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Objectives: To determine the optimal initial ventilation mode in congenital

diaphragmatic hernia.

Background: Congenital diaphragmatic hernia is a life-threatening anomaly

with significant mortality and morbidity. The maldeveloped lungs have a high

susceptibility for oxygen and ventilation damage resulting in a high incidence

of bronchopulmonary dysplasia (BPD) and chronic respiratory morbidity.

Methods: An international, multicenter study (NTR 1310), the VICI-trial

was performed in prenatally diagnosed congenital diaphragmatic hernia

infants (n ¼ 171) born between November 2008 and December 2013, who

were randomized for initial ventilation strategy.

Results: Ninety-one (53.2%) patients initially received conventional mech-

anical ventilation and 80 (46.8%) high-frequency oscillation. Forty-one

patients (45.1%) randomized to conventional mechanical ventilation died/

had BPD compared with 43 patients (53.8%) in the high-frequency oscillation
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group. An odds ratio of 0.62 [95% confidence interval (95% CI) 0.25–1.55]

(P ¼ 0.31) for death/BPD for conventional mechanical ventilation vs high-

frequency oscillation was demonstrated, after adjustment for center, head-lung

ratio, side of the defect, and liver position. Patients initially ventilated by

conventional mechanical ventilation were ventilated for fewer days (P¼ 0.03),

less often needed extracorporeal membrane oxygenation support (P ¼ 0.007),

inhaled nitric oxide (P¼ 0.045), sildenafil (P¼ 0.004), had a shorter duration of

vasoactive drugs (P ¼ 0.02), and less often failed treatment (P ¼ 0.01) as

compared with infants initially ventilated by high-frequency oscillation.

Conclusions: Our results show no statistically significant difference in the

combined outcome of mortality or BPD between the 2 ventilation groups in

prenatally diagnosed congenital diaphragmatic hernia infants. Other out-

comes, including shorter ventilation time and lesser need of extracorporeal

membrane oxygenation, favored conventional ventilation.
er Health, Inc. All rights reserved.
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C ongenital diaphragmatic hernia (CDH) is a developmental
defect of the diaphragm that occurs in approximately 1 in

3000 live births.1 It is characterized by maldevelopment of both
the ipsilateral and contralateral lung and abnormal prenatal pulmon-
ary vascular growth. Although pulmonary hypoplasia and pulmonary
hypertension are the main causes of mortality, ventilator-induced
lung injury and oxygen toxicity may result in prolonged oxygen
dependency, or bronchopulmonary dysplasia (BPD).2 Logan et al3

have suggested that 25% of the mortality is due to potentially
treatable aspects of the underlying pathophysiology and that venti-
lator-induced lung injury could be one of these aspects.

Since 2008, all CDH patients born in European countries
represented in the CDH EURO consortium have been treated accord-
ing to a standardized neonatal treatment protocol that was developed at
a consensus meeting.4 After implementation of this protocol, mortality
decreased from 33% to 12%.5 This decrease in mortality rate should be
interpreted against of the year upon year variability in mortality rates.
Nevertheless, standardization of care is an ideal backcloth to undertake
multicenter randomized controlled trials (RCTs).

The optimal initial invasive ventilation strategy in antenatal
diagnosed CDH patients, however, is still unknown. Certain studies
with retrospective or observational study designs have shown
improved survival and lower incidence of BPD with the use of
high-frequency oscillation (HFO) ventilation.6–11 They reported that
HFO may result in favorable outcome in CDH because of better
oxygenation and higher mean airway pressure without increasing
the incidence of barotrauma. In another study, however, based on
the CDH EURO consortium registry, HFO as initial ventilation
mode was associated with increased rates of mortality and BPD.2

We, therefore, performed the first prospective multicenter study
(VICI-trial) of conventional mechanical ventilation (CMV) or HFO
as the initial ventilation strategy.12 The primary outcome measure was
death or BPD.13

METHODS

A prospective, randomized clinical trial was performed. All
participating centers were members of the CDH EURO consortium.4

