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Abstract
The measurement of fractional flow reserve (FFR) and superficial wall stress (SWS) identifies inducible myocardial ischemia 
and plaque vulnerability, respectively. A simultaneous evaluation of both FFR and SWS is still lacking, while it may have 
a major impact on therapy. A new computational model of one-way fluid–structure interaction (FSI) was implemented and 
used to perform a total of 54 analyses in virtual coronary lesion models, based on plaque compositions, arterial remodeling 
patterns, and stenosis morphologies under physiological conditions. Due to a greater lumen dilation and more induced strain, 
FFR in the lipid-rich lesions (0.81 ± 0.15) was higher than that in fibrous lesions (0.79 ± 0.16, P = 0.001) and calcified lesions 
(0.79 ± 0.16, P = 0.001). Four types of lesions were further defined, based on the combination of cutoff values for FFR (0.80) 
and maximum relative SWS (30 kPa): The level of risk increased from (1) plaques with mild-to-moderate stenosis but nega-
tive remodeling for lipid-rich (Type A: non-ischemic, stable) to (2) lipid-rich plaques with mild-to-moderate stenosis and 
without-to-positive remodeling (Type B: non-ischemic, unstable) or plaques with severe stenosis but negative remodeling for 
lipid-rich (Type C: ischemic, stable) to (3) lipid-rich plaques with severe stenosis and without-to-positive remodeling (Type 
D: ischemic, unstable). The analysis of FSI to simultaneously evaluate inducible myocardial ischemia and plaque stability 
may be useful to identify coronary lesions at a high risk and to ultimately optimize treatment. Further research is warranted 
to assess whether a more aggressive treatment may improve the prognosis of patients with non-ischemic, intermediate, and 
unstable lesions.
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Abbreviations
CFD	� Computational fluid dynamics
DS%	� Percent diameter stenosis
FEA	� Finite element analysis
FFR	� Fractional flow reserve
FSI	� Fluid–structure interaction

MLD	� Minimum lumen diameter
rSWS	� Relative superficial wall stress

Introduction

The potential of a certain lesion to induce myocardial 
ischemia as well as the underlying vulnerability of the 
plaque are two important issues that are considered by cli-
nicians when deciding whether there is a need for coronary 
revascularization. Measurement of fractional flow reserve 
(FFR) is the current gold standard for assessing whether a 
particular coronary lesion is hemodynamically significant 
and may cause myocardial ischemia during physical activity 
[1–3]. Currently, several novel methods have been developed 
to non-invasively evaluate FFR, using image information 
from coronary computed tomography [1, 4] or coronary 
angiography [5]. However, coronary plaques with different 
internal composition deform differently in response to the 
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same blood pressures, with soft lipid-rich plaques presenting 
the greatest deformation and the most significant changes 
in lumen diameter [6]. As computational fluid dynamics 
(CFD)-based technologies usually treat the dynamic lumen 
as a stationary wall, such approaches are unable to analyze 
the time-varying hemodynamic states with the dynamic 
lumen stenosis severity during the cardiac cycle. Therefore, 
while the impact of plaque composition on FFR is greatly 
unknown, it may represent a source of error for the non-
invasive measurement of FFR.

Approaches that use image-based finite element analy-
sis (FEA) allow to analyze the dynamic nature of coronary 
lesions geometry in order to assess the risk of plaque rup-
ture [6–12]. Patient-specific image-based FEA studies have 
shown that plaques with a higher fibrous cap/wall stress are 
prone to rupture and might induce acute coronary events 
[7–9], while the maximum cap stress or superficial wall 
stress (SWS) may serve as a biomechanical predictor of 
plaque vulnerability [10–13]. However, the mechanical envi-
ronment of a coronary plaque is a highly complex interac-
tion process, in which the change of coronary arterial wall 
morphology, caused by cardiac contraction, can alter intra-
luminal blood flow domains and hemodynamic parameters 
(e.g., flow velocity, blood pressure), that in turn can react 
on the vessel wall and affect mural deformation and stress. 
Previous studies have used the simulations of fluid–struc-
ture interaction (FSI) to improve the accuracy identification 
of vulnerable sites of carotid or coronary plaques [14–16]. 
However, a simultaneous evaluation of both, inducible myo-
cardial ischemia and plaque vulnerability, is still lacking.

