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Venoarterial extracorporeal life support (VA-ECLS) is used in ICUs (intensive care units) for the most extreme presentations of
acute and severe cardiogenic shock, and one of the main issues the clinicians have to deal with is the weaning from VA-ECLS.
In this study, a patient-specific model of the cardiovascular system connected to a VA-ECLS is built to improve the
understanding of this complex system. Pig experiments are performed to validate the model, and the results are quite promising
since the mean difference between experimental data and simulation is smaller than 5% for all the hemodynamic quantities. It is
also a major objective of this paper to provide a proof-of-concept analysis that model-based approaches could improve the

weaning strategy for VA-ECLS therapy.

1. Introduction

Venoarterial extracorporeal life support (VA-ECLS) is usu-
ally applied in the clinical setting of the most extreme presen-
tations of acute and severe cardiogenic shock considered
refractory to traditional measures. This technique is generally
used in ICUs (intensive care units) when it is the only
remaining option to save a human life [1-3].

In current practice, the (arterial) injection cannula is
introduced through the femoral artery in such a way that
the tip of the cannula is placed in the distal aorta. A drainage
(venous) cannula is inserted in the femoral vein (or, less fre-
quently, in the jugular vein) and placed at the junction
between the right atrium and inferior (or superior) vena cava.
Even if VA-ECLS is nowadays commonly used in ICUs, the
mortality rate associated with this device still remains high
[2, 3]. Several improvements are thus required to decrease
the complications associated with this extracorporeal device.
One of the main issues the clinicians have to deal with is the
weaning from VA-ECLS. Indeed, since this configuration
drains a fraction of the systemic blood flow from the veins
and returns it in the arteries, the VA-ECLS modifies the
hemodynamics of the heart by decreasing the preload and
increasing the afterload. The actual cardiac condition of a

patient with VA-ECLS is thus not easy to assess, and in
particular, it is difficult to predict how the heart will
behave after the device is switched off. To try to answer
this question before removing the VA-ECLS, the medical
team performs several weaning tests by progressively
decreasing the extracorporeal blood flow to approximately
0.51/min. With such a small extracorporeal blood flow, the
interaction of the VA-ECLS with the heart becomes negli-
gible and the quasireal hemodynamics of the heart can be
evaluated by measuring the mean arterial pressure, the left
ventricular ejection fraction, and the aortic velocity time
integral [4]. However, low blood flows during weaning
tests increase the risk of clotting.

Mathematical models of biological or physiological sys-
tems have proved their ability to provide a better understand-
ing of the basic mechanisms at work in many complex
situations. In particular, many mathematical models of the
cardiovascular system have already been proposed and ana-
lyzed in literature [5-14]. However, only a few have studied
the interactions between the cardiovascular system and an
extracorporeal circulatory support device [5, 12]. In [5],
Broomé and Donker have built a rather complex cardiovas-
cular model connected to a VA-ECLS, with 32 compartments
for the cardiovascular system and 1 compartment describing
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the ECLS. Given the usually rather low number of measure-
ments available in the ICU, a rather large number of the
many parameters of this model cannot be determined in a
patient-specific way. On the other hand, Pironet et al. pro-
posed a minimal model of the cardiovascular system, of
which most (or all) parameters can be determined from data
usually available in the ICU [15]. The first purpose of the
present work is to build a similar model and complement it
with an additional compartment describing the VA-ECLS.
Of course, this extended model must remain identifiable with
data available in the ICU. Then, the second and most impor-
tant part of our work consists in showing in principle how
such a model could help avoiding too low extracorporeal
flows during weaning tests. This part of our work thus pro-
vides a proof-of-concept analysis of the possibility of
model-based VA-ECLS weaning tests [16].

In the following sections, the mathematical model is
briefly described and the experimental data that were
obtained from 8 pigs are presented. Some parameters of the
mathematical model can be estimated using the experimental
data, and the method to compute these parameters is
described. The hemodynamic quantities simulated by our
model are then compared to the experimental data. In Sec-
tion 4, a general discussion is presented. The values of the
parameters and the comparison between the model and the
experimental data are analyzed, and we explain that our work
can be considered a first encouraging step towards the devel-
opment of in silico weaning tests from a VA-ECLS. We also
compare our simplified model with another model [5] pre-
sented in literature. Finally, a conclusion and possible future
work are presented.

2. Methods

2.1. Mathematical Modeling. Our model is a lumped param-
eter model of the cardiovascular system connected to a VA-
ECLS. Beside the VA-ECLS, 3 other compartments are con-
sidered: one for the veins, one for the arteries, and one for
the heart. Figure 1 depicts a schematic representation of the
4-compartment model. The equations of the cardiovascular
model will not be presented in detail here since they are quite
similar to those introduced in Pironet et al. [15] (for the
interested reader, these equations are briefly presented in
Appendix A). Let us only mention that the artery compart-
ment is characterized by the two variables P, and V, for
the blood pressure and the stressed blood volume in the
arteries and by one parameter E, characterizing the elastance
of the arteries. The vein compartment is characterized by the
two variables P, and V, for the blood pressure and the
stressed blood volume in the veins and by one parameter
E, which is the elastance of the veins. The heart compartment
is characterized by the two variables P}, and V', for the blood
pressure and the stressed blood volume in the heart. The
mathematical model also introduces 3 parameters to describe
the heart compartment: the end-systolic elastance E, is the
slope of the end-systolic pressure-volume relationship, which
characterizes the contractility of the heart (see Appendix A),
and parameters A; and Bj, which describe the end-diastolic
pressure-volume relationship (EDPVR, see Appendix A).
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FIGURE 1: Model of the cardiovascular system connected to a VA-
ECLS. All symbols are defined in the text.

