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Epidemiology of Neonatal Acute Respiratory
Distress Syndrome: Prospective, Multicenter,
International Cohort Study

Daniele De Luca, PhD'?
David G. Tingay, PhD?"5
Anton H. van Kaam, PhD®

OBJECTIVES: Age-specific definitions for acute respiratory distress syndrome
(ARDS) are available, including a specific definition for neonates (the “Montreux
definition”). The epidemiology of neonatal ARDS is unknown. The objective of this
study was to describe the epidemiology, clinical course, treatment, and outcomes ~ Sherry E. Courtney, MD’

of neonatal ARDS. Martin C. J. Kneyber, PhD?®

DESIGN: Prospective, international, observational, cohort study. Pierre Tissieres, PhD™"
H H 12,13
SETTING: Fifteen academic neonatal ICUs. Ascanlo Tridente, PhD

. . ) Peter C. Rimensberger, MD'*
PATIENTS: Consecutive sample of neonates of any gestational age admitted to _ 1:6
participating sites who met the neonatal ARDS Montreux definition criteria. J. Jane Pillow, PhD'™

MEASUREMENTS AND MAIN RESULTS: Neonatal ARDS was classified  Guyutorston Gran |
as direct or indirect, infectious or noninfectious, and perinatal (< 72 hr after
birth) or late in onset. Primary outcomes were: 1) survival at 30 days from di-
agnosis, 2) inhospital survival, and 3) extracorporeal membrane oxygenation
(ECMO)-free survival at 30 days from diagnosis. Secondary outcomes included
respiratory complications and common neonatal extrapulmonary morbidities. A
total of 239 neonates met criteria for the diagnosis of neonatal ARDS. The me-
dian prevalence was 1.5% of neonatal ICU admissions with male/female ratio
of 1.5. Respiratory treatments were similar across gestational ages. Direct neo-
natal ARDS (51.5% of neonates) was more common in term neonates and the
perinatal period. Indirect neonatal ARDS was often triggered by an infection
and was more common in preterm neonates. Thirty-day, inhospital, and 30-day
ECMO-free survival were 83.3%, 76.2%, and 79.5%, respectively. Direct ne-
onatal ARDS was associated with better survival outcomes than indirect ne-
onatal ARDS. Direct and noninfectious neonatal ARDS were associated with
the poorest respiratory outcomes at 36 and 40 weeks' postmenstrual age.
Gestational age was not associated with any primary outcome on multivariate
analyses.

CONCLUSIONS: Prevalence and survival of neonatal ARDS are similar to those
of pediatric ARDS. The neonatal ARDS subtypes used in the current definition
may be associated with distinct clinical outcomes and a different distribution for
term and preterm neonates.

KEY WORDS: acute respiratory distress syndrome; neonatal intensive care unit;
neonate; outcome; respiratory failure

cute respiratory distress syndrome (ARDS) was first described in 1967
and remains a life-threatening condition (1, 2). ARDS may occur at any
age, leading to the development of age-specific definitions for adult (3),
pediatric (PARDS) (4), and neonatal (NARDS) (5) patients. The Montreux
definition of NARDS was released for clinical and research purposes in 2017
as the first phase of the Neonatal ARDS Project (5). This consensus definition
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( )
@)\ RESEARCH IN CONTEXT

e Age-specific acute respiratory distress syn-
drome (ARDS) diagnostic criteria for adults and
children have allowed the development of evi-
dence-based therapies.

e Diagnostic criteria for neonatal ARDS (NARDS)
were proposedin 2017 (the “Montreux” definition).

e The Montreux definition for NARDS is untested
in clinical practice and the epidemiology, treat-
ments, and outcomes are unknown.

