FEATURE ARTICLE

Extracorporeal Membrane Oxygenation
Characteristics and Outcomes in Children and
Adolescents With COVID-19 or Multisystem
Inflammatory Syndrome Admitted to U.S. ICUs*

OBIJECTIVES: Extracorporeal membrane oxygenation (ECMO) has been used
successfully to support adults with severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2)-related cardiac or respiratory failure refractory to con-
ventional therapies. Comprehensive reports of children and adolescents with
SARS-CoV-2-related ECMO support for conditions, including multisystem in-
flammatory syndrome in children (MIS-C) and acute COVID-19, are needed.

DESIGN: Case series of patients from the Overcoming COVID-19 public health
surveillance registry.

SETTING: Sixty-three hospitals in 32 U.S. states reporting to the registry be-
tween March 15, 2020, and December 31, 2021.

PATIENTS: Patients less than 21 years admitted to the ICU meeting Centers for
Disease Control criteria for MIS-C or acute COVID-19.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: The final cohort included 2,733
patients with MIS-C (n = 1,530; 37 [2.4%)] requiring ECMO) or acute COVID-19
(n=1,203; 71 [6.9%] requiring ECMO). ECMO patients in both groups were
older than those without ECMO support (MIS-C median 15.4 vs 9.9 yr; acute
COVID-19 median 15.3 vs 13.6 yr). The body mass index percentile was similar
in the MIS-C ECMO versus no ECMO groups (89.9 vs 85.8; p=0.22) but higher
in the COVID-19 ECMO versus no ECMO groups (98.3 vs 96.5; p = 0.03).
Patients on ECMO with MIS-C versus COVID-19 were supported more often
with venoarterial ECMO (92% vs 419%) for primary cardiac indications (87% vs
23%), had ECMO initiated earlier (median 1 vs 5 d from hospitalization), shorter
ECMO courses (median 3.9 vs 14 d), shorter hospital length of stay (median 20
vs 52 d), lower in-hospital mortality (27% vs 37%), and less major morbidity at
discharge in survivors (new tracheostomy, oxygen or mechanical ventilation need
or neurologic deficit; 0% vs 11%, 0% vs 20%, and 8% vs 15%, respectively).
Most patients with MIS-C requiring ECMO support (87%) were admitted during
the pre-Delta (variant B.1.617.2) period, while most patients with acute COVID-
19 requiring ECMO support (70%) were admitted during the Delta variant period.

CONCLUSIONS: ECMO support for SARS-CoV-2-related critical illness was
uncommon, but type, initiation, and duration of ECMO use in MIS-C and acute
COVID-19 were markedly different. Like pre-pandemic pediatric ECMO cohorts,
most patients survived to hospital discharge.

KEY WORDS: COVID-19; extracorporeal membrane oxygenation; intensive care
unit; pediatric
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@’D\ RESEARCH IN CONTEXT

e Some children and adolescents with severe
acute respiratory syndrome coronavirus 2 infec-
tion can develop life-threatening acute COVID-
19 or multisystem inflammatory syndrome in
children (MIS-C) that may require extracorpo-
real membrane oxygenation (ECMO) support.

e The characteristics and clinical outcomes of pe-
diatric patients supported on ECMO for acute
COVID-19 or MIS-C remain unclear.

e Using a national hospital-based surveillance
registry, we describe clinical characteristics of
patients with severe COVID-19 or MIS-C admit-
ted to the ICU, with and without ECMO support.

. J

cute infection with severe acute respiratory
Asyndrome coronavirus 2 (SARS-CoV-2) in

children is usually asymptomatic or mild,
with hospitalization rates varying over time with the
proportion of hospitalized children requiring ICU ad-
mission of 27.8% during the Delta wave and 20.2%
during the Omicron wave (1-5). Some young individ-
uals can develop life-threatening COVID-19, mostly
from acute hypoxemic respiratory failure. Another
rare post-infectious pediatric complication of SARS-
CoV-2 is multisystem inflammatory syndrome in chil-
dren (MIS-C) which can rapidly progress to cardiac
dysfunction and/or shock (1). Although most children
who require admission to an ICU with severe COVID-
19 or MIS-C survive and are discharged home (2, 3,
6, 7), some children with severe cardiac or respiratory
failure require extracorporeal membrane oxygenation
(ECMO) (8,9).

ECMO was used successfully in adults with severe
refractory SARS-CoV-2-associated respiratory or car-
diac failure as described in three large case series with
in-hospital mortality ranging from 37% to 62% (10-
12). In children and adolescents, ECMO support for
severe acute hypoxemic respiratory failure or cardio-
genic shock due to MIS-C was described in multiple
small case series (8, 13-19). The European Society of
Pediatric and Neonatal Intensive Care statement pro-
vides recommendations for caring for children with
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suspected or proven SARS-CoV-2 in ICUs or inter-
mediate care units and suggests using indications
and thresholds for ECMO as per currently published
Extracorporeal Life Support Organization (ELSO)
guidelines (20), noting that specific COVID-19 ECMO
data are sparse (21).

