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Abstract

Plain Language Summary

Background In percutaneous coronary intervention (PCI), the ability to predict post-PCI
fractional flow reserve (FFR) and stented vessel informs procedural planning. However,
highly precise and effective methods to quantitatively simulate coronary intervention are
lacking. This study developed and validated a virtual coronary intervention (VCI) technique
for non-invasive physiological and anatomical assessment of PCI.

Methods In this study, patients with substantial lesions (pre-PCl CT-FFR of less than 0.80)
were enrolled. VCI framework was used to predict vessel reshape and post-PCl CT-FFR.
The accuracy of predicted post-VCI CT-FFR, luminal cross-sectional area (CSA) and
centreline curvature was validated with post-PCI computed tomography (CT) angiography
datasets.

Results Overall, 30 patients are initially screened; 21 meet the inclusion criteria, and 9
patients (9 vessels) are included in the final analysis. The average PCl-simulation time is
24.92 +1.00 s on a single processor. The calculated post-PCl CT-FFR is 0.92 + 0.09,
whereas the predicted post-VCI CT-FFR is 0.90 + 0.08 (mean difference: —0.02 + 0.05 FFR
units; limits of agreement: —0.08 to 0.05). Morphologically, the predicted CSA is

16.36 £ 4.41 mm? and the post-CSA is 17.91 + 4.84 mm?2 (mean difference:

—1.55 +1.89 mm?; limits of agreement: —5.22 to 2.12). The predicted centreline curvature
across the stented segment (including ~2 mm proximal and distal margins) is

0.15+0.04 mm, while the post-PCI centreline curvature is 0.17 + 0.03 mm™ (mean
difference: —0.02 + 0.06 mm*; limits of agreement: —0.12 to 0.09).

Conclusions The proposed VCI technique achieves non-invasive pre-procedural
anatomical and physiological assessment of coronary intervention. The proposed model
has the potential to optimize PCI pre-procedural planning and improve the safety and
efficiency of PCI.

This study aimed to help doctors plan heart
procedures more accurately. A common
treatment is insertion of a stent, which is a
small, mesh-like tube that is inserted into a
blood vessel to keep it open. A computer
simulation tool that can predict how a
patient’s heart artery will look and function
after a stent is placed was developed. It was
tested using scan data from patients and
found that it could closely match real post-
treatment results. The tool was fast, taking
under 30 s to run, and was able to model both
blood flow and artery shape. These findings
suggest that this method could improve how
doctors plan treatments for blocked heart
arteries, making procedures safer and more
effective. In the future, it may help personalize
care and reduce unnecessary risks during
heart interventions.

The observation of fractional flow reserve (FFR) instantly after stent
deployment can be used to evaluate functional revascularization gained
from percutaneous coronary intervention (PCI)". A better prognosis has
been demonstrated for patients with high FFR readings following PCI than
for those with low post-PCI FFR*™, Patients with a post-treatment FFR of
less than 0.90 may be more likely to develop major adverse cardiac events

(MACE) at follow-up, and a higher post-PCI FER is related to better PCI
outcome’”. It has been previously observed that after PCI, approximately
one-third of patients who still have inadequate FFR and angina persists for
20% to 50% of patients®. Additionally, complications of PCI may affect
patient survival and healthcare costs’"'. There is a positive correlation
between patient risk and the procedural complexity of PCI. It is crucial to be
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aware of the potential complications of PCI, such as hemodynamic collapse,
entrapped equipment, dissections, etc.”’. As a result, the development of
intracoronary physiological and accurate stent deployment assessment tools
that help to determine functional revascularization and vessel remodelling
have the potential to improve the efficiency and safety of PCI treatment.

