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a b s t r a c t 

Background and Objective: Simulation in cardiovascular medicine may help clinicians understand the im- 

portant events occurring during mechanical ventilation and circulatory support. During the COVID-19

pandemic, a significant number of patients have required hospital admission to tertiary referral centres

for concomitant mechanical ventilation and extracorporeal membrane oxygenation (ECMO). Nevertheless,

the management of ventilated patients on circulatory support can be quite challenging. Therefore, we

sought to review the management of these patients based on the analysis of haemodynamic and ener- 

getic parameters using numerical simulations generated by a software package named CARDIOSIM©.

Methods: New modules of the systemic circulation and ECMO were implemented in CARDIOSIM© plat- 

form. This is a modular software simulator of the cardiovascular system used in research, clinical and

e-learning environment. The new structure of the developed modules is based on the concept of lumped

(0-D) numerical modelling. Different ECMO configurations have been connected to the cardiovascular net- 

work to reproduce Veno-Arterial (VA) and Veno-Venous (VV) ECMO assistance. The advantages and lim- 

itations of different ECMO cannulation strategies have been considered. We have used literature data to

validate the effects of a combined ventilation and ECMO support strategy.

Results: The results have shown that our simulations reproduced the typical effects induced during me- 

chanical ventilation and ECMO assistance. We focused our attention on ECMO with triple cannulation

such as Veno-Ventricular-Arterial (VV-A) and Veno-Atrial-Arterial (VA-A) configurations to improve the

hemodynamic and energetic conditions of a virtual patient. Simulations of VV-A and VA-A assistance

with and without mechanical ventilation have generated specific effects on cardiac output, coupling of

arterial and ventricular elastance for both ventricles, mean pulmonary pressure, external work and pres- 

sure volume area.

Conclusion: The new modules of the systemic circulation and ECMO support allowed the study of the

effects induced by concomitant mechanical ventilation and circulatory support. Based on our clinical ex- 

perience during the COVID-19 pandemic, numerical simulations may help clinicians with data analysis

and treatment optimisation of patients requiring both mechanical ventilation and circulatory support.

© 2021 Elsevier B.V. All rights reserved.
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Introduction 

The concept of simulation has become more familiar in 

medicine with particular reference to patient-specific modelling 

and training of healthcare professionals [1] . The analysis of the 

events occurring during concomitant mechanical ventilation and 
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Abbreviations 

ECMO Extracorporeal Membrane Oxygenation 

VA ECMO Veno-Arterial ECMO 

VV ECMO Veno-Venous ECMO 

MV Mechanical Ventilation 

VV-A ECMO Veno-Ventricular-Arterial ECMO 

VA-A ECMO Veno-Atrial-Arterial ECMO 

VA RA-DA -ECMO Central VA-ECMO, the centrifugal pump 

takes blood from the right atrium and 

ejects it into the descending aorta 

VV IVC-SVC -ECMO VV-ECMO, the centrifugal pump takes 

blood from the inferior vena cava and 

ejects it into the superior vena cava 

VA FV-TA -ECMO VA-ECMO, the pump takes blood from the 

femoral vein and ejects it into the thoracic 

aorta 

VVA-ECMO Peripheral Veno-Venous-Arterial ECMO 

consists of double venous cannulation 

through the right internal jugular vein 

and the right femoral vein for drainage 

with right femoral artery cannulation for 

perfusion. 

VAV-ECMO Venous-Arterial-Venous ECMO consists of 

single venous drainage through the right 

femoral vein with right femoral artery and 

right internal jugular vein for perfusion. 

IABP Intra-aortic Balloon Pump 

FDA U.S. Food and Drug Administration 

CO Cardiac output [L/min] 

PAP Mean Pulmonary Arterial Pressure 

[mmHg] 

LAP (RAP) Mean Left(Right) Atrial Pressure [mmHg] 

ECG Electrocardiogram 

AoP Mean aortic blood pressure [mmHg] 

Ea LEFT Systemic arterial elastance [mmHg/ml] 

Ea RIGHT Pulmonary arterial elastance [mmHg/ml] 

EW LEFT (EW RIGHT ) Left (Right) ventricular external work 

PVA LEFT (PVA RIGHT ) Left (Right) ventricular pressure-volume 

area 

PE LEFT (PE RIGHT ) Left (Right) ventricular potential energy 

EDV End-diastolic volume [ml] 

ESV End-systolic volume [ml] 

SV Stroke volume [ml] 

HR Heart rate [bpm] 

EF LEFT (EF RIGHT ) Left (Right) ventricular ejection fraction 

LVSW (RVSW) Left (Right) Ventricular Stroke Work 

TOTAL CO Total Cardiac Output = Left Ventricular Out- 

put Flow + Pump Flow 

LV Left Ventricular 

ESPVR (EDPVR) End Systolic (Diastolic) Pressure Volume 

Relationship 

PEEP Positive End-Expiratory Pressure 

circulatory support has been the subject of significant interest. 

More specifically, the use of mechanical ventilation in patients on 

Veno-Arterial extracorporeal membrane oxygenation (VA-ECMO) is 

aimed at maintaining a protective effect on the lung. 

ECMO has become increasingly available for the treatment of 

a diverse population of critically ill patients and recent reviews 

have highlighted its indications and the evidence basis to jus- 

tify its use [ 2 , 3 ]. Veno-Arterial extracorporeal membrane oxygena- 

tion (VA-ECMO) is considered in the context of cardiac failure [4] . 

Veno-Venous extracorporeal membrane oxygenation is indicated in 

the context of acute respiratory distress syndrome [5] . More re- 

cently, ECMO has been considered in the setting of extracorpo- 

real cardiopulmonary resuscitation (ECPR). Despite increased ap- 

plication of the technique, overall survival rates have remained un- 

changed with a 50-70% range for respiratory support and 40-60% 

range for cardiac support [6] . This apparently disappointing sce- 

nario may be partly related to the advanced heart failure status of 

these patients with increasing associated co-morbidities and partly 

to unknown areas in need of answers. 

