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Abstract

Although fractional flow reserve (FFR) and coronary flow reserve (CFR) are

both frequently used to assess the functional severity of coronary artery steno-

sis, discordant results of diagnosis between FFR and CFR in some patient

cohorts have been reported. In the present study, a computational model was

employed to quantify the impacts of various pathophysiological factors on

FFR and CFR. In addition, a hyperemic myocardial ischemic index (HMIx)

was proposed as a reference for comparing the diagnostic performances of

FFR and CFR. Obtained results showed that CFR was more susceptible than

FFR to the influence of many pathophysiological factors unrelated to coronary

artery stenosis. In particular, the numerical study proved that increasing hyper-

emic coronary microvascular resistance significantly elevated FFR while reduc-

ing CFR despite fixed severity of coronary artery stenosis, whereas introducing

aortic valve disease only caused a significant decrease in CFR with little influ-

ence on FFR. These results provided theoretical evidence for explaining some

clinical observations, such as the increased risk of discordant diagnostic results

between FFR and CFR in patients with increased hyperemic microvascular

resistance, and significant increase in CFR after surgical relief of severe aortic

valve disease. When evaluated with respect to the predictive value for hyper-

emic myocardial ischemia, the performance of FFR was found to be consider-

ably compromised in the presence of severe coronary vasodilation dysfunction

or aortic valve disease, whereas the relationship between CFR and HMIx

remained relatively stable, suggesting that CFR may be a more reliable indica-

tor of myocardial ischemia under complex pathophysiological conditions.
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1 | Introduction

Fractional flow reserve (FFR) and coronary flow reserve (CFR) are widely used hemodynamic indices for evaluating the
functional severity of epicardial coronary stenosis.1,2 Although clinicians prefer to adopt a fixed cut‐off value (eg,
FFR < 0.8, CFR < 2.0) in FFR‐ or CFR‐based decision making,3 FFR and CFR can be influenced in different ways or
degrees by many factors unrelated to the severity of coronary artery stenosis, such as hyperemic coronary microvascular
resistance,3,4 heart rate5 and aortic valve disease.6,7 Another problem often encountered in clinical practice arises from
the discordant diagnostic outcomes of FFR and CFR. It has been found that the results of diagnosis with FFR and CFR
only agree moderately with each other in the same patient cohort,3,8 with the distributions of FFR and CFR relative to
the cut‐off values differing considerably in some patients.9 Clinical studies have revealed some mechanisms underlying
the discordance between FFR and CFR. For instance, FFR‐CFR discordance was more likely to be detected in patients
with diffuse coronary artery atherosclerosis or small‐vessel disease,10 and increased hyperemic coronary microvascular

FIGURE 1 Computational modeling of the coronary circulation coupled with the global cardiovascular system: (A) epicardial coronary

arterial tree at the anterior myocardial wall (represented by a 1‐D model); (B) epicardial coronary arterial tree at the posterior myocardial

wall (represented by a 1‐D model); (C) morphology of normal/diseased aortic valve (represented by a lumped parameter model governed by

Equations (1) and (2)); (D) configuration of the entire model; (E) diagrammatic descriptions of intramyocardial vessels (represented by a 0‐D

model) and normal/impaired vasodilation function (adapted from19 with modifications and represented in the model by adjusting the

hyperemic resistance of intramyocardial vessels). Note that (a) penetrating arteries affiliated to the LAD, LCx and RCA trees are numbered as

88‐108, 109‐129 and 130‐140, respectively, which are not shown in panels (A) and (B) in order to simplify the illustration; and (b) detailed

descriptions of the 0‐1‐D model of the systemic circulation and 0‐D model of intramyocardial vessels have been reported in,18,20 respectively.

Abbreviations: LM, left main coronary artery; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; RCA, right

coronary artery; EOA, effective orifice area; AS, aortic valve stenosis; AR, aortic valve regurgitation; Plv, left ventricular blood pressure; Pim,

intramyocardial tissue pressure; E, elastance; L, inertance; R, viscous resistance; C, compliance; B, Bernoulli's resistance; S, viscoelasticity

coefficient; Pit, intrathoracic pressure; Ppc, pericardium pressure; ra, right atrium; rv, right ventricle; tv, tricuspid valve; pv, pulmonary valve;

pua, pulmonary artery; puc, pulmonary capillary; puv, pulmonary vein; la, left atrium; lv, left ventricle; mv, mitral valve; av; aortic valve
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resistance was found to be a major cause of preserved FFR and reduced CFR in patients with intermediate coronary
artery stenosis.3,11,12 Moreover, it was found that patients with a preserved FFR and reduced CFR often experienced
higher incidence of cardiac events, whereas patients with a preserved CFR and reduced FFR often had more favorable
clinical outcomes,12 implying the differential prognostic values of FFR and CFR.

Despite the useful insights from existing clinical literature, a systemic investigation on the relationship between FFR
and CFR under a wide range of pathophysiological conditions remains absent due to the limitations in in vivo measure-
ments and difficulties in isolating the combined effects on FFR and CFR of various pathophysiological factors that differ
considerably among patients. In this context, computational models have been utilized as a compensatory tool for quan-
titatively evaluating the effects on FFR or CFR of various physiological or pathological factors.13-17 However, none of
these studies investigated the sensitivities of FFR and CFR to various pathophysiological factors in a comparative
way, nor did they compare the diagnostic values of FFR and CFR.

In the present study, we developed a computational model of the coronary circulation to quantify the respective sen-
sitivities of FFR and CFR to various pathophysiological factors that play important roles in regulating coronary hemo-
dynamics and myocardial perfusion. In particular, we proposed a new index to quantify the degree of functional
myocardial ischemia based on the relationship between myocardial energy consumption and coronary blood supply
under hyperemic condition, thereby providing a reference for quantitatively comparing the diagnostic performances
of FFR and CFR.

2 | METHODS

Computational modeling of the coronary circulation has been described in detail in a recent study of our group,18 where
the coronary arterial tree (consisting of 87 large epicardial coronary arteries and 53 penetrating arteries, see Figure 1A,B
for a diagrammatic sketch) was represented by a distributed one‐dimensional (1‐D) model coupled with lumped‐
parameter (0‐D) models of intramyocardial vessels and a 0‐1‐D model of the cardiovascular system. When a stenosis
is present in a coronary artery, the pressure drop across the stenosis was calculated as a function of the trans‐stenosis
flow rate, and the lumen area and length of the stenosis using a lumped‐parameter model.18 The major geometrical
parameters (ie, length, proximal and distal radii of each artery) of the coronary arterial tree and the total baseline resis-
tance and compliance of the intramyocardial vessels (see Figure 1E) distal to each terminal/penetrating coronary artery
are listed in Table 1. To enable the model to address the issues of concern in the present study, several modifications
were introduced, such as the development of an aortic valve model capable of accounting for the hemodynamic impacts
of various valve diseases and a parametric representation of the dilation function of coronary microvasculature.