Coronary computed tomography (CT) angiography-based fractional
flow reserve (CT-FFR) is a non-invasive physiologic simulation technique
that models blood flow based on computed tomography angiogram (CTA)
images. As for coronary stenting, research studies on computational patient-
specific coronary stenting have received a significant investment recently"’.
The finite element (FE) method is typically used in coronary structural
investigations and coronary artery bifurcation stenting'*"'". Prior studies
have made substantial contributions to PCI treatment planning, but they are
limited in offering clinical practice assistance in real time. Advanced com-
putational techniques that are able to accurately mimic the morphological
and hemodynamic changes in the coronary artery caused by the stent in real
time are required. One of the solutions is to use virtual coronary intervention
(VCI) tools, which aim to give time-efficient simulations for treatment
plans'®. Pioneered by Heartflow Inc., Redwood City, California, CT-FFR
Planner is, as far as we are aware, among the first tools capable of accurately
predicting post-PCI FFR'. Based on the angiogram, Gosling et al.'® devel-
oped a treatment planning tool which can accurately predict virtual (vVFFR)
with a reasonable computational time. While these studies make significant
contributions to PCI planning, the virtual stenting process is implemented
by employing a cubic spline to adjust the cross-sectional radius. This
adjustment aims to smooth the vessel trajectory based on the dimensions
(diameter and length) of the stent. Consequently, the vessel undergoes
modifications, and post-PCI CT-FFR is calculated based on the newly
created vessel model. There are some limitations in the existing fast coronary
virtual stenting method, as there are not physical-oriented models and the
balloon is not included in the simulation process. The balloon is frequently
used as a pre-dilation, and post-dilation device during the PCI process and it
is used to expand the stent. Besides, vessel-stent interaction can affect the
simulation results depending on various situations. To develop a more
realistic VCI framework, a balloon should be included, and an efficient
contact model should be developed along with the dynamic mesh' to
accurately simulate the balloon expansion process and balloon-attached
coronary reshaping with rapid computation time. Therefore, the overall aim
of this study is to develop a fast VCI technique that provides intracoronary
post-stenting physiological assessment along with anatomical assessment.

This study shows that the patient-specific VCI framework predicts
post-PCI CT-FFR and stent-induced geometric changes with prediction
errors confined to clinically acceptable limits, and completes each simula-
tion in about 25 s on a single CPU. While these findings suggest the method
could aid non-invasive PCI planning.

Methods

This study was approved by the Institutional Review Board of Beijing
Anzhen Hospital Affiliated to Capital Medical University (KS2023090).
Written informed consent was obtained from all participants prior to their
inclusion in the study.

Study design

The patients who presented with mild-to-moderate chest pain at the Car-
diology Department of Beijing Anzhen Hospital Affiliated to Capital
Medical University from January 2021 to March 2021 were included in this
study. During the study period, a total of 30 patients who underwent cor-
onary CTA both before and after PCI were initially considered for inclusion
in this study. However, upon preliminary review, 5 patients were excluded
due to incomplete procedural records—such as missing details on balloon
inflation pressure, stent deployment location, or device specifications—
parameters essential for accurate VCI modeling. An additional 4 patients
were excluded due to the absence of key procedural steps, such as balloon
pre-dilation or post-dilation. Therefore, 21 patients remained eligible for
further evaluation. Among these, patients with pre-PCI CT-FFR greater

than 0.8 (indicating non-severe stenosis), who experienced failed automated
image segmentation, were rejected for post-CT-FFR analysis due to issues
primarily related to poor vessel segmentation (such as vessel disconnection).
The patient enrollment and exclusion pathway is detailed in Supple-
mental Fig. 1.

9 patients with substantial lesions determined by pre-PCI CT-FFR of
less than 0.80 were considered for further study. The patient characteristics
and vessel-specific characteristics are shown in Supplemental Table 1. The
virtual balloon and stent expansion processes are integrated with flow
analysis to create the VCI framework, a tool that, as far as we are aware, is the
first to realistically model the PCI procedure and predict post-PCI CT-FFR
while accounting for lumen changes (Fig. 1). This computational method
includes 5 steps, aiming to achieve both non-invasive physiological assess-
ment and detailed anatomical assessment for PCI. The VCI framework has
the potential to provide risk evaluation for PCI procedures.

Coronary CTA image acquisition, automated geometry recon-
struction and post-processing

CTA datasets before and after PCI were obtained using a dual-source CT
scanner (SOMATOM Definition Flash, Siemens, Germany). The images
were acquired with an injection of 70-90 ml of contrast and 50 ml of saline
chaser; a threshold of 80 HU; rotation speed of 500 ms; collimation of 64;
slice thickness of 1.0 mmy; pitch of 1.0; voltage of 100 kV; and current of
200-350 mA. CCTA images were processed using the CoronaryDoc soft-
ware (ShuKun Technology, Beijing), which applies deep learning techniques
for vascular segmentation, stenosis detection, and the generation of curved
planar reformation (CPR) and volume rendering images. Vascular seg-
mentation was performed using an enhanced three-dimensional (3D)
U-Net architecture, incorporating a Bottle-Neck model and a progressive
iterative prediction network'®, as shown in Fig. 2a. Subsequently, a hybrid
method combining a 3D segmentation neural network and a one-
dimensional sequential verification approach was applied to MPR and
CPR images to detect stenosis. All reconstructions were carried out by a
clinician experienced in interpreting CT images and reviewed by a vascular
surgeon.

The balloons were computationally generated within the VCI frame-
work in their crimped state, while the stents were modeled based on
manufacturer-provided nominal dimensions to ensure accuracy. These
structures are illustrated in Fig. 2b, e. A detailed overview of the virtual fast
pre-operative process, including balloon folding, pleating, and stent
crimping, is provided in Supplemental Fig. 2.