Prenatally diagnosed CDH infants, born at a gestational age of more
than 34 weeks between November 2008 and December 2013 in 1 of
the 9 centers, were eligible for inclusion. Exclusion criteria were
severe chromosomal anomaly such as trisomy 13 or 18, which may
imply a decision to stop or not to start medical treatment; severe
cardiac anomalies expected to need corrective surgery in the first 60
days after birth; renal anomalies associated with oligohydramnios;
severe orthopedic and skeletal deformities that were likely to influ-
ence thoracic or lung development; and severe anomalies of the
central nervous system. We excluded patients with a gestational age
of less than 34 weeks so that the results could not be influenced by
lung prematurity. Besides, neonates with a gestational age below
34 weeks cannot be placed on extracoporeal membrane oxygenation
(ECMO). Ethical approval was given by the medical ethics review
board of Erasmus MC, Rotterdam, the Netherlands (NTR 1310).
Thereafter, all local medical ethical committees gave their approval.
Parents gave written informed consent. The procedures, including
obtaining informed consent, were conducted in accord with the
ethical standards of the Committee on Human Experimentation of
the institution in which the experiments were done. The centers’
duration of experience with HFO before initiation of the VICI-trial
ranged from 8 to 19 years.
 Copyright © 2015 Wolters Kluw
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To achieve equal distribution of the 2 ventilation modes
among the participants, block randomization stratified per center
was carried out using a computer-generated randomization schedule
for each center by a 24-hour interactive web response system. After
birth, infants were centrally randomized to either CMVor HFO. The
allocated ventilation mode was started within 2 hours after birth.
Patients were monitored up to 1 year of life or until discharge
whichever came first. CMV was provided by a neonatal ventilator
capable of positive pressure ventilation or triggered modes. Initial
settings were a positive inspiratory pressure (PIP) of 20 to 25 cmH2O
and a positive end-expiratory pressure (PEEP) of 3 to 5 cmH2O, with
a ventilator rate of 40 to 60/min. According to clinical practice, PIP
was increased in the case of ventilation problems and the PEEP or
FiO2 were adjusted if oxygenation problems occurred. Weaning from
ventilation was preferentially by means of decreasing PIP or fre-
quency to achieve PaCO2 levels above 45 mm Hg. HFO was provided
by a high-frequency oscillatory ventilator. Initial settings were mean
airway pressure 13 to 17 cmH2O, frequency 10 to 12 Hz, delta P 30 to
50 cmH2O depending on chest wall vibration. According to clinical
practice, the frequency was reduced and/or delta P was increased in
the case of ventilation problems and the MAP and/or FiO2 were
adjusted if oxygenation problems occurred. All patients were treated
according to the same standardized CDH EURO Consortium neo-
natal treatment protocol.4 The initially allocated ventilation mode
could be switched if one or more of the following predetermined
failure criteria were met at 2 consecutive time points for at least
3 hours: inability to maintain preductal saturations above 85%
(�52 mm Hg or 7 kPa) or postductal saturations above 70%
(�5.3 kPa or 40 mm Hg); increase in CO2 > 65 mm Hg or 8.5 kPa
despite optimization of ventilatory management; PIP > 28 cmH2O;
mean airway pressure>17 cmH2O; inadequate oxygen delivery with
metabolic acidosis defined as lactate �5 mmol/L and pH < 7.20;
hypotension resistant to fluid therapy and inotropic support resulting
in a urine output<0.5 ml/kg/hour; oxygenation index of longitudinal
evaluation �40. Patients could experience one or more criteria for
treatment failures. If a patient born in an ECMO center should meet
one of these failure criteria, either an ECMO procedure was con-
sidered to be initiated or the initially allocated ventilation mode was
considered to be switched. If subsequently there was no improve-
ment, the infant was placed on ECMO. If a patient born in a center
without ECMO availability should meet one of these failure criteria,
only the ventilation mode was considered to be switched. None of the
patients was transferred from a non-ECMO center to an ECMO-
center. Arterial blood pressure was to be maintained at a normal level
for gestational age. In case of hypotension and/or poor perfusion, 10
to 20 ml/kg NaCl 0.9% was to be administered 1 to 2 times and
inotropic agents were considered according to the local practice. If
there was suprasystemic pulmonary artery pressure and right-to-left
shunting through the foramen ovale, administration of intravenous
phosphodiesterase type-5 inhibitor E5 (PDE-5) (Sildenafil) was to be
considered. According to the protocol, paralysis in the delivery room
was to be avoided if possible. Antenatal data, neonatal characteristics
as well as data on the clinical course, and treatment were collected.
Defect size was classified intraoperatively according to the CDH
study group.14 Liver position was determined during surgery or if
there was no surgical repair from prenatal echographic data. Pul-
monary hypertension was categorized as none, <2/3 systemic, 2/3
systemic to systemic, or suprasystemic. The latter 3 categories are
according to the definition of Keller et al.15

