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Introduction: The objective of our study was to identify rates of readmission and late mortality in pediatric extra-
corporeal membrane oxygenation (ECMO) patients after discharge from their ECMO hospitalization.
Methods: We conducted a population-based retrospective cohort study of children who were discharged after
ECMO. Data were obtained from the State Inpatient Databases for 10 states. Time-to-event analyses were used
to estimate the risk of readmission and to identify factors predictive of readmission and late mortality, including
characteristics of initial hospital course and ECMO center volume.
Results: A total of 1603 pediatric ECMO patients were identified, and 42.4% of these patients died prior to discharge.
Of the 924 ECMO survivors, 35.6% had anunplanned readmission, and 3%died during readmissionwithin 1 year. The

risk of readmission was significantly related to the indication for ECMO, number of complex chronic conditions,
transfer status, and discharge destination (all p<0.05). The risk of late mortality was significantly related to health
insurance, transfer status, number of complex chronic conditions, and indication for ECMO (all p<0.05).
Conclusions: Pediatric ECMO survivors have a high risk of hospital readmissionwith approximately 3%mortality dur-
ing readmissions within 1 year of initial discharge.
Type of Study: Retrospective Cohort Study
Level of Evidence: Level III

© 2020 Elsevier Inc. All rights reserved.
Extracorporeal membrane oxygenation (ECMO) is a highly special-
ized life support measure that is used in neonatal and pediatric patients
for a variety of critical conditions. Reported in-hospital mortality rates
from pediatric ECMO vary from 40–50% [1,2]. However, the care of pa-
tients who survive ECMO is not standardized, and less is known about
the risk of subsequent severe illnesses warranting re-hospitalization
after initial discharge from ECMO. The objective of our study was to de-
scribe the rates and risk factors for unplanned readmission after ECMO.
Secondarily, we sought to describe the rate of in-hospital mortality that
occurred during readmissions.

1. Methods

We conducted a population-based retrospective cohort study using
data from theHealthcare Cost andUtilization Project’s (HCUP) State Inpa-
tient Databases (SID). The SID contain data from all inpatient encounters
in all or nearly all acute care hospitals in participating states [3]. Data
use agreements with HCUP were completed by the research team. SID
data are de-identified by HCUP, which qualified for exemption from
human subjects review by the Nationwide Children’s Hospital Institu-
pital, 700 Children’s Drive, Co

rg (P.C. Minneci).
-

tional Review Board. Data were obtained for the period of 2005–2016
from the following states: Arkansas, California, Florida, Georgia, Iowa,
Maryland, North Carolina, Nebraska, New York, and Wisconsin. These 10
states were selected because they all provided unique, encrypted patient
identifiers that were consistent for at least 2 consecutive calendar years
during the study period [4].We initially identified admissions for patients
aged 0–18 years with an International Classification of Diseases, 9th revi-
sion, who had a procedure code for ECMO (39.65) and a discharge date
between January 1st, 2005 and September 30th, 2015. Admissionswithout
available patient identifiers were excluded. For each patient, the first ad-
mission with an ECMO procedure code during the study period was des-
ignated as the index admission. Patients who did not survive or who had
unknowndischarge destination from the index admissionwere excluded.

1.1. Measures

The primary outcome of interest was the risk of unplanned readmis-
sion over time. Readmissions were identified by tracking patient identi-
fiers across all institutions in each participating state. Readmissions
following initial discharge from ECMOwere identified by tracking inpa-
tient admissions that followed the index admission in January 1, 2005
through December 31, 2016 in the SID. Transfers or readmissions for af-
tercare were not considered unplanned readmissions. The following
readmissions were considered to be planned rather than unplanned:
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Table 1
Baseline characteristics and overall outcomes amongpatients discharged alive fromECMO
State Inpatient Databases 2005–2015.

N or
median

% or
IQR

All hospitals, N 50 100.0
Pediatric hospitals, N 17 34.0
All patients, n 924 100.0
Age, years <1 616 66.7

1–10 186 20.1
11–18 122 13.2

Female 420 45.5
Race and ethnicity White 320 34.6

Black 149 16.1
Hispanic 133 14.4
Other 169 18.3
Unknown 153 16.6

Health insurance Medicaid 517 56.0
Private 355 38.4
Other 52 5.6

Transferred in 366 39.6
Number of complex chronic
conditions

2 1–3

Indication for ECMO Neonatal, Congenital
diaphragmatic hernia

92 10.0

Neonatal, Cardiac arrest 78 8.4
Neonatal, Cardiac disease 111 12.0
Neonatal, Respiratory failure 207 22.4
Pediatric, Cardiac arrest 168 18.2
Pediatric, Cardiac disease 128 13.9
Pediatric, Respiratory failure 140 15.2

