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ABSTRACT

In this study, the cardiovascular system and heart hemodynamic performance are modeled using lumped method
(electrical analogy) to evaluate the effects of abnormal heartbeats on the cardiovascular system performance.
Lumped method (voltage–current relations of an electrical circuit) is able to simulate the cardiovascular (CV) sys-
tem behavior in various physiological conditions. CV system consists of 42 compartments, including artery, vein,
capillary set, and heart chambers. Each blood circulatory subsystem (compartment) is modeled using electrical el-
ements, such as resistor, capacitor, and inductor. In this study, by utilizing lumped model, CV system is simulated
in MATLAB software (SIMULINK environment). There are two major types of irregular heart rates. In tachycardia,
the heartbeats are too quick: over 100 beats per minute. In bradycardia, the heart beat is too slow: less than 60 beats
per minute. Healthy blood circulation and heart performance are modeled (heartbeat: 75 beat/minute), and the re-
sults such as left atrium outflow-time graph and pressure-time diagram of aorta artery and pulmonary circulation
are obtained. The present results are found to be in agreement with numerical and experimental studies. Then, by
increasing and decreasing the heartbeat, the abnormality (150 and 50 beat/minute representing tachycardia and
bradycardia, respectively) is simulated. The results show that the tachycardia leads to a significant reduction of
capillary blood flow into less than 100ml/s, while it exceeds 100ml/s when heart has normal function. The results
of the present study have clinical implications for detailed diagnosis of CV diseases when experimental studies
have limitation. Copyright © 2014 John Wiley & Sons, Ltd.
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KEY WORDS: abnormal heartbeats; compartment; lumped method; cardiovascular system; tachycardia and
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1. INTRODUCTION

The cardiovascular (CV) diseases are responsible for most of the mortalities and morbidities in indus-
trialized nations [1–4]. The circulatory system serves as a transporting vehicle for the nutrients, oxy-
gen, carbon dioxide, hormones, blood cells, and waste to and from the cells [5]. The majority of
studies regarding the physiological systems are conducted based on experiments on animals [6–8].
The clinical results found for animals’ CV system are bounded values and can be only used for an ap-
proximate estimation and comparative assessment of the cognate parameters in human [9–11]. Recent
development in mathematical methods brings about a less complicated computational approach to
model the physiological functions of the CV system (such as lumped method) [12].
*Correspondence to: Alireza Karimi, School of Mechanical Engineering, Iran University of Science and Technology, Tehran
16846, Iran.
†E-mail: alirezakarimi@mecheng.iust.ac.ir
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M. ABDI ET AL.
The circulatory system of a human body can be considered as a complex hydraulic network where
pulsatile pump simulates the heart [13, 14]. Different behavior can be observed at various locations of
the closed loop [15, 16]. The 0D models (named equivalent electrical circuit models) regard as uniform
the distribution of essential variables (blood pressure, volume, and flow rate) in each isolated compart-
ment (artery, vein, etc.) of the simulation [17].

The variability of the parameters can be approximated by setting up the so-called multi-compartments
models, each compartment of which is regarded to be homogenous and expressed by a lumped parameter
model [18]. The accurate measurement of the arterial pressure and flow is known to have great diagnostic
and prognostic value [19], which inspired many attempts to simulate the circulatory system. The major
focus of study for a perfect description of the CV system is undoubtedly the Navier–Stokes equations
[20, 21]; however, its practical implementation for the whole body due to enormous complexities within
its formulation seems impossible [22]. There have been many efforts to combine the fluid equations with
the Windkessel model (WM) so as to attain both precise circulatory representation and reduction of the
inherent complexities [22]. The WM is extensively adopted in applications linking blood pressure, flow,
and heart load [23]. Most studies focused on parts of the circulatory system and in particular either the sys-
temic or pulmonary arterial tree [24, 25]. Themodel suggested in these studies expands on the equations to
cover the whole CV system [26] where it is proposed an analogous variation of WM layout without
attempting to solve the resulting systems of equations. The importance of this closed-loop approach is that
it offers a functional insight in the complicated CV system in terms of directly providing estimates of the
blood pressures, flows, and volumes in various parts of the CV system [17, 27].

Arrhythmias (in this paper bradycardia and tachycardia) are a disturbed rhythm of human heartbeat.
Tachycardia occurs when the heart beat is too fast, generally more than 100 beats per minute. Some
kinds of tachycardia are without difficulty treated and not serious to consider, but others can be life-
threatening. Tachycardia can be a normal reaction to physical activity but can also be a symptom of
a medical problem. Bradycardia happens when heartbeats are too slow, generally less than 60 beats
per minute. When heartbeats are so slow, it cannot pump enough blood to meet human body’s needs
and would lead to life-threatening problem.

