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Editorial on the Research Topic

Computational biomechanics for ventricle-arterial dysfunction and

remodeling in heart failure, Volume II

Introduction

Interactions between the left ventricle (LV) and systemic circulation, and between the

right ventricle (RV) and the pulmonary circulation are key determinants of cardiac and

cardiovascular function. The global performance of LV-arterial coupling (e.g., the ratio of

effective arterial elastance, time-varying pressure-flow relations, and effects of wave

reflections) has been applied to many clinical scenarios such as aging, hypertension,

heart failure (HF), and dilated cardiomyopathy. The global approach, however, has

significant limitations in heart failure with preserved ejection fraction (HFpEF), although

it can provide useful information regarding the mechanical efficiency and performance in

heart failure with reduced ejection fraction (HFrEF). This approach is also less

informative in the study of RV dysfunction and its coupling with the pulmonary

circulation in HF. With the development of simulation-based biomechanics in recent

years, it is required to demonstrate accurate analysis of local ventricle-arterial functions

and remodeling in health and disease, particularly in the progression of HF.

This Research Topic in computational biomechanics was conceived to improve our

understanding and treatment of cardiac and cardiovascular dysfunction and their

coupling abnormalities associated with the occurrence and development of HFpEF or
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HFrEF. There is a total of 12 published articles (11 original

research and 1 brief research report) relevant to basic and clinical

studies covering: 1) cardiac stress and strain analysis using

computational models; 2) hemodynamics in systemic/

pulmonary circulations or coronary circulation; 3) advanced

biomechanics models of LV/RV-arterial coupling and

remodeling; 4) computational models based on bio-imaging

measurements in patients of HF; 5) machine learning

methods to enhance the accuracy of computational

biomechanics; and 6) computational models to aid in the

development of medical devices for treatment of HF. Here, we

briefly summarize the contributions from the 12 publications.

Computational simulation of heart valves
and cardiovascular devices

Computational analysis of the native cardiovascular system,

and devices that are used to treat the diseased native

cardiovascular system, is regularly conducted to enhance our

understanding of patient anatomy and blood flow dynamics

(Neidlin et al., 2021; Vatani et al., 2022). This enhanced

understanding can lead to improvements in patient

management, better cardiovascular devices, and additional

applications of existing devices. Modern cardiovascular

computational simulations have progressed beyond simplified

geometries to patient-specific models based on medical imaging,

with some progressing further to statistical shape models based

on larger cohorts of patient data (Goubergrits et al., 2022).

In this Research Topic, three-dimensional statistical shape

models of healthy patients and those with varying degrees of

tricuspid valve regurgitation were generated from cardiac MRI

data (Orkild et al.). Those with tricuspid regurgitation

demonstrated increased right ventricular free wall bulging,

narrowing of the base, and blunting of the right ventricular

apex. Compared with tricuspid regurgitation, aortic stenosis is

even more common, with low-flow and low-gradient aortic

stenosis (LFLG AS) being a commonly recognized sub-type

with controversial management strategies due in part to a lack

of biomechanics knowledge. To improve the knowledge of LFLG

AS biomechanics, a patient-specific model using ECG-gated

cardiac computed tomography was developed using a

previously validated multi-scale, multi-physics computational

heart model coupled with a virtual circulatory system and

calibrated to clinically-measured parameters in this issue

(Wisneski et al.). Progression of valvular disease may

necessitate placement of a mechanical replacement valve, with

minimally invasive transcatheter aortic valve replacement

(TAVR) increasing in popularity. In this issue, a fluid-

structure interaction model of TAVR was used to investigate

blood flow dynamics, revealing variations in maximum leaflet

stress, opening area, and low-velocity areas when leaflet

geometries were altered (Liu et al.).

Cardiovascular modelling techniques can combine blood

flow simulations with structural models (e.g. fluid-structure

interaction models), lumped parameter modelling, and even

in-vivo experiments. In this issue, a combination of cardiac

electrical signals, blood pressure and echocardiography

imaging from a pacing animal model was combined with a

cardiac fluid-structure interaction model to demonstrate the

influence of pacemaker location on cardiac outcome (Fan

et al.). In another research topic, a combination of patient

images via computed tomography and lumped parameter

modelling was used in this issue to investigate the influence of

atrial fibrillation and left atrial appendage occlusion on

thrombosis in a simulated patient supported by a left

ventricular assist device (Ghodrati-Misek et al.). Results

obtained from the advanced contractile left-heart model

revealed unfavorable left atrial flow dynamics during atrial

fibrillation which was improved after left atrial appendage

occlusion, which may reduce the potential for thrombus

formation within the left atrium.

Computational techniques for
physiological assessments

Fractional flow reserve (FFR) is the Class Ia recommendation

for guiding the decision to revascularize epicardial coronary

stenoses by societal guidelines in Europe and United States

(Knuuti et al., 2020; Writing Committee et al., 2022). Some

practical restrictions limit the traditional wire-based FFR

utilization, such as requiring drug-induced hyperemia,

pressure drift of the pressure wire, and so on (Gong et al.,

2020; Li et al., 2020; Gong et al., 2022). Multiple

computational techniques have been developed to determine

FFR based on computed tomography angiograms (CTA-FFR)

(Taylor et al., 2013). The diagnostic accuracy of CTA-FFR,

however, varied significantly across the spectrum of

cardiovascular diseases (Cook et al., 2017). Hence, it is still

required to improve the computational techniques. In this

Research Topic, a method for calculating FFR based on

steady-state geometric multiscale (FFRSS) was proposed based

on a coronary artery model segmented from a patient’s coronary

CTA images (Liu et al.). The diagnostic performance of FFRSS

and traditional FFRCT was compared with the wire-based FFR.

FFRss showed similar accuracy to FFRCT, but improved the

calculation efficiency. Moreover, a fluid–structure interaction

(FSI) algorithm with a physics-driven 3D–0D coupled mode

was developed to improve the accuracy of CTA-FFR (Xi et al.).

This method improved the diagnostic accuracy of CTA-FFR

computation.

The coronary arterial trees include millions of blood vessels,

most of them are small arterioles and pre-capillary vessels (Huo

et al., 2009). An index of microcirculatory resistance (IMR) was

proposed to quantify coronary microcirculatory dysfunction
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(Fearon et al., 2003; Aarnoudse et al., 2004; Fearon et al., 2004).

However, its application within clinical practice remains

extremely limited due to a complex guide wire measurement

under hyperemia (Ai et al., 2020). Coronary angiography-derived

IMR (caIMR) has been proven to have high correlation and

diagnostic accuracy with invasive wire-based IMR (Ai et al., 2020;

Choi et al., 2021). In this Research Topic, caIMR >40 was shown
to be an independent predictor of the combined events including

cardiovascular death or heart failure readmission and hence a

promising method for prognosis in STEMI patients (Duan et al.).

Hemodynamics and vessel wall mechanics

Various abnormal hemodynamic parameters such as low

wall shear stress (WSS), high oscillatory shear index (OSI), old

blood volume fraction (OBVF), and old blood volume (OBV),

have been proposed to investigate the occurrence and

development of atherosclerosis (Huang et al., 2016; Fan

et al., 2017; Feng et al., 2020). In this Research Topic,

thrombosis risk was evaluated within occluded coronary

arterial fistulas (CAF) with terminal aneurysms using

untreated, aneurysm-reserved and aneurysm-removed

numerical models (Jiang et al.). The OBV was found to be

superior to the area of high OSI and low WSS in determining

treatment type. On the other hand, competitive flow and

anastomotic stenosis are two risk factors for poor instant

patency of coronary artery bypass grafting (CABG) surgery

(Fan et al., 2016; Fan et al., 2017). A 0D-3D coupled multiscale

CABGmodel was developed to investigate anastomotic stenosis

and competitive flow (Mao et al.). The graft flow waveform

shape and flow fast Fourier transformation (FFT) ratio were

found to predict the poor instant patency after CABG.

In vessel wall mechanics, wall tissue fatigue is a chronic

failure process induced by repetitive loading and could impact

plaque development under pulsatile blood pressure (Guo et al.).

In this Research Topic, the relationship between fatigue and

stenosis progression was investigated based on in-vivo

intravascular ultrasound (IVUS) images and finite element

models (Guo et al.). Stenosis progression was associated with

the maximum stress amplitude, average stress amplitude and

average strain amplitude.

In comparison with fine particle pollution (PM2.5), ultrafine

particles (UFPs) (PM0.1) produce stronger chemical reactions

given their small volume and large surface area (Li et al., 2021;

Huo and Li). In this Research Topic, the change of cardiac

function and peripheral hemodynamics was investigated in

rats of myocardial infarction (MI) after long-term inhalation

of ultrafine Zn particles (Huo and Li). The long-term inhalation

of ultrafine zinc particles induced excessive accumulation of zinc

in serum and tissue, which deteriorated cardiac and

hemodynamic dysfunctions in MI rats.

In summary, this special edition incorporates novel

cardiovascular modelling research into a single issue to

advance the knowledge in cardiovascular disease, simulation

techniques, medical devices, and more.
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Introduction: Cardiac pacing has been an effective treatment in the management
of patients with bradyarrhythmia and tachyarrhythmia. Different pacemaker location
has different responses, and pacemaker effectiveness to each individual can also be
different. A novel image-based ventricle animal modeling approach was proposed to
optimize ventricular pacemaker site for better cardiac outcome.

Method: One health female adult pig (weight 42.5 kg) was used to make a pacing
animal model with different ventricle pacing locations. Ventricle surface electric signal,
blood pressure and echo image were acquired 15 min after the pacemaker was
implanted. Echo-based left ventricle fluid-structure interaction models were constructed
to perform ventricle function analysis and investigate impact of pacemaker location on
cardiac outcome. With the measured electric signal map from the pig associated with
the actual pacemaker site, electric potential conduction of myocardium was modeled by
material stiffening and softening in our model, with stiffening simulating contraction and
softening simulating relaxation. Ventricle model without pacemaker (NP model) and three
ventricle models with the following pacemaker locations were simulated: right ventricular
apex (RVA model), posterior interventricular septum (PIVS model) and right ventricular
outflow tract (RVOT model). Since higher peak flow velocity, flow shear stress (FSS),
ventricle stress and strain are linked to better cardiac function, those data were collected
for model comparisons.

Results: At the peak of filling, velocity magnitude, FSS, stress and strain for RVOT
and PIVS models were 13%, 45%, 18%, 13% and 5%, 30%, 10%, 5% higher than
NP model, respectively. At the peak of ejection, velocity magnitude, FSS, stress and
strain for RVOT and PIVS models were 50%, 44%, 54%, 59% and 23%, 36%, 39%,
53% higher than NP model, respectively. RVA model had lower velocity, FSS, stress and
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strain than NP model. RVOT model had higher peak flow velocity and stress/strain than
PIVS model. It indicated RVOT pacemaker site may be the best location.

Conclusion: This preliminary study indicated that RVOT model had the best
performance among the four models compared. This modeling approach could be used
as “virtual surgery” to try various pacemaker locations and avoid risky and dangerous
surgical experiments on real patients.

Keywords: fluid-structure interaction model, pacemaker electrical conduction, fluid dynamic, ventricle material
properties, ventricle mechanics

INTRODUCTION

Rapid development of cardiac pacing has recently become the
only effective treatment for slow cardiac arrhythmia (Glikson
et al., 2021). Between 2004 and 2014, 2.9 million patients received
permanent pacemakers in the United States (Mohamed et al.,
2019). China Ministry of Health Online Registration indicated
that pacemaker implants were placed in 82779 patients in
2018, and the number has been increasing year by year (Liu,
2019). Right ventricular apex (RVA) has been the conventional
location for pacemaker lead placement. However, RVA is a
non-physiological agonist site that causes the electrical and
mechanical origin and distribution patterns of the heart to be
opposite to normal sinus rhythm, resulting in hemodynamic
abnormalities and tissue remodeling (Kapa et al., 2010). The
review by Tops et al. (2009) provided a contemporary overview
of the available evidence on the detrimental effects of RVA
pacing. Furthermore, clinical trials have shown that RVA pacing
can cause electro-mechanical contraction of the left and right
ventricles to be asynchronous. Long-term RVA pacing can
cause cardiac histologic and electrical remodeling, abnormal
myocardial contractile pattern, hemodynamic disorder, and
ultimately cardiac insufficiency, there is also the risk of atrial
fibrillation (AF) and heart failure (HF), which increases the rate
of hospitalization and mortality (Manolis et al., 2008; Miranda
et al., 2012; Alhous et al., 2015). So optimization of right
ventricular pacing site becomes an important object of pacing
electrophysiology. In recent years, the concept of physiological
pacing has been proposed in the field of electrophysiological
(Das and Kahali, 2016; Vijayaraman et al., 2017; Liu et al.,
2021), and the study of the selection of pacing sites has received
great attention (Coppola et al., 2015; Carpio et al., 2019; Zhu
et al., 2020). The physiological pacing sites currently studied
include the His bundle or para-His bundle (Kronborg et al., 2014;
Sharma et al., 2020), the right ventricular inflow tract septum
(Tsujii et al., 2016), the right ventricular outflow tract (RVOT)
(Da Costa et al., 2013; Yao et al., 2013; Zou et al., 2015), Left
bundle branch area (Das et al., 2020; Michalik et al., 2021), and
so on. Here His indicates His bundle which is a collection of
heart muscle cells specialized for electrical conduction. As part
of the electrical conduction system of the heart, it transmits
the electrical impulses from the atrioventricular node (located
between the atria and the ventricles) to the point of the apex of the
fascicular branches via the bundle branches. Studies have shown
that the above-mentioned pacing site can increase cardiac output

and improve cardiac function compared with conventional
RVA pacing, but these sites have advantages and disadvantages
in terms of operation technique, stability, pacing threshold,
etc. (Erdogan and Hunuk, 2010; Singh et al., 2015; Alberti
et al., 2017). Moreover, Individual differences in heart disease
such as myocardial infarction, cardiomyopathy, valvular disease,
etc., myocardial contraction/diastolic function, and myocardial
thickness can influence the response of the pacemaker, thus could
produce different cardiac functional responses.

The analysis of electrical, mechanical and flow fields in
patients with pacemaker implantation has been a hot topic
in the field of pacing electrophysiology, and most of these
studies focus on electro-mechanical coupling. Usyk et al. (2012)
established a three-dimensional biventricular electrical complex
model that reflects the local myocardial mechanics of the
ventricle, and completely simulated the entire cycle of the
heart. Zhu et al. (2001) based on the constructed cardiac
electrophysiological model and proposed an algorithm for
calculating ECG based on single-cell action potential. Gurev
et al. (2010) established a three-dimensional electrophysiological
model of the rabbit ventricle and used it to analyze the three-
dimensional distribution of ventricular fibril contraction delay
and its dependence on loading conditions. Recent advances
in computational modeling, methods and computer technology
have made it possible for computer-simulated procedures to
be used in clinical decision-making for specific patients. The
feasibility to integrate computational modeling with clinical
investigations in a clinical environment and to guide therapeutic
treatment of cardiac arrhythmia and heart failure in real time
for individual patients has been previously demonstrated (Chen
et al., 2017). Lee et al. (2018) focus on the contribution of
electrophysiology, mechanics, and circulatory computer models
of the heart to understanding cardiac resynchronization therapy
response. In our previous studies, we introduced patient-specific
cardiac magnetic resonance (CMR)-based left ventricular/right
ventricular (LV/RV) models with fluid-structure interactions
(FSI) with various surgical design and potential applications
(Tang et al., 2010, 2011, 2016; Huang et al., 2021). Echo-based 3D
LV FSI models were introduced to perform ventricle mechanical
analysis and investigate flow behaviors (Fan et al., 2018).

This paper will integrate echocardiography images,
propagating dynamic electric potential on ventricle surface
induced by pacemaker, and computational models with fluid-
structure interactions (FSI) to perform myocardial function
and intra-cardiac flow assessment. Ventricle model without
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pacemaker (NP model) and three ventricle models with the
following pacemaker locations were simulated: right ventricular
apex (RVA model), posterior interventricular septum (PIVS
model) and right ventricular outflow tract (RVOT model).
The models will be used to evaluate the impact of pacemaker
locations and optimize its placement.

MATERIALS AND METHODS

Animal Model Preparation
The animal study were approved by the Ethics Committee of the
First Affiliated Hospital of Nanjing Medical University and all
applicable institutional and governmental regulations concerning
the ethical use of animals were followed. One health female
adult pig weight 42.5kg was used to make pacing animal model
under different ventricular pacing location. Health status was
assessed before undergoing the experimental procedures. The
pig was intubated and mechanically ventilated, and anesthesia
was maintained using isoflurane. A 5-7cm left anterolateral
thoracotomy was made in the fourth left intercostal space. After
opening the chest, a transverse incision of approximately 2-3cm
was made in the pericardial sac. Parietal pericardium was made
with cotton 2-0 stitches to expose the ventricle and the left atrium.
Epicardial pacing leads were fixed to following locations: right
atrial appendage (RAA), right ventricular apex (RVA), posterior
interventricular septum (PIVS), and right ventricular outflow
tract (RVOT), and left ventricular lateral wall (LVL). The tip
of RAA lead was connected to atrial terminals of Medtronic
Dual Chamber Temporary cardiac pacemaker. Then RVA, PIVS,
RVOT, and LVL lead was connected to the Ventricular pacing,
respectively. Figure 1 shows the positions of the pacemaker
leads in the heart.

FIGURE 1 | The position of the pacemaker lead in the heart. (A) Front view of
heart. (B) Left side view of heart. (C) Back view of heart. (D) Right side view of
heart. RVA, right ventricular apex; PIVS, posterior interventricular septum;
RVOT, right ventricular outflow tract; LVL, left ventricular lateral wall.

3D Echo Data Acquisition
Electric potential data recording and echocardiographic image
acquisition were started 15 min after stabilization of pacing
model. Real-time three-dimensional full-volume image of the
apical 4-chamber view was obtained using an ultrasound machine
(E9, GE Mechanical Systems, Milwaukee, Wisconsin), with TEE
probe 6VT-D attaching to LV apex directly. Electrophysiological
recorder records body surface 12-lead electrocardiogram and
intracardiac electrogram. Meantime, the pressure gauge catheter
was connected to the Medtronic Lifpark12 monitor. The left
ventricular pressure curve was measured before and during
the time period when the pacemaker was implanted. Table 1
gives basic information including ventricular pacing location,
pressure and volume data. We obtained the relationship between
the different pacing interventions and the myocardial material
function by analyzing the ultrasound images, volume data and
cardiac chamber pressure data, determining the function of the
myocardial analysis material corresponding to the specific pacing
mode, and establishing the left ventricle under different pacing
interventions. Three-dimensional FSI models were used to obtain
left ventricle stress and strain, and flow velocity and shear stress
in the heart chamber. Furthermore, the differences in these
variables under different pacing models were analyzed to infer
the optimal pacing model for optimal pacemaker implantation.
Figure 2 shows the in vivo Echo image, pressure curve and
electrical signal conduction map, and ventricular partitioning
under RVA pacing intervention. The compartment partitions
were used to set material parameters to simulate the conduction
of electrical signals.

The Fluid-Structure Interaction Model of
Left Ventricular
Blood flow in the left ventricle was assumed to be laminar,
Newtonian, viscous and incompressible. The Navier-Stokes
equations with arbitrary Lagrangian-Eulerian (ALE) formulation
were used as the governing equations. To simplify the
computational model, the cardiac cycle was split into two phases:
(a) the filling phase (diastole) when the inlet was open, inlet
blood pressure was prescribed (Figure 2C), blood flows into
the LV, and the outlet was closed (by setting flow velocity to
zero); (b) The ejection phase (systole) when inlet was closed,
outlet was open, outlet pressure was prescribed, and blood was
ejected out of the LV. Pressure conditions were prescribed at the
mitral (inlet) and aortic (outlet) valves. When the inlet or outlet
were closed, flow velocity was set to zero and pressure was left
unspecified. When the inlet or outlet was open, blood pressure
was prescribed and flow velocity was calculated by ADINA. No-
slip boundary conditions and natural force boundary conditions
were specified at all interfaces to couple fluid and structure
models together (Tang et al., 2010, 2016). Navier-Stokes equation
in ALE coordinate system and boundary conditions for fluid
model were given:

ρ(∂u/∂t+ ((u−ug) · ∇)u) = −∇p+ µ∇2u (1)

∇ · u = 0 (2)
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TABLE 1 | Ventricular pacing location and volume data.

Pacemaker location NP RVA RVOT PIVS

Pressure (mmHg) Min = 9 Max = 102 Min = 10 Max = 119 Min = 8 Max = 90 Min = 7 Max = 83

Echo Vol (ml) Min = 26 Max = 54 Min = 27 Max = 55 Min = 25 Max = 53 Min = 24 Max = 50

Echo EF (%) 51.85 50.91 52.83 52.00

Model Vol (ml) Min = 25.96 Max = 54.01 Min = 27.07 Max = 54.96 Min = 25.02 Max = 53.04 Min = 24.01 Max = 49.98

Model EF (%) 51.93 50.75 52.83 51.96

FIGURE 2 | Echo image of right ventricular apex (RVA) pacemaker, pressure profile, electric signal mapping and re-constructed left ventricular (LV) geometry with
mesh. (A) End-Systolic Echo image, RVA. (B) Recorded LV blood pressure profile. (C) Imposed LV blood pressure profile. (D) Electric signal mapping, RVA model.
(E) Re-constructed LV geometry with mesh which was used to divide LV into small regions to specify tissue stiffness variations corresponding to electric signal
propagation.

u|0 = (∂x/∂t) (3)

P|inlet = pin(t), ∂u/∂n|inlet = 0, u|outlet = 0, (filling phase) (4)

P|outlet = pout(t), ∂u/∂n|outlet = 0, u|inlet = 0, (ejection phase)
(5)

σij · nj
∣∣
outwall = 0 (6)

σr
ij · n

r
j

∣∣∣
interface

= σs
ij · n

s
j

∣∣∣
interface

(7)

where u and p are flow velocity and pressure, ug is mesh velocity,
µ is the viscosity of blood. 0 stands for LV inner wall, f •,j stands
for derivative of f with respect to the jth variable (or time t), σr
and σs are fluid and structure stress tensors, and nr and ns are
their outward normal directions, respectively.

The ventricle material tissue was assumed to be hyperelastic,
anisotropic, homogeneous and nearly incompressible. The
governing equations for the LV structure model were:

ρvi,tt = σij,j, i, j = 1, 2, 3; sum over j, (8)

εij =
1
2
(
vi,j + vj,i + vα,i vα,j

)
, i, j, α = 1, 2, 3, (9)

where σ is the stress tensor, ε is the strain tensor, v is displacement,
and ρ is material density. The normal stress was assumed to
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be zero on the outer (epicardial) LV surface and equal to the
normal stress imposed by fluid forces on the inner (endocardial)
LV surface as specified by Eq. (7). Fluid and structure were
coupled through their interfaces. Fluid-structure interaction
must satisfy the traction balance and compatibility conditions for
displacement and velocity.

The nonlinear Mooney-Rivlin model was used to describe
the nonlinear anisotropic material properties. The strain energy
function for the anisotropic modified Mooney-Rivlin model is
given:

W = c1 (I1−3)+ c2 (I2−3)+ D1
[
exp (D2 (I1−3))−1

]
+

K1

K2
[exp(I4−1)2−1] (10)

where I1 and I2 are the first and second strain invariants given by,

I1 =
∑

Cii,I2 =
1
2
(
I2
1−CijCij

)
,I4 = Cij(nf )i(nf )j (11)

C = [Cij] = XTX is the right Cauchy-Green deformation tensor,
X = [Xij] = [∂xi/∂aj], (xi) is the current position, (ai) is the original
position, nf is the fiber direction, ci, Di and Ki are material
parameters chosen to match experimental measurements (Fan
et al., 2018; Lee et al., 2018). With parameters properly chosen,
it was shown that stress-strain curves derived from Eq. (10)
agreed very well with the stress-strain curves from the anisotropic
(transversely isotropic) strain-energy function with respect to the
local fiber direction given in McCulloch et al. (1992):

W =
C
2
(eQ
−1) (12)

Q = b1E2
ff + b2(E2

cc + E2
rr + E2

cr + E2
rc)

+b3(E2
fc + E2

cf + E2
fr + E2

rf ) (13)

where Eff is fiber strain, Ecc is cross-fiber in-plane strain, Err
is radial strain, and Ecr, Efr and Efc are the shear components
in their respective coordinate planes, C, b1, b2, and b3 are
parameters to be chosen to fit experimental data. For simplicity,
we set b1 = 0.8552, b2 = 1.7005, b3 = 0.7742 in Eq. (13) so
that we can have a single parameter C for comparison. Figure 3
gave material stress-stretch curves for a baseline model with
RVA pacemaker. The least-squares method was used to find
the equivalent Young’s moduli (YM) for the material curves for
easy comparison.

As patient-specific fiber orientation data was not available
from these patients, we chose to construct a two-layer LV
model and set fiber orientation angles using fiber angles given
in Axel (2002). Fiber orientation angles were set at -60 degree
and 80 degree for epicardium (outer layer) and endocardium
(inner layer), respectively. Fiber orientation can be adjusted when
patient-specific data becomes available (Tang et al., 2010).

A Pre-shrink Process and
Geometry-Fitting Technique for Mesh
Generation
Under in vivo condition, ventricles are pressurized and
the zero-stress ventricular geometries are unknown. In our

model construction process, a pre-shrink process was applied
to in vivo end-systolic ventricular geometries to generate
the starting shape for the computational simulation (Fan
et al., 2018). A geometry-fitting mesh generation technique
was also used to generate mesh for our models (Tang
et al., 2010). Mesh analysis was performed by decreasing
mesh size by 10% (in each dimension) until solution
differences were less than 2%. The mesh was then chosen
for our simulations.

Solution Methods and Data Collection
for Statistical Analysis
The Echo-based anisotropic LV models were constructed for
the four different pacing locations and the models were solved
by ADINA (ADINA R&D, Watertown, MA, United States)
using unstructured finite elements and the Newton-Raphson
iteration method. The “Re-Start” feature in ADINA was used
to adjust material parameters at each numerical time step
to implement the potential conduction of myocardium. Flow
velocity, flow shear stress (FSS) and stress/strain distributions
were obtained for analysis. Because stress and strain are
tensors, for simplicity, maximum principal stress (Stress-P1)
and strain (Strain-P1) were used and referred to as stress and
strain in this paper.

RESULTS

It is common to use selected cut-surfaces and critical time
points (begin-filling, peak velocity during filling, begin-ejection,
peak velocity during ejection, etc.) to demonstrate and compare
solution behaviors. For our modeling set-up, the time points for
begin-filling and end-ejection are connection points of systole
and diastole phases. The same is true for end-filling and before-
ejection time points. This explanation should be helpful to
understand why we mainly used end-filling and end-ejection in
our comparative analyses.

Simulating Electrical Signal Conduction
by Echo-Based Fluid-Structure
Interactions Ventricle Model
The atrial and ventricular contraction and relaxation are
necessary conditions for the heart to achieve blood pumping
and promote blood circulation, and the excitatory process
of the cell membrane is the initiating factor that triggers
the contractile response. On the one hand, myocardium
is functionally a syncytium, and the excitability generated
in any part of the myocardial cell membrane can not only
spread along the entire cell membrane, but can also be
transmitted to other cardiomyocyte through the disc, thereby
causing excitation and contraction of the whole myocardial.
On the other hand, when the ventricular myocardium is
excited, the action potential expands from the site of
excitation to the periphery, thereby affecting myocardial
contraction. In our model, the mapping between material
stiffness and ventricular electrical signals is quantified based
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on data measured on pig implanted pacemakers, and the
potential conduction of the myocardium is simulated by
the softness of the material. Figure 4 shows the electrical
signal conduction diagram and the corresponding 3D
reconstruction geometry model at different phases. The
red region in Figure 4E is the stiffest part of the model
material, corresponding to the red region of the myocardial
electrical signal conduction at this time in Figure 4A.
And along the direction of electrical signal conduction,
the myocardial material is getting softer. LV myocardial
material parameter values at different phases are given in
Table 2. The myocardial material was stiffer, C in Eq. (13),
the mean YM value for the fiber direction (YMf) and the

mean YM value for the circumferential direction of the fiber
(YMc) were higher.

Right Ventricular Outflow Tract Pacing
Has a Higher Maximum Velocity Value
and Flow Shear Stress
The flow dynamics index is an important indicator for
characterizing and evaluating cardiac function under pacing. FSS
reflects the influence of flow on LV inner surface and ventricle
valves. Table 3 gives the maximum velocity values over the whole
LV flow domain and the average FSS on LV inner surface at
selected time points from the four models studied. Using the

FIGURE 3 | Material stress-stretch curves for a baseline model with right ventricular apex (RVA) pacemaker. (A) Baseline material stress-stretch curves, Tff: stress in
fiber direction, Tcc: stress in circumferential direction of the fiber. (B) Stiffness variation in a cardiac cycle for a sample region of the model with RVA pacemaker.
Stiffness variation was realized by adjust C values in Eq. (12).

FIGURE 4 | The electrical signal conduction diagrams with right ventricular apex (RVA) pacemaker at different phases and the corresponding 3D geometry model
showing regional stiffness variation. (A) Electric signal mapping during Phase 1; (B). Electric signal mapping during Phase 2; (C). Electric signal mapping during
Phase 3; (D). Electric signal mapping during Phase 4; (E). Model stiffness mapping corresponding to (A); (F). Model stiffness mapping corresponding to (B); (G).
Model stiffness mapping corresponding to (C); (H). Model stiffness mapping corresponding to (D).
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TABLE 2 | Material parameters from Right ventricular apex (RVA) model at
different phases.

Phase 1 Phase 2

Color C(kPa) YMf(kPa) YMc(kPa) C(kPa) YMf(kPa) YMc(kPa)

Red 21.65 622.4 215.2 18.76 539.4 186.5

Yellow 19.48 560.2 193.7 16.89 485.5 167.9

Green 17.32 497.9 172.2 15.01 431.5 149.2

Cyan 15.15 435.7 150.7 13.13 377.6 130.6

Blue 14.07 404.6 139.9 12.20 350.6 121.2

Darkblue 12.99 373.5 129.1 11.26 323.7 111.9

Phase 3 Phase 4

Color C(kPa) YMf(kPa) YMc(kPa) C(kPa) YMf(kPa) YMc(kPa)

Red 15.59 448.1 155.0 20.93 601.7 208.1

Yellow 13.85 398.4 137.7 18.83 541.5 187.2

Green 12.99 373.5 129.1 17.79 511.4 176.8

Cyan 12.12 348.6 120.5 16.74 481.3 166.4

Blue 11.26 323.7 111.9 14.65 421.2 145.6

Darkblue 10.39 298.8 103.3 12.56 361.0 124.8

YMf : YM value for the fiber direction; YMc: YM value for circumferential direction of
the fiber.

NP model as baseline, at the peak of filling, velocity magnitude
for RVOT and PIVS pacing models were 13% and 5% higher
than that of the NP, respectively. FSS for RVOT and PIVS
pacing models were 45% and 30% higher than that of the NP,
respectively. However, velocity magnitude and FSS for RVA were
4% and 9% lower than that of the NP, respectively. At the peak of
ejection, velocity magnitude for RVOT and PIVS pacing models
were 50% and 23% higher than that of the NP model, respectively.
FSS for RVOT and PIVS pacing models were 44% and 36% higher
than that of the NP, respectively. Moreover, RVOT pacing model
has higher maximum velocity and FSS values. However, velocity
magnitude and FSS for RVA were 6% and 6% lower than that of
the NP, respectively. Figure 5 gave flow velocity and FSS plots
from the RVOT model. It should be noted that global FSS maxima
occurred near the mitral and aortic valve area, as expected.

Right Ventricular Outflow Tract Pacing
Have Higher Stress and Strain
Because of different pacemakers, different pacing methods or
parts, the electrical impulses emitted are different for myocardial
activation sequence, and the effects on myocardial motion
will be different. Therefore, studying the movement of left
ventricular myocardium under different pacing conditions is of

positive significance for the evaluation of artificial pacing therapy.
Ventricle stress and strain are good measure about how stiff
ventricle muscle is. It is of interest to calculate LV stress/strain
conditions for comparisons. Comparison of average stress and
strain values on LV inner contours of four models were given in
Table 4. Using NP model as baseline, at the peak of filling, stress of
PVOT and PIVS pacing models were 18% and 10% higher than
that of NP model, respectively. Moreover, Strain of PVOT and
PIVS models were 13% and 5% higher than that of NP model,
respectively. Stress of RVA pacing model was 4% lower than that
of NP model. Strain of RVA model close to that of NP model. At
the peak of ejection, stress of RVOT and PIVS models were 54%
and 39% higher than that of NP model, respectively. Moreover,
strain of RVOT and PIVS pacing models were 59% and 53%
higher than that of NP model, respectively. However, stress and
strain of RVA pacing model were 6% and 18% lower than those
of NP model, respectively. Figure 6 gives the stress and strain
distribution plots of RVOT model.

DISCUSSION

Compared with other medical imaging methods, ultrasound
medical imaging technology has many advantages. Currently,
echocardiography is the main imaging modality for the
assessment of LV structure and functions. Echocardiography
does not have radiation and is a safe imaging mode. In
most cases, it is non-invasive and will not cause harm to
humans. In addition, echocardiography imaging equipment is
more accessible and requires lower diagnostic costs. More
importantly, echocardiography can image soft tissue and display
the anatomy and real activity of the internal organs of the
human body in real time. It has become the main means of
cardiac function assessment and heart disease diagnosis in most
major hospitals. Echocardiography can non-invasively examine
any cross-sectional image of the heart and is often used to
estimate left ventricular wall segment motion (Chamsi-Pasha
et al., 2017). However, the use of echocardiography relies on
the visual observation of the two-dimensional image by the
examiner, and lacks quantitative description. The left ventricular
wall function can only be estimated semi-quantitatively, and
the local motion of the left ventricular wall cannot be observed
and estimated. In recent years, two-dimensional ultrasound
technology has been widely used to evaluate ventricular function,
but the positioning of the image plane is still affected by the
movement of the patient and the movement of the operator, and
the analysis of ventricular function must rely on the assumption

TABLE 3 | Velocity and flow shear stress (FSS) mean values at different times from 4 pacing models.

Begin-filling Peak of filling Begin-ejection Peak of ejection

Velocity (cm/s) FSS (dyn/cm2) Velocity (cm/s) FSS (dyn/cm2) Velocity (cm/s) FSS (dyn/cm2) Velocity (cm/s) FSS (dyn/cm2)

NP 17.60 0.2142 293.1 4.572 59.87 2.796 109.9 3.359

RVA 17.01 0.1713 280.6 4.153 56.89 2.319 103.4 3.157

RVOT 29.08 0.4531 329.9 6.616 70.96 3.783 164.9 4.831

PIVS 22.51 0.3982 306.2 5.956 66.75 3.452 135.6 4.563
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FIGURE 5 | Flow velocity and flow shear stress (FSS) plots of right ventricular outflow tract (RVOT) pacemaker model. (A) Velocity vector plot at begin-filling,
t = 1.28s, maximum velocity = 29.08cm/s, mitral valve opens, filling begins, aortic valve is closed; (B). Velocity vector plot at the peak of filling, t = 1.56s, maximum
velocity = 329.9cm/s, mitral valve is open, aortic valve is closed; (C). Velocity vector plot at begin-ejection, t = 1.78s, aortic valve opens, ejection begins, mitral is
closed, maximum velocity = 70.96cm/s; (D). Velocity vector plot at t = 2.06s, maximum velocity = 164.9 cm/s, aortic valve is open, mitral valve is closed; (E). FSS
band plot at begin-filling, t = 1.28s, maximum = 10.87 dyn/cm2; (F). FSS band plot at the peak of filling, t = 1.56s, maximum = 192.9dyn/cm2; (G). FSS band plot
at begin-ejection, t = 1.78s, maximum = 51.24dyn/cm2; (H). FSS band plot at peak of ejection, t = 2.06s, maximum = 106.8dyn/cm2.

TABLE 4 | Stress and strain mean values at different times from 4 pacing models.

Begin-filling Peak of filling Begin-ejection Peak of ejection

Stress (kPa) Strain Stress (kPa) Strain Stress (kPa) Strain Stress (kPa) Strain

NP 2.779 0.0882 81.21 0.5756 135.9 0.6979 33.46 0.4214

RVA 2.705 0.0760 77.94 0.5717 103.2 0.6312 31.47 0.3446

RVOT 4.285 0.1685 95.85 0.6475 168.4 0.8691 51.54 0.6684

PIVS 3.754 0.1502 89.36 0.6046 145.7 0.7617 46.67 0.6447

FIGURE 6 | Stress and Strain plots of right ventricular outflow tract (RVOT) model. (A) Stress distribution at begin-filling; (B). Stress distribution at the peak of filling;
(C). Stress distribution at begin-ejection; (D). Stress distribution at peak of ejection; (E). Strain distribution at begin-filling; (F). Strain distribution at peak of filling; (G).
Strain distribution at begin-ejection; (H). Strain distribution at peak of ejection.
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of cross-sectional information or ventricular geometry, so two-
dimensional ultrasound has the limitations of its technology
itself. In contrast, the three-dimensional model of the heart
can not only provide clinical three-dimensional morphological
information, but also provide an intuitive and effective judgment
tool for determining the three-dimensional spatial location
and pathological characteristics of the lesion. Therefore, the
study of three-dimensional models of the heart has become
a commonly used diagnostic tool in medical research for
cardiovascular diseases.

Cardiac therapy is an important non-pharmacological
treatment for patients with arrhythmia. However, while
the cardiac pacing treatment saves the patient’s life, how to
obtain better pacing therapy to improve the cardiac function
status and quality of life for the patients is a major problem
that needs to be solved urgently in clinical cardiovascular
disease. The pumping process of the heart involves three
kinds of physiological activities: first, myocardial excitation,
electrical activity, including cell membrane depolarization-
repolarization periodicity, forming an electrocardiogram cycle,
the physiological function of cardiac electrical activity dominates
the periodic rhythm of the heart, heart electrical activity triggers
myocardial mechanical motion, called excitation-contraction
coupling. Second, myocardial relaxation, mechanical movement,
including muscle fiber contraction-diastolic periodicity, the
formation of cardiac cycle, myocardial mechanical movement
caused by changes in the distribution of blood flow in the heart
chamber, thereby achieving cardiac pumping function. Third, the
distribution of blood flow field in the heart chamber is a category
of hemodynamics. The distribution of myocardial mechanical
motion and heart chamber flow field can indirectly reflect the
state of cardiac electrical expansion. These three kinds of cardiac
physiological activities complement each other and constitute an
important part of the heart pumping blood. To date, a number
of active cardiac mechanics models have been proposed for
different uses. The most important application is to explore
the relationship between electrical signaling and mechanical
motion in the heart. Clinical trials have found that asynchronous
electrical activation can cause filling and pumping dysfunction
(Lee et al., 2018). This finding suggests a biomechanical effect
of changes in cardiac activation sequence. In order to better
understand the relationship between the electrical activation
mode of the ventricle and the local sequence of mechanical
strain. This paper introduces an echo-based left ventricular FSI
simulation model to achieve cardiac pumping, and simulates
myocardial electrical signal transmission by realizing myocardial
mechanical motion and cardiac flow distribution. In this study,
we not only quantitatively analyze the hemodynamic parameters,
but also the advantages and disadvantages of the hemodynamic
effects, combined with the movement of the left ventricular
myocardium, and evaluate the effects of different pacing modes
on cardiac function. Ventricle remodeling, disease development,
tissue regeneration, patient recovery after surgery and many
other cell biological activities are closely associated with ventricle
mechanical conditions (Pagani et al., 2021).

With the development of technology and research, more
and more evidences show that ventricular electrical activation

sequence and ventricular contraction synchronization are
important factors affecting cardiac function. The closer to the
physiological state of cardiac pacing, the less the effect on
long-term cardiac function. Physiological pacing is not only
to ensure the atrial-ventricular sequence, but also to maintain
the synchrony of biventricular electro-mechanical activity. At
present, many studies tend to think that the direct His bundle
pacing has the best effect (Kronborg et al., 2014; Sharma et al.,
2015). The direct His bundle pacing contraction activation
sequence is consistent with the normal sinus rhythm. The
earliest contraction is the upper part of the ventricular septum,
which is rapidly transmitted from the ventricular septum to
the apex. And the left and right ventricle free wall, the outer
side spread, and finally stopped at the same time on both
sides of the ventricular base. In theory, His bundle is the best
ventricular pacing site. For many years electro-physicists have
been studying direct His bundle pacing in order to obtain normal
or near normal ventricular activation sequences. Kronborg et al.
(2014) showed that His or para-His pacing preserves LV ejection
fraction and mechanical synchrony compared with RV septal
pacing in patient with atrioventricular block and may be a
future pacing strategy to prevent pacing-induced heart failure
in selected pacemaker patients. Sharma et al. (2015) assessed
the safety, feasibility, and success rates of His-bundle pacing
in unselected patients without the use of a mapping catheter
or a backup RV lead as compared to RVA pacing. However,
the direct His bundle pacing has limited the operation and
application of this kind of surgery because of the difficulty in
surgery operation and the long operation time, high pacing
threshold, potential damage or blocking of His bundle. Because
of the location of the right ventricular septum near the His
bundle, the proximal end of the ventricular septum is first
contracted and excited, and rapidly spread to the left and
right ventricles and apex through the interventricular septum,
so that the left and right ventricular contraction activation
is basically synchronized. The electrical activation synchrony
of the left and right ventricles ensures that the simultaneous
mechanical contraction of the biventricular, the ejection fraction
is improved, the left ventricular diastolic filling time is increased,
the mitral regurgitation is reduced, and get better acute and
long-term hemodynamic effects. Da Costa et al. (2013) provided
a comprehensive overview of RVOT pacing. Singh et al.
(2015) assessed LV function and dyssynchrony in patients with
RVOT pacing and conventional RVA pacing using equilibrium
radionuclide angiography. Their results indicated RVOT pacing
may lead to better preservation of LV function on longer
follow-up. Yao et al. (2013) evaluated contractile patterns in the
circumferential direction in patients with idiopathic frequent
premature ventricular complexes form RVOT. The present
study also shows RVOT pacing have better blood flow and
myocardial motion.

Several limitations should be acknowledged in our modeling
study: (a) only one health animal’s data were used in this
study. The pacemaker implant benefits may be different
for each individual. A multi-animal or animal with cardiac
arrhythmia study and should be conducted to help us draw
more valid conclusions and further verify and confirm our
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findings; (b) ventricle valve mechanics was not included. Valve
mechanics plays an important role. However, including it
requires considerable more data (valve morphology and material
properties) and it remains to be our future modeling effort; (c)
local ventricle deformation imaging data (by particle tracking)
was not included. We are in need of patient-specific data such
as fiber orientation, sarcomere length contraction rate, regional
material properties, etc. Lack of such in vivo data and model
construction cost are also considerations. (d) active contraction
and expansion were modeled by material stiffening and softening
without adjusting zero-stress ventricle geometries. (e) Further
research needs to be done into options for alternative pacing
methods, such as RVOT pacing, PVIS pacing, and how they
correlate with long-term clinical outcomes.

CONCLUSION

Patient-specific models of the cardiovascular system are a
promising approach to personalized cardiovascular medicine.
FSI models provide complete mechanical analysis including
both flow forces and structural stress/strain conditions and
fluid structure interaction. Correct ventricle flow characteristics
and stress/strain calculations are of fundamental importance
for many cardiovascular researches where mechanical forces
play a role in disease initiation, progression and treatment
strategy selections. The existence of alternatives to existing leads
and pacing methods may permit improvement in long-term
outcomes with chronic pacemaker therapy while also making
therapies such as synchronous pacing available to a wider
array of patients with clinical situations. Direct comparison
studies between pacing options will be needed to better
understand the electromechanical associations and how these
correlates with long-term morbidity, mortality, and quality of
life. Studies concentrating on the therapeutic benefits of existing
experimental therapies will also allow for the development of
parameters that may permit correlation of findings during acute

animal studies with long-term clinical outcomes. The clinical
value of the present model can be further assessed by testing
its ability to predict cardiac functional alterations during cardiac
resynchronization therapy and ultimately to help optimize the
therapeutic protocol. Here we have made a first step toward
this goal by defining the baseline model of a patient with
dyssynchronous heart failure.
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Left Ventricle Biomechanics of
Low-Flow, Low-Gradient Aortic
Stenosis: A Patient-Specific
Computational Model
Andrew D. Wisneski 1, Yunjie Wang2, Salvatore Cutugno3, Salvatore Pasta3, Ashley Stroh4,
Jiang Yao5, Tom C. Nguyen1, Vaikom S. Mahadevan6 and Julius M. Guccione1*

1Department of Surgery, University of California, San Francisco, San Francisco, CA, United States, 2Thornton Tomassetti Life
Sciences, Santa Clara, CA, United States, 3Department of Engineering, Viale Dell Scienze, Universita degli Studi di Palermo,
Palermo, Italy, 4CATIA, Dassault Systèmes, Wichita, KS, United States, 5Simulia, Dassault Systèmes Simulia, Johnston, RI,
United States., 6Division of Cardiology, University of California, San Francisco, San Francisco, CA, United States

This study aimed to create an imaging-derived patient-specific computational model of
low-flow, low-gradient (LFLG) aortic stenosis (AS) to obtain biomechanics data about the
left ventricle. LFLG AS is now a commonly recognized sub-type of aortic stenosis. There
remains much controversy over its management, and investigation into ventricular
biomechanics may elucidate pathophysiology and better identify patients for valve
replacement. ECG-gated cardiac computed tomography images from a patient with
LFLG AS were obtained to provide patient-specific geometry for the computational
model. Surfaces of the left atrium, left ventricle (LV), and outflow track were
segmented. A previously validated multi-scale, multi-physics computational human
heart model was adapted to the patient-specific geometry, yielding a model consisting
of 91,000 solid elements. This model was coupled to a virtual circulatory system and
calibrated to clinically measured parameters from echocardiography and cardiac
catheterization data. The simulation replicated key physiologic parameters within 10%
of their clinically measured values. Global LV systolic myocardial stress was 7.1 ± 1.8 kPa.
Mean stress of the basal, middle, and apical segments were 7.7 ± 1.8 kPa, 9.1 ± 3.8 kPa,
and 6.4 ± 0.4 kPa, respectively. This is the first patient-specific computational model of
LFLG AS based on clinical imaging. Low myocardial stress correlated with low ejection
fraction and eccentric LV remodeling. Further studies are needed to understand how
alterations in LV biomechanics correlates with clinical outcomes of AS.

Keywords: aortic stenosis, finite elememt method, myofiber stress, ventricular function, aortic stenosis, realistic
simulation, ventricle-aortic coupling

INTRODUCTION

Aortic stenosis (AS) is the most common acquired heart valve disease in the developed world
(Lindman et al., 2013). With the advent of transcatheter aortic valve replacement (TAVR), there has
been increased attention to better understanding AS pathophysiology and how to optimally select
patients for aortic valve replacement. Low-flow, low-gradient (LFLG) AS, first described by Hachicha
et al., is a disease characterized by low aortic valve area but, given ventricular dysfunction, an elevated
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trans-valvular pressure gradient is lacking (Hachicha et al., 2007).
It is estimated that up to 25% of all severe AS cases may be
classified as LFLG (Hachicha et al., 2007; Pibarot and Dumesnil
2012; Clavel et al., 2016). This has raised challenges in the clinical
management and diagnosis of patients suspected of having LFLG
AS, with many diagnostic algorithms recommending dobutamine
stress echocardiography to determine presence of LV contractile
reserve (Pibarot and Dumesnil 2012; Pibarot and Clavel 2015;
Clavel et al., 2016). Established evidence-based guidelines to
determine diagnostic criteria for severe AS in presence of
LFLG, and whom to select for aortic valve replacement,
remains a topic of ongoing study (Nishimura et al., 2014).

