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Purpose: There are many causes of heart failure, one of them being valvular heart disease. In this case, the stage and type of the dis-
ease can significantly affect the hemodynamic parameters of the left ventricle of the heart. In turn, these parameters can significantly
influence the mode, type and strategy of clinical treatment. The aim of the study was to analyze and map the hydrodynamic conditions of
the heart using a hybrid-digital model of the circulatory system. Methods: The tests performed using the circulatory system model al-
lowed for the simulation of the failure of both heart’s left ventricle and a set of arteries in the systemic circulation. Furthermore, the
changes in hemodynamic parameters for valvular anomalies at various heartbeats were obtained. Results: The results suggested that
a higher heartbeat should be sustained in such cases of complex mitral-aortic anomalies in the clinical practice. When observing low
aortic pressures, heartbeat should be increased to compensate for the valvular insufficiencies. Conclusions: Extending the already con-
ducted research could result in constituting a wide database for clinicians who are treating the insufficiency of the left ventricle of the
heart. Moreover, the information included in this paper may be used for a comparison of the clinical anomalies, which facilitates a correct
diagnosis. The test-stand used in the research can be applied to predict the anomalies of the circulation system for a quick and precise
analysis of a clinical anomaly of a patient without physical presence.
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1. Introduction

Heart failure may be defined as a set of hemody-
namic and clinical symptoms caused by the heart
working insufficiently as a suction and force pump.
The failure usually leads to the damage of the tissue
blood flow in relevance to the metabolic tissue re-
quirement [9], [16], [22]. There are three main causes of
heart failure: direct cardiac muscle damage, which can
be further subdivided into: cardiac infarction [3], [15],
cardiomyopathies [13], [16], heart muscle inflamma-
tion [4], [5], [10], drug-induced and toxic damage [19],
[36] and systemic diseases [30]; mechanical dysfunc-
tions, which result in blood pressure, cardiac overload

(arterial hypertension [31], pulmonary artery valve or
aortic valve stenosis and pulmonary hypertension [1],
[7]), volume overload due to valvular insufficiency
and leakage between cardiac chambers [11] or aneu-
rysms [17], [20], [21]; impairment of filling the heart
with blood (pericardium diseases, ventricle hypertro-
phy, mitral valve or tricuspid stenosis) [6], [14], [39].
In the case of valvular heart disease, we are faced
with simple, combined and complex anomalies. The
stage and the type of valvular heart disease can sig-
nificantly influence the basic hemodynamic parame-
ters of the left ventricle of the heart. These parameters
can significantly influence the mode, type and strategy
of treatment. The analysis of the condition of the
valves and the heartbeat frequency can have a great
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importance in the pharmacological procedure that is
chosen to be followed in order to correct the level of
the heart insufficiency.

1.1. Modelling the circulatory system

The circulatory system of the human body is a com-
plex structure, which encompasses multiple organs
through a network blood vessels. Due to the complexity
and its dynamic nature, the system can be difficult to
model. Nevertheless, in the literature, many approaches
to this problem can be found. The models of the circu-
latory system, or some of its parts, can be divided into
two major groups: numerical and hybrid.

The numerical models vary in terms of their com-
plexity and the numerical frameworks to solve them
[8], [12], [18], [26], [32]. In most cases, lumped pa-
rameters are employed [2], [23]. Nevertheless, multi-
physics and multi-scale models are also applied [2].
These models have been applied for modeling the left
ventricle [2], to model enhanced external counterpul-
sation [23], to describe the human foetal circulatory
system [25].

The second major group consists of hybrid models,
often referred to as mock circulatory systems. These
structures are of various complexity and feature a hard-
ware implementation of some of the elements of the
circulatory system, such as the heart and the vessels,
which are controlled with a software side to ensure
that the structure as a whole mimics the behavior of
the actual cardiovascular system of the human body
[24], [27], [28], [33], [38], [40]. The main advantage
of the hybrid systems is that they can be used to test
and assess cardiovascular implants, support and assist
devices [27], [29], [34], [35]. As the hybrid systems
can simulate various conditions, they can also be em-
ployed for clinical training [37].

