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ABSTRACT

Background: The benefit of extracorporeal membrane oxygenation (ECMO) for
patients with severe acute respiratory distress from coronavirus disease 2019 re-
fractory to medical management and lung-protective mechanical ventilation has
not been adequately determined.

Methods:We reviewed the clinical course of 37 patients with laboratory-confirmed
severe acute respiratory syndrome coronavirus 2 infection supported by venove-
nous ECMO at 4 ECMO referral centers within a large health care system. Patient
characteristics, progression of hemodynamics and inflammatory markers, and
clinical outcomes were evaluated.

Results: The patients had median age of 51 years (interquartile range, 40-59), and
73% were male. Peak plateau pressures, vasopressor requirements, and arterial
partial pressure of carbon dioxide all improved with ECMO support. In our patient
population, 24 of 37 patients (64.8%) survived to decannulation and 21 of 37
patients (56.8%) survived to discharge. Among patients discharged alive from
the ECMO facility, 12 patients were discharged to a long-term acute care or reha-
bilitation facility, 2 were transferred back to the referring hospital for ventilatory
weaning, and 7 were discharged directly home. For patients who were successfully
decannulated, median length of time on ECMO was 17 days (interquartile range,
10-33.5).

Conclusions: Venovenous ECMO represents a useful therapy for patients with re-
fractory severe acute respiratory distress syndrome from coronavirus disease 2019.
(J Thorac Cardiovasc Surg 2022;163:1071-9)
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CENTRAL MESSAGE

ECMO represents a potentially
useful therapy in patients with
severe acute respiratory distress
associated with refractory
COVID-19.
PERSPECTIVE
The novel 2019 coronavirus disease (SARS-CoV-
2) has emerged as a serious public health threat.
Respiratory failure refractory to lung-protective
mechanical ventilation in select critical COVID-
19 cases has required experienced centers to
deploy ECMO as a treatment modality. The
benefit of ECMO for COVID-19 has not been
adequately determined. Our study suggests that
ECMO is a useful treatment option.
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Abbreviations and Acronyms
ARDS ¼ acute respiratory distress syndrome
COVID-19 ¼ coronavirus disease 2019
ECMO ¼ extracorporeal membrane

oxygenation
FIO2 ¼ fraction of inspired oxygen
ICU ¼ intensive care unit
IL-6 ¼ (interleukin-6)
IQR ¼ interquartile range
LOS ¼ length of stay
PaO2 ¼ partial pressure of arterial oxygen
SARS-CoV-2 ¼ severe acute respiratory syndrome

coronavirus 2
VV ¼ venovenous

Scanning this QR codewill take
you to the table of contents to
access supplementary informa-
tion.

Adult: Mechanical Circulatory Support Shih et al

A
D
U
L
T

The novel 2019 coronavirus (severe acute respiratory
syndrome coronavirus 2 [SARS-CoV-2], the causative
agent for coronavirus disease 2019 [COVID-19]) is a
serious public health threat. The spectrum of manifesta-
tions ranges from asymptomatic spread to patients present-
ing with severe acute respiratory distress syndrome
(ARDS) and multisystem organ failure.1 Venovenous
(VV) extracorporeal membrane oxygenation (ECMO)
has been implemented for severe ARDS with varying de-
grees of success over the last several decades.2 Referral to
an ECMO center for consideration of initiation of ECMO
was shown to be of benefit in patients with severe ARDS
in the CESAR (Conventional Ventilatory Support Versus
Extracorporeal Membrane Oxygenation for Severe Adult
Respiratory Failure) trial,3 and ECMO was successfully
used for patients with severe ARDS during the influenza
(H1N1) pandemic.4 Thus, refractory ARDS with refrac-
tory severe hypoxemia or hypercarbia in critical COVID-
19 cases has prompted ECMO therapy in these patients
as well. The benefit of ECMO for COVID-19 has not
been adequately determined. Only scarce data are avail-
able regarding this population of patients, and rates of sur-
vival to discharge have been less than 20% in these
reports.5-8 In this report, we describe the outcomes of a
cohort of patients with severe COVID-19 who were initi-
ated on ECMO at referral hospitals within a large health
care system using stringent, objective criteria. These pa-
tients were not anticipated to survive without VV-ECMO.
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METHODS
Protocol

We conducted a retrospective analysis of all patients from March 1,

2020, to June 28, 2020, with laboratory-confirmed SARS-CoV-2 infection

who were initiated on VV-ECMO support for refractory COVID-19 ARDS

within the Baylor Scott &White Healthcare System. The 4 hospitals acting

as ECMO referral centers within the system contributed data to this study.

The study was approved by the Baylor Scott & White institutional review

board. All authors were responsible for designing the study and for

compiling and analyzing the data. The manuscript was prepared by the first

authors and completed with input from all the authors, including the Baylor

Scott &White ECMO for COVID working group. Clinical data on patients

cannulated during the study period were reviewed through October 21,

2020. At the time of analysis, all patients had been either discharged

from the ECMO facility or were deceased.

