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Abstract: Left ventricular remodelling is one of the complications of myocardial infarction. It causes the ventricle to lose
contractility and to become dilate, thus changing the cardiac haemodynamics. In this study, the haemodynamic changes
in left ventricular remodelling are investigated using the cardiovascular lumped-parameter model. The model simplifies
blood circulation and cardiac function using electrical components such as resistor, capacitor, inductor, and diode, which
represent the vessels resistance, vessels compliance, blood inertia, and heart valve, respectively. To simulate ventricular
remodelling, the active and passive elastances of the left ventricle are varied by increasing and decreasing them by 10
times than the baseline values. Decreasing the active elastance reduces LV contractility, like in the case of a heart failure.
Meanwhile, increasing the passive elastance makes the LV stiffer, like in the case of ventricular hypertrophy. The model
eases the analysis of left ventricular remodelling without requiring complex model but will require further validation
using real patients data.
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1. INTRODUCTION

Myocardial infarction (MI) or heart attack is the most
common cause of a heart failure, which
occurs due to myocardial ischemia [1]. Ischemia happens
when the coronary artery is occluded and causes the
reduction of the blood supply to the myocardium region
distal to the occlusion site and causing tissue damage or
sometimes, death [2]. Damaged myocardium, which
usually presents in the left ventricle (LV), may lose its
contractile functionality and progressively dilate, a
condition known as the LV remodeling [3, 4]. LV
remodelling is the changes in the shape, structure, and
size of the LV as a result of physical exercise, injury to
the cardiac muscle, and cardiac diseases such as Ml [5].
It is the major determinant of the long-term outcomes
following MI and has been associated with heart failure
and cardiovascular death at long-term follow-up [1].

Several studies have simulated the cardiovascular
circulation using lumped parameter model [11-13].
However, these studies did not completely model the
whole heart and circulation during myocardial infarction
and ventricular remodeling. Therefore, this study aims to
investigate the haemodynamics in the left ventricle
undergoing remodelling using the cardiovascular
lumped-parameter model. The model is built upon the
work by [11, 13], which consists of the systemic and
pulmonary blood circulation and the whole heart
mechanics. The haemodynamics parameters to be
investigated are the cardiac chambers volume and
pressure, particularly LV, left atrium (LA), and right
ventricle (RV).

2. METHODOLOGY

2.1 Cardiovascular lumped-parameter model

The cardiovascular lumped-parameter model used in this
study consists of a set of ordinary differential equations
relating the volume, V and pressure, P of the cardiac
chambers and the volumetric blood flow, @ out from and
into the heart chambers. The system of equations is as

LV remodeling could be assessed through medical
imaging modalities such as computed tomography (CT)
scan and Magnetic resonance imaging (MRI) [6].
However, assessing post-ischemic myocardium using
medical imaging modalities requires multiple time

scanning and high cost [6]. To overcome the limitations (fic‘)/llows:
of medical imaging modalities, finite element (FE) = Qpven — Qmitrar (1)
models of the heart have been widely used as a prediction AV _ Omierar — Quorei )
tool for disease progression, especially Ml [2, 4, 7-10]. ke mitras eaortie
a Qsven — Qtricuspid (3)

Nevertheless, the use of FE models to predict the effect Vv _ n

. .- . . . - Qtncuspzd qulmonary (4)
of LV remodeling is time consuming and requires high dgstm 1
computational resources as it usually only can be seen Y Comrt (anmc - Qs,art) (5)
after a long period of time. Thus, a lumped-parameter dPsyen _ ;(Q —0 ) (6)
model is developed to overcome the limitations of FE dt  Cspen 5%t siwen
models. In this model, the haemodynamics behavior of dPpare _ ;(Q utmonary — Qp.art) (7)
the blood in blood vessel and heart are modelled using dp‘“ Cpfrt P Y P
electrical elements such as the resistors, capacitors and % = Coven (Qp,art - Qp,ven) (8)

inductors, that represent the blood vessel resistance,
compliance, and inertial effect, respectively [11].

767



dQsart 1
;:Tt ~ 1 (Ps,art - Ps,ven - Qs,artRs,art) (9)
s,art
dQs; _ 1
Z:Qn ~ 1 (Ps,ven - PRA - Qs,venRs,ven) (10)
syen
dQp.art 1
Ztar = Lpart (P art — Pp,ven - Qp,artRp,art) (11)
doy, 1
Z:En = Lpven (Pp,ven - PLA - Qp,vean,ven) (12)

Here, the meaning of each subscript is as follows: LA —
left atrium; LV — left ventricular; RA — right atrium; RV —
right ventricular; s,art — systemic arterial; s,ven —
systemic venous; p,art — pulmonary arterial; p,ven —
pulmonary venous.