In a nutshell, this paper includes the following steps:

• The simplified block diagram of CV system is developed in new electrical circuit.
• The operation of a new circulatory system is simulated.
• The pressure and flow distribution of different parts of CV system (such as left atrium outflow,

aorta artery flow, left ventricle pressure wave propagation, aorta artery pressure waveform,
pulmonary circulation pressure, pulmonary circulation flow, capillary set flow, right ventricle inflow
from right atrium, and left atrium outflow) are assessed under normal and pathological (heart
tachycardia and bradycardia) condition.

• The results are compared with the relevant experimental and clinical observation for verification.
2. MATERIALS AND METHODS

The human CV system components consist of a pump, the heart, and an extensive system of tubes, the
blood vessels that make up a closed circular system. The vessels that leave the heart are called arteries,
and those that return blood to the heart are called veins. Pumping of the heart generates an arterial
blood pressure of about 100mmHg, while venous blood returns to the heart at a pressure of about
5–10mmHg.

The equivalent electrical circuit of circulatory system is based upon [27, 28] and depicted in Figure 1(a).
In this electrical analogy, electric potential and current are corresponded to the average pressure and flow
rate, respectively. A special vessel (or cluster of vessels) is characterized by means of its impedance, which
is represented by a suitable combination of resistors, capacitors, and inductors. The resistors are utilized to
simulate viscous dissipation, while the capacitors account for vessel compliance, the ability to accumulate
and release blood due to elastic deformation. Finally, the inductors are used to simulate inertia terms.
Calculation of these parameters is carried out according to previous studies [17, 27–30]. Regions of
the vascular system can then be modeled and linked in a circuit network (42 compartments).
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm



Figure 1. (a) Equivalent electronically circuit of the human cardiovascular system (42 compartment subsystems).
(b). Typical electrical compartment and corresponding block diagram.

A LUMPED PARAMETER MATHEMATICAL MODEL
Considering electrical compartment at Figure 1(b), we can now write an equation for the pressure
drop across the first resistor and capacitor as shown in Equation 1.

V0 ¼ 1
C
∫ I0 � I1ð Þdt þ VC0

Vm ¼ V1 þ R2I1

I1 ¼ 1
L
∫ Vm � V0ð Þdt þ Vm � V0ð Þ

R2

(1)

In this model, the parameters are roughly determined. The diastolic filling and the systolic period are
assumed to last for 0.5 and 0.3 s, respectively, for a heart period total of 0.8 s, which corresponds to 60/
0.8 = 75 beats/min.

In the case of tachycardia and bradycardia (abnormal heart beats), the simulation is performed
by changing heart beats and recalculating of electric lumped parameter such as resistance, induc-
tance, and compliance amount [28]. By inserting these values into the computer simulation, the
pressure and flow (similar to voltage and current) wave propagations at different parts of CV
system are achieved.
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm
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We can derive the units of C, L, and R:

Cunits ¼ cm4*s2=g

Lunits ¼ g=cm4

Runits ¼ g= cm4*sð Þ

Note that the viscosity μ of normal blood is μ= 0.035 poise (g/cm*s) and normal blood density is
ρ= 1.05 g/cm3. Pressure unit in this circuit is g/cm * s2 (is not N/m2), but multiplying the pressure in
mmHg unit by number 1332, the unit change to g/cm * s2.
3. RESULTS

3.1. Flow and pressure wave propagation in different parts of cardiovascular system under normal
condition (healthy heart)

The flow-time graph of pulmonary circulation is shown in Figure 2(a), where the waveform varies between
0 and 260ml/s (electric current). The waveform starts from 0mm/s, and the peak is in 260ml/s. The
flow-time graph of capillary set is shown in Figure 2(b). This graph shows that capillary set flow varies
between 58 and 105ml/s (diastole-systole). Figure 2(c) shows that right ventricle inflow varies between
0 and 225ml/s (at heart cycle).

3.2. Flow and pressure wave propagation in different parts of cardiovascular system under
pathological condition (tachycardia)

The maximum amount of aortic pulse wave flow and left atrium outflow in Figure 3(a) is 950 and
230ml/s, respectively. Figure 3(b) shows maximum pressure (during systole) in left ventricle and aorta
artery, which presents a sinusoidal pattern. Figure 3(c) depicts pressure patterns in pulmonary circula-
tion where the waveform varies between 7.5 and 32.5mmHg. Figure 3(d–f) indicates flow graph of
pulmonary circulation, capillary set, and right atrium as a function of time is tachycardia.