. J

acknowledges the many pathobiological and patho-
physiological features of ARDS shared across all age
groups, while it identifies features in neonates that are
distinct from older populations (6-9). Specifically, the
Montreux definition of NARDS considers the unique
neonatal lung biology and structure; reduced local and
systemic immune defenses; the pathophysiological dif-
ferences compared with primary surfactant deficiency
(respiratory distress syndrome [RDS]); the unpredict-
able physiologic effects of transition from fetal life; and
different approaches to respiratory therapies compared
with older populations (5, 10). Highlighting these dif-
ferences is needed, as some common ARDS triggers are
different in neonates, such as sepsis, which has unique
immunological and pathophysiological features in neo-
nates and does not have yet a dedicated diagnostic score.

The objective of the second phase of the Neonatal
ARDS Project was to perform a prospective study aim-
ing to: 1) determine the prevalence of NARDS using
the Montreux definition and 2) describe the epide-
miology, clinical course, treatment, and outcomes of
neonates meeting the NARDS diagnostic criteria.
These aims, and the applied methodology, are similar
to the processes undertaken after the formulation of
the Berlin definition of ARDS and the Pediatric Acute
Lung Injury Consensus Collaborative definition for
adults and children, respectively (3, 11).

METHODS
Study Design and Setting

A prospective, multicenter, international, observa-
tional, cohort study was conducted in neonatal ICUs

Pediatric Critical Care Medicine

(NICUs) under the supervision of the Neonatal ARDS
Project steering committee. The study was approved by
each local ethical board or used the coordinating center
approval (French Critical Care Ethical Commission;
n.SRLF-15-05). Parental/guardian  consent was
obtained if required by local regulations. Composition
of the steering committee and detailed study methods
are provided in the Online Supplement (http://links.
lww.com/PCC/C49).

Patients

All inpatients were screened daily in each center. Both
inborn and outborn neonates were considered for in-
clusion. Neonates were consecutively enrolled when
deemed eligible for inclusion if they fulfilled all the
Montreux definition criteria in the previous 24 hours,
without any exclusion criteria (5). Briefly, neonates
were excluded if they had: 1) RDS due to primary sur-
factant deficiency (such as hyaline membrane disease),
transient tachypnoea of the neonate or congenital lung
malformations; 2) congenital heart disease-causing
pulmonary edema; and 3) known genetic syndromes
or chromosomopathies. Neonates were also excluded
during analysis if: 1) outcome data were unavailable;
2) data were inconsistent with the Montreux definition
criteria (5); or 3) oxygenation was evaluated with ve-
nous blood gas analysis.

Data Collection

Data were prospectively collected for patients until
hospital discharge or death, using an anonymized
web-based database in research electronic data capture
(12). The total number of admissions to each NICU
were recorded to calculate the prevalence of NARDS.
Due to the noninterventional study design, the timing
of blood gas analysis could not be standardized across
participating centers and was only recorded at NARDS
diagnosis. Blood gas analysis is also performed less
frequently in NICU compared with adult and pedi-
atric critical care. Arterial access is also less common,
necessitating the use of transcutaneous measures or
arterialized capillary blood sampling (when appro-
priate). The Score for Neonatal Acute Physiology with
Perinatal Extension-II (SNAPPE-II) was calculated
(13). Respiratory support variables were recorded at
NARDS diagnosis and at highest clinical severity. The
steering committee unanimously agreed to allow the
525
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definition of highest clinical severity time-point to be
determined by local attending physicians, considering
all available relevant data, rather than a single prespec-
ified parameter.

Each NARDS event was classified as: 1) direct or in-
direct, 2) infectious or noninfectious, 3) according to
timing of onset, and 4) illness severity. The classification
of direct and indirect NARDS was based on the concept
of pulmonary (primary) or extrapulmonary (secondary)
origin of triggers, respectively, consistent with approaches
for PARDS and ARDS (14, 15). Direct NARDS was de-
fined as resulting from the following pulmonary triggers:
aspiration, bronchiolitis, lung hemorrhage, pertussis,
and/or pneumonia. Indirect NARDS resulted from
extrapulmonary triggers including perinatal asphyxia,
chorioamnionitis, gastrointestinal perforation, necro-
tizing enterocolitis (NEC), sepsis, and surgery. Infectious
NARDS was triggered by bronchiolitis, pertussis, pneu-
monia, chorioamnionitis, and sepsis. Timing of NARDS
onset was defined as perinatal (< 72 hr of birth) or late (>
72 hr after birth). Finally, NARDS severity was classified
as mild, moderate, or severe based on the oxygenation
index (OI) at NARDS diagnosis (OI 4-7.9, 8-15.9, or >
16, respectively) (5). In noninvasively ventilated patients,
OI was calculated using the mean airway pressure (Paw)
and Pao, (arterial or transcutaneous) measured when
airway leak was minimized (appropriately sized inter-
faces, chinstrap, and/or actively closing the mouth) (5).
Multiple triggers were allowed and neonates could
be assigned to multiple types of NARDS. Consistent
with the approach used for PARDS, the classification
was finalized after discussion between the Steering
Committee and local investigators following review of
medical records (14).

