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Abstract

The ultimate goals of cardiovascular physiology are to ensure adequate end-organ perfusion to satisfy the local metabolic
demand, to maintain homeostasis and achieve ‘milieu intérieur’. Cardiogenic shock is a state of pump failure which results in
tissue hypoperfusion and its associated complications. There are a wide variety of causes which lead to this deranged physiology,
and one such important and common scenario is the post-cardiotomy state which is encountered in cardiac surgical units. Veno-
arterial extracorporeal membrane oxygenation (VA-ECMO) is an important modality of managing post-cardiotomy cardiogenic
shock with variable outcomes which would otherwise be universally fatal. VA-ECMO is considered as a double-edged sword
with the advantages of luxurious perfusion while providing an avenue for the failing heart to recover, but with the problems of
anticoagulation, inflammatory and adverse systemic effects. Optimal outcomes after VA-ECMO are heavily reliant on a multi-
tude of factors and require a multi-disciplinary team to handle them. This article aims to provide an insight into the pathophys-
iology of VA-ECMO, cannulation techniques, commonly encountered problems, monitoring, weaning strategies and ethical
considerations along with a literature review of current evidence-based practices.
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Introduction conventional circulatory support methods have proved refrac-

tory in the operating room (OR)/intensive care unit (ICU).

Inability to wean off cardio-pulmonary bypass (CPB) is a
morbid condition associated with cardiogenic shock second-
ary to impaired myocardial contractility. Once the vicious
cycle sets in, vital organ perfusion is compromised, culminat-
ing in severe metabolic derangement. The incidence of refrac-
tory cardiogenic shock post cardiotomy ranges from 0.5 to 6%
[1, 2] with a mortality rate as high as 40% [3]. Veno-arterial
extracorporeal membrane oxygenation (VA-ECMO) has
gained popularity over the years as a ‘bailout’ option after
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VA-ECMO facilitates luxurious end-organ perfusion and ad-
equate gas exchange and supports organ functionality
allowing time for recovery/ bridge to decision. However, its
usage has not been directly linked with early positive out-
comes with few articles reporting increased mortality [4—6].
Post-cardiotomy VA-ECMO is used in both adult and paedi-
atric populations [4].

Background

The worldwide incidence of instituting post-cardiotomy VA-
ECMO varies between 0.4 and 3.7% [4]. The Extracorporeal
Life Support Organization (ELSO) database states a substan-
tial increase in its use over the last decade. The patient popu-
lation in which this therapy has been used for dealing with
post-cardiotomy cardiogenic shock (PCCS) included those
with renal insufficiency, prior myocardial infarction, critical
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left main coronary artery disease, redo-surgery and severe left
ventricular (LV) dysfunction [7]. Age is not a contraindication
for this therapy. VA-ECMO has been used to tide over pa-
tients with PCCS covering the ambit of cardiac surgery and
transplantation.

Post-cardiotomy VA-ECMO
Cannulation

Cannulation is the first decisive step for a smooth ECMO run that
can be either central (atria-aortic) or peripheral (femoral vein-
femoral artery/axillary artery) (Fig. 1). A meta-analysis favours
the peripheral route due to lesser transfusions, bleeding/
tamponade events and lower mortality [8]. However, these ob-
servational studies were based on a small sample size without
accounting for confounding factors like the patient pre-initiation
condition, effect of LV unloading and the timing of ECMO
initiation. Notably, the use of temporary mechanical support
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Fig. 1 Cannulation routes and ECMO circuitry. Figure depicting the
circuit components of V-A ECMO when used centrally or peripherally

following PCCS is associated with higher vascular complications
when the duration exceeds 10 days [9] and incidence of ampu-
tation even with distal limb perfusion is 3.2% [10].

Effect of LV venting

Offloading the LV reduces the myocardial oxygen demand
and allows for quicker myocardial recovery with higher sur-
vival rates. The decision on cannulation should be expeditious
with minimal blood loss ensuring the myocardium is fully
rested to hasten recovery and is fundamental in ensuring sur-
vival following PCCS. Techniques of venting include inser-
tion of an intra-aortic balloon pump (IABP), atrial septostomy,
percutaneous ventricular assist device (VAD) or direct cannu-
lation of the LV apex [11].

Monitoring and maintenance on VA-ECMO

Standard monitoring includes mean arterial pressure (MAP),
central filling pressures, temperature, pulse oximetry and urine
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output. Cardiac output (CO) measurement by thermodilution
technique is overestimated whereas pulse contour analysis is
unreliable due to non-pulsatility [12]. Abnormal rhythm leads
to ineffective LV ejections resulting in LV distension and myo-
cardial injury. Presence of an LV vent prevents distension while
reversal to sinus rhythm can be achieved by cardioversion, anti-
arrhythmics, pacing or ablation [13]. LV pulsatility is assessed
by arterial pressure waveform. MAP is maintained in a range of
65-90 mmHg to ensure vital organ perfusion [14].

