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ABSTRACT
Introduction: Venoarterial extracorporeal membrane oxygenation (VA ECMO)

is a type of temporary mechanical circulatory support and extracorporeal gas
exchange device for acute cardiovascular and respiratory failure. The population
of VA ECMO patients is characterised by high mortality rates. The causes of
death are several: haemorrhages, septic complications, haemorrhagic or
ischaemic stroke, new episodes of cardiovascular failure after VA ECMO
removal. The protocol for weaning from VA ECMO often changes from hospital
to hospital and it has not been validated worldwide. The decision to wean a
patient from VA ECMO is particularly challenging and crucial because it is
necessary to understand whether the patient can survive without VA ECMO
support, but it is also important to avoid any delays to reduce the risk of
complications.

Objectives: the aim of this pilot study was to assess whether strain obtained
through speckle tracking could give additional information to hemodynamic, and
conventional echocardiographic parameters in identifying patients who will
develop adverse outcomes within 3 (= 1) months from VA ECMO removal.
Methods: observational prospective pilot study delivered over 3 years at Royal
Brompton and Harefield NHS Foundation Trust and Azienda Ospedaliera
Universitaria Integrata Verona. VA ECMO patients have been screened, and the
VA ECMO patients who underwent VA ECMO removal (not for palliation) after
a VA ECMO weaning trial have been recruited and followed up. Conventional
echocardiographic, haemodynamic and speckle tracking (strain) parameters of
patients developing a composite clinical outcome within 3 (£ 1) months post VA
ECMO removal (death for any reason, new necessity of high dose of ino-
vasopressors or mechanical circulatory support device after VA ECMO removal,
new hospitalisation for heart failure/cardiovascular shock) have been compared
with those of patients free from clinical outcomes. Furthermore, a sub-analysis
on composite cardiac outcome development and exploratory ROC analysis have
been performed.

Results: Over 3 years of recruitment, 92 VA ECMO patients have been
screened. 21 patients met the eligibility criteria for the study. Of these, 19



patients could be analysed. 5 patients experienced the composite clinical
outcome of interest (3 had cardiac outcomes, 2 were complicated by septic
shock). At the lowest flow of VA ECMO support, the median ejection fraction
(EF) of the clinical outcome + patients was 23.9% (IQR 15.4), conversely it was
45.8% (IQR 18.7) in clinical outcome — patients (p = 0.06). Considering right
ventricular (RV) function, strain and haemodynamic parameters, no significant
differences were found between clinical outcome + and clinical outcome —
patients. The indexed end diastolic volume (IEDV) was significantly lower for
patient free from clinical outcomes compared to the others (respectively 44.7 ml
m™ IQR 17.9; 70.4 ml m2IQR 43.0, p < 0.01). Analysing the recruited patients
on the basis of cardiac outcome development, the median iEDV remained
significantly higher in cardiac outcome + (112.5 ml min'm? IQR 47.1; p =
0.01). Furthermore, the median circumferential strain was -5.6% (IQR 1.0) and
the EF 23.0% (IQR 4.2) in cardiac outcome + patients. Conversely,
circumferential strain was -15.5% (IQR 6.5) and EF was 45.8% (IQR 15.6) in
patients free from cardiac outcomes. Graphically organising the
echocardiographic findings, it was possible to observe that compared to outcome
free patients, the absolute values of EF and circumferential strain were lower in
cardiac outcome + , while RV free wall longitudinal strain was lower in clinical
outcome + patients. At the ROC analysis, the best cut point to discriminate
patients developing clinical outcomes and patients free from outcomes at the
lowest flow of VA ECMO support was for EF 26.32% (AUC 0.79), for left
ventricle outflow track velocity time integral 14.36¢cm, (AUC 0.78), for cardiac
index 2.5ml min"! m? (AUC 0.71) and for RV free wall longitudinal strain -
12.0%. (AUC 0.75).

Conclusions: the decision to wean a patient from VA ECMO is complex and
require the assessment of multiple variables (echocardiographic, haemodynamic
and respiratory). According to our analysis, large iIEDV and low EF predispose
to the development of clinical outcomes. Furthermore, low values of
circumferential strain and RV free wall longitudinal strain may be indicative of
development of cardiac and clinical outcomes respectively. In our view, it is

particular important to discriminate the reasons for VA ECMO implantation and



the causes of VA ECMO weaning failure to properly identify, in a future study,
the predictors of VA ECMO weaning success.

SOMMARIO

Introduzione: Venoarterial extracorporeal membrane oxygenation (VA ECMO)
¢ un tipo di supporto meccanico di circolo e respiratorio temporaneo usato in
caso di gravi insufficienze cardiovascolari e respiratorie. La popolazione di
pazienti supportati da VA ECMO ¢ caratterizzata da un alto tasso di mortalita.
Le cause di morte in corso di VA ECMO sono molteplici: shock emorragico,
complicanze settiche, emorragie cerebrali o ictus ischemici, nuovi episodi di
shock cardiogeno post rimozione di VA ECMO, ecc. I protocolli di svezzamento
da VA ECMO differiscono da ospedale a ospedale, e non esiste un protocollo di
svezzamento validato internazionalmente. La decisione di svezzare un paziente
da VA ECMO ¢ particolarmente difficile perché non solo ¢ necessario capire se
il paziente ¢ in grado di sopravvivere senza tale supporto, ma ¢ anche importante
evitare qualsiasi ritardo nello svezzamento per ridurre il rischio di complicanze.
Obiettivi: lo scopo di questo studio pilota era quello di valutare se lo strain
ottenuto tramite metodica speckle tracking fosse in grado di fornire delle
informazioni aggiuntive ai parametri ecocardiografici convenzionali ed
emodinamici nell’identificazione di pazienti che svilupperanno degli eventi
avversi entro 3 (£ 1) mesi dalla rimozione del VA ECMO.

Metodi: studio pilota osservazionale prospettico condotto presso gli ospedali
Royal Brompton and Harefield NHS Foundation Trust e I’ Azienda Ospedaliera
Universitaria Integrata Verona nell’arco di 3 anni. I pazienti supportati da VA
ECMO sono stati screenati e quelli che sono stati sottoposti a rimozione di VA
ECMO (non a scopo di palliazione) dopo una prova di svezzamento sono stati
reclutati nello studio e seguiti nel tempo. I valori dei parametri ecocardiografici
convenzionali, emodinamici e speckle tracking (strain) dei pazienti che hanno
sviluppato un outcome clinico composito entro 3 (£ 1) mesi dalla rimozione di
VA ECMO (morte per qualsiasi causa, nuova necessita di somministrazione di
farmaci ino-vasopressori o nuova necessita di supporto meccanico di circolo, o

nuova ospedalizzazione per scompenso cardiaco/shock cardiovascolare) sono



stati confrontati con quelli dei pazienti che non hanno sviluppato alcun outcome.
Sono stati inoltre eseguite una sub-analisi sullo sviluppo di eventi cardiaci e una
analisi esplorativa ROC.

Risultati: nell’arco di 3 anni sono stati screenati 92 pazienti supportati da VA
ECMO. 21 pazienti sono stati reclutati e di questi 19 sono stati analizzati. 5
pazienti hanno sviluppato 1’outcome clinico composito di interesse (3
specificatamente un outcome cardiaco, 2 hanno avuto delle complicanze da
shock settico). Al piu basso flusso di supporto VA ECMO, la mediana della
frazione di eiezione (EF) del gruppo di pazienti positivi per outcome clinico era
23.9% (IQR 15.4), invece era pari al 45.8% (IQR 18.7) nei pazienti negativi per
outcome clinico (p = 0.06). Considerando invece la funzione del ventricolo
destro (RV), lo strain e i parametri emodinamici, non sono state riscontrate
differenze significative tra 1 pazienti positivi per outcome clinici e quelli
negativi. Il volume telediastolico indicizzato (iEDV) era significativamente piu
basso nei pazienti negativi per eventi clinici rispetto ai pazienti positivi
(rispettivamente 44.7 ml m? IQR 17.9; 70.4 ml m2IQR 43.0, p < 0.01).
Analizzando 1 pazienti reclutati sulla base dello sviluppo di eventi cardiaci, la
mediana dell’iEDV ¢ rimasta significativamente piu alta nel gruppo di pazienti
positivi per outcome cardiaco (112.5 ml min"'m™ IQR 47.1; p = 0.01). Il valore
mediano dello strain circonferenziale era -5.6% (IQR 1.0) e quello della EF
23.0% (IQR 4.2) per i pazienti positivi per outcome cardiaco. Mentre, il valore
mediano dello strain circonferenziale era -15.5% (IQR 6.5) e quello della EF era
45.8% (IQR 15.6) per 1 pazienti liberi da eventi cardiaci. Organizzando
graficamente i risultati ecocardiografici ¢ stato possibile osservare che, rispetto
ai pazienti liberi da eventi, il valore assoluto della EF e dello strain
circonferenziale ¢ minore nei pazienti con outcome cardiaci, mentre ¢ minore lo
strain longitudinale della parete libera del RV nei pazienti positivi per outcome
clinici. All’analisi ROC, 1 migliori cut point per discriminare 1 pazienti che
sviluppavano un outcome da quelli liberi da outcome erano per I’EF 26.32%
(AUC 0.79), per I’integrale velocita tempo al tratto di efflusso del ventricolo
sinistro 14.36¢cm, (AUC 0.78), per I’indice cardiaco 2.5ml min! m (AUC 0.71)
e per lo strain longitudinale della parete libera del RV -12.0%. (AUC 0.75).



Conclusioni: la decisione di svezzare un paziente da VA ECMO ¢ complessa e
richiede una valutazione multiparametrica (ecocardiografica, emodinamica,
respiratoria). Sulla base della nostra analisi, degli elevati valori di iIEDV e delle
basse EF predispongono allo sviluppo di outcome clinici, tuttavia anche valori
bassi di strain circonferenziale e di strain longitudinale della parete libera del RV
possono essere indicativi di sviluppo di outcome cardiaci e clinici
rispettivamente. Dal nostro punto di vista, ¢ fondamentale distinguere le ragioni
per cui un VA ECMO viene impiantato e le cause di fallimento dello
svezzamento da VA ECMO per identificare correttamente, in uno studio futuro, i

predittori di successo per lo svezzamento da VA ECMO.
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LIST OF ACRONYMS

AF atrial fibrillation

AUC area under the curve

AUROC area under the receiver operating characteristics curve
CABG coronary artery bypass graft

CI cardiac index or confidence interval

CO cardiac output

CO; carbon dioxide

CVP central venous pressure

DC dendritic cell

ELSO Extracorporeal Life Support Organization
FiO; fraction of inspired oxygen

ICU intensive care unit

IU international unit

IVC inferior vena cava

[HD ischaemic heart disease

1J internal jugular

LA left atrium

LV left ventricle

LVAD left ventricular assist device

LVETec corrected left ventricular ejection time
MAP mean arterial pressure

MCS mechanical circulatory support

MDSC myeloid suppressive cell

OR odds ratio

PaO; partial pressure of oxygen

PAWP pulmonary arterial wedge pressure
PEEP Positive end-expiratory pressure

RA right atrium

ROC receiver operating curve

RV right ventricle
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RVAD right ventricular assist device

RVSP right ventricular systolic pressure

SvO> mixed venous oxygen saturation

TAH total artificial heart

TAPSE tricuspid annular plane systolic excursion
TOE transoesophageal echocardiogram

TTE transthoracic echocardiogram

VAD ventricular assist device

VA ECMO Venoarterial extracorporeal membrane oxygenation
cVA ECMO central VA ECMO

pVA ECMO peripheral VA ECMO

VV ECMO Venovenous extracorporeal membrane oxygenation

VA ECMO, HOW IT WORKS

Venoarterial extracorporeal membrane oxygenation (VA ECMO) is a type of
temporary mechanical circulatory support (MCS) and extracorporeal gas
exchange device for acute cardiovascular and respiratory failure(1). It withdraws
desaturated blood from venous system, it oxygenates and removes carbon dioxide
(C0Oy), and then it pumps the blood with a non-pulsatile flow in the patient’s
arterial circulation. In this way, VA ECMO provides life-saving support and can
be used as bridge to decision, recovery, heart transplant (HT) or durable assist
device (left ventricular assist device (LVAD)/total artificial heart (TAH)). More
specifically, VA-ECMOs consist of a venous (inflow, drainage) cannula, a pump,
an oxygenator, and an arterial (outflow, return) cannula. VA ECMO can be
peripheral or central according to the vascular accesses used. Central VA ECMOs
(cVA ECMO) are implanted in operating theatres, often in post-cardiotomy
patients who failed to come off bypass(2). The drainage cannula is placed in the
right atrium (RA) and the return cannula is placed into the ascending aorta; these

cannulas can be tunnelled to allow chest closure(3).
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In peripheral VA ECMOs (pVA ECMO), the drainage cannula is positioned
through the femoral vein, at the level of the intrahepatic inferior vena cava (IVC)
and sometimes its tip is advanced in the RA. Typically this cannula has multiple
holes (multistage cannula) to allow a more complete drainage. Rarely, the right
internal jugular vein may be used to insert a single lumen or a two-stage bicaval
cannula(3). The arterial cannula is a short 17-21 Fr cannula inserted in the femoral
artery with the tip in the common iliac artery. Another option is to use an
end-to-side Dacron graft to the right subclavian or axillary artery(4). pVA ECMO
can be implanted outside operating theatre (at the bedside, in the catheterization
laboratory or even out of hospital), this is an advantage, especially in case of

patient’s haemodynamic instability.

REASONS FOR VA ECMO

VA ECMO is a strategy to gain time and stability, it does not solve the condition
causing the cardiovascular shock. The essence of VA ECMO strategy is
summarised in the term bridge(5):

e Bridge to decision: VA ECMO is used to determine the reversibility of the
organ damage after the cardiovascular shock event or to decide the next
action;

e Bridge to recovery: VA ECMO is used to give time to the cardiovascular
system to recover its function by treating the underlying condition (antibiotics
in septic cardiomyopathy, myocardial revascularization in case of acute
coronary syndrome, heparin in case of massive pulmonary embolism, etc.) or
just supporting the heart (levosimendan infusion in case of myocarditis,
myocardial stunning, etc);

e Bridge to transplantation or durable mechanical circulatory support: VA
ECMO is used to achieve a temporary stability to allow HT or LVAD/TAH

implantation.

Typical indications(6) for VA ECMO implantation are:

e (ardiac arrest (extracorporeal cardiopulmonary resuscitation);
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e (Cardiogenic shock due to:

o Acute myocardial infarction;

o Acute myocarditis;

o Progression of cardiomyopathy;

o Acute right ventricular (RV) failure due to pulmonary embolism;
o Progression of RV failure due to pulmonary disease;

o Progression of congenital heart disease;

o Primary graft failure and acute allograft rejection after HT;

o Overdose of cardiotoxic drugs;

o Septic cardiomyopathy;
o Refractory ventricular tachycardia;
o Failure to wean off cardiopulmonary bypass;

e Circulatory support for high-risk invasive procedures.

VA ECMO contraindications can be divided into absolute and relative(6).
Absolute contraindications are severe irreversible noncardiac organ failure
threatening survival (e.g., severe brain injury or metastatic cancer), irreversible
cardiac failure in patients who are not candidate for HT or durable MCS device,
severe aortic regurgitation, and aortic dissection.