Outcomes

The primary outcomes were: 1) survival at 30 days
from NARDS diagnosis, 2) inhospital survival, and 3)
extracorporeal membrane oxygenation (ECMO)-free
survival at 30 days from NARDS diagnosis. Mortality
is an objective and clinically relevant outcome that
mirrors comparative studies of ARDS and PARDS (14,
16). The choice of these outcomes allows the compar-
ison of the consequences of ARDS in infants of dif-
ferent age and gives a comprehensive description of
mortality. Secondary outcomes included respiratory
complications, common neonatal extrapulmonary
morbidities and respiratory status at 36 and 40 weeks
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postmenstrual age for those neonates born less than or
equal to 32 weeks’ gestation.

Sample Size and Statistical Analysis

As this is the first study on a newly defined condition,
a convenience sample of 220 neonates meeting the
NARDS criteria was used. This was similar to that used
to study the Berlin definition in children (6).

Data were compared per types of NARDS and ges-
tational age classes with Fisher exact and Wilcoxon
signed-rank tests, or Student t test and one-way analysis
of variance (with Sidak post hoc test), as appropriate.
Primary outcomes were displayed with Kaplan-Meier
curves and compared with the Breslow test for the dif-
ferent types of NARDS (direct/indirect, infectious/
noninfectious, mild/moderate/severe). The timing
(perinatal/late) of NARDS onset was not included in
these analyses due to the near identical distribution of
demographic and clinical characteristics between di-
rect/indirect and perinatal/late onset NARDS.

Primary and secondary outcomes were analyzed with
Cox proportional and logistic regressions, respectively,
using a backward-stepwise method (covariates were
removed from the model if significance was p > 0.10). The
choice of covariates was discussed and decided by unan-
imous agreement within the steering committee, based
on their epidemiological role and biological relevance,
demographic and clinical characteristics, and previously
reported association with outcomes (6, 11, 13-15, 17-24).
The following covariates were chosen: gestational age,
type of NARDS (direct/indirect), severity class, NARDS
trigger (infectious/noninfectious), recruiting center, sex,
SNAPPE-II score, and postnatal age at NARDS diagnosis.
Oxygen dependency and need for respiratory support at
36 and 40 weeks’ postmenstrual age were analyzed only
for neonates less than or equal to 32 weeks gestation.
Multivariable analyses of secondary outcomes were per-
formed both on the whole population and on survivors.
There was no correction for multiple comparisons in
univariate analyses. Analyses were performed with SPSS
15 (SPSS, Chicago, IL), MedCalc 13 (MedCalc, Ostend,
Belgium), and Stata 15 (StataCorp, College Station, TX).

