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BACKGROUND: In refractory respiratory failure, extracorporeal membrane oxygenation (ECMO)

is a rescue therapy to prevent ventilator-induced lung injury. Optimal ventilator parameters during

ECMO remain unknown. Our objective was to describe the association between mortality and venti-

lator parameters during ECMO for neonatal and pediatric respiratory failure. METHODS: We per-

formed a secondary analysis of the Bleeding and Thrombosis on ECMO dataset. Ventilator

parameters included breathing frequency, tidal volume, peak inspiratory pressure, PEEP,

dynamic driving pressure, pressure support, mean airway pressure, and FIO2
. Parameters were

evaluated before cannulation, on the calendar day of ECMO initiation (ECMO day 1), and the

day before ECMO separation. RESULTS: Of 237 included subjects analyzed, 64% were neo-

nates, of whom 36% had a congenital diaphragmatic hernia. Of all the subjects, 67% were sup-

ported on venoarterial ECMO. Overall in-hospital mortality was 35% (n 5 83). The median

(interquartile range) PEEP on ECMO day 1 was 8 (5.0–10.0) cm H2O for neonates and 10 (8.0–

10.0) cm H2O for pediatric subjects. By multivariable analysis, higher PEEP on ECMO day 1 in

neonates was associated with lower odds of in-hospital mortality (odds ratio 0.77, 95% CI 0.62–

0.92; P 5 .01), with a further amplified effect in neonates with congenital diaphragmatic hernia

(odds ratio 0.59, 95% CI 0.41–0.86; P 5 .005). No ventilator type or parameter was associated

with mortality in pediatric subjects. CONCLUSIONS: Avoiding low PEEP on ECMO day 1 for

neonates on ECMO may be beneficial, particularly those with a congenital diaphragmatic her-

nia. No additional ventilator parameters were associated with mortality in either neonatal or pe-

diatric subjects. PEEP is a modifiable parameter that may improve neonatal survival during

ECMO and requires further investigation. Key words: extracorporeal membrane oxygenation; neo-
nate; pediatric; respiratory failure; mortality; ventilatory-induced lung injury; mechanical ventilation;
PEEP; hernias; diaphragmatic; congenital. [Respir Care 2023;68(5):592–601. © 2023 Daedalus Enterprises]

Introduction

In refractory respiratory failure, extracorporeal mem-

brane oxygenation (ECMO) is a rescue therapy to pre-

vent ventilatory-induced lung injury, which includes

alveolar overdistention (volutrauma), alveolar collapse

and reopening (atelectrauma), and inflammatory response

(biotrauma).1-3 However, the optimal lung-protective venti-

lation strategy during neonatal and pediatric ECMO remains

unknown. Current guidelines for ventilating neonatal and

pediatric patients on ECMO are based on expert opinion

and recommend limiting peak inspiratory pressure (PIP),

breathing frequency, and FIO2
, while providing titratable

ranges of PEEP (neonates: 5–10 cm H2O; pediatric patients:

5–15 cm H2O).
4,5 Despite these guidelines, an international

survey demonstrated wide practice variation between ven-

tilator management concepts of “lung rest” and “lung
recruitment” during neonatal and pediatric ECMO,6 which

highlights persistent clinical uncertainty. Furthermore, it

is difficult for clinicians to assess the degree of lung recov-

ery while ECMO support is being used, which may delay

optimal timing to liberate from ECMO. The ability for

clinicians to determine optimal ventilator parameters for

children on ECMO is currently precluded by conflicting

research results, studies with small sample sizes, wide

practice variation, and an inability to risk adjust for illness

severity.6-13

Accordingly, the multi-center Bleeding and Thrombosis

on ECMO (BATE) dataset contains prospectively collected

clinical and ventilator data of children supported on ECMO.
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Our primary aim was to explore the associations between

in-hospital mortality and ventilator parameters in subjects

< 19 y old supported on ECMO for respiratory failure. The

secondary aim was to evaluate ventilator parameters against

ECMO-free days to capture the morbidity of prolonged

ECMO duration.

Methods

Design and Setting

We performed a secondary analysis of the BATE dataset,

originally conducted to describe the bleeding and throm-

botic complications of neonates and pediatric subjects on

ECMO at 8 pediatric institutions within the Eunice

Kennedy Shriver National Institute of Child Health and

Human Development’s Collaborative Pediatric Critical

Care Research Network between December 2012 and

September 2014.14 The study was approved with a waiver

of informed consent by the institutional review boards at

each of the participating hospitals and the data coordination

center at the University of Utah.

