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Abstract

Objective

The American College of Critical Care Medicine recommends that children with persistent
fluid, catecholamine, and hormone-resistant septic shock be considered for extracorporeal
membrane oxygenation (ECMO) support. Current national estimates of ECMO use in hospi-
talized children with sepsis are unknown. We sought to examine the use of ECMO in these
children and to examine the overall outcomes such as in-hospital mortality, length of stay
(LOS), and hospitalization charges (HC).

Methods

A retrospective analysis of the National Inpatient Sample, which approximates a 20% strati-
fied sample of all discharges from United States community hospitals, was performed. All
children (< 17 years) who were hospitalized for sepsis between 2012 and 2014 were
included. The associations between ECMO and outcomes were examined by multivariable
linear and logistic regression models.

Results

A total of 62,310 children were included in the study. The mean age was 4.2 years. ECMO
was provided to 415 of the children (0.67% of the cohort with sepsis). Comparative out-
comes of sepsis in children who received ECMO versus those who did not included in-hospi-
tal mortality rate (41% vs 2.8%), mean HC ($749,370 vs $90,568) and mean LOS (28.8 vs
9.1 days). After adjusting for confounding factors, children receiving ECMO had higher odds
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of mortality (OR 11.15, 95% CI 6.57-18.92, p < 0.001), longer LOS (6.6 days longer, p=
0.0004), and higher HC ($510,523 higher, p < 0.0001).

Conclusions

Use of ECMO in children with sepsis is associated with considerable resource utilization but
has 59% survival to discharge. Further studies are needed to examine the post discharge
and neurocognitive outcomes in survivors.

Introduction

Sepsis is a leading cause of morbidity and mortality among children worldwide [1-5]. In the
United States, pediatric sepsis results in more than 75,000 hospitalizations and 6,800 deaths
each year [6-9]. Children hospitalized with sepsis have mortality rates of 6-14% [6, 8, 10]. In
children with septic shock, however, mortality rates increase to 17% [11]. The factor most
strongly associated with increased mortality in sepsis in the development of refractory shock
[12, 13].

The American College of Critical Care Medicine (ACCM) defines refractory septic shock as
shock that persists despite goal-directed use of inotropes, vasopressors, vasodilators, and main-
tenance of metabolic and hormonal homeostasis [14]. Recent reports have demonstrated that
extracorporeal membrane oxygenation (ECMO) can be a life-saving therapy in patients with
refractory septic shock, with survival rates as high as 80% in neonates and nearly 50% in chil-
dren [5, 14-17]. Single-center studies offer further support for the use of ECMO in refractory
septic shock [15, 18], and the 2008 update to the Surviving Sepsis Campaign guidelines as well
as recent ACCM recommendations encourage consideration of ECMO for pediatric patients
with refractory septic shock [14, 19]. Following those recommendations, a retrospective study
of 43 US children’s hospitals demonstrated a 6% ECMO utilization rate in children with severe
sepsis, and an accompanying reduction in mortality from 18.9% to 12% [16].

The number of centers providing ECMO increased by 55% between 2009 and 2015, with a
concurrent 24% increase in the number of pediatric patients receiving the therapy [17].
Although ECMO use appears to have become more widespread in pediatric septic shock over
the past several years, the current national rates of ECMO utilization and related outcomes for
children with refractory septic shock are largely unknown [16, 20]. We sought to examine the
use of ECMO in children with sepsis and its associated outcomes, including in-hospital mor-
tality, length of stay (LOS), and hospital charges.

Materials and methods
National Inpatient Sample database and study design

We performed a retrospective analysis of the National Inpatient Sample (NIS) for the years
2012 to 2014. The NIS is the largest all-payer inpatient healthcare database in the United States
and is sponsored by the Agency for Healthcare Research and Quality (AHRQ) as part of the
Healthcare Cost and Utilization Project (HCUP) [21]. The NIS is a 20% stratified sample of
discharges from hospitals in the United States, and is representative of nearly 100% of hospital-
izations occurring each year [21].
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Institutional Review Board approval and data user agreement

The present study was granted Institutional Review Board exempt status from the Office of
Human Subjects Protection Office of the University of Iowa since de-identified publicly avail-
able datasets were used. The Federal Regulations 45 CFR 46.101 (b) states that “research involv-
ing the collection or study of existing data, documents, records, pathological specimens, or
diagnostic specimens, if these sources are publicly available or if the information is recorded by
the investigator in such a manner that subjects cannot be identified, directly or through identifi-
ers linked to the subjects”. Based on this regulation such studies are permitted to be classified as
“exempt” from IRB full or expedited review. This study was a retrospective analysis of AHRQ
hospital based discharge dataset that is publicly available for purchase.