Few reports compare MIS-C with severe acute
COVID-19 (2, 22, 23), and data examining the dif-
ferences in clinical characteristics and outcomes of
patients requiring ECMO compared with those admit-
ted to the ICU without ECMO remain limited. Using
a national hospital-based surveillance registry, we de-
scribe clinical characteristics among severe MIS-C
and acute COVID-19 patients admitted to the ICU,
with and without ECMO. We further present race
and ethnicity data, insurance status as well as the
Social Vulnerability Index (SVI), in view of previously
described health disparities associated with SARS-
CoV-2-related critical illness in children in the United
States (24-26).

MATERIALS AND METHODS
Study Design and Participants

Patients were identified from the Overcoming
COVID-19 network, which performed active sur-
veillance of SARS-CoV-2-related illness in children,
adolescents, and young adults hospitalized from
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March 15, 2020, to December 31, 2021, at 63 hospi-
tals from 32 states in the United States (1, 2). The in-
vestigation was approved by the institutional review
board at Boston Children’s Hospital (Influenza and
Other Emerging Respiratory Pathogens Surveillance
Registry; IRB-P00009548; initial approval, September
9,2013; most recent approval, June 21, 2021). Further,
the investigation was reviewed by the Centers for
Disease Control and Prevention (CDC) and was con-
ducted consistent with the Declaration of Helsinki
and applicable federal law and CDC policy, including
a waiver of consent for public health surveillance as
defined by 45 CFR 46.102(I)(2) (27). This report con-
forms to reporting guidelines for uncontrolled case
series (28).

Data Collection and Case Definitions

Electronic medical record data were collected and ab-
stracted retrospectively among identified cases. The
data collected included demographics, underlying
medical conditions, presenting signs and symptoms,
hospital clinical course, daily laboratory values, diag-
nostic imaging, pharmacologic and nonpharmaco-
logic therapeutics, and outcomes. Data were entered
into Research Electronic Data Capture (Vanderbilt

University, Nashville, TN) hosted at Boston Children’s
Hospital.

Participating sites aimed to include all patients
admitted to the ICU with acute COVID-19 or MIS-C.
Patients from the registry were included in our anal-
ysis if they were less than 21 years old, admitted to the
PICU at a participating site, and met criteria for MIS-C
or acute COVID-19. MIS-C criteria were defined by
the CDC (29) and included fever lasting for greater
than or equal to 24 hours, laboratory evidence of in-
flammation, multisystem (> 2) organ involvement, and
laboratory evidence of current or recent SARS-CoV-2
infection. Patients with acute COVID-19 had evidence
of acute infection with SARS-CoV-2 via a positive re-
verse transcription-polymerase chain reaction or an-
tigen test result with symptoms and ICU admission
attributed to the acute infection (Fig. 1).

As previously reported (2), race and ethnicity and
insurance status were collected from hospital med-
ical records based upon patient or parental report.
The SVI of patients admitted during 2020 was deter-
mined based on the first four digits of the patient’s zip
code (i.e., county-level SVI only), whereas for patients
admitted in 2021, SVI was calculated from the patient’s
address of residence using the 2018 data available from
the CDC (30). Obesity

4,483 Patients enrolled in the Overcoming
COVID-19 surveillance registry from March 15,
2020 to December 31, 2021

was classified for patients
greater than or equal to 2
years old as greater than

A 4

1,750 Excluded
+ 1,567 — Not admitted to ICU
+ 183 — Alternative diagnosis

or equal to 95th body mass
index (BMI) percentile
for age and sex based on

2,733 patients meeting CDC criteria for MIS-C
or acute COVID-19 <21 years of age admitted to
the ICU

CDC national reference
standards (31). Nonobese
patients without chronic
underlying diagnoses or

1,530 MIS-C patients

|

use of prescription medica-
| tions were classified as “pre-

1,203 acute COVID-19

viously healthy” In patients

patients undergoing  echocardiog-

| raphy, left ventricular ejec-

tion fraction (LVEF) was

1,493 MIS-C patients
not receiving ECMO

37 MIS-C patients
receiving ECMO

ECMO

1,132 acute COVID-19
patients not receiving

categorized as normal if the
lowest reported LVEF was
greater than 55% or noted

71 acute COVID-19
patients receiving
ECMO

Figure 1. Eligibility flowchart of hospitalized patients with COVID-19-related illness and extracorporeal
membrane oxygenation (ECMO) requirement, March 15, 2020, to December 31, 2021. CDC = Centers
for Disease Control and Prevention, MIS-C = multisystem inflammatory syndrome in children.
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to be qualitatively normal;
LVEF was called depressed
if LVEF was less than or
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equal to 55% or, in cases where LVEF was unavailable,
based on the qualitative grade of dysfunction (32).
Further, coronary artery aneurysms were defined as
at least one body surface area-adjusted z score of the
proximal left anterior descending coronary artery or
proximal right coronary artery greater than or equal
to 2.5, or if an aneurysm was described qualitatively
(33). Patients were separated into groups based on
their illness (MIS-C or acute COVID-19) and whether
they received ECMO. New major morbidities reported
after hospital discharge included patients who were
discharged with a new tracheostomy, oxygen support,
new mechanical ventilation requirement, or with a
new neurologic deficit.