2.1 | Modeling of the aortic valve under normal and pathological conditions

Narrowing of valve orifice area during systole (ie, aortic valve stenosis; AS) and occurrence of flow regurgitation during
diastole (ie, aortic valve regurgitation; AR; see Figure 1C) for a diagrammatic description) are common aortic valve
abnormalities that not only significantly affect aortic and coronary hemodynamics but also considerably alter the
pumping function and energetics of the left ventricle.21 Although three‐dimensional modeling methods can be
employed to account for the dynamic motion of valve leaflets and its interaction with blood flow,22,23 applications of
such methods are usually limited to a local aortic valve region due to the high model complexity and computational
cost. In contrast, lumped‐parameter models of the aortic valve have been widely applied in conjunction with
reduced‐order models of the global cardiovascular system to address the impacts of valve function on systemic hemody-
namics under various pathophysiological conditions.24,25 In the present study, we modified a lumped‐parameter valve
model adopted in previous studies20,26 to enable the representation of trans‐valvular hemodynamics under both normal
and pathological conditions. In the model, the pressure drop (ΔP) across the aortic valve was related to the trans‐
valvular flow rate (Qav) by

ΔP ¼ RavQav þ BavQav Qavj j þ Lav
dQav

dt
; (1)

where Rav, Bav and Lav represent the viscous resistance, Bernoullis resistance and blood inertance, respectively, and
were taken to be functions of the geometric parameters of the aortic valve and outflow tract.
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TABLE 1 Values of parameters used in the coronary circulation model

No. l r0/r1 R0 C0 No. l r0/r1 R0 C0

1 12.1 2.40/1.95 ‐ ‐ 46 23.3 1.00/0.75 ‐ ‐

2 3.7 1.92/1.90 ‐ ‐ 47 18.2 0.75/0.36 ‐ ‐

3 7.4 1.90/1.85 ‐ ‐ 48 18.2 0.36/0.36 ‐ ‐

4 7.4 1.85/1.70 ‐ ‐ 49 10.1 0.88/0.78 ‐ ‐

5 3.7 1.70/1.55 ‐ ‐ 50 18.4 0.78/0.70 ‐ ‐

6 6.2 1.55/1.49 ‐ ‐ 51 14.2 0.70/0.58 3416 2.1 × 10−4

7 6.2 1.49/1.34 ‐ ‐ 52 14.2 0.58/0.58 ‐ ‐

8 6.2 1.34/1.29 ‐ ‐ 53 6.6 0.70/0.63 ‐ ‐

9 15.6 1.29/1.14 ‐ ‐ 54 14.9 0.63/0.55 ‐ ‐

10 7.8 1.14/1.11 ‐ ‐ 55 10.8 0.55/0.44 3416 2.1 × 10−4

11 12.8 1.11/1.05 ‐ ‐ 56 10.8 0.44/0.44 ‐ ‐

12 25.6 1.05/0.98 ‐ ‐ 57 6.0 1.47/1.43 ‐ ‐

13 22.9 0.98/0.88 ‐ ‐ 58 12.0 1.43/1.40 ‐ ‐

14 15.0 0.88/0.75 ‐ ‐ 59 9.3 1.40/1.34 3416 2.1 × 10−4

15 7.4 0.75/0.59 ‐ ‐ 60 4.6 1.34/1.22 ‐ ‐

16 3.7 0.59/0.59 2199 2.1 × 10−4 61 6.0 1.22/1.15 ‐ ‐

17 7.5 0.98/0.65 ‐ ‐ 62 12.0 1.15/1.00 3416 2.1 × 10−4

18 14.8 0.65/0.50 ‐ ‐ 63 12.1 1.00/0.71 ‐ ‐

19 11.2 0.50/0.50 2199 2.1 × 10−4 64 6.0 0./710.60 3416 2.1 × 10−4

20 6.8 0.55/0.45 ‐ ‐ 65 12.8 0.6/00.50 ‐ ‐

21 10.5 0.45/0.45 2199 2.1 × 10−4 66 34.3 0.50/0.40 ‐ ‐

22 6.0 0.55/0.50 ‐ ‐ 67 21.0 0.40/0.40 3416 2.1 × 10−4

23 11.3 0.50/0.50 2199 2.1 × 10−4 68 6.5 1.30/1.10 ‐ ‐

24 10.5 1.05/0.95 ‐ ‐ 69 15.6 1.10/1.02 ‐ ‐

25 21.9 0.95/0.75 ‐ ‐ 70 3.2 1.02/1.00 ‐ ‐

26 16.2 0.75/0.45 ‐ ‐ 71 17.0 1.00/0.88 ‐ ‐

27 16.2 0.45/0.45 2199 2.1 × 10−4 72 27.1 0.65/0.65 ‐ ‐

28 10.7 0.95/0.85 ‐ ‐ 73 25.3 0.80/0.69 ‐ ‐

29 20.4 0.85/0.70 ‐ ‐ 74 30.6 0.69/0.55 ‐ ‐

30 15.6 0.70/0.47 ‐ ‐ 75 9.3 0.55/0.55 ‐ ‐

31 15.6 0.47/0.47 2199 2.1 × 10−4 76 39.1 0.75/0.64 ‐ ‐

32 8.8 0.85/0.80 ‐ ‐ 77 30.6 0.64/0.50 ‐ ‐

33 17.7 0.80/0.65 ‐ ‐ 78 10.2 0.50/0.50 1967 2.1 × 10−4

34 13.3 0.65/0.45 ‐ ‐ 79 24.4 0.48/0.38 1967 2.1 × 10−4

35 13.3 0.45/0.45 2199 2.1 × 10−4 80 24.7 0.38/0.38 ‐ ‐

36 8.4 2.15/2.05 ‐ ‐ 81 19.4 0.88/0.73 ‐ ‐

37 5.3 2.05/1.85 ‐ ‐ 82 36.4 0.73/0.73 1967 2.1 × 10−4

38 9.7 1.85/1.80 ‐ ‐ 83 16.8 0.60/0.55 ‐ ‐

39 5.8 1.80/1.75 ‐ ‐ 84 18.3 0.55/0.55 ‐ ‐

40 3.2 1.75/1.70 ‐ ‐ 85 18.3 0.98/0.80 1967 2.1 × 10−4

41 3.2 1.70/1.65 ‐ ‐ 86 30.6 0.80/0.82 ‐ ‐

(Continues)
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Rav ¼ 8αRπμl

EOAð Þ2; Bav ¼ 1
2
ραB

1
EOA

−
1

AOT

� �2

; LAV ¼ 2πραL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

EOA
−

1
AOT

r
: (2)