VCI technique

Theoretical framework. The VCI technique based on the dynamic mesh
is used to model the vessel-stent and stent-vessel interactions. The con-
cept of the dynamic mesh, first introduced in the 1990s", is considered
the earliest and most classic physical model to have been proposed and
applied. In the VCI technique, the models are discretized into particle
systems that are linked with fictitious mass, damping, and stiffness
elements™. The force acting on the spring element obeys Hooke’s law.
The movement of this dynamic mesh obeys the motion equation of
dynamic equilibrium, as shown in the equation below:

Fint+Fext = ma (1)

where F,, is the internal force and F,,, is the external force, m is the mass of
each vertex V;, a is the acceleration caused by forces F; and F,,. The
internal force is the resultant force caused by spring and damper. The
external force corresponds to the contact force of different models, the
internal pressure of the balloon and damping force (Fpgupine = —DV),
where D is the system damping coefficient and it is set to 0.9. Such a
damping force and damping coefficient (0.9) are frequently used in virtual
stenting applications (such as in the work by*"*).

The Euler method can be applied to compute the force applied to the
vertex V; at any given time t. The fundamental equation of dynamics can
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Step 1: CCTA based 3D coronary
rendering and model segmentation

Risk evaluation
Clinical decision making
Training & Education

Device design & Manufacture

Step 5: Calculate Post - PCI FFR
based on newly created coronary
artery model from Step 4

Fig. 1| Workflow of patient-specific computational virtual coronary intervention
(VCI) framework, overall steps required for the calculation of post-PCI CT
fractional flow reserve (CT-FFR) and risk evaluations. The coronary artery model
was 3D reconstructed (Step 1 and 2) based on coronary computed tomography
angiogram (CCTA). The coronary model are meshed and assigned with patient-
specific boundary conditions based on CCTA imaging (Step 3). The computationally

p
Step 2: 3D reconstructed coronary Step 3: Calculate Pre - PCI FFR
model

based on coronary model

“

Step 4: Stent-attached balloon
deployment and expansion simulation

created balloon and stent are positioned in the region of vessel lesion (Step 4). Based
on dynamic mesh, the stenting process is performed computationally. The newly
created coronary artery model after stenting process is meshed and assigned with
patient-specific boundary conditions again for the calculation of Post-PCI CT-
FFR (Step 5).

therefore be solved using an implicit scheme through time. Objects such as
the balloon, vessel, and stent are modeled as a mass-spring-damper system,
where all the mass nodes in the model are linked with massless springs.

Given the diagonal (lumped) mass-matrix M € R*™**", implicit Euler time
integration results in the following update rules:

Ax = h(v,, + Av) 2)

Av=h(M"'f(x, + Ax,v, + Av)) (3)

where h is the time interval. The force is evaluated at the end of the time step,
known as Backward Euler. Equations 4 and 5 are equivalent to the following
equations:

Ax,  =x,+hv, 4)

AV =v,+ hM_lan (5)

The non-linear force term can be approximated using a Taylor series.
The linearization is achieved by replacing the nonlinear force term with its
first-order Taylor series approximation, as shown in Eq. 6:

f+f ng ©)

Af (x, + Ax, v, + Av) ~ Ax +

There is a trade-off made to use Taylor series approximation for an
adequately close solution because there are indeed 2nd or higher-order time
marching methods that can provide more accurate approximation but

require more computation time. Then we can get the velocity update as

shown in Eq. 7 by substituting Ax=h(v,,+Av)

8f(

Av = hM™! (f 8x + Av) + =

of
3y Av) 7)

This results in a linear system as shown in equation:

(1 —hM! % — M g) Av =hM™! <f,, + %vn) (8)

Where I € R¥V*3N s the identity matrlx, and | are needed for the
internal forces. Internal force derivative with respect to position and velocity
is required to be calculated in implicit integration. Assume x;; = x; — x; isa
normalised vector. The force f exerted on a vertex i from a spring con-
necting particles i and j can be shown in Eq. 9:

fs=—k( x

The derivative of force with direction is shown in Eq. 10:

8
8% = —k( x;

~L)% ©

i

)> (10)

= R**? of the damping force is shown in Eq. 11:
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Fig. 2 | Models (coronary artery, balloon and stent) preparation for VCI fra-
mework. a 3D automated reconstruction of coronary and plaques based on CCTA
dataset, the substruction of plaque mask from vessel mask gives blood mask (post-
processed model) which is used for further simulations. b Balloon and stent
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computationally created. ¢ Initial position of balloon and crimped stent surface.
d Quadrangular mesh of balloon and stent. e The dimensions of balloon and mass-
link used to reconstruct the models.