1.2. The aim of the paper

The aim of the work was to map the hydrodynamic
conditions with the use of a hybrid-digital model of the
circulatory system. The tests were performed to simu-
late the failure both heart’s left ventricle and of a set
of arteries in the systemic circulation. Furthermore, the
simulation allowed us to observe changes in hemody-
namic parameters for individual valvular anomalies at
various frequencies of heart work. The obtained re-
sults can be used in clinical practice for the evaluation
of the effectiveness of future pharmacological treat-
ment.

2. Materials and methods

In chronic illnesses of the circulatory system, there
is a variety of pathologic combinations of pressures,
flows and resistances. In this paper, we decided to
simulate the changes of the quantities of the flows
through the mitral and aortic valves, and to simulate the
changes of pressure in the left ventricle and the arteries
of the systemic circulation taking the resistance pa-
rameters of these valves and the simultaneous change
of the heartbeat frequency into account. The tests were
performed using a hybrid-digital model of the circula-
tory system, previously proposed in [33] (Fig. 1).

The model contained an electro-mechanical block
composed of four chambers and a control system based
on a real-time operating system. Its main feature was in
a custom bio-pump, which allowed for accurate repre-
sentation of the heart hemodynamics. The model was
validated based on clinical data, which proved that it
was capable of reproducing soft and medium valvular
stenosis.

Fig. 1. The hybrid-digital model of the circulatory system

During the tests, the heartbeat was modified in
a range from 55 to 110 bpm (in the first two groups,
the tests were conducted at the most frequent heart-
beat, i.e., from 70 to 90 bpm). The resistance of the
valves was changed in the following ways:
e 20 [gs/cm?] (about 0.015 [mmHg/ml/s]): a regular
and mild degree of valvular stenosis,
e 30 [gs/cm?] (about 0.023 [mmHg/ml/s]): a moder-
ate degree of valvular stenosis,
e 40 [gs/cm’] (about 0.030 [mmHg/ml/s]): a high
degree of valvular stenosis.
Four pathologies that refer to valvular anomalies
and which are present in clinical conditions were ana-
lyzed on the test-stand. The circulatory system model
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used in this study allowed for monitoring and modi- e Group II: time characteristics Q/i and Qlo were

fying of a wide range of parameters describing the
flow characteristics in the heart. In this study, the fol-

lowing parameters were employed: to 75 and 85 bpm.
Plv  — the pressure in the left heart ventricle, e Group III: time characteristics Plv, Pcas, Qli and

performed tests were subdivided into the following

Pcas — the pressure in the arteries of the sys-
temic circulation,
Qli — the flow to the left heart ventricle through

the mitral valve, to 110 bpm (pathology: tachycardia).
QOlo — the flow from the left ventricle to the
aorta through the aortic valve,

RIi  — the resistance in the mitral valve, 3. Results
Rlo — the resistance in the aortic valve.
In order to simplify the analysis of the results, the

three groups:

Group [: time characteristics Plv and Pcas were
measured for a range of values for R/i and Rlo with
the number of the heartbeats per minute set to 75

measured for a range of values for R/i and Rlo
with the number of the heartbeats per minute set

Qlo were measured at the equally increasing R/i
and Rlo for with the number of the heartbeats per
minute set from 55 bpm (pathology: bradycardia)

The results obtained from the presented system

were in the form of graphs of pressure and flow with

regards to time. The graphs obtained for mild valvular
pathologies are presented in Figs. 2 and 3. It is worth
noting that the pathological state significantly affected

and 85 bpm. the values of the Pcas pressure and the flow Qlo.
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These results were in line with some of the previous
flow characteristics obtained in [33]. In order to in-
crease the clarity of the results, the remaining experi-
ments were summarized in histograms.

The initial values of the pressure in the left ventri-
cle (Plv), the pressure in the arteries of the systemic
circulation (Pcas), the flow through the mitral valve
(Qli) and the aortic valve (Qlo) are presented in Table 1,
with the initial resistance of the mitral valve (R/i) and
the aortic valve (Rlo) set to 20 [g-s/cm*] (a regular and
mild degree of stenosis).