Here, μ and ρ represent respectively the dynamic viscosity and density of blood; l is the effective length of valve leaf-
let, and AOT denotes the cross‐sectional area of the outflow tract. EOA represents the effective orifice area of the aortic
valve (see Figure 1C). For convenience of notation, EOAs during diastole and systole were denoted by EOAdia and
EOAsys, respectively. Accordingly, the values of EOAdia and EOAsys could be modulated to account for different types
and severities of valve disease. For a normal aortic valve, EOAsys was set to 4.0 cm2 during systole, and EOAdia was fixed
at zero during diastole. In cases of AS, EOAsys was reduced from 4.0 cm2 to 1.0 cm2 to represent increasing severity of
AS.27 Similarly, EOAdia was increased from 0.0 cm2 to 0.3 cm2 to represent progressive deterioration of AR. As such, the
severity of valve disease can be controlled parametrically by adjusting the value of EOA during systole or diastole. It is
noted that due to the insufficiency of Equations (1) and (2) in representing the complex fluid dynamics in the configu-
ration composed by aortic valve leaflets and outflow tract, correction factors αR (=0.01), αB (=1.0) and αL (=1.0) were
introduced to calibrate the calculated Rav, Bav and Lav under the normal valvular condition to those used in previous
studies.20,26,28

2.2 | Modeling of coronary microvascular dilation function

Given the fact that clinical measurements of FFR and CFR both require hyperemic stimulation, the maximal dilation
capacity of coronary microvasculature is an important factor affecting the hyperemic response of coronary hemodynam-
ics and the outcome of FFR/CFR measurement. It has been extensively demonstrated that the dilation function of cor-
onary microvasculature can be considerably impaired (see Figure 1E for an illustrative description) in patients with
microcirculation dysfunction due to adverse remodeling of coronary arterioles and/or impairment in endothelial func-
tion,19 leading to a blunted resting to hyperemic decrease in microvascular resistance. In the present study, we proposed
an index (F vd) to quantitatively represent coronary vasodilation function based on the relationship between resting and
hyperemic microvascular resistances.

Fvd ¼ Rrs;0 − Rhp

Rrs;0 − Rhp;0
× 100%: (3)

Here, Rrs,0 and Rhp represent microvascular resistances under normal resting condition and hyperemic condition,
respectively. Rhp,0 represents an ideal state of Rhp and was taken to be 0.25Rrs,0 based on the clinical observation that
the hyperemic resistance of coronary microvasculature reduces to about one fourth of the resting one in patients with
normal CFR.29 It is worth noting that Rhp,0 = 0.25Rrs,0 characterizes a population‐averaged rather than subject‐specific
state of normal vasodilation function given the fact that the relationship between Rhp and Rrs,0 has been found to differ
considerably among patients with normal CFR.29 According to Equation (3), F vd is equal to 100% as Rhp = Rhp,0 (ie,
Rhp/Rrs,0 = 0.25), representing the reference normal vasodilation function, and decreases progressively following the
increase in the ratio of Rhp to Rrs,0, representing increasing severity of vasodilation dysfunction (see Figure 2). Con-
versely, given the value of F vd, the corresponding Rhp can be calculated from Equation (3), and the approach was used
to assign Rhp in all the numerical tests that involved F vd in the present study.

TABLE 1 (Continued)

No. l r0/r1 R0 C0 No. l r0/r1 R0 C0

42 8.8 1.65/1.60 ‐ ‐ 87 5.8 0.82/0.82 1967 2.1 × 10−4

43 8.8 1.60/1.45 ‐ ‐ 88‐108 6.0 0.69/0.69 2199 2.1 × 10−4

44 6.5 1.45/1.30 ‐ ‐ 109‐129 6.0 0.69/0.69 3416 2.1 × 10−4

45 13.1 1.20/1.00 ‐ ‐ 130‐140 6.0 0.69/0.69 1967 2.1 × 10−4

Note. l (mm), length of coronary artery; r0/r1 (mm), proximal/distal radius of coronary artery; R0 (mmHg·s/mL) /C0 (mL/mmHg), total baseline resistance/com-
pliance of intramyocardial vessels distal to each coronary terminal/penetrating artery.
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2.3 | Parameter assignment

Assignment of model parameters for normal resting and hyperemic conditions was performed in line with the
approaches adopted in a previous study,18 with the assigned major model prameter values being summarized in
Table 2. In the case when a stenosis is present in a coronary artery, the resistance of distal coronary microvasculature
in resting state was further adjusted to account for the compensatory effect of coronary flow autoregulatory mechanism.
Herein, a proportional‐integral‐derivative (PID) feedback algorithm was applied to iteratively tune the value of micro-
vascular resistance (R) so that the model‐simulated relationship between perfusion pressure and flow rate matches the
flow autoregulation curve (plotted in Figure 3) established based on experimental data. The PID feedback algorithm was
expressed in discrete form, with R and flow rate (Q) being the target variable and driving variable, respectively.

Rkþ1 ¼ Rk Kpcor kð Þ þ Ki ∑
k

j¼0
cor jð Þ þ Kd cor kð Þ − cor k − 1ð Þð Þ

" #
; (4)

with cor kð Þ ¼ 1þ Qk−QR

QR
:

Here, Rk and Rk + 1 represent the microvascular resistances at the kth and the (k + 1)th iteration steps, respectively.
Kp, Ki and Kd represent the proportional term, integral term and differential term, respectively. Cor(k) is a correction
function established based on the model‐simulated mean flow rate (Qk) and the target mean flow rate (QR) on the

TABLE 2 Values of major parameters in the coronary and systemic models assigned for normal resting and hyperemic conditions

Parameter Resting state Hyperemic state

Ccor (mL/mmHg) 0.011 0.011

Elva (mmHg/mL) 2.87 3.44

HR (beats/min) 67 96

RLAD (mmHg·s/mL) 78.53 20.54

RLCx (mmHg·s/mL) 126.53 38.34

RRCA (mmHg·s/mL) 122.91 33.92

Rsys (mmHg·s/mL) 1.14 0.98

Note. Ccor, total baseline compliance of intramyocardial vessels; Elva, peak systolic elastance of the left ventricle; HR, heart rate; RLAD/RLCx/RRCA, total baseline
resistance of intramyocardial vessels distal to LAD/LCx/RCA; Rsys, total vascular resistance of the systemic circulation. It is noted that Ccor in hyperemic con-
dition was set to be the same with that in resting condition due to the lack of reference data from available literature.