We completed a data user agreement with HCUP-AHRQ and obtained the NIS data sets.
According to the data-user agreement, individual table cell counts of 10 or lower cannot be
presented to preserve patient confidentiality. Consequently, these data were not reported in
our study and are represented by the designation DS, for discharge information suppressed.

Selection of patients, outcome variables, and statistical approach

The NIS contains 30 diagnosis fields. The first diagnosis field, primary diagnosis, identifies the
reason for hospitalization. The Clinical Classification Software code for sepsis in the primary
diagnosis field was used to select the present study cohort [Healthcare Cost Utilization Project.
Clinical classifications software (CCS) for ICD-9-CM. Rockville, MD: Agency for Healthcare
Research and Quality https://www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp]. Using this
method, all children up to 17 years of age who were hospitalized for sepsis were identified and
included in the analysis.

The primary independent variable was use of ECMO. This was identified using ICD-9-CM
procedure codes for ECMO in the corresponding fields of the database [International classifi-
cation of diseases, ninth revision, clinical modification (ICD-9-CM). Hyattsville, MD: National
Center for Health Statistics (NCHS); Available from: https://www.cdc.gov/nchs/icd/icd9cm.
htm]. Other variables examined included age, sex, race, insurance status, comorbid burden,
type of admission, teaching status/setting of hospital, and geographic region. The NIS comor-
bid severity files were used to estimate the comorbid burden. A total of 29 conditions were
identified: AIDS, alcohol abuse, deficiency anemias, rheumatoid arthritis/collagen vascular
diseases, chronic blood loss anemia, congestive heart failure, chronic pulmonary disease, coa-
gulopathy, depression, diabetes—uncomplicated, diabetes—with chronic complications, drug
abuse, hypertension, liver disease, lymphoma, fluid and electrolyte disorders, metastatic can-
cer, neurological disorders, obesity, paralysis, peripheral vascular disorders, psychoses, pulmo-
nary circulation disorders, renal failure, solid tumor without metastasis, peptic ulcer disease
excluding bleeding, valvular disease, and weight loss.

The outcome variables of interest included in-hospital mortality, LOS, and hospitalization
charges. Charges were inflation-adjusted to year 2014 US dollar values using the Bureau of
Labor Statistics inflation calculator [Consumer Price Index (CPI) inflation calculator. Wash-
ington, DC: Bureau of Labor Statistics; [cited 2017 Jun 16]. Available from: https://www.bls.
gov/data/inflation_calculator.htm]. Since LOS and hospitalization charges were highly skewed,
log transformed values were used as the outcome variables in the regression models.

The associations between the independent variables and outcomes were examined using
multivariable logistic (for in-hospital mortality) and linear (for log-transformed LOS and hos-
pital charges) regression models. Effects of clustering of outcomes within hospitals were
adjusted in all regression models. Variances were computed using the Taylor linearization
method, assuming a with-replacement design. All statistical tests of association were two-
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sided, and a p-value of < 0.05 was deemed statistically significant. All statistical tests were per-
formed using SAS (Version 9.4) and SAS Callable SUDAAN (Version 11.0.1) software
[Research Triangle Institute, Cary, NC].

Results

From 2012 to 2014, 62,310 children < 17 years of age were hospitalized for sepsis in the United
States (Table 1). These 62,310 patients who were admitted for sepsis represent the entire cohort
of 100% of hospitalizations that occurred in the USA over the study period. The mean age of
the cohort was 4.2 years. Over half (52.3%) of patients were male. Most patients (47.1%) were
white, 25.3% Hispanic, and 16.6% black, with other races constituting the remaining 11%. The
in-hospital mortality rate was 3.1% (1,930 patients). Nearly half (46.8%) of the patients did not
have any comorbid conditions. ECMO support was provided to a total of 415 patients, or
0.67% of the cohort (1 in 145 of those who had sepsis). Of these, 375 (90%) had only one run,
while the remaining 40 (10%) received two or more ECMO runs. The majority of patients
(77.9%) were treated in urban teaching hospitals.