Different blood flows must also be described. The blood flow
Q, is ejected by the heart and flows through a resistance R
(the resistance of the output valve); the blood flow Q,, linking
the arteries to the veins, flows through a resistance R (sys-
temic resistance); and the blood flow Q;, which arrives in
the heart, flows through a resistance R; (resistance of the
input valve). For the VA-ECLS device, only the extracorpo-
real blood flow Q4 which drains blood from the vena cava
and returns it in the aorta is taken into account. Finally,
parameter SBV is used to represent the total stressed blood
volume in the cardiovascular system.

2.2. Experimental Data. Animal experiments, approved by
the Ethics Committee of the Medical Faculty of the Univer-
sity of Liege, were carried out on 8 Pietrain pigs.

Pigs are administered ketamine (20 mg/kg) and diazepam
(1 mg/kg) prior to the experiments. At the beginning of the
experiments, the pigs are anesthetized by continuous infu-
sion of sufentanil (0.5 ug/kh/h) and sodium pentobarbital
(3mg/kg). The animals are intubated, and the ventilator
(Engstrom Carestation, General Electric, Germany) is set to
a tidal volume of 10 ml/kg, an inspired fraction of oxygen
(Fi,) of 0.5, a respiratory frequency of 20 respirations per
minute, and a PEEP (Positive End-Expiratory Pressure) of
5cmH,0. Three catheters (Transonic, USA) are placed in
the cardiovascular system: a conductance pressure-volume
catheter is inserted in the left carotid artery and placed in
the left ventricle, a pressure catheter with two sensors (the
distance between the two sensors is equal to 40cm) is
inserted in the right femoral artery and placed in the aortic
arch, and a pressure catheter with one sensor is inserted in
the femoral vein and placed in the inferior vena cava. A
Fogarty balloon is also placed in the inferior vena cava in
order to allow the modification of the preload of the ventricle.
Using the 3 catheters, the blood pressures in the left ventricle,
in the aortic arch, in the vessel located 40 cm below the aortic
arch (in the iliac artery), and in the inferior vena cava are
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continuously measured as well as the left ventricular volume.
Furthermore, the two cannulae to be connected to the VA-
ECLS are placed in the cardiovascular system as described
in Introduction.

After introducing all the measurement instruments, the
balloon and the cannulae, all the data are recorded and
these initial values define the baseline situation. Then, a
cardiac arrest is induced for 5 minutes by an electric cur-
rent applied near the apex of the heart, leading to ventric-
ular fibrillation. In addition, ventilation is stopped during
this state. Then, the ventilator is restarted with the same
settings as before except for the F;, which is increased

to 1. In addition, a VA-ECLS (CARDIOHELP®, Getinge,
Sweden) is connected to the cannulae and an extracorpo-
real blood flow is initiated. The settings of this extracorpo-
real device are such that the extracorporeal blood flow is
as large as possible, with the constraint that the inlet pres-
sure must remain larger than -60mmHg. The gas flow
through the ECLS is equal to 81/min, and the fraction of
O, in the gas entering the device is equal to 1. Further-
more, a defibrillator is used to restore a normal sinus
rhythm. If the mean arterial blood pressure is smaller than
60 mmHg, noradrenaline is infused to restore a mean arte-
rial blood pressure larger than this value.

When the cardiovascular system connected to the VA-
ECLS is stabilized, weaning tests are performed with a pro-
cedure quite similar to the ones carried out on patients in
the ICU. During the weaning tests, the extracorporeal blood
flow is gradually decreased by approximately 15% every
5min. At the end of each of these steps, the ventilator is
turned off for 1 min to remove the effects of breathing on
the circulatory system. During this phase, the experimental
data are recorded. In the present study, the pressure in the
aortic arch will not be used and it is rather the distal arte-
rial pressure (the pressure in the iliac artery) that will be
considered for the identification of the parameters. Indeed,
the sensor in the aorta is close to the arterial cannula and
blood reinjection could thus induce local perturbations in
pressure measurements. Moreover, arterial pressure in the
iliac artery is near identical to aortic pressure and can be
considered a valuable surrogate to assess left ventricular
afterload. Note also that in current clinical practice, arterial
pressure is estimated using a peripheral arterial line, which
thus provides information at some distance from the aorta,
as in our experimental setting. The end of the weaning test
is defined when the extracorporeal blood flow reaches
approximately 0.31/min. As for the other steps, the extra-
corporeal blood flow is maintained for 5 min, the ventilator
is turned off for 1min, and the experimental data are
recorded. Then, the extracorporeal blood flow is increased
and fixed to its initial value (an extracorporeal blood flow
as large as possible with the constraint of an inlet pressure
larger than -60 mmHg). After at least 30 min of stabiliza-
tion, a second weaning test is carried out for 6 animals.

2.3. Estimation of the Model Parameters. The heart rate (HR)
and the extracorporeal blood Q4 are two parameters of the
mathematical model which are directly measured in the lab.
The estimation of the other parameters is more complex

TaABLE 1: Parameters of the cardiovascular model connected to a
VA-ECLS.

Descriptions Values

Identified parameters

Exponential parameter

An of the EDPVR equation Subject-specific
E, Elastance of the arteries Subject-specific
E, Slope of the ESPVR equation Subject-specific
Ry Systemic resistance Subject-specific
SBV Stressed blood volume Subject-specific
Measured parameters

HR Heart rate Subject-specific

Parameters taken from the literature

Preexponential parameter

B of the EDPVR equation 0.35 mmHg [6]

E, Elastance of the veins 0.014 mmHg/ml [6]
R, Resistance of the input valve 0.015 mmHg-s/ml [6]
R, Resistance of the output valve 0.03 mmHg-s/ml [6]

ECLS settings

Q4 Extracorporeal blood flow Chosen by the clinicians

and is described now, first in the case of a given and fixed
external blow flow Q, and then in the case of a weaning test.

