necessary to identify by inverse
analysis the unloaded geometry of each coronary artery reconstructed from in vivo im-
ages [23]. As an alternative to a time-consuming inverse analysis, however, to obtain
a correct description of the mechanical response of in vivo coronary arteries, a suitable
strategy was developed and explained as follows (Figure 2). An idealized coronary artery
was modeled as a hollow cylinder with a lumen diameter equal to 2.7 mm, and the artery
wall was divided into adventitia and media with 0.34 mm and 0.32 mm of thickness, respec-
tively, according to the proportions reported in the literature [19]. The intima layer was not
considered in the model since, generally, a healthy intima layer is 1 µm thick, and hence,
its contribution to the load-carrying capability was assumed as negligible [24,25]. The fiber-
reinforced models of Cilla et al. (2012) [14], calibrated on the experimental data obtained by
Holzapfel et al. (2005) [19] in the circumferential and longitudinal directions of unloaded
specimens of adventitia and media, were used in this study on the idealized artery as
reference for the description of the mechanical behavior of both layers. An axial stretch
equal to 4.4% of the vessel length and internal pressurization of 100 mmHg were applied
to the idealized artery to mimic the in vivo status [19]. Then, the internal pressure was
increased up to 600 mmHg to gain the stress-strain relation of the artery tissues beyond
the physiological range (Figure 3). For both the adventitia and the media, the circum-
ferential stress-strain relation highlighted by the simulation was used for deriving the
constitutive parameters of Equation (3) (i.e., the equivalent isotropic model) considering
the configuration after axial stretching and physiological pressurization as the unstressed
condition. The fitting of the circumferential stress-strain relations of the two tissues led
to the identification of the parameters of Equation (3) reported in Table 1. In this way,
the equivalent isotropic model results to be already representative of an in vivo mechanical
behavior allowing the description of the patient-specific arteries reconstructed based on
in vivo clinical images. To verify the strategy and, in addition, the choice of calibrating the
two isotropic material models on only the circumferential behavior of the arterial tissues,
pressurization simulations of idealized diseased arteries were performed. Specifically,
for the validation of this methodology, it was chosen to extend the comparison between
isotropic and fiber-reinforced modeling to different sizes of the idealized artery considering
a variation of ±0.5 mm to the 2.7 mm healthy lumen diameter (before pre-stretching and
pressurization) used for the calibration of the material model parameters.

Table 1. Material models of adventitia and media: summary of the parameters of the 6th order
reduced polynomial strain energy density function (Equation (3)) calibrated to fit the circumferential
stress-strain curves of the fiber-reinforced model considering the in vivo status configuration as
zero-condition.

C10 C20 C30 C40 C50 C60

Adventitia 2.60× 10−1 4.76 × 101 −4.09 × 103 5.29 × 105 −2.69 × 107 5.65 × 108

Media 7.29× 10−2 3.71 × 100 −1.56 × 102 9.18 × 103 −2.61 × 105 2.91 × 106

In addition, a pathological state of the vessel was considered for each of these three
vessel-size configurations, with the inclusion of a generic plaque layer (modeled as de-
scribed below) such as to give a stenosis of 50% relative to the healthy lumen (Figure 4).
The results of the pressurization simulations in terms of inner diameter were compared
with those obtained with the fiber-reinforced models, as shown in Figure 4: the percentage
error was always below 2%.
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Figure 2. Schematic representation of two potential methods to account for the mechanical behavior
of in vivo arterial layers as the experimental data to be associated with the reconstructed in vivo
geometry are derived from testing unloaded specimens. On the left is shown a simplified scheme
describing the rationale for identifying the unloaded geometry to be used with the experimental
material data: by inverse analysis, the unloaded geometry is iteratively estimated from the geometry
reconstructed from the in vivo images. On the right, an alternative, simpler method is proposed:
through simulations on an idealized arterial geometry of the artery, the working point corresponding
to the in vivo status was identified in the experimental material data for the extrapolation of the
in vivo mechanical behavior.
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starting from the unloaded configuration (F). On the right are the simulation results in terms of
lumen diameter versus the applied pressure increment beyond the physiological pressure value of
100 mmHg.