Study Population

The BATE study included neonatal and pediatric sub-

jects supported on venoarterial (VA) and venovenous (VV)

ECMO.We included subjects with a primary respiratory in-

dication for ECMO. Subjects were excluded if ECMO was

indicated for cardiac etiology or extracorporeal cardiopul-

monary resuscitation. Neonates were classified as # 30 d

of age and pediatric subjects included those > 30 d and <
19 years of age. Prematurity was defined as neonates < 37

weeks gestation at birth. Acute and chronic diagnostic cate-

gories were previously described.14 The mode of ECMO

was categorized as VV or VA, in which VA was defined as

anytime an arterial cannula was in place, regardless of loca-

tion. When multiple episodes or modes of ECMO occurred

for a subject, only the first run was included. The vasoactive

inotropic score15,16 and Pediatric Risk of Mortality III17

scores were calculated from baseline data before cannulation.

Ventilator Parameters

Ventilator parameters were analyzed at 3 time points:

those most recently recorded before ECMO cannulation, on

the calendar day of ECMO initiation (ECMO day 1), and

those collected at 7:00 AM on the calendar day before

ECMO separation. Parameters included ventilation type,

breathing frequency, tidal volume, PIP, PEEP, dynamic

driving pressure (calculated as PIP minus PEEP), pressure

support, mean airway pressure (Paw), and FIO2
. To assess

lung strain, dynamic driving pressure provides a surrogate

for traditional driving pressure (calculated as plateau pres-

sure minus PEEP) given the clinical propensity to ventilate

children on flow-decelerating modalities in which plateau

pressures are not collected.18,19 Evaluating dynamic driving

pressure also has practical implications, which align with
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organizational guidelines that address PIP rather than pla-

teau pressure.4,5

Outcomes

The primary outcome was in-hospital mortality, includ-

ing death after withdrawal of life-sustaining measures. To

assess the effect of ventilator parameters on lung recovery

and the timing of decannulation, ECMO-free days were

included as a secondary outcome. ECMO-free days were

defined as the number of days within the first 28 d after

cannulation that subjects were both alive and no longer on

ECMO.

Statistical Analysis

Demographic, clinical, and ventilatory parameters were

summarized by using counts and percentages for categori-

cal variables, and median (interquartile ranges [IQR]) were

used for continuous variables. Differences in neonate and

pediatric cohort characteristics were evaluated with the

Fisher exact test for categorical (nominal) variables and

with the Wilcoxon rank-sum test for continuous and ordinal

variables. Associations with in-hospital mortality and

ECMO-free days were evaluated separately in neonatal and

pediatric cohorts. Univariable regression models were cre-

ated to evaluate the association of outcomes with subject

characteristics and ventilator parameters before ECMO and

on the first day of ECMO. Logistic models were used for

in-hospital mortality, and ordinary linear regression was

used for ECMO-free days. The percentage of subjects with

missing values for each parameter was also reported.

To identify independent predictors of in-hospital mor-

tality and ECMO-free days, multivariable models were

created. PEEP and dynamic driving pressure were pre-

sumed to have clinical importance and were forced into

each model. Forcing PEEP and dynamic driving pressure

restricted the analysis to those on conventional modes of

ventilation and excluded those on high-frequency oscilla-

tory ventilation (HFOV) in which PEEP, PIP, and, thus,

dynamic driving pressure are not available. Although Paw

was available for all the subjects, this metric is dependent

on PIP and PEEP in conventional ventilation. Moreover,

the above method would inform the recommended prac-

tices by organizational guidelines that focus on the titra-

tion of PEEP rather than Paw.
4,5

Additional variables were considered for inclusion if

they were missing for < 10% of the respective cohort and

were at least moderately associated (P< .10) with in-hospi-

tal mortality or ECMO-free days in univariable analysis.

The final multivariable models for each age group were

developed by using bi-directional stepwise selection with a

threshold of P <.10 to enter and P < .05 to stay in the final

models. PEEP and congenital diaphragmatic hernia (CDH)

were both independently predictive of in-hospital mortality

among neonates. Hypothesizing that the association of

PEEP and survival may differ in neonates with CDH com-

pared with neonates without CDH, the interaction between

PEEP and CDH was tested post hoc and found to be signifi-

cant (P ¼ .005). The final multivariable model of neonatal

in-hospital mortality presented includes the interaction

between PEEP and CDH. All P values were calculated

based on 2-sided alternative hypotheses and were consid-

ered significant if< .05. Analyses were conducted by using

SAS v.9.4 (SAS Institute, Cary, North Carolina).

