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Abstract: Veno-arterial extracorporeal membrane oxygenation (VA ECMO) for the manage-
ment of refractory cardiogenic shock (CS) has been widely used in recent years. Increased
left ventricular (LV) afterload induced by retrograde flow remains a limiting factor, which
is particularly evident during peripheral VA ECMO support. The concomitant use of
the intra-aortic balloon pump (IABP) is an established strategy to achieve LV unloading
during VA ECMO support. Nevertheless, there remains controversy about the combined
use of IABP during central or peripheral VA ECMO in terms of beneficial effects and
outcome. We developed a simulation setting to study left ventricular unloading with IABP
during peripheral and central VA ECMO using CARDIOSIM®), an established software
simulator of the cardiovascular system. The aim was to quantitatively evaluate potential
differences between the two VA ECMO configurations and ascertain the true beneficial
effects compared to VA ECMO alone. The combined use of central VA ECMO and IABP
decreased left ventricular end systolic volume and left ventricular end diastolic volume by
5-10%; right ventricular end systolic volume and right ventricular end diastolic volume
by 10-20%; left atrial end systolic volume and left atrial end diastolic volume by 5-10%.
Up to 25% reduction in mean left atrial pressure, up to 15% reduction in pulmonary capil-
lary wedge pressure and up to 25% reduction in mean pulmonary arterial pressure was
observed. From an energetic point of view, left ventricular external work decreased by
10-15% whilst up to 40%vreduction in right ventricular external work was observed. The
findings make central VA ECMO plus IABP the most appropriate combination for left and
right ventricle unloading.
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1. Introduction

The use of veno-arterial extracorporeal membrane oxygenation (VA ECMO) for the
management of refractory cardiogenic shock (CS) has significantly increased in recent
years [1]. Despite the established benefit of VA ECMO support, increased left ventricular
(LV) afterload induced by retrograde flow remains a limiting factor which is particularly
evident during peripheral VA ECMO insertion. Retrograde flow can significantly limit
LV ejection leading to blood stasis and LV distension. Reduced or absent forward flow
may also develop due to a mismatch between LV afterload, preload, and contractility.
There is increasing evidence that LV unloading during VA ECMO support is beneficial [2].
The concomitant use of the intra-aortic balloon pump (IABP) is an established strategy
for this purpose in view of its wide availability, ease of insertion and maintenance in the
cardiac intensive care unit. Patients managed with the combined use of VA ECMO and
IABP demonstrated significant lower in-hospital and 30-day mortality compared to those
managed with VA ECMO alone without an increase in complications [3-5]. This matter has
not been free of controversy. Despite increasing evidence confirming the beneficial effect of
LV unloading on VA ECMO, there have been reports questioning its translation into better
outcomes [6-10]. Nevertheless, the evidence supporting the combined use of VA ECMO and
IABP in postcardiotomy failure and cardiogenic shock remains quite overwhelming [11-16].
VA ECMO support can be achieved either peripherally or centrally according to the needs
and the context with some evidence supporting both approaches [17-19] although the
combined use of peripheral VA ECMO and IABP has been questioned [20,21]. The effect of
IABP on LV afterload and organ perfusion is complex and changes according to the degree
of left ventricular systolic dysfunction. The crux of the balloon lies with the retrograde
flow of peripheral VA ECMO. In the presence of severe left ventricular systolic dysfunction,
the afterload may paradoxically increase during systole due to balloon deflation or “de-
clamping” effect of the descending thoracic aorta. Balloon occlusion of the aorta in diastole
may reduce VA ECMO-driven blood flow to the aortic root and arch attenuating myocardial
and cerebral blood flow [22]. When the degree of LV systolic dysfunction is less, lower
VA ECMO support is required and the impact of retrograde flow affecting the intended
effect of IABP is less. The resultant pseudo-pulsatile flow induced by IABP would improve
regional microcirculation [23,24]. The addition of IABP to central VA ECMO leads to
the reduction in intracavitary cardiac pressure and work with potential for myocardial
recovery in a pig model [25]. A mock circulation loop study of IABP and concomitant
ECMO support during different degree of LV failure suggests a strong relationship between
IABP efficacy and ventricular contractility inviting to careful selection when considering
concomitant VA ECMO and IABP support [26]. Another experimental setting in a pig
model has found higher coronary blood flow in central VA ECMO compared to peripheral
VA ECMO regardless of flow conditions in the ascending aorta although the addition of
IABP did not result in improved coronary blood flow but showed partial negative effect
on the coronary arterial endothelial function [27]. Computational studies have focused
on wall shear stress and modulation of pulsatility induced by IABP [28-30]. An in vitro
study based on a silicon phantom model of the circulation has shown increased coronary
blood flow on VA ECMO support with further improvement following IABP insertion
particularly with reduced heart rate [31]. Given these considerations, we developed a
simulation setting to study left ventricular unloading with IABP during peripheral and
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central VA ECMO. The aim was to quantitatively evaluate potential differences between
the two VA ECMO configurations and ascertain the true beneficial effects compared to VA
ECMO alone.

