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Multiple pregnancy, short cervix, part-time worker,
steroid use, low educational level and male fetus are risk
factors for preterm birth in Japan: A multicenter,
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Abstract

Aim: To examine the relationship between preterm birth and socioeconomic factors, past history, cervical
length, cervical interleukin-8, bacterial vaginosis, underlying diseases, use of medication, employment status,
sex of the fetus and multiple pregnancy.

Methods: In a multicenter, prospective, observational study, 1810 Japanese women registering their future
delivery were enrolled at 8 to 12'° weeks of gestation. Data on cervical length and delivery were obtained from
1365 pregnant women. Multivariate logistic regression analysis was performed.

Results: Short cervical length, steroid use, multiple pregnancy and male fetus were risk factors for preterm
birth before 34 weeks of gestation. Multiple pregnancy, low educational level, short cervical length and
part-timer were risk factors for preterm birth before 37 weeks of gestation.

Conclusion: Multiple pregnancy and cervical shortening at 2024 weeks of gestation was a stronger risk factor
for preterm birth. Any pregnant woman being part-time employee or low educational level, having a male
fetus and requiring steroid treatment should be watched for the development of preterm birth.

Key words: cervical length, fetal sex, multiple pregnancy, part-time worker, steroid use.
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Introduction

Preterm birth (PTB), defined as delivery before 37
weeks of gestation, is a major cause of neonatal mor-
bidity and mortality worldwide.”® The Ministry of
Health, Labor and Welfare in Japan reported that the
incidence of PTB has increased in the last two decades.
In 2010, preterm newborn infants represented 5.7% of
live births. Several risk factors for PTB have been
reported in many countries.** However, genetic back-
ground, environmental factors, and medical systems or
quality could affect the risk differently in each country.

Clarifying the natural history of PTB and its associ-
ated risk factors in Japanese women will guide
maternal-infant health-care professionals in applying a
preventive strategy to reduce PTB. However, there has
been no multicenter, prospective, observational study
undertaken in Japan to clarify the risk factors for PTB.
The objective of this study is to examine the prevalence
of spontaneous PTB and determine the risk factors for
PTB.

Methods
Study design and participants

A multicenter study was implemented in 14 reference
obstetric units throughout Japan under the coordina-
tion of the Department of Obstetrics and Gynecology,
University of Toyama, Toyama, Japan. The study was
conducted from April 2008 to March 2010 and was
approved by the institutional review board of each par-
ticipating hospital or center. Participants provided
written informed consent to study coordinators or
investigators prior to participation in this study.

Women between 8+ and 12* weeks of gestation were
eligible for this study. During a regular prenatal visit,
gestational age was based on the last menstrual period
and the crown-rump length (CRL) around 9 weeks of
gestation using transvaginal ultrasonography. If not,
the CRL at approximately 9 weeks or the biparietal
diameter after 12 weeks was used to define gestational
age.

Data collection included maternal age, family income
per year, educational level, previous pregnancy history
(spontaneous miscarriage, induced abortion, spontane-
ous PTB, induced PTB), medical complications, under-
lying disease, smoking and alcohol intake habits,
occupational  status  (full-time worker, part-time
worker, full-time housewife), usage of medication
(steroid for collagen disease or bronchial asthma, anti-
hypertensive), Gram staining of cervical mucus, cervi-
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Table 1 Risk factors for preterm birth examined in this
study

Education

Family income

Obstetric history (e.g. spontaneous abortion,
spontaneous preterm birth, stillbirth, fetal growth
restriction, pregnancy-induced hypertension)

Infections (bacterial vaginosis, Chlamydia trachomatis,
Candida)

Cigarette smoking and alcohol intake before and during
pregnancy

Medications (steroids only for collagen disease or
bronchial asthma, antihypertensives, anti-asthmatics
and antidepressants)

Employment status (housewives, full-time worker,
part-time worker)

Medical history or underlying disease (central nervous
system, asthma, renal disease, heart disease, thyroid
disease, bone or muscle disease, uterine myoma,
collagen disease, hypertension, diabetes mellitus,
psychological disease)

Gram staining at 8-12 weeks (modified Nugent score by
Verstraeren)

Cervical length at 20-24 weeks

Cervical interleukin-8

Complication and pregnancy outcome in this pregnancy

Sex of fetus (male : female)

covaginal interleukin-8 (IL-8), cervical length by
vaginal ultrasonography at 20-24 weeks and sex of the
fetus (Table 1).

The first part of this study was scheduled between 8*
and 12 weeks of gestation, and the second part was
between 20 and 24 weeks of gestation. Cervical cytol-
ogy and IL-8 samplings were carried out in each part,
whereas the measurement of cervical length was per-
formed only in visits between 20 and 24 weeks. The
samples for Gram staining and IL-8 were obtained
from cervical discharge with a small cotton swab
applied for 105 before the performance of any other
portion of the pelvic examination. The samples for
Gram staining were transferred to the Mitsubishi
Chemical Medience Corporation (Tokyo, Japan) and
were classified by the method of Verstraelen ef al.”® The
samples for IL-8 were placed in buffer, frozen at-80°C
within 2 h of collection, transferred to the University of
Toyama, and analyzed within a few weeks using the
enzyme-linked immunoassay method.” The level of
cervicovaginal IL-8 and the category after modified
classification of Gram staining were not announced to
14 reference obstetric units. Bacterial vaginosis (BV)
was diagnosed and treated at respective hospitals.