Results

Cohort Characteristics

Of the initial 514 subjects enrolled in the original BATE

study, 277 were excluded whose indication for ECMO was

cardiac (n¼ 207) or extracorporeal cardiopulmonary resus-

citation (n ¼ 70). The remaining 237 subjects (151 neo-

nates and 86 pediatric subjects) were eligible for analysis.

Subject characteristics are summarized by age in Table 1.

Of neonates, median (IQR) age was 2.0 (1.0–3.9) d, 21%

(n ¼ 31) were preterm, and 36% (n ¼ 54) had a diagnosis

of CDH. Of the pediatric subjects, the median (IQR) age

was 3.2 (0.7–13.6) years, with the most frequent diagnosis

listed as respiratory failure (81% [n ¼ 70]). Seventy-eight

percent of neonates (n¼ 117) and 48% of pediatric subjects

(n ¼ 42) were supported on VA ECMO. The median (IQR)

oxygenation index was 38.7 (24.8–54.6) for neonates and

35.7 (26.9–54.6) for pediatric subjects. In-hospital mortality

was 35% for both neonatal (n ¼ 53) and pediatric (n ¼ 30).

The median (IQR) ECMO-free days was 15 (0–22) d for

neonates and 17 (2–21) d for pediatric subjects. The median

(IQR) duration of ECMO was 8.1 (4.9–13.0) d in neonates

and 7.0 (3.7–12.3) d in pediatric subjects. The median

(IQR) ICU length of stay was 31.7 (16.1–55.5) d in neo-

nates and 31.2 (16.4–49.4) d in pediatric subjects.

Description of Ventilator Parameters on ECMO

The majority of subjects underwent conventional me-

chanical ventilation during ECMO day 1, with the majority

on pressure-targeted ventilation modalities (neonates, n ¼
125 [83%]; pediatric, n ¼ 65 [77%]). In neonates, the me-

dian (IQR) PEEP on ECMO day 1 was 8 (5.0–10.0) cm

H2O for subjects on VA ECMO and 10 (7.0–10.0) cm H2O

for subjects on VV ECMO. In pediatric subjects, the me-

dian (IQR) PEEP on ECMO day 1 was 10 (8–10) cm H2O

for both subjects on VA and those on VV ECMO. Full

descriptions of ventilator parameters stratified across time

points for neonatal and pediatric subjects are listed in

Tables 2 and 3.
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Table 1. Clinical Characteristics and Outcomes

Characteristic Neonates (n ¼ 151) Pediatric Subjects (n ¼ 86) Overall (N ¼ 237) P

Boys 91 (60) 41 (48) 132 (56) .07

Race <.001

White 49 (33) 53 (61) 102 (43)

Black 26 (17) 14 (16) 40 (17)

Other 13 (9) 2 (2) 15 (6)

Unknown or not reported 63 (42) 17 (20) 80 (34)

Hispanic or Latino 26 (17) 11 (13) 37 (16) .30

BMI for age/weight for height .10

Underweight 36 (24) 13 (15) 49 (21)

Normal 94 (62) 45 (52) 139 (59)

Obese 11 (7.3) 12 (14) 23 (9.7)

Unknown 10 (6.6) 16 (19) 26 (11)

Baseline organ failure index .12

1 4 (2.6) 13 (15) 17 (7.2)

2 101 (67) 49 (57) 150 (63)

3 36 (24) 17 (20) 53 (22)

4–5 10 (6.6) 7 (8.1) 17 (7.2)

Baseline vasoactive inotropic score <.001

None 15 (10) 32 (37) 47 (20)

Low 61 (40) 31 (36) 92 (39)

High 75 (50) 23 (27) 98 (41)