ECMO center volume
(average admissions/yr)

<15 226 24.5
15–30 358 38.7
>30 340 36.8

Pediatric hospital 435 47.1
Post-cannulation length of stay Less than 8d 50 5.4

8–14 d 86 9.3
15–30 d 254 27.5
More than 30d 469 50.8
Unknown/before admission 65 7.0

Discharge disposition Home or self-care 453 49.0
Transfer: short-term hospital 176 19.1
Transfer: other type of facility 134 14.5
Home health care 161 17.4

Outcomes
Follow-up duration, monthsa 20 4–48
Any unplanned readmission 412 44.6
Time to readmission, months 3 1–10
Total unplanned readmissions
(n = 412)

2 1–4

Died at a readmission (planned
or unplanned)

45 4.9

a Time from ECMO discharge to first unplanned readmission or last month of state data
availability for patients without an unplanned readmission.
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admissions classified by HCUP as “elective”; admissions occurring
within 1 day of initial discharge from the index ECMO admission
among patients with an initial discharge status of “transfer”; admissions
with a principal diagnosis code for elective surgery, aftercare, of follow-
up examination. For patients who had an unplanned readmission,
follow-up time was defined as time from initial ECMO discharge to
first unplanned readmission. For patients without an unplanned read-
mission, follow-up time ended at last month of data availability or inpa-
tient death at a planned readmission (whichever occurred first). We
also examined the risk of in-hospital death at a readmission (planned
or unplanned) over time. Follow-up time for the outcome of death at a
readmission was defined as time from initial ECMO discharge to date
of final discharge, or last month of data availability (for patients who
did not have a readmission).

The following patient and hospital characteristics were selected based
on clinical relevance and availability in the database to be examined as
risk factors for the study outcomes: age at index admission, race and eth-
nicity, health insurance, elective admission, transfer admission, presence
of one or more pediatric complex chronic conditions, indication for
ECMO, discharge disposition (e.g., home or self-care, transfer to short-
term hospital or other type of facility, home health care) hospital ECMO
volume and percentage of pediatric ECMO patients. [5] Indication for
ECMO was determined by adapting a previously published, hierarchical
classification for hospital discharge data, which emulates indications for
ECMO used by ELSO [1,6]. Using patient age and all available diagnosis
and procedure codes from the index admission, patients were classified
into the following seven mutually exclusive groups: congenital diaphrag-
matic hernia, neonatal or pediatric cardiac arrest, neonatal or pediatric car-
diac disease, and neonatal or pediatric respiratory failure. Patients whom
after review of all diagnosis and procedure codes available in the admis-
sion record could not be classified into one of the seven indication for
ECMO groups were excluded from the analysis (less than 1.5% of the
study population). Based on previous literature, the following ECMO cen-
ter volume categories were initially used for the study: <6, 6–14, 15–30,
and >30 cases/year [7]. Due to the small number of patients alive at dis-
charge in hospitals with <6 cases/year, the two lowest ECMO volume cat-
egories were combined resulting in three final groups for comparison:
<15, 15–30, and >30 cases/year. Hospitals for which >90% of their
ECMO patients were aged ≤18 years were considered pediatric ECMO
centers.

1.2. Statistical analysis

Frequencies and percentageswere used to characterize the study pop-
ulation at index admission, describe the overall occurrence of unplanned
readmissions and deaths during readmission, and principal diagnoses
for readmission. Time-to-event analyses were used to estimate the risk
of unplanned readmission, and the risk of death at a readmission over
time [8]. All patients discharged alive from the index ECMO admission
were included in the risk estimation of outcomes up until the time they
experienced the outcome or data availability for the state ended, at
which point patients who did not experience the outcomewere censored
from the analysis. For the outcome of unplanned readmission, patients
who died at a planned readmission before experiencing the outcome
were censored at the time of death. For these patients, follow-up time
for time-to-event analyses ended at the date of discharge from the admis-
sion during which they died. First, the cumulative risk of each outcome
over time was estimated using Kaplan-Meier “survival” curves. Second,
Cox proportional hazards regression with random hospital intercepts
(shared frailty model) was used to estimate the unadjusted and adjusted
hazard ratios (HRs) of each outcome associated with patient and hospital
factors. UnadjustedHRswere estimated by running amodel that included
each study factor as the single predictor variable. Factors associated with
the outcome at p < 0.20 in univariablemodels were all included in an ini-
tial multivariable model. Backward elimination was then used to select a
final multivariable model that retained indication for ECMO, hospital
188
volume of ECMO, pediatric vs. non-pediatric hospital status, and any
other factors found to be significantly associated with the risk of re-
operation at p < 0.05 in the multivariable model. To examine effect mea-
suremodification by indication for ECMO,we tested for statistical interac-
tion by separately introducing interaction terms between indication for
ECMO and each of the variables in the finalmodels for each outcome. Sta-
tistical significance for mains effects and interaction terms was set at p <
0.05 andp<0.008 (applying aBonferroni correction formultiple compar-
isons), respectively. All regression models had a random hospital-level
intercept to account for patient clustering by hospital.

