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Abstract

Background: Whether it is healthy or patients with mi-
tral and aortic regurgitation, clinicians cannot measure the
regurgitation of the valve when using two-dimensional
echocardiography to measure ejection fraction. Whether
the mitral valve and aortic valve are in a healthy state or in a
reflux state, there is a reflux volume. The actual stroke out-
put will be less than the stroke output measured by echocar-
diography, making the calculated ejection fraction higher.
Methods: This article proposes for the first time the con-
cept of net ejection fraction (NEF) as the percentage of net
stroke output to left ventricular end diastolic volume. The
net stroke output is the integral of aortic valve flow during
one cardiac cycle at the same time. Using a systemic arte-
rial circulation model, investigate the relationship between
ejection fraction and net ejection fraction through numeri-
cal simulation methods. Results: The final results showed
a strong linear correlation between mitral regurgitation vol-
ume (VRmi), aortic regurgitation volume (VRao), and the
difference between ejection fraction and net ejection frac-
tion (DEF). The net ejection fraction of the moderate mi-
tral regurgitation group decreased by an average of 26.3%
± 9.95% compared to the ejection fraction measured by
echocardiography. The severe mitral regurgitation group
showed a decrease of 31.9% ± 9.3%. Moderate descent of
aortic valve by 25.8% ± 11.1%. Severe aortic valve de-
scent of 30.9% ± 10.3%. Conclusions: Clinical doctors
can evaluate the left ventricular systolic function of patients
based on the ejection fraction measured by echocardiogra-
phy combined with valve regurgitation. The net ejection
fraction avoids overestimation of left ventricular systolic
function and has high reliability. It can accurately reflect
the left ventricular systolic function of patients with mi-
tral and aortic regurgitation, and has certain guiding signif-
icance for clinical doctors to grasp the patient’s condition.
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Introduction

The indexes for evaluating cardiac pumping function
include ejection fraction (EF) and stroke volume (SV).
EF refers to the percentage of SV to left ventricular end-
diastolic volume, which is one of the important indications
for judging the type of heart failure [1,2]. It has impor-
tant clinical significance for rapid and accurate assessment
of left ventricular systolic function, early diagnosis, treat-
ment decision-making, prognosis and efficacy evaluation
of cardiovascular diseases. Left ventricular SV: refers to
a cardiac left ventricular ejection to the aorta blood, is the
difference between ventricular end-diastolic volume minus
ventricular end-systolic volume [1].

The modified Simpson method is most commonly
used in clinical practice to calculate the ejection fraction by
calculating the left ventricular volume measured by two-
dimensional echocardiography [3]. When using echocar-
diography to measure left ventricular volume, the maxi-
mum ventricular volume (Vmin) corresponds to ventricular
end-diastolic volume, and the minimum ventricular volume
(Vmax) corresponds to end-systolic volume [4]. The calcu-
lation formula of EF is Eqn. 1.

EF =
(Vmax − Vmin)

Vmax
× 100% (1)

In 1999, Leyh et al. [5] in their study of valve motion
found that valve closure is a transient process with more
or less small amounts of regurgitation. In 2011, Xu et al.
[6] proposed the left ventricular ejection fraction (LVEF)
measured by conventional ultrasound technology was less
reliable for evaluating left ventricular systolic function in
patients with moderate or severe mitral insufficiency. They
proposed a correction formula, and the corrected LVEF has
high reliability. In 2013, Li Dongling and Fan Xixin [7]
discussed the reliability and accuracy of ultrasonic mea-
surement of LVEF in patients with moderate or severe mi-
tral insufficiency. They found that ultrasound detection of
LVEF in patients with moderate or severe mitral regurgita-
tion could not truly reflect the patient’s left ventricular sys-
tolic function. The LVEF value obtained after removing
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Table 1. Comparison relationship between hemodynamic parameters and electrical parameters.
Blood flow parameters Blood flow resistance Inertia Compliance Pressure Flow