Baseline PRISM III 10 (6.0–14.0) 8.5 (5.0–13.0) 10 (6.0–14.0) .07

Baseline oxygenation index 39 (24.8–54.6) 36 (26.9–54.6) 39 (26.8–58.8) .93

Acute diagnoses

Acquired CV disease 5 (3.3) 8 (9.3) 13 (5.5) .07

Hypoxic/anoxic injury 15 (9.1) 2 (2.3) 17 (7.2) .035

Immune dysfunction 7 (4.6) 10 (12) 17 (7.2) .065

Congenital CV disease 7 (4.6) 8 (9.3) 15 (6.3) .17

Pertussis or sepsis 44 (30) 21 (24) 65 (28) .45

Pneumonia or bronchiolitis 1 (0.7) 17 (20) 18 (7.6) <.001

Respiratory failure 15 (10) 70 (81) 85 (36) <.001

PPHN 83 (56) 2 (2.3) 85 (36) <.001

Meconium aspiration syndrome 47 (31) 0 (0) 47 (20) <.001

Neurologic condition 10 (6.6) 3 (3.5) 13 (5.5) .39

Congenital diaphragmatic hernia 54 (36) 0 (0) 54 (23) <.001

Chronic diagnoses

Congenital anomaly or chromosomal defect 65 (43) 13 (15) 78 (33) <.001

Neurologic condition 4 (2.6) 12 (14) 16 (6.8) .002

Congenital CV disease 30 (20) 11 (13) 41 (17) .21

Chronic lung disease 1 (0.7) 10 (12) 11 (4.6) <.001

Mode of ECMO <.001

Venoarterial 117 (78) 42 (49) 159 (67)

Venovenous 34 (22) 44 (51) 78 (33)

Clinical outcomes

ECMO duration, d 8.1 (4.9–13.0) 7.0 (3.7–12.3) 7.7 (4.5–12.9) .45

ICU length of stay, d 31.7 (16.1–58.5) 31.2 (16.4–49.4) 31.7 (16.1–55.8) .50

ECMO-free days 17 (2–21) 15 (0–22) 16 (0–22) .84

Mortality 53 (35) 30 (35) 83 (35) .97

Neonates are classified as # 30 d old; pediatric subjects are classified as >30 d and <19 y old.

Data are presented as n (%) for categorical variables and median (25th–75th interquartile range) for continuous variables.

BMI ¼ body mass index

PRISM ¼ Pediatric Risk of Mortality

CV ¼ cardiovascular

PPHN ¼ persistent pulmonary hypertension of the newborn

ECMO ¼ extracorporeal membrane oxygenation
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Univariable Analysis

In neonates, ventilator parameters with lower odds of in-

hospital mortality included higher Paw before ECMO and

higher Paw, PIP, and dynamic driving pressure on ECMO

day 1 (Supplementary Table 1 [see the supplementary mate-

rials at http://www.rcjournal.com]). Although ventilation

type was not associated with mortality, neonates on HFOV

before ECMO was associated with fewer ECMO-free days.

Odds of mortality were greater for neonates with CDH,

a higher Pediatric Risk of Mortality III17 score, and VA

ECMO support. These clinical characteristics were also asso-

ciated with fewer ECMO-free days, in addition to diagnoses

of congenital anomalies and chromosomal defects. In pediat-

ric subjects, no ventilator parameters either before or during

ECMO, including breathing frequency, tidal volume, PIP,

PEEP, dynamic driving pressure, pressure support, Paw, and

FIO2
were associated with in-hospital mortality or ECMO-

free days (Supplementary Table 2 [see the supplementary

materials at http://www.rcjournal.com]). Furthermore, the

mode of ECMO was not associated with mortality in pediat-

ric subjects.

Multivariable Analysis

Neonates. After excluding 21 neonates for missing data,

130 subjects were available for analysis. After adjusting for

confounding variables, the only ventilator parameter inde-

pendently associated with in-hospital mortality was higher

PEEP on ECMO day 1 (odds ratio [OR] 0.77, 95% CI 0.62-

0.95; P¼ .01) (Table 4). Odds of mortality was higher in the

subjects with a concurrent CDH diagnosis (OR 8.8, 95% CI

3.71–22.67; P< .001) and higher Pediatric Risk of Mortality

III17 score (OR 1.08, 95% CI 1.00–1.17; P¼ .056). The rela-

tionship between ECMO day 1 PEEP and mortality after

accounting for the interaction between CDH and ECMO day

Table 2. Ventilator Parameters Stratified by 3 Time Points in Neonates for Venoarterial and Venovenous ECMO

Parameter Before ECMO ECMO Day 1 Day Before Separation P

Venoarterial ECMO, n 117 116 76

Ventilator type <.001

Conventional mechanical ventilation* 31 (27) 101 (87) 59 (78)

High-frequency oscillation 77 (68) 15 (13) 12 (16)

Other† 5 (4.4) 0 5 (6.6)

