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CENTRAL MESSAGE

Adjustments to candidacy and
traditional approaches to extra-
corporeal support may mitigate
mortality during a pandemic.

See Commentary on page XXX.
The high level of human-to-human transmissibility of
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and the severity of coronavirus disease 2019
(COVID-19) have perpetuated an international public
health emergency. Indeed, this pandemic has evolved into
the greatest health challenge of the 21st century. Virus entry
is mediated by the structural spike membrane protein,
which plays a significant role in host cell receptor recogni-
tion and membrane fusion. Angiotensin-converting enzyme
2 serves as the functional culprit host cell receptor.1

The COVID-19 pandemic has tested the resilience of the
global health infrastructure and unleashed a slew of novel
strategies and technological advances in the armamen-
tarium against this viral threat. Like the experience with
influenza pandemic of the early 2000s, extracorporeal sup-
port has served as a rescue option favored in the face of
failing conventional therapy. The clinical experience with
extracorporeal membrane oxygenation (ECMO) thus far
has been framed through the lens of single-center, non-
randomized reports that vary in both methodology and out-
comes.2-5 Severity of disease may be estimated using the
World Health Organization classification system, which
assigns a grade from 1 to 9 in order of increasing
severity.6 There is not yet a consensus ECMO-specific
scoring system, and to this end, the Murray, PRESERVE,4

and RESP5 scores each remain applicable in the quantifica-
tion of severity in this cohort, although not necessarily
specific to COVID-19 or its prognosis.
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In the absence of broad consensus, management strate-
gies have been both dynamic and variable.7,8 Here we prof-
fer a distillation of expert opinion in the management of
extracorporeal support in COVID-19 patients, drawing on
our collective high-volume multi-institutional experience.
Assessing Candidacy
The high mortality from the COVID-19 virus often

prompted deviation from previously held norms regarding
a candidacy that had been established in previous landmark
trials, such as the EOLIA9 and CESAR10 trials. Based on
our collective experience, we have observed a shift in 3 do-
mains. First, candidacy now tends to more greatly favor
younger patients, prioritizing those age <50 years with
only single organ dysfunction. Second, there is greater will-
ingness to shorten the interval from intubation to cannula-
tion. Success is more likely in those cannulated after
<3 days of mechanical ventilation while meeting the EO-
LIA criteria (partial pressure of O2/fraction of inspired O2

[PF] ratio<50 mm Hg for>3 hours, or<80 mm Hg for
>6 hours, or pH < 7.25 with partial pressure of
CO2>60 mm Hg for>6 hours).9 Finally, an array of novel
adjunctive pharmacologic therapies, including antiviral and
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TABLE 1. Precannulation guide to estimating survival in COVID -19

Factor High probability of survival Medium probability of survival Low probability of survival

Age, y <45 (1 point) 45 to 55 (2 points) >55 (3 points)

Days of mechanical ventilation <3 (1 point) 3 to 7 6 (2 points) >7 (3 points)

Systemic comorbidities 0 (1 point) 1 to 2 (2 points) >2 (3 points)

Total score: high survival, 1 to 3 points; medium survival, 4 to 6 points; low survival, 6 to 9 points.
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monoclonal antibodies and the use of extracorporeal cytore-
ductive techniques, have been introduced as adjuncts to
ECMO support. The sickest patients typically present
with a median APACHE II score2 of score of>20, a Murray
score3 of�3, and/or a SOFA score7 of�8. In our collective
experience, patients sick enough to require venoarterial
ECMO from the outset typically developed early multi-
system failure and were almost uniformly unsalvageable.2

We proffer a matrix to provide a rudimentary estimate of
survival (Table 1) and a list of factors associated with
adverse outcomes (Table 2).
Equipment and Hardware
ECMO technology has evolved rapidly over the past

decade and involves an assembly of components that are
separate or integrated into a single platform. Centrifugal
pumps have supplanted previously used roller pumps.11-13

The exposure of blood to air exacerbates inflammatory
and coagulation activation and is associated with the
end-organ injury observed during prolonged runs of
cardiopulmonary bypass.14 This activation is exacerbated
by the COVID-induced cytokine storm regardless of the
type of pump used, and indeed is likely to be partially
responsible for the increased incidence of circuit clotting
that often characterizes extracorporeal support in these
patients irrespective of the type or level of anticoagulation
provided.
TABLE 2. Factors associated with adverse outcomes, information deficits

oxygenation

Factors associated with

adverse outcome Information de

Male sex

Age>50 years

Vasopressor-dependent cardiogenic shock

More than 2 systemic comorbidities

(eg, renal failure, liver failure)

Right ventricular failure

Support>50 days

Unvaccinated status

Does obesity portend a poor pro

Can cytoreductive therapies imp

Should the interval between mec

and cannulation be limited to

Should we prone patients with C

on ECMO?