Circuit parameters electric resistance inductance capacitance voltage current

the mitral regurgitation volume (VRmi) can accurately re-
flect the patient’s left ventricular systolic function. In 2020,
Salame et al. [8] pointed out the limitations of echocar-
diography in evaluating left ventricular systolic function in
mitral and aortic regurgitation. In 2024, Michael Dandel
[9] proposed it is time to think about further optimization
of the echocardiographic assessment of left ventricular re-
sponses to mitral regurgitation. Due to the limitations of
the device and the shortness of the valve closing time, the
volume of the valve closing is difficult to measure. The
closing volume provide great help for valve replacement or
repair in clinical practice. It is a very important character-
istic parameter that cannot be ignored. When using ultra-
sound technology to measure SV, it is assumed that both
the mitral valve and the aortic valve are closed instanta-
neously, no reflux. Therefore, the SV calculated by the left
ventricular volume measured by the Simpson method will
be higher, which will lead to the calculated EF will also be
higher. However, there are few studies on the EF measured
by two-dimensional echocardiography. Based on the study
of ejection fraction in the cardiovascular model, the closing
volume and leakage volume of the valve can be accurately
calculated.

For patients with mitral regurgitation, especially mod-
erate or severe, there is ineffective output per beat due to the
fact that some of the blood in their heart flows back into the
left atrium during systole. So the actual volume of blood
flow ejected from the left ventricle into the aorta is smaller
than what is measured clinically, which results in a calcu-
lated ejection fraction that is larger than the actual ejection
fraction or a lower output per beat than the theoretically cal-
culated value [10–12]. In the case of aortic regurgitation,
the aorta returns blood to the left ventricle during diastole
and the actual output per beat is also reduced. If both aortic
and mitral regurgitation occurs, this actual output per beat
will be even lower.

Therefore, in this paper, the concept of net ejection
fraction (NEF) is proposed for the first time. EF is the ra-
tio of SV to ventricular maximum volume. Different from
the calculation of EF, the NEF is the ratio of net stroke vol-
ume (NSV) tomaximum ventricular volume. It is explained
above that the SV contains part of the reverse flow. How-
ever, unlike the SV, NSV is the amount of blood that enters
the artery through the side bottom of the active arterial valve
without reflux during a cardiac cycle.

The relationship between ejection fraction and NEF
measured by echocardiography under different degrees of
mitral regurgitation and aortic regurgitation was found by
numerical simulation, so that clinicians and biomedical en-
gineering researchers can accurately grasp the left ventric-

ular function of patients with mitral regurgitation and aortic
regurgitation.

Materials and Methods

In this paper, numerical simulation is used to inves-
tigate the relationship between EF and NEF because both
ventricular volume and valvular regurgitation can be accu-
rately simulated. A model of the systemic aortic circula-
tion is used. In the field of cardiovascular circulatory sys-
tem modeling, it is common to use electro-hydraulic com-
parisons to model the equivalent circuit of the cardiovas-
cular system [13–16], and the comparison relationships are
shown in Table 1. Using Matlab to solve the column state
equations for the aggregate parameter model of the periph-
eral circulatory system, we can compute Vmax, Vmin, SV,
and NSV, and compute the aortic valve, the mitral valve
normal and the EF and NEF for different degrees of regur-
gitation. Eqn. 2 is the calculation formula of NEF.

NEF = NSV /Vmax × 100% (2)

Computational Modeling of the Systemic Arterial Circula-
tory System

The modeling of the ventricle was done on the basis
of a pressure-volume curve describing the contraction of the
ventricle. The ventricle was modeled with the time-varying
elasticity function proposed by Suga et al. [17]. Taking the
modeling of the left ventricle as an example, E(t) is the time-
varying elasticity coefficient defined as the ratio of pressure
to volume of the left ventricle at a given moment, and its
mathematical expression is given in Eqns. 3,4,5.

E(t) =
LV P (t)

V (t)− V0
(3)

E(t) = (Emax − Emin )En (tn) + Emin (4)

En (tn) = 1.55

( (
tn
0.7

)1.9
1 +

(
tn
0.7

))( 1

1 +
(

tn
1.17

)21.9
)

(5)

Where LVP (t) is the left ventricular pressure, V0 is
the theoretical volume of the left ventricle at zero pressure.
En(tn) is the normalized inverse capacitance value, and the
calculation scheme is derived from the study of Suga et al.
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Fig. 1. Equivalent circuit diagram of the peripheral circulation system. Clv, Left ventricular volume-pressure ratio; Crv, Right
ventricular volume-pressure ratio; Cla, Left atrial volume-pressure ratio; Cra, Right atrial volume-pressure ratio.