FIGURE 2 Relationship between coronary vasodilation function index (Fvd) and the ratio between hyperemic (Rhp) and resting (Rrs,0)

coronary microvascular resistances
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autoregulation curve. In the present study, convergence of the iterative computation was judged when|cor(k)‐1| < 0.005.
More details on the parameter tuning method have been described elsewhere.18

In the presence of aortic valve disease, further parameter adjustments are required because the deteriorated hemo-
dynamic conditions will increase left ventricular workload and myocardial oxygen demand,21,30,31 ultimately inducing
adaptive remodeling of both myocardium and coronary vascular bed in order to regulate myocardial stress and maintain
the balance between myocardial oxygen consumption (demand) and coronary oxygen delivery (supply).21,32,33 More-
over, systemic hemodynamics may also be altered by aortic valve disease and modulated by compensatory mechanisms.
Clinical studies showed that mean aortic blood pressure in patients with severe AR was about 10 mmHg/4 mmHg lower
than in control subjects under resting/hyperemic condition21 but was nearly preserved in patients with severe AS.34 In
the present study, we elevated the systemic vascular resistance in proportion to the severity of aortic valve disease to
partly recover aortic blood pressure. Under resting/hyperemic condition, the model‐simulated aortic pressure was
80.84 mmHg/87.07 mmHg and 90.0 mmHg/85.03 mmHg in the presence of severe AR and AS, respectively, and their
differences with the control values (95.45 mmHg/88.39 mmHg) were basically comparable with the clinical data. With
regard to coronary blood flow in the presence of aortic valve disease, we assumed that the amount of blood supply to the
myocardium under resting condition was proportional to myocardial oxygen consumption estimated by the pressure‐
volume area (PVA) of the left ventricle. Accordingly, resting coronary blood flow rate was adjusted via modifying cor-
onary microvascular resistance with the method described by Equation (4) but with the flow autoregulation curve being
up‐adjusted based on the ratio between the PVA computed for the aortic valve disease condition and the reference PVA
under the control condition (see Figure 3). Under hyperemic condition, we assumed that the resistance of coronary
microvasculature was the same as that in the control condition. Our numerical results showed that the computed total
hyperemic coronary blood flow was 13.79 mL/s and 13.02 mL/s in the presence of severe AR and AS, respectively; both
were close to the value (14.26 mL/s) under the control condition, which was consistent with the clinical observation that
the maximal coronary blood flow rates in patients with aortic valve disease did not differ significantly from those in the
control cohort.35 Table 3 shows the model‐simulated mean aortic blood pressure and blood flow rate in a coronary
artery (artery No. 27 in Figure 1A) with various severities of stenosis under resting/hyperemic condition in the absence
or presence of severe aortic valve disease.

2.4 | Definitions of FFR, CFR, and hyperemic myocardial ischemic index

FFR is a blood pressure‐based index, defined as the ratio between the mean blood pressure distal to a coronary artery
stenosis and the mean blood pressure in the ascending aorta under hyperemic condition [1]; whereas CFR is a blood

FIGURE 3 Coronary flow autoregulation curves represented in form of the relationships between coronary perfusion pressure and

normalized (by the reference flow rate computed under normal resting condition) mean flow rate under control condition and in the

presence of severe aortic valve disease (ie, aortic valve regurgitation [AR] or aortic valve stenosis [AS]). In the presence of severe AR or AS,

the normalized flow rate has been shifted upward in proportion to the degree of increase in left ventricular PVA relative to that in the control

condition
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flow‐based index, defined as the ratio of hyperemic to resting mean flow rate in a coronary artery of interest.2 Figure 4
shows the model‐simulated blood pressure/flow waveforms under resting and hyperemic conditions and the corre-
sponding FFR and CFR in a branch (ie, artery No. 27 in Figure 1A) of the left anterior descending coronary artery
(LAD) free of stenosis or in the presence of a 70% stenosis. As expected, introducing a 70% stenosis in the coronary
artery significantly reduced post‐stenosis blood pressure and hyperemic blood flow, causing a marked decrease in both
FFR and CFR.

As mentioned previously, although both FFR and CFR can be used to assess the impact of coronary artery stenosis on
myocardial perfusion, they have been found to give discordant diagnostic results in some patients. In this study, we
defined a new index, namely hyperemic myocardial ischemic index (HMIx), based on the pressure‐volume area
(PVA) of the left ventricle and coronary arterial flow rate under hyperemic condition to provide a reference for compar-
ing the performances of FFR and CFR in predicting the severity of impaired myocardial perfusion.

HMIx ¼ 1 −
Qhp

PVAhp
=

Qhp;0

PVAhp;0
: (5)

Herein, Qhp,0 and PVAhp,0 represent respectively the reference values of the hyperemic blood flow rate in a coronary
artery of interest and left ventricular PVA under normal condition (ie, in the absence of coronary artery stenosis, aortic
valve disease and coronary microcirculation dysfunction), with their counterparts under various pathological conditions
being denoted by Qhp and PVAhp, respectively. Left ventricular PVA is the total area circumscribed by the end‐systolic
pressure‐volume (PV) line, the end‐diastolic PV curve and the systolic PV trajectory and is often taken to be a measure
of the total workload of the left ventricle.36-38 Because it has been demonstrated that PVA always correlates linearly with
myocardial oxygen consumption under various pathophysiological conditions,36,37 PVA can be used to estimate the
demand of myocardial oxygen supply. Given that oxygen supply to the heart muscle is proportional to the amount of
coronary blood flow,33,39,40 the ratio of Qhp to PVAhp can be taken as a measure of the balance between coronary blood
supply and myocardial perfusion demand. Assuming that Qhp,0/PVAhp,0 represents the optimal state, HMIx will increase
from 0 toward a maximal value of 1 following the decrease in coronary blood flow or increase in PVA, reflecting differ-
ent degrees of myocardial ischemia. To test the sensitivity of HMIx to changes in coronary blood flow and/or PVA, we

TABLE 3 Computed mean aortic blood pressure, blood flow rate, post‐stenosis pressure (ie, distal pressure), fractional flow reserve (FFR)

and coronary flow reserve (CFR) in a coronary artery (artery No. 27 in Figure 1A in the absence (ie, SR = 0%) of or with a stenosis of various

severities (SR = 50%, 60% and 70%) under control and several representative pathological conditions

Stenosis
rate

Control/
pathological
condition

Resting state Hyperemic state

Aortic pressure
(mmHg)

Flow rate
(mL/s)

Aortic pressure
(mmHg)

Distal pressure
(mmHg)

Flow rate
(mL/s) FFR CFR

SR = 0% Normal 95.45 0.0209 88.39 82.78 0.0860 0.937 4.115
Severe CMD 95.45 0.0209 95.34 93.07 0.0370 0.976 1.770
Severe AS 90.00 0.0263 85.03 79.97 0.0756 0.941 2.875
Severe AR 80.84 0.0259 87.07 81.63 0.0805 0.938 3.108

SR = 50% Control 95.45 0.0208 88.40 76.92 0.0707 0.870 3.398
Severe CMD 95.45 0.0208 95.34 90.42 0.0330 0.948 1.587
Severe AS 89.99 0.0263 85.04 74.62 0.0640 0.878 2.434
Severe AR 80.84 0.0259 87.07 75.98 0.0682 0.873 2.633