SARS-CoV-2 vaccination history among vaccine-
eligible children was recorded primarily from the
patient’s electronic medical record or the state im-
munization information system; where possible, pa-
tient data were linked to the Overcoming COVID-19
Vaccine Effectiveness study (34), in which robust vac-
cine verification methods were performed. Patients
were categorized as being fully vaccinated if a second
dose had been administered at least 14 days before
illness onset. Adolescents who had received only one
dose of vaccine or who had received a second dose less
than 14 days before illness onset were considered to
have been partially vaccinated. At the time of this in-
vestigation, booster doses had not yet been authorized
for administration among children and adolescents.

ECMO Supplemental Data Collection

Cases of ECMO were identified in the registry by the
central study team investigators and a supplemental
case report form (available in Supplemental Digital
Content, http://linksIww.com/PCC/C346) was dis-
tributed to site investigators to collect additional data
regarding a patient’s ECMO course. Additional vari-
ables collected include mode of ECMO (venovenous,
venoarterial, or both), reason for ECMO initiation
(cardiac, respiratory, other), use of extracorporeal
cardiopulmonary resuscitation (ECPR), degree of va-
sopressor support at ECMO initiation, pre-ECMO ini-
tiation lactate, troponin, and measures of oxygenation,
ECMO duration, and reason for ECMO discontinu-
ation (recovery, poor prognosis, death, transition to
other support, other). ECPR and ECMO discontinua-
tion including reason for discontinuation were defined

Pediatric Critical Care Medicine

according to ELSO recommendations (35, 36). In cases
where the reasons for ECMO initiation or discontin-
uation were unclear, the case was adjudicated by the
central study team investigators.

Statistical Analyses

Descriptive statistics were used to compare patients re-
ceiving ECMO and those not receiving ECMO within
a given illness group. Continuous variables included
median and interquartile range and categorical vari-
ables included counts and percentages. We used chi-
square test, Fisher exact test, or Kruskal-Wallis test
for between-group differences, where appropriate. p
value of less than 0.05 was considered statistically sig-
nificant. We did not impute missing data. All findings
were considered exploratory and adjustment for mul-
tiple comparisons was not performed. Analyses were
conducted in R Version 4.0.2 (R Project for Statistical
Computing, Vienna, Austria).

RESULTS

A total of 2,733 patients less than 21 years old in
the Overcoming COVID-19 public health registry
were admitted to the PICU during the study period,
with 108 patients with SARS-CoV-2-related illness
(4%) requiring ECMO support including 37 of 1,530
patients (2.4%) with MIS-C and 71 of 1,203 patients
(5.9%) with acute COVID-19. The characteristics
of patients with and without ECMO support within
each diagnostic group are summarized in Table 1.
Patients with MIS-C and acute COVID-19 requiring
ECMO were older than those without ECMO sup-
port (15.4 vs 9.9 yr [p <0.001] and 15.3 vs 13.6 yr [p =
0.08], respectively). The BMI percentile was higher in
COVID-19 with versus without ECMO groups (98.3
[85.8-99.7] vs 96.5 [60.1-99.3]; p = 0.03) but not dif-
terent in the MIS-C with versus without ECMO groups
(89.9 [68.0-97.8] vs 85.8 [53.2-97.9]; p = 0.22). There
were no differences between groups with and without
ECMO support within each diagnostic category by
race and ethnicity, SVI or insurance status. Among all
patients on ECMO support, only four patients with
MIS-C were vaccine eligible (all unvaccinated), and 36
patients with acute COVID-19 were vaccine eligible
(31 [86%] were unvaccinated and five had unknown
vaccination status).
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TABLE 1.

Demographics and Baseline Characteristics of 2,733 Patients Less Than 21 Years
Admitted to the ICU for Multisystem Inflammatory Syndrome in Children or Acute
COVID-19 Stratified by Extracorporeal Membrane Oxygenation Requirementa