The goal of aortic valve replacement, through TAVR or surgery, is
to halt progression of and reverse pathologic left ventricle (LV)
remodeling from chronic increased afterload of the stenotic aortic
valve. We believe that a contemporary understanding of AS
pathophysiology should encompass detailed analysis of ventricular
function. Advancements in computational techniques and imaging
have enabled creation of high-fidelity models of the human heart and
LV (Sack et al., 2016; Sack et al. 2018a; Sack et al. 2020). We
previously modeled aortic stenosis with a comprehensive human
heart model to determinemyocardial stress values in a non-LFLGAS
case (Wisneski et al., 2020), with a model that was based on idealized
ventricular geometry without any ventricular dysfunction. Detailed
cardiac clinical imaging, and enhanced image processing techniques
afford new opportunities to create patient-specific models to
understand LV biomechanics.

We describe the first patient-specific computational model of the
LV in a patient with LFLG AS. This model is derived from clinical
cardiac computed tomography (CT) imaging which was obtained for
TAVRplanning purposes.While this study reports an initial case, this

method should be scalable to permit greater numbers of patient-
specific models to be generated. Future studies should correlate
biomechanics data to disease severity, progression, and treatment
outcomes.

METHODS

Clinical Case and Image Processing
A 68-year-old man with co-morbidities of hypertension,
hyperlipidemia, diabetes mellitus, psoriatic arthritis, chronic kidney
disease, and coronary artery disease with prior percutaneous
coronary intervention developed progressive AS, limiting his
functional status. From transthoracic echocardiography, the LV
ejection fraction of 25% was measured and eccentric LV geometry
was noted. The mean pressure gradient across the aortic valve was
15mmHg with an estimated aortic valve area of 0.8 cm2. LFLG AS
was confirmed with dobutamine stress echocardiography. Coronary
angiogram confirmed that his prior coronary stents were patent. The
Society of Thoracic Surgeon’s mortality score was 11% for isolated
surgical aortic valve replacement, rendering this patient a high-risk
operative candidate, thus he was considered for TAVR.

Images from the diastolic phase of the ECG-gated CT scan
were used to provide geometry for the computational model
(Figure 1A). CT scan slices were 0.625 mm contiguous axial slices
acquired on a GE Lightspeed VCT scanner (GE Healthcare,
Chicago, Illinois, United States). All CT images were
anonymized prior to analysis for research purposes, done in
accordance with the institutional review board.

Segmentation of the LV, left atrium, and the aortic root was
performed with Mimics version 2.1 (Materialise, Leuven,

FIGURE 1 | (A) Image segmentation of the left ventricle from computed tomography imaging. The left ventricle (LV) wall is in blue, and the LV cavity is in purple. At
right are the three-dimensional surfaces representing the LV epicardial and endocardial surface boundaries. (B) The CATIA™ software allows rapid alignment of the
generic model (salmon-colored model) to patient-specific imaging surfaces (left ventricle shadow overlay shown in gray). Alignment of the generic epicardial surface to
patient-specific epicardial surface: 1) initial overlay, 2) alignment of the basal segments, 3) mid-wall segments, 4) apical segments. (C) Overview of the generic left
ventricle geometry transformed to patient-specific geometry after application of the Smart Geometry processing.
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Belgium). Separate segmentation of the innermost surface of the
LV chamber at the endocardium, and the outermost LV surface at
the epicardium provided the LV wall geometry (Figure 1A).

Computational Model
Our computational model platform, which has been described
previously, provides realistic anatomy of the chambers and valves
and accounts for multiple domains of cardiac function, including
electrical activation, valve function and structure, myocardial
material properties, myocardial microstructure and fiber
orientation, and for blood flow (Carrick et al., 2012; Baillargeon
et al., 2014; Sack et al., 2018a; Wisneski et al., 2021). The LV
myocardium material model has been described in the
aforementioned references. The ventricular model passive
response uses the Holzapfel and Ogden anisotropic hyperelastic
model (Holzapfel and Ogden 2009). The deviatoric response is
governed by the following strain energy potential:

Ψdev � a

2b
exp[b(I1 − 3)] + ∑

i�f,s

ai
2bi

{exp[bi((I4i − 1)2)] − 1}
+ afs
2bfs

[ (1)

Eight material parameters a, b, af, bf, as, bs, afs, bfs, and four
strain invariants I1, I4f, I4s, and I8fs define Eq. 1. For these
simulations, a � 3.354 kPa, b � 7.08, af � 2.501 kPa, while the
remaining parameters were set to null. The strain invariants are
derived from the isochoric right Cauchy-Green tensor:

�C � �FT�F � J−2/3C � J−2/3FTF (2)
F is the deformation gradient, J is the determinant of the

deformation gradient, J � det(F) and �F is the isochoric part of
the deformation gradient where �F � J−1/3F and det(�F) � 1. The
strain invariants can now be defined as:

I1 � tr(�C), I4f � f0 · (�Cf0), I4s � s0 · (�Cs0), I8fs � f0 · (�Cs0)
(3)

Terms f0 and s0 are orthogonal vectors in the fiber and sheet
direction in the reference configuration. The volumetric response
is governed by:

Ψvol � 1
D
((J2 − 1)

2
− ln(J)) (4)

Where J is the third deformation gradient invariant, and D is the
multiple of the bulk modulus (D � 2

K).
The active myocardial tissue response is represented as a time-

varying elastance model (Guccione and McCulloch 1993;
Guccione et al., 1993; Holzapfel and Ogden 2009; Carrick
et al., 2012; Wenk et al., 2012; Genet et al., 2016; Sack et al.,
2018b; Wisneski et al., 2020):

σaf(t, Eff) � Tmax

2
Ca20

Ca20 + ECa250 (Eff) (1 − cos(ω(t, Eff)))
(5)

With functions defined as:

ECa50(Eff) � Ca0max�������������
eB(l(Eff))−l0 − 1

√ (6)

ω(t, Eff) � π
t

t0
when 0≤ t < t0 (7a)

ω(t, Eff) � π
t − t0 + tr(l(Eff))

tr
when t0 ≤ t ≤ t0 + tr(l(Eff))

(7b)
ω(t, Eff) � 0when t> t0 + tr(l(Eff)) (7c)

tr(l) � ml + b (7d)
l(Eff) � lr

�������
2Eff + 1

√
(7e)

Tmax is the maximum allowable active tension and is
multiplied by terms regulating calcium concentration and the
time course of the contraction. These two terms are dependent on
the sarcomere length l. Parameters were set as follows: Tmax �
135.7 kPa, Ca0 � 4.35umol/l, Ca0max � 4.35µmol/l,
m � 1.0489sµm−1, b � −1.429s, B � 4.750µm−1, l0 � 1.58µm. lr
is the sarcomere length in the unloaded state, and was assumed to
vary linearly from 1.78 μm at the endocardium to 1.91 μm at the
epicardium.

The idealized geometry of the heart model was adapted to the
patient-specific geometry with the aid of CATIA™ software (3D
Systems, Johnston RI, United States) (Figure 1B). Groups of
nodes representing the LV wall could be moved in sync to line
up with surface geometry from image segmentation. This
enabled efficient transformation from generic LV geometry to
that of patient-specific geometry (Figure 1C). With the focus of
this study being LV biomechanics, the LV was represented by a
mesh of 91,000 individual solid elements, each consisting of a
10-noded tetrahedron bound by the surfaces obtained from the
CT imaging segmentation (Figure 2A). Although portions of
the left atrium and LV outflow tract were included in the model
geometry, their primary purpose was to serve as boundary
conditions for the LV model. The left atrium, LV outflow
tract, and papillary muscles were excluded from
biomechanical analysis. The LV was subdivided into 17
distinct segments in the basilar, mid-wall, and apical regions
guided by the American Heart Association topographic
classification system (Cerqueira et al., 2002).

The model was connected to a lumped-parameter virtual
circulatory system for cardiac-cycle simulations run in
Abaqus® FEA (Simulia, Johnston, RI, United States)
(Figure 2B). AS was created by increasing the aortic valve
resistance to generate a trans-valvular pressure gradient and
elevated LV chamber pressures over the cardiac cycle
(Wisneski et al., 2020). An iterative process was used to tune
the model to the patient’s circulatory system and LV physiology
based on echocardiographic and catheterization data. Cardiac
cycle simulations were run with automated adjustments to
myocardial material properties and systemic vascular
resistances/compliances, which permitted simulation results to
optimally replicate patient-specific physiology. An acceptable
steady state was achieved until further cycles produced <5%
variation in chamber pressures compared to the prior cycle.
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For the final model, the following system parameters were used:
aortic valve resistance (AV) 5e− 9 MPa*s/mm3, arterial resistance
1.35e+ 02 MPa*sec/mm3, pulmonary vascular resistance 8e+
0 MPa*sec/mm3, mitral valve resistance 2e+ 0 MPa*sec/mm3,

arterial compliance (AC) 1.0e+ 07 mm3/MPa, pulmonary
compliance (PC) 7.99e+ 06 mm3/MPa.

The results of LV stress (kPa) and strain along the direction of
the myofibers were obtained at end-diastole and peak systole, and

FIGURE 2 | (A) Themodel geometry is thenmeshed, with the left ventricle consisting of 91,000 ten-noded tetrahedral elements. The papillary muscles are shown in
blue, and were excluded from biomechanical analysis of the left ventricle. 1) anterior cutaway, 2) short axis cutaway, 3) posterior view, 4) superior view. (B)Diagram of the
circulatory model connected to the left ventricle for cardiac cycle simulations. Valves are assigned resistance values, and chambers are assigned elastances. LV: left
ventricle, AV: aortic valve, AC: arterial chamber, RV: right ventricle, LA: left atrium, MV: mitral valve.

FIGURE 3 | (A) Color plots of the left ventricle myocardial stress (kPa) at end diastole and peak systole. The papillary muscles are excluded from biomechanical
analysis. (B) Mean myofiber strain at diastole and systole for the LFLG model by American Heart Association 17-segment left ventricle classification system. (C) The
mean systolic stress of each left ventricle segment by American Heart Association classification system for the LFLGmodel compared to the idealized left ventricle model
with classic severe AS. Lower magnitude stress values and low variation among the segments are found in the LFLG model. Segments 1-6 represent the basal
aspect, segments 7–12 the LV mid-wall, and 13–17 the apical region. LFLG: low-flow, low-gradient; LV, left ventricle; AS, aortic stenosis.
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reported as mean ± standard deviation. The t-test was used for
statistical comparison of continuous variables.

RESULTS

Global LV peak systolic myocardial stress and strain were 7.1 ±
1.8 kPa and −0.07 ± 0.12; global LV end diastolic stress and strain
were 0.24 ± 0.17 kPa and +0.07 ± 0.04 (Figures 3A–C). Further
division by American Heart Association segment classification
yielded mean basal region systolic stress of 7.7 ± 1.8 kPa, mean
mid-wall region systolic stress of 9.1 ± 3.8 kPa, and mean apical
region systolic stress of 6.4 ± 0.4 kPa. Myocardial systolic stress
for each individual segment is plotted in Figure 3C. The patient-
specific simulation achieved close correspondence to clinically
measured parameters, listed in Table 1.

DISCUSSION

This study describes the first patient-specific computational
model of the LV in a patient with LFLG AS, and the
biomechanics results of myocardial stress and strain. This
model was based on imaging obtained for TAVR planning
purposes, and the use of specialized software enabled a generic
LV model to be rapidly adapted to patient-specific geometry and
physiology. The ability to create accurate computational models
of the LV in AS facilitates the study of “LV-aortic coupling”,
whereby aortic valve pathology is linked to LV function for a
more complete understanding of the disease (Ikonomidis et al.,
2019).

This model represents an advancement in computational
investigations in two respects: 1) a patient-specific model of
the LV can now be readily obtained from clinical imaging,
rather than dedicated research-specific imaging, and 2)
specialized software permitted efficient creation of a highly
detailed mesh. Previously, weeks of effort were required for a
single user to create highly detailed patient-specific
ventricular geometry, whereas the CATIA™ software
enabled it to be done by one user in approximately one
and a half days. With this LV model having a high degree
of detail represented by 91,000 elements, validated

computational material properties and physiology, there is
great potential to use clinical cardiac imaging for future
studies of LV biomechanics in AS.

Our group previously published the myocardial stress
associated with “classic” severe AS, where a mean
transvalvular pressure gradient ≥40 mmHg exists, using a
model of idealized LV geometry with normal LV function
(Wisneski et al., 2020). Systolic stress of the LV was 16 ±
10 kPa. In contrast, systolic myocardial stress in the LFLG
model is substantially reduced with a narrower standard
deviation. We attribute this finding to the reduced LV
function of the LFLG model, coupled with eccentric
hypertrophy from pathologic remodeling. The globe-shaped
ventricle creates a more uniform stress distribution.
Breakdown of the classic AS LV model into the American
Heart Association 17 segments demonstrated a relatively wider
variation in segment stress with a range of 5.5–39.9 kPa as shown
in Figure 3C. In the LFLG mode, the range across the LV
segments is much narrower at 4.7–11.3 kPa. Comparison of
LV segment mean systolic stresses yielded a significant
difference with p < 0.01. The LFLG model’s eccentric
hypertrophy with a dilated ventricle may explain the
pronounced difference in stress distribution among the two
models.

A computational modeling study by Lee et al. on LV geometry
after surgical ventricular restoration for systolic heart failure
concluded that a more spherical ventricle shape reduced
myocardial stress magnitude and produced a more uniform
stress distribution (Lee et al., 2013). The eccentric geometry of
the LV in our LFLG model resulted in a similar finding when the
stress magnitudes and distribution were compared to those of the
normal, more ellipsoidal LV geometry in the classic AS model. It
could be theorized that future ventricular biomechanics analysis
showing reduced stress range throughout the LV may serve as
biomechanical evidence of remodeling with reduced LV function.
We acknowledge that in-depth analysis is limited by a sample
comparison of one representative model from these two sub-
types of AS, and that greater numbers of patient-specific models
will be required for more definitive conclusions to be drawn.

There is a growing body of literature addressing the
complexity of diagnosing severe AS when LFLG or suspected
LFLG is encountered. Although a patient may be thought to have
LFLG AS, many studies have used stroke volume index to help
differentiate true low-flow, low-gradient AS from normal flow,
low-gradient AS (Hachicha et al., 2007; Herrmann et al., 2011;
Adda et al., 2012; Pibarot and Dumesnil 2012). This has
highlighted limitations in use of LV ejection fraction as a sole
indicator of true LV function. Research has demonstrated
alternative indicators of LV dysfunction can be present in
patients whose ejection fraction remains in the normal range.
Adda et al. assessed ventricular longitudinal strain by speckle-
tracking echocardiography in a cohort of patients with severe AS
and normal ejection fractions. They concluded that compared to
patients with normal flow, low-gradient AS, patients with LFLG
AS had more severe stenosis with lower mean aortic valve areas,
higher systemic afterloads, and decreased LV function with
reduced basal longitudinal strain (Adda et al., 2012).

TABLE 1 | Comparison of patient clinical parameters compared to simulation
results.

Physiologic parameter Patient
measured

Simulation
result

LV ejection fraction 25% 23%
LV systolic pressure 128 mmHg 118 mmHg
LV diastolic pressure 12 mmHg 6 mmHg
Aortic systolic pressure 116 mmHg 109 mmHg
Aortic diastolic pressure 45 mmHg 50 mmHg
Mean pressure gradient across aortic
valve

15 mmHg 17 mmHg

Peak pressure gradient across aortic
valve

25 mmHg 23 mmHg

Abbreviations: LV, left ventricle.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8480115

Wisneski et al. Aortic Stenosis Computational Model

24

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Herrmann et al. found that patients with low-gradient severe AS
had higher degrees of myocardial fibrosis and decreased
longitudinal strain despite a preserved LV ejection fraction
(Herrmann et al., 2011). Reliance on ejection fraction alone
may miss subtle signs of LV dysfunction. Through further
investigation with patient-specific models, we envision that
biomechanics analysis will permit detection of the early signs
of LV dysfunction.

A study by Shavik et al. applied computational simulation
techniques to replicate the physiology of heart failure with
preserved ejection fraction (HFpEF), whereby decreased
longitudinal strain exists with a normal ejection fraction
(Shavik et al., 2021). Through their framework, the variables
of ventricular geometry, chamber size, blood pressure, and
ventricular strains were altered based on sets of clinically
measured patient-specific data. To adequately replicate HFpEF,
the combination of depressed myocardial contractility coupled
with increased afterload was required. While clinically distinct
entities, LFLG AS and HFpEF may share some commonalities in
the initial set of conditions that trigger the chronic pathologic
remodeling.

Our results include strain along the direction of myofibers, a
microscopic tissue-level organization of the myocardium. The
differences between the LV segment strains at diastole and systole
(Figure 3B) indicate the complex dynamics of ventricular
contraction. This can be correlated to the known ventricular
dysfunction this patient has, as several segments appear to
contribute minimally to systolic LV contraction.

Myofiber orientation varies transmurally with a helix angle
spanning −60° at the endocardium to +60° at the epicardium
relative to the short axis of the heart (Walker et al., 2005; Carrick
et al., 2012;Wenk et al., 2012; Genet et al., 2014;Genet et al., 2016; Sack
et al., 2018b; Dabiri et al., 2018; Wisneski et al., 2020). Specialized
imaging techniques such as diffusion-tensor and displacement
encoding with stimulated echoes (DENSE) magnetic resonance
imaging can be used to measure myofiber strain in-vivo (Bayer
et al., 2012; Moulin et al., 2021). However, magnetic resonance
imaging is more time consuming than CT imaging and is not
routinely used for TAVR planning purposes. Computational
models with myocardial material models accounting for myofiber
orientationwill be able to providemyofiber strain data throughout the
LV. Myofiber strain should be differentiated from the strain reported
inmany clinical echocardiographic studies, such as global longitudinal
strain, which describes deformation relative to the long axis of the
heart. Reduced strain in LFLG AS, whether at the myofiber or global
LV level, likely stems from the same mechanism of LV dysfunction.

The systolic stress and strain profile from the American Heart
Association 17 segment classification can provide a unique
biomechanical ‘footprint’ for a patient’s LV, provide a
snapshot of LV performance, and help to categorize a patient’s
disease severity in future investigations.

Limitations
The study’s main limitation is that it only encompasses a single
patient, limiting our ability to draw broader conclusions on LV
biomechanics for LFLGAS. Future studies with greater numbers of
AS patients will need to correlate biomechanics results with the

severity of AS and LV dysfunction. Greater numbers of patient-
specific models for LFLG AS versus “classic” elevated gradient AS
will need to be compared as well. For computational efficiency, the
model encompassed only the left heart, omitting the right atrium
and ventricle. However, this case of isolated AS did not involve
right heart disease; future cases that have biventricular dysfunction
or diseases that affect the right heart should be modeled with both
ventricles. Additionally, clinically measured data (ejection fraction,
LV and aortic pressures) are used to calibrate the model, and close
correlation was achieved. A patient’s physiology is expected to
exhibit normal variation in daily life (i.e., heart rate, blood pressure)
and thus we believe the model can yield useful data as long as the
model results replicates key physiologic parameters within an
acceptable range of the clinically measured values.

In our model, AS was created by increasing the aortic valve
resistance parameter in the computational circulatory model,
rather than creating a physical representation of calcium on the
aortic valve restricting leaflet opening. Since our goal was to study
the impact of AS on LV biomechanics, it was not necessary to
create the physical representation of aortic stenosis, which
permitted greater computational efficiency. This preliminary
investigation demonstrates the feasibility of creating a patient-
specific computational model from clinical cardiac imaging by
modification of an existing LV model platform. There is great
potential to generate biomechanics data to help elucidate the
pathophysiology of LV dysfunction in AS.

CONCLUSION

We describe the first patient-specific LV model in a case of LFLG
aortic stenosis and the LV biomechanics results obtained.
Compared to idealized LV geometry and normal ventricular
function, reduced LV stress, an initial observation of globally
reduced LV stress, was quantified. To translate patient-specific
computational modeling to the clinical setting, future studies of
larger AS populations should correlate biomechanics results with
disease progression, ventricular dysfunction, and outcomes after
aortic valve replacement. Data beyond traditional flow-derived
metrics and ejection fraction should be incorporated into clinical
assessment of AS and determination of who should receive aortic
valve replacement. With the widespread adoption of TAVR, CT
imaging obtained for pre-TAVR planning should yield abundant
clinical imaging that can be used to create patient-specific models.
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Non-Invasive Quantification of
Fraction Flow Reserve Based on
Steady-State Geometric Multiscale
Models
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Zhuo Liu2, Jian Liu2, Lihua Wang3, Xi Zhao4, Wenxin Wang4, Mingzi Zhang5 and Youjun Liu1*

1Faculty of Environment and Life, Beijing University of Technology, Beijing, China, 2Cardiovascular Department, Peking University
People’s Hospital, Beijing, China, 3Radiology Department, The Second Affiliated Hospital, Zhejiang University School of Medicine,
Zhejiang, China, 4Clinical and Technical Support, Philips Healthcare, Shanghai, China, 5Depart of Biomedical Sciences,
Macquarie Medical School, Macquarie University, Sydney, NSW, Australia

Background: The underuse of invasive fraction flow reserve (FFR) in clinical practice has
motivated research towards its non-invasive prediction. The early attempts relied on
solving the incompressible three-dimensional Navier–Stokes equations in segmented
coronary arteries. However, transient boundary condition has a high resource intensity
in terms of computational time. Herein, a method for calculating FFR based on steady-
state geometric multiscale (FFRSS) is proposed.

Methods: A total of 154 moderately stenotic vessels (40–80% diameter stenosis) from
136 patients with stable angina were included in this study to validate the clinical diagnostic
performance of FFRSS. The method was based on the coronary artery model segmented
from the patient’s coronary CTA image. The average pressure was used as the boundary
condition for the inlet, and the microcirculation resistance calculated by the coronary flow
was used as the boundary condition for the outlet to calculate the patient-specific coronary
hyperemia. Then, the flow velocity and pressure distribution and the FFRss of each
coronary artery branch were calculated to evaluate the degree of myocardial ischemia
caused by coronary stenosis. Also, the FFRSS and FFRCT of all patients were calculated,
and the clinically measured FFR was used as the “gold standard” to verify the diagnostic
performance of FFRSS and to compare the correlation between FFRSS and FFRCT.

Results: According to the FFRSS calculation results of all patients, FFRSS and FFR have a
good correlation (r = 0.68, p < 0.001). Similarly, the correlation of FFRSS and FFRCT

demonstrated an r of 0.75 (95%CI: 0.67–0.72) (p < 0.001). On receiver-operating
characteristic analysis, the optimal FFRSS cut point for FFR≤0.80 was 0.80 (AUC:0.85
[95% confidence interval: 0.79 to 0.90]; overall accuracy:88.3%). The overall sensitivity,
specificity, PPV, and NPV for FFRSS ≤0.80 versus FFR ≤0.80 was 68.18% (95% CI:
52.4–81.4), 93.64% (95% CI: 87.3–97.4), 82.9%, and 91.1%, respectively.

Conclusion: FFRSS is a reliable diagnostic index for myocardial ischemia. This method
was similar to the closed-loop geometric multiscale calculation of FFR accuracy but
improved the calculation efficiency. It also improved the clinical applicability of the non-
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invasive computational FFR model, helped the clinicians diagnose myocardial ischemia,
and guided percutaneous coronary intervention.

Keywords: coronary heart disease, fractional flow reserve, geometric multiscale, fast calculation of FFR, non-
invasive diagnosis of myocardial ischemia

INTRODUCTION

Over the last 10 years, fractional flow reserve (FFR) has become a
reference standard for the invasive assessment of coronary artery
disease. Its measurement assesses the functional severity of
coronary artery stenoses and the need for coronary
revascularization (Pijls et al., 1996; Pijls, 2013). FFR is
calculated by dividing the distal coronary pressure (Pd) by the
proximal coronary pressure (Pa) during maximal hyperemia
(Pijls et al., 1996) and the diagnostic threshold is 0.80. FFR
carries a Class 1a recommendation for guiding
revascularization in angiographically intermediate coronary
stenoses in patients with stable angina (Fihn et al., 2012; Kolh
et al., 2014; Knuuti et al., 2020). However, uptake of FFR in
coronary catheter laboratories worldwide has remained low.
Potential reasons for the low adoption rate of coronary
physiology despite demonstrated clinical benefit of its use may
include time consumption to perform FFR measurements, tries,
no availability of adenosine, patient-related discomfort,
contraindications, or lack of reimbursement (Hannawi et al.,
2014; Gotberg et al., 2017).

The underuse of invasive FFR in clinical practice has
motivated research towards non-invasive prediction of FFR.
Most early attempts for non-invasive FFR prediction relied on
solving the incompressible 3D Navier–Stokes equations in
segmented coronary arteries (Taylor et al., 2013; Raissi et al.,
2019; Liu et al., 2021). Due to the need to solve the fully coronary
model, the time cost of its calculation is very high. There are also
some simple computational FFR models: reduced-order physics
such as 1D blood flow or lumped parameter models (Itu et al.,
2012; Blanco et al., 2018; Boileau et al., 2018), and (2) purely data-
driven approaches (Hae et al., 2018; Zreik et al., 2018). Despite the
fast computation time of this model, it is only included for
stenotic vessels and ignores the entire coronary hemodynamic
environment. Therefore, considering the fully hemodynamic
environment of the coronary artery and improving the
calculation speed are the development of non-invasive
prediction of FFR.

In this study, a non-invasive quantification of fraction flow
reserve based on steady-state geometric multiscale models
(FFRSS) was developed. It was based on the coronary artery
model segmented from the patient’s coronary CTA image. The
average pressure was used as the boundary condition for the inlet,
while the microcirculation resistance calculated by the coronary
flow was used as the boundary condition for the outlet. Thus, it
could rapidly calculate the patient-specific coronary hyperemia.
Also, the flow velocity and pressure distribution were calculated,
and the FFRss of each branch of the coronary artery was
computed to evaluate the degree of myocardial ischemia
caused by coronary stenosis. FFRSS and FFRCT were calculated

simultaneously for 136 patients. The clinically measured FFR was
used as the gold standard to verify the diagnostic performance of
FFRSS, and the ability of FFRSS and FFRCT to evaluate myocardial
ischemia was compared.

METHODS AND MATERIALS

Patient and Image Data
This study was approved by the institutional review board of
Peking University People’s Hospital and the Second Affiliated
Hospital of Zhejiang University School of Medicine. All patients
signed an informed consent. 136 coronary heart disease patients
with 154 moderate-to-severe epicardial stenosis were
retrospectively enrolled (between 2019 and 2021). The patient
inclusion criteria were shown in Figure 1. Under the guidance of
coronary angiography based on the Azurion 7M20 DSA system,
all patients had undergone the FFR catheter surgery measurement
with FFR system and Verrata Plus pressure guide wire (Philips
Healthcare, Netherland). The period between the CTA
examination and the cardiac catheterisation did not exceed
1 week. The Biomechanics Laboratory of Beijing University of
Technology analyzed the anonymized data independently.

The coronary CTA images were obtained using of a dual-layer
detector CT system (IQon, Philips Healthcare), with a matrix size
of 512 × 512 and a slice of 0.625 mm thickness. Segmentation and
3D reconstruction of the coronary artery for each patient were
performed using Mimics (Materialise, Leuven, Belgium), with the
results being reviewed by two radiologists with 15 years of
experience in cardiac CTA. Only arteries with a diameter
bigger than or equal to 1 mm were retained in the
reconstructed model for further computational fluid dynamics
(CFD) analysis (Sankaran et al., 2016).

FIGURE 1 | Study enrolment.
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The Establishment of Steady-State
Geometric Multiscale Models
In a previous study, we proposed a closed-loop geometric
multiscale model to compute FFR (Liu et al., 2021) non-
invasively. Although the closed-loop model has improved
computational accuracy, the clinical application is limited due
to its superior computational speed and complexity in
determining individualized parameters. In order to fulfill the
needs of clinical FFR calculation, a steady-state-based model
mimicking the closed-loop geometric multiscale model was
proposed in this study. It replaced the transient state with
steady-state boundary conditions to reduce the computation
time, optimize the geometric multiscale module, and reduce
the optimization of individual parameters.

The steady-state geometric multiscale model consists of
lumped parameter model (LPM) (0D) and a coronary global
three-dimensional (3D) model. LPM uses the circuit structure to
simulate the microcirculation network downstream of the
coronary artery, the resistance “R” to simulate the resistance
of blood flow, and the inductance “L” to simulate the inertia of
blood flow (Pietrabissa et al., 1996). The full-scale 3D model of
the coronary artery preserves the real structure of the coronary
artery instead of only stenotic vessels. The 0D part provides the
outlet boundary conditions for the patient’s 3D coronary model.
As shown in Figure 2C, the details of the geometrical multiscale
model of 0D and 3D coupling are described previously (Zhao
et al., 2016; Li et al., 2020; Mao et al., 2020).

The inlet boundary condition of the coronary model is set to
the aortic pressure, which could be equivalent to the mean
pressure (Wilson et al., 2001) and calculated from the cuff
pressure based on systolic blood pressure (SBP), diastolic
blood pressure (DBP), and heart rate (HR) (Sharma et al.,
2012) as follows:

Pa � DBP + [1
3
+ (HRp0.0012)(SBP − DBP)] (1)

The outlet boundary condition of the branch of the coronary
model is composed of microcirculation resistance. The

microcirculatory resistance of the downstream branch of the
coronary artery was termed as resistance “R,” which could be
estimated as follows:

Rresting � P
Q

(2)

where P is the aorta pressure, and Q is the flow rate of blood in
the target coronary branch while resting. The latter can be
estimated using Murray’s Law (Murray, 1926) based on the
patient’s cardiac output (Opie, 2003). Since the FFR needs to be
calculated in the hyperemia state, according to the assumption
(Wilson et al., 1990; Sdringola et al., 2011; Taylor et al., 2013),
the R_resting becomes 0.24 of the original in the hyperemia
state:

Rhyperemia � 24%pRresting (3)
Notably, in the computation model of FFRSS for the resistance

of the outlet of the ascending aorta (Figure 2C) connected to the
systemic circulation, the resistance is calculated based on the
cardiac output (Opie, 2003):

Rdoa � Pa

co
p96% (4)

where Pa is the pressure at the aorta pressure, and CO is the
cardiac output.

0D/3D Interface Processing
The model described in this study was similar to the 0D/3D
coupling method (Zhao et al., 2016; Liu et al., 2021) of the
previous closed-loop model and used specific interface
conditions and coupling algorithms to establish the 0D-3D
coupling model. The 3D model calculation of the whole
coronary artery relies on the fluid calculation software ANSYS,
while the calculation of the lumped parameter model relies on the
FORTRAN program of the CFX junction box. The data
transmission between them was completed by the CFX User
CEL Function, and the specific geometric multiscale coupling
model solution process is shown in Figure 3.

FIGURE 2 | FFRSS calculation flowchart. (A) CTA image. (B) Coronary geometry model. (C) Coronary physiological model. The 0D model stands for lumped
parameter model (a–o) and is composed of resistance “R" and inductance “L.” “R” represents the flow resistance of coronary branch vessels under the action of blood
viscosity, obtained by the allometric scale rate. “L” The inertia of blood flow, for the branch of the coronary artery, the empirical parameter is 0.05. The 3D model
represents the whole coronary model, and the blood vessels larger than 1 mm in diameter are completely preserved. The 3Dmodel was obtained by reconstruction
of coronary CTA images. Among them, in the 0D-3D coupling model, the input is the mean pressure calculated by the physiological formula, and the output is the 0D
resistance boundary condition of the coronary artery. (D) Solved N-S equations.0D and 3D coupling diagram.
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The above models were divided into tetrahedral meshes by the
ANSYS ICEM CFD software. It was assumed that the vascular
wall was rigid and impermeable without slippage, the blood
material property was adiabatic and comprised of an
incompressible viscous Newtonian fluid, and its flow was
unsteady laminar flow. The density of blood flow was set to
1,050 kg/m̂3, and the viscosity of blood was set to 0.0035 Pa s
(Deplano et al., 2001).

Calculation Process of FFR
The specific steps of the steady-state geometric multiscale model
include four processes: 1) Based on the coronary CTA image, a
patient’s accurate personalized epicardial coronary 3Dmodel was
established; 2) According to the segment 3Dmodel, the boundary
conditions of the inlet (mean pressure) and outlet
(microcirculation resistance) were calculated, respectively; 3)
The change in the coronary microcirculation resistance in the
maximum hyperemia state was quantified, and 0D and 3D
coupling was calculated; 4) The Navier–Stokes (N-S) equation
of the intracoronary fluid was solved using the ANSYS software,
the flow velocity and pressure in each coronary artery were
obtained under the hyperemia state, and the FFRSS was
calculated (Figure 2).

The specific steps of closed-loop geometric multi-scale
calculation of FFRCT include five processes: 1) Based on the
patient’s coronary artery CTA image, the patient’s accurate
and personalized 3D model of the epicardial coronary artery
and heart model is constructed. 2) According to the
constructed three-dimensional model and based on the
allometric scaling law, the branch flow of the coronary

arteries and the coronary microcirculation resistance in the
resting state (assuming that there is no stenosis) are
determined. 3) A closed-loop 0D centralized parameter
model is constructed to personalize the physiological
parameters of the patients. 4) The change in the coronary
microcirculation resistance under maximum hyperemia is
quantified, and zero-dimensional and three-dimensional
coupling calculations are performed. 5) The control
equation (N-S) of the fluid in the coronary artery is solved
using a calculation software to obtain the flow velocity and
pressure in each blood vessel of the coronary artery under
congestion, and FFRCT is calculated. The detailed of FFRCT

calculation steps refer to previous studies (Liu et al., 2021).
In this study, we calculated the FFR of 134 cases based on the

steady-state and closed-loop geometric multiscale model and
compared the computational accuracy of FFRSS with clinical
FFR and FFRCT, respectively.

Statistical Analysis
Data are summarized by descriptive statistics. Pearson correlation
and linear regression analysis were performed to examine the
relationship between FFR and FFRSS and FFRCT, respectively.
Agreement between the methods was assessed by Bland-Altman
plots with corresponding 95% limits of agreement. The optimal
cut-off values for FFRSS was computed based on maximizing the
sum of sensitivity plus specificity. The sensitivity, specificity,
accuracy, and area under the ROC curves (AUC) with 95% CI
classification metrics were computed. Throughout this study, a
p-value threshold of 0.05 was considered to infer statistically
significant findings.

FIGURE 3 | The solution flow chart of the geometric multiscale coupled model. where Q_(0D,in) represents the flow of the entrance at the junction of the 0D model
and the 3Dmodel. P_(0D,out) represents the average pressure at the outlet at the junction of the 0Dmodel and the 3Dmodel. P_(3D,in) represents the mean pressure at
the inlet calculated by the 3D model. Q_(3D,out) represents the outlet flow calculated in 3D, and BC is short for boundary conditions. The formula in the figure is the
coupling judgment formula of the 3D and 0D models, where ε = 0.0001.
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RESULTS

Characteristics of the Patients
A total of 154 vessels in 136 patients (57%male, median age:60 years)
were analyzed with stenosis severity of coronary lesions evaluated by
CCTA and ICA ranging from 40 to 80% luminal narrowing. Invasive
FFR interrogation assessed the presence of hemodynamically
significant stenosis (FFR ≤0.80) in 154 vessels (28.57%, 44/154) of
136 patients. The clinical and demographics characteristics of the
patients’ population are summarized in Table 1.

Relationships Between FFR, FFRSS and
FFRCT
The medians (interquartile range) of the FFR, FFRCT and
FFRSS in this study were 0.81 (0.33–0.99), 0.85 (0.34–0.98),
and 0.84 (0.26–0.99), respectively. A scatter plot between
FFR and FFRSS is shown in Figure 4A, demonstrating
moderate overall linear correlation between the 2
measures, with an r of 0.68 (95% confidence interval [CI]:
0.21–0.39) (p < 0.001). Similarly, the correlation of FFRSS and
FFRCT demonstrated an r of 0.75 (95%CI: 0.67–0.72) (p <
0.001) (Figure 4B).

Bland-Altman plots for FFRSS are illustrated in Figure 4C.
On average, FFRSS exceeded FFR by 0.03 (95% CI: −0.043
to −0.009). Most of the points in the figure are distributed
within the 95% confidence interval, indicating that there
is good agreement between FFR and FFRSS. Similarly,
Bland-Altman plots for FFRSS and FFRCT are illustrated in
Figure 4D. FRCT exceeded FFRSS by 0.01 (95% CI: −0.001 to
−0.029).

The formula for calculating relative error:

Relative error � Calculate FFR − Clinical FFR

Clinical FFR
(5)

The relative error between FFRSS and FFR is 0.11. The relative
error between FFRSS and FFRCT is 0.067.

TABLE 1 | Basic characteristic form of enrolled patients.

Characteristic Data

Number of patients 136
Number of vessels 154
Ages(years) 60 ± (10)
Male 78
Female 58
Systolic and diastolic blood pressure 128 ± (10)/85 ± (9)
Heart rate 72 ± (12.76) n/min
Cardiac output 5.26 ± 2.6 L/min
Myocardial mass 126 ± (34.08) g

Stenosis location
Left artery descending (LAD) 115
Left circumflex artery (LCX) 11
Right coronary artery (RCA) 28

FIGURE 4 | Scatter plot and Bland–Altman analysis showing the correlation between FFR, FFRSS, and FFRCT. The dashed blue line represents the line of best fit. (A)
The correlation between FFR and FFRSS. (B) The correlation between FFRCT and FFRSS. Bland–Altman plots of differences against the means are displayed for (C)
FFRSS and (D) FFRCT. The mean bias is represented by the solid blue line (with the 95% confidence interval represented by the dashed blue line).
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Diagnostic Accuracy of FFRSS
The diagnostic performance of FFRSS and FFRCT are assessed
using clinically measured invasive FFR as the diagnostic
criteria. The Youden index was 0.61 and the optimal cut-
off was 0.80 for FFRSS. The overall sensitivity, specificity,
PPV, and NPV for FFRSS ≤ 0.80 versus FFR ≤ 0.80 was
68.18% (95% CI: 52.4–81.4), 93.64% (95% CI: 87.3–97.4),
82.9%, and 91.1%, respectively, with an overall diagnostic
accuracy of 88.3%. Similarly, the overall sensitivity,
specificity, PPV, and NPV for FFRCT ≤0.80 versus FFR
≤0.80 was 68.1% (95% CI: 52.4–81.4), 94.5% (95% CI:
88.5–98.0), 82.0%, and 89.5%, respectively, with an overall
diagnostic accuracy of 87.6%.

According to the ROC receiver characteristic curve, the area
under the curve of FFRSS and FFRCT are AUC = 85.7% (95%CI:
[0.79–0.90]), AUC = 81.8% (95%CI: [0.74–0.87]), respectively. It
suggesting that a good diagnostic performance is achieved of
FFRSS as shown in Figure 5.

Hemodynamic Results of Coronary Artery
Stenosis
The FFRSS analysis of 6 representative patients was based on
each narrowed vessel. We also list the clinical FFR, FFRCT and
FFRSS of representative patients. The hemodynamic
differences between FFRCT and FFRSS were compared based
on clinically measured FFR (Figure 6). The stenosis of 6
representative patients stenosis was located in the anterior
descending artery (LAD), and the degree of stenosis was
40–80%. It can be seen from the figure that the
hemodynamic distribution calculated by FFRSS is basically
consistent with that of FFRCT.

DISCUSSION

A rapid method for calculating FFR is proposed in this study.
Based on the closed-loop geometric multiscale model for
calculating FFR, the transient pressure boundary condition at
the inlet was changed to a steady-state, and the model was
optimized to ensure calculation accuracy. The inlet boundary
condition improves computational efficiency. The diagnostic
performance of FFRSS was validated by clinical FFR of 136
personalized patients. The FFRCT was calculated at the same
time as the FFRSS, and the myocardial ischemia assessment ability
of the two calculated FFR methods was compared. The
computational results showed that FFRSS was correlated and in
agreement with both FFR and FFRCT, with excellent diagnostic
performance.

Advantages of FFRSS Compared to FFRCT
In the previous closed-loop geometric multiscale model (Liu et al.,
2021), the physiological parameters of the patient had to be
optimized to simulate the individualized physiological state,
using transient periodic inlet boundary conditions. The FFRSS

model adjusts the transient boundary condition of the inlet to a
steady-state and replaces the transient pressure with the average
pressure, which markedly improves the calculation efficiency.
Then, the transient and steady-state pressure waveforms of the
coronary arteries calculated by the geometric multiscale model
were compared (Figure 7). FFRSS can replace FFRCT because the
steady-state pressure and the transient average pressure are the
same, resulting in the same calculation of FFR.

In addition, the FFRSS model saves the tedious process of
optimizing the cardiac parameters of individual patients and
replaces it with the average pressure, thereby improving the
calculation efficiency and the clinical applicability of the
model. The calculation time of FFRCT is usually 8–9 h, while
the calculation time for FFRSS is only 20 min. Unlike othermodels
that only consider stenotic vessels to calculate FFR (Itu et al.,
2012; Itu et al., 2016; Zreik et al., 2018), the calculation model
described in this study retains the complete coronary model,
which can view the complete hemodynamic state of the coronary
artery.

The Selection of Inlet and Outlet Boundary
Conditions
The inlet of the FFRSS model adopts the mean pressure calculated
based on the “physiological formula,” and the outlet adopts the
microcirculation resistance model as the closed-loop geometric
multiscale model. In a previous study, we presented a numerical
investigation of the effects of the computational model’s inlet and
outlet boundary conditions on computed CT-FFR. The mean
pressure calculated by the “physiological formula” differed from
the real aortic pressure wave (Tosello et al., 2021). However, the
calculation model was not sensitive to the boundary conditions of
the inlet pressure, i.e., the true aortic pressure could be replaced
by the mean pressure calculated by the “physiological formula.”
The findings revealed that distal boundary conditions (hyperemic
vasodilation response of coronary micro-vessels) have a

FIGURE 5 | Graphs show diagnostic performance of FFRSS and FFRCT.
The diagnostic performance of FFRSS and FFRCT was compared with clinical
FFR≤0.80 as the criterion for the diagnosis of myocardial ischemia. It can be
seen from the figure that the diagnostic performance of FFRSS and
FFRCT is comparable, both have good diagnostic performance, and the
variance is also close. AUC = area under receiver operating
characteristics curve.
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significant impact on FFR. Thus, improving the calculation
accuracy of distal microcirculation resistance is the key to
further improving the calculation of FFRSS.

Diagnostic Performance of FFRSS
The calculation results show that compared to the closed-loop
geometric multiscale model, the improved calculation model
does not reduce the accuracy of calculating FFR. The accuracy
of traditional FFRCT is 84.3% (Taylor et al., 2013), and that of
FFRCT based on the closed-loop geometric multiscale model is
87.3% (Liu et al., 2021), which was similar to the 88.3%
computational accuracy of FFRSS proposed in this study.
Compared to the closed-loop geometric multiscale model,
the FFRSS improves the computation speed, retaining the
computation time within half an hour. Itu et al. proposed a
non-invasive FFR calculation based on a neural network with
an accuracy rate of 88.3% (Itu et al., 2016). Fredrik et al.
(Fossan et al., 2021) proposed a non-invasive rapid calculation
method of FFR based on an enhanced neural network, while
the standard deviation of repeated FFR measurements was
0.018. However, the premise of improving the calculation
speed in the above two studies was that only the coronary
arteries in the stenotic segment are retained, and the other
coronary arteries are ignored. The advantage of this study is

that while improving the calculation speed, it retains the
complete model and displays the hemodynamic positions of
all coronary arteries, facilitating the diagnosis of myocardial
ischemia.

LIMITATIONS

CT-based non-invasive FFRSS calculations are very sensitive to
image quality and segmentation models. FFRSS requires accurate
anatomical models. Image artifacts, calcifications and improper
registration may limit the accuracy of model calculations.
Therefore, it is important to follow the protocol of high-
quality image data and accurate description of the boundary
of the lumen (Zarins et al., 2013).

Although the FFRSS computation model shortens the
calculation time to less than half an hour, there is still some
gap compared to the other simplified non-invasive methods for
calculating FFR (Itu et al., 2016; Fossan et al., 2021), which
does not meet the requirements of real-time FFR calculation.
In the future studies, we will directly predict the coronary flow
field through a neural network based on that calculated by the
steady-state model FFRSS, thereby improving the
calculation speed.

FIGURE 6 | Computed FFR contours for representative patients. Six representative patients had moderate stenosis of the left descending artery. Among them,
cases 1, 3, and 5were ischemia patients. Cases 2, 4, and 6 were non-ischemic patients. The FFR, FFRCT, and FFRSS for each representative patient are listed separately.
It can be seen from the figure that the contours of the calculation result of FFRCT is comparable to that of FFRSS, and it have good consistency.
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CONCLUSION

The present study proposed a steady-state-based geometric
multiscale model to calculate FFR non-invasively and validate
its accuracy with personalized clinical data from 136 cases. The
calculation method has the same accuracy as the closed-loop
geometric multiscale FFR computation but reduces the
calculation time and exhibits a satisfactory diagnostic
performance. This method improves the clinical applicability
of the non-invasive computational FFR model, helps clinicians
diagnose myocardial ischemia, and guides percutaneous coronary
intervention (PCI) operations.
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Accurate Calculation of FFR Based on
a Physics-Driven Fluid-Structure
Interaction Model
Xiaolu Xi1, Jincheng Liu1, Hao Sun1, Ke Xu1, Xue Wang1, Liyuan Zhang1, Tianming Du1,
Jian Liu2 and Bao Li1*

1Department of Biomedical Engineering, Faculty of Environment and Life, Beijing University of Technology, Beijing, China,
2Cardiovascular Department, Peking University People’s Hospital, Beijing, China

Background: The conventional FFRct numerical calculation method uses a model with a
multi-scale geometry based upon CFD, and rigid walls. Therefore, important interactions
between the elastic vessel wall and blood flow are not routinely considered. Changes in the
resistance of coronary microcirculation during hyperaemia are likewise not typically
incorporated using a fluid–structure interaction (FSI) algorithm. It is likely that both have
resulted in FFRct calculation errors.

Objective: In this study we incorporated both the influence of vascular elasticity and
coronary microcirculatory structure on FFR, to improve the accuracy of FFRct calculation.
Thus, in this study, a physics-driven 3D–0D coupled model including fluid–structure
interaction was established to calculate accurate FFRct values.

Methods: Based upon a novel geometric multi-scale modeling technology, a FSI
simulation approach was used. A lumped parameter model (0D) was used as the
outlet boundary condition for the 3D FSI coronary artery model to incorporate
physiological microcirculation, with bidirectional coupling between the two models.

Results: The accuracy, sensitivity, specificity, and both positive and negative predictive
values of FFRDC calculated based upon the coupled 3D–0D model were 86.7, 66.7, 84.6,
66.7, and 91.7%, respectively. Compared to the calculated value using the basic CFD
model (MSE = 5.9%, accuracy rate = 80%), the FFRCFD calculated based on the coupled
3D–0D model has a smaller MSE of 1.9%.

Conclusion: The physics-driven coupled 3D–0D model that incorporates fluid–structure
interactions not only consider the influence of the elastic vessel wall on blood flow, but also
provides reliable microvascular resistance boundary conditions for the 3D FSI model. This
allows for a calculation that is based upon conditions that are closer to the physiological
environment, and thus improves the accuracy of FFRct calculation. It is likely that more
accurate information will provide an enhanced recommendation regarding percutaneous
coronary intervention (PCI) in the clinic.