SR = 60% Control 95.45 0.0208 88.41 71.22 0.0573 0.806 2.755
Severe CMD 95.45 0.0208 95.35 87.18 0.0306 0.914 1.471
Severe AS 90.00 0.0262 85.04 69.40 0.0527 0.816 2.012
Severe AR 80.84 0.0257 87.08 70.49 0.0561 0.810 2.183

SR = 70% Control 95.45 0.0208 88.42 61.04 0.0367 0.690 1.748
Severe CMD 95.45 0.0208 95.35 78.73 0.0244 0.826 1.173
Severe AS 90.00 0.0260 85.06 60.08 0.0333 0.706 1.281
Severe AR 80.84 0.0253 87.09 60.57 0.0357 0.695 1.411

Note. The control condition means that neither coronary microvascular dilation dysfunction (CMD) nor aortic valve disease is present. Note that, in order to
save space, post‐stenosis pressure in resting state is not provided because it is not used in the calculation of fractional flow reserve (FFR) or coronary flow

reserve (CFR).
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performed numerical simulations under normal hyperemic condition and various pathological conditions characterized
by the presence of a 70% stenosis in a LAD branch (ie, artery No. 27 in Figure 1A) combined with severe coronary vaso-
dilation dysfunction (F vd = 53%) or severe AS (EOAsys = 1.0 cm2). Figure 5 shows the model‐simulated left ventricular
PV loops, PVAs and blood flow waveforms in the coronary artery. HMIx was, as expected, equal to 0 in normal hyper-
emic condition and increased to 0.56 following the introduction of the coronary artery stenosis, which significantly
reduced the amount of blood supplied to the left ventricular myocardium. Introducing severe coronary vasodilation dys-
function further reduced hyperemic coronary arterial flow and introducing AS significantly increased PVA, causing
HMIx to increase from 0.56 to 0.74 and 0.71, respectively. The numerical tests indicate that HMIx can properly reflect
the severity of myocardial ischemia induced by reduced coronary blood flow, increased cardiac workload or a combina-
tion of them. In this sense, HMIx can be utilized as a reference for evaluating the predicative values of FFR and CFR for
myocardial ischemia in cases where quantitative in vivo measurement of myocardial ischemia is not available. On the
other hand, it should be noted that the use of blood flow rate in a local coronary artery in the calculation of HMIx

FIGURE 4 (A) Diagram of the location of stenosis and the places where hemodynamic data used for computing fractional flow reserve

(FFR) and coronary flow reserve (CFR) are monitored, and model‐simulated blood (B and D) pressure/(C and E) flow waveforms in the

ascending aorta and/or in a coronary artery free of stenosis (indicated by SR = 0%) or with a 70% stenosis under resting condition and

hyperemic condition, respectively. The computed FFR or CFR is given in each corresponding panel. Notations: Pa and Pd are blood pressures

in the aorta and the post‐stenosis region of the coronary artery, respectively; and Qrs and Qhp represent the resting and hyperemic blood flow

rates in the coronary artery, respectively

FIGURE 5 (A) Simulated pressure‐volume loops of the left ventricle and (B) blood flow waveforms in a left anterior descending coronary

artery (LAD) branch (artery No. 27 in Figure 1A) under normal hyperemic condition and various pathological conditions. Hyperemic

myocardial ischemic index (HMIx) is calculated for each case based on the left ventricular pressure‐volume area (PVA, mmHg·mL) and mean

coronary blood flow rate (Q, mL/s), with the result being plotted jointly with the corresponding flow waveform. SR (stenosis rate) = 70%

denotes the presence of a severe stenosis in the coronary artery, and Fvd = 53% and EOAsys = 1.0 cm2 represent the pathological conditions

characterized by severely impaired coronary microvascular dilation function and severe aortic valve stenosis, respectively

GE ET AL. 9 of 20



determines that HMIx can only reflect the ischemic severity of the local myocardial district supplied by the coronary
artery rather than of the global myocardium.

2.5 | Numerical experiments

Numerical experiments were first carried out to investigate the respective sensitivities of FFR and CFR to variations in
various cardiovascular parameters expected to considerably affect coronary hemodynamics under hyperemic condition.
Subsequently, numerical simulations were performed with the incorporation of various degrees of coronary vasodilation
dysfunction and aortic valve disease to address their impacts on FFR and CFR and the associated diagnostic perfor-
mances. As common computation conditions, heart rate was fixed at 67 beats/min for resting condition and 96
beats/min for hyperemic condition, and stenotic conditions were introduced to a branch (ie, artery No. 27 in Figure 1
A) of the LAD, with the length of stenosis being fixed at 5 mm despite variations in stenosis severity (quantified by
diameter stenosis rate). Accordingly, FFR and CFR were computed and presented only for artery No. 27 unless stated
otherwise.

3 | RESULTS

3.1 | Influences of aortic valve disease on systemic and coronary hemodynamics

Numerical simulations were run under normal resting condition and two pathological conditions characterized respec-
tively by the presence of severe AR (ie, EOAdia = 0.3 cm2) and severe AS (ie, EOAsys = 1.0 cm2). Figure 6 shows that AR
leads to pronounced widening of the aortic pulse pressure, whereas AS causes a marked augmentation of the pressure
gradient between the left ventricle and aorta. These changes were accompanied by remarkable alterations of the left
ventricular (PV) loop and the flow velocity waveform in the proximal segment of the LAD (see Figure 7). For instance,
AR led to an increase in stroke volume, and AS caused the systolic portion of the P‐V loop to shift upward. With regard
to the flow velocity waveform in the LAD, the waveform simulated for the severe AR condition was featured by an aug-
mented systolic component. In contrast, a marked decrease of coronary flow velocity in systole was observed in the case
of AS. These model‐simulated features of coronary arterial flow waveform are basically consistent with previous clinical
observations.41,42 Quantitatively, the simulated systolic to diastolic coronary flow velocity‐time integral was 0.33 under
the normal condition and increased to 0.46 in the presence of severe AR, both were comparable with the reported
in vivo data (0.32 vs. 0.6542). In the presence of severe AS, the simulated systolic to diastolic velocity‐time integral
decreased to 0.25, agreeing well with the measured data (0.26).42

3.2 | Sensitivities of FFR and CFR to variations in cardiovascular parameters

Sensitivity analyses were performed under three coronary artery stenosis conditions (ie, the diameter stenosis rate of a
stenosis in a LAD branch [ie, artery No. 27 in Figure 1A] was set to 50%, 60% and 70%, respectively). The selected car-
diovascular parameters are those involved in the regulation of coronary hemodynamics under hyperemic condition,
including the total coronary microvascular compliance (Ccor), systolic elastance of the left ventricle (Elva), heart rate
(HR), total coronary microvascular resistance (Rcor) and total systemic vascular resistance (Rsys). The reference values
of these parameters have been reported in Table 2. Note that Rcor is a holistic description of RLAD, RLCx, and RRCA in
Table 2, and its variation was implemented through varying the three resistances simultaneously. Each set of parameter
sensitivity analysis was performed by varying the value of each selected parameter by ±25% relative to its reference