Acute
MIS-C Not MIS-C COVID-19 Acute
Receiving Receiving Not Receiving COVID-19
Clinical ECMO ECMO ECMO Receiving
Characteristics (n=1,493) (n=1,132) ECMO (n=71)
Male, n (%) 906 (61) 25 (68) 0.50 598 (53) 36 (51) 0.82
Median age (IQR), yr 9.9 (6.5-13.6) 15.4 (9.0-16.3) < 0.001 13.6 (4.9-16.7) 15.3 (8.6—-17.3) 0.08
<1yr 1(2) 0 (0) 154 (14) 7 (10)
1 < 2 14 2 131 (12 11
to<5yr 09( ) (5) 000 31(12) 8 (11) 0.98
5to<13yr 832 (56) 13 (35) 240 (21) 10 (14)
13to <21 yr 421 (28) 22 (60) 607 (54) 46 (65)
Race and ethnic group,
n (%)®
White, non-Hispanic 4292 (28) 8 (22) 401 (35) 29 (41)
Black, non-Hispanic 529 (35) 16 (43) 295 (26) 15 (21)
Hispanic or Latino 383 (26) 9 (24) 0.77 320 (28) 21 (30) 0.71
Other race, 102 (7) 2 (5) 92 (8) 6 (9)
non-Hispanic
Unknown 57 (4) 2 (5) 24 (2) 0 (0)
Insurance status, n (%)
Private/self-pay 579 (39) 11 (30) 333 (29) 20 (28)
Public/government 852 (57) 24 (65) 0.44 737 (65) 45 (63) 0.53
Unknown 62 (4) 2 (5) 62 (5) 6 (8)
SVI quartile, n (%)°
Low SVI 220 (15) 5(14) 136 (12) 13 (18)
Low/mid SVI 426 (29) 7 (19) 330 (29) 6 (23)
Mid/high SVI 469 (31) 20 (54) 0.08 365 (32) 1 (30) 0.11
High SVI 367 (25) 5 (14) 257 (23) 1 (30)
Unknown SVI 11 (0.7) 0 (0) 44 (4) 0 (0)
SVI, median (IQR) 0.553 0.595 0.77 0.554 0.606 0.71
(0.369-0.747) (0.442-0.707) (0.877-0.741) (0.340-0.766)
Date of admission, n (%)
March 2020 to May 1,122 (75) 32 (87) 678 (60) 1 (30)
2021 (pre-Delta)
June 2021 to 371 (25) 5 (14) 0.13 454 (40) 0 (70) <0.001
December 2021
(Delta)
Presentation, median
(IQR)
Days of symptoms 4 (3-5) 4.5 (2-6) 0.76 4 (1-7) 4 (2-6.5) 0.51
before presentation
Organ systems involved 5 (4-5) 6 (5-6) < 0.001 3 (2-3) 5 (4-5.5) < 0.001
(Continued)
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TABLE 1. (Continued)

Demographics and Baseline Characteristics of 2,733 Patients Less Than 21 Years
Admitted to the ICU for Multisystem Inflammatory Syndrome in Children or Acute

MIS-C Not
Receiving

MIS-C
Receiving
ECMO
(n=237)

Clinical
Characteristics

Vaccination status, n (%)¢

Vaccine eligible 222 (15) 4(11)
Fully vaccinated 6 (3) 0 (0)
Partially vaccinated 12 (5) 0 (0)
Unvaccinated 176 (79) 4 (100)
Unknown vaccination 28 (13) 0 (0)

status

COVID-19 Stratified by Extracorporeal Membrane Oxygenation Requirement?

Acute
COVID-19 Acute
Not Receiving COVID-19
ECMO Receiving
(n=1,132) ECMO (n=71)
0.64 332 (29) 36 (51) < 0.001
3(1) 0 (0)
5 (2) 0 (0)
1.00 282 (85) 31 (86) 0.91
42 (13) 5 (14)

ECMO = extracorporeal membrane oxygenation, IOR = interquartile range, MIS-C= multisystem inflammatory syndrome in children,

SVI = Social Vulnerability Index.

2A full list of underlying conditions is available in Supplemental Table 1 (http://links.lww.com/PCC/C346).

*Race and ethnic group were reported by the patient or by the patient's parent or guardian.

cSVI of patients admitted during 2020 was determined based on the first four digits of the patient's zip code, whereas for patients
admitted in 2021, SVI was calculated from the patient’s address of residence using the 2018 data available from the Centers for

Disease Control and Prevention (30).

dVaccination eligibility/status was defined as previously reported (29).

Among patients with MIS-C, those supported on
ECMO were more likely to have oncologic or immune
compromise as underlying conditions and had more
organ systems involved at presentation compared
with those without ECMO support (Table 1; and
Supplemental Table 1, http://links.lww.com/PCC/
C346). A significantly higher proportion of patients
supported on ECMO had LVEF less than or equal
to 35% compared with those without ECMO sup-
port (61% vs 8%). Patients with MIS-C who required
ECMO had significantly higher in-hospital mortality
(27% vs 0.9%), longer ICU and hospital length of stay,
and were more likely to be discharged to rehabilitation
or chronic care facility compared with those without
ECMO support (Table 2).