Using these equations, the net Jacobians can be obtained by summing
up all the elements yielding 3 N x 3 N sized matrices. The Conjugate Gra-
dient (CG) algorithm takes a symmetric positive semi-definite matrix A, a
symmetric positive definite preconditioning matrix P of the same dimen-
sion as A, a vector b and iteratively solves AAv = B. The conjugate gradient
method used can be described as:

Av =z
8, =filter(b)" Pfilter(b)
r =filter(b — AAv)
c =filter(P~'r)
.., =t'c
whiled,,.,, > €28,
q =filter(Ac)

« =0,/ (ch) (12)
Av =Av + ac
r=r—aq
s=P7Ir
8oia =0pew
8, =t's

c =filter <s + Snﬂc>
801d

Steps 5 and 15 in algorithm 3.14 maintain the invariant by filtering ¢
before adding it to Av. The stopping criterion is based on Ab” Pb in line 3.
The vector r measures the solution error b — AAv, and should not include

Determining system parameters for model

To accurately model the behavior of balloons, stents, and vessels under
specific force conditions, the system parameter (k) is calculated in a manner
that mimics the Finite Element Analysis (FEA) approach, as established in
previous studies™”’. The equation can be shown below:

A
kedge 2,8 13
375 (13)

; 50 3u
kdlag 07 14
2t (14)
With Lamé constants:

E
=G=—— 15
# 21+ v) (15)

E

4 (16)

A= (1 +v)(1—2v)
The damping coefficient is determined based on the work by**”.
Consider a simple mass-spring-damper system consisting of two nodes with
masses 1, and m,, where the total mass is denoted as m = m, 4 m,. These
nodes are connected by a spring with a stiffness constant k and a rest length
I, When the mass-spring-damper system is subject to external forces, the
damping ratio { can be used to analyse the complex oscillations occurring
within the springs® Critical damping is employed in the fast stent deploy-
ment system to prevent unnecessary oscillations and stabilize the system as
quickly as possible™.

error due to the constraints; hence filtering is added in steps 4 and 8. This k(m, + m)

conjugate gradient method was first proposed in work by Baraff and deaV V1Y (17)
Witkin® and implemented in Visual Studio 2020 and Blender. ly
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The mass (m) of each vertex is determined approximately by dividing
the total mass of objects by the total number of vertices. System parameters
such as m, kand damping coefficients can be assigned to the VVI framework
developed in Visual Studio 2020 (Microsoft, Albuquerque, New Mexico,
USA) in C + +. Blender (Blender Foundation, Amsterdam, The Nether-
lands) modules are then used for the rendering of simulation results and
output model as STL (Stereolithography) file.

Collision handling

There are three aspects to collision management: bounding volume hier-
archies, fast collision detection, and collision response. The computer gra-
phics (CG) community has developed robust and efficient collision
detection algorithms, and in this work, we provide a brief introduction to
one such algorithm. More detailed information can be found in the works™.
Our approach involves representing the 3D collision objects in a hierarchical
fashion using bounding volume hierarchies (BVH) to effectively filter out
the majority of non-colliding pairs of elements. We then check the distance
between each pair of segments in neighboring cells. If the distance d between
two segments of the discrete surgical thread is smaller than a constant value
d < a, we define that the collision is detected.

Another challenge lies in collision response algorithms, which can be
classified into three major categories™” impulse-based methods’,
constraint-based formulations™” and penalty-based methods™. In general,
impulse-based methods are more suitable for rigid body collision response
due to the requirement of precise dynamic collision detection at each time
step. Constraint-based methods result in a more plausible simulation at the
cost of additional computation™*. Traditional penalty-based methods,
which are the easiest to implement, unfortunately suffer from various issues
such as the jitter effect. Tang et al.”’ proposed a continuous penalty force
model for rigid body collisions. Wang et al.” improved upon the penalty
method by introducing a continuous penalty averaged force model for real-
time application in soft objects. We adapt this approach in our VCI fra-
mework. The continuous penalty force created by the collision during the
time interval At is:

1 t+At
d
Fy(t) = K(8d = [40]) 15 d& (19)

where K is a stiffness constant, F,(t) represent the penalty force created
attimetandI = H' [F (t)dt is the impulse produced by the penalty force
F, ¢ (t) during time 1nterval [t,t + At]. The continuous penalty force can
essentially be taken as the average of the penalty force during a time interval.

Balloon expansion

The expansion of a virtual folded balloon is achieved by applying realistic
internal pressure perpendicular to the surface of the balloon, with the
pressure distributed to each vertex of the balloon. Additionally, virtual
folded balloons based on manufacturers’ guidance and a cylindrical struc-
ture with the size of crimped stents were created and discretized with a
quadrangular mesh (Fig. 2d), then stored for usage.