2. Materials and Methods

In this study, we assembled CARDIOSIM® [32,33] software platform (Ver. 7.3.2, devel-
oped at the Cardiovascular Numerical /Hybrid Modelling Lab—Rome Section of the Insti-
tute of Clinical Physiology of the Italian National Research Council) as shown in Figure 1.
The numerical model reproducing the behaviour of both ventricles, atria, and septum has
been previously described [34,35]. The numerical models of ascending and descending
aorta with aortic arch, descending thoracic aorta (with thoracic resistance RTHOR), upper
limbs and head, superior and inferior vena cava, renal and hepatic, splanchnic, abdominal
and lower limbs circulation have also been described in detail [36].
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Figure 1. Electric analogue of the cardiovascular system with intra-aortic balloon pump (IABP),
central and peripheral VA ECMO. The different sections of ascending and descending aorta with
aortic arch, descending thoracic aorta (with thoracic resistance RTHOR), upper limbs and head,
superior and inferior vena cava, renal and hepatic, splanchnic, abdominal and lower limbs circulation
have been modelled with resistance, inertance and compliance (RLC) elements [36]. The coronary
circulation was modelled with RC elements. The numerical model reproducing central and peripheral
VA ECMO configurations have been previously described [36].

The coronary circulation was modelled using resistance and compliance (RC) ele-
ments [37]. The network between the right ventricle and the left atria was reproduced
using resistance, inertance and compliance (RLC) elements [35,38].

The numerical model reproducing central and peripheral VA ECMO configurations
(Figures 1 and 2) have been previously described [36]. Central VA ECMO draws blood
from the right atrium (RA) and ejects it into the ascending aorta. Peripheral VA ECMO
draws blood from the femoral vein (FV) and ejects it into the femoral artery (FA). For the
purposes of the simulations, the two circuits have been configured as shown in Figure 2.

The IABP model, inserted in the arterial tree, is considered a flow source QIABP(t)
as follows: during diastole the balloon inflates generating positive flow whilst during
systole the balloon deflates leading to negative flow. The flow source QIABP(t) may be
replaced by a pneumatic pressure source P(t), representing the compressed gas reservoir,
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and by resistance (R) representing the total gas delivery resistance of the system (Figure 1).
The pneumatic source P(t) has been modelled describing the ejection and the filling phase
separately as the air outflow from a high-pressure tank, connected to the pressure source,
and the air outflow from a lower-pressure tank connected to the vacuum source [39].
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Figure 2. Schematic representation of central and peripheral VA ECMO. The circuits have been
slightly modified for the purposes of the simulations. Central VA ECMO draws blood from the right
atrium (RA) and ejects it into the descending aorta (DA). Peripheral VA ECMO draws blood from the
femoral vein (FV) and ejects it into the thoracic aorta (TA).

In the first step of the study, a cardiogenic shock (CS) patient was reproduced in accor-
dance with guidelines using the network configuration shown in Figure 1. The software
simulator parameters were adjusted to obtain a systolic blood pressure < 90 mmHg, a sys-
temic vascular resistance index (SVRi) < 1800 (dynes/sec/ m?/cm ™), pulmonary capillary
wedge pressure (PCWP) > 15 mmHg, and a cardiac index (CI) <2.2 L/min/ m? [40-42]. In
the second step, VA ECMO support was activated as central and peripheral configuration.
In both conditions, the simulations were performed setting the pump rotational speed to
3000, 3500, and 4000 rpm, respectively. Finally, VA ECMO connected both centrally and
peripherally with the same pump rotational speed was switched on in conjunction with
IABP. Intra-aortic balloon counterpulsation was set with a drive pressure of 260 mmHg
and vacuum pressure of —10 mmHg.