Among patients with acute COVID-19, those sup-
ported on ECMO had similar age and distribution
of underlying conditions but more organ systems in-
volved at presentation compared with those without
ECMO support (Table 1; and Supplemental Table
1, http://links.lww.com/PCC/C346). A significantly
higher proportion of patients supported on ECMO
had LVEF less than or equal to 35% compared with
those without ECMO support (18% vs 5%). Patients

Pediatric Critical Care Medicine
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with acute COVID-19 who required ECMO had sig-
nificantly higher in-hospital mortality (37% vs 4%),
longer ICU and hospital length of stay, and were more
likely to be discharged to rehabilitation or chronic care
facility compared with those without ECMO support
(Table 2). In addition, patients with acute COVID-19
who required ECMO were more likely to be discharged
with neurologic deficit (16% vs 3%), new or increased
oxygen support (20% vs 8%), new mechanical venti-
lation requirement (10% vs 2%) or new tracheostomy
(11% vs 2%), compared with those without ECMO
support (Table 2).

Laboratory values at presentation to the hospital are
displayed in Figure 2, Supplemental Figure 1 (http://
links.lww.com/PCC/C346), and Supplemental Table
2 (http://links.lww.com/PCC/C346). Overall, patients
with MIS-C who required ECMO had significantly
higher absolute neutrophil counts, higher absolute
lymphocyte counts, WBC counts, lactate, creatinine,
and C-reactive protein levels compared with patients
with MIS-C without ECMO support. Among acute
COVID-19 patients requiring ECMO, absolute neu-
trophil counts, WBC counts, neutrophil to lympho-
cyte ratio, creatinine, ferritin, and C-reactive protein

www.pcecmjournal.org 361
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TABLE 2.

Hospital Characteristics and Outcomes of 2,733 Patients Less Than 21 Years Admitted to
the ICU for Multisystem Inflammatory Syndrome in Children or Acute COVID-19 Stratified
by Extracorporeal Membrane Oxygenation Requirement

MIS-C Not
Receiving

MiSs-C
Receiving
ECMO
(n=237)

ECMO
(n =1,493)

Clinical
Characteristics

Echocardiogram
findings, n (%)

Acute COVID-
19 Receiving
ECMO (n=171)

Acute COVID-19
Not Receiving
ECMO (n=1,132)

Echocardiogram 1,463 (98) 36 (97) 0.54 373 (33) 67 (94) < 0.001
performed
LVEF > 55% 629 (43) 4(11) < 0.001 267 (72) 35 (52) < 0.001
LVEF < 55% 633 (43) 9 (25) 42 (11) 9 (13)
and > 35%
LVEF < 35% 119 (8) 22 (61) 18 (5) 12 (18)
Unknown LVEF 82 (6) 1(3) 46 (12) 11 (16)
Coronary artery 236 (16) 4(11) 0.64 11 (3) 3 (4) 0.46
aneurysm
Pericarditis or 425 (29) 13 (36) 0.46 45 (12) 13 (19) 0.15
pericardial effusion
Outcomes, n (%)? .
ICU length of stay 3 (2-5) 11 (8-17) < 0.001 4 (2-8) 33 (19.5-47.25) < 0.001
(d), median (IQR)
Hospital length of 7 (5-9) 20 (17-24.5) < 0.001 7 (4-13) 52 (85-69) < 0.001
stay (d), median
(IQR)
Died (in hospital) 13 (0.9) 10 (27) < 0.001 41 (4) 26 (37) < 0.001
Discharged to reha 28 (2) 4 (11) 0.006 51 (5) 15 (21) < 0.001
bilitation or chronic
care facility
Discharged with 24 (2) 3 (8) 0.03 29 (3) 11 (15) < 0.001
neurologic deficit
Discharged with new 21 (1) 0 (0) 1.00 90 (8) 14 (20) 0.001
or increased
oxygen support
Discharged with new 11 (0.7) 0 (0) 1.00 27 (2) 7 (10) 0.003
mechanical ventila-
tion requirement
Discharged with new 6 (0.4) 0 (0) 1.00 19 (2) 8 (11) < 0.001

tracheostomy

ECMO = extracorporeal membrane oxygenation, IOR = interquartile range, LVEF = left ventricular ejection fraction, MIS-C= multisystem

inflammatory syndrome in children.
2Outcomes are not mutually exclusive.

levels were significantly greater than acute COVID-19
patients without ECMO support.

ECMO was initiated earlier in the hospital course in
patients with MIS-C versus acute COVID-19 (median

362 www.pcemjournal.org

1 vs 5 d from hospital admission) (Table 3). The pri-
mary reason for ECMO initiation was cardiac (87%)
in the MIS-C group and respiratory (82%) in the acute
COVID-19 group. This is reflected in predominantly
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Figure 2. Admission laboratory markers among multisystem inflammatory syndrome in children (MIS-C) and acute COVID-19 patient
with and without extracorporeal membrane oxygenation (ECMO) support. “Denotes significant difference between ECMO and non-
ECMO patients (p < 0.05). ALC = absolute lymphocyte count, ANC = absolute neutrophil count, CRP = C-reactive protein.

venoarterial ECMO use in the MIS-C group (89%) and  higher use of vasoactive infusions, higher pre-ECMO
venovenous ECMO use in the acute COVID-19 group  lactate (median 4.9 vs 1.8 mmol/L), and higher pre-
(59%) (37). ECPR rates were similar in the MIS-Cand ECMO troponin (median 0.84 vs 0.05ng/mL) in the
acute COVID-19 groups, 19% and 13%, respectively. =~ MIS-C group compared with the acute COVID-19
In line with primary indication for ECMO, there was  group. Pre-ECMO median Pao, was higher, and Fio,,