Relative contraindications to VA ECMO are: severe coagulopathy or
contraindication to anticoagulation, limited vascular access (extreme obesity,

amputated limbs, severe peripheral artery disease).

MORBIDITY IN VA ECMO

VA ECMO is a powerful resource to save lives, however, its use is associated
with severe, life-threatening complications which influence the patients’ prognosis

strongly. The major VA ECMO complications are reported below.

LIMB ISCHAEMIA AND OTHER VASCULAR COMPLICATIONS

Limb ischemia is a serious complication of femoral arterial cannulation (pVA

ECMO). It can be due to anatomical reasons (size, stenosis, calcifications,
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previous surgeries, obesity) and patient’s clinical conditions (low-flow states,
vasoconstriction, etc.)(7). The incidence of limb ischaemia varies from 13% to
25%(8). The use of anterograde perfusion catheter reduces the risk of limb
ischaemia because it allows the blood to flow to the distal extremity(9).
Compartment syndrome is a severe complication of limb ischaemia which may
require emergency fasciotomy or limb amputation.

Other possible vascular complications of pVA ECMO support are formation of

arteriovenous fistula, pseudoaneurysm, arterial dissection, hematoma(10).

HARLEQUIN SYNDROME

It is a complication of pVA ECMO. In pVA ECMO a retrograde oxygenated
blood flow perfuses mainly lower extremities and abdominal viscera, especially
when the left ventricle contractility recovers sufficiently. Indeed, the blood
oxygenated by the lungs is pumped by the heart towards the upper part of the
body (head, upper limbs, heart). As a result, a differential hypoxia may be
determined, and less oxygenated blood goes to the brain and the heart. To treat
this complication, it must be optimised lung ventilation and when it is not
sufficient, another VA ECMO cannula has to be inserted in the RA to deliver

some oxygenated blood (VA-V access)(11).

THROMBOEMBOLIC COMPLICATIONS

Thromboembolic complications are consequences of blood-VA ECMO circuit
surface interaction. Thanks to the improvement of biocompatible materials,
thromboembolic complications have reduced.

Micro thrombosis of the oxygenator is the most frequent thromboembolic
complication(12). A rare condition which may happen in case of VA ECMO is
heparin-induced thrombotic thrombocytopenia. This condition is characterised by
the formation of multiple arterial thrombi and severe thrombocytopenia. In this

case a switch from heparin to argatroban is recommended(13).
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BLEEDING

Bleeding is a frequent complication of VA ECMO support and it is not only
related to vessel injury or sternotomy (cVA ECMO), but it is also due to systemic
anticoagulation and consumption coagulopathy. Systemic anticoagulation is used
to prevent VA ECMO circuit thrombosis and thromboembolism(8). During
anticoagulation, the routine intensive care procedures may become a potential
trigger for bleeding (bronchoscopy, urinary catheter insertion, etc.). Further,
patients on VA ECMO support can develop some levels of disseminated
intravascular coagulation (DIC) and acquired von Willebrand disease(14). This is
due to the contact of the blood with the VA ECMO circuit surface which activates
the coagulation cascade causing consumption coagulopathy(15). The rate of

bleeding is around 10-30% in the postcardiotomy patients(16,17).

NEUROLOGICAL COMPLICATIONS

Neurological complications in VA ECMO patients are central nervous system
haemorrhage (~2%), infarction (~4%)(18), and seizures with cerebral oedema
(~2%)(18). Respectively 1 in 4 cerebral ischemia patients and 1 in 10 cerebral
haemorrhage patients survives(19). Pre-ECMO factors may increase the risk of
intracranial haemorrhage. For example, cardiac arrest causing anoxic brain injury
or infarction can predispose to intracranial haemorrhagic
transformation(18,20,21). Sepsis and influenza are others predisposing factors
reported in several studies(22,23). Platelet dysfunction and consumption due to
renal failure and renal replacement therapy increase the risk of intracranial
haemorrhage(21,24). The cause of ischaemic stroke is multifactorial:
hypoperfusion due to haemodynamic instability or thromboembolic events (clot or
bubbles may be infused into the arterial VA ECMO circuit)(25). Ischemic stroke
is frequent in extracorporeal cardiopulmonary resuscitation (7% of

resuscitations)(26).

15



INFECTIONS

Immunocompromised status, VA ECMO cannulas, vascular catheters, invasive
mechanical ventilation, surgical wounds, continuous renal replacement therapy,
and patients’ comorbidities make infections frequent complications in VA ECMO
patients(27) (prevalence between 9 and 65%)(27-30). Several studies reported a
strong association between a prolonged duration of VA ECMO support and
infections(27,31). Infections are typically in the respiratory and urinary systems,
often associated with sepsis. Less common but clinically relevant are cannula
access infections(28,31).

Severe infections are associated with a significantly increased mortality and
morbidity(30,31). Furthermore, the diagnosis of infection during VA ECMO
support is challenging, since its signs may be masked by the effects of VA ECMO
support on inflammatory and immune systems(32).

Another important point is the effect of VA ECMO circuit on antibiotics: VA
ECMO membrane seems to sequestrate and altering the pharmacokinetic of

several drugs, and VA ECMO circuit increases the volume of distribution(33,34).

IMMUNOLOGIC ALTERATIONS

VA-ECMO has been suspected to cause an alteration in the release of pro-
inflammatory cytokines and in the function of T-cells, neutrophils, dendritic cells
(DC), monocytes and myeloid suppressive cells(35).

In their research study Frerou et al. found an increased number of immature
neutrophils during the first 24 hours post VA ECMO initiation(36). Immature
neutrophils are characterised by impaired phagocytosis and bactericidal
activities(37). Furthermore, Frerou et al. detected a transitory reduction in the
HLA-DR expression on DC and a reduction in the circulating mDC CD141pos,
which are the main subset of dendritic cells involved in infection response(38).
Another important finding was that VA ECMO induced both myeloid suppressive
cells (MDSC) expansion and T-cell dysfunction. MDSC are cells which supress
CD4pos and CD8pos T-cell activation and function and can induce T-cell

apoptosis(39,40). This impairs the immune system function significantly.
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Focusing on cytokines expression, Frerou et al. found an increase in the IL-10
(immunosuppressive interleukin)(41) and IL-6, IL-8 and TNF-a (pro-
inflammatory cytokines)(35) levels on VA ECMO patients, but a reduction in IL-
7 levels. IL-7 is responsible for T-cells function(41).

LV DISTENSION AND THROMBOSIS; THE NECESSITY OF VENTING

Other problems are LV distension, intraventricular blood stasis, thrombosis, and
pulmonary oedema(42). According to the different site of cannulation, the VA
ECMO flow may be additive or competitive to the native cardiac stroke volume
(SV). As pVA ECMO (femoral-femoral cannulation) generates a retrograde blood
flow into the aorta, and consequently it increases the afterload, it may cause an
important reduction in the LV SV. By contrast, axillary cannulation (for the
arterial return cannula) or central VA ECMO cannulation generate a flow in the
same direction of LV SV, having a lower impact on LV afterload(43,44). These
are the reasons why LV distension is more likely in case of pVA ECMO.
Echocardiography is used in intensive care unit (ICU) to assess aortic valve
opening, LV and RV dimensions, valves and to exclude thrombosis(45). In VA
ECMO patients it is important to avoid an excessive increase in LV afterload,
however, that is secondary to guarantee an optimal systemic perfusion.
Furthermore, it is important to consider that an increased LV afterload is
responsible for LV wall stress and oxygen demand which can be potentially
harmful for the heart(46). In order to avoid LV distension and its complications,
LV venting system is applied. There are several venting strategies which can be
used(47). Inotropes, vasodilators, atrial septostomy, left atrium (LA) venting or
surgical LV venting, Impella, intra-aortic balloon pump (IABP). These strategies
may be classified into those increasing the inotropism of the heart, those reducing
the afterload and those decreasing the preload. Inotropes increase cardiac
inotropism favouring the increase in the SV and the opening of the aortic valve,
however they cause a rise in the myocardial oxygen consumption which may have

detrimental effect especially in case of myocardial infarction.
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IABP and vasodilators are the strategies used to reduce the afterload. IABP has
been demonstrated to be effective in reducing pulmonary artery occlusion
pressure(48), and pulmonary oedema in patients on VA ECMO(49). However, its
positive effect on the survival of VA ECMO patients is controversial(50,51). The
most of the strategies acting on the preload has the drawback of the aortic valve
closure, which may cause the thrombosis of the ascending aorta. Atrial
septostomy creates a left-to-right shunt which decompresses the LA and indirectly
the LV by the VA ECMO drainage cannula(52). This decompression is the
consequence of a reduction in the preload.

LA venting by cannula connected to VA ECMO circuit is similar to atrial
septostomy(53,54). In this case, the blood is aspirated by the LA venting cannula.
Both atrial septostomy and LA venting cannula may be responsible for a
persistent interatrial shunting after VA ECMO removal. Actually, a drainage
cannula can be added in almost every part of the heart (pulmonary artery,
pulmonary veins (55), LA, LV) in order to unload the LV by reducing the preload.
LV venting by a cannula allows a direct LV unloading. The L'V venting cannula is
placed into the LV apex surgically and then the cannula is connected to the VA
ECMO circuit(56). The cannula needs to be removed surgically and generally this
option is used in case of VA ECMO as a bridge to HT or LVAD. Percutaneous
LV venting by a transaortic pigtail catheter connected to VA ECMO circuit is
another option to unload the LV(57). In this case the pigtail catheter is inserted
percutaneously into the LV going through the aortic valve. The degree of unload
depends on the pigtail size. Impella is a sort of combination between a LVAD and
the aspirating transaortic pigtail catheter. It is an axial flow pump which may be
inserted surgically (Impella 5, Impella 5.5) or percutaneously (Impella CP,
Impella 2.5) across the aortic valve. By pumping the blood from the LV to the
aorta, Impella decreases LV distension, blood stasis, and pulmonary congestion,
and increases systemic blood flow. The combination of Impella and VA ECMO
(so called ECMELLA or ECPELLA) has been proven to be associated with a
decreased in mortality even though it is associated with a rise in the complications
rate(58).Particularly interesting are the findings of the beneficial effect of LV

unloading by Impella on infarct size on animal model(59). At present, among
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intensivists, there is a consensus in the use of venting on selected patients
undergoing VA ECMO support. Even though randomized control trials are
missing, observational studies have shown a reduction in mortality in VA ECMO

patients appropriately vented(60).

MORTALITY PREDICTORS AND PROGNOSTIC SCORES

According to Extracoroporeal Life Support Organisation (ELSO) registry report
(April 2021) in 2020 there were 32307 cardiac VA ECMO runs(61). Only 44% of
these VA ECMO patients survived to discharge or transfer. 29% of the 10115
extracorporeal pulmonary resuscitation (ECPR) patients survived. Considering
these figures, it appears evident that VA ECMO patients are critically ill patients
who are exposed to a high risk of complications and mortality. Furthermore, VA
ECMO is particularly demanding in terms of resource utilization and hospital
costs. So it is particularly important to appropriately select patients who have
better prognosis in order to avoid any suffering prolongation and to use hospital
resources effectively.

Several studies (the most retrospective single centre analysis) have been
conducted to find mortality predictors in patients supported by VA ECMO. A
retrospective analysis from Karolinska Hospital on 181 refractory cardiogenic
shock patients supported by VA ECMO found on univariate regression analysis
that age, ischemic heart disease (IHD), multiorgan failure, left ventricular ejection
fraction (EF), mean arterial pressure (MAP), pre ECMO arterial lactate,
international normalized ratio, and number of inotropes and vasopressors were
significantly associated to 90-day mortality. Arterial lactate (odds ratio [OR] per
unit: 1.14; 95% confidence interval [CI]: 1.06 to 1.23; p <0.001), number of ino-
vasopressors (OR per agent: 1.58; 95% CI: 1.13 to 2.21; p = 0.008), and IHD
(OR: 2.90; 95% CI: 1.31 to 6.39; p = 0.008) were predictors of 90-day mortality
on multivariable logistic regression analysis(62). In another study focusing on VA
ECMO for cardiac arrest patients, Torre et al. found that lactate peak level >
8.0mmol/L and time from cardiac arrest to VA ECMO > 30min were significantly
associated to 30-day mortality(63). From these studies we can infer that the timing

of VA ECMO implantation is crucial, since a more profound status of cardiogenic
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shock (hyperlactatemia and escalation of ino-vasopressors) is associated with a
WOrse prognosis.

In their research study, Huang et al. found that pre-implantation hypoalbuminemia
and shorter VA ECMO duration were strongly associated with mortality
(multivariate analysis by logistic regression)(64). The authors hypothesised that
hypoalbuminemia was a sign of hepatic synthetic dysfunction due to an advanced
heart failure, instead a shorter VA ECMO duration was due to an early death on
MCS. Stroke, limb ischemia, preimplantation creatinine > 100mmol/L were other
mortality predictors found on univariate logistic regression analysis. Focusing on
VA ECMO duration, according to an analysis of ELSO registry (2002 to
2012)(65), VA ECMO survival rate per day increased until day 4 of a VA ECMO
run (multivariate regression analysis with adjustment for the covariates available
OR 1.5395% CI 1.37-1.71, p < 0.001), then progressively decreased until day 12
(OR 0.86, 95% CI1 0.81-0.91, p < 0.001). After day 12 of VA ECMO run, there
was no significant change. The significant covariates were diagnostic category,
such as the cause of shock, (p = 0.008), age (p <0.001), pH (p = 0.005), MAP (p
< 0.001), and time from endotracheal intubation to initiation of VA ECMO (p =
0.049). Better survival was in myocarditis (64.4%) and post-heart transplantation
(57.1%). Conversely poorer survival was in the categories: other medical cardiac
disease (38.4%) and other surgical cardiac disease (35.9%). Another factor
influencing patients’ prognosis is age. In a retrospective single centre study on
355 VA-ECMO patients, Salna and colleagues(66) found that age over 72 years
was an independent predictor of in-hospital mortality (OR 2.71 CI 1.22-6.00 p =
0.014) together with baseline lactate level (OR 1.09 CI 1.02-1.15p =0.011),
coronary artery disease (OR 1.67 CI 0.94-2.98 p = 0.081), acute decompensate
heart failure (OR 4.27 CI 1.69-9.95 p = 0.001). From this short reviews of studies,
it is possible to understand that several factors may influence VA ECMO patients’
outcome. In order to clarify this complex scenario, and help the clinician to
appropriately identify the patients with more survival chances, predictor scores
have been developed. These scores are based on pre-ECMO parameters.