Temperature monitoring is crucial as ECMO has cooling ef-
fects and temperature elevations beyond the ‘defined temperature
regulated range’ signal infection. Vascular access, urinary cathe-
ter, pneumonia and surgical wound sites are potential sources of
infection [15]. Hypothermia worsens coagulopathy and platelet
dysfunction [16]. Transcranial Doppler, near-infrared spectrosco-
py (NIRS) and cerebral oximetry monitoring can detect cerebral
hypoperfusion and upper body hypoxaemia. NIRS helps to iden-
tify lower-extremity ischaemia in peripheral arterial cannulation
[17]. In VA-ECMO, total systemic flow equals the sum of pump
flow plus native CO. Cannulae selected should provide 50—
75 mL/kg/min of flow, and when flows are maintained at 80%,
it avoids stasis in the pulmonary vasculature [15]. Sweep gas
flow titration regulates carbon dioxide (CO,) levels while oxy-
genation depends on the fraction of delivered oxygen (O,), oxy-
genator blood flow and exposed surface area [13].

VA-ECMO is not an indication for mechanical ven-
tilation, and patients may be extubated on VA-ECMO
support [18]. For patients who require mechanical ven-
tilation, there is limited data on optimal ventilation strat-
egies. Extrapolating veno-venous ECMO (VV-ECMO)
literature, lung protective ventilation is commonly rec-
ommended, with 4-6 mL/kg tidal volume, 10 cm H,O
positive end expiratory pressure (PEEP) and plateau
pressure <25 ¢cmH,O to maintain <15 cmH,0 driving
pressure (inspiratory pleural pressure—PEEP) [14].
Unfractionated heparin (UFH) remains the mainstay of
anticoagulation due to quick onset of action and rapid
reversibility. Heparin monitoring relies on activated par-
tial thromboplastin time (aPTT) and anti-Xa activity
while activated clotting time (ACT) is unreliable in
low to moderate doses of heparin (7.5 to 50 IU/kg/h)
[19]. Echocardiography enables assessment of
biventricular function, aortic valve opening, cannula po-
sition, pericardial and pleural effusions and ventricular
thrombus formation [12]. Mixed venous saturations
(ScvO,) and lactate levels are monitored for adequacy
of tissue perfusion and O, delivery to end organs.
Elevated lactate levels reflect tissue hypoxia and are
associated with mortality [20]. Plasma free haemoglobin
(PFHDb) monitoring indicates haemolysis occurring in the
ECMO circuit. PFHb levels > 50 mg/dL increase risk of
thrombosis due to affinity of the von Willebrand factor
to platelet glycoprotein GPIb [21].

Weaning from ECMO

No guidelines exist to decide the optimal time of weaning.
Recovery of adequate cardiac and respiratory function is a
pre-requisite. Some authors suggest weaning as early as 48—
72 h [22] but rarely beyond 15 days, except in cases of post-
heart transplantation for resolution of pulmonary hypertension
[4]. Recovery of cardiac function in the post-cardiotomy set-
ting is limited and rare beyond 7 days [15, 23]. A longer
duration of support is associated with increased complications
and mortality [23]. Weaning is by a multidisciplinary consen-
sus. Cardiac index, pulmonary capillary wedge pressure, cen-
tral venous pressure, pulse pressure > 10 mmHg and MAP >
60 mmHg with minimal haemodynamic support are indicators
of cardiac function recovery [24]. Resolution of pulmonary
oedema, lung recruitment manoeuvres and clearing of airway
secretions by bronchoscopy to ensure partial pressure of O,
(PaO,)/fraction of inspired O, (FiO,) ratio > 200, FiO, < 60%
on the ventilator and FiO, < 50% on ECMO circuit are desir-
able [24, 25]. Although end-organ recovery to pre-ECMO
levels is important [15], complete recovery from acute tubular
necrosis can take weeks; hence, complete resolution of renal
function is not mandatory before weaning. The patient can be
supported with haemodiafiltration during this period [26].

Weaning trial

A weaning trial assesses suitability to separate from the
ECMO machine. Assessment of right ventricular (RV) func-
tion is crucial [26]. ECMO flows are reduced gradually with
inotropic and respiratory support whilst being monitored by
clinical and echocardiographic variables. Cavarocchi et al.
[27] described a 4-stage weaning trial using a miniaturized
transoesophageal echocardiogram (TEE) with 100% positive
predictive value. LV ejection fraction (LVEF) > 20-25%, aor-
tic velocity time integral (VTI) > 10 cm, mitral lateral annulus
systolic velocity > 6 cm/s, RV ejection fraction >24.6%, no
LV or RV distension and ability to maintain MAP with min-
imal inotropic supports indicate the possibility of a successful
wean. Assessments of tricuspid regurgitation, tricuspid annu-
lar plane systolic excursion or LV filling parameters are not
reliable [24]. Among clinical variables analysed, pulsatility
and lactate clearance predicted a successful wean. However,
no threshold was identified [20, 26]. Biomarkers such as N-
terminal fragment of the B-type natriuretic peptide (BNP),
troponin I, the mid regional fragment of the proatrial natriuret-
ic peptide, proadrenomedullin and copeptin have poor predic-
tive ability in VA-ECMO weaning [28].

Weaning approach

Fast and slow weaning strategies have been proposed [26, 29].
Westrope et al. described a unique technique of pump-
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controlled retrograde trial off. Here, the pump speed is gradu-
ally decreased to encourage reversal of flow into the ECMO
circuit which creates a controlled arterio-venous (A-V) shunt
without a steep drop in systemic vascular resistance [30]. The
pulmonary artery catheter is a useful monitoring tool in the
weaning/post-weaning phase [27]. Levosimendan improves
weaning success. It works via non-adrenergic pathways with
active metabolites producing effects that last 7-9 days [31].
Inhaled nitric oxide improves RV function by reducing pul-
monary vascular resistance [32]. Total vessel density and per-
fused vessel density monitoring of sublingual microcircula-
tion have been found to have a good association with aortic
VTI, LVEF parameters during ECMO wean [33].