Keywords: coronary artery, fluid-structure interaction, 0D/3D geometric multi-scale model, fractional flow reserve,
hemodynamic effects
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INTRODUCTION

The hemodynamic environment inside coronary arteries
significantly affects the abnormal growth of vascular
endothelial cells and the deposition of cellular lipids, leading
to the formation of vascular stenosis, which plays a key role in a
heart attack (Bentzon et al., 2014). In the past few decades,
hemodynamic studies on coronary artery stenosis have shown
that arterial stenosis will severely disrupt normal blood flow, and
that blood flow disorder can accelerate the growth of plaque to
form a more stable stenosis. Fractional flow reserve (FFR),
defined as the maximum myocardial ratio, i.e., the ratio of the
blood flow of the stenotic branch of the coronary artery to the
blood flow of the same coronary artery, is the current ‘gold
standard’ for diagnosing functional myocardial ischemia (Pijls
et al., 1996; Kakouros et al., 2013; Pijls et al., 2013; Van De Hoef
et al., 2013). When small blood vessels in the coronary blood
supply have a maximal dilation and the central venous pressure is
assumed to be negligible, FFR can be approximated as:

FFR � pd

pa
(1)

where pa and pd are respectively the average pressure of the aortic
root and the distal portion of the stenotic coronary artery in the
maximum hyperemia state.

Based upon computational fluid dynamics (CFD), FFRct
(Fractional Flow Reserve derived from non-invasive coronary
CT angiography) was first proposed by Taylor and co-workers
(Taylor et al., 2013), who used a computerized numerical
simulation to non-invasively calculate FFR. The study
coupled lumped parameter models of the heart, systemic
circulation, and coronary microcirculation to patient-
specific models of the aortic root and epicardial coronary
arteries reconstructed from data acquired from computed
tomography angiography (CTA). Therefore, a geometric
multi-scale model of the coronary artery was established to
realize the non-invasive FFR calculation. The research team led
by C. A. Taylor conducted the largest FFRct study in the world,
representing the highest level of research on FFRct (Taylor
et al., 2013; Zarins et al., 2013). After proposing the above-
mentioned FFRct calculation method, they successively carried
out three large-scale research projects: DISCOVER-FLOW,
DeFACTO, and HeartFlowNXT. Clinical experiments
proved that FFRct can accurately diagnose and rule out
coronary stenosis causing myocardial functional ischemia.
Recently the Heart Flow-funded PLATFORM study
(Prospective Longitudinal Trial of FFRct: outcome and
resource impacts) further demonstrated the effectiveness of
FFRct in the clinical diagnosis of myocardial ischemia:
compared with CTA, FFRct can significantly reduce the
false positive rate in patients with coronary heart disease.
(Grunau et al., 2013; Douglas et al., 2015). There are now
studies pursuing fast numerical calculation of FFR. For
instance, Zhang et al. (2016) used a simplified steady-state
coronary flow model for non-invasive calculation of FFR.
However, the studies ignored the elasticity of blood vessels

based upon a single-coupled numerical calculation model. The
model assumed that the vessel wall is rigid, resulting in
inaccurate numerical simulation.

Human blood vessels are elastic, and pulsating blood flow
presses upon the blood vessel wall in real time, causing the
deformation of the blood vessel wall and a change in the flow
field. Therefore, numerical simulation using a multi-scale
CFD model with a fixed geometry will ignore the real-time
influence of the blood vessel wall on blood flow. The
hypothesis of a rigid wall cannot be used to reflect real
hemodynamics within blood vessels, and this may bias
FFRct calculation. The dilation of blood vessels and
plaques in an elastic wall will cause a gap between true
vascular resistance and that of the rigid wall, which leads
to significant differences in calculated FFRct, and potentially
a false-negative diagnosis (Kock et al., 2008; Tang et al., 2009;
Teng et al., 2010).

In addition to the presence of vascular elasticity, the
influence of microcirculation resistance on calculated FFRct
should not be ignored. The fluid-structure interaction (FSI)
analysis of blood flow and the blood vessel wall can consider
the mechanical interaction between blood flow and the blood
vessel wall (Perktold and Rappitsch, 1995; Tang et al., 2003),
thereby reducing calculation errors. However, the traditional
FSI model cannot fully consider the changes in
microcirculation resistance of coronary arteries in a state of
hyperemia. The total resistance of coronary arteries is related
to coronary microcirculation, and myocardial blood flow is
regulated by coronary microcirculation (Leung and Leung.,
2011). Microcirculation is an important part of the circulatory
system, which plays an irreplaceable role in promoting
cardiovascular health. For a more accurate model
incorporating microcirculation, a flow analysis of the
circulatory system should be performed (He et al., 2021).
To fully consider patient-specific microcirculation
resistance, a geometric multi-scale model should be
established to non-invasively calculate FFR (Lagana et al.,
2005; Kim et al., 2010; Moghadam et al., 2013; Zhao et al.,
2015).

Based on the rule of energy conservation, stenosis and
microcirculation resistance should fit the following formula:

pa � Δpstenosis + Δpmicro−circulation + pv (2)
where pa is the aortic pressure, Δpstenosis is the pressure drop of
stenotic vessels, Δpmicro−circulation is the microcirculation pressure
drop, and pv is the right atrial pressure, which is generally small
and can be ignored.

In order to consider the influence of both FSI and coronary
microcirculation structure on FFR, this study proposes a dual-
coupled 3D FSI–0D numerical model (FFRDC) for non-invasive
calculation of FFR to improve the accuracy of FFRct calculation.
In this study, 15 patient-specific CTA images were collected, as
well as clinically measured FFR for comparison. FFRDC was non-
invasively calculated and compared with the clinically measured
FFR to determine the reliability and accuracy of the method for
diagnosing myocardial ischemia.
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METHODS

Establishment of Dual-Coupled
Three-Dimensional Fluid–Structure
Interaction–Zero-Dimensional Model
In this study, a coupled multi-scale 3D–0Dmodel of the coronary
artery incorporating FSI was established by coupling a zero-
dimensional (0D) model with a three-dimensional (3D) model
coronary using a blood flow domain and vascular structure
domain, as shown in Figure 1. The complete model consisted
of the coronary artery structure and microcirculation structure.
The 3D FSI model described the coronary artery structure, and
the 0D model was used to provide the boundary conditions for
the coronary artery outlet.

The coronary artery structure described by the 3D model
included structural domains and fluid domains. According to the
patient’s CTA image, the 3D reconstruction software Mimics was
used to reconstruct the fluid domain of the patient-specific
epicardial coronary artery, and then the fluid part was shelled
to obtain coronary artery structural domains. The calculation of
the geometric multi-scale model requires multiple iterative
calculations in each time step. To simplify the calculation, the
3D model only included the stenotic segment for calculation, the
specific length included followed the formula of Sankaran et al.
(2016):

d(z) � dh(z)[1 − 1
2
[1 − cos(z − zc

Δ π + π)]α]zt < z< zu (3)

where dh is the normal blood vessel diameter, zc is the position of
the smallest diameter, zt and zu are respectively the start and end
points of the stenosis, Δ is half of the length of the stenosis, and α
is the modeled percentage stenosis.

The 0D model was established based upon similarity between
the regulation of electronic circuits and blood flow. A 0D model
containing electrical components was used to simulate the
cardiovascular system, turning the complex 3D blood flow
simulation into a simple circuit simulation (Wischgoll et al.,

2008; Huo et al., 2012). Blood flow resistance was simulated
by electrical resistance, while blood pressure and blood flow were
equivalent to voltage and current. The equivalent relationship
between hemodynamic parameters and electrical parameters is
described in Table 1. The inductance parameter was set to the
empirical value of 0.5, which has been described in detail in
previous laboratory studies (Wang et al., 2018), so that the
calculation results converged. Resistance values are determined
based on physiological parameters such as blood pressure, cardiac
output, and coronary branch flow.

Dual Coupling Algorithm
Data transmission during 3D–0D coupling was performed by
user-defined functions (UDF) in ANSYS-Fluent. The inlet
boundary condition of the 3D model, p3D,in, is the clinically
measured aortic pressure waveform of the patient. The
volumetric flow rate, Q3D, is calculated according to the 0D
model of microcirculation resistance, Rm, and the 3D FSI
model in the hyperemic state determines the outlet pressure

p3D,out � Q3D × Rm × 0.24 (4)
where p3D,out is the outlet pressure of the 3D model, Q3D is
volumetric blood flow rate, and Rm is the microcirculation
resistance in the resting state.

The geometric multi-scale model is set up as a transient
calculation driven by physics. We calculated FFRct by
determining both stenosis resistance and microcirculation
resistance. Based upon energy conservation, when Eq 5 is
satisfied in a time-step calculation, the 0D model and the 3D
model have reached a pressure balance, and the calculation has
reached convergence.

p3D,in � Δp3D + p3D,out (5)
where Δp3D is the pressure drop produced in this section of the
blood vessel, and p3D,in is the inlet pressure of the 3D model.

FSI provides the calculation of the 3D model, including fluid
domain and structure domain, using a two-way fluid–structure
interaction method. Blood was set as an incompressible fluid in a

FIGURE 1 | Dual-coupled coronary model with 70% stenosis and 10 mm stenosis length.
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3D, transient simulation. The fluid domain Navier–Stokes
equation and momentum equation considering the dynamic
mesh algorithm for the numerical calculation of FSI are:

ρf[zvzt + (v − vg) · v] � −p +  · T (6)
 · v � 0 (7)

where  is the Hamiltonian, v is the fluid velocity vector, vg is the
mesh shifting velocity, T is the stress tensor, p is fluid pressure,
and ρf is fluid density (Bird et al., 1987; Fefferman, 2006; Alireza
et al., 2014).

Without considering stress in the calculation, the governing
equation of the movement of the vascular wall, namely the solid
domain, is:

 · σs � ρs · as (8)
In the formula, σs is the stress tensor of the vessel wall, ρs is the
density of the vessel wall, and as is the acceleration of the vessel
wall (Fung and Cowin., 1993).

To follow the most basic principles of conservation, the surface
that is subject to fluid–solid interaction should also satisfy
conservation of stress, displacement, and flow rate of fluid and
solid.

σs · n̂s � σ f · n̂f (9)
ds � df (10)
qs � qf (11)

In the above formulæ d is the displacement vector, q is the flow
rate, σ is the stress tensor, n̂ is the boundary normal, and the
subscripts f and s represent the fluid and solid domains. The data
transmission during the bidirectional fluid–solid coupling
calculation is shown in Figure 2.

Based upon the physics-driven method, we implemented two-
way coupling between the solid and fluid of the model while also
realizing bidirectional coupling between the 0D and 3D models,

thus completing the dual coupling model. At each time step of the
algorithm, the calculation for the 0-dimensional model was used
as the outlet boundary of the 3D model. The inlet pressure of the
fluid domain of the 3D model, the displacement of the solid
domain, the pressure of the fluid-solid interface, and the error in
displacement data between the fluid and solid domains between
different cardiac cycles were defined as the model residuals.
When the model residuals were less than the pre-set value, the
calculation result was deemed convergent, and then the next
calculation proceeded until the end of the simulation. The specific
calculation process is shown in Figure 3.

Simulation of Hyperemia
The hyperemia model was obtained by reducing the coronary
microcirculation resistance, and it was assumed that all of the
patient’s coronary vessels are without stenosis in the rest state.
The myocardial mass was calculated by multiplying the
reconstructed myocardial volume by the average myocardial
density, and the total coronary artery flow was determined by
the myocardial mass. According to an allometric scaling law,
blood flow is proportional to vessel diameter raised to some
power; that is, Q∝ dk (Murray, 1926). The total flow of the
coronary vessels was used to calculate the flow of each coronary
artery. The microcirculation resistance at the outlet of each
branch was calculated according to the formula:

Rm � p

Q
(12)

where p is the coronary branch outlet pressure, and Q is the
allocated resting flow. Since the FFR was calculated in the
hyperemic state, microcirculation resistance was 0.24 times
that in the resting state (Wilson et al., 1990; Taylor et al.,
2013), as shown in Figure 4.

Calculation Settings
In this study, uniform material properties were used in the
calculation of the vessel wall. It was assumed that the
thickness of the blood vessel wall was 0.5 mm (Leach et al.,
2010), the arterial wall was non-slip, linear elastic, isotropic
and incompressible, the Young’s modulus was 0.6 MPa, and
the Poisson’s ratio was 0.48 (Wang et al., 2020). Blood flow
was assumed to correspond to incompressible laminar flow of a
Newtonian fluid, and the viscosity and density of blood were
0.0035 Pa·s and 1050 kg/m3, respectively (Ofili et al., 1995; Sun
et al., 2010). The computation was performed on the ANSYS
Workbench platform, solved using a workstation equipped with a
2.3 GHz Intel Xeon CPU and 64 GB of RAM. The systems
coupling framework effected the complete coupling of
transient fluid analysis (in Fluent CFD) and transient structure

TABLE 1 | Hemodynamic parameters and equivalent electrical parameters.

Hemodynamic
parameter

Blood flow Blood pressure Microcirculation
resistance

Vascular elasticity Blood flow
inertia

Equivalent electrical parameter Current Voltage Electrical resistance Capacitance Inductance

FIGURE 2 | Data transfer between fluid and solid domains. (CFD:
computational fluid dynamics; CSM: computational structural mechanics).
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analysis. The side of the lumen was set as the interface between
fluid and structure. The time steps of the fluid domain and
structural domain models were both set to 0.01 s, and the
simulation was run for three cardiac cycles. To improve the
stability of the coupled simulation, the transmission data value
linearly increased in the first five coupling iterations (minimum

number of iterations) at each time step. To avoid unstable results
of the initial time step, only the data from the second cardiac cycle
was used for post-processing. In domains modelled by CFD, the
fluid area was divided into tetrahedral elements with inflation
layers, and the solid region was divided into a hexahedral grid
(Wang et al., 2020).

FIGURE 3 | Flow chart of dual-coupled model algorithm.

FIGURE 4 | Changes in microcirculation resistance due to hyperemia.
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Clinical Data Collection and Processing
The study was a prospective investigation. The coronary CTA
images were obtained using a dual-layer detector CT system
(IQon, Philips Healthcare) comprising 256-row CTA
tomography, with a matrix size of 512 × 512 a slice thickness
of 0.625 mm, and a pixel size within each slice was 0.5 mm ×
0.5 mm. The coronary CTA used standard acquisition protocols
in accordance with recommendations from professional
societies. All data were collected at the Peking University
People’s Hospital, and FFR was measured clinically. The
study was approved by the Internal Review Board and
informed written consent was obtained from enrolled
patients. The anonymous clinical data were independently
reviewed and analysed by the Biomechanics Laboratory of
Beijing University of Technology.

We set the specific criteria for enrollment, coronary
angiography, and FFR catheter surgery. Exclusion criteria
for this clinical trial included poor CTA image quality and
coronary microcirculation disorders. Acute myocardial
infarction (MI), small vascular lesions (defined as reference
diameter < 2.5 mm), or N1 vascular lesions were excluded.
Clinical data from 15 patients were collected in this study to
confirm the accuracy of the dual-coupled model for FFRct
calculation.

The dual-coupled calculation was performed for all 15 patients
and results were analyzed for statistical significance. Sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV), and accuracy were expressed as percentages with
95% confidence intervals.

RESULTS

Patient Information
Basic information describing the 15 enrolled patients is presented
in Table 2. Stenosis was moderate (40–80%), the mean age of
patients was 64 years old, andmost patients had stable angina and
hypertension.

FFRct Calculation Results
Figure 5 shows the FFRct contours calculated using the dual-
coupling model and the conventional geometric multi-scale
model based upon CFD. Table 3 shows the FFR calculation
results for all of the 15 patients. Figure 6 shows the comparison of
FFRct calculation results for the 15 patients using the dual-
coupling model and the geometric multi-scale model based on
CFD: there is a gap between the respective mean FFRct values,
demonstrating that the mean value based upon FSI is larger than
that based upon CFD alone.

Correlation Analysis for Fractional Flow
Reserve
When the sample size is constant, the mean square error (MSE)
can be used to evaluate the quality of a set of point estimates:

MSE(θ̂) � E(θ̂ − θ)2 (13)
The MSE of FFR calculated based on the dual-coupling model

is 1.9%, whilst the MSE of FFR calculated based on the geometric
multi-scale CFD model is 5.9%; in each case the reference data
were the clinically measured FFR values.

The linear relationship between clinically measured FFR and
calculated FFRct values is shown in Figure 7 (p < 0.01). The
Bland–Altman graph and ROC curve between FFR and FFRct are
also provided. As shown in the figure, the calculated FFRDC values
have a better correlation with the clinically measured values (R =
0.87), compared with the values calculated using the conventional
CFD model (R = 0.73), indicating higher accuracy and diagnostic
performance. The ROC curve is a comprehensive indicator
reflecting the continuous variables of sensitivity and specificity.
AUC (area under the ROC curve) refers to the area under the
ROC curve. The closer the AUC is to 1, the higher the diagnostic
value of the test. MedCalc 19.20 statistical software was used for
ROC analysis. The ROC curves shown in Figure 7E indicate that
the AUCs of FFRDC, and FFRCFD are 0.972 (95%CI 0.737–1), p <
0.0001 and 0.861 (95%CI 0.589–0.982), p = 0.0007. The p value
for the compare of ROC of FFRDC, and FFRCFD is 0.25. Using FFR
≤ 0.8 as the reference standard, the specificity of FFRDC and
FFRCFD is 0.91 (95%CI 0.615–0.998) and 0.75 (95%CI
0.428–0.945) respectively and the sensitivity both are 1 (95%CI
0.292–1). Due to the limitation of quantity, the p value of the
comparison between the two ROC values indicates that the
difference is not significant, but the comparison from AUC
reflects the higher accuracy of FFRDC. The diagnostic value of
FFRDC is higher. The comprehensive results reflect the accuracy
of the method for calculating FFRct using the double-coupling
model introduced in the present study.

DISCUSSION

Influence of the Elastic Wall on FFRct
The FFR value calculated based on the dual-coupling model is 0.03
larger on average than the FFR value calculated by CFD alone. We
hypothesize that the reason for that result is the dilation of blood

TABLE 2 |Basic information describing the 15 enrolled patients. Values shown are
either counts or mean values (with standard deviations in parentheses, where
available).

Characteristic Value

Number of patients 15
Number of vessels 15
Ages 64( ± 8.95)
Number of males 10
Number of females 5
Number of left artery descending (LAD) 10
Number of right coronary artery (RCA) 5
Systolic blood pressure/mmHg 140( ± 17.99)
Diastolic blood pressure/mmHg 79( ± 9.01)
Left ventricular systolic volume/mm3 31.3( ± 4.3)
Left ventricular diastolic volume/mm3 101.84( ± 7.2)
Heart rate/bpm 60.42( ± 8.38)
Cardiac output/(L·min-1) 4.251( ± 2.18)
Myocardial mass/g 141.7( ± 23.72)
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vessel walls, which reduced the resistance to blood flow (Wu et al.,
2019). The conventional geometric multi-scale model based on CFD
alone assumes that the vessel wall is rigid by default, and there is no
change in displacement. Under the same pressure, the stenotic vessel
was not deformed in the rigid-walled model, which tended to
increase the flow resistance due to stenosis in the vessel.
However, blood vessels are elastic during clinical FFR detection,
and consequently the FFRct calculation using a rigid-wall model
may lead to reduced estimates compared to clinical measurements.

The Authenticity Based on Use of the
Dual-Coupling Model
The FSI model can fully consider the elastic wall, and more closely
parallel the physiological state of the human blood vessel. However,

the FFRct calculation using conventional FSI cannot fully
incorporate the changes in microcirculation resistance after
hyperemia. Blood flow within the coronary microcirculation of
patients cannot be continuously and non-invasively measured in
real time. Therefore we developed and described the physics-driven
3D–0D coupling method. We described boundary conditions and
loops at the interface of the modeling domain and specified the 0D
model to simulate the resistance of microvessels on the exit
boundary conditions of the 3D model to calculate FFRct.

The Accuracy of the Dual Coupling Model to
Calculate FFRDC
The Discovery-flow study (Diagnosis of Smaller-Causing
Stenoses via Noninvasive Fractional Flow Reserve) was an

FIGURE 5 | FFRct Pressure cloud image calculated based on dual models. (A) Pressure cloud of patient 2 for both computational models. (B) Pressure cloud of
patient 4 for both computational models. (C) Pressure cloud of patient 6 for both computational models. (D) Pressure cloud of patient 5 for both computational models.

TABLE 3 | The calculated and measured FFR results for all of the 15 patients.

Patient Clinically FFRDC FFRCFD Rm Computation time
(FFRDC/FFRCFD) [h][mmHg s/ml]

1 0.76 0.77 0.8 132.99 18/3
2 0.98 0.93 0.86 81.72 9/4.5
3 0.91 0.91 0.88 142.26 10.1/4
4 0.89 0.88 0.85 133.42 12.5/3
5 0.93 0.92 0.89 146.62 10.7/5
6 0.91 0.91 0.88 83.49 11.2/2
7 0.97 0.91 0.89 82.05 8.6/3.3
8 0.89 0.85 0.79 109.27 11.7/4
9 0.75 0.71 0.67 124.17 18.2/3.3
10 0.91 0.91 0.9 427.34 9.5/3
11 0.71 0.81 0.78 143.22 20.4/8
12 0.98 0.95 0.9 95.11 9.1/4
13 0.84 0.83 0.76 101.35 13.7/4
14 0.84 0.78 0.74 105.87 14.6/3.5
15 0.89 0.85 0.83 129.76 12.2/4.3
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early multi-center, prospective evaluation of FFRct accuracy,
which compared FFRct with invasive FFR, showing that FFRct
had a diagnostic accuracy of 84.3% (Koo et al., 2011). In the
present study, the accuracy of dual-coupling model for FFRct
calculation was 86.7%, the sensitivity was 66.7%, the specificity
was 84.6%, the positive predictive value was 66.7%, and the
negative predictive value was 91.7%. This indicates that the
capacity for diagnostic prediction of FFRct calculated by the
dual-coupling model is not inferior to that of conventional FFRct.
Therefore, there is higher accuracy using the dual coupling

model. Because clinically measured FFR is measured under
real physiological conditions, we introduced the elasticity of
the blood vessel into the conventional geometric multi-scale
model to take into account the interaction between blood and
the artery walls. The individualization of the coronary artery
model makes the parameters of the 0D model more reasonable.
The sensitivity of FFRDC and FFRCFD in this study was 66.7%,
which was lower than previous studies, because the sample size of
this study was only 15, of which only three patients were FFR
positive.

FIGURE 6 | Comparison between clinically measured FFR and FFRct calculated with different models.

FIGURE 7 | Analysis of clinical FFR data, FFRDC and FFRCFD. (A) BlandAltman plots for the pairwise comparisons of clinical FFR data and FFRDC. (B)
BlandAltman plots for the pairwise comparisons of clinical FFR data and FFRCFD. (C) A comparison of clinical FFR data and FFRDC. (D) A comparison of clinical FFR
data and FFRCFD. (E) ROC analysis of FFRDC and FFRCFD, using clinical FFR data as a reference.
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Patient-specific allocation methods for coronary artery flow
enabled individualization of the coronary microcirculation
resistance model, which matched the parameters of the 0D
model to each patient. The dual coupling model appeared to
have physiological significance since morphological distinctions
between patients was considered. Methodologically, a physics-
driven dual-coupling method as described herein can be used to
simulate a more realistic coronary hemodynamic environment.
In clinical application, this method can improve the accuracy of
FFRct calculations and can potentially assist in guiding
successful clinical percutaneous coronary intervention (PCI)
surgery.

LIMITATIONS AND FUTURE WORK

There are several limitations to the techniques and methodology
used in the study. For instance, we assumed that the material
properties of the three-layered structure of the blood vessel wall
and the plaque were uniform, using a single elastic modulus.
However, the blood vessel wall is divided into three layers, with
plaques, and differs between patients. We propose to further
develop the modeling system to personalize each patient’s
plaque type and parameters related to elasticity of the blood
vessel wall.

In this study, we limited enrollment and collected clinical
data for 15 patients, but this sample size is small. Additional
enrollment will allow us to improve the accuracy of the dual-
coupling model, and also improve the algorithm that we
developed. We will continue to collect more patient cases
and carry out prospective clinical trials on FFRct.
Meanwhile we will conduct FFR-guided and PCI-guided
double-blind trials. Prognostic analysis confirmed that dual-
coupled FFRct could be applied clinically to guide the
operation of PCI. In addition, all 15 patients in this study
had a single stenosis, whereas this method is theoretically
applicable to patients with multiple stenoses, which will be
further verified at a later stage.

CONCLUSION

In conclusion, a physics-driven dual-coupling model for
numerical FFRct-DC calculation was established, and the
results of such calculations were compared to those from a
more conventional CFD-based geometric multi-scale method.
This new model incorporates the influence of the elastic vessel
wall on blood flow and provides reliable microvascular resistance
boundary conditions for the 3D FSI model. Therefore, it more
closely parallels physiological conditions, resulting in improved
FFRct accuracy, and enhanced accuracy of myocardial ischemia
prediction. The model may be used to non-invasively provide a
more reliable recommendation for clinical PCI surgery.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Ethics Committee of Peking University
People’s Hospital. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

XX was responsible for modeling, simulation, data analysis and
paper preparation. JL (Beijing University of Technology) assisted
in the hemodynamic simulation. HS assisted in 0D modeling. KX
assisted in data analysis. XW assisted in the reconstruction of the
3Dmodel. JL (Peking University Peoples Hospital) was responsible
for providing experimental data. LZ and TD assisted in
experimental design. BL was responsible for supervision.

REFERENCES

Bentzon, J. F., Otsuka, F., Virmani, R., and Falk, E. (2014). Mechanisms of Plaque
Formation and Rupture. Circ. Res. 114 (12), 1852–1866. doi:10.1161/circresaha.
114.302721

Bird, R. B., Armstrong, R. C., and Hassager, O. (1987). Dynamics of Polymeric
Liquids. Fluid Mechanics. Hoboken: Wiley.

Douglas, P. S., Pontone, G., Hlatky, M. A., Patel, M. R., Norgaard, B. L., Byrne, R.
A., et al. (2015). Clinical Outcomes of Fractional Flow reserve by Computed
Tomographic Angiography-Guided Diagnostic Strategies vs. Usual Care in
Patients with Suspected Coronary Artery Disease: the Prospective Longitudinal
Trial of FFRCT: Outcome and Resource Impacts Study. Eur. Heart J. 36 (47),
3359–3367. doi:10.1093/eurheartj/ehv444

Esmaily Moghadam, M., Vignon-Clementel, I. E., Figliola, R., and Marsden, A. L.
(2013). Modeling of Congenital Hearts Alliance (MOCHA) InvestigatorsA
Modular Numerical Method for Implicit 0D/3D Coupling in Cardiovascular
Finite Element Simulations. J. Comput. Phys. 244, 63–79. doi:10.1016/j.jcp.2012.
07.035

Fefferman, C. L. (2006). Existence and Smoothness of the Navier–Stokes Equation.
Millennium Prize Probl. 57 (67), 22.

Fung, Y. C., and Cowin, S. C. (1993). Biomechanics: Motion, Flow, Stress, and
Growth. J. Appl. Mech. 60 (2), 567. doi:10.1115/1.2900838

Grunau, G. L., Min, J. K., and Leipsic, J. (2013). Modeling of Fractional Flow reserve
Based on Coronary CT Angiography. Curr. Cardiol. Rep. 15 (1), 336. doi:10.
1007/s11886-012-0336-0

He, F., Hua, L., and Guo, T. (2021). Fluid–structure Interaction Analysis of
Hemodynamics in Different Degrees of Stenoses Considering
Microcirculation Function. Adv. Mech. Eng. 13 (1), 1687814021989012.
doi:10.1177/1687814021989012

Huo, Y., Svendsen, M., Choy, J. S., Zhang, Z.-D., and Kassab, G. S. (2012). A
Validated Predictive Model of Coronary Fractional Flow reserve. J. R. Soc.
Interf. 9 (71), 1325–1338. doi:10.1098/rsif.2011.0605

Kakouros, N., Rybicki, F. J., Mitsouras, D., and Miller, J. M. (2013). Coronary
Pressure-Derived Fractional Flow reserve in the Assessment of Coronary Artery
Stenoses. Eur. Radiol. 23 (4), 958–967. doi:10.1007/s00330-012-2670-4

Karimi, A., Navidbakhsh, M., Razaghi, R., and Haghpanahi, M. (2014). A
Computational Fluid-Structure Interaction Model for Plaque Vulnerability

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8614469

Xi et al. Dual-Coupled Coronary Model

45

https://doi.org/10.1161/circresaha.114.302721
https://doi.org/10.1161/circresaha.114.302721
https://doi.org/10.1093/eurheartj/ehv444
https://doi.org/10.1016/j.jcp.2012.07.035
https://doi.org/10.1016/j.jcp.2012.07.035
https://doi.org/10.1115/1.2900838
https://doi.org/10.1007/s11886-012-0336-0
https://doi.org/10.1007/s11886-012-0336-0
https://doi.org/10.1177/1687814021989012
https://doi.org/10.1098/rsif.2011.0605
https://doi.org/10.1007/s00330-012-2670-4
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Assessment in Atherosclerotic Human Coronary Arteries. J. Appl. Phys. 115,
144702. doi:10.1063/1.4870945

Kim, H. J., Vignon-Clementel, I. E., Coogan, J. S., Figueroa, C. A., Jansen, K. E., and
Taylor, C. A. (2010). Patient-specific Modeling of Blood Flow and Pressure in
Human Coronary Arteries.Ann. Biomed. Eng. 38 (10), 3195–3209. doi:10.1007/
s10439-010-0083-6

Kock, S. A., Nygaard, J. V., Eldrup, N., Fründ, E.-T., Klærke, A., Paaske, W. P., et al.
(2008). Mechanical Stresses in Carotid Plaques Using MRI-Based Fluid-
Structure Interaction Models. J. Biomech. 41 (8), 1651–1658. doi:10.1016/j.
jbiomech.2008.03.019

Koo, B.-K., Erglis, A., Doh, J.-H., Daniels, D. V., Jegere, S., Kim, H.-S., et al. (2011).
Diagnosis of Ischemia-Causing Coronary Stenoses by Noninvasive Fractional
Flow reserve Computed from Coronary Computed Tomographic Angiograms.
J. Am. Coll. Cardiol. 58 (19), 1989–1997. doi:10.1016/j.jacc.2011.06.066

Laganà, K., Balossino, R., Migliavacca, F., Pennati, G., Bove, E. L., de Leval, M. R.,
et al. (2005). Multiscale Modeling of the Cardiovascular System: Application to
the Study of Pulmonary and Coronary Perfusions in the Univentricular
Circulation. J. Biomech. 38 (5), 1129–1141. doi:10.1016/j.jbiomech.2004.05.027

Leach, J. R., Rayz, V. L., Soares, B., Wintermark, M., Mofrad, M. R. K., and Saloner,
D. (2010). Carotid Atheroma Rupture Observed In Vivo and FSI-Predicted
Stress Distribution Based on Pre-rupture Imaging. Ann. Biomed. Eng. 38 (8),
2748–2765. doi:10.1007/s10439-010-0004-8

Leung, D. Y., and Leung, M. (2011). Significance and Assessment of Coronary
Microvascular Dysfunction. Heart 97 (7), 587–595. doi:10.1136/hrt.2009.
183327

Murray, C. D. (1926). The Physiological Principle of Minimum Work. Proc. Natl.
Acad. Sci. U.S.A. 12 (3), 207–214. doi:10.1073/pnas.12.3.207

Ofili, E. O., Kern, M. J., St. Vrain, J. A., Donohue, T. J., Bach, R., Al-Joundi, B., et al.
(1995). Differential Characterization of Blood Flow, Velocity, and Vascular
Resistance between Proximal and Distal normal Epicardial Human Coronary
Arteries: Analysis by Intracoronary Doppler Spectral Flow Velocity. Am. Heart
J. 130 (1), 37–46. doi:10.1016/0002-8703(95)90233-3

Perktold, K., and Rappitsch, G. (1995). Computer Simulation of Local Blood Flow
and Vessel Mechanics in a Compliant Carotid Artery Bifurcation Model.
J. Biomech. 28 (7), 845–856. doi:10.1016/0021-9290(95)95273-8

Pijls, N. H. J., de Bruyne, B., Peels, K., van der Voort, P. H., Bonnier, H. J. R. M.,
Bartunek, J., et al. (1996). Measurement of Fractional Flow reserve to Assess the
Functional Severity of Coronary-Artery Stenoses. N. Engl. J. Med. 334 (26),
1703–1708. doi:10.1056/nejm199606273342604

Pijls, N. H. J., Tanaka, N., and Fearon, W. F. (2013). Functional Assessment of
Coronary Stenoses: Can We Live without it? Eur. Heart J. 34 (18), 1335–1344.
doi:10.1093/eurheartj/ehs436

Sankaran, S., Kim, H. J., Choi, G., and Taylor, C. A. (2016). Uncertainty
Quantification in Coronary Blood Flow Simulations: Impact of Geometry,
Boundary Conditions and Blood Viscosity. J. Biomech. 49 (12), 2540–2547.
doi:10.1016/j.jbiomech.2016.01.002

Sun, A., Fan, Y., and Deng, X. (2010). “Numerical Study of Hemodynamics at
Coronary Bifurcation with and without Swirling Flow,” in 6th World Congress
of Biomechanics (WCB 2010). 1–6 August 2010, Singapore (Berlin/Heidelberg:
Springer), 1428–1430. doi:10.1007/978-3-642-14515-5_364

Tang, D., Yang, C., Kobayashi, S., Zheng, J., and Vito, R. P. (2003). Effect of Stenosis
Asymmetry on Blood Flow and Artery Compression: a Three-Dimensional
Fluid-Structure Interaction Model. Ann. Biomed. Eng. 31 (10), 1182–1193.
doi:10.1114/1.1615577

Tang, D., Yang, C., Kobayashi, S., Zheng, J., Woodard, P. K., Teng, Z., et al. (2009).
3D MRI-Based Anisotropic FSI Models with Cyclic Bending for Human
Coronary Atherosclerotic Plaque Mechanical Analysis. J. Biomechanical Eng.
131 (6). doi:10.1115/1.3127253

Taylor, C. A., Fonte, T. A., and Min, J. K. (2013). Computational Fluid Dynamics
Applied to Cardiac Computed Tomography for Noninvasive Quantification of
Fractional Flow Reserve. J. Am. Coll. Cardiol. 61 (22), 2233–2241. doi:10.1016/j.
jacc.2012.11.083

Teng, Z., Canton, G., Yuan, C., Ferguson, M., Yang, C., Huang, X., et al. (2010). 3D
Critical Plaque wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites
Than Flow Shear Stress: an In VivoMRI-Based 3D FSI Study. J. Biomechanical
Eng. 132 (3). doi:10.1115/1.4001028

van de Hoef, T. P., Meuwissen, M., Escaned, J., Davies, J. E., Siebes, M., Spaan,
J. A. E., et al. (2013). Fractional Flow reserve as a Surrogate for Inducible
Myocardial Ischaemia. Nat. Rev. Cardiol. 10 (8), 439–452. doi:10.1038/
nrcardio.2013.86

Wang, J., Paritala, P. K., Mendieta, J. B., Komori, Y., Raffel, O. C., Gu, Y., et al.
(2020). Optical Coherence Tomography-Based Patient-specific Coronary
Artery Reconstruction and Fluid-Structure Interaction Simulation. Biomech.
Model. Mechanobiol 19 (1), 7–20. doi:10.1007/s10237-019-01191-9

Wang, W., Tang, D., Mao, B., Li, B., Zhao, X., Liu, J., et al. (2018). A Fast-Fractional
Flow reserve Simulation Method in a Patient with Coronary Stenosis Based on
Resistance Boundary Conditions. Cmes 116 (2), 163–173. doi:10.31614/cmes.
2018.04219

Wilson, R. F., Wyche, K., Christensen, B. V., Zimmer, S., and Laxson, D. D. (1990).
Effects of Adenosine on Human Coronary Arterial Circulation. Circulation 82
(5), 1595–1606. doi:10.1161/01.cir.82.5.1595

Wischgoll, T., Choy, J. S., Ritman, E. L., and Kassab, G. S. (2008). Validation of
Image-Based Method for Extraction of Coronary Morphometry. Ann. Biomed.
Eng. 36 (3), 356–368. doi:10.1007/s10439-008-9443-x

Wu, X., von Birgelen, C., Zhang, S., Ding, D., Huang, J., and Tu, S. (2019).
Simultaneous Evaluation of Plaque Stability and Ischemic Potential of
Coronary Lesions in a Fluid-Structure Interaction Analysis. Int.
J. Cardiovasc. Imaging 35 (9), 1563–1572. doi:10.1007/s10554-019-01611-y

Zarins, C. K., Taylor, C. A., and Min, J. K. (2013). Computed Fractional Flow
Reserve (FFTCT) Derived from Coronary CT Angiography. J. Cardiovasc.
Trans. Res. 6 (5), 708–714. doi:10.1007/s12265-013-9498-4

Zhang, J.-M., Zhong, L., Luo, T., Lomarda, A. M., Huo, Y., Yap, J., et al. (2016).
Simplified Models of Non-invasive Fractional Flow reserve Based on CT
Images. PLoS One 11 (5), e0153070. doi:10.1371/journal.pone.0153070

Zhao, X., Liu, Y., Ding, J., Ren, X., Bai, F., Zhang, M., et al. (2015). Hemodynamic
Effects of the Anastomoses in the Modified Blalock-Taussig Shunt: a Numerical
Study Using a 0D/3D Coupling Method. J. Mech. Med. Biol. 15 (01), 1550017.
doi:10.1142/s0219519415500177

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xi, Liu, Sun, Xu, Wang, Zhang, Du, Liu and Li. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 86144610

Xi et al. Dual-Coupled Coronary Model

46

https://doi.org/10.1063/1.4870945
https://doi.org/10.1007/s10439-010-0083-6
https://doi.org/10.1007/s10439-010-0083-6
https://doi.org/10.1016/j.jbiomech.2008.03.019
https://doi.org/10.1016/j.jbiomech.2008.03.019
https://doi.org/10.1016/j.jacc.2011.06.066
https://doi.org/10.1016/j.jbiomech.2004.05.027
https://doi.org/10.1007/s10439-010-0004-8
https://doi.org/10.1136/hrt.2009.183327
https://doi.org/10.1136/hrt.2009.183327
https://doi.org/10.1073/pnas.12.3.207
https://doi.org/10.1016/0002-8703(95)90233-3
https://doi.org/10.1016/0021-9290(95)95273-8
https://doi.org/10.1056/nejm199606273342604
https://doi.org/10.1093/eurheartj/ehs436
https://doi.org/10.1016/j.jbiomech.2016.01.002
https://doi.org/10.1007/978-3-642-14515-5_364
https://doi.org/10.1114/1.1615577
https://doi.org/10.1115/1.3127253
https://doi.org/10.1016/j.jacc.2012.11.083
https://doi.org/10.1016/j.jacc.2012.11.083
https://doi.org/10.1115/1.4001028
https://doi.org/10.1038/nrcardio.2013.86
https://doi.org/10.1038/nrcardio.2013.86
https://doi.org/10.1007/s10237-019-01191-9
https://doi.org/10.31614/cmes.2018.04219
https://doi.org/10.31614/cmes.2018.04219
https://doi.org/10.1161/01.cir.82.5.1595
https://doi.org/10.1007/s10439-008-9443-x
https://doi.org/10.1007/s10554-019-01611-y
https://doi.org/10.1007/s12265-013-9498-4
https://doi.org/10.1371/journal.pone.0153070
https://doi.org/10.1142/s0219519415500177
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Predicting Coronary Stenosis
Progression Using Plaque Fatigue
From IVUS-Based Thin-Slice Models:
A Machine Learning Random Forest
Approach
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Introduction: Coronary stenosis due to atherosclerosis restricts blood flow. Stenosis
progression would lead to increased clinical risk such as heart attack. Although many risk
factors were found to contribute to atherosclerosis progression, factors associated with
fatigue is underemphasized. Our goal is to investigate the relationship between fatigue and
stenosis progression based on in vivo intravascular ultrasound (IVUS) images and finite
element models.

Methods: Baseline and follow-up in vivo IVUS and angiography data were acquired from
seven patients using Institutional Review Board approved protocols with informed consent
obtained. Three hundred and five paired slices at baseline and follow-up were matched
and used for plaque modeling and analysis. IVUS-based thin-slice models were
constructed to obtain the coronary biomechanics and stress/strain amplitudes (stress/
strain variations in one cardiac cycle) were used as the measurement of fatigue. The
change of lumen area (DLA) from baseline to follow-up were calculated to measure
stenosis progression. Nineteen morphological and biomechanical factors were extracted
from 305 slices at baseline. Correlation analyses of these factors with DLA were
performed. Random forest (RF) method was used to fit morphological and
biomechanical factors at baseline to predict stenosis progression during follow-up.

Results: Significant correlations were found between stenosis progression and maximum
stress amplitude, average stress amplitude and average strain amplitude (p < 0.05). After
factors selection implemented by random forest (RF) method, eight morphological and
biomechanical factors were selected for classification prediction of stenosis progression.
Using eight factors including fatigue, the overall classification accuracy, sensitivity and
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specificity of stenosis progression prediction with RF method were 83.61%, 86.25% and
80.69%, respectively.

Conclusion: Fatigue correlated positively with stenosis progression. Factors associated
with fatigue could contribute to better prediction for atherosclerosis progression.

Keywords: coronary atherosclerosis, stenosis prediction, IVUS, fatigue, random forest, patient-specific models

INTRODUCTION

Atherosclerotic plaque rupture is regarded as the clinical end-
point event in the process of atherosclerosis progression. Stenosis
is a common abnormal condition in arteries mainly due to
atherosclerosis. Coronary gradual narrowing restricts blood
flow, which causes ischemia and may induce heart attack.
From a biomechanical perspective, vessel tissue fatigue is a
chronic failure process induced by repetitive loading and could
impact plaque development under the periodical arterial pressure
(Bank et al., 2000; Ku & McCord, 1993; Stehbens, 1997; 2002).
Plaque rupture can be considered as the result of accumulated
fatigue damage (Versluis et al., 2006). Li et al. (2007) and his
coworkers studied the fatigue crack with constructed two-
dimensional model using in vivo magnetic resonance imaging
(MRI) data (Pei et al., 2014). Huang et al. (2013) employed in vivo
MRI-based 2D carotid model to study the development of crack
and fatigue life. Their results showed that plaque without fibrous
cap (FC) rupture or ulceration had a longer fatigue life compared
with those with FC rupture or ulceration (p = 0.03).

Paritala et al. (2020) characterized the fatigue behavior of
carotid arteries using uniaxial tensile test and provided an
understanding of stress-relaxation and cyclic behavior. Bank
et al. (2000) showed that fatigue is caused from cyclic stress
by ex-vivo experiments, and found that fatigue is proportional to
stress amplitude and mean stress. Gao et al. (2009) also pointed
out that relative stress variation during a cycle in the fibrous cap is
a potential indicator for plaque fatigue process by fluid-structure
interaction (FSI) models of carotid arteries. The mainstream
opinion is that stresses derived from periodical pressure is
alternating stress, which is the main cause of fatigue.

Many researchers tried to find risk factors related to plaque
progression. Using serial coronary computed tomography
angiography, Won et al. used change of coronary plaque
volume to measure plaque progression and explored the
effects of the triglyceride glucose (TyG) index and body mass
index (BMI) on plaque progression, respectively (Won et al.,
2019; Won et al., 2020). Their studies have shown that BMI were
not associated with plaque progression and TyG index had a
positive and significant association with plaque progression (odd
ratio = 1.409, confidence interval = [1.062–1.869], p = 0.017).
Morphological factors, such as plaque composition and size,
lumen size, fibrous cap thickness and others, may play
significant roles in atherosclerosis progression. Ever since
computational fluid dynamic (CFD) models have been used as
a common tool to explore the mechanism of atherosclerosis
progression and rupture, endothelial shear stress was found to
be an important biomechanical factor for atherosclerosis

progression (Vergallo et al., 2014). Corban et al. (2014)
indicated that combining plaque burden, wall shear stress
(WSS) and plaque phenotype was helpful to improve
prediction accuracy of plaque progression. However, a study
based on carotid atherosclerotic mouse model showed that
WSS decreased strikingly during atherosclerotic progression,
but the correlation between WSS and plaque area was weak
and no statistical significance was found (p > 0.05) (Xing
et al., 2018).

Besides, plaque fatigue would be a noteworthy factor in plaque
progression. Stehbens (1997) hypothesized that atherosclerosis
was the response to hemodynamically induced repetitive stresses
due to the pulse pressure. Thondapu et al. (2017) pointed out that
axial stress arises from longitudinal stretching of vessels exposed
to cyclical blood flow and cardiac motion, and circumferential
stress arises from hydrostatic pressure exerting outward radial
force on vessels. The periodic pressure caused from pulsatile
blood flow generates mechanical stresses. These mechanical
factors contribute to plaque fatigue in an integrated manner
and play a vital role in plaque progression (Wang L. et al,
2019; Guo et al., 2021).

In this paper, in vivo Virtual Histology intravascular
ultrasound (VH-IVUS) data at baseline and follow-up were
acquired from seven patients and used to construct thin-slice
models for stress/strain calculations. Plaque fatigue was measured
by stress/strain amplitudes in one cardiac cycle at baseline. The
change of lumen area between baseline and follow-up was used as
the measurement for atherosclerosis stenosis progression. Analyses
for correlations between plaque fatigue and morphological
characters and correlations predictors (morphological and
biomechanical factors) and stenosis progression were performed.
Machine learning approaches including random forest was
employed to determine the prediction accuracy of plaque fatigue
for predicting stenosis progression.

METHODS

Virtual Histology-Intravascular Ultrasound
Data Acquisition and Processing
Baseline and follow-up in vivo intravascular ultrasound (IVUS) and
angiography data were acquired from seven participants (gender:
5M and 2F, average age: 59.2) at Cardiovascular Research
Foundation (CRF) using protocol approved by the Institutional
Review Board and informed consents were obtained from these
patients. Patients were selected from a CRF data set where patients
were with stable angina pectoris undergoing percutaneous coronary
intervention (PCI). Patients with acute coronary syndrome, severe
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calcified lesion, chronic total occlusion or chronic kidney disease (Cr
> 1.5 mg/dl) were excluded. Baseline data is the data set acquired at
the first screening, which included IVUS, OCT, angiography, blood
pressure, and general patient demographic information. These spans
of the follow-up time for seven participants were 6–12months
(median 9months). When electrocardiogram (ECG) signal was
connected, VH-IVUS images were acquired automatically using
Volcano S5 Imaging System (Volcano Crop., Rancho Cordova,
CA, United States). Four tissue types were marked in color on
VH-IVUS image: lipid-rich necrotic core in red, calcium in white,
fibrous tissue in dark green and fibro-fatty tissue in light green.
Segmentation of VH-IVUS images was performed by an in-house
software package programmed in MATLAB (The MathWorks, Inc.,
Natick, MA, United States). The target vessel segment was selected
based on angiography data. The registration of VH-IVUS images at
baseline and follow-up from same vessel segment was executed using
vessel branches which is the main landmark for location of vessel
segment. These 305 paired VH-IVUS slices were matched and used
for plaque modeling. Images generated at vessel bifurcations were
excluded from this study.