The cervical length was measured with a transvagi-
nal real-time ultrasonographic probe with an empty

© 2013 The Authors
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maternal bladder. The appropriate view for measure-
ment was determined by finding a faint line of
echodensity or echolucency between the external os
and the internal os. Undue pressure on the cervical
canal, which might have artificially created the impres-
sion of a longer cervix, was avoided by withdrawing
the probe until the image blurred and then reapplying
only sufficient pressure to restore the image. The cervix
was measured along the line made by the interface or
the mucosal surfaces, and calipers were placed at the
notches made by the internal os and the external os.
The cervical length measurement recorded was the
shortest measurement that was sufficiently clearly
displayed.”

From all the participating centers, 1810 women were
initially enrolled in the study (Fig. 1). Because we could
not collect detailed data on pregnancy outcome from
218 women and on cervical length from 227 women,
we recruited a total of 1365 women between April 2008
and March 2010.

The distribution of enrolled women by study center
was as follows: Juntendo Urayasu Hospital (23.5%,
n=321), Aliku Hospital (21.0%, n=286), Sendai
Medical Center (11.2%, n=153), Hirosaki National
Hospital (10.8%, n=147), Okayama Medical Center
(9.5%, n=129), Seichokai Fuchu Hospital (7.3%,
n=100), Toyama University Hospital (6.2%, 1= 85),
Kyushu Medical Center (4.2%, 1 =157), Kure Medical
Center (3.4%, n = 46), Hamamatsu University Hospital
(2.2%, n=30) and National Center for Global Health
and Medicine (0.8%, n =11).

1,810 women envotfed
Excluded (n=218)
Qutcome data not available

' 1,592 women delivered ]

for the study duration

Excluded (n=227)
Cervical fength data
net available

1,365 women
with data on
delivery and cervical length

Figure 1 Participant flow diagram.

© 2013 The Authors
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Statistical analysis

After univariate analysis, multivariate logistic regres-
sion analyses were employed to identify independent
predictors of PTB. Odds ratios (OR) and 95% confi-
dence intervals (95% CI) were reported with two-tailed
probability (P) values. Statistical calculations were
carried out using SAS ver. 17.1. A two-tailed P-value of
0.05 was used to define statistically significant results.

Results
Demographic and clinical characteristics

The majority of participants (99.5%) had completed
high school. Approximately half of the women (49.8%)
reported a high family income (=¥5 million/year),
32.7% an intermediate income (¥2.00-4.99/year) and
1.9% a low income (<¥2 million/year). Twenty-four
percent of women had experienced spontaneous abor-
tion before 12 weeks. Although 30.0% of women quit
smoking after their pregnancy was identified, 3.1% of
women never quit smoking. Forty-two percent of
women were housewives, while 14% of them worked
part-time.

From the 1365 women, 42.3% presented with grade 1
microflora at 8~12 weeks, 1.4% showed an episode of
grade I-like microflora, 23.1% showed an episode of
heavy vaginal leukocytosis (grade I polymorpho-
nuclear leukocytes [PMN]), while 21.3% of women had
BV-like microflora.

The median maternal age was 32 years and the mean
gestational age at delivery was 39 weeks. One hundred
and two (7.5%) women experienced a spontaneous
PTB before 37 weeks, while 19 (1.4%) did so before 34
weeks.

We have had six patients with steroid use (four
patients for collagen disease, one patient for renal
disease and one patient for bronchial asthma) and we
included these six patients in multivariate logistic
analysis. Two of six patients delivered preterm babies.
To restrict the steroid users to the patients who had
collagen disease or bronchial asthma, we counted the
patients who had steroid for fetal lung maturity as
non-steroid. users.

Risk factors for PTB before 34 weeks of gestation
Table 2 provides details of the univariate analysis and
the multivariate logistic regression analysis of risk
factors for PTB before 34 weeks of gestation. In univari-
ate analysis, low educational level, history of miscar-
riage or PTB, threatened abortion (atypical genital
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Table 2 Risk factors for preterm birth before 34 weeks of gestation