Should we consider the need for

an absolute contraindication?

Is right ventricular dysfunction r

COVID-19 ARDS?

Should we limit the duration of

COVID-19, Coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; AR

2 The Journal of Thoracic and Cardiovascular Surger
The distribution and supply chain of ECMO equipment
faltered under the weight of escalating demand during the
pandemic and manufacturing could not keep pace. In the
United States, where Food and Drug Administration
approval for ECMO circuits had hitherto been restricted
to 6-hour use, the pandemic provided the impetus for an ac-
celeration in the regulatory process for components under
evaluation.15,16 The CentriMag (Levitronix, Waltham,
Mass), Rotaflow (Getinge, G€oteborg, Sweden), CardioHelp
(Maquet Cardiopulmonary, Hirrlingen, Germany), and
Revolution (LivaNova, London, UK) devices, which had
previously dominated the market, have made way for the
NovaLung pump (NovaLung, Hechingen, Germany) intro-
duced in mid-2020. This system, along with the Nautilus
oxygenator (Medtronic, Minneapolis, Minn) and Breethe
OXY-1 system (Abiomed, Danvers, Mass), have benefited
from comparatively expedited federal clearance.1,9 Many
centers struggled to acquire the prerequisite number of cir-
cuits and components at the height of the surge and often
were unsuccessful, no doubt to the detriment of a multitude
of patients.
Cannulation Considerations
The vast majority of patients who require ECMO treat-

ment for severe COVID-19 are supported on venovenous
ECMO.4 Indeed, in keeping with the dismal results that
characterized the early experience with venoarterial
, and investigative priorities in venovenous extracorporeal membrane

ficits Investigative priorities

gnosis?

rove survival?

hanical ventilation

72 hours?

OVID-19 while

venoarterial ECMO

eversible in

support to 50 days?

Use of cytoreductive techniques in treating acute

severe illnesses

Can these techniques be used to treat septic

shock, postcardiotomy shock, and other viral

illnesses?

Pharmacokinetics of antiviral therapies on

ECMO

How much drug is lost to the circuit, and what

dosing would be most optimal?

Correlation of cytokine storm with shedding of

replication competent virus

Do high circulating inflammatory markers mean

the same thing during and after the period of

infectivity?

DS, acute respiratory distress syndrome.
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ECMO, it is reasonable to restrict support to only those who
require venovenous support and consider vasopressor-
dependent cardiogenic shock an absolute contraindication.
For venovenous ECMO support, dual-site peripheral cannu-
lation involving the femoral vein (25F-27F multistage) and
the internal jugular vein (20F-22F) has been a common
strategy of choice. Cannulation may be performed expedi-
tiously at the bedside in this manner, which obviates the
need for patient transportation to the operating room, allows
rapid initiation, and minimizes staff exposure. Furthermore,
securing the cannula and tubing to the skin with interrupted
silk suture also permits ambulation.

Alternatively, a large-bore 28F to 32F double-lumen bi-
caval cannula (Avalon Elite; Getinge or Crescent; Med-
tronic) may be inserted into the right internal jugular vein.
However, these cannulas require fluoroscopy and transeso-
phageal echocardiography guidance for safe placement in
the inferior vena cava.17,18 The peripheral cannulation strat-
egy performed in a negative-pressure intensive care unit
(ICU) room was pertinent early in the pandemic when no
treatment or vaccine had yet been identified and personal
protective equipment (PPE) was in short supply. The Pro-
tekDuo (LivaNova), an alternative dual-lumen cannula de-
signed with a drainage port in the right atrium and an
infusion port in the main pulmonary artery, is positioned
across the tricuspid and pulmonary valves and is an alterna-
tive cannulation strategy. This cannula provides the addi-
tional benefit of right ventricular support, which may
benefit selected patients, but it has not yet received univer-
sal endorsement.18,19