In view of the above considerations and based on the expe- 

rience developed during the COVID-19 pandemic, we developed 

numerical simulations to reproduce the interactions occurring in 

ventilated patients on peripheral VA-ECMO support using CAR- 

DIOSIM© software [7–11] . The initial task consisted of the imple- 

mentation of a new module based on a 0-D (lumped parameter) 

numerical model able to reproduce the behavior of the whole sys- 

temic circulation. Then, the numerical model of a centrifugal pump 

was used to simulate ECMO support. During the first phase of the 

study, the module simulating the management of gas exchanges 

was not implemented in the platform. 

The following ECMO configurations were considered: 

• Central Veno-Arterial ECMO (VA RA-DA -ECMO): ECMO takes

blood from the right atrium and ejects it into the descending

aorta ( Fig. 1a ).

• Veno-Venous ECMO (VV IVC-SVC -ECMO): ECMO takes blood from

the inferior vena cava and ejects it into the superior vena cava

( Fig 1a ).

• Veno-Arterial ECMO (VA FV-TA -ECMO): ECMO takes blood from

the femoral vein and ejects it into the thoracic aorta

( Fig.1b ).

The haemodynamic and energetic conditions of patients under- 

going circulatory support (VA FV-TA -ECMO) and mechanical ventila- 

tion may be improved by activating different functions in the soft- 

ware: 

√ 

Increase the heart inotropism through the administration of 

drugs that improve myocardial contractility leading to an in- 

crease in the ratio between ventricular systolic elastance and 

arterial elastance (coupling).√
Insert an intra-aortic balloon pump (IABP) or a temporary left

ventricular assist device (Impella FDA approved for this indica- 

tion). √ 

Insert a cannula in the apex of the left ventricle con- 

nected to the ECMO inlet. Through this triple cannulation

approach, namely Veno-Ventricular-Arterial (VV-A), the ECMO

pump draws blood from the left ventricle and the femoral vein

and ejects it into the thoracic aorta ( Fig. 1b ) [ 12 , 13 ].√
Insert a cannula in the left atrium connected to the ECMO

inlet. Through this triple cannulation approach, namely Veno-

Atrial-Arterial (VA-A), the ECMO pump draws blood from the

left atrium and the femoral vein and ejects it into the thoracic

aorta ( Fig. 1b ) [ 14 , 15 ].

Using the described ECMO configurations, mechanical ventila- 

tion (MV) was simulated by changing the mean value of the in- 

trathoracic pressure (between -4 mmHg to + 5 mmHg) [16–19] . 

The following hemodynamic variables were considered: to- 

tal cardiac output (CO); left ventricular cardiac output, end- 

diastolic volume (EDV) and end-systolic volume (ESV) for both 

ventricles, systemic and pulmonary arterial elastance, ventricular- 

arterial systemic/pulmonary coupling, ventricular ejection fraction 

for both ventricles, mean pulmonary/systemic arterial pressure, 

mean left/right atrial pressure. In addition, pulmonary vascular 

compliance was investigated. 

2
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Fig. 1a. Schematic representation of VA RA-DA -ECMO and VV IVC-SVC -ECMO configurations. In VA RA-DA -ECMO mode, the centrifugal pump takes blood from the right atrium

(continuous blue line) and ejects it into the descending aorta (continuous red line). In VV IVC-SVC -ECMO mode, the centrifugal pump takes blood from the inferior vena cava

(dashed blue line) and ejects it into superior vena cava (dashed red line).

Fig. 1b. Schematic representation of VA FV-TA -ECMO configuration. The centrifugal pump takes blood from the femoral vein (continuous blue line) and ejects it into the

thoracic aorta (TA) (continuous red line). In the triple cannulation VV-A ECMO, the pump takes blood from FA (continuous blue line) and LV (dashed lilac line), respectively

and ejects it into the TA (continuous red line). In the triple cannulation VA-A ECMO, the pump takes blood from FA (continuous blue line) and LA (dashed blue line),

respectively and ejects it into the TA (continuous red line).

The energetic variables considered for both ventricles were: ex- 

ternal work, pressure volume area, potential energy and stroke 

work. 

The aim of this initial study was to focus on the triple ECMO 

cannulation approach with a view to ascertain its validity and its 

effectiveness. Another ongoing study will address the combined 

use of ECMO and IABP or Impella device given its increasing pop- 

ularity. 

Material and methods 

The heart and circulatory numerical network 

The cardiovascular network in CARDIOSIM© software consists 

of seven modules that can be assembled in different ways [7–11] . 

The modules are: left and right heart, systemic and pulmonary 

arterial section, systemic and pulmonary venous section and the 
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Fig. 2. Schematic representation of the compartments of the new numerical model of the systemic circulation. The compartments are: ascending and descending aorta with

aortic arch, thoracic (with thoracic resistance R THOR ), upper limbs and head, superior and inferior vena cava, renal and hepatic, splanchnic, abdominal and lower limbs. Atrial

and ventricular septa are interdependent and they are modelled using the time-varying elastance model. Mitral, tricuspid, pulmonary and aortic valves are modelled using

resistance and diode. A model with inverse resistance is used to simulate pulmonary and tricuspid regurgitation.

Fig. 3a. Electrical analogue of ascending and descending aorta with aortic arch, superior vena cava, thoracic and the first tract of the abdominal aorta. R THOR represents the

large thoracic resistance. The reported RLC elements are explained in Table 1 .

coronary circulation. RLC electrical circuits based on 0-D numerical 

representation are used to model each section of the cardiovascu- 

lar system [20] . 