RESULTS
Epidemiology

Two hundred thirty-nine neonates from 15 NICUs
(Australia, Brazil, China, Finland, France, Israel,

July 2022 + Volume 23 * Number 7
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Italy, The Netherlands, Switzerland, and United
States) met the criteria for NARDS, had correct and
complete data entered, and were included in the final
analysis: 24 neonates were excluded because they
did not meet the Montreux definition or had incom-
plete outcome data (eFig. 1, http://links.lww.com/
PCC/C49). During the study period, 15,916 neonates
were admitted to these NICUs, resulting in a NARDS
prevalence of 1.5% overall. This varied among par-
ticipating centers from 1% to 5%. Table 1 describes
the characteristics of included neonates: 92 (34.3%)
neonates were extremely preterm (23-28 wk gesta-
tion), 34 (13.4%) preterm (29-33 wk), 19 (7.9%) late
preterm (34-36 wk), and 94 (39.3%) term (> 36 wk).
eTable 1 (http://links.lww.com/PCC/C49) describes
the characteristics of the infants born less than or
equal to 32 weeks with perinatal onset. There was
a preponderance of male neonates (60.7%). 51.5%,
57.7%, and 54.4% of neonates presented with direct,
infectious, or perinatal NARDS, respectively. Age and
OI at the diagnosis were widely distributed. NARDS
were severe in 55.6%, moderate in 28.9%, and mild
in 15.5% of neonates. The most common comorbidi-
ties were patent ductus arteriosus (28%), acute renal
failure (5%), jaundice (7.5%), coagulation (5.8%),
and metabolic disorders (5.4%). The prevalence of
pulmonary hypertension was more common in term

TABLE 1.

(= 37 wk gestation; 23.4%) than in preterm neonates
(< 28 wk: 8.7%; 29 and 32 wk: 6.5%; and between 33
and 36 wk: 18.5%; p = 0.019).

eFigure 2 (http://links.Iww.com/PCC/C49) shows
the cumulative NARDS prevalences from birth until
hospital discharge or death by gestational age and
NARDS type. Overall, NARDS occurred earlier in
postnatal life for term neonates and for direct or non-
infectious NARDS. The cumulative prevalence was
similar across NARDS severity. Sepsis was the most
common NARDS trigger, followed by aspiration (pri-
marily meconium aspiration), with multiple triggers
identified in 27.6% of neonates (Table 2). The distri-
bution of triggers based upon clinical severity and ges-
tational age is presented in eTable 2 (http://links.lww.
com/PCC/C49).

Respiratory Support and Additional Treatment

High-frequency oscillatory ventilation (HFOV) was
the most common type of respiratory support (eFig. 3,
http://linkslww.com/PCC/C49: 60% of patients at
time of diagnosis and 69% at greatest disease severity;
p < 0.001). ECMO was rarely used (4%). The median
(25th-75th percentile) duration of ECMO was 140
hours (56-215hr). The Paw was 14cm H,O (11-17 cm
H,0) at NARDS diagnosis and 17cm H,O (14-20cm

Demographic and Clinical Characteristics of the Entire Population of Neonates Meeting
the Neonatal Acute Respiratory Distress Syndrome Criteria

Minimum-Maximum

n =239 Neonates

Female

Gestational age (wk)
Birth weight (g)
Birth weight z score

5’ Apgar score

Score for Neonatal Acute Physiology with Perinatal Extension-Il score

Postnatal age at NARDS diagnosis (d)
Weight at NARDS diagnosis (g)
Oxygenation index at NARDS diagnosis
NICU stay (d)

NICU stay after NARDS diagnosis (d)

Summary Statistic

4 (39.3%) Not applicable
32.3 (6.4) 23-42
2,046 (1,278) 475-5,220
-0.1 (1.1) -8.810 3.5
7 (6-9) 0-10
4 (20.4) 0-81
2 (0-15) 0-126
2,163 (1,267) 435-5,650
177(107 29.5) 4-185
4 (10-68) 2-221
6 (8-50) 1-189

NARDS = neonatal acute respiratory distress syndrome, NICU = neonatal ICU.
The summary statistic is expressed for the whole cohort (n = 239) as number (%) for female and otherwise as mean (sp) or median
(25th=75th percentiles). Additionally, minimum—maximum values are shown. Apgar and Score for Neonatal Acute Physiology with

Perinatal Extension-Il are dimensionless scores.
Pediatric Critical Care Medicine

527

www.pccmjournal.org

Copyright © 2022 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


http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49
http://links.lww.com/PCC/C49