2.3.1. Estimation of the Parameters for One Given
Extracorporeal Blood Flow. The cardiovascular model con-
nected to a VA-ECLS contains 9 parameters (R;, R, R, By,
Ay, Ey, E,, E,, and SBV), whose values must be determined,
and we want to make these estimations as patient-specific
as possible given the available data. In our experimental set-
ting, these data are the continuous blood pressures in the
arteries and veins, the stroke volume in the left ventricle,
and the diastolic volume in the left ventricle. For the blood
pressure in the arteries, two essential values are extracted:
the mean blood pressure and the pulse blood pressure (or
amplitude blood pressure). For the blood pressure in the
veins, only the value of the mean blood pressure can be
extracted. Indeed, this signal is not accurate enough to extract
its amplitude. Consequently, the parameter E, cannot be esti-
mated since it depends strongly on this amplitude. In our
study, this parameter will thus be considered constant and
its value is taken from literature (Table 1). Three of the 8
remaining parameters must also be extracted from literature
and considered constant since only 5 measurements are
available (3 blood pressures and 2 blood volumes). These
parameters are R;, R, and By, and their values are presented
in Table 1. Parameters R; and R are in fact nonidentifiable
with the data normally available in the ICU (the blood pres-
sure in the heart is often not measured in the ICU). In addi-
tion, except in the case of valve pathologies, the resistances of
the valves should not vary much between different subjects or
between different hemodynamic situations of a given subject.
Then, the two parameters By, and A, that define the EDPVR
equation cannot be both identified with the available data. In
our study, we assume that parameter A, is more likely to



change since, in previous studies [6, 13], B, is identical for
both ventricles while Ay, is smaller for the right ventricle than
the left one. Therefore, A; is taken as a patient-specific
parameter, while By, is taken from the literature (Table 1).

The remaining 5 parameters R, Ay, Ey , E,, and SBV must
thus be estimated from the data. In the following, the avail-
able data will be gathered in vector y4t2:

where

(i) P, is the mean blood pressure in the arteries. This
value is estimated with the following equation
(17): P, =(1/3)maxy(P,) + (2/3)min(P,), where
maxry(P,) and ming(P,) are, respectively, the max-
imum and the minimum blood pressure in the
arteries during one beat of duration T

(ii) PP, is the pulse blood pressure in the arteries.
This value is estimated by subtracting the dia-
stolic blood pressure in the arteries (ming(P,))
from the systolic blood pressure in the arteries
(maXT (P a))‘

(iii) P, is the mean blood pressure in the veins. This value
is estimated by calculating the mean venous pressure
for one beat

(iv) maxy(V},) is the maximum blood volume in the
heart during one cardiac period. This quantity is
estimated using the pressure-volume catheter in
the left ventricle

(v) SV is the stroke volume. SV is estimated using the
pressure-volume catheter and by subtracting the
minimum blood volume in the left ventricle
(minp(V})) from the maximum blood volume in
the left ventricle (max(V}))

Note that data are recorded on several cardiac beats and
the 5 values in y%® are the means of the different quantities
for the considered beats.

If p is the vector containing the 5 parameters, the param-
eter identification is performed by finding p = p* which min-
imizes the error function ¥, defined as follows [15]:

2

w(p) = i (yi‘"‘“—ykm“e‘(p)) ’ 2)

k=1 Ok

where
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TaBLE 2: The different measurement standard errors.

Measurement o
max (V) 2ml
PP, 0.4mmHg
P, 0.2mmHg
P, 0.1 mmHg
SV 3ml

(i) y™°dl(p) contains the same physiological quantities
as y@ but these quantities are here determined by
using the mathematical model for which the param-

eter values are defined by vector p

(ii) o, are standard errors related to the different ele-
ments of vector y%* and defined as follows. For each
weaning test and each given value of the extracorpo-
real blood flow, the experimental data are recorded
on several cardiac beats. Then, the means and stan-
dard deviations corresponding to these beats and
for the different elements of vector y% are calcu-
lated. Finally, for any index k corresponding to an
element of y%%?, the quantity o, is defined as the
mean of the standard deviations introduced above,
the mean being calculated over all the weaning tests
carried out on our 8 pigs. These quantities allow to
take into account the experimental errors in our lab,
and their values are given in Table 2

2.3.2. Estimation of the Parameters Corresponding to a
Weaning Test. It is worth recalling that the main goal of
our mathematical model is to simulate the behavior of the
cardiovascular system during weaning tests, for which the
extracorporeal blood flow is progressively decreased. How-
ever, if the extracorporeal blood flow decreases, it seems clear
that the behavior of the cardiovascular system will change
significantly. Indeed, for a reduced Qg, the preload and after-
load of the heart are, respectively, decreased and increased,
which modifies the behavior of the heart and consequently
the behavior of the whole hemodynamics. The cardiovascular
system has in fact several control and regulation systems to
maintain or adapt important hemodynamic quantities like,
for instance, the mean blood pressure. To take these controls
into account in our approach, we will assume that the differ-
ent parameters of the CVS depend on the imposed value of
the external blood flow and to keep things as simple as possi-
ble, we will just consider the following linear relationships
between the parameters and Qg:

Ap = Agp - Qq + Agps

E, =Egp- Qg+ Egp

E,=Eq, - Qi+E, (3)
R =Rg - Qs+ Ry,

SBV =SBV, - Qq + SBV,,
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where Agy, Agh> Egin Eops Esiar Eowr Raisr Ros» SBV), and
SBV,, are 10 coefficients whose values must be determined
from the available data. It is important to emphasize that
these 10 coefficients do not have a straightforward physiolog-
ical interpretation and they must in fact be considered a
mathematical tool to describe in a phenomenological way
the control mechanisms that the body uses to adapt the phys-
iological parameters A, Ey, E,, R, and SBV to changes of the
extracorporeal flow Q.