The equilibrium state of the balloon is achieved by balancing the
internal force and the counterforce generated by mass links at each vertex of
the quadrangular mesh. The accuracy of balloon expansion is ensured by an
expansion test that compares the balloon diameter in the equilibrium state
to the balloon manufacturers’ guidance. Regarding the stent, the cylindrical
structure represents the crimped stent in its initial configuration, and the
simulation of stent implantation is performed by attaching the stent to a
balloon of suitable size. Although the structure of the stent can be mapped
onto the cylindrical surface, it does not affect the simulation results, and
detailed flow analysis in the stented vessel is not included within the scope of
this manuscript. For visualization purposes, a stent was manually created as
shown in Fig. 2b.

The simulation of balloon angioplasty and stent implementation was
conducted within the VCI framework, which incorporates clinical settings
during the PCI procedure, such as balloon size, balloon location, balloon
internal pressure, stent size, and stent position. The centerline of the cor-
onary vessel was extracted and imported into the VCI graphical user
interface. The operator can maneuver the devices to the region of interest, as
depicted in Fig. 2c. Within the VCI graphical user interface, the operator
selects and specifies the desired length and diameter of the stent and balloon
to be deployed, as shown in Supplemental Fig. 3.

To ensure mophylogical accuracy, the VCI framework maintains force
equilibrium during balloon expansion and stent deployment, balancing
internal force and external force. The post-PCI vessel morphology (e.g.,
cross-sectional area, curvature, and lumen expansion) is computed using
the dynamic mesh solver, ensuring force balance at each iteration. The final
deformed vessel geometry is then used in computational fluid dynamics
(CFD) simulations to derive the post-PCI fractional flow reserve (CT-
FFR)™.

Computational fluid dynamic settings and hemodynamic studies
The coronary artery models, including pre-PCI CTA-reconstructed models,
post-PCI CTA-reconstructed models, and corresponding VCI-simulated
models, were meshed using CFD-VisCART (ESI Group, Paris, France),
employing a stair-step conforming unstructured mesh of the Omnitree
Cartesian tree type. Blood flow, assumed to be incompressible, was modeled
using the incompressible 3D Navier-Stokes equations solved via the finite
volume approach in CFD-ACE+ (ESI Group, Paris, France), with a central
differencing scheme for spatial interpolations. The SIMPLE Consistent
(SIMPLEC) pressure correction method”™ and an algebraic multigrid
method for convergence acceleration®' were used. The flow was assumed to
be laminar and blood was modelled as a homogenous and Newtonian fluid
with its density and dynamic viscosity of 1060 kg/m’ and 0.004 Pa:s,
respectively. For all cases (Pre-PCI CTA-reconstructed models, post-PCI
CTA-reconstructed models, and corresponding VCI-simulated models),
the vessel wall was approximated as rigid, with non-slip boundary condi-
tions applied. Cardiac-induced wall motion was not incorporated.

In the VCI framework, steady-state BCs are used for the calculation of
CT-FFR. This is based on two reasons. First, the calculation of invasive CT-
FFR is based on time-averaged pressure measured over several cardiac
cycles. Second, using steady-state BC reduce the computational cost,
without losing the predictability of CT-FFR as shown in studies***. The
model of calculating CT-FFR is based on left ventricular mass (LVM) based
mode. The LVM model quantifies total hyperemic coronary blood flow
based on LVM and distributes outlet coronary blood flow based on outlet
diameter. Based on the LVM measured from the workstation (Coronar-
yDoc, Shukun Technology, Beijing, China), the resting state flow Qrest in
the right and left coronary branches is calculated as:

Q. = Yo xLVM"™ (20)
where Y is a normalisation constant of 0.71*. The coronary blood flow
value in the rest state (Qrest) is assumed to be 16%* of that in the hyperemic
state. Qhyp can be calculated as:

Qrest
TCRI

thp = (21)

TCRI is the hyperemic factor, and TCRIis 0.16". Murray’s law between
vessel radius is applied. The flow in the coronary branch at ith outlet Qr
can be calculated according to the following equation:

out, i

B
Qh}'P _ Di

where fis 2.55, D; is the diameter of each branch outlet, and n is the number
of branch outlets®. The coronary outlet pressure is set to MAP (MAP =

(22)
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Patient-specific VCI procedures (Case 1, Fast Virtual Stenting Techniques)

|

|
N c \
e T

Case 1 (Pre-dilatation)

(7 \
\ \\

kL;\,ii\’/
Case 1 (Stent deployment)

=
\

e~ I
Case 1 (Post-dilatation-1)