Sample Size Calculation
In each ventilation category, 187 infants were to be random-

ized to give 80% power using a 5% significance level to detect a 15%
difference in the combined primary outcome of death or BPD. BPD
er Health, Inc. All rights reserved.
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was defined as oxygen dependency beyond 28 days after birth.13 To
allow for some nonevaluable patients and dropouts, inclusion of 200
patients per group was planned.

Statistical Analysis
To determine whether differences in the demographics of the 2

treatment arms were statistically significant, independent samples
t tests for continuous variables that were normally distributed, x2

tests for categorical variables, and Mann-Whitney U tests for con-
tinuous variables that were not normally distributed, were used.
Multiple logistic regression analysis using treatment arm, center,
lung-to-head ratio, position of the liver, and side of the defect as
independent variables served to evaluate the primary outcome. A
subgroup analysis was performed for infants who underwent surgical
repair, with defect size added to the independent variables to evaluate
the primary outcome. The subgroup analysis and the independent
variables for the logistic regression model were selected a priori.
However, the 4 centers that each treated fewer than 10 patients in
total, were evaluated as a single center in all analyses. Missing data of
lung-to-head ratio (n¼ 23 patients) and diaphragmatic defect size (n
¼ 5) were imputed by automatic multiple imputation in SPSS with
100 imputations. The predictors in the imputation models consisted
of BPD or death, as well as all independent variables (except initial
ventilation mode) in the logistic regression models. The goodness-of-
fit of the logistic regression models was assessed using the Hosmer-
Lemeshow test. Patients were analyzed in the group of randomiz-
ation, even after switching of ventilator mode. Overall mortality
within first 60 days of life was calculated using Kaplan-Meier curves
and compared between treatment arms using a log-rank test stratified
by center. The Mantel-Haenszel test with stratification by center was
used to compare overall mortality in the first year of life, presence of
pulmonary hypertension, iNO, vasoactive medication, phosphodi-
esterase inhibitor 5 (Sildenafil, Pfizer, Basel, Switzerland), and
requirement of ECMO (in ECMO centers only) between treatment
 Copyright © 2015 Wolters Kluw

FIGURE 1. Flowchart of patient
inclusion. Explanatory legend. BPD
indicates bronchopulmonary dysplasia;
CDH, congenital diaphragmatic hernia;
CMV, conventional mechanical venti-
lation; ECMO, extracorporeal membrane
oxygenation; HFO, high-frequency oscil-
lation.

� 2015 Wolters Kluwer Health, Inc. All rights reserved.
arms. The Van Elteren test with stratification by center was used to
compare the difference of severity of BPD, number of days of
ventilation, the number of treatment failures, severity of pulmonary
hypertension, and number of days treated with vasoactive medication
between the 2 treatment arms. Treatment failures were only recorded
(ie, those infants whose initial ventilation mode was switched or who
were placed on ECMO) for patients whose ventilator mode was
switched and those who were placed on ECMO. All statistical tests
were 2-sided, and a P value of <0.05 was considered statistically
significant. The analyses were conducted using IBM SPSS 21.0 for
Windows (IBM Corp., Armonk, NY) for the primary outcome and
STATA 13.0 for Windows (StataCorp LP, College Station, TX) for
secondary outcomes.
RESULTS

