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A new hybrid (hydro-numerical) model of the circulatory system
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Abstract. The paper presents a hybrid (hydro-numerical) circulatory model built to be used as a complementary tool for clinical purposes. It
was developed at the Institute of Biocybernetics and Biomedical Engineering — Polish Academy of Sciences (Poland) in co-operation with the
Institute of Clinical Physiology — National Council of Research (Italy). Main advantages of the model are: 1) high accuracy and repeatability
of parameters setting, characteristic of numerical solutions, 2) maximum flexibility achieved by implementing the largest possible number
of the model’s elements in the numerical way, 3) ability to test mechanical heart assist devices provided by special computer applications;
in the model two physically different signal environments — numerical and hydraulic — are connected by special impedance transformers
interfacing physical and numerical parts of the model; 4) eliminating flowmeters, as the voltage controlled flow sources embedded in the
system provide information on flows.

In vitro tests were performed to evaluate the circulatory model: a) modelling and simulation of physiological and pathological states
parameters vs. left ventricular end-systolic elastance (Emax ;) and rest volume (V o;) variations, b) testing the effect of LVAD counterpulsation
on circulatory hemodynamics and ventricular energetics; it resulted in the increase of total cardiac output (COLv+o+) from pathological
value 3.8 to 5.4 I-min~", mean aortic pressure mP, from 67.8 to 96.1 mmHg and in the decrease of left atrial pressure mP,, from 15.7

to 7.7 mmHg and External Work nEW by 37.5%.
The model was verified based on literature data.

Key words: lumped parameter circulatory model, hybrid hydro-numerical models, impedance transformers, LVAD assistance, variable

elastance.

1. Introduction

Hybrid modelling of the circulatory system is a relatively new
branch of biomedical engineering. We began to study the hy-
brid (numerical-physical) modelling of the circulatory system
in late 1990ies. At first, we developed simple models of select-
ed functional blocs like a left ventricle based on a computer-
controlled cylinder-piston pump [1, 2]. But a hybrid model of
the aorta to play the role of ventricular loading needed a quite
new kind of a pump able to generate a constant or pulsatile
flow. An adequate tool was found in a gear pump driven by an
electrical servomotor playing the role of a voltage-controlled
flow source as well as a flowmeter [3]. In the period of 2001-
2005 we were the first and only team applying such “research
technology” [3-9].

In 2006, K.-W. Gwak, E.E. Paden et al., from The Univer-
sity of California, in their publication on similar gear pump
usage [10] confirmed the accuracy of our choice.

While using similar technologies other groups of re-
searchers have recently presented a different approach to hy-
brid solutions [11-13].

Generally speaking, our approach is to build a hybrid-
numerical platform, the core of which is a closed-loop numer-
ical model of blood circulation, providing the ability to con-
nect in each of its points any support device (LVAD, IABP)
using hydro-numerical interfaces as impedance transformers.
As a principle, such a platform is to create software-hardware

*e-mail: marek.darowski@ibib.waw.pl

environment offering software in the form of applications ded-
icated to particular tasks.

The discussed hybrid platform is a part of a large Euro-
pean multi-country project SensorART aimed at designing a
fully automatic control system for a continuous-flow LVAD.

In 2008, we published in Computers in Biology and Medi-
cine a new concept of a hybrid electro-numerical model of the
left ventricle [14] leading to the creation of a complete hybrid
model of a cardio-vascular system. It was built at the Insti-
tute of Biocybernetics and Biomedical Engineering (IBIB) of
the Polish Academy of Sciences (PAN) — Warsaw, Poland, to
be used as a complementary tool in clinical investigations.
The model was developed in close co-operation with the In-
stitute of Clinical Physiology (IFC) of the National Council
of Research (CNR) — Rome, Italy.

In this paper we present the next step of our work —
a newly developed hybrid circulatory model characterized by
the highest possible number of model elements realized in
the form of mathematical equations; this approach enabled
high accuracy and repeatability of the measurement results
obtained by the model. Included in the model is a very small
hydraulic section, reduced to the barest essentials, allowing
for testing various mechanical heart assist devices thanks to
the connection of two physically different environments — nu-
merical and hydraulic. One of the main advantages of this new
approach is eliminating flow-meters as voltage controlled flow
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sources embedded in the system give accurate information on
flows. The whole model (physical and numerical parts and
interfaces) is the first complete cardiovascular simulator that
can be regarded as a hydro-dynamic “artificial patient”. It is
able to reproduce patho-physiological circulatory conditions
and to react to the presence of heart assist devices similarly
to the human organism, as proven during investigations.