Once calibrated the elastic properties of the adventitia and the media (i.e., the hyper-
elastic model described by Equation (3), the softening of the mechanical response of the
two artery tissues due to damage when subjected to high strains was phenomenologically
represented by introducing a plastic behavior into the material model [3,21]. Specifically,
a bilinear plastic hardening was adopted, in which upon reaching a certain strain value,
the initial plastic stiffness is halved. The plastic parameters of the adventitia and the media
are listed in Table 2.

Table 2. Plastic parameters for the adventitia and the media. The stress value corresponding to null
plastic strain indicates the yielding stress.

Artery Tissue Plastic Strain (−) Plastic Stress (MPa)

Adventitia
0 1.60

0.07 2.30
0.40 4.00

Media
0 0.70

0.07 1.10
0.40 2.00

Concerning the plaque, the literature states that the mechanical properties of atheroscle-
rotic coronary tissues are similar to those of the carotid [20]. A great variability in the
stiffness values was observed: from 30–40 kPa [26] to 2 MPa [27], from 4 MPa [28] to
50 MPa [20], and from 10–20 kPa [26] to 0.5–1 MPa [29], respectively for generic plaque,
calcified plaques and lipid plaques. Among these data, average stiffness values were
chosen to describe the elastic behavior of the three plaque types. Neo-Hookean hyperelastic
models were adopted for the generic and the lipid plaques, while the stiffer behavior of the
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calcified plaque was described with a linear elastic model. Both the generic plaque and the
lipid plaque were assumed to be incompressible, hence the form of the neo-Hookean strain
energy potential becomes:

U = C10
(

I1 − 3
)

(4)

where C10 is a material parameter, while U and I1 are the strain energy per unit of reference
volume and the first deviatoric strain invariant, respectively. Differently, a compressible
behavior with Poisson’s ratio equal to 0.3 was chosen for the calcified plaques. Adopting
the same strategy used for the mechanical description of the adventitia and the media,
the potential damage of the different plaque components was represented with plastic
models. In this case, ideal plasticity was selected: once the plastic field is reached, the stress
remains constant at the yielding value despite the increase in plastic strain. The yielding
values were selected based on the experimental data reported in Loree et al. (1994) [27].
Table 3 summarizes the material parameters of the three plaques.

Table 3. Summary of the material models and parameter values adopted for the mechanical descrip-
tion of the generic plaque, the lipid plaque, and the calcified plaque. For each plaque type, an ideal
plastic behavior was adopted.

Plaque Type Material Model Material Parameters Compressibility

Generic Plaque Neo-Hookean
Hyperelastic-Plastic

C10 = 150 KPa Incompressible
σyield = 400 KPa

Lipid Plaque Neo-Hookean
Hyperelastic-Plastic

C10 = 13.3 KPa Incompressible
σyield = 70 KPa

Calcified Plaque Linear Elastic-Plastic
E = 44 MPa Compressible,

υ = 0.3σyield = 480 KPa

2.2. In Silico Replication of the Treatment of the Two Patient-Specific Cases

Two patient-specific cases were selected within prospective clinical studies conducted
by the University of Ioannina. The clinical study protocol conformed to the Declaration
of Helsinki and was approved by the institutional ethics committee. All patients gave
written informed consent. The selection of the clinical cases for this scientific work was
based on specific requirements to limit the uncertainties of the model inputs. Specifi-
cally, concerning the artery, both pre-treatment clinical images for geometry reconstruction
and post-treatment clinical images for comparison with FEA outcomes were required,
with good image quality. In addition, it was essential to have detailed information about
the clinical procedure to be able to faithfully replicate the treatment in silico. To further
limit the uncertainties on the inputs, on the side of the devices used in the treatment,
only clinical cases involving the SYNERGY™ Bioabsorbable Polymer Everolimus-Eluting
Platinum Chromium Coronary Stent (Boston Scientific, Marlborough, MA, USA) were
chosen, whose virtual model (Figure 5) was already validated in recent studies of the
authors [10,30]. The two selected clinical cases, henceforth identified as Case A and Case B,
which complied with the above requirements, were representative of two different levels of
complexity in terms of the treatment site and the performed clinical procedure. Case A was
characterized by a relatively short lesion section far from coronary bifurcations, while Case
B was affected by a longer lesion involving a coronary bifurcation whose treatment required
the implantation of two partially overlapped stents. However, since in Case B the clinical
procedure did not include the treatment of the bifurcation side branch, it was not needed
to reconstruct the side branch, but only the ostium presence was accounted for (Figure 6b).
Regarding the clinical procedure, Case A required only two steps: a pre-dilation of the
stenotic lumen through balloon angioplasty followed by the stent implantation. The NC
Solarice™ (Medtronic, Dublin, Ireland) balloon 2.50 mm × 15 mm (i.e., nominal diameter
2.50 mm and length 15 mm) was inflated up to 12 atm during angioplasty, while the stent-
ing step involved the implantation of a SYNERGY™ stent 3.00 mm × 16 mm, at 14 atm.
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Case B, on the other hand, required a more complex procedure: the treatment included an
angioplasty step with the inflation of NC Solarice™ balloon 2.50 mm × 27 mm at 14 atm,
a first stenting step with distal SYNERGY™ stent 2.75 mm × 20 mm implantation at 12 atm,
a second stenting step with proximal SYNERGY™ stent 3.00 mm × 28 mm implantation at
14 atm partially overlapping the previous stent and finally a post-dilation of the proximal
stent with an NC Solarice™ balloon 3.50 mm × 20 mm at 16 atm. The comparison between
Case A and Case B is summarized in Table 4.

