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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.
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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 themost 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

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

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

	Accurate Calculation of FFR Based on a Physics-Driven Fluid‐Structure Interaction Model
	Introduction
	Methods
	Establishment of Dual-Coupled Three-Dimensional Fluid–Structure Interaction–Zero-Dimensional Model
	Dual Coupling Algorithm
	Simulation of Hyperemia
	Calculation Settings
	Clinical Data Collection and Processing

	Results
	Patient Information
	FFRct Calculation Results
	Correlation Analysis for Fractional Flow Reserve

	Discussion
	Influence of the Elastic Wall on FFRct
	The Authenticity Based on Use of the Dual-Coupling Model
	The Accuracy of the Dual Coupling Model to Calculate FFRDC

	Limitations and Future Work
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