The hospitalization outcomes are summarized in Table 2. The in-hospital mortality rate
was 41% for patients who received ECMO, compared to 2.8% for those who did not. The
mean LOS was 28.8 days for those who received ECMO and 9.1 days for those who did not.
Distribution of LOS in those who had ECMO and those without ECMO are shown in Fig 1
and Fig 2, respectively. Average hospitalization charges for patients who did and did not
require ECMO were $749,370 and $90,568, respectively. Distribution of HC in those who had
ECMO and those without ECMO are shown in Figs 3 and 4, respectively.

Multivariable logistic regression was used to examine the association between patient- and
hospital-level variables and in-hospital mortality (Table 3), LOS (Table 4), and hospitalization
charges (Table 5). After adjusting for confounders, ECMO use was associated with higher
odds for in-hospital mortality (OR 11.15, 95% CI 6.57-18.92, p < 0.01), longer LOS (6.6 days,
regression parameter estimate 0.5384, 95% CI 0.2401-0.8367, p < 0.001), and higher hospital
charges ($510,523, regression parameter estimate 1.8518, 95% CI 1.6165-2.0871, p < 0.0001).

Discussion

In our study, less than 1% of pediatric patients with sepsis received ECMO. We found that use
of ECMO in children with sepsis is associated with considerable resource utilization but
acceptable survival rate to discharge (59%). After adjusting for potential confounders, patients
who received ECMO had an increased risk of in-hospital mortality, longer LOS, and higher
hospitalization charges compared to those who did not.

ECMO utilization for sepsis has increased since its inclusion in the 2008 ACCM sepsis
guidelines [16]. Although our study showed that ECMO was used in <1% of sepsis patients, a
recent retrospective review of the Pediatric Health Information System database reported
ECMO use in 4% of children with sepsis [16]. This discrepancy may reflect the fact that the
higher rate was reported in a study of children’s hospitals, while our population included
patients admitted at a diverse array of centers. It is possible that the smaller, non-children’s
hospitals included in our study may be less likely to offer ECMO to pediatric patients than
dedicated children’s hospitals, which may have more opportunities to utilize the therapy.

Our finding of 59% survival to discharge after ECMO is consistent with previous studies,
which have shown survival rates of 80% in newborns and 30-50% in pediatric patients [5, 14—
16, 22-25]. Extracorporeal Life Support Organization data report an overall ECMO survival
rate of 61% for neonatal and pediatric patients, and retrospective pediatric studies have consis-
tently reported survival rates of 46-56% [17, 22, 24, 26]. Taken in the context of these data, our

PLOS ONE | https://doi.org/10.1371/journal.pone.0215730  April 26, 2019 4/15


https://doi.org/10.1371/journal.pone.0215730

@ PLOS|ONE

ECMO Use in pediatric sepsis

Table 1. Characteristics of children 0-17 years hospitalized due to septicemia.

Characteristics Number Percentage
ECMO Required ECMO 415 0.67
Did not require ECMO 61895 99.33
Sex Male 32615 52.35
Female 29685 47.65
Race White 26445 47.14
Black 9310 16.60
Hispanic 14185 25.29
Asian/Pacific Islander 2100 3.74
Native American 705 1.26
Other Races 3350 5.97
Insurance Medicare 295 0.47
Medicaid 35540 57.11
Private 21765 34.98
Uninsured 1710 2.75
Other insurance 2920 4.69
Median Household Income Quartile 1 (lowest 25% in United States) 21065 34.47
Quartile 2 16290 26.66
Quartile 3 13385 21.90
Quartile 4 (highest 25% in United States) 10365 16.96
Comorbidities* 0 29140 46.77
1 16490 26.46
2 8465 13.59
3 4510 7.24
4 2325 3.73
5 1020 1.64
6 260 0.42
7 75 0.12
>8 25 0.04
Year of Admission 2012 19220 30.85
2013 20180 32.39
2014 22910 36.77
Type of Admission Emergent/urgent 57665 92.76
Elective 4500 7.24
Type of Hospital Rural 4080 6.55
Urban non-teaching 9695 15.56
Urban teaching 48535 77.89
Region Northeast 9030 14.49
Midwest 13310 21.36
South 24260 38.93
West 15710 25.21
Disposition Routine discharge 50885 81.67
Discharge with home health care 4660 7.48
Transfer to short-term hospital 3575 5.74
Transfer to other type of facility 1105 1.77
Left against medical advice 75 0.12
Died during hospitalization 1930 3.10
(Continued)
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Table 1. (Continued)