2. Hybrid (hydro-numerical) model
of the circulation

In 2008 we published the results of testing the arterial load-
ing structure effect on some circulatory parameters [15] and
presented the above mentioned concept of a hybrid electro-
numerical circulatory model [14].

Each model of blood circulation, irrespective of its struc-
ture and application, is based on a mathematical model in
its numerical (computer) shape. In the discussed model, the
numerical part, i.e. a computer program representing main
mathematical equations describing blood circulation, has been
connected to the physical (hydraulic) part by means of hybrid
interfaces. In this instance, the above mentioned numerical
part was connected to the physical one, representing the assist
device — an intra-aortic balloon pump (IABP) or a left ven-
tricular assist device (LVAD). Impedance transformers (con-
verters) [3, 4] play the role of interfaces connecting these
two different signal environments and transfer signals in both
directions. Interfaces can be connected in any place of the
circulatory model; their role is to open “gates” to enable flow
in both directions: from the physical to numerical part and
back, e.g. to and from a LVAD. The number of impedance
transformers and the way they are connected to the model is
dependent on the application, e.g. LVAD or IABP assistance,
and on the eventual need to add a physical section, like phys-
ical heart valves replacing numerical valves in the numerical
model.

2.1. Structure of the model. In the hybrid model the numeri-
cal part is seen from the hydraulic side as a hydraulic structure
proportionally transformed into the numerical one. Similarly,
the physical device (e.g. a pneumatically driven LVAD, con-
nected to the “native” numerical varying elastance left ven-
tricle) is seen from the numerical side as a proportionally
transformed numerical device.

One of the main functional components of the model is the
above mentioned impedance transformer interfacing physical
and numerical parts of the model. It was already described in
details in [14]. Now, only basic information to describe the
model operation will be given. The hybrid impedance trans-
former TR (Fig. la and b) consists of the electrically con-
trolled flow source VCFES (hydraulic gear pump, developed

994

at the IBIB PAN and driven by a MAXON RE65 DC mo-
tor, ADS 50/10 servo-controller and GTL5 Hiibner tachome-
ter), National Instruments A/D and D/A converters, Honey-
well pressure transducer p/u along with National Instruments
PXI, PC like, based on RT LabVIEW™ operating system.
The output voltage 1.2, proportional to the pressure drop p;y,
is delivered as input pressure p,, to the set of mathemati-
cal equations describing any model network, here represented
by its input impedance Z,,. The computed input flow g, is
sent back in the form of control voltage u.; (earlier converted
symbolically by flow to current converter ¢,, /u.1 and finally
by D/A converter) to the input of VCFES; the relation between
input voltage u.; and flow ¢;, is linear with a correlation
factor better than 0.999. Then, it can be easily shown [3] that
the input hydraulic impedance Z;,, is proportional to the im-
pedance Z,, existing as a program in the PC computer, i.e.
Zin ~ Zpm; it can be easily proven because

Pm = kp *Pins (1)
Qin = k'q *dm, 2)

where k, and k, are real constant factors.
After simple manipulations taking into account that

Zin =22, 3
L =2, @)
am
we finally obtain:
Zin =k Zpm, )
1
where k = m

For kg = ky, = k =1 we have Z;,, = Z,,,.

It must be emphasized that the VCFS is of a flying char-
acter as it can be located in any place of the model in parallel
or in series.

Figure 1c and d present the functional icons of the hy-
brid impedance transformer showing that the impedance trans-
former is merged into physically different environments — hy-
draulic of VADs and numerical of circulatory models.

The hybrid hydro-numerical model of the circulatory sys-
tem developed at the IBIB PAN has modular structure. The
number of impedance transformers applied in the model de-
pends on the number of hydraulic elements (VADs, valves
etc.) connected to the model; as a rule, one hydraulic element
requires two impedance transformers.

A good illustration of the circulatory model modular struc-
ture is the hybrid arterial systemic circulation (the left ven-
tricle and the aorta) presented in Fig. 2. The hybrid character
of the circulatory model in this case is represented by two
impedance transformers assigned to the left ventricle (TR1)
and to the aorta (TR2).