The time-varying elastance concept is used to model the be- 

havior of the left and right native ventricles. Also the left and 

right atria and the septum are modelled using a time-varying elas- 

tance numerical approach [ 8 , 9 ]. The electrocardiographic (ECG) sig- 

nal is synchronized with ventricular, atrial and septal activity [9] . 

The described model allows inter-ventricular and intra-ventricular 

dyssynchrony to be simulated [ 9 , 21 ]. 

Different modules of the coronary circulation have been imple- 

mented in the platform [ 7 , 22 ]. 

4
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Fig. 3b. Electrical analogue of upper and lower limbs and head. The reported RLC elements are explained in Table 1 .

Fig. 3c. Electrical analogue of the second tract of the abdominal aorta, inferior vena cava, renal, hepatic and splanchnic compartments. The reported RLC elements are

explained in Table 1 .

New 0-D numerical model for the systemic circulation 

The new module of the systemic circulation reported ( Fig. 2 ) 

consists of the following compartments: aortic arch, ascending 

aorta, descending thoracic and abdominal aorta, renal, hepatic and 

splanchnic compartments, inferior vena cava and abdominal sec- 

tion, superior vena cava circulation, upper and lower limbs and 

head sections. Figs. 3a and 3b show the electrical analogue of the 

compartments. Each compartment is modelled with RLC elements 

based on the lumped (0-D) parameter concept. Pt is the mean in- 

trathoracic pressure. Table 1 shows the systemic circulation vari- 

ables. 

The simulations presented in this paper were performed assem- 

bling the new numerical model of the systemic circulation with 

the pulmonary numerical model represented in Fig. 3c . The pul- 

monary circulation consists of main and small pulmonary arterial 

5
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Table 1

Systemic circulation variables.

AoP Aortic blood pressure [mmHg]

AAP Ascending aorta&Aortic arch pressure [mmHg]

R AA1 Ascending aorta&Aortic arch I resistance [mmHg · cm 

−3 · sec] 
L AA1 Ascending aorta&Aortic arch I inertance [mmHg · cm 

−3 · sec 2 ] 
C AA1 Ascending aorta&Aortic arch I compliance [mmHg −1 · cm 

−3 ] 
DAP Descending aorta&Aortic arch pressure [mmHg]

R AA2 Descending aorta&Aortic arch I resistance [mmHg · cm 

−3 · sec] 
L AA2 Descending aorta&Aortic arch I inertance [mmHg · cm 

−3 · sec 2 ] 
C AA2 Descending aorta&Aortic arch I compliance [mmHg −1 · cm 

−3 ] 
SVCP Superior vena cava pressure [mmHg]

R supVC Superior vena cava resistance [mmHg · cm 

−3 · sec] 
C supVC Superior vena cava compliance [mmHg −1 · cm 

−3 ] 
THP Aortic thoracic pressure [mmHg]

R AT1 Aortic thoracic resistance [mmHg · cm 

−3 · sec] 
L AT1 Aortic thoracic inertance [mmHg · cm 

−3 · sec 2 ] 
C AT1 Aortic thoracic compliance [mmHg −1 · cm 

−3 ] 
ABD I Abdominal pressure (Tract I) [mmHg]

R ABI Abdominal resistance (Tract I) [mmHg · cm 

−3 · sec] 
L ABI Abdominal inertance (Tract I) [mmHg · cm 

−3 · sec 2 ] 
C ABI Abdominal compliance (Tract I) [mmHg −1 · cm 

−3 ] 
ABD II Abdominal pressure (Tract II) [mmHg]

R ABII Abdominal resistance (Tract II) [mmHg · cm 

−3 · sec] 
L ABII Abdominal inertance (Tract II) [mmHg · cm 

−3 · sec 2 ] 
C ABII Abdominal compliance (Tract II) [mmHg −1 · cm 

−3 ] 
SP Splanchnic pressure [mmHg]

R SP1 Variable splanchnic resistance [mmHg · cm 

−3 · sec] 
R SP2 Splanchnic resistance [mmHg · cm 

−3 · sec 2 ] 
C SP Splanchnic compliance [mmHg −1 · cm 

−3 ] 
LEP Legs pressure [mmHg]

R LE1 Variable legs resistance [mmHg · cm 

−3 · ec] 
R LE2 Legs resistance [mmHg · cm 

−3 · sec] 
C LE Legs compliance [mmHg −1 · cm 

−3 ] 
HDP Head pressure [mmHg]

R HD1 Variable head resistance [mmHg · cm 

−3 · sec] 
R HD2 Head resistance [mmHg · cm 

−3 · sec] 
C HD Head compliance [mmHg −1 · cm 

−3 ] 
ARP Arms pressure [mmHg]

R ARM1 Variable arms resistance [mmHg · cm 

−3 · sec] 
R ARM2 Arms resistance [mmHg · cm 

−3 · sec] 
C ARM Arms compliance [mmHg −1 · cm 

−3 ] 
HP Hepatic pressure [mmHg]

R HEP1 Variable hepatic resistance [mmHg · cm 

−3 · sec] 
R HEP2 Hepatic resistance [mmHg · cm 

−3 · sec] 
C HEP Hepatic compliance [mmHg −1 · cm 

−3 ] 
KP Renal pressure [mmHg]

R KID1 Variable renal resistance [mmHg · cm 

−3 · sec] 
R KID2 Renal resistance [mmHg · cm 

−3 · sec] 
C KID Renal compliance [mmHg −1 · cm 

−3 ] 
P B Variable abdominal pressure [mmHg]

ABP INVC Abdominal inferior vena cava pressure [mmHg]

R AbdVC Abdominal inferior vena cava resistance [mmHg · cm 

−3 · sec] 
C AbdVC Abdominal inferior vena cava compliance [mmHg −1 · cm 

−3 ] 
C InfVC Inferior vena cava compliance [mmHg −1 · cm 

−3 ] 
R InfVC1 First inferior vena cava resistance [mmHg · cm 

−3 · sec] 
R InfVC2 Second inferior vena cava resistance [mmHg · cm 

−3 · sec] 
R THOR Thoracic resistance [mmHg · cm 

−3 · sec] 

section, pulmonary arteriole and capillary section and pulmonary 

venous section [ 7 , 23 ]. 