Characteristics Number Percentage

Not admitted, discharged alive, destination unknown 75 0.12

*Comorbidities: NIS comorbid severity files were used to estimate the comorbid burden. A total of 29 conditions were identified: AIDS, alcohol abuse, deficiency
anemias, rheumatoid arthritis/collagen vascular diseases, chronic blood loss anemia, congestive heart failure, chronic pulmonary disease, coagulopathy, depression,
diabetes—uncomplicated, diabetes—with chronic complications, drug abuse, hypertension, liver disease, lymphoma, fluid and electrolyte disorders, metastatic cancer,
neurological disorders, obesity, paralysis, peripheral vascular disorders, psychoses, pulmonary circulation disorders, renal failure, solid tumor without metastasis, peptic

ulcer disease excluding bleeding, valvular disease, and weight loss.

https://doi.org/10.1371/journal.pone.0215730.t001

study suggests that pediatric ECMO survival for patients with sepsis is comparable to that seen
in patients receiving ECMO for other indications.

Unadjusted mean LOS in patients who received ECMO higher than in those who did not
(28.8 versus 9.1 days). Recent studies of US pediatric sepsis admissions have reported a mean
LOS of 9-17 days [8, 10, 27]. For pediatric ECMO patients, two retrospective analyses have
reported mean LOS of 23-25 days [22, 26]. In our analysis, a number of factors were shown to
be associated with LOS. ECMO use was associated with an average LOS 54% longer than that
of the overall study population. This finding likely reflects both the tendency of these patients
to have the greatest severity of illness and the fact that ECMO is usually accompanied by pro-
longed sedation and immobility, requiring extended de-escalation of support and extensive
rehabilitation prior to discharge. Comparison of previous studies reporting LOS for sepsis and
ECMO reveals a similar pattern [8, 10, 22, 26, 27]. Our study also showed that each additional
year of age was associated with a 2% decrease in total LOS. This tendency toward longer LOS
in younger children has been previously reported [9, 22]. Interestingly, we found that female
patients had significantly shorter LOS. To our knowledge, this has not been reported previ-
ously, and future studies should examine the possible biological or physiologic basis for this
discrepancy. We additionally found that each comorbidity was associated with a 24% increase
in LOS, likely attributable to additional medical treatment and care coordination needs associ-
ated with chronic conditions. Our results are consistent with multiple previous studies show-
ing an association between increasing comorbidities and longer LOS [6, 9, 27]. Finally, LOS in

Table 2. Outcomes associated with ECMO use in sepsis.

Outcomes ECMO No ECMO Overall
In-Hospital Mortality Number 170 1760 1930
Percentage 41% 2.8% 3.1%
Length of Stay (days) Mean 28.8 9.1 9.3
Standard error of mean 2.9 0.19 0.19
25" percentile 42 2.1 2.1
Median- 50" percentile 25 4.7 4.7
75" percentile 40.5 9.5 9.6
Total Hospitalization days across entire country 11,820 565,670 577,490
Hospital Charges ($) Mean $749,370 $90,568 $95,047
Standard error of mean $69,766 $3,147 $3,343
25 percentile $208,170 $13,886 $13,980
Median- 50" percentile $528,388 $32,297 $32,770
75" percentile $988,073 $78,910 $80,236
Total hospitalization charges across entire country $307,241,689 $5,425,018,316 $5,732,260,005

https://doi.org/10.1371/journal.pone.0215730.t002
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Fig 1. Distribution of LOS in those who had ECMO.
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urban teaching hospitals was 35% longer than the mean for our population. Existing reports
with similar findings have suggested that the highly specialized care and emphasis on rehabili-
tation and maximization of functional status prior to discharge may contribute to the longer
LOS observed in these centers [27, 28].