Patients
All patients had laboratory-confirmed SARS-CoV-2 infection and were

initiated on VV-ECMO support for COVID-19 ARDS. Two patients who

were initiated on venoarterial ECMO support were excluded from the

study. Daily ECMO and general critical care management were left to

the discretion of the treatment team at each center, with system-wide

ECMO protocols in place as guidance. Patients were managed by multidis-

ciplinary teams, which included medical and surgical intensivists, cardio-

thoracic surgeons, ECMO specialists, infectious disease specialists,

nephrologists, and other consultants as indicated. All patients underwent

therapeutic anticoagulation per the system protocol and were monitored

for bleeding. Patients were also weaned to decannulation in accordance

with the system protocol. The clinical indications for ECMO, ECMO set-

tings, anticoagulation protocol, and ECMO weaning protocol established

by the Baylor Scott & White ECMO Governance Council are detailed in

Appendix E1.

Outcome Measures
The primary end point was survival to hospital discharge from the

ECMO center. Secondary outcomes included overall survival at the

time of analysis, death after withdrawal of care on ECMO, successful

ECMO decannulation, survival to discharge after ECMO decannulation,

duration of continuous ventilator support, duration of ECMO support,

intensive care unit (ICU) and total hospital lengths of stay (LOS),

need for concurrent interventions, and rates of complications potentially

related to ECMO therapy. Data on patient’s hemodynamics, ventilator-

support requirements, laboratory values of interest, and concurrent

COVID-19 therapies were also recorded on prespecified days before

and during ECMO support.

Total continuous ventilator days, ICU LOS, and total hospital LOSwere

determined only from patients who survived to discharge. Total continuous

ventilator days were calculated from the date of intubation (even if this

occurred at another facility) until day of extubation at the study hospital.

Total hospital LOS and ICU LOS were calculated by the total number of

days the patients were admitted to the ICU and the hospital at the

ECMO centers, respectively (not including days at another facility).

Days on ECMO and ICU LOS were determined from the patients who

were decannulated. Successful decannulation from ECMO was defined

as freedom from ECMO without recannulation during the hospitalization.

ARDS was defined according to the Berlin criteria.9 Coagulopathy was

defined as an international normalized ratio greater than 3. Liver failure

was defined as an alanine transaminase greater than 5 times the normal

limit. Cardiogenic shock was defined as sustained systolic blood pressure

<90 mm Hg, cardiac index<2.2 L/min/m2, or requirement for 2 or more

inotropes.10 Bleeding was defined as new intracranial, gastrointestinal,

cannulation site, or retroperitoneal hemorrhage while on ECMO.
gery c March 2022
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Statistical Analysis
Continuous variables were presented as the mean � standard deviation

or as median with interquartile range (IQR), and categorical variables as

proportions, unless otherwise specified. Competing outcomes were

analyzed and graphed by adding the incidence of each outcome over

time. The sum of proportions of patients reaching the indicated end points

equals 1 (100%) for each time point, and no patients were censored.

Statistical analysis was performed using R (http://www.r-project.org).

Confidence intervals were computed using Blaker’s exact method for

independent proportions.
TABLE 1. Characteristics of patients with severe acute respiratory distre

ECMO cannulation including demographics, comorbidities, and clinical co

Median age, y (IQR)

Male sex, n (%)

Ethnicity

Hispanic

African American

White

Asian

Body mass index, kg/m2

Coexisting conditions, n (%)

Hypertension

Diabetes

Chronic obstructive pulmonary disease

Active smoker

End-stage renal disease on hemodialysis

Immunodeficiency

Admission setting, n (%)

Direct admission to ECMO center

Transfer to ECMO center

Pre-ECMO hospital course

Median days from admit to intubation (IQR)

Median days from admit to ECMO (IQR)

Median days from intubation to ECMO (IQR)

Median days from SARS-CoV-2 confirmatory test to ECMO cannulation (I

Median days from symptom onset to ECMO cannulation (IQR)

Other interventions before ECMO (%)

Paralyzed

Prone

CPR

CRRT

Intubated

Vasopressors, n (%)

Initial cannulation site, n (%)

Internal jugular VV

Bilateral femoral VV

Initial cannulated at bedside, n (%)

Revision of cannula from bifemoral to internal jugular, n (%)

Conversion of ECMO

VV to VVA to VAV to VV

IQR, Interquartile range; ECMO, extracorporeal membrane oxygenation; SARS-CoV-2, se

CRRT, continuous renal-replacement therapy; VV, venovenous; VVA, veno-veno-arterial; V
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RESULTS
Patients
From March 1, 2020, through June 28, 2020, a total of

2557 patients were hospitalized with laboratory-confirmed
COVID-19 infection within the Baylor Scott & White
Healthcare System. Of these, 320 (12.5%) were ultimately
intubated for ventilatory support, and 37 patients (11.6% of
intubated patients; 1.4% of all COVID-19-positive pa-
tients) were placed on VV ECMO.
ss syndrome associated with refractory COVID-19 before venovenous

urse before initiation of ECMO

51 (40-59)