De Luca et al

( )
A
& AT THE BEDSIDE

e The prevalence and survival of NARDS were
similar to those of pediatric ARDS. NARDS
patients are generally severely ill and require
high-acuity therapies.

e Direct NARDS was associated with term neo-
nates, perinatal onset and had a lower mortality
than indirect NARDS. Indirect NARDS was
associated with an infectious trigger and was
more common in neonates born preterm.

e The Montreux definition of NARDS is appro-
priate to diagnose ARDS in neonates and de-

scribe the epidemiology of NARDS.
U J

H,0) at the time of greatest disease severity for inva-
sively ventilated neonates (p < 0.0001). During con-
ventional ventilation, expiratory tidal volume was also
higher at greatest disease severity (6.1mL/kg [5.0-
8.0mL/kg]) than at onset (5.3 mL/kg [4.6-6.3 mL/kg];
p =0.001). Total duration of oxygen supplementation,
noninvasive respiratory support (any type), and inva-
sive ventilation were 13 days (5-48 d), 7 days (1-34 d),
and 7 days (4-14 d), respectively. NARDS was treated
with at least one bolus of surfactant in 57.7% neonates,
while 10.9% of neonates received surfactant diluted via
bronchoalveolar lavage because of direct, noninfec-
tious NARDS. eTable 3 (http://links.lww.com/PCC/
C49) describes respiratory therapies by NARDS clas-
sification: Paw was higher and surfactant use more fre-
quent in direct and noninfectious NARDS; Paw was
higher and HFOV was more often used in patients
with severe NARDS.

Primary Outcomes

Thirty-day, inhospital, and 30-day ECMO-free sur-
vival were 83.3%, 76.2%, and 79.5%, respectively. The
30-day and inhospital survival were higher for di-
rect than indirect NARDS (Figs. 1 and 2). Thirty-day
ECMO-free survival was higher for infectious than
noninfectious NARDS (p = 0.03) and decreased with
worsening NARDS severity (eFig. 4, http://links.lww.
com/PCC/C49). Direct NARDS was associated with
higher 30 days, inhospital, and 30-day ECMO-free
survival on multivariable analysis (Table 3).

528 www.pcemjournal.org

Secondary Outcomes and Respiratory
Complications

Multivariable regression models adjusted for con-
founders identified direct and infectious NARDS
being associated with greater oxygen dependency
and need for respiratory support at 36 weeks’ post-
menstrual age (eTable 4, http://links.lww.com/
PCC/C49). Infectious NARDS was similarly associ-
ated with a greater need for respiratory support at
40 weeks’ postmenstrual age. There was no effect of
NARDS type on other outcomes. Respiratory treat-
ments, primary, and main secondary outcomes
by gestational age are shown in eTable 5 (http://
links.Iww.com/PCC/C49). All mortality outcomes
increased with increasing prematurity on univariate
but not multivariate analysis.

DISCUSSION

To the best of our knowledge, this is the first epidemi-
ological description of ARDS in a neonatal population.
Neonates have not benefited from the recent adult and
PARDS definitions due to limited translatability of the
ARDS diagnostic criteria to the perinatal period (10).
We found that ARDS may develop in this age group,

TABLE 2.

Neonatal Acute Respiratory Distress
Syndrome Triggers

Sepsis 90 (37.7)
Aspiration 65 (27.2)
Pneumonia 38 (15.9)
Lung hemorrhage 25 (10.5)
Necrotizing enterocolitis 23 (9.6)
Chorioamnionitis 8 (3.3)
Perinatal asphyxia 7 (2.9)
Postsurgical 6 (2.5)
Bronchiolitis 3(1.3)
Gastrointestinal single perforation 2 (0.8)
Pertussis 2 (0.8)
Cardiorespiratory arrest 2 (0.8)
Biliary pneumonia 1 (0.4)