Pediatric Critical Care Medicine www.pccmjournal.org 363

Copyright © 2023 by the Society of Critical Care Medicine and the World Federation of Pediatric Intensive and Critical Care Societies.
Unauthorized reproduction of this article is prohibited



Bembea et al

4 ™)
V)
& AT THE BEDSIDE

e Four percent of patients less than 21 years
admitted to ICUs in a U.S. public health surveil-
lance registry received ECMO.

e Patients with MIS-C had ECMO initiated early
in the hospital course for primary cardiac indi-
cations, and had shorter, mostly venoarterial
ECMO courses with higher survival to hospital
discharge compared with patients with acute
COVID-19.

e QOverall survival to hospital discharge and need
for rehabilitation or for new respiratory support
among ECMO survivors were similar or com-
pared favorably with historical, pre-pandemic
pediatric ECMO cohorts.

. J

Paco,, and mean airway pressure were lower in the
MIS-C versus acute COVID-19 group.

Fourteen percent of patients with MIS-C on ECMO
support and 17% of patients with acute COVID-19 on
ECMO support died while on ECMO. One patient with
acute COVID-19 on ECMO support was transferred
to a different center for lung transplant evaluation,
and one patient with underlying cardiomyopathy who
required ECMO support for acute COVID-19 tran-
sitioned to mechanical circulatory support (Table 3).
Among MIS-C and acute COVID-19 patients, dis-
charge with one or more new major morbidities was
8% and 31% (p = 0.008), respectively, in survivors (new
tracheostomy, oxygen or mechanical ventilation need
or neurologic deficit; 0% vs 11%, 0% vs 20%, and 8% vs
15%, respectively).

DISCUSSION

In this multicenter study of critically ill U.S. chil-
dren and adolescents admitted to the ICU with
SARS-CoV-2-related illness including MIS-C and
acute COVID-19, ECMO use was uncommon (4%
of all ICU admissions), reported mostly in adoles-
cent patients, and the majority of acute COVID-19
patients receiving ECMO were obese. The pattern of
initiation, duration of support and type of ECMO
used differed between the MIS-C and acute COVID-
19 groups, with cardiovascular support more often
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the trigger for initiation for MIS-C and need for
venoarterial ECMO but with shorter ECMO dura-
tion and higher frequency of survival without major
complications. Although overall survival was over
83% in both groups, almost a third of survivors with
acute COVID-19 suffered major morbidities. The
great majority of the patients were not COVID-19
vaccine eligible prior to illness, and very few eligible
patients were vaccinated. Black non-Hispanic and
Hispanic children comprised a disproportionate ma-
jority of patients receiving ECMO for MIS-C or acute
COVID-19 compared with the U.S. population, an-
other example of severe health disparities during the
pandemic.

Symptom duration before presentation was sim-
ilar for both diagnostic groups regardless of ECMO
status; however, ECMO support was initiated on av-
erage very soon after hospital admission in patients
with MIS-C but later in the disease course of acute
COVID-19 (median 5 d). This is in contrast with prior
data from a small European case series (n = 24) that
reported a median of 8.5 days from onset of symptoms
to ECMO without significant differences between chil-
dren with MIS-C versus acute COVID-19 with acute
respiratory distress syndrome (8). The proportions of
patients discharged to rehabilitation or chronic care
facility among ECMO survivors (11% for MIS-C and
21% of acute COVID-19) were lower compared with
reports from pre-COVID-19 pandemic mixed pedi-
atric ECMO populations (34-51%) (38, 39). Among
survivors of acute COVID-19 with ECMO support
for primary respiratory indications, the proportion
of patients who needed new or increased respiratory
support at discharge (10% with new mechanical ven-
tilation requirement and 11% with new tracheostomy)
was similar to previously published respiratory out-
comes in pre-pandemic cohorts of children with acute
respiratory failure on ECMO support (9% with new
mechanical ventilation requirement and 14% with new
tracheostomy) (40, 41).

In-hospital mortality (27% for MIS-C and 37% for
acute COVID-19 supported on ECMO) was compa-
rable to the ELSO-reported pre-pandemic mortality in
mixed pediatric populations requiring ECMO support
(39%) (42). The only published multicenter case series
of children supported on ECMO for MIS-C or acute
COVID-19 reported higher in-hospital mortality of
43% in the earlier stage of the pandemic (March 2020
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TABLE 3.