Between November 2008 and December 2013, 171 antena-
tally diagnosed CDH patients from 9 European centers were included
(Fig. 1). The predicted severity of illness (SNAP-II score and O/E
LHR) did not significantly differ between the 2 groups (Table 1). The
characteristics of the 448 nonincluded patients were not significantly
different for the prevalence of death as compared with the included
patients (Table 2). None of the included patients was withdrawn from
the study and the primary outcome was observed for all included
patients. ECMO was available in 6 of the 9 centers (involving 100
patients), in 2 centers it was not (17 patients), and in 1 center ECMO
was introduced in 2013 (46 patients before ECMO and 8 patients
after ECMO). Forty of the 108 (37%) patients born in a center with
ECMO availability were subsequently supported by ECMO (Fig. 2).
Although the protocol dictated that the allocated ventilator mode
should be started within 2 hours after birth, in all children, it was
started within 1 hour after delivery.

Forty-one of the 91 patients (45.1%) initially ventilated with
CMV died or had BPD by day 28 compared with 43 of the 80 patients
er Health, Inc. All rights reserved.
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TABLE 2. Background Characteristics Nonparticipants

Variable n ¼ 448

Sex
Female 167/411 (40.6%)
Unknown 37 (8.3%)

Gestational age (weeks) 36.8 (3.0)
Birth weight (kg) 2.76 (0.68)
Side

Left 345/421 (81.9%)
Right 73/421 (17.3%)
Bilateral 3/421 (0.7%)
Unknown 27 (6.0%)

Inborn 320/425 (75.3%)
Unknown 23 (5.1%)

Death 105/420 (25.0%)
Unknown 28 (6.3%)

Results are presented as n (%) or mean (SD).

TABLE 1. Baseline Characteristics by Randomized Ventilation
Mode

Variable HFO (n ¼ 80) CMV (n ¼ 91) P

FETO 12 (15.0%) 7 (7.7%) 0.15
LHR 1.51 (1.07–1.92) 1.53 (1.13–2.00) 0.67
O/E LHR 47% (15%–141%) 48% (21%–100%) 0.46
Gestational age 38 (37.3–39.0) 38.1 (37.4–38.9) 0.39
Birth weight (kg) 2.89 (0.47) 2.95 (0.46) 0.38
Male sex 36 (45.0%) 48 (52.7%) 0.36
SNAP-II score 25.0 (14.0–40.0) 21.0 (10.0–40.0) 0.44
Left side CDH 73 (91.3%) 75 (82.4%) 0.12
Liver 0.76

Intrathoracic 46 (57.5%) 55 (60.4%)
Abdominal 34 (42.5%) 36 (39.6%)

Type of repair 0.73
Primary closure 26 (32.5%) 27 (29.7%)
Patch repair 42 (52.5%) 50 (54.9%)
No repair 12 (15.0%) 14 (15.4%)

Diaphragmatic
defect size

0.10

A 6 (7.5%) 5 (5.5%)
B 21 (26.3%) 28 (30.8%)
C 28 (35.0%) 40 (44.0%)
D 10 (12.5%) 2 (2.2%)
No repair 12 (15.0%) 14 (15.4%)
Unknown 3 (3.8%) 2 (2.2%)

Major cardiac anomaly 0.42
Aortic hypoplasia 2 (2.6%) 0 (0%)
ASD and VSD 1 (1.3%) 0 (0%)
HLHS variant 0 (0%) 1 (1.1%)
Aortic stenosis 0 (0%) 1 (1.1%)
No cardiac anomaly 77 (96.3%) 89 (97.8%)

Age at repair (days) 5.0 (3.0–9.0) 4.0 (3.0–5.0) 0.005
Centers 0.43

1: (ECMO) 19 (46.3%) 22 (53.7%)
2: (ECMO) 7 (41.2%) 10 (53.8%)
3: (no ECMO) 7 (43.8%) 9 (56.2%)
4: (ECMO since

01–01–2013)
30 (55.6%) 24 (44.4%)