Breathing frequency, breaths/min 40 (34–50) 10 (10–15) 15 (10–20) <.001

VT, mL/kg 9.7 (4.7–13.9) 3.6 (1.7–6.1) 5 (3.3–8.1) <.001

PIP, cm H2O 28 (22–32) 20 (15–20) 20 (19–23) <.001

PEEP, cm H2O 7 (6–8) 8 (5–10) 8 (5–10) .32

Dynamic driving pressure, cm H2O 21 (15–23) 10 (10–12) 13 (10–15) <.001

Pressure support, cm H2O 10 (8–10) 8 (5–10) 8 (5–10) .15

Paw, cm H2O
‡ 16 (13–19) 10 (7–12) 11 (8–13) <.001

FIO2

‡ 1 (0.97–1) 0.21 (0.21–0.30) 0.29 (0.21–0.36) <.001

Venovenous ECMO, n 34 34 29

Ventilator type <.001

Conventional mechanical ventilation* 9 (27) 30 (88) 24 (83)

High-frequency oscillation 22 (65) 4 (22) 5 (17)

Other† 3 (8.8) 0 0

Breathing frequency, breaths/min 40 (20–40) 10 (10–20) 24 (20–30) <.001

VT, mL/kg 8.9 (5.3–13.3) 4.4 (2.0–6.8) 5 (2.9–6.3) .03

PIP, cm H2O 29 (25–35) 20 (20–22) 20.5 (20–24) <.001

PEEP, cm H2O 7 (6.5–10) 10 (7–10) 8 (7–10) .31

Dynamic driving pressure, cm H2O 22 (18–25) 10 (10–14) 13 (10–16) <.001

Pressure support, cm H2O 10 (5–10) 8 (6.5–10) 8 (6–10) .90

Paw, cm H2O
‡ 17.5 (14–20) 11 (10–12) 11 (10–13) <.001

FIO2

‡ 1 (0.94–1) 0.30 (0.21–0.47) 0.30 (0.20–0.40) <.001

Data are presented as n (%) for categorical variables and median (25th–75th interquartile range) for continuous variables.

* Pressure-targeted, volume-targeted, and pressure-regulated volume control.
† Airway pressure-release ventilation and high-frequency percussive ventilation.
‡ Includes conventional mechanical ventilation and high-frequency oscillation.

ECMO ¼ extracorporeal membrane oxygenation

VT ¼ tidal volume

PIP ¼ peak inspiratory pressure

Paw ¼ mean airway pressure
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1 PEEP was further amplified in neonates with CDH (OR

0.59, 95% CI 0.41–0.86; P¼ .005). No ventilator parameters

were independently associated with ECMO-free days.

Pediatric Subjects. After excluding 14 subjects for missing

data, 72 subjects underwent multivariable analysis (Table 4).

There was no association with in-hospital mortality or

ECMO-free days and ECMO day 1 PEEP or dynamic driv-

ing pressure. Higher odds of in-hospital mortality was associ-

ated with acute diagnoses of immune dysfunction (OR 5.16,

95% CI 1.01–30.60; P ¼ .049), congenital cardiovascular

disease (OR 13.28, 95% CI 2.16–117.01; P¼ .005), and per-

tussis or sepsis (OR 4.20, 95% CI 1.24–15.40; P¼ .02).

Discussion

Optimal ventilation strategies during neonatal or pediat-

ric ECMO for respiratory failure are not clearly established.

By using the BATE dataset, we analyzed 237 subjects

(age < 19 y) across 8 academic centers who received

ECMO (VA or VV) for respiratory failure. We explored

associations between in-hospital mortality and ECMO-

free days with ventilator parameters before cannulation

and on ECMO day 1. The neonates experienced lower

odds of death with higher PEEP on ECMO day 1 with a

stronger association of those with CDH. In the pediatric

subjects, there were no independent associations between

the outcomes among any observed ventilator parameters.

Our findings represent a robust multi-center effort to

delineate associated outcomes with ventilator parameters

for both neonates and pediatric subjects on VA and VV

ECMO. Given that PEEP during ECMO is largely modifi-

able, our findings have potential to improve outcomes.