We investigated how the following haemodynamic variables were affected by central
and peripheral VA ECMO, both with and without IABP support:

e  Minimum, maximum and mean values of left atrial pressure (LAP); aortic pressure
(AoP) and pulmonary arterial pressure (PAP).

e  Pulmonary capillary wedge pressure (PCWP), which is an indirect estimate of left
atrial pressure and therefore left ventricular filling pressure. This gives information
about the severity of left ventricular failure, pulmonary hypertension and blood
volume status.

e  Total flow (native plus assistance flow).

e  Coronary blood flow (CBF), which is the ratio between coronary perfusion pressure

and coronary vascular resistance. Coronary perfusion pressure is defined as the
difference between aortic diastolic pressure and left ventricular end-diastolic pressure.
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Cardiac index (CI), which is the ratio between cardiac output and body surface area.
Left ventricular end systolic (diastolic) volume LVESV (LVEDV).

Right ventricular end systolic (diastolic) volume RVESV (RVEDV).

The systemic vascular resistance index (SVRi), which is the ratio between systemic

vascular resistance and body surface area. Systemic vascular resistance is the ratio
between pressure difference (mean arterial pressure minus central venous pressure)
and cardiac output.

In addition, the following energetic variables were investigated:

v Left (right) atrial pressure-volume loop area LA-PVLA (RA-PVLA);
v Left (right) ventricular external work LVEW (RVEW);
v Left (right) ventricular pressure-volume area LVPVA (RVPVA).

The pressure-volume area (PVA) is the total mechanical energy generated by ventricu-
lar contraction. More specifically, it is the sum of the external work (EW), given by the PV
loop, and the elastic potential energy (PE). The same applies to atrial contraction. Data anal-
ysis included the assessment of the percentage variations in the assistance obtained under
central and peripheral VA ECMO with or without IABP support, estimated in comparison
to pathological conditions.

3. Results

Figure 3 shows the left and right ventricular pressure-volume loops (top panel) and
the left atrial pressure-volume loop (bottom panel) of pathological conditions (dashed blue
loops) and assisted conditions with central (red loops) and peripheral (black loops) VA
ECMO support when the pump rotational speed was set to 3000 rpm. The figure’s bar
graph gives the percentage changes in LVESV, LVEDV, RVESV, RVEDYV, and left atrial end
systolic (diastolic) volume LAESV (LAEDV) compared to pathological conditions during
the two methods of assistance. When the pump rotational speed was set to 3000 rpm,
peripheral VA ECMO increased LVESV, LVEDV, RVESV, RVEDV LAESV, and LAEDV by
more than 14%, whereas central VA ECMO increased LVESV (£14%), LVEDV (£6%) and
LAESV (210%), but decreased RVESV and LAEDV by 4% and RVEDV by 8%.

=== Pathological —— Central VA ECMO [3000 rpm] = Peripheral VA ECMO [3000 rpm]
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Figure 3. Top left (right) panel shows the left (right) ventricular pressure-volume loops reproduced by
CARDIOSIM® to simulate the pathological conditions (dashed blue line) and the assisted conditions
with central (red line) and peripheral (black line) VA ECMO. The pump rotational speed was set to
3000 rpm. The bottom left panel shows the left atrial pressure-volume loops. The bar graph (bottom
right panel) shows the percentage changes in assisted conditions compared to pathological conditions
in terms of LVESV, LVEDV, RVESV, RVEDV, LAESV, and LAEDV.
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Figure 4 reports the effects on the left and right ventricular pressure-volume loops as
well as the left atrial pressure-volume loop induced by the simultaneous activation of VA
ECMO and IABP. The pathological left (right) ventricular pressure-volume loop (dashed
blue line), the assisted central VA ECMO with IABP left (right) ventricular pressure-volume
loop (red line) and the assisted peripheral VA ECMO with IABP left (right) ventricular
pressure-volume loop (black line) are all presented in the top left (right) panel. The left atrial
pressure-volume loop of pathological conditions (dashed blue loop), the assisted conditions
with central (red loop) and peripheral (black loop) VA ECMO both in conjunction with IABP
support are available in the left bottom panel. When IABP was applied in conjunction with
central VA ECMO support, LVESV, LVEDV, RVESV, RVEDV, LAESV, and LAEDV decreased,
whereas peripheral VA ECMO and IABP support would decrease LVESV and LAESV but
increase LVEDV, RVESV, RVEDV, and LAEDV compared to pathological conditions.
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Figure 4. Top left (right) panel shows the left (right) ventricular pressure-volume loops reproduced by
CARDIOSIMO to simulate the pathological conditions (dashed blue line) and the assisted conditions
with IABP in conjunction with central (red line) and peripheral (black line) VA ECMO, respectively.
The pump rotational speed was set to 3000 rpm and the drive and vacuum IABP pressures were set
to 260 mmHg and —10 mmHg, respectively. The bottom left panel shows the left atrial pressure-
volume loops. The bar graph (bottom right panel) gives the percentage changes in assisted conditions
compared to pathological conditions in terms of LVESV, LVEDV, RVESV, RVEDV, LAESV, and LAEDV.