Univariate analysis Multivariate analysis
OR 93% P OR 3% C1 P
Educational level
1 Junior high school 2629 240-26575  Q0000™ 1030 0.50-20809 013
2 Others
Family income
1 «<¥2 million/ year 31 0402424 026 — - —_
2 Others
Employment
1 Part-time 123 (35423 075 — - —
2 Others
History of miscarriage or preterm birth
1 Yes 3m 1.18-7.68 DOL547* 272 B93-7.94 o7
2 No
History of vervical surgery {cone biopsy)
1 Yes N/A NjA N/A — — —
2 No
Uterine myoma
Yes 234 057-1130 020 - - —
2 No
Threatened abortion
1 Yes 3.67 1.19-1137 0.0138" 173 G.44-7.02 343
2 No
Subcherionic hematoma
Yes 287 057-2234 029 — _— —
2 No
Cervical length at 20-24 weeks <25 mm
1 Yes 3487 118510263 00000 089 0840541 B.0000
2 No
Steroid use for collagen disease or bronchial
asthma
1 Yes 1375 T75-14213 Q0097 3194 20430026 00136
2 No
Multiple pregnancy
1 Yes 10 344-3517 0000 553 1342279 00179
2 No
Fetal sex
1 Male 485 1401684 D006 506 135-19.00 0.0163%
2 Female
Body mass index <183
1 Yes .54 0.16-1.89 033 — —_ —
2 No
Smoking during pregnancy
1 Yes Nia N/A N/A - — -
2 No
Smoking before pregnancy
1 Yes 046 0.13-1.61 D22 - o —
2 No
Alcohol intake during pregnancy
1 Yes N/A N/A N/A — — —
2 No
Alcohol intake before pregnancy
1 Yes 119 047-3.00 072 — — .
2 No
Gram staining at §-12 weeks: grade I PMN or
BV-like
1 Yes 0% 037-237 0.89 - —_ —
2 No
Chlamydial infection
1 Yes N/A  N/A Nia
2 No
Candida infection
1 Yes 112 015855 0381
2 No
IL-8 level at 20-24 weeks »360 ng/mL
1 Yes 087  027-280 082 - - —
2 No

P <0.01;*P < 0.05. tOR (95% CI) according to mm of cervical length. B, bacterial vaginosis; Cl, confidence interval; IL, interleukin; N/A, no one had

premature delivery; OR, odds ratio; PMN, polymorphonuclear leukocytes.

56

© 2013 The Authors

Journal of Obstetrics and Gynaecology Research © 2013 Japan Society of Obstetrics and Gynecology



— el —

bleeding at early pregnancy), steroid usage, multiple
pregnancy, male fetus and short cervix at 20-24 weeks
of gestation were risk factors for PTB before 34 weeks
of gestation. Short cervical length, steroid use, multiple
pregnancy and male fetus remained as risk factors for
34 weeks of gestation after multivariate analysis. Low
family income (<¥2 million/year), part-time work,
history of cervical surgery (cone biopsy), uterine
myoma, subchorionic hematoma, lean women (body
mass index [BMI], <18.5), cervicovaginal infection
(grade I PMN or BV-like), cervical inflammation (IL-8,
>360 ng/mlL), smoking and alcohol intake were not
risk factors for PTB before 34 weeks of pregnancy.

Risk factors for PTB before 37 weeks of gestation
{Table 3)

In univariate analysis, low educational level, part-time
work, uterine myoma, cervical length, steroid use for
only collagen disease or bronchial asthma, and mul-
tiple pregnancy were risk factors for PTB before 37
weeks of gestation. In multivariate analysis, low educa-
tional level, part-time work, multiple pregnancy and
short cervical length were risk factors for delivering a
preterm baby before 37 weeks of gestation. However,
family income level, uterine myoma, history of cervical
surgery (cone biopsy), threatened abortion, subchori-
onic hematoma, fetal sex, smoking, alcohol intake, BMI
of less than 18.5, high cervicovaginal level of IL-8
(>360 ng/mL) and vaginal infection in the first trimes-
ter (grade I PMN or BV-like) were not risk factors for
PTB before 37 weeks of pregnancy.

Cervical length in relation to PTB

Among the 1365 women, the mean (*standard devia-
tion) cervical length at 20-24 weeks was 42.2 + 8.5 mm
(425 = 84 mm for nulliparous women and 38.4 *
9.6 mm for multiparous women). The percentages of
PTB before both 34 and 37 weeks of gestation increased
with the progression of cervical shortening (Fig. 2).
Fifty percent of women with a short cervix of less than
20 mm delivered their babies before 3¢ weeks of ges-
tation. Seventy-five percent of women with cervical
length of less than 20 mm gave birth before 37 weeks of
gestation. The odds ratios according to millimeter of
cervical length for PTB before 34 and 37 weeks are
shown in Figures 3 and 4, respectively. To reveal the
relationship among variables, we removed one variable
which showed the largest P-value, and repeated this
procedure until there were no variables of P = 0.10.
The cervical length was the risk factors for PTB before

© 2013 The Authors
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both 34 and 37 weeks of gestation (P =0.0000, odds
ratio [OR] = 0.88 [95% confidence interval [CI]=0.84—
0.92; P=0.0001, OR=095 [95% CI=0.93-0.98],
respectively). We also used a backward stepwise logis-
tic regression analysis for further evaluation. The
cervical length at 20-24 weeks of gestation was still
the risk factors for PTB before both 34 and
37 weeks of gestation (P=0.0000, OR=0.89 [95%
CI=0.84-0.94]; P=0.0316, OR=0.97 [95% CI=0.94~
0.997], respectively).