One of the most important prognostic score for VA ECMO patients is SAVE

score. It was developed from the international ELSO registry, involving 3846

20



patients affected by cardiogenic shock treated with VA ECMO. Multivariable
modelling performed on these patients identified chronic renal failure, longer
duration of mechanical ventilation prior VA ECMO, pre-ECMO acute organ
dysfunction and cardiac arrest, congenital heart disease, lower pulse pressure, and
lower serum bicarbonate as risk factors associated with hospital mortality. On the
basis of these results, the 12 variables considered in the SAVE score were
identified. Scores range from -35 to 17, and they are divided in 5 risk classes(67)
(Table 1). A SAVE score of zero is approximately equivalent to 50% survival.
The SAVE-score’s area under the receiver operating characteristics curve
(AUROC) was 0.68 (95%CI 0.64-0.71). External validation of the SAVE-score in
an Australian population of 161 patients showed excellent discrimination with
AUROC 0.90 (95% CI 0.85-0.95). However, the limitations of the SAVE score
are the following: it comprises high and low volumes VA ECMO centres, and
complete physiologic data was available in only 23% of patients. So when it was
tested on a high volume North American VA ECMO centre, the SAVE score
performed more poorly (AUROC curve 0.77)(68). It is worth of consideration that
the population of VA ECMO patients is particularly heterogenous (cause of
cardiogenic shock, age, sex, comorbidities, etc.), thus it is reasonable to develop
specific risk scores for particular subgroups of VA ECMO patients. Consequently,
REMEMBER score and ENCOURAGE score have been developed.
REMEMBER score is a predictive score for in-hospital mortality to be applied on
patients who suffered from cardiogenic shock after isolated coronary artery
bypass graft (CABG). This score was developed from a cohort of 166 CABG
patients supported by VA ECMO at the Beijing Anzhen Hospital from 2004 to
2017(69). The REMEMBER score divides this specific population of patients in 4
risk classes on the basis of six pre-ECMO parameters: older age, left main
coronary artery disease, inotropic score > 75, CK-MB > 1301U/L, serum
creatinine > 150umol/L, and platelet count < 100 x 109/L (Table 1). The AUROC
for the REMEMBER score is 0.85 (95% CI 0.79-0.91). Limitations of this score
are the following: a single-centre design, a small sample size, a long recruitment
period (the standards of care may be changed), the use of a non-fixed-time

mortality outcome, the lack of external validation. ENCOURAGE score is another
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mortality risk score for patients who underwent VA ECMO support in
consequence of cardiogenic shock following a myocardial infarction(70). This
risk score was developed from 138 patients admitted to two French ICUs from
2008 to 2013. It was constructed from seven pre-VA ECMO parameters identified
by multivariable logistic regression analyses (age >60, female sex, body mass
index (BMI) >25 kg/m2, Glasgow coma score <6, creatinine >150umol/L, lactate
levels, and prothrombin activity <50 %). The AUROC of this score is 0.84 (95 %
CI10.77-0.91) (Table 1).

Table 1. Pre-ECMO prognostic scores

SAVE score REMEMBER score ENCOURAGE

score

Hospital survival by risk Predicted hospital mortality Six months after

class at each score level. VA ECMO,
survival
probabilities
Score | Risk | Survival | Score | Risk | Mortality | Risk | Survival
class (%) class (%) class (%)
>5 I 75 0-13 I 13% 0-12 80
1-5 II 58 14-19 II 55% 13-18 58
24t0 0 I 42 20-25 I 70% 19-22 25
29t025| IV 30 > 25 v 94% 23-27 20
<-10 v 18 >28 7

SAVE score, REMEMBER score and ENCOURAGE score are scoring systems
based on pre-ECMO implantation parameters. However, VA ECMO patients are
extremely unstable, so their condition and mortality risk may change during MCS.
To address this problem, the PREDICT score has been developed (71). This score
was derived from a cohort of 205 VA ECMO patients (51% received VA ECMO
because of resuscitation and 43% due to severe shock). Two prediction models at

6 and 12-hour have been designed based on lactate level, pH and standard
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bicarbonate concentration. On external validation, the 6-hour and 12-hour

PREDICT VA-ECMO scores showed a AUCs of 0.718 and 0.735 respectively.

VA ECMO WEANING STRATEGIES

Premature VA ECMO removal (weaning) may result in hemodynamic/respiratory
deterioration and put at risk the patient’s life. However, unnecessarily prolonging
VA ECMO support may be responsible for patient’s complications and death. In
consequence of that, identifying the correct time window for VA ECMO weaning
is essential for the patient’s safety.

There are several VA ECMO weaning protocols reported in scientific literature
(Table 2). Although each protocol has its own peculiar characteristics, the most of
them combine haemodynamic, echocardiographic and respiratory parameters. The
combination of these parameters reflects the complexity and variety of conditions
which can be treated with VA ECMO support. “Bypassing heart and lungs” VA
ECMO gives a complete support to the whole body, providing both oxygenation
and circulatory support. Indeed, VA ECMO can be used in case of LV failure, RV
failure, distributive shock, arrhythmic storm, and in case of respiratory failure

(VV ECMO is more indicated in the last case)(6).

Table 2. VA ECMO weaning protocol cited in Scientific literature

Author or Name of VA ECMO weaning protocol
the Protocol
Aziz TA, et al, VA ECMO removal is considered if:
2010(72) - VA ECMO flow < 2.5L/min

- Cardiac index (CI) >2.4L/min/m?,
- Mean arterial pressure (MAP) > 60mmHg,
- Pulmonary arterial wedge pressure (PAWP) <

18mmHg,
- Central venous pressure (CVP) <18 mmHg.
Aissaoui, et al, A VA ECMO weaning trial is considered when the
2011(73) patient is considered hemodynamically stable: MAP
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> 60mmHg while receiving no or low-dose
vasoactive agents and a pulsatile arterial waveform
maintained for at least 24h, and when pulmonary

blood oxygenation is not compromised.

The VA ECMO flow is decreased to 66% for 10-
15min, then to 33% and/or to a minimum of 1-1.5

L/min for 10-15min.

VA ECMO removal is considered if at VA ECMO
flow of 1-1.5L/min
- MAP > 60mmHg
- LV EF >20-25% and
- Left ventricle outflow tract velocity time
integral (LVOT VTI) >10cm under minimal
VA ECMO support

Cavarocchi NC, et al,
2013(74)

VA ECMO trial consists of the following phases:

1) Baseline assessment of RV and LV function with
full VA ECMO flow.

2) Reduction of VA ECMO flow from full to half
flow gradually in increments of 0.5L/min and
assessment of LV and RV function by
transoesophageal echocardiogram (TOE). If
distention occurs, it is necessary to return to full flow
and stop VA ECMO weaning trial.

3) Volume load (10mL/kg) over 20min, with half VA
ECMO flow, and assessment of RV and LV function
by TOE over at least 1 hour.

4) Administration of inotrope (dobutamine and/or

milrinone), reduction of VA ECMO flow to minimum
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(1-1.5L/min), and assessment of LV and RV function
at least for 1h.
After VA ECMO weaning trial:

- If biventricular failure persists, consider TAH
placement end-of-life discussion.

- If one of the ventricle recovers, but the other
does not consider VAD (LVAD for LV
dysfunction, RVAD for RV dysfunction).

- Ifboth LV and RV functions are recovered,
consider VA ECMO decannulation.

Pappalardo F, et al,
2015(75)

Stepwise reduction of pump flow (0.5 L every 6-24h),
if the Inotropic Score is < 10 under serial
echocardiographic assessment.

In case the VA ECMO flow < 2L/min, after a short
period of observation, circuit is clamped and VA

ECMO cannulas are removed.

Huang KC et al,
2018(76)

VA-ECMO flow is reduced to 0.5L/min and
maintained for a Smin observation period. If the
patient tolerates that, the cardiovascular surgeon
clamps both arterial and venous cannulas. A new 3-
min observation period off VA-ECMO support is
waited. If the patient tolerates this period, the VA
ECMO cannulas are removed. Any hemodynamic

instability aborts the VA ECMO removal.

Ling L, et al, 2018(77)

1) VA ECMO arterial flow probe direction is
reversed and the pump speed is reduced to achieve a
retrograde flow of 0.5 to 1.0L/min.

2) The sweep gas flow is turned off.

3) Haemodynamic and echocardiographic

assessments are performed.
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After 1h, the patient is considered ready for VA
ECMO removal if:
- MAP > 60mmHg,
- vasopressor inotropic equivalent is less than
30
- abase deficit is less than 7
- Fractional inspiratory oxygen (FiO.)
requirement <60% with arterial saturation

>90%.

Mazankowski Alberta
Heart Institute VA-
ECMO Liberation
Protocol(78)

VA ECMO removal is considered if:
- physiological stability is achieved:
- reversal of end-organ dysfunction,

- acceptable hemodynamic parameters.

VA ECMO flows are reduced by increment of 0.5
L/min in several hour, to a minimum of 2 L/min
- Mixed venous oxygen saturation (SvO3)
targets of 60-70% should be maintained,
- lactate should remain < 2mmol/L,
- Partial pressure oxygen (PaO;) should remain
100-190mmHg,
Target ventilator settings during weaning are:
1) FiO2 < 50%;
2) Plateau pressure < 25¢cmH>0; and driving
pressure < 15cmH>0;
3) Positive end-expiratory pressure (PEEP) <
12cmH>0

TOE is performed during VA ECMO weaning to

evaluate cardiac performance and valvular function.
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Inotropes and vasoactive agents are adjusted to

optimize haemodynamics during the TOE.

Thomas M, et al,
2020(79)

VA ECMO removal is considered if:

VA ECMO flow max 2L/min;
PEEP < 10mbar;

Fi02 < 50%;

LV EF > moderately impair;

No high grade of valve dysfunction;

Stable lung function;

Defined regimen of nitric oxide

(NO)/catecholamines.

Tohme J, et al,
2021(80)

VA ECMO removal is considered if:

haemodynamically stable patient;

MAP >65mmHg with low doses of vasoactive
agents;

pulsatile arterial waveform;

LV EF >25%-30%;

LVOT VTI >12cm,

Pa0,/Fi0O; ratio >200, with FiO, delivered by
the extracorporeal circuit <30% and that

delivered by the ventilator circuit <60%.

At the basis of every VA ECMO weaning protocol there is a gradual reduction of

VA ECMO support to the lowest possible flow (1+0.5 L/min) and the evaluation

of haemodynamic, echocardiographic and respiratory parameters. Some protocols

consider the possibility of clamping the VA ECMO circuit for some minutes in

order to assess the patient’s body reaction to the temporary complete suspension

of MCS(76,77). However, such a manoeuvre threatens the VA ECMO circuit

integrity(81). In the majority of VA ECMO weaning protocols, a Mean arterial

pressure (MAP) > 60mmHg at the lowest flow of VA ECMO support is necessary

to consider VA ECMO decannulation. ELSO guidelines recommend at least 24h
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of pulsatility on invasive blood pressure monitoring(81). In fact, pulsatility is an
index of cardiac contractility(75) Some protocols advise to have a Pulmonary
arterial wedge pressure (PAWP) < 18mmHg, and central venous pressure (CVP)
<18mmHg at the lowest flow of support(72). Respiratory and blood gases values
are also important parameters to be considered when a patient is liberated from
VA ECMO (which is also a respiratory support). A Partial pressure
oxygen/Fraction inspiratory oxygen (PaO,/ Fi0.) ratio >200, with FiO; delivered
by the extracorporeal circuit <30% and that delivered by the ventilator circuit
<60% are necessary to be reached before VA ECMO weaning. Some centres to
check whether a patients can be weaned from VA ECMO performed a pump-
controlled retrograde trial off which consists in reducing to the minimum the VA
ECMO support and turning to zero the sweep gas so that the only oxygenation of
the blood is provided by the patient’s lungs(77).

Another important point to be considered at the moment of VA ECMO weaning is
the amount of inotropes and vasopressors administered. The lower is the amount
of ino- vasopressor support used the higher is the probability to successfully wean
the patient from VA ECMO(75).

Echocardiography is a valuable tool in intensive care because it allows to assess
the cardiac recovery and the reaction of the heart to the haemodynamic changes
due to VA ECMO flow variation(45).

The most used echocardiographic parameters to guide VA ECMO weaning are
left ventricular outflow tract velocity time integral (LVOT VTI) and EF, which
reflect the cardiac output (CO) and the LV systolic function respectively. Some
protocols recommend to assess right ventricular outflow tract (RVOT) VTI too.
However, ELSO guidelines highlights that RV is always unloaded to some
degree, so that the real RV function and output cannot be evaluated until the VA
ECMO removal(74,81).

According to ELSO guidelines, an LVOT VTI of at least 10-12cm and an EF of
20-25% are sufficient to consider VA ECMO weaning. These values are taken
from Aissaoui et al’s experience, who found that a LVOT VTI of 12c¢cm, LV EF of
20-25% and lateral mitral annular s’ tissue Doppler imaging (TDI) > 6cm/sec
were predictors of successful weaning from VA ECMO (Table 3)(73).
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Many efforts have been made to find other, more effective and standardised
echocardiographic parameters to guide VA ECMO weaning (Table 3). In a
retrospective study on 46 patients liberated from VA ECMO, Huang et al(76)
found that RV EF < 24.6% was associated with poor prognosis within 30 days
(hazard ratio, 15.86; 95% CI 3.56-70.73; p < 0.001). RV EF was calculated by 3D
echocardiogram, which is a time consuming technique needing a high level of
expertise, a very good image qualities. These characteristics make RV EF difficult
to be used in intensive care where time is essential, echocardiography is generally
performed by intensivists and the quality of the images is generally poor. In
another study, Sawada et al(82) found that the values of fractional shortening,
corrected left ventricular ejection time (LVETc), LVOT VTI, and LVETc divided
by PAWP were higher in the VA ECMO weaned patients who survived at least 30
days from VA ECMO removal. On multivariable analysis, LVETc/PAWP (cut off
15.9) was a significant independent predictor of successful weaning
(LVETcPAWP, OR 0.82, 95% CI 0.71-0.94, P = 0.005). A possible explanation
for LVETc/PAWP as predictor of weaning is that LVETc is correlated with
CO(83-85) and PAWP is correlated with pulmonary congestion(86). So, the
higher is the LVETc/PAWP the better is the CO and the lower is pulmonary
congestion, which is the best option to wean a patient from VA ECMO.

Another promising parameter to guide VA ECMO weaning is the ratio between
tricuspid annular S’ and right ventricular systolic pressure (RV S’/ RVSP)(87).
This is a measure of the coupling between RV contractile function (tricuspid
annular S’) and pulmonary circulation (RVSP calculated by adding estimated
right atrial pressure to tricuspid regurgitation jet maximum velocity). According to
their analysis, Kim et al found that, at full VA ECMO flow, RV free wall
longitudinal strain, RVSP, tricuspid annular S’/RVSP, tricuspid annular plane
systolic excursion (TAPSE)/RVSP and the absolute value of RV free wall
longitudinal strain/RVSP were significantly different between patients
successfully weaned from VA ECMO support and patients who failed VA ECMO
weaning. Conversely, the conventional parameters used to guide VA ECMO
weaning (LV EF, LVOT VTI, lateral mitral annular S’) failed to show any
significant difference. On ROC analysis, the tricuspid annular S’/RVSP > (0.33
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showed a better performance than conventional echocardiographic parameters to
predict successful VA ECMO weaning (AUC = 0.692, 95% CI: 0.574-0.809, p =
0.005).

Table 3. Studies reporting echocardiographic predictors of successful weaning

from VA ECMO.