[17]. tn = t/Tmax, Tmax = 0.2 + 0.15 × tc, tc = 60/HR, tc
represents the duration of one cardiac cycle, HR is the heart
rate, and in this paper HR = 72 bpm. Emax and Emin repre-
sent the ratio of ventricular pressure to volume at the end of
systole and end of diastole, respectively.

In this study, the left and right hearts were modeled us-
ing the atrial mathematical model developed by Korakiani-
tis and Shi [18]. Its mathematical model is shown in Eqn. 6
below:

E(t) =


0 0 ≤ t ≤ Tpb

1− cos
((
t− Tpb

)
/Tpw · 2π

)
Tpb ≤ t < Tpb + Tpw

0 Tpb + Tpw ≤ t ≤ tc
(6)

Where Tpb = 0.85× tc, is the beginning of the P wave
in the electrocardiogram (ECG). Tpw = 0.09 × tc, is the
duration of the P wave.

Fig. 1 shows the coupled circuit model of heart, sys-
temic circulation and pulmonary circulation based on the
theory of hemodynamics. The vascular elasticity of the
large artery and the middle artery is good, and it has a cer-
tain buffering effect on the blood. The RLC combination is
used for the modeling of these two vessels. In small arter-
ies, arterioles and capillaries, the elasticity of vascular wall
is relatively small, and friction loss is the main factor, so
they are equivalent to pure resistance elements. Compared
with the artery, the vein wall is thin and soft, with large
inner diameter and small elasticity, like a blood container.
The venous blood flow is relatively stable, so the inertial

effect is often ignored. The value of the elastic coefficient
of the cardiac chamber, the initial value setting, the com-
ponent parameters and the effective orifice area under the
steady state of the valve are shown in Tables 2,3,4,5. The
equation of state is given in Table 6. The specific step of nu-
merical simulation is to iteratively solve the state equation
after inputting the mathematical model of each model.

Heart Valve Model

In the study of Yoganathan et al. [19], the blood circu-
lation flow was divided into forward flow volume, closed
volume and leakage volume, as shown in Fig. 2. The posi-
tive flow volume is the flow volume from the atrium to the
ventricle or from the ventricle to the aorta from the time
of valve opening to the time of valve closing. The closing
volume refers to the reverse flow volume through the valve
during valve closing. According to ISO5840, in the pulsat-
ing flow experiment, the closing volume can be obtained
by integral calculation. In the experimental device of Hao
Wang et al. [20], the closing volume is the displacement
of the piston during the valve closing. After the valve is
closed, the blood flow volume flowing through the valve
is caused by leakage. This part of the volume is called the
leakage volume, which can also be calculated by integral
calculation. The degree of valvular regurgitation is graded
as shown in Table 7.
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Table 2. Values of elasticity coefficient.
Meaning Parameter Value/(mmHg/mL)

Left ventricular pressure-volume ratio
Elvmax 3.00
Elvmin 0.10

Left atrial pressure-volume ratio
Elamax 1.00
Elamin 0.10

Right ventricular pressure-volume ratio
Ervmax 0.50
Ervmin 0.05

Right atrial pressure-volume ratio
Eramax 0.30
Eramin 0.12

Table 3. Meaning and initial value setting of variables.
Variable Physiological meaning Initial value Variable Physiological meaning Initial value