Table 4. Clinical details of the two cases selected for this work.

Clinical
Case

Lesion
Length

% Diameter
Stenosis

Procedure
Step 1

Procedure
Step 2

Procedure
Step 3

Procedure
Step 4

Case A 16 mm 60% Angioplasty Stenting - -

Case B 46 mm 69% Angioplasty Stenting 1 Stenting 2 Post-dilation
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crimping simulation.

To have an accurate in silico replication of the two patient-specific cases, it was needed
to have reliable models of the devices employed in the treatment. The collaboration with
Boston Scientific Limited (BSL) within the InSilc project allowed the development of SYN-
ERGY™ stent models starting from the knowledge of the correct material properties and
geometries of the different device sizes. Some samples of the complete delivery system
(provided by BSL) were used for in vitro testing to validate the stent and balloon models.
Specifically, the virtual model was validated against free expansions, uniaxial tensile tests,
and confined expansion tests. The description of the numerical model development and
validation is reported in a recent study of the authors [10]. For NC Solarice™ balloon
modeling, as done for the SYNERGY™ balloon, a multi-wings geometry and hyperelastic
material behavior were chosen to ensure the achievement of the correct expanded diameters
with respect to the inflation pressure [10,31,32]. Based on the knowledge of the balloon
compliance charts, a specific model was made for each balloon involved in this study.
Components such as the catheter and the guidewire play a marginal role in achieving the
final configuration of the treated artery and, therefore, it was decided to neglect their mod-
eling and to replicate only their effects within the simulation of the treatment. Numerical
simulation of stent crimping was required before in silico replication of the artery treatment
procedure. The action of the crimping machine was reproduced by a radial displacement of
16 rigid planes placed circumferentially around the stent and balloon [10,31,33]. The radial
displacement of the planes was set to give a crimped stent representative of the real device
in terms of outer diameter after the elastic recoil [10].
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Each of the different procedures involved in the treatment of the two patient-specific
cases consists of a sequence of three main steps: (i) positioning of the device (stent crimped
on balloon or balloon alone for angioplasty or post-dilation) at the target site; (ii) balloon
inflation, and (iii) balloon deflation. The reliability of the numerical method for in silico
replication of these steps was evaluated in a previous study by comparison with in vitro de-
ployment tests in deformable mock vessels [30]. For the device positioning, it was decided
not to accurately reproduce the insertion of the catheter inside the artery, but to adapt the
device to the vessel curvature directly at the target site. Specifically, the device deformation
was driven by an external cylinder, at which nodes displacement conditions were applied
to align the cylinder axis with the vessel centerline. As the information on the artery stented
region was only available from post-treatment OCT images, to identify the position of the
stent in the pre-treatment geometry, an association between the pre- and post-treatment
images was required through the identification of landmarks. Moreover, the balloon po-
sition with respect to the artery or stent was replicated as faithfully as possible based
on the information provided by the clinician. The balloon inflation step was performed
by applying to the inner surface of the balloon a progressive increase of pressure up to
the maximum value reached during the patient-specific clinical procedure. Displacement
constraints were imposed on the balloon extremities to replicate the attachment of the
balloon to the catheter. Similarly, for the balloon deflation step, a progressive decrease in
the inner pressure was applied to the balloon. Throughout the whole treatment simulation,
the terminal sections of the artery model were kept fixed. However, to limit potential
boundary effects, a vessel portion longer than the area to be treated was considered in the
artery model. All the numerical simulations were performed using the commercial code
Abaqus 2019 (Dassault Systemes, SIMULIA Corp., Johnston, RI, USA). Consistently with
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other literature works [3,7,30], due to the high nonlinearities involved in the simulations,
the explicit solver was exploited, ensuring the quasi-static regime.