5: (ECMO) 12 (48.0%) 13 (52.0%)
6: (ECMO) 3 (37.5%) 5 (62.5%)
7: (ECMO) 1 (12.5%) 7 (87.5%)
8: (no ECMO) 1 (100%) 0 (0%)
9: (ECMO) 0 (0%) 1 (100%)

Results presented as n (%), mean (SD), or median (IQR). ASD, atrial septal defect;
FETO, fetoscopic endotracheal occlusion; HLHS, hypoplastic left heart syndrome; LHR,
lung-to-head ratio; O/E LHR: observed to expected lung-to-head ratio; PH, pulmonary
hypertension; SNAP-II score, score for neonatal acute physiology-II; VSD, ventricular
septal defect.
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(53.8%) in HFO. That difference was not statistically significant after
taking into account of center, lung-to-head ratio, side of the defect,
and position of the liver, with an odds ratio (OR) of 0.62 [95%
confidence interval (95% CI) 0.25–1.55] (P ¼ 0.31) comparing
CMV with HFO (Table 3). LHR (OR 0.164, P < 0.001, 95% CI
0.064–0.420) and liver position (OR 9.47, P < 0.001, 95% CI
3.402–26.359) were significantly associated with a worse outcome.
The primary outcome results without pooling of the centers are
shown in Supplemental Digital Content 1, http://links.lww.com/
SLA/A909. A subgroup analysis of the 145 operated infants taking
into account center, lung-to-head ratio, side of the defect, position of
the liver, and defect size demonstrated that 27 of 77 patients (35.1%)
in CMV and 31 of 68 patients (45.6%) in HFO died or had BPD by
day 28; OR of 0.76 (95% CI 0.24–2.41) (P¼ 0.64) (Table 4). Median
(interquartile range, IQR) values in the Hosmer-Lemeshow test in the
 Copyright © 2015 Wolters Kluw
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primary outcome of all patients were 0.306 (0.178 to 0.481) and in
the subgroup analyses 0.653 (0.547 to 0.779).

The duration of survival within first 60 days after birth did not
differ between the 2 groups (P¼ 0.19) (Fig. 3). The overall mortality
in the first year after birth was 21 patients (23.1%) in the CMV group
and 25 patients (31.3%) in the HFO group (P ¼ 0.26). The median
duration of ventilation was 10.0 days (IQR 6.0 to 18.0 days) in the
CMV group and 13.0 days (IQR 8.0 to 23.0 days) in the HFO group
(P¼ 0.03) (Table 5). A subgroup analysis of the 108 patients born in
a center with ECMO availability showed that 16 patients (26.2%)
initially ventilated by CMV received ECMO vs 24 patients (51.1%)
ventilated by HFO (P¼ 0.007). The number of treatment failures was
significantly different between the 2 treatment groups, 27 patients
(33.8%) in the HFO group vs 20 patients (22.0%) in the CMV group
(P ¼ 0.01). Of the 22 infants who were initially ventilated by CMV
and due to treatment failures that switched to HFO, 14 (63.6%) died,
18 (81.8%) died or had BPD by day 28, and 8 (36.4%) also received
ECMO treatment. In the CMV group, 39 patients (42.9%) received
iNO vs 45 patients of the 80 patients (56.2%) in the HFO group (P¼
0.045). Eleven patients (12.1%) initially ventilated by CMV received
a phosphodiesterase 5 inhibitor vs 25 patients (31.2%) initially
ventilated by HFO (P ¼ 0.004). The median duration of vasoactive
medication was 6.0 days (IQR 3.3 to 11.8 days) in the CMV group
and 8.0 days (IQR 4.3 to 19.0 days) in HFO (P ¼ 0.02). The median
age at repair was 5.0 days (IQR 3.0 to 9.0 days) in the CMV group
and 4.0 days (IQR 3.0–5.0 days) in the HFO group (P ¼ 0.005). The
median length of ICU stay of the survivors in the CMV group was
23.0 days (IQR 23.8 to 35.3 days) and that of the survivors in the
HFO group 20.0 days (IQR 13.0 to 54.0 days), P ¼ 0.99. Patients
born in a center with ECMO facilities as compared with patients born
in a center without ECMO facilities were not significantly different
for the primary outcome (died or BPD), overall mortality in the first
year of life, length of ventilation, severity of BPD, frequency of iNO,
vasoactive medication, number of treatment failures, and switching
of ventilation mode (Supplemental Digital Content 2, http://link-
s.lww.com/SLA/A909). In Supplemental Digital Content 3a and 3b,
http://links.lww.com/SLA/A909, secondary outcomes per venti-
lation group and differences between ECMO centers and non-ECMO
centers are shown. In the sensitivity analysis, there was no significant
interaction between ECMO availability and type of initial ventilation
(OR 2.05, P ¼ 0.44).