x1 Left ventricular pressure 8.2000 mmHg x12 Mitral valve leaflet opening arc angle 1.5533 rad
x2 Left atrial pressure 7.6000 mmHg x13 Tricuspid valve flow 52.0000 mL/s
x3 Right atrial pressure 6.0000 mmHg x14 Tricuspid valve leaflet opening arc angle 1.5533 rad
x4 Right ventricular pressure 5.0000 mmHg x15 Aortic valve flow 52.0000 mL/s
x5 Aortic pressure 80.0000 mmHg x16 Aortic valve leaflet opening arc angle 1.5533 rad
x6 Arterial system pressure 67.0000 mmHg x17 Aortic flow 0.0000 mL/s
x7 Venous pressure 5.0000 mmHg x18 Arterial system flow 0.0000 mL/s
x8 Pulmonary artery pressure 15.0000 mmHg x19 Pulmonary valve flow 52.0000 mL/s
x9 Pulmonary artery system pressure 10.0000 mmHg x20 Pulmonary valve leaflet opening arc angle 1.5533 rad
x10 Pulmonary vein pressure 7.0000 mmHg x21 Pulmonary artery flow 0.0000 mL/s
x11 Left ventricular pressure 52.0000 mL/s x22 Pulmonary artery system flow 0.0000 mL/s

Table 4. Cardiovascular model parameters.
Resistance mmHgꞏs/Hg Compliance mL/mmHg Inertance mmHgꞏs²/mL

Rsas 0.085000 Csas 0.150000 Lmi 0.000980
Rsat 0.800000 Csat 5.000000 Lao 0.000600
Rsv 0.035000 Csv 16.000000 Lti 0.001100
Rpas 0.015000 Cpas 0.800000 Lpo 0.000320
Rpat 0.0800000 Cpat 5.000000 Lsas 0.000060
Rpv 0.002000 Cpv 13.500000 Lsat 0.001700

Lpas 0.000052
Lpat 0.001700

Table 5. Effective orifice area of valve in steady state.
Valve Orifice area in fully open state/cm2 Orifice area in closed state/cm2

Mitral valve 7 0.015
Aortic valve 5 0.008
Tricuspid valve 7 0.015
Pulmonary valve 5 0.008

In this paper, the valve model with controllable clos-
ing volume proposed by Zhaoming He et al. [13] is used,
as shown in Fig. 3. Qc represents the amount of blood
squeezed out by the valve leaflets during exercise, L simu-
lates the inertia of blood flow and the delay of mitral valve
closure, and the resistance of the valve to blood flow during
exercise is reflected by the variable resistance R.

After the valve is opened, the valve model divides the
blood flowing through the valve into two parts. One part is

caused by the cross-valve pressure difference on both sides
of the valve. This part of the blood flow volume is Qo, and
the other part of the blood flows through the valve due to
the crowding effect of the valve leaf during the movement,
which is Qc. The valve model divides the movement of the
valve into four processes: opening state-closing process-
closing state-opening process. “AR” represents the ratio of
the orifice area opened in real time to the maximum orifice
area, and its expression is Eqn. 7. Where k and λ determine

Heart Surgery Forum E917

https://journal.hsforum.com/


Table 6. Equations of State.
Equations of state Equations of state

Clv dx1
dt + x1 dClv

dt = x1 − x5 Cpv dx10
dt = x22 − x10−x2

Rpv

Cla dx2dt + x2 dCla
dt = x10−x2

Rpv − x11 Lmi dx11dt = x2 − x1 − (x11 − Qcmi) · Rmi
Crv dx3

dt + x3 dCrv
dt = x13 − x19 Lti dx13dt = x4 − x3 − (x13 − Qcti) · Rti

Cra dx4
dt + x4 dCra

dt = x7−x4
Rsv − x13 Lti dx13dt = x4 − x3 − (x13 − Qcti ) · Rti

Csas dx5
dt = x15 − x17 Lsas dx17

dt = x5 − x6 − Rsas · x17
Csat dx6

dt = x17 − x18 Lsat dx18dt = x6 − x7 − Rsat · x18
Csv dx7

dt
= x18 − x7−x4

Rsv
Lpo dx19

dt = x3 − x8 − (x19 − Qcpo) · Rpo
Cpas dx8

dt = x19 − x21 Lpas dx21
dt = x8 − x9 − Rpas · x21

Cpas dx9
dt = x21 − x22 Lpat dx22

dt = x9 − x10 − Rpat · x22

Table 7. Range of regurgitation volume levels for mitral and aortic valves.
Regurgitation degree Normal Mild Moderate Severe

Mitral valve 7–14 mL 15–20 mL 20–30 mL 30–40 mL
Aortic valve 2–7 mL 7–10 mL 10–20 mL 20–30 mL

Fig. 2. Classification of flow cycles.