2. Results

A total of 924 patients discharged alive from the index ECMO admis-
sion in 50 hospitals were included in the study. From the initial 1634
admissions with available patient identifiers, 678 were excluded due
to in-hospital death during index admission, and an additional 32
were excluded due to unknown discharge destination or unknown indi-
cation for ECMO. Baseline characteristics at index ECMO admission are
.



Table 2
Risk and hazard ratios (HR) of unplanned readmission following discharge from ECMO.

Patients 1-year unplanned readmission, %a Adjusted HR (95% CI)b p

Transferred in
No 558 38.7 1.00 Reference
Yes 366 31.4 0.78 (0.62–0.97) 0.027

Number of complex chronic conditions 1.35 (1.24–1.46) <.0001
Indication for ECMO
Neonatal, Congenital diaphragmatic hernia 92 44.6 1.81 (1.17–2.80) 0.008
Neonatal, Cardiac arrest 78 51.3 2.57 (1.67–3.94) <.0001
Neonatal, Cardiac disease 111 32.4 1.61 (1.05–2.48) 0.030
Neonatal, Respiratory failure 207 16.9 1.00 Reference
Pediatric, Cardiac arrest 168 45.2 2.79 (1.91–4.06) <.0001
Pediatric, Cardiac disease 128 49.2 2.51 (1.70–3.71) <.0001
Pediatric, Respiratory failure 140 27.9 1.84 (1.23–2.75) 0.003

Discharge disposition
Discharged to home or self-care 453 37.5 1.00 Reference
Transfer: short-term hospital 176 24.4 0.69 (0.50–0.96) 0.029
Transfer: other type of facility 134 38.1 1.07 (0.80–1.43) 0.649
Home health care 161 39.8 1.12 (0.84–1.50) 0.438

a Kaplan-Meier estimates for the cumulative proportion of patients having a first readmission over time
b Estimates of the relative risk of unplanned readmission associated with each study factor; from a random-intercept proportional hazards regression model. Unadjusted estimates are

from univariablemodels (single predictor variable); adjusted estimates are from amultivariablemodel that retained the factorswith displayed estimates, in addition to hospital volume o
ECMO and pediatric vs. non-pediatric hospital status.
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described in Table 1. Among the 924 patients in the final cohort, 66.7%
were infants, 45.5% female, and just under 40% were transferred in
from another hospital. The leading indication for ECMOwas respiratory
failure (37.6% overall; 22.4% neonatal), followed by cardiac arrest
(26.6%; 8.4% neonatal) and cardiac disease (25.9%; 12% neonatal). Pedi-
atric hospitals accounted for 47.1% (n= 435) of the patients and 34% (N
= 17) of hospitals. In subsequent analyses, hospital volume of ECMO
and pediatric hospital status were combined into one variable because
very few hospitals were identified as both high-volume and pediatric
(N= 2). Overall, 49% of patients were initially discharged to home or
self-care, and 19% were transferred to another short-term hospital
(19.1%) from the index ECMO admission. A total of 412 (44.6%) pa-
tients had at least one unplanned readmission, with a median
follow-up time of 20 months (IQR: 4–48), a median time to first un-
planned readmission of 88 days (IQR: 23–288), and a median total of
2 (IQR: 1–4) unplanned readmissions; 45 (4.9%) patients died at a re-
admission (Table 1).

The unadjusted 1-year risk of unplanned readmission in the overall
study cohort was 35.6%. Among specific groups by indication for
ECMO, the unadjusted 1-year risk varied from 16.9% among neonates
Table 3
Risk and hazard ratios (HR) of death at a readmission following discharge from ECMO.