Mechanical Ventilation Considerations
It is postulated that the SARS-CoV-2 virus exists as 2

distinct phenotypic entities (H and L types) with other mul-
tiple variants.20 As such, COVID-19 acute respiratory
distress syndrome (ARDS) was initially deemed to always
require high levels of positive end-expiratory pressure
(PEEP) for lung recruitment and oxygenation. This is now
thought to be true only for patients with the H phenotype,
whose lungs have high elastance (low compliance), high
lung weight by computed tomography scan, and high
response to PEEP. In contrast, patients with the L phenotype
(low elastance, low lung weight, low response to PEEP)
require an alternative ventilatory strategy with higher tidal
volumes and lower levels of PEEP.21 The L type likely re-
flects a distinct vascular pathology secondary to diffuse
alveolar damage. Alternatively, the 2 subtypes may repre-
sent a continuum of the same disease process, with possible
unidirectional progression from the L phenotype to the H
phenotype.20 An original assumption that COVID-19
ARDS was identical to other sources of ARDS has now
been disputed. The use of high PEEP settings increases
the risk of barotrauma, with clinical and radiologic evidence
of pneumomediastinum and pneumothoraces. As such,
The Journal of Thoracic and C
once on ECMO, a deliberate reduction in the level of
PEEP is often necessary.22 Nonetheless, ventilator strate-
gies have been a heterogeneous mix influenced by prevail-
ing experience and equipment.
The use of proning in patients with a PF ratio<150 has

been considered standard of care but also may be applicable
for nonintubated patients on high-flow nasal cannula who
are able to self-prone and can do so for several hours on a
daily basis.23,24 For the sickest patients with a PF ratio
<100, short-term use of neuromuscular blockade with the
addition of inhaled nitric oxide (iNO) may be used as a mat-
ter of routine.25 When the PF ratio does not improve within
the first 8 to 16 hours, or indeed if it worsens, it may be
reasonable to proceed with cannulation to avoid a longer
than 4-day lapse from intubation to best minimize the dura-
tion of barotrauma.
Once a patient is on ECMO, complete lung rest is the goal

and can typically be accomplished using a fraction of
inspired O2 of 30%, PEEP support of 10, and respiratory
rate of 10. However, these settings are not necessarily
possible in all patients owing to the risk of complete dere-
cruitment, which itself may be deleterious. Instead, recruit-
ment maneuvers can be used in combination with
alternative ventilator modes, such as airway pressure
release ventilation, tailoring the approach to the individual
patient, further guided by esophageal manometry if neces-
sary. Ventilation is further facilitated by an aggressive
approach to early tracheostomy, which may be routinely
performed percutaneously in the ICU as early as ECMO
day 4, as extubationmight not necessarily be possible. Early
tracheostomy facilitates weaning and cessation of sedation
and paralytics and accelerates the time to mobilization,
decreasing the burden of critical illness polyneuropathy
and tissue injury incurred from prolonged recumbency. It
is typically coupled with nasoenteric or percutaneous gas-
trostomy feeding tube placement. Liberal use of pulmonary
vasodilation is common, and iNO is favored over inhaled
epoprostenol owing to its association with fewer ventilator
circuit interruptions and lower exposure risk to staff. Admit-
tedly, neither neuromuscular blockade nor iNO has demon-
strated a clear survival benefit in recent trials, but each
has some utility in optimizing the sickest ventilated
patients.26,27

Specific Considerations for the Obese Patient
Managing the super morbidly obese ECMO patient (body

mass index >45) on a ventilator is challenging. Poor
compliance of the chest wall decreases the accuracy of
the measurements of lung mechanics, rendering difficult
any precise determination of safe PEEP level.28 Esophageal
balloon manometry may be used to estimate transmural
pressures across alveolar walls, to minimize harmful dis-
tending pressures and prevent lung decruitment. Esopha-
geal manometry can help determine optimal PEEP, which
ardiovascular Surgery c Volume -, Number - 3
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in turn can stent alveoli open, preventing atelectrauma.
Once an optimal PEEP is identified, pressure control may
be adjusted to maintain peak airway pressure
<30 cm H2O. If PEEP determined in this fashion is high
enough to precipitate a peak pressure>30 cm H2O in the
setting of driving pressure<10 cm H2O (plateau pressure
minus PEEP) and tidal volume between 2 and 4 cc/kg of
ideal body weight, then the optimal PEEP is titrated down
further to achieve a peak airway pressure of<30 cm H2O.
As lung function improves, PEEP should continue to be
measured and titrated down as tolerated. Once PEEP has
been weaned to 10 cm H2O and lungs remain recruited,
the ventilator settings can then be weaned with a goal of
minimizing driving pressure and liberating the patient
from positive pressure. A body mass index>50 also poses
a threat to achieving adequate flow on ECMO and may
potentially compromise mesenteric and peripheral circula-
tion, and thus some centers have adopted this cutoff as a
relative contraindication to conventional mechanical venti-
lator support.