Fig. 3. Valve model with controllable closure volume. R repre-
sents the resistance of the valve to blood flow during movement.
Qc represents the amount of blood squeezed out by the leaflet dur-
ing its movement. L represents the inertia of blood flow and the
delay in valve closure.

the closing characteristics of the valve, and their values af-
fect the valve closing volume. Under the condition that the
maximum and minimum orifice area of the valve is fixed
and the closing time is fixed, the corresponding closing vol-

ume can be obtained by giving different λ values, and then
the data are fitted to obtain the closing volume. The expres-
sion of closing time, k, λ, so that the closing volume can be
controlled.

AR =


1 opening state
ek·(t−t1)

λ closing process
(r − L cos θmin ) / (r − L cos θmax ) closing state
(r − L cos θ)/ (r − L cos θmax) opening process

(7)

The formula for calculating the blood flow volume
through the orifice of the valve caused by the transvalvu-
lar pressure difference on both sides of the valve is Eqn. 8,
where CQ is Eqn. 9, and ρ is the blood density. The calcu-
lation of time-varying resistance is shown in Eqn. 10.

Qo = CQ ·AR ·
√
TP (8)

CQ =
51.6
√
ρ
EOAmax (9)

R =
TP

Q0
=

|Q0|
(CQ ·AR)2

(10)

The formula for calculating the blood flow of the valve
leaflet motion is Eqn.11, where L is the length of the valve
leaflet, r is the radius of the valve ring, and θ is the angle
between the valve leaflet and the plane of the valve ring.

Qc = πL2 cos2 θ
(
r − 2

3
L cos θ

)
dθ

dt
(11)
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Table 8. Simulated data.
VRao/mL VRmi/mL NSV/mL Vmax/mL Vmin/mL SV/mL EF NEF DEF

3.98 12.30 64.52 120.83 40.92 79.91 66.14% 53.39% 12.74%
4.08 18.72 63.34 124.62 40.09 84.53 67.83% 50.83% 17.01%
3.90 21.57 62.88 126.14 39.73 86.41 68.51% 49.85% 18.65%
3.83 31.50 60.65 132.46 38.71 93.74 70.77% 45.79% 24.98%
8.77 11.78 63.16 123.32 40.66 82.67 67.03% 51.21% 15.82%
8.51 18.62 61.87 127.29 39.84 87.45 68.70% 48.60% 20.10%
8.21 22.26 61.12 129.46 39.48 89.98 69.50% 47.21% 22.29%
8.91 31.83 59.25 135.52 38.40 97.12 71.66% 43.72% 27.94%
14.62 11.49 62.21 126.72 40.44 86.28 68.09% 49.10% 18.99%
14.93 18.80 60.76 131.30 39.53 91.78 69.90% 46.27% 23.62%
14.93 20.77 60.45 132.40 39.29 93.12 70.33% 45.66% 24.67%
14.14 31.50 58.85 137.83 37.97 99.87 72.46% 42.70% 29.76%
25.40 12.74 59.78 134.55 39.92 94.63 70.33% 44.43% 25.91%
24.83 18.93 58.89 137.65 39.20 98.44 71.52% 42.78% 28.74%
25.80 21.77 58.29 139.79 38.83 100.96 72.22% 41.70% 30.52%
25.99 30.59 56.47 145.38 37.92 107.46 73.91% 38.85% 35.07%
Note: VRao, aortic regurgitation volume; VRmi, mitral regurgitation volume; NSV, net stroke volume; Vmax,
the minimum ventricular volume; Vmin, the maximum ventricular volume; SV, stroke volume; EF, ejection
fraction; NEF, net ejection fraction; DEF, the difference between EF and NEF.