Furthermore, the blood vessels resistance, compliance,
and inertial are represented by the terms R, C, and L,
respectively. The values of these parameters are
presented in Table 1. Figure 1 shows the circuit
arrangement equivalent to the cardiovascular lumped-
parameter model.

Rp,art Lp,m't Rp,vem Lp,ven
I Cﬂﬂl‘t _T_ Cp,vgn
Rpulmona.}'_}' ERV ELA

3z Rm:’h'ai

Rtricu.spfri

Fig. 1. Cardiovascular lumped-parameter model
circuitry arrangement.

The mechanical properties of each of the heart chamber
is defined using the time-varying elastance E, which is
then related to the chamber pressure, as follows:

Py =Pope + Ey(Viy — VLVD) (13)
Py =Py + ELA(VLA - VLAD) (14)
Py = Poye + Egy(Vay — VRVD) (15)
Pry = Poxt + Ega (VRA - VRAO) (16)

where P, is the external pressure exerted on the heart
and V,, represents the initial heart chamber volume.

Meanwhile, the time-varying elastance E is given as:
E =Eze(t) +E, a7
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where E, and E, are the active and passive elastances,
respectively, and e(t) is a function for the heart chamber
contraction, as has been used in [11, 13], defined as:

{%(1—cos(Tlc (t—tc))), 0<t—t.<T,
e(t) = %(1+cos(% (t—tR))), 0<t—ty<Tg
0, otherwise
(18)
Here, T, and Ty refer to the period of the heart chamber
contraction and relaxation, while t. and t; refer to the

time when the contraction and relaxation start. The
values of the time constants are given in Table 2.

Then, the flow into and out from the heart passing the
valves are modelled using the diodes as follows:

Qmitrar = m (Pra— Py) (19)
Qaortic = ﬁ (PLV - Ps,art) (20)
Qm‘cuspid = W(PRA - PRV) (21)
Qpuimonary = 7=————(Prv = Poven) (22)

Rpulmonary

The valve resistance, R, is determined using the

following if-else rules:

Rv — {Ropen' Pi = Po (23)
Rcloset PL‘ < Po

where P; and P, represent the first and second pressure

terms in equations (19) to (22).

2.2 Model parameters for LV remodelling

The model baseline parameters are presented in Table 1,
as obtained by [13]. During LV remodelling, it was found
that the LV elastance may increase or decrease up to 7%
from its original value [12]. Therefore, to simulate LV
remodelling, the LV elastances, both active E, and
passive Ej,, are varied by decreasing and increasing its
value by 10 times from the baseline, as shown in Table 3.
In this study, a one-at-a-time (OAT) sensitivity analysis
is performed, where either the value of E, or Ej, of the
LV elastance is varied while maintaining the other at the
original value.

Throughout this article, the following units are used for
all parameters and variables: time — s; resistance —
mmHg.s/mL; compliance — mL/mmHg; elastance —
mmHg/mL; pressure — mmHg; flow — mL/s; and volume
—mL.

Table 1. Model parameters

Model

Model

Value Value
parameter Parameter

R ven 0.3200 Vv, 16.000
Ry ven 0.0357 Vra, 4.0000
Csven 60.000 Ropen 0.0075
Cp,ven 10.000 R iose 75000
L are 0.0050 Eqra 0.0700
L ven 0.0005 Ep1a 0.1800
Ly art 0.0005 Eqra 0.0600
Ly ven 0.0005 Ey ra 0.0700

Viv, 42.000 Eqry 0.5500

Via, 4.0000 Ey ry 0.0500




Table 2. Time constants for the elastance function

C()Tr:;'t];nt LA LV RA RV
T¢ 0.17 0.25 0.17 0.25
Tr 0.17 0.4 0.17 0.4
t. 0.9 0.1 0.9 0.1
Table 3. Variation of LV elastance
LV Baseline Case Case Case Case
elastance 1 2 3 4
E, 3.35 0335 335 335 335
E} 0.2 0.2 0.2 0.02 2.0

2.3 Numerical and Analysis Procedure

The lumped-parameter model is solved using a standard
ODE15s solver in MATLAB. The model is simulated for
8 cardiac cycles with a time step of 1 ms. For all the
simulations, automated time-stepping is used. Figure 2
shows the LV pressure-volume curve for the model using
baseline parameters values. The curves have the same
pattern for all 8 cardiac cycles under baseline parameters
values.
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Fig 2: LV pressure-volume curves for the model using
baseline parameters.