The unadjusted mean hospital charges for patients placed on ECMO in our study were
$749,370. Mean charges for patients not receiving ECMO were $90,568. Retrospective analyses
of ECMO in pediatric patients have reported median hospitalization charges of $240,000-
$690,000, with significant variation between hospitals [26, 29, 30]. The majority of available
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studies, however, report hospital costs, which have been shown to have a variable and inconsis-
tent relationship to hospitalization charges and therefore make direct comparison with previ-
ous studies challenging [30]. In our analysis, hospitalization charges were also associated with
a number of factors. In this study, charges for patients receiving ECMO were 185% higher
than the average for our population. ECMO is a resource-intensive therapy associated with sig-
nificant expense [22, 29, 30]. Although other studies have discussed ECMO costs and associ-
ated hospital charges [16, 29-31], our study provides an objective comparison of overall
hospitalization charges for patients with sepsis who did and did not receive ECMO, offering
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Fig 4. Distribution of Hospital Charges in those who did not have ECMO. totchgad = Inflation adjusted hospital
charges.
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Table 3. Variables associated with in-hospital mortality.

Characteristics Odds Ratio (95% CI) p-value
ECMO Required ECMO 11.15 (6.57-18.92) <0.01*
Age Each 1 year increase 0.97 (0.95-0.99) 0.01*
Sex Male Reference
Female 0.92 (0.73-1.14) 0.44
Race White Reference
Black 0.93 (0.69-1.26) 0.66
Hispanic 0.75 (0.54-1.03) 0.08
Asian/Pacific Islander 1.01 (0.57-1.81) 0.96
Native American 0.71 (0.21-2.46) 0.59
Other 1.06 (0.69-1.62) 0.80
Insurance Private insurance Reference
Medicare 0.85 (0.22-3.29) 0.81
Medicaid 1.23 (0.95-1.60) 0.12
Uninsured 2.06 (1.17-3.64) 0.01*
Other insurance 1.19 (0.75-1.89) 0.45
Comorbidities No comorbidities Reference
Each additional comorbidity 1.74 (1.63-1.86) <0.01*
Year of Hospitalization 2012 Reference
2013 0.88 (0.66-1.18) 0.39
2014 0.90 (0.68-1.19) 0.45
Type of Admission Emergent/urgent Reference
Elective 0.96 (0.60-1.53) 0.87
Type of Hospital Urban non-teaching/rural Reference
Urban teaching 2.58 (1.66-4.00) <0.01*
Region West Reference
Northeast 1.46 (1.01-2.12) 0.05
Midwest 1.02 (0.68-1.53) 0.91
South 1.55(1.11-2.15) 0.01*

* statistically significant for p-value < 0.05

https://doi.org/10.1371/journal.pone.0215730.t003

insight into the financial implications of the therapy in these patients. Our analysis also showed
an association between comorbid burden and hospital charges, with each additional diagnosis
increasing charges by nearly 40%. This finding is consistent with previous studies [6, 27], and
likely reflects the increased medical resources required to address the patients’ chronic as well
as acute concerns. Hospitalization charges at urban teaching centers were 67% higher than
those at urban non-teaching or rural hospitals. This discrepancy likely reflects a number of fac-
tors, including differences in illness severity, costs of subspecialty care, and greater technology
utilization in teaching centers [27, 28]. Finally, we found a geographic difference in hospital
charges, with higher charges in the western US than in other regions of the country. This
regional variation is consistent with AHRQ data regarding inpatient charges, and has been
demonstrated in previous pediatric ECMO research [30, 32].

Multivariable analyses revealed a number of factors associated with our outcomes of inter-
est. Unsurprisingly, the strongest predictor of mortality was use of ECMO. ECMO is typically
reserved for the sickest patients, for whom mortality is likely without the intervention.
Although these patients have a significant risk of mortality even with the use of ECMO, our
study shows that the majority who are placed on ECMO (59%) survive to discharge.
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Table 4. Variables associated with length of stay (LOS).