Discussion

PCCS is an uncommon occurrence with high morbidity and
mortality in cardiac surgery. This low CO state is refractory to
high inotropic and IABP use. In this scenario, VA-ECMO is a
bridge to decision/recovery.

Pathophysiology of ECMO
Cardiovascular system

VA-ECMO drains blood from the venous system and inputs
into the arterial system causing a reduction in RV and LV
preload and improving endocardial blood flow by decreasing
LV end diastolic pressure. LV afterload is increased in higher
MAP states which distends the LV and leads to pulmonary
congestion [34]. The higher flows via ECMO improve macro-
and micro-circulation [35]. Non-pulsatile flow produces atro-
phic changes in the medial layer of the aorta and reduces
vascular contractility [36].

Respiratory system

The ECMO oxygenator is made of microporous polypropyl-
ene membrane containing hollow fibre bundles. The input gas
flows within these bundles while blood passes over it. Gas
exchange is by diffusion. The O, uptake is determined by
FiO,, gradient across membrane fibres, surface area of oxy-
genator and ECMO flow while sweep gas controls CO, elim-
ination. As CO, transfer is six times faster compared to O,,
failure to clear CO, indicates oxygenator failure [34].
Ischaemic damage due to shunting of pulmonary blood flow,
inflammatory activation, collapsed lungs, ischaemia-
reperfusion damage and passive congestion from LV disten-
sion contribute to ECMO-induced lung damage [37].
Extubation is recommended to reduce lung damage.
However, patients have reduced alveolar ventilation second-
ary to CO, clearance by ECMO. To prevent post-extubation

atelectasis, it is important to maintain CO, and pH levels by
non-invasive ventilation along with sweep gas flow titration
[38]. Although VA-ECMO provides gas exchange in addition
to circulatory support, native lung function is important in
peripheral ECMO as myocardial and cerebral oxygen delivery
is determined by O, content of blood exiting the LV [39].

Neurological system

Studies comparing pulsatile with non-pulsatile flows have
found maintained cerebral metabolism and autoregulation
with both patterns provided MAP is > 50 mmHg [40].

Abdomen

Varying levels of organ damage prior to ECMO improve after
establishing adequate flows. Effective venous drainage re-
lieves congestion, further improving organ circulation.
Pulsatile flow enhances end organ recovery and splanchnic
circulation compared to non-pulsatile flows although micro-
circulation is maintained in both patterns [41]. Rate of renal
recovery is comparable in either flow patterns [40]. There is
no difference in clinical outcomes in either pattern provided
adequate flows are maintained [41].

Lymphatic system

Lymph flow is dependent on muscle activity and pulsatility.
Arterial pulsation is a primary determinant of lymphatic drain-
age in supine patients. Non-pulsatile flows lead to peripheral
oedema and intestinal congestion [40].

Inflammatory response

The blood-material interface activates coagulation, fibrinolytic
and inflammatory systems releasing proinflammatory media-
tors that lead to endothelial injury and neutrophil activation
affecting other organ systems. Mast cell degranulation produces
vasoplegia requiring vasoconstrictors to maintain MAP [15].

Table 1 Major complications of extracorporeal life support (ECLS)

Mechanical (ECLS circuit related)
complications

Patient-related complications

Clots in the circuit Surgical site bleeding

Air in the circuit Access site bleeding
Oxygenator failure GI haemorrhage
Pump failure Intracranial haemorrhage
Tubing rupture Cardiac tamponade

Haemolysis
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Complications of ECMO support

Major complications can be broadly divided into circuit-
related and patient-related factors (Table 1). The commonest
mechanical complication is thrombosis within the circuit [42].
Thrombosis starts in areas of low flow and increases turbu-
lence. Clots on the arterial side of the circuit have a risk of
embolization into systemic circulation and should be immedi-
ately addressed. Clots on the venous side can cause coating of
oxygenator and its failure [43]. Even when visible clots are
absent, microthrombi and fibrin deposits on the oxygenator
reduce its efficiency over time due to suboptimal gas ex-
change. This is more common, but not limited to long
ECMO runs. Air can enter into the circuit via loosely attached
connectors, inadvertently open access ports or tube defects.
This can be catastrophic by bringing the pump to a halt. Air
on the arterial side can embolize as well. In view of the critical
nature of the patient subset undergoing ECMO therapy, com-
plications can have a significant impact on outcomes [44].

Bleeding

Disseminated intravascular coagulation and acquired von
Willebrand disease are seen in patients on ECMO due to ac-
tivation of the coagulation cascade with resultant consumption
coagulopathy with a 10-30% incidence of bleeding [45]. The
commonest sources of bleed are surgical and cannulation
sites. Intra-thoracic, intra-abdominal and intra-cranial bleeds
can also occur [44]. Incidence of reopening for tamponade or
haemorrhagic complications can be as high as 40%, paving
the way for low-dose heparin protocols during the mainte-
nance phase of ECMO [46]. Lower antithrombin III levels
are associated with higher transfusion requirements and mor-
tality rates [47]. Replacement of blood components is based
on haematocrit (hct), ACT, prothrombin time (PT) and aPTT
ratios. Point-of-care testing like thromboelastography (TEG)
and rotational thromboelastometry allows for quick interven-
tion and specific corrections thereby reducing risk of volume
overload and inflammatory/immunological activation. The
recommended target ACT is 200-220 s which is reduced to
170-190 s in the event of bleeding. An international normal-
ized ratio (INR) of > 1.5 warrants correction with fresh frozen
plasma, and maintaining platelet count of > 50,000/mm? is
recommended. Activated factor VII (VIla) is used as a last
measure when other modalities have failed. Extreme care is
exercised when VlIla is used and a lower dose of 25-50 ug/kg
is recommended as opposed to a conventional dose of 50—
90 pg/kg to avoid an inadvertent pro-thrombotic state [44].