Table 1. The initial values for pressure and flow,
depending on the number of beats per minute
with normal and mild degree of the stenosis (low resistance)
of the mitral and aortic valve

Frequency Plv Pcas Qli Qlo
[bpm] [mmHg] | [mmHg] | [cm®/s] [em®/s]

55 33.0 24.7 261 535

75 38.2 27.7 271 849

85 38.5 28.0 273 955

110 36.7 27.2 289 1079

The analysis of the initial hydrodynamic parame-
ters obtained during the tests shows that the lowest
values of the parameters occur at 55 bpm — a pathologic
heartbeat called bradycardia. For the subsequent heart-

beat frequencies (75, 85, 110), the pressures in the left
ventricle (P/v) and the pressures in the arteries of the
systemic circulation (Pcas) are practically at the same
level (a minute decrease for 110 bpm) but the flow
through the mitral valve (Q/i) for 110 bpm (pathologic
heartbeat called tachycardia) shows a slight increase.
However, the most conspicuous results are seen in the
changes of the flow through the aortic valve (Qlo)
where the value at the highest heartbeat frequency is
twice the size of the value at the lowest heartbeat fre-
quency.

The results from group I are shown in Fig. 4. The
graphs represented the changes of Plv and Pcas with
Rlo increasing when compared to R/i, and under in-
creasing heartbeat frequency. The figure also contained
a reversed situation — for an increasing R/i with refer-
ence to Rlo, also under increasing heartbeat frequency.

In group II, the experiments focused on measuring
the flows Q/i and QI0. The conditions of the system
were the same as in the experiments carried out in the
group L. The results were shown in Fig. 5.

In the first part of group III, the changes in the
pressure in the left ventricle (P/v) and the pressure in
the arteries of the systemic circulation (Pcas) with the
uniformly increasing mitral resistance (R/i) and aortic
resistance (R/o) together with the increase in the heart-
beat frequency were measured (Fig. 6).

M 75 bpm M 85 bpm

420
[gsfemd]
(@)
_ e
395
370
345
38, 8 39 0
320 =
20/20 20/30 30/40
32,0
|es/em]
()
28.0
| —] ‘
26,0
23,0
| 28,0 28,0

20.0 -
20020 20/30 30/40

420
|e-stem]

(b)

32,0 —
20/20 30020 40730

320
|e'slem]

&)

28.0

Fig. 4. The change of pressures Plv (a), (b) [mmHg] and Pcas (c), (d) [mmHg]
at high stenosis of the atrial valve (a), (c) [gs/cm®*] and at a reverse clinical situation
— an increase in mitral valve resistance (b), (d) [g-s/cm’]



Selected aspects of the application of the hybrid circulatory system in the analysis of heart insufficiency 157

B 75 bpm ™ 85bpm

340,0 340,0
[cm#/s] (a] [cm?/s] (b)
2950 2950

250,0 2500

205,0 205,0

160,0 1600
20/20 30/20 40/30
1200,0 1200,0
[cm?/s] [crmé/s]
[om?/g] (©) [ ] (d)
1050,0 10500

00,0 00,0

750,0 750,0

40 | 955 76
2020 20130 30/40 20/20 30/20 40130

600,0

600,0

Fig. 5. The change of flows Qli (a), (b) [cm®/s] and Qlo (c), (d) [cm’/s] at high stenosis of the atrial valve (a), (c) [g's/cm*]
and at a reverse clinical situation — an increase in mitral valve resistance (b), (d) [g-s/cm?]
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In the second part of group III, changes in the flow
through the mitral valve (R/i) and the aortic valve
(Rlo) with the uniformly increasing mitral resistance
(RIi) and aortic resistance, and together with the increase
in the heartbeat frequency were measured (Fig. 7).

4. Discussion

In the case of little or moderate degree of the ste-
nosis areas of the outlets of both valves, the flow
through the aortic valve is a hemodynamic parameter
which is most sensitive to changes. The flow in-
creased twice in the examined frequency range. In the
case of the remaining hemodynamic parameters: the
flow through the mitral valve (QIi), the pressure in the
left ventricle (P/v) and the pressure in the arteries of
the systemic circulation (Pcas), the changes are insig-
nificant (Table 1).

In the case of the increase in the aortic valve re-
sistance with respect to the mitral valve, it can be ob-
served that the pressure in the left ventricle (Plv)
slightly increases. However, in the arteries of the sys-
temic circulation (Pcas), for the regular and mild de-
gree of mitral valve stenosis (20 [g's/cm’]) and the
moderate degree of aortic valve stenosis (resistance 30
[g's/cm®]), the left ventricle compensated for the aortic
valve insufficiency.