The simultaneous evaluation of the two ‘mechanophysiol-
ogy’ indices FFR and maximum SWS, which respectively 
characterize the pathophysiological function and biome-
chanical properties of an individual coronary lesion, might 
theoretically help tailor treatment of individual coronary 
lesions. Therefore, in the present study, a one-way FSI com-
putational model was implemented on idealized coronary 
plaque models with various combinations of plaque tissue, 
vascular remodeling, and stenosis morphology, in order to 
assess the impact of the aforementioned lesion features on 
FFR and maximum SWS.

Materials and methods

Coronary plaque structure and flow models

For coronary plaque structural models, a total of 18 geo-
metric models of coronary plaques were created based on 
the combination of 3 arterial remodeling patterns (nega-
tive, without, and positive remodeling), 3 percent diameter 
stenoses (DS%) (33.3, 50 and 66.7%) and 2 lesion lengths 
(10  mm and 20  mm) (Fig.  1A). Plaque burden, plaque 

volume divided by stenotic segment volume, increased from 
negative to positive remodeling to resemble the situation 
in vivo (Fig. 1B). Three scenarios of dissimilar predomi-
nant plaque compositions (lipid-rich, fibrous, and calcified 
plaques) were further created by modifying the correspond-
ing material properties of the plaque compositions. Details 
of finite element models for all cases have been previously 
described, including geometric dimensions, mesh density, 
material parameters of intima, media, and adventitia, and 
plaque compositions [6].

For intraluminal fluid models, six geometric models were 
created based on the two lumen shape controlling parameters 
(i.e., DS% and lesion length). Blood flow in coronary arter-
ies was simulated in a Navier–Stokes model and considered 
as incompressible, viscous Newtonian fluid with a density 
of 1060 kg/m3 and dynamic viscosity of 0.0035 Pa·s. The 
fluid geometric models for all cases were meshed within 
ICEM software (v15.0, ANSYS Inc., Canonsburg, Pennsyl-
vania). Boundary layer grids in near wall were generated as 
follows: the first layer length of 0.0064 mm was calculated 
by the empirical formula y = y

+
�

�u∗
 , where the empirical 

parameter y+ was 1 for laminar flow model, � was dynamic 
viscosity, u∗ was friction velocity in near wall, which was 
calculated by u∗ = �

w

�
 , here, �

w
 was wall shear stress. For near 

wall with boundary layer, a pentahedral mesh of boundary 
layer with a total height of 0.073 mm was generated by expo-
nential growth with a length ratio of 1.2. The middle part of 
the blood stream was discretized with a coarser mesh using 
the following parameters: global element scaling factor of 1, 
global element length of 1.2 mm, adaptive mesh refinement 
length of 0.6 mm and refinement factor of 10.

Boundary conditions

For the boundary conditions of fluid models, the proximal 
pulse pressure (Fig. 2A) and distal flow velocity (Fig. 2B) 
within one cardiac cycle, measured in a narrowed coronary 
artery at maximum hyperemia by the pressure transducer 
of the guiding catheter and Doppler wire respectively [17], 
were implemented into FLUENT software (v15.0, ANSYS 
Inc., Canonsburg, Pennsylvania) by use of user defined 
function.