3.3. Flow and pressure wave propagation in different parts of cardiovascular system under
pathological condition (bradycardia)

The maximum amount of aortic pulse wave flow and left atrium outflow in Figure 4(a) is 600 and
200ml/s, respectively. Figure 4(b) shows maximum pressure (during systole) in left ventricle and aorta
artery, which presents a sinusoidal pattern. Figure 4(c) depicts pressure patterns in pulmonary circula-
tion where the waveform varies between 4.9 and 32mmHg. Figure 4(d–f) indicates flow graph of pul-
monary circulation, capillary set, and right atrium as a function of time when bradycardia occurs.
4. DISCUSSION

4.1. Under normal condition

Under normal condition, each time period takes 0.8 s. The average heart rate for adult humans is 75
beats per minute in a normal undisturbed mode. A person’s blood pressure is usually expressed in
terms of the systolic pressure over diastolic pressure (for left ventricle) and is measured in millimeters
of mercury (mmHg), for example, 140/50mmHg. Blood pressure usually ranges between 32 for the top
or maximum number (systolic) and 5 for the bottom or minimum number (diastolic) for the right ven-
tricle [27, 28]. The left and right ventricular pulse pressures are considered as entrance condition.

The maximum amount of aortic pulse wave flow and left atrium outflow in Figure 5(a) is 800 and
300ml/s, respectively (healthy heart). To validate our model, we compare it (Figure 5(a)) with
Reference [17] as shown in Figure 5(b). However, in the reference, minor differences naturally should
be found. This difference could be the result of the type which the problem is solved and the formulae
that are also applied to the solution. In both diagrams, there are similarities. For example, both have
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm
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Figure 2. Flow-time graph of pulmonary circulation under normal condition (a). Flow versus time graph of capillary
set under healthy condition (b). Inflow-time graph of right ventricle that is supplied from right atrium under normal

heart hemodynamic performance (c).

A LUMPED PARAMETER MATHEMATICAL MODEL
two peaks, although in both of them, basically there are clearly some differences in pattern. Pressure-
time diagram of aorta artery and pulmonary circulation that is inserted in the clinical and numerical
references [14, 17, 31] (Figure 5(d) and(e)) is the other guideline that we could use for the comparison
with Figure 5(c and f), respectively.
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm



Figure 3. Flowwave propagation along the aorta and also through the left atriumwith respect to time under abnormal
circumstance (tachycardia) (a). Left ventricle and aorta artery pressure pulse as a function of time (b). Pressure over
cardiac cycles of pulmonary circulation (c). Flow-time graph of pulmonary circulation (d). Flow in capillary set

as a function of time (e). Right ventricle inflow perfuse from right atrium over cardiac cycles (f).

M. ABDI ET AL.
4.2. Under pathological condition (tachycardia)

In this section, by frequency changing and increased heart rate to 150 beat per minute, tachycardia is
simulated. We compare pressure and flow-time graph of different organs under both conditions to
further assess the possible effects of the tachycardia on CV function. As it is shown, maximum flow rate
through the aortic artery exceeding 900ml/s when tachycardia (Figure 3(a)) occurs, while results depict
800ml/s of aorta artery flow in the name of a healthy heart (Figure 5(a)). In addition, aortic artery
maximum flow takes place in a shorter amount of time (tachycardia) with respect to normal condition.

As it is plotted, aortic pressure exceeding 160mmHg when tachycardia occurred (Figure 3(b)),
while healthy heart diagram show less than 150mmHg of maximum amount of aortic pressure
(Figure 5(c)). Thus, faster resting heart rate has been shown to be associated with a higher risk of
developing hypertension and a greater incidence of CV morbidity and mortality. Arterial pulse analysis
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm



Figure 4. Flow wave propagation along the aorta and also through the left atrium respect to time under abnormal
circumstance (bradycardia) (a). Left ventricle and aorta artery pressure pulse as a function of time (b). Pressure
over cardiac cycles of pulmonary circulation (c). Flow-time graph of pulmonary circulation (d). Flow in capillary

set as a function of time (e). Right ventricle inflow perfuse from right atrium over cardiac cycles (f).

A LUMPED PARAMETER MATHEMATICAL MODEL
was noted to provide useful diagnostic tool. Maximal and minimal values of pulmonary arterial
pressure (Figure 3(c)) do not substantially change (for tachycardia) from normal hearts (Figure 5(f)),
but the shape of the curve is slightly different. Pulmonary arterial pressure is generated by the right
ventricle ejecting blood into the pulmonary circulation, which acts as a resistance to the output from
the right ventricle.