Discussion

This is the first multicenter, prospective, observational
study to detect the risk factors for PTB in Japan. Most
participants in this study were women with low-risk
pregnancy. Thus, the percentages of preterm delivery
in this study before 32 and 37 weeks of pregnancy were
0.3% and 7.5%, respectively, which are not much
higher than the levels of those delivered in Japan from
2008-2010 (0.7% and 5.7%, respectively).

The risk of PTB before 34 and 37 weeks in women
with cervical length at 20 to 24 weeks of gestation
decreased by approximately 11% and 5% for each addi-
tional millimeter of cervical length (OR=0.89 [95%
CI=0.84-0.94] and OR=0.95 [95% CI=0.92-0.98],
respectively). Werner ef al.? reported that, in low-risk
pregnancies, universal transvaginal cervical length
ultrasonography appears to be a cost-effective strategy
under a wide range of clinical circumstances. Our
results support Werner’s assertion.”

In our study, part-time work was a risk factor for PTB
before 37 weeks of gestation. Part-time workers deliv-
ered preterm babies more frequently than full-time
workers (13.5% vs 7.1%; P < 0.003). A study in the USA
showed that part-time work (=20h/week) was
reported to be associated with a lower risk of preterm
labor.® The low levels of job stress among part-time
workers may be attributable to limited exposure to
physical job stress. Noborisaka et al.? showed that the
levels of decision latitude in female temporary employ-
ees were lower than those in permanent employees.
Kobayashi et al? also stated that part-time employees
experience more job insecurity and poorer prospects
for promotion than full-timers.

In Japan, the number of part-time working women
has been increasing to help with family expenses.
Many pregnant part-timers are not in a situation where
they can have an irregular visit without hesitation
whenever they had irregular uterine contractions or
they had yellowish discharge. Our data may suspect
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Table 3 Risk factors for preterm birth before 37 weeks of gestation

Univariate analysis

Multivariate analysis

OR 95% CIL p OR 95% CI
Educational level 1. Junior high 1286  1.79-9226  0.00105** 16.03 1.89-136.31  0.0111*
school
2. Others
Family income 1. Less than 105  025-4.52 0.94 — — —
2 million
yen/year
2. Others
Employment 1. Part-timer 206  1.26-3.35 0.00311* 254 1.28-5.07 0.0080**
2. Others
History of cervical surgery 1. Yes 074 0.10-5.62 0.77 — — —_—
(cone biopsy) 2. No
Uterine myoma 1 Yes 244 1.20-4.54 0.01085* 213 0.78-5.78 0.14
2. No
Threatened abortion 1. Yes 215  0.95-341 0.07 — — i
2. No
Subchorionic hematoma 1 Yes 215 0.73-6.32 0.15 — — —
2. No
Cervical length at 20-24 weeks 1. Yes 924 4032115  0.0000% 095t  092-0.98t  0.0016**
<25 mm 2. No
Steroid use for collagen disease 1. Yes 642 1.16-3548  0.01443* 8.68 079-9498  0.0767
or bronchial asthma 2. No
Multiple pregnancy 1 Yes 6718  29.70-151.95 0.0000%* 5352  18.56-154.35 0.0000**
2. No
Fetal sex 1. Male 123 0.82-1.86 032 — — —
2. Female
Body mass index <18.5 1 Yes 0.68  0.42-1.09 0.11 — — —
2. No
Smoking during pregnancy 1. Yes 097  0.29-3.20 0.96 — — —
2. No
Smoking before pregnancy 1. Yes 0.9 0.57-1.42 0.66 — — —
2. No
Alcohol intake during 1L Yes 043  0.06-3.19 039 -+ - — —
pregnancy 2. No
Alcohol intake before 1. Yes 11 0.73-1.65 0.65 — — —
pregnancy 2. No
Gram staining at 8-12 weeks: 1 Yes 096  0.64-1.44 0.85 — — —
Grade I PMN or BV-like 2. No
Chlamydial infection 1. Yes N/A N/A N/A — —_ —
2. No
Candida infection 1. Yes 148  0.66-3.33 0.34 — — —
2. No
IL-8 level at 20-24 weeks: 1. Yes 048  0.25-0.92 0.02418* 0.32 0.15-0.69 0.0036**

>360 ng/mL 2. No

**P <0.01; *P <0.05. tOR (95% CI) according to mm of cervical length. BV, bacterial vaginosis; CI, confidence interval; IL, interleukin;
N/A, no one had premature delivery; OR, odds ratio; PMN, polymorphonuclear leukocytes.

that some psychosocial stress in relation to part-time
employment facilitate uterine contraction.

The relationship between PTB and uterine lei-
omyoma is based upon observational studies.*? The
presence of larger fibroid (>6 cm) appears to be the
factor that best correlates with an increased risk of
PTB* Our study showed that uterine myoma was a
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risk factor for PTB before 37 weeks of gestation in
univariate analysis, but not in multivariate analysis.
This discrepancy may be due to the small number of
cases (1 = 65).