For structural models, both the proximal and distal ends 
were constrained in the vessel longitudinal direction, and the 
outer surface of surrounding tissue was fully constrained. 
One-way coupling method from structure domain to fluid 
domain was used instead of two-way FSI to reduce com-
putational efforts. In order to make the lumen deforma-
tion within a physiological range, a relative pressure field 
varied with time and space was performed to apply on the 
lumen, because wall strain would be significantly overesti-
mated under physiological loadings if neglecting residual 
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Fig. 1   Demonstration of FFR changes according to lesion length, per-
cent diameter stenosis, arterial remodeling pattern and plaque com-
positions in idealized models. A Half section view of 18 structural 
models of coronary plaques were created based on the combination 
of lesion length, DS% and arterial remodeling. (a–f) Zoom views of 
these stenosis segments, yellow color: fibrous cap; blue color: plaque 
compositions. B Parameters for the 18 structural models with 2 lesion 
lengths (10 and 20 mm), 3 DS% (33.3, 50.0 and 66.7%), and 3 arterial 
remodeling states (negative, without and positive remodeling). Plaque 

burden of the models increased from negative to positive remodeling. 
FFR in lipid-rich lesions (0.81 ± 0.15) was higher than in fibrous 
(0.79 ± 0.16, P = 0.001) and calcified lesions (0.79 ± 0.16, P = 0.001). 
C Effects of plaque features on FFR. (Top) DS% of 33.3%; (middle) 
DS% of 50.0%; (Bottom) DS% of 66.7%; yellow bar: lesion length 
of 10 mm; violet bar: lesion length of 20 mm. DS% percent diameter 
stenosis, NR negative remodeling, WR without remodeling, PR posi-
tive remodeling

Fig. 2   The boundary conditions of intraluminal blood flow are measured from a patient moderate stenosis at maximum hyperaemia (from 
Marques et al. [17] with permission). A Pressure–time curve at proximal, B velocity–time curve at distal
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stress [18]. The relative pressure field was obtained as fol-
low: first multiplied the proximal pulse pressure–time curve 
by the local scaling factors along the vessel, which were 
obtained by the normalization of the longitudinal pressure 
drop curve by reference to the proximal pressure [6], and 
then subtracted the pressure value at initial state. Note that 
the stress obtained under the relative pressure field was low-
ered, hereafter noted as relative stress.

End-diastasis (i.e. the phase of near-quiescence in mid-
diastole) was selected as the initial time, because the strain 
energy and stress might be at the lowest level throughout the 
cardiac cycle. Thus, the systolic time interval ranges from 
0.15 to 0.50 s, and the diastolic time interval ranges from 
0.50 to 1.0 s and then from 0.0 to 0.15 s.

Fluid–structure interaction solvers

The structural analysis was performed in the commercial 
finite element software ABAQUS/Explicit (V6.13, Simulia 
Dassault Systems, Providence, RI, USA), and FLUENT soft-
ware was used for fluid simulation. In this study, the lowest 
Reynolds number was around 2044 for the stenosis model 
with a DS% of 33.3%. Despite the low Reynolds number, 
turbulence might occur downstream of the stenosis and 
thus the Standard k-epsilon model was applied for turbulent 
flow analyses in FLUENT. The real-time data transfer of the 
nodal positions on the interface from structure to fluid was 
conducted in MpCCI software (v4.4, Fraunhofer Gesells-
chaft, München, Germany), which has been extensively used 
to study FSI phenomenon in various fields [19].

Catheter-derived pressure is generally like to represent 
total pressure (the sum of static pressure and dynamic pres-
sure), while the pressure computed in FLUENT is static 
pressure. Thus, it needed to add the item of the dynamic 
pressure 1

2
�v

2 for FFR calculation, especially in the stenotic 
segment with a quadratic increase in dynamic pressure due 
to substantial increase of blood flow velocity at the stenosis 
[20].