Pharmacologic Adjuncts
The pharmacologic management strategies for COVID-

19 have incorporated novel approaches, including repur-
posed antivirals, cytokine inhibitors, immunomodulators,
anticoagulants, and new antiviral vaccines. These strategies
have varied over time and with prevailing evidence from
multiple large, randomized trials. To this end, various
agents have risen and fallen in profile, including hydroxy-
chloroquine, tocilizumab, ivermectin, remdesivir, convales-
cent plasma, and various monoclonal antibodies.29-34

Almost all have been subjected to enthusiastic
endorsement as well as tempered skepticism. Notably, the
impact of 4 repurposed antivirals has been challenged by
the recent World Health Organization Solidarity trial.35

Nonetheless, steroids, particularly dexamethasone in the
RECOVERY trial, have withstood scrutiny and have been
associated with improved survival.36-40

The use of cytoreductive techniques using either Cyto-
Sorb (CytoSorbents, Monmouth Township, NJ) or plasma
exchange has drawn great interest, albeit with varying de-
grees of acceptance. These strategies extract inflammatory
mediators from the blood up to 60 kDa in size using bead
pore capture.41 CytoSorb can be used only within the con-
fines of emergency use authorization from the Food and
Drug Administration. Therapy is initiated at the time of can-
nulation, incorporating the cartridge in the ECMO circuit
like the management of continuous renal replacement ther-
apy and continued for the first 72 hours. One of the authors
endorses the liberal use of plasma exchange in patients with
D-dimer>3000 and ferritin>1000 (using 2 L replaced by a
50-50 mix of plasma and 5% albumin or fresh frozen
plasma). With this, a 30% reduction in target cytokines
can be achieved within 72 hours. The use of IL-6 level as
4 The Journal of Thoracic and Cardiovascular Surger
a target for titration may be delayed because the sample
typically must be sent out for external laboratory
estimation.

Although heparin remains the anticoagulant of choice in
most ECMO programs, bivalirudin is increasingly gaining
prominence. Anticoagulation protocols have a similar
target maintenance partial thromboplastin time of 50 to
70; however, most centers still use heparin for bolus admin-
istration at the time of cannulation, and it is also preferen-
tially used with CytoSorb. Regardless of choice,
anticoagulation may be safely interrupted to accommodate
other adjunctive procedures, such as percutaneous tracheos-
tomy and percutaneous endoscopic gastrostomy placement,
both of which also may be performed at the bedside.

Capacity and Staffing
The COVID-19 pandemic has created unique health care

worker staffing shortages and resource challenges.
Although the geographic distribution of the pandemic was
asymmetric, no large community has been spared. Elective
surgical cases had to be postponed to preserve ventilators,
ICU beds, and PPE. Many ICUs triaged personnel to newly
created COVID-19 units while simultaneously merging
other, non-COVID ICUs.42 COVID-19 put front-line
workers at risk of infection, not just from patients, but
also from coworkers. As the pandemic progressed, unprec-
edented nursing shortages forced many ICUs to reallocate
personnel, reduce capacity, or spend magnitudes higher
on salaries for temporary nursing staff. Deficits were further
exacerbated by health care personnel becoming infected or
exposed, necessitating periods of quarantine; school and
childcare facility closures that forced working parents to
stay home; new opportunities for temporary employment
with significantly higher pay; and significant emotional
burnout from an unprecedented and relentless challenge.43

A threshold of volume and utilization has been identified
beyond which a nursing-based model becomes more cost
conscious than relying on perfusionists at the bedside.44

COVID-19 has shown that a pandemic can exert such a strain
on staffing ratios that creative solutions, incentivized remu-
neration models, hazard pay, and work hour flexibility likely
will be necessary considerations for any future high-volume
ECMO efforts. The CESAR trial endorsed the transfer of
patients to ECMOcenters, andmany advocate clustering pa-
tients within expert ECMO centers for improved outcomes.
Others, however, have endorsed grouping ECMO patients
within institutions themselves to alleviate staffing shortages
and bed capacity within facilities.