Characteristics of 108 Patients Less Than 21 Years With Multisystem Inflammatory
Syndrome in Children or Acute COVID-19 Requiring Extracorporeal Membrane
Oxygenation Support

Multisystem Inflammatory
Syndrome in Children ECMO

Acute COVID-19 ECMO
Clinical Characteristics (n=37) (n=71)

Type of ECMO, n (%)

Venovenous ECMO only 3(8) 42 (59)

Venoarterial ECMO only 33 (89) 22 (31)

Venovenous and venoarterial ECMO? 1 (3) 7 (10)
ECMO course

Hospital day of ECMO start, median 1(1-2) 5 (2-10)

(IGR)

Total length of ECMO (d), median (IQR) 3.9 (2.6-5.8) 14 (6.1-27.4)

Multiple ECMO cannulations, n (%) 0 (0) 5(7)
Reason for ECMO initiation, n (%)

Cardiac 32 (87) 16 (23)

Respiratory 7 (19) 58 (82)

Septic shock 0 (0) 1(1)

Extracorporeal cardiopulmonary 7 (19) 9 (13)

resuscitation

Vasopressor support at ECMO initiation, median (IQR), n (%)

Dopamine (ug/kg/min)

Dobutamine (ug/kg/min)

Epinephrine (ug/kg/min)

Norepinephrine (ug/kg/min)

Milrinone (ug/kg/min)

Vasopressin (U/kg/hr)
Laboratory values, median (IQR)

Pre-ECMO lactate (mmol/L)®

Pre-ECMO troponin (ng/mL)°

Highest troponin (ng/mL)¢
Pre-ECMO oxygenation

Pao, (mm Hg)®

Fio,f

Paco, (mm Hg)e

pH"

Mean airway pressure (mm Hg)’

12.5(11.3-13.8), n =2 (5)
8.25 (4.88-11.63), n=2
0.13 (0.09-0.29), n =35
0.24 (0.10-0.38) 8
0.44 (0.25-0.50), n=10
0.07 (0.02-0.84)

4.9 (3.4-10.0)
0.84 (0.22-5.68)
0.92 (0.34-8.0)

6 (59.3-174)

8 (0.5-1.0)

4 (36-55)
7.28 (7.20-7.33)

7 (14-22.5)

10 (10-10),n=1 (1)

Not available, n= 0 (0)

0.1 (0.05-0.18), n =34 (48)

0.1 (0.05-0.18), n =20 (28)
0.28 (0.25-0.50), n=8 (11)
0.13 (0.05-0.60), n=7 (10)

1.8 (1.1-4.1)
0.05 (0.01-1.10)
0.42 (0.05-5.42)

68 (58-88.3)

1.0 (0.73-1.0)
53.5 (45-68.7)
7.30 (7.18-7.38)
22.3 (17.56-26.9)

to June 2020, n = 7) (43), with much lower in-hospital
mortality of 4% in the latter stages of the pandemic
(July 2020 to December 2021, n = 24) (8). However,
the authors acknowledged that these data may be

(Continued)

limited by the survey methods used for data collec-
tion and small sample size (8). In-hospital mortality
among children and adolescents with acute COVID-
19 requiring ECMO in this report was slightly lower
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TABLE 3. (Continued)

Characteristics of 108 Patients Less Than 21 Years With Multisystem Inflammatory
Syndrome in Children or Acute COVID-19 Requiring Extracorporeal Membrane

Oxygenation Support

Multisystem Inflammatory

Syndrome in Children ECMO
(n=37)

Clinical Characteristics

ECMO discontinuation reason, n (%)

Recovery 29 (78)
Poor prognosis/redirection of goals of 3 (8)
care

Death on ECMO 5 (14)
Bleeding complications 0 (0)
Transition to lung transplant evaluation 0 (0)
Transition to cardiac support! 0 (0)

Acute COVID-19 ECMO
(n=71)

43 (61)
11 (16)

12 (17)
3(4)
1(1)
1(1)

ECMO = extracorporeal membrane oxygenation, IOR = interquartile range.
aMultisystem inflammatory syndrome in children (MIS-C) ECMO initial mode: venoarterial, n = 1 (3%); venovenous, n = 0 (0%). Acute
COVID-19 ECMO initial mode: venoarterial, n = 2 (3%); venovenous, n = 5 (7%).

*Available for 34 patients with MIS-C and 64 with acute COVID-19.
“Available for 31 patients with MIS-C and 30 with acute COVID-19.
dAvailable for 31 patients with MIS-C and 30 with acute COVID-19.
¢Available for 29 patients with MIS-C and 60 with acute COVID-19.

fAvailable for 29 patients with MIS-C and 63 with acute COVID-19.

9Available for 30 patients with MIS-C and 62 with acute COVID-19.
"Available for 31 patients with MIS-C and 62 with acute COVID-19.

'Available for 23 patients with MIS-C and 51 with acute COVID-19.
JPatient with underlying cardiomyopathy.

(37%) than pooled estimates of mortality reported in
a recent systematic review and meta-analysis of stud-
ies reporting mortality among adults with COVID-19
receiving ECMO for mixed cardiac and respiratory
indications (first half 2020: 41.2%, second half 2020:
46.4%, first half 2021: 62.0%, second half 2021: 46.5%)
(44).