Problems associated with anticoagulation

UFH is the anticoagulant recommended for initiating and
maintaining ECMO support as per 2014 ELSO guidelines

[48]. Heparin-induced thrombocytopenia (HIT) is associated
with usage of UFH. HIT is an immune-mediated pro-throm-
botic condition characterized by antibodies to the heparin-PF4
complex on platelet surfaces which induces thrombosis. It has
an incidence of 0.5-5% and mortality rate of 42% [49].
Bivalarudin, a direct thrombin inhibitor, is an alternative anti-
coagulant for HIT-positive patients. TEG and aPTT ratio are
used to monitor anticoagulation [50].

Gastrointestinal complications

The incidence of gastrointestinal (GI) bleeding is 6-13.5%
secondary to reduced gut perfusion, decreased gastric pH
leading to stress ulcers and A-V malformations in the small
bowel as a result of non-pulsatile flows [51]. Other contribut-
ing factors for GI bleeding include anticoagulation, coagulop-
athy, thrombocytopenia, platelet dysfunction, acquired von
Willebrand syndrome and hyperfibrinolysis. GI bleed com-
monly occurs around the 11th day of ECMO [52]. Elderly
patients and need of high-volume red blood cell transfusion
were associated with higher mortality [53]. ELSO registry
data showed high mortality from GI bleed in contrast to recent
studies [51, 52]. No specific guidelines for prevention of GI
bleeding are available. A meta-analysis in critically ill patients
showed that proton pump inhibitor prophylaxis reduces inci-
dence of GI bleed, albeit with higher risk of ventilator-
associated pneumonia (VAP) [54]. ELSO guidelines recom-
mend correction of coagulation followed by endoscopy and
endotherapy. Endotherapy using haemospray, fibrin glue, cy-
anoacrylate, cautery and clips has been used to control GI
bleeding successfully [S1].

Altered liver functions on ECMO

Hyperbilirubinaemia and elevated liver enzymes are com-
monly seen in patients on ECMO and are challenging to man-
age due to limited therapeutic options. Pre-existing liver dis-
ease can manifest as acute liver dysfunction on ECMO. When
associated with cardiorespiratory problems, passive hepatic
congestion can lead to chronic changes and fibrosis [55].
The current concept of ‘two hit” ischaemic liver injury hap-
pens when a liver primed by such chronic congestion experi-
ences acute hypoperfusion causing a rapid spike in aspartate
transaminase (AST) and alanine transaminase (ALT) levels
followed by hyperbilirubinaemia [56]. Hyperbilirubinaemia,
an independent predictor of poor outcomes, occurs due to a
combination of extracorporeal haemolysis and liver dysfunc-
tion [57]. Elevated alkaline phosphatase, lactate and BNP are
associated with poor outcomes [58], while elevated AST and
ALT levels do not seem to be predictive. In patients on
ECMO, studies have shown that baseline Model for End stage
Liver Disease, United Network for Organ Sharing modifica-
tion (MELD UNOS) [59] and Model for End Stage Liver
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Disease score excluding INR (MELD XI) [60] scores can
predict outcomes. Patients on ECMO can develop acute liver
failure (ALF) associated with high mortality. A study has
reported that 8% of extracorporeal life support (ECLS) pa-
tients without pre-existing liver disease developed an ALF-
like picture [61]. In cases where VA-ECMO was used as a
bridge to heart transplant, pre-existing liver dysfunction with
total bilirubin > 120 wmol/L and INR > 3.0 was a predictor of
mortality [62]. Similarly, a MELD UNOS score > 24 has also
been noted to be associated with high mortality [59].
Ischaemic hepatitis and liver congestion are self-limiting,
and measures which improve cardiac function can restore liver
perfusion and aid recovery [55]. Molecular adsorbent recircu-
lation system therapy may be considered in the setting of ALF
as it has been noted to accelerate recovery of liver function and
improve survival [63].

Renal complications

Acute kidney injury (AKI) is seen in 85% of patients
undergoing ECMO with complex multifactorial
aetiology and pathophysiology with majority of them
requiring renal replacement therapy (RRT) [64]. The
most common indication for initiating RRT is to
achieve fluid balance in patients unresponsive to diuret-
ic therapy. Intermittent therapies of RRT are effective in
haemodynamically stable patients; however, the most
common modality used is continuous RRT (CRRT). A
large meta-analysis has shown higher mortality when
RRT was used sparingly in patients on ECMO [65].
RRT can be provided using either an ‘integrated sys-
tem’ or a ‘parallel system’. The integrated system could
be an ‘in-line’ haemofilter or an RRT circuit incorpo-
rated into the ECMO circuit. However, when an inte-
grated RRT circuit is used, there is a risk of micro-clot
formation within the circuit clogging the oxygenator.
Hence, knowledge of intra-circuit pressures, appropriate
modifications in connections of the RRT circuit and
additional regional anticoagulation would be necessary.
On the other hand, a ‘parallel system’ involves a sepa-
rate indwelling vascular catheter to provide RRT,
obliviating the need for additional anticoagulation as
patients are already anticoagulated for ECMO. Close
review and readjustment of prescription is crucial as
per changing needs of the patient. Most studies have
shown that use of CRRT with ECMO is not associated
with increased mortality, and in fact, when used, these
subset of patients needed shorter duration of ECMO.
Data from large ECMO centres have shown that
ECMO survivors who have received RRT have similar
renal outcomes with no increase in incidence of end-
stage renal disease in comparison to patients who did
not receive RRT [66].