Study/ Weaning
Population Categories | Parameters Cut off
Authors Ratio
> 10 cm
Aissaouli et LVOT VTI
>20-25%
al, 51 20/51 TTE LV EF ‘
>
2011(73) Lateral S* TDI
cm/sec
Cavarocchi
LV and RV
et al, 21 6/21 TOE qualitative
function
2013(74)
Huang et
al, 46 38/46 3D-TTE RV EF >24.6%
2018(76)
TTE /
Sawada et
Swan
al., 50 24/50 LVETcPAWP >15.9
Ganz
2020(82)
catheter
tricuspid
Kim et al,
79 50/79 TTE annular >0.33
2021(87)
S’/RVSP
SPECKLE TRACKING

Speckle tracking is an imaging technique that allows a quantitative evaluation of
global and regional myocardial function. This technique is based on the analysis
of the spatial dislocation of speckles (spots generated by the interaction between

the ultrasound beam and myocardial fibres) on routine 2D echocardiographic
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images(88). Currently speckle tracking is still a post hoc analysis, performed on
the achieved 2D echocardiographic images through dedicated software. Strain is a
measurement of the degree of deformation of the analysed myocardial portion in
relation to its initial dimensions. The higher is the contractility of the
myocardium, the more negative is the strain value. Longitudinal strain represents
myocardial deformation directed from the base to the apex. Global longitudinal
strain has been validated as a quantitative index for global LV function(89). The
same measurement can be applied to the speckle-tracking echocardiographic
analysis of longitudinal myocardial deformation of the RV. Radial strain
represents radially directed myocardial deformation. Circumferential strain
represents LV myocardial fibers shortening along the circular perimeter observed
on a short-axis view. It is possible to obtain a global circumferential and radial
strain value likewise for longitudinal strain(90). Advantages of speckle tracking
measurement technique are: the ability to discriminate active myocardial
contraction from passive displacement of dysfunctional region of myocardium
(tethering), the independency from the angulation of the ultrasound (US) beam
and the use of Lagrangian strain instead of natural strain. In Lagrangian strain a
single reference length is taken as landmark and all the others measurements are
compared against it. In contrast, natural strain employs a reference length which
changes over time, as the object deforms(91). Disadvantages of speckle tracking
technique are intervendor variability, necessity of high quality of
echocardiographic images, instability of speckle tracking patterns. Intervendor
variability is principally related to post-processing algorithms. Instability of
speckle tracking patterns depends in part on the displacement out of plan of the
speckles and in part on the physiological changes of living structures and changes

on the interrogation angle between tissue and ultrasound beam.

STUDY RATIONALE

During a VA ECMO weaning procedure echocardiographic measurements
(including LVOT VTI, EF, measures of ventricular cavity size, etc.) and
haemodynamic measurements (including MAP, HR, etc.) are assessed as the

loading conditions of the heart are altered (VA ECMO flow change)(73).
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Echocardiographic measurements are made either via transthoracic or
transoesophageal echocardiography (the decision of one imaging over the other
will depend upon local expertise and experience, availability of specialist
equipment and patient factors such as recent cardiac surgery, which will make
transthoracic imaging challenging). The aim of this pilot study was to identify
echocardiographic parameters able to discriminate patients who could tolerate
discontinuation of VA ECMO support and patients who could not. Speckle
tracking is an image analysis technique which is able to quantify the active
contraction of myocardium, with low inter-observer variability(88,90). Speckle
tracking is able to detect small changes in active deformation of the heart (strain)
in both systole and diastole, and it appears to be more sensitive than traditional
echocardiographic and Doppler measurements in detecting patients with impaired
myocardial function. Furthermore, previous studies on different loading
conditions have proven a variation of strain values consequently to the variations
of loading conditions. In other words, speckle tracking appears to be able to assess
the myocardial contractile reserve(92,93). Speckle tracking analysis requires
images of sufficient quality (good myocardial definition) and a frame rate between
60 to 80 frames per second(91).

In both the institutions involved in the research study, standard-of-care is for all
VA ECMO weaning procedures to be guided by TOE. TOE exams acquire high
quality images which are well suited for post hoc analysis of strain by speckle
tracking. Modification of the frame rate during acquisition of images has
negligible impact on the quality of images, does not raise costs and does not delay
the procedure. Post hoc strain analysis introduces no risks beyond those related to
a standard TOE examination. Furthermore, since it is a post-hoc analysis, speckle
tracking does not influence the VA ECMO weaning procedure, which is
conducted on the basis of conventional echocardiographic and haemodynamic
findings.

A prospective analysis of clinical outcomes after VA ECMO removal could

provide information about the best strategy of VA ECMO weaning procedure.
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The risks related to TOE are low: the reported incidence of major morbidity
related to diagnostic TOE is 0.2% (1 in 500), with the incidence of oesophageal
perforation and the incidence of major bleeding both <0.01%(94).

AIM OF THE STUDY

By this pilot study we wanted to investigate whether parameters obtained with
speckle tracking analysis immediately before VA ECMO liberation could improve
the identification of VA ECMO patients who may undergo a safe weaning from
VA ECMO reducing the number of clinical adverse outcomes in the first 3
months after liberation. The protocol was approved by both the IRB of the Royal
Brompton and Harefield NHS Foundation Trust, and the Ethical Committee of
Azienda Ospedaliera Universitaria Integrata di Verona. The protocol was

registered in ClinicalTrial.gov

PRIMARY OBJECTIVE

Purpose: to assess whether strain obtained through speckle tracking (LV
longitudinal and circumferential strain, RV free wall longitudinal strain) could
give additional information in identifying patients who develop adverse outcomes
within 3 (+ 1) months post successfully VA ECMO removal (liberation not for
palliation).

In order to achieve this purpose, strain analysis was performed on the recorded
images of the TOE performed during the last VA ECMO weaning trial procedure
of patients defined ready for VA ECMO liberation. VA ECMO liberation was
based according to conventional echocardiographic-haemodynamic parameters
and clinical judgment during patients’ VA ECMO weaning procedure. It was
evaluated whether the population experiencing the composite outcome of interest
(death for any reasons within 3 (= 1) months from VA ECMO liberation, hospital
admission for a new episode of cardiogenic shock or heart failure within 3 (+ 1)
months from VA ECMO liberation, need for new mechanical circulatory support
or new necessity of high doses of ino-vasopressors within 3 (£ 1) months from

VA ECMO liberation) and the population not experiencing this composite
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outcome had different values of strain (LV longitudinal and circumferential, and

RV free wall longitudinal strain) during the weaning procedure.

SECONDARY OBJECTIVES

Purpose:

e to assess the reliability of conventional echocardiographic parameters
(id est EF, TAPSE, RV fractional area change (FAC), LVOT VTI, etc.)
in the identification of patients who develop adverse clinical outcomes
within 3 (+ 1) months post successfully VA ECMO removal (liberation
not for palliation).

e to assess whether strain obtained through speckle tracking (LV
longitudinal and circumferential strain, RV free wall longitudinal
strain) could give additional information in identifying patients who
develop specifically adverse cardiac outcomes within 3 (£ 1) months

post successfully VA ECMO removal (liberation not for palliation).

POPULATION

The population consisted of consecutive patients receiving VA ECMO support for
cardiovascular shock who underwent an echocardiogram as part of the weaning
process and a decision was made to attempt weaning (liberation) from VA
ECMO. The decision to wean the patient from VA ECMO was made by the
attending clinician who was aware of all echocardiographic measurements with
the exception of the strain results (this is the standard-of-care at the patients
recruiting institutions). The study investigator who performed strain analysis was
not involved in the decision to wean the patient from VA ECMO.

All patients receiving VA ECMO in ICU who underwent an echocardiogram as
part of the weaning procedure were screened. Patients were considered enrolled if
a decision was made to attempt liberation from VA ECMO following the weaning
trial. When a screened patient underwent a weaning trial and was deemed
unsuitable for attempting liberation from VA ECMO, their recruitment was

deferred pending further weaning trial procedures. If the patient was subsequently
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deemed suitable for attempting liberation from VA ECMO - following a

subsequent weaning trial procedure, they were enrolled.

Enrolled patients dropped out from the study in case the doctors taking care of the

patient decided:

¢ That the patient underwent heart transplant (HT) or VAD implantation

without VA ECMO liberation;

e To combine VA ECMO with Impella support;

e To switch from VA ECMO to Impella support;
¢ Patient’s death before VA ECMO weaning procedure/VA ECMO liberation.

INCLUSION CRITERIA

>18 years.

Receiving VA ECMO mechanical circulatory support for cardiovascular
shock and planning to undergo an echocardiogram as part of a weaning
trial procedure.

Informed consent for study participation provided by the patient (where
able to provide consent) or by the next of kin, acting as personal consultee
(according to the personal consultee’s advice the patient would not have
any objection to taking part in the research study), when the patient was

unable to provide consent.

EXCLUSION CRITERIA

Contraindication to TOE .

Patients who were expected to require heart transplantation, LVAD or
RVAD or biventricular VAD within 30 days from admission.

Patients who were not expected to survive weaning from VA ECMO
(liberation from VA ECMO exclusively for purpose of palliation).
Contemporary presence of Impella device during VA ECMO weaning
procedure.

Patients in atrial fibrillation or in a different rhythm from sinus or paced at

the moment of VA ECMO weaning procedure.
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e Heart transplanted patients.

WITHDRAWING CRITERIA DURING THE STUDY
1) Enrolled patients dropped out from the study in case the doctors taking care of the
patients decided:
o To perform HT or VAD implantation without VA ECMO liberation;
o To combine VA ECMO with Impella support;
o To switch from VA ECMO to Impella support;
o Poor quality of the echocardiographic images;
o Patient’s death before VA ECMO weaning procedure.
2) Withdraw of the patient from the study.
The patient or the personal consultee (in case the patient was unable to
provide consent) were free to withdraw the patient from the study at any
time, without giving any reason, without their medical care or legal rights

being affected.

ECHOCARDIOGRAPHIC PROCEDURE AND SPECKLE
TRACKING ANALYSIS

During the VA ECMO weaning procedure guided by TOE, the ultrasound
machine was set with stable ECG trace, frame rate of 70 + 5SHz and at least 5
consecutive beats were recorded. According to the recruiting hospitals clinical
practice, the following views (when possible) were performed at each
modification of VA ECMO flow, dose of administrated drugs and other variation

of coexistent types of mechanical support (Ex. IABP ratio, etc.):

1) Midesophageal 4 chamber view (mandatory);
2) Transgastric view at the level of papillary muscles (mandatory);
3) Midesophageal long axis view;

4) Midesophageal 2 chamber view.

The following views were those recommended to be performed in order to

achieve LVOT VTI and RVOT VTI Doppler, although any other view which

36



allowed achieving a good alignment with the Doppler flow could be used. Images
of LVOT VTI, RVOT VTI, were achieved at each modification of VA ECMO
flow, dose of administrated drugs and other variation of coexistent types of

mechanical support (Ex. IABP ratio, etc.):

5) Transgastric view which allowed to see mid left ventricle, mid right
ventricle, RVOT, tricuspid valve, pulmonary valve;

6) Transgastric view (0-20°) in order to see left ventricle, right ventricle,
LVOT, aortic valve, aortic root, mitral valve;

7) Transgastric view (120-140°) in order to see left ventricle, right ventricle,
LVOT, aortic valve, aortic root, mitral valve;

8) Midesophageal 4 chamber view which allowed to see left and right
atriums, interatrial septum, left and right ventricles, interventricular

septum, mitral and tricuspid valves.
Clinical parameters, LVOT and RVOT VTI measurements, VA ECMO setting

changes, etc. were recorded on the following table (Table 4). These recordings

were part of a normal VA ECMO weaning trial procedure.
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Table 4. Table to report data during VA ECMO weaning.

view-

STUDY ID: ECMO | ECMO | ECMO |ECMO | ECMO | ECAMO
Flowat | flowat] | flowat2 | flowatd | flowat5 | flow at 6
Number of tentative of VA ECMO weaning- baseline | siage of | siage of | stage of | stage of | stage of
(Limin} | weaning | weaning | weaning | weaning | weaning
(Limin) | (Limin) | (L/min) | (L/min) | (L/min)
Date (dd mmm )z
ECHO Midesophageal 4 chamber

Midesophageal long axiz view~

Midesophageal 2 chamber

view-

Transgasiric view of LV at the
level of papillary muscles~

Transgastric view which allows
to see mid left ventricle, mid
right ventricle, RVOT, tricuspid
valve, pulmonary valve~

Transgastric view (0-20) in
order to zee LV, RV, LVOT,
aortic valve, aortic root, mitral
valve~

or

Transgastric view (120-140) in
order to zee LV, RV, LVOT,
aortic valve, aortic root, mitral
valve~

LVOT VTI Cm

BVOT VTI Cm
CLINICAL | MAP mmHz

P zystolic mmHz

P diastolic mmHz

HE. Bpm

RAP mmHz

DRUGS Adrenaline (mcgFg/min)

MNoradrenaline | (mcg/Fe/min)

Milrinone (mece/Kg/min)

Dobutamine

Vasopressin Unut/min

1INOS ppm

Dopaming (megEemin)

MCS IABP ratio (STOP, NO,
1:1 1:2 atc)

Mumber of previous admmistration of
levosmendan (number of vials) =

Date of administration of
levosimendan (dd mmrmsvvy)

Cithar

Conments

~ Make a checkmark when the smage i3 acquired

Enrolled patients deemed suitable for VA ECMO decannulation (liberation)

following a VA ECMO weaning trial procedure had images recorded as part of

the weaning procedure. These images were analysed using speckle tracking

software. During every weaning procedure a TOE examination with the

characteristics described above was performed.
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TOOLS

Echocardiogroaphy machine: Philips echocardiographic machines which were
able to perform a TOE study and acquire the images in a format compatible with
QLAB speckle tracking analysis. Examples of these echocardiographic machines

are Epiq 7, Affiniti 70 and IE 33.

QLAB software (aCMQA.L): Strain was measured within a Region of Interest
(ROI) so that the strain of the selected tissue could be evaluated. First, the system
automatically created a ROI template based on the selected view type and an
analysis of the image. The user could also manually specify a ROI template by
identifying three points. The system then automatically identified the endocardial
boundary and created a ROI that extended from the endocardial boundary a fixed
distance outward toward the epicardium. This ROI was divided into seven sub-
regions to measure the regional longitudinal strains. aCMQA.I. used Lagrangian
strain calculation. Each sub-region of the ROI was divided into blocks, which
allowed the speckle structure in each block to be tracked. The measured
deformation for each sub-region was a weighted combination of the displacements
from each of the blocks. The weighting gave greater weight to endocardial blocks
than to epicardial blocks. The strain was then calculated from the per-region
deformation at the endocardial border. aCMQA.I. was also used to measure
circumferential strain using a short-axis view. In this function, the user initiated
the ROI generation process by placing a circle on the image area and adjusting it
to the desired size. This ROI was divided into six sub-regions for mid short-axis
display of strain results. After approval of the ROI, the strain was calculated over
the cardiac cycle. The strain results were shown as a parametric image loop and
the tissue motion could be displayed by playing this loop. aCMQA.I.
automatically evaluated the quality of the speckle tracking for each of the ROI
segments. When determining the maximum strain, aCMQA.I. gave the user
complete control over the interval within which the maximum strain was
measured. Common choices were the measurement of maximum strain within

only the systolic period. Circumferential strain was calculated as the change in
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circumference of each of region as compared to the relaxed circumference of that
region. As with the measurement of longitudinal strain, the measured deformation
was weighted from the endocardium to the epicardium, with the endocardium
being given greater weight. The strain was calculated from the per-region
deformation at the endocardial border. The strain waveforms from each of the
regions could be combined into a global strain waveform. The aCMQA.L
consolidation process used a weighted average of the regional strains. The
weighting factors were based on the rest length of each of the regions. By using a
weighted average, each region’s contribution to the global value is based on the

size of the region.