Characteristics Regression Parameter Estimate (95% CI) p-value
ECMO Required ECMO 0.5384 (0.2401-0.8367) <0.001*
Age Each 1 year increase -0.0221 (-0.0254 --0.0189) <0.0001*
Sex Male Reference
Female -0.0582 (-0.0903 —-0.0261) <0.001*
Race White Reference
Black 0.0743 (0.0167-0.1318) 0.0115*
Hispanic 0.0679 (0.0160-0.1199) 0.0104*
Asian/Pacific Islander 0.1107 (0.0145-0.2069) 0.0241*
Native American -0.0358 (-0.1776-0.1060) 0.6207
Other 0.1126 (0.0331-0.1921) <0.01*
Insurance status Private insurance Reference
Medicare -0.3389 (-0.5787 —-0.0991) <0.01*
Medicaid 0.0449 (0.0058-0.0841) 0.0244*
Uninsured 0.0100 (-0.0864-0.1065) 0.8382
Other insurance 0.0493 (-0.0505-0.1492) 0.3328
Comorbidities No comorbidities Reference
Each additional comorbidity 0.2421 (0.2262-0.2581) <0.0001*
Year of Hospitalization 2012 Reference
2013 0.0115 (-0.0477-0.0708) 0.7028
2014 -0.0660 (-0.1249 --0.0070) 0.0285*
Type of Admission Emergent/urgent Reference
Elective 0.0279 (-0.0426-0.0984) 0.4385
Type of Hospital Urban non-teaching/rural Reference
Urban teaching 0.3459 (0.2949-0.3969) <0.0001*
Region West Reference
Northeast -0.1091 (-0.1874 —-0.0308) <0.01*
Midwest -0.1014 (-0.1631 —-0.0417) <0.01*
South -0.0280 (-0.0919-0.0359) 0.3904

* statistically significant for p-value < 0.05

https://doi.org/10.1371/journal.pone.0215730.t004

Conversely, mortality rates decreased slightly with increasing patient age, consistent with exist-

ing reports indicating improved survival in older children [4, 9, 10]. Risk of mortality

increased with each additional comorbidity, as had been shown previously [1, 4, 6, 14, 27].
Finally, odds of mortality were higher in children treated in urban teaching hospitals com-
pared to non-teaching or rural hospitals. This finding has been documented previously and is

likely secondary to the fact that smaller centers tend to transfer their sickest patients to tertiary
teaching centers more equipped to deal with complicated patients, leading to a tendency for

patients with more severe illnesses to be treated in teaching hospitals [27, 28, 33].

Strengths of the study

To our knowledge, the present study is the largest and most representative cohort of hospital-
ized pediatric patients with sepsis for whom the use of extracorporeal membrane oxygenation

and associated outcomes have been described. Available comparative studies are limited to sin-

gle centers, smaller numbers, or older data. Our use of NIS data rather than single center expe-
riences allows generalizability by ensuring that our study represents a diverse sampling of the
US population. Currently, there is a relative lack of literature pertaining to the resource
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Table 5. Variables associated with hospital charges.

Characteristics Regression Parameter Estimate (95% CI) p-value
ECMO Required ECMO 1.8518 (1.6165-2.0871) <0.0001*
Age Each 1 year increase -0.0089 (-0.0132 --0.0047) <0.0001*
Sex Male Reference
Female -0.0975 (-0.1375 —-0.0574) <0.0001*
Race White Reference
Black 0.0977 (0.0198-0.1756) <0.05*
Hispanic 0.2138 (0.1385-0.2890) <0.0001*
Asian/Pacific Islander 0.2501 (0.1181-0.3820) <0.001*
Native American -0.2115 (-0.4239-0.0009) 0.0510
Other 0.1672 (0.0575-0.2769) <0.01*
Insurance status Private insurance Reference
Medicare -0.4219 (-0.7253 —-0.1185) <0.01*
Medicaid -0.0002 (-0.0514-0.0510) 0.9938
Uninsured -0.0425 (-0.1688-0.0838) 0.5095
Other insurance 0.1193 (-0.0250-0.2637) 0.1051
Comorbidities No comorbidities Reference
Each additional comorbidity 0.3962 (0.3754-0.4169) <0.0001*
Year of Hospitalization 2012 Reference
2013 0.0438 (-0.0589-0.1465) 0.4031
2014 -0.0428 (-0.1448-0.0592) 0.4106
Type of Admission Emergent/urgent Reference
Elective -0.1313 (-0.2352 —-0.0274) 0.0133*
Type of Hospital Urban non-teaching/rural Reference
Urban teaching 0.6730 (0.5943-0.7516) <0.0001*
Region West Reference
Northeast -0.3925 (-0.5296 —-0.2554) <0.0001*
Midwest -0.4992 (-0.6020 —-0.3964) <0.0001*
South -0.4710 (-0.5770 —-0.3651) <0.0001*

* statistically significant for p-value < 0.05

https://doi.org/10.1371/journal.pone.0215730.t005

utilization in hospitalized children with sepsis needing ECMO. Our study begins to address

this knowledge gap.