The Thin-Slice Model With Mooney-Rivlin
Material Model
A 3D thin-slice modeling approach was adopted in this paper to
obtain plaque stress/strain values. Thin slice models were selected
since the model construction requires much less time (a few
minutes per model) and is more suitable for potential clinical
implementations (Wang L. et al, 2019). For each slice, the 3D
thin-slice model was constructed by adding a thin slice thickness
(0.5 mm, which is the spatial distance between two adjacent
images generated during catheter pullback) to the 2D slice.
For plaque models based on in vivo data, axial stretch is a
non-negligible factor when calculating the stress/strain
distribution in coronary (Thondapu et al., 2017). Axial
shrinkage was set to be 5% in our models because
atherosclerotic vessels were stiffer than healthy vessels. In-vivo
VH-IVUS image was reconstructed with radiofrequency data
captured at the peak of R-wave in ECG signal (Garcìa-Garcìa
et al., 2011). The peak of the R-wave is commonly used to
represent the end-diastole phase, so the acquired VH-IVUS
data can be regarded as being generated at minimum arterial
pressure. Hence circumferential shrinkage was applied in our
models in order to make model shape under minimum pressure
consistent with VH-IVUS. Pulsating arm pressure conditions
were prescribed at lumen surface in thin-slice models. The
construction of thin-slice models can be found in our previous
publication (Guo et al., 2017). Lipid/calcification and other tissues
were assumed to be isotropic and anisotropic, respectively. The
strain energy density function of modified Mooney-Rivlin model
for isotropic and anisotropic were Eqs 1, 2, respectively
(Holzapfel et al., 2000):

Wiso � c1(I1 − 3) + c2(I2 − 3) +D1{exp[D2(I1 − 3)] − 1} (1)
Waniso � Wiso + K1

K2
{exp[K2(I4 − 1)2 − 1]} (2)

Where I1 � ∑Cij, I2 � 1
2 (I21 − CijCij), I1 and I2 are the first and

second invariants of right Cauchy-Green deformation tensor
C � [Cij] � XTX, X � [Xij] � [zxi/zaj], (xi) is current
position, (ai) is original position, I4 � Cij(nc)i(nc)j, nc is the
unit vector in the circumferential direction of the vessel, c1, c2,D1,
D2, K1 and K2 are material parameters.

The material parameters of lipid, calcification and other vessel
tissues from existing literature were used (Guo et al., 2017): Lipid:
c1 = 0.5 kPa, c2 = 0 kPa,D1 = 0.5 kPa,D2 = 1.5. Calcification: c1 =
92 kPa, c2 = 0 kPa,D1 = 36 kPa andD2 = 2. Other vessel tissues: c1
= −278.7 kPa, c2 = 24.35 kPa, D1 = 133.7 kPa, D2 = 2, K1 =
7.19 kPa, K2 = 23.5.

All models were solved by a finite element software ADINA
(Adina R & D, Watertown, MA, United States) following our
established procedures (Guo et al., 2017). Figure 1 shows
distributions of stress and strain under maximum and
minimum pressure conditions at baseline and follow-up. More
details can be found from Guo et al. (2017).

Measurements of Plaque Fatigue
The stress and strain of each slice were extracted from the
solution of the thin-slice model. The stress and strain
mentioned below refer to maximum principal stress and
maximum principal strain. The values of stress and strain
during cardiac cycle were extracted for each slice (2 × 305 =
610 slices in total).

Since plaque rupture usually occurs on luminal wall, the stress
and strain at the location of superficial vascular wall was used in
the following analysis. The stress amplitude and strain amplitude
were defined as the stress variation and strain variation during
one cardiac cycle, respectively. The stress and strain amplitudes
were regarded as measurements for plaque fatigue in our study.
The amplitude of average stress/strain on luminal wall and
amplitude of maximum stress/strain on luminal wall during
one cardiac cycle were all calculated to access plaque fatigue.
These formulas are as follows:

Maximum stress amplitude � maximum stressatmax pressure

−maximum stressatmin pressure (3)
Maximum strain amplitude � maximum strainatmax pressure

−maximum strainatmin pressure

(4)
Average stress amplitude � average stressatmax pressure

− average stressatmin pressure (5)
Average strain amplitude � average strainatmax pressure

− average strainatmin pressure (6)

Measurements of Stenosis Progression
The cross-section area of lumen is an important index of vessels
stenosis. The change of lumen area from baseline to follow-up
was used as the measurement for stenosis progression (reduction
in lumen area), which definition is as follows:
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Delta lumen area(DLA) � Lumen area at baseline

− lumen area at follow − up (7)
Positive DLA value means luminal narrowing from baseline to

follow-up. All 305 slices at baseline were divided in two classes (label
0 and label 1) according to the non-positive or positive sign of DLA
value. Label 0 class represents the set of slices with non-progressive
luminal stenosis while label 1 class represents the set of slices with
progressive luminal stenosis. Classification prediction of stenosis
progression was performed by machine learning methods.

Morphological and Biomechanical Factors
Used as Predictors
Values of twelve biomechanical factors were extracted at baseline
from thin-slice models. Those factors included maximum and
average stress/strain amplitudes, maximum and average stress/
strain at minimum and maximum pressure etc. and were
prepared to be used as candidate predictors for stenosis
progression. Seven morphological factors including plaque
burden (PB) at minimum pressure, lumen/wall area at
minimum and maximum pressure, and changes of lumen and
wall from minimum pressure to maximum pressure [called
lumen area amplitude (9) and wall area amplitude (10) for
briefly] were also used as candidate factors.

PB � (plaque area/cross
− sectional area of external elasticmembrane)p100% (8)
lumen area amplitude � lumen areaatmax pressure

− lumen areaatmin pressure (9)
wall area amplitude � wall areaatmax pressure − wall areaatmin pressure

(10)

Correlation Analysis
Linear Mixed-Effects (LME) model was used to study the
correlation between morphological factors, biomechanical
factors and DLA. The correlation analysis of DLA and
maximum stress amplitude was taken as an example to
explain how the LME model was used in this study below.

The LME model was defined as

yij � β0 + β1xij + bj + εij (11)
where yij is the DLA value on the i th slice of j th patient, xij is the
corresponding value of maximum stress amplitude. β0 and β1 are
the fixed effects of DLA and maximum stress amplitude at
baseline, respectively. εij is the random error terms which is
assumed to follow a joint Gaussian distribution with mean 0.

The dependence-adjusted correlation coefficient r is given by

r � β̂1








v̂ar(x)
v̂ar(y)

√
(12)

where β̂1 is the estimated slope coefficient by fitting maximum
stress amplitude to DLA with the LMEmodel, v̂ar(x) and v̂ar(y)
are the sample variances.

The correlation analyses between plaque fatigue and
morphological characters, predictors and stenosis
progression were performed by R software (R 3.1.3, The R
Foundation for Statistical Computing). The dependence-
adjusted correlation coefficient was adopted to measure the
dependence of variables and statistical significant was assumed
if p < 0.05.

Predictor Selection and Classification
Prediction Using Random Forest
After 100 times testing using our data, our results indicated that
the performance of random forest (RF) was better than that from

FIGURE 1 | (a-1)–(a-2) One paired VH-IVUS images from the same location at baseline (a-1) and follow-up (a-2). (b-1)−(b-2) Stress distribution of the thin-slice
model at minimum pressure. (c-1)−(c-2) Stress distribution at maximum pressure. (d-1)−(d-2) Strain distribution at minimum pressure. (e-1)−(e-2) Strain distribution at
maximum pressure. (f) Color legend. For sub-figures (a-□)−(e-□), □ = 1 is for the baseline slice; □ = 2 is for the follow-up slice.
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the other machine learning methods (least square support vector
machine (SVM), discriminant analysis and generalized linear
mixed model). Therefore, RF was used as our prediction
method in this study. The RF method uses multiple trees to
train and predict the samples and uses the voting mechanism of
multiple decision trees to resist the overfitting of decision trees.
Training data consists of resampling n times with replacement
from dataset (size equal to n). Some samples would not appear in
training data because of sampling with replacement, which is
called out-of-bag (OOB) data. OOB data is used as test set in our
RF method.

Nineteen factors extracted from 305 slices (their values stored
in a 305 × 19 matrix) were used as the input dataset for RF. The
number of factors tried for splitting (Mtry) and the number of
trees grown (Ntree) in the RF were two input parameters. Two
parameters (Ntree and Mtry) of RF were optimized to guarantee
high accuracy of classification prediction. The number of
variables to be selected and tested for the best split when
growing the trees (Mtry) was obtained by iteration based on
OOB error. After Mtry value obtained, the number of decision
trees to be generated (Ntree) would be set to minimum value that
satisfies the error in RF model minimum and stable.

Dimensionality reduction of candidate factors were performed
using “varSelRF” package. The mean decrease Gini index of
factors were also calculated to ensure availability of factors
selection. Gini index was defined as

Gini(t) � 1 −∑1

i�0P(i)2 (13)
where P(i) is the proportion of “lable i” class in the dataset at the
current node t. Gini impurity at node t was denoted as I(t), then
Mean Decrease Gini index was defined as

MeanDecrease Gini index � ∑
Ntree

∑
t
(I(t) − Gini(t)) (14)

The classification prediction was implemented with
“randomForest” package in R. The output from RF was a 305-
dimensional binary vector. Cross validation or a separate
accuracy assessment dataset is not necessary for RF algorithm,
because the OOB error provides an unbiased estimate of error
(Liaw & Wiener, 2002; Lawrence et al., 2006; Prinzie & Van den
Poel, 2008). Therefore, the OOB error was adopted to estimate
the misclassification error. Then confusion matrix was
constructed to compare the true class with the class predicted
by RF classifier and to calculate the overall accuracy. Sensitivity,
specificity, positive and negative prediction values were also
calculated as following.

Overall accuracy � (TP + TN)/(TP + FN + FP + TN) (15)
Sensitivity � TP/(TP + FN) (16)
Specificity � TN/(FP + TN) (17)

Positive prediction value � TP/(TP + FP) (18)
Negative prediction value � TN/(FN + TN) (19)

where TP is the number of true positive, FN is the number of false
negative, FP is the number of false positive and TN is the number
of true negative.

RESULTS

Fatigue Correlated Positively With Lumen
Area Amplitude and Negatively With Plaque
Burden
The maximum and average stress/strain amplitude were regarded
as the measurement of fatigue. In one cardiac cycle, there were a
strong positive correlation between lumen area amplitude and
fatigue and a negative correlation between PB and fatigue
(Table 1). Especially, the correlation between average strain
amplitude and lumen area amplitude was 0.3247 (p < 0.0001),
and the correlation between average stress amplitude was −0.2808
(p < 0.0001).

Fatigue Correlated Positively With Stenosis
Progression
Factors that had a significant correlation with DLA were shown
in Table 2. There were significant correlations between stenosis
progression and maximum stress amplitude (r = 0.1313, p <
0.05), average stress amplitude (r = 0.3357, p < 0.05) and average
strain amplitude (r = 0.5376, p < 0.05). In addition, the
correlation between PB and DLA was best (r = −0.5729,
p < 0.05).

RF Method Input Parameters
Before performing factors selection, it was essential to evaluate
the effect of the two RF parameters (Mtry and Ntree) on the
misclassification error. Figure 2 shows that Mtry = 4 was proved
to be the best choice in terms of the OOB error rate (17.8%).
When examining the Ntree parameter, results showed that OOB
error rates were stabilized after 3,000 trees (Figure 3). Therefore,
two parameters were set as Mtry = 4 and Ntree = 3,000 for all
further analyses.

Factors Selection
Predictor values obtained from all 305 slices were used as input
variables into the RF algorithm using two determined
parameters--Mtry and Ntree. Eight factors were selected by
“varSelRF” package including average stress amplitude, wall
area at minimum pressure and maximum pressure, lumen
area at minimum pressure and maximum pressure, wall area
amplitude, lumen area amplitude and PB. The mean decrease in
Gini index as calculated by 19 factors was then used to rank the
factors and check factors selection. Eight Factors selected from
“varSelRF” package and ranking of mean decrease in Gini index
are consistent. Tables 3, 4 shows mean decrease in Gini index of
eight factors as calculated by RF. Results showed that the baseline
PB had the highest mean decrease in Gini index. In addition,
average stress amplitude was the only one mechanical factors in
top eight factors.
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Classification and Accuracy Assessment
The best predictor was the combination of PB, lumen area
amplitude, lumen areas at maximum and minimum pressure,
wall areas at maximum and minimum pressure, wall area
amplitude and average stress amplitude. Using the
combination of eight factors as the predictor and RF as the
prediction method, the overall classification accuracy is
83.61%. The sensitivity (i.e., recall) is 86.25%, and specificity is
80.69%. Precision (i.e., positive prediction value) and negative
prediction value is 83.13% and 84.17%, respectively. The overall

TABLE 1 | The correlation of morphological and biomechanical factors at baseline.

Morphological factors Biomechanical factors Correlation coefficient p value

Lumen area amplitude Maximum stress amplitude 0.0708 9.7 × 10−6

Average stress amplitude 0.2103 2.3 × 10−26

Maximum strain amplitude 0.1409 9.6 × 10−61

Average strain amplitude 0.3247 1.3 × 10−66

PB Maximum stress amplitude −0.0992 3.6 × 10−4

Average stress amplitude −0.2808 2.0 × 10−24

Maximum strain amplitude −0.0888 0.007
Average strain amplitude −0.1786 9.7 × 10−12

TABLE 2 | The correlation of baseline factors and stenosis progression.

Stenosis progression Factors Correlation coefficient p value

DLA Maximum stress amplitude 0.1313 0.0499
Average stress amplitude 0.3357 0.0019
Average strain amplitude 0.5376 0.0235
Average stress at maximum pressure 0.3813 0.0199
Average strain at maximum pressure 0.5613 0.0208
PB −0.5729 4.6 × 10−6

FIGURE 2 | The effect of the number of variables tried at each split (Mtry)
on the performance of RF using the OOB estimate of error (%).

FIGURE 3 | The effect of the number of trees (Ntree) parameter on the
performance of random forest RF using the OOB estimate of error (%).

TABLE 3 | The value of mean decrease in Gini index for top eight factors.

Factors Mean decrease in gini
index

PB 15.03
Lumen area amplitude 13.38
Lumen area at maximum pressure 12.07
Lumen area at minimum pressure 11.88
Wall area at minimum pressure 11.67
Wall area at maximum pressure 11.43
Wall area amplitude 10.45
Average stress amplitude 8.81

TABLE 4 | The confusionmatrix showing the overall classification accuracy for two
classes.

Prediction

Non- narrowing Narrowing

Ground truth Non- narrowing 138 22
Narrowing 28 117

Overall classification accuracy = 83.61%
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OOB error rate for all the classes was 16.39% using the best
predictor. For discriminating two classifications (progressive and
non-progressive luminal stenosis), the confusion matrix shows
that the label 0 class (non-progressive) has the lower error rate
(13.75%), while the label 1 class (progressive) has the higher error
rate (19.31%).

DISCUSSION

Plaque Fatigue Factors Related to Plaque
Progression
Even though there have been a number of publications using
morphological, biomechanical and biochemical factors for
atherosclerosis progression prediction in existing research,
seeking key factors contributing to atherosclerosis progression
is still a challenging problem (Saam et al., 2007; Wang et al., 2019;
Won et al., 2019; Won et al., 2020). Wang et al. (2015) conducted
IVUS-based fluid-structure interaction (FSI) modeling analysis to
study the correlation between the biomechanical factors and
morphological factors. Their results indicated that critical
plaque wall stress (CPWS) correlated with minimum cap
thickness and lipid percentage with r = −0.6414 and r =
0.2445 respectively (p < 0.0001). Although the correlation of
CPWS and minimum cap thickness was strong, it remains to be
confirmed by more studies based on high-resolution images since
low resolution of IVUS image (~150 μm) cannot capture the thin
fibrous cap (<65 μm).

The studies mentioned above concentrated on plaque
morphology and biomechanical factors extracted from one static
moment, whereas amplitudes of morphology and biomechanics
during one dynamic cardiac has gone unheeded. Vascular tissue
fatigue occurs under cyclic stress and is related to atherosclerosis
progression closely. The study of Bank et al. (2000) showed that
fatigue is proportional to stress amplitude andmean stress by ex-vivo
experiments. Our results indicated that average strain amplitude had
a significant positive correlation with lumen area amplitude (r =
0.3247, p < 0.05) and average stress amplitude had a significant
negative correlation with PB (r = −0.2808, p < 0.05). Our study also
showed that fatigue has a positive correlation to stenosis progression
according Table 2. Tables 2, 3 also show that the amplitudes of
lumen area, wall area and average stress are significant factors for
atherosclerosis progression, which improved our understanding for
the relationship between plaque fatigue and stenosis progression.

Plaque Progression Prediction Using
Plaque Fatigue
Atherosclerosis progression could be measured by different
plaque morphological parameters such as lumen area change,
plaque burden change, plaque area change, plaque volume
change, lipid percentage change, etc. (Guo et al., 2021; Saam
et al., 2007; Wang Q. et al, 2019; Won et al., 2020; Won et al.,
2019). Wang et al. used IVUS-based FSI models and found that
the combination of plaque wall stress and wall shear stress is the
optimal predictor for changes of plaque burden from baseline to
follow-up with a prediction accuracy of 68.1% (Wang L. et al,

2019). Corban et al. (2014) found that combination of plaque
burden, wall shear stress, and plaque phenotype has incremental
value for prediction of coronary atherosclerotic plaque
progression. Bourantas et al. (2020) defined atherosclerotic
progression as a significant reduction in lumen (>7.5%) and
increase in plaque burden (>8.8%) at follow-up, and gave the
atherosclerotic progression prediction using multivariate linear
regression models. Their study showed that area under the curve
(AUC) using IVUS-based morphological predictors is 0.824 and
the AUC is raised to 0.847 after adding WSS into predictor. A
research group from Turkey employed different artificial neural
network models to predict coronary stenosis, and their results
were more than 71% for sensitivity, 76% for specificity and 81%
for accuracy (Çolak et al., 2008). A large number of traditional
statistical methods and machine learning methods have been
used in atherosclerosis progression with different measurements,
for instance, generalized linear mixed model, RF, SVM, neural
network, etc. In fact, no matter which method we choose, we are
faced with the problem of predictor selection, parameter tuning,
and so on. In this study, we used RF algorithm with optimal
performance on our dataset as the prediction method, employed
change of lumen area as the measurement of stenosis progression,
added plaque fatigue as a class of predictor, the evaluation of the
effect of RF parameters is shown in Figures 2, 3. Overall
classification accuracy was 83.61% in this study. Our previous
study showed that AUC is 0.963 for the prediction of lipid
percentage progression using multi-factors (plaque fatigue was
not included) and SVM, but the specificity was 0.777 (sensitivity
= 0.974) (Guo et al., 2021). In this study, the values of sensitivity
(86.25%) and specificity (80.69%) are both above 80% and the
difference between sensitivity and specificity is only 5.56%.

Measurements of Plaque Fatigue From
Medical Images and Models
Although plaque fatigue has been mentioned as one of the
mechanism that might play an important role in plaque
progression, the plaque fatigue information, such as ultimate
tensile stress amplitude, critical mechanical condition and plaque
fatigue life, have never been measured in vivo from existing
technology with the real time information (Huang et al., 2013;
Riou et al., 2014). Fatigue life is often divided into three periods:
crack nucleation, crack propagation and final rupture, but the first
two periods are silent in clinical symptoms and cannot be detected
by medical image, and only rupture could be captured by medical
imaging. Most researchers studied the plaque fatigue (especially
dynamics of rupture) using crack propagation models (Versluis
et al., 2006; Li et al., 2007; Huang et al., 2013; Pei et al., 2014). Our
study used stress/strain amplitudes as the measurements of plaque
fatigue in IVUS images without rupture. Compared with IVUS,
intravascular optical coherence tomography (OCT) with high
resolution (~10 μm) is sufficient to obtain more accurate
measurement of morphology of superficial coronary, but OCT
has only 1–2mm penetration depth not enough to detecting
whole vessel wall (Jang et al., 2002). However, wall area
calculated by the contour of outer vessel wall was an important
morphological factor for prediction of stenosis progression in this
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study (Table 3). In the future, medical imaging technology with high
resolution and strong penetrationmay detectmorphological features
accurately and then acquire accurate fatigue information from
models that are important to predict stenosis progression.

Limitations
Our study has the following major limitations: 1) Sample size. Only
305 slices from seven patients were used in our studies since it is
challenging to obtain a large number of follow-up data with high
quality IVUS and angiography images. Large-scale patient studies
are needed to further validate our findings. 2) Each thin-slice model
is essentially only one slice and could not include vessel curvature.
This is a model limitation. 3) Modeling limitation. Thin-slice models
used in this study only provided structure stress and strain. They
could not provide hemodynamic information (such as flow shear
stress) which is a limitation. Thin-slice models need much less man
power to construct and could be more practical for potential clinical
implementations. While stress/strain values from thin-slice models
have modest errors (5–12% depending on the samples) compared to
the full 3D FSI models, Wang et al. showed that correlation
relationship from thin-slice models had an impressive 90.5%
agreement rate compared to the results from 3D FSI models
(Wang Q. et al, 2019). Clearly, it remains to be true that full 3D
FSI models could be a better choice for more accurate stress/strain
and wall shear stress calculations if model construction could be
automated to reduce labor cost.

CONCLUSION

Our preliminary results indicated that fatigue has a positive
correlation with stenosis progression. Using eight morphological
and biomechanical factors including fatigue, the overall classification
accuracy, sensitivity and specificity of stenosis progression prediction

with RF method were 83.61%, 86.25% and 80.69%, respectively.
Factors associated with fatigue could contribute to better prediction
for atherosclerosis progression.
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Fluid-Structure Interaction Analysis on
the Influence of the Aortic Valve Stent
Leaflet Structure in Hemodynamics
Xiangkun Liu, Wen Zhang, Ping Ye, Qiyi Luo and Zhaohua Chang*

School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai, China

Transcatheter aortic valve replacement (TAVR) is a minimally invasive surgical treatment for
heart valve disease. At present, personalized TAVR valves are not available for some
patients. This study adopts the fluid-structure interaction (FSI) model of the research object
that has a three-disc leaflet form and structural design in the valve leaflet area. The valve
opening shape, orifice area, stress-strain, and distribution of hemodynamic flow and
pressure were compared under the condition of equal contact area between valve and
blood. The FSI method was used to simulate the complex three dimensional
characteristics of the flow field more accurately around the valve after TAVR stent
implantation. Three personalized stent systems were established to study the
performance of the leaflet design based on computational fluid dynamics. By
comparing the different leaflet geometries, the maximum stress on leaflets and stents
of model B was relatively reduced, which effectively improved the reliability of the stent
design. Such valve design also causes the opening area of the valve leaflet to increase and
the low-velocity area of the flow field to decrease during the working process of the valve,
thus reducing the possibility of thrombosis. These findings can underpin breakthroughs in
product design, and provide important theoretical support and technical guidance for
clinical research.

Keywords: aortic valve stent, leaflet structure, fluid-structure interaction, computational fluid dynamics, operator-
split lagrangian eulerian, hemodynamic effect

INTRODUCTION

Among cardiovascular diseases, aortic valve disease has the second highest morbidity and mortality
in the world (Go et al., 2013). Nearly 30,000 patients worldwide undergo aortic valve-replacement
surgery every year (Dasi et al., 2009). Transcatheter aortic valves (TAVs) were initially used as a
minimally invasive alternative to thoracotomy in order to replace the aortic valve (Guidoin et al.,
2010), and mainly used in patients that had high surgical risk. In recent years, due to the
advancement of related technologies and the development of clinical treatments, the use of
TAVs has gradually expanded to reach low- and moderate-risk patients. Numerical simulation
can provide detailed information that is difficult to obtain from experiments, and can help to evaluate
the impact of blood flow on valve biomechanics. Such findings, in turn, can be used to guide clinical
interventions for the treatment of aortic valve disease. Due to the strong interaction between the
aortic valve and the surrounding blood, fluid-structure interaction (FSI) analysis is widely used and is
considered the best method of numerical simulation for accurate simulation of the valve load and the
surrounding flow field (Luraghi et al., 2021).
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Transcatheter aortic valve (TAV) devices consist of three
biological valve leaflets, self-expanding or mechanically
expandable metal stents, and inner or outer skirts (Wei et al.,
2018). This arrangement differs from traditional thoracotomy
replacement valves and brings new challenges to FSI simulation.
Wu et al. (2016) used the immersed boundary (IB) method to
conduct an FSI simulation of a self-expanding TAV for the first
time (Rotman et al., 2018). Subsequently, quite a few researchers
have been focused on developing the accuracy and validity of the
FSI method for transcatheter aortic valve replacement (TAVR)
simulation. Both moving-mesh methods such as the arbitrary
Lagrangian-Eulerian method (Ghosh et al., 2018) and fixed-mesh
methods such as the immersed boundary method, and even
combined fixed-moving grid methods such as the “operator-
split” Lagrangian-Eulerian method (Luraghi et al., 2019) and
mesh-free method such as the smoothed particle hemodynamic
method (Pasta et al., 2020), have been applied. On the other hand,
although TAVR complications have been decreasing since its
introduction, some adverse outcomes are still present including
leaflet durability, paravalvular leaks, and thrombosis (Luraghi
et al., 2021), which makes the mechanical and hemodynamic
performance of the TAV device of great concern. With a patient-
specific model or an ideal model, FSI simulations have been
performed to evaluate the leaflet opening area (Wu et al., 2016),
mechanical stress (Ghosh et al., 2020), wall shear stress (Kandail
et al., 2018), PVL severity (Luraghi et al., 2019), and the influence
of calcification (Luraghi et al., 2020) or calcification of the
bicuspid native aortic valve (Pasta et al., 2020), and so on.

However, most studies only involve one or two particular TAV
devices. When it comes to the problem of understanding how the
design parameters of a TAV device affect its performance, the
relevant literature, to the best of our knowledge, is limited. Van
Aswegen et al. (2012) modified a prosthetic aortic valve and
created two configurations of the attachment to the surrounding
stent. Through FSI simulation, the von Mises stress distribution
was shown to be different between two configurations. However,
the aortic root model used was highly simplified. Travaglino et al.
(2020) parametrized a generic TAV model and developed a
Bayesian optimization approach that succeeded in reducing
the peak stress under a blood pressure of 120 mmHg. In their
study, however, only leaflets were considered and finite element
analysis was applied instead of FSI simulation. Carbonaro et al.
(2021) utilized a mesh-morphing procedure to parametrize the
TAV frame, and finite element analyses of TAV implantation
were performed in idealized aortic root models with and without
calcification. A multi-objective design optimization was
conducted by coupling the design of the experiment with
surrogate modeling to optimize the magnitude of the pullout
force, peak maximum principal stress within the aortic wall, and
contact pressure in the left ventricular outflow tract. Again, finite
element analysis was applied instead of FSI simulation, and leaflet
geometry was neglected. Thus, the influence of different design
parameters needs to be further studied with a more complete
TAV geometry model, and with consideration of the interaction
between the device and blood.

In terms of the research literature concerning valve support,
some researchers typically use numerical methods to evaluate the

accuracy and validity of the heart valve unit (De Hart et al., 2003;
Ghosh et al., 2018; Wu et al., 2019; Luraghi et al., 2021), while
others study the performance of heart valve devices already on the
market (Luraghi et al., 2019; Pasta et al., 2020; Pasta and
Gandolfo, 2021). Most of these studies do not involve basic
design methods, especially the relationship between structural
design and flow fields, as well as related parametric studies. The
main purpose of the current paper is to study how different flap
designs affect the mechanical properties and flow field of TAV
using the FSI method based on computational fluid dynamics,
which would be instructive to TAV designing and clinical practice
in terms of improving product performance. With the TAV
device deployed in an ideal aortic root model, three
parametrically modified leaflet designs with the same contact
area with blood were investigated. Through computational fluid
dynamics, intravascular hemodynamic characteristic, including
the blood flow velocity and pressure distribution were assessed
after the implantation of each valve stent. Using numerical
calculations and comparisons, it was found that different valve
shapes have a great impact on the valve opening area, stent force,
and intravascular flow field.

METHODS

Aortic Valve Stents Geometry
Aortic valve stents typically consist of three leaflets, self- or
mechanically expandable stents, and inner/outer skirts (Wei
et al., 2018). The stent is divided into two parts: the inflow
tract and the outflow tract. The three leaflets and the skirt are
sutured in the inflow tract area of the stent. In the present study,
three valve leaflet geometries were designed for the same stent,
and three personalized heart valve stent devices were established.
Twelve basic units were arranged in the circumferential direction
of the stent and 2.5 basic units were arranged in the axial direction
of the stent. According to the specific aortic root structure of the
patient, the axial length of the stent was controlled at about
30 mm, the initial stent radius diameter was R = 3.5 mm, the
number of basic circumferential units was nc = 12, the number of
axial basic units was na = 2.5, the wall thickness was t = 0.42 mm,
the trunk width was tb = 0.614 mm, the branch trunk width was ta
= 0.3 mm, the inner arc radius was ra = 0.07 mm, and rb = 1 mm.
The single cell width was calculated as:

w � 2πR/nc (1)
The original tube diameter of the stent was 7.0 mm, the wall

thickness was 0.4 mm, and the expanded diameter of the stent
was 27 mm. Figure 1 shows the geometric structure of the aortic
valve stent and the three-dimensional model used in this study. A
complete parametric CAD model of the stent was established
using SolidWorks (Dassault Systèmes SolidWorks Corp.,
Waltham, MA, United States). For the mesh generation of the
stent, the unit size of the stent model was controlled at 0.1 mm,
the number of self-expanding stent units was 17,280, and the
number of nodes was 37,440. Abaqus (SIMULIA, Johnston, RI,
United States) was used to complete the processing of the stent
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model. First, according to the design parameters of the stent, a
two-dimensional plane model of the stent was established, and
the mesh division was completed. Second, the mesh model was
wrapped so as to form a tubular shape to establish a laser cutting
stent model, the diameter of the stent being 7.0 mm. Third, the
laser cutting stent model was expanded and finalized. In other
words, the process was divided into three steps: the diameter of
the stent was expanded from 7 to 12 mm, then to 19 mm, and
then to 27 mm, which completed the expansion of the stent.

With reference to the waveform structure of the stent, three
structural forms of the valve were established to compare
mechanical properties. The geometric design of the valve
refers to the aortic structure proposed by De Hart et al. (2003)
and was drawn on the connecting line with the stent commissure
using reference points. The physiological structure of the aortic
geometry shows three main components: the root, the base, and
the tubular ascending aorta. The bases of the three aortic valve
leaflets followed a hyperbola from one connection point to
another at the aortic root. The aortic root began to form the

sinus cavity, which was the origin of the ascending aorta. The
three sinus cavities consisted of three circular arcs forming a
clover-shaped section with α angles of 60°. Both the bottom part
and the ascending part of the aorta were composed of cylinders.

Figure 2 shows the relevant dimensions of the aortic root
geometry and valve leaflet geometry, as well as the established
aortic wall model and the valve leaflet model based on the
dimensions of the physiological structure shown in Tables 1,
2. In this study, ra is the aortic valve radius, ds is the sinus depth, hs
is the sinus height, h1 is the total leaflet height thickness, h1e is the
vertical leaflet height thickness, t is the leaflet thickness, and Line
is the spatial location of the leaflet curve from point a to point b.
Afterwards, the spatial position of the Line was determined,
which can generate the valve. During modeling of the valve,
the position of point a is defined at the coordinate origin. The
CAD models of the leaflets and skirt were established using
SolidWorks. For the mesh generation of valve leaflet and skirt,
the number of three leaflet elements was 16,080 and the number
of nodes was 24,885; the number of skirt elements was 25,176 and
the number of nodes was 40,358. Size parameters for the aortic
model structure and valve leaflets model are shown in Tables 1, 2.

The valve leaflet model based on the size of the physiological
structure had an area of about 350 mm2. When establishing the
other two valve models, the valve and blood contact area of the
three models was the same. These valve models ware established
with reference to the stent design, and the valve area was equal in
the three structures. The leaflet thickness was t = 0.2 mm. Model
A was based on the size of the physiological structure. The upper
half of the valve leaflet fell along the axis of the stent rod unit, and
the lower half related to the shape of the bottom of the aortic sinus
cavity. The bottom line of the leaflet of model B was basically
perpendicular to the axis of the stent rod or intersected it at a
certain angle. The bottom line of the leaflet of model C was along
the axis of the stent rod, which was basically consistent with the
axis. A complete stent model with three leaflet shapes was
established (Figure 3). Because the skirt structure played a
role in preventing peripheral leakage and was close to the
aortic wall after implantation, it had little effect on the central
flow field. The structure was simplified and was equal to the
thickness of the stent, and the inner skirt coincided with the
bottom edge of the valve leaflet. After the position of Line was
determined, the valve leaflet, skirt, and stent were integrated to

FIGURE 1 | Diagram of the geometric structure of the aortic valve stent
and three-dimensional model.

FIGURE 2 | Schematic diagram of the geometry of the aorta and valve
leaflets and definition of relevant dimensions of the aorta and valve leaflets.

TABLE 1 | Aortic model structure size parameters (mm).

ra ds hs α

Aortic model 11.40 5.68 21.00 60°

TABLE 2 | Valve leaflets model structure size parameters (mm).

h1 h1e Line

Model A 13.0 4.2 −4.243ln(x) + 8.1557
Model B 14.0 3.5 −4.727ln(x) + 10.867
Model C 16.0 3.2 −5.492ln(x) + 13.229

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 9044533

Liu et al. FSI Analysis of Valve Stent

58

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


generate the aortic valve device. The integration of valve leaflet,
skirt, and stent was completed through the fusion and sharing of
near nodes. Sewing sutures among the stent, leaflets, and skirt was
neglected.

Valve Stent Implantation
The valve stent was delivered to the aortic root region by a
delivery system and self-expanding to a predetermined position
to play a supporting role. Combining stent production and
processing technology, a three-dimensional model of the valve
stent was developed using finite element simulation, and
hemodynamic fluid-structure coupling analysis of the valve
stent was carried out. Abaqus was used to simulate valve stent
implantation, which included the crimp and self-expanding
release of TAV device. In the first step, TAV device crimp
analysis was performed, using a crimping tool to crimp the
valve stent from a diameter of 27 to 10 mm. The crimping
tool was used instead of a rigid cylinder surface. In the
cylindrical coordinate system, radial displacement boundary
conditions were applied to the rigid cylinder surface to
gradually shrink it radially so as to crimp the stent, as shown
in Figure 4. The contact between the inner surface of the rigid
cylinder and the outer surface of the stent was defined as face-to-
face, where the inner surface of the rigid cylinder surface was the
main surface and the friction coefficient was defined as 0.1.

The material of the stent was a nickel-titanium alloy, a
hyperelastic material with coupled temperature parameters and
mechanical parameters. This material model divided strain into
three components: elastic strain, phase transformation strain, and
plastic strain. When the material was completely transformed
into martensite, the strain became plastic strain. The material
data required for the simulation analysis were obtained with
uniaxial tensile tests from loading and unloading, and reverse
loading and unloading. Uniaxial tensile tests were conducted with
an Instron 5,565 tensile tester (Instron Corporation, Norwood,
MA, United States) at 37 ± 0.2°C to obtain stress-strain data. In
the first group, the nickel-titaniumwires were stretched to a strain
of 6% then released; the other group of nickel-titaniumwires were

stretched to a strain of about 13.5%, and all the test data were
recorded. The experimental data were fitted to a stress-strain
curve, and the curve was used for simulation analysis as shown in
Figure 5. The material property parameters were: EA =
59,000 MPa, martensitic elastic modulus EM = 26,100 MPa,
Poisson’s ratio = 0.33, and the tensile limit of the
material = 13.5%.

In the second step, TAV device was released and bounced
back. In the cylindrical coordinate system, TAV device was
released after being crimped and held by the crimping tool at
the aortic valve site, and release analysis of TAV device in the
aortic valve was conducted. During the entire analysis, the penalty
function of self-contact was defined in the analysis. The face-to-
face contact between TAV device and the aortic valve was defined
as a penalty function contact, and the friction coefficient was set
as 0.2.

The leaflets and skirts were modeled as linear elastic
materials with a Young’s modulus of 1 Mpa, a Poisson’s
ratio of 0.45, and a density of 1,100 kg/m3 (Luraghi et al.,
2019). The penalty function of self-contact was defined in the
analysis. The suture between the skirt and the stent, and the
suture between the leaflet and the skirt were approximated as a
bound contact; that is, the edge of the skirt was bound to the
inflow end of the stent, and the edge of the three leaflets was
bound to the skirt. A simplified model of the aorta with three
stents that was solved by Abaqus is shown in Figure 6. The
upper and lower ends of the stent had a slight tendency to
buckle inward, and the circumferential shape changed with the
structure of the aortic sinus cavity. Because the areas of the
three valve leaflet models were the same, the valve leaflet height
gradually approached the sinus height.

In this study, Abaqus was applied to complete the modeling
and finalization of the stent. The stent was implanted into the
ideal heart model to obtain a simulation model of the stent
when implanted. The simulation model completed in Abaqus
was substituted into LS-DYNA (ANSYS, Canonsburg, PA,
United States), and fluid-structure coupling related
simulation analysis was carried out in LS-DYNA. In
general, the molding and implantation of the stent were
preliminarily completed in Abaqus software, and the fluid-
structure coupling study was carried out and post-processed in
LS-DYNA.

FIGURE 3 | Three valve leaflet models and three valve stent models, (A)
model A, (B) model B, (C) model C.

FIGURE 4 | Schematic diagram of the valve stent intervention process,
(A) stent crimping by applying a radial displacement on an outer cylindrical
surface and (B) progressive deployment of the crimped stent.
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Fluid-Structure Interaction Analysis
In a CFD only analysis, the moving reference frame was fixed in
space, and a full Eulerian formulation was achieved in the LS-
DYNA software. However, in cases of problems regarding fluid-
structure interaction (FSI), the boundaries between the solid and
fluid are Lagrangian and deform with the structure. An arbitrary
Lagrangian-Eulerian (ALE) formulation was therefore retrieved.
This approach allowed a strong and exact imposition of the solid
boundary conditions on the fluid. The solid and fluid geometry
must match at the interface but not necessarily the meshes. For
FSI simulations, the solver used an ALE approach for mesh
movement, which means that large deformations of the fluid
mesh could occur. By default, the solver only rebuilt the mesh if
elements got inverted. An “operator-split” Lagrangian-Eulerian
method (Marom, 2015) was adopted using the finite element
software LS-DYNA. The structure was handled in a Lagrangian
manner, while the calculation of the Eulerian fluid conservation
equations was split into two steps. In the first Lagrangian step, the
mesh moved with fluid particles and the following mass
conservation equation (Marom, 2015) and the Navier-Stokes
equation (Luraghi et al., 2019) were solved:

ρJ � ρ0 (2)
ρ
zvi
zt

+ ρvi
zvj
zxj

� zσ ij

zxj
+ ρfi (3)

Where ρ is the density of the fluid, J the volumetric strain given
by the Jacobian matrix of the deformation gradient, ρ0 the initial
density, vi the velocity of the fluid particles at position xi, σ ij the
Cauchy stress tensor, and fi the fluid forces per unit volume.

In the second Eulerian step, also called advection step, the
mesh was remapped to its initial Eulerian position and an
advection algorithm was used to calculate the conservation
variables. The following transport equations were solved with
initial conditions from the solution of the Lagrangian step at the
same time (Marom, 2015):

zϕ

zt
+ (v − vm) · ∇ϕ � 0 (4)

Where ϕ is the conservation variable. The coupling of structure
and fluid was realized by means of a penalty-based approach, where
the problem was regarded as a spring system. The spring was
connected to a structure node and a fluid particle, and thus
penalty forces proportional to the penetration depth and stiffness
coefficient were applied. The coupling force of the fluid particle was
then distributed to surrounding fluid nodes using shape functions
(Nobari, 2012). The FSI analysis was performed with a time step of
0.01 s and 20 iterations per step. Related equations are as follow:

F � k · d (5)
Fs � −F (6)

Fi
f � Ni · F (7)

Where F is the coupling force, k the stiffness coefficient, d the
penetration depth, Fs the force at the corresponding structure
node, Fi

f the force at the surrounding fluid node i, Ni the shape
function at node i.

The FSI analysis of this study includes the valve opening and
closing due to hemodynamics under pulsatile load after three
personalized heart valve stent devices were implanted into the
aortic valve. The inner wall of the aorta is simplified and is
shown as the wall of the fluid domain in the computational
model of fluid mechanics. The calculation cost and structural size
were measured, the mesh division process was repeatedly adjusted,
and the division size was controlled within 0.6 mm.

FIGURE 5 | Schematic diagram of NiTi material properties, (A) the tensile strain-stress curve of the material and (B) the stress-strain curve fitted by simulation
analysis.

FIGURE 6 | Structural model after valve stent intervention, (A) valve stent
intervention of model A, (B) valve stent intervention of model B, (C) valve stent
intervention of model C.
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For the boundary conditions of the fluid analysis, which relate
to the data of a previous study (Sodhani et al., 2018), pressure
inlet and pressure outlet conditions under the pulsation cycle load
were selected. The boundary condition data are shown in

Figure 7, and two pulsation cycles were calculated. In the
analysis, blood was considered an incompressible fluid with a
density of 1,060 kg/m3 and a viscosity of 0.004 Pa s. The
turbulence was neglected and the flow was assumed to be
laminar. Because the diameter of the blood vessel was larger
than 1 mm, the blood was considered to be a Newtonian fluid
(Aenis et al., 1997) and the pulsatile loading of the blood was
assessed for transient flow analysis. For the mesh generation of
the discrete model of the fluid domain calculation, the number of
fluid domain elements was 253,748, and the number of nodes was
371,526.

RESULT

Aortic Valve Dynamics
Under the same boundary conditions, the motion states of the
leaflets of the three valve stents were analyzed and compared.
Figure 8 shows the opening and closing states of the leaflets and

FIGURE 7 | Fluctuating load boundary curve.

FIGURE 8 | Leaflet opening and closing states and pressure distribution diagrams at four different flow stages, (A) valve stent model A, (B) valve stent model B, (C)
valve stent model C.
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the pressure distributions at four different flow stages. The four
flow phases were late diastole (0.8 s) of the first pulsatile cycle,
peak systolic phase (0.93 s) of the second pulsatile cycle,
maximum deceleration (0.96 s), and early diastole (1.01 s). The
flow field pressure assessed the motion state of the valve leaflets.
After the three valve stents were implanted, the pressure
distributions in the flow field were similar. In the late diastole,
the outlet pressure was much greater than the inlet pressure, and
the three valve leaflets were in a closed state. At 0.93 s, the inlet
pressure was greater than the outlet pressure by about 20 mmHg,
and the three leaflets were in a fully open state and near to the
maximum opening state. After about 0.03 s, the valve leaflets
entered a closed state and remained in a closed state throughout
the diastolic period.

During peak systole, the cross-sections of the leaflet
openings also showed very different leaflet motion profiles.
The opening area of the valve stent was directly calculated
according to the shape of the deformed valve leaflet (Figure 8).
The edges of leaflet models A and C should fit along the metal
frame structure of the stent to the greatest extent possible. In
the vicinity of the implanted sinus, due to the dual effects of
sinus shape extrusion and blood flow impact, these two leaflet
structures appeared as obvious triangular openings. Between
the two, the morphological structure with greater curvature at
the bottom of the leaflet, that is, the opening area of model C
(175.779 mm2), was larger than that of model A
(134.768 mm2), which is consistent with the results of
Ghosh et al. (2018). Among the three models, leaflet model
B had the largest opening area, of 243.668 mm2, and its area
was about 1.8 times that of model A, and about 1.4 times that of
model C.

The structural dynamics of the valve leaflets were compared
according to the maximum principal stress and strain values.
Figures 9–11 shows the valve stent structure and the
maximum principal stress distribution of the valve leaflets.
The distribution of the maximum principal stress and strain of
the valve leaflets under different loads showed a relationship
with the flow pulsation cycle stage and mechanical properties.
Due to the extrusion of the stent and valve leaflets by the sinus
structure during implantation, the three valve leaflets were not
completely consistent in structure. Under the influence of
blood flow, the force shape differed slightly, but the stress-
strain distribution trend of the three leaflets in the same
structure was basically the same. Table 3 shows the
maximum principal stress of the valve leaflet and valve
stent, and the logarithmic strain (LE) of the valve leaflet. In
the middle and late diastole and peak systolic period, both the
valve leaflets and the stent had higher stress and strain values,
and the stress on the valve stent structure of model A was much
greater than that in the other two models (Table 3). The stress
and strain were relatively similar between models. The stress
on the valve of model A was relatively large, which almost
always occurred at the junction of the valve with the stent and
skirt, and was close to the outlet end. The maximum stress on
the leaflets of models B and C was inside the leaflets, and this
large stress was affected by the curvature of the structure when
the leaflets were opened and closed.

Hemodynamic Effects of the Three Valve
Stents
After implantation of the three valve stents, the flow fields had
similar pressure distributions and blood flow characteristics, but
the peak velocities were different. The valve leaflet models A and
C had a narrower central jet at peak contraction. The section
perpendicular to the axial direction at the maximum convex point
of the sinus surface was taken, and the flow rate of the three
models at this section was calculated. The maximum flow rate of
model A was 337.68 ml/s, that of model B was 536.31 ml/s, and
that of model C was 439.02 ml/s; the ejection flow of model B was
about 1.6 times that of model A, and about 1.2 times that of model
C. The effects of leaflet opening and closing on the flow field were
compared during the peak contraction period (0.93 s) and to the
maximum deceleration period (0.96 s) of the three models
(Figure 12). The velocity streamline diagram in Figure 12
shows the state of the vortex in the flow field when the valve
leaflets opened and closed. Model B only had relatively regular
counter-rotating vortices in the sinus cavity, while the other two
models were close to the outlet of the blood vessel during the peak
systolic period. Except model A, the other two models produced
multiple vortices, which also affected the opening and closing
state of the valve leaflets.

DISCUSSION

Millions of patients are diagnosed with aortic valve disease
every year. The incidence of aortic valve disease caused by
degenerative aortic valve changes is up to 10% in the elderly.
With many country’s demographics aging, the proportion of
populations with aortic valve disease is increasing. Aortic valve
diseases are mainly divided into two types: aortic stenosis and
aortic insufficiency (Marom, 2015). With the rapid
development of modern medicine, most patients’ quality of
life can be improved through surgical procedures and
minimally invasive interventions. TAVR is a minimally
invasive treatment for patients with high-risk aortic
diseases. With the development in recent years of
interventional therapy technologies, TAVR is used more
and more in clinics, but many important factors still need
to be studied, especially in the context of blood
hydrodynamics. TAVR is mainly used to improve the blood
flow through the aortic valve, which involves the FSI at the
aortic valve, valve stents and blood flow (Travaglino et al.,
2020). A powerful tool to study this problem is numerical
analysis. Through numerical analysis, we can realize
hemodynamic characteristics that cannot be explored
through experiments, simulate the situation after valve stent
implantation, and preliminarily complete preoperative
evaluation so as to find the best clinical treatment scheme.

Multiple approaches have been applied to the research of
FSI analysis technology, including ALE (Nguyen et al., 2011;
Cao, 2016; Borowski et al., 2018), “operator split” Lagrangian-
Euler method (Luraghi et al., 2019; Pasta et al., 2020), the
immersed boundary method (IBM) (Lemmon and
Yoganathan, 2000; Jendoubi et al., 2014; Kallemov et al.,
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2016), and the curvilinear immersed boundary (CURVIB)
method (Ge and Sotiropoulos, 2007; Borazjani et al., 2008).
Each of these technical methods have their own specific
characteristics. When considered in combination with the
results of previous studies, insightful research results have
been achieved using these methods, which supports the
development of the FSI method to study aortic valve disease
and its treatment devices. In the present study, the “operator
split” Lagrangian-Euler method was chosen to study the
relationship between valve stent structure design and flow

field. This method solves the conservation equation in two
steps: the Lagrangian equation and the Eulerian equation. In
the “operator split” Lagrangian-Euler method, the influence of
the moving structure is transmitted to the fluid through
structural forces, and the advection algorithm is used to
couple the structural and fluid domains. The main objective
of this study was to use the FSI method, which is based on
computational fluid dynamics, to study the mechanical and
fluid properties of different valve stent structural designs after
aortic valve implantation. Through such basic research, the

FIGURE 9 | Maximum principal stress distribution of valve stent and valve leaflet of model A.

FIGURE 10 | Maximum principal stress distribution of valve stent and valve leaflet of model B.
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relationship between structural design and blood can be
understood.