Concomitant central VA ECMO (with pump rotational speed set to 3000 rpm) and
IABP support reduced both left ventricular and left atrial ESVs and EDVs.

When central VA ECMO was applied with pump rotational speeds of 3000 and
3500 rpm, with or without IABP assistance, SVRi increased from 43.4% to 83.83% (top
graph in Figure 5), while no effect was seen with peripheral VA ECMO support. The same
bar graph shows a decrease in cardiac index with central VA ECMO support (for every
rotational speed), even after concomitant IABP activation. When peripheral VA ECMO was
active, Cl increased up to 44.86% (for 3500 rpm and activated IABP). Systemic elastance (Ea)
and the ratio between systemic elastance and systemic arterial elastance (Eas) decreased
when peripheral VA ECMO and IABP were both activated; a negligible effect was observed
in the absence of IABP support (bottom graph in Figure 5). Pulmonary elastance was
negligible following both types of assistance. When central VA ECMO was used, percent-
age changes in Ea/Ees ranging from 27.31% to 52.42% (for a 3000 rpm) and percentage
changes in systemic Ea ranging from 27.04% to 40.88% (for a 3500 rpm) were observed
when IABP support was turned off. The percentage changes in terms of total blood flow
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increased when the rotating pump speed of VA ECMO increased in both peripheral and
central configurations (top graph in Figure 6). IABP support produced a 15% increase in Ea
and Ea/Ees during central VA ECMO and a 20% decrease during peripheral VA ECMO.

85.0%

ESVRi BCI
65.0%
45.0%
25.0%
5.0% .
15.0%
-35.0%
Central VAECMO  Central VAECMO  Central VAECMO  Central VA ECMO ipl VA ECMO ipheral VA ECMO  Peripheral VA ECMO  Peripheral VA ECMO
[3000 rpm] [3500 rpm] [3000 rpm] & IABP  [3500 rpm] & IABP [3000 rpm] [3500 rpm] [3000 rpm] & IABP  [3500 rpm] & IABP

55.0%

m Systemic Ea W Pulmonary Ea  ®Ea/Ees
45.0%
35.0%
25.0%
15.0%
0% - [ I_l I_I — ——— —— —

-5.0%
-15.0%

-25.0%

Central VA ECMO Central VA ECMO Central VA ECMO Central VA ECMO P VA ECMO VA ECMO VA ECMO Peripheral VA ECMO
[3000 rpm] [3500 rpm] [3000 rpm] & IABP  [3500 rpm] & IABP [3000 rpm] " [3500 rpm] [3000 rpm] & IABP  [3500 rpm] & IABP

Figure 5. Top bar graph shows the percentage changes in SVRi and cardiac index in assisted conditions
with central and peripheral VA ECMO driven at 3000 and 3500 rpm, as well as with and without
IABP support, in relation to pathological conditions. The bottom bar graph shows the percentage
changes in systemic and pulmonary Ea and Ea/Ees in relation to pathological conditions.
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Figure 6. The top (bottom) bar graph shows the percentage changes in blood flow and coronary
blood flow (CBF) in assisted conditions with central (peripheral) VA ECMO driven at 3000, 3500, and
4000 rpm, as well as with and without IABP support, in relation to pathological conditions.

The percentage changes in CBF when peripheral (central) VA ECMO was applied
ranged between 65.15% and 68.66% (55.82% and 61.30%) when the pump rotational speed
was set to 4000 rpm either without or with IABP, respectively (Figure 6). For central
(peripheral) VA ECMO, CBF increased from 24.32% (13.78%) to 44.69% (17.21%) when the
pump rotational speed was set to 3000 rpm, again without and with IABP.