There is some evidence that women with certain
autoimmune diseases, such as autoimmune thyroid
disease and inflammatory bowel disease, are at

© 2013 The Authors
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Figure 3 Distribution of subjects among percentiles for
cervical length measured by ultrasonography at 20-24
weeks of gestation (solid line) and odds ratio of
preterm delivery before 34 weeks of gestation accord-
ing to percentiles for cervical length (bars).

increased risk for spontaneous PTB.*¥ In our study,
steroid therapy during pregnancy for asthma or col-
lagen disease was a risk factor for PTB before 34 and 37
weeks. The association of premature labor with
autoimmune function may be the consequence of
abnormalities in normal fetal-placental tolerance,
leading to uterine activation and labor.®

© 2013 The Authors
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Figure 4 Distribution of subjects among percentiles for
cervical length measured by ultrasonography at 20-24
weeks of gestation (solid line) and odds ratio of
preterm delivery before 37 weeks of gestation accord-
ing to percentiles for cervical length (bars).

A number of reports have documented the
relationship of a male fetus to PTB®* Yeganegi
et al.® reported that lipopolysaccharide increased the
output of tumor necrosis factor-o, IL-10 and
prostaglandin-endoperoxide synthase-2 with a greater
response in male placentae compared with female pla-
centae and suggested that there is a greater synthesis of
active prostaglandins in the placentae with male fetuses
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ina state of inflammation, which may explain the higher
incidence of PTB reported for males. Our finding pro-
vides further support for the concept that women with
a male fetus tend to deliver preterm babies.

Although there is some suggestion that treatment for

BV before 20 weeks of gestation may reduce the risk of
PTB,” this study’s data do not suggest that women
with BV-like microflora tend to deliver preterm babies.
This is possibly because individual centers treated
BV-positive women under the diagnosis of BY, irre-
spective of the result of Gram staining at 8-12 weeks in
this study. Alternatively, BV may not be a risk factor for
PTB in Japanese pregnant women.

There are some limitations to this study. First, the

number of cases enrolled in our study was lower than

expected. As a result, we could not extract many vari-

ables showing a significant difference. In future, a
larger prospective study with many participating
obstetricians across the country should be undertaken

to

identify many risk factors for PTB.
In conclusion, we must pay more attention to women

who are of low educational level and part-time
workers, and women who have multiple pregnancy,
short cervix, steroid use for collagen disease or bron-
chial asthma, and male fetus to reduce the prevalence

of

Al

PTB.
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Abstract

Background: The International Network for Evaluating Outcomes in Neonates (iNeo) is a collaboration of
population-based national neonatal networks including Australia and New Zealand, Canada, Israel, Japan, Spain,
Sweden, Switzerland, and the UK. The aim of iNeo is to provide a platform for comparative evaluation of outcomes
of very preterm and very low birth weight neonates at the national, site, and individual level to generate evidence
for improvement of outcomes in these infants.

| Methods/design: Individual-level data from each iNeo network will be used for comparative analysis of neonatal

outcomes between networks. Variations in outcomes will be identified and disseminated to generate hypotheses
regarding factors impacting outcome variation. Detailed information on physical and environmental factors, human
and resource factors, and processes of care will be collected from network sites, and tested for association with
neonatal outcomes. Subsequently, changes in identified practices that may influence the variations in outcomes will
be implemented and evaluated using quality improvement methods.

Discussion: The evidence obtained using the iNeo piatform will enable clinical teams from member networks to
identify, implement, and evaluate practice and service provision changes aimed at improving the care and
outcomes of very low birth weight and very preterm infants within their respective countries. The knowledge
generated will be available worldwide with a likely global impact.
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Background

The global incidence of preterm birth is on the rise [1]. In
Canada the incidence of preterm birth (<37 weeks gesta-
tional age) has increased from 6.3% in 1981 to 7.7% in 2009
[2.3]. Although infants born at a very low birth weight
(VLBW, <1500 g} and/or very preterm (VPT, <32 weeks
gestational age) make up only 14% of all preterm births
in Canada [3], they are of significant public health
importance due to their high risk of mortality and child-
hood morbidities. These morbidities include developmen-
tal problems, cerebral palsy, cognitive delay, blindness,
and deafness [4,5], with an estimated lifetime cost of
CADS$676,800 per preterm infant with permanent dis-
ability {6]. Therefore, it is important to identify strat-
egies that will reduce the risk of adverse outcomes
suffered by VLBW and VPT infants and improve quality
of life for these infants.

Various national neonatal networks, such as the
Australia-New Zealand Neonatal Network (ANZNN)
{7], Canadian Neonatal Network (CNN) {8}, Israeli Neo-
natal Network (INN) {9}, Neonatal Research Network of
Japan (NRNJ) [10], Swedish Neonatal Quality Register
(SNQ) [11], and UK Neonatal Collaborative [UKNC})
{12}, have been established to collect data from their
constituents and identify trends in the outcomes of
VLBW infants and benchmark the performance of their
respective centers. Although advances in neonatal care
between the 1960s and the 1990s resulted in significant
reductions in mortality and morbidity for neonates
[13-16], recently some networks, including the CNN,
have observed a halt in progress or even worsening of
outcomes [13,17-19].