New Extracorporeal Membrane Oxygenation (ECMO) numerical model 

The ECMO model consists of two devices: a centrifugal pump 

and an oxygenator. For the purposes of this study, a new numerical 

module reproducing the behavior of the centrifugal pump [ 24 , 25 ] 

was implemented in CARDIOSIM© platform. Based on experimen- 

tal data [24] the following equation describes the pump function: 

�P = K A · Q 

2 
PUMP + ω · Q PUMP · K B + ω 

2 · K C (1) 

Q PUMP = 

− K B 
K A

· ω +
√ (

K B
K A

)2 · ω 

2 − 4
K A

(
ω 

2 · K C − �P 
)

2 
(2) 

In Eq. (1) and (2) �P is the pressure difference across the pump 

(head pressure), Q PUMP is the pump flow, ω is the rotational speed 

of the pump, K A , K B and K C are constants. 

Assuming K A = -1.80E −03 [mmHg · sec 2 ·ml −2 ], K B = -1.20E −05 

[mmHg · sec ·ml −1 · rpm 

−1 ], and K C = 7.3E −06 [mmHg ·rpm 

−2 ], we 
obtained the curves reported in Fig. 4 . The centrifugal pump 

is connected to the cardiovascular system with two cannulae 

modelled using RLC elements ( Fig. 5 ). The flow through the inlet 

cannula is: 

( P iCN − �P ) = Q i CANN · R i CANN + 

(
d 
dt 
Q i CANN 

)
· L i CANN

(
d 
dt 

�P 
)

·C i CANN = Q PUMP − Q i CANN

(3) 

P iCN is the pressure at the point of the circulatory network 

where the inlet cannula is connected. Li CANN, Ri CANN and Ci CANN are 

the inertance, resistance and compliance of the inlet cannula, re- 

spectively. 

The flow through the outlet cannula is: 

( �P − P oCN ) = Q o CANN · R o CANN + 

(
d 
dt 
Q o CANN 

)
· L o CANN

(
d 
dt 

�P 
)

·C o CANN = Q o PUMP − Q o CANN

(4) 

P oCN is the pressure at the point of the circulatory network 

where the outlet cannula is connected. Lo CANN, Ro CANN and Co CANN 
are the inertance, resistance and compliance of the outlet cannula, 

respectively. 

The ECMO pump can be connected to the cardiovascular net- 

work as follows: 

• VA FV-TA -ECMO: ECMO receives blood from the femoral vein and

ejects it into the thoracic aorta;

• VA RA-DA -ECMO: ECMO receives blood from the right atrium and

ejects it into the descending aorta;

• VV IVC-SVC -ECMO: ECMO receives blood from the inferior vena

cava and ejects it into the superior vena cava.

The following cannulation approach has been implemented in

the case of VA FV-TA -ECMO: 

√ 

Veno-Ventricular-Arterial (VV-A) cannulation: a cannula is con- 

nected between the left ventricle and the ECMO inlet. Through 

this cannulation approach, the ECMO pump draws blood from 

the left ventricle and the femoral vein and ejects it into the 

thoracic aorta;√
Veno-Atrial-Arterial (VA-A) cannulation: a cannula is connected

between the left atrium and the ECMO inlet. Through this can- 

nulation approach, the ECMO pump draws blood from the left

atrium and the femoral vein and ejects it into the thoracic

aorta.

Mechanical ventilation 

To simulate the effect induced by mechanical ventilation on the 

haemodynamic and energetic variables, the mean value of the in- 

trathoracic pressure ranged from Pt = -4 [mmHg] to Pt =+ 5 [mmHg] 

[16–19] . 

Simulation protocol 

Based on pathological conditions reproduced using literature 

data, ECMO assistance was applied in VA FV-TA -ECMO and VA RA-DA - 

ECMO mode. The rotational speed of the pump was 40 0 0 rpm 

for both ECMO configurations and the mean intrathoracic pres- 

sure ranged between -4 mmHg and + 5 mmHg to simulate MV. 

The variables measured under these settings were: total cardiac 

output (CO); left ventricular cardiac output, left and right end- 

diastolic volume (EDV) and end-systolic volume (ESV), systemic 
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Fig. 4. Centrifugal pump waveforms reproduced for different rotational speed using Eq. 1. �P is the pump head pressure.

Fig. 5. Electric analogue of the inlet and outlet cannula connected to the centrifugal pump. Qo CANN (Qi CANN ) is the flow through the output (input) cannula. Ro CANN , Co CANN
and Lo CANN (Ri CANN , Ci CANN and Li CANN ) are the resistance, compliance and inertance of the outlet (inlet) cannula.

arterial elastance (Ea LEFT ), pulmonary arterial elastance (Ea RIGHT ), 

ventricular-arterial systemic/pulmonary coupling, left and right 

ventricular ejection fraction (EF LEFT and EF RIGHT ) mean pulmonary 

arterial pressure (PAP), mean aortic pressure (AoP), mean left/right 

atrial pressure (LAP/RAP), pulmonary vascular compliance (PVC), 

left/right external work (EW LEFT /EW RIGHT ), pressure volume area 

(PVA LEFT /PVA RIGHT ) and potential energy (PE LEFT /PE RIGHT ) [26–

28] and left/right ventricular stroke work (LVSW/RVSW).