Mechanophysiology indices of coronary plaques

A previous study suggests that plaque structural stress value 
of 135 kPa is a good predictor of rupture in higher risk 
regions [21]. However, Ohayon et al. indicates that peak 
stress may be overestimated by approximately four-folds, if 
residual stress is neglected [18]. Thus, we set 30 kPa as the 
threshold value of the relative superficial wall stress (rSWS) 
to determine plaque stability or rupture risk. Lesions with a 
maximum rSWS > 30 kPa were plaques with low stability, 
otherwise, plaques had high stability. Moreover, to deter-
mine the ischemia-causing property of lesions, we used an 
FFR threshold of ≤ 0.80, as applied in clinical practice.

Statistics analysis

Descriptive statistics are reported as mean ± standard 
deviation. Normal distribution was tested with the Shap-
iro–Wilk test. Differences in FFR between lipid-rich and 
fibrous, calcified groups were evaluated by Student t test 
or Mann–Whitney U test, as appropriate. To investigate the 
association of the mechanophysiology indices with plaque 
feature variables (including plaque compositions, plaque 
burden, DS% and lesion lengths), multivariable regression 
analysis was performed. These four variables were then con-
sidered for entry in the respective multivariable regression 
models (if P < 0.1 in the univariate regression analysis); 
variables that were no longer significant in this multivari-
able model were removed from the model using a backward-
stepping algorithm. A Kruskal–Wallis H test was used for 
comparing three groups of plaque compositions. Statistical 
significance was further examined by post hoc testing to 
determine paired differences of three plaque composition 
groups, using Bonferroni correction to account for multiple 
tests. All statistical tests were two-sided and a P < 0.05 was 
considered statistically significant, except the Bonferroni-
adjusted P values. All analyses were performed with IBM 
SPSS (v22.0, SPSS Inc., Chicago, Illinois).

Results

A total of 54 FSI analyses were performed, using the devised 
idealized stenosis models based on 3 plaque compositions, 3 
remodeling patterns, 3 DS%, and 2 lesion lengths.

Transient analysis of fluid structure interaction

A representative example of FSI analysis of the 10 mm-long, 
a 50% diameter stenosis, and lipid-rich plaque without arte-
rial remodeling is shown in Fig. 3 as well as in Videos 1 
and 2. By the 4 key time instants (i.e. end-diastole, mid-
systole, end-systole, and mid-diastole), the entire cardiac 
cycle was divided into 4 periods: early systole, late systole, 
early diastole, and late diastole. During systole, the peak 
stress of the lipid-rich plaque first increased to a maximum 
value of 35.77 kPa at mid-systole (Fig. 3a2), and it then 
began to decrease (Fig. 3a2–a3). Subsequently, the peak 
stress retained at a relatively low level during diastole 
(Fig. 3a3–a4–a1).

Figure 3b1–b4 shows the velocity profiles at 5 mm-inter-
vals along the vessel at the four cardiac phases. At end-
systole (t = 0.50 s), the peak flow velocity in the stenotic 
segment rapidly decreased to a minimum value of 0.63 m/s 
within 0.10 s (Fig. 3b3); then it sharply increased to a maxi-
mum of 3.21 m/s at mid-diastole (t = 0.70 s) (Fig. 3b4). 
In late diastole, the peak flow velocity began to gradually 
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decline until mid-systole (Fig. 3b2). As shown in Video 
2, the interface of the lipid plaque produced clearly vis-
ible deformation due to the dynamic blood pressure, and it 
thereby altered the DS% and flow velocity.

The dynamic pressure, which is the difference between 
total pressure (red solid line) and static pressure (blue dot-
ted line) (Fig. 3c1–c4), was first increased then decreased 
along the vessel’s longitudinal axis. And the dynamic pres-
sure reached to a maximum value at the narrowest site for 
all cardiac phases. Moreover, pressure drop, calculated by 
subtracting the total pressure of the distal end from that of 
the proximal end, showed a trend similar to the variation of 

the peak flow velocity during cardiac cycle. At end-systole, 
the pressure drop rapidly decreased to a minimum value 
of 1.04 mmHg (Fig. 3c3), and at mid-diastole it sharply 
increased to a maximum of 18.50 mmHg (Fig. 3c4). In late 
diastole, the pressure drop began to decline until mid-systole 
(Fig. 3c2).