An approximate 10% drop in the pressure in the
arteries of the systemic circulation (Pcas) occurred at
the moderate degree of mitral valve stenosis (resis-
tance 30 [g-s/cm?]) and a high degree of aortic valve
stenosis (resistance 40 [g-s/cm?]). In the case of flows,
we observed that at the moderate degree of aortic valve
stenosis (resistance 30 [g's/cm’]) the flow through the
mitral valve (Qli) remained unchanged. It decreased
significantly only for the moderate degree of mitral
valve stenosis (resistance 30 [g*s/cm’]) and a high
degree of aortic valve stenosis (resistance 40 [g's/cm*])
by about 20% for 75 bpm, and about 30% for 85 bpm.
In the aortic valve (Qlo), the flow decreased together
with the increase in the resistance of the aortic valve.
However, it was still bigger by about 10% for the
frequency 85 bpm.

In the case of the increase in the mitral valve re-
sistance with respect to the aortic valve, it can be ob-
served that the pressure in the left ventricle (P/v) and
in the arteries of the systemic circulation (Pcas) con-
tinuously decreased. At the same time it was slightly
higher for the frequency of 85 bpm. In the case of
flows through both the mitral valve (Q/i) and the aor-
tic valve (Qlo), we also observed a constant decrease

together with the increase in resistances in the mitral
valve. However, it is bigger by about 12% for the fre-
quency of 85 bpm.

For the same changes of the valve resistances, in
the regular and mild stenosis in both valves (the re-
sistance reaches the increase in pressure in the left
ventricle (P/v) in the range 55 to 75 bpm, together with
a further increase in frequency (from 85 to 110 bpm),
a pressure drop in the left ventricle takes place. In the
case of moderate resistance in both valves (resistance
30 [g's/cm’]), we observed a similar tendency within
the range of pressures in the left ventricle. However,
in the case of a big degree of stenosis in both valves
(resistance 40 [grs/cm?]), we observe a constant ten-
dency of the pressure in the left ventricle to increase
for the whole range of frequencies from 55 to 110 bpm.
A constant little increase in pressure in the arteries of
the systemic circulation (Pcas) occurs for all the de-
grees of resistance growth in both valves (mitral and
aortic). There is also a tendency to stabilize and de-
crease the pressure at the frequency of 110 bpm.

A constant slight increase in flow through the mitral
valve (Qli) was also observed for all the degrees of re-
sistance growth in both valves (from 20 to 40 [g's/cm’]).
However, very large drops in the flows between the
individual increases in resistances in both valves can
be seen. The drops were from about 20% for the mod-
erate resistance in both valves to above 30% when
there was a high degree of stenosis in both valves. The
same dependency occurs for the flow through the
aortic valve (Qlo). There is a constant growth for the
whole range of frequencies from 55 to 110 bpm.
However, significantly smaller flows at increasing
resistances in both valves are noticed (respectively,
about 15% for the moderate resistance in both valves,
and about 25% for a high degree of stenosis in both
valves).

5. Conclusions

The analysis of the selected hydrodynamic parame-
ters enables to evaluate the clinical anomalies of the
most important element of the circulation system, i.e.,
the heart. In the case of the combined aortic-mitral
anomalies, resulting in various degrees of stenosis,
mutual reactions that result from resistance of the
valves and the heartbeat, significantly affect hemody-
namic parameters.

The results suggest that a higher heartbeat fre-
quency should be sustained in the cases of a complex
mitral-aortic anomaly in the clinical practice. How-
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ever, for regular (average) pressures in the aorta,
there is a possibility of obtaining a lower overload of
the left heart ventricle at a lower heartbeat. In the
case of low pressure, the heartbeat should be in-
creased.

Extending the already conducted research could
result in constituting a wide database for clinicians
who are treating the insufficiency of the left ventricle
of the heart. Moreover, the information included in
this paper may be used for a comparison of the clini-
cal anomalies, which facilitates a correct diagnosis.
The test-stand used in the research can be applied
to predict the anomalies of the circulation system for
a quick and precise analysis of a clinical anomaly of
a patient without physical presence. It can be sup-
posed that the pharmacological support leading to the
normal rhythm and heart rate will reduce the number
of thrombotic accidents on the heart’s valves and
chambers.
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