We considered three steps to improve left ventricular function 

during VA FV-TA -ECMO assistance. In the first step, left ventricular 

contractility was improved by the administration of a drug that in- 

creased myocardial contractility. Concomitant mechanical ventila- 

tion was maintained and the ratio between ventricular and arte- 

rial elastance was evaluated for both ventricles. In the second step, 

VV-A cannulation was activated during mechanical ventilation. In 

the last step, VA-A cannulation was considered maintaining venti- 

lation. 

Results 

Fig. 6 shows the effects induced on left/right end diastolic and 

end systolic ventricular volume (EDV LEFT /EDV RIGHT ) by mechanical 

ventilation when the mean intrathoracic pressure changes from -4 

mmHg to + 5 mmHg. The level of support for each ECMO config- 

uration was calculated as the relative change respect to baseline 

conditions. The pump speed was 40 0 0 rpm for all the simulations. 

Panel A and B show an increase in EDV LEFT and ESV LEFT dur- 

ing mechanical ventilation and assistance with VA FV-TA -ECMO (VA- 

ECMO), VA-ECMO and drug administration (VA-ECMO&Drug) and 

VA RA-DA -ECMO (§VA-ECMO). Panel C and D show a decrease in 

EDV RIGHT and ESV RIGHT values compared to baseline conditions 

during VA RA-DA -ECMO assistance. Further reduction in EDV RIGHT 
and ESV RIGHT is observed when the mean intrathoracic pressure 

changes from -4 mmHg to + 5 mmHg. 

Fig. 7 shows the relative changes compared to baseline condi- 

tions for the mean left atrial (right) pressure (Panel A and B), aortic 

pressure (Panel C) and pulmonary pressure (Panel D). VA-A ECMO 

assistance increases LAP (yellow bars in Panel A), while VA RA-DA - 

ECMO (§VA-ECMO) assistance decreases mean right atrial and pul- 

monary pressures. VA-ECMO assistance with drug administration 

(VA-ECMO&Drug) increases aortic pressure compared to baseline 

conditions, particularly for positive values of intrathoracic pressure 

(Panel C). Drug administration does not seem to have significant 

effects on PAP during VA-ECMO assistance (blue bars in Panel C). 

Mechanical ventilation produces a sign reversal in the AoP during 

VA-A ECMO assistance (yellow bars in Panel C). Relative changes 

7
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Fig. 6. Relative changes calculated in comparison to baseline conditions for different ECMO configurations and concomitant mechanical ventilation. Panel A (B) shows the

relative changes for the left ventricular end-diastolic (end-systolic) volume calculated in comparison to baseline conditions for VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO

(§VA-ECMO), VA-ECMO and drug administration (VA-ECMO&Drug), Veno-Atrial-Arterial ECMO (VA-A ECMO) and Veno-Ventricular-Arterial ECMO (VV-A ECMO) assistance.

The mean intrathoracic pressure (Pt) ranged between -4 to + 5 mmHg to simulate the effects induced by mechanical ventilation. Panel C (D) shows the relative changes for 

the right ventricular end-diastolic (end-systolic) volume.

Fig. 7. Relative changes calculated in comparison to baseline conditions for different ECMO configurations with concomitant MV. Panel A (B) shows the relative changes for

the mean left (right) atrial pressure.

VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), VA-ECMO and drug administration (VA-ECMO&Drug), Veno-Atrial-Arterial ECMO (VA-A ECMO) and Veno-Ventricular-

Arterial ECMO (VV-A ECMO) are the different mode of assistance. Panel C (D) shows the relative changes for the mean aortic pressure (AoP) and the mean pulmonary

pressure (PAP).

in total cardiac output, left ventricular output flow and left (right) 

ventricular ejection fraction are shown in Fig. 8 . The total flow is 

the sum of the left ventricular output flow and the pump flow 

during VV-A ECMO, VA-A ECMO and VA RA-DA -ECMO (§VA-ECMO in 

Fig. 8 ) assistance. The total flow increases up to 350% (yellow bars 

in Panel A) compared to baseline CO, while the left ventricular out- 

put flow is reduced by 30% (yellow bars in Panel B) regardless of 

the mean intrathoracic pressure (Pt). Panel C in Fig. 8 shows that 

only VV-A ECMO assistance increases left ventricular ejection frac- 

tion from 40% to 68% when Pt =+ 5mmHg. The other ECMO config- 

urations decrease EF LEFT , particularly VA RA-DA -ECMO (red bars). Up 

to 25% reduction in EF RIGHT is also observed during VA RA-DA -ECMO 

assistance (red bar in Panel D). 

8
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Fig. 8. Relative changes calculated in comparison to baseline conditions for different ECMO configurations with concomitant MV. Panel A shows the relative changes for the

total cardiac output. Total CO represents the sum of the centrifugal pump flow and the left ventricular output flow (Panel B). Panel C (D) shows the relative changes of left

(right) ventricular ejection fraction.

The simulations included the following configurations: VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), VA-ECMO and drug administration (VA-ECMO&Drug), Veno-

Atrial-Arterial ECMO (VA-A ECMO) and Veno-Ventricular-Arterial ECMO (VV-A ECMO). The pump rotational speed was 40 0 0 rpm.

Effects induced by different ECMO configurations on left ven- 

tricular EW, PVA and PE during MV are shown in Fig. 9 . Panel A, 

B and C show changes during VA FV-TA -ECMO (VA-ECMO), VA RA-DA - 

ECMO and VV-A-ECMO assistance compared to baseline condi- 

tions. VV-A ECMO increases EW up to 130% (brown bar) when 

Pt is + 5 mmHg. VA FV-TA -ECMO (VA-ECMO) and VA RA-DA -ECMO re- 

duce EW for each Pt value. Panel D ( Fig. 9 ) shows the normalized 

LVSW values obtained during baseline conditions, VA FV-TA -ECMO 

(VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), VA FV-TA -ECMO associated 

with drug administration (VA-ECMO&Drug), VV-A ECMO and VA-A 

ECMO assistance with different values of intrathoracic pressure. 