@
)

AN &

Case 1 (Post-dilatation-2)

Fig. 3 | Fast virtual stenting technique for representative case. Four steps are
included in the clinical process: pre-dilatation, stent deployment, post-dilatation-1,
and post-dilatation-2. We replicated computationally all the steps of the stenting
procedure within VCI framework. Three stages are included in each step and the
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computation time is rapid. For each clinical procedure, there are three main states:

initial states, beginning of contact and stent-induced vessel lumen remodeling states
(n=1 representative case).
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0.4*(SBP-DBP) + DBP)** where SBP and DBP are brachial systolic and
diastolic blood pressure provided by CoronaryDoc, Shukun Technology,
Beijing, China. The coronary artery resistance RMP can be calculated as:

out,i

MAP — P,

23
Qi @)

RhYP —

out,i —

where RE";& is the resistance of ith outlets, P, is assume to be 5 mmHg'. The
same boundary conditions were assigned for each patient case (post-PCI
CTA-reconstructed models and the corresponding VCI-simulated models)
at the inlet and outlets. Convergence criteria of absolute and relative residual
reductions of 1x107™® and 1x 107> were imposed respectively, with

convergence typically reached in fewer than 100 iterations.

Comparison metrics

The post-VCI CT-FFR, post-VCI lumen, and post-VCI curvature were
compared to the post-PCI CT-FFR, post-PCI lumen, and post-PCI curva-
ture segmented from CCTA. The metrics from post-PCI CCTA were used
as a reference. The mean lumen cross-sectional area (CSA), post-CT-FFR,
and curvature across the stented segment—including approximately 2 mm
of vessel immediately proximal and distal to the stent—were used as com-
parison metrics.

Statistics and reproducibility

Statistical analysis was performed with the statistical package MedCalc®
Statistical Software version 20.116 (MedCalc Software Ltd, Ostend, Bel-
gium). Continuous variables were expressed as mean + standard error of the
mean. The main aim was to access the agreement between post-VCI CT-
FFR and post-PCI CT-FFR by using the Bland-Altman method, other
metrics such as lumen cross-sectional area and curvature over the stented
segment plus ~2 mm proximal and distal margins were also assessed using
the Bland-Altman method. The metric of accuracy is defined by the mean
difference and the precision is defined as the standard deviation (SD) of
the mean.

A total of 30 patients were initially screened; 21 met the inclusion
criteria, of which 9 patients (9 vessels) were included in the final analysis.
Each virtual coronary intervention (VCI) simulation was performed once
per vessel using a standardized pipeline. No technical or biological replicates
were applicable due to the retrospective and imaging-based nature of the
study. Reproducibility was assessed by comparing VCI predictions with
post-procedural CTA-derived anatomical and physiological measurements.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Efficiency of VCI

All the computations were executed in Visual Studio C + + on one 11th
Gen Intel(R) Core (TM) i7-11800H CPU @ 2.30 GHz processor with 32GB
of RAM. Simulation of a complete PCI process consists of three steps: pre-
dilatation (PRE), stent-deployment (DEPLOY), and post-dilatation
(POST). Each step involved three stages: deployment-to-contact (Stage 1),
contact-to-balance (Stage 2), and balloon-extraction (Stage 3). Figure 3
shows the simulation for one representative case which includes all pre-
dilatation, stent deployment, and post-dilatation steps. It takes a few seconds
to compute each step on a single CPU. For the 10 successfully treated cases,
the mean computing times for PRE, DEPLOY and POST processes were
7.83£2.385,8.50 + 2.81 sand 8.39 + 1.70 5. The mean computational times
for Stage-1, Stage-2 and Stage-3 were 8.79+1.02s, 6.96+1.11s and
9.17 £0.89 s as it can be seen in Fig. 4, and the overall simulation time for
virtual stenting was 24.92 + 1.00 s.
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Fig. 4 | Computational time for fast virtual stenting technique. a Computing time
for different stages during virtual stenting for all the simulated cases (n = 9), there are
deployment-to-contact, contact-to-balance and balloon extraction stages.

b Computing time for virtual balloon pre-dilatation (PRE), stent-deployment
(DEPLOY), and balloon post-dilatation (POST) for all the simulated cases (n=9).