Neurological complications

Neurological complications in VA-ECMO are associated with
high mortality and morbidity, with high incidence (7.4—-15%)
across all age groups [67]. This has been attributed to non-
pulsatile flow, low arterial O, saturation in the upper half of
the body and entrainment of unfiltered thrombi into the sys-
temic circulation [68]. Risk factors associated with neurolog-
ical injury in neonates are low birth weight < 3 kg, gestational
age <34 weeks, pre-ECMO cardio-pulmonary resuscitation
(CPR), metabolic acidosis, bicarbonate use and prior ECMO
exposure [69]. Neonates are more susceptible to intracranial
haemorrhage (ICH) (1.4%) as opposed to the paediatric group
(0.9%) and adults (0.4%) [70]. Risk factors in adults include
female gender, central cannulation during cardiac surgery,
thrombocytopenia, serum creatinine >2.6 mg/dL, hypercap-
nia while initiating ECMO, duration of ECMO and use of
anticoagulants. Incidence of acute ischaemic stroke is 3.6—
6% across all age groups which is multifactorial in origin
[68]. Thrombocytosis at ECMO initiation is a potentially
modifiable factor [67]. Brain computed tomography scan
(Fig. 2) is the recommended imaging modality when neuro-
logical deficits are identified since magnetic resonance imag-
ing, despite being more sensitive, is contraindicated during
ECMO [68]. Use of VA-ECMO is associated with a higher
incidence of electrographic seizures (Fig. 3) in neonates
(4.9%) and children (3.3%) as compared to adults (0.5%) [70].

Infections

Nosocomial infection is a major cause of morbidity and mor-
tality on ECMO, with an incidence of 11-64% [71-73]. The

Fig. 2 Non-contrast computed tomography of the brain showing right-
sided intra-parenchymal haemorrhage with peri-haemorrhagic cerebral
oedema and midline shift on day 2 of starting VA ECMO
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rate of infection was highest in adults, followed by paediatric
and neonatal age groups [71, 72]. It is crucial to practice me-
ticulous infection prevention measures. Longer duration of
ECMO support is an independent risk factor for infection
[73]. Bizzarro et al. reported a prevalence of 30.3% in patients
on ECMO > 14 days compared to 6.1% in patients with <
7 days support [71]. Bloodstream infections and VAP were
commonly encountered [74]. The median time interval be-
tween initiation of ECMO and occurence of a bloodstream
infection was 5-8 days [72]. These infections were predomi-
nantly caused by gram-positive organisms (coagulase-nega-
tive Stapylococcus, Enterococcus and Staphylococcus
aureus), Candida and Pseudomonas species [71, 73].

Vascular complications

Vascular complications stem from difficult cannulation, low
flow states and high use of vasoconstrictors. Percutaneous
cannulation techniques in peripheral VA-ECMO can be asso-
ciated with posterior vessel wall perforation resulting in inad-
equate perfusion and subsequent development of a compart-
ment syndrome/retro-peritoneal haematoma [75]. Larger-size
cannulae (> 20F) usage, female gender and associated periph-
eral vascular disease are proven risk factors [44]. Insertion of a
distal perfusion cannula should be considered to augment per-
fusion [76].

Other complications

Differential hypoxia, North-South/Harlequin syndrome, oc-
curs in peripheral VA-ECMO when the heart has recovered
on the backdrop of a lung still lagging behind. The peripheral

Fig. 3 An excerpt of continuous
EEG monitoring of the patient

ECMO cannot compete with native CO, which causes poorly
oxygenated blood supply to the upper half of the body while
the lower half of the body receives well-oxygenated blood
from the circuit [44]. Monitoring the patient’s arterial satura-
tion in the right upper limb helps in diagnosis. Remedial mea-
sures include advancement of inferior vena caval cannula and
delivery of oxygenated blood into the right atrium by veno-
arterial-venous ECMO/ hybrid circuit [77].

ECMO in the paediatric age group

The incidence of PCCS VA-ECMO is 2.2% in paediatric car-
diac surgery [78]. Operative stress and residual lesions added
on to a physiologically compromised heart in congenital heart
disease can predispose to poor cardiac function post-opera-
tively. There is no consensus on the timing to initiate
ECMO in the paediatric population. The indications and con-
traindications of post-cardiotomy ECMO are listed in Table 2.