FIGURE 6 Simulated blood pressure

waveforms in the left ventricle (Plv) and

the aorta (Pa) under normal resting

condition and pathological conditions

characterized by the presence of severe

aortic valve regurgitation (AR) or aortic

valve stenosis (AS)
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value while keeping other parameters at their reference states. To facilitate quantitative comparison, the percentage
changes (relative to the simulated FFR and CFR at the reference state) in computed FFR and CFR upon the variation
in each parameter were calculated and plotted in Figure 8, with the absolute values of FFR and CFR being reported in
Table 4. In comparison with FFR, CFR was sensitive (judged by a relative percentage change in FFR/CFR of >5%) to
more parameters and exhibited larger changes in response to parameter variations. For instance, FFR was sensitive
solely to Rcor, whereas CFR was sensitive not only to Rcor but also to Rsys and HR. In another word, Rcor was the only
common parameter to which FFR and CFR are sensitive, and its influence on FFR and CFR will be investigated more
extensively in the following section through varying F vd (related closely to Rcor under hyperemic condition [ie, Rhp]
according to Equation (3)). The effects of variations in other parameters (eg, Rsys and HR) to which FFR is insensitive
will not be addressed in further detail.

3.3 | Influences of coronary vasodilation dysfunction and aortic valve disease on FFR and
CFR

Various degrees of coronary vasodilation dysfunction were introduced to the model by means of incrementally increas-
ing the ratio between hyperemic resistance (Rhp) and resting (baseline) resistance (Rrs,0) of coronary microvasculature
from the reference value (ie, Rhp/Rrs,0 = 0.25) to 0.6 (which corresponded with a decrease of F vd from 100% [normal
vasodilation function] to 53% [severely impaired vasodilation function] according to Equation 3; see Figure 2). The
severities of AR and AS were controlled by the values assigned to EOAdia and EOAsys in Equation (2), respectively.
Accordingly, the coexistence of AR and AS of various severities was represented by assigning different values to EOAdia

FIGURE 7 Simulated pressure‐volume loops of the left ventricle and flow velocity waveforms in the proximal portion of the left anterior

descending coronary artery (LAD) under normal resting condition and pathological conditions characterized by the presence of severe aortic

valve regurgitation (AR) or aortic valve stenosis (AS)

FIGURE 8 Changes (in percentage) in simulated (A) fractional flow reserve (FFR) and (B) coronary flow reserve (CFR) upon ±25%

variations in each individual cardiovascular parameter relative to its reference value under three coronary artery stenosis conditions (ie,

SR [stenosis rate] is set to 50%, 60% and 70%, respectively)
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and EOAsys. These conditions were combined with various coronary artery stenosis conditions represented by varying
the diameter stenosis rate (SR) of a stenosis introduced in a LAD branch (artery No. 27 in Figure 1A) from 0% (no ste-
nosis) to 75% (severe stenosis).

Figure 9 plots the computed FFR/CFR with respect to coronary artery stenosis rate under various vasodilation dys-
function conditions. Each curve represents the results obtained for a fixed F vd while varying stenosis rate. It is evident
that, given fixed severity of coronary artery stenosis, increasing the severity of vasodilation dysfunction (ie, reducing
F vd) led to a marked increase in FFR and a decrease in CFR. The influence of vasodilation dysfunction on FFR was
more pronounced in the presence of moderate to severe coronary artery stenosis; whereas CFR was more evidently
affected by vasodilation dysfunction when the severity of coronary artery stenosis was mild to moderate. With regard
to the influences of aortic valve disease on FFR and CFR, Figure 10 shows that increasing the severity of AR and/or
AS, similar to the impairment of coronary vasodilation function, tends to increase FFR while reducing CFR. However,
the magnitudes of changes in FFR were much smaller than those of CFR, indicating that aortic valve disease only sig-
nificantly affects CFR.

TABLE 4 Computed fractional flow reserve (FFR) and coronary flow reserve (CFR) in parameter sensitivity analysis

Reference

FFR CFR

SR = 50% (0.870) SR = 60% (0.806) SR = 70% (0.690) SR = 50% (3.398) SR = 60% (2.755) SR = 70% (1.748)

Rsys (+25%) 0.866 0.799 0.682 4.028 3.258 2.052

Rsys (−25%) 0.876 0.815 0.703 2.658 2.163 1.378

Rcor (+25%) 0.898 0.842 0.729 2.831 2.381 1.620

Rcor (−25%) 0.820 0.745 0.634 4.235 3.234 1.853

HR (+25%) 0.869 0.802 0.680 3.692 3.011 1.924

HR (−25%) 0.870 0.806 0.692 3.100 2.504 1.577

Elva (+25%) 0.872 0.808 0.694 3.456 2.803 1.772

Elva (−25%) 0.869 0.804 0.687 3.269 2.651 1.677

Ccor (+25%) 0.869 0.803 0.685 3.475 2.817 1.786

Ccor (−25%) 0.870 0.806 0.691 3.389 2.751 1.739

Note. In each set of sensitivity analysis, we introduced a stenosis of various severities (indicated by SR) in a left anterior descending coronary artery (LAD)
branch (No. 27 in Figure 1A) and varied the value of a selected model parameter by ±25% relative to its reference value while keeping other parameters

unchanged. The reference values of fractional flow reserve (FFR)/coronary flow reserve (CFR) were computed by keeping all model parameters involved the
sensitivity analysis at their reference states. Note that all the parameter values are those assigned for hyperemic condition and Rcor represents the total baseline
resistance of all intramyocardial vessels, whose variation is implemented by simultaneously varying RLAD, RLCx and RRCA in Table 2 in the same degree.