Fig. 10 shows a screen output produced by CARDIOSIM© soft- 

ware during baseline conditions and different modes of support 

with potential for real-time analysis in a clinical setting [29] . Left 

(right) ventricular pressure-volume loops are plotted in window 

[A] ([B]). VA FV-TA -ECMO and VA RA-DA -ECMO are considered when Pt 

is -4 mmHg and comparison made with baseline conditions (black 

loops). The pump rotational speed is 40 0 0 rpm. Blue and red loops 

represent the left (window [A]) and right (window [B]) pressure- 

volume loops for VA FV-TA -ECMO and VA RA-DA -ECMO assistance re- 

spectively. Panel C shows the LAP (Pla), PAP (Pap), RAP (Pra), SVC 

(Svc), PVP (Pvp) and IVC (Ivc) mean pressures calculated during the 

cardiac cycle under VA RA-DA -ECMO assistance. The total flow is 3.9 

l/min (Qria = 3.9 in Panel C) and the pump flow is 1.37 l/min (Panel 

F). The values of the energetic variable for the left (right) ventricle 

are reported in Panel D (E). 

Fig. 11 shows the effects induced by mechanical ventilation 

during baseline conditions, VA FV-TA -ECMO (VA-ECMO), VA-A ECMO 

and VA RA-DA -ECMO (§VA-ECMO) assistance on left and right ven- 

tricular loops. Panel A (B) shows the left (right) ventricular loops 

during baseline and VA FV-TA -ECMO assistance. Blue (green) loops 

were obtained during baseline conditions and MV with Pt = - 

4 mmHg (Pt =+ 5 mmHg), dashed red (white) loops were ob- 

tained during VA FV-TA -ECMO assistance and MV with Pt = -4 mmHg 

(Pt =+ 5 mmHg). Panel C (D) shows the left (right) ventricular 

loops during baseline and VA-A ECMO assistance. Blue (green) 

loops were obtained during baseline conditions and MV with Pt = - 

4 mmHg (Pt =+ 5 mmHg), dashed red (white) loops were obtained 

during VA-A ECMO assistance and MV with Pt = -4 mmHg (Pt =+ 5 

mmHg). Panel E (F) shows the left (right) ventricular loops dur- 

ing baseline and VA RA-DA -ECMO assistance. Blue (green) loops were 

obtained during baseline conditions and MV with Pt = -4 mmHg 

(Pt =+ 5 mmHg), dashed red (white) loops were obtained dur- 

ing VA RA-DA -ECMO assistance and MV with Pt = -4 mmHg (Pt =+ 5 

mmHg). Ventricular loops, the end systolic pressure volume rela- 

tionship (ESPVR) and the end diastolic pressure volume relation- 

ship (EDPVR) allow the evaluation of the trend of EW, PVA and PE 

during mechanical ventilation under baseline and circulatory as- 

sisted conditions. 

Effects induced by different ECMO configurations on right ven- 

tricular EW, PVA and PE during mechanical ventilation are shown 

in Fig. 12 . Normalized values presented in Panels A, B and C were 

obtained during baseline conditions, VA FV-TA -ECMO (VA-ECMO), 

VA RA-DA -ECMO (§VA-ECMO), VA FV-TA -ECMO associated with drug 

administration (VA-ECMO&Drug), VV-A ECMO and VA-A ECMO 

assistance with different values of intrathoracic pressure. Right 

ventricular EW, PVA and PE increased under VA-A ECMO and 

VV-A ECMO assistance for each Pt value. Positive Pt values re- 

duce EW, PVA and PE. Similar effects on RVSW are observed 

(Panel D). 

Panel A ( Fig. 13 ) shows the relative changes for left (right) 

Ea LEFT /Ees LEFT (Ees RIGHT /Ea RIGHT ) coupling calculated under VA FV-TA - 

ECMO and VA FV-TA -ECMO with drug administration assistance 

compared to baseline conditions. Of note, VA FV-TA -ECMO (and 

drug administration) assistance generates a negative value of 
∗Ea LEFT /Ees LEFT ( ∗Ea/Ees - yellow bars) when Pt was set to + 5 

mmHg. A sign change in Ees RIGHT /Ea RIGHT coupling (Ees/Ea - red 

bars) occurs when Pt switches from negative to positive val- 

ues (VA FV-TA -ECMO assistance). Panel B (C) shows the normal- 

ized Ea LEFT /Ees LEFT (Ees RIGHT /Ea RIGHT ) coupling under baseline con- 

ditions, VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), 

VA FV-TA -ECMO and drug administration (VA-ECMO&Drug), VV-A 

9
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Fig. 9. Panel A, B and C show the relative changes calculated in comparison to baseline conditions for different ECMO configurations and concomitant mechanical ventilation.

The simulations included VA RA-DA -ECMO (§VA-ECMO), Veno-Atrial-Arterial ECMO (VA-A ECMO) and Veno-Ventricular-Arterial ECMO (VV-A ECMO). The pump rotational speed

was 40 0 0 rpm.

Panel A shows the relative changes for the left ventricular external work (EW LEFT ). Panel B and C show the relative changes for the left ventricular pressure volume area

(PVA LEFT ) and potential energy (PE LEFT ), respectively.

Panel D shows the normalized left ventricular stroke work (LVSW) values obtained when baseline conditions, VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), VA FV-TA -

ECMO associated with drug administration (VA-ECMO&Drug), VV-AECMO and VA-A ECMO assistance were simulated with different values of intrathoracic pressure.