27/37 (73)

19/37 (51)

9/37 (24)

6/37 (16)

3/37 (8)

33.9 (30.6-37.9)

25/37 (67.6)

19/37 (51.4)

3/37 (8.1)

1/37 (2.7)

1/37 (2.7)

3/37 (8.1)

23/37 (62.2)

14/37 (37.8)

5 (1-9.3)

11.5 (5-16)

4 (2-11)

QR) 11.5 (5-14.5)

17 (13-19.8)

31/37 (83.8)

24/37 (64.9)

2/37 (5.4)

2/37 (5.4)

37/37 (100)

17/37 (45.9)

7/37 (18.9)

30/37 (81.1)

37/37 (100)

11/37 (29.7)

1/37 (2.7)

vere acute respiratory syndrome coronavirus 2; CPR, cardiopulmonary resuscitation;

AV, veno-arterio-venous.
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The characteristics of ECMO patients at baseline on
admission to the hospital are summarized in Table 1. Me-
dian age was 51 years (IQR, 40-59 years), and 27 patients
(73%) were male. The majority were Hispanic (51%) fol-
lowed by African American (24%), white (16%), and
Asian (8%). The median body mass index of patients was
33.9 kg/m2 (IQR, 30.6-37.9 kg/m2). Hypertension was the
most common coexisting medical condition (67.6%), fol-
lowed by diabetes (51.4%), chronic obstructive pulmonary
disease (8.1%), active smoking (2.7%), and end-stage renal
disease on hemodialysis (2.7%). There were 3 immunosup-
pressed patients (8.1%): 1 patient with a history of human
immunodeficiency virus and 2 patients with history of organ
transplant on immunosuppressive medications. Fourteen
patients (37.8%) had been directly admitted to one of the
study centers, and 23 (62.2%) patients were transferred to
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FIGURE 1. Trends of ventilatory measurements and arterial blood gas values

COVID-19 immediately before initiation on venovenous ECMO and on day 1 an

all values: A, arterial blood pH (P<.001); B, PaCO2 (P ¼ .007); C, PaO2 (P<.0

sented as median (thick horizontal line), interquartile range (gray box), and 95%

in the study cohort had data available for every time point depicted. ECMO, Ex

oxide; PaO2, partial pressure of oxygen.
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one of the referral centers from another facility specifically
for ECMO evaluation and management. All transferred pa-
tients were cannulated at one of the referral centers.

Patients were admitted for a median length of 5 days
(IQR, 1-9.3 days) before intubation and 11.5 days (IQR,
5-16 days) before initiation of ECMO. The median length
of time to initiation of ECMO was 17 days (IQR, 13-
19.8 days) from reported symptom onset, 11.5 days (IQR,
5-14.5 days) from the first positive COVID-19 test, and
4 days (IQR, 2-11 days) from intubation. Before ECMO
cannulation, 37 patients (100%) were intubated, 31 patients
(83.8%) were paralyzed, 24 patients (64.9%) were prone, 2
patients (5.4%) had undergone cardiopulmonary resuscita-
tion with return of spontaneous circulation, and 2 patients
(5.4%) were on continuous renal-replacement therapy. In
addition, 17 patients (45.9%) were on vasopressor support
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of patients with severe acute respiratory distress syndrome associated with

d 3 of ECMO support. There were statistically significant improvements in

01); and D, ventilator plateau pressure in mm Hg (P<.001). Data are pre-

confidence intervals (vertical lines) with outliers (red dots). All 37 patients

tracorporeal membrane oxygenation; PaCO2, partial pressure of carbon di-
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at the time of ECMO initiation. Based on our centers’ objec-
tive criteria for deployment of ECMO during the pandemic,
including requirement to fail lung-protective ventilation
strategies before advancing to ECMO, the clinically antici-
pated survival without ECMO in these patients was antici-
pated to be extremely low.

ECMO Management
All patients underwent initial cannulation at bedside

rather than in the operating room. Initial cannulation sites
were bifemoral in 30 patients (81.1%) and right internal ju-
gular dual lumen bicaval in 7 patients (18.9%), with trans-
esophageal echocardiography imaging guidance used in all
cases. Eleven patients (30%) underwent ECMO cannula
revision: 10 were transitioned from bifemoral to right inter-
nal jugular dual lumen bicaval cannulation to improve
mobility and 1 was revised from right internal jugular
dual lumen to bifemoral cannulation due to cannula migra-
tion. Concurrent interventions during ECMO included
continuous renal-replacement therapy (19 patients, 51%)
and chest tube placement (11 patients, 30%).