Limitations of the study

The most notable limitations of our study are related to the nature of the dataset. First, the abil-
ity to identify and analyze patients with sepsis depends on the accuracy and thoroughness of
information within the NIS administrative database. Use of administrative datasets to identify
sepsis and outcomes has been widely reported [9, 10, 27, 28, 34]. Differences in coding prac-
tices or documentation that may exist among hospitals in this nationalized sample could
potentially result in failure to identify or correctly categorize patients with sepsis, resulting in
underestimation of prevalence. We used clinical classification software code for sepsis in the

primary diagnosis field to identify those with sepsis; it is possible that sepsis was documented

in the secondary diagnosis fields and hence could have been excluded in our analysis. Robust
quality measures in collecting and reporting data attempt to minimize systematic variations in

coding practices [21].
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Second, NIS records provide information about hospital admissions, but do not include
data regarding readmission rates, late mortality, or long-term health status. Post discharge
data is not available in NIS dataset which precludes us from assessing the outcomes after dis-
charge. The long-term outcomes of patients following ECMO are important considerations
for the management of future patients, and these outcomes cannot be assessed based on the
data contained within the NIS database.

Third, the study design limited our ability to assess all factors that might contribute to mor-
tality and/or resource utilization in our population. Severity of sepsis is an important predictor
of overall outcomes. The nature of the NIS dataset precludes us from assessing for the impact
of the severity of sepsis. The surviving sepsis guidelines have been widely disseminated for clin-
ical practice in Northern America and worldwide. It is known that clinical pathways for sepsis
management vary amongst institute to institute and sometimes there is variation within an
institute based on provider or patient specific variables. This level of granularity of data is not
available in this otherwise large administrative NIS dataset. Nevertheless, ECMO in general is
reserved for the most critically ill patients who fail standard of care therapy. It is hence reason-
able to assume as such that those who needed ECMO for sepsis were the sickest of the cohort.
Other factors such as the degree of organ dysfunction, for example, has also been shown to
impact mortality in multiple previous studies of pediatric sepsis [6, 13, 16, 35]. Unfortunately,
the degree of organ dysfunction or severity of illness at time of admission or at the time of
ECMO deployment was not adjusted for in our analysis. Although, ECMO survival has been
shown to be higher in centers with higher case volumes [26], we were unable to assess the
impact of ECMO volume in our sample. Factors such as central cannulation vs peripheral can-
nulation, size of the cannula used, provider variables performing the cannulation and dynamic
ECMO pump variables were not assessed in this study and should be the focus in future
studies.

Fourth, although some previous studies have reported hospitalization charges, the majority
describe hospital costs. The relation of hospitalization charges to hospital costs is variable.
Comparing our financial data with previous studies is therefore challenging, and it is possible
that use of hospital costs rather than hospitalization charges could provide a more clear repre-
sentation of resource demands in our patient population.

Finally, due to the retrospective nature of the study, we are unable to assess causation.
Although our results showed a number of variables that were associated with differences in
mortality, LOS, and hospitalization charges, we are unable to assess whether or not modifica-
tion of these variables would impact outcomes.

This study provides valuable data regarding current ECMO utilization and resource utiliza-
tion in pediatric sepsis. Further research is needed to evaluate the impact of factors such as
underlying illness severity and center volume on these outcomes. Additionally, information
regarding the functional and neurological status of survivors would help clinicians make man-
agement decisions and counsel families as they evaluate treatment options. In the meantime,
current data suggest that ECMO should be considered a viable strategy in children with refrac-
tory septic shock.

Conclusion

Use of ECMO in children hospitalized for sepsis is associated with acceptable survival rates to
discharge (59%) and should be considered a viable strategy in children with refractory septic
shock. Further studies are needed to examine post discharge and neurocognitive outcomes in
survivors.
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