The trial was stopped early after enrolment of 171 participants
in an inclusion period of 5 years because of lower than anticipated
recruitment rates and due to a lack of financial resources and a lack of
research infrastructure in 1 high-volume center.
er Health, Inc. All rights reserved.
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FIGURE 2. Flowchart treatment failures. Explanatory legend. CMV indicates conventional mechanical ventilation; ECMO,
extracorporeal membrane oxygenation; HFO, high-frequency oscillation; PIP, peak inspiratory pressure. Preductal saturation:
inability to maintain preductal saturations above 85% (þ52 mm Hg or 7 kPa) or postductal saturations above 70% (�5.3 kPa or
40 mm Hg). Increase CO2: increase in CO2 >65 mm Hg or 8.5 kPa despite optimization of ventilatory management. Increase PIP:
peak inspiratory pressure >28 cmH2O; mean airway pressure >17 cmH2O. Inadequate oxygen: inadequate oxygen delivery
with metabolic acidosis defined as lactate �5 mmol/L and pH <7.20. Hypotension: hypotension resistant to fluid therapy and
inotropic support resulting in a urine output <0.5 ml/kg/hour. Oxygenation index >40: oxygenation index of longitudinal
evaluation �40.

TABLE 3. Primary Outcome: All Patients (n ¼ 171)

Variable OR 95% CI P

Ventilation
HFO Ref
CMV 0.620 0.249–1.548 0.306

LHR 0.166 0.067–0.413 0.000
Liver

Down Ref
Up 10.574 4.006–27.911 0.000

Side
Left Ref
Right 0.986 0.235–4.139 0.985

Centers
Center (1) Ref
Center(2) 0.221 0.034–1.453 0.116
Center (3) 0.114 0.019–0.683 0.017
Center (4) 0.210 0.038–1.152 0.072
Center (5) 0.440 0.133–1.455 0.179
Center (6) 2.310 0.461–11.585 0.309

95% CI indicates 95% confidence interval; CMV, conventional mechanical
ventilation; HFO, high-frequency oscillation; OR, odds ratio. Ref: reference category.
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DISCUSSION

In this first RCT comparing HFO and CMV in infants pre-
natally diagnosed with CDH, we have demonstrated no statistically
significant difference in the combined outcome of mortality or BPD
between the 2 ventilation groups. The infants initially supported by
CMV required a significantly shorter duration of ventilation and
inotrope support, however, and were less likely to receive vasoactive
medication or phosphodiesterase type 5 inhibitors or be placed
on ECMO.

Previous animal studies as well as observational and retro-
spective human studies about the optimal mechanical ventilation
strategy in CDH have shown contradictory results.2,8,9 On the one
hand, animal studies have suggested that HFO could improve
pulmonary gas exchange, minimize barotrauma, and decrease the
presence of inflammatory mediators.16,17 The models used in those
studies are not comparable, however, to the clinical situation, as in
the animal models, the CDH was induced by interfering with
development of the lungs in a normally programmed lung antena-
tally, which is quite different from the pathophysiology of the
abnormal lung development in CDH. On the other hand, Wilson
et al18 showed in infants that there was no difference in outcome
between HFO and CMV ventilation. That study, however, was
er Health, Inc. All rights reserved.
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TABLE 4. Subgroup Analyses in Operated Patients (n¼145)