Medical Management of COVID-19
While on ECMO, patients were treated for COVID-19

with hydroxychloroquine (17 patients, 45.9%), azithromy-
cin (20 patients, 54.1%), anti-interleukin-6 receptor mono-
clonal antibody or placebo (25 patients double-blinded to
drug vs placebo, 67.6%), systemic corticosteroids (26 pa-
tients, 70.3%), Remdesivir (20 patients, 54.1%), systemic
Dec
fro

(

Discharged Alive
(n = 21)

Transfer back to
referring hospital

(n = 2)

LTAC/Rehab
(n = 12)

Home from
facility
(n = 2)

FIGURE 2. Patient flow sheet summarizing clinical outcomes and dispositions

COVID-19 who were initiated on venovenous ECMO support. ECMO, Extraco

The Journal of Thoracic and Car
anticoagulation (37 patients, 100%), and convalescent
plasma (16 patients, 37%). These therapies were adminis-
tered according to various ongoing research protocols at
the respective institutions and largely reflect the evolving
treatment paradigms for COVID-19 during the study
period.

Hemodynamics and Inflammatory Markers
The vital signs, inflammatory markers, and blood gas re-

sults immediately before ECMO cannulation and on ECMO
days 1 and 3 were trended. The median partial pressure of
arterial oxygen (PaO2)/fraction of inspired oxygen (FIO2) ra-
tio immediately before ECMO was 95 (IQR, 73-147), rep-
resenting a median PaO2/FIO2 ratio consistent with severe
ARDS by Berlin criteria. By the third day of ECMO sup-
port, mean ventilator plateau pressures improved after initi-
ation of ECMO support (36 [IQR, 32.3-42.3] to 24 [IQR,
21.3-26] mm Hg; P<.001); arterial blood pH normalized
(7.2 [IQR, 7.1-7.3] to 7.4 [IQR, 7.4-7.4]; P<.001); and par-
tial pressure of arterial carbon dioxide decreased (72.6
[IQR, 64.9-90] to 44.4 [IQR, 38.5-49] mm Hg; P ¼ .007)
(Figure 1).
Most patients on vasopressor at the time of ECMO can-

nulation were still requiring vasopressor support on
ECMO day 3 (45.9% [17 of 37] to 43.2% [16 of 37]);
excluding patients on CRRT, serum creatinine (1.5 [0.8-
2.6] to 1.3 [0.8-1.9] mg/dL; P ¼ .038) decreased from the
time of ECMO initiation to day 3 of ECMO. White blood
cell count (13.5 [IQR, 8.4-17.2] K/uL), ferritin (1103.9
Initiated on
ECMO
(n = 37)

annulated
m ECMO
n = 24)

Withdrawal of
Care on ECMO

(n = 14)

Death prior to
Discharge

(n = 3)

Home
(n = 7)

of patients with severe acute respiratory distress syndrome associated with

rporeal membrane oxygenation; LTAC, long-term acute care.
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TABLE 2. Clinical outcomes of patients with severe acute respiratory

distress syndrome associated with refractory COVID-19 who were

initiated on venovenous ECMO including use of concurrent

therapies and complications related to ECMO

Survival to discharge from ECMO facility, n (%) 21/37 (56.8)

In-hospital mortality, n (%) 16/37 (43.2)

Death from withdrawal of care on ECMO 13/37 (35.1)

Decannulated from ECMO, n (%) 24/37 (64.9)

Deceased after decannulation, n (%) 3/24 (12.5)

Required tracheostomy 20/26 (76.9)

Median time from intubation to

tracheostomy, d (IQR)

19 (16.5-25.3)

Median duration of continuous ventilation, d (IQR) 35 (20.5-47)

Median duration of ECLS, d (IQR) 17 (10-33.5)

Median ICU LOS, d (IQR) 31 (24-51.5)

Median hospital LOS, d (IQR) 44 (31-62)

Concurrent COVID-19 therapy, n (%)

Hydroxychloroquine 17/37 (45.9)

Azithromycin 20/37 (54.1)

Anti-IL-6 receptor monoclonal antibody* 25/37 (67.6)

Steroids 26/37 (70.3)

Remdesivir 20/37 (54.1)

Systemic anticoagulation 37/37 (100)

Convalescent plasma 16/37 (43.2)

Concurrent interventions, n (%)

CRRT 19/37 (51)

Chest tubes 11/37 (30)

New brain injury, n (%)

Ischemic 0/37 (0)

Hemorrhagic 3/37 (8)

Coagulopathy (INR>3), n (%) 0/37 (0)

Liver failure (ALT>5 times upper limit), n (%) 5/37 (14)

Cardiogenic shock, n (%) 2/37 (5)

Bacterial pneumonia, n (%) 7/37 (19)

Bloodstream infection, n (%) 4/37 (11)

ECMO complications, n (%)

Bleeding 12/37 (32)

Cannula malposition 1/37 (3)

ECMO circuit 2/37 (5)