Even for those neonatal networks where continued im-
provements in outcomes have been reported, there re-
mains significant variation within and between networks.
For example, several comparative studies have identified
differences in mortality rates in neonates from separate
networks, regions, or countries [20-27]. In one such
study, Draper et al. reported that among 10 European
regions, the overall survival rate for VPT infants varied
from 74.8% to 93.2% [21]. More recently, in 2012 popula-
tion data from the UKNC showed a greater than three-
fold variation between regional networks in the percentage
(range 4.7% to 16.6%) of infants born at <30 weeks ges-
tation and admitted to neonatal units who died at <28 days
of age [27]. Comparison of selected Australian and Scottish
neonatal intensive care units (NICUs) detected a lower
risk-adjusted mortality rate for VPT/VLBW infants in
Australia compared with Scotland [28].

However, studies of a single or small group of sites are
subject to selection bias, which can lead to erroneous
conclusions when the results are generalized to the lar-
ger population. Furthermore, comparisons of mortality
alone may be misleading as mortality may be declining
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at the cost of increasing morbidities. Measurement of
mortality as an indicator of care is also a contentious
issue as there are marked variations in practice between
countries including initiation or withholding of resusci-
tation at earlier gestational ages [29]. Thus, this protocol
for the International Network for Evaluating Qutcomes
of Neonates {iNeo) was developed to examine neo-
natal morbidities in conjunction with mortality using
population-based data, and assess variations in practice
that impact outcomes between and within countries.

Rationale

Over the past 5 years, collaborations have been initiated
between the CNN, NRNJ, ANZNN, and SNQ. The first
ever population-based retrospective comparison between
countries showed that a composite outcome of mortality
or any major morbidity (bronchopulmonary dysplasia
[BPD], severe neurological injury, 2stage 3 retinopathy
of prematurity [ROP], nosocomial infection [NI], and 2
stage 2 necrotizing enterocolitis [NEC]) was lower in
VLBW infants in Japan compared with Canada. In-depth
analyses revealed higher rates of severe neurological in-
jury, NEC, and NI among NICUs in the CNN, whereas
rates of BPD and ROP were higher in NRNJ NICUs {30].
Comparisons between the CNN and the ANZNN for
VPT infants identified that while there was no difference
in mortality, the ANZNN had significantly lower rates of
severe neurological injuries, ROP, NEC, and BPD, but
higher rates of early onset sepsis and air leaks and longer
mean length of stay [31,32]. Our latest comparisons indi-
cated that rates of adverse outcomes at each gestational
age were lower in Sweden compared with Canada {un-
published data).

Differences in the outcomes of VLBW and VPT in-
fants between Canada and other countries could be due
to any number of factors including differences in popu-
lation characteristics, severity of illness, processes of
care, or delivery of health care. Informal discussion has
confirmed wide variations in these factors between net-
works. For example, compared with Canada, the use of
non-invasive respiratory support is higher in Europe, the
use of breast milk is higher in Japan and Scandinavia,
and the use of echocardiography by neonatologists for
hemodynamic monitoring is routine in Japan. Differ-
ences in the type of intervention and process of adminis-
tration may underlie at least some of the variations in
outcomes. In addition, there are extreme variations in
health services delivery and receipt. For example, the
number of outborn, very preterm infants is significantly
lower in the ANZNN compared with the CNN [32]; the
use of respiratory therapists is practically non-existent in
European countries, whereas they play a prominent role
in North American institutions; and shift work is more
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prevalent among junior doctors in Europe and Australia
[33] compared with Canada.

Given the variation in mortality and morbidity be-
tween countries, it is important to first characterize fac-
tors underlying these differences, and then identify areas
and approaches to improve neonatal care specific to
each network. Care provision to VLBW and VPT infants
is a highly selective health service where specialized
units deliver the majority of such care (approximately
80% of VLBW and VPT infants are admitted to tertiary
NICUs), and consumes extensive resources, both in
terms of the per-diem cost of caring for such a neonate
in the NICU and cumulative lifetime costs. To improve
outcomes and reduce health care costs globally, we need
to embrace the concept of collaborative sharing and
learning, assess the variation in practices between coun-
tries/networks, identify evidence-based practices associ-
ated with improved outcomes, and apply these practices
to deliver optimal health care to fragile neonates.

Currently, informal and indirect comparisons can be
made from the reports published by each national net-
work. However, criticisms of such indirect or post-hoc
comparisons include lack of adjustment for differences
in baseline infant and maternal characteristics, differ-
ences in definitions of outcomes and their measurement,
and varjations in physical, environmental, and human
factors (e.g. training system and associated working con-
ditions of physicians on duty day and night, differences
in nursing care and nurse:beds ratio, differences in
regionalization system, and the rate of maternal transfer
for extremely preterm fetuses). A system of data
standardization and an understanding of the context for
comparison are urgently needed to enable valid compar-
isons between networks. This can only be achieved
through an international collaboration where the know-
ledge users and decision makers are involved from the
start of the process and continuously through to know-
ledge translation. Analyses of network-level data using
all eligible infants will provide a more accurate estimate
of the effectiveness of an intervention in a pragmatic set-
ting, rather than just a measure of efficacy proven in a
controlled study setting.