To estimate these 10 coefficients, the identification proce-
dure introduced before must be modified as follows. Remind
first that the extracorporeal blood flow is an input of the cardio-
vascular system connected to a VA-ECLS since the medical
team can control this quantity. The identification of the 10 coef-
ficients introduced above can thus be carried out using the same
measurements as in the previous subsection but the measure-
ments related to different extracorporeal blood flows Q4 will
be taken into account and a new error function ¥ is introduced:

n 5 model 2
V-3 (u) (@)

where # is the number of the different extracorporeal blood
flows and c is the vector of the 10 sought coefhicients. With this
method, the number of measurements is multiplied by the
number of extracorporeal blood flows used for the identifica-
tion. Since 10 values must be identified, # must be larger than
or equal to 2. In this study, the parameter identification is per-
formed using n > 3.

2.4. Statistics. In the minimization process allowing the iden-
tification of the 10 coefficients, the minimum value ¥(c*) of
¥(c) is not exactly equal to 0 and there is thus an error
between the experimental data and the corresponding values
estimated by the mathematical model. It is interesting to ana-
lyze separately the errors corresponding to the different com-
ponents of the vector defined in equation (1), and it is worth
introducing the following quantities:

aveeey 1§ PP
[APP,/PP,| = — ,
a a nj:1 PPa’eij
" *sim PEXP
|AP,/P,| = Z o7 i
j=1 a]
sim eXp
1& Pv,j v
AP /P | =~ _ ,
I R
— sim exp
‘AmaxT(Vh) e maxy (Vy, )™ = maxy (V)
maXT ( Vh) n = maXT (Vh,]> exp >
n Svslm SVeXP
|ASV/SV| = Zl S

where |APP,/PP,| is the mean relative error between simu-
lated and experimental PP,, while index j corresponds to
the different values of Q,. The other symbols introduced in
equations (6-9) have similar meanings. In order to estimate
if the model tends to overestimate or underestimate the
experimental data, the mean relative errors are also com-
puted without the absolute values (and the corresponding

quantities are denoted as APP,/PP,, AP,/P,, AP,/P,,

Amaxy (V) /maxp(Vy), and ASV/SV). These 5 errors are cal-
culated for each weaning test, and the mean and standard
deviation over all tests are also estimated.

3. Results

Here, we present the results of the identification of the
parameters of the model from experimental data. Then, the
predictions of the model are compared to observations and
the errors between the simulated values and the correspond-
ing experimental data are also estimated.

3.1. Values of the Parameters during Baseline Situation. Dur-
ing the baseline situation (this phase corresponds to the data
recorded before the cardiac arrest, see Subsection 2.2), the
parameter HR is directly measured and the 5 physical param-
eters of the mathematical model, A, E,, E,, E,, and SBV, are
estimated using the methods described in Subsection 2.3.1
for Q4 =01/min. With this method and our experimental
data, the errors between the simulated values and the mea-
surements are very small (¥(p*) < 107 for all pigs) and the
values of the 5 parameters and HR for each pig are given in
Table 3. It is worth emphasizing that all the parameters have
the same order of magnitude for the different pigs.

3.2. Evolution of the Parameters during the Weaning Tests.
For the parameter identification during the weaning tests,
HR and Q are directly measured and the values of HR in
terms of Q, for Pig8 are illustrated in Figure 2. For this pig,
2 weaning tests, labeled T1 and T2, have been performed.

The values of the 10 coefficients introduced in equation
(3) and describing the evolution of the parameters with
respect to Q, are determined by the method presented in
Subsection 2.3.2. Their values are provided in Table 4 for
each weaning test. Note that the values of the independent
terms in equation (3) are of the same order for the different
weaning tests. However, the values of the slopes in equation
(3) are quite different for the different pigs and even for dif-
ferent weaning tests corresponding to a given pig. Note also
that Table 4 provides the possibly infused noradrenaline. In
addition, Table 4 provides the number of Q, that were used
for each weaning test.

To assess the quality of the model, the hemodynamic var-
iables obtained in simulations are compared with experimen-
tal data. As an example, Figure 3 shows a good agreement
between the evolutions of simulated (solid lines) and experi-
mental (crosses) physiological quantities of equation (1) for
Pig8 and during the two weaning tests T1 and T2.

Table 5 describes the errors between the simulations and
the experimental data. The relative mean errors are in fact
quite small: for all the weaning tests, the quantities
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TaBLE 3: Values of the physical parameters p and of the heart rate during the baseline situation. There is no noradrenaline injection for this

state.
Data Pigl Pig2 Pig3 Pig4 Pig5 Pig6 Pig7 Pig8 Mean + o
Parameter identification
E, (mmHg/ml) 1.17 1.15 1.24 1.74 1.75 1.25 2.37 1.58 1.53£0.42
SBV (ml) 846 1046 1064 1764 691 1093 1085 961 1069 £ 314
A, (ml™) 0.025 0.052 0.046 0.035 0.035 0.032 0.054 0.031 0.039+0.011
E, (mmHg/ml) 0.82 1.47 1.72 0.83 1.70 1.40 2.03 1.59 1.44+£0.43
R, (mmHg-s/ml) 0.93 1.58 1.62 0.91 2.05 1.63 2.21 1.83 1.59+0.47
Heart rate measurement
HR (s7") 1.26 1.18 1.35 1.69 1.17 1.23 1.31 1.33 1.32+0.17
110 110
Pig8 T1 Pig8 T2
IE X E
E 100 - ><><><>< X E 10 ><><><
o~ X X & X X
o oS N X
X
90 T 90 T
0 0.5 1 0 0.5 1
Qg (I/min) Qg4 (I/min)

FIGURE 2: Heart rate in terms of Q4 for the weaning tests Pig8 T1 and Pig8 T2.

|APP,/PP,|, |AP,/P,|, |AP,/P, |, and |Amax(V,)/max (V)]
are all smaller than 3% while |ASV/SV]| is smaller than 5%.
Table 5 also shows that the simulated venous pressure over-

estimates the measured venous pressure (AP, /P, =1.1%)
while there is no global overestimation or global underesti-
mation for the other quantities. For the interested reader,
more details on the errors (errors for each weaning test) are
provided in Table 6.