Figure 7 shows the percentage changes in cerebral blood flow under assisted conditions
with central and peripheral VA ECMO, as well as with and without IABP support, related to
pathological conditions. The cerebral perfusion in both VA ECMO configurations increased
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as the pump rotational speed increased. IABP support did not seem to affect cerebral
perfusion significantly.

Cerebral Blood Flow
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Figure 7. Percentage changes in cerebral blood flow under assisted conditions with central and
peripheral VA ECMO driven at 3000, 3500, and 4000 rpm, as well as with and without IABP support,
in relation to pathological conditions.

Figure 8 shows the percentage changes in the minimum values (panel A) of LAP,
LVP, and AoP when central and peripheral VA ECMO was used with pump rotational
speed set to 3000, 3500, and 4000 rpm with or without IABP. The minimum AoP value
increased up to 64.62% (4000 rpm) when VA ECMO was connected centrally and the pump
rotational speed was set to 3000, 3500, and 4000 rpm; IABP activation significantly reduced
the minimum AoP values (panel A). Similar trends were observed when VA ECMO was
connected peripherally either with or without IABP.
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Figure 8. The top bar graph (A) shows the percentage changes in minimum value of LAP (wedge),
left ventricular pressure (LVP) and AoP in assisted conditions with central /peripheral VA ECMO
driven at 3000, 3500, and 4000 rpm, as well as with and without IABP support, in relation to
pathological conditions. Bar graph (B) shows percentage changes in maximum LAP, LVP, and AoP for
central /peripheral VA ECMO with and without IABP support, in relation to pathological conditions.

Even with active IABP, the minimum LAP value fell when VA ECMO was connected
centrally, but the minimum LAP and LVP values increased for peripheral VA ECMO.

Panel B (Figure 8) shows that when central VA ECMO pump rotational speed increased,
the maximal AoP values also increased. This effect was more evident when IABP support
was switched on. Peripheral VA ECMO raised LAP, LVP, and AoP maximum values
above 73.5% (4000 rpm). Nevertheless, this effect decreased when IABP and peripheral
VA ECMO were activated simultaneously. The maximum LAP and LVP values were
comparable to those in non-assisted conditions when IABP and central VA ECMO were
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activated simultaneously (for all pump rotational speeds) and when peripheral VA ECMO
(3000 rpm) and IABP worked concomitantly.

Figure 9 shows the percentage changes in mean AoP value calculated in relation to
pathological conditions for both central and peripheral VA ECMO assistance (with pump
rotational speed set to 3000, 3500, and 4000 rpm), with and without IABP support.

Mean AoP
m Central VAECMO  m Peripheral VA ECMO
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Figure 9. Percentage changes in mean AoP value calculated in relation to pathological conditions for
both central and peripheral VA ECMO assistance (with pump rotational speed set to 3000, 3500, and
4000 rpm), with and without IABP support.

The mean aortic pressure values increased in each condition when IABP assistance
was present; the greatest increase occurred with peripheral VA ECMO when the pump
speed was set to 4000 rpm.

The effect caused by central (top panel) and peripheral (bottom panel) VA ECMO
support and IABP assistance on mean wedge and mean pulmonary arterial pressures and
on minimum and maximum pulmonary arterial pressure is shown in Figure 10.

OWedge ®Max PAP EMin PAP H®Mean PAP
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rpm] rpm] rpm] rpm] & IABP rpm] & IABP rpm] & IABP

Figure 10. Percentage changes in mean wedge value and minimum, mean, and maximum pulmonary
arterial pressure values calculated in relation to pathological conditions for both central and peripheral
VA ECMO assistance (with pump rotational speed set to 3000, 3500, and 4000 rpm), with and without
IABP support.

When VA ECMO was configured in central mode with high pump rotational speeds,
the wedge drastically reduced; under these circumstances, IABP support appeared to have
little effect on the wedge (top panel). Peripheral VA ECMO increased the wedge by approx-
imately 50% (compared to pathological conditions) at a pump speed of 4000 rpm (bottom
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panel). The minimum, maximum, and mean pulmonary arterial pressures decreased up to
30% for central VA ECMO (with a pump rotational speed of 4000 rpm); when IABP and VA
ECMO were activated simultaneously, the reduction was less (top panel). Peripheral VA
ECMO with high pump rotational speed (4000 rpm) increased the minimum, mean, and
maximum values of pulmonary arterial pressure up to 80%. These effects did not appear
to be influenced by the presence of IABP. Figure 11 shows that central VA ECMO support
reduced the right atrial pressure-volume loop area from 15% to 50.7% without IABP assis-
tance (top panel). IABP activation with central VA ECMO led to the reduction in RA-PVLA
by a maximum value of 38.3% (when pump rotational speed was set to 4000 rpm).