The total cohort comprised 37 patients; the numerator and denominator (number of

eligible patients) for relevant outcomes are listed in the table. In-hospital mortality

is calculated from patients who were discharged or died in the hospital. Duration

of continuous ventilation, ICU LOS, and hospital LOS calculated from the 21 patients

who survived to discharge. Duration of ECLS calculated from the 24 patients weaned

to decannulation. ECMO, Extracorporeal membrane oxygenation; IQR, interquartile

range; ECLS, extracorporeal life support; ICU, intensive care unit; LOS, length of

stay; COVID-19, coronavirus disease 2019; CRRT, continuous renal-replacement

therapy; INR, international normalized ratio; ALT, alanine transaminase. *Adminis-

tered against placebo in a double-blinded fashion.
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[IQR, 489.1-2375] ng/mL), C-reactive protein (14.1
[7.4-22.8] mg/dL), procalcitonin (0.7 [0.2-2.3] g/mL), D-
dimer (2.2 [1.5-4.6] mg/mL), and fibrinogen (534 [349.8-
1076 The Journal of Thoracic and Cardiovascular Sur
744.5] mg/dL) were noted to be grossly elevated on initial
presentation before ECMO cannulation. Ferritin and lactate
dehydrogenase levels were noted to be down-trending dur-
ing ECMO. D-dimer was noted to be up-trending during
ECMO. There was no clear trend to white blood cell,
C-reactive protein, procalcitonin, fibrinogen, and lactic
acid across the duration of ECMO. These results are
detailed in Table E1.

Clinical Outcomes
The primary end point of survival to discharge occurred

in 56.8% of patients (21/37) (Figure 2). Withdrawal of
life-supporting therapies, including ECMO, occurred in
35.1% of patients (13/37) due to futility of care. The re-
maining 24 of 37 (64.9%) patients were successfully
weaned to decannulation of ECMO; 12.5% of these pa-
tients (3/24) died after decannulation. Of these 3 patients,
one was noted to have a decline in neurologic status after
decannulation and had cardiopulmonary arrest with no re-
turn of spontaneous circulation before imaging could be ob-
tained. Two patients had worsening respiratory failure and
ultimately went into cardiopulmonary arrest. ECMO was
not reinstituted in these patients due to futility of care.

Of the patients discharged alive, 12 of 21 (57%) patients
were discharged to a long-term acute care or rehabilitation
facility, 2 of 21 (10%) patients were transferred back to the
referring hospital for ventilatory weaning, and 7 of 21
(33%) patients were discharged directly home. A tracheos-
tomy was required in 56.8% of patients (20/37). The me-
dian duration of time from intubation to tracheostomy
was 19 days (IQR, 16.5-25.3). Among the 21 patients
who survived to hospital discharge, the median duration
of continuous ventilator support was 35 days (IQR, 20.5-
47), ICU LOS at the ECMO center was 31 days (IQR, 24-
51.5), and total LOS at the ECMO center was 44 days
(IQR, 31-62). Patients weaned to decannulation spent a me-
dian of 17 days (IQR, 10-33.5) on ECMO. These outcomes
are summarized in Table 2.

Complications
During ECMO support, 3 patients (8%) developed hem-

orrhagic brain injury, 5 patients (14%) experienced liver
failure, and 2 patients (5%) were in cardiogenic shock.
No patients developed coagulopathy as defined by
an elevated international normalized ratio. Concurrent
infection with COVID-19 included bacterial pneumonia in
7 patients (19%) and bacteremia in 4 patients (11%).
ECMO-specific complications included bleeding in 12 pa-
tients (32%), cannula migration in 1 patient (3%), and cir-
cuit malfunction in 2 patients (5%). Locations of bleeding
while on ECMO support included gastrointestinal tract in 7
patients (58.3% of bleeds), brain hemorrhage in 3 patients
(30% of bleeds), tracheal bleeding in 1 patient (10% of
bleeds), and retroperitoneal bleed in 1 patient (10% of
gery c March 2022



4 ECMO Referral Centers
in a Large Healthcare System

Venovenous Extracorporeal Membrane Oxygenation for Patients with Refractory Covid-19:
Multicenter Experience of Referral Hospitals in a Large Healthcare System

37 Patients
Refractory Covid-19

Severe ARDS
Venovenous ECMO

Pump Oxygenator

Survival to Discharge

Survival to ECMO Decannulation
65%

Time from Admission to ECMO
11.5 Days (Median)

Time on ECMO
17 Days (Median)

Implications
1. ECMO modifies anticipated outcomes
of refractory Covid-19 ARDS
2. Next steps: identify predictors of
positive outcome; long-term follow-up

57%

FIGURE 3. Summary of key study findings. A total of 37 patients admitted with severe acute respiratory distress syndrome associated with COVID-19

were initiated on VV ECMO support at 1 of 4 ECMO referral hospitals within a large health care system. Initiation of ECMO occurred on median day

11.5 following admission, and, of the successfully decannulated patients, median time on ECMO was 17 days. Survival to discharge from ECMO center

has occurred in 21 of 37 patients (56.8%). COVID-19, Coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; ARDS, acute respiratory

distress syndrome.
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bleeds). Of the 12 patients who had hemorrhage from
ECMO-related complications, 9 (75%) are deceased. Of
the 3 patients that survived ECMO-related bleeding events,
one had scattered small intracranial hemorrhages that
caused encephalopathy, another had a retroperitoneal bleed
that underwent multiple explorations in the operating room,
and the last patient had a gastric bleed that underwent
embolization by interventional radiology.