Pathophysiology of paediatric ECMO

Oxygen extraction ratio (O,ER) is the ratio between oxygen
consumption (VO,) and O, delivery (DO,). Normal O,ER is
1:5 or 20%, derived from ScvO,. DO, reduces in low perfu-
sion states. Up to a certain point, tissues maintain aerobic
metabolism by extracting O, from blood, increasing the cen-
tral venous extraction and O,ER. At an O,ER of 1:2, there is
an imbalance between metabolic demand and aerobic metab-
olism thereby initiating anaerobic metabolism, producing lac-
tate and metabolic acidosis. O, consumption in infants and
children (5-7 mL/kg/min) is more in comparison to that in
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Table 2 Indications and
contra-indications of
post-cardiotomy ECMO

Indications
Failure to wean from CPB
Refractory low CO
Uncontrolled pulmonary hypertension
Postoperative intractable arrhythmias

Cardiac arrest not responsive to
conventional CPR (extracorporeal
cardiopulmonary resuscitation or
ECPR)

Contraindications
Lethal chromosomal abnormalities
Severe irreversible brain injury

Extremely low gestational and weight
(<32 weeks gestation or < 1.5 kg)

Uncontrollable haemorrhage

adults (3—4 mL/kg/min); hence, anaerobic metabolism and
organ damage occur earlier [79].

Anticoagulation in paediatric ECMO

UFH is the mainstay for anticoagulation in children on
ECMO. As HIT is rare in children [80], the need for alterna-
tive anticoagulants seldom arises. ELSO guidelines [81] sug-
gest a bolus dose of 50—-100 units/kg of UFH before cannula-
tion and an infusion of 10—40 units/kg/h for maintenance.
Besides ACT, aPTT ratio, TEG, antithrombin and activated
factor Xa levels are used for titration of anticoagulant.

Management on ECMO

Transthoracic echocardiography (TTE), and catheter-
based diagnostic studies aid in detection of postoperative
residual lesions which, when addressed, help in weaning
from ECMO [82]. The decision to vent the heart is based
on TTE findings. TTE assists in documenting serial ven-
tricular function improvement, identifying pericardial/
pleural effusions, assessing pulmonary hypertension and
shunting at atrial or ventricular levels [83]. All inotropes
are stopped when complete myocardial rest is indicated.
MAP targets are achieved using vasoconstrictors and va-
sodilators. Although there is limited experience,
levosimendan (0.1-0.2 mcg/kg/min for 24 h) can be used
during ECLS to aid weaning [84]. MAP, capillary refill
time, urine output, lactate levels and ScvO, trends are
reliable monitoring tools. A hct of 35% is targeted if
ScvO;, > 75%. In situations of DO,/VO, mismatch/ palli-
ated single-ventricle patients, a higher hct (>40%) is
targetted. Gentle ventilation to achieve 5-6 mL/kg tidal
volume and a PEEP of up to 10 mmHg is preferred to
avoid barotrauma [81]. ECMO circuitry triggers an in-
flammatory response and capillary leak, causing fluid to

shift out of the intravascular compartment. In the back-
drop of intravascular volume depletion secondary to
bleeding, patients are predisposed to prerenal AKI aggra-
vating a pre-existing hypoxic kidney injury. Once volume
status is normalized within 48-72 h, the capillary leak
subsides and diuresis improves [85]. Treatment options
for inadequate diuresis are diuretics, peritoneal dialysis
(PD) and modified ultrafiltration on the circuit. RRT has
not shown to improve mortality in children on ECMO
[86].

Bowel hypoperfusion secondary to low CO, sedative and
paralytic agent usage, vasoconstrictive drugs and gut inflam-
mation can predispose to gastric dysmotility and feed intoler-
ance in a child on ECMO [87]. Regional GI ischaemia causes
hyperlactaemia. Withholding enteral feeds translocates gut
bacteria thereby increasing the risk of sepsis. Starting of tro-
phic feeds once lactate has normalized is a recommended
strategy [88]. Parenteral nutrition is considered when there is
persistent hyperlactataemia or feed intolerance taking on
board the risk of infection [87].

Heparin flush

A-V BRIDGING

Fig. 4 A-V bridging on ECMO consists of a circuit that runs parallel to
the patient with the cannulae in situ but clamped. Heparin flush is
constantly circulated through the cannulae during the clamped interval
to prevent clotting. If there is haemodynamic or respiratory instability,
VA-ECMO is recommenced by just removing the clamps on the venous
and arterial cannulae
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Weaning paediatric hearts from ECMO

The timing and sequence of weaning off ECMO is not standard-
ized. Once the myocardium shows signs of recovery, organ
functions have improved and residual lesions are ruled out or
corrected, full ventilatory support is commenced, inotropes
started to augment cardiac contractility and ECMO flows are
gradually reduced. The left-sided vent, if present, is removed
when sustained ejections are seen. On further weaning to mini-
mal ECMO flows (200 mL/min), TTE is done. Decision is then
taken to decannulate the patient. In borderline cases, A-V bridg-
ing with a trial period off ECMO (14 h) is an option. This
consists of a circuit that runs parallel to the patient with the
cannulae in situ but clamped (Fig. 4). During A-V bridging, if
there is haemodynamic or respiratory instability, VA-ECMO is
recommenced. If the trial period off ECMO is uneventful, the
patient is decannulated [89]. TTE plays a pivotal role during
various stages of weaning and in the post-wean phase [83].

Special considerations in patients with functionally
univentricular hearts

Palliative surgery for univentricular hearts poses special chal-
lenges on ECMO. In infants with single ventricular physiolo-
gy and systemic to pulmonary shunts, the shunt has to be
partially occluded to counter pulmonary steal. The alternative
is to target higher flows [90]. The success rate for ECLS, post
Glenn and Fontan procedures is lower. The reasons are mul-
tifactorial, including complex physiology and altered cardiac
anatomy, the presence of atrioventricular valve regurgitation,
previous surgeries, the need for multiple drainage cannulae
and the inability to achieve full flows on ECMO [91].