Our neonatal results are similar to those found in adults

with ARDS, in which higher PEEP when applied early dur-

ing ECMO improves survival.20,21 The association between

Table 3. Ventilator Parameters Stratified by 3 Time Points in Pediatric Subjects for Venoarterial and Venovenous ECMO

Parameter Before ECMO ECMO Day 1 Day Before Separation P

Venoarterial ECMO 37 42 30

Ventilator type .02

Conventional mechanical ventilation* 24 (65) 37 (88) 27 (90)

High frequency oscillation 9 (24) 4 (10) 0

Other† 4 (11) 1 (2.4) 3 (10)

Breathing frequency, breaths/min 26 (20–34) 14 (10–16) 15 (10–19) <.001

VT, mL/kg 6.8 (4.8–9.3) 3.8 (0.9–5.8) 5.3 (4.7–6.9) .002

PIP, cm H2O 33.5 (25–39) 25 (20–30) 25 (20–30) .001

PEEP, cm H2O 9 (6–12) 10 (8–10) 10 (8–10) .93

Dynamic driving pressure, cm H2O 23 (18–28) 15 (10–20) 17 (10–20) .002

Pressure support, cm H2O 8 (5–10) 5 (5–10) 10 (5–10) .46

Paw, cm H2O
‡ 22 (18–27.5) 13 (11–16) 13 (11–16) <.001

FIO2

‡ 1 (1–1) 0.40 (0.30–0.50) 0.43 (0.40–0.60) <.001

Venovenous ECMO, n 43 42 28

Ventilator type <.001

Conventional mechanical ventilation* 24 (56) 32 (76) 22 (79)

High-frequency oscillation 17 (40) 3 (7.1) 0

Other† 2 (4.7) 7 (17) 6 (21)

Breathing frequency, breaths/min 29 (19–37.5) 12 (10–17) 15.5 (10–20) <.001

VT, mL/kg 6.8 (4.1–8.1) 3.4 (1.8–5.5) 5.1 (4.2–7.8) .056

PIP, cm H2O 32 (26–41) 20.5 (16.5–26) 25 (20–28) <.001

PEEP, cm H2O 12 (8–15) 10 (8–10) 10 (10–12) .006

Dynamic driving pressure, cm H2O 20 (14–29) 12 (8–20) 15.5 (10–18) .008

Pressure support, cm H2O 10 (10–12) 10 (10–12) 10 (10–14) .75

Paw, cm H2O
‡ 26.5 (20.5–34) 14 (12–15) 17 (15–19) <.001

FIO2

‡ 1 (0.90–1) 0.40 (0.30–0.60) 0.45 (0.40–0.50) <.001

Data are presented as n (%) for categorical variables and median (25th–75th interquartile range) for continuous variables.

* Pressure-targeted, volume-targeted, and pressure-regulated volume control.
† Airway pressure-release ventilation and high-frequency percussive ventilation.
‡ Includes conventional mechanical ventilation and high-frequency oscillation.

ECMO ¼ extracorporeal membrane oxygenation

VT ¼ tidal volume

PIP ¼ peak inspiratory pressure

Paw ¼ mean airway pressure
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lower mortality with higher PEEP must be contextualized

against variations of PEEP delivered, VA ECMO rates,

subject inclusion, and mortality rates from previous studies

in children. The only randomized trial that compared venti-

lator practices during neonatal ECMO was published in

1992, which compared “low PEEP” (3 to 5 cm H2O) with

“high PEEP” (12 to 14 cm H2O) and found a shorter dura-

tion of ECMO in the high-PEEP group.11 The specified

PEEP ranges in the trial extend beyond the IQR of our

cohort, and, although all deaths in the trial occurred in the

“low-PEEP” group, no significant association with mortal-

ity was detected (P ¼ .08). This was likely due to a small

sample size (n ¼ 74) and an exceptionally low incidence of

overall mortality (5%) not replicated in other studies.

Furthermore, only neonates supported on VA ECMO

were assessed in this early trial, and, although VA ECMO

remains the dominant modality, rates of VV ECMO for

neonatal respiratory failure are increasing.22,23 This is par-

ticularly notable because there is a greater role for PEEP

on alveolar gas exchange with pulmonary blood flow dur-

ing VV ECMO. When evaluating subjects on both VA

and VV ECMO, Alapati et al24 retrospectively analyzed

Extracorporeal Life Support Organization (ELSO: Ann

Arbor, MI) data between 2008 and 2013 (N ¼ 3,040) and

reported similar findings of shorter ECMO duration with

higher levels of PEEP. Our mortality was greater at 35%

compared with 21% in the study by Alapati et al,24 which

may reflect differences between our inclusion of the sub-

jects with CDH (known to have higher mortality rates),

who were excluded from both previous studies. Unlike

these reports, PEEP did not confer increased ECMO-free

days in our cohort. This may also be related to the consid-

erable proportion of subjects with CDH in our neonatal

cohort.