The comparison between the FEA prediction and the clinical outcomes recorded
for the two patients was focused on the analysis of clinically relevant quantities such as
lumen reopening and the correct apposition of the stent to the vessel wall. For the lumen
reopening, it was decided to make a comparison in terms of the lumen area values along
the entire stented section of the artery. For the clinical comparator, data on lumen areas
were extracted from OCT images recorded pre- and post-treatment. Accounting for the
distance between OCT slices, derived from the catheter pullback rate, the lumen area
trend as a function of the vessel’s axial coordinate was reconstructed. Similarly, for the
simulation results, it was decided to section the 3D geometry with multiple cuts orthogonal
to the vessel centerline to get the lumen area trend to be compared with the clinical data.
Concerning the apposition of the stent to the vessel wall, both OCT and FEA slices were
analyzed to identify potential regions where stent struts were not well apposed to the wall.

3. Results

Starting from the clinical images of the two patients, the sections of interest of each
coronary artery were 3D reconstructed and meshed according to the rules defined in
Section 2.1. The identification of plaque components suggested in the stented region a
relevant presence of lipid plaque for case A with a volume percentage of 36% with respect to
total plaque volume, compared with 14% of case B. For both cases, the calcified plaque was
identified in localized spots with a volume percentage of less than 2%. The reconstructed
geometry with the spatial distribution of the modeled artery components is shown in
Figure 6 for both cases.

The coronary artery models were evaluated, replicating the clinical treatments of Case
A and Case B. The FEA results related to Case A are shown in Figure 7. As can be seen
from the 3D artery section at the end of treatment, in the numerical simulation, the stent
deployment was able to reduce the stenosis. The slices of the stented artery region, made
by cuts orthogonal to the vessel centerline (Figure 7b), allowed the quantification of the
lumen area for comparison with the clinical data. Figure 7c shows the values of lumen area
as a function of the location along the vessel centerline. The post-treatment area derived
from OCT images appears to be adequately estimated by FEA: a good fit between the graph
curves can be seen along the whole stented region. Similarly, for Case B, starting from the
3D artery geometry at the end of treatment (Figure 8b), the area values estimated with FEA
were compared with the clinical data. Figure 8a shows the good predictive capability of the
model in assessing the area values achieved in post-treatment configuration, despite some
local inaccuracies. As Case B involved a bifurcation in the stented region, the area affected
by the bifurcation was not considered in the lumen area comparison. In both cases, a good
apposition of the stent to the vessel wall along the entire stented region was predicted by
the simulation, consistent with what was observed in post-treatment OCTs.
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Figure 7. Numerical simulation results for the replication of Case A: (a) the geometry of artery
section and stent at the end of clinical treatment; (b) slices orthogonal to the lumen centerline of
the stented artery region used for lumen area measurements; and (c) graph of the lumen area as a
function of the centerline coordinate with the curves related to the clinical data deduced from pre-
and post-treatment OCTs and the FEA results.
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4. Discussion

Concerning the artery reconstruction involved in the virtual representation of coronary
stenting, since an image-based method was employed from start to finish, the quality of
the resulting 3D models depended largely on the quality of the used images (Figure 1a).
The 3D reconstruction and plaque characterization tool allows the automatic extraction
of lumen and media outer border. One main problem in order to develop a 3D model
using an OCT image was the extraction of the outer border of the adventitia layer. Due to
the limited penetration depth of light, which is a characteristic of OCT, the adventitia
outer border could not be consistently visible except in healthy or minimally diseased
segments. Therefore, assumptions from the literature regarding the thickness of the layers
were required. Another issue in implementing this image-based method was the noise
of the image. Indeed, in many cases, blood artifacts existed inside the lumen, creating
shadows and hiding the tissue morphology. The use of first- and second-generation wavelet
filtering instead of bilateral filtering might be an improvement in reducing noise in the
image [34,35].