DISCUSSION
Critical cases of COVID-19–related ARDS present with

rapidly progressing respiratory and cardiac failure. There
are limited data available regarding the outcomes of
ECMO for patients with COVID-19 who continue to prog-
ress toward cardiopulmonary collapse.5-7 Our study
demonstrates that the use of VV-ECMO support modifies
anticipated outcomes for patients objectively refractory to
medical management and conventional lung-protective
ventilatory support (Figure 3). Specifically, of 37 patients
initiated on VV-ECMO in this health care system, 21
(56.8%) survived to discharge, and 24 (64.9%) were suc-
cessfully decannulated from ECMO (Figure 4). This popu-
lation of patients with critical, refractory COVID-19
infection was unlikely to survive without ECMO. Most of
the patients were discharged to a long-term acute care or
rehabilitation facility for deconditioning and further
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ventilatory weaning. Although these outcomes represent a
slightly lower survival than normally anticipated with
ECMO support for ARDS not related to COVID-19, it com-
pares very favorably with published survivals for intubated
patients with COVID-19.11,12

Our data depict the clinical course one of the largest
cohort of patients known to the authors with ventilatory-
refractory COVID-19 salvaged with VV ECMO. ECMO
improved the overall hemodynamics and respiratory status
of patients, as demonstrated by decreased plateau pressures,
partial pressure of arterial carbon dioxide, and vasopressor
support requirements over time. Very limited peer-reviewed
data are available for comparison with our cohort. Jacobs
and colleagues5 report on 32 patients at multiple centers
throughout the United States, with 1 patient surviving to
discharge, although the majority of patients remained on
ECMO at the time of publication. Yang and colleagues6 re-
ported on 6 patients, with only 1 patient surviving to hospi-
tal discharge. Osho and colleagues7 described their
experience with 6 patients at a single center including 1
death on ECMO, 4 successful ECMO decannulations, and
1 patient surviving to hospital discharge, with 4 remaining
hospitalized. Finally, Kon and colleagues8 have reported
on 27 patients at New York University, of whom 7 (26%)
survived to discharge with the majority of the remaining pa-
tients alive but still on ECMO support. The Extracorporeal
diovascular Surgery c Volume 163, Number 3 1077
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FIGURE 4. Competing outcomes over time for patients with severe acute respiratory distress syndrome associated with COVID-19 initiated onvenovenous

ECMO. Number at risk includes patients remaining on ECMO support, whereas cumulative events included decannulation from ECMO or death (whichever

occurred first). Dotted lines represent confidence intervals. ECMO, Extracorporeal membrane oxygenation.
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Life Support Organization registry recently reported 588 of
968 patients (61%) placed on ECMO for COVID-19 have
survived to discharge.13 Notably, their reported survival to
discharge rate corresponds well with the rate we report
from our health care system.

In patients with COVID-19 with severe ARDS, respira-
tory distress seems to have a rapid onset of progression.14,15

In our study, the median length of time from admission to
intubation was 1 day. ECMO was typically initiated be-
tween 4 and 7 days after the patients were intubated. All pa-
tients were in or near extremis at the time ECMO was
initiated. During the study period, an additional 2 patients,
who were excluded from our analysis, were initiated on ve-
noarterial ECMO. We preferred VV-ECMO for initial sup-
port in most cases because the majority of hemodynamic
instability exhibited by these patients was attributed to res-
piratory acidosis resultant from the ongoing ARDS process,
which rapidly resolved on after initiation of VV-ECMO.

We notably performed ECMO cannulation at bedside in
all 37 patients without immediate complications, suggest-
ing that cannulation can be performed safely even during
emergent situations of rapid clinical deterioration. Most pa-
tients were initially cannulated in a bifemoral configuration;
however, some cannulators elected for bicaval dual lumen
1078 The Journal of Thoracic and Cardiovascular Sur
internal jugular cannulation. Although there are inadequate
numbers to make comparisons, both techniques appear to be
technically safe. A subset of the patients underwent opera-
tive ECMO revision, typically from bifemoral to internal ju-
gular, to promote patient mobilization. These patients
worked with a team of physical therapists, nursing staff,
and ECMO specialists to sit at the edge of the bed, transfer
to a chair, or ambulate with a walker. Patients unable to
tolerate standing or ambulation participated in active range
of motion and strengthening exercises while supine. Ulti-
mately, 7 of 37 (19%) of patients were discharged directly
home, which likely reflects underlying patient premorbid
reserve along with an aggressive physical therapy and
mobilization strategy, even while on ECMO support.

Interpretation of the results of this study is limited by the
size of cohort and the short-term follow-up limited primar-
ily to hospital outcomes. It is also difficult to determine
what, if any, positive or negative effects the concurrent
experimental medical therapies may have had on complica-
tion rates and overall mortality. Recognizing that ECMO is
a resource-intensive therapy, future work should focus on
identifying which patients are most and least likely to
benefit from ECMO support to better inform clinical
decision-making when considering initiation of ECMO
gery c March 2022
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in a deteriorating patient with COVID-19. Long-term out-
comes of ECMO survivors are also essential to ascertain,
although no such data are currently available.