Bull. Pol. Ac.: Tech. 61(4) 2013



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

A new hybrid (hydro-numerical) model of the circulatory system

L

Fig. 1. Hybrid hydro-numerical impedance transformer (TR). a) TR based on voltage- controlled flow source VCFES, b) voltage-controlled
flow source design using a motor driven gear pump, c) the TR icon with hardware terminals for physical and numerical connections, d) the
TR icon representing a signal converting functional module

a) <D: Pressure generator
> £
= ALV El i‘:"
<
.2
g
=P
A . s S
TR1 | Fluid reservoir™ [ TR2
L' MV AV |—| =
| | »~ )
A P . LI 1l Vs
Left Atrium ® 5
Left ventricle £
“_f.'-"l Remaining numerical model of the circulatory systeml""&-—' “
PC
b) <Dz Pressure generator
> £
— ALV El "_8_
<
Qin1 9in2 %
> m > .E'
Ping Piny | &
49 Y 9m2
Pmi MY A|V Pm2 - g
Pt T Y | &
A —b ot Aortal §
i Left Atrium ® PE
Left ventricle g
IT[:-"I Remaining numerical model of the circulatory systeml""LL_[:' “
PC

Fig. 2. Schematic layout of the systemic circulation modular hybrid model connected to the LVAD: a) connection by impedance transformers
TR1 and TR2 represented by four pole icons, b) the same LVAD connection but with TR icons representing hydro-numerical signal
conversions
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Fig. 3. Schematic layout of the assist device (LVAD) connection to the hybrid (hydro-numerical) circulatory model

2.2. Closed-loop hybrid (hydro-numerical) circulatory
model and its connection to the assist device. The discussed
hybrid model is used to simulate pathology of the left ven-
tricle assisted by the pneumatically driven LVAD connected
between the left atrium (input of the artificial left ventricle
ALV) and the numerical aorta (output of the ALV) — Figs. 2
and 3. The left atrium is represented in this case by the phys-
ical capacitor (C,) placed at the hydraulic side, before the
physical valve of the ALV (Fig. 3). The fluid running from
the model has the nature of a “numerical flow” transformed by
impedance transformer TR1 into the hydraulic flow delivered
to the ALV. Next, the flow is pumped over to the impedance
transformer TR2 where it is again converted into the “numer-
ical flow” to enable its return to the numerical aorta.

In addition to the numerical part of the model and LVAD,
Fig. 3 shows signal connections of the impedance transform-
ers.

3. Laboratory tests of the closed-loop hybrid
(hydro-numerical) model of the circulatory
system

3.1. Experimental method.

1. Laboratory in vitro tests were done on a hydro — dynam-
ic “artificial patient” i.e. the closed-loop hybrid (hydro-
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numerical) model of blood circulation developed and im-
plemented at the IBIB PAN and the IFC CNR.
The following investigations were performed in two steps
to analyse and evaluate the circulatory model:

e modelling and simulation of physiological and patho-
logical states and testing the influence of left ventric-
ular end-systolic elastance (Fyax;) and rest volume
(Vo) variations on selected hemodynamic and ener-
getic parameters of the heart and the whole circula-
tory system,

testing the effect of the LVAD assistance strategy and
action on a selected pathological state’s hemodynam-
ics and energetics. In this step, the “native” left ven-
tricle was assisted by the pneumatically driven LVAD
also developed at the IBIB PAN [1].

. The parallel (atrio-aortic) connection of the LVAD to the

“native” heart was applied creating the atrio-arterial bypass
of the heart.

The process of assistance was performed synchronously
with the “native” heart action on the principle of counter-
pulsation. Ejection of blood from the artificial left ventri-
cle (ALV) of the LVAD began with constant time interval
AT = 0.4 s in relation to the “native” left ventricular
systole beginning and took place in its diastole to create
diastolic augmentation. Duration time (At) of the ALV

Bull. Pol. Ac.: Tech. 61(4) 2013
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blood ejection to the aorta, set in the LVAD controller, was
changed in four steps: 0.2; 0.3; 0.4 and 0.5 s.

5. During all the investigations the following parameters were
kept constant:

e heart rate HR = 60-min—!;

e systole time (7%) to full cycle time (T) ratio T /T =
0.375;

e right ventricular end-systolic elastance Fiax,
1.01 mmHg-cm~3;

e right ventricular rest volume Vo, = 5 cm?.