Survival and outcomes

Success after ECMO typically is defined as survival to hospital
discharge after a successful wean [26]. For PCCS VA-ECMO,
the average survival rate across all age groups is 46.3% [70]. The
indicators of poor outcome have been outlined as advanced age,
redo-valve surgery and climbing lactate levels. Pre-operative
pulmonary hypertension had no bearing on mortality [92]. The
S-year survival rate was 56% for patients discharged from the
hospital while 63% for patients surviving at 30 days [93].
Discharge from hospital is the most important predictor of suc-
cessful outcome [2]. Lai et al. concluded that a small percentage
of patients especially in a high-volume centre would benefit from
additional ECMO therapy if their cardiopulmonary function de-
clined. Additionally, a higher incidence of infection and need for
RRT was reported in this subset [93]. Literature per se is nebu-
lous about the quality-of-life predictors after ECMO. Studies
have shown 15% mortality within 3 months of hospital discharge
and this increases to 24% over a 3-year period [94]. On the
contrary, studies have depicted 15.7% survival at 18 months

without elaborating on the quality of life [95]. The New York
Heart Association (NYHA) class is a good tool for ascertaining
functional status in ECMO survivors [96]. Functionality status of
survivors have been diverse, ranging from NYHA class -1V
indicating survivors can achieve a reasonable quality of life.
Chen et al. have reported a higher readmission rate during the
first year of follow-up resulting in higher medical expenditure.
Infections and cardiac events were stated as common causes of
mortality/morbidity in the follow-up period [97].

Cost implications

Literature has extensively debated on the cost-effectiveness of
ECMO. Several analyses have deemed ECMO to be an ex-
pensive therapy amounting to an average of $92,600 per case
in the USA and have recommended package payments to
buoy individual institutes delivering this service [98]. In the
UK, mechanical support is funded only when it has been ad-
vocated as a bridge to transplantation [99]. There has been no
such cost analysis done in the Indian subcontinent. The aver-
age cost of initiating ECMO in India is meagre compared to
the west. However, additional costing gets added on to patient
maintenance in the ICU, which could include RRT, medica-
tion, imaging, laboratory and transfusion costs. By advocating
a wholesome package module, the implications of cost can be
negated with the outcome benefits.

Ethical considerations

From an ethical viewpoint, three perspectives have to be con-
sidered: surgeons, the patient’s family and financial implica-
tions. A surgeon would look forward to successful outcomes,
but, when faced with a situation of inability to wean off CPB,
it is normal to consider options for recovery even if chances of
successful outcome is low. The patient’s family should be
briefed about the condition and given an opportunity to par-
take in the decision-making. Financial implications of ECMO
need be explained as healthcare in India is not funded. Though
the cost of initiation of ECMO is finite, duration and end-point
are difficult to ascertain and costs are impractical to calculate.
There are situations where hospitals or other payers like insur-
ance will meet the additional expense, but that is the exception
rather than the rule. These nuances should be discussed and
documented to enable the family to make an informed deci-
sion. Counselling and communication is key to supporting the
family through this tumultuous phase.

ECMO in the Indian subcontinent

VA-ECMO has made inroads into the management of PCCS in
India. Bearing its cost implications, it has yet to make a signif-
icant impact in the management of these subset of patients. At
Narayana Institute of Cardiac Sciences (NICS), Bangalore,
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India, we on an average perform about 110-115 ECMO runs a
year, a majority of which are post-cardiotomy ECMO runs.

Considering the factors influencing cannulation, our insti-
tutional preference is the central route. If the patient presents
with PCCS, our cannulation sites are the right atrial appendage
and the ascending aorta close to the sino-tubular junction. We
have observed Harlequin syndrome in those patients with high
aortic cannulation, and these patients presented with persistent
ventricular fibrillation and altered sensorium. This was due to
deoxygenated blood from the LV selectively streaming into
coronaries and the right innominate artery. This was promptly
reversed by changing to a lower cannula position. Cannulae
are snugged using rubber spigots, following which they are
tunnelled sub-xiphoid and chest closed with sternal wires.
Absolute haemostasis is imperative. A common bleeding
point is the aortic cannulation site. For this, 2 rows of purse
strings are used that encompass the cannula twice causing a
cuff of adventitia to evert around the cannula to stop further
bleeding.

For LV venting, our strategy is to cannulate the LV apex
directly with a separate limb to the inflow circuit (Fig. 1). We
keep a dedicated flow sensor on this limb to detect low flow.
An obvious disadvantage of this is formation of a LV clot
around the cannula inflow. This is prevented by maintaining
a higher aPTT ratio and using a larger-sized cannula. The
decision to vent the left heart is based upon the disappearance
of ejections on the arterial trace, presence of spontaneous echo
contrast on TEE, inadequate flows with obvious signs of LV
distention and to prevent Harlequin syndrome in peripheral
cannulation. We strongly believe in central cannulation for
the following reasons:

* Ensure maximal flow using the largest possible cannula.

* Unload the left heart with easy access to venting sites.

e Convert CPB cannulae to ECMO cannulae, tunnel lines
and close the chest. The bleeding is less when compared to
an open chest as the marrow is approximated.

»  With the chest closed, the patient can be extubated and
ambulated.

* Easy conversion of ECMO to temporary VAD support.