This report summarizes novel data from a large health
care system with multiple centers managing patients with
refractory COVID-19 ARDS using ECMO support. Our
findings suggest that ECMO use may be a reasonable treat-
ment option in these cases. Further studies addressing
ECMO use in COVID-19 are needed to confirm these
findings.
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APPENDIX E1. CLINICAL INDICATIONS FOR
EXTRACORPOREAL MEMBRANE
OXYGENATION (ECMO)

Clinical indications for initiation of ECMO included pa-
tients with escalation to and/or maximal ventilation settings
defined as a respiratory rate of 30, inspiratory pressure of 30
cmH2O, fraction of inspired oxygen (FIO2) �80%, or posi-
tive end-expiratory pressure (PEEP) �10 cmH2O with any
of the following: (1) peak or plateau pressure �30 cmH2O,
(2) partial pressure of arterial oxygen (PaO2)/FIO2 less than
100 mm Hg with PEEP 10 mm Hg, or (3) pH less than
7.15 and/or partial pressure of arterial carbon dioxide
70 mm Hg; patients on 2 or more vasopressors/inotropes
with any of the following: (1) urinary output<30 mL/h,
(2) mixed venous oxygen saturation<60%, or (3) lactate
�2 mmol/L.

Early in the course of the COVID-19 pandemic, the Bay-
lor Scott & White ECMO Governance Council decided to
modify the previously established system protocols guiding
patient selection for ECMO to patients with COVID-19 for
resource stewardship, as recommended by the Extracorpo-
real Life Support Organization.E1 Exclusion criteria for
all forms of ECMO included age older than 65 years (pre-
pandemic: 75 years), active do not resuscitate status order,
evidence of severe neurologic injury, unwitnessed cardiac
arrest or ongoing cardiopulmonary resuscitation exceeding
30 minutes, and known malignancy with predicted survival
less than 1 year. Body mass index (BMI)>45 kg/m2 was
considered a relative contraindication (prepandemic: no
weight limitation). Exclusion criteria for venovenous
ECMO included respiratory failure with advanced septic
shock involving 3 or more of the following features: lactate
>10 mmol/L, severe myocardial depression, use of norepi-
nephrine>1.5 mg/kg/min or a vasopressor of equivalence,
or advanced microcirculatory failure with severe mottling
or established purpura. Exclusion criteria for venoarterial
ECMO included: unrepaired aortic aneurysm, unrepaired
severe aortic or mitral valve regurgitation with poor left
ventricular function, severe chronic pulmonary arterial hy-
pertension, or late cardiogenic shock (with 2 or more of the
following features: lactate>15 mmol/L, aspartate transam-
inase or alanine transaminase >2000 U/L, international
normalized ratio>4.5, or advanced microcirculatory failure
with severe mottling or established purpura). Importantly,
concomitant acute kidney injury was not considered an
exclusion criterion as has been adopted at other major
centers.E2-E6

ECMO SETTINGS
Institutional “rest” ventilator settings were based on the

published literature as well as our own experience with
several hundred patients with acute respiratory distress syn-
drome. Our current protocol included a pressure control
mode ventilation with a driving pressure (calculated by

subtracting PEEP from plateau pressure) of 10 cmH2O,
PEEP of 10 cm H2O for BMI<35, 12 cm H2O for BMI
35-40, and 15 cmH2O for BMI>40, respiratory rate 10,
inspiratory pressure of 10 cmH2O (target tidal volume
4 mL/kg), and inspiratory to expiratory ratio of 1:1.5. FIO2
was weaned toward the goal of 50% to maintain PaO2
>60. Rate and, occasionally, driving pressure or PEEP
were used when ECMO sweep gas rate alone could not
compensate for pH < 7.3. Although some Asia Pacific
ELSO centers tolerate lower oxygenation, oxygenation
target in our system was defined as oxygen saturation
(SpO2) �88% based on historical practices. Clinically
worsening of oxygenation or carbon dioxide elimination
was addressed by adjusting the level of ECMO support.
Change in ventilatory settings was used when ECMO sup-
port was at its highest level possible.E2,E4,E7-E13

ANTICOAGULATION ON ECMO
Administration of a heparin bolus of 50 to 100 U/kg was

given intravenously after successful insertion of ECMO
cannula guidewires but before insertion of the drainage
and return cannulas. A heparin bolus was repeated if unable
to successfully cannulate a patient after 45 minutes. A hep-
arin intravenous infusion of 500 U/h or 20 U/kg/h was
started within 30 minutes of ECMO initiation if there was
no active bleeding. Heparin was titrated to a goal partial
thromboplastin time (PTT) 40 to 60 seconds per historical
practice. This target was arbitrarily increased to PTT 55
to 65 seconds, with greater reported thrombosis rates as
the pandemic progressed. The target was eventually con-
verted to an anti-Xa assay target of 0.2 to 0.4. Patients
with significant thrombocytopenia (generally platelet count
<50,000/uL) were checked for heparin-induced thrombocy-
topenia with antiplatelet factor 4 antibodies. If antiplatelet
factor 4 antibodies were present (dichotomously as positive
vs negative, given the Food and Drug Administration guid-
ance to not report optical density), the patient was switched
to argatroban at 0.4 to 0.8 mg/kg/min and titrated to goal
PTT pending serotonin release assay. Heparin was held
for 4 to 6 hours for ongoing major blood loss requiring
frequent transfusions with blood products. Heparin was
held for 24 hours in the case of a fresh sternotomy with
an open chest and nonfatal central nervous system
bleeding.E2-E6