Ventricular condition can be defined by the heart muscle
ability to eject effectively blood from the left ventricle to the
aorta and from the right ventricle to the pulmonary artery in
systole, as well as to fill effectively both ventricles — in dias-
tole. Not long ago, these features in the quantitative sense were
defined based only on values of selected hemodynamic para-
meters of the circulatory system. Latest investigations proved
however that to obtain a more precise view of all circulatory
phenomena, the energetic analysis in the circulatory system is
needed to evaluate if the oxygen balance is appropriate or not.
From this point of view the interaction of the heart and the
circulatory system plays a meaningful role in the analysis of
cardiac efficiency. According to Sagawa and co-workers [16],
the interaction, in the energetic sense, is represented by the
working point P, described by co-ordinates p.s, Ves, i.€. an
intersection of the End-Systolic Pressure — Volume Relation-
ship (ESPVR) and Effective Arterial Elastance (EAE) of the
systemic tree as it is shown in Fig. 4 for two different val-
ues of the maximum ventricular end-systolic elastance (i ax
and E),,.). Each of the working points marked in the figure
(P, P') corresponds to one value of ventricular preload and
afterload. This relation should be taken into account during
estimation of the LVAD influence on the artero-ventricular
section also in the energetic sense [2]. During the investiga-
tions an influence of the parallel left ventricular assistance
(LVAD) on left and right ventricular external work EW will
be discussed.

Ventricular Pressure

"' Ved
Ventricular Volume
Fig. 4. Graphical presentation of the artero-ventricular interaction

es SV

Bull. Pol. Ac.: Tech. 61(4) 2013

The list of symbols is presented in Table 1.

Table 1
List of symbols
Abbreviations Variables
IABP Intra-Aortic Balloon Pump
LVAD Left Ventricular Assist Device
VCFS Voltage Controlled Flow Source
TR Impedance Transformer
ALV Artificial Left Ventricle
D/A, A/ID Digital to Analog and Analog to Digital converters
Ts Systole time
T Cardiac cycle time
Ts/T Systole time to cardiac cycle time ratio
PDes Ventricular end-systolic pressure
Ves Ventricular end-systolic volume
P, P’ Working points on the pressure-volume (P-V) plane
ESPVR End-Systolic Pressure-Volume Relationship
EAE Effective Arterial Elastance
Fax Maximum ventricular systolic elastance
Vor, Vor Left/Right ventricular rest volume
Ras/Rap Systemic/Pulmonary arterial resistance
mPry Mean Left Ventricular Pressure
MPas Mean Systemic Arterial Pressure
MPapm Mean Pulmonary Arterial Pressure
mpiq Mean Left Atrial Pressure
MPra Mean Right Atrial Pressure
SViy /SVry Left/right ventricular Stroke Volume
COLyv/CORy  Left/Right Ventricular Cardiac Output
COLvtot Total Left Ventricular Cardiac Output. It coincides
with CORy or COpy when the ventricle is not as-
sisted
CILy/Cliot Total Cardiac Output Index (calculated basing on
COpy or CORy when the LV is assisted)
EFpy Left Ventricular Ejection Fraction
HR Heart Rate
Vedl Left Ventricular End-Diastolic Volume
Vest Left Ventricular End-Systolic Volume
Viv Left Ventricular Volume
Vey Right Ventricular Volume
Pzb LVAD Control Pressure
At LVAD timing
nkE Wl/ nEW, Left/Right normalized Ventricular External Work

3.2. Circulatory parameters vs. left ventricular end-
systolic elastance (FE,,.,;) and rest volume (V ;) varia-

tions.

Modelling of a physiological state.

In the first step, a physiological state of the circulatory system
(Physiol.) was simulated on the hydro-numerical model to set
up a reference (control) data — Table 2. The left ventricle
(LV) in that case was characterized by end-systolic elastance
Eiax; = 3.5 mmHg-cm~? and rest volume Vo; = 5 cm?®
Modelling of left ventricular pathological states.
Referring to item 3.1, three pathological states of the left
ventricle were simulated by decreasing left ventricular end-

systolic elastance Fi,.x; = 1.5; 1.0 and 0.7 mmHg-cm_3
(Path. 1, 2 and 3 in Table 2) at constant rest volume Vo; =
15 cm3.
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Table 2

Changes in hemodynamic and energetic parameters vs. left ventricular (LV) end- systolic elastance E\ax . Emaxr = 1.01 mmHg-cm™";

3

Rgs = 1.0 mmHg-s-cm_3; Rap = 0.071 mmHg~s~cm_3, Vo, =5 cm?

worsening of ventricular condition.