SCREENING ASSESSMENTS
. Diagnosis on admission

o Age

. Inclusion criteria

o Exclusion criteria

. Cause of cardiovascular shock

. Admission date

. Admission in ICU date

o History of heart failure before the admission

o History of percutaneous coronary intervention (PCI) before the admission

o History of cardiac surgery before the admission

BASELINE ASSESSMENTS

Clinical data

. Date of birth (DD/MM/YYYY)

o Date VA ECMO weaning procedure

. Number of attempt of VA ECMO weaning procedure performed
previously

o Baseline VA ECMO flow (L/min)

o Baseline Noradrenaline (mcg/Kg/min)

. Baseline Milrinone (mcg/Kg/min)

40



o Baseline Adrenaline (mcg/Kg/min)

. Baseline Dobutamine (mcg/Kg/min)
. Baseline Vasopressin (unit/min)
. Baseline Dopamine (mcg/Kg/min)

o Baseline iNOS (ppm)

o [IABP Ratio

) MAP (mmHg)

. Systolic pressure (Psyst) (mmHg)

o Diastolic pressure (Pdiast) (mmHg)
o Heart rate (HR) (bpm)

o Right atrial pressure (RAP) (mmHg)

Baseline Echocardiographic data

. LVOT VTI (cm)

. LVOT diameter (mm)

. RVOT VTI (cm)

o RVOT diameter (mm)

o LV End diastolic volume (EDV) (mL)

o LV End systolic volume (ESV) (mL)

o Septal S’ tissue Doppler imaging (TDI) (cm/sec)

o Lateral S’ TDI (cm/sec)

o RV End diastolic area (EDA) (cm?)

. RV End systolic area ESA (cm?)

o RV S’ TDI (cm/sec)

o TAPSE (mm)

o Baseline LV Circumferential strain at the level of papillary muscles
o Peak systolic strain

o Baseline LV Longitudinal strain in Midoesophageal 4 chamber view
o Peak systolic strain

o Baseline RV Longitudinal strain in Midoesophageal 4 chamber view
o Peak systolic strain

o Free wall peak systolic strain
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3 cardiac cycles were analysed and an average of the conventional
echocardiographic parameters and strain (calculated on Midoesophageal 4
chamber view and Transgastric view at the level of papillary muscles) values
respectively obtained at echocardiographic and speckle tracking analysis were

statistically analysed at the end of the study.

Clinical data

o VA ECMO flow (L/min)

o Noradrenaline (mcg/Kg/min)
o Milrinone (mcg/Kg/min)

o Adrenaline (mcg/Kg/min)
. Dobutamine (mcg/Kg/min)
o Vasopressin (unit/min)

. Dopamine (mcg/Kg/min)

o INOS (ppm)

. [ABP Ratio

. MAP (mmHg)

. Psyst (mmHg)

o Pdiast (mmHg)

o Herat rate (bpm)

. RAP (mmHg)

Echocardiographic data (at each stage of VA ECMO weaning procedure)
. LVOT VTI (cm)

o LVOT diameter (mm)

. RVOT VTI (cm)

. RVOT diameter (mm)

. LV EDV (mL)

. LV ESV (mL)

. Septal S” TDI (cm/sec)

o Lateral S’ TDI (cm/sec)
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o RV EDA (cm?)

. RV ESA (cm?)

. RV S’ TDI (cm/sec)

o TAPSE (mm)

o LV Circumferential strain at the level of papillary muscles at each stage of
VA ECMO weaning procedure
o Peak systolic strain

. LV Longitudinal strain in 4 chamber view at each stage of VA ECMO
weaning procedure
o Peak systolic strain

. RV Longitudinal strain at the level of 4 chamber view at each stage of VA
ECMO weaning procedure
o Peak systolic strain

o Free wall peak systolic strain

3 cardiac cycles have been analysed and an average of the conventional
echocardiographic parameters and strain values respectively obtained at
echocardiographic and speckle tracking analysis were statistically analysed at the

end of the study.

At each stage of the VA ECMO weaning procedure (Baseline included), such as
at every change of parameters like VA ECMO flow or administered drug or [ABP
ratio, the aforementioned data were recorded.

In terms of speckle tracking analysis and other conventional echocardiographic
parameters not immediately used in the VA ECMO weaning process, they were
measured after the end of the successful VA ECMO weaning procedure (post-hoc

analysis).

SUBSEQUENT ASSESSMENTS

Clinical data

e Date of VA ECMO liberation (removal)
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Patient status at 30 days, 3 (£ 1) months after VA ECMO liberation (Alive,
Dead, lost to follow up, dropped out, reason for dropping out)

Death cause (if applicable)

Days of hospitalization (date of discharge from the hospital)

Days in ICU

Necessity of new Mechanical Support device within hospitalization (IABP
excluded)

Necessity of new Mechanical Support device within 30 days, 3 (+ 1) months
(IABP excluded)

Mortality within 30 days, 3 (+ 1) months from VA ECMO liberation

New necessity of high doses of ino-vasopressors within 30 days, 3 (= 1)
months from VA ECMO liberation (specify the reason: cardiac or not)
Hospitalization due to Heart failure within 30 days, 3 (= 1) months from VA
ECMO liberation

Hospitalization due to cardiogenic shock within 30 days, 3 (£ 1) months from
VA ECMO liberation

Necessity of LVAD or HT within 30 days, 3 (+ 1) months from VA ECMO
liberation

Necessity of RVAD implantation within 30 days, 3 (+ 1) months from VA
ECMO liberation
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FLOWCHART

Patient’s Screening
according to recruitment criteria

!

Patient’s consent or Next of Kin's consent (in
case of patient is not able to provide consent)

/ DROP OUT
Mew decision for avoiding liberation from
VA ECMO * VA ECMO, but to go for
weaning - Heart fransplant, or VAD implantation
procedure - Unloading the LV by Impella
- Liberation from VA ECMO switching to
Impella support
Patient deemed Patient deemed
unsuitable for suitable for
liberation from liberation from VA
VA ECMO at that time ECMO at that time
b
k4
PATIENT'S
ENROLMENT

Patient's consent,
x #® | in case the patient regains

¥ capacity of consent

Strain analysis by
speckle tracking

x
Y
Follow up at 30 days, 3

months, from VA ECMO
liberation (remowval)

¥

Evaluation of speckle tracking findings (LV longitudinal
and circumferential and RV free wall longitudinal strain),
conventional echocardiographic parameters and
clinical outcomes at 30 days, 3 months post VA ECMO
liberation (removal)
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PRIMARY ENDPOINT

Clinical outcome was a composite outcome of the following endpoints of interest:

death for any reason within 3 (£1) months from VA ECMO liberation;

the necessity of new MCS (VA-ECMO, Impella, LVAD, RVAD) or new

necessity of high doses of ino-vasopressors within 3 months from VA ECMO

liberation

o Whether after VA ECMO liberation the patient still needed IABP

support, this situation was not considered necessity of new MCS.
Necessity of new MCS was defined when IABP or RVAD or LVAD or
VA ECMO or Impella were needed again after their removal.

HT within 3 (£1) months from VA ECMO liberation;

readmission to hospital for cardiogenic shock/heart failure within 3 (1)

months from VA ECMO liberation.

SECONDARY ENDPOINT

Cardiac outcome was a composite outcome of the following endpoints of interest:

death for cardiac reason within 3 (+1) months from VA ECMO liberation;

the necessity of new MCS (VA-ECMO, Impella, LVAD, RVAD) or new

necessity of high doses of ino-vasopressors for cardiac reasons within 3 months

from VA ECMO liberation

o Whether after VA ECMO liberation the patient still needed IABP

support, this situation was not considered necessity of new MCS.
Necessity of new MCS was defined when IABP or RVAD or LVAD
or VA ECMO or Impella were needed again after their removal;

HT within 3 (£1) months from VA ECMO liberation;

readmission to hospital for cardiogenic shock/heart failure within 3 (+1) months

from VA ECMO liberation.
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STATISTICS

Patients who underwent VA ECMO liberation and experienced a clinical outcome
within 3+1 months from decannulation (death for any reasons, new necessity of
MCS, heart transplant/VAD implantation, new necessity of high dose of ino-
vasopressors, new hospitalization for cardiogenic shock/heart failure) were
compared with outcome-free patients.

A sub-analysis of the group of patients developing clinical outcomes was made
focusing specifically on cardiac outcomes (death for cardiac reasons, new
necessity of MCS for heart failure/cardiogenic shock, heart transplant/VAD
implantation, new necessity of high dose of ino-vasopressors for cardiac reason,

new hospitalisation for heart failure/cardiogenic shock).

Descriptive and bivariable analyses

The variables considered, in addition to the socio-demographic ones, were mainly
echocardiographic and haemodynamic: speckle tracking parameters (LV
longitudinal strain, RV free wall longitudinal strain, LV circumferential strain),
EF, TAPSE, RV S’ TDIL, RV FAC, LVOT VTL iSV, CI, MAP, HR, etc.

All variables were summarized by median and interquartile range (IQR) because
they deviated from normality. Categorical variables were expressed as
percentages. The skewness of the variables has been estimated by Shapiro-Wilk
tests. Regarding continuous variables, differences between groups were estimated
using two-samples independent t-test and Wilcoxon signed-rank test in case of
non-normal distributions. The distribution of categorical variables was compared

by chi-squared test or Fisher's exact test.

ROC analyses

To evaluate the ability of the a priori classification of patients who will experience
a clinical outcome, ROC (Receiver Operating Characteristic) curves of the
variable of interest were developed and the area under the curve (AUC)
calculated. Hypothetical cutoffs were also identified on the basis of the necessary

clinical sensitivity. The AUC values were interpreted as per the literature(95)
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according to the following criterion: 0.6-0.7 = acceptable; 0.7-0.8 = good; 0.8-0.9
excellent; 0.9-1 optimal. Regarding the variables EF, LVOT VTI, iSV, CI, since
the value is on average higher for outcome-free patients, the non-event of the

outcome was considered as an event.

Mixed effects modelling

Finally, for the variables of interest, the trajectories relating to the three different
VA ECMO support flows (flow 1, 2 and 3) stratified for the outcome-free group
and the group that experienced a clinical outcome were estimated. In this regard,
linear mixed-effect models have been developed. The group variable (outcome-
free, clinical-outcome), the flow level and the interaction between the two factors
were included as predictors. The patient ID was introduced as a random factor to
take into account the clustered structure of the data. The result of interest of these
models was the statistical significance of the interaction terms that could be
interpreted as a different response of the patients of one group compared to the
other at different levels of VA ECMO flow. The graphs of the trajectories
predicted by the models were reported for the variables with statistically

significant interactions.
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RESULTS

In the period between November 2018 and August 2021 (2018-2019 Royal
Brompton and Harefield NHS Foundation Trust; 2019-2021 Azienda
Ospedaliera Universitaria Integrata Verona) a total of 92 patients have been
screened. Table 5 shows the reasons for not recruiting them and the percentage.

Table 5. Reason for screening failure.

SIETEES €| 2L FFEC
= | B o2 @ = 3 =3 S, 5 = = |5 2
Bl & gg B < = | E 5 - < g
= 5 a g 2 2 < & = - Qs 2
5 SE E S| = 88|85 ¢
S E g 4 = 8 3| &8 © ~
= = z| £ 2| 22
" = £ 5 *
n 28 16 4 4 4 6 9
(%) | (39.4) | (22.5) (5.6) (5.6) | (5.6) (8.5) |(12.7)

In the end, 21 patients were liberated from VA ECMO and included in the study.
Two patients were excluded because of the quality of the images which could not
allow any reliable analysis (dropped outs). The causes of cardiovascular shock
were myocarditis (2 patients), acute coronary artery syndrome (8 patients), post-
cardiotomy (5 patients), aortic prosthesis dysfunction (1 patient), vasoplegia post
lung transplant (1 patient) and septic cardiomyopathy (2 patients). Five of them
experienced a clinical outcome (death for any reason, new hospitalisation for heart
failure/cardiovascular shock or new necessity of high doses of ino-vasopressors,
or necessity of MCS, HT or VAD implantation within 3=1 months from VA
ECMO removal), and 3 of those had a cardiovascular outcome (death for cardiac
reason, new hospitalisation for heart failure/cardiogenic shock or new necessity of
high doses of ino-vasopressors due to heart failure, or new necessity of MCS, HT
or VAD implantation within 3+1 months from VA ECMO removal). Twelve
patients were supported by pVA ECMO, the remaining by cVA ECMO. The
patients developing clinical outcomes were prevalently supported by pVA ECMO
(1 postcardiotomy patient supported by cVA ECMO and 4 pVA ECMO). During
the VA ECMO weaning trial, 15.8% of patients had an intra-aortic balloon pump
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(IABP) and 36.8% had a paced rhythm. Among patients developing cardiac
outcomes only 1 was unloaded by IABP. Seven patients (36.8%) received a
levosimendan infusion before VA ECMO weaning. The median flow before
starting a VA ECMO weaning trial was 2.8L/min (IQR 1.2), the lowest flow
before VA ECMO decannulation was 1.0L/min (IQR 0.5). Data at an intermediate
flow of VA ECMO support was available in 9 patients.

Splitting the recruited patients into two groups (patients experiencing a clinical
outcome and patients free from clinical outcomes), the groups were comparable in
terms of ino-vasopressor infusion, [ABP use, type of VA ECMO, patients’ age

and clinical history, and cause of cardiovascular shock (Table 6).

Table 6: General population’s characteristics.

CLINICAL CLINICAL p Value
OUTCOME - OUTCOME +
(n=14) (n=Y95)
Sex, n (%)
Male 9 (64.3) 4 (80.0) 1.000*
Female 5(35.7) 1 (20.0)
Age (years), median
44.5 (16.0) 54.0 (4.0) 0.3531**
(IQR)
BMI (Kg/m?), median
25.8 (6.8) 25.7 (6.6) 0.6434**
(IQR)
pVA ECMO, n (%)
Central 6 (42.9) 1 (20.0) 0.603*
Peripheral 8 (57.1) 4 (80.0)
Heart failure history,
n (%)
No 10 (71.4) 4 (80.0) 1.000*
Yes 4 (28.6) 1 (20.0)
PCI history, n (%)
No 13 (92.9) 4 (80.0) 0.468*
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Yes 1(7.1) 1 (20.0)
Cardiac surgery
history, n (%)
No 12 (85.7) 5 (100) 1.000*
Yes 2(14.3) 0 (0.0)
Days from
decannulation to ICU 14.5 (13.0) 16.0 (38.0) 0.4579**
discharge (median;
IQR)
Days from
decannulation to
Hospital discharge 34.0 (26.0) 51.0 (55.0) 0.3125%*
(median; IQR)
IABP, n (%)
No 10 (71.4) 4 (80.0) 1.000*
Yes 4 (28.6) 1 (20.0)
Levosimendan
administration, n (%)
No 10 (71.4) 2 (40.0) 0.305*
Yes 4 (28.6) 3 (60.0)
Paced Rhythm, n (%)
No 9 (64.3) 3 (60.0) 1.000*
Yes 5@35.7) 2 (40.0)

*Fisher test ; **Wilcoxon rank sum test

As reported in Table 7 and Figure 1, at the lowest flow of VA ECMO support (1 L
min™!, interquartile range (IQR) 0.5), the median EF was 23.9% (IQR 15.4) in the

clinical outcome + patients and 45.8% (IQR 18.7) in clinical outcome — patients

(p = 0.06). Considering RV function, no significant difference was found between

clinical outcome + and clinical outcome — patients (FAC 38.0% IQR 4.7 vs 38.9
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IQR 15.1, p=10.83; TAPSE 1.4cm IQR 0.3 vs 1.2cm IQR 0.7, p=0.35; RV s’
10.5cm/sec IQR 4.1 vs 5.6cm/sec IQR 4.8, p = 0.07). Focusing on strain
parameters, for clinical outcome + patients the median LV longitudinal strain was
-10.3% (IQR 2.9); RV FW longitudinal strain -11.0% (IQR 2.3); LV
circumferential strain -11.6% (IQR 12.0). Conversely, for clinical outcome —
patients the median LV longitudinal strain was -10.3% (IQR 5.8); RV FW
longitudinal strain -16.1% (IQR 7.9); LV circumferential strain -14.5% (8.5). No
significant differences were found when MAP, Psyst and CI were considered. The
indexed end diastolic volume (IEDV) was significantly lower in patient free from
clinical outcomes compared to the others (respectively 44.7 ml m? IQR 17.9; 70.4
ml m2IQR 43.0, p <0.01), instead the RAP was higher (13.0mmHg IQR 3.5;
10.0mmHg IQR 1, p = 0.03).