The majority of children and adolescents with
MIS-C were admitted to U.S. ICUs during the pre-
Delta (B.1.617.2) variant period (March 2020 to May
2021) and represented a unique challenge to pedi-
atric providers, with rapidly evolving recommen-
dations for early diagnosis, therapeutic regimens,
and initially unknown effect of vaccination on de-
velopment of MIS-C (45-48). In this Overcoming
COVID-19 registry report, the majority of patients
(87%) with MIS-C supported on ECMO were admit-
ted in the pre-Delta (B.1.617.2) variant period.
Only four patients (11%) were vaccine eligible, and
none were vaccinated. In contrast, 70% of patients
with acute COVID-19 supported on ECMO were
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admitted during the Delta variant period (June 2021
to December 2021). Half of these ECMO-supported
patients were vaccine eligible but they were mostly
unvaccinated. In a vaccine effectiveness case-control
study, we reported that COVID-19 vaccination was
highly effective at preventing life-threatening illness
in children and adolescents (34). We observed higher
overall proportion of children identifying as non-
Hispanic Black race and Hispanic ethnicity compared
with the U.S. general population, more accentuated
among those admitted to the PICU with and without
ECMO for MIS-C, consistent with previous reports
from the Overcoming COVID-19 registry (24).
Within the two diagnostic groups of MIS-C and acute
COVID-19, there were no differences in distribution
of race/ethnicity, insurance status and SVI between
those receiving ECMO versus those not receiving
ECMO. Should need for ECMO support be consid-
ered a marker for severity of illness, these findings
are consistent with other cohorts, where lower neigh-
borhood socioeconomic status, higher SVI, Hispanic
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ethnicity, and Black race were found to be independ-
ently associated with MIS-C diagnosis but not with
disease severity (49).

While the analyses conducted in this investigation
are not adjusted for potential confounders, patterns of
risk factors for critical illness requiring ECMO emerge
for both diagnostic groups. While relatively rare, on-
cologic disease or immune compromise were more
common among MIS-C patients requiring ECMO
compared with the non-ECMO group. Among patients
with acute COVID-19 requiring ECMO support, BMI-
based obesity was present in almost two-thirds (63%),
a higher proportion than had been described in adults
with severe acute COVID-19 requiring ECMO (47%)
(10), suggesting that obesity may be an important risk
factor for severe disease in the pediatric age group
and in adolescents in particular. The pediatric hospi-
tals enrolling patients were ECMO referral centers,
and it is not possible to assess whether there were any
limitations on degree of obesity for ECMO support.
However, the upper quartile of BMI percentile was
99.7 for the acute COVID-19 patients. At presentation,
patients with MIS-C and acute COVID-19 who re-
quired ECMO support had higher levels of inflamma-
tory markers and evidence of end-organ dysfunction
compared with their ICU counterparts not requiring
ECMO support. Ferritin, a predictor of severe MIS-C
(50, 51), was significantly elevated at presentation in
patients with acute COVID-19 and was higher in those
with MIS-C who required ECMO.

This study has several limitations. First, participat-
ing hospitals were geographically diverse but selected
for sentinel surveillance of severe disease and more
likely to be tertiary or quaternary care centers that were
ECMO referral centers. They may not be representa-
tive of all U.S. hospitals providing pediatric ECMO
support. Second, criteria for ECMO deployment and
clinical management during the ECMO course were
not standardized. Third, some ECMO-associated com-
plications (42) that may have impacted outcomes may
not have been collected as part of the Overcoming
COVID-19 registry or the supplemental ECMO data
collection form. Fourth, data collection during the
Delta variant period may have been limited by the
large number of hospital admissions; registry data may
be biased toward inclusion of those with higher se-
verity of illness. Fifth, there are several data elements
obtained from the medical record based upon patient

Pediatric Critical Care Medicine

or parental report, such as the race and ethnicity in-
formation, which cannot be independently verified
in such a registry report. Sixth, for the patients from
2020, investigators only captured the first four digits
of the patient’s zip code, which allows for county-level
SVI rather than individual census tract. In 2021, sites
entered SVI based on patient’s address; hence, there is
a specific census tract SVI for these patients. The SVI
reported herein is still determined from the 15 vari-
ables as defined by the CDC, although the precision of
the information differs between the two groups.

CONCLUSIONS

In this public health registry of patients less than 21
years admitted to U.S. ICUs for SARS-CoV-2-related
illness, ECMO support was uncommon and was re-
quired mostly for adolescent patients. The type and
timing of ECMO use in patients with MIS-C versus
acute COVID-19 were markedly different. Patients
with MIS-C had ECMO initiated early in the hos-
pital course for primary cardiac indications, and had
shorter, mostly venoarterial ECMO courses with
higher survival to hospital discharge compared with
patients with acute COVID-19. Overall survival to
hospital discharge and need for rehabilitation or for
new respiratory support among ECMO survivors were
similar or compared favorably with historical, pre-
pandemic pediatric ECMO cohorts.
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