Hemodynamic and energetic parameters Physiol (control) Path. 1 Path. 2 Path. 3
LV end-systolic elastance Fyyay; [mmHg-cm ™3] 3.5 1.5 1.0 0.7
LV rest volume Vo; [cm3] 5 15 15 15
LV stroke volume SVi 1 [cm?] 92.3 75.5 64.5 54.2
LV cardiac output COpy [I-min~!] 5.5 4.5 3.9 33
RV cardiac output COgy [I-min—1!] 5.6 4.5 3.9 33
LV cardiac output index CIyy [l-min~—!-m?] 3.3 2.7 2.3 1.9
LV end-systolic volume Vg [cm?] 37.3 77.9 96.2 111.7
LV end-diastolic volume V,g; [cm3] 129.6 153.4 160.7 165.9
LV ejection fraction EFy = SV/Veg [%] 71.2 49.2 40.1 32.7
Mean LV pressure mPry [mmHg] 41.2 354 329 30.8
Mean aortic pressure mPy,s [mmHg] 100.0 81.4 69.6 58.6
Mean arterial pulmonary pressure m Py, [mmHg] 16.0 19.0 20.8 224
Mean left atrial pressure m P, [mmHg] 8.1 12.6 15.3 17.7
Mean right atrial pressure m Pr, [mmHg] 5.9 4.6 3.9 33
LV external work n EW, (normalized) 1.00 0.62 0.43 0.28
RV external work n EW,. (normalized) 1.00 0.89 0.77 0.65
In Fig. 5 the time courses of left ventricular (pry) and Eo 150 —Physiol
aortic (pgs) pressures in physiological state Physiol. and in E 125 / aPath. 1 ||
three left ventricular pathological states mentioned above are £ Path. 2
shown. The corresponding left ventricular loops are presented E 100+ e-Path. 3
in Fig. 6 along with the control (physiological) LV loop. \
7
Next, the other factor (left ventricular rest volume Vo) > /
affecting ventricular condition was changed in two steps = 50+ /
20 and 30 cm?® (Path. 4 and 5), at a constant value of /
Frax: = 1.0 mmHg~cm_3. Table 3 and Fig. 7 contain the 25T /,/
data and P-V loops of Path. 2, 4 and 5, bringing about further 0 N
0 50 100 150 200
Viv [em3]

E‘) 150
125 /N
& 100
g ) T——
g 753 N“;‘;H
& 504 ——— 1
251
0f : : ==
0 0.25 0.5 0.75 1
-=—Plv - Physiol. Time [s]
~—Pas - Physiol.
-4—Plv - Path. 1
*—Pas - Path. 1
~—Plv - Path. 2
+*—Pas - Path. 2
-—Plv - Path. 3
-+—Pas - Path. 3

Fig. 5. Left ventricular (prv) and aortic (pss) pressure time courses
in physiological (Physiol.) and in three pathological states (Path. I,
2,3)

998

Fig. 6. Left ventricular P-V loops: physiological (Physiol.) and patho-
logical (Path. 1, 2, 3) vs. left ventricular end-systolic elastance Eax:

— 150
éﬁ =Physiol.
E 1251 o Path. 2
. / —Path. 4
& 100 —Path. 5 ||
AT
MYy 4 8
25 %
Q
VAL
0 50 100 150 200
Vlv [em3]

Fig. 7. Left ventricular P-V loops: physiological (Physiol.) and patho-
logical (Path. 2, 4, 5) vs. left ventricular rest volume Vo,

The ventricular parameters values set up during modelling
were established according to [17-19].
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Table 3
Changes in hemodynamic and energetic parameters vs. left ventricular rest volume (V0;)). Emax» = 1.01 mmHg-cm’g’; Ras = 1.0 mmHg-s-cm’g’;
Rap = 0.071 mmHg-s-cm_S; Vo, =5cm?

Hemodynamic and energetic parameters Physiol (control) Path. 2 Path. 4 Path. 5
LV rest volume Vo; [em?] 5 15 20 30
LV end-systolic elastance Fyyay; [mmHg-cm ™3] 3.5 10 10 10
LV stroke volume SV7y [cm3] 92.3 64.5 62.8 59.4
LV cardiac output COpy [I-min~!] 5.5 3.9 3.8 3.6
RV cardiac output COgy [I-min—1!] 5.6 3.9 3.8 3.6
LV cardiac output index CIyy [l-min~—!-m?] 3.3 2.3 2.2 2.1
LV end-systolic volume V,4; [cm3] 37.3 96.2 98.8 104.0
LV end-diastolic volume V,g; [cm?] 129.6 160.7 161.6 163.4
LV ejection fraction EFy = SV/Veg [%] 71.2 40.1 38.9 36.4
Mean LV pressure mPry [mmHg] 41.2 329 32.6 32.0
Mean aortic pressure mPy,s [mmHg] 100.0 69.6 67.8 64.1
Mean arterial pulmonary pressure m Py, [mmHg] 16.0 20.8 21.1 21.6
Mean left atrial pressure m P, [mmHg] 8.1 15.3 15.7 16.5
Mean right atrial pressure m Pr, [mmHg] 5.9 3.9 3.8 3.6
LV external work n EW, (normalized) 1.00 0.43 0.40 0.35
RV external work n E'W, (normalized) 1.00 0.77 0.75 0.71