The median CI was 2.3ml min"'m (IQR 0.7) in the group experiencing clinical

outcomes and 3.3ml min'm (IQR 1.1) in free from clinical outcome patients.

Table 7. Haemodynamic and echocardiographic values at the lowest flow of
VA ECMO support of patients developing clinical outcomes and of free from

outcome patients.

clinical clinical p-Value**
outcome — | outcome +

VA ECMO minimum flow (n =14) (n=9)5)

MAP (mmHg), median (IQR) 70.0 (19.0) 78.0 (8.0) 0.52
HR (bpm), median (IQR) 95.5(19.0) | 87.0(3.0) 0.38
RAP (mmHg), median (IQR) 13.0 (3.5) 10.0 (1.0) 0.03
TAPSE (cm), median (IQR) 1.2 (0.7) 1.4 (0.3) 0.35
RV s’ (cm/sec), median (IQR) 5.6 (4.8) 10.5 (4.1) 0.07
FAC (%), median (IQR) 38.9 (15.1) | 38.0(4.7) 0.83
EF (%), median (IQR) 45.8 (18.7) | 23.9(15.4) 0.06
LVOT VTI (cm), median (IQR) 16.2 (7.4) 13.9 (3.1) 0.07
RVOT VTI (cm), median (IQR) 12.4 (2.5) 14.0 (8.7) 0.85
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iSV (ml m™), median (IQR) 32.4(12.9) | 26.7(2.8) 0.23
CI (L min™! m2), median (IQR) 3.3(1.1) 2.3(0.7) 0.16
iEDV (ml m™), median (IQR) 44.7 (17.9) | 70.4 (43.0) <0.01
iRVDA (cm? m™), median (IQR) 10.1 (3.2) 8.6 (2.3) 0.39
LV longitudinal strain (%),

' -10.3 (5.8) | -10.3(2.9) 0.78
median (IQR)
RV free wall longitudinal strain

-16.1(7.9) | -11.0(2.3) 0.11

(%), median (IQR)
RV longitudinal strain (%),

. -16.2(8.3) | -11.5(1.3) 0.14
median (IQR)
LV circumferential strain (%),

. -14.5(8.5) | -11.6 (12.0) 0.40
median (IQR)

**Wilcoxon Rank Sum Test

Analysing the recruited patients on the basis of cardiac outcome development

(Table 8 and Figure 1), the median iEDV remained significantly lower in patients

free from cardiac outcomes (46.6 ml min'm2 IQR 27.8) compared to the others

(112.5 ml min"'m IQR 47.1) (p = 0.01). Furthermore, the median circumferential
strain was -5.6% (IQR 1.0) and the EF 23.0% (IQR 4.2) in the group of patients

experiencing cardiac outcomes. Conversely, circumferential strain was -15.5%

(IQR 6.5) and EF was 45.8% (IQR 15.6) for patients free from cardiac outcomes.

Table 8. Haemodynamic and echocardiographic values at the lowest flow of

VA ECMO support of patients developing cardiac outcomes and of free from

cardiac outcome patients.

cardiac cardiac p-Value**
outcome — outcome +
VA ECMO minimum flow (n=16) (n=3)
MAP (mmHg), median (IQR) 70.0 (20.0) 81.0 (10.0) 0.09
HR (bpm), median (IQR) 92.0 (17.0) 85.0 (30.0) 0.61
RAP (mmHg), median (IQR) 12.5 (4.0) 10.0 (2.0) 0.21
TAPSE (cm), median (IQR) 1.2 (0.8) 1.4 (0.1) 0.32
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RV s’ (cm/sec), median

6.9 (5.8) 12.4 (7.7) 0.20
(IQR)
FAC (%), median (IQR) 40.5 (17.1) 36.4 (6.2) 0.26
EF (%), median (IQR) 45.8 (15.6) 23.0 (4.2) <0.01
LVOT VTI (cm), median
16.0 (7.9) 13.9 (4.8) 0.21
(IQR)
1SV (ml m), median (IQR) 30.2 (11.6) 28.7 (23.0) 0.82
CI (L min"! m?), median
3.2(1.3) 2.9 (2.0) 0.91
(IQR)
iIEDV (ml m™), median (IQR) 46.6 (27.8) 112.5 (47.1) 0.01
iRVDA (cm? m™?), median
9.9 (2.7) 8.6 (12.1) 1.00
(IQR)
LV longitudinal strain (%),
-10.3 (6.6) -10.3 (4.8) 0.43
median (IQR)
RV free wall longitudinal
-15.4 (8.7) -11.0 (3.0) 0.17
strain (%), median (IQR)
RV longitudinal strain (%),
-15.1 (8.0) -11.5(1.3) 0.38
median (IQR)
LV circumferential strain
-15.5(6.5) -5.6 (1.0) 0.02

(%), median (IQR)

**Wilcoxon Rank Sum Test
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Figure 1. EF, iEDV, FAC and Strain values at the lowest flow of VA ECMO

support.
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Figure Legend: Primary endpoint: patients developing clinical outcomes after
VA ECMO removal. Free from events: patients who did not experience any
outcome after VA ECMO removal. Red Triangles: patients developing cardiac

outcomes.

At the highest flow of support before VA ECMO weaning trial (2.8 L min"! IQR
1.2), the median CI in patients free from clinical outcomes was 2.5 L min"'m™
(IQR 1.7), while it was 2.1 L min""m? (IQR 1.2) in clinical outcome + patients
and 2.3 L min'm? (IQR 2.1) in the subgroup of cardiac outcome + patients (Table
9 and 10). Focusing on conventional echocardiographic parameters, iIEDV was
significantly higher (89.5 ml m?, IQR 54.5 vs, 43.8 ml m?, IQR18.1, p = 0.02)
in the clinical outcome + group and the EF was significantly lower (22.6%,

IQR10.3 vs 46.6% IQR 21.6, p = 0.03).
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Table 9. Haemodynamic and echocardiographic values at the highest flow of

VA ECMO support of patients developing a clinical outcome and of free

from outcome patients.

clinical clinical
outcome — outcome +
p-Value**
VA ECMO highest flow (n=11) (n=4)
MAP (mmHg), median (IQR) 83.0 (31.0) 75.5 (14.5) 0.40
P Syst (mmHg), median (IQR) 123.0 (51.0) | 115.5(51.0) 1.00
HR (bpm), median (IQR) 91 (39.0) 87 (16.5) 0.51
RAP (mmHg), median (IQR) 10.5 (2.0) 7.5(2.0) 0.02
TAPSE (cm), median (IQR) 0.73 (1.0) 1.5 (0.5) 0.13
RV s’ (cm/sec), median (IQR) 6.23 (4.8) 9.0 (0.0) 0.35
FAC (%), median (IQR) 43.3(13.2) 38.8(11.4) 0.64
EF (%), median (IQR) 46.6 (21.6) 22.6 (10.3) 0.03
LVOT VTI (cm), median (IQR) 12.8 (6.2) 10.6 (2.9) 0.24
iSV (ml), median (IQR) 24.6 (10.1) 22.9 (20.6) 0.90
CI (L min"' m*), median (IQR) 2.5(1.7) 2.1(1.2) 0.90
iEDV (ml m’2), median (IQR) 43.8 (18.1) 89.5 (54.5) 0.02
iRVDA (cm? m™) , median
9.5(2.1) 8.5(5.8) 0.76

(IQR)
LV longitudinal strain (%),

-10.7 (3.7) -10.4 (7.9) 0.82
median (IQR)
RV free wall longitudinal strain

-12.9 (6.1) -13.6 (5.8) 0.41
(%), median (IQR)
RV longitudinal strain (%),

-13.6 (5.7) -13.3(7.4) 0.93
median (IQR)
LV circumferential strain (%),

-10.8 (10.7) -6.7(7.2) 0.10

median (IQR)

**Wilcoxon Rank Sum Test
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Table 10. Haemodynamic and echocardiographic values at the highest flow of
VA ECMO support of patients developing cardiac outcomes and of free from

cardiac outcome patients.

cardiac cardiac
outcome — outcome + p-Value**
VA ECMO highest flow (n=12) (n=3)
MAP (mmHg), median (IQR) 79.0 (31.0) 76.0 (3.0) 0.94
P Syst (mmHg), median (IQR) 110.5 (46.0) | 132.0(39.0) 0.39
HR (bpm), median (IQR) 91.0 (29.5) 86.0 (29.0) 0.66
RAP (mmHg), median (IQR) 10.0 (4.0) 8.0 (1.0) 0.12
TAPSE (cm), median (IQR) 0.8 (0.9) 1.4 (0.9) 0.22
FAC (%), median (IQR) 43.2 (13.2) 41.0 (18.3) 0.87
EF (%), median (IQR) 43.4 (20.8) 20.3 (10.5) 0.03
LVOT VTI (cm), median (IQR) 12.4 (4.7) 10.7 (5.5) 0.47
iSV (ml m?), median (IQR) 24.5 (10.8) 28.7 (29.1) 0.39
CI (L min™! m), median (IQR) 2.4(1.3) 2.3(2.1) 0.77
iEDV (ml m), median (IQR) 45.5 (16. 6) 111.8 (50.5) 0.01
iRVDA (cm? m?), median (IQR) 8.8 (3.1) 9.4 (8.7) 0.61
LV longitudinal strain (%),
-10.7 (3.7) -10.4 (7.9) 0.82
median (IQR)
RV free wall longitudinal strain
. -12.9 (6.1) -13.6 (5.8) 0.41
(%), median (IQR)
RV longitudinal strain (%),
-13.6 (5.7) -13.3 (5.8) 0.93
median (IQR)
LV circumferential strain (%),
_ -10.8 (9.5) -5.2(3.1) 0.03
median (IQR)

**Wilcoxon Rank Sum Test

The effect of VA ECMO flow on echocardiographic parameters and CI in patients
who had both the data in high flow (similar values) and low flow of VA ECMO
support have been graphically compared (Figure 2 and 3). By decreasing the VA
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ECMO flow support, the CI of cVA ECMO and pVA ECMO patients increased.
The EF of cVA ECMO patients increased with the reduction of VA ECMO
support, while it did not change significantly in pVA ECMO patients (even when
a sub-analysis for cardiac outcome development was performed). Circumferential
and longitudinal strain did not show any specific trend associated with the

reduction of VA ECMO flow (Figure 3).

Figure 2. Ejection Fraction and Cardiac Index of each patients having both

VA ECMO high flow and low flow data.

EJECTION FRACTION
90
80
70

€l C2 €3 C4 C5 P2 P3 P4 P5 P6 P7 P8

cVA ECMO pVA ECMO pVA ECMO

cardiac outcome

(=T =]

4

2N W
[ B =T =

PDO]. PDOZ PCOG

% W High Flow ™ Low Flow

CARDIAC INDEX

cVA ECMO pVA ECMO pVA ECMO
cardiac outcome

0 “ “ I‘ | “ || ‘| “ ‘| I| “ “ |‘ “ ||

Cl1 C2 C3 C4 G5 P2 P3 P4 P5 P6 P7 P8

w

[

[y

Peor Pcoz Peos
Lmin™® m ® High Flow o Low Flow

Figure Legend: High Flow: VA ECMO flow before the weaning trial; Low flow:
VA ECMO flow = 1£0.5L min’'; C = central; P = peripheral; Pco = peripheral

developing cardiac outcome.
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Figure 3. LV and RV Free wall Longitudinal strain and LV Circumferential
strain of each patients having both VA ECMO high flow and low flow data.
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Figure Legend: High Flow: VA ECMO flow before the weaning trial; Low flow:
VA ECMO flow = 1+0.5L min™'; C = central; P = peripheral; Pco = peripheral

developing cardiac outcome.
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When mixed effects model was applied to all the patients with all the flow values
of VA ECMO support (flow 1 =low flow, flow 2 = mid flow, flow 3 = high
flow), it highlighted a statistically significant interaction between the flow level
and the patient group (clinical outcome + and clinical outcome — group) for the
following variables: CI, iSV and RV Free wall longitudinal strain (Figure 4). In
particular, the difference in CI at flow 3 from baseline was 0.82 points higher in
those who experienced the clinical outcome than in outcome free patients (p =
0.029). Similarly, the iSV value from baseline was 7.89 points higher in the
clinical outcome group (p = 0.049). On the contrary, in case of RV Free wall
longitudinal strain the difference between flow 3 and flow 1 was lowered by 4.42

points in the group with outcome (p = 0.042).

Figure 4. Effect of flow change on iSV, Cardiac index and RV Free wall

longitudinal strain with the application of mixed effects model.
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Figure Legend: flow 1 = low flow, flow 2 = mid flow, flow 3 = high flow.

A ROC analysis was performed to identify the best cut point value of different
echocardiographic parameters to discriminate patients developing clinical
outcomes from those free from outcomes at the lowest flow of VA ECMO
support. For EF, the best cut point was 26.32% (AUC 0.79), for LVOT VTI the
best cut point found was 14.36¢cm, with an AUC 0.78, for CI was 2.5ml min! m
(AUC 0.71). Considering strain parameters, only peak systolic RV free wall
longitudinal strain had an acceptable AUROC (0.75) with the cut off of -12.0%
(Appendix). Because of the paucity of data the 95% confidence interval of all
AUROCs were relatively large.
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DISCUSSION

For an intensivist, VA ECMO weaning trial is of crucial importance for the VA
ECMO patients’ management. Premature VA ECMO liberation without sufficient
ventricular recovery may cause a cardiovascular shock relapse. However, an
unjustified delay in VA ECMO removal exposes the patients to the risk of
complications and death. Furthermore, prolonging VA ECMO support on a
patient without any ventricular recovery (VA ECMO support dependent) and who
is not a candidate for VAD, biventricular assist device or HT is ethically
questionable. For these reasons, several studies have been performed to find
predictors to identify patients who can tolerate VA ECMO removal or not.