Table 9. Correlation analysis of DEF on aortic valve and mitral regurgitation volume.
The degree of valvular regurgitation Normal Mild Moderate Severe

Pearson correlation coefficient of mitral regurgitation 0.98946 0.99156 0.97175 0.96558
p-value 9.38 × 10−54 4.86 × 10−46 1.73 × 10−59 2.98 × 10−53

Pearson correlation coefficient of aortic valve regurgitation 0.99480 0.99679 0.99723 0.99782
p-value 2.59 × 10−19 5.64 × 10−19 6.47 × 10−15 6.20 × 10−18

There are two ways to adjust the valve regurgitation
volume and regurgitation fraction: one is to adjust the size
of the valve closing volume, and the other is to adjust the re-
gurgitation fraction of the valve by adjusting the minimum
orifice area of the valve, so as to achieve different degrees
of regurgitation.

Results

Table 8 shows some simulation data. From the table, it
can be seen that the EF measured by ultrasound is severely
overestimated in cases of moderate to severe regurgitation
of the valve. It can be seen that in the case of a certain
degree of aortic regurgitation, as the degree of mitral re-
gurgitation increases, the SV gradually increases, the pos-
itive flow volume of the mitral valve increases, the Vmax
increases, the NSV decreases, the EF increases, and the
NEF decreases. The increase of aortic regurgitation vol-
ume (VRao) directly leads to the decrease of NSV. During
diastole, the Vmax increased due to aortic regurgitation. As
the left ventricular volume increases, it will lead to an in-
crease in left ventricular pressure, and the positive flow vol-
ume that flows through the aortic valve during the systolic
period, that is, the stroke volume, will increase.

As with aortic regurgitation, due to mitral regurgita-
tion, blood will flow back to the left atrium during sys-
tole, resulting in increased blood flow to the left ventri-
cle through the mitral valve during diastole and Vmax in-
creases, too. However, in the case of mitral regurgita-
tion, the amount of blood ejected from the left ventricle to
the aorta is reduced due to partial blood reflux to the left
atrium during systole. Therefore, as the reflux fraction in-
creases, the net ejection fraction NEF results will gradually
decrease.

Fig. 4A–D are the scatters of DEF on VRmi when the
VRao is 4.0± 0.5 mL, 8.5± 0.5 mL, 14.5± 0.5 mL and 25
± 0.5 mL, respectively. Fig. 4E–H is the scatters of DEF
about VRao when the VRmi is 115.0 ± 0.5 mL, 16.5 ± 0.5
mL, 23.5 ± 0.5 mL, 34 ± 0.5 mL.

The correlation analysis of VRao, VRmi and DEF ob-
tained by simulation is carried out respectively, and the
Pearson correlation coefficient is close to 1, as shown in
Table 9. The closer the Pearson correlation coefficient is to
1, the stronger the positive correlation between VRao, VRmi
and DEF. The probability of correlation (p value) was less
than 0.01. If this p value is very small, the probability of no
correlation between the two variables is very small. Thus,
VRao and VRmi are strongly correlated with the linear re-
lationship of DEF. Therefore, the difference between the
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Table 10. DEF value range under different degrees of mitral regurgitation and aortic regurgitation.
Degree of
aortic regurgitation

Degree of mitral
regurgitation

DEF
Degree of aortic
regurgitation

Degree of mitral
regurgitation

DEF

Normal

Normal 8.14%–15.82%

Mild

Normal 12.02%–17.86%
Mild 12.56%–19.61% Mild 16.08%–21.34%

Moderate 16.35%–25.92% Moderate 19.56%–27.14%
Severe 22.66%–32.23% Severe 25.36%–32.94%

Moderate

Normal 14.78%–23.06%

Severe

Normal 20.65%–28.37%
Mild 18.51%–26.27% Mild 24.09%–31.33%

Moderate 21.72%–31.61% Moderate 27.05%–36.25%
Severe 27.06%–36.95% Severe 31.97%–41.17%

volume of mitral regurgitation and the difference between
the EF and the NEF, DEF, under different degrees of aortic
regurgitation was fitted, and the value range of DEF under
different degrees of mitral and aortic regurgitation was cal-
culated, as shown in Table 10.