3.3. LVAD assistance effect on the circulatory parameters. LVAD control pressures (P, = 90-150 mmHg) and timing
To test the hybrid model, the pneumatically driven LVAD [1] (At = 0.2-0.5 s). The effects of the P,; and timing At vari-
characterized by zero diastolic pressure was applied to support  ations on the circulatory parameters are collected in Tables 4
inefficient left ventricle. One of the simulated pathological and 5, respectively, and in Figs. 8-10.

states (Path. 4) was exposed to the assistance with different

Table 4
Circulatory parameters vs. LVAD control pressure p,p,. Emayx; = 1.0 mmHg.cm™3; Vo, = 20 cm?; Rqs = 1.0 mmHg-s-cm™3;
Fmaxr = 1.01 mmHg-cm’g’; Rap = 0.071 mmHg-s-cm’B; Vor=5cm>; At=04s

Hemodynamic and energetic parameters Path. 4 Path. 4 + LVAD

p.p [mmHg] 0 90 100 110 120 135 150
LV stroke volume SVy 1 [cm?] 62.8 61.4 56.2 47.1 44.6 36.4 30.0
LV cardiac output COpy [I-min~1] 3.8 3.7 34 3.0 2.7 2.2 1.8

total cardiac output CORy = COpy 4o [I-min~1] 3.8 4.0 4.2 4.5 4.8 5.2 54

LV cardiac output index CILy [l'min~!-m?] 2.2 2.1 2.0 1.8 1.6 1.3 1.0

Total cardiac output index Clto¢ [I'min~!-m?] 22 2.3 24 2.6 2.8 3.0 3.1

LV end-systolic volume V,; [cm?] 98.8 100.7 103.6 107.6 109.2 112.4 114.5
LV end-diastolic volume V4, [cm?] 161.6 162.1 159.8 154.7 153.8 148.8 144.5
LV ejection fraction EFy ot = SV/Veg [%] 389 379 35.2 32.0 29.0 24.5 20.8
Mean LV pressure mPr,y [mmHg] 32.6 33.0 329 32.8 32.6 32.0 31.4
Mean aortic pressure m P, [mmHg] 67.8 70.8 75.7 80.6 85.5 91.6 96.1
Mean arterial pulmonary pressure m Py, [mmHg] 21.1 20.5 19.5 18.6 17.7 16.4 15.4
Mean left atrial pressure m P}, [mmHg] 15.7 14.9 13.6 12.2 10.9 9.1 7.7

Mean right atrial pressure m P, [mmHg] 3.8 39 43 4.6 4.9 53 5.7

LV external work n EW; (normalized) 0.40 0.40 0.39 0.37 0. 34 0.29 0.25
RV external work nE'W,. (normalized) 0.75 0.76 0.80 0.85 0.90 0.96 0.99
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Table 5

Circulatory parameters vs. LVAD timing At. Ep,.x; = 1.0 mmHg-cm’g’; Vo, =20 cm3; Ras = 1.0 mmHg-s-cm’B; Fmaxr = 1.01 mmHg-cm™~;

3

Rap = 0.071 mmHg-s-cm~3; Vo, = 5 cm?; P,; = 100 mmHg

Hemodynamic and energetic parameters Path. 4 Path. 4 + LVAD
At [s] 0 0.2 0.3 0.4 0.5
LV stroke volume SVzy [cm3] 62.8 62.1 58.6 55.5 52.6
LV cardiac output COpy [I-min—1] 3.8 3.7 35 33 32
total cardiac output CORy = COpyvto [I'min~1] 3.8 3.9 4.1 4.2 4.4
LV cardiac output index C'Iy [I-min~!-m?] 2.2 2.2 2.0 1.9 1.9
Total cardiac output index C'l¢ot [I-min—!-m?] 2.2 2.3 2.5 2.6 2.7
LV end-systolic volume Vg [cm?] 98.8 99.5 102.1 103.8 105.5
LV end-diastolic volume V,g; [cm3] 161.6 161.6 160.7 159.3 158.1
LV ejection fraction EFpy ot = SV/Veg [%] 38.9 38.4 36.5 34.8 33.3
Mean LV pressure mPry [mmHg] 32.6 32.8 329 32.9 33.0
Mean aortic pressure m Py [mmHg] 67.8 69.5 73.5 76.0 77.8
Mean arterial pulmonary pressure m Py, [mmHg] 21.1 20.8 20.0 19.5 19.3
Mean left atrial pressure m P, [mmHg] 15.7 15.4 14.2 13.5 13.1
Mean right atrial pressure m Pr, [mmHg] 3.8 3.8 4.1 43 44
LV external work n EW; (normalized) 0.40 0.40 0.40 0.39 0.38
RV external work n EW,. (normalized) 0.75 0.75 0.79 0.81 0.85
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Fig. 8. Left ventricular P-V loops: .physiological (Physiol.), patho-
logical (Path. 4) and assisted (Path. 4 + LVAD) vs. LVAD control
pressure p.p; physiological P-V loop is reported for comparison only
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Fig. 9. Left ventricular P-V loops: physiological (Physiol.), patho-
logical (Path. 4) and assisted (Path. 4 + LVAD) vs. LVAD timing
At; physiological P-V loop is reported for comparison only