Network objectives
The specific aims of iNeo are to:

— 1. Compare outcomes for infants born with VLBW
(weighing <1500 g) and VPT (<32 weeks gestation)
among eight national neonatal networks spanning
nine countries.

— 2. Identify site-level physical, human, and
environmental characteristics, as well as care
practices that are associated with variations in
outcomes.
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— 3. Identify clinical and organizational practice
improvements relevant to each network.

— 4. Implement and continually evaluate the impact of
evidence-based clinical and organizational practice
changes in NICUs within the iNeo networks.

The establishment of the iNeo collaboration will en-
able the following: i) collection and integration of
individual-level data from population-based networks on
outcomes, characteristics, practices, and culture of the
member sites; ii) evaluation of the impact of practice
and outcome variations to identify the best models of
health service delivery (incorporating medical and other
extraneous factors); iii) feedback to units of their stand-
ing in reference to each and all other networks; iv)
empowerment of units to embrace implementation of
evidence-based practice changes for quality improve-
ment; and v) performance of ongoing cycles of translat-
ing knowledge-to-action through continuous auditing.
Ultimately, this will improve outcomes for VLBW in-
fants across the iNeo member networks.

Methods/design

Overview

The comparison of neonatal mortality and morbidity be-
tween the eight member networks will be conducted
using four years of retrospective data collected between
January, 2007 and December, 2010. Subsequently, a
strategy will be designed to collect additional data and
assess differences in physical, environmental, and human
characteristics, and care practices associated with varia-
tions in outcomes between networks. Once identified,
clinical and organizational practice improvements will
be implemented within networks using the Evidence-
based Practice for Quality Improvement (EPIQ) method
[34,35). The effect of practice change implementation
will be measured using ongoing data collection within
each network. The total study period will be five years
(January 2013 to December 2017). Comparison between
the networks will be completed by early 2014, associa-
tions between external factors/care practices and out-
comes identified by the end of 2014, and selected
practice changes implemented by mid 2015. This will be
followed by a two and a half-year period of continuous
quality improvement within the networks.

Participating networks

The following neonatal networks have agreed to partici-
pate in the iNeo project: Australia-New Zealand Neonatal
Network (ANZNN), Canadian Neonatal Network (CNN),
Israeli Neonatal Network (INN), Neonatal Research
Network of Japan (NRN]J), Spanish Neonatal Network
(SEN1500), Swedish Neonatal Quality Register (SNQ),
Swiss Neonatal Network (SNN), and UK Neonatal
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Collaborative (UKNC) (see Table 1). Overall, this project
will be collecting data from a total of 251 NICUs in nine
countries caring for approximately 23,000 to 24,000
VLBW neonates per year. All the participating networks
have a common mandate to collect, analyze, and bench-
mark performance and outcomes of their respective
NICUs. We have carefully avoided networks that only in-
clude highly specialized units in order to obtain robust
population-based estimates. All participating networks
have confirmed the feasibility of data collection from
>75% of all VLBW and VPT infants born within their
country. The approximately 25% of infants missing from
some of the networks are those considered to be at the
higher end of maturity (>1300 g birth weight or >30 weeks
gestation) who do not require intensive care support.
These infants are relatively stable and do not represent a
significant burden to NICUs or health care services in
general.

Database variables

A detailed review of all the data items collected by each
of the participating networks has been conducted and
the elements common to all networks (e.g. gestational
age, birth weight, sex, etc.) included in a minimum data-
set (see Additional file 1 for full list of data variables).
Data items that are collected by all networks in slightly
different formats (e.g., nosocomial infection, which can
be defined by using a cut-off of 2 days, 3 days, or 7 days)
have been standardized across all the networks by con-
sensus of the network directors. Some networks already
extract data from their databases according to the iNeo
definitions, while others have agreed to redefine their
original data formats as an ongoing process to ensure
consistency and facilitate comparisons over time. The
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variable definitions have been mapped to the ICD-10
[36] and SNOMED ([37] dictionaries.

Ethics, data coilection, and dissemination

All participating networks have obtained ethics/regula-
tory approval or the equivalent from their local granting
agencies to allow for de-identified data to be sent to the
iNeo Coordinating Centre at the Maternal-Infant Care
Research Centre, Mount Sinai Hospital, Toronto,
Canada. The Coordinating Centre has been granted Re-
search Ethics Board approval for the development, com-
pilation, and hosting of the iNeo dataset, and all
networks have signed data transfer agreements with the
iNeo Coordinating Centre. Privacy and confidentiality of
patient and unit-related data will be of prime importance
to the iNeo collaboration, and data collection, handling,
and transfer will be performed in accordance with the
Canadian Privacy Commissioners guidelines, the Per-
sonal Information Protection and Electronic Documents
Act, and any other local rules and regulations. No data
identifiable at the patient level will be collected or trans-
mitted, and only aggregate data will be reported. For all
stages of the project, participating units will be assigned
a code by their own network prior to data transfer into
the iNeo dataset so that units remain anonymous within
the iNeo collaborative. Following data analysis, findings
will be disseminated within networks by their own net-
work coordination team and not by the iNeo central
team.