Discussion

The EF of patients with mitral and aortic regurgitation
measured by echocardiography will be higher, and in fact
NEF is lower than EF measured by echocardiography. The
reason for this is that the part of the blood in the systolic
ventricle that flows back to the atrium through the mitral
valve and the part of the blood that returns to the left ventri-
cle from the aorta in the diastolic period are calculated in the
SV. In the absence of mitral regurgitation, the systolic left
ventricle shoots blood into the aorta, then into various tis-
sues and organs of the human body. But a little return to the
left atrium, which is negligible. However, if there is mitral
regurgitation, a part of the blood that cannot be ignored will
return to the left atrium through the mitral valve. Therefore,
for patients with mitral regurgitation and aortic regurgita-
tion, ultrasound examination of cardiac systolic function is
normal, which may not be accurate. For patients with aor-
tic regurgitation, the SV calculated by subtracting the end-
systolic volume from the left ventricular end-diastolic vol-
ume contains the part of the blood that the aorta returns to
the left ventricle during the diastolic period, and the actual
stroke volume will be overestimated.

As shown in Fig. 5, regardless of whether the valve is
in healthy or reflux conditions, the left ventricular volume
is at its maximum when the mitral valve begins to close. At
the moment when the aortic valve begins to close, the ven-
tricular volume is minimized. Mitral and aortic regurgita-
tion affects clinician-measured left ventricle end-diastolic
volume, Vmax. The clinically measured left ventricle max-
imum volume and SV increase with the degree of mitral
or aortic regurgitation, as does the clinically measured EF.
However, NEF and NSV decrease with increasing regur-
gitation degree. DEF increases with the severity of valve
regurgitation.

This study showed that EF measured by echocardio-
graphy in normal aortic valve and moderate mitral regur-
gitation group decreased by 26.3% ± 9.95% on average
compared with NEF. Severe mitral regurgitation group de-
creased by 31.9% ± 9.3%. The value measured by the cor-
rection formula proposed by Xu et al. [6] decreased by
10.4 ± 2.5% on average compared with the moderate re-
gurgitation group measured by conventional methods. Se-
vere mitral regurgitation group decreased by 13.7 ± 3.2%.
Correction formula: ELVEF = (Vmax – Vmin – VRmi)/Vmax
× 100%. Mitral regurgitation volume was calculated by
distal flow convergence method. The reason for the dif-
ference is that the VRmi mitral regurgitation volume in the
correction formula is quantitatively calculated by the distal
blood flow convergence method, while the mitral regurgi-
tation volume in this study is obtained by the flow curve in-
tegral. The correction formula defaults that the aortic valve
has no regurgitation, and the default is NSV = Vmax – Vmin
– VRmi, without considering the volume of aortic regurgi-
tation. In fact, whether it is valve health or reflux, there is
reflux. Bamidele T. Otemuyiwa et al.’ s study [21] on the
effect of mitral valve prolapse on cardiac magnetic reso-
nance imaging (MRI) quantitative mitral regurgitation and
ejection fraction showed that EF = 58.6% ± 6.3% when
the left ventricular end-diastolic volume did not include the
prolapse volume, and EF = 51.7% ± 5.7% when the left
ventricular end-diastolic volume included the prolapse vol-
ume. Although they measured NSVwith MRI, SV was still
used to calculate ejection fraction. The NEF in this paper is
calculated by NSV and ventricular end-diastolic volume.

In the calculation of EF, aortic regurgitation and mi-
tral regurgitation have slightly different meanings. Mitral
regurgitation leads to a direct reduction in the amount of
blood ejected from the aortic valve, which is less than the
difference between the maximum volume and the minimum
volume of the ventricle. The regurgitation of the aortic
valve leads to an indirect decrease in the amount of blood
ejected, because the blood does eject from the aortic valve,
but it leaks back during the diastolic period, which indi-
rectly leads to a decrease in NSV. If NSV cannot meet the
metabolic needs of the body, inadequate perfusion of blood
to tissue organs will occur, leading to congestive heart fail-
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Fig. 4. Scatters plot of DEF with respect to different valve regurgitation volumes. (A) Scatter plot of DEF on VRmi under normal
aortic valve. (B) Scatter plot of DEF on VRmi under mild aortic regurgitation. (C) Scatter plot of DEF on VRmi under moderate aortic
regurgitation. (D) Scatter plot of DEF on VRmi under severe regurgitation valve. (E) Scatter plot of DEF on VRao under normal mitral
valve. (F) Scatter plot of DEF on VRao under mild mitra regurgitation. (G) Scatter plot of DEF on VRao under moderate mitra regurgita-
tion. (H) Scatter plot of DEF on VRao under severe mitra regurgitation. (Note: DEF is the difference between EF and NEF; VRmi is the
volume of mitral regurgitation; VRao is the volume of aortic regurgitation).

ure or even death. Therefore, it is particularly important to
grasp the left ventricular systolic function of patients.