1000

Fig. 10. Effect of left ventricular inefficiency (Path. 4) and its assis-

tance (Path. 4 + LVAD) on right ventricular P-V loops: Physiol. —

the RV physiological P-V loop at physiological state of the LV, Path

4 — the RV loop at Path. 4 of the LV, 100 and 120 — the RV loops at

the assisted LV Path. 4 when the LVAD control pressure P.; = 100
and 120 mmHg, respectively

4. Results and discussion

One of the goals of our hybrid circulatory model’s design and
testing was to prove its usability in clinically oriented investi-
gations. Tracking particular hemodynamic parameters change
in a physiological and various pathological states, including
assistance, allows to conclude the model is the tool the re-
searchers were looking forward to. Making this way, we can
state the following.

According to Suga [20] and other researchers [21], cardiac
output (CO) is among others determined by cardiac contrac-
tility that can be assessed to some extent by ventricular end-
systolic elastance E,,x; the bigger the elastance and cardiac
output, the better cardiovascular system condition. Sato et al.
[22] suggest that the increasing cardiac contractility is the
most effective way of reversing circulatory depression. The
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main symptoms of development of left ventricular depression
are LV end-systolic elastance (Fmax;) decrease and/or rest
volume (V0;) increase. They are always followed by the rise
of left ventricular end-diastolic pressure from a “physiologi-
cal” level close to zero to about 20 mmHg (Path. 3), typical
for heart depression; it is well seen on the time courses pre-
sented in Fig. 5.

Results of simulations of left ventricular depression devel-
opment with decreasing Fiax; (3.5; 1.0; 0.7 mmHg-cm_3)
and increasing Vo; (15; 20; 30 cm3) are presented on the
P-V plane in Figs. 6 and 7, respectively. Along with Fyax;
decrease characterized by the clockwise rotation of the Fyax;
lines we observe cardiac loops’ narrowing and stroke volume
and cardiac output drop (Table 2 and Fig. 6).

When the E\,.x; decreases from physiological value 3.5
(Physiol.) to 1.0 mmHg-cm™ (Path. 2), the stroke volume
(SV) and cardiac output (CO) decrease by 29.1% and the left
ventricular Cardiac Output Index (C'Iyy) and Ejection Frac-
tion (EF'y) decrease by 30.3% and 46.5%, respectively.

The left ventricular rest volume V o; increases from 15 to
20 and 30 cm? (Path. 4 and 5), causes a corresponding Fypax
line shift rightwards in parallel in relation to Path. 2 (Table 3,
Fig. 7). At the same time, the width of particular loops is
reduced resulting in stroke volume (SV) and cardiac output
(CO) decrease by 2.6 and 5.1%. Increasing arterial pulmonary
(Pap) and left atrial (p;,) pressures (Tables 2 and 3) illustrate
rising pulmonary stagnation caused by left ventricular ineffi-
ciency.

Left ventricular depression strongly influences the right
ventricle (Path. 1-5) because of anatomic coupling by com-
mon ventricular septum [23-24] constantly changing its posi-
tion, also during the assistance [25]. Thanks to that a specific
balance in the heart as a whole is available. Left and right
ventricular interdependence can be shown by way of example
of the External Work (EW). Values of the EW of both ven-
tricles are expressed in Tables 2 and 3 in a normalized form
(nEW)) related to the corresponding physiological values. The
more intensive drop of Ei.x; (Tables 2) and increase of Vo,
(Tables 3) the smaller nEW; value is observed, ranging re-
spectively within 1.00-0.28 and 1.00-0.35. The correspond-
ing changes in the RV energetics are nEW,. values within
1.00-0.65 and 1.00-0.71.