Triggers are listed in order of frequency. Multiple triggers
were possible. Aspirations were represented by meconium
(61 [25.5%)], blood [5 (2.1%)]) and milk (3 [1.3%]) aspirations,
respectively.
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Figure 1. Kaplan-Meier analyses for 30-d survival. Direct and indirect, infectious and noninfectious, and mild, moderate, and severe
neonatal acute respiratory distress syndrome (NARDS) are shown in A=C, respectively. “p = 0.02, direct versus indirect NARDS;

p = 0.505, infectious versus noninfectious NARDS; p = 0.06, between NARDS severity classes (Breslow test). Number of neonates at
each time point are shown in tables below the curves. The timing (perinatal/late) of NARDS onset was not included in these analyses

since the distribution of basic demographic and clinical characteristics was identical between direct/indirect and perinatal/late onset
subtypes of NARDS.
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Figure 2. Kaplan-Meier analyses for inhospital survival. Direct and indirect, infectious and noninfectious, and mild, moderate, and severe
neonatal acute respiratory distress syndrome (NARDS) are shown in A=C, respectively. “p = 0.011, direct versus indirect NARDS;

p = 0.429, infectious versus noninfectious NARDS; #p = 0.04, between NARDS severity classes (Breslow test). Number of neonates
at each time point are shown in tables below the curves. The timing (perinatal/late) of NARDS onset was not included in these analyses

since the distribution of basic demographic and clinical characteristics was identical between direct/indirect and perinatal/late onset
subtypes of NARDS.
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TABLE 3.

Multivariable Analysis for Co-Primary Outcomes

Outcome

30-d survival
Male sex
Postnatal age at NARDS diagnosis (d)
Type of NARDS (direct vs indirect)
Inhospital survival
Male sex
Postnatal age at NARDS diagnosis (d)
Type of NARDS (direct vs indirect)
30-d extracorporeal membrane oxygenation-free survival
Postnatal age at NARDS diagnosis (d)
Type of NARDS (direct vs indirect)

Adjusted Hazard Ratio (95% CI) o)

2.9 (1.3-6.4) 0.007
0.88 (0.82-0.94) < 0.0001
0.15 (0.05-0.45) 0.001

1.9 (1.0-3.6) 0.03
0.97 (0.96-0.99) 0.04
0.23 (0.10-0.52) < 0.0001
0.91 (0.87-0.96) < 0.0001
0.28 (0.12-0.68) 0.005

NARDS = neonatal acute respiratory distress syndrome.

Thirty-d mortality, the composite endpoint of 30-d mortality and/or need for extracorporeal membrane oxygenation, and the inhospital
mortality were adjusted for gestational age, type of NARDS (direct/indirect), severity class, NARDS trigger (infectious/noninfectious),
recruiting center, sex, Score for Neonatal Acute Physiology with Perinatal Extension-Il score, and postnatal age at NARDS diagnosis
(in d from birth) using Cox proportional regression models. Results are presented as adjusted hazard ratio and 95% Cl. Only covariates
significantly associated with the outcomes and remaining at the last regression step are shown. Analysis was performed for the whole
cohort (n = 239). The timing (perinatal/late) of NARDS onset was not included in these analyses since the distribution of basic
demographic and clinical characteristics was identical between direct/indirect and perinatal/late onset subtypes of NARDS.

and across different developmental lung state, suggest-
ing that NARDS can be reasonably classified using the
ARDS types already identified in adults and children.
However, although NARDS shares common features
with PARDS, it has relevant differences in the trigger
profile and treatment.

In our population, the overall prevalence of NARDS
was 1.5% of NICU admissions (ranging from 1% to 5%
between participating units), similar to the 1%-4% of
PICU admissions reported for PARDS (11, 23, 25, 26).
The overall mortality for NARDS was 17%-24%, sim-
ilar to the 17%-33% reported in recent PARDS studies
(11,27), but much higher than mortality for the general
NICU population (3%-9% in developed countries) (28).
Both 30-day and 30-day ECMO-free survival overtime
were similar to reports of PARDS in older children (6).
Conversely, the mortality was lower than reported
in adult ARDS (3). This may be explained by the dif-
ferent trigger profile and relative absence of severe
chronic comorbidities in neonates and children (29).
Some biological factors unique to neonates may also
play a role: the neonatal lung is less capable of pro-
ducing inflammation and fibrosis and has a relatively
higher amount of surfactant in a smaller volume
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compared with the adult lung (22). Conversely, the in-
flammatory response in preterm and term neonates is
not the same, with preterm neonates being more sensi-
tive to impaired alveolarization and lung injury from a
persistent proinflammatory state.