Effect of plaque feature variables on FFR

FFR values were higher in lesions with lipid-rich plaques 
(0.81 ± 0.15) as compared to FFR values in lesions with 
fibrous plaques (0.79 ± 0.16, P = 0.001) or calcified plaques 

Fig. 3   Representative example of fluid–structure interaction analy-
sis of 10 mm-long lipid-rich plaque with 50% diameter stenosis and 
without arterial remodeling. a1–a4 Half section view of structural 
stress distribution contours, b1–b4 fluid velocity profiles at 5  mm-
intervals in the lumen, c1–c4 pressure curves along the vessel longi-

tudinal direction (red solid line: total pressure, blue dotted line: static 
pressure) at end-diastole (t = 0.15 s), mid-systole (t = 0.40 s), end-sys-
tole (t = 0.50  s), mid-diastole (t = 0.70  s) in the cardiac cycle. Prox: 
Proximal; Dist: Distal. (Videos in online appendix)
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(0.79 ± 0.16, P = 0.001) (Fig.  1B). Specifically, in the 
20 mm-long lesion with a DS% of 33.3% and no artery 
remodeling, FFR was 0.94, 0.93, and 0.93 for lipid-rich, 
fibrous, and calcified plaques, respectively. FFR decreased to 
0.86, 0.83, and 0.82, respectively, when the DS% increased 
to 50%. FFR further decreased to 0.61, 0.59, and 0.59, when 
the DS % increased to 66.7%. Accordingly, in the 20 mm-
long lesion without artery remodeling, the difference in 
minimal lumen diameter (MLD) between lipid-rich and 
calcified plaques was 0.48 mm when the DS% was 33.3%. 
The difference in MLD increased to 0.58 mm when the DS% 
increased to 50%. However, when the DS% further increased 
to 66.7%, the difference in MLD decreased to 0.03 mm. Of 
note, the variation in FFR among three plaque compositions 
was greatest for the DS % of 50% (Fig. 1C middle), and 
the mean difference in FFR between lipid-rich and calcified 
plaques was 0.04 in the 20-mm long lesion and 0.02 in the 
10 mm-long lesion.

The FFR values of the 20 mm-long plaques were lower 
than that of 10 mm-long plaques with DS % of 33.3% and 
50% (Fig. 1C top and middle, yellow bar vs. violet bar), but 
were slightly higher than that of 10 mm-long plaques with 
a DS% of 66.7% (Fig. 1C bottom, yellow bar vs. violet bar). 
Plaque burden had little influence on the FFR. As may be 

expectedly, FFR decreased with increasing DS% (Fig. 1C 
top vs. middle vs. bottom).

Statistical analysis of mechanophysiology indices

DS% was the only independent predictor of FFR (Table 1, 
Fig. 4B). The variation amplitude of DS% within the cardiac 
cycle was independently associated with plaque composi-
tion and DS% (Table 1). The variation amplitude of DS% 
in the lipid-rich plaques (0.12% ± 0.09%) was significantly 
higher than that in fibrous plaques (0.01% ± 0.01%, adjusted 
P < 0.001), and in calcified plaques (0.01% ± 0.00%, adjusted 
P < 0.001) (Fig. 4A). Similar results were obtained for the 
maximum rSWS among 3 groups of plaque compositions 
(Fig. 4C). The maximum rSWS was independently asso-
ciated with both plaque composition and plaque burden 
(Table 1, Fig. 4C). 