4. Discussion

4.1. Validation of Our Mathematical Models. Two models
have been used in this study, one describing the cardiovascu-
lar system with no extracorporeal device (Q;=0) and one
describing the cardiovascular system during the weaning of
ECLS (several Q).

The cardiovascular model alone has shown an excellent
correspondence with experimental data since the estimated
value of ¥ (p*) is very small for all pigs. For the mathematical
model simulating weaning tests, Table 5 has shown very
small errors for PP,, P,, P,, and max(V},) (relatives errors
smaller or equal to 3%). The errors for SV are slightly larger
(smaller than 5%) but still acceptable regarding the poor
accuracy of SV measurements. Indeed, the mean value of
SV is approximatively equal to 30ml for all weaning tests
and the corresponding measurement standard error is equal
to 3ml (see Table 2).

These results thus provide a convincing validation of our
modeling approach.

4.2. Variations of the Parameters with Q,. Table 4 has pro-
vided the slopes of the 5 model parameters E,, SBV, A, , E,,
and R, with respect to Q4. These quantities are of paramount
importance since they describe the variations of the parame-
ters with the extracorporeal blood flow. These variations
result from control mechanisms on the cardiovascular sys-
tem when Q is changed and can thus be patient-specific.
In order to analyze these variations more deeply, it is
interesting to introduce the following “normalized” changes
of the 5 parameters when Q, is increased from 0 to 11/min:

AE JE, = ’
e E,(Qq =01/min)
SBV =11/min) - SBV — 01/mi
A,SBV/SBV = (Qq SB/\r,mn) — ('Qd /min) ’
(Qd = m1n)
AA A, = Ap(Qq =11/min) — A}, (Qq = 01/min)
e A, (Qq=01/min) >
AE.JE = E,(Qq=1Vmin) - E,(Q4 = 0l/min)
e E,(Qq=01/min) >
AR R, = R{(Qq=11/min) - R(Q4 =01/min) .

R,(Qq = 01/min)
(6)

The values of these quantities are presented in Figure 4
for all the weaning tests. The first panel of the figure repre-
sents A, Ey /E; and demonstrates that A, E, /E; is always pos-
itive. This implies that E, always decreases when Qg



Computational and Mathematical Methods in Medicine

6 8 S S S S S S 9 S € € € € u

PO J0 JoquImN
6TTOF6TT 00 00 00 00 9T L9T 9T 00  €€5  €€S  L9T  €€§  €€§ 00  (urw/Sr) sureuaiperoN

QUI[eUaIPeION
SI00F €10°0-  PI00- €200 0€00-  €€0°0-  10000-  STO0- 9100 000  910°0- 1000~ 6000~ €100~  FE00-  €00°0- (Iw/ s - SHww) 9y
120079000 0000  TT00-  £000-  €20°0-  SIO0  9000- 900  IT00 8000~ 1000  ¥100 9100  ¥100 2000 (Iwys - Spww) “15g
p2-1%92:6- S2°% §2-9 pa-I- po-1- ST P21 921 §2°6 SI€ SIS yaT  poag §2:9 For (Jwys) Ty
[8SSFISOC 9691  609F%  FS6T  08T'€  LLS8  8PLII €T69-  TTEL  TEQT-  TS80- T8 90T- 609  FHO- (s) AdS
[I00FST00 8000  $000 0200 SI00 9000  €€00  €€00 €200 $000 2000 6200  FIOO €100 $000 (oIw/s - SHww) 1157
LTOFSTT Wl sST 8¢T LS 860 1T 9Tl ITT ST 060 00T BT FLT 960 (qu/s-BHww) "0
LEOTF6VT 81 T9T 9T  0LT €T 08T €01 €T IIT Wl Wl Wl ¥l €90 (/B pu) "og
6000F9€0°0 9200  £LZ0O0  0€00  0€00  9€00  LEOD  OKO0  OFO0  TEO0D  I€00  IHO0 OO 65000 9200 (1) 0y
617 F 6601 06 9101  S08 S8 8L6 166 08T1  6T1 0T8T  SOIZ €411 €19 €°L €8L (Tw) °AdS
V0¥ 660 $80 €60 €0 180  SE€T  FTT  L60  OIT  €€T 00T 80 0TI 760 IS0 (lu/SHww) g

UONROYNUSPI I9)oWRIRd

oTHRIN - 881d . - 81 . - 981d . - S81d . - 781d . mMm - 281d . %W o

1593 urueom Yoed

10§ papraoid osfe axe PP) Jo Joquunu oy} pue WOnI2(Ul suTjeuaIpeIou oY) Jo anjea oy, (% pue <7 1y ‘AgS 1q) 1010uwrered yoes 10§ suorssardxa 1eaul] 91 JO 3 SJUSIOLFI0D d[} JO SAN[e A F TTAV,],



Computational and Mathematical Methods in Medicine

Pig8 T1
1354 80 - 14 -
X
X
13 4
~ 75 X
= X
5 130 4 [[% oy 12
X
g X, X x 70 1
X 11 1
125 T 1 65 T \ 10 T
0.5 1 0 0.5 1 0.5
Qg (I/min) Qg (I/min) Qg (I/min)
—— Model
X Exp.
28+ 354
274 34
X
26 X 33
A & XX
25 X 32
X X
244 X 311
23 T 1 30 T y
0 0.5 1 0 0.5 1
Qg (I/min) Qg (I/min)
—— Model
X Exp.
Pig8 T2
135 1 80 14+
XX
X 134
—~ X 75
s X %
T 1301 % jar 12
g X v
=
70 EEVEEVNER S
11 X X
125 65 T 1 10 T
0 0.5 1 0 0.5 1 0 0.5
Qg (I/min) Qg (I/min) Qg (I/min)
—— Model
X Exp.
28 < 35
J % |
X X
7 \xkx 2
26+ X ]
» p 33 X x
=™
251 321 X
X
244 31 1
23 T 1 30 T 1
0 0.5 1 0 0.5 1
Qg (I/min) Qg (I/min)
—— Model
X Exp.