Pulmonary blood flow in the normal heart is about 260ml/s (Figure 2(a)), while the blood flow
reaches 300ml/s when tachycardia occurs (Figure 3(d)). Tachycardia-induced heart causes capillary
blood flow to become less than 100ml/s (Figure 3(e)), while exceeding 100ml/s when heart has normal
function (Figure 2(b)). In this case, owing to an increased heart rate, capillary flow has less opportunity to
reach maximum amount. Right ventricular inflow volume in induced tachycardia heart increased to the
amount of 400ml/s (Figure 3(f)), while healthy heart shows the flow rate less than 250ml/s (Figure 2(c)).
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm



Figure 5. Flow wave propagation along the aorta artery as a function of time and also outflow wave propagation of
left atrium as a function of time in a healthy young adult (a). Aorta artery flow wave propagation as a function of
time and also outflow-time graph of left atrium as a function of time under normal condition based upon reference
(b). Pressure over cardiac cycles of left ventricle and aorta artery in healthy young adult (c). Aorta artery pressure
as a function of time under normal condition based upon literature (d). Pressure-time graph of pulmonary circu-

lation (e). Pressure-time graph of pulmonary circulation (f).

M. ABDI ET AL.
4.3. Under pathological condition (bradycardia)

In this section of this study, by frequency changing and decreased heart rate to 50 beat per minute,
bradycardia is simulated. Similar to tachycardia part, we compare pressure and flow-time graph of
different organs under both conditions (bradycardia-induced heart and healthy heart) to further assess
the possible effects of the bradycardia on CV function.

It is depicted that the maximum flow rate through the aortic artery is decreased to 600ml/s when
bradycardia occurs (Figure 4(a)), while results show 800ml/s of aorta artery flow in the name of a
healthy heart (Figure 5(a)). As it is plotted, aortic pressure decreased to 140mmHg when bradycardia
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2014)
DOI: 10.1002/jnm



A LUMPED PARAMETER MATHEMATICAL MODEL
occurs (Figure 4(b)), while healthy heart diagram shows less than 150mmHg of maximum amount of
aortic pressure (Figure 5(c)). In this case, maximum amount of aortic pressure is equal to maximal
value of left ventricle pressure approximately (Figure 4(b)). Maximal and minimal values of
pulmonary arterial pressure do not substantially change (for bradycardia same as tachycardia) from
normal hearts (Figure 5(f)), but the shape of the curve is slightly different (Figure 4(c)). Pulmonary
blood flow in the normal heart is about 260ml/s (Figure 2(a)), while the blood flow decreased to
200ml/s when bradycardia occurs (Figure 4(d)). Bradycardia-induced heart causes capillary blood flow
to become more than 120ml/s (Figure 4(e)), while it reaches to 100ml/s when heart has normal
function (Figure 2(b)). In this case, because of a decreased heart rate, capillary flow has more oppor-
tunity to reach maximum amount. Right ventricular inflow volume in induced bradycardia heart
increased to the amount of 350ml/s (Figure 4(f)), while healthy heart shows the flow rate less than
250ml/s (Figure 2(c)).

The incorporated explanation of the whole arterial system by means of a lumped system can ade-
quately describe pressure-flow relations. If we can extract some initial values such as length, radius,
and elastic modulus for every vessel by experimental works, then we can obtain electrical elements
such as resistor, capacitor, and inductor. By inserting these element to electrical circuit and by using
lumped method (equivalent electronically circuit), the pressure and flow propagation of every vessel
or set of vessels can be assessed, which is impossible by experimental studies. This method can be
helpful to diagnose human heartbeat problems in specific region such as capillary set when there are
no signs at other vessels in some patient.

4.4. Limitations

In our outlook, a more accurate but clearly more complex model of the systemic arteries can be
constructed by considering the bifurcating network of branched arteries and describing each element
in that network by its appropriate lumped model. An observable bug of this research is the lack of
experimental confirmation, because of the lack of detailed information on the geometry and elasticity
of the arterial network and on the boundary conditions. In this study, atriums are modeled using
constant capacitance while can be simulated by variable parameters such as ventricles in the future
studies. Moreover, realistic mechanical properties of arteries and veins using uniaxial [32–39] or
puncture [40] tests using low strain rates [41–47] would help us to strengthen the results of numerical
models.
5. CONCLUSIONS

The equivalent electrical circuit (lumped parameter models) that represents the main components of
the system (vasculature compartments and the heart with its valves) is suitable for the study of
global distribution of the pressure, flow rate, and blood volume, for specific physiological conditions.
This study had aim to model the pathological disorder in CV system using equivalent electrical
system modeling. In fact, this is one the main advantage of lumped method (computational modeling)
that we can acquire pressure and flow pattern with respect to time, which is very hard to capture
by experimental methods. In addition, by numerical approach such as lumped model incremental
rate of parameters (e.g., pressure and flow) in pathological condition such as stenosis, aneurysm,
and abnormal heart beat can be obtained, which is impossible by laboratory and experimental
methods.
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