Plaque stability and ischemic potential of coronary 
lesions

Based on the cutoff values of maximum rSWS and FFR, 
all plaques were graded into 4 categories (Fig. 5). Type A: 
FFR-negative and low maximum rSWS plaques (FFR > 0.80 

Table 1   Independent factors of 
the mechanophysiology indices 
of coronary plaques by fluid–
structure interaction analysis 
(n = 54)

DS% is the only independent predictor of FFR
Variables entered in the multivariable model: (A) amplitudes of DS%: plaque composition and DS%; (B) 
maximum rSWS: plaque composition and plaque burden
CI confidence interval, DS% percent diameter stenosis, FFR fractional flow reserve, rSWS relative superfi-
cial wall stress

Mechanophysiology indices Independent predictors Regression coefficients (95% CI) P

FFR DS % − 0.175 (− 0.190, − 0.159) < 0.001
Amplitudes of DS% Plaque composition − 0.054 (− 0.072, − 0.037) < 0.001

DS % − 0.028 (− 0.045, − 0.011) 0.002
Maximum rSWS Plaque composition − 16.364 (− 19.608, − 13.120) < 0.001

Plaque burden 5.063 (1.820, 8.307) 0.003

Fig. 4   Effect of plaque compositions on the outcomes of fluid–structure interaction analysis (n = 54). A The amplitude of DS% variation, B frac-
tion flow reserve (FFR), C maximum relative superficial wall stress (rSWS)
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and maximum rSWS ≤ 30 kPa) consisted of fibrous or cal-
cified plaques with DS% of 33.3% or 50%, and lipid-rich 
plaques with DS% of 33.3% or 50% but negative remodeling; 
Type B: FFR-negative and high maximum rSWS plaques 
(FFR > 0.80 and maximum rSWS > 30 kPa) included lipid-
rich plaques with DS % of 33.3% or 50% but positive or 
no remodeling; Type C: FFR-positive and low maximum 
rSWS plaques (FFR ≤ 0.80 and maximum rSWS ≤ 30 kPa) 
were calcified or fibrous plaques with DS% of 66.7%, and 
66.7% diameter narrowing lipid-rich plaques with negative 
remodeling; and Type D: FFR-positive and high maximum 
rSWS plaques (FFR ≤ 0.80 and maximum rSWS > 30 kPa) 
were 66.7% diameter narrowing lipid-rich plaques with posi-
tive or no remodeling.

Discussion

We have implemented a new computational model of one-
way FSI analysis that allows to simultaneously evaluate both 
coronary plaque stability and inducible myocardial ischemia. 

In this study, which comprised a total of 54 FSI analyses in 
devised idealized stenosis models, we found that both FFR 
computation and maximum rSWS are affected by a deform-
ing coronary lumen, with higher FFR and maximum rSWS 
in obstructed coronary segments with lipid-rich plaques. In 
addition, four types of coronary lesions were further defined 
based on FFR value and maximum rSWS. This may be use-
ful to identify coronary lesions at a particularly high risk, 
and it may ultimately help to optimize treatment.

Importantly, FFR values were higher (i.e., clinically 
favorable) in deformable lipid-rich plaques than in rigid 
fibrous and calcified plaques. This may be explained by 
the greater cyclic lumen dilatation due to the presence of 
lipid-rich plaques. As conventional straightforward CFD-
computations of FFR typically assume a rigid vessel wall, 
such methods may in lipid-rich plaques estimate FFR val-
ues that actually are too low. Such underestimation of FFR 
may increase the likelihood of false-positive result (i.e., false 
identification as ischemia-causing) with the risk of perform-
ing an invasive treatment that—actually is unjustified from a 
hemodynamic point of view. Although the mean difference 
in computed FFR was only 0.02 for stenosis models with 
different plaque compositions, the difference in individual 
model might be substantial, e.g., for the 20 mm-long lesion 
with 50% DS, the difference in computed FFR based on dif-
ferent plaque compositions can be up to 0.07.