Patients with CDH are often excluded from studies given

their higher mortality related to lung hypoplasia with abnor-

mal vascularity and pulmonary hypertension.25-29 This leads

to a considerable paucity in the ECMO literature. Consistent

with previous epidemiologic studies, 36% of our neonatal

cohort was diagnosed with CDH.25,28 Mortality rates for

those with CDH who received ECMO ranged between

48 and 61%27,28 and was 61% (33 of 54) in our cohort.

Acknowledging that a proportion of our cohort may influ-

ence overall mortality while postulating that hypoplastic,

noncompliant lungs seen in CDH may require higher dis-

tending pressures to maintain alveolar expansion, we

explored a post hoc interaction between a diagnosis of CDH

with PEEP on ECMO day 1. Our results support this hy-

pothesis. Furthermore, suboptimal end-expiratory lung vol-

umes at an already reduced functional reserve capacity

increase pulmonary vascular resistance, exacerbating

restriction of pulmonary blood flow through a pathologic

pulmonary vasculature.30 Guidelines for patients with CDH

in the absence of ECMO recommend minimal PEEP (2–5

cm H2O).
31-33 We caution clinicians in maintaining these

settings after ECMO cannulation. In a subanalysis of neo-

nates with CDH in our study, each subject supported with

PEEP < 6 cm H2O (n ¼ 12) died. Our findings support

Extracorporeal Life Support Organization guidelines5,34 on

ventilation strategies in neonates with respiratory failure and

those with CDH of advising PEEP delivery between 5 and

10 cm H2O during ECMO.

Consistent with previous reports of children on ECMO,

higher PEEP in our subgroup of pediatric subjects did not

confer any protection against mortality.7,8 Unlike older chil-

dren, infants have a less rigid, underdeveloped chest wall

with less outward elastic support, reducing functional

reserve capacity and increasing closing capacity, which

thereby results in a greater tendency toward atelectasis.35

PEEP may preferentially benefit neonates by increasing

this gap between functional reserve capacity and closing

capacity thus promoting alveolar expansion and reducing

alveolar collapse and atelectrauma. There also was a larger

range of PEEP in neonates, particularly in those on VA

ECMO, compared with pediatric subjects in whom greater

differences in lung physiology and the etiology of respira-

tory failure exist between 30 d and 19 years of life. We did

not detect an association between higher FIO2
and mortality

as reported by Friedman in two separate multi-center cohorts

of subjects ages 14 d to 18 years.7,8 Notably, these reports

excluded VA ECMO and patients with CDH. Compared

with VV ECMO, oxygen delivery during VA ECMO is less

reliant on pulmonary blood flow, which makes FIO2
less

Table 4. Multivariable Models of In-Hospital Mortality

Parameter
Odds Ratio

(95% CI)
P

Neonates (n ¼ 130)

Baseline PRISM-III 1.08 (1.0–1.16) .056

ECMO day 1 dynamic driving pressure,

cm H2O

0.92 (0.8–1.05) .22

ECMO day 1 PEEP, cm H2O 0.77 (0.62–0.92) .01

Neonates with CDH 0.59 (0.41–0.86) .005

Neonates without CDH 0.93 (0.71–1.22) .61

Pediatric subjects (n ¼ 72)

ECMO day 1 dynamic driving pressure,

cm H2O

1.04 (0.97–1.12) .29

ECMO day 1 PEEP, cm H2O 0.99 (0.79–1.24) .96

Pertussis or sepsis 4.2 (1.24–15.4) .02

Chronic diagnosis of CV disease

(congenital)

13.28 (2.16–117.0) .005

Immune dysfunction 5.16 (1.0–30.6) .049

PRISM ¼ Pediatric Risk of Mortality

ECMO ¼ extracorporeal membrane oxygenation

CDH ¼ congenital diaphragmatic hernia

CV ¼ cardiovascular
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contributory. For this reason, our inclusion of pediatric sub-

jects on VA ECMO may have lowered exposure of harmful

FIO2
and diluted an appreciable effect on outcomes.

Reduced mortality during neonatal ECMO for respiratory

failure with increased PEEP is limited by the inherent maxi-

mum benefit of applied PEEP. Our analysis is constrained

by the observed ventilation parameters of the cohort. It is an

important distinction to note that levels of PEEP in neonates

were not necessarily elevated after ECMO cannulation but

rather maintained. Certainly, excessive amounts of PEEP is

likely to result in harmful effects, therefore, interpretation of

our findings should focus on the avoidance of low PEEP.