The stent material used in this study was nickel titanium alloy,
which is a shape memory alloy. When the valve stent is
transported to the lesion position, it will self-expanding after
release. Using the memory characteristics of the nickel titanium
alloy material, after stent implantation, its shape can change
adaptively with the change of aortic valve structure, which can
enhance the fit between stent and aortic valve, prevent valve stent
displacement, and reduce the probability of leakage. Although the
self-expanding valve stents have been significantly improved, for
some patients with valve diseases the application of TAVR may
not achieve good therapeutic effects, and the stability of TAVR
and the scope of surgical indications still need to be improved.
Valve stent dislocation is a rare but serious complication after
TAVR. If it is not treated in time, it seriously affects prognosis.
For such patients, it is necessary to improve the stability of self-

expanding valve stents through design improvements, in turn to
improve the success rate of TAVR implantation. In this paper,
simulations of the valve stent implantation process are realized,
which is of great significance for the study of the mechanical
characteristics between the valve stent and aortic valve tissue, and
can be used to evaluate the fit level between them.

With the progress of technology, indications of TAVR have
increased. In addition, the age of the target group has decreased.
Complications after TAVR have been attended to, especially
perivalvular leakage, which directly affects the medium- and
long-term life quality of patients after TAVR (Mylotte et al.,
2015; Ando et al., 2016; Siemieniuk et al., 2016). In the current
study, three personalized stent systems were established to
evaluate the kinematic characteristics of the three stent-valve
leaflets and their effects on the flow field. The complex three-
dimensional flow field characteristics in the valve region were
simulated by a fluid-structure interaction (FSI) method. In this

FIGURE 11 | Maximum principal stress distribution of valve stent and valve leaflet of model C.

TABLE 3 | The maximum principal stress of the valve leaflet and valve stent, the LE of valve leaflet.

Time(s) Model A Model B Model C

Max. principal stress of valve leaflet (MPa) 0.80 1.2210 0.6476 0.7583
0.93 0.5624 0.5620 0.5580
0.96 0.2570 0.2353 0.1644
1.01 0.5825 0.4817 0.3730

Max. principal stress of valve stent (MPa) 0.80 6.7060 5.5040 3.8650
0.93 7.0900 4.0380 3.2340
0.96 1.3340 0.8597 0.8878
1.01 3.0080 2.1430 2.0570

The LE of valve leaflet 0.80 0.1167 0.0754 0.0776
0.93 0.1733 0.1101 0.1081
0.96 0.0239 0.0273 0.0164
1.01 0.0559 0.0511 0.0469

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 9044539

Liu et al. FSI Analysis of Valve Stent

64

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


study, the valve opening morphology, opening area, stress and
strain, hemodynamic flow field distribution, and pressure
distribution of three heart valve devices with the same valve
and blood contact area were compared. It can be seen from the
analysis results that the leaflet shape had a significant impact on
the overall performance of the stent, which means that better
hemodynamic performance of TAVR will improve that
performance. The simulation of three models verified the
repeatability and effectiveness of the FSI method, which can
be applied to the design of aortic valve stent devices. FSI was
used to analyze the TAVR of the whole heart pulsation cycle and
to evaluate the stent performance and hemodynamics completely,
aiding in the design of better aortic valve stent devices.

This study has the following limitations: 1) The ideal aortic
valve model was used in this paper, and the pathological valve
model was not applied to FSI; 2) In the simulation analysis, the
aortic valve was not fully considered in the process of valve stent
implantation and FSI analysis; 3) Only one stent structure was
designed, and the influence of different stent structures on
mechanical properties was not fully investigated. 4)
Turbulence models were not included in the analysis of the
current study. The blood fluid model used in this study is
considered to be an incompressible Newtonian fluid, and

laminar flow model and actual in vivo blood flow pulsation
patterns are used for transient flow analysis. In subsequent
research, the study should be combined with the patient’s
pathological aortic model, and various clinical factors should
be gradually added into the study. The turbulence model should
be considered in order to achieve a better technology progress. In
addition, this calculation model and analysis method requires a
large amount of computation, so it is necessary to try different
CFD models and FSI models to achieve higher computational
efficiency. Greater investment in computing power is also
required to achieve higher computational capacity. The results
of this study can underpin key breakthroughs in product design,
and provide important theoretical support and technical
guidance for clinical research.

CONCLUSION

The FSI analysis results of three personalized stent systems was
compared in the current study. The main difference in the leaflet
kinematics was that, during systole, the leaflets were pushed
outward by a strong jet stream, with models A and C both
forming triangular-like openings while model B leaflets formed

FIGURE 12 | Cross-sectional flow velocity distribution in two flow stages, (A) valve stent model A, (B) valve stent model B, (C) valve stent model C.
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nearly circular openings. The different opening shapes made the
opening area and instantaneous flow rate of model B larger than
those of the other twomodels. Themagnitudes of structural stress
and strain provided insight into potential areas where leaflets and
stents may fail. The stress concentration of the leaflet of model A
mainly occurred near the attachment point of the stent, and the
outlet end received the highest stress and strain values, with the
maximum value beings greater than that of the other two models,
which may cause damage to the leaflet at the connection with the
stent and the skirt. Where the stress and strain of models B and C
were the largest, this was mostly caused by a change in valve shape
and a large change in the curvature of the curved structure.
Comparing the effects of model B and the two models, all had a
more ideal vortex shape on the flow field in the systolic period. In
the existing valve stent design, greater attention was paid to the
mechanical properties and reliability of the stent structure, but
the influence of valve shape was ignored. In this study, three valve
leaflet shapes were designed for the same stent frame structure.
The fluid-structure coupling calculation showed that the impact

of the valve leaflet shape on the overall performance of the stent
was important, and superior hemodynamic effects could also
improve the stent performance.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

PY, QL, and ZC contributed to conception and design of the
study. XL and WZ were done computational modelling and
results analysis. XL, WZ, and PY wrote the manuscript. All
authors contributed to manuscript revision, read, and
approved the submitted version.

REFERENCES

Aenis, M., Stancampiano, A. P., Wakhloo, A. K., and Lieber, B. B. (1997). Modeling
of Flow in a Straight Stented and Nonstented Side Wall Aneurysm Model.
J. biomechanical Eng. 119 (2), 206–212. doi:10.1115/1.2796081

Ando, T., Takagi, H., and Grp, A. (2016). Percutaneous Closure of Paravalvular
Regurgitation after Transcatheter Aortic Valve Implantation: A Systematic
Review. Clin. Cardiol. 39 (10), 608–614. doi:10.1002/clc.22569

Borazjani, I., Ge, L., and Sotiropoulos, F. (2008). Curvilinear Immersed
Boundary Method for Simulating Fluid Structure Interaction with
Complex 3D Rigid Bodies. J. Comput. Phys. 227 (16), 7587–7620. doi:10.
1016/j.jcp.2008.04.028

Borowski, F., Sämann, M., Pfensig, S., Wüstenhagen, C., Ott, R., Kaule, S., et al.
(2018). Fluid-structure Interaction of Heart Valve Dynamics in Comparison to
Finite-Element Analysis. Curr. Dir. Biomed. Eng. 4 (1), 259–262. doi:10.1515/
cdbme-2018-0063

Cao, K. (2016). “Fluid-structure Interaction Modeling of Valvular Hemodynamics
and Secondary Aortopathy,” (Notre Dame, United States: University of Notre
Dame). Doctoral Dissertation, Doctor of Philosophy.

Carbonaro, D., Gallo, D., Morbiducci, U., Audenino, A., and Chiastra, C. (2021). In
Silico biomechanical Design of the Metal Frame of Transcatheter Aortic Valves:
Multi-Objective Shape and Cross-Sectional Size Optimization. Struct. Multidisc
Optim. 64 (4), 1825–1842. doi:10.1007/s00158-021-02944-w

Dasi, L. P., Simon, H. A., Sucosky, P., and Yoganathan, A. P. (2009). Fluid
Mechanics of Artificial Heart Valves. Clin. Exp. Pharmacol. Physiology 36
(2), 225–237. doi:10.1111/j.1440-1681.2008.05099.x

De Hart, J., Baaijens, F. P. T., Peters, G. W. M., and Schreurs, P. J. G. (2003). A
Computational Fluid-Structure Interaction Analysis of a Fiber-Reinforced
Stentless Aortic Valve. J. Biomechanics 36 (5), 699–712. doi:10.1016/s0021-
9290(02)00448-7

Ge, L., and Sotiropoulos, F. (2007). A Numerical Method for Solving the 3D
Unsteady Incompressible Navier-Stokes Equations in Curvilinear Domains
with Complex Immersed Boundaries. J. Comput. Phys. 225 (2), 1782–1809.
doi:10.1016/j.jcp.2007.02.017

Ghosh, R. P., Marom, G., Bianchi, M., D’souza, K., Zietak, W., and Bluestein, D.
(2020). Numerical Evaluation of Transcatheter Aortic Valve Performance
during Heart Beating and its Post-deployment Fluid-Structure Interaction
Analysis. Biomech. Model. Mechanobiol. 19 (5), 1725–1740. doi:10.1007/
s10237-020-01304-9

Ghosh, R. P., Marom, G., Rotman, O. M., Slepian, M. J., Prabhakar, S., Horner, M.,
et al. (2018). Comparative Fluid-Structure Interaction Analysis of Polymeric
Transcatheter and Surgical Aortic Valves’ Hemodynamics and Structural

Mechanics. J. Biomechanical Engineering-Transactions Asme 140 (12),
121002. doi:10.1115/1.4040600

Go, A. S., Mozaffarian, D., Roger, V. L., Benjamin, E. J., Berry, J. D., Borden, W. B.,
et al. (2013). Heart Disease and Stroke Statistics-2013 Update. Circulation 127
(1), E6–E245. doi:10.1161/CIR.0b013e31828124ad

Guidoin, R., Douville, Y., Clavel, M.-A., Zhang, Z., Nutley, M., Pîbarot, P., et al.
(2010). “The Marvel of Percutaneous Cardiovascular Devices in the Elderly,” in
Aging, Cancer, and Age-Related Diseases: Common Mechanism? Editor
R. M. Tanguay, 188–199.

Jendoubi, A., Yakoubi, D., Fortin, A., and Tibirna, C. (2014). An Immersed
Boundary Method for Fluid Flows Around Rigid Objects. Int. J. Numer.
Meth. Fluids 75 (1), 63–80. doi:10.1002/fld.3884

Kallemov, B., Bhalla, A., Griffith, B., and Donev, A. (2016). An Immersed Boundary
Method for Rigid Bodies. Commun. Appl. Math. Comput. Sci. 11 (1), 79–141.
doi:10.2140/camcos.2016.11.79

Kandail, H. S., Trivedi, S. D., Shaikh, A. C., Bajwa, T. K., O’Hair, D. P., Jahangir, A.,
et al. (2018). Impact of Annular and Supra-annular CoreValve Deployment
Locations on Aortic and Coronary Artery Hemodynamics. J. Mech. Behav.
Biomed. Mater. 86, 131–142. doi:10.1016/j.jmbbm.2018.06.032

Lemmon, J. D., and Yoganathan, A. P. (2000). Three-dimensional Computational
Model of Left Heart Diastolic Function with Fluid-Structure Interaction.
J. Biomechanical Engineering-Transactions Asme 122 (2), 109–117. doi:10.
1115/1.429648

Luraghi, G., Matas, J. F. R., Beretta, M., Chiozzi, N., Iannetti, L., andMigliavacca, F.
(2020). The Impact of Calcification Patterns in Transcatheter Aortic Valve
Performance: A Fluid-Structure Interaction Analysis. Comput. Methods
Biomechanics Biomed. Eng. 24 (4), 375–383. doi:10.1080/10255842.2020.
1817409

Luraghi, G., Migliavacca, F., García-González, A., Chiastra, C., Rossi, A., Cao, D.,
et al. (2019). On the Modeling of Patient-specific Transcatheter Aortic Valve
Replacement: A Fluid-Structure Interaction Approach. Cardiovasc Eng. Tech.
10 (3), 437–455. doi:10.1007/s13239-019-00427-0

Luraghi, G., Rodriguez Matas, J. F., andMigliavacca, F. (2021). In Silico approaches
for Transcatheter Aortic Valve Replacement Inspection. Expert Rev.
Cardiovasc. Ther. 19 (1), 61–70. doi:10.1080/14779072.2021.1850265

Marom, G. (2015). Numerical Methods for Fluid-Structure Interaction Models of
Aortic Valves. Arch. Comput. Methods Eng. 22 (4), 595–620. doi:10.1007/
s11831-014-9133-9

Mylotte, D., Andalib, A., Theriault-Lauzier, P., Dorfmeister, M., Girgis, M.,
Alharbi, W., et al. (2015). Transcatheter Heart Valve Failure: A Systematic
Review. Eur. Heart J. 36 (21), 1306–1327. doi:10.1093/eurheartj/ehu388

Nguyen, V.-T., Kuan, Y. H., Chen, P.-Y., Ge, L., Sotiropoulos, F., Yoganathan, A. P.,
et al. (2011). Experimentally Validated Hemodynamics Simulations of

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 90445311

Liu et al. FSI Analysis of Valve Stent

66

https://doi.org/10.1115/1.2796081
https://doi.org/10.1002/clc.22569
https://doi.org/10.1016/j.jcp.2008.04.028
https://doi.org/10.1016/j.jcp.2008.04.028
https://doi.org/10.1515/cdbme-2018-0063
https://doi.org/10.1515/cdbme-2018-0063
https://doi.org/10.1007/s00158-021-02944-w
https://doi.org/10.1111/j.1440-1681.2008.05099.x
https://doi.org/10.1016/s0021-9290(02)00448-7
https://doi.org/10.1016/s0021-9290(02)00448-7
https://doi.org/10.1016/j.jcp.2007.02.017
https://doi.org/10.1007/s10237-020-01304-9
https://doi.org/10.1007/s10237-020-01304-9
https://doi.org/10.1115/1.4040600
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1002/fld.3884
https://doi.org/10.2140/camcos.2016.11.79
https://doi.org/10.1016/j.jmbbm.2018.06.032
https://doi.org/10.1115/1.429648
https://doi.org/10.1115/1.429648
https://doi.org/10.1080/10255842.2020.1817409
https://doi.org/10.1080/10255842.2020.1817409
https://doi.org/10.1007/s13239-019-00427-0
https://doi.org/10.1080/14779072.2021.1850265
https://doi.org/10.1007/s11831-014-9133-9
https://doi.org/10.1007/s11831-014-9133-9
https://doi.org/10.1093/eurheartj/ehu388
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Mechanical Heart Valves in Three Dimensions. Cardiovasc Eng. Tech. 3 (1),
88–100. doi:10.1007/s13239-011-0077-z

Nobari, S. (2012). “Fluid Structure Interaction and Hemodynamic Analysis of the
Aortic Valve,” (Canada: McGill University). Doctoral Dissertation.

Pasta, S., Cannata, S., Gentile, G., Di Giuseppe, M., Cosentino, F., Pasta, F., et al.
(2020). Simulation Study of Transcatheter Heart Valve Implantation in Patients
with Stenotic Bicuspid Aortic Valve. Med. Biol. Eng. Comput. 58 (4), 815–829.
doi:10.1007/s11517-020-02138-4

Pasta, S., and Gandolfo, C. (2021). Computational Analysis of Self-Expanding and
Balloon-Expandable Transcatheter Heart Valves. Biomechanics 1 (1), 43–52.
doi:10.3390/biomechanics1010004

Rotman, O. M., Bianchi, M., Ghosh, R. P., Kovarovic, B., and Bluestein, D. (2018).
Principles of TAVR Valve Design, Modelling, and Testing. Expert Rev. Med.
Devices 15 (11), 771–791. doi:10.1080/17434440.2018.1536427

Siemieniuk, R. A., Agoritsas, T., Manja, V., Devji, T., Chang, Y., Bala, M. M., et al.
(2016). Transcatheter versus Surgical Aortic Valve Replacement in Patients
with Severe Aortic Stenosis at Low and Intermediate Risk: Systematic Review
and Meta-Analysis. Bmj 354, i5130. doi:10.1136/bmj.i5130

Sodhani, D., Reese, S., Aksenov, A., Soğanci, S., Jockenhövel, S., Mela, P., et al.
(2018). Fluid-structure Interaction Simulation of Artificial Textile Reinforced
Aortic Heart Valve: Validation with an In-Vitro Test. J. Biomechanics 78, 52–69.
doi:10.1016/j.jbiomech.2018.07.018

Travaglino, S., Murdock, K., Tran, A., Martin, C., Liang, L., Wang, Y., et al. (2020).
Computational Optimization Study of Transcatheter Aortic Valve Leaflet
Design Using Porcine and Bovine Leaflets. J. Biomechanical Engineering-
Transactions Asme 142 (1), 011007. doi:10.1115/1.4044244

Van Aswegen, K. H. J., Smuts, A. N., Scheffer, C., Weich, H. S. V., and Doubell, A.
F. (2012). Investigation of Leaflet Geometry in a Percutaneous Aortic Valve
with the Use of Fluid-Structure Interaction Simulation. J. Mech. Med. Biol. 12
(1), 1250003. doi:10.1142/s0219519411004538

Wei, Z. A., Sonntag, S. J., Toma, M., Singh-Gryzbon, S., and Sun, W. (2018).
Computational Fluid Dynamics Assessment Associated with Transcatheter
Heart Valve Prostheses: A Position Paper of the ISO Working Group.
Cardiovasc Eng. Tech. 9 (3), 289–299. doi:10.1007/s13239-018-0349-y

Wu, M. C. H., Muchowski, H. M., Johnson, E. L., Rajanna, M. R., and Hsu, M.-C.
(2019). Immersogeometric Fluid-Structure Interaction Modeling and
Simulation of Transcatheter Aortic Valve Replacement. Comput. Methods
Appl. Mech. Eng. 357, 112556. doi:10.1016/j.cma.2019.07.025

Wu,W., Pott, D., Mazza, B., Sironi, T., Dordoni, E., Chiastra, C., et al. (2016). Fluid-
Structure Interaction Model of a Percutaneous Aortic Valve: Comparison with
an In Vitro Test and Feasibility Study in a Patient-specific Case. Ann. Biomed.
Eng. 44 (2), 590–603. doi:10.1007/s10439-015-1429-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Zhang, Ye, Luo and Chang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 90445312

Liu et al. FSI Analysis of Valve Stent

67

https://doi.org/10.1007/s13239-011-0077-z
https://doi.org/10.1007/s11517-020-02138-4
https://doi.org/10.3390/biomechanics1010004
https://doi.org/10.1080/17434440.2018.1536427
https://doi.org/10.1136/bmj.i5130
https://doi.org/10.1016/j.jbiomech.2018.07.018
https://doi.org/10.1115/1.4044244
https://doi.org/10.1142/s0219519411004538
https://doi.org/10.1007/s13239-018-0349-y
https://doi.org/10.1016/j.cma.2019.07.025
https://doi.org/10.1007/s10439-015-1429-x
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


A Hemodynamic Analysis of the
Thrombosis Within Occluded
Coronary Arterial Fistulas With
Terminal Aneurysms Using a Blood
Stasis Model
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Objective: The aim of this study is to numerically evaluate thrombosis risk within occluded
coronary arterial fistulas (CAF) with terminal aneurysms, and provide guidance in choosing
occlusion positions, with clinical observations as reference.

Method: Four patients with CAF were studied, with different occlusion positions in actual
treatments. Hemodynamics simulations were conducted, with blood residue predicted
using the blood stasis model. Three types of models (untreatedmodel, aneurysm-reserved
model and aneurysm-removed model) were studeid for each patient. Four metrics,
i.e., proportion of high oscillatory shear index (OSI), area of high OSI, old blood volume
fraction (OBVF)) and old blood volume (OBV) was obtained to distinguish the thrombosis
risk of different treatments (proximal or distal occlusion), comparing with the follow-
up CTA.

Results: For all the postopertive models, the high OBVF, high OSI(>0.3) and low time-
averaged wall shear stress (TAWSS) regions were mainly at the distal fistula, indicating
these regions were prone to thrombosis. The regions where blood residue remains are
roughly regions of high OSI, corresponding well with clinical observations. In contrast,
TAWSS failed to distinguish the difference in thrombosis risk. Absolute values (area of high
OSI, OBV) can better reflect the degree of thrombosis risk between treatment types
compared with percentage values (proportion of high OSI, OBVF). By comparing with the
actual clinical treatments and observations, the OBV is superior to the area of high OSI in
determining treatment type.

Conclusion: The OBV, a volumetric parameter for blood stasis, can better account for the
CAF thrombosis and reflect the degree of blood stasis compared with OSI or TAWSS, is a
more appropriate metric for thrombosis in the fistula. Together with morphological
parameters, the OBV could guide clinicians to formulate more appropriate surgical
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plans, which is of great significance for the preoperative evaluation and treatment
prognosis of CAF patients.

Keywords: coronary arterial fistulas, thrombosis, blood stasis, occlusion position, CFD

INTRODUCTION

Coronary arterial fistula (CAF) is defined as an abnormal connection
between one of the coronary arteries and a heart chamber or another
blood vessel, such as the coronary vein, pulmonary artery, superior
vena cava, or bronchial artery etc. (Qureshi, 2006; Iskandrian et al.,
1978; Verdini et al., 2016; Amin et al., 2001). CAF is relatively rare,
with a prevalence of 0.002% in the general population. Even among
patients undergoing coronary angiography or coronary computed
tomography angiography, the prevalence of CAFs is only
approximately 0.05–0.9% (Karazisi et al., 2017). Most patients
have no symptoms when they are young. However, with age,
clinical symptoms gradually occur, such as exertional dyspnea,
chest pain, infective arteritis, etc. (Firouzi et al., 2021). If
combined with coronary arteries dilation or aneurysms, it may
cause serious complications such as acute myocardial infarction,
cardiac failure, rupture, arrhythmias, etc (Qureshi, 2006). Therefore,
immediate clinical intervention is necessary.

The treatments of CAF mainly include surgical ligation,
transcatheter closure (TCC) and drug therapy (Kilic et al.,
2008; Akcay et al., 2009; Jama et al., 2011; Centella et al.,
2016; Haweleh et al., 2018; Firouzi et al., 2021). A recent study
proposed that in patients with medium- to large-sized fistulas,
irrespective of symptoms, closure (either surgical ligation or
TCC) is recommended (Firouzi et al., 2021). The common
method is to occlude the terminal of the fistula, while
retaining small branches to maintain the blood supply of the
myocardium (Kilic et al., 2008; Jama et al., 2011) and improve the
phenomenon of stealing blood. However, postoperative patients,
especially those with coronary arteries dilation and aneurysms,
are prone to thrombus formation in the occluded fistula, which
may induce serious consequences such as angina, myocardial
infarction, etc. (Saboo et al., 2014). Therefore, for CAF patients
undergoing intervention, warfarin is recommended
postoperatively. Furthermore, if thrombosis is observed in the
occluded fistula, long-term anticoagulation with warfarin is
necessary (Karazisi et al., 2017). Unfortunately, long-term
anticoagulation therapy is often accompanied by the risk of
bleeding. If the patient is young, it will directly affect the
patient’s life safety and long-term quality of life (Pu et al.,
2016). Therefore, surgical procedures need to be optimized to
reduce the risk of thrombosis. Some clinicians have suggested that
in CAF patients with aneurysms, the use of proximal aneurysm
closure is effective in reducing the incidence of postoperative
fistula thrombosis (Reul et al., 2002; Gowda et al., 2011).
However, these are only clinical retrospective studies, more
systematic quantitative studies will be needed.

Hemodynamics play an important role in the initiation,
formation, and aggregation of thrombosis (Jama et al., 2011;
Skorczewski et al., 2013; Liang et al., 2015). In recent years,
computational fluid dynamics (CFD) studies have been employed

to study hemodynamics (Wu et al., 2020, 2021, 2022; Huo et al.,
2021) and evaluate risk of thrombosis in abdominal aortic aneurysm,
atrial appendages, aortic dissection, etc. (Georgakarakos et al., 2009;
Menichini et al., 2017; Bosi et al., 2018; García-Isla., 2018). In our
previous studies, four patient-specific CAF models were studied
usingCFD (Cao et al., 2019,2020), with conventional hemodynamics
parameters such as time-averaged wall shear stress (TAWSS) and
oscillatory shear index (OSI) to evaluate the thrombosis risk. The
results showed that a proximal occlusion to remove the terminal
aneurysmmay potentially reduce the post-operative thrombotic risk
(Cao et al., 2019), while a terminal occlusion of CAF fistula may
increase the risk of thrombosis.

In this study, a two-fluid blood stasis model (Jiang et al., 2021a;
Jiang et al., 2021b; Dai et al., 2021), which can locate the regions of
blood stasis both in space and time was used together with
conventional hemodynamic parameters such as OSI and
TAWSS as well as morphological parameters, to access the
influence of occlusion positions to the risk of thrombosis in
the fistula of CAF patients. The approach employed in this study
can better assist clinicians choosing the correct surgical plan, so
that myocardial blood supply can be improved while minimizing
the risk of thrombosis in the fistula.

MATERIALS AND METHODS

Subject Data
This study used the same patient-specific models as our previous
research (Cao et al., 2020). Four patient-specific models were
reconstructed based on computed tomography angiography
(CTA) images, as shown in Figure 1. These four patients were
treated between May 2015 and March 2018, with three right
coronary fistulas and one left coronary fistula. The parameters of
the models are shown in Table 1. Patient approval and informed
consent were waived off since it is an observational and
retrospective study with anonymized data.

In the actual treatment, Patient one and Patient two had
distal occlusions, while Patient three and Patient four had
proximal occlusions. In this study, each patient underwent
virtual occlusion of the distal and proximal aneurysm.
Therefore, three types of models, i.e., untreated model,
aneurysm-reserved model and aneurysm-removed model (as
shown in Figure 1) were studied for each patient, to simulate
three treatments, namely, no treatment, proximal and distal
occlusions.

Mesh
The computational domains of all the four models were divided
into two separate parts: the fistula regions and the rest, to facilitate
the quantitative analysis of blood stasis in the fistula. Structured
grids of 1–1.5 million elements were generated by using
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commercial software Ansys Meshing (Ansys, Inc., Canonsburg,
PA, United States). Five grid layers were added to all the arterial
walls to properly resolve the boundary layer, as shown in
Figure 2.

Boundary Conditions
As shown in Figure 3A, a time-varying volumetric flow rate
extracted from the literature was applied at the inlet of each

model with a period of 1s (Cheng et al., 2014). Windkessel
RCR boundary conditions (Figure 3B) and lumped parameter
network (LPN) coronary model (Figure 3C) were applied at
the aortic outlet and the coronary outlets, respectively (Reul
et al., 2002; Cheng et al., 2014; Cao et al., 2020). The total
resistance (Rtotal) of each case were shown in Table 2, and in
the Windkessel model, the distal resistance was set to
0.91Rtotal, the proximal resistance was set to 0.09 Rtotal, and

FIGURE 1 | Patient-specific models reconstructed from CTA data. “Aneurysm-reserved model” and “Aneurysm-removed model” referred to the proximal or distal
occlusions. In actual treatments, case1 and case2 had distal occlusions, while case3 and case4 had proximal occlusions. “X” indicates the occluded position of the
model.

TABLE 1 | Patient specifics.

Gender Age Origin
and Drainage

DE LF DMA LA VF VA

Case 1 Female 70 RCA - RA 16.3 130.2 40.8 39 20,262 7,055
Case 2 Male 25 RCA - LV 17.6 227.6 20.5 31.1 33,230 923
Case 3 Female 46 LCA - RA 14.2 105.5 45.7 42.2 41,788 35,367
Case 4 Female 27 RCA - RA 21.5 99.8 23.5 31.2 32,343 9,810

RCA, right coronary artery; LCA, left coronary artery; RA, right atrium; LV, left ventricle. DE, average diameter of fistula entrance (mm); LF, length of fistula (mm); DMA, max diameter of
aneurysm (mm); LA, length of aneurysm (mm); VF, volume of fistula (mm3); VA, volume of aneurysm (mm3).
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the capacitance was set to 0.001 cm5/dyne. The outlet of the
fistula was set to “wall” to represent the occlusion. All the walls
were assumed to be rigid with no slip conditions.

Numerical Simulations
In this study, all the simulations were transient and conducted
using the commercial software Ansys Fluent (Ansys, Inc,
Canonsburg, PA, United States). Blood was regarded as
incompressible Newtonian fluids, with density of 1055 kg/m3,
and dynamic viscosity of 3.5 × 10−3 Pa s. Since the flow in aorta
might lie in turbulence flow regime (Bigras 2020; Mandell et al.,
2021; Manchester et al., 2022), the RNG k-εmodel was employed
to solve for turbulence. The near-wall treatment was set as
standard wall function. A second-order implicit backward
Euler scheme was chosen for temporal discretization, with a
fixed time-step of 10 ms so that per cardiac cycle was resolved
using 100 time steps. Maximum 50 sub-iterations were used for
each physical time step, and the maximum RMS residual was set
to 10−5 as a convergence criterion. First, unsteady single-fluid
simulations were carried out for about 10 cardiac cycles to get
statistically converged flow field.

Then, a two-fluid model for blood stasis was employed to
simulate the process of blood washout and stasis (Jiang et al.,
2021a; Jiang et al., 2021b; Dai et al., 2021). Simulation of blood
stasis continued from the converged single-fluid flow field. A new
fluid was defined with the same material properties as the existing

FIGURE 2 |Computational domain andmesh of case 2, with local grid at
the aortic outlet showing five boundary layers. The fistula region is indicated by
blue part.

FIGURE 3 | Boundary conditions: (A) The inlet velocity profile; (B) Windkessel RCR boundary conditions; (C) Lumped parameter boundary conditions.

TABLE 2 | Total resistance.

Outlets/Total
Resistance (Pa*S/m³)

Case 1 Case 2 Case 3 Case 4

aorta 2.3171*108 2.7095*108 1.9165*108 2.8273*108

rcaf 6.8721*108 3.7588*108 — 3.9499*108

rca1 6.2281*109 2.7159*1010 4.3397*1010 1.2955*1010

rca2 1.2908*1010 2.7642*1010 2.4138*1010 9.8035*109

rca3 — 2.4753*1010 1.1231*1010 1.2419*1010

lcaf — — 3.7154*108 —

lca1 7.7446*109 2.6813*1010 3.2448*1010 9.3985*109

lca2 7.3605*109 1.9396*1010 2.2431*1010 1.5694*1010

lca3 3.9235*109 1.8043*1010 1.9728*1010 1.7522*1010

lca4 1.4137*1010 1.9588*1010 2.7451*1010 6.9969*109

lca5 1.0121*1010 2.6045*1010 — —
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blood in the computational domain. Then, the new fluid and the
existing blood were defined as two fluids: the “new” and “old”
blood. All the computational setup was the same as the single-
fluid runs, except that the VOFmethod was employed to solve for
the two-fluid flow field. The volume fraction of the new blood was
set as one at the inlet, while that of the old blood was 0 at the inlet.
The surface tension was set to be 0. As time evolves, the new blood
will gradually replace the old blood. The location of and volume
fraction of old blood can be tracked and monitored over time.
Convergence criteria was set that the old blood volume fractions
(OBVFs, defined as the ratio of residual blood volume to fistula
volume) dropped within 1% in the past 10 cardiac cycles for all
cases. Due to the disparity in fistula volume and treatment for
different cases, 10–60 s (cardiac cycles) were needed to reach
convergence. All computations were carried out on a 192-core
cluster equipped with 16 Intel Xeon E5-2680 v3 CPUs. The
single-fluid simulations normally converged within 1 h, while
the blood stasis simulations took less than 1 day.

RESULTS

Flow Pattern
The ratio of flow rate at the aortic outlet to the inlet flow rate is
shown in Table 3, which shows that proximal occlusion of
aneurysm indeed effectively improved the phenomenon of
blood stealing. The flow streamlines of case 1 at systolic peak
were shown in Figure 4, after the proximal occlusion, the blood
flow in the fistula was significantly less than that of the untreated
models.

Results of TAWSS and OSI
TAWSS and OSI are hemodynamic parameters which are
commonly used as metrics to evaluate thrombosis in arterial
system. It is generally believed that high OSI (>0.3) and low
TAWSS (<10 dyne/cm2) are associated with thrombosis (Nerem
et al., 1998; Ward et al., 2001; Himburg et al., 2004; Katritsis et al.,
2012). Figure 5A shows that TAWSS was generally low in the
distal fistula of all the post-treated models, so the results of
TAWSS proved that the occlusion treatment will be more
prone to thrombosis. However, it can be observed that there
was almost no difference in the level of TAWSS in the fistula
between different patients and treatments. Thus, TAWSS is not a
proper metric for the risk of thrombosis in this scenario.
Figure 5B shows the OSI contours. In contrast to TAWSS, the
OSI was high in the distal fistula of the post-treated models, and
low near the junction with aorta. It is also worth noting that the
area of high OSI varies greatly among cases, and regions of high
OSI can always be observed near the occlusion positions.

Results of Blood Stasis
The OBVFs of all models is shown in Figure 6, where the red
color represents the blood residue (old blood), and the
transparent color indicates where the old blood had been
replaced by new blood. In all models, the old blood in the
aorta was eventually replaced by new blood. Comparing the
distribution of blood residue, there was almost no blood
residue in the fistula of the untreated model, while for the
post-treated model, the blood residue at the distal fistula was
significantly higher than other regions, indicating that this
region was prone to blood stasis. This phenomenon was more
obvious in the aneurysm-reserved models and it can be
observed that the distal occlusion was associated with the
most serious blood stasis, among the three ways fistulas
were treated. The distributions of blood residue in the
aneurysm-removed and aneurysm-reserved models were
generally consistent, except for the aneurysm. As shown in
Figure 6, for case3 and case4, the high OBVF regions (red part)
in proximal occluded models were significantly smaller than
that in distal occluded models. However, for case1 and case2,

TABLE 3 | Percentage (%) of blood flow rate at the aortic outlets.

Case/Model Untreated Aneurysm-Reserved Aneurysm-Removed

Case 1 69.52 72.72 87.93
Case 2 60.83 91.90 97.22
Case 3 77.82 90.36 95.54
Case 4 57.64 89.16 97.28

FIGURE 4 | Streamlines of case 1 at systolic peak.
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the differences between two occluded positions were not
obvious.

Comparison With Clinical Follow-Ups
Figure 7 shows the clinical follow-ups after a short period of time,
together with the predicted old blood residue, OSI and TAWSS

contours of the actual treatment models. It can be observed that
severe thrombosis occurred in the fistulas of case1 (1 week) and case2
(9months) after the distal aneurysm occlusions, while no thrombosis
was found in the fistulas of case3 (3 weeks) and case4 (1 month) after
the proximal aneurysm occlusions. It can be observed that the
location of thrombosis was consistent with the predicted old

FIGURE 5 | (A) TAWSS contours; (B) OSI contours.
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blood residue. Moreover, the regions where blood residue remained
were also roughly regions of highOSI (>0.3). In contrast, the TAWSS
contours failed to reflect the actual thrombus in the fistula.

Quantitative Comparison Between Patients
and Treatments
As shown in Figure 8, all the four metrics (proportion of area
of high OSI, area of high OSI, OBVF and OBV) distinguished
the thrombosis risk of distal and proximal aneurysm
occlusions well. All the four metrics decreased for
aneurysm-removed models compared to aneurysm-reserved
models. Thus, all of them could distinguish the thrombosis risk
of distal and proximal aneurysm occlusions for each individual
patient.

However, as aforementioned, severe thrombosis occurred in
the fistula of case2 after the distal aneurysm occlusions and no
thrombosis was found in the fistulas of case4 after the proximal
aneurysm occlusions, while the proportions of area of high OSI
were roughly the same (cf. Figure 8A). On the contrary, as shown
in Figure 8B, the area of high OSI could distinguish the degree of
thrombosis between these two scenarios, so could the metrics of
blood stasis (OBVF&OBV).

The degree of difference in the thrombosis risk for the
aneurysm-reserved and aneurysm-removed models also
determines the type of treatment (proximal occlusion or
distal occlusion) to be chosen. Figures 8C, D show that,
case3 and case4 are more suitable for proximal aneurysm

occlusion compared with case1 and case2, for which the
OBVF and OBV between the two treatments is not much
different. For case1, the OBV (3322 mm3) is the highest among
all aneurysm-removed models, which means even under
proximal occlusion, the thrombosis risk would still be high,
and postoperative long-term anticoagulation is inevitable.
Moreover, case1 has the second largest aneurysm size,
proximal occlusion will greatly reduce the blood supply of
the myocardium. Therefore, case1 is more suitable for distal
aneurysm occlusion. For case2, the difference in OBV between
the distal and proximal occlusions is less than 50%. Due to the
largest fistula size and the smallest aneurysm size, removal of
the aneurysm will not have a big impact on the blood supply.
Therefore, either treatment can be applied to case2, subject to
patient conditions and intraoperative conditions. These
conclusions are also in line with the actual clinical
treatments and observations. On the other hand, the OSI
metrics (cf. Figure 8B) suggest a proximal occlusion for
case 2, and a distal occlusion for case4, which are
contradictory to the metrics of blood stasis as well as
clinical observations.

DISCUSSION

Improving blood-stealing phenomena is the primary goal of
CAF treatment, and it is effective in maintaining long-term
outcomes by reducing the risk of post-treated fistula

FIGURE 6 | The OBVFs of all models, with the red color representing the blood residue.
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thrombosis. This study shows both distal and proximal
aneurysm occlusions can reduce the blood flow of fistula,
and the percentage of ascending aorta blood flow all increased
to close normal value (96%), which corresponds well with our
prior study (Cao et al., 2020). On the other hand, the
indication of anticoagulation is the most critical issue for
occluded CAF patients. According to the American Heart
Association (AHA) guidelines, postoperative anticoagulation
is required if the maximum diameter of the fistula is greater
than 8 mm (Sengupta et al., 2012). As shown in Table 1, the
average fistula diameters of four patients were all above this
value, requiring a long-term anticoagulation for all patients.
However, the fistula is a complex structure, the maximum
diameter is not sufficient to determine the risk of thrombosis,
and there are currently no suitable criteria for the selection of
the occluded position (proximal or distal to the aneurysm).
Therefore, it is crucial to find a method to evaluate the degree
of thrombosis in the fistula. In our previous study (Cao et al.,
2020), the proportion of high OSI areas (>0.3) were used as a
metric for risk of thrombosis. Nonetheless, this study shows
that area of high OSI other than percentage is a more proper
metric for thrombosis, and more accurate for inter-patient
comparison.

This study also employed two metrics of blood stasis, i.e. OBVF
and OBV, to evaluate thrombosis potential in the fistula. The
predicted location of blood residue was roughly consistent with
clinical follow-ups for post-treated patients, and also with the high
OSI regions. Moreover, the differences in the absolute values (area of
high OSI, OBV) between the aneurysm-reserved and aneurysm-
removed models were more pronounced than the percentage values
(proportion of areas of high OSI, OBVF). The reason for this is that
the percentage values are normalized using the surface area or
volume of fistula, which also decreased if the aneurysms are
removed. Therefore, the absolute values may reflect the degree of
thrombosis risk more accurately than the percentage values.

The treatments type decided upon the OBVs is roughly in line
with the actual clinical treatment. Nonetheless, this study also
shows that OBV is superior to the area of high OSI in determining
treatment type (proximal or distal occlusion). This problem can
be understood from the nature of the OSI, which is an indicator of
oscillatory flows, and believed to play roles in the vessel
remodeling and plaque development in arteries (Katritsis et al.,
2012). On the other hand, the primary cause of CAF thrombosis
is blood stagnation and stasis in the regions proximal to dead
ends, which is a “volumetric” process. Therefore, OSI as a metric
defined at the wall to account for plaque growth, might not be

FIGURE 7 | Comparison of blood residue, the follow-up CT after the occlusion operation, and contours of OSI and TAWSS (in order from top to bottom) of the
models under actual treatments.
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appropriate to reflect the “volumetric” thrombosis in the fistula,
and may misjudge the risk of thrombosis. In contrast, the OBV, a
volumetric parameter reflecting the degree of blood stasis, is a
more appropriate metric for thrombosis in the fistula. In the
future, clinicians may choose an appropriate occluded position
according to the predicted fistula OBVs of different treatments. If
the OBVs between the two surgical treatments is significantly
different, proximal occlusion should be directly selected. If not,
morphological parameters need to be involved to opt for the most
appropriate treatment based on the relative size of the aneurysm.

Limitation
This study also has some limitations. First, thrombosis is a very
complex process, this study only considered one element in
Virchow’s triad, i.e. blood stasis. Since the flow is largely in a
stagnant state, endothelial injury due to high WSS is unlikely to
happen here. The last factor, i.e. hypercoagulability might
influence the thrombosis, and should be considered in the
future. Second, this study did not consider the non-Newtonian
properties of blood, because it has been reported to hardly affect
the hemodynamic parameters of the coronary arteries
(Kabinejadian and Ghista, 2012; Vimmr et al., 2013; Frolov
et al., 2016). Third, there are two types of multiphase flows,
namely, disperse flows and separated flows (Brennen, 2005).
The formation of thrombosis is more of disperse flows, while
the interaction of the new and old blood over time is more of
separated flows. The model of blood stasis employed in study do
not model the formation of thrombosis directly, but model the
blood stasis which we believe is the primary cause of the
thrombosis in the occluded coronary arterial fistulas.

Nonetheless, the VOF method used in this study to model
blood stasis can handle both separate and dispersed flows.
Fourth, since this study is purely retrospective, the four
patients investigated in this study only had CTA images
shortly after operations. Clinical follow-ups at more time
points can better follow the process of thrombosis, which will
provide better reference for thrombosis prediction. Moreover, as a
retrospective study, patient-specific waveforms were not available.
In the future, patient-specific flow rates should be measured and a
sensitivity analysis for boundary conditions should be conducted
in the follow-up study. Finally, the number of patients investigated
in this study is limited, more patients will be needed in future
research to make the results statistically significant. In the future,
more patients andmore CTA images at various time points will be
collected to provide better reference for thrombosis prediction. In
vitro experiments such as microfluidics and animal experiments
are also planned to improve our findings.

CONCLUSION

In conclusion, the blood stasis model is more intuitive and
accurate to simulate the thrombosis risk of postoperative
fistulas than the OSI and TAWSS. Together with
morphological parameters, the OBV could guide clinicians to
formulate more appropriate surgical plans, and provide an
efficient non-invasive method for evaluating the risk of
thrombosis in the post-treated fistula, which is of great
significance for the preoperative evaluation and treatment
prognosis of CAF patients.

FIGURE 8 | Quantitative comparison between patients and treatments in terms of OSI and blood stasis: (A) proportion of high OSI (>0.3) regions; (B) area of high
OSI (>0.3) for aneurysm-reserved and aneurysm-removed models; (C) OBVF (old blood volume fraction, defined as the ratio of volume of blood residue and volume of
the fistula); (D) OBVs (old blood volume).
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Computational Pressure-Fluid
Dynamics Applied to Index of
Microcirculatory Resistance,
Predicting the Prognosis of
Drug-CoatedBalloonsComparedWith
Drug-Eluting Stents in STEMI Patients
Yang Duan†, Yiwen Wang†, Min Zhang, Zhi Li, Lei Chen, Hao Miao, Siyu Pei, Yuan Lu* and
Zhirong Wang*

Department of Cardiology, The Affiliated Hospital of Xuzhou Medical University, Xuzhou, China

Background: The impairment of microvascular injury on prognosis has increasingly drawn
extensive awareness along with the high morbidity and mortality of ST-segment elevation
myocardial infarction (STEMI) over recent years. The prognostic significance of computational
pressure-fluid dynamics applied to index of microcirculatory resistance, derived from coronary
angiography (CPFD-caIMR) in microvascular injury evaluation of STEMI patients remained
inconclusive.

Methods: A total of 213 patients who met the inclusion criteria were selected retrospectively
from 1003 STEMI patients from February 2018 to February 2020. Propensity score matching
(PSM) was thereafter finished. CPFD-caIMR of all patients was obtained off-line using the
software (FlashAngio, Rainmed Ltd., Suzhou, China) after PPCI. The primary endpoint was to
compare the CPFD-caIMR and the incidence of major adverse cardiovascular events (MACEs)
between drug-coated balloons (DCB) and drug-eluting stents (DES) groups. The correlation
between CPFD-caIMR and MACEs was analyzed, and the prognosis of patients with STEMI
was evaluated by CPFD-caIMR by multivariate regression analysis.

Results: Totally 213 STEMI patients with successful primary percutaneous coronary
intervention (PPCI) were included, of whom 84 patients accepted DCB and 129 patients
accepted DES respectively. Baseline characteristics and CPFD-caIMR were comparable
between DCB and DES groups after PSM (62 patients in each group). CPFD-caIMR was
not significantly different between two groups (DES vs. DCB: mean difference: 2.26, 95% CI
-4.05 to 8.57, p = 0.45), and sowas it when re-grouped bywhether CPFD-caIMR > 40U or not
(DES vs. DCB: 34.17% vs. 27.16%, p = 0.29). After a follow-up of 1 year, more MACEs
occurred in DES group than DCB group (relative risk: 2.50, 95%CI 1.04 to 6.02, p = 0.04). The
predictors of MACEs by multi-variate analysis found that, only time from symptom to balloon
(p = 0.03) and time from door to balloon (p < 0.01) were independent predictors of MACEs,
independent of treatment with DCB or DES intervention. Furthermore, CPFD-caIMR > 40U
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became an independent predictor of the combined events including cardiovascular deaths or
heart failure readmission irrespective of PSM (odds ratio: 4.07, 95%CI: 1.06 to 7.66, p = 0.04).

Conclusion: CPFD-caIMR was a promising method for prognosis, which can predict CV
death or heart failure readmission in STEMI patients. DCB was a possible strategy in PPCI
of STEMI patients, not inferior to DES based on microvascular injury evaluated by CPFD-
caIMR.

Keywords: computational pressure-fluid dynamics derived index of microcirculatory resistance, drug-coated
balloon, ST-segment elevation myocardial infarction, primary percutaneous coronary intervention, retrospective
study, major adverse cardiovascular event

INTRODUCTION

Microvascular injury is closely related to the prognosis of ST-
segment elevation myocardial infarction (STEMI) (Alekseeva
et al., 2021). Although the blood flow of criminal vessels is
restored to Thrombolysis in myocardial infarction (TIMI)
Level 3 after primary percutaneous coronary intervention
(PPCI), the myocardium perfusion may not effectively
resume with existence of coronary microvascular injury
(Jaski et al., 2016). Index of microcirculatory resistance
(IMR) was reported as a good index to reflect coronary
microcirculation and predict the prognosis of STEMI
(Cuculi et al., 2014; Carrick et al., 2016). But it was still
perceived as a research tool and its application within
clinical practice remains extremely limited due to a complex
guide wire measurement, at the state of maximum hyperemia
taking the risk of hypotension and arrhythmia (Geng et al.,
2022). Computational pressure-fluid dynamics derived index
of microcirculatory resistance, applied to coronary
angiography (CAG, CPFD-caIMR), without extra steps, was
proved to have high correlation and diagnostic accuracy with
invasive IMR measured by traditional guidewire (Choi et al.,
2021). A non-invasive method utilizing computational fluid
dynamics to derive caIMR presented a high accuracy (Abuouf
et al., 2021). Nowadays there has been rare studies elucidating
the effectiveness of drug-coated balloon (DCB) treatment on
the prognosis of STEMI patients with PPCI based on
microvascular injury evaluation by CPFD-caIMR.

The occurrence of in-stent restenosis (ISR), late stent
thrombosis and bleeding caused by long-term dual
antiplatelet therapy (DAPT) gave rise to the new concept of
“intervention without implantation” which was first emerging
in Europe (De Luca et al., 2008; Neumann et al., 2019; Her
et al., 2021). DCB can release effective therapeutic
concentration of drugs at the lesion site for a short
adherent time, thereby reducing restenosis without leaving
foreign objects in the blood vessel (Aboyans et al., 2018). DCB
was thereafter recommended as a strategy for coronary artery
and peripheral vessels diseases. (Neumann et al., 2019; Her
et al., 2021). However, DCB has not been recommended as an
alternative of drug-eluting stent (DES) in the high-risk
conditions like STEMI (De Luca et al., 2008), (Vos et al.,
2014; Ho et al., 2015; Nijhoff et al., 2015; Gobić et al., 2017).
From already published randomized controlled trials (RCTs)

performed in STEMI patients, DCB presented no significant
difference of major adverse cardiovascular events (MACEs)
and late lumen loss versus DES with a follow-up of both 1 year
and 2 years in the REVELATION trial (Vos et al., 2019; Niehe
et al., 2022). Similar results were also manifested from another
study with a follow-up of 6 mon (Gobić et al., 2017). The
above-mentioned results suggested the potential effectiveness
of DCB on the prognosis of STEMI patients, which was not
inferior to DES in STEMI.