This pilot study is one of the few studies analysing specifically VA ECMO
weaned patients (21 recruited patients out of 92 patients screened). In other
studies patients who were considered not able to tolerate VA ECMO removal
were considered VA ECMO weaning failure and directly transplanted or VAD
implanted(73,82,87). This consideration is particularly important when we
consider LVOT VTI as predictor of VA ECMO weaning. In our pilot study, the
median LVOT VTI for patients free from cardiac outcomes and for patients
developing a cardiac outcome was 16.0cm (IQR 7.9), and 13.9cm (IQR 4.8)
respectively. No significant difference was found between the two groups. This is
in contrast with what was found in a previous study(73). The discrepancy may be
explained by two considerations: firstly, our research study is based on the
scientific knowledge so far achieved, so that, only few of the recruited patients
have been liberated from VA ECMO when LVOT VTI was lower than 10cm.
Indeed, patients were generally liberated from VA ECMO when they had a CI >
2.2L min"! m™. This is also due to the fact that the two recruiting hospitals
involved in the study usually based the decision to wean a patient on multiple
haemodynamic parameters: especially CI, MAP and blood gasses. The acritical
application of LVOT VTI > 10 cm or MAP > 60mmHg, may be misleading since
a MAP > 60mmHg may be consequent to an excessive vasoconstriction, and iSV
depends on patient’s body surface area, LVOT area and LV ejection time and

LVOT VTL
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Secondly, our pilot study considered only patients who underwent a proper VA
ECMO weaning. The patients who were judged VA ECMO dependent by the
clinical team and directly bridged to HT or VAD were excluded (5.6% of the
screened patients). So patients with particularly low LVOT VTI, iSV and CI were
excluded from the analysis. Indeed, the median CI of patients free from cardiac
outcomes was 3.2 L min™! m? (IQR 1.3), and 2.9 L min"! m (IQR 2.0) for
patients developing a cardiac outcome. Focusing on MAP, despite it didn’t reach
the statistical significance, patients who developed cardiac outcomes had higher
MAP median value compared to patients who didn’t experience cardiac outcomes.
This is in part in contrast with what it could be thought intuitively, because low
cardiac output may correspond to low arterial pressure. However, a possible
explanation is that a higher level of vasoconstriction occurs in patients with low
cardiac output. This may be consequent to both a higher use of vasopressors used
by intensivists at the moment of VA ECMO weaning or a physiological reaction
to low peripheral perfusion. It is important to highlight that the MAP IQR of
cardiac outcome + and — patients are wide, so that this observation may be just the
result of chance.

Focusing on conventional echocardiographic parameters, the patients developing
clinical outcomes (3 had a cardiac failure relapse, one died for septic shock, and
one needed high dose of ino-vasopressors post VA ECMO removal for septic
shock) presented an iIEDV significantly higher than those free from outcomes
(Figure 1). This finding may have several explanations. First, it is possible that
more dilated ventricles correspond to a more severe and chronic LV dysfunction.
Second, the higher is iEDV value the flatter is the slope of the Frank Starling
curve (graph of EDV plotted against SV)(96). Of note, Frank Starling curve is still
valid in case of VA ECMO support(97). Therefore, patients experiencing a
clinical outcome could be those not able to increase their CO by Frank Starling
principle or those that may have a less favourable pressure volume area (PVA)
and so able to generate less stroke work(42,98). These hypotheses are supported
by the findings on mixed random effect model (Figure 4). Indeed, the response to
the reduction of the VA ECMO flow support, was different for clinical outcome +

patients and clinical outcome — patients. The group developing clinical outcomes
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was the group with a lower increase in iSV and CI, and almost no change in RV
free wall longitudinal strain.

A possible objection to this explanation could be that not all the patients
experiencing an outcome had a particularly high iEDV on the basis of chambers
quantification references value(99). However, it is worth of consideration that one
of the limitations of TOE assessment is the underestimation of cardiac chamber
volumes due to a foreshortening problem.

Our pilot study is limited by the low number of cardiovascular events (only 3 out
of 19 analysed patients) or major clinical events (5 in total), however some
interesting findings can be observed.

EF, LV longitudinal and circumferential strain failed to be significantly different
between the group of patients experiencing clinical outcomes and the group of
those not experiencing any outcomes (Table 7). However, especially for EF and
circumferential strain it is possible to observe how the absolute values of these
parameters are lower in patients experiencing cardiac outcomes. This aspect is
less evident, but still recognisable in LV longitudinal strain values (Figure 1). This
is in line with what observed by Aissaoui et al(73) and recommended in ELSO
guidelines(81). In contrast with Huang et al(76), RV function parameters
(TAPSE, RV s’, FAC, RV free wall longitudinal strain) did not show any
significant difference in the compared groups of patients. However, if we
graphically organise RV free wall longitudinal strain values and FAC, we can
observe lower values of strain in patients developing clinical outcomes (Figure 1).
It is worth noticing that patients developing clinical outcomes were patients
experiencing cardiac outcomes or being complicated by septic shock. RV is
particularly vulnerable to septic shock, and RV dysfunction has been associated
with higher mortality in patients affected by sepsis(100). This may be the reason
why RV free wall longitudinal strain and FAC values at the lowest flow of VA
ECMO support are similar between patients experiencing specifically cardiac
outcomes and patients complicated by septic shock. It is also important to
underline that, despite the best possible alignment of TDI signal and M-mode was
obtained and the lowest foreshortening was tried to achieve for strain analysis,

TOE is not the best imaging technique to be used to assess the RV systolic
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function. This may explain some of the discrepancies between our findings
(especially the conventional echocardiographic ones) and those of Huang et al (3D
transthoracic echocardiogram)(76). It is important to mention that RV s’ values in
our analysis appears to be the more affected by bad alignment, indeed their values
do not follow the trend of other RV function parameters.

The peculiar trend of circumferential strain in cardiac outcomes + patients and
clinical outcome + patients complicated by septic shock (Figure 1) and the
knowledge on the impact of sepsis on RV lead to another consideration. The focus
of all the research studies conducted so far was to find an algorithm or some
variables who are satisfactory predictors of VA ECMO weaning success or
failure. However, the causes of cardiovascular shock are different, thus the
predictors of weaning success or failure may be different. This does not mean that
the variables so far identified are not valid, but it could explain why they are not
100% reliable. Extremely simplifying a CI < 2.2L min"! m may be due to both
pulmonary embolism, RV myocardial infarction, LV myocardial infarction and
myocarditis. A VA ECMO is useful in all the aforementioned cases; however, the
treatments of these conditions are different as well as the prognosis. In our study
the cardiac outcome + patients were a case of myocarditis and two cases of
severe ischaemic heart disease with biventricular involvement. This may explain
the low values of RV free wall longitudinal strain which were comparable to the
values of the clinical outcome + patients complicated by septic shock.

Critically analysing the results of ROC analysis performed considering clinical
outcomes, an acceptable AUROC was found for EF, CI and RV free wall
longitudinal strain (AUC between 0.7 and 0.8, see Appendix). However, the best
cut point for EF was 26.32% and CI 2.5L min'm™. These cut points are not useful
from a clinical point of view, since patients with EF of 26.32% and with C12.5 L
min"'m live without a MCS and so the VA ECMO weaning is not in question in
patients with these values. More useful is the cut point -12.0% for RV free wall
longitudinal strain since less is known on speckle tracking parameters in the MCS
setting, because the technique is relatively recent. The cut point found for RV free

wall longitudinal strain is in line with what has been previously found(76,87).
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Focusing on the effect of VA ECMO flow change on haemodynamic and
echocardiographic parameters, other interesting trends may be observed (Figures
from 2 to 4). Not surprisingly, CI increased with the reduction of VA ECMO
support (Figure 2 and 4). This is due to a reduction in afterload and to an increase
in preload and it has been described previously in scientific literature(42). In
contrast, it was not detected any peculiar trend in EF (Figure 2) and LV strain
parameters (Figure 3). The absence of consistent increasing tendency in absolute
value of strain may be related to the fact that strain assesses contractility and not
volume (CI = stroke volume x HR/body surface area; EF = SV / EDV x 100). So
that the preload and afterload changes may not determine an important increase in
contractility. Another possible explanation is that the increment in preload and the
decrease in afterload determine a variation on EDV which altered the position of
the heart in the Frank Starling curve. It was not possible a precise evaluation EDV
variation because of the limited images recorded during the VA ECMO weaning
trial (Midoesophageal 4 chamber and Transgastric view at the level of papillary
muscles). The absence of rise in EF with the reduction of VA ECMO support is
more challenging to be explained. In a normal heart, an increase in preload and/or
a reduction in afterload determine a rise in CI. However, this rise in CI does not
correspond to a significative increase in EF(101). Furthermore, some of the
recruited patients had some degree of mitral regurgitation. Mitral regurgitation is
responsible for a reduction in the forward stroke volume and in an overestimation
of EF(102). With the reduction of VA ECMO flow support, there is a reduction in
peripheral resistances and an increase in preload. These load changes, due to VA
ECMO flow variations, may determine a reduction in the degree of mitral
regurgitation with an increase in the forward stroke volume which can be hidden

and overlooked using the EF formula.

LIMITATIONS

This research study has several limitations. First of all, the small sample size. This
study was developed as a pilot study. Its purpose was to generate new hypothesis
and speculations, and assess the feasibility of a larger study. Due to its particular

design (only patients properly weaned from VA ECMO, no patients on atrial
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fibrillation, etc.) and, not to be forgotten the Covid 19 outbreak, the sample size
was relatively small, and this affected the quality of statistics unavoidably. The
decision to analyse together patients supported by cVA ECMO and patients
supported by pVA ECMO was strictly connected to the small sample size. The
two groups of patients are different for several reasons. For example, cVA ECMO
patients are generally surgical patients who underwent cardiac surgery and failed
the weaning from the Heart Lung Machine. pVA ECMO are not implanted in
cardiac surgery patients usually. Furthermore, as previously explained, the effect
of central and peripheral VA ECMOs on afterload is different. Anyway, in the
most of the published studies on VA ECMO weaning (73-75) and in the majority
of the scientific literature on VA ECMO physiology(1,42) the differentiation
between cVA ECMO and pVA ECMO was not made.

Second, the number of clinical events was small and they were limited to cardiac
events or death/escalating dose of ino-vasopressors due to septic shock. As a
consequence of that, we can make speculations only on these two particular
subgroups of patients which have particularly different haemodynamics(103). The
septic shock is a vasodilatory shock, with low peripheral vascular resistances and
higher CI, instead the cardiac events are new episodes of cardiogenic shock (low
cardiac output, high peripheral vascular resistances). Patients developing septic
shock may have an underlying septic conditions, which expressed itself
completely after the VA ECMO removal. Consequently, the VA ECMO weaning
trial could be partly influenced by the underlying sepsis. Third, the study was
developed to be feasible in an intensive care setting. VA ECMO patients have
generally low quality transthoracic echocardiographic views, are
haemodynamically unstable and have high bleeding risk. For these reasons, the
images recorded in the study were limited to those used by intensivists during the
weaning procedure (Midesophageal 4 chamber view, Transgastric view at the
level of papillary muscles, Midesophageal long axis view, and those to assess
LVOT VTI and RVOT VTI). These views allowed to assess biventricular function
and SV, however regional wall motion abnormalities could be overlooked, thus
overestimation or underestimation of strain and EF were possible. However, a

comprehensive TOE study causes delays in the weaning procedure, threatening
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the patient’s life or VA ECMO circuit integrity. Fourth, it was not possible to
record all data for each patients due to imaging qualities, different VA ECMO
flows during the weaning trial, different haemodynamic conditions and intensive

care/surgical requirements.

CONCLUSIONS

From this pilot study we could draw the following conclusions and insights:

1) Despite its limitations, EF is still a valuable echocardiographic parameter
to distinguish VA ECMO patients who are going to tolerate VA ECMO
weaning and patients who are not.

2) iEDV is a conventional echocardiographic parameter which allows to
identify patients already on the plateau of the Frank Starling curve and
with a unfavourable oxygen consumption/stroke work production,
consequently more keen on developing adverse clinical outcomes.

3) The increment in CI, iSV and RV longitudinal strain (absolute value)
with the reduction of VA ECMO flow is indicative of VA ECMO
weaning success.

4) In a future study, in order to identify reliable predictors of VA ECMO
weaning success it is fundamental to identify the primary cause and
mechanism responsible for the cardiovascular shock and the cause of
weaning failure.

e Sub-analysis based on the cause of shock may clarify the picture;

e Cardiac outcomes should be the principal focus for weaning failure.
Other outcomes are useful in terms of prognosis assessment, but they
may confound the interpretation of results.

5) LV circumferential strain and RV free wall longitudinal strain appear to
be interesting parameters indicative of weaning success. However, it is
necessary to prolong the pilot study recruitment to confirm their
potentialities and utility.

6) This study provided the experience necessary to calculate an adequate

sample size for a validation trial.
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PERSPECTIVES FOR A FUTURE VALIDATION TRIAL

Delivering this pilot study offered the opportunity to find several critical issues

which have become crunching food for thoughts.

1) Were the inclusion/exclusion criteria too stringent? Should they be

confirmed?

Yes they were, but they had/have to be. The idea of this study was developed by
observing intensivists in the process of the decision making. It is obvious that
some patients cannot tolerate VA ECMO removal: with the decrease of the VA
ECMO support, lactate level increases, arterial pressure drops significantly and
oxygen saturation worsen. For these patients, there are no doubts, they must
undergo HT, VAD implantation or a decision for palliation must be made. In this
study what we wanted to address were the grey zones: patients who were judged
able to be liberated from VA ECMO, but they unexpectedly had a relapse. The
decision to exclude patients who were on super urgent list for VAD/HT was due
to that, as weaning in these patients is not taken into consideration, consequently
they do not undergo a proper VA ECMO weaning trial. Another important point
was the decision to exclude patients in atrial fibrillation during VA ECMO
weaning trial. Atrial fibrillation (AF) causes variability in stroke volume and
cardiac contractility(104). Since we wanted to use speckle tracking to assess
myocardial contractility, we decided to avoid AF as confounder on our analysis.
Further, it was decided to avoid to recruit primary graft dysfunction HT patients
because it was judged a too peculiar population which could bias our data(105).
This was a correct thought, which should also be extended to other specific
populations such as Grown-Up Congenital Heart Disease who are patients who
may have some particularly altered anatomy and circulation (for example Fontan

circulation)(106).
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2) Is this pilot study obsolete in the era of ECMELLA (VA ECMO + Impella

as venting system)?