Accuracy of the VCI

Figure 5a, b show both the pre-PCI and post-VCI LAD vessel, lesion
vessel cross-section view and calculated CT-FFR based on CCTA
reconstruction. The accuracy of VCI was accessed mainly based on
CT-FFR by comparing post-VCI CT-FFR to the real post-PI CT-FFR
CTA-reference models (CTA model) as illustrated in Fig. 5c, d. The
calculated post-PCI CT-FFR was 0.92 £ 0.09 and the predicted post-
VCI CT-FFR was 0.90 +£0.08 (mean difference: —0.02 +0.05 FFR
unit; limits of agreement: —0.08 to 0.05) (Fig. 5e, f). For morpho-
logical analysis, CSA and luminal curvature were compared over the
stented segment plus ~2 mm proximal and distal margins (Fig. 6a).
Slices perpendicular to the centreline were extracted across this
extended region (Fig. 6b). CSAs (Area ,, n=1 - N) (N was in the
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Fig. 5 | Validation of VCI framework with regard to post-PCI CT-FFR predic-
tion. a Pre-PCI left anterior descending (LAD) artery as reconstructed from cor-
onary CTA, including cross-sectional slices (red box indicating calcified plaque).
The pre-PCI CT-FFR at the distal LAD was computed to be 0.67. b Post-PCI
reference model showing the implanted stent (bright signal due to “blooming
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artifact”) on the same LAD artery, along with the post-PCI FFR measurement of
0.88. ¢, d Post-VCI CT-FFR and Post PCI CT-FFR, the predicted post-VCI CT-FFR
is 0.86 at distal LAD and reference Post PCI CT-FFR is 0.88 at same probe location
for one representative case. e, f Statistical results for the comparison between Post-
VCI CT-FFR and Post PCI CT-FFR (n =9 vessels).

scope of 60-100, due to the different lengths of the stented vessel)
were compared between the VCI simulation and CTA-reference
outcomes, as:

Besides, luminal curvature of the n™ points along the centreline (Cn,
n =1-N) was evaluated by computing:

(CVCI _ CPCI )

. C
DiffA _ (Area,‘fa —Areal;a) (24) Diff = ‘ cPa (25)
Areafja
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sectional area (CSA) from post-PCI model and post-VCI model in one repre-
sentative case. d, e Statistical results for both CSA and curvature among all simulated
cases (n =9 vessels).

Figure 6¢ shows comparison of extracted cross-sectional area
(CSA) from post-PCI model and post-VCI model in one repre-
sentative case. The predicted post-VCI CSA is 16.356 + 4.409 mm’
and post-PCI CSA is 17.91+4.84 mm’ (mean difference:
—1.55 + 1.89 mm?; limits of agreement: —5.22 to 2.12) (Fig. 6d), the
predicted centreline curvature of stented region is 0.15 +0.04 mm™'
and post centreline curvature is 0.17 +0.03 mm ™' (mean difference:
—0.02 £ 0.06 mm ™ '; limits of agreement: —0.12 to 0.09) (Fig. 6¢). The
accuracy of the VCI was stratified according to the morphological
parameter as well as hemodynamic parameter.

Discussion

In this study, we proposed and validated a patient-specific VCI technique.
The main results suggest the proposed VCI technique can predict post-PCI
CT-FFR with high accuracy. The predicted post-VCI CT-FFR was close to
the post-PCI CT-FFR derived from CCTA after PCI. Moreover, the eva-
luation of morphological parameters (CSA and centreline curvature)
demonstrated the rapid VCI prediction is consistent with actual PCI results.
In this study, a mean of 24.92 + 1.00 s was used on a single processor for the
fast coronary stenting simulation, which in most cases (1 = 8) consists of
three steps (PRE, DEPLOY and POST). Previous 3D computational stent-
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induced coronary vessel remodelling studies were mainly based on the FEM
for structural analysis which is not suitable for clinical use due to its high
computation requirement”’ .

Although the fast VCI simulated by using a cubic spline to adjust the
cross-sectional diameters to smooth the vessel trajectory based on the size
(diameter and length) of the stent proposed by’*”, this radius correction
virtual stenting method can achieve rapid computation of stenting process,
the accuracy of such methods might not be insured for the accurate ana-
tomical assessment. The radius correction virtual stenting method might
not be ensured for cases of severely calcified vessels, bifurcation stenosis, or
aortic-ostial lesions, severe vessel tortuosity, previous revascularization, and
in patients with atrial fibrillation, etc'. It is important to note that, for
patients with pre-PCI CT-FFR less than 0.80, above mentioned scenario
occurs frequently. On the contrary, the VCI method can provide a more
realistic prediction of morphological outcomes which has the potential to
address the above-mentioned challenges.