Because ECMO centers typically constitute the “hub” in
the hub-and-spoke model, patients are often transferred in
from lower-capacity external critical care settings to the
ECMO centers. In these models of care delivery, the early
identification and use of transfer protocols allow for safe
and expeditious triaging of patients who may benefit from
y c - 2021



COVID PCR-positive
PF ratio < 80 for > 6 hours

If PF ratio does not increase by 20% OR
worsens, consider transfer to nearest ECMO
center

Maximum conventional ventilatory techniques
(including use of BiPAP)

Remdesivir
Steroids

Proning Trial
Inhaled Nitric Oxide

Target 20% increase in PF ratio
Should be restricted to 72 hours

FIGURE 1. Triage protocol for resource scarce centers without ECMO.

COVID PCR, Severe acute respiratory syndrome coronavirus 2 polymerase

chain reaction test; PF ratio, partial pressure of O2/fraction of inspired O2

ratio;BIPAP, bilevel positive airway pressure;OR, operating room;ECMO,

extracorporeal membrane oxygenation.
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ECMO to the nearest facility with the best capacity to offer
support. ECMO transport teams may initiate support at
referring institutions and use transport and safety checklists
to facilitate the process.

Resource Management
The highest mortality was observed in patients with

advanced age or immunosuppression. Most patients who
died were ultimately removed from ECMO for futility.
The definition of futility varied from weeks to months, de-
pending on prevailing opinion. Many centers developed
contingency plans, incorporated ethics committee members
into decision making, and even chose to ration scarce re-
sources such as ventilators, dialysis circuits, and ECMO cir-
cuits. Some centers modified standard ACLS algorithms
restricting cardiopulmonary resuscitation in patients with
COVID-19, given the near-100% mortality rate.21 As the
pandemic unfolded, resources became limited—first
ECMO circuits, then ECMO specialists and nurses. It
became necessary to select patients most likely to benefit
from support. As overall ECMO capacity diminished, con-
traindications to ECMO tended to become more stringent,
consistent with Extracorporeal Life Support Organization
guidelines.8 This is a dynamic process, and individual cen-
ters are encouraged to define tiers of contingency and crisis
capacity to adjudicate need in the context of forecasted re-
ductions in capability and resources. To preserve PPE, for
example, isolation precautions typically can be lifted on
all patients at 20 days after infection, beyond which the like-
lihood of the presence of replication-competent virus is
negligible. These decisions may be guided by high cycle
thresholds, as an index of low volume of replicating viral
genetic material and, by extension, of low infectivity.

The coordination of care and management between
health systems offering ECMO support (both adult and pe-
diatric) in a single region can be of great utility amid a
disaster. We suggest a triage protocol as shown in
Figure 1. Collaborative coalitions of this nature were at-
tempted and proved of great utility in the states of Texas
and Pennsylvania. In one author’s personal experience, a
designated “ECMO regional coordinator” was assigned to
manage equipment and inventory, closely monitor fluxes
in available staffing and beds, and steward the dissemina-
tion of critical information between the directors of
ECMO programs within the given region. In Texas, this
also facilitated evaluation for transplantation.

CONCLUSIONS
The COVID-19 pandemic has been the greatest health

challenge of the 21st century. The current estimate of sur-
vival is estimated at just over 50%.7 In view of the relative
novelty of the SARS-Cov-2 virus, there is a paucity of
evidence-based recommendations on which to base
The Journal of Thoracic and C
management or to guide patient management—indeed there
are several knowledge gaps that require scientific inquiry
for further elaboration (Table 2), together with a list of plau-
sible areas of inquiry (Table 2).
The pandemic has tested the resilience of the global

health infrastructure but also has unleashed opportunities
for novel approaches in mitigating viral threats that indeed
may become a template for the future. By making iterative
adjustments to traditional considerations in extracorporeal
support pertaining to candidacy, capacity, and resource allo-
cation, ECMO programs can maximize the ability to
respond to pandemics now and in the future. Centers within
the same region should advisedly identify common inclu-
sion and exclusion criteria and titrate outreach and scope
of care based on resources and capacity. There should be
a low threshold for including ethics teams to guide equitable
distribution of care and navigate end-of life decisions. Dur-
ing a pandemic and in the absence of defined consensus or
evidence-based recommendations, candidacy is predicated
not on the probability of choosing the right individual, but
instead on the consequences of choosing the wrong one.
We should choose the patient who is so sick that cannulation
is necessary but not so sick that decannulation is not
possible.
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