Patients 1-year mortality, % a Adjusted HR (95% CI)b p

Overall 924 3.1
Health insurance
Medicaid 517 3.9 2.76 (1.25–6.11) 0.012
Private 355 0.3 1 Reference
Other 52 6.5 1.71 (0.48–6.15) 0.412

Transferred in
No 558 4.2 1.00 Reference
Yes 366 0.6 0.36 (0.16–0.81) 0.013

Number of complex chronic conditions 1.37 (1.05–1.78) 0.021
Indication for ECMO
Neonatal, Congenital diaphragmatic hernia 92 4.2 1.07 (0.25–4.57) 0.928
Neonatal, Cardiac arrest 78 8.3 3.61 (0.98–13.35) 0.054
Neonatal, Cardiac disease 111 1.0 1.00 Reference
Neonatal, Respiratory failure 207 0.5 0.17 (0.02–1.53) 0.113
Pediatric, Cardiac arrest 168 4.9 3.35 (1.03–10.83) 0.044
Pediatric, Cardiac disease 128 2.3 2.69 (0.76–9.49) 0.125
Pediatric, Respiratory failure 140 2.8 2.47 (0.67–9.12) 0.176

a Kaplan-Meier estimates for the cumulative incidence of in-hospital mortality after initial discharge from ECMO
b Estimates of the relative risk of in-hospital mortality at a readmission associated with each study factor, from a multivariable proportional hazards regression model that retained the

factors with displayed estimates, in addition to hospital volume of ECMO and pediatric vs. non-pediatric hospital status.
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with respiratory failure to 49.2% and 51.3% among pediatric and neona-
tal patients with cardiac arrest, respectively. As shown in Table 2, the
following factors were significantly associated with the risk of un-
planned readmission: transfer admission [22% decreased risk compared
to non-transfers; adjusted HR (95% CI): 0.78 (0.62–0.97)], number of
complex chronic conditions [35% increased risk with each additional
condition; aHR: 1.35 (1.24–1.46)], indication for ECMO [aHR ranging
from 1.61 (1.05–2.48) for neonatal cardiac disease to 2.79 (1.91–4.06)
for pediatric cardiac arrest, compared to neonatal respiratory failure
group], and transfer to a short-term hospital upon discharge [31% de-
creased risk compared to patients discharged to home or self-care;
aHR: 0.69 (0.50–0.96)]. There was no significant difference in risk of re-
admission by patient sex, race and ethnicity, health insurance, hospital
ECMO volume, or pediatric hospital status (results not shown). Esti-
mates of the 1-year risk and hazard ratios for death at a readmission
are summarized in Table 3. The overall, unadjusted 1-year risk of
death at a readmission was 3.1%, with ECMO indication group-specific
risks ranging from 0.5% for neonatal respiratory failure to 4.9% and
8.3% for pediatric and neonatal cardiac arrest, respectively. The follow-
ing factors were significantly associated with the risk of death at a read-



Table 4
Principal diagnosis groups during the first unplanned readmission after discharge from
pediatric ECMO.

Patients, n % among the
readmitted
(n = 412)

Respiratory infection 92 22.3
Respiratory, other 51 12.4
Gastrointestinal, other 39 9.5
Cardiac, other 38 9.2
Infectious disease 33 8.0
Failure to thrive/dehydration/feeding issue 29 7.0
Cardiac, congenital 27 6.6
Genitourinary 15 3.6
Neurologic 15 3.6
Heme/Onc 13 3.2
Gastrointestinal infection 11 2.7
Other/undetermined 49 11.9
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mission: health insurance [76% increased risk for Medicaid vs private
aHR: 2.76 (1.25–6.11)], transfer admission [64% decreased risk com-
pared to non-transfers; aHR: 0.36 (0.16–0.81)], number of complex
chronic conditions [37% increased risk with each additional condition;
aHR: 1.35 (1.05–1.78)], and indication for ECMO [aHR: 3.35
(1.03–10.83) for pediatric cardiac arrest vs. neonatal cardiac disease].
No significant interactions were found between indication for ECMO
and the risk factors in the final models for either outcome. There was
no significant difference in the risk of late mortality by patient sex,
race and ethnicity, hospital ECMO volume and pediatric hospital status,
or discharge destination (results not shown). Hospital volume of ECMO
and pediatric hospital status were not significantly associated with ei-
ther the risk of unplanned readmission (Table 2) or death at a readmis-
sion (Table 3).

The principal diagnosis groupings associated with the first un-
planned readmission are summarized in Table 4. Respiratory infection
(22.3% of readmissions) was the most common cause for readmission,
with other respiratory problems (e.g. respiratory failure, asthma)
being the second most common (12.4%).