ERA-PVLA OLA-PVLA

- .
15.0%
25.0%

-55.0%

Central VA ECMO [3000 rpm] ~ Central VA ECMO [3500 rpm]  Central VA ECMO [4000 rpm] Central VA ECMO [3000 rpm] & Central VA ECMO [3500 rpm] & Central VA ECMO [4000 rpm] &

180.0%
150.0%

120.0%

210.0%
90.0%
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- ._’—‘
0.0%

Peripheral VA ECMO [3000 rpm]  Peripheral VA ECMO [3500 rpm]  Peripheral VA ECMO [4000 rpm] ~ Peripheral VA ECMO [3000 pm] & Periphe \VAECMO[]SUUP Periphe \VAECMO[M]UU;J ] &

Figure 11. Percentage changes in right and left atrial pressure-volume loop area in relation to patho-
logical conditions for both central (top panel) and peripheral (bottom panel) VA ECMO assistance
(with pump rotational speed set to 3000, 3500, and 4000 rpm), with and without IABP support.

When simulating double assistance, the percentage decrease in comparison to the
pathological state of LA-PVLA was more noticeable. Peripheral VA ECMO increased both
RA-PVLA and LA-PVLA when the pump rotational speed increased, as seen in the bottom
panel (Figure 11). Our simulations indicate that a minor increase in LA-PVLA was induced
by IABP support.

The results of the simulation for LVEDV, LVESV, RVEDV, and RVESV are shown in
Figure 12. The top (bottom) panel shows the percentage changes under assisted conditions
with central (peripheral) VA ECMO driven at 3000, 3500, and 4000 rpm, as well as with and
without IABP support, related to pathological conditions. When IABP assistance was not
active, central VA ECMO (top panel) increased LVESV (LVEDV) from 12.7% to 26.7% (from
6.1% to 10.7%) whilst decreased RVESV (RVEDV) from 3.9% to 14.1% (from 7.5 to 22.7%).
IABP activation caused a percentage drop in LVEDV, RVESV, and RVEDV for each pump
rotational speed, whereas LVESV increased in percentage as the pump speed increased.

Peripheral VA ECMO (bottom panel) caused a similar percentage increase in LVESV,
LVEDYV, RVESV, and RVEDYV at each pump speed (e.g., around 14% at 3000 rpm). IABP acti-
vation produced different percentage change increases in the four parameters (e.g., 16.7% in
LVESV, 24.0% in LVEDYV, 32.3% in RVESV, and 37.8% in RVEDV at 3500 rpm, respectively).

Figure 13 shows the effects induced on the energetic variables by central (peripheral)
VA ECMO with and without IABP activation. IABP support combined with central VA
ECMO reduced LVEW, RVEW, and RPVVA (top panel) at all pump rotational speeds. When
the pump rotational speed was set to 4000 rpm, the reduction in percentage changes in
LVPVA was negligible, whereas RVEW, RVPA, and LVEW decreased by 39.5%, 37.6%,
and 15.6%, respectively. Simulations performed with only central VA ECMO assistance
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increased LVPVA up to 39.2% (pump rotational speed of 4000 rpm), and reduced RVEW and
RVPVA up to 48.8% and 44.8%, respectively (pump rotational speed of 4000 rpm). LVEW,
LVPVA, RVEW, and RVPVA significantly increased in simulations with only peripheral VA
ECMO support (bottom panel); this effect became more evident as the pump rotational
speed increased [43]. While RVEW and RVPVA seemed to be unaffected by the presence
of IABP, concomitant IABP support decreased LVEW and LVPVA for all values of pump
rotational speed.
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rpm] rpm] rpm] rpm] & IABP rpm] & IABP rpm] & IABP

Figure 12. The top (bottom) bar graph shows the percentage changes in LVESV, LVEDV, RVESV,
and RVEDV under assisted conditions with central (peripheral) VA ECMO driven at 3000, 3500, and
4000 rpm, as well as with and without IABP support, in relation to pathological conditions.
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oo | T I — I _
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Figure 13. The top (bottom) panel shows the percentage changes in left ventricular external work
(LVEW)), left ventricular pressure-volume area (LVPVA), right ventricular external work (RVEW) and
right ventricular pressure-volume area (RVPVA)under assisted conditions with central (peripheral)
VA ECMO driven at 3000, 3500, and 4000 rpm, as well as with and without IABP support, in relation
to pathological conditions.