Following completion of the study in 2017, the data
will be kept at the iNeo Coordinating Centre for a fur-
ther two years before being returned to the originating
networks unless otherwise agreed by the member
networks.

Table 1 Characteristics of networks participating in the International Network for Evaluating Outcomes of Neonates

(iNeo)
Network Australia and Canadian  Israeli Neonatal  Spanish  Swedish Swiss Neonatal UK Neonatal
New Zealand Neonatal Neonatal Research Neonatal Neonatal Network & Collaborative
Neonatal Network Network  Network Network  Quality Follow-Up
Network Japan Register Group
Country Australia and Canada israel Japan Spain Sweden Switzerland UK (England)
New Zealand
Level Il NICUs 2346 30 23 93 n/a 7 9 45
in the country
Level Il NICUs 29 30 23 73 36 7 9 44
in the network
Number of inhabitants Australia: 23 million 34 million 7.9 million 126 million 47 million 9.5 million 8 million 52 million
NZ: 44 million
Number of births/year Austraia: 300,000 380,863 166,000 1,071,304 497,023 110,000 80,000 687,000
NZ: 60,000
Number of eligible 3,500 2,700 1,500 3,700 2,600 900 800 7,700

NICU admissions/year
(<32 wks gestation/<1500 g)
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Comparisons of neonatal outcomes between networks
Outcomes

The primary outcome for comparison between the net-
works will be a composite indicator of mortality or any
of the four major neonatal morbidities (severe neuro-
logical injury, severe ROP, NEC, and BPD). Mortality
will be defined as death due to any cause prior to dis-
charge home. Severe neurological injury will be defined
as > stage 3 intraventricular hemorrhage (IVH) with ven-
tricular dilatation according to the criteria of Papile
et al. [38], or parenchymal injury (including periven-
tricular leukomalacia) with or without IVH. Severe ROP
will be defined as > stage 3 according to the International
Classification [39], or need for laser surgery or intraocu-
lar injections of anti-vascular endothelial growth factor
agents. NEC will be defined as>stage 2 according to
Bell's criteria [40] and BPD as oxygen requirement at
36 weeks post-menstrual age [41).

Secondary outcomes to be compared among iNeo mem-
ber networks will include the individual morbidities of the
composite outcome, as well as nosocomial infection de-
fined as culture-proven sepsis (blood or cerebrospinal
fluid positive for pathogenic organism) at >3 days or
72 hours postnatal age [42], patent ductus arteriosus re-
quiring  pharmacological treatment and/or surgical
ligation, receipt of delivery room cardiopulmonary resus-
citation, air leak syndrome, and resource utilization
(length of stay and length of respiratory support). To ac-
count for potential differences in practices regarding dis-
charge home and transfer to Level 2 community units,
additional analyses will compare mortality by Day 28 after
birth. All outcomes will be expressed as ratios with the de-
nominator equal to all admissions to participating NICUs.

Adjustment for variations in baseline population
characteristics between networks

Demographic characteristics and severity of illness are
well known to impact neonatal outcomes [43] and are also
likely to vary between networks. To prevent bias, these
potential confounders will be controlled in analyses com-
paring network-level outcome rates. The common mini-
mum dataset includes important predictors, such as
gestational age, sex, plurality of pregnancy, and receipt of
antenatal corticosteroids, which will be used to adjust ana-
lyses as appropriate. In addition, most networks collect
various measures of ‘severity of illness;, such as CRIB (44},
SNAPPE-II {45], or TRIPS [46] scores. These will be stan-
dardized within each network (assigned a score between 0
and 1) and adjusted for in analyses.

Descriptive analyses of baseline factors

The distribution of infant characteristics and network-
level broad organizational structural features will be
summarized as counts and percentages for categorical
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variables and using the mean and standard deviation, or
the median and interquartile range for continuous vari-
ables. The data will be compared among all networks
using the Chi-square test for categorical and ANOVA
F-test or Mood’s median test for continuous variables.

Comparisons between networks

For the primary composite outcome, each of its compo-
nents and the additional secondary outcomes, initial
crude rates, and associated 95% and 99% confidence in-
tervals will be calculated and graphically displayed using
‘caterpillar plots’ to visually identify differences between
networks. To adjust for multiple baseline characteristics,
standardized outcome ratios will be computed using the
‘indirect standardization’ approach. Each network’s ob-
served rate will be compared with the expected rate
based on the total sample from all other networks to
identify networks with rates significantly above or below
average. For each outcome, the expected number of
events will be computed as the sum of predicted prob-
abilities from a multivariable model (logistic regression
or zero inflated negative binomial models based on data
distribution) derived using data from all other networks
with adjustment for confounders. Network standardized
outcome ratios will be graphically displayed using ‘fun-
nel’ plots