In this study, we intended to assess the effects of DCB on
short and long-term prognosis in STEMI patients receiving
PPCI by measuring CPFD-caIMR after PPCI, to assess the
relationship between CPFD-caIMR and MACEs, and to
determine the predictors of MACEs.

MATERIALS AND METHODS

Study Design
This study is a retrospective controlled cohort study. 1003
STEMI patients who underwent PPCI in the Affiliated
Hospital of Xuzhou Medical University of China from
February 2018 to February 2020 were selected. After strict
screening, a total of 213 patients were finally included. Among
them, 129 patients were treated by DES and 84 patients were
treated by DCB. After 1:1 propensity score matching (PSM), 62
patients from each group who matched baseline characteristics
were re-analyzed.

Study Population and Eligibility
Patients were included if 1) STEMI was diagnosed according to
current guidelines (Ibanez et al., 2018); 2) Spontaneous
reperfusion of the infarct-related artery (IRA) confirmed by
CAG or low-burden thrombus after percutaneous transluminal
coronary angioplasty (PTCA) and patients accepted successful
PPCI; 3) with complete and available follow-up more than a year;
4) the quality of angiography images met requirements of
reconstruction.

Patients were excluded if they are combined with: 1) history of
PCI or coronary artery bypass grafting; 2) severe liver and renal
dysfunction; 3) occlusive lesions or severe distorted calcified
lesions; 4) iodine contrast agent allergy or contraindication of
adenosine drugs; 5) severe coagulation dysfunction or
hemorrhagic diseases; 6) target lesions involving myocardial
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bridge; 7) lesions located within 3 mm (excluding 3 mm) at the
ostial of the ascending aorta.

Study Procedures
PPCI Procedure
The medical treatments were performed by the same team,
according to updated guidelines of STEMI (Ibanez et al., 2018).
All patients administered the loading doses of DAPT before
the surgery and received PPCI within 90 min after first medical
contact (Neumann et al., 2019). Trans-radial or femoral artery
was punctured and catheterized to conduct coronary
angiography. During the procedure, IRA was merely
intervened, using a 70–100 u/kg dosage of unfractionated
heparin. GPIIB/IIIA receptor antagonists depended on the
individual situation. Patients were selected if lesions had
spontaneous reperfusion of the IRA or low-burden
thrombus after PTCA confirmed by CAG. And all patients
gave the written informed consent in the PPCI process.

The procedure of DCB group: After adequate pre-dilation,
200 ug nitroglycerin was injected to the IRA until the blood flow

was restored to TIMI grade 3, with less than 20% residual stenosis
and without dissection or dissection below type B. The size of
DCB was determined by the diameter of the normal segment of
IRA The ratio of the DCB diameter to the artery diameter was 1.0-
1.1:1, and the length of DCB should be 3–5 mm beyond the target
lesion, with dilation lasting from 40 to 60 s. Considering the
comparability of follow-up, patients using Sequent Please DCBs
were only selected in this study (B. Braun, Melsungen, Germany).
Success criteria: the blood flow of IRA reached TIMI grade 3,
residual stenosis less than 20%.

The procedure of DES group: After catheterization, the
lesion was first treated by pre-dilated balloon with a low
pressure (8–12 atm), using the double guide wire or cutting
balloon for adequate dilation if necessary. Then 200 ug
nitroglycerin was injected to the IRA and angiography was
repeated. The size of DES accorded with the diameter of the
IRA. The ratio of stent diameter to target artery diameter was
1.1-1.2:1.0. In case of stent malapposition observed from
repeated angiography, the non-compliant balloon would be
used for post-dilation. The second-generation DES was used

FIGURE 1 | (A), pre-surgery angiography; (B), post-surgery of DCB; (C), the patient’s post-operative caFFR was normal and caIMR was high (caFFR = 0.92,
caIMR = 42.1). After 6 months of follow-up, the patient had myocardial infarction again.; (D), pre-surgery angiography; (E), post-surgery of DES; (F), the patient’s
postoperative caFFR and caIMR (caFFR = 0.91, caIMR = 22.8) were normal and no MACEs events occurred in 1.5 years of follow-up. Abbreviations: caFFR, coronary
angiography-derived fractional flow reserve; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-
coated balloons; MACE, major adverse cardiovascular events.
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FIGURE 2 | The flow-chart of the study in detail. Abbreviations: STEMI, ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention;
CPFD, computational pressure-fluid dynamics; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated
balloons; MACE, major adverse cardiovascular events.
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TABLE 1 | Baseline characteristics of the study population.

Variable Group DES Group DCB p value Total

General characteristics N = 129 N = 84 N = 213
Age, y, Mean (SD) 56.91 (12.27) 60.52 (14.11) 0.05 58.34 (13.11)
Males, n (%) 109 (84.50) 70 (83.33) 0.85 179 (84.04)
Systolic BP, mmHg, Mean (SD) 123.15 (17.93) 131.04 (18.32) <0.01 126.26 (18.45)
Heart rate, /min, Mean (SD) 79.40 (15.92) 75.57 (15.13) 0.08 77.89 (15.69)
Body mass index, kg/m2, Mean (SD) 25.94 (4.74) 25.06 (3.22) 0.14 25.59 (4.22)
Hypertension, n (%) 68 (52.71) 37 (44.05) 0.26 105 (49.30)
Diabetes, n (%) 19 (14.73) 19 (22.62) 0.15 38 (17.84)
Smoking, n (%) 68 (52.71) 37 (44.05) 0.26 105 (49.30)
Time from symptom to balloon, hours, Mean (SD) 6.56 (3.44) 7.30 (2.98) 0.11 6.85 (3.28)
Killip level, n (%)
I 116 (89.92) 78 (92.86) 0.33 194 (91.08)
II 8 (6.20) 4 (4.76) 12 (5.63)
III 2 (1.55) 2 (2.38) 4 (1.89)
IV 3 (2.33) 0 3 (1.41)

Baseline LVEF and biomarkers
LVEF, %, Mean (SD) 49.13 (9.88) 56.54 (7.56) <0.01 52.05 (9.72)
Peak hsTnT, ng/L, Median (IQR) 3543.00 (4483.00) 1636.00 (4371.75) <0.01 2847.00 (4656.50)
Peak CK-MB, ng/L, Median (IQR) 104.91 (163.25) 71.85 (105.09) 0.11 88.79 (144.67)
CRP, Mean (SD) 12.49 (11.26) 10.70 (9.08) 0.22 11.78 (10.47)
Serum Creatinine, umol/L, Mean (SD) 69.12 (13.36) 66.93 (19.18) 0.33 68.26 (15.91)
LDL-C, mmol/L, Mean (SD) 2.72 (0.93) 2.50 (0.81) 0.08 2.63 (0.89)

Medication, n (%)
Asprin 124 (100) 89 (100) NA 213 (100)
P2Y12 inhibitors 124 (100) 89 (100) NA 213 (100)
Statins 127 (98.45) 81 (96.43) 0.39 208 (97.65)
Beta-blocker 117 (90.70) 67 (79.76) 0.03 184 (86.38)
RAASI 97 (75.19) 54 (64.29) 0.09 151 (70.89)
IV diuretics 61 (47.29) 17 (20.24) <0.01 78 (36.62)

DES, drug-eluting stents; DCB, drug-coated balloons; SD, standard deviation; IQR, inter-quartile range; BP, blood pressure; PCI, percutaneous coronary intervention; AMI, acute
myocardial infarction; LVEF, left ventricular ejection fraction; hsTnT, high sensitivity troponin T; CK-MB, MB isoenzyme of creatine kinase; CRP, C-reactive protein; LDL-C, low-density
lipoprotein cholesterol; RAASI, renin-angiotensin-aldosterone system inhibitor; IV diuretics, Intravenous diuretics; NA, not available.

TABLE 2 | Characteristics of PPCI process of the study population.

Variable Group DES Group DCB p value Total

N = 129 N = 84 N = 213

CPFD-caIMR, Mean (SD)a 36.49 (21.04) 34.23 (23.91) 0.48 35.58 (22.21)
CPFD-caIMR>40, n (%)a 41 (34.17) 22 (27.16) 0.29 63 (31.34)
Time from Door to balloon, minutes, Mean (SD) 70.36 (14.16) 62.18 (16.44) <0.01 67.13 (15.59)
Criminal vessel, n (%)
Left anterior descending 59 (45.70) 31 (36.90) 0.08 90 (42.30)
Left circumflex 17 (13.18) 21 (25.00) 38 (17.80)
Right coronary artery 53 (41.10) 32 (38.10) 85 (39.90)
Multi coronary artery lesions, n (%) 81 (62.79) 51 (60.71) 0.77 132 (61.97)
IABP, n (%) 3 (2.33) 0 0.28 3 (1.41)
Pre-dilated balloon diameter, mm, Mean (SD) 2.16 (0.28) 2.64 (0.57) <0.01 2.35 (0.48)
Pre-dilated balloon pressure, atm, Mean (SD) 9.69 (2.04) 9.69 (2.35) 0.17 9.69 (2.17)
DES/DCB diameter, mm, Mean (SD) 3.09 (0.44) 2.74 (0.55) 0.01 2.95 (0.51)
DES/DCB length, mm, Mean (SD) 27.57 (6.61) 24.63 (5.59) 0.14 26.41 (6.38)
DES/DCB dilation released pressure, atm, Mean (SD) 11.74 (2.35) 9.56 (2.47) 0.76 10.88 (2.62)
DES/DCB dilation duration, second, Mean (SD) 11.01 (8.28) 67.80 (17.82) <0.01 33.40 (30.65)

aDES group included 121 patients; DCB groups included 80 patients.
PPCI, primary percutaneous coronary intervention; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated balloons; SD,
standard deviation; IABP, intra-aortic balloon pump; NA, not available.
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FIGURE 3 | MACEs comparing DES and DCB groups. (A). MACEs comparing DES and DCB groups before propensity score matching. (B). MACEs comparing
DES and DCB groups after propensity score matching. (C). MACEs comparing caIMR ≤ 40U and caIMR >40U in group DES. (D). MACEs comparing caIMR ≤ 40U and
caIMR >40U in group DCB. Abbreviations: DES, drug-eluting stents; DCB, drug-coated balloons; caIMR, coronary-angiography-derived index of microcirculatory
resistance; MACE, major adverse cardiovascular events; CV, cardiovascular; HF, heart failure; AMI, acute myocardial infarction; UA, unstable angina; CI,
confidence interval.
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and no significant difference both in ischemia and bleeding
risk was observed before between different kinds of DES
(Schapiro-Dufour et al., 2019).

After successful surgery, patients were transferred to coronary
care unit (CCU) after surgery for continuously intensive drug
therapy.

CPFD-CaIMR Examination Procedure
The CPFD-IMR measurement was conducted using the software
(FlashAngio, Rainmed Ltd., Suzhou, China, Figure 1) as described
before (Ai et al., 2020). In brief, a three-dimensional reconstruction
of coronary arteries was firstly conducted for the target vessels,
followed by the estimation of caIMR by CPFD with a validated
method (Li et al., 2020).

After DCB or DES treatment, nitroglycerin was injected.
After exposure for 1 s, the contrast agent was injected to IRA at
a speed of 4 ml/s. The image recording rate was 15 frames/s,
and the contrast agent was stably injected for ≥3 cardiac cycles.
Angiographic images of two postures were selected through
FlashAngio IMR system (the angle between the included two
postures ≥30°), generating a three-dimensional model of the
targeted coronary artery. Meanwhile, a 3-dimensional mesh
reconstruction of the coronary artery was generated along the
vessel path from the inlet to the distal segment of the target

vessel. We computed the diastolic flow velocity (Vdiastole) by
the TIMI Frame Count Method, i.e., diastolic flow velocity =
(contrast passing length)/(diastolic time interval), where
contrast passing length was the distance that contrast moves
in 3D reconstructed coronary arteries during the period of
diastole. The choose of diastolic phase was determined based
on the motion of the guide catheter tip.

Using the fully automatic coronary angiography-based
FlashAngio IMR system (including FlashAngio IMR console,
FlashAngio IMR software, and FlashPressure IMR pressure
transducer; Rainmed Ltd., Suzhou, China), a novel
physiological parameter, caIMR (unit: mmHg·s/mm), is
calculated as follows:

caIMR � (Pa)hyp · caFFR · L/K · Vdiastole (1)
where: caFFR � (Pd)hyp/(Pa)hyp (2)

caFFR is the coronary angiography-derived fractional flow
reserve (Ai et al., 2020; Li et al., 2020) that was verified to
have a high accuracy compared with wire-based FFR in the
previous study, from which we can get:

(Pd)hyp � (Pa)hyp · caFFR (3)

TABLE 3 | Baseline characteristics of the study population grouped by MACEs.

Variable N-MACE MACE p value

General characteristics N = 180 N = 33
Age, y, Mean (SD) 57.53 (12.92) 62.76 (13.50) 0.04
Males, n (%) 155 (86.11) 24 (72.73) 0.07
Systolic BP, mmHg, Mean (SD) 125.26 (17.71) 131.73 (21.55) 0.06
Heart rate, /min, Mean (SD) 78.47 (15.98) 74.73 (13.78) 0.21
Body mass index, kg/m2, Mean (SD) 25.74 (4.33) 24.80 (3.51) 0.24
Hypertension, n (%) 85 (47.22) 20 (60.61) 0.19
Diabetes, n (%) 33 (18.33) 5 (15.15) 0.81
Smoking, n (%) 88 (48.89) 17 (51.52) 0.85
Time from symptom to balloon, hours, Mean (SD) 6.37 (3.18) 9.47 (2.48) <0.01
Killip level, n (%)
I 164 (91.11) 30 (90.91) 0.84
II 10 (5.56) 2 (6.06)
III 3 (1.67) 1 (3.03)
IV 3 (1.67) 0

Baseline LVEF and biomarkers
LVEF, %, Mean (SD) 53.07 (9.44) 46.52 (9.48) <0.01
Peak hsTnT, ng/L, Median (IQR) 2934.50 (4872.75) 3011.44 (4493.50) 0.32
Peak CK-MB, ng/L, Median (IQR) 67.96 (100.12) 220.00 (153.85) <0.01
CRP, Mean (SD) 11.90 (10.67) 11.15 (9.39) 0.71
Serum Creatinine, umol/L, Mean (SD) 68.79 (15.90) 65.33 (15.844) 0.25
LDL-C, mmol/L, Mean (SD) 2.61 (0.90) 2.74 (0.86) 0.45

Medication, n (%)
Asprin 180 (100) 33 (100) NA
P2Y12 inhibitors 180 (100) 33 (100) NA
Statins 175 (97.22) 33 (100) 0.99
Beta-blocker 154 (85.56) 30 (90.91) 0.58
RAASI 97 (53.88) 54 (64.29) 0.09
IV diuretics 62 (34.44) 16 (48.48) 0.17

DES, drug-eluting stents; DCB, drug-coated balloons; SD, standard deviation; IQR, inter-quartile range; BP, blood pressure; PCI, percutaneous coronary intervention; AMI, acute
myocardial infarction; LVEF, left ventricular ejection fraction; hsTnT, high sensitivity troponin T; CK-MB, MB isoenzyme of creatine kinase; CRP, C-reactive protein; LDL-C, low-density
lipoprotein cholesterol; RAASI, renin-angiotensin-aldosterone system inhibitor; IV diuretics, Intravenous diuretics; NA, not available.
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and(Pd)hyp � (Pa)hyp − ΔP (4)
(Pa)hyp and (Pd)hyp is the mean pressure (unit: mmHg) at the
aorta and the distal position at the maximal hyperemia
respectively, the subscript “hyp” of (Pd)hyp, (Pa)hyp refers to
maximal hyperemia state, ΔP is the pressure drop along the
coronary artery from the inlet to the most distal location; L is a
constant that mimics the length from the inlet to the distal
position, labeled with two pressure sensors on a pressure wire
(L � 75 mm); Vdiastole is the mean flow velocity (unit: mm/s) at
diastole, and K, obtained from a previous literature, (Choi et al.,
2021) is a constant (K = 1.1) proposed to mimics the flow velocity
at the maximal hyperemia:

Vhyp � K · Vdiastole (5)
Vhyp refers to the mean flow velocity (unit: mm/s) at the distal
position at the maximal hyperemia.

According to formulations (Eqs 1, 3, 4), we can deduce:

caIMR � ((Pa)hyp − ΔP) p L/K · Vdiastole (6)
(Pa)hyp is the maximal hyperemic mean aortic pressure; a
pressure sensor was connected to the FlashAngio IMR system
to record 3~8 circles of the pressures wave during the
angiography, by averaging the pressure, we can get mean
aortic pressure (MAP), based on which (Pa)hyp, equals to
MAP-MAP*0.2 when MAP ≥95 mmHg and MAP-MAP*0.15
when MAP <95 mmHg (Li et al., 2020).

To compute the pressure drop ΔP, a specially-designed
CPFD model was carried out to do the steady-state laminar
flow simulation across the stenotic blood vessel, Vhyp

calculated from formular (Eq. 5) was used as the inlet

boundary condition to solve Navier-Stokes and continuity
equations in the FlashAngio IMR system:

∇ · V̂ � 0 (7)

ρ zV̂
zt

+ ρV̂ · ∇V̂ � −∇P + ∇ · μ⎛⎝∇V̂ + (∇ · V̂)T⎞⎠ (8)

where V̂, P, ρ, and μ represent the velocity, pressure, blood mass
density, and viscosity, respectively. ΔP was obtained by
integrating over each grid.

All the CPFD-caIMR metrics were analyzed offline in a
core lab (Ai et al., 2020; Li et al., 2020; Choi et al., 2021).
Normal reference range for STEMI patients was: CPFD-
caIMR ≤ 40U.

Study Outcomes
Patients were included with a follow-up of at least 12 months.
Primary and secondary endpoints were recorded detailly.

The primary endpoint included: 1) difference of CPFD-caIMR
between DES and DCB groups and 2) comparing MACEs
incidence (cardiovascular or all-cause deaths, non-fatal MI,
recurrent unstable angina pectoris (UA), revascularization
including target vessel reconstruction, heart failure
readmission) between DES and DCB group.

The secondary endpoints included: 1) CPFD-caIMR
predicting effects on MACEs and 2) the determination of
predictors for MACEs.

Subgroup Analyses
According to MACEs results, patients were divided into non-
MACEs or MACEs groups to find possible predictors
including CPFD-caIMR. And according to the cutoff value

TABLE 4 | Characteristics of PPCI process of the study population grouped by MACEs.

Variable N-MACE MACE p value

N = 180 N = 33

DCB Intervention, n (%) 72 (40.00) 12 (36.36) 0.85
caIMR, Mean (SD)a 35.70 (22.39) 34.92 (21.55) 0.85
caIMR>40, n (%)a 53 (31.36) 10 (31.25) 0.99
Door to balloon, minutes, Mean (SD) 63.42 (13.82) 87.36 (6.42) <0.01
Criminal vessel, n (%)
Left anterior descending 72 (40.00) 18 (54.50) 0.28
Left circumflex 34 (18.90) 4 (12.12)
Right coronary artery 74 (41.10) 11 (33.33)
Multi coronary artery lesions, n (%) 115 (63.89) 17 (51.52) 0.18
IABP, n (%) 2 (1.11) 1 (3.03) 0.39
Pre-dilated balloon diameter, mm, Mean (SD) 2.36 (0.49) 2.28 (0.41) 0.38
Pre-dilated balloon pressure, atm, Mean (SD) 9.76 (2.25) 9.33 (1.63) 0.21
DES/DCB diameter, mm, Mean (SD) 2.96 (0.51) 2.88 (0.50) 0.39
DES/DCB length, mm, Mean (SD) 26.15 (6.52) 27.85 (5.38) 0.16
DES/DCB dilation released pressure, atm, Mean (SD) 10.83 (2.65) 11.12 (2.48) 0.56
DES/DCB dilation duration, second, Mean (SD) 34.11 (31.28) 29.55 (27.11) 0.43

aDES group included 121 patients; DCB groups included 80 patients.
PPCI, primary percutaneous coronary intervention; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated balloons; SD,
standard deviation; IABP, intra-aortic balloon pump; NA, not available.
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of CPFD-caIMR of 40U, patients were re-grouped into caIMR
≤ 40U or caIMR >40U groups to determine its predicting value
on MACEs. The flow-chart of the study was presented in
Figure 2.

Statistical Analysis
All analyses were conducted after matching baseline
characteristics including age, sex, SBP, BMI using PSM.
Continuous variables and categorical variables were
expressed as mean (standard deviation), median (inter-
quartile range) and proportions (%) depending on the

circumstance. Student’s or paired t test was used to analyze
continuous variables and the chi-square or rank sum was used
to analyze categorical variables. Univariate and multivariate
logistic regression analysis were used to investigate the
predictors of MACEs, reported as odds ratio (OR) and 95%
confidence interval (CI). The Receiver Operating characteristic
(ROC) curve and Area under curve (AUC) were utilized to
evaluate the efficiency of predictors. A two-sided p value of
<0.05 was considered statistically significant. SPSS (version 23;
IBM, Armonk, NY, USA) was used to analyze the relevant data
of the study.

FIGURE 4 | Binary logistic regression analysis. Shown are odds ratios for MACEs among patients. (A) Binary logistic regression analysis before propensity score
matching. Shown are odds ratios for MACEs among patients before propensity score matching. The size of the square corresponds to the number of patients in two
groups. (B) Binary logistic regression analysis after propensity score matching. Shown are odds ratios for MACEs among patients after propensity score matching. The
size of the square corresponds to the number of patients in two groups. Abbreviations: MACE, major adverse cardiovascular events; PCI, percutaneous coronary
intervention; DCB, drug-coated balloons; DES, drug-eluting stents; S to B, time from symptom to balloon; D to B, time from door to balloon; caIMR, coronary-
angiography-derived index of microcirculatory resistance; LVEF, Left ventricular ejection fraction; CK-MB, MB isoenzyme of creatine kinase; IV diuretics, Intravenous
diuretics; SD, standard deviation; IQR, inter-quartile range; CI, confidence interval.
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RESULTS

Study Patients
There were totally 213 patients involved in this retrospectively
controlled study, including 84 patients adapting DCB and 129
DES with a follow-up of 1 year. After PSM, DCB and DES groups
were comparable regarding characteristics of baseline and PPCI

process (Tables 1, 2; Supplementary Tables S1, S2). However,
higher baseline left ventricular ejection fraction (LVEF, p < 0.01),
lower peak high sensitivity troponin T (hsTnT, p < 0.01) and less
diuretics use (p < 0.01) were observed in DCB group than those in
DES group. With respect to PPCI process, DES/DCB diameter, pre-
dilation released pressure and duration were significantly different in
two groups (p < 0.01).

FIGURE 5 | ROC curve of STOB and DTOB predicting MACEs before (A) and after (B) propensity score matching. Abbreviations: S to B, time from symptom to
balloon; D to B, time from door to balloon; ROC, Receiver Operating characteristic; AUC, Area under curve.
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Primary Endpoints
After PPCI, CPFD-caIMR was calculated and found no

significance between DCB and DES groups both before and
after PSM (before PSM: DES 36.49 (21.04) vs. DCB 34.23
(23.91), p = 0.48; after PSM: DES 38.68 (22.66) vs. DCB 35.86
(24.89), p = 0.52, Table 2; Supplementary Table S2). The
microvascular injury evaluation was still similar between two
groups when re-grouped by whether CPFD-caIMR > 40U or
not (DES vs. DCB: 34.17% vs. 27.16%, p = 0.29).

The statistics for MACEs were presented in Figure 3.
MACEs occurred in 21 patients (16.28%) in the DES group
and 12 patients (14.29%) in the DCB group (OR 1.17, 95% CI:
0.54 to 2.52, p = 0.69, Figure 3A). DCB was similar to DES as
regards cardiovascular (CV) deaths (p = 0.35), non-CV deaths
(p = 0.56), non-fatal MI (p = 0.66), revascularization (p = 0.23),
heart failure readmission (p = 0.79) and recurrent UA (p =
0.20). After PSM (Figure 3B), MACEs were less in DCB than
in DES group (DES vs. DCB: OR: 2.98, 95% CI: 1.07 to 8.29, p =
0.04) but the incidence of CV deaths (DES vs. DCB: OR: 0.66,
95% CI: 0.11 to 4.07, p = 0.65) were the same between the two
groups.

Secondary Endpoints and Subgroup
Analysis
Patients were assigned into the MACEs (33 cases) and non-
MACEs (180 cases) groups for logistic regression analysis.
From ultivariate analysis (Tables 3, 4; Supplementary Tables
S3, S4), MACEs group consisted of patients with older age
(62.76 (13.50) vs. 57.53 (12.92) years, p = 0.04), longer time
from symptom to balloon (STOB) (9.47 (2.48) vs. 6.37 (3.18)
hours, p < 0.01), longer time from door to balloon (DTOB)
(87.36 (6.42) vs. 63.42 (13.82) minutes, p < 0.01), decreasing
LVEF (46.52 (9.48) vs. 53.07 (9.44) %, p < 0.01) and higher
peak MB isoenzyme of creatine kinase (CK-MB, 220.00
(153.85) vs. 67.96 (100.12) 218.62 ng/L, p < 0.01). After
PSM, male (p < 0.01), LVEF (p = 0.01), peak CK-MB (p <
0.01), time from STOB (p < 0.01), time from DTOB (p < 0.01),
DCB intervention (p = 0.03), pre-dilated balloon diameter (p =
0.03), duration of DCB/DES dilation (p = 0.01) and lengths of
DCB/DES (p = 0.01) were associated with MACEs.

In multi-variate analysis (Figure 4), only time from STOB
(after PSM: OR: 2.08, 95% CI: 1.06 to 4.06, p = 0.03) and time
from DTOB (after PSM: OR: 1.36, 95% CI: 1.10 to 1.67, p <

FIGURE 6 | Binary logistic regression analysis. Shown are odds ratios for CorH event among patients. (A) Binary logistic regression analysis of predicting the event
group including CV deaths or heart failure readmission (CorH) before propensity score matching. Shown are odds ratios for CorH event among patients before
propensity score matching. The size of the square corresponds to the number of patients in two groups. (B) Binary logistic regression analysis of predicting the event
group including CV deaths or heart failure readmission (CorH) after propensity score matching. Shown are odds ratios for CorH event among patients after
propensity score matching. The size of the square corresponds to the number of patients in two groups. Abbreviations: S to B, time from symptom to balloon; D to B,
time from door to balloon; caIMR, coronary-angiography-derived index of microcirculatory resistance; LVEF, Left ventricular ejection fraction; CK-MB, MB isoenzyme of
creatine kinase; SD, standard deviation; IQR, inter-quartile range; CI, confidence interval.
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0.01) were highly related to MACEs both before and after
PSM. After PSM, the logistic model was statistically
significant (χ2 = 87.91, p = 0.000) and fitted well. Among
10 independent variables involved in the model, time from
STOB and time from DTOB were statistically significant. The
probability of MACEs of patients with a long time from STOB
and DTOB was 2.08 times and 1.36 times that of patients with
a short time from STOB and DTOB (Figure 4), respectively.
The ROC curve of STOB and DTOB was presented in
Figure 5. The sensitivity and specificity for predicting
MACEs were 85.0% and 99.0%, respectively.

The Relationship of CPFD-caIMR and
Prognosis
When we assigned patients into CPFD-caIMR ≤ 40U and CPFD-
caIMR > 40U groups (Choi et al., 2021), characteristics were not
significantly different between two groups, except the criminal vessels
(p < 0.05, Supplementary Tables S5, S6). Although the incidence of
revascularization including target vessels was related to high CPFD-
caIMR (r = 0.22, p = 0.02) when re-grouped by the cut-off value of
CPFD-caIMR of 40 after PSM, this effect was no longer significant
from multivariate analysis.

However, when we separately analyzed every kind of event
(Figures 3C,D), CPFD-caIMR showed a significant relation with
the event group including CV deaths or heart failure readmission (C
or H, OR 2.81, 95% CI: 1.22 to 7.05, p = 0.02). After PSM, the effects
of CPFD-caIMR > 40U predicting incidence of events of C or H

remained significant (OR 2.95, 95% CI: 1.15 to 8.27, p = 0.03,
Figures 6, 7).

DISCUSSION

Restoring myocardial blood flow of IRA in STEMI patients is of
importance in decreasing mortality, but it has been reported that
recurrent angina after PCI happened to 20%–60% of patients
(Alexander et al., 2016). Coronary microvascular injury as one of
the main reasons may be a new therapeutic target (De Waha et al.,
2017; Bil et al., 2018). Non-invasive imaging modalities such as
cardiac magnetic resonance (MRI) was more recognized for
microvascular injury evaluation, but not available at the cardiac
catheterization laboratory during PPCI.

IMR has been widely studied as an invasive physiological index of
microvascular injury after PPCI. Some studies have found that IMR
is significantly correlated with prognosis (Cuculi et al., 2014; Fahrni
et al., 2017; DeMaria et al., 2019). The traditional IMRmeasurement
is based on thermodilution-pressure wire. The risk for manipulation
of guidingwire and hyperemic agent has limited its application in the
clinical uses, added with the operation time over 40min, it results in
a research tool in the laboratory (Choi et al., 2021). Except for MRI
and positron emission tomography, more noninvasive assessments
for microvascular dysfunction have been brought to the public. A
novel index of microcirculatory resistance that based on Digital
Imaging and Communications in Medicine (DICOM) angiography
images, computational fluid dynamics (CPFD) model and aortic
pressure waves, caIMR has been proved to have a high accuracy

FIGURE 7 |ROC curve of CPFD-caIMR predicting the event group including CV deaths or heart failure readmission (CorH) before (A) and after (B) propensity score
matching. Abbreviations: CPFD, computational pressure-fluid dynamics; caIMR, coronary-angiography-derived index of microcirculatory resistance; CV,
cardiovascular; ROC, Receiver Operating characteristic; AUC, Area under curve.
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compared with wire based IMR. By CPFD method, caIMR was
calculated within 1min and the whole measuring process needs less
than 5min, which enables the diagnosis of microcirculatory
dysfunction made synchronously with angiographic surgery
(Collet et al., 2018). Noninvasive measurement has attracted
more and more attention (Ai et al., 2020). Recent researches have
confirmed that CPFD-caIMR is a promising alternative method of
IMR to evaluate the prognosis of STEMI patients, since wired and
hyperemic agent based IMR is not appropriate in the perioperative
period for revascularization after STEMI (Abuouf et al., 2021). Our
study took advantage of CPFD-caIMR as post-operative index and
no significant difference of effects on microvascular injury
comparing DCB with DES. Similarly, the cardiovascular
outcomes of DCB group were also comparable to those of DES
group no matter before or after PSM, suggesting possibly similar
effects of DCB and DES.

PPCI remains the main means for rapid recovery of coronary
blood flow, but its side-effect of bringing thrombosis is still worrying
(Her et al., 2021). The advantage of DCB is to avoid the implantation
of metal stents and minimize potential long-term safety problems.
This single center, retrospectively controlled trial of DCB andDES in
STEMI patients undergoing PPCI, whose lesions were spontaneous
reperfusion of the IRA confirmed by CAG or low-burden thrombus
after PTCA, showed that there was no significant difference of
general characteristics between DCB and DES after PSM. And we
found similar CPFD-caIMR between DCB and DES treatment but
the incidence of MACEs was less in DCB group than that in
DES group.

The using of DCBhas been proved to be effective for ISR, and thus
recommended by the European, German, and Asia Pacific consensus
group (Aboyans et al., 2018; Her et al., 2021). In recent years, with the
concept of “intervention without implantation” increasingly rooting
and spreading, the application of DCB has gradually expanded to de
novo lesions in RCTs even clinical practice (Steigen et al., 2006;
Wöhrle and Werner, 2013; Her et al., 2016; Shin et al., 2016; Jeger
et al., 2018). Hitherto, DCB alone has been proved similar effects with
DES implantation in STEMIpatients in terms of proximal andmiddle
lesions in PAPPA research, with 5% occurrence of MACEs within
1 year. (Vos et al., 2014). The similar results manifested in Gobić et al.
(2017) study and the late lumen loss of DCB at 6months was better
than that of DES . However, there was a positive result supporting
DCB for reducing MACEs from our study after PSM eliminating the
effects of confounders. There is no doubt that this positive finding
benefits the application of DCB in clinical practice and provide some
evidence of DCB use in PPCI of STEMI patients. Part of the reasons,
there was a much higher drug concentration in the vascular wall after
DCB use than after DES implantation (Vogt et al., 2004; Speck et al.,
2012) resulting in cytostasis as well as mitotic and post-mitotic arrest
(Axel et al., 1997). Kleber et al. (2015) showed thatDCBhad a positive
remodeling effect, and more lumen was obtained in the late stage.
This made up for the disadvantage of postoperative residual stenosis
in DCB group, and explained another possible reason why prognosis
in DCB group was better than DES group.

We also tried to determine predictors of MACEs including
DCB intervention and CPFD-caIMR. In fact, high burden of
thrombus and micro embolism were one of the main reasons
affecting microvascular injury and CPFD-caIMR value (Gupta

and Gupta, 2016), but patients in our study scarcely had the
situations above mentioned. Lesions of patients all included
spontaneous reperfusion of the IRA confirmed by CAG or
low-burden thrombus after PTCA. The PPCI performance was
well-prepared and the blood flow of criminal vessels resumed
TIMI Level 3, so CPFD-caIMR value was not to such an extent as
to be significantly different. However, CPFD-caIMR > 40U well
predicted the combined events group including CV deaths or
heart failure readmission. This point also corresponded to
previous findings (Choi et al., 2021). Clinically, we need to
pay more attention to CPFD-caIMR guided-treatment strategy
and prognosis management to improve the quality of life of
patients.

There are some limitations in this study. Firstly, this study was a
retrospective controlled trial but not RCT with limited sample size.
These contributed to differences of baseline characteristics, but PSM
was conducted to deal with the study design of the observational
study and to make the results more credible. Secondly, though we
found DCB was not inferior to DES in MACEs in STEMI patients
with PPCI, further large prospective RCTswere necessary to confirm
this conclusion due to the unchangeable limitations of small sample
size and short follow-up time. Our study data just provided some
evidence about DCB clinical application.

CONCLUSION

Microvascular injury evaluation based on CPFD-caIMR was
similar between DES and DCB treatments. The DCB strategy
during PPCI in STEMI patients may be a safe and feasible
alternative strategy for DES treatment for less MACEs, in
patients with spontaneous reperfusion of the IRA confirmed
by CAG or low-burden thrombus after PTCA. CPFD-CaIMR
is a promising alternative method of IMR, which can be used to
evaluate the prognosis of STEMI patients with PPCI who will
possibly experience CV deaths or heart failure readmission in
future.
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GLOSSARY

AUC Area under curve

caFFR coronary angiography-derived fractional flow reserve

CAG coronary angiography

CI confidence interval

CK-MB MB isoenzyme of creatine kinase

CCU coronary care unit

CPFD computational pressure-fluid dynamics

CPFD-caIMR computational pressure-fluid dynamics derived index of
microcirculatory resistance, applied to coronary angiography

CV cardiovascular

DAPT dual antiplatelet therapy

DCB Drug-coated balloon

DES Drug-eluting stent

DTOB door to balloon

hsTnT high sensitivity troponin T

hyp hyperemia flow velocity

IMR Index of microcirculatory resistance

IRA infarct-related artery

ISR in-stent restenosis

LVEF left ventricular ejection fraction

MACEs major adverse cardiovascular events

MAP Mean arterial pressure

OR odds ratio

PPCI primary percutaneous coronary intervention

PSM propensity score matching

RCTs randomized controlled trials

ROC Receiver Operating characteristic

STEMI ST-segment elevation myocardial infarction

STOB symptom to balloon

TIMI Thrombolysis in myocardial infarction

UA unstable angina pectoris
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All Roads Lead to Rome: Diverse
Etiologies of Tricuspid Regurgitation
Create a Predictable Constellation of
Right Ventricular Shape Changes
Benjamin A. Orkild1,2, Brian Zenger1,2†, Krithika Iyer1,3†, Lindsay C. Rupp1,2, MajdM Ibrahim5,
Atefeh G. Khashani1, Maura D. Perez1, Markus D. Foote1,2, Jake A. Bergquist 1,2,
Alan K. Morris1, Jiwon J. Kim4, Benjamin A. Steinberg5, Craig Selzman6, Mark B. Ratcliffe7,
Rob S. MacLeod1,2, Shireen Elhabian1,3*‡ and Ashley E. Morgan8*‡

1Scientific Computing and Imaging Institute, University of Utah, Salt Lake City, UT, United States, 2Department of Biomedical
Engineering, University of Utah, Salt Lake City, UT, United States, 3School of Computing, University of Utah, Salt Lake City, UT,
United States, 4Weill-Cornell Medical College, Division of Cardiology, New York, NY, United States, 5Division of Cardiovascular
Medicine, University of Utah, Salt Lake City, UT, United States, 6Division of Cardiothoracic Surgery, University of Utah, Salt Lake
City, UT, United States, 7Department of Surgery, The San Francisco VA Medical Center, University of California, San Francisco,
San Francisco, CA, United States, 8St. Luke’s Medical Center Cardiothoracic and Vascular Surgery, Boise, ID, United States

Introduction: Myriad disorders cause right ventricular (RV) dilation and lead to tricuspid
regurgitation (TR). Because the thin-walled, flexible RV is mechanically coupled to the
pulmonary circulation and the left ventricular septum, it distorts with any disturbance in the
cardiopulmonary system. TR, therefore, can result from pulmonary hypertension, left heart
failure, or intrinsic RV dysfunction; but once it occurs, TR initiates a cycle of worsening RV
volume overload, potentially progressing to right heart failure. Characteristic three-
dimensional RV shape-changes from this process, and changes particular to individual
TR causes, have not been defined in detail.

Methods: Cardiac MRI was obtained in 6 healthy volunteers, 41 patients with ≥moderate
TR, and 31 control patients with cardiac disease without TR. The mean shape of each
group was constructed using a three-dimensional statistical shape model via the particle-
based shape modeling approach. Changes in shape were examined across pulmonary
hypertension and congestive heart failure subgroups using principal component analysis
(PCA). A logistic regression approach based on these PCA modes identified patients with
TR using RV shape alone.

Results: Mean RV shape in patients with TR exhibited free wall bulging, narrowing of the
base, and blunting of the RV apex compared to controls (p< 0.05). Using four primary PCA
modes, a logistic regression algorithm identified patients with TR correctly with 82% recall
and 87% precision. In patients with pulmonary hypertension without TR, RV shape was
narrower and more streamlined than in healthy volunteers. However, in RVs with TR and
pulmonary hypertension, overall RV shape continued to demonstrate the free wall bulging
characteristic of TR. In the subgroup of patients with congestive heart failure without TR,
this intermediate state of RV muscular hypertrophy was not present.
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Conclusion: The multiple causes of TR examined in this study changed RV shape in
similar ways. Logistic regression classification based on these shape changes reliably
identified patients with TR regardless of etiology. Furthermore, pulmonary hypertension
without TR had unique shape features, described here as the “well compensated” RV.
These results suggest shape modeling as a promising tool for defining severity of RV
disease and risk of decompensation, particularly in patients with pulmonary hypertension.

Keywords: pulmonary hypertension, tricuspid regurgitation, statistical shapemodeling, cardiacMRI, particle-based
shape modeling, principal component analysis, congestive heart failure, valvular heart disease

1 INTRODUCTION

The tricuspid valve sits between the right atrium and the right
ventricle, anchored to the walls of the right heart. In the healthy
heart, the tricuspid valve preserves one-way blood flow,
preventing blood from returning to the right atrium during
RV contraction. Many diseases disturb tricuspid valve
function, including direct valve injury during pacemaker
implantation, dilation of the RV as it faces high resistance to
flow in pulmonary hypertension or left ventricular failure, and
dilation of the right atrium in atrial fibrillation (Prins et al., 2019).
Any disorder rendering the tricuspid valve leaflets unable to fully
close allows retrograde flow of blood back into the right atrium,
also known as tricuspid regurgitation (TR). As the right atrium
dilates in response to the excess blood volume arising from TR,
the supporting structures of the tricuspid valve also dilate,
worsening the TR. If left untreated, the end result of this cycle
is right heart failure and death (Cameli et al., 2013; Dawes et al.,
2017; Subbotina et al., 2017; Prins et al., 2019).

An estimated 1.6 million Americans currently live with
moderate or greater TR (Stuge and Liddicoat, 2006). The
diagnosis of TR alone places them at a 2–3 fold increased risk
of death and a 3–4 fold increased risk of congestive heart failure,
compared to age-matched individuals without TR (Topilsky et al.,

2019; Singh et al., 1999). TR can be treatable with surgical valve
repair or replacement, and with therapy targeted at the culprit
cardiac disease, but morbidity and mortality of treatment rise
with increasing RV dysfunction (Subbotina et al., 2017; Topilsky
et al., 2019; LaPar et al., 2018). As the RV deteriorates in response
to TR, it changes shape. The shape of the healthy RV is complex,
and cannot be modeled as a simple shape such as a sphere, ovoid
or cone. (Figure 1). Changes in RV geometry with disease have
therefore been historically difficult to quantify. Previous studies
relied on descriptions such as increasing resemblance to a sphere,
or used global shape descriptors such as wall curvature (Morgan
et al., 2020a; Addetia et al., 2018). With advances in cardiac
imaging and statistical shape modeling, high resolution detailed
RV shape analysis has become a promising avenue for identifying
the fine details of RV shape change specific to particular
pathologies (Figure 1).. (Marcu et al., 2006; Kochav et al.,
2015; Farrar et al., 2016; Dawes et al., 2017; Mauger et al., 2019)

In this study, we sought to:

1) Develop a population-level anatomical description of RV
shape, directly from detailed three-dimensional (3D)
models of RVs generated from cardiac MRI.

2) Discover statistically significant group differences.
3) Classify the RV shape changes characteristic of TR.

FIGURE 1 | Examples of shape correspondencemodels of right ventricular shape obtained using ShapeWorks. The colored spheres on the surface of each RV are
the optimized correspondence points/corresponding landmarks that fully parameterize the right ventricular shape based on the population data (see Methods: Statistical
Shape Model Construction). The three examples showcase the complexity of the RV shapes in the cohort.
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4) Examine whether those changes are similar in various TR
etiologies.

To accomplish these aims we obtained cardiac MRI in three
groups: healthy volunteers; patients with diverse cardiac diseases
resulting in moderate or greater TR; and a matched cohort of
patients with cardiac disease without TR. We then employed a
particle-based shape modeling tool, the open-source software
package, ShapeWorks, which provides a computational approach
to automatically parse shape into population-level numerical
representations (Cates et al., 2017). Using this approach, we
identified primary modes of shape variation between patients
with and without TR, which were then applied using a logistic
regression algorithm with automated feature selection to a testing
subset to identify patients with TR based on RV shape alone.

In our recent publication, we used this technique to compare
the RV shape of patients with TR to those of healthy volunteers
(Morgan et al., 2020b). The current study expands significantly
on that technique, as follows.

1) Here we included a matched cohort of patients with cardiac
disease without TR, allowing analysis of progression of RV
shape along a spectrum from complete health to significant
impairment.

2) Beyond identifying changes in TR compared to healthy
patients, here we also highlighted unique changes occurring
in the specific disease states of pulmonary hypertension and
congestive heart failure (CHF).

3) We increased the number of cases and improved the statistical
power of our study. To mitigate the bias of the classification
model due to the imbalanced dataset, we performed minority
upsampling and increased the predictive performance of
the model.

4) To gain insight into the geometric differences that are most
statistically significant between subgroups, we performed
linear discrimination of variation using the mean shape of
the groups and mapping the high dimensional differences to a
single scalar value.

We propose that these techniques will form the foundation of
future predictive tools, with the potential to identify patients at
risk for RV dysfunction in TR before their disease progresses.

2 MATERIALS AND METHODS

2.1 Patient Selection
This study included three groups of patients:

1) Patients with moderate or greater TR
2) Comorbidity-matched controls with cardiac disease but

without TR
3) Healthy volunteers without cardiac disease or risk factors

Groups 1 & 2 were identified retrospectively using the
University of Utah medical data warehouse and a combination
of procedure (cardiac MRI) and diagnosis (TR) codes. Each

patient chart was manually reviewed to verify TR and sort
patients by TR grade. This study was declared to be of
minimal risk and granted exemption by the University of
Utah IRB. Healthy volunteer images were obtained during a
previous study at Weill-Cornell Medical College, after IRB
approval (Morgan et al., 2018).

All MRI images were reviewed for quality, as well as for grade
of TR and to classify ventricular volumes, by a board-certified
cardiologist with additional certification in cardiac MRI (M
Ibrahim). Images without clearly defined RV endocardial
borders, or which did not include the entirety of the RV from
tricuspid valve to apex, were excluded from analysis. TR grade
was classified based on MRI regurgitant volume, or
echocardiographic criteria if an echo had been obtained within
30 days of the MRI (Zhan et al., 2020).

2.2 Image Processing Pipeline
The overall method of image processing is depicted in Figure 2.

2.2.1 MRI Imaging
MRI was performed on a 3T Prisma scanner (Siemens
Healthineers, Erlangen Germany) using body and spine array
coils. Cine MRI images were acquired as a stack of 12–16 short
axis slices covering the RV from above the tricuspid valve to
beyond the cardiac apex. Typical scan parameters for Cine MRI
were true-FISP pulse sequence with TE/TR = 1.5/3.3 ms, flip
angle (FA) = 50°, 6 mm slice thickness, spatial resolution of 1.25 ×
1.56 mm, and temporal resolution of 23.4 ms.

2.2.2 CINE MRI to Volume Stack
To create three-dimensional models of the RV at end-diastole, a
volume stack was created from a series of CINEMRI scans. CINE
MRI time stacks capture one short axis slice of the heart through

FIGURE 2 | Image processing pipeline: The yellow boxes represent each
step in the processing pipeline. The symbols along the arrows show the
software tool used to go from one step to another. From cine-MRI images,
volume stacks were created and segmented using Seg3D, then
uploaded to ShapeWorks for particle-based shape modeling.
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time (multiple heart beats). From each CINE short axis time
stack, an image of the heart at end diastole was extracted to create
a volume image stack. End-diastole was manually identified as the
time point immediately after tricuspid valve closure. Image
extraction was performed using a custom-built MATLAB
image processing tool, available at https://github.com/borkild/
CINEtoVolume/releases/tag/1.0.

2.2.3 Segmentation Creation and Processing
From the volume stacks, RV segmentations were created using
the open-source Seg3D software (SCI Institute, University of
Utah, SLC UT). RV endocardial segmentations were semi-
automatically created using the “implicit model” tool. Implicit
model seed points were placed along the endocardial border at
each slice of the volume stack. Prior to running the implicit model
tool, the image was upsampled in the z-direction using a box
interpolation. This upsampled segmentation was then manually
edited to remove artifacts or errors. The final segmentation was
exported as a binary mask volume for further analysis.

Prior to shape analysis, segmentations were pre-processed
using ShapeWorks tools, wherein the segmentations were
isotropically resampled and rigidly aligned to have identical
dimensions and centroids. Segmentations were then converted
to distance transforms for shape analysis.