FIGURE 9 Influences of coronary microvascular dilation dysfunction (with its severity being quantitatively represented by the value of

Fvd) on (A) fractional flow reserve (FFR) and (B) coronary flow reserve (CFR) under different coronary artery stenosis conditions

(represented by varying the stenosis rate from 0% to 75%)
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3.4 | HMIx‐based evaluation of the diagnostic performances of FFR and CFR

Figure 11 plots the model‐simulated HMIx under the pathological conditions described in Section 3.3 with respect to the
corresponding FFR and CFR, respectively. Each line labeled with a value of F vd or EOA represents the HMIx‐FFR/CFR

FIGURE 10 Contour plots of computed fractional flow reserve (FFR) and coronary flow reserve (CFR) under three coronary artery

stenosis conditions (ie, SR is set to 50%, 60% and 70%, respectively) combined with various aortic valve disease conditions. The severities

of aortic valve regurgitation (AR) and aortic valve stenosis (AS) are represented by the values of EOAdia and EOAsys, respectively; please see

the text following Equation (2) for more details
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relationship obtained for a fixed state of vasodilation dysfunction or aortic valve disease while varying severity of coro-
nary artery stenosis (ie, SR is varied from 75% to 0%). Panels (A), (C) and (E) show that the value of HMIx corresponding
to each FFR value is not constant but changes over a wild range depending on the status of coronary vasodilation func-
tion or the severity of aortic valve disease. Specifically, given a fixed FFR value, the value of HMIx increased with the
deterioration of both coronary vasodilation dysfunction and aortic valve disease, indicating that the performance of FFR
as an indicator of myocardial ischemia is significantly compromised in the presence of vasodilation dysfunction or aortic

FIGURE 11 Relationships between HMIx and FFR/CFR under various pathological conditions characterized by the coexistence of

coronary artery disease with coronary vasodilation dysfunction or aortic valve disease
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valve disease. In contrast, the relationship between HMIx and CFR was only mildly influenced by coronary vasodilation
dysfunction and aortic valve disease (see panels (B), (D) and (F)).

4 | DISCUSSION

In the present study, a computational model of the coronary circulation was employed to simulate FFR and CFR under
various pathophysiological conditions. Main contributions of the study lie in two aspects: (a) investigated the sensitiv-
ities of FFR and CFR to various pathophysiological factors in a comparative way; and (b) compared the diagnostic impli-
cations of FFR and CFR based on a proposed hyperemic myocardial ischemic index.

Clinical studies have demonstrated that CFR is more sensitive to coronary hemodynamic states affected by not only
local coronary lesions but also the functional statuses of coronary microvasculature and systemic circulation,43 whereas
FFR is better correlated with the severity of epicardial coronary lesion.8,44 These observations are well supported by our
numerical results that CFR was significantly affected by a variety of pathophysiological factors unrelated to the severity
of coronary artery stenosis, including hyperemic coronary microvascular resistance, heart rate and systemic vascular
resistance as well as aortic valve disease, whereas FFR was sensitive solely to the hyperemic resistance of coronary
microcirculation. The model‐based finding of hyperemic coronary microvascular resistance as a common sensitive fac-
tor for FFR and CFR is consistent with the clinical observation that hyperemic coronary microvascular resistance or its
determinant factors (eg, myocardial capillary density) had significant influence on both FFR and CFR.3,4,45,46 In partic-
ular, our numerical study revealed that depressing the vasodilation function of coronary microcirculation (which is rep-
resented by reducing F vd and incoporated in the model by increasing hyperemic coronary microvascular resistance)
had opposite influence on FFR and CFR, making FFR and CFR behave oppositely when crossing the cut‐off lines (ie,
FFR = 0.8, CFR = 2.0) due to the influence of vasodilation dysfunction in the presence of moderate to critical cronary
artery stenosis (see Figure 9), which can explain why discordant diagnostic results with FFR and CFR were more fre-
quently encountered in patients with intermediate coronary artery stenosis and high hyperemic microvascular resis-
tance.3,11 In addition, the model‐based finding regarding the mild influence of aortic valve disease on FFR and
marked influence on CFR can account for the insignificant change in FFR before and after the treatment of AS,7 the
much lower CFR in patients with AS or AR in comparison with the controls6,21 and the significant increase in CFR after
interventional relief of aortic valve disease.6 Overall, the differential sensitivities and responses of FFR and CFR to cor-
onary stenosis‐independent factors play an important role in modulating the relationship between FFR and CFR and
represent an important mechanism underlying the discordant diagnostic results of FFR and CFR in patients with com-
parable severity of coronary artery disease and different cardiovascular conditions.

Although CFR is more susceptible than FFR to the influences from many pathophysiological factors unrelated to cor-
onary artery stenosis, the comparison of FFR and CFR, with respect to the predictive value for myocardial ischemia under
hyperemic condition (herein quantified by HMIx), revealed an opposite phenomenon. From the results presented in
Figure 11, the predictive value of FFR for HMIx was considerably compromised by both coronary vasodilation dysfunction
and aortic valve disease, whereas the relationship between CFR and HMIx remained relatively stable despite the introduc-
tion of various pathological conditions. For instance, when FFR was equal to 0.8 (the frequently adopted cut‐off value of
FFR in clinical decision making), HMIx was 0.32 in the control condition but increased to 0.75 and 0.61 respectively fol-
lowing the introduction of severe coronary vasodilation dysfunction (ie, F vd = 53%) and severe aortic regurgitation (ie,
EOAdia = 0.3 cm2). That is to say, the same FFR value does not always indicate the same severity of myocardial ischemia.
In addition, from the slope of each HMIx‐FFR line (generated by fixing the severity of vasodilation dysfunction or aortic
valve disease while varying the severity of coronary artery stenosis), the degree of improvement in hyperemic myocardial
perfusion (herein assessed by the reduction in HMIx) brought by removing a severe coronary artery stenosis indicated by a
FFR of <0.8 was significantly attenuated in the presence of severe vasodilation dysfunction compared with the case of nor-
mal vasodilation function. The discrepancy in myocardial ischemia prediction between FFR and CFR is largely deter-
mined by the difference in hemodynamic quantities from which they are derived. Given fixed severity of coronary
artery stenosis, post‐stenosis blood pressure, as a major determinant of FFR, is inversely related to trans‐stenosis blood
flow rate. In the presence of coronary vasodilation dysfunction, the increased hyperemic resistance of coronary microcir-
culation reduces hyperemic blood flow to deteriorate myocardial ischemia but increases FFR by elevating post‐stenosis
blood pressure, leading the change in FFR to exhibit a positive rather than clinically expected negative relation with the
severity of myocardial ischemia. In contrast, CFR, calculated as the ratio between hyperemic blood flow rate and resting
(baseline) blood flow rate, decreases with the vasodilation dysfunction‐induced reduction in hyperemic blood flow and

GE ET AL. 15 of 20



hence can better reflect the status of hyperemic myocardial perfusion. In the presence of aortic valve disease, although
hyperemic blood flow usually remains comparable with that in the control condition,35 resting coronary blood flow is
increased to match increased cardiac workload through compensatory alterations of coronary microvasculature. The dif-
ferential influences of aortic valve disease on resting and hyperemic blood flows determine that FFR (calculated based on
blood pressures under hyperemic condition) is less affected, whereas CFR is considerably reduced due to the compensatory
increase in resting blood flow and preserved hyperemic blood flow (see Figure 10). As a consequence, CFR ismore sensitive
than FFR to the augmented imbalance between blood supply and increased cardiac workload caused by aortic valve dis-
ease under hyperemic condition.