Left ventricular assistance (LVAD) modifies circulatory
conditions, influencing ventricular and cardiovascular vari-
ables. With rising control pressure p.; and timing At of the
LVAD, the V,g; rise and V_4; drop, characteristic for parallel
assistance, are observed bringing about the SV and COpy
decrease (Tables 4, 5 and Figs. 8, 9) and the LV unloading.

The p.; increase from zero (for not assisted Path. 4) to
150 mmHg (when assisted), resulted in 52.2% drop of SV
and COLv.

Timing At increased within 0.2-0.5 s caused SV and
COpry drop of 1.1-16.2%.

Before going into further considerations, one preliminary
remark is needed. In experiments with varying At, control
pressure p., = 100 mmHg was chosen as a compromise be-
tween the best results of assistance, like meaningful rise of

Bull. Pol. Ac.: Tech. 61(4) 2013

total cardiac output (COpy+ot) and relatively small drop of
the External Work (EW), to keep blood flow balance between
the “native” heart and the assist bypass (ALV) and to maintain
the ventricular function on a relatively good level. Setting At
equal to 0.4 s resulted in a small drop of the External Work
by 2.5% in relation to Path. 4 and total cardiac output rise
to 4.2 I/min (Table 5). The increase of control pressure p.p
to 150 mmHg at the same timing resulted in reducing the
left ventricular P-V loop width and stroke volume (SV) by
52% and in increasing the total cardiac output (COry o) Up
to 5.4 I/min at 37.5% nEW, drop in relation to Path. 4; in
this case contributions of the LV and ALV in effective blood
pumping are approximately equal to each other.

It is typical for parallel assistance that it reduces left ven-
tricular stroke volume SV, cardiac output COry and external
work nEW, (Table 4) to allow the left ventricle to rest, thanks
to a limited heart effort. The situation is quite different in the
case of the RV energetics, as shown in the same table, when
nEW.,. rises over the need subsequent to the actual patholog-
ical state of the left ventricle. While this is not the subject
of this paper, it deserves careful attention considering that
sometimes the right ventricular malfunction is a consequence
of LVAD assistance [2].

In Fig. 10 the influence of left ventricular (LV) condition
on right ventricular P-V loops is presented in its physiologi-
cal (Physiol.), pathological (Path 4) and pathological assisted
states resulting in corresponding changes of the right ventric-
ular loop and stroke volume.

1 Win vitro hybrid
80 2 O Nakatani [26]
3 @ Morita [27]
60 4 @ Smedira [28]
5 O Miamoto [29]
40 1 6 @ Garcia [30]
g 20 4
g
o 0
— 123456
(o]
R -20
-40
-60
-80

COtot Pas Pap Pla
Fig. 11. Comparison of LVAD assistance in vitro (hybrid model)
and clinical results Refs. 26-30. Each set of data is presented as a
percentage of the corresponding pathological state value before the
onset of LVAD assistance

Finally, Fig. 11 shows a comparison between experimen-
tal (hybrid) and clinical LVAD assistance results [26-30], in-
cluding these parameters: COyot, Pas, Pap and py,. The data
are presented in the form of percentage changes related to
the same values in initial pathological conditions (for the hy-
brid model — Path. 4). The obtained results show the hybrid
model’s behavior is similar to that of the human circulato-
ry system. In most cases, general trends and the percentage
changes are the same. It should be considered that this version
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of the hybrid model does not include baroreflex and sympa-
thetic feedbacks. However, the modular structure of the plat-
form makes it possible to include these mechanisms in the
model according to experimental needs and first steps in this
direction have already been made [31].

5. Conclusions

1. The aim of this work was to investigate the complete hybrid
hydro-numerical model under parallel LVAD assistance to
its inefficient left ventricle. Limiting the hydraulic section
at the model resulted in markedly increased flexibility that
allowed to set more parameters at the numerical side of the
system.

2. Thanks to the parameters set on the numerical side of the
model, their repeatability and long term stability, character-
istic of numerical circulatory modelling, can be extended
to the whole hybrid system.

3. In the future we are planning to develop the model’s ap-
plicability for typical clinical needs e.g. intra-aortic and
bi-ventricular assistance as well as cardiopulmonary inter-
action modelling.

4. The experiments proved the suitability of the developed
model to the undertaken goals. At present, it is used in
several hospitals and research centres in Poland and Italy
as a complementary tool in simulations of clinical process-
es as well as in education of medical staffs. A general view
of the model is presented in Fig. 12.

Fig. 12. General view of the hybrid circulatory model — physical
section

In November 2012, our Institute was awarded for the Orig-
inal Artificial Respiratory and Circulatory Patient (that includ-
ed the model) with the prestigious Prix Galien Gold Medal
in category of Innovative Research Work.
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