2.3 Shape Modeling Workflow
Statistical shape modeling (SSM) is a valuable and powerful tool
to generate a detailed representation of complex anatomy that
enables quantitative analysis and the comparison of shapes and
their variations. The steps involved in shape modeling were:

1) Statistical shape-model construction with ShapeWorks
2) Modeling shape variation with the method of Principal

Component Analysis (PCA)

To study the differences between controls and pathology
subjects, we have designed downstream classification tasks that
help us verify if the shape model obtained contains clinically
relevant morphological features that capture the population level
variability. Workflows for downstream classification tasks
included:

1) Train-test split and upsampling of training data
2) Feature selection using lasso regression and classification

Analyzing specific pathology characteristics involved:

1) Linear discriminant analysis
2) Determining statistical significance of shape differences

Each of the workflow steps is explained in detail in the
following section.

2.3.1 Statistical Shape Model Construction
Shape modeling was performed using the open-source
ShapeWorks (http://sciinstitute.github.io/ShapeWorks/)
software. The methodology of ShapeWorks has been described

previously (Cates et al., 2017). Briefly, the particle-based shape
model of a shape sample represents its segmentation using a
densely ordered set of computationally derived landmarks
automatically placed on consistent 3D locations across the
entire shape cohort. Therefore, such landmarks provide 3D
correspondence points across the population, allowing for
comparison between individual and group shapes and
computation of statistical differences. In this application, 512
particles were distributed across the processed RV endocardial
shapes using a gradient-descent optimization strategy. Particle
placement was further optimized by minimizing the cost function
associated with individual shapes compared to the overall shape
population. This pipeline created a uniform distribution of
particles that adequately represented each shape across each
RV surface. From these particles, mean shapes and differences
were computed.

2.3.2 Modeling Shape Variation With Principal
Component Analysis
Principal component analysis (PCA) was used to reduce the
correspondence data to a smaller set of linearly uncorrelated
components, determining the number of modes explaining
significant shape variation. We mapped each RV shape to its
respective PCA loading vector.

2.3.3 Training and Testing
PCA loadings of RV shapes were divided into training and testing
sets, using train_test_split in sklearn (scikit-learn.org) (Pedregosa
et al., 2011). The training set comprised 80% of the population
and the testing set 20%. We then upsampled the training data to
increase the statistical power, minimizing the difference between
group sizes to construct balanced cohorts. For this, we employed a
version of the Synthetic Minority Oversampling Technique
(SMOTE), known as Borderline-SMOTE (Han et al., 2005).
This technique generates additional synthetic samples from the
easily misclassified borderline region—the shapes between shapes
definitely belonging to the patient set and those definitely
belonging to the control set. In our dataset, the two minority
groups were 1) patients with TR and 2) healthy controls;
compared to a majority group of controls with comorbid
conditions. Using Borderline-SMOTE, representative RV
shapes of the minority groups were selected, and the shapes of
their nearest neighbors identified. If those shapes belonged
entirely to the same set as the selected shape, they were not
selected for upsampling. However, if the shapes of its nearest
neighbors belonged to the opposite group (e.g., patient, if the
original is a healthy volunteer), it is considered to exist on the
borderline, and it is upsampled by generating synthetic samples
along the line of transformation from the original to the nearest
neighbor shape. This process was repeated until the minority
classes had the same proportion as the majority class.

2.3.4 Feature Selection
We determined the number of PCA components required to
explain 99% of the data variation, as follows: Assume si is the PCA
loading vector for shape i and yi is its corresponding label. We set
yi equal to 1 for patients and 0 for control subjects. Our objective
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was to identify the principal components (i.e., shape-based
parameters) that were most predictive of the patient group. In
this regard, we solved the lasso regression for 1000 random
subsets of data, and accordingly found a weight vector, w,
such that:

yi � wTsi + λ‖w‖ (1)
where λ is the regularization parameter. A non-zero entry inw shows
the relevance of its respective PCA component to predicting patients.
Then, we found the dominance probability of each PCA component,
defined as the number of times it appeared as a non-zero entry in w
divided by the 1000 times the regression was run. We used
sklearn.linear_model.LassoCV (Pedregosa et al., 2011) to fit the
model. This function uses kfold cross-validation within the
training set to find the best model parameters and the
regularization strength. The parameters used for LassoCV were:
optimization tolerance of 10–4, 3 fold CV, without fitting the
intercept of the model, 100,000 maximum iterations, 100 number
of lambdas along the regularization path, and the other parameters set
to default. Subsequently, we selected the top four components with
the highest probabilities, and used those components to train a
logistic regression classifier for predicting patients, and to
determine the precision and accuracy of classification using these
four modes of variation. We used
sklearn.linear_model.LogisticRegressionCV (Pedregosa et al., 2011)
to fit the classification model. This function also uses k_fold cross
validation to find the best model. The parameters used for the
function were: lbfgs solver, 100,000 maximum iterations, ROC
AUC metric used for selecting the best model, 3 fold CV, and the
other parameters set to default values.

2.3.5 Linear Discrimination of Variation
To analyze shape variation between the subgroups of patients
with CHF and with pulmonary hypertension, and the distribution
of individual shapes among these groups, a linear discrimination
of variation was created, as follows: In the group of patients with
CHF, the mean shape (i.e., average correspondence particle
locations) of the group of patients with CHF but without TR,
was compared to the mean shape of the group with CHF and TR.
The linear discrimination between the two groups was defined as
the difference vector between the two mean shape vectors. The
shape of each subject was then mapped/projected onto this vector
by taking the dot product between the subject-specific shape
representation (the particle correspondences) and this difference
vector. This mapping results in a single scalar value (or a “shape-
based score”) that places a subject-specific anatomy on a group-
based shape difference that is statistically derived from the shape
population. For the purpose of interpretability, the mappings of
the groupmean shapes were normalized to −1 (patients with CHF
and TR) and 1 (CHF without TR). The mappings of all the other
subjects were then similarly normalized relative to these values,
giving a shape distribution of individual members of the
population relative to the mean shapes of their respective
groups. A univariate Gaussian distribution was then fit to the
normalized mapping of each group, to define the probability
density function of the shape scores for each group. The same

process was repeated for the group of patients with pulmonary
hypertension.

2.3.6 Statistical Significance of Shape Differences
To determine which RV correspondence points represented areas
of statistically significant differences in shape, a Hotelling
t-squared statistic was calculated for each point, and corrected
for the false discovery rate; p< 0.05 was considered significant
(Cates, 2010).

3 RESULTS

Of 78 total MRIs meeting criteria for inclusion (see Methods: patient
selection), 24 were excluded due to inadequate image quality. The
remaining 54MRIs comprised: 21 patients with TR; 27 comorbidity-
matched controls; and 6 healthy volunteers.Table 1 contains patient-
level characteristics. Unsurprisingly, end-diastolic and end-systolic
RV volumes were significantly higher in patients with TR compared
tomatched controls, and RV ejection fraction was significantly lower.
Ejection fraction could not be calculated for the 7 patients in atrial
fibrillation at the time of MRI.

In the patient group, TR was secondary to pulmonary
hypertension in three patients (as documented in the medical
record by their treating cardiologist); congestive heart failure
(CHF) in 9 patients; and other causes (atrial fibrillation,
pacemaker lead injury, congenital heart disease) in 9 patients.
In the control group, four patients had a diagnosis of pulmonary
hypertension, 12 had CHF, and 11 had other cardiac diagnoses
(atrial fibrillation, pacemaker implantation, congenital heart
disease). The healthy volunteers had no diagnosis of cardiac
disease and no cardiovascular risk factors.

The technique of particle-based shape modeling was then
applied to identify differences in group-level RV shape.
Figure 3 depicts the mean end-diastolic RV shape of each
group, with the regions of between-group difference color-
coded on the RV shapes. There is a distinct shape change
between the group of healthy volunteers compared to the
shape of the comorbidity-matched controls, particularly with
inward displacement of the mid-RV free wall. This change
reverses as TR develops, with outward protrusion of the RV
free wall, widening of the RV base and blunting of the apex.
This change is statistically significant, with p values
approaching zero for the protrusion of the RV free wall,

TABLE 1 | Patient Characteristics. RV = Right ventricle. EF = ejection fraction. EDV
= End-Diastolic Volume, EDVI = End-Diastolic Volume Indexed to body
surface area, ESV = End-Systolic Volume, ESVI = End-Systolic Volume Indexed to
body surface area.

Disease-Matched Controls Patients with TR p

Age 64 ± 10 59 ± 18
RVEF 49.9 ± 11.2% 42.6 ± 12.8 0.03
RV EDV 150.9 ± 43.5 ml 184.6 ± 65 0.03
RV EDVI 76.4 ± 22.5 105.2 ± 36 0.02
RV ESV 76.6 ± 29.5 106 ± 44.5 0.007
RV ESVI 40.7 ± 15 62.4 ± 28.6 0.002
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and <0.05 for large regions of the RV (250 of 512 total
correspondence points, or 48.8% of the RV surface), as
shown in Figure 3.

To identify granular features of RV shape specific to patients with
TR, we divided the overall group of controls (comorbidity-matched
and healthy volunteers) and patientswithTR into training and testing
sets and performed a principal component analysis (PCA). Thirty-
one distinct modes of shape variation accounted for 99% of the shape
variability between the group with TR and the control group. We
identified the four most dominant modes shown in Figure 4.

Applying this analysis to the testing set, these four modes of
variation correctly distinguished between RV shapes with TR
compared to matched controls with 82% recall, 87% precision,
and 82% accuracy. The F1 score for this model was 82%.

We used sklearn.metric (Pedregosa et al., 2011) to calculate all
the metrics of classification model. Based on the confusion matrix
of Table 2, the formulas for the metrics are:

Accuracy � TN + TP

TN + TP + FN + FP
, Precision � TP

TP + FP
,

Recall � TP

TP + FN
, F1 � 2

Recall*Precision
Recall + Precision

Figure 5 contains the ROC curve (receiver operating
characteristic) for the model plotted using
sklearn.metrics.roc_curve and sklearn.metrics.auc (Pedregosa
et al., 2011).

3.1 TR Secondary to Pulmonary
Hypertension
Of all etiologies of TR, one of the most difficult to treat is
pulmonary hypertension. In this disease, RV dilation and

resulting TR occur due to narrowing or obstruction of the
pulmonary arteries. These arterial changes result in increased
resistance to blood flow, as the RV attempts to eject the same
amount of blood through a smaller outlet. In the early stages
of disease, the RV compensates via hypertrophy of muscle
fibers and increased expression of cytoskeletal contractile
proteins, allowing for increased force generation (Ryan,
2014; Onno, 2015; Thenappan et al., 2016; Prins et al.,
2019). However, as the disease progresses, the
compensatory mechanisms of the RV ultimately fail. At
this point, the RV progressively dilates and the tricuspid
leaflets are unable to close, leading to TR. With RV failure
and TR comes decreased cardiac output and eventually death.
Our results make this trajectory visible—from the shape of the
RV in healthy volunteers, to the more streamlined, muscular
shape of the RV in patients with pulmonary hypertension but
without TR, in whom the RV is well compensated. Following
development of TR, the RV balloons outward, indicating
progression towards RV failure, shown in Figure 6. These
results did not reach statistical significance, likely due to the
small sample size, with the lowest p value associated with
protrusion of the RV free wall at p = 0.13.

3.2 TR Secondary to Congestive Heart
Failure
Failure of the heart to supply adequate blood to the body is known as
congestive heart failure (CHF).While many of the diseases leading to
CHFmay affect primarily or initially the left ventricle, there is a more
global distribution of disease than in pulmonary hypertension. RV
dysfunction can occur due to direct involvement in the underlying
disease process, such as ischemia or genetic cardiomyopathy, or as a

FIGURE 3 | Summary of mean shapes. Columns, 1, 4, and 7 contain themean shape of the right ventricle in healthy volunteers, patients with cardiac comorbidities,
and patients with moderate or greater TR, respectively. Columns 3 and 6 show the difference between the group-mean shapes. The arrows indicate the direction of
group differences, and the color represents the magnitude of the group difference. Columns 2 and 5 show the p-values of the group differences. The regions with red
color showcase statistically significant group differences.
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secondary response to volume overload as the left ventricle fails. As
the RV becomes affected by volume overload, it may initially
compensate in a way similar to that seen in pulmonary
hypertension (if the RV itself is uninjured by the pathologic
process causing the CHF) (Voelkel Norbert et al., 2006). However,
as compensatory mechanisms fail, the RV becomes increasingly
dilated, leading to failure of leaflet coaptation, and resulting in TR.
In our patient population, this process is evident in Figure 7. These
results did not reach statistical significance, with the lowest p value
again associated with protrusion of the RV free wall, at p = 0.1.

3.3 Linear Discrimination of Variation by TR
Etiology
While common modes of shape variation characterized the RV
changes seen in TR regardless of etiology, the model had different
abilities to discriminate between patient and control RVs due to
the distinct changes seen in pulmonary hypertension compared

to CHF. Figure 8 depicts the mapping of each RV shape within
these subgroups to a linear discrimination of variation based on
population mean shapes (see Methods: Linear Discrimination of
Variation). In the group of patients with CHF, 75% of RV shapes
fell into an overlapping region of shape described by
characteristics of both those with TR and controls. However,
in the group of patients with pulmonary hypertension, 57% of RV
shapes were clustered in distinct regions on either the TR or
control side, with a minority demonstrating shapes that could be
characteristic of either the TR or control state.

4 DISCUSSION

In this study, we aimed to:

1) Develop a population-level anatomical description of RV
shape, directly from detailed 3D models of RVs generated
from cardiac MRI

2) Discover statistically significant group differences
3) Classify the RV shape changes characteristic of TR
4) Examine whether those changes are similar in various TR

etiologies

4.1 Population-Level 3D RV Shape
Constructing 3-dimensional models of 54 RVs, we quantified
mean RV shape in healthy controls, patients with cardiac
disease, and patients with TR. Highlighting the complexity of
RV shape in general, our principal component analysis
identified 31 individual modes of shape variation required
to explain 99% of the variation between the mean RV shape of
patients with TR compared to controls.

4.2 RV Shape Differences Between Groups
We demonstrated that the fine details of RV shape in patients
with TR are significantly different over large regions (250 out
of 512 correspondence points) of the RV when compared to
comorbidity-matched controls. This heterogeneity was
particularly noted with bulging of the free wall, blunting of
the apex, and widening of the RV base (p < 0.05 for large
regions of the RV, p approaching 0 for the protruding RV free
wall, see Figure 3). Highlighting the potential for shape
modeling as a diagnostic tool in cardiac disease, we trained
a linear regression algorithm to identify the RV shapes of
those patients with TR versus matched controls, with >80%
recall, sensitivity, and specificity.

FIGURE 4 | The four primary modes of shape variation between patients
with TR and controls. The control group is shown in the leftmost column,
patient group in the rightmost, and the overall mean in the center.

TABLE 2 | Confusion matrix for Binary classification. TN = True negatives, TP =
True Positives, FN = False Negatives, FP = False positives.

Predicted

Actual Negative Positive
Negative TN FP
Positive FN TP
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4.3 Characteristic RV Shape Changes
Patients with TR showed a consistent bulging along the free
wall of the RV regardless of etiology (Figures 3, 6, 7),
consistent with the known underlying RV volume overload
occurring in TR (Vargas Abello et al., 2013). Also noted were
blunting of the RV apex, and narrowing of the base. These
features correspond in granular detail to the known overall
transition from a more triangular towards a more spherical

shape, as documented in prior echocardiographic studies, as
will be discussed below.

4.4 Changes Unique to Pulmonary
Hypertension and CHF
While our overall subgroup analysis of mean RV shape in patients
with CHF and pulmonary hypertension did not reach statistical

FIGURE 5 | Receiver Operator Characteristic of the Classification model for Training and Testing splits.

FIGURE 6 | The mean shape of the right ventricle in healthy volunteers, patients with pulmonary hypertension, and patients with pulmonary hypertension plus
moderate or greater TR are shown in columns 1,4,7. Columns 3 and 6 show the difference between the group mean shapes. The arrows indicate the direction of group
differences, and the color represents the magnitude of the group difference. Columns 2 and 5 show the p-values of the group differences. The regions with red color
showcase statistically significant group differences.
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significance, likely due to the small number of patients in each group,
there were striking qualitative differences which correlate well to the
known pathophysiologies of each condition, and with distinct
relevance to our understanding of RV/pulmonary arterial

coupling. First, as seen in Figure 6, for patients with pulmonary
hypertension we noted a shape change from healthy volunteer RV
shape to the ‘well compensated’ pulmonary hypertension RV shape.
These RVs exhibited narrowing of the mid RV and a streamlining of

FIGURE 7 | Progression of RV shape change in congestive heart failure (CHF). Themean shape of the right ventricle in healthy volunteers, patients with CHFwithout
TR, and patients with CHF and TR are shown in columns 1, 4, 7. Columns 3 and 6 show the difference between the group mean shapes. The arrows indicate the
direction of group differences, and the color represents the magnitude of the group difference. Columns 2 and 5 show the p-values of the group differences. The regions
with red color showcase statistically significant group differences.

FIGURE 8 | Shape mapping to linear discrimination of variation between population means, for the subgroups of patients with CHF and pulmonary hypertension
(pHTN). The group mean for patients with TR is set as −1, and for patients without TR is set as 1. PDF = probability density function. Selected RV shapes correspond to
individual points on the graph, and are shown as seen from the free wall. The number below each shape denote the single scalar value (or a “shape-based-score”) that
places a subject-specific anatomy on a group-based shape difference that is statistically derived from the shape population.
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shape, which corresponds well to the known muscular hypertrophy
which occurs in these patients as the RV adapts to pump against a
higher pressure pulmonary circulation (Prins et al., 2019; Thenappan
et al., 2016; Ryan, 2014;Onno, 2015). As coupling ultimately fails, and
RV filling becomes volume dependent, we see a decompensated RV
shape consistent with the rest of the TR group i.e., with outward
bulging of the RV free wall. This shape change is characteristic and
was detectable in a computational algorithm; for example, analyzing
each 3D RV shape individually using a linear discrimination of
variation, the majority of RV shapes in our pulmonary hypertension
groups clustered into regions marked by either the TR or control
shapes, (Figure 8). Comparatively, the group of patients with CHF
showed a 75% overlap in RV shape between the CHF controls and
patients with CHF and TR, as shown in Figure 8. This finding is
consistent with the differing pathophysiologies of these two disease
processes, described above; whereas CHF may affect the right
ventricle and tricuspid valve with varying severity and at different
time points of disease, in pulmonary hypertension the development
of TR is typically amarker of severe disease with associated RV failure
(Chen et al., 2018). As such, we posit that it presents with a distinct
shape change upon the transition from well-to poorly-compensated.

4.5 Conclusion
To date, cardiac shape analysis has focused primarily on the left
heart. It has, for example, been used to predict stroke risk based
on the shape of the left atrial appendage (Di Biase et al., 2012;
Bhalodia et al., 2019). When applied to the more complex RV,
shape analysis using echocardiography at end-diastole has
demonstrated alterations in gross global parameters including
increased bulging of the lateral RV wall from the base to the apex
in patients with pulmonary hypertension (Leary et al., 2012).
MRI-based shape analysis of cardiac motion, comparing the end-
systolic to end-diastolic RV shape, has been shown to correlate
with risk of death in patients with pulmonary hypertension
(Dawes et al., 2017). To our knowledge there has been no
prior analysis of the complex RV shape changes associated
with TR.

In our study, across all groups, we observed a progression
of RV shape from healthy, to compensating for pulmonary
hypertension and CHF, to poorly compensated with TR. The
fact that this progression occurs on a spectrum, both in the
overall cohort and in the subgroups of patients with the
particularly vexing problems of pulmonary hypertension
and CHF, favors the idea that the RV shape for a particular
patient can be scored along this spectrum, from health to
decompensated disease. As such, we posit that this shape
analysis pipeline will become the backbone of future
diagnostic and prognostic tools. Such a toolkit will aid in
identifying those at highest risk of RV dysfunction, guiding
therapy and prompting intervention before time is up.

4.6 Limitations
This study was obtained using retrospective data. The size of our
dataset was limited due to the historically small numbers of patients
undergoing cardiacMRI for TR—although this numberwill continue
to increase in the future, as MRI is now part of the standard
armamentarium for TR evaluation (Hahn et al., 2019).

Consequently, statistical methods were used, as described above,
to enhance the size of the dataset and render group sizes
approximately equal. Further, invasive hemodynamic
measurements (right heart catheterization) were available for very
few of the patients included in the study, limiting our ability to
compare patient volume status and grade the severity of right heart
failure and pulmonary hypertension.
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A Novel Method to Determine the
Cause of Left InternalMammary Artery
Instant Non-Patency Based on Transit
Time Flow Measurement
Boyan Mao1, Yue Feng2,3, Mengyao Duan1, Yihang Dong1, Gaoyang Li4, Bao Li2,
Jincheng Liu2, Yuting Guo4, Minghui Wei1, Zhou Zhao5 and Youjun Liu2*

1School of Life Sciences, Beijing University of Chinese Medicine, Beijing, China, 2Department of Biomedical Engineering, Faculty
of Environment and Life, Beijing University of Technology, Beijing, China, 3Medical Equipment Department, Peking University First
Hospital, Beijing, China, 4Institute of Fluid Science, Tohoku University, Sendai, Japan, 5Cardiac Surgery Department, Peking
University People’s Hospital, Beijing, China

Objective: After coronary artery bypass grafting (CABG) surgery, the main causes of poor
instant patency of left internal mammary arteries (LIMAs) are competitive flow and
anastomotic stenosis, but how to determine the cause of LIMA non-patency without
interfering with the native coronary artery is still a difficult problem to be solved urgently.

Methods: In this study, a 0D-3D coupled multiscaled CABG model of anastomotic
stenosis and competitive flow was constructed. After calculation, the flow waveform of
the LIMA was extracted, and the waveform shape, common clinical parameters (average
flow, PI, and DF), and graft flow FFT ratio results (F0/H1 and F0/H2) were analyzed.

Results: For LIMA, these three common clinical parameters did not differ significantly
between the anastomotic stenosis group and competitive flow group. However, the
waveform shape and FFT ratio (especially F0/H2) of the competitive flow group were
significantly different from those of the anastomotic stenosis group. When the cause was
competitive flow, there was systolic backflow, and F0/H2 was too high (>14.89). When the
cause was anastomotic stenosis, the waveform maintained a bimodal state and F0/H2
was in a normal state (about 1.17).

Conclusion:When poor instant patency of the LIMA is found after CABG, the causes can
be determined by graft flow waveform shape and F0/H2.

Keywords: computational fluid dynamics,multiscaledmodel, coronary artery bypass grafting, graft patency, lumped
parameter model

1 INTRODUCTION

Coronary artery bypass grafting surgery (CABG) is a common method to cure myocardial
ischemia. The graft bypasses the stenosis and maintains blood supply to the distal end of the
coronary artery, significantly reducing the risk of myocardial ischemia (Beck, 1935; Vineberg
and Jewett, 1947; Favaloro et al., 1971). In CABG, left internal mammary arteries (LIMAs) have
become the most commonly used graft material due to their excellent long-term patency. The
most common anastomosis way is the LIMA to the left anterior descending (LAD) branch.
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However, LIMA grafts sometimes have poor instant patency
due to their own properties and hemodynamics.

When all grafts are anastomosed, the graft patency is called
instant patency.When the instant patency is poor, it will affect the
blood supply and even cause the graft occlusion in a very short
term after the operation. There are two main causes for poor graft
instant patency: one is due to anastomotic stenosis and the other
is due to competitive flow (Iii and Blackstone, 2008; Nikolaos
et al., 2011). Anastomotic stenosis is mainly caused by errors
during the operation, and its patency can be improved after the
graft is removed and re-anastomosed. However, when the native
coronary artery’s stenosis is not serious, some blood can still flow
through it, and this blood flow through the native coronary artery
is called competitive flow. For LIMA grafts, competitive flow
reduces the blood flow within the graft and, in severe cases, leads
to the string phenomenon (Seki et al., 1992; Villareal andMathur,
2000; Beijk and Harskamp, 2013; Halfwerk et al., 2021). At
present, the method to determine the occurrence of
competitive flow is to clamp the native coronary artery and
measure graft flow again. If there is a significant increase in
the graft flow, it indicates that competitive flow is significant.
However, clamping the native coronary artery can be harmful to
the patient, causing plaque to detach and block the distal
coronary artery. Therefore, the clinical application of this
method is greatly limited.

When the graft is considered to be of poor instant patency, it
needs to be repaired. Usually, the surgeon removes the graft and
performs the surgery again, which can improve the blood flow in
some of the grafts (caused by anastomotic stenosis) but not in the
others (caused by competitive flow). Re-performing this surgery
arbitrarily not only does not help improve the graft flow but also
increases the surgery risk. Therefore, it is an urgent problem to
determine the cause of graft instant non-patency.

In clinical practice, transit time flow measurement (TTFM)
technology is usually used to obtain the graft flow waveform and
determine the graft’s instant patency (P Malagón et al., 2020;
Quin et al., 2020; Stastny et al., 2021). TTFM is based on the
theory of ultrasonic velocity measurement, and its probe mainly
includes an ultrasonic transmitter, reflection plate, and ultrasonic
receiving device. It calculates the flow in the graft by measuring
the time between the ultrasonic transmitting device and the
ultrasonic receiving device. After CABG and before chest
closure, surgeons will use a TTFM probe to measure the flow
waveform of each graft, determine the graft patency according to
the waveform, and decide whether to repair it. In general, three
parameters in the waveform are often used to help surgeons assess
graft patency: Average flow, pulsatility index (PI), and diastolic
velocity–time integral fraction (DF). Low average flow, high PI,
and low DF mean a higher risk of instant graft patency. However,
no scholar has studied how to classify the specific causes of the
poor graft instant patency. Therefore, in order to study this
problem, this study chose the modeling and simulation
method of CABG to simulate the graft waveform under
different instant patency conditions and find the
characteristics of the graft waveform that can determine
competitive flow or anastomotic stenosis.

2 METHODS

2.1 The CABG Multiscale Model
2.1.1 Reconstruction of the 3D CABG Model
This study reconstructed a 3D operation model of the
coronary artery system and aortic arch from a patient’s CT
image data. The data were obtained from a male 55-year-old
patient, and it contained 460 layers in total, each layer had
512*512 pixels, and the space between layers was 1 mm. The
patient’s cardiac output was 4.6 L/min, measured by Doppler
ultrasound. Also, his diastolic and systolic blood pressures
were 103 and 147 mmHg, respectively. A software named
“Mimics” was used to conduct reconstruction of CT image
data and used threshold segmentation to distinguish the aortic
and coronary artery sections. “Freeform” was used to smooth
models and complete LIMA-LAD bypass surgery. The LIMA
diameter was set as 3 mm. Based on the LIMA-LAD bypass
method, the stenosis rates in LAD were set as 90, 75, 60, 50,
and 40% to simulate different degrees of competitive flow. In
this competitive flow group, the degree of competitive flow
increases with the decrease of the LAD stenosis (Li et al.,
2017). Also, stenosis in anastomosis was set as 25, 50, and 75%
based on a 90% stenosis in LAD (competitive flow is non-
significant in this stenosis rate) for the anastomotic stenosis
group. Finally, there are eight reconstructed 3D models which
are shown in Figure 1. Figure 1 shows the LIMA-LAD
models.

“ANSYS-ICEM” was used in meshing these CABG models.
All models adopted the tetrahedral meshing method and
passed the grid sensitivity analysis. The vessel was assumed
to be rigid walled, and the blood flow was a Newtonian fluid,
with a dynamic viscosity of 0.0035 Pa s and a density of
1050 kg/m3.

FIGURE 1 | CABG models using the LIMA graft which contain models
with different LAD stenosis and different anastomotic stenosis.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9012802

Mao et al. Determining Cause of Graft Non-Patency

108

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


2.1.2 Lumped Parameter Model Construction
The lumped parameter model (0D model) used in this work was
proposed by Taylor et al. (Taylor et al., 2013), and has been
proved to be effective by our previous work (Zhao et al., 2016; Li
et al., 2021). The lumped parameter model used a circuit network
to simulate the vascular system, and blood flow problem was
simplified to a circuit solution problem.

In this work, the lumped parameter model consisted of the
following three modules: the heart module, the aorta module, and
the coronary module, as seen on the right side of Figure 2.

For the heart module, a constant voltage power supply Ula was
used to represent the pressure of the left atrium, and two diodes
were used to simulate the mitral valve and aortic valve in turn. Rla
and Lla were used to simulate the blood flow resistance and blood
flow inertia flowing through the mitral valve in turn. Time-
varying capacitance C (t) was used to represent the relaxation
and contraction of the left ventricle. The formula is as follows:

C(t) � 1
E(t), (1)

where E (t) is a time-varying elasticity (mmHg/ml), which could
be approximated as follows:

E(t) � En(tn) · (Emax − Emin) + Emin. (2)
En(tn) is the time-varying elasticity after normalization
(Stergiopulos et al., 1996).

En(tn) � 1.55 · ⎡⎢⎢⎢⎢⎣ 1

1 + ( tn
1.17)21.9

⎤⎥⎥⎥⎥⎦ · ⎡⎢⎢⎢⎢⎣ ( tn
0.7)1.9

1 + ( tn
0.7)1.9

⎤⎥⎥⎥⎥⎦, (3)

where tn � t
0.2+0.15tc and tc is the time of one cardiac cycle. For

this research, the settings are as follows: tc = 0.8s, Emax = 2.0, and
Emin = 0.002458.

For the aortic module, Rp represented arterial flow resistance;
Rd represented the sum of the arterial terminal, microcirculation,
and venous resistance; and C represented arterial vascular
elasticity.

For the coronary module, R represented the coronary artery
blood flow resistance, Rm represented the coronary
microcirculation resistance, and Rv represented the coronary
vein resistance. C represented coronary artery elasticity, and
Cim represented coronary microcirculation elasticity. A
voltage source was connected to Cim, and its value followed
left ventricular pressure.

After determining the structure of the lumped parameter
model, the next task is to select the appropriate parameters for
each component of the model. In this article, a genetic algorithm
was used to optimize the parameters (Li et al., 2018), and the
problem of matching component parameters with physiological
data was solved by taking the patient’s personalized physiological
characteristic data as the target.

First, the data of systolic blood pressure, diastolic blood
pressure, heart rate, and cardiac output of normal people were
used to fit the waveform of aortic pressure and cardiac output of
normal people as two optimization target waveforms. Based on
the research of Kim et al. (Kim et al., 2010), manual adjustment
was adopted to adjust the parameter values to the degree that the
output waveform matched the target waveform, and the
parameters at this time were used as the reference values of
subsequent personalized parameters. In this process, two

FIGURE 2 | 0D/3D coupled multiscaled model.
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important points should be noted: 1) total coronary flow
accounted for 4% of cardiac output and left coronary flow and
right coronary flow accounted for 60 and 40% of total coronary
flow, respectively; 2) the blood flow of coronary artery branches is
proportional to 2.7 power of coronary artery diameter.

Second, the clinical measurements of aortic pressure and
cardiac output were taken as the optimization objectives, and
sensitivity analysis of the parameters of the lumped parameter
model was conducted to find the parameters which had a great
influence on the optimization objectives. It is found that the
sensitive parameters include left atrial pressure and parameters of
Emax and Emin, which determine time-varying capacitance and
microcirculation resistance.

Finally, the measured systolic blood pressure, diastolic blood
pressure, and heart rate were used to adjust the standard aortic
pressure waveform, and then the patient’s personalized aortic
pressure waveform was obtained. The pressure waveform was
compared with the pressure waveform calculated by the lumped
parameter model, and the root mean square error between the
two waveforms was obtained. The root mean square error
between the aortic pressure waveform and the simulated
waveform and the mean cardiac output were used as the
objective function to optimize the sensitive parameters in
the model.

2.1.3 0D/3D Coupled Multiscaled Modeling Method
A 3Dmodel was coupled with a lumped parameter model using a
coupling algorithm and an interface condition. ANSYS-CFX
commercial software was used for the 0D-3D coupling
calculation. In this study, the lumped parameter model was
used to provide boundary conditions for the 3D model,
instead of directly calling the existing functions in the software
as the boundary conditions, so the secondary development of
CFX was needed. The secondary development of CFX is a user-
defined subroutine based on the FORTRAN language. This study
used FORTRAN language to write a subroutine based on CFX
specification to calculate the lumped parameter model. The
subroutine can assign an initial value to the model, calculate
the lumped parameter model, transfer data between the 3Dmodel
and the lumped parameter model, coordinate multiprocess
calculation, and calculate the hemodynamic parameters not
included in CFX. All subroutines can be used in CFX
calculation in the form of User CEL Function and User
Junction Box Routine.

The lumped parameter model provided a flow boundary
condition at the aortic inlet and pressure boundary conditions
at the artery outlets of the 3D model. After fluid calculation, a
pressure value was returned at the aortic inlet, and flow values
were returned at artery outlets so as to facilitate the calculation of
the lumped parameter model. ANSYS-CFX was used in 3Dmodel
calculation, and FORTRAN subroutines were used in lumped
parameter model calculation.

The construction of a CABG multiscaled model was then
completed, as shown in Figure 2. The blood flow waveform of the
mid-side of the graft calculated by each model was extracted for
subsequent analysis.

2.2 The Data From Flow Waveform
The data extracted from the flow waveforms for this research
included the average flow, diastolic velocity–time integral fraction
(DF), pulsatility index (PI), and a frequency index called the fast
Fourier transformation (FFT) ratio. The FFTmethod is a classical
signal processing method, which has been used to analyze the
graft flow waveform. Takami et al. creatively proposed that FFT
results of TTFM can be used as an indicator to determine the
graft’s patency. Researchers performed FFT transformation on
the TTFM waveform, calculated the ratio of the fundamental
wave to the first harmonic wave, took whether the ratio was
higher than 1 as the distinguishing value to determine whether
the graft was patent, and proposed that the FFT ratio had more
accurate distinguishing ability than traditional parameters such
as average flow, PI, and backflow rate (Takami and Ina, 2001).
Later, Une et al. studied whether the FFT ratio of TTFM
waveform would be different among different grafts of target
coronary arteries. Also, whether the FFT ratio is more accurate
than TTFM waveform parameters alone is analyzed to determine
the graft patency. After research, both questions have been
answered in the affirmative (Une et al., 2011). All these
indicate that the FFT ratio has a very good performance in
determining whether the graft is patent. Therefore, in this
study, we also tried to use the FFT ratio to determine the
cause of graft non-patency and observe whether it can play a
significant role.

The average flow was defined as follows: Total flow/time; DF
was defined as follows: diastolic flow/total flow; and PI was
defined as follows: (maximum flow—minimum flow)/average
flow. The FFT method is a classic signal processing method.
The TTFM flow measured in the clinic and its spectrum are
shown in Figure 3.

FIGURE 3 | Picture above (A) is a TTFM waveform, and the picture
below (B) is its corresponding spectrum. In the spectrum picture, F0 is the
amplitude of the fundamental frequency, H1 is the amplitude of the first
harmonic, and H2 is the amplitude of the second harmonic. Also, F0/H1
is the ratio of F0 and H1, and F0/H2 is the ratio of F0 and H2

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9012804

Mao et al. Determining Cause of Graft Non-Patency

110

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


In this study, F0/H1 and F0/H2 were selected for research
objectives. In order to avoid spectrum leak, cycle extension has
been adopted and the flow wave was extended to 10 periods. The
sampling frequency was set as 50 Hz, and the sampling point was
set as 2048.

3 RESULTS

3.1 The Comparison of LIMA Graft Flow
Waveforms
The flow waveforms have been extracted from the mid-side of the
grafts and are shown as the following figures.

Figure 4 shows graft flow waveforms under different LAD
stenosis rates. The competitive flow is negatively correlated with
the LAD stenosis rate, that is, the lower the LAD stenosis rate, the
higher the competitive flow. Therefore, the waveforms shown in the
figure are graft flowwaveforms under different degrees of competitive

flow. It can be seen from the figure that under ideal conditions
(i.e., lad-90%, at which the effect of competitive flow can be
considered to be very weak), the flow waveform in the graft is a
bimodal waveform in systolic and diastolic stages, and the peak value
in the systolic stage is slightly lower than that in the diastolic stage.
With the increase of competitive flow, the systolic peak flow and
diastolic peak flow decrease, but the systolic peak flow decreasesmore
obviously, and the waveform gradually shows a single peak shape.
When the LAD stenosis rate is lower than 50%, the peak systolic flow
falls below 0 and backflow appears.

As can be seen fromFigure 5, with the increase in the anastomotic
stenosis rate, the systolic and diastolic flow in the graft decreases, and
the drop scopes are similar. When the anastomotic stenosis rate is
75%, the flow waveform is significantly lower than that of the other
three models, but the peak flow ratio of the diastole to systole is
basically unchanged. Throughout the process, the waveform
maintains a bimodal shape.

In order to quantitatively describe the change of the graft
waves, a new index was introduced, which is the ratio of diastolic
peak flow to systolic peak flow (D/S). The calculation results are
shown in Table 1.

As can be seen from the table, with the LAD stenosis rate
changing from 90 to 60%, D/S also increases from 1.21 to 3.26,
and systolic backflow even occurs after the stenosis rate is lower
than 50%. Also, as the stenosis rate of the anastomotic site
changes from the patent to 75%, its D/S remains basically
unchanged, ranging from 1.2 to 1.3.

3.2 The Comparison of Clinical Factors
Average flow, PI, and DF are commonly used in clinical practice
to evaluate the quality of the grafts. They were calculated by
extracting graft waveforms. The results are shown in Table 2.

FIGURE 4 | LIMA flowwaveforms in models with different degrees of the
competitive flow.

FIGURE 5 | LIMA flow waveforms in models with different anastomotic
stenosis based on a 90% LAD stenosis. The g-patent and lad-90% flow
waveforms are coming from the same model.

TABLE 1 | D/S of graft flow waveforms in different models.

Model D/S

lad-40% Backflow
lad-50% Backflow
lad-60% 3.26
lad-75% 1.66
lad-90%/g-patent 1.21
g-25% 1.33
g-50% 1.32
g-75% 1.19

TABLE 2 | Comparison of clinical factors.

Average flow (ml/min) PI DF (%)

lad-40% 33 2.7 102
lad-50% 39 2 93
lad-60% 50 1.4 83
lad-75% 62 1 75
lad-90%/g-patent 77 1 71
g-25% 70 0.9 72
g-50% 67 0.9 71
g-75% 39 0.6 67
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Table 2 shows a comparison of average flow, PI, and DF
among different models. As can be seen from the table, for
average flow, the maximum flow rate occurs when the LAD
stenosis rate is 90% (while the anastomotic site remains patent).
As the LAD stenosis rate decreases from 90 to 40%, the average
flow rate decreases from 77 ml/min to 33 ml/min. As the
anastomosis changes from patent to 75% stenosis, the average
flow rate decreases from 77 ml/min to 39 ml/min. For PI, with the
decrease of the LAD stenosis rate from 90 to 40%, PI increases
from 1 to 2.7. Meanwhile, as the anastomosis changes from patent
to 75% stenosis, PI decreases from 1 to 0.6. For DF, DF remains
constant in the anastomotic stenosis group, while in the
competitive flow group, the LAD stenosis rate reduces from 90
to 40% and DF increases from 70 to 102%. DF reaches 102% due
to the presence of systolic backflow, making the total effective
flow less than the diastolic flow.

3.3 FFT Ratio of Graft Flows
By applying FFT transformation to the abovementioned
waveforms, F0/H1 and F0/H2 were calculated, and the results
are shown in Table 3. To make the results more intuitive, we
present the results as line graphs, as shown in Figure 6.

As can be seen from Figure 6, with the LAD stenosis rate
reduced from 90 to 40%, F0/H1 first increases from 1.7 to 8.44 but

then decreases to 2.07, and the change in this process is nonlinear.
However, F0/H2 increases from 1.17 to 21.87. As the anastomotic
site changes from patent to 75% stenosis, the values of F0/H1 and
F0/H2 both increase, but these changes are not significant.

Based on the abovementioned results, a method to determine
the cause of LIMA instant non-patency is obtained in this study.
If it is assumed that the stenosis rate of LAD is less than 50%, the
competitive flow has a significant effect (Li L et al., 2017). Under
this assumption, when the waveform is single-peak and F0/H2 is
greater than 14.89, the competitive flow is significant. However,
anastomotic stenosis hardly causes the change of D/S and F0/H2,
and its D/S is around 1.21 and F0/H2 is around 1.17.

4 DISCUSSION

4.1 The Variation of Flow Waveforms in
Different Models
Based on the graft flow waveforms obtained by our model
calculation, waveforms in the competitive flow and
anastomotic stenosis groups are significantly different. The
change of the competitive flow group is mainly reflected in the
shape of the waveform, while the change of the anastomotic
stenosis group is mainly due to amplitude. This allows us to use
the shape of the waveform as a key factor in determining the cause
of graft instant non-patency. To describe the waveform change
quantitatively, a new factor D/S is introduced. It can be seen from
the results that with the increase of the competitive flow, D/S
increases continuously, and even the graft presents backflow.
However, as anastomotic stenosis increases, there are minimal
changes in D/S. Therefore, D/S could be considered a key
determinant factor.

4.2 The Analysis of Average Flow, PI and DF
In the LIMA, the ideal model has the maximum average flow.
When the competitive flow increases or the anastomotic

TABLE 3 | FFT ratio of graft flow waveforms.

F0/H1 F0/H2

lad-40% 2.07 21.87
lad-50% 2.39 14.89
lad-60% 4.32 5.24
lad-75% 8.44 2.3
lad-90%/g-patent 1.7 1.17
g-25% 1.85 1.45
g-50% 1.89 1.49
g-75% 1.89 1.83

FIGURE 6 |Comparison of the FFT ratio results in LIMA. The left of the red dotted line is the competitive flow group and the right is the anastomosis stenosis group.
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stenosis increases, the average flow will decrease. This will
lead to a challenge in determining the cause using this factor.
PI in the competitive flow group is slightly higher than that
in the anastomotic stenosis group, and PI increases with
the increase of the competitive flow, but it decreases
slightly with the increase of the anastomotic stenosis. DF in
the competitive flow group increases with the increase of
competitive flow, while DF in the anastomotic stenosis
group remains constant. However, in general, there is little
difference between PI and DF between the two groups, and
none of them could be the factor for determining the cause of
graft instant non-patency.

4.3 The Analysis of FFT Method
After FFT transformation, F0/H1 and F0/H2 have different
changing trends. For the anastomotic stenosis group, the
change curves of F0/H1 and F0/H2 almost coincide, and the
anastomotic stenosis model has no significant change compared
with the ideal model. However, for the competitive flow group,
not only the model with high competitive flow is very different
from the ideal model but also the variation rules of F0/H1 and F0/
H2 are different. Compared with the rule that F0/H2 increases
monotonically with the increase of competitive flow, F0/H1 is not
suitable to be used as a factor in determining the cause of graft
instant non-patency due to its non-monotonic characteristics.

FIGURE 7 | TTFM waveform before and after re-anastomosis, the waveform before re-anastomosis is on the (A), the waveform after re-anastomosis is on the (B),
and the selected waveform in the red box of the waveform on the left is for FFT transformation.
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Therefore, F0/H2 can be considered a factor in determining the
cause of LIMA instant non-patency.

4.4 Clinical Graft Flow Waveform Results
In the 132 grafts collected from 60 patients in the previous stage
of this study (Mao et al., 2020), a total of 50 LIMA grafts were
anastomosed on the LAD branch, and the TTFM waveform of
three grafts showed instant non-patency and was re-
anastomosed. At present, it is impossible to determine whether
the cause of graft instant non-patency is anastomotic stenosis or
competitive flow in clinical practice. Therefore, in this study, the
grafts with improved flow after re-anastomosis are considered
anastomotic stenosis, and the grafts with unimproved flow are
considered competitive flow. Based on this principle, one of the
three grafts is due to anastomotic stenosis and two are due to
competitive flows, as shown in Figure 7.

As can be seen from Figure 7, for patient 1, the graft flow
increases from 5 ml/min to 24 ml/min after re-anastomosis,
which is a significant increase. Therefore, it is believed that the
cause of graft instant non-patency is anastomotic stenosis.
However, for patient 2 and patient 3, it could be seen that
flows do not increase after re-anastomosis, so it is believed
that the graft’s instant non-patency is due to competitive flow.

The left TTFM waveform is observed (before re-anastomosis).
A period is selected after the flow waveform is stable, and the
selected period is in the red box. The period continuation and
FFT transformation of this period waveform are carried out. The
waveform of patient 1 basically maintains a double peak in
systolic and diastolic periods, while waveforms of patient 2
and patient 3 show a single peak in the diastolic period, and
there is obvious negative flow in the systolic stage. After the FFT
transformation of the selected waveform, the F0/H2 value is
obtained. After calculation, the F0/H2 values of patient 1,
patient 2, and patient 3 are 1.99, 15.55, and 13.46, respectively.
The difference between patient 1 and the remaining two patients
validates the method proposed in this study.

The previous method to determine graft competing for flow
and anastomotic stenosis was to clamp the native coronary artery
and observe whether graft flow was improved. Our method is to
directly use the TTFM waveform through the extraction of
waveform features to achieve. Comparatively speaking, the
method proposed in this article has the greatest advantage of
reducing the possible trauma to patients compared with the
previous method because clamping the coronary artery can
cause plaque to detach and block the distal coronary artery.
However, our method avoids this and achieves a “risk-free”
judgment of the cause of graft instant non-patency.

4.5 Limitation
Although a method to determine the cause of the graft instant
non-patency is obtained in this study, there are still some
limitations in the experimental process. Among them, the
most important point is that the conclusion of this study was
reached through modeling and simulation and variable control,
and the sample size was also small in the process of clinical
verification, so a clear cut-off value for determining competitive

flow or anastomotic stenosis could not be obtained. In addition,
rigid walls were used in the 3D modeling process, ignoring the
influence of vascular elasticity on the waveforms. The fluid-
structure coupling model can be considered to solve this
problem in future research.

5 CONCLUSION

Based on the abovementioned studies, it is found that for the
LIMA graft, when the graft is considered to be non-patent, the
waveform shape and FFT ratio results could jointly be used as
factors in determining the cause of graft instant non-patency.
When backflow occurs during the systolic period and F0/H2 is
too high (about 14.89 or higher), it indicates that the cause is
competitive flow. When graft flow presents a bimodal state and
F0/H2 is at a normal level (about 1.17 or slightly higher), it
indicates that the cause is anastomotic stenosis.
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Long-Term Inhalation of Ultrafine Zinc
Particles Deteriorated Cardiac and
Cardiovascular Functions in Rats of
Myocardial Infarction
Yunlong Huo1,2* and Li Li 2,3

1Institute of Mechanobiology & Medical Engineering, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University,
Shanghai, China, 2PKU-HKUST Shenzhen-Hong Kong Institution, Shenzhen, China, 3Department of Mechanics and Engineering
Science, College of Engineering, Peking University, Beijing, China

Substantial ultrafine zinc particles exist in air pollutions. The level of Zn concentrations in
serum and tissue could affect patients with myocardial infarction (MI). The aim of the study
is to investigate the change of cardiac functions and peripheral hemodynamics in MI rats
after long-term inhalation of ultrafine Zn particles. Coronary artery ligation surgery was
performed to induceMI inWistar rats. The inhalation of ultrafine Zn particles was carried out
for 6 weeks after the operation. Physiological and hemodynamic measurements and
computational biomechanics analysis were demonstrated in eight groups of rats at
postoperative 4 and 6 weeks. There was no statistical significance between shams
and shams with inhalation of ultrafine Zn particles. There were significant impairments
of cardiac and hemodynamic functions in MI rats. In comparison with MI rats, the inhalation
of ultrafine Zn particles for 4 weeks slowed down the progression from MI to heart failure,
but the inhalation for 6 weeks accelerated the process. The long-term inhalation of ultrafine
zinc particles induced excessive accumulation of zinc in serum and tissue, which
deteriorated cardiac and hemodynamic dysfunctions in MI rats. The findings
suggested the importance for regulating Zn intake of MI patients as well as looking at
ways to lower zinc concentrations in air pollutions.