120 130

Two haemodynamics parameters will be investigated,
namely the pressure and volume, for three cardiac
chambers, namely the LV, RV, and LA. The
haemoodynamic changes in RA were not investigated
here because it was found that the changes in RA pressure
and volume were not significant (results not shown).

Furthermore, the left ventricular ejection fraction (LVEF)
is also used to determine the amount of blood pumped out
from LV over time. It is determined using the following
equation:

LVEF = 2~ (24)
where SV and EDV are the stroke volume and end-
diastolic volume, respectively. SV can be calculated
using the following relationship:

SV = Vivmax = Vivmin (24)
where Viy max and Viy i are maximum and minimum
LV volume, respectively. For a normal healthy heart,
LVEF is around 50% to 75% [14].

3. RESULTS

3.1 Pressure changes in heart chambers

Figure 3(a) shows the pressure-time curves for LV for all
the cases. The normal LV pressure obtained is in between
10 to 100 mmHg, which is within the range of an actual
heart pressure of 10 to 130 mmHg [15]. For case 1 and 2,
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the LV maximum pressure drops to 50 mmHg and
increases to 140 mmHg, respectively. This shows that the
effects are more significant when reducing E, by 10
times from the baseline. The LV pressure drops
significantly when reducing E, shows a similar finding
in a heart failure due to LV remodelling [16], where the
LV starts to lose its ability to pump blood out.

For case 3, decreasing Ej;, by 10 times from the baseline
causes the LV pressure to increase, but gradually
decreases over time and reaches the baseline pressure.
However, for case 4, when E,, is increased by 10 times
from the baseline, the LV pressure drops significantly
and does not regain its baseline value as the cycle
increases. This finding shows that the LV pressure is
affected more by increasing E,,. Higher E},, means that the
LV becomes harder to be filled with blood. Thus, the end
diastolic volume is reduced and hence, reduce the
pressure needed to pump the blood out [17]. This is
similar in LV remodelling cases [16], where the heart
becomes stiffer.

The other chambers are also affected by the LV
remodelling, as shown in Figure 3(b) and 3(c). However,
increasing E, does not significantly affect the LA and
RV pressures. Significant effects of LV remodelling on
the LA and RV pressures can only be observed for cases
1, 3, and 4.
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3.2 Volume changes in heart chambers
Figure 4 shows the variations of LV, LA, and RV volume
with time. The LA and RV volumes do not change



significantly for case 2 only. To further understand the
variations of the chamber volume during LV remodelling,
LVEF is calculated. From this simulation, the normal
heart has LVEF of about 68%. This will be used as the
baseline for the comparison for other cases.

For case 1, the LVEF obtained is about 48% and below
the LVEF of a normal heart. This shows that the LV is
not able to pump adequate amount of blood when E,
drops by 10 times from the baseline. LV remodelling has
been shown to cause a reduction in LVEF [18].

For case 2, the LVEF is 80% when E, is 10 times than
the baseline. This is in contrast from case 1. This shows
that the amount of blood pumped out of LV is more than
needed. This phenomenon of increasing LVEF after
increment of E, is particularly observed in the stroke
volume of athletes, where the LVEF is high probably due
to the occurrence of LV remodelling after continuous
physical activities [19].
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Fig. 4: Volume-time curves for (a) LV, (b) LA, and (c)
RV.

For case 3, the LVEF drops to 38% only. In this case,
drops in E, causes LV to have higher end diastolic
volume, but at the same time the LV pressure maintains
the same. Hence, the LV is unable to pump the excess
blood out [16].

Lastly, for case 4, the LV volume maintains roughly at
about 50 mL throughout the cardiac cycle. This is due to
the LV pressure drops significantly from the baseline.
This shows that when E,, is increased by 10 times from
the baseline, the LV becomes stiff, similar to the case of
ventricular hypertrophy. In ventricular hypertrophy, the
LV is thickened and its pumping efficiency drops [20].

770

4. DISCUSSION

LV remodelling can occur due to physical exercise such
as happening in athletes [5], and cardiac diseases such as
MI [4], hypertrophy [20], and cardiomyopathy [10]. This
causes changes in the size, shape, and structure of the LV.
Simulating the changes using 3-dimensional model is
difficult because it requires high computational cost due
to the model complexity [2, 4]. The cardiac lumped-
parameter presented here allows for a simplified analysis
of LV remodelling because it is in 1-dimensional, yet it
can mimic the behaviour of a normal heart, as presented
in Figure 3(a) and 4(a).