The identification in a stress-strain diagram of the in vivo working point of the media
and adventitia layers (Figure 3) turned out to be a fundamental aspect in modeling the
mechanical behavior of the layers. Indeed, if the choice was made to assign mechanical
properties derived from tests on unloaded specimens directly to the in vivo reconstructed
geometry of the artery as usually done in the literature, an underestimation of the layer
stiffness would have resulted. In view of having a reliable but quick modeling of the
patient-specific artery, the method developed to account for the artery in vivo status proved
to be a good choice when compared with the need for an iterative process of inverse analysis
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to identify the unloaded geometry. Indeed, looking at outcomes of clinical interest such as
the lumen opening under pressure loading, the comparison shown in Figure 4 between an
isotropic model with as zero-configuration the in vivo status and a fiber-reinforced model
accounting for the real stress state shows a good match of results. This showed how it is
possible to develop a suitable phenomenological approach that replicates the performance
in terms of circumferential mechanical response.

The identification in a stress–strain diagram of the in vivo working point of the media
and adventitia layers (Figure 3), turned out to be a fundamental aspect in modeling the
mechanical behavior of the layers. Indeed, if the choice was made to assign mechanical
properties derived from tests on unloaded specimen directly to the in vivo reconstructed
geometry of the artery as usually done in the literature, an underestimation of the layer
stiffness would have resulted. In view of having a reliable but quick modeling of the
patient-specific artery, the method developed to account for the artery in vivo status proved
to be a good choice when compared with the need for an iterative process of inverse analysis
to identify the unloaded geometry. Indeed, looking at outcomes of clinical interest such
as lumen opening under pressure loading, the comparison shown in Figure 4 between an
isotropic model with as zero-configuration the in vivo status and a fiber-reinforced model
accounting for the real stress state shows a good match of results. This showed how it is
possible to develop a suitable phenomenological approach that replicates the performance
in terms of circumferential mechanical response.

The effectiveness of this modeling approach, coupled with the identification of mesh
elements to be described as generic plaque, calcific plaque, or lipid plaque depending
on what was observed from clinical images, was assessed by simulating the treatment
procedure of two patient-specific arteries. The choice of cases on which to perform these
assessments fell on two patients treated with clinical procedures of different complexity
level: from a simple angioplasty followed by stent implantation (Case A) to an angioplasty
followed by the deployment of two partially overlapped stent and completed by a final
post-dilation (Case B). In addition, thanks to previous works by the authors [10,30] val-
idating the models of the stents involved in both treatments and the numerical strategy
for deployment simulation, it was possible to limit the uncertainties associated with the
virtual representation of the two cases for a more accurate assessment of the patient-specific
artery modeling.

The comparison of the results obtained by simulating stent implantation with what
was observed on post-treatment clinical images demonstrated the efficiency of the devel-
oped artery models. When performing this assessment, it is necessary to take into account
the uncertainties that affect both the simulation and the comparator. Indeed, the recon-
struction process is potentially conditioned by the presence of artifacts that could lead to
the generation of a reconstructed geometry very similar but not perfectly superimposable
to the real artery. Therefore, given the uncertainties that affect both numerical results
(uncertainties in vessel reconstruction) and in vivo data (uncertainties in segmentation of
the post-treatment images), the results are to be considered in good overlap in both clinical
cases. A phenomenological description of the artery is therefore reasonable when the goal
is to analyze quantities such as lumen reopening after stent implantation.

A further aspect that the model allows to evaluate is the apposition of the stent to
the vessel wall, which information can be hardly accessible in common clinical practice.
In both the patient-specific cases, the virtual model predicted complete stent apposition to
the vessel wall in accordance with post-treatment OCTs. Although no stent malapposition
was directly encountered in these clinical cases, it is expected that the model would be able
to predict malapposition risks when present. Moreover, it is believed that the numerical
simulation could represent a tool for the identification of tissue regions with high stretch
and a possible risk of arterial injuries, providing a virtual insight on the treatment outcome.

It is worth noting that for both the patient-specific cases, the same mean literature
values were used for the material model parameters of the arterial and plaque components.
Nevertheless, an accurate patient-specific spatial distribution of the plaque components
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was accounted for, as well individual values for media and adventitia thicknesses were
adopted. The satisfactory simulation results indicate that the plaque features and the
wall thickness are the main determinants of arterial stiffness. However, this conclusion
should be verified on a larger number of patients, as the need for fine-tuning of material
parameters in other patient-specific cases cannot be excluded.