In adults and children, direct (pulmonary) and in-
direct (extrapulmonary) ARDS have a different clinical
course and pathophysiology, with predominantly epi-
thelial injury for direct and endothelial injury for indi-
rect ARDS (15, 19). In these groups, there are greater
oxygen impairment and higher lung injury scores for
direct ARDS, while indirect ARDS has a greater like-
lihood of multiple organ failure (14, 30). Interestingly,
these differences do not translate to differences in
mortality (20, 21). Conversely, we found differences
in the triggers and mortality of direct and indirect
NARDS with a higher mortality in the latter. This is
likely explained by the association between later-onset
and prematurity-associated comorbidities in the indi-
rect NARDS group (31).

Previous definitions of PARDS excluded the onset
of ARDS within the perinatal period and preterm
neonates. This provides a rationale for the need to de-
velop a NARDS definition, and we found that both are
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important components of the NARDS population (5).
The distinction between perinatal (< 72hr) and late
onset (> 72hr after birth) is important given the spec-
trum of perinatal events that can trigger NARDS. For
instance, the frequent occurrence of birth-related aspi-
ration in term neonates explains the high prevalence we
observed in noninfectious, direct NARDS. Conversely,
preterm neonates typically require prolonged NICU care
with late complications, such as sepsis and NEC, that
are associated with indirect, infectious, and late-onset
NARDS. Similar to PARDS, our data confirm that sepsis
was a common trigger for NARDS (11, 14). An infec-
tious cause of NARDS did not influence mortality but
was associated with oxygen dependency and/or need for
respiratory support at 36 and 40 weeks postmenstrual
age. Persistence of NARDS-induced cellular damage,
eventually perpetuated by aggressive ventilation, similar
to ventilator-associated pneumonia could contribute to
chronic lung disease development especially in preterm
neonates (32). Long-term respiratory status is a multifac-
torial and complex outcome, and future studies will have
to be performed to clarify which role NARDS plays in it.

ARDS severity discriminates mortality in adults and
children (3, 6, 11). We did not find a significant rela-
tionship between mortality and NARDS severity using
an Ol-based classification. However, our study was not
designed to specifically address the use of NARDS se-
verity classification to predict mortality. Some infants had
relatively low OI, but the majority met the definition for
moderate or severe NARDS. As explained in the Online
Supplement (http://links.lww.com/PCC/C49), this find-
ing is likely related to participation in the study of pri-
marily large academic units, with the potential for a bias
toward sicker infants. As such, this bias may affect the va-
lidity of mild NARDS diagnosis, also because cases with
lower oxygenation impairment might be due to neonatal
lung disorders other than NARDS, whose exclusion may
partially depend on the clinical expertise. It was also im-
possible to standardize blood gas analysis, hampering
the use, and reliability of severity grading. Noninvasive
ventilation and the use of uncuffed endotracheal tubes
are the norm in neonates, limiting the reliability of Paw
assessment compared with older populations. Therefore,
in some infants, OI should be considered as an estima-
tion when arterial blood gas or accurate Paw values are
unavailable. The Montreux definition provides guidance
on how to obtain the most accurate calculation and man-
dates a hierarchical approach to considering OI validity

Pediatric Critical Care Medicine

(5). Future studies should also record the method of ox-
ygen and Paw assessment and consider the applicability
of proxy measures of OI such as peripheral oxygen satu-
ration/F10, that are often easier to calculate in the NICU.
Notwithstanding these issues, there is a sound pathophys-
iological and practical rationale to use oxygenation deficit
as a core component of any ARDS definition, and OI as
has been previously applied for PARDS (33). Our data
will inform properly powered evaluation of OI-based
NARDS severity grades and their predictive ability.