In this study, LV remodelling is simulated using the
cardiac lumped-parameter model by varying the LV
elastance. LV elastance is divided into two parts, namely
the active elastance, E, and passive elastance, E;,. An
OAT sensitivity analysis was performed, whereby one
elastance is varied while fixing the other. Four cases were
presented: (1) E, decreased by 10 times from baseline; (2)
E, increased by 10 times from baseline; (3) E; decreased
by 10 times from baseline; and (4) E}, increased by 10
times from baseline. The justification of doing this
analysis is that during LV remodelling, the elastance is
either increased or decreased, and the cardiac
contractility is also changed, which is in this case is
represented by the changing the E,. The work done by
[12] evaluated the effect of MI by adding the elastance
for infarct in the myocardium. Meanwhile, the work by
[21] studied LV remodelling by adding stress and strain
based stimuli into the LV cavity and wall volume in a 1-
dimensional lumped-parameter model. Our method is
simple as it only requires modification of the elastance
values.

For case 1, reducing the E, by 10 times from the baseline
causes a significant reduction in LV pressure. In heart
failure, LV contractility reduced as a result of LV
remodelling [16]. Reducing the E, also resulted in the
reduction in LVEF, which shows that the LV loses its
ability to pump blood out to the other parts of the body.
This is also observed in the case of LV remodelling, in
which it causes a reduction in LVEF [18]. Meanwhile, for
case 2, increasing the E, by 10 times from the baseline
does not give significant effect on the LV pressure. It also
resulted in an increased of LVEF. Increasing E,
produces haemodynamics findings similar to an athlete
[19], in which the heart contractility increases to
accommodate for increasing requirements of blood
supply to the other muscles.

For case 3, E,, is decreased by 10 times from the baseline.
The LV pressure initially increases but gradually
decreases and reaches the baseline pressure. It also
produces 38% of LVEF. A low passive elastance means
that the ventricle is less stiff and has higher end diastolic
volume. Despite having higher end diastolic volume, its
contractility remains the same as baseline, and thus, the
LV is unable to pump the blood adequately. This case
might be similar to the case of ventricular dilatation [22],
a condition when the LV becomes enlarge causes its wall
to becomes thinner and reduces its pumping ability.
However, our findings suggest that the LV becomes
dilate due to the reduction in E,, while the contractility
remains the same. This also causes the LV to not be able



to remove the blood out even though it can contain more
blood volume.

For case 4, increasing E, 10 times from the baseline
resulted in the LV becomes stiffer, similar to the case of
ventricular hypertrophy [20]. In this case, the LV volume
remains about the same throughout the cardiac cycle,
indicating that the LV experiencing very small
contraction. In ventricular hypertrophy, the ventricle

becomes thickened and its ability to contract reduces [20].

The lumped-parameter model has the potential to be used
to mimic cases of LV remodelling. It also has been used
to study the effect of aging on LV remodelling [11].
However, several limitations have been identified. The
study only modifies the LV elastance to simulate LV
remodelling. In fact, LV remodelling may also result in
the changes in the elastance of other chambers, such as
the RV [23]. Furthermore, LV remodelling may affect
both active and passive elastance at the same time. Our
study utilized OAT sensitivity analysis, but it provides
insights on the effect of varying each of the elastance.

Investigating LV remodelling using the coupling of
lumped-parameter model with FE model of the heart
could provide more insights. For example, the work by
[13] utilized a biventricular FE model coupled with a
lumped-parameter model. The biventricular model by
[24, 25] includes the model of cardiac Purkinje fibre for
a more extensive analysis of cardiac haemodynamics.
Many cardiac diseases, such as MI, also affect the
myocyte electrophysiology. Various cardiac
electrophysiological models have been developed to
investigate the effects of Ml [8, 9, 26, 27]. Combining
these models with biventricular model and the lumped-
parameter ~ model, could further  elucidate
haemodynamics effects during LV remodelling.

The lumped-parameter model can also be used to study
the overall haemodynamics effects of blood vessels
diseases by coupling it with 3-dimensional blood vessels
models, for examples [28-30]. This could also be
extended to investigate the effects of LV remodelling
towards haemodynamics in the blood vessels, such as the
aorta and coronary artery.

5. CONCLUSION

A cardiac lumped-parameter model has been used to
investigate the effects of LV remodelling on the heart
haemodynamics. The pressure and volume of the heart
chambers, namely LV, LA, and RV were investigated.
LV remodelling was simulated by varying both the active
and passive LV elastance. Decreasing the active
elastance reduces LV contractility, like in the case of a
heart failure. Meanwhile, increasing the passive elastance
makes the LV stiffer, like in the case of ventricular
hypertrophy. The model could be used, alongside 3-
dimensional FE model, to investigate various effects of
LV remodelling.
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