Previous investigations have shown that using a lower

PEEP relative to FIO2
than recommended by the ARDS

Network model36,37 had higher mortality. The highest upper

quartile of PEEP before ECMO in our cohort was 10 cm

H2O, far lower than those recommended by ARDS Network

for the degree of administered FIO2
. Although this concept

supports our findings, this relationship has not been eval-

uated on ECMO and the identification of the nadir of in-hos-

pital mortality against increasing levels of PEEP is an

important topic for future studies.

To evaluate the current Extracorporeal Life Support

Organization recommendations,4,5 PEEP and dynamic driv-

ing pressure were forced into the multivariable models.

This not only excluded subjects on HFOV but may have

limited the observed effect on Paw. Univariate analysis in

neonates demonstrated reduced odds of mortality with

higher Paw both before and after ECMO cannulation

(Supplementary Table 1 [see the supplementary materials

at http://www.rcjournal.com]). No independent relation-

ships were captured between Paw and mortality or ECMO-

free days in multivariable models, possibly due to the

intrinsic correlation between PEEP and Paw during con-

ventional ventilation or from exclusion of HFOV cases. As

a shared metric across conventional and non-conventional

types of ventilation, it is tempting to examine outcomes

with Paw rather than PEEP. However, applications of Paw

differ across ventilation types, which makes it challenging

to target across modes. Compared with HFOV, in which

Paw is the primary distending pressure, during conventional

ventilation, Paw is also dependent on PIP, a variable associ-

ated with worse outcomes at higher pressures.38-42

Although a benefit of avoiding low Paw during ECMO may

exist, similar to PEEP in our study, this relationship may be

complicated by the deleterious outcomes noted when

higher Paw is provided via HFOV to neonates with CDH

before ECMO43 or when higher Paw affects the ability to

provide flow and support to patients on ECMO.20

Despite evidence of increased mortality with higher driv-

ing pressure (plateau pressure minus PEEP) seen in adults

on ECMO,44-46 we did not find an independent association

between dynamic driving pressure and outcomes in neo-

nates or pediatric subjects. Our findings resemble previous

investigations in children with respiratory failure while on

ECMO8 as well as those supported without.19,47 This dis-

crepancy between adult and pediatric subjects remains

uncertain with theories, including lower absolute dynamic

driving pressure applied8 or resiliency in the pediatric lung

with greater elasticity against strain.47 Assessment of re-

gional lung mechanics, especially in acute respiratory fail-

ure, can be challenging, and intrinsic patient factors, such

as chest wall compliance, affect dynamic driving pressure,

which makes the complex relationship among dynamic

driving pressure, PEEP, and Paw interrelated and warrants

further investigation for risk stratification, select patient

populations, and/or additional recommendations for sub-

jects supported on non-conventional types of mechanical

ventilation during peri-cannulation periods.

Limitations of this study are those inherent to observatio-

nal design and causality cannot be inferred. Our findings are

only generalizable to patients ventilated within the parame-

ters studied, specifically applied PEEP from aforementioned

ranges. Candidate variables were limited to those available

in the BATE dataset. The analysis was limited to 2 time

points, and any ventilator adjustments that occurred outside

those time points were not evaluated. No protocol existed for

ECMO candidacy or titration of ventilator settings. Although

the mode of ECMOwas included in the multivariable model,

our sample size limited the ability to separately analyze sub-

jects on VA and VV ECMO. The smaller sample size also

limited the ability to assess PEEP as categorical ranges,

which may provide more practical results. Our analysis did

not risk adjust for contemporary pre-ECMO predictors of in-

mortality for children with respiratory failure.48,49 Data

related to procedures such as bronchoscopy, prone position-

ing, or recruitment maneuvers while on ECMO were not

available. Lastly, we acknowledge that much of the data

were collected a decade ago. Our results are informative,

given the median values of key ventilator parameters such as

PIP and breathing frequency, PEEP, dynamic driving pres-

sure, and FIO2
fall within contemporary guidelines for neo-

nates and pediatric patients with respiratory failure on

ECMO, including those with CDH.4,5,34

Conclusions

In a secondary analysis, increased PEEP on ECMO day

1 was independently associated with decreased odds of

death in neonates. Other ventilator parameters before

ECMO and on ECMO day 1 were not independently asso-

ciated with mortality in neonatal or pediatric subjects.

Although direct recommendations cannot be prescribed to

specific PEEP ranges due to inherent limitations of this ex-

ploratory analysis, caution should be taken when applying

low levels of PEEP for neonates on ECMO, particularly for

those with CDH.
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