3. Discussion

In this cohort of 924 pediatric and neonatal patients who survived
ECMO, 35.6% experienced a readmission and 3% died during readmission
within one year. While hospital ECMO volume was not found to be a
significant risk factor for readmission or late mortality, patient factors
such as indication for ECMO, comorbidities, and insurance status were.

This study adds to the literature of long-term outcomes for pediatric
ECMO patients by reporting outcomes from a representative, multi-
state cohort. A previous study by Jen et al. found that 5% of non-
neonatal pediatric ECMO patients in California died during readmission
over amedian 3.7 years of follow-up [9]. Other studies have shown sim-
ilar rates, and those that have tracked patients for as long as 15 years
found that the majority (78%) of late deaths occurred within three
years of ECMO [10,11]. The late deaths in the Jen et al. cohort only oc-
curred in patients with acquired heart disease (n = 3), and a study by
von Bahr et al. using the United Kingdom registry found increased risk
of late death in congenital heart disease and acquired heart disease.
[9,11] Our results showed that late mortality was significantly more
likely in pediatric patients whowere placed on ECMO for cardiac arrest,
but not neonatal cardiac disease or arrest.While the von Bahr study also
found congenital diaphragmatic hernia patients were at higher risk for
late death, our study did not find that association. Other factors associ-
ated with increased late mortality in our study included patients on
Medicaid and patients with an increased number of complex chronic
conditions. These two factors may represent a similar cohort given
that patients with multiple chronic conditions are often covered by
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Medicaid and may be at an increased risk of later mortality due to
their comorbidities. In contrast to the study by Jen et al., our data did
not show a relationship between hospital ECMO volume and risk of
late mortality.

Over amedian follow-up period of 1.7 years, we found a readmission
rate of 44.6% with a median of two admissions over this period. This is
slightly lower than the reported rate of 62% in the study by Jen et al.,
likely due to their longer median follow-up period of 3.7 years. We
found that all indications for ECMOexcept for neonatal respiratory failure
were associated with an increased risk of readmission. The highest risks
of readmission were in patients with pediatric cardiac disease, pediatric
cardiac arrest, and neonatal cardiac arrest. Patients with more complex
chronic conditions were also more likely to be readmitted. The most
common indication for readmission was respiratory infection. Previous
studies have shown that patients who go on ECMO during the neona-
tal period have long-term effects on their pulmonary performance,
even as far as 12 years later [4,12]. In addition to recovery from
their underlying critical illness, it is apparent that ECMO patients re-
main at high risk even after discharge and heightened care and
awareness are required [13]. We did find that patients who were
discharged to a short-term hospital had lower risk of readmission,
which may be due to the increased level of care provided in these fa-
cilities as compared to rehab facilities, long-term care facilities, or
patients’ homes.

Following initial recommendations for follow-up of neonatal and
pediatric patients after discharge from ECMO by ELSO that were last
reviewed in 1997, improvements in technology and changes in indi-
cations for ECMO have led to calls for more standardized and univer-
sal follow-up measures in ECMO patient [14–16]. In the Netherlands,
follow-up after ECMO is standardized and after discharge patients
are seen at a regular schedule until they are 16–18 years of age,
with high compliance, and ability to track detailed outcomes such
as motor performance, hearing loss, and brain injury. [15,17–20]
While there are no studies comparing outcomes in the Netherlands
versus other countries without standardized follow-up, it is clear
from our results and those published previously that ECMO patients
are at high risk for a number of subsequent significant medical issues.
Results from our study may aid in identifying factors that put pa-
tients at increased risk of later complications and mortality. Close
follow-up for these patients may mitigate more serious conse-
quences and allow for earlier intervention to improve developmental
issues [14]. Future research should focus on clinical elements that
may lead to an increased risk of readmissions or late mortality. Re-
sults from database studies such as ours in addition to more focused
clinical data can be used together to develop standardized follow-up
protocols to best improve long-term outcomes for patients who sur-
vive ECMO.

This study had several limitations. Since we utilized a large database,
there were several patient and clinical characteristics that we could not
account for, such as type of ECMO or length of ECMO run. Additionally,
because patient identifiers in the SID are only consistent within each
state, readmissions or deaths that may have occurred at a hospital lo-
cated in a different state than the state inwhich the index admission oc-
curred were not detected [4].

4. Conclusions

Neonatal and pediatric patients who survive ECMO experience high
risk of unplanned readmissions and death during readmission. Further
research is needed to standardize follow-up andmitigate risks for read-
mission and death.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jpedsurg.2020.09.035.
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