Variable OR 95% CI P

Ventilation
HFO Ref
CMV 0.755 0.237–2.412 0.636

LHR 0.157 0.043–0.578 0.005
Liver

Down Ref
Up 8.234 2.230–30.400 0.002

Side
Left Ref
Right 0.764 0.096–6.065 0.799

Defect size
Defect size A Ref
Defect size B 6.087 0.145–255.322 0.343
Defect size C 9.915 0.260–378.726 0.217
Defect size D 49.831 0.588–4222.363 0.084

Centers
Center (1) Ref Ref Ref
Center (2) 0.110 0.010–1.213 0.071
Center (3) 0.087 0.008–0.896 0.040
Center (4) 0.048 0.005–0.480 0.010
Center (5) 0.155 0.032–0.750 0.020
Center (6) 2.386 0.424–13.426 0.324

95% CI indicates 95% confidence interval; CMV, conventional mechanical
ventilation; HFO, high-frequency oscillation; OR, odds ratio. Ref: reference category.
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performed before the introduction of a gentle ventilation strategy
with permissive hypercapnia. We found that infants initially venti-
lated by HFO needed mechanical ventilation for a longer time despite
no significant difference in markers of severity such as SNAP-II
score and O/E LHR between the 2 ventilation groups. A possible
explanation is the process by which HFO causes overinflation of the
terminal lung units, and especially of the ipsilateral lung, which leads
to disruption of the epithelium and thereby to retained secretions and
 Copyright © 2015 Wolters Kluw

FIGURE 3. Kaplan-Meier curve of all included patients compar-
ing CMV and HFO. Explanatory legend. Black: Conventional
mechanical ventilation. Grey: High-frequency oscillation.
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debris. Due to that process, the alveoli could possibly be more
vulnerable to inflammation.19

Moreover, the intubation and endotracheal suctioning pro-
cedures in mechanical ventilation can lead to injury of the trache-
obronchial tree and—possibly even more important—to damage to
the ciliated cells of the tracheal epithelium and mucociliary transport
system.19 We did not document the frequency of endotracheal
suctioning and it is debatable whether this is more often needed
in HFO than CMV, but the longer duration of HOFV may have been
associated with more endotracheal suctioning procedures. Although
in HFO tidal volumes are very low, high levels of PEEP with constant
tidal volumes may also exacerbate VILI.20 Schultz et al21 found that
prolonged mechanical ventilation induced pulmonary inflammation
in preterm infants by increasing pulmonary edema. As infants with
HFO were ventilated longer, this could have contributed to more
pulmonary inflammation.21 In future studies, tracheal aspirates of
CDH patients examining sphingolipids levels may possibly give
further insight in the exact mechanism of VILI.22

Infants in the HFO group received vasoactive medication for a
longer period and were significantly more likely to receive iNO and a
phosphodiesterase type 5 inhibitor. Those treatment modalities are
used in the treatment of pulmonary hypertension.15 We also found
that infants initially ventilated by CMV were significantly less likely
to receive ECMO treatment. The above results suggest that in the
CMV group, the occurrence of pulmonary hypertension was less
frequent and that it was less severe. The protocol dictated echocar-
diography only in the first 24 hours after birth, in which period
we documented no significant difference in the occurrence and
severity of pulmonary hypertension. However, subsequent echocar-
diographies were undertaken that influenced management of
the patients.

Some limitations of this study should be considered. Firstly,
we did not achieve the calculated sample size. Secondly, we excluded
patients born before 34 weeks of gestation, as these infants could
additionally have respiratory distress syndrome and the results of
surfactant administration in this group are poor.23 Moreover, very
poor survival has been reported in CDH infants born before 33 weeks
of gestation treated by FETO.24 Almost 10% of the parents refused to
participate in the study. Due to limited financial resources and a lack
of research infrastructure in 1 high-volume center, inclusion was
stopped after 1 year and 8 months. We had extended the inclusion
period from 3 to 5 years and we calculated that the study would need
to continue for a total period of 10 years to achieve the sample size.
At that time, we had no expectation of an improving inclusion rate
and saw no reason to further extend the inclusion period and therefore
stopped the study. The data were not analyzed until after this decision
and thus the decision was not influenced by preliminary results.