Fig. 10. Screen output generated by CARDIOSIM© platform. Left (right) ventricular pressure-volume loops corresponding to different circulatory conditions are plotted in

window A (B). The black ventricular loops were obtained simulating the baseline conditions as described in the text. The red ventricular loops were generated during

VA FV-TA -ECMO support in comparison to baseline conditions. The blue ventricular loops were obtained during VA RA-DA -ECMO assistance was applied. The mean intrathoracic

pressure (Pt) was -4 mmHg for all the simulations. Panel C shows the mean values (calculated during the cardiac cycle). Panel C shows the heart rate (HR) the systolic,

diastolic and mean aortic pressures, the mean pressures in different tracts of circulatory network, the input and output flow for each atrium and ventricle (Qlia/Qria is the

mean input flow in the left/right atrium; Qlo/Qro is the mean left/right ventricular output flow; Qli/Qri is the mean left/right ventricular input flow). The stroke volume (SV),

the end systolic/diastolic volume (Ves/Ved) and the ejection fraction for both ventricles are presented in Panel C. Finally, systolic and diastolic pulmonary pressures are also

presented. Paned D (E) shows the mean values of left (right) ventricular energetic variables. The mean value of the pump flow is reported in Panel F. All the values were

calculated during VA RA-DA -ECMO assistance.
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Fig. 11. Panel A (B) shows the left (right) ventricular loops during baseline and VA FV-TA -ECMO assistance. Blue (green) loops were obtained during baseline conditions and

MV with Pt = -4 mmHg (Pt = + 5 mmHg), dashed red (white) loops were obtained during VA FV-TA -ECMO assistance and MV with Pt = -4 mmHg (Pt = + 5 mmHg). Panel 

C (D) shows the left (right) ventricular loops during baseline and VA-A ECMO assistance. Blue (green) loops were obtained during baseline conditions and MV with Pt = -4 

mmHg (Pt = + 5 mmHg), dashed red (white) loops were obtained during VA-A ECMO assistance and MV with Pt = -4 mmHg (Pt = + 5 mmHg). Panel E (F) shows the left 

(right) ventricular loops during baseline and VA RA-DA -ECMO assistance. Blue (green) loops were obtained during baseline conditions and MV with Pt = -4 mmHg (Pt = + 5 

mmHg), dashed red (white) loops were obtained during VA RA-DA -ECMO assistance and MV with Pt = -4 mmHg (Pt = + 5 mmHg). All the data were stored in Excel files and 

subsequently processed.

ECMO and VA-A ECMO assistance with different values of intratho- 

racic pressure. Panel D ( Fig. 13 ) shows the relative changes for the 

pulmonary vascular compliance (PVC) compared to baseline condi- 

tions. VA RA-DA -ECMO (§VA-ECMO) reduces PVC compared to base- 

line conditions for each Pt value. 

Discussion 

Traditional configurations for ECMO support include the Veno- 

Venous (VV) through the right internal jugular vein (Avalon can- 

nula) or both femoral veins and the Veno-Arterial (VA) either 

through the ascending aorta and the right atrium (central can- 

nulation) or through the femoral vessels (peripheral cannula- 

tion) [ 30 , 31 ]. Hybrid ECMO configurations have been increas- 

ingly considered in recent years as an attempt to improve out- 

come. Triple cannulation such as VV-A or VA-V configurations 

may help with concomitant cardiac and respiratory failure. Pe- 

ripheral Veno-Venous-Arterial (VV-A) ECMO consists of double ve- 

nous cannulation through the right internal jugular vein and the 

right femoral vein for drainage with right femoral artery can- 

nulation for perfusion. Venous-arterial-venous (VA-V) ECMO con- 

sists of single venous drainage through the right femoral vein 

with right femoral artery and right internal jugular vein for 

perfusion. 

11
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Fig. 12. Normalized values of external work, pressure volume area, potential energy calculated for the right ventricle are shown in Panel A, B and C, respectively. 

Panel D shows the normalized values calculated for the right ventricular stroke work (RVEW). The normalized values were obtained when baseline conditions, VA FV-TA -ECMO 

(VA-ECMO), VA RA-DA -ECMO (§VA-ECMO), VA FV-TA -ECMO associated with drug administration (VA-ECMO&Drug), VV-A ECMO and VA-A ECMO assistance were simulated with 

different values of intrathoracic pressure. 

Fig. 13. Panel A shows the effects induced on left and right ventricular arterial coupling during VA FV-TA -ECMO (VA-ECMO) and VA FV-TA -ECMO associated with drug admin- 

istration were simulated starting from basal conditions. The relative changes were calculated in comparison to baseline conditions. Ea/Ees and Ees/Ea ( ∗Ea/Ees and ∗Ees/Ea) 
represent the left and right coupling calculated during VA FV-TA -ECMO (VA FV-TA -ECMO associated with drug administration) assistance was applied, respectively. Panel B (C) 

shows the normalized values of the left (right) coupling Ea LEFT/ Ees LEFT (Ea RIGHT/ Ees RIGHT ) obtained when baseline conditions, VA FV-TA -ECMO (VA-ECMO), VA RA-DA -ECMO (§VA- 

ECMO), VA FV-TA -ECMO associated with drug administration (VA-ECMO&Drug), VV-A ECMO and VA-A ECMO assistance were simulated with different values of intrathoracic 

pressure. Panel D shows the relative changes calculated for the pulmonary vascular compliance (PVC). 

An increased left ventricular afterload leading to left ventric- 

ular distension may affect the intended beneficial effects of VA- 

ECMO support. Our simulations show the effect of ECMO support 

on left and right ventricular function through different configura- 

tions. It is evident that full ECMO support has a detrimental ef- 

fect on ventricular function by increasing afterload and ventricular 

volume with clear interrelation between the two native ventricles. 