Keywords: myocardium infraction, speckle-tracing echocardiography, strain analysis, ultrafine zinc particle,
Womersley analysis

INTRODUCTION

The American Heart Association reports long-term exposure to particle matters (PMs) in air
pollution resulting to cardiovascular morbidity and mortality (Robert, 2004). In comparison with
fine particle pollution (PM2.5), ultrafine particles (UFPs) (PM0.1) produced stronger chemical
reaction given its small volume and large surface area (Andre 2006; Franck et al., 2011; Karottkiet al.,
2014), which could increase vascular tension of systemic circulation resulting in high blood pressure
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(Mills et al., 2005; Törnqvist et al., 2007) as well as impair
regulation of endogenous fibrinolysis accelerating the process
of myocardial remodeling and fibrosis (Wold et al., 2012). Hence,
UFPs in air pollution should be more detrimental to patients with
myocardial infarction (MI) (Andre, 2006; Franck, et al., 2011;
Karottki et al., 2014).

UFPs contained substantial airborne trace metals (Wolfram
2006). The concentrations of trace metals were in the order of
Zn > Pb > Cu > Cr > V > Ni in four cities of the Yangtze River
Delta (YRD) Metropolitan Area, China, i.e., Shanghai, Nanjing,
Hangzhou, Ningbo (Ming et al., 2017). Because of higher
concentration of Zn in air pollution, we have investigated the

effects of short-term (4 weeks) inhalation of ultrafine Zn particles
(wrapped by a layer of ZnO) on MI rats, which was found to
alleviate cardiac and hemodynamic dysfunctions in disagreement
with the assumption of toxicity hazards (Li et al., 2021). Hence, it
is required to further investigate the effects of long-term
inhalation of ultrafine zinc particles (wrapped by a layer of
ZnO) on MI rats. The words “wrapped by a layer of ZnO” are
neglected in the following text unless specifically noted.

The objective of the study is to investigate the change of
cardiac functions and peripheral hemodynamics in MI rats after
long-term inhalation of ultrafine Zn particles. Here, we
hypothesized that the toxic effect of ultrafine Zn particles on

FIGURE 1 | Cardiac functions and zinc levels in eight groups. Panels (A–D) show the change of EF, FS, SV, CO, respectively. Panels (E,F) show the change of
serum and myocardium zinc concentrations, respectively. All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05, ShamZn vs. MIZn; #p < 0.05,
MIZn vs. MI.
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the progression from MI to heart failure (HF) is associated with
time interval of inhaling the particles, i.e., short-term inhalation
of ultrafine Zn particles inhibits the progression, but long-term
inhalation deteriorates it. To test the hypothesis, Wistar rats were
used for coronary artery ligation surgery to induce MI. Partial
shams and MI rats underwent inhalation control of ultrafine Zn
particles for 6 weeks. Physiological and hemodynamic
measurements were demonstrated in the LV and carotid artery
for 4 and 6 weeks after the ligation surgery. The speckle tracking
echocardiography (STE) was used to analyze LV functions. The
Windkessel model was performed for the hemodynamic analysis
in the carotid artery.

METHODS

Experimental Measurements
Wistar male rats (Beijing Vital River Laboratory Animal Technology)
were used in the study. All animals (6 weeks) were housed at standard
SPF laboratory and free access to standard rodent chow and water.
Myocardial infarction was induced by the left anterior descending
(LAD) artery ligation surgery, where a 7-0 suture was ligated at
~1mm position distal to the LAD artery under the tip of the left
auricle (Brenner et al., 2004; Gao et al., 2010), which was considered
successful when the LV anterior wall became pale. Alternatively, the
ligation suture was placed in the LAD artery, but removed in sham-
operated animals. There were four groups: sham group (Sham), sham
with inhalation of ultrafine Zn particles (ShamZn), myocardial
infarction group (MI), and MI with inhalation of ultrafine Zn
particles (MIZn). Three days after the surgery, ShamZn and
MIZn groups were exposed in the environment filled with
ultrafine zinc particle (diameter of 50 nm and density of 500 μg/
m3, Beijing Deke Daojin Science and Technology Co., Ltd.) (Bing
et al., 2020). MIZn and ShamZn groups inhaled ultrafine Zn particles
for 4 h per day and 4 days per week for 4 and 6 weeks postoperatively
(Li et al., 2021). Sixty rats underwent the LAD ligation surgery and
eight rats were dead immediately after the surgery, the rest of which

were divided into MI and MIZn groups of 26 each. There were four
and three dead animals in MI and MIZn groups at postoperative
4 weeks (4W) and subsequently four dead animals in each group at
postoperative 6 weeks (6W). There were no dead animals in Sham
and ShamZn groups. The four groups were further divided into two
subgroups, i.e., postoperative 4 weeks (4W) and 6 weeks (6W):
Sham4 (n = 8), ShamZn4 (n = 8), MI4 (n = 10), MIZn4 (n =
11), Sham6 (n = 8), ShamZn6 (n = 8), MI6 (n = 8), and MIZn6 (n =
8). Echocardiographic measurements of animal hearts (all animals)
were carried out under anesthesia for 4 and 6 weeks postoperatively,
based on which myocardial deformation measurements were
demonstrated with advanced STE (Niu et al., 2020).
Hemodynamic measurements (all animals) were consistent with
those in a previous study (Bing et al., 2020). Histological
evaluation and Zn detection (n = 6 in each group) were described
in theAppendix. All experimentswere performed in accordancewith
Chinese National and Peking University ethical guidelines regarding
the use of animals in research, consistent with the NIH guidelines
(Guide for the care and use of laboratory animals) on the protection
of animals used for scientific purposes. The experimental protocol
was approved by the Animal Care and Use Committee of Peking
University, China.

Mathematic Method
Based on pressure and flow waves of carotid artery, the time-
averaged pressure and flow over a cardiac cycle (Pmean and Qmean)
are computed consistent with previous studies (Bing et al., 2020).
The cardiac output (CO), equal to Qmean × 60 s. The arterial tree
was modeled as an elastic chamber (Windkessel) with total
compliance, C, and peripheral resistance, R (≈ Pao,mean/Qmean,
where Pao,mean is the mean aortic pressure). In the diastolic
period, the blood pressure decays with a power form:

p(t) � p1 × e−
t

R×C (1)
where p1 is the peak blood pressure at the time t1. Taking the
natural log function, Eq. 1 can be written as:

TABLE 1 | Morphometric parameters in the LV of eight groups at systole and diastole.

Groups LVAW;s
(mm)

LVAW;d
(mm)

LVPW;s
(mm)

LVPW;d
(mm)

LVID;s
(mm)

LVID;d
(mm)

ESV (µL) EDV (µL)

Sham4 2.69 ± 0.07 1.67 ± 0.04 2.62 ± 0.04 1.71 ± 0.04 3.87 ± 0.11 6.40 ± 0.08 67.00 ± 3.84 224.3 ± 13.7
ShamZn4 2.74 ± 0.06 1.89 ± 0.02 2.90 ± 0.09 1.90 ± 0.05 3.77 ± 0.13 6.90 ± 0.16 68.62 ± 3.51 238.4 ± 12.76
MI4 1.07 ± 0.07*

*p < 0.0001
1.05 ± 0.07*
*p < 0.0001

2.61 ± 0.16 *p >
0.9999

1.91 ± 0.06 *p =
0.2396

8.02 ± 0.27*
*p < 0.0001

10.06 ± 0.26*
*p < 0.0001

383 ± 10.71*
*p < 0.0001

565 ± 22.77* *p <
0.0001

MIZn4 1.16 ± 0.04◆
◆p < 0.0001
#p = 0.9918

1.20 ± 0.10◆
◆p < 0.0001
#p = 0.8096

2.62 ± 0.11 ◆p =
0.6435 #p >

0.9999

1.93 ± 0.08 ◆p >
0.9999 #p >

0.9999

7.26 ± 0.23◆#

◆p < 0.0001
#p = 0.0467

9.48 ± 0.32◆ ◆ <
0.0001 #p =

0.5974

352 ± 6.81◆#

◆p < 0.0001 #p =
0.0209

493 ± 22.83◆#

◆p < 0.0001 #p =
0.0318

Sham6 2.96 ± 0.18 2.01 ± 0.08 3.29 ± 0.13 2.13 ± 0.08 4.17 ± 0.14 7.23 ± 0.21 75.85 ± 5.76 288.00 ± 13.96
ShamZn6 3.06 ± 0.04 1.95 ± 0.03 3.34 ± 0.13 2.12 ± 0.07 4.45 ± 0.15 7.59 ± 0.28 75.92 ± 5.29 309.70 ± 24.84
MI6 0.93 ± 0.07*

*p < 0.0001
1.05 ± 0.11*
*p < 0.0001

2.84 ± 0.11 *p =
0.1801

2.21 ± 0.07 *p =
0.9887

8.26 ± 0.23*
*p < 0.0001

10.28 ± 0.38*
*p < 0.0001

402 ± 7.57* *p <
0.0001

609 ± 12.39* *p <
0.0001

MIZn6 0.71 ± 0.07◆#

◆p < 0.0001
#p = 0.0485

0.69 ± 0.08◆#

◆p < 0.0001
#p = 0.0323

2.71 ± 0.15◆ ◆p =
0.0185 #p =

0.9908

2.05 ± 0.06 ◆p =
0.9991 #p =

0.7576

9.05 ± 0.18◆#

◆p < 0.0001
#p = 0.0189

10.89 ± 0.24◆
◆p < 0.0001 #p =

0.7027

438 ± 14.02◆#

◆p < 0.0001 #p =
0.0494

647 ± 10.39◆#

◆p < 0.0001 #p =
0.0319

All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05, ShamZn vs. MIZn; #p < 0.05, MIZn vs. MI.
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lnp(t) � − t

R × C
+ lnp1 (2)

Provided the slope of k between lnp(t) and t, total
compliance, C, is obtained:

C � − 1
R × k

(3)

These equations are used to solve the total compliance and
peripheral resistance.

Statistical Analysis
Experimental measurements were repeated 3 times and
averaged per animal. All parameters were presented as
mean ± SEM by averaging over all animals in each
group. The two-way ANOVA (SigmaStat3.5) was used to
detect the statistical difference of morphometric and
hemodynamic parameters between sham and MI groups
and between inhalation of zinc particle and no inhalation
groups, where p < 0.05 was indicative of a significant
difference between the two populations.

FIGURE 2 | Strain peak values in the longitudinal (A), circumferential (B) and radial (C) directions of myocardial infarction zone and non-infarction zone in eight groups, L:
Longitudinal, C: Circumferential, R: Radial. All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05, ShamZn vs. MIZn; #p < 0.05, MIZn vs. MI.
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RESULTS

Figure 1 shows cardiac functions and zinc levels in eight groups,
where EF, FS, SV and CO decrease significantly in MI groups
despite of no statistical difference in sham groups. The EF and FS
values in the MI4 group are lower than the MIZn4 group (EF/FS:
31.48%/15.87 % vs. 36.76%/19.28%) statistically, but those in the
MI6 group are higher than the MIZn6 group (EF/FS: 28.12%/
14.85% vs. 23.1%/12.07%) (Figures 1A,B). The SV and CO show
similar changes (Figures 1C,D). The zinc levels are reduced
(25%–35% in serum and myocardium) by the MI at post-
operative 4 weeks and recover to normal level at post-
operative 6 weeks. The inhalation of ultrafine zinc particles

retains normal zinc levels in the MIZn4 group and increases
the zinc level significantly (25%–35% in serum and myocardium)
in the MIZn6 group. The inhalation of ultrafine zinc particles has
no effects on cardiac functions and zinc levels in healthy rats, as
shown in Figures 1E,F. Table 1 lists morphometric parameters in
the LV of eight groups at systole and diastole. The anterior wall of
the LV is significantly reduced in MI rats because of myocardial
necrosis while the LV volume is increased. The LVAW in the
MIZn4 group is higher than the MI4 group, but the LVAW in the
MIZn6 group is significantly lower than the MI6 group. In
contrast, ESV and EDV in the MIZn4 group are lower than
the MI4 group, but the values in the MIZn6 group are
significantly higher than the MI6 group.

FIGURE 3 | Strain rate peak values in the longitudinal (A), circumferential (B) and radial (C) directions ofmyocardial infarction zone and non-infarction zone in eight groups, L:
Longitudinal, C: Circumferential, R: Radial. All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05, ShamZn vs. MIZn; #p < 0.05, MIZn vs. MI.
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Figures 2, 3 show peak values of strains and strain rates,
respectively, in the longitudinal, circumferential and radial
directions of myocardial infarction and non-infarction zones in
eight groups. There is no statistical difference between Sham and
ShamZn groups at postoperative 4 and 6 weeks. In comparison with
Sham and ShamZn groups, peak values of strains and strain rates in
both infarction and normal regions are significantly reduced in MI
and MIZn groups. Peak values in the three directions in the
MIZn4 group are higher than those in the MI4 group. In
contrast, peak values of strains and strain rates in the
MIZn6 group are lower than those in the MI6 group.

Morphological and hemodynamic parameters of the right carotid
artery are listed in Table 2. There is no statistical difference between
Sham and ShamZn groups at postoperative 4 and 6 weeks.
Myocardial infarction deteriorates hemodynamic environment in
peripheral arteries significantly. The short-term (4 weeks)
inhalation of ultrafine zinc particles inhibits the impairments
caused by the MI (Resistances in MI4 vs. MIZn4: 280 vs. 196, p <
0.005). On the other hand, the long-term (6 weeks) inhalation of
ultrafine zinc particles accelerates the impairments (Resistances in
MI6 vs. MIZn6: 339 vs. 409, p < 0.005).

Figures 4A,B show representative diagrams of WGA + DAPI
redyeing and statistical results of myocyte number per unit area. The
myocyte number per unit area in theMIZn4 group is higher than the
MI4 group (18.0 vs. 16.5) with no statistical significance, but that in
the MIZn6 group is lower than the MI6 group (11.0 vs. 15.3, p <
0.05). Figures 4C–E show representative diagrams of Sirius red
staining and statistical results of type I (yellow) and type III (green)
collagens. The content of type I collagen in theMIZn4 group is lower
than the MI4 group (87% vs. 92%, p < 0.05), but that in
MIZn6 group is higher than the MI6 group (97% vs. 93%, p <
0.05). The content of type III collagen in the MIZn4 group is higher
than MI4 group (10% vs. 7%, p < 0.05), but that in MIZn6 group is
lower than MI6 group (3% vs. 6%, p < 0.05). Figures 4F,G show
schematic panoramas of Masson staining and statistical results of
myocardium fibrosis. Myocardial infarction significantly increases
collagens of types I and results in myocardium fibrosis. In
comparison with the MI groups, the inhalation of ultrafine Zn
particles inhibits the deuteriation of myocardial fibrosis in the

MIZn4 group (MI4 vs. MIZn4: 42% vs. 36%, p < 0.05), but
accelerates the impairments in the MIZn6 group (MI6 vs.
MIZn6: 45% vs. 51%, p < 0.05).

DISCUSSION

The present study investigated the changes of cardiac functions
and hemodynamics in MI rats at the end of long period of
inhaling ultrafine Zn particles. The long-term (6 weeks)
inhalation of ultrafine Zn particles is found to impair cardiac
functions and hemodynamics in MI rats while the short-term
(4 weeks) inhalation has a protective effect.

Zinc has the highest concentration in the trace metals of air
pollution in the YRD Metropolitan Area, China (Ming et al., 2017).
Exposure to UFPs in air pollution leads to cardiovascular morbidity
and mortality (Brook et al., 2010). As a logistic starting point, we
investigated the effects of inhaling ultrafine Zn particles in the rat MI
model. Monse et al. found that controlled exposures to ZnO
nanoparticles caused both airway and systemic inflammations in
human subjects, whichwere observed at a concentration of 0.5mg/m3

and higher (Monsé et al., 2018; Monsé et al., 2019). Since molecular
weight of Zn is five times higher than that of O, we selected ultrafine
Zn particles (wrapped by a layer of ZnO) of 0.5 mg/m3 in the rat
model. The Zn level in both serum and heart tissue gradually
increased over time after MI rats inhaled ultrafine Zn particles.

Myocardial infarction activated atrial natriuretic peptide,
which resulted in an increase of urinary Zn excretion and a
decrease of Zn concentrations in plasma and erythrocytes. The
significant decrease of Zn concentrations in serum and heart
tissue led to myocardial structural and functional disorders (Ripa
et al., 1998). The short-term inhalation of ultrafine Zn particles
was found to retain the Zn level to a normal range in serum and
heart tissue and slow down LV dysfunctions and remodeling in
MI rats, consistent with a previous study (Li et al., 2021). On the
other hand, there were higher Zn concentrations in the
MIZn6 group than others. The higher Zn accumulation is
deleterious to MI rats, which accelerates the progression from
MI to heart failure. Substantial studies have shown the important

TABLE 2 | Morphological and hemodynamic parameters in the right carotid artery of eight groups.

Groups Diameter (mm) CAS (mm2) Flow velocity
(m/s)

Flow rate
(ml/s)

Resistance
(mmHg.s/ml)

Compliance (× 10−4)

Sham4 1.01 ± 0.02 0.80 ± 0.03 1.23 ± 0.08 0.96 ± 0.04 122.49 ± 5.86 10.31 ± 0.75
ShamZn4 1.08 ± 0.03 0.93 ± 0.04 1.05 ± 0.07 0.95 ± 0.02 125.20 ± 6.12 9.23 ± 0.69
MI4 1.02 ± 0.02 *p >

0.9999
0.82 ± 0.03 *p >

0.9999
0.48 ± 0.04* *p <

0.0001
0.38 ± 0.03* *p <

0.0001
280 ± 22.82* *p < 0.0001 4.35 ± 0.44* *p < 0.0001

MIZn4 1.03 ± 0.02 ◆p =
0.8314 #p = 0.9998

0.84 ± 0.04 ◆p =
0.8369 #p > 0.9999

0.66 ± 0.05◆ ◆p =
0.0005 #p = 0.2388

0.55 ± 0.03◆# ◆p <
0.0001 #p = 0.0169

196 ± 14.83◆# ◆p =
0.0099 #p = 0.0008

5.55 ± 0.42◆ ◆p = 0.0014
#p = 0.2290

Sham6 1.12 ± 0.02 0.98 ± 0.04 0.93 ± 0.06 0.91 ± 0.05 119.18 ± 9.38 9.85 ± 0.155
ShamZn6 1.10 ± 0.02 0.95 ± 0.03 0.91 ± 0.05 0.87 ± 0.06 134.95 ± 6.93 9.75 ± 1.18
MI6 1.15 ± 0.04 *p =

0.9995
1.05 ± 0.07 *p =

0.9804
0.29 ± 0.04* *p <

0.0001
0.29 ± 0.02* *p <

0.0001
339 ± 22.86* *p < 0.0001 3.60 ± 0.642* *p < 0.0001

MIZn6 1.09 ± 0.03 ◆p >
0.9999 #p = 0.8324

0.94 ± 0.06 ◆p >
0.9999 #p = 0.7857

0.24 ± 0.03◆ ◆p <
0.0001 #p = 0.9997

0.22 ± 0.02◆ ◆p <
0.0001 #p = 0.9622

409 ± 38.14◆# ◆p <
0.0001 #p = 0.0228

0.96 ± 0.168◆# ◆p <
0.0001 #p = 0.0010

All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05, ShamZn vs. MIZn; #p < 0.05, MIZn vs. MI.
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role of Zn in redox signaling pathway and antioxidant biological
process (Korichneva 2006; Foster and Samman 2010; Maret,
2019), which showed that pro-oxidation due to low or high
Zn concentrations is a risk factor for myocardial structural
and functional disorders. Excessive Zn concentrations can also
inhibit the key enzymes of phosphorylation and redox (Maret,
2019) and induce the inflammation (De Paula et al., 2014).

In the STE analysis, peak myocardial strains and strain rates show
the shortening of working myocardial fibers and the relaxation of
working myocardial fibers, respectively, which characterize cardiac

functions (Niu et al., 2020; Li et al., 2021). The peak values decreased
with time after the occurrence ofMI in rats. TheMI-induced decrease
of strains and strain rates denoted the deterioration of systolic and
diastolic functions. The short-term inhalation of ultrafine Zn particles
inhibited theMI-induced decrease of strains and strain rates while the
long-term inhalation accelerated the deterioration of systolic and
diastolic functions, which mainly results from myocardium fibrosis.
The UFPs-induced change of Zn concentrations affected the content
and proportion of types I and III collagen in myocardium of MI rats.
Type I collagen is coarse fiber with low ductility and elasticity and

FIGURE 4 | Representative diagrams of WGA + DAPI redyeing (A) and statistical results of myocyte number per unit area (image magnification: × 200 and scales:
50 µm) (B); Representative diagrams of Sirius red staining (C) and statistical results of type I collagen (yellow) (D) and type III collagen (green) (E). Schematic panoramas
of Masson staining (F) and statistical results of myocardium fibrosis (scales: 2.5 mm) (G). All of the data were shown as Mean ± SEM. *p < 0.05, MI vs. Sham; ◆p < 0.05,
ShamZn vs. MIZn; #p < 0.05, MIZn vs. MI.
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high stiffness while type III collagen is fine fiber with mechanical
properties opposite to type I collagen. Myocardial infarction
stimulated the growth of type I and type III collagen fibers. There
was an increase of type III collagens in a week after the MI surgery
and then a significant increase of type I collagens after the first week.
The increase of type I collagens can create cardiac scarring (Cleutjens
et al., 1995) and impair systolic and diastolic functions in MI rats. In
comparison with the MI rats, there was lower and higher ratios of
type I collagens in MIZn4 and MIZn6, respectively. Matrix
metalloproteinases (MMPs) are a family of Zn-dependent
endopeptidases involving in the breakdown of extracellular matrix
and basement membrane components such as collagen, elastin,
fibronectin, gelatin, and laminin (Murphy et al., 1991; Roy and
Carey 1997; Page-Mccaw et al., 2007). The decrease of Zn-
dependent MMPs is a risk factor for the increase of type I
collagens (Tian et al., 2015), which still requires more investigations.

The increased stiffness and resistance in peripheral arteries of MI
rats can contribute to the incidence and progression of heart failure
(Wu et al., 2017; Huo et al., 2018; Bing et al., 2020; Niu et al., 2020; Li
et al., 2021). The MIZn6 group had higher vascular stiffness and
resistance than theMI6 group, but theMIZn4 group had the opposite
change. The stiffness index in peripheral arteries is associated with the
high level of type I collagen in serum (Chatzikyriakou et al., 2014),
which was caused by the increased Zn concentrations in serum in the
MIZn6 group. Moreover, high Zn concentrations induce oxidative
stress and inflammation as well as disrupt the autonomic nervous
system (Brook et al., 2010; Cutrufello et al., 2011), which can increase
arterial stiffness and resistance. Hence, Zn-regulated changes of
arterial stiffness and resistance, in conjunction with cardiac
changes, affected the development of heart failure in MI rats.

Implications of the Study
Previous studies showed the highest concentrations of trace metal
Zn, but did not measure its chemical and physical forms in air
pollutions in the YRD region, China (Shen et al., 2014; Ming et al.,
2017). The emissions of trace metals resulted from various sources,
such as vehicle emissions. In order to test the proposed hypothesis,
we selected ultrafine Zn particles wrapped by a layer of ZnO. The
concentration of Zn is about 193–1,360 ng/m3 in air pollutions in
China. Human respiratory capacity is about 70–100 times higher
than rats. Based on the formula of drug dose conversion between
humans and animals, the drug dose of rats should be about 56 times
higher than human. Hence, we selected a relative biosafety dose of
500 ug/m3, similar to previous studies (Monsé et al., 2018; Monsé
et al., 2019). The cardiac and hemodynamic dysfunctions caused by
the long-term inhalation of ultrafine Zn particles suggest that we
should be looking at ways to lower zinc concentrations in air
pollutions, for example, using electric vehicles to reduce the
emissions. On the other hand, zinc is a nutrient to improve
immune system and metabolism function in human. The results
from the short-term inhalation of ultrafine Zn particles suggest that
MI patients should obtain enough zinc from food sources of zinc,
e.g., chicken, red meat and so on.

Critique of the Study
This study investigated the toxic effect of ultrafine Zn particles on
the progression from MI to heart failure in the rat model.

Although cardiac strains and strain rates were analyzed by the
STE measurement, myocardial stresses are needed to be studied
similar to previous studies (Yin et al., 2020; Zhao et al., 2020).
Although we measured blood inflammation factors CRP/IL8/
TNF-α and biomarker of heart failure BNP in some animals,
which showed that Zn deficiency could increase oxidative stress
and promote inflammation in MI rats, the molecular and cellular
analysis is still required to find the mechanisms relevant to the
effect of Zn. This study only used ultrafine Zn particles with the
concentration of 500 ug/m3. We will investigate different doses of
ultrafine Zn particles as well as other metal constituents in the MI
rat model in the following studies.

CONCLUSION

Zinc is a main metal component in air pollutions and an essential
trace element in the body. The high and low Zn concentrations in
serum and tissue have different effects on MI rats. This study
carried out the analysis of cardiac functions, histomorphology,
and hemodynamics in peripheral arteries in the Sham4,
ShamZn4, MI4, MIZn4, Sham6, ShamZn6, MI6, and
MIZn6 groups. In comparison with the MI rats, the short-
term (4 weeks) inhalation of ultrafine Zn particles supplied the
zinc deficiency state and slowed down the progression fromMI to
heart failure, but the long-term (6 weeks) inhalation induced
accumulation of zinc and accelerated the development. Hence, it
is of importance for MI patients to regulate Zn intake to slow
down the MI progression.
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APPENDIX

Histological evaluation: Animals were terminated for histological
analysis at postoperative 4 or 6 weeks. After hearts were
harvested, plugs of myocardial tissues were removed from
different positions of the LV. These plugs were fixed in 4%
paraformaldehyde (PFA)/PBS solution overnight at room
temperature and processed for paraffin sectioning. Masson’s
trichrome and Picro-Sirius Red (PSR) staining was carried out
according to standard procedures. Sections were also detected via
wheat germ agglutinin (WGA) conjugated to Alexa Fluor 594
(50 ug ml−1, Invitrogen), similar to a previous study (Wu et al.,

2017). Moreover, nuclear morphology was assessed by Hoechst
33,258 dye (Molecular Probes).

Zinc detection: Fresh heart tissue (50 mg) was cut into pieces
and dissolved with 65% concentrated nitric acid (1 ml) in a
beaker, which was heated for about 30 min until the tissue was
completely dissolved. Distilled water with 1 ml 65% concentrated
nitric acid was added to the beaker for the 5 ml solution, which
was filtrated to obtain the clear liquid. The ICP-OES (iCapRQ,
Thermal Fisher Scientific) was used to determine the zinc
concentration in the sample solution. The zinc concentration
in the serum were also detected using the previous method (Li
et al., 2021).
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Atrial fibrillation (AF) is a common comorbidity in left ventricular assist device

(LVAD) patients and has been identified as a risk factor for thromboembolic

stroke. Blood stagnation within the left atrial appendage (LAA) is considered a

possible major source of thrombosis and clinical studies have shown reduced

thromboembolic risk after LAA occlusion (LAAO). Therefore, this study aims to

investigate the effect of LAAO on thrombosis-related parameters using patient-

specific simulations. Left ventricular and left atrial geometries of an LVAD

patient were obtained from computed tomography and combined with

hemodynamic data with either sinus rhythm (SR) or AF generated by a

lumped parameter model. In four simulations applying contractile walls,

stagnation volume and blood residence times were evaluated with or

without AF and with or without LAAO. Reduced atrial contraction in AF

resulted in unfavorable flow dynamics within the left atrium. The average

atrial velocity was lower for the AF simulation when compared to SR,

resulting in a 55% increase in the atrial stagnation volume (from 4.2 to

6.5 cm3). Moreover, blood remained in the LAA for more than 8 cardiac

cycles. After LAAO the atrial stagnation decreased from 4.2 to 1.4 cm3 for SR

and from 6.5 to 2.3 cm3 for the AF simulation. A significant stagnation volume

was found in the LAA for both SR and AF, with larger values occurring with AF.

These regions are known as potential sources for thrombus formation and can

be diminished by LAAO. This significantly improved the thrombus-related flow
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parameters and may also lower the risk of thromboembolic events from the

appendage.

KEYWORDS

atrial fibrillation, sinus rhythm, left atrial appendage occlusion, thromboembolic risk,
ventricular assist device, computational fluid dynamics

1 Introduction

Left ventricular assist device (LVAD) therapy is considered a

treatment for patients with end-stage heart failure and is used

either as a bridge to transplant or as destination therapy (Mancini

and Colombo, 2015). Despite the success of this treatment

(Molina et al., 2021), a high risk for thrombosis and,

consequently, stroke related mortality persists (Acharya et al.,

2017; DeVore and Stewart, 2017).

The left atrial appendage (LAA) has been considered as a

potential source of thrombus formation for atrial fibrillation (AF)

patients because of their reduced atrial contractility, which can

lead to blood stasis and platelet deposition (Blackshear and Odell,

1996). AF has also been shown to be a significant risk factor for

thromboembolic events (Stulak et al., 2013; Deshmukh et al.,

2017) affecting up to 54% of patients undergoing LVAD

implantation (Deshmukh et al., 2017).

Occlusion of the LAA has been associated with a lower risk of

thromboembolic events in AF patients undergoing cardiac

surgery (Friedman et al., 2018). For the LVAD population,

LAAO has been recommended to reduce the prevalence of

thromboembolic events, even for patients free from AF

(Deshmukh et al., 2019), however the rationale remains

hypothetical.

Computational Fluid Dynamics (CFD) has the potential to

provide some insight into the changes occurring within the heart

chambers after LAAO. Individual CFD simulations can be

performed with patient-specific models of LVAD patient’s

hearts, which can be used to investigate the influence of both

AF and LAAO on haemodynamics and blood flow. While in

several computational studies, the intraventricular flow pattern

during LVAD support was modeled without including the

essential motion of the heart wall (Chivukula et al., 2018,

2019; Liao et al., 2018a; Liao et al., 2018b; Ghodrati et al.,

2020; Ghodrati and Khienwad, 2021; Ghodrati and

Schlöglhofer, 2021), To date, no CFD simulation study has

examined the effects of AF on the contractile left heart or of

LAAO in patients with LVAD support.

In this study, a patient-specific flow-field simulation was

performed in which the contraction of the left atrium and left

ventricle was implemented by moving the endocardial wall of

these two chambers. This was used to 1) evaluate the blood flow

patterns for an LVAD patient with sinus rhythm (SR) and with

AF and 2) to investigate the post-procedure blood flow dynamics

to quantify the efficacy of LAA occlusion on thrombus-related

flow parameters.

2 Materials and methods

2.1 Patient models

The left atrium and the left ventricle of an LVAD

patient were segmented from computed tomography (CT)

images using Mimics Research 20.0 and 3-matic

Research 13.0 (Materialise, Belgium NV). The end systolic

volume of the atrium and ventricle of this patient were

169 and 295 cm3, respectively (Figure 1). The left

atrial appendage geometry was occluded virtually

(Ansys, SpaceClaim 19.3, Pennsylvania, United States)

(Figure 1).

A mitral valve model (Domenichini and Pedrizzetti, 2015)

was defined using the following parametric equations:

xv(θ, s) � R cos θ(1 − s cosφ) − εRs cosφ

yv(θ, s) � R sin θ(1 − sk cosφ)
zv(θ, s) � −s2(1 + k

2
+ ε cos θ + 1 − k

2
cos 2θ)R sinφ

In which θ is 100 points from 0 to 2π and s is 40 points from
0 to 1. ε � 0.35 shows the symmetry ratio between anterior and

posterior leaflet. k � 0.6, shows the ellipticity of the

valvular edge. φ � 60, shows the opening angle of the mitral

valve.

The created valve geometry was placed at the position and

matching the orientation of the mitral valve as defined via the CT

images.

The mitral valve was considered in the open status with a

rigid wall and the flow rate over the mitral valve was controlled

using the volume change of the left atrium and left

ventricle, leading to zero flow rate over the mitral valve

during systole.

2.2 Meshing

An unstructured tetrahedral mesh with a total of

1.5 million cells was created (Ansys Meshing, 19.3,

Pennsylvania, United States). All of the mesh elements

showed a skewness factor below 0.84 and orthogonal

quality above 0.16, which is in the recommended ranges of

the Ansys Meshing User Guide (Baker, 2016). A suitable mesh

size was chosen based on a mesh independence study, which

can be found in the Supplementary Material.
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2.3 Haemodynamics

The haemodynamics values for a typical LVD patient under

full support were determined based on previous studies, in which

the mass flow rate over LVAD inflow cannula was 5.2 L/min,

blood pressure was equal to 83.8 ± 10.5 mmHg and heartrate was

79.3 ± 17.0 bpm (Jacquet et al., 2011; Martina et al., 2013;

Muthiah, 2015; Burrell et al., 2015; Haft et al., 2007).

Moreover, the left ventricular inflow filling pattern, E/A ratio

of 1.2 ± 0.7 was chosen from (Estep et al., 2014).

The haemodynamics were simulated using the previously

developed and published lumped parameter model (Moscato

et al., 2012). Briefly, the LPM of the circulatory system consists of

active ventricles and atria, simulated by a non-linear elastance

function, with heart valves to prevent backflow, compliant vessels

and resistances for the pulmonary and systemic vascular bed

(arterioles). The pump characteristics (pump head, pump speed

and pump output) of the HVAD (Medtronic) were implemented

with the inlet of the pump connected to the LV and the outlet of

the pump in the aorta.

To simulate the hemodynamics for a typical LVAD patient,

the following parameters in the original lumped parameter

model were adjusted: 1) Heartrate was set to 80 bpm, LV peak

iso-volumic pressure was reduced from 100 to 80 mmHg, 2) right

ventricular peak iso-volumic pressure was reduced from 80 to

50 mmHg, 3) mean circulatory pressure was reduced from

12.5 to 10 mmHg, 4) arterial systemic resistance was reduced

by 6%, and 5) To adapt the E/A ratio, the constant (alpha) for the

calculation of the end-diastolic pressure-volume relation was

increased by 70%.

For the atrial fibrillation scenario, the only change compared

to the typical LVAD patients was the deactivated LA active

contraction. The stroke volume for the AF simulation was a

result of the passive contraction of the atrium (Figure 1).

2.4 Boundary conditions and solver setup

TheNavier-Stokes equations were solved with a finite volume

approach in the CFD solver (FLUENT, Ansys 19.3, Pennsylvania,

United States) and blood flow was modeled using the Laminar

method and Newtonian fluid with a density of 1,060 kg/m3 and a

dynamic viscosity of 0.0035 Pa s was considered. The incoming

flow was delivered over the right and left pulmonary veins with a

distribution of 55 and 45%, respectively (Wong et al., 2014). The

velocity and pressure boundary conditions were imposed at both

the inlet and outlet.

The atrial and ventricular volume waveforms (Figure 1) were

assigned through user-defined functions (UDFs) to implement the

dynamics of the atrium and the ventricle. The atrial and ventricular

volume waveforms were divided in 750 equal time-steps in one

cardiac cycle. Combination of shape optimization algorithm and

dynamicmesh was used tomodel the contraction of the LA and LV.

The shape optimization is a feature in Ansys Fluent in which the

geometry is changed in order to reach a specific criterion. The shape

optimization algorithm was utilized to calculate the geometry

deformation based on the volume difference between two

consecutive time-steps. The calculated value then was used to

move the mesh vortices using dynamic mesh in which a

combination of smoothing and re-meshing methods. The

FIGURE 1
Left heart model (encircled dashed ellipsemarks LAAO) and CFD boundary conditions; PV: pulmonary vein, LA: left atrium, LV: left ventricle, MV:
mitral valve, LAA: left atrial appendage, SR: sinus rhythm, AF: atrial fibrillation, LVAD: left ventricular assist device, IC: inflow cannula.
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dynamic mesh approach in ANSYS (Ansys Fluent, 19.3,

Pennsylvania, United States) applies a form of smoothing in

which the size of the existing elements is modified until the size/

quality of the elements exceed the user defined thresholds (skewness

below 0.84, size below 2mm). In case of a large deformation, the

solver relies on re-meshing, with which new mesh elements will be

added to keep the size/quality in the defined range. The inlet and

outlet boundaries as well as the mitral valve were considered rigid.

The PISO (pressure implicit with splitting of operators)

algorithm was employed along with a second order upwind

scheme. Simulations were performed for duration of 12 cardiac

cycles with a temporal resolution of 0.001 s. The first four cardiac

cycles were defined as the initialization phase to ensure fully

developed atrial and ventricular flow after this time and were

not considered in the final data evaluation. Convergence was

observed in each time step when the residuals were below 10−3

for continuity, x-velocity, y-velocity and z-velocity. All simulations

were performed on the Vienna Scientific Cluster using 2,500 core-

hours for each simulation.

2.5 Flow parameter evaluation

The atrial and ventricular flow variation over time was

determined using the standard deviation of velocity.

Wall shear stress (WSS) within the atrium and the ventricular

surface was categorized in a low non-physiological range

(0–0.2 Pa) (Rayz et al., 2010) and physiological range

(0.2–9 Pa) (Ghodrati et al., 2020). Volumes with a time-

averaged velocity of less than 1 mm/s were defined as

stagnation volumes to highlight stasis regions (Dintenfass,

1964; Rayz et al., 2008).

Atrial and ventricular blood washout was quantified using

a virtual ink technique (Rayz et al., 2010; Prisco et al., 2017) in

which all fluid domains were initialized with an ink

concentration of 0, with a value of 1 at the inlets

representing flow of fresh blood. The rate of atrial and

ventricular washout was calculated by the percentage of old

blood in the atrium and ventricle, normalized by the atrial and

ventricular volume.

FIGURE 2
The volume and flow curves comparison between the lumped-parameter model (LPM) and computational fluid dynamics (CFD) models for
simulations with sinus rhythm (SR) and atrial fibrillation (AF).
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3 Results

3.1 Volume and flow curves

The volume changes of the LA and LV were accurately

implemented by CFD simulation leading to identical flow over

the mitral valve and LVAD cannula between CFD simulations

and LPN model. A comparison of the volume changes and flow

rate values between CFD and LPM results for the SR-LAA

and AF-LAA simulation can be seen in Figure 2. Similar

results were observed for two other simulations (SR-LAAO

and AF-LAAO).

FIGURE 3
Phasic average flow fields at Ewave (A), Diastasis (B), Awave (C) and Mid-systole (D) in a coronal plane for SR-LAA, SR-LAAO, AF-LAA and
AF-LAAO.
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3.2 Blood flow patterns

Blood flow patterns with and without atrial fibrillation and

with/without appendage occlusion were successfully

simulated and on the first view showed similar results,

however the detailed evaluation of the flow fields

showed significant differences in thrombus-related flow

parameters.

3.2.1 SR versus AF
Atrial fibrillation led to a 10% (from 6.8 cm/s to 6.1 cm/s)

reduction of the blood velocity within the atrium. At the E-wave,

due to the passive contraction of the atrium, high blood velocity

was created at the mitral valve, leading to rapid filling of the

ventricle (Figure 3A). With the onset of the diastasis phase,

formation of a recirculation zone was observed within the LAA

for both SR and AF simulations (Figure 3B). During the A-wave

FIGURE 4
(A,B) Time-averagedwall shear stress distribution at the atrial and ventricular wall (A,B), time-averaged stagnation volumewithin the atrium and
ventricle (C,D).
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this region diminished for the simulation with the sinus rhythm

due to the left atrial kick (Figure 3C). In the AF simulation,

persistence of the recirculation zone inside the LAA could be

observed until the end of the cardiac cycle (Figures 3C,D).

3.2.2 SR (LAA versus LAAO)
Occlusion of the appendage, which is a source of

recirculation zones and stasis areas, improved the atrial

haemodynamics. The average blood velocity within the atrium

increased by 5%. The standard deviation of velocity in the LAA

was five times lower than in the LA chamber (LAA: 1.1, LA:

6.2 cm/s).

3.2.3 AF (LAA versus LAAO)
The results of the AF simulation pre and post LAAO were

similar to the simulation with SR. A 6% increase in mean atrial

velocity over one cardiac cycle was observed due to the LAAO.

For the AF simulation, a six times lower standard deviation was

observed within the LAA compared to LA (LAA: 1.1, LA:

7.3 cm/s).

3.3 Wall shear stress and stagnation
volume

3.3.1 SR versus AF
With either SR or AF with intact LAA, thrombosis-related

parameters, mainly at the LAA, were found to be significant

i.e., low WSS values and high stasis volumes. These parameters

however had lower values for the simulation with SR. Atrial

fibrillation leads to an increase of 29% (from 45 to 58 cm2) on the

low WSS area (Figures 4A,B) and 55% (from 4.2 to 6.5 cm3) on

the stasis volume (Figures 4C,D) compared to the SR simulation.

3.3.2 SR (LAA versus LAAO)
Appendage occlusion resulted in a reduction of low WSS

areas and stasis volumes; the reduction of 37% (from 45 to

28 cm2) in areas with lowWSS (Figures 4A,B) and 66% reduction

(from 4.2 to 1.4 cm3) in stasis volume was observed post-LAAO

for SR (Figures 4C,D). The values within the ventricle remained

similar pre- and post-LAAO for both SR and AF (Figure 4).

3.3.3 AF (LAA versus LAAO)
Comparable results were also observed with AF; with a 32%

(from 58 to 39 cm2) reduction in low WSS areas (Figures 3A,B)

and 64% reduction (from 6.5 to 2.3 cm3) in stasis volume (Figures

4C,D). The LAAO did not influence the areas with low WSS or

stagnation volume within the ventricle (Figure 4).

The effect of atrial fibrillation on thrombosis-related flow

parameters (low WSS, stagnation volume) was mainly observed

within the left atrium. These parameters were increased with

atrial fibrillation, but were significantly decreased by occlusion of

the atrial appendage leading to more favorable condition.

3.4 Blood washout

3.4.1 SR versus AF
The blood washout which was calculated using virtual-ink

method showed similar behaviour within the left atrium for SR

and AF simulations before LAAO, after 3 cardiac cycles around

95% of the old blood was replaced with new blood. However, the

ventricular washout was slightly different. The complete

replacement of the old blood with fresh blood in the LV took

2.5 s in the SR simulation and 2.2 s in the AF simulation

(Figures 5A,B).

3.4.2 SR (LAA versus LAAO)
Occlusion of the appendage significantly accelerated the

replacement of the old blood with new blood within the

atrium (Figures 5A,B), while the blood volume exchange

within the ventricle remained similar for pre- and post-LAAO

(Figure 5C). After 2.5 s the old blood within the atrium was

replaced with new blood for LAAO while without the occlusion

3% (5 ml) of the old blood entering the LA on the first cycle

remained in the LAA.

The evaluation of the blood washout only within the

appendage showed that after 8 cardiac cycles, 8% of the old

blood entering the LAA in the first cardiac cycle remains there.

FIGURE 5
Percentage of old blood remaining within the atrium (A), a
close-up for last 5 cycles (B) and ventricle (C) over 8 cardiac cycles.
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3.4.3 AF (LAA versus LAAO)
A similar behaviour as with sinus rhythm was observed for

the atrial fibrillation after LAAO (Figure 5). After 3.2 s the

replacement of the old blood with fresh blood within the

atrium was observed for the LAAO simulation while without

the occlusion 4% (6 ml) of the old blood remained in the LAA.

Evaluation of the washout within the appendage showed that

from the 9 ml of blood entering the LAA on the first cycle, 14% of

9 ml resides there after 8 cardiac cycles (Figure 6).

4 Discussion

Clinical studies show high prevalence of AF for LVAD

patients. AF was diagnosed in 26–54% of patients before

LVAD implantation (Stulak et al., 2013; Deshmukh et al.,

2017) and 13–28% post-LVAD implantation (Hickey et al.,

2016; Deshmukh et al., 2018). Preoperative AF is associated

with an increased risk for thromboembolic events after LVAD

implantation (Stulak et al., 2013; Enriquez et al., 2014), while

postoperative AF increases the risk of ischemic stroke, and device

thrombosis in the long term after LVAD implantation

(Deshmukh et al., 2018). Surgical LAAO at the time of LVAD

implantation was linked to a decrease in thromboembolic events

which has been shown to be true with and without AF

(Deshmukh et al., 2019), however, no clinical trial data is

currently available on this issue to support the decision

making process with respect to left atrial appendage

procedures (Deshmukh et al., 2017).

This is the first study in which numerical simulations show

the effect of LAAO on flow patterns in the left heart under LVAD

support. Four simulations were performed in total: two with

normal sinus rhythm (with and without LAA) and two with AF

(with and without LAA). The hemodynamic differences and

various thrombosis-related parameters including stasis volume,

low WSS and blood residence time were computed (Rayz et al.,

2010). Since fluid dynamical parameters and its influence on the

mechanism for thrombus formation are still poorly understood,

various parameters with complementary roles were considered to

evaluate the risk of thrombosis. Low wall shear stresses show the

areas on the wall where the blood in their vicinity experiences

very low velocities and could be the origin of the thrombus

formation. However, defining a sharp threshold bears the risk to

oversimplify mechanisms and consequently on detecting the size

of stasis regions. Therefore, the stagnation volume was used for

complementary evaluation of the high-risk regions which shows

the high-risk areas within the cavity. Also, the residence time was

used to demonstrate the locations where blood resides there for a

long time, which in combination with low blood velocity, might

lead to platelet aggregation.

Reduction in the flow velocities of the left atrium and LAA

were observed for AF when compared to SR. This behavior was

also observed in 4D flowMRI analysis and was associated with an

elevated risk of stroke for AF patients (Markl et al., 2016). A flow

recirculation zone was observed in the LAA with low velocity,

leading to the formation of a stagnation volume for both SR and

AF simulations. The WSS also remained abnormally low along

the LAA wall during the entire simulation and part of the initially

injected fluid remained within the LAA for more than 8 cardiac

cycles. An increased flow residence time in a region with low

shear stresses and low velocity values may promote blood clot

formation and subsequent adhesion to the LAA wall, since the

formed clot is not transported away by the flow. The results of

this study highlight the risk of clot formation in the LAA for

LVAD patients independent of AF. This could be the reason for

the lower prevalence of thromboembolic events for patients who

received surgical LAAO at the time of LVAD implantation

(Deshmukh et al., 2019). This finding is consistent with

findings of clinical studies performed for patients with AF

who were scheduled to undergo cardiac surgery. In this study

LAAO showed larger influence than antithrombotic therapy

among high-risk AF patients with regards to risk reduction of

ischemic strokes and systemic embolism (Chen et al., 2021;

Whitlock et al., 2021).

FIGURE 6
Volume of the old blood remaining in the LAA after 8 cardiac cycles.
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The distribution of low WSS at the ventricular wall and thus

the formation of stagnant volume within the ventricular cavity

was unchanged for both SR and AF, for both occluded and

unoccluded LAAs. These results show that thrombosis-related

parameters are important in the LAA, but play a minor role in the

left ventricle.

4.1 Limitation

The evaluation was performed for one patient geometry that

allows us comparison between the sinus rhythm and atrial

fibrillation with and without LAA for LVAD patients in the

same geometry. However, There are other forms and shapes of

the LAA (Cactus, Chicken Wing, Windsock, and Cauliflower)

which likely influence the hemodynamics within the LA (Beigel

et al., 2014). Since the quality of CT scans for LVAD patients was

not sufficient for segmentation of the mitral valve and papillary

muscles, a standardized parametric mitral valve was used which

allows comparison with other studies (Liao et al., 2018a; Liao

et al., 2018b).

5 Conclusion

To conclude, this is the first study that applies moving walls

and realistic hemodynamics in order to quantitatively analyze the

effects of AF and LAAO in the LVAD population. The findings of

this study highlight the unfavorable hemodynamics at the LAA

for LVAD patients with both SR and AF. Occlusion of the LAA

significantly reduced the thrombus related flow mechanical

parameters. This procedure could be performed concomitant

with LVAD implantation and might lower the risk of

thromboembolic events caused by the appendage.
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