The model‐based findings regarding the complicated relationships among FFR, CFR and HMIx under various path-
ological conditions may be utilized to explain some clinical observations or guide decision making. Coexistence of cor-
onary artery disease with coronary microvascular dysfunction and/or aortic valve disease is not uncommon. It has been
found that coronary microvascular dysfunction, which is featured mainly by impaired vasodilation function and
increased hyperemic microvascular resistance, has a prevalence of 51%‐54% in patients with suspected coronary artery
disease.19 Aortic valve disease of moderate to severe degree was detected in 8.5% to 13% of the population,47 and among
patients with severe aortic valve disease, the prevalence of coronary artery disease was in the range of 40% to 75%.7 The
study by van de Hoef et al.4 revealed that the prevalence of inducible myocardial ischemia (detected with myocardial
perfusion scintigraphy) was significantly higher in patients with high hyperemic microvascular resistance than in those
with low hyperemic microvascular resistance despite equivalent FFR. Similarly, it was found that poor prognosis was
associated closely with increased hyperemic microvascular resistance in patients with preserved FFR and low
CFR.11,48 These clinical findings can be explained by the model‐predicted increase/decrease in FFR/CFR with the
increase in hyperemic coronary microvascular resistance and the impaired predicative value of FFR and preserved pre-
dictive value of CFR for HMIx. For the case of concomitant coronary artery disease and aortic valve disease, although
clinical studies dedicated to comparing the prognostic values of FFR and CFR are rare, it can be speculated from our
numerical results that CFR may be a more reliable indicator of myocardial ischemia in patients with this kind of path-
ological condition. Therefore, special caution should be taken when interpreting FFR and CFR measured in patients
suffering from concomitant coronary artery disease and coronary microvascular dysfunction or aortic valve disease. A
negative diagnosis with FFR does not always mean that hyperemic myocardial ischemia is at a tolerable level, whereas
a positive diagnosis with CFR does not always indicate the presence of a severe coronary artery stenosis. For these
patients, if the severity of myocardial ischemia were the main evidence for decision making, CFR, which has been found
to exhibit a stable coherence to HMIx over a wide range of pathophysiological conditions, may be a more reliable indi-
cator than FFR.

5 | LIMITATIONS

This study has several limitations. First, the model‐predicted critical diameter stenosis rate (SR) for FFR < 0.8 under the
control condition was about 60%, which is slightly larger than the stenosis rates (53.5% ± 10.7%) of coronary artery
lesions with FFR ≤ 0.8 reported in a clinical study.49 In another clinical study, using a SR of ≥50% for predicting
FFR ≤ 0.8 was found to have a statistically significant accuracy of 0.64, although FFR > 0.8 was present in a consider-
able portion of patients with SR ≥ 50%.50 The discrepancy between our numerical prediction and clinical observations
might have been caused by the simplified modeling of stenosis in our study where only the stenosis length and stenosis
rate were incorporated, which rendered the model unable to account for intra‐stenosis flow disturbances induced by the
complex stenosis morphology under in vivo conditions, thereby leading to underestimation of the trans‐stenosis pres-
sure gradient and accordingly a relatively higher prediction of FFR (eg, FFR = 0.87 when SR = 50%). The speculation
is supported by the clinical finding that coronary artery lesions with complex geometries had reduced FFRs compared
with lesions without complex geometries.50 This limitation would not alter our finding regarding the differential sensi-
tivities of FFR and CFR to various pathological factors but may deserve consideration and need further improvement if
the model is applied to predict patient‐specific FFR. Second, our numerical results have been obtained by varying a lim-
ited number of selected model parameters while fixing other parameters at the reference state. In reality, cardiovascular
conditions may differ considerably among patients and would exert complex influences on FFR and CFR beyond those
presented in the study. In this sense, the findings of our study would contribute rather as a theoretical reference for
interpreting some population‐averaged clinical observations than as a criterion for judging the clinical significance of
FFR and CFR measured in individual patients. Third, our numerical tests have been performed on a LAD branch,
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although clinically significant stenotic lesions are more commonly detected in large coronary arteries. Theoretically, our
methods can be applied to investigate the sensitivities of FFR and CFR in all the coronary arteries included in the
model. We chose a branch artery as the object of study mainly in consideration of computational cost rather than
due to technical limitations. In comparison with stenosis present in a branch artery, a severe stenosis present in a large
coronary artery will significantly alter hemodynamics in a wider territory of downstream coronary vessels and require
longer computational time to tune vascular resistances (defined by Equation (4)) based on the flow autoregulation
mechanism. To confirm that our methods are applicable to large coronary arteries as well, we performed additional
numerical tests on a LAD trunk (artery No. 9 in Figure 1A) with a 60% stenosis. The results showed that the responses
of FFR/CFR to the introduction of vasodilation dysfunction or aortic valve disease did not differ qualitatively from those
found for the LAD branch (artery No. 27 in Figure 1A), although the computed FFR/CFR values differed considerably
between the trunk and branch due to the differential local hemodynamic conditions in these arteries (see Figure 12).
Finally, although hyperemic myocardial ischemic index (HMIx) has been defined based on well‐established physiolog-
ical knowledge and is expected to provide an indirect measure of the imbalance between coronary blood supply and
myocardial energetic demand, it is by far a proposed index in the absence of sufficient clinical validation. Further clin-
ical studies would be needed to confirm the validity of HMIx as an indicator of myocardial ischemia as well as deter-
mine the clinically significant threshold value.

6 | CONCLUSIONS

Model‐based numerical experiments have been performed to comparatively investigate the sensitivities and diagnostic
implications of FFR and CFR under various pathophysiological conditions. CFR was proved to be more sensitive than
FFR to various pathophysiological factors unrelated to coronary artery stenosis. In particular, the model‐based finding
regarding the opposite influence of coronary vasodilation dysfunction on FFR and CFR provided theoretical evidence
for explaining the clinically observed high risk of discordant diagnostic results between FFR and CFR in patients with
intermediate coronary artery disease and increased hyperemic coronary microvascular resistance. Moreover, the predic-
tive value of FFR for myocardial ischemia evaluated by the proposed HMIx was found to be significantly compromised
in the presence of severe coronary vasodilation dysfunction or aortic valve disease, whereas the relationship between
CFR and HMIx remained relatively stable, which suggests that CFR may be a more reliable indicator of myocardial
ischemia under complex pathophysiological conditions.
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FIGURE 12 Comparisons of model‐simulated fractional flow reserve (FFR)/coronary flow reserve (CFR) in a 60% stenosed left anterior

descending coronary artery (LAD) trunk (artery No. 9 in Figure 1A) versus a 60% stenosed LAD branch (artery No. 27 in Figure 1A)

under control and various pathological conditions (ie, coronary microvascular dilation dysfunction [CMD] or aortic valve disease). CMD,

aortic valve stenosis (AS) and aortic valve regurgitation (AR) are all at a severe state as quantitatively represented by Fvd = 53%,

EOAsys = 1.0 cm2 and EOAdia = 0.3 cm2, respectively
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