This pilot study was developed when the ECMELLA concept was still not
diffused. The decision to exclude patients with both Impella and VA ECMO was
due to the fact that Impella is a venting system acting on the preload, which
determines an important alteration in pressure-volume loops and areas(42), adding
another variable to be considered and hindering the assessment of the contractile
reserve which depends on the preload(97). Indeed, in a study on an animal model,
Impella determined a reduction EDV and contractility assessed by strain
(circumferential and longitudinal strain became more positive)(107). The effect of
Impella on strain may be applied to all the venting system acting on preload, and
consequently this has to be considered in a future validation trial. However, at
present, the use of ECMELLA is spreading. Indeed 17% of the screened VA
ECMO patients had Impella as venting system. The beneficial effects of Impella
as venting system are: intraventricular thrombosis preventions, myocardial oxygen
consumption reduction and coronary perfusion(59,60). The combination of
Impella and VA ECMO appears to reduce mortality in VA ECMO
patients(58,108), however randomised controlled trials are needed. Considering
the advantages of Impella alone (non-inferiority of Impella compared to VA
ECMO in particular populations) or the ECMELLA combination, it is expected a
rise in the use of Impella device, especially in some conditions like cardiogenic
shock due to myocarditis or myocardial infarction, where the reduction of
myocardial oxygen consumption and the improvement of coronary perfusion are
beneficial(98,109). However, VA ECMO and Impella offer two different types of
support. VA ECMO gives circulatory (adapt to distributive shock, RV and or LV
failure) and respiratory support. Conversely, Impella is specifically a circulatory
support which provides a constant cardiac output which varies depending on the
model (Impella 2.5; Impella CP, Impella 5). If Impella is used, it is particularly
important to identify whether there is a LV failure (Impella 2.5; Impella CP,
Impella 5) or RV failure (Impella RP) and the entity of the cardiogenic shock. It

has also been described the combination of two Impellas one for the RV and one
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for the LV (BIPELLA)(110). Considering the variety of causes of cardiovascular
shock and the different patients’ characteristics, the choice of the MCS device
should be tailored on patient’s requirements. In some patients VA ECMO alone or
VA ECMO combined with TABP is still the best choice. Furthermore, in some
countries the ECMELLA solution may be too expensive. In conclusion, a
multicentre study focusing on predictors of VA ECMO weaning success designed

with the inclusion/exclusion criteria of this pilot study is not obsolete.

3) This pilot study is the stepping stone for the development of a multicentre

study.

From graphical analysis of the data, circumferential strain and RV free wall
longitudinal strain appear to be two interesting parameters, but their potentialities
could not be properly assessed so far because of a low number of events (1 cardiac
outcomes every 6 VA ECMO weaned patients). If the parameters will confirm
their potentialities (by recruiting some more patients) a proper sample size
calculation for a multicentre study may be performed. For the variable
circumferential strain, 108 patients in the "outcome free group" and 18 patients in
the "cardiac outcome group" (allocation ratio: 1/6) are required to have a 90%
chance of detecting, as significant at the 5% level, a difference of 5% between
“outcome free group” and “cardiac outcome group”. For the variable RV free wall
longitudinal strain, 120 patients in the "outcome free group" and 20 patients in the
"cardiac outcome group" (allocation ratio: 1/6) are required to have a 90% chance
of detecting, as significant at the 5% level, a difference of 4% between “outcome
free group” and “cardiac outcome group”. Since exploratory studies suggest that
outcomes have a skewed distribution, group sizes will be divided by 0.864 to

allow for non-parametric analysis as suggested by Randle et al (111).

4) Improvement of the RV assessment in a future trial.

As mentioned above, RV free wall longitudinal strain is a promising parameter to

be further investigated. RV assessment is becoming the topic of recent research
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studies, and cardiologists and cardiac intensivists are focusing more and more
their attention on this cardiac chamber(76,87). In reference to the study of this
cardiac chamber, compared to transthoracic echocardiogram (TTE), TOE is not
the best imaging method to assess RV, and VA ECMO patients generally have
poor quality transthoracic images. Although this caveat, the preliminary results of
the present study suggest that a more systematic study of the RV may give useful
prognostic information. Thus in a future validation study, the RV should be
analysed by combining TOE with good quality TTE images (when possible) at the
moment of VA ECMO weaning trial. In this way, an additional analysis of the
transthoracic parameters (conventional and speckle tracking) recorded could be
performed. It is worth noting that TOE method was chosen in this pilot study and
should remain (in a future validation study) the primary method to assess the heart
function, because it is the only imaging method which guarantees the quality of
images necessary to perform speckle tracking in almost all the patients. TTE was
excluded as primary method of heart evaluation in this pilot study because it
would have raised much more the number of dropouts due to quality of images
and logistical problems. Indeed, VA ECMO weaning trial with both TTE and
TOE can be performed only in ICU, where it is possible to switch ultrasound
probe easily (this is almost impossible in operating theatre, where sterility of the

surgical field is mandatory).
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APPENDIX

Outcome in variables Ejection Fraction, LVOT VTI, indexed stroke volume,

cardiac index: no-occurrence of clinical outcome.

Outcome in variables systolic peak LV longitudinal strain, systolic peak RV free
wall longitudinal strain, systolic peak circumferential strain: occurrence of

clinical outcome.

Ejection fraction detailed report
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(>19.70..) | 100.00% 0.00% 73.68% | 1.0000
(>22.98..) | 100.00% | 20.00% 78.95% | 1.2500 | 0.0000
(>23.88..) | 100.00% | 40.00% 84.21% | 1.6667 | 0.0000
(>26.32..) | 100.00% | 60.00% 89.47% | 2.5000 | 0.0000
(>34.5574) | 92.86% 60.00% 84.21% | 2.3214 | 0.1190
(>34.82..) 85.71% 60.00% 78.95% | 2.1429 | 0.2381
(>36.7835) | 78.57% 60.00% 73.68% | 1.9643 | 0.3571
(=38.27..) 71.43% 60.00% 68.42% | 1.7857 | 0.4762
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(>45.76..) 57.14% 80.00% 63.16% | 2.8571 | 0.5357
(>45.86..) 50.00% 80.00% 57.89% | 2.5000 | 0.6250
(>47.00..) 42.86% 80.00% 52.63% | 2.1429 | 0.7143
(>47.48..) 35.71% 80.00% 47.37% | 1.7857 | 0.8036
(>50.8221) | 28.57% 80.00% 42.11% | 1.4286 | 0.8929

(>55.52.)) 28.57% 100.00% 47.37% 0.7143
(>65.0935) | 21.43% 100.00% 42.11% 0.7857
(=71.49.) 14.29% 100.00% 36.84% 0.8571
(=78.50..) 7.14% 100.00% 31.58% 0.9286
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LVOT VTI detailed report
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18 0.7769 0.1249 0.53211 1.00000
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Indexed Stroke Volume detailed report
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(>20.15..) | 100.00% 0.00% 73.68% 1.0000
(>25.04..) | 100.00% 20.00% 78.95% 1.2500 0.0000
(>25.38..) 92.86% 20.00% 73.68% 1.1607 0.3571
(>25.93.) 85.71% 20.00% 68.42% 1.0714 0.7143
(>26.66..) 85.71% 40.00% 73.68% 1.4286 0.3571
(>27.67..) 85.71% 60.00% 78.95% 2.1429 0.2381
(>28.35.) 78.57% 60.00% 73.68% 1.9643 0.3571
(>28.43) 71.43% 60.00% 68.42% 1.7857 0.4762
(>28.48..) 64.29% 60.00% 63.16% 1.6071 0.5952
(>28.6859) | 57.14% 60.00% 57.89% 1.4286 0.7143
(>31.89.) 57.14% 80.00% 63.16% 2.8571 0.5357
(>32.84..) 50.00% 80.00% 57.89% 2.5000 0.6250
(=235.11..) | 42.86% 80.00% 52.63% 2.1429 0.7143
(>35.54.) 35.71% 80.00% 47.37% 1.7857 0.8036
(>41.25..) | 28.57% 80.00% 42.11% 1.4286 0.8929
(>42.94..) | 21.43% 80.00% 36.84% 1.0714 0.9821
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(>49.61.) 14.29% 80.00% 31.58% 0.7143 1.0714
(>56.3271) | 14.29% 100.00% 36.84% 0.8571
(>68.44..) 7.14% 100.00% 31.58% 0.9286
(>68.44..) 0.00% 100.00% 26.32% 1.0000
ROC Asymptotic Normal
Observations | Area | Standard Error | 95% Confidence Interval
19 0.6857 0.1659 0.360481 1.00000
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Cardiac Index detailed report

- < = = 2 2
(>1.786..) | 100.00% 0.00% 73.68% 1.0000
(>2.184..) | 100.00% | 20.00% | 78.95% 1.2500 0.0000
(>2.205..) | 92.86% 20.00% | 73.68% 1.1607 0.3571
(>2.264..) | 85.71% 20.00% | 68.42% 1.0714 0.7143
(>2.310..) | 85.71% 40.00% | 73.68% 1.4286 0.3571
(>2.504..) | 85.71% 60.00% | 78.95% 2.1429 0.2381
(=2.56789) | 78.57% 60.00% | 73.68% 1.9643 0.3571
(>2.714.)) | 71.43% 60.00% | 68.42% 1.7857 0.4762
(>2.91769) | 64.29% 60.00% | 63.16% 1.6071 0.5952
(=3.101..) | 64.29% 80.00% | 68.42% 3.2143 0.4464
(=3.270..) | 57.14% 80.00% | 63.16% 2.8571 0.5357
(=>3.371..) | 50.00% 80.00% | 57.89% 2.5000 0.6250
(>3.527..) | 42.86% 80.00% | 52.63% 2.1429 0.7143
(>3.62374) | 35.71% 80.00% | 47.37% 1.7857 0.8036
(=3.702..) | 28.57% 80.00% | 42.11% 1.4286 0.8929
(>4.219.)) | 21.43% 80.00% | 36.84% 1.0714 0.9821
(>4.403..) | 21.43% | 100.00% | 42.11% 0.7857
(>5.064..) | 14.29% | 100.00% | 36.84% 0.8571
(>5.465..) 7.14% 100.00% | 31.58% 0.9286
(>5.465..) 0.00% 100.00% | 26.32% 1.0000

ROC Asymptotic Normal

Observations | Area | Standard Error | 95% Confidence Interval

19 0.7143 0.1536 0.41327 1.00000
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Systolic peak longitudinal strain detailed report

?, g % g = -
=4 g g &
(>-19.216) | 100.00% | 0.00% 26.32% 1.0000
(>-16.8..) 80.00% 0.00% 21.05% 0.8000
(>-16.5..) 80.00% 7.14% 26.32% 0.8615 2.8000
(>-15.1.) 80.00% 14.29% | 31.58% 0.9333 1.4000
(>-14.1.) 80.00% | 21.43% | 36.84% 1.0182 0.9333
(>-12.6..) 80.00% | 28.57% | 42.11% 1.1200 0.7000
(>-11.3.) 80.00% | 35.71% | 47.37% 1.2444 0.5600
(>-10.805) | 80.00% | 42.86% | 52.63% 1.4000 0.4667
(>-10.7..) 80.00% | 50.00% | 57.89% 1.6000 0.4000
(>-10.2..) 60.00% | 50.00% | 52.63% 1.2000 0.8000
(>-9.8774) | 40.00% | 50.00% | 47.37% 0.8000 1.2000
(>-9.0454) | 40.00% | 57.14% | 52.63% 0.9333 1.0500
(>-8.4884) | 40.00% | 64.29% | 57.89% 1.1200 0.9333
(>-8.38..) 40.00% | 71.43% | 63.16% 1.4000 0.8400
(>-7.77..) 40.00% | 78.57% | 68.42% 1.8667 0.7636
(>-7.6913) | 20.00% | 78.57% | 63.16% 0.9333 1.0182
(>-7.6835) | 20.00% | 85.71% | 68.42% 1.4000 0.9333
(>-5.8978) | 20.00% | 92.86% | 73.68% 2.8000 0.8615
(>-5.02..) 0.00% 92.86% | 68.42% 0.0000 1.0769
(>-5.02..) 0.00% 100.00% | 73.68% 1.0000
ROC Asymptotic Normal

Observations | Area | Standard Error | 95% Confidence Interval

19 0.5429 0.1767 0.19661 0.88910
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Systolic peak RV free wall longitudinal strain detailed report
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(>-22.2..) | 100.00% | 0.00% 29.41% | 1.0000

(>-21.0..) | 100.00% | 8.33% 35.29% | 1.0909 | 0.0000

(>-18.6..) 100.00% | 16.67% | 41.18% | 1.2000 | 0.0000

(>-18.4..) ]100.00% |25.00% |47.06% | 1.3333 | 0.0000

(>-16.2..) ]100.00% |33.33% | 52.94% | 1.5000 | 0.0000

(>-16.1..) 100.00% | 41.67% | 58.82% | 1.7143 | 0.0000

(>-16.0..) 100.00% | 50.00% | 64.71% | 2.0000 | 0.0000

(>-14.7..) 100.00% | 58.33% | 70.59% | 2.4000 | 0.0000

(>-12.3.)) | 100.00% | 66.67% | 76.47% | 3.0000 | 0.0000

(>-12.312) | 80.00% | 66.67% | 70.59% | 2.4000 | 0.3000

(>-12.0..) | 80.00% | 75.00% | 76.47% | 3.2000 | 0.2667

(>-11.014) | 60.00% | 75.00% | 70.59% | 2.4000 | 0.5333

(>-9.72..) |40.00% | 75.00% | 64.71% | 1.6000 | 0.8000

(>-9.01..) ]20.00% | 75.00% | 58.82% | 0.8000 | 1.0667

(>-8.99..) ]20.00% |83.33% | 64.71% | 1.2000 | 0.9600
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(>-8.98..) | 0.00% 83.33% | 58.82% | 0.0000 | 1.2000

(>-7.12..) | 0.00% 91.67% | 64.71% | 0.0000 | 1.0909

(>-7.12..) | 0.00% 100.00% | 70.59% 1.0000

ROC Asymptotic Normal

Observations | Area | Standard Error | 95% Confidence Interval

17 0.7500 0.1238 0.50744 0.99256
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Systolic peak circumferential strain detailed report
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(>-27.2..) | 100.00% | 0.00% 22.22% | 1.0000

(>-23.6..) | 100.00% | 7.14% 27.78% | 1.0769 | 0.0000

(>-20.7..) | 100.00% | 14.29% | 33.33% | 1.1667 | 0.0000

(>-19.3..) | 100.00% | 21.43% | 38.89% | 1.2727 | 0.0000

(>-18.1..) | 100.00% | 28.57% | 44.44% | 1.4000 | 0.0000

(=-17.0..) | 75.00% | 28.57% |38.89% | 1.0500 | 0.8750

(>-16.6..) | 50.00% | 28.57% | 33.33% | 0.7000 | 1.7500

(>-16.4..) |50.00% |35.71% | 38.89% | 0.7778 | 1.4000

(>-14.53) | 50.00% | 42.86% | 44.44% | 0.8750 | 1.1667

(>-14.4.)) |50.00% | 50.00% | 50.00% | 1.0000 | 1.0000

(>-13.945) | 50.00% | 57.14% | 55.56% | 1.1667 | 0.8750

(>-13.578) | 50.00% | 64.29% | 61.11% | 1.4000 | 0.7778

(>-10.7..) | 50.00% | 71.43% | 66.67% | 1.7500 | 0.7000

(>-10.482) | 50.00% | 78.57% | 72.22% | 2.3333 | 0.6364

(>-9.64) 50.00% | 85.71% | 77.78% | 3.5000 | 0.5833

(>-7.3382) | 50.00% | 92.86% | 83.33% | 7.0000 | 0.5385

(>-6.1491) | 50.00% | 100.00% | 88.89% 0.5000
(>-5.1007) | 25.00% | 100.00% | 83.33% 0.7500
(>-5.1007) | 0.00% 100.00% | 77.78% 1.0000
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ROC Asymptotic Normal

Observations | Area | Standard Error | 95% Confidence Interval

18 0.6429 0.2155 0.22048 1.00000
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Area under ROC curve = 0.6429
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