A more realistic VCI like the one developed in this study that can
simulate multiple stent deployment and can adapt to various vessel con-
ditions is therefore required to address the mentioned challenges. Com-
pared to previous coronary stenting algorithms" ™", the VCI developed in
this work has the following advantages:

1. The ability to realise complex PCI simulations with rapid computation.
As can be seen in Fig. 7 two stents were deployed to the bifurcation site
known as the culotte technique. In this case, a stent is first developed to
the main branch (MV), and the first proximal optimisation technique
isapplied to the 1st stent to ensure the full expansion of the 1st stent, the
2nd stent is delivered and deployed in the side branch (SB) before side
branch structure opening process. The second proximal optimisation
technique is used to ensure the contact of 2nd stent with MV. Finally,
kissing balloon inflation is performed to avoid the obstruction of the
bifurcation vessel. This benchcase shows the potential of VIC to per-
form complete PCI procedures such as the culotte technique.

2. The ability to simulate pre-dilatation and post-dilatation in real-time
with balloon expansion. Pre and post-dilatation process was simulated

in the actual PCI among 7 cases and simulated within the VCI
framework proposed. Most of the previous fast VCIs neglected pre-
dilatation and post-dilatation which can affect the accuracy of
predicted result as it can be seen in the Fig. 8, the predicted Post-RC
CT-FFR is 0.86 with only stent implation process. Whereas the
predicted Post-VCI CT-FFR from the VCI method that contatin pre-
dialation and then stent implantation process is 0.88 which is closer to
the Post-PCI CT-FFR —0.89.

3. The potential to simulate various vessel conditions. In the pre-
vious FE study, the plaque can be simulated by the stress-strain
graph based on the constitutive equation with multiple
coefficients'’. A similar idea can be applied to the fast coronary
stent deployment algorithm proposed in this study by changing
the vessel material parameters, further investigation should be
carried out to export the potential of algorithms to mimic
different vessel properties. The ability to simulate two-stent
techniques in the bifurcation of coronary such as the double
kissing crush technique and culotte technique should be
examined further.

The study has its own limitations. The key limitations are: (1) the
number of cases analysed in this proof-of-concept study is modest due to the
exclusion of cases with complex coronary geometries. Future studies are
expected to incorporate a broader range of cases, including complex ana-
tomies (various lesion location, lesion morphology, tissure characteristics)
and acute presentations. Additionally, the retrospective nature of the study
limited access to routine post-PCI invasive FFR measurements, preventing
direct validation against the gold standard. (2) the movement of vessels
during the cardiac cycle was not considered. (4D simulation) with time
make the simulation accurate at the expense of computation time; (3)
detailed mechanical contact models”, patient-specific plaque mechanics
(e.g., via CT attenuation thresholds or OCT-derived stress—strain data), and
explicit stent structure to improve predictions of incomplete expansion and
post-PCI hemodynamics should be incorporated in the future; (4) invasive

Patient-specific novel fast virtual coronary stenting
(Bench case — Culotte technique)
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Fig. 7 | A patient-specific coronary bifurcation geometry was stented with the two stents using Culotte technique.
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Fig. 8 | The comparision between direction stent implantation with RC method and VCI method that contain pre-dilatation and stent implantation steps (n =9 cases).

measurement should be used for the validation of CT-FFR and OCT should
be used for the validation of plaque segmentation. More validation should be
carried out if the relevant data is available.

Conclusions

Non-invasive physiological assessment (post-PCI CT-FFR prediction) and
anatomical assessment (detailed coronary stenting simulation) can facilitate
pre-procedural planning of PCI by evaluating the degree of functional
revascularization and predicting stented coronary vessels. The VCI frame-
work proposed in this work achieved physiological assessment by accurately
predicting post-PCI CT-FFR, and anatomical assessment by simulating
detailed stenting procedures in real-time.

The present framework could contribute to functional coronary
angiography (FCA) derived from computed angiograms to facilitate non-
invasive PCI planning and the present framework has the protentional to
assist in improving the efficacy and safety of PCI by performing complex
interventions in real time.

Data availability

The DICOM imaging data used in this study are not publicly available due to
patient privacy regulations but may be available from the corresponding
author upon reasonable request and with approval from the institutional
review board. The numerical source data that support the plots in this article
are provided as separate Excel files and described as Supplementary Data.
Specifically, the source data for Fig. 4a, b are in Supplementary Data 1; the
source data for Fig. 5¢c—f are in Supplementary Data 2; and the source data
for Fig. 6¢-e are in Supplementary Data 3. Additional clarification can be
obtained from the corresponding author, Dr Mengzhe Lyu
(ucemmly@ucl.ac.uk).

Code availability

The custom code developed for this study is subject to institutional policy
and ongoing intellectual-property review, and therefore cannot be released
publicly at this time. A comprehensive description of the algorithms,
modelling workflow, and parameter settings is provided in the Methods
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section. Researchers who require additional clarification may contact the
corresponding author, Dr. Mengzhe Lyu (email: ucemmly@uclac.uk), to
discuss the possibility of limited, non-commercial access under a data-use
agreement.
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