4. Discussion

The use of VA ECMO support in critically ill patients remains a widely recognised
approach despite current controversy about its beneficial effects and outcomes. The use of
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IABP to address LV unloading has been an appropriate and recognised course of action.
Nevertheless, there remains additional controversy related to its use with either peripheral
or central VA ECMO support. This has given us the motivation to review current views
and shed some lights on the subject by answering the following question: Is there a real
difference between central and peripheral VA ECMO when associated with IABP? We
sought to address this question in the context of a simulation setting based on lumped
parameter modelling and pressure-volume analysis. Initial simulations with pump ro-
tational speed at 3000 rpm revealed that central VA ECMO support caused less LV and
RV distension compared to peripheral VA ECMO with reduction in RVESV, RVEDV, and
LAEDV as shown in Figure 3. When combined IABP and VA ECMO support was activated,
central VA ECMO clearly unloaded both ventricles compared to peripheral VA ECMO
as shown in Figures 4 and 12. Central VA ECMO at 3000 and 3500 rpm would increase
SVRi and decrease CI whilst peripheral VA ECMO would increase CI without any effect on
SVRi. The concomitant use of IABP for both configurations did not make any significant
difference. Central VA ECMO at 3000 and 3500 rpm increased systemic Ea up to 40% and
Ea/Ees ratio up to 52%. The combined use of central VA ECMO and IABP would increase
both parameters by only 15% (Figure 5). Peripheral VA ECMO at 3000 and 3500 rpm had
a negligible effect on systemic Ea and Ea/Ees ratio whilst the combined use with IABP
decreased both parameters by 20%. The effect of both VA ECMO configurations with
or without IABP was negligible on pulmonary Ea (Figure 5). The Ea/Ees ratio reflects
effective ventricular-arterial coupling, which can be defined as the provision of optimal
cardiovascular flow reserve without compromising arterial blood pressure. Central VA
ECMO alone seems to induce a more pronounced deleterious effect compared to peripheral
VA ECMO. Arguably, the combined use of central VA ECMO and IABP seems to largely
mitigate this negative effect. Central VA ECMO increased coronary blood flow (CBF) up
to 55.82% with pump rotational speed at 4000 rpm. IABP addition would increase CBF
up to 61.3% (Figure 6). Peripheral VA ECMO increased CBF up to 65.15% with the same
rotational pump speed. The combined use with IABP would increase CBF up to 68.66%
(Figure 6). The effect on cerebral blood flow appeared more pronounced under central
VA ECMO support with low rotational speed (Figure 7). The use of peripheral VA ECMO
alone or combined with IABP would increase left atrial pressure (LAP), left ventricular
pressure (LVP) and aortic pressure (AoP). In contrast, central VA ECMO alone would
not increase these parameters as much. The combined use of IABP would either reduce
these parameters or increase them to a lesser extent (Figures 8 and 9). Central VA ECMO
alone would reduce pulmonary capillary wedge pressure (PCWP) and mean pulmonary
artery pressure (PAP). The concomitant use of IABP would maintain this trend (Figure 10).
Peripheral VA ECMO alone or combined with IABP would generate the opposite effect on
PCWP and mean PAP (Figure 10).

The increased RV afterload following peripheral VA ECMO and IABP may have
implications in the presence of RV dysfunction. VP ECMO with the use of ProtekDuo may
have a role to play in this context given the complete bypass of the right ventricle [44—46].

The aim of the simulations remains to ascertain the effect of IABP when used with
peripheral or central VA ECMO. The context in which they are used will have to be
considered. If peripheral VA ECMO is initially used as a rescue procedure but access
proves difficult, a central approach would have to be considered. Central VA ECMO
for postcardiotomy failure following cardiac surgery would be the obvious choice. The
approach is related to the context and obviously risks and complications have to be balanced.
Taking into account their limitations, the outcome of our simulations clearly shows the
superiority of central VA ECMO plus IABP compared to peripheral VA ECMO combined
with IABP. Nevertheless, there would be situations requiring peripheral VA ECMO insertion
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which may warrant a different LV unloading approach such as the use of Impella 2.5 and
5.5 devices or atrial septostomy although risks and procedural complications would still
need to be considered. Expertise in atrial septostomy and availability of Impella device
may be significantly limited compared to IABP. Nevertheless, the use of the Impella device
has played a major role due to its effectiveness and higher reduction in LVESV, LVEDYV,
left ventricular external work and left atrial pressure-volume loop area compared to IABP
support [39].