Fig. 6 shows that VV-A ECMO causes almost 100% change in end 

diastolic volume leading to significant dilatation of the native ven- 

tricles. Fig. 8 shows that VA-A ECMO has the highest effect on total 

cardiac output. 
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Experimental evidence confirms the clinical findings and high- 

lights the presence of reduced left ventricular (LV) ejection fraction 

and stroke work as markers of LV dysfunction during VA-ECMO 

support [32] . Our simulations show that only VV-A ECMO config- 

uration has a beneficial effect on left ventricular ejection fraction 

( Fig. 8 C). 

The impact of VA-ECMO on left ventricular function can be ex- 

plained in terms of pressure-volume loops and Starling curves as 

previously suggested [33] . Our simulations fit very well in this 

context. VA-ECMO does not affect LV function directly. When LV 

afterload is maintained constant at a specific systemic pressure, 

the Starling curve generated before VA-ECMO support predicts the 

filling pressure related to any target stroke volume at that sys- 

temic pressure. The mechanism by which that specific pressure 

is achieved does not change the relationship between filling pres- 

sure and native LV stroke volume. A maintained Starling relation- 

ship during VA-ECMO support may help predict ventricular dis- 

tension and optimise the balance between LV unloading and sys- 

temic perfusion [34] . The optimal balance between left ventricu- 

lar unloading and systemic perfusion remains critical. The degree 

of LV unloading during VA-ECMO support significantly depends on 

the absolute flow and the recruitable contractile reserve of the left 

ventricle. Maintaining a certain degree of left ventricular ejection 

in the absence of pulmonary edema is highly desirable clinically 

[34] . Optimisation of pump speed, pressure, flow and PEEP (posi- 

tive end-expiratory pressure) may be required throughout the pe- 

riod of support. After an initial period of stabilization on full ECMO 

support, partial support may be a more suitable option where the 

left ventricle continues to eject against a reduced afterload and 

maintains EDV and ESV within limits reducing the potential for 

ventricular distension. 

Mechanical ventilation induces different effects on EW LEFT , 

PE LEFT and PVA LEFT under different modes of ECMO assistance 

( Fig. 9 and Fig. 11 ). Considering the relative changes compared 

to baseline conditions, we have observed that mean intrathoracic 

pressure decreases left ventricular EW LEFT ( Fig. 9 panel A) during 

VA-A ECMO (or VA RA-DA -ECMO) support. The increase in left ven- 

tricular PVA LEFT ( Fig. 9 panel B) compared to baseline conditions 

is evident when Pt =+ 5 mmHg. The described effects on EW LEFT 

are shown in Fig. 11 (panel C) where the left ventricular loops 

from baseline and assisted (with VA-A ECMO) conditions are plot- 

ted. Panel C shows that EW LEFT decreases for both Pt values dur- 

ing ECMO assistance. In this case PE LEFT decreases during VA-A 

ECMO support with Pt = -4mmHg (blue and red dashed loops in 

panels C and E; Fig. 9 panel C) and increases when the mean 

intrathoracic pressure (green and white dashed loops in panel C 

and E; Fig. 9 panel C) switches to + 5 mmHg. At the same time, 

right ventricular EW RIGHT , PE RIGHT and PVA RIGHT increase for both 

Pt values during VA-A ECMO support ( Fig. 11 , panel B and D) or 

VA-A ECMO (panel D). VA RA-DA -ECMO assistance induces a reduc- 

tion in the right heart energetic variables for both values of in- 

trathoracic pressure ( Fig. 11 , panel F and Fig. 12 panel A, B and C). 

EW LEFT , PE LEFT and PVA LEFT decrease under VA RA-DA -ECMO support 

and concomitant mechanical ventilation. 

Although a triple cannulation approach may not necessarily 

give additional benefit, our simulations show some contrasting re- 

sults between VV-A ECMO and VA-A ECMO configurations. A VV-A 

ECMO configuration seems to generate significant less left ventric- 

ular distension but at the expense of a negative effect on the right 

ventricle. Besides, both LAP and RAP are also increased but RAP 

more significantly. Total CO is only slightly increased with signifi- 

cant reduction in LV output flow. Both EF LEFT and EF RIGHT increase 

with EF LEFT slightly more significantly. All the energetic parameters 

(EW, PVA, PE) and LVSW are increased. 

A VA-A ECMO configuration seems to generate even less left 

ventricular distension but still reflects negatively on the right ven- 

tricle. LAP is reduced but RAP increases. Also, there is some in- 

crease in AoP but even more significantly in PAP. Total CO is in- 

creased compared to VV-A ECMO but LV output flow is signifi- 

cantly reduced. EF LEFT is significantly reduced with some increase 

in EF RIGHT . The energetic parameters are all reduced. In compari- 

son, a VV-A ECMO approach may prove a more effective strategy if 

required. Nevertheless, partial support would be advisable to en- 

able LV ejection which would balance the potential negative ef- 

fects, specifically ventricular distension and increased afterload. 

A triple cannulation approach is usually considered when a tra- 

ditional configuration is not achieving the desired outcome. This 

is quite often an emergency procedure where subsequent mea- 

surements are overlooked or not completely recorded limiting data 

availability for analysis. It is not an easy solvable issue. Neverthe- 

less, our attempts may be just the beginning for further critical 

analysis despite limited data. 

Conclusion 

ECMO support has become more widely used in recent years 

and its use is likely to increase. Nevertheless, there are still “grey 

areas” in need of attention. Our work shows the potential of a sim- 

ulation approach as an attempt to answer some of the questions. 

Although this is a preliminary study based on literature data, its 

outcome has been quite revealing. The next step is aimed at a 

closer comparison with “real life” scenarios with a view to treat- 

ment optimisation and outcome prediction. The use of IABP and 

Impella device will be considered too. 
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