F1GURE 3: Comparison between experimental and simulated max(V,), P,, P,, SV, and PP, in terms of Q, for the weaning test Pig8 T1 and Pig8 T2.

decreases. Such a change of the contractility with Qg is not
surprising since the preload and the afterload change with
Qq. Indeed, the load independence of the ventricular contrac-

tility is only true for an instantaneous variation of the PV
loop [18, 19]. In the situation analyzed in our work, the pre-
load and afterload are changed for a relatively long period
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TABLE 5: Mean =+ standard deviation of the errors between the
simulations and the measurements of P,, PP,, P, maxy(V,), and
SV for all weaning tests.

Error Mean + o
¥(c*) 149.9 + 164.7
|APP, /PP, | 0.025 +0.025
|AP,/P,| 0.016+0.017
|aP,/P,| 0.014 + 0.005
’AmLT(Vh) 0.009 + 0.009
maxr (V)
|ASV/SV| 0.046 +0.027
APP_/PP, -0.003 +0.026
AP,/P, 0.008 +0.017
AP, /P, 0.011 +0.005
Amaxy (Vi) 0.002 + 0.002
maxy(Vy)
ASVISV 0.010 +-0.027

(approximately 5min between 2 different Q) and the heart
has time enough to adjust its activity. Figures 4(b) and 4(c)
show that the variations A;SBV/SBV and A A;/A, are
small in comparison with A E,/E; and that the sign of
the variations changes across the different animals and
weaning tests, which reveal patient-specific reactions.
Figure 4(d) demonstrates that parameter E, varies signifi-
cantly and that the sign of A E,/E, changes across the dif-
ferent animals and weaning tests. The evolution of this
quantity is thus also patient-specific. Finally, Figure 4(e)
describes A;R/R,. This graph demonstrates that, except
for Pig5, AR(/R, is always negative. Parameter R, thus
increases when Qg decreases. This result could possibly be
related to the baroreflex. Indeed, when Q, decreases, the
aortic pressure decreases and, in order to restore a higher
blood pressure in the arteries, the nervous system constricts
small vessels, which increases R;.

4.3. Values of the Parameters for Q,; = 0. It is very interesting
to compare the values of the 5 model parameters E,, SBV, A;,
E,, and R, in the baseline situation to the values obtained
from equation (3) with Qg = 0. First, the data set in Table 3
describes the animal initial healthy cardiovascular status.
Then, the first 5 lines of Table 4 can be considered the
model-based estimation of the animal cardiovascular status
if the VA-ECLS is switched off after the weaning test. This
status is of course pathological since a 5min cardiac arrest
has been induced before starting the VA-ECLS therapy.
Moreover, the status of the animal is also influenced by the
possible side effects of the VA-ECLS therapy and by the
injection of noradrenaline to some animals (see penultimate
line of Table 4), which is known to increase the heart
contractility and to constrict blood vessels.

The mean SBV, A, and E, for all the pigs during the
baseline situation are relatively similar to, respectively, the

mean SBV, A;;, and E;, during ECLS therapy (compare
the last columns of Tables 3 and 4). On the other hand, the
mean E, during the baseline situation is larger than the mean
Ey},. The two tables also show that the decrease in E ; is even
more significant when there is no noradrenaline injection
during the weaning test (see Pigl T1, Pig5 T1, Pig7 T1,
Pig7 T2, Pig8 T1, and Pig 8 T2). The decrease of the end-
systolic elastance of the heart after the baseline situation cor-
responds to a reduction of the heart contractility and can be
considered a consequence of the imposed cardiac arrest
which has damaged the heart. In addition, this interpretation
is strongly reinforced by the analysis of the noradrenaline
role, which clearly limits the decrease in contractility for
Pigl T1, Pig5 T1, Pig7 T1, Pig7 T2, Pig8 T1, and Pig 8 T2.
It is also interesting to mention that several studies
[20, 21] have demonstrated that extracorporeal circula-
tions, such as VA-ECLS, can induce septic shocks and this
pathology is known to decrease systemic resistance R..
Tables 3 and 4 confirm this effect since the mean R, during
the baseline situation is a little bit larger than the mean R,

4.4. Application in the ICU and Model-Based Weaning Tests.
The hemodynamic status and the cardiac condition of a
patient with VA-ECLS must be assessed carefully before
removing the device. As explained in Introduction, the wean-
ing tests performed in ICUs are aimed at determining how
the patient would behave without the VA-ECLS, i.e., at Q,
=0, but the process of decreasing the extracorporeal flow
at low values is delicate and it would be desirable to predict
what would happen at zero Q, before actually decreasing
the external flow to too low values.