Unlike for PARDS and ARDS, HFOV was the most
common mode of respiratory support at NARDS diag-
nosis. Exogenous surfactant was also used in the ma-
jority of cases, whilst ECMO was rarely used (3, 6, 11).
Surfactant and HFOV are well-established rescue
therapies for severe respiratory failure in neonates, es-
pecially for conditions associated with direct and non-
infectious NARDS (34, 35). Direct ARDS is more likely
to result in surfactant dysfunction and alveolar dere-
cruitment (14, 30, 36, 37). There were no significant
differences in treatments across gestation, and this
reinforces the independency of NARDS concept from
patients’ age. ECMO is generally reserved as rescue
for respiratory failure in term neonates not respond-
ing to HFOV and is used infrequently for sepsis (38).
ECMO is also more commonly used in term or post-
term neonates. The rare use of ECMO could be par-
tially due to the relatively low number of term/late
preterm neonates and the varying availability of this
technique in participating sites. Our findings suggest
that the applied treatments are similar for the majority
of patients. This indicates that a NARDS classification
provides a framework that can be used in future stud-
ies of novel ARDS therapies and outcomes, as recently
suggested for surfactant (39).

We acknowledge some limitations, and these are dis-
cussed in more depth in the Online Supplement (http://
links.lww.com/PCC/C49). NARDS and RDS following
primary surfactant deficiency may coexist. However,
the Montreux definition provides criteria to differen-
tiate the two and identify the predominant cause of
respiratory failure (5). It is interesting to note that use
of invasive ventilation was higher in NARDS (eFig. 3,
http://links.Ilww.com/PCC/C49) than reported for RDS
(39). Our observational study was intentionally prag-
matic as the introduction of the NARDS definition is
novel in NICU care. We avoided an explanatory de-
sign, which is more suitable to investigating particular
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patient subgroups or settings in previously well-under-
stood topics (40, 41). For this reason, we decided to not
include a comparative control group. Future studies of
NARDS should focus on enrolling specific NARDS and
control subgroups. Such an approach would allow ex-
ploration of potential contributing factors for NARDS,
particularly associations between gestation, lung de-
velopment, maternal factors, and NARDS onset or
course. The use of standardized definitions and data
review mitigate some limitations of our design. For
example, chest imaging was not reviewed centrally,
but local investigators were provided with radiological
datasets to guide assessment (6). Allowing the highest
clinical severity to be defined by clinicians using broad
criteria may be a source of bias. Conversely, the use of
specific a priori criteria (such as OI or Paw) may also
introduce bias when the temporal trajectory of the di-
sease, the treatment patterns and the validity of criteria
to describe the disease are unknown, or measurements
cannot be fully standardized. A formal power calcu-
lation was impossible because this was the first study
on a newly defined condition. The potential for under-
power cannot be discounted, although sample size was
robust and comparable to sample sizes used to eval-
uate PARDS definitions (5, 6). The limited number of
patients treated with ECMO might also have hindered
the evaluation of ECMO-free survival as primary out-
come. We cannot exclude that the lack of familiarity
with this newly defined medical condition might have
led to an underestimation of NARDS prevalence. The
association between direct NARDS and oxygen de-
pendency at 36 weeks might be partially due to more
neonates with direct NARDS reaching the secondary
endpoint. Finally, we choose extrapulmonary outcomes
that are commonly used in NICUs, but these are also
associated with multifactorial complications of prema-
turity. Thus, it is not surprising that none of these extra-
pulmonary outcomes were associated with any specific
NARDS type within the study population constraints.

CONCLUSIONS

The prevalence and survival of NARDS were similar
to those of PARDS. NARDS patients are generally se-
verely ill and require high acuity therapies. Direct
NARDS was associated with term neonates, perinatal
onset and had a lower mortality than indirect NARDS.
Indirect NARDS was associated with an infectious
trigger and was more common in preterm neonates.
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Overall, the Montreux definition is appropriate to di-
agnose NARDS and describe its epidemiology.
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