Interesting, our results shows that the difference in FFR 
among three different plaque compositions increased when 
diameter stenosis increased from 33.3 to 50%, but decreased 
when diameter stenosis further increased from 50 to 66.7%. 
This might be explained by the fact that the MLD differed 
the most between lipid-rich plaque and calcified plaque 
when the stenosis was moderate. Instead, the MLD differed 
less when the stenosis became very tight, likely due to the 
decrease of blood pressure at the radial direction and the 
increase of blood pressure in the lateral direction, which 
resulted in less lumen deformation when lipid plaque was 
presented. We also found that plaques with mild or moder-
ate stenosis and shorter lesion length tended to have higher 
FFR values than plaques with similar obstruction but longer 
lesion length. This is consistent with the results of the previ-
ous study [22]. The opposite was found for plaques with a 
severe stenosis (DS% of 66.6%). This could be explained by 
the conjecture that coronary pressure drop might be related 
to the longitudinal gradient of the lumen shape. Stroud et al. 
previously also indicated that the aspect ratio, defined as 
lesion length divided by lumen diameter, had considerable 
influence on the flow field [23].

The transient FSI results of the representative example 
show that the peak rSWS occurs at the lesion’s proximal 
shoulder during systole, whereas the superficial wall pro-
duces low stress level during diastole. These findings make 
sense and are consistent with the results of our previous 

Fig. 5   Simultaneous evaluation of fraction flow reserve (FFR) and 
maximum relative superficial wall stress (rSWS) of the coronary 
lesions with four quadrant classification. The smaller the FFR value, 
the more severe the ischemia; the smaller the maximum rSWS, the 
more stable the plaque; FFR > 0.80 is non-ischemic (DS% of 33.3% 
and 50%), FFR ≤ 0.80 is ischemic (DS% of 66.7%); maximum 
rSWS > 30 kPa is unstable plaque (lipid-rich plaques with positive or 
no remodeling), maximum rSWS ≤ 30  kPa is stable plaque (fibrous 
and calcified plaques, and lipid-rich plaques with negative remode-
ling); Type A: non-ischemic and stable plaque; Type B: non-ischemic 
and unstable plaque; Type C: ischemic and stable plaque; Type D: 
ischemic and unstable plaque



1570	 The International Journal of Cardiovascular Imaging (2019) 35:1563–1572

1 3

study [6]. During early systole, coronary blood flow velocity 
is slowly decreased and pressure drop through the stenosis 
is changed mildly (Fig. 3c1–c2), probably because of the 
extremely high microvascular resistance, caused by the con-
traction of the ventricle. During late systole, the decrease 
in coronary pressure drop might be the result of a faster 
decrease in proximal (aortic) pressure than in distal coro-
nary pressure due to the slowed ventricular ejection. But 
microcirculatory resistance is still high during the late stage 
of systole, resulting in a sharp decrease in coronary flow 
velocity (Fig. 3b2–b3) until the minimum is reached at end-
systole due to the closure of the aortic valve. Thereafter, 
the heart immediately relaxes from the apex and micro-
circulatory resistance begins to decrease during the early 
diastole, which may result in a rapid decrease in distal coro-
nary pressure. Thus, pressure drop is markedly increased 
(Fig. 3c3–c4), which leads to a rapid increase in coronary 
flow velocity (Fig. 3b4). During late diastole, coronary flow 
velocity gradually decreases (Fig. 3b4–b1) with the slow 
decrease in coronary pressure drop (Fig. 3c4–c1), since 
microcirculatory resistance might be almost invariably in 
the resting state. In summary, coronary pressure drop and 
peak flow velocity had a similar trend during the entire car-
diac cycle, which is consistent with the empirical formula 
of the quadratic relationship between pressure drop and flow 
velocity [17].