The employment of virtual representations of patient-specific treatments like coronary
stenting to be able to provide virtual insights on the treatment outcome recalls the industrial
concept of the digital twin. In its classical meaning, a digital twin is a virtual model fed
by sensors placed on the physical system, which allow its real-time monitoring; in turn,
the digital twin produces virtual insights and data, which would be impossible to obtain
through direct observation of the real object. In the biomedical context, we can figure
out two different concepts for defining a digital twin. The first one, very similar to the
original definition, can be applied to implantable active devices such as insulin pumps
or pacemakers. These are components where the implant phase is not critical, while it
could be important to adapt their functioning according to the patient response. Hence,
they could be potentially monitored by continuous data acquisition, allowing real-time
interaction with a digital twin (of both the device and the physiological system of interest)
and better control. Regarding the second application of digital twin in a biomedical
context, when a clinical treatment involving the interaction of a device with the biological
structure is computationally modeled (e.g., a stenting procedure), the classical definition
needs to be partially reformulated. Indeed, when a continuous acquisition by sensors is
impossible, the interaction between reality and virtual model can only occur at discrete and
limited times. Furthermore, the data required as input by the model usually involve a 3D
description of the biological counterpart rather than simple clinical measures. This is the
case of interventional cardiology (but also for orthopedic prosthesis implantation), where
patient’s data for a potential digital twin can be acquired only through clinical images
collected before, during, and after treatment. In this context, the digital twin should be
considered as an in silico tool that integrates clinical data acquired at suitable times and
uses simulation results to support clinical decisions.

As already mentioned, some computational models based on patient images currently
exist with specific reference to coronary diseases [13], which are exploited for performing
hemodynamic simulations and guiding the disease diagnosis. In these cases, the images
(coronary computed tomography angiography, CCTA) are acquired non-invasively and the
times needed for model implementation and simulation execution (hours) are compatible
with the clinical activity: hence, the computational model can be considered as a digital
twin, which is informed by clinical images and measurements (the sensors), and is able to
interact with the real system (the clinics) by indicating to the clinicians whether a coronary
stenosis has to be treated or not.

Although the clinical conditions are quite different, a digital twin can also be the
virtual representation of a coronary stent deployment as that described in this study, which
however requires methods for the patient-specific artery reconstruction, nowadays based
on catheter-based imaging techniques such as optical coherence tomography (OCT) or
intravascular ultrasound. Considering that these clinical images, due to their invasiveness,
can be acquired only during the surgical procedure in which the stent is implanted, it is
obvious that the current computational times (some hours for FEA) are not compatible
with the clinical needs and that the use of a digital twin for supporting the treatment (i.e.,
the stenting procedure) is currently unfeasible.

However, a digital twin of coronary stenting based on images collected during the
procedure could be used today for better planning of the patient follow-up, providing
the clinicians with useful information, predictors of the subsequent biological response,
not directly obtainable from the post-treatment images. Finally, by complementing the stent
deployment model simulations with additional hemodynamics, drug release, and stent
degradation (for bioresorbable stents) simulations, a more complete and useful digital twin
of the treatment outcome can be developed.
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5. Conclusions

The good overlap of results obtained from stent deployment simulations compared
to in vivo data demonstrated the effectiveness of the artery modeling method proposed
in this work, as well as the accuracy in mimicking the stenting procedure. In both the
investigated stenting cases, only in some spots there are discrepancies between in vivo and
in silico lumen area measurements, but considering the uncertainties related to the analysis
of clinical images that inevitably affect both the 3D reconstruction of the pre-treatment
artery and the profile of the post-treatment lumen area, the results must be considered
satisfactory. The isotropic material model calibrated on the circumferential mechanical
behavior of the media and adventitia tissues conveniently allowed to account for the
artery in vivo conditions and have good performance when aiming at quantities such as
lumen reopening following stent deployment. It also allows containing the computational
time, which nevertheless remains incompatible with a real-time assessment of treatment
outcome. However, it is believed that the virtual model of the patient-specific stenting
treatment could provide virtual insights about other interesting quantities associated with
the clinical treatment (e.g., wall stresses) towards specific planning of the patient follow-up.
In addition, with the potential exploitation of new non-invasive imaging techniques for
the reconstruction of the patient artery before the surgical act, future application of the
coronary stenting digital twin for treatment planning is not excluded.
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