A model-based weaning test using our modeling approach
would consist in identifying the model parameters and coeffi-
cients at not too small values of Q4, which is a safe procedure
for the patient, and using the model equations to predict the
hemodynamic status of the patient if the VA-ECLS were
removed. As explained in the previous section, our model can
indeed provide, for instance, estimates at zero extracorporeal
flow for the end-systolic elastance and the systemic resistance,
which are two very important parameters characterizing a
patient’s hemodynamic status. More precisely, let us recall that
in the ICU, commonly accepted conditions for weaning from
VA-ECLS are the following. If a patient with a VA-ECLS,
who has recovered from its major metabolic disturbance, has
a pulsatile arterial waveform for at least 24 hours and has a
mean arterial pressure higher than 60 mmHg without high
levels of catecholamine, clinicians can proceed to a weaning test
[4]. The test consists in gradually decreasing the extracorporeal
blood flow and checking if the following 3 conditions on the
systemic hemodynamics are satisfied when this flow has
reached approximately 0.5-1 /min [4]:

(1) VIT> 12 cm (VTI is the velocity time integral and it
is proportional to SV (SV = 72(¢;yor/2) VT where
VTI is the velocity time integral of flow through the
left ventricular outflow tract (LVOT) and ¢,y is
the diameter of the LVOT. These values can be esti-
mated using Doppler echocardiography.))
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(2) Left ventricular ejection fraction (described inour
model by SV/max;(V,)) > 20 - 25%

(3) Mean arterial
>60 mmHg

blood pressure (P,) remains

Since the stroke volume, ejection fraction, and mean
arterial pressure can be calculated by our model, the 3 con-
ditions above could be analyzed in silico, and the decision
of removing the VA-ECLS could be made without decreas-
ing Qg to potentially dangerous values. All this argument
thus indicates that our work can actually be considered an
important first step towards model-based and safer weaning
from a VA-ECLS.

4.5. Comparison with [5]. Broomé and Donker have built a
32-compartment model connected to a VA-ECLS [5], and
the authors have compared their simulations with the exper-
imental data provided in a work by Ostadal et al. [22]. In the
present section, we use our 3-compartment model to describe
the same experimental data and we compare our approach
with that of Broomé et al. The data in [22], which can be used
in our model, consists of the following vector, whose time
evolution is provided for 5 extracorporeal blood flows (1, 2,
3, 4, and 51/min):

SBP

data EDP
Yostadal = > (7)
EDV

NY%

where SBP, EDP, EDV, and SV are, respectively, the sys-
tolic and end-diastolic blood pressures in the left ventricle,
the end-diastolic volume in the left ventricle, and the
stroke volume. Only 4 experimental physiological quanti-
ties are available in the data, and we can thus identify only
4 out the 5 parameters of our model. Moreover, since no
information is provided on the diastolic blood pressure
in the arteries, E, is not determined from the data and this
parameter is given a fixed value obtained from the litera-
ture (E, =0.76 mmHg/ml [6]). The remaining 4 parame-
ters R, A}, E;, and SBV can then be estimated from the
experimental data. First, we estimate these parameters
using the method presented in Subsection 2.3.1, which
does not allow a change of the parameters when Qq is var-
ied. Then, we also use the approach which is introduced in
Subsection 2.3.2 and which is based on a linear depen-
dence of the physiological parameters with respect to Qg
(see equation (3) for R, A;, E;, and SBV).

In the context of the first approach of Subsection 2.3.1,
with Qy-independent physiological parameters, we have
identified R, =0.456 mmHg-s/ml, A, =0.037ml™, E, =
1.075 mmHg/ml, and SBV =843 ml using the experimental
data corresponding to an extracorporeal blood flow of
3 /min. Figure 5 presents the associated results and compares
our simulations (solid lines, “Sim. 1”) with the measured
quantities (crosses). This figure shows a good agreement
between experimental and simulated EDP, EDV, and SV
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FiGure 5: Comparison between experimental (crosses) and
simulated (solid, dashed, and dotted lines) hemodynamic
quantities in terms of Q. “Sim. 1”7 and “Sim. 2” refer to our
simulations with, respectively, Q;-independent and Q4-dependent
physiological parameters, while “Brommé and Donker” indicates
the results of the simulations in [5]. “Exp” refers to the
experimental data of [22].

plotted as functions of Q4. On the other hand, the increase
of SBP with Q, is underestimated by our model (note that
the SBP value for Q4 =31/min is nicely described because
the physiological parameters were identified for that value
of the extracorporeal blood flow). In Figure 5, the dotted
line reproduces the results of Broomé and Donker
(extracted from their Figure 1). It is worth emphasizing
that the parameters of the 32-compartment model of
Broomé and Donker are also Qg -independent and we see
from Figure 5 that the slope of their SBP-Qq curve is also
underestimated and quite similar to ours. This result was
emphasized by Broomé and Donker, who suggest that
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TaBLE 7: Values of the 8 coefficients and of the “normalized”
variation of the parameters.

Identified coefficients

Eyp 0.905 (mmHg/ml)

SBV, 769 (ml)

Aop 0.035 (ml™")

Ry, 0.356 (mmHg-s/ml)

Egp, 0.0034 (mmHg-s/ml?)

SBVg 1.44 (s)

Agin 4.e-5 (s/ml?)

Ry 0.0020 (mmHg-s*/ml*)
Variation of the 4 physiological parameters

AL Ep/Ey 0.06

A, SBV/SBV 0.03

A Ay/Ay 0.02

AR/R, 0.09

the experimental steeper increase of SBP is due to an
increase of the systolic vascular resistance (R; in our
model) and this increase of R, which is not accounted
for in the modeling approach, may be explained by myogenic
vascular autoregulation or altered anesthetic depth.

To account for the control mechanisms in the body, we
can use the approach presented in Subsection 2.3.2 and
introduce in our model the Q4-dependence of the physiolog-
ical parameters. The assumed linear variations of the param-
eters are described by the 8 coefficients Agy,, Ay Egips Eops
Ry s> Ry s> SBV, and SBV ;, which can be estimated using the
data (7) corresponding to the 5 Q . Table 7 shows the values
of these coefficients and also provides the “normalized”
changes (6) of the 4 parameters. As suggested by Broomé
and Donker, the value of R actually increases with Q. It
is interesting to emphasize that Table 7 shows that the con-
tractility E, also increases significantly with Q,, which is an
effect that we have also observed with our own experiments
(see Subsection 2.3.2). In Figure 5, our results with Qq
-dependent physiological parameters are also represented
(dashed lines, “Sim. 2”) and compared with the data of Osta-
dal et al. and with the two models considered above. From
this figure, we observe that accounting for the control
mechanims in the body provides a nice description of the
SBP-Q, curve, with a correct slope.

From the comparison provided by Figure 5, one can
conclude that the 32 compartments of the Broomé and
Donker. model are not strictly required to simulate a wean-
ing test. Our much simpler model, with only 3 compart-
ments, can also perform very well and even describe
better some physiological quantities if the control mecha-
nisms of the body are introduced in the picture. In partic-
ular, this comparison also shows that modeling the
pulmonary circulation does not seem needed to simulate
weaning tests for VA-ECLS therapy.
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4.6. Limitations of Our Approach. Several assumptions were
made to build the mathematical model of the cardiovascular
system connected to a VA-ECLS. An important hypothesis is
the simplicity of the model. However, since few measure-
ments are usually available in the ICU, the complexity of
patient-specific mathematical model cannot be increased
much. Let us also emphasize that right-left ventricular
interaction is not considered in our approach, even if this
can be sometimes a key point in weaning tests, especially
in the case of right heart failure. This situation can thus
not be analyzed with our model and would require a more
complex approach.

Note also that left ventricle volume measurements are
used for the parameter identification. These measurements
are known to be not very accurate, which can influence the
precision of some estimated parameters. A potential and par-
tial solution, which could improve the estimation of stroke
volume, could be to take an additional continuous measure-
ment of cardiac output by using an ultrasound flow probe
surrounding the aorta [23].

It is then important to emphasize that the weaning
tests performed on the 8 pigs were undertaken in condi-
tions different from those corresponding to ICUs. Indeed,
for the pigs, the weaning tests began approximately one
hour after the cardiac arrest, while for ICU patients, wean-
ing tests can be considered after at least 24 hours of stable
hemodynamic status. The animals considered in our work
are thus less stable and still have heart failure symptoms
during the weaning tests. In addition, the vessels of the
studied pigs are smaller than those of adult humans and
the range of extracorporeal blood flows is thus rather lim-
ited in the pig experiments. In order to overcome these
limitations, additional experiments should be carried out
on larger animals and last longer.

Finally, measurements of stroke volume and end-
diastolic volume in the ICU are not based on conductance
pressure-volume catheter in the ventricle, but on echogra-
phy. The ICU data are thus “one-shot” measurements and
might be less accurate. Therefore, the optimal solution would
be to validate the mathematical model using true clinical data
obtained during weaning tests in the ICU.

5. Conclusions and Future Works

In this study, a mathematical model of the cardiovascular
system connected to a VA-ECLS has been built and used to
simulate weaning tests of a VA-ECLS.

The model is subject-specific, and the values of the differ-
ent parameters have been estimated using experimental mea-
surements. The validation of the mathematical model has
been performed in two different configurations. One using
no extracorporeal support (baseline situation) and one dur-
ing weaning tests of a VA-ECLS. For the weaning test, the
experimental measurements are hemodynamic data related
to several extracorporeal blood flows (Qy).

The errors between the simulated values and the experi-
mental data are negligible for the baseline situation, and the
errors are small for most quantities (<3%) during weaning
tests. The slightly larger error on the stroke volume (<5%)
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remains acceptable since it is related to the rather poor preci-
sion of the corresponding measurement.

We have shown that in the case of our experiments, for
which a cardiac arrest was induced, the model and the iden-
tified contractility of the heart (E,) and systemic resistance
(R,) can correctly describe the hemodynamic status of the
animals. Moreover, we have proved that our cardiovascular
model is able to nicely describe weaning tests from a VA-
ECLS in pig experiments since the hemodynamic status for
Q4 =0 can be correctly predicted in silico.

Our work can thus be considered a proof of concept
that a mathematical model could be very useful to help
ICU clinicians to develop safer VA-ECLS weaning proto-
cols that avoid unnecessary low values of the extracorpo-
real blood flow, which are associated with a higher risk
of clotting.

The first important extension of the present work will
consist in showing that our model can also be identified using
a sufficient number of data corresponding to rather large
values of the extracorporeal blood flow. Then, the model
and approach will also require a validation using actual
ICU data instead of animal data obtained in the case of arti-
ficially induced pathologies.

Appendix
A. Mathematical Modeling

A.1. Elastic Chambers. The arteries and veins are described by

(A.1)

On the other hand, the heart is represented using the
description of Burkhoff and Tyberg [6]:

Ph(t) :e(t)'Pes(t)+ (l_e(t))'Ped(t) (A.Z)

where
(i) P(t) = Ey - Vi, (2) is the end-systolic pressure

(ii) Py(t) =B, - (e*Vn® —1) is the end diastolic
pressure

(iii) e(t) is the driver function, and several formula have
been proposed in literature [6, 24, 25]

B. Vessels
The systemic blood flow Q, is described by

(B.1)

The blood flows crossing the valves are different since
the cardiac valves allow the blood flow to circulate in
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only one direction. The blood flows Q, and Q, are thus
described by

0, if P, (1) < Py (1),
Q(t) = Pv(f);iph(”, if P,(t) > Py (t),
(B.2)
0, if Py (1) < P,(1),
Q(t) = -
(1) Ph(t)R Poll) ig b (1) > py(0).

C. Mass Balance Equations

The variations of the volume of an elastic chamber V is
equal to the difference between flows coming into and going

out of this chamber. Vs’h, Vs,a, and VS)V are thus described by

Van=Q~ Qo (C.1)
Vs,a = Q() - Qs + Qd) (C'Z)
Vs,v = Qs - Qi - Qd' (C3)

If equations (C.1-C.3) are summed up, the following
equation is obtained:
Vep+ Ve + Vi, =0. (C.4)
The right-hand side of equation (C.4) is equal to 0,
and this confirms that the system is a closed loop. The
integration of both-hand side of equation (C.4) gives the
following relation:

Vin+ Via+V,, =SBV. (C.5)
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