Left ventricular systolic function is a major prognos-
tic factor for heart disease. Therefore, a reliable assessment
of left ventricular function is essential. Ejection fraction
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Fig. 5. Mitral valve, aortic valve flow curve and left ventricular volume curve. (A) Mitral valve, aortic valve flow curve and left
ventricular volume curve in healthy valve state. (B) The flow curve and left ventricular volume curve of mitral and aortic regurgitation.
Note: MV, mitral valve; AV, aortic valve; LV, left ventricular volume.

is an important index to evaluate ventricular systolic func-
tion. The accuracy and reliability of ejection fraction affect
the assessment of left ventricular systolic function. Espe-
cially in patients with mitral and aortic regurgitation, the
evaluation of EF by echocardiography is not completely ac-
curate. EF is an important index for clinical evaluation of
heart failure, and it is also an important evaluation index be-
fore valve repair and valve replacement. For patients with
severe valvular regurgitation, valve repair surgery or valve
replacement is required to improve. The left ventricular
systolic function of patients with moderate or severe mitral
insufficiency is significantly overestimated, which leads to
the low coincidence rate between the results measured by
conventional ultrasound and the clinical symptoms, signs
and other auxiliary examination results of patients with mi-
tral insufficiency, and even causes clinicians to misjudge
the patient ’s condition. NEF can solve this problem well.
Compared with EF, NEF is more accurate, and NEF can
more accurately reflect left ventricular function. In addi-
tion, NEF can also be used as an indicator to assess the risk
of death in patients. The lower the NEF, the worse the car-
diac function, the more severe the left ventricular function
injury, the less the blood perfusion of tissues and organs,
and the higher the risk of death. Doctors can estimate NEF
based on the EF and degree of valve regurgitation measured
by ultrasound, or calculate NEF by measuring NSV, which
is the net flow volume of the aortic valve.

Limitations

In this study, regardless of the degree of mitral and
aortic regurgitation, it was performed under the assumption
that there was no heart failure. However, there are many
patients with moderate and severe mitral and aortic regur-
gitation who suffer from varying degrees of heart failure.
In addition, due to the difficulty in collecting data for MRI

measurement of net ejection fraction and the need for a large
number of samples, this study did not use NEF obtained
fromMRI-based measurements for verification. In the next
stage of our study, we will consider the differences between
EF and NEF under different degrees of mitral and aortic re-
gurgitation in patients with different degrees of heart failure
and collect a large number of samples for verification.

Conclusions

In this paper, the concepts of net stroke volume and net
ejection fraction were proposed for the first time. Based
on the established systemic circulation model, the ejec-
tion fraction, SV, VRmi, VRao, net ejection fraction and
net stroke volume were calculated according to the estab-
lished circulatory system model. The results showed that
EF measured by echocardiography decreased by 26.3% ±
9.95% compared with NEF in the moderate mitral regurgi-
tation group. The severe mitral regurgitation decreased by
31.9%± 9.3%, aortic valve decreasedmoderately by 25.8%
± 11.1% and aortic valve severity decreased by 30.9% ±
10.3%. Doctors can estimate NEF based on the EF and
degree of valve regurgitation measured by ultrasound, or
calculate NEF by measuring NSV, which is the net flow
volume of the aortic valve. NEF avoids the overestimation
of left ventricular systolic function and has high reliability.
NEF can be used to evaluate heart failure and is also an im-
portant evaluation indicator before valve repair and valve
replacement surgery. It can accurately reflect the left ven-
tricular systolic function of patients with mitral and aortic
regurgitation, and has certain guiding significance for clin-
icians to grasp the patient’s condition.
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