At our institute, the weaning process starts in the ICU and
the final stage happens in the OR under TEE guidance. The
patient is primed with levosimendan overnight without a load-
ing dose. The ventilator is adjusted for optimal gas exchange.
Haemodynamic variables are monitored using echocardiogra-
phy and a pulmonary artery catheter. Metabolic stability is
monitored by trends in lactate level, base excess in arterial
gases and ScvO, monitoring. Anticoagulation is maintained
with aPTT 45-60 s or ACT 200-220 s. Flows are reduced by
0.5 L/min every 2nd hourly till a flow of 30% is achieved. If a
LV vent is in situ, a gated clamp regulates the LV vent flows.
Flows are reduced in aliquots of 200 mL every second hour till

Table 3 Our experience with ECMO complications
Adult Paediatric

Total cardiac surgeries (2018-2019) 10,715 4765
No. of PCCS VA ECMO 45 (0.42%) 120 (2.52%)
Average mediastinal drainage on ECMO

a. 8 h post-initiation 1100 mL 275 mL

b. Following 16 h 868 mL 215 mL
Acute kidney injury (AKI)

a. Total no. of cases 35 (77.77%) 26 (21.66%)

b. AKI on RRT 24 (53.33%) 19 (15.83%)
Hyperbilirubinaemia 20 (44.44%) 31 (25.83%)
Limb ischaemia—total no. of cases 4 (8.88%) 4 (3.33%)

a. Surgical management 3 (6.66%) 2 (1.66%)

b. Conservative management 1(2.22%) 2 (1.66%)
Neurological complications

a. Patients with ICH 5(11.11%) 3 (2.5%)

b. Brain dead 2 (4.44%) Nil

c. HIE 3 (6.66%) 1 (0.83%)

d. Convulsions Nil 1 (0.83%)
GI complications—total no. of cases 4 (8.88%) Nil

a. Upper GI bleed 1(2.22%)

b. Lower GI bleed 2 (4.44%)

c. upper and lower GI bleed 1 (2.22%)

PCCS post-cardiotomy cardiogenic shock, VA ECMO veno-arterial ex-
tracorporeal membrane oxygenator, RR7 renal replacement therapy, /[CH
intra-cranial haemorrhage, HIE hypoxic ischaemic encephalopathy, G/
gastro-intestinal

a flow of 500 mL is reached. The patient is idled at this flow
till transfer to the OR for final wean and decannulation.
Weaning is aborted at any stage if there is ventricular disten-
sion, increase in inotropic levels to maintain haemodynamics,
worsening gas exchange or metabolic parameters.

Our results

We performed a total of 15,480 cardiac surgeries in 2018 and
2019. PCCS VA-ECMO was instituted in 165 (1.06%) of
these patients. Our results are broadly outlined in Table 3.
Bleeding was a significant problem. Major transfusions were
needed in the initial 24-h period. The transfusion requirements
were monitored with 4th hourly clotting screens and TEG.
The incidence of AKI with RRT requirements were compara-
ble across age groups which is similar to published data [65].
Our preference for instituting RRT is using a parallel circuit to
prevent possible air embolism. RRT in the paediatric patients
was provided by PD. A rising trend of total bilirubin was
associated with failure to wean and mortality. Overall mortal-
ity of ECMO patients with limb ischaemia was 87.5%.
Literature has shown higher incidence of neurological
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Table 4 Timing of institution of

ECMO and corresponding Number of patients Weaned off Survived to discharge
outcomes at our centre
Adult ECMO
ECMO from OR 21 9 (42.85%) 2 (9.52%)
Semi-elective 6 4 (66.66%) 3 (50%)
Emergency 18 5(27.77%) 3 (16.66%)
Paediatric ECMO
ECMO from OR 34 16 (47.05%) 9 (26.47%)
Semi-elective 46 38 (82.61%) 30 (65.22%)
Emergency 40 22 (55%) 13 (32.5%)

ECMO extracorporeal membrane oxygenator, OR operating room

complications in paediatric ECMO [67-69] in contrast to our
data. The incidence of GI bleed in our cohort was 2.42%
which compares favourably with published data [52, 54].
Better weaning results were observed between 2018 and
2019 (Table 4) in the adult group (32% and 45% in 2018 and
2019 respectively) which we attribute to the following factors:

* Early institution of VA-ECMO in the postoperative period

* Apical LV venting

» Early institution of RRT for fluid balance and metabolic
derangement

* Use of levosimendan during initiation of wean

A review of the bloodstream infections in patients on
PCCS VA-ECMO revealed a predominance in gram-
negative bacilli (GNB) (85%), followed by candida species
(10%) and gram-positive organisms (5%). Klebsiella species
constituted the majority of the GNB bacteraemias.
Carbapenem resistance was present in 44% of the gram-
negative organisms isolated (65% carbapenem resistance in
Klebsiella species alone). Most of the blood culture isolates
grew within the first 72 h of incubation. However, 13% of the
organisms grew only after 5 days of incubation, highlighting
the importance of incubating the blood culture for a minimum
of 7 days and monitoring them for growth.

Conclusion

PCCS VA-ECMO has achieved a ‘niche’ in cardiac surgery as
a bridge to decision/recovery. Although an expensive and de-
manding therapy, it is versatile and can save lives if incorpo-
rated in a timely fashion. The positive outcomes are driven by
the experience of the team handling the case. Over time,
PCCS VA-ECMO has achieved a ‘standard of care’ status.
Since resource utilization for this therapy is high, a scoring
system is warranted to ascertain which subset of patients
would benefit and have a positive outcome.
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