ECMO WEANING PROTOCOL
Before ECMO weaning attempt, the patient met the

following criteria: improved hemodynamics (mean arterial
pressure>65 mm Hg), low or no vasopressor and inotrope
therapy (defined as norepineophrine <0.05 mg/kg/min,
vasopressin <0.04 units/min, dobutamine <5 mg/kg/min,
epinephrine <0.05 mg/kg/min, milrinone <0.375 mg/kg/
min), normalized lactate (<2 mmol/L), normalizing alanine
transaminase and bilirubin, stable creatinine, and adequate
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urine output (if not on continuous renal-replacement ther-
apy). The patients were at ECMO flows 2-4 lpm, gas sweep
1-2 lpm, and FIO2 30% to 50%. Patients demonstrated
spontaneous respiratory drive (either while intubated, or is
highly selected cases, when awake and preliberated from
ventilator). Patients were therapeutically anticoagulated.
ECMO gas sweep was weaned to 0.5 lpm and FIO2 21%.
Once the target ECMO gas sweep and FIO2 were obtained,
an arterial blood gas (ABG) was checked after 30 minutes.
If the SpO2 remained >85%, PaO2 >50%-60%, and pH
>7.30, the gas sweep was shut off. A repeat ABG was
checked after 30 minutes to ensure the patient was main-
taining target SpO2, PaO2, and pH levels. For the vast major-
ity of patients who are intubated, ventilator settings were
adjusted accordingly. If the patient was unable to tolerate
the weaning trial, they are placed back on full ECMO sup-
port with another weaning attempt after 24 hours. A suc-
cessful wean trial was defined as the ability to maintain
the following parameters for 6 to 24 hours after the gas
sweep “shut-off” trial: SpO2>85, PaO2 50-60 mm Hg, pH
>7.30 on ABG and FIO2 <60%, respiratory rate <20,
PEEP<12 cmH2O, plateau pressures<30 cmH2O, minute
ventilation<15 L/min on the ventilator, and mean arterial
pressure>65 mm Hg.E2-E6
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TABLE E1. Trends of inflammatory markers of patients initiated on ECMO

Pre-ECMO

(n ¼ 37)

ECMO day 1

(n ¼ 37)

ECMO day 3

(n ¼ 37)

ECMO day 7

(n ¼ 33)

ECMO day of

decannulation (n ¼ 24)

WBC, K/uL 13.5 [8.4-17.2] 12.1 [7.6-16.4] 10.2 [7.6-17.1] 11.6 [9.7-16] 11.7 [7.8-15.5]

Cr, serum, mg/dL 1.5 [0.8-2.6] 1.7 [0.8-2] 1.3 [0.8-1.9] 1 [0.7-1.7] 0.7 [0.5-1.4]

Ferritin, ng/mL 1103.9 [489.1-2375] 1041.2 [608.3-2953] 956.4 [486.6-1233.1] 685.2 [339-1215.3] 573.3 [278.1-747.1]

CRP, mg/dL 14.1 [7.4-22.8] 12 [3.1-16.9] 4.3 [2.1-10.4] 2.4 [0.7-10.2] 5.3 [1.3-15]

Procalcitonin, ng/mL 0.7 [0.2-2.3] 1 [0.3-3.7] 1 [0.3-5.7] 0.5 [0.2-1.1] 0.3 [0.2-0.6]

D-dimer, mg/mL 2.2 [1.5-4.6] 10.9 [3.9-35.5] 7.2 [4.6-22.1] 14.5 [5-39] 14 [5.6-33.3]

INR 1.2 [1-1.2] 1.2 [1.1-1.4] 1.2 [1-1.4] 1.3 [1-1.3] 1.2 [1.1-1.3]

Fibrinogen, mg/dL 534 [349.8-744.5] 510.5 [400.8-574.5] 334.5 [249.8-423] 243.5 [163.8-376.3] 165 [149-217]

LDH, u/L 446 [348.5-650.5] 493.5 [380.3-659.8] 505 [391-585.3] 427 [378-614] 418 [363.5-510.8]

Lactic acid, mmol/L 1.6 [1.2-2.1] 1.6 [1.4-2] 1.6 [1.2-3] 1.2 [1-1.9] 1.4 [1.2-2]

Values are denoted in median and interquartile ranges. ECMO, Extracorporeal membrane oxygenation;WBC, white blood cell count;Cr, creatinine;CRP, C-reactive protein; INR,

international normalized ratio; LDH, lactic acid dehydrogenase.
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