From an energetic point of view, central VA ECMO alone or combined with IABP has
a much more favourable profile compared to peripheral VA ECMO alone or combined with
IABP (Figures 11 and 13).

Although peripheral VA ECMO has been used more frequently even in postopera-
tive cardiac patients [3,4,11,12], myocardial and cerebral blood flow remain negatively
affected [21,22]. In contrast, the outcome of our simulations has revealed a favourable
effect on coronary blood flow for both peripheral and central VA ECMO at 4000 rpm
pump rotational speed, either alone or combined with IABP. A pump rotational speed at
3000 rpm would lead to a more pronounced effect on CBF under central VA ECMO alone
or combined with IABP compared to peripheral VA ECMO alone or combined with IABP.
A similar trend was observed for the cerebral blood flow under central VA ECMO support
at 3000 rpm pump rotational speed, either alone or combined with IABP. Nevertheless, the
overall haemodynamic and energetic analysis of our simulations support the use of central
VA ECMO and IABP in line with previous experimental work [24-27,47]. We would not
preclude the use of peripheral VA ECMO combined with IABP although central VA ECMO
would be advisable in postcardiotomy failure patients or whenever feasible. The cannula-
tion site remains a matter of preference although the femoral artery remains anatomically
more favourable compared to the subclavian artery.

Although it can be argued that a patient-specific approach may give additional in-
formation, this is not the case in this context. At present, our aim remains to ascertain
whether the use of IABP for LV unloading is appropriate when combined with peripheral
or central VA ECMO. The outcome of our simulations is accurate enough to answer the
original question related to which VA ECMO configuration is more appropriate when
combined with IABP. We are considering the development of a patient-specific approach
in the future. Evidence-based practice (EBP) dogmatically states that everything has to
follow the outcome of rigorously designed randomised controlled clinical trials (RCTs).
Nevertheless, there will always be grey areas without clear answers or treatments that have
shown their beneficial effect despite the absence of the required evidence. EBP is meant
to provide a secure ground for clinical decision-making which may not be realistic. EBP
seeks to address uncertainty, but it cannot eliminate it. The results of trials are applicable,
in general, but may not be completely suitable for a specific group of patients or even for
the single patient. A limitation of the interpretation of RCTs is the apparent willingness
to disregard the importance of the context and minimise the complexity of the individual
patients involved [48]. As clinicians, we would like to have a solid ground for our decision-
making but as a matter of fact this ground does not exist. A more personalised approach to
treatment may add a different dimension with some potential advantages as long as it is
considered in the appropriate context and not as a “magic bullet”. The purpose of a simula-
tion approach is to reduce the need for clinical trials or optimise treatment and predict its
outcome, which cannot be addressed through traditional prospective clinical trials [49]. At
the same time, modelling is subject to limitations related to the assumptions made which
have to be acknowledged following the interpretation of results. Our modelling approach
consists of a combined use of modified time-varying elastance, lumped (0-order) parameter
representation of the vascular system and pressure-volume analysis. This has led to the
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development of CARDIOSIM®O with subsequent validation of its performance [50-52].
Additional complexity requires additional assumptions with their own limitations [53].
Therefore, a compromise between complexity, effectiveness and applicability of the model
has to be made. The strength of lumped parameter modelling is its suitability for clinical
applications given its ease of understanding and real time results as demonstrated by
previous work of our group and others.

5. Conclusions

VA ECMO can provide effective circulatory support in critically ill patients due to
cardiogenic shock. IABP is appropriate to unload the left ventricle and counteract the
detrimental effect of full VA ECMO support. A combined use of central VA ECMO and
IABP may be the preferred approach when feasible. The choice of VA ECMO configuration
depends on the context for which risks and complications need to be balanced against the
intended benefit. Nevertheless, the combined use of IABP and central VA ECMO gives a
more beneficial effect in terms of haemodynamic and energetic parameters. Therefore, its
use should be considered whenever possible. If peripheral VA ECMO is considered, IABP
use has a potential detrimental effect requiring an alternative LV unloading strategy.
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