Using the assumptions of the original power calculation, the
attained sample size (n ¼ 80 for the HFO group and n ¼ 91 for the
CMV group) yields a power of at least 44% to detect a difference of
15% in primary outcome between the 2 ventilation groups. After a
child’s condition had stabilized situation in the delivery room, the
child was transferred to the ICU and received the allocated venti-
lation strategy. In all children, the allocated ventilator support was
started within 1 hour after birth, but it cannot be excluded that
receiving the other type of ventilation in the delivery room before that
has influenced our results.

The major strengths of the current study was the fact that it
was carried out in as many as 9 European centers in which all CDH
patients are treated according to a standardized neonatal treatment
protocol.4 All centers had at least a period of more than 10 years of
experience with HFO so we do not think that the factor ‘‘experience’’
has influenced our results. Secondly, central randomization stratified
per center was carried out. We have reported size of the defect, major
er Health, Inc. All rights reserved.
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TABLE 5. Secondary Outcomes by Ventilation Group Corrected for Center

Variable HFO (n¼ 80) CMV (n¼ 91) P

Overall mortality in first year of life 25 (31.3%) 21 (23.1%) 0.26
Length of ventilation (days) 13.0 (8.0–23.0) 10.0 (6.0–18.0) 0.03
Severity of BPD 0.13

No BPD 37 (46.3%) 50 (54.9%)
Mild BPD 7 (8.8%) 13 (14.3%)
Moderate BPD 2 (2.5%) 1 (1.1%)
Severe BPD 9 (11.3%) 6 (6.6%)
Died 25 (31.3%) 21 (23.1%)

ECMO (in ECMO centers only) 24/47 (51.1%) 16/61 (26.2%) 0.007
Inhaled nitric oxide 45 (56.2%) 39 (42.9%) 0.045
Phosphodiesterase inhibitor 5 (Sildenafil) 25 (31.2%) 11 (12.1%) 0.004
Vasoactive medication 73 (91.2%) 73 (80.2%) 0.08
Duration vasoactive medication (days) 8.0 (4.3–19.0) 6.0 (3.3–11.8) 0.02
(in survivors only)
Number of treatment failures 27 (33.8%) 20 (22.0%) 0.01
Presence pulmonary hypertension 57 (71.3%) 59 (64.8%) 0.16

Missing: n¼ 3 Missing: n¼ 4
Severity pulmonary hypertension 0.59

None 20 (25.0%) 29 (31.9%)
<2/3 systemic 9 (11.3%) 10 (11.0%)
2/3 systemic–systemic 26 (32.5%) 26 (28.6%)
> systemic 22 (27.5%) 21 (23.1%)
Missing 3 (3.8%) 5 (4.4%)

Results presented as n (%) or median (IQR). BPD indicates bronchopulmonary dysplasia; ECMO, extracorporeal membrane oxygenation.
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cardiac anomalies, and the outcome of patients who did not receive
surgical therapy.

A meta-analysis of HFOV and prevention of BPD in prema-
turely born infants has shown a significant, although modest
reduction in BPD,25 but a subsequent more detailed analysis did
not confirm that effect.26 A recently reported follow-up study of one
of the RCTs included in that meta-analysis showed superior lung
function at 11 to 14 years, despite no reduction in BPD.27 It would
thus be important to re-assess our patients at school age. It is
acknowledged that the lung morphology of very prematurely born
infants is very different from the dysplastic lungs of CDH infants, so
we cannot extrapolate those results to our study.

In conclusion, although secondary analyses seem to suggest
some benefit to CMV, based on the primary outcome of interest, we
must conclude that there is no difference in effect between CMV and
HFO as a primary mode of ventilation in infants with antenatally
diagnosed CDH. Infants with CDH initially ventilated by CMV
compared with those who received HFO required a shorter duration
of ventilation and vasoactive medication and were less likely to
require other medication to treat pulmonary hypertension or ECMO.
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