In our present study, four types of coronary lesions were 
categorized, based on different combinations of the maxi-
mum rSWS (> or ≤ 30 kPa) and FFR (> or ≤ 0.80). The 
group of non-ischemic and stable lesions (Type A), which 
are quite safe and need no invasive treatment, consisted of 
hard plaques with a mild-to-moderate stenosis, and lipid-
rich plaques with a mild-to-moderate stenosis and negative 
remodeling. The non-ischemic and unstable lesion group 
(Type B) consisted of lipid-rich plaques with mild-to-moder-
ate stenosis and without-to-positive remodeling; thus, plaque 
stability is the primary concern and optimal medical treat-
ment is sufficient while stenting can be safely deferred [24]. 
The ischemic and stable lesion group (Type C) was hard 
plaques with a severe stenosis, and lipid-rich plaques with 
a severe stenosis and negative remodeling; in this group, 
the ischemia-inducing stenosis is the primary concern and, 
if technically feasible, there is an indication for coronary 
stenting. The ischemic and unstable lesion group (Type D) 
that consists of lipid-rich plaques with severe stenosis and 
without-to-positive remodeling may be considered as high-
risk plaques. Thus, the level of clinical risk increases from 
Type A to Type B or C, and finally to Type D. Because of 
the various combinations of vulnerability and hemodynamic 
significance of coronary lesions, which can also be seen in 
clinical practice, it makes sense to simultaneously assess 
plaque vulnerability and inducible ischemia. This may ulti-
mately help to guide and optimize treatment.

In the FAME (fractional flow reserve versus angiography 
for multivessel evaluation) [25] and FAME II [26] trials, the 
clinical benefit of FFR-guided PCI was demonstrated. On 
the other hand, a recent study shows that baseline mechani-
cal plaque stress increased in plaques responsible for MACE 
and improved the ability of intracoronary imaging to predict 
events [9]. Of note, Wu et al. [6]. showed several imaging 
features for identifying vulnerable plaques, such as large 
lipid core, thin fibrous cap, and positive vessel remodeling, 
would lead to higher mechanical plaques stress, especially 
at the superficial wall layer. This supports the potential clini-
cal values of rSWS. Thus, FFR combined with maximum 
rSWS evaluation of plaque vulnerability may theoretically 
provide an even better risk stratification and could be use-
ful to choose a tailored treatment strategy, in particular for 
critical lesions with FFR values between 0.75 and 0.80 (i.e., 
the ‘diagnostic gray zone‘ of FFR).

The present study has some limitations. Firstly, in all 
cases the same boundary conditions of pulse pressure at 
proximal and blood flow velocity at distal were applied. 
In fact, the hyperemic coronary blood flow velocity may 
decrease if lumen diameter is reduced by more than 50%, 
as the counteractive effects of coronary autoregulation are 
exhausted [27, 28]. However, the assumption of the same 
boundary conditions of fluid dynamics was deemed accept-
able for the purpose of the present comparison. Secondly, 
we applied the relative pressure field to derive the reasonable 
wall deformation and stress instead of considering residual 
stress in the structural analysis. Currently, it is still a great 
challenge to accurately obtain the residual stress in vivo of 
atherosclerotic arteries with different composition, morphol-
ogy and structure. However, in our analysis, the maximum 
relative SWS of lipid-rich plaques was of the same order 
of magnitude of the peak stress when considering residual 
stress in a previous study [18]. Thirdly, composition and 
morphology of the idealized plaque models differ from 
actual atherosclerotic plaques. However, the diversity in 
clinical presentation, substantial inter-individual heteroge-
neity in circulatory parameters, and the presence of many 
other confounding factors in real patients have been major 
obstacles in previous attempts to elucidate the complex bio-
mechanical state of coronary plaques [29]. Therefore, in the 
present study, simplification of the idealized models was 
required in order to investigate the effect of individual fac-
tors on mechanophysiology indices.

Conclusions

The analysis of fluid–structure interaction to simultaneously 
evaluate inducible myocardial ischemia and plaque stabil-
ity may be useful to identify coronary lesions at a high risk 
and to ultimately optimize treatment. Further research is 
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warranted to assess whether a more aggressive treatment 
may improve the prognosis of patients with intermediate, 
non-ischemic, and unstable lesions.
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