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Abstract

Introduction: Cardiogenic shock occurs in 5-10% of patients with acute myocardial infarction and is
associated with high mortality rates of up to 60%. Patients with refractory cardiogenic shock can
benefit from venoarterial extracorporeal membrane oxygenation (VA ECMO), which offers temporary
circulatory mechanical support. Despite its benefits, VA ECMO carries significant risks. The optimal
timing for weaning remains challenging due to the complexity of extracorporeal support, the interaction
it has with the patient's circulatory system and bedside monitoring, as well as a lack of evidence-based
guidelines. This study therefore aims to develop a method for monitoring left ventricular contractile
function in patients receiving VA ECMO support, using a digital twin to assist in daily clinical
management and weaning of these patients.

Methods: Relevant clinical parameters were collected from patients receiving VA ECMO in the ICU in
the University Medical Centre Utrecht. The patient data were used to estimate model parameters and
perform baseline tuning of the patient with an elaborate cardiovascular computational physiological
model (CPM). A digital twin was modelled by further tuned the CPM using both automatic and manual
protocols. Tuning was considered successful when all model output varied less than 10% from patient
data. Cardiac contractile function was estimated by determining the end systolic elastance (Ees) and
ventriculo-arterial coupling (VA coupling) in the digital twins.

Results: Five patients were included in the study. The median RMSE of the automatically tuned digital
twins was 0.181, with an interquartile range (IQR) of 0.151. The manual tuning protocol resulted in a
median RMSE of 0.028 (IQR 0.0105).

Discussion: The automatically tuned digital twins had a high RMSE, and the estimated cardiac
function did not correlate well with the clinical outcomes of the patients. The manual tuning protocol
demonstrated the feasibility of tuning a digital twin with the cardiovascular CPM. The estimated
cardiac  function of manually tuned digital twins also correlated better with clinical
outcomes,discrepancies still existed in several cases. With improvement and rigorous validation, a digital
twin could ultimately become a clinical decision-making tool to support daily management and weaning
strategies for patients on VA ECMO.

Keywords: VA ECMO, digital twin, computational physiological model, cardiovascular simulator,
contractility, VA coupling
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1. Introduction

Cardiogenic shock is associated with mortality rates of up to 60% and is often caused by an acute
myocardial infarction or decompensating heart failure. It is a state of end-organ hypoperfusion due to
myocardial pump failure and is characterised by reduced cardiac output (CO). Left ventricular (LV)
systolic failure is the primary reason for derangement of the entire circulatory system in most forms of
cardiogenic shock [1—6]. Patients that suffer from refractory cardiogenic shock, despite pharmacological
support, can benefit from temporary circulatory mechanical support like venoarterial extracorporeal
membrane oxygenation (VA ECMO) as a rescue therapy [7-10].

The goal of VA ECMO is to restore an adequate systemic circulation and related tissue perfusion and
oxygenation in the patient as fast as possible. Patients on VA ECMO are managed in the intensive care
unit (ICU) as a bridge to either decision-making, recovery, long-term mechanical support, or
transplantation. A VA ECMO circuit consists of a venous cannula, a pump, an oxygenator, a blood
heater-cooler, and an arterial cannula. VA ECMO support is associated with daily accumulative risks of
complications such as bleeding, infection, limb ischaemia, and thrombosis. The duration of VA ECMO
therapy varies between one day and a few weeks. Between to 25-70% of the critically ill patients that
require VA ECMO are able to wean successfully, half of these patients does not survive until hospital
discharge [7—13].

VA ECMO is a complex modality that is difficult to manage on a daily basis and requires a lot of expert
knowledge. Weaning of VA ECMO should be considered once a patient shows signs of myocardial
recovery and more specific, LV contractile function. If a patient is weaned too early, the cardiac
function might not have recovered sufficiently to resolve the cardiogenic shock, late weaning increases
the risk of complications. Determining the optimal timing of weaning is challenging and physicians
heavily rely on expert opinion and their pathophysiological, clinical reasoning at the bedside, in the
absence of evidence-based guidelines. To assess LV contractile recovery during VA ECMO support, a
weaning-trial can be performed. During a weaning trial, VA ECMO flow is reduced significantly (<0.5
L/min), thereby increasing native cardiac loading conditions.  During this weaning trial, both
hemodynamic and echocardiographic parameters are assessed (such as, for example, LV ejection
fraction (LVEF) and CO) to evaluate cardiac contractility and recovery. Despite this thorough
evaluation, durable cardiac recovery appears difficult to predict [7—10, 12, 14-16]. A method to
continuously estimate LV contractile function under VA ECMO support, based on readily available
clinical parameters, would be highly valuable for optimised clinical daily decision-making.

Such a method could be developed by using clinical parameters to tune an elaborate computational
physiological model (CPM) as a virtual representation of the patient. A virtual representation of a
patient is also known as a digital twin, which can be used to gain insights into human physiology that
are challenging to obtain otherwise. By tuning a CPM as a digital twin, it could be used to estimate the
LV contractile function of a patient on VA ECMO continuously. A digital twin can assist clinicians in
daily decision-making, improving management and weaning strategies for patients on VA ECMO
[17-20].



1.1 Study objective

The objective of this study is explore the feasibility of developing a method to continuously evaluate left
ventricular contractile function in patients during VA ECMO support, by using a digital twin.

The research question is: Can a computational physiological model, tuned as a digital twin, aid in the
evaluation of left ventricular contractile function of patients receiving VA ECMQO?

Sub questions are:

1. How can a computational physiological model be tuned as a digital twin of a patient supported by
VA ECMO?

2. Can a computational physiological model, tuned as a digital twin, be used to evaluate left ventricular
contractile function of a patient receiving VA ECMQO?



2. Background

2.1 Cardiac function

Currently, a multidisciplinary team of medical specialists is involved in the daily management of patients
receiving VA ECMO. Decision-making regarding tapering of VA ECMO support and withdrawal is
currently based on a combination of both hemodynamic and echocardiographic parameters. Although
guidelines provide target values for each parameter, patient tailored support within daily clinical care
remains extremely complex.

In the clinical decision-making process during VA ECMO support, evaluating cardiac function and
recovery is crucial. ldeally, clinicians would have a reliable, minimally invasive, and continuous method
to evaluate the native LV contractility during VA ECMO at their disposal, however, this is challenging
to perform in vivo [21, 22]. LV contractility is defined as the intrinsic ability of the ventricle to generate
force, independent of preload or afterload conditions and can be pharmacologically increased using
inotropic agents [23—25]. Contractility can be described using a pressure-volume (PV) loop, which
represents the pressure volume relationship of one cardiac cycle (see figure 2.1) [23]. The slope of the
end-systolic pressure volume relation (ESPVR) is considered equal to the end systolic elastance (Ees), a
measure of ventricular contractility [26, 27]. In healthy adults, Ees is 2.3 £ 1 mmHg/mL [28].

In addition to LV contractility, ventriculo-arterial coupling (VA coupling) is a method that provides
information about cardiovascular performance. It represents the relationship between the heart and the
arterial system and is considered to be a powerful predictor of mortality [28, 29]. VA coupling is defined
as the ratio between arterial elastance (Ea) and Ees. Ea represents arterial function and can be
depicted as the slope between the end-systolic pressure (Pes) and the end-diastolic volume (see Figure
2.1). In healthy adults a normal Ea value is 2.2 + 0.8 mmHg/mL and the mean value of VA coupling is
1 4+ 0.36. In patients with heart failure VA coupling is increased [28-30].
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Figure 2.1: Left: PV-loops in a healthy heart, a heart in cardiogenic shock, and a failing heart on VA
ECMO support. Right: PV-loop with arterial elastance (Ea) and end-systolic elastance (Ees).



2.2 Digital twin

A digital twin of a patient on VA ECMO would allow for the assessment of physiological parameters
without requiring additional, possibly invasive, diagnostics. Additionally, a digital twin would enable the
prediction of the patient's response to treatment options. This could aid in the daily clinical
decision-making process [17, 19, 20].

To create a digital twin of a patient receiving VA ECMO, a cardiovascular computational physiological
model (CPM) has to be tuned to virtually represent the patient. The CPM must meet several
requirements in order to facilitate this. It should accurately model cardiovascular dynamics, including
heart function, vascular properties, and blood flow dynamics. To tune the cardiovascular CPM in order
to match a patient on VA ECMO, it is essential that an ECMO component is integrated into the CPM.
The CPM must allow for independent variation of key parameters such as ventricular contractility,
vascular resistance, and compliance. Additionally, the CPM's output should be translatable into
clinically meaningful variables to facilitate interpretation and application in a clinical context.

The cardiovascular CPM developed by Fresiello et al. [31] is a lumped parameter model of the
cardiovascular system, developed in LabVIEW (National Instruments, Austin, TX, USA). As required,
the CPM offers a representation of atria, ventricles, and systemic and pulmonary circulation. The
systemic circulation is split into: upper body (UB), renal (KID), splanchnic (SPL), and lower limbs (RL
and LL for right an left leg respectively) circulatory subsystems. The ECMO is connected between the
right atrium and the aorta of the cardiovascular CPM and it includes inflow and outflow tubing, a
pump, and an oxygenator. Refer to Figure 2.2 for a schematic overview of the CPM.

Mathematically, the atria and ventricles are represented with time varying elastance models [32] and the
circulation is modelled with windkessel models in series or in parallel [19]. The tubing of the ECMO is
modelled with resistive and inertance elements and the hemodynamic behaviour of the pump is modelled
as a relationship between pump pressure drop and flow. Lastly, the oxygenator is modelled as a linear
resistance to the flow according to Poiseuille’s law [31].

The main input parameters of the model are resistances and compliances. The main output variables of
the model are pressure, flow, and volumes. These are, for example, presented as clinically meaningful

pressure waveforms and pressure-volume loops. The CPM allows the adjustment of cardiovascular input
parameters and ECMO settings to model a patient receiving (VA) ECMO therapy [19, 31].
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Figure 2.2: Schematic overview of all components of the cardiovascular CPM including an ECMO
compartment, adapted from [31]
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3. Methods

The aim of this study was to develop a method to monitor LV contractile function in patients supported
with VA ECMO by using a digital twin. First, the cardiovascular CPM used to tune the digital twin
was selected based on the requirements outlined in section 2.2 and its availability. The selected CPM
was evaluated using a sensitiviity analysis. Then, a prospective study was conducted to collect readily
available clinical parameters from patients on VA ECMO, to evaluate the feasibility of using the CPM as
a digital twin to estimate LV contractile function in these patients. The clinical parameters were used
to estimate model parameters and perform baseline tuning. Two methods were employed to tune the
CPM into a digital twin: an automatic tuning method, and a manual tuning method. Finally, the cardiac
function of the patients was estimated using the resulting digital twin (see Figure 3.1).
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Figure 3.1: Flowchart of methods

3.1 Sensitivity analysis computational physiological model

Identifying how model parameters influence the output of the CPM is crucial to guide the tuning
process. To gain this insight, a sensitivity analysis was performed. First a typical patient on VA ECMO
was modelled. Data from a typical patient with a cardiac indication for VA ECMO, on the first day of
the VA ECMO run, were selected from the 'PRECISE-ECLS’ database of the UMCU (NCT05444764).
Missing data were estimated using group data and clinical expertise. The CPM was first tuned to
match the clinical parameters of the typical patient using a previously published tuning protocol for
patients with VA ECMO turned off [19]. Additional tuning was performed by educated trail-and-error
until the model output matched the target values of the patient with a maximum error of 15%.

Next, a one-at-the-time sensitivity analysis was performed by varying all model parameters one by one.
The parameters were varied from -60% to +60% of their original values, in increments of 15%. The
following model parameters were varied: systemic vascular resistance (SVR), LV elastance (LVe), right
ventricular elastance (RVe), HR, total blood volume (TBV), ECMO rpm, aortic compliance (C,),
Venous compliance (C,), and compliance of the right atrium (Cra). The effect of a model parameter
on an output variable was evaluated by calculating the normalised difference between the new output
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and the default output of the variable, with respect to the range between the minimum and maximum
values of the corresponding variable, as shown in Equation (3.1). The minimum and maximum values of
the variables were established from the PRECISE-ECLS database,

X — Xdefault
Effect = ————————— - 100%. 3.1
Xmax - Xmin ° ( )

3.2 Data registration

Study population

Patients were included for this study if they received VA ECMO support in the ICU of the UMC Utrecht.
Due to the explorative nature of this study, all indications for VA ECMO were included. Patients that
received additional mechanical support by a ventriculo-aortic axial pump (Impella) or an intra-aortic
balloon pump (IABP) that could not be turned off during registration were excluded as the additional
support affects the arterial arterial blood pressure (ABP) waveform. Additionally, patients were excluded
if their age was below 18 years or a general informed consent was not provided.

Data collection

Readily available clinical parameters were registered for all patients on three different days. Data were
collected from the electronic medical record and/or from the ICU monitor at the bedside. When possible,
additional bedside registrations were performed to extract the ABP waveform from the ICU monitor for
at least 10 seconds. The ABP waveform was used to perform additional model parameter estimation.
In patients with additional IABP support, the device was paused or adjusted to partial support (a 1:3
setting) during the bedside registration to extract the ABP waveform resulting from native ventricular
function. If available, echocardiographic recordings were obtained to estimate CO. An overview of the
collected clinical parameters is shown in Table 3.1.

Table 3.1: Overview of readily available clinical parameters that were registered.

Clinical parameters Abbreviation Source Sample frequency
Heart rate HR ECG electrodes min~!
Systolic blood pressure SBP ABP catheter min—!
Diastolic blood pressure DBP ABP catheter min—1!
Mean arterial pressure MAP ABP catheter min—1!
Systolic pulmonary artery pressure  sPAP SG catheter min—1!
Diastolic pulmonary artery pressure dPAP SG catheter min—1!
Central venous pressure CVP SG catheter min—?!
Cardiac output cO SG catheter, Echo min~!
ECMO flow Qecmo ECMO device hour—?!
ECMO revolutions per minutre ECMO rpm ECMO device hour—!
Arterial blood pressure wave ABP wave ABP catheter 1000 sec!

Note that the cardiovascular CPM models a central systolic blood pressure (cABP), while peripheral
arterial blood pressure (pABP) is usually measured in patients. MAP and DBP are typically similar in
both cABP and pABP, the cSBP tends to be higher than peripheral SBP (pSBP) [33—35]. Therefore,
Equation (3.2) was used to estimate the cSBP [36]

MAP?
DBP

cSBP = (3.2)
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3.3 Tuning

The performance of a model was evaluated by scoring the difference between the CPM’s output and the
patient’s data. The differences were normalised in the same manner as in Section 3.1. The Root Mean
Square Error (RMSE) of the normalised difference, as described in Equation (3.3), was determined to
score the models,

1 Xpatient — Xcpm
RMSE = /= patient 2, 3.3
\/I’I Z( Xmax - Xmin ) ( )

Baseline tuning

The first step to match the output of the cardiovascular CPM to the patient’'s data was to perform
baseline tuning. Initially, fixed model parameters, such as HR and ECMO rpm were set based on the
collected data. Next, model parameters that could be estimated from patient data, such as SVR and
TBV, were adjusted accordingly. All remaining model parameters were set to their default values (see
Appendix A). This provided a baseline model that served as the starting point for further tuning.

The following model parameters were estimated based on gathered clinical parameters:

e Total blood volume (TBV): Estimated according to the 'normal’ ratio of blood volume to weight,
which is 75 cm®/kg [19]

e Venous compliance (C;): Estimated based on the patient’s weight at ICU admission compared to
a reference patient [19] using Equation (3.4)

Ci = Ciyer - BodyWeight/BodyWeight,ef. (3.4)

C,; was calculated for each circulatory subsystem, refer to Appendix C for the default compliance
of each subsystem.

e The arterial resistance (RtA): Can be calculated using the systemic vascular resistance (SVR),
which was estimated using Equation (3.5). RtA is calculated using Equation (3.6), where t
represents the tissue area of the circulatory subsystems (UB, KID, SPL, RL, and LL). The
systemic vascular resistance (SVR) was estimated using Equation (3.5),

SVR = (MAP — CVP)/CO, (3.5)
100%
REA= ormr SVR = Rev. (3.6)

with Qus = 23%, Qkip = 22%, Qspr = 30%, Qrr= QL = 12.5%.

e The aortic compliance (C,): Can be estimated using the time-decay method applied on the
diastolic part of the ABP waveform, see Equation (3.7), the method is based on the two-element
Windkessel model [37, 38],

—(t—t1)

P(t) = PiesvRe . (3.7)

The time decay method assumes zero flow during diastole, but since ECMO flow is continuous,
the method was adapted for patients on VA ECMO, see equation (3.8) [39] ,

—(t=t1)
P(t) - (Pl - SVR- Qecmo)GSVR‘Cla + SVR- Qecmo: (38)

where P(t) the calculated pressure over time, P; the pressure at t; of the diastolic part of the
ABP wave, and Qecmo the ECMO flow. P(t) was calculated for a range of values of C, between
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0.01 and 10 mL/mmHg with increments of 0.01 mL/mmHg. For each C, the root mean square
error (RMSE) between the resulting P(t) and the diastolic phase of the ABP was calculated. The
C, that provided the lowest RMSE was chosen as the estimated value for C,. This method was
applied to each consecutive heartbeat.

The time-decay method and the adapted time-decay method were validated with modelled ABP
waveforms for a range of C,. The methods were also validated on ABP waveforms from the
included patients. The diastolic part of the ABP wave was defined as the location of the dicrotic
notch. The CPM does not model a dicrotic notch (Figure 3.2), the start of the diastolic part of
the wave was defined as one third of the time between two systolic peaks. In patient data,
continuously estimated C, was filtered by removing outliers that were more than three scaled
median absolute deviations from the median, followed by a moving average filter of 15 heartbeats.
The estimated C, were tested for significant difference between flows, using the nonparametric
Kruskal-Willis test, a p<0.01 was considered statistically significant.

—

[T [ A E

Pressure (mmHg)

Systole :  Diastole

t1
Time (s) e

Figure 3.2: Arterial blood pressure waveform with systolic and diastolic phase. t1 is the time at the start
of diastolic phase, P1 is the pressure at t1.

Automatic tuning

Automatic tuning was performed by using a grid search method to find the optimal model parameter
values that minimised the RMSE. Starting from the baseline tuned patient, the first parameter for grid
search was SVR, as it is one of the key parameters that can adapt quickly to changing physiological
conditions. The grid ranged from -80% to +80% of the original SVR value, in increments of 10%. The
second parameter subjected to grid search was Ve, as this parameter is equal to Ees, which is used to
evaluate the cardiac function. The grid for LVe ranged from 0.2 to 1.8 mmHg/mL in increments of 0.1

mmHg/mL.
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Manual tuning

Manual tuning was performed by adjusting model parameters manually until all normalised output errors
were less than 10%. The starting point was baseline tuning, after which manual adjustment to model
parameters were performed. Adjustments were guided by the results of the sensitivity analysis performed
on the typical patient on VA ECMO. The following steps were taken to tune the CPM manually:

1.

3.4

Perform baseline tuning:

e Change HR and ECMO rpm to exact values
e Estimate TBV, C,, and RtA using patient data

Change SVR until arterial pressures are just above their target values

Change pulmonary resistance (Rpolm) and compliance of the pulmonary artery (cap) so the
pulmonary pressures match their target values

. Change LVe and Cgra until arterial pressures, CO, and Qecmo Match their targets

Adjust C, to adjust CVP

. Adjust C, to improve pulse pressure

Use the results from the sensitivity analysis to perform additional tuning until all output variables
match their targets

Cardiac evaluation

Cardiac contractile function was evaluated for each modelled digital twin. This was done by determining
Ees, which is equal to the model parameter LVe. Additionally, cardiovascular performance was evaluated
by VA coupling, which is defined as the ratio between Ea and Ees. Ea is calculated by dividing the end
systolic pressure (Pes) by the stroke volume (SV) (see figure 2.1. The resulting Ees and VA coupling
values were compared to the outcome of the patients, which were deducted from the electronic medical
record.

15
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4. Results

4.1 Sensitivity analysis computational physiological model

To gain insight into the effect of model parameters on the output of the cardiovascular CPM, a one-at-the
time sensitivity analysis was performed on a modelled typical patient receiving VA ECMO. The selected
patient data for the typical VA ECMO patient are displayed in Table 4.1. The settings used to simulate
this patient can be found in appendix A. The modelled typical patient achieved an RMSE of 0.152.

Table 4.1: Patient characteristics of a typical VA ECMO patient with a cardiac indication. See list of
abbreviations for the meaning of all used abbreviations.

Typical VA ECMO patient Value Unit
HR 83 BPM
SBP/DBP/MAP 87/60/68 mmHg
sPAP/dPAP 28/18 mmHg
CVvP 12 mmHg
PCWP 13 mmHg
CcO 3.2 L/min
ECMO rpm 3000 RPM
Qecmo 3.3 L/min

A summary of the results from the sensitivity analysis of the typical patient is shown in Figure 4.1. For
a full overview of the results, refer to appendix B. Figure 4.1 features a heatmap that displays the
calculated error for each variable as a result of a 30% increase in the corresponding model parameter.
This heatmap can be used to predict model behaviour. For instance, if one were to increase SVR, CO
and Qecmo Would likely decrease, while the DBP and MAP would likely increase the most.

Sensitivity analysis typical VA ECMO patient

10

SBP 4.08 21.29 1.80
DBP 8.85 27.53 52.09 6.50 12.84
= MAP 9.16 33.95 1.5 56.88 3.21
% DPAP 2.57
o
Qecmo -4.65
SVR Lve RVe TBV Ca CV CRA

Model parameters

Figure 4.1: Heatmap with summary of results of the sensitivity analysis conducted for the typical patient
on VA ECMO. See list of abbreviations for the meaning of all used abbreviations.
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4.2 Data registration

Population

In total, data were registered from eight patients on VA ECMO in the ICU. Three patients were excluded
from the analysis due to missing variables, resulting in five included patients (Table 4.2). See Appendix
A for all collected data.

Table 4.2: Characteristics of included patients.

Characteristic n=>5 Patient no.
Female (n, %) 1 (20%) -
Age (median years, IQR) 53.3 (10) -
BMI (median, IQR) 24.9 (9.3) -
Duration VA ECMO run (median hours, IQR) 102 (129) -
Died before hospital discharge (n, %) 1 (20%) 3
Indication

OHCA 2 (40%) 1,5
Aortic dissection 1 (20%) 2
ARDS 1 (20%) 3
Post lung transplant 1 (20%) 4
Additional mechanical support

IABP (n, %) 1 (20%) 5
Pacemaker (n,%) 1 (20%) 2

OHCA: out of hospital cardiac arrest, ARDS: acute respiratory distress syndrome, IABP: intra-aortic baloon
pump.

4.3 Baseline tuning

The RMSE resulting from baseline tuning for each registered day and patient are presented in Table 4.3.
The median RMSE was 0.455 with an inter quartile range (IQR) of 0.1235.

Table 4.3: Root mean square error of baseline tuned CPMs

Patient Day of ECMO run RMSE

2 0.505
0.408
0.496
0.709
0.793
0.602
0.363
0.340
0.414
0.397
0.545
0.455
0.515
0.405
0.409

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

D WNP WNOO OB WDNPdW
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Validation adapted time-decay method

To ensure proper estimation of C,, the adapted time-decay method was validated. The estimated C,,
using both methods applied on modelled data for a range of C, values, is shown in Figure 4.2. The
time-decay method had a median error of 0.273 mL/mmHg with an IQR of 0.168 mL/mmHg. The
median error of the adapted time-decay method was 0.855 mL/mmHg with an IQR of 0.994 mL/mmHg.

Validation time-decay method
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Figure 4.2: Left: Validation of estimated C, using the time-decay method for different Qecmo. Right:
Validation of estimated C, using the adapted time-decay method for different Qecmo-

The continuously estimated C, using both methods for patient 1 during a weaning trial is shown in
Figure 4.3. The time-decay method estimated a median C, of 0.328 mL/mmHg with an IQR of 0.0081
mL/mmHg, with no significant difference in estimated C, during the different flows. The adapted
time-decay method, however, estimated an undesired significant increase in C, for decreasing flow, with
a median C, of 0.174 (IQR 0.0044) mL/mmHg at 2 L/min, 0.212 (IQR 0.0053) mL/mmHg at 1.5
L/min, and 2.49 (IQR 0.0062) mL/mmHg at 1 L/min. Significance was confirmed with p<0.001.
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Figure 4.3: Estimated arterial compliance in patient 1 during weaning trial using the time-decay method
and the adapted-time decay method. The vertical dotted lines indicate a change in Qecmo-
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The compliance estimated in patients using the ABP waveforms can be found in Table 4.4 and is visualised
in Figure 4.4. The results show that the adapted time-decay method estimates a lower compliance than
the time-decay method in all patients on all days.

Table 4.4: Estimated median compliance and IQR (inter quartile range) of patient data, using both the
time-decay and the adapted time-decay method. The dashes indicate that no adequate ABP waveform
was registered.

. Time-decay Adapted time-decay
Patient  Day ECMOrun /0 o IQR Median IQR
2 1.04 0.02 0.47 0.02
Patient 1 3 0.67 0.05 0.41 0.01
4 0.33 0.01 0.17 0.004
2 - - - -
Patient 2 3 - - - -
4 - - - -
4 - - - -
Patient 3 5 - - - -
6 2.59 0.02 0.43 0.01
2 - - - -
Patient 4 3 - - - -
4 1.82 0.02 0.97 0.01
2 6.22 1.41 3.00 0.73
Patient 5 3 1.19 0.04 0.75 0.02
6 5.25 1.17 3.84 0.83
Estimated compliance in patients
8 + [ Time-decay ]
[ ]Adapted time-decay
oo
E6f i .
£ _
E
g4 il
o
£
8 2F 4
0 Hﬂ Dﬂ [ e I [] I Hﬂ | Hﬂ

e ¥ ¥ v o & 10 xS
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Figure 4.4: Estimated compliance in patients using the time-decay method and the adapted time-decay
method.
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4.4 Automatic tuning

Table 4.5 contains the estimated Ees and the corresponding RMSE of the automatically tuned CPMs.
The median RMSE of all automatically tuned CPMs was 0.181 (IQR 0.151). Figure 4.5 visualises the
estimated Ees for all patients. Ees increased in patient 1, 3, and 4, while it decreased in patient 2 and
5. VA coupling decreased in patient 1, 4, and 5, increased in patient 2, and remained somewhat stable
in patient 3.

Table 4.5: Results from automatic tuning.

Patient Day of ECMO run Selected SVR RMSE Selected Ees RMSE VA coupling

2 0.4 0.222 0.5 0.190 3.26
Patient 1 3 0.5 0.376 0.2 0.315 2.53
4 0.4 0.181 0.7 0.149 2.86
2 0.2 0.169 0.8 0.168 2.67
Patient 2 3 0.2 0.145 0.5 0.111 2.45
4 0.4 0.165 0.5 0.083 3.35
4 0.5 0.250 0.5 0.237 2.66
Patient 3 5 0.6 0.213 0.5 0.213 2.90
6 0.5 0.243 0.6 0.216 2.82
2 0.5 0.256 0.3 0.181 2.67
Patient 4 3 0.4 0.283 0.4 0.172 2.79
4 0.4 0.248 0.6 0.234 2.37
2 0.4 0.303 0.4 0.193 2.40
Patient 5 3 0.5 0.189 0.6 0.178 3.05
6 0.4 0.258 0.3 0.179 1.93
) Cardiac function - automatically tuned 10
. [ First registered day
—E’ [ ]Second registered day
= 25 ¢ [ ]Third registered day
T —0— VA coupling
£ o)
E 2F =
3 e
= Qo
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Q
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=
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O m | | H | | H _5

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Figure 4.5: Results of automatic tuning. The estimated end-systolic elastance (Ees) on the left y-axis.
Estimated VA coupling on the right y-axis, the dashed line indicates VA coupling = 1
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4.5 Manual tuning

Manual tuning was performed by applying the findings from section 3.1 to model a digital twin. The
median RMSE of all manually tuned CPMs, including the hourly analysis, was 0.028 (IQR 0.0105). The
cardiac function of the digital twins is shown in table 4.6 and Figure 4.6. Ees increased over time for all
patients. VA coupling ratio decreased for all patients over time.

Table 4.6: Estimated cardiac function of all manually tuned digital twins.

Day of ECMO run RMSE Ees VA coupling

2 0.041 0.85 2.68
Patient 1 3 0.034 1.00 1.70
4 0.036 2.30 1.17
2 0.025 0.42 8.47
Patient 2 3 0.039 0.40 6.77
4 0.015 0.44 6.97
4 0.035 0.75 2.04
Patient 3 5 0.039 0.63 2.19
6 0.039 0.99 1.64
2 0.031 0.83 1.89
Patient 4 3 0.029 0.90 1.91
4 0.036 2.10 0.77
2 0.049 0.72 2.03
Patient 5 3 0.043 1.10 1.67
6 0.040 1.40 0.82
Cardiac function - manually tuned
3 T T T T T 10
. [ First registered day
E [ ]Second registered day
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Figure 4.6: Results of manual tuning. The estimated end-systolic elastance (Ees) on the left y-axis.
Estimated VA coupling on the right y-axis, the dashed line indicates VA coupling = 1.
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Hourly analysis

An hourly analysis was performed on patient 2, for 41 consecutive hours. Figure 4.7 shows the trends of
estimated Ees and VA coupling. In addition to the cardiac parameters, changes in pharmacological dosage
of Noradrenaline and Milrinon are shown. Noradrenaline ranged between 6 and 25 mL/h and Milrinon
ranged between 0 to 4 mL/h. The patient also received Amiodarone at 4.2 mL/h and Dobutamine at 4
mL/h for all 41 hours. Between the hours 16 and 20, CVP varied more than 10% from the target value.

Hourly simulation patient 2

0.7 T T T T T T T 25
/ ‘\\ —O— Ees <
i~ 0.6 / \ —O— VA coupling )
T ) ‘\\ ----- Noradrenaline | 7| 20 E
E 0.5 II N QA+ Ve Milrinone Q)
S 20
< @©
3 n
£ 8
@ )
: £
© o
£ =]
© o
= S
<
>

Figure 4.7: Hourly manual digital twin of patient 2. The estimated left ventricular elastance on the left
y-axis. Estimated VA coupling on the right y-axis, the dashed line indicates VA coupling = 1. Dotted lines
represent dosage change of milrinone and noradrenaline. The marked area from hour 16 to 20 represents
the hours in which CVP varied more than 10% from the target value.

Arterial blood pressure

The ABP waveform of patient 5 on day 2 of the VA ECMO run is shown in Figure 4.8. The modelled
ABP waveforms after tuning are plotted to show the effect of baseline, automatic, and manual tuning on
the ABP waveform. Note that the SBP of the patient is peripherally measured while the CPM models
cSBP (see Section 3.2).

ABP waveform measured and simulated - patient 5
T

180 + = = = = ABP patient —
ABP baseline tuning

ABP automatic tuning
ABP manual tuning |

Pressure (mmHg)

60 1 1 1 1

Time (s)

Figure 4.8: The ABP waveforms of patient 5 on day 2 of the VA ECMO run, measured in the patient
and after baseline, automatic, and manual tuning.
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5. Discussion

In this study, a novel method to monitor LV contractile function in patients on VA ECMO by using a
digital twin, was explored. Patient data were collected and utilised to estimate model parameters. A
method for estimating aortic compliance was validated using the ABP waveform. In addition two
methods for tuning the cardiovascular CPM to individual patients were proposed: an automatic tuning
method and a manual tuning method. Cardiac function of the resulting digital twins was estimated and
compared with the patients’ clinical outcome.

The results indicate that the time-decay method surpasses the adapted time-decay method in
estimating aortic compliance for VA ECMO supported patients. The sensitivity analysis of the
cardiovascular CPM vyielded clinically realistic outcomes that are generally consistent with existing
literature. While the automatic tuning protocol showed promise, it exhibited a high RMSE and failed to
consistently estimate a reliable cardiac function in alignment with clinical outcomes. Manual tuning did
achieve the desired RMSE and provided better correlation with clinical outcomes, yet it occasionally fell
short in accurately estimating cardiac function.

5.1 Interpretation of results

Sensitivity analysis computational physiological model

The aim of this analysis was to create an overview of the effect of that parameters have on output
variables. Figure 4.1 provides this comprehensive overview. The general outcome of the sensitivity
analysis aligns with existing literature [40—-44]. However, changes in hemodynamics during VA ECMO
support are complex and vary among patients due to multiple clinical variables.

A notable finding is that an increase in TBV lead to a decrease in Qecmo. Given the increased volume
available to be pumped by the ECMO device, an increase in Qecmo Was expected [42, 44]. One
explanation might be the increase in SBP, suggesting high afterload which the ECMO device must
overcome. If the device cannot manage this, Qecmo could decrease [45] .

Another remarkable outcome is an increase in TBV lead to an increase in CVP, despite absence of
significant right ventricular failure in the patient. If the right ventricle functions adequately, it would be
expected to pump away the excess volume, preventing a rise in CVP [41]. A possible explanation is that
the patient is decompensating due to poor LV function, which can lead to pulmonary hypertension and
increased CVP.

The results of this analysis can be used to better tune the cardiovascular CPM, providing general
insights into how the CPM's output responds to changes in model parameters. However, the smaller
effects are too complex to predict, much like the variability seen in patients on VA ECMO. For more
detailed results of the sensitivity analysis, once can consult the extensive results in Appendix B.
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Estimation aortic compliance

In simulated data, the time-decay method consistently outperforms the adapted time-decay method,
especially in cases of unrealistically high Qecmo values. As Qecmo increases, the adapted time-decay
method estimates a lower C;. When (Qecmo- SVR) surpasses P1, the method then takes the maximum
C, within the grid and ceases to function completely (refer to Appendix D for details). This effect of
Qecmo ©ON the adapted time-decay method is also evident in the studied patient data, where it
consistently estimates a lower C, than the time-decay method. During the weaning trial of patient 1,
the adapted time-decay method showed a significant influence of Qecmo on C,. As C, is an intrinsic
property of the aorta and does not typically change within seconds, these estimates are unlikely to be
accurate [46]. The errors of the time-decay method were similar to the values found by Stergiopolus et
al. [37], using a non-linear computer model of the systemic arterial tree to test the time-decay method
without VA ECMO.

In healthy adults aged 25 to 56, aortic compliance ranges between 0.230 and 2.719 mL/mmHg [47].
The unrealistically high C, in patient 5 on day 2 and 6 is likely caused by the IABP. The device was
paused for only a few heartbeats, which was not sufficient for the ABP waveform to stabilise [48].
These findings suggest that an IABP should be paused for sufficient time.

Patient 1's unusual ABP waveform during the weaning trial may have affected the accuracy of the
methods, as the start of the diastolic phase could not be be determined in a straightforward manner
(refer to Appendix D).

While the adapted time-decay method should be more comprehensive for patients on VA ECMO, it
performs poorly in modelled data and gives unlikely results when applied to patient data. For model
parameter estimation to create a digital twin, a rough estimate suffices, which implies that the
time-decay method is suitable for this purpose.

Patient-specific interpretation

Patient 1 experienced an OHCA and successfully weaned from VA ECMO due to cardiac recovery. It
was expected that Ees would increase and VA coupling would decrease over the days. The estimated
cardiac function based on the automatic tuning protocol shows an overall improvement in Ees, however,
on day 3, there is a decrease in Ees, which is clinically unlikely. VA coupling did improve. The manual
tuning provided more realistic estimates, showing consistent improvement in both Ees and VA coupling
each day.

Patient 2 required VA ECMO support for acute post-cardiotomy biventricular failure after an aortic
dissection. Successful weaning was achieved after biventricular recovery. It was expected that Ees and
VA coupling would improve over time. However, the automatic tuning initially estimated a decreased
Ees and VA coupling, followed by stable Ees and an increased VA coupling, which does not match with
clinical observations. Manual tuning indicated stable Ees and improved VA coupling. Strikingly, VA
coupling was estimated to be extremely high, likely due to low SVR and low venous compliance, which
is probable given the patient's age (70-79). The low SVR might have been intentional to reduce
pressure on the fragile post-operative aorta [49].

Patient 3 initially received venovenous-ECMO for ARDS, which was later upgraded to VA-V ECMO
support because of secondary evolving septic cardiomyopathy. This patient was included during VA-V
ECMO support. Cardiac function improved during the VAV ECMO run. Ees increased in both
automatic and manual tuning over three consecutive days. Both the slight increase in VA coupling in
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the automatic tuning and the dip in Ees in the manual tuning are unlikely. Further cardiac recovery was
observed after day 5, leading to the removal of the arterial cannula. Despite this, life sustaining support
was withdrawn a few days later due to developing multi-organ failure.

Patient 4, who underwent a bilateral lung transplantation was supported posttransplant with extended
VA ECMO to prevent pulmonary hypertension and was successfully weaned after 4 days. As this patient
had no history of cardiac failure, no significant cardiac improvement was expected during ECMO
support. However, both tuning methods suggested cardiac improvement. This might be due to an
'overuse’ of inotropes supporting the right ventricle, creating a "hyperdynamic cidculatory state’, rather
than actual cardiac function improvement [50, 51].

Patient 5, admitted due to OHCA, was successfully weaned, suggesting cardiac improvement. The
automatic tuning protocol, however, showed a deterioration of cardiac function between days 3 and 6,
which did not align with clinical expectations. The manual tuning provided estimates that are consistent
with the expected cardiac improvement.

Automatic tuning

The goal of creating an automatic tuning protocol was to provide an objective method to estimate cardiac
function and progression using the CPM. However, the current protocol does not produce estimates that
align well with clinical outcomes. The simplicity of the protocol does not account for the extreme
complexity of a patient on VA ECMO. Although the RMSE decreases somewhat in the second step
of the protocol, it remains high. Developing a more sophisticated automatic tuning protocol, that
encompasses more parameters, could potentially lower the RMSE and improve the accuracy of cardiac
function estimations.

Manual tuning

The results from manual tuning demonstrate that it is feasible to match the CPM to a patient with a
low RMSE, in accordance to previous findings [31]. In most cases, it was possible to tune the CPM so
that all errors were even 5% or less, which generally resulted in an RMSE value below 0.04. Once a
patient was matched, the estimated cardiac function somewhat correlated with clinical expectations,
especially for the patients with OHCA as indication for VA ECMO. Due to the small and heterogeneous
group of patients, it is not yet possible to determine whether manual tuning can be used to estimate
cardiac function definitively. However, the low RMSE and estimated cardiac functions are promising.

The hourly analysis of patient 2 illustrates the trends of Ees and VA coupling over time over
timedemonstrating the feasibility of tuning a digital twin semi-continuously. The results show a
noticeable response of end-systolic elastance (Ees) to noradrenaline, which possesses inotropic qualities
[52]. Milrinone was initiated around hour 26 at a dosage of 0.89 mcg/kg/min, likely aimed at preparing
the ventricles for weaning [53], which was accomplished shortly after hour 41. However, it is
unexpected that Ees does not appear to react to the introduction of milrinone.

The manual tuning protocol presented in section 3.3 is grounded in best practices and is an effective
method to tune the CPM to the desired values for a patient on VA ECMO. The required data for
manual tuning includes HR, ECMO RPM, Arterial pressures (DBP, MAP), Pulmonary pressures (SPAP,
DPAP), CVP, CO, Q ecmo. Optional data includes PCWP (to estimate Rpolm and tune the CPM
more accurately), ABP waveform (to estimate arterial compliance, possibly other features), and ECG
(to consult if registered data seems illogical).
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A remarkable outcome is that the SVR used in both automatic and manual tuning is much lower than
the estimated SVR using MAP, CVP, CO (see section 3.3) in all patients. This is noteworthy as SVR is
typically elevated in most cases of cardiogenic shock. A low SVR may signify end-stage cardiogenic
shock, resulting from inappropriate vasodilation and inflammatory processes [54, 55]. Additionally, the
estimated Ees was very low in most patients, even for the patients without a cardiac indication for VA
ECMO. Currently the estimated Ees cannot be used to compare cardiac function between patients, but
using the digital twin to follow trends in cardiac function within a single patient appears feasible.

5.2 Strengths and limitations

A key strength of this study lies in the utilisation of a validated cardiovascular CPM, enabling detailed
modeling of patient-specific hemodynamics [19, 31]. Despite the time-consuming nature of the manual
tuning protocol, it achieved low RMSE values, signifying a robust alignment between the CPM and
patient data.

However, several limitations of this study should be acknowledged. The study's small and
heterogeneous patient sample restricts the generalisability of the findings to a VA ECMO patient
population. Developing an automatic tuning protocol for the CPM proved nearly impossible due to the
current configuration, lacking the capability for automatic adjustment of crucial parameters.
Furthermore, running simulations is time-consuming, and output data is not directly accessible. The
time investment for manual tuning, coupled with the need for specific patient data such as CO [56] and
detailed ABP waveforms, currently poses challenges for clinical implementation. Additionally, the
CPM's setup does not accommodate pressures below 1 mmHg, which can be troublesome when CVP
decreases below 0 mmHg [55].

5.3 Future perspective

This thesis explored the application of a digital twin for cardiac monitoring in patients undergoing VA
ECMO support. The future of such personalised cardiovascular simulations appears to be promising
[57], however, implementing a digital twin in a clinical setting requires extensive research and
development. Ideally, a digital twin should possess the capability to semi-automatically tune itself to
match individual patient characteristics [58].

To enhance trust in the digital twin, it could provide confidence intervals for its estimates. If the
confidence interval is too broad, the digital twin should indicate which patient information is needed to
improve precision. Alternatively, the digital twin could explain how they arrive at their conclusions,
which is a focus in the field of artificial intelligence to enhance trust in the digital twin [57].

The digital twin should function as an adjacent to current clinical practice, updating regularly and
ideally even in real-time. Importantly, the information provided must be readily interpretable by
healthcare professionals, not just technical personnel. While this thesis primarily focuses on estimating
cardiac function, a digital twin that accurately responds to medical interventions could serve as a
valuable clinical decision-making tool.
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5.4 Recommendations

The current manual tuning protocol, serves as the most effective method for tuning a digital twin with
the CPM used in this study. However, its validation across a broader spectrum of patients is crucial.
The introduction of standard continuous CO monitoring with a pulmonary artery catheter with a
thermal filament, streamlines data collection from electronic medical records. This reduces the time
required for patient inclusion for future research.

Nevertheless, relying on manual tuning for all patients in a clinical setting is impractical. Hence, there is
a pressing need to devise an automated tuning method. One approach could involve refining the
automated tuning protocol proposed in this study. Alternatively, once a sufficient volume of patient
data is available, a data-driven model could be used for parameter estimation [59], as attempted by
Kwok et al. [60].

The cardiovascular CPM utilised in this study was originally developed for educational purposes. To
transition towards a clinical decision-making tool, several adaptations are necessary. Firstly, the model
and its output should be readily accessible to users. Secondly, automating the adjustment of all model
parameters, preferably through a range of values, should be straightforward. Lastly, enhancing user
control by enabling the selection of specific data for upload could significantly reduce file sizes.

5.5 Conclusion

This thesis demonstrates the feasibility of tuning a cardiovascular CPM as a digital twin of patients
supported with VA ECMOQO, providing a clinically realistic assessment and evaluation of cardiac contractile
function and recovery. Further research is needed to validate and automate tuning protocols for broader
clinical application. With continued development, a digital twin has the potential to facilitate continuous
monitoring of LV function, thereby acting as a clinical-decision tool to assist daily management and
weaning strategies for patients supported with VA ECMO.
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A. Data registration

Clinical parameters patients

All patient variables that were collected can be found in table A.1. These were collected at one point in

time.
Patient 1 2 3 4 5

ECMO day 2 3 4 2 3 4 4 5 6 2 3 4 2 3 6
HR 110 120 80 | 75 80 93 101 93 92 |100 8 80 | 8 101 80
cSBP 110 91 111 | 9% 76 82| 93 91 102| 73 78 97 | 82 117 78
DBP 64 45 73 |67 57 65| 56 60 63 | 48 59 66 | 63 69 51
MAP 84 64 90 | 80 66 73| 72 74 380 |59 68 80|72 90 63
sPAP 21 22 34 |32 21 24| 40 35 33 | 67 55 55|13 41 36
dPAP 16 16 22 |16 8 14 121 19 19 | 25 23 24 | 11 8 22
CVP 10 10 14 9 -3 8 16 14 19 8 8 14|21 10 13
Qecmo 56 63 37|18 19 26|64 65 6 5 4 4.4 5.2 7 5.9
ECMO rpm | 3.4 2.5 2 22 22 25152 52 52|33 36 23|35 25 2

Table A.1: Overview of registered data. The registrations that are bold were performed bed-side.

Typical patient on VA ECMO

The default values of the model parameters in the cardiovascular simulator that were used for tuning are
shown in table A.2. Other parameters that were used in tuning, such as TBV and arterial resistances
are estimated in section 3.3. Compliance was estimated in relation to the default values. All remaining
parameters were not used during tuning and can be found in [31].

Model parameter Value | Model parameter Value
LVe 1 CubV 8
Cal 0.8 CkidV 15
Ca2 0.6 CsplV 55
RVe 0.5 ClegsV 9.5
RA compl 5 CsupVCint 15
Cap 4 CinfVCext 25
Rpolm 0.018 | CinfVCint 2

Table A.2: Default values of simulator
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B. Sensitivity analysis typical patient

The heatmaps resulting from the sensitivity analysis on an average VA ECMO patient. The values in the
heatmap represent the effect on the output according to Equation (3.1).
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Figure B.1: The y-axis is the percentage change in the model parameter from the x-axis.
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C. Settings CPM

Table A.1: Overview of settings CPM for different models. C.v is the factor of the original estimate of
the value.

Patient SVR Rpolm LVe Al Rve Ar Cap C.RA. Cal Ca2 C.v TBV

Default 0.8 0.018 1 033 05 005 4 5 0.8 0.6 1 5600
Typical 0.84 0.074 045 035 04 05 - 2.5 0.56 0.42 0.5% 5500
1-1 0.50 0.08 0.85 . 0.27 - . 2.3 04 03 09 6750
1-2 0.25  0.07 1 - 0.2 - - 1.9 048 0.36 0.8 6750
1-3 0.74 0.38 2.3 - 0.2 - 2 1.1 04 03 09 6750
2-1 0.95 030 042 - - - 2 8 0.8 036 0.7 5625
2-2 0.72 0.18 0.4 - - - 1.5 8.5 - - 1.4 5625
2-3 0.68 0.14 0.44 - 0.18 - 1.8 - 0.72 054 0.7 5625
3-1 0.23 0.13 0.75 - 0.3 - 2 1.6 0.72 054 0.6 6000
3-2 0.25 0.10 0.63 - - - 2 2.5 0.88 0.66 0.65 6000
3-3 0.24 0.10 0.2 - - - 1.5 1.1 1.56 0.42 0.6 6000
4-1 0.30 045 0.83 - - - 0.7 1.8 - - 1.0 6825
4-2 036 045 0.90 - 0.35 - 1 1.7 096 0.72 1.0 6825
4-3 0.45 0.30 2.1 - 0.3 - 1.3 1.1 - - 0.8 6825
5-1 0.29 0.00 0.72 - 0.06 - 0.0 1.1 1.2 09 0.7 8000
5-2 0.45 0.1 1.1 - 0.38 - 0.4 1.8 0.48 0.36 1.0 8000
5-3 0.31 0.15 1.4 - 0.2 - - 0.9 1.2 09 0.85 8000

SVR: systemic vascular resistance, Rpolm: pulmonary resistance, [Ve: left ventricular elastance, RVe: right
ventricular elastance, Cap: compliance pulmonary artery, C. RA: compliance right atrium, Cal: compliance
ascending aorta, Ca2: compliance descending aorta, C. v. compliance venous system, TBV: total blood volume,
*: this is compared to the default value of the CPM, -: default value was used.
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D. Compliance estimation

Adapted time-decay

Figure D.1 displayes what happens with the adapted time decay method when Qecmo iNCreases.
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Figure D.1: Visualisation of adapted time decay method, in red the diastolic part of a ABP waveform,
in blue the calculated P(t). Left: Well functioning P(t) estimations Middle: Flow of ecmo is increased,
and P(t) does not reach the lower pressures of the diastolic phase, which results in an extremely low
estimation of C,. Right: (Qecmo - SVR) > P1, which causes the P(t) range to 'flip’, the method does
always takes the largest possible C, as its estimate.
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Pulsus alternans

Figure D.2 shows the unusual ABP waveform of patient 1 during the registered weaning trial. The unusual
extra activity between systolic peaks could be a pulsus alternans [61], where the variation of SBP is more
than 20 mmHg between beats. The diastolic part of this ABP waveform was defined in the coloured
parts of the waveform.
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Figure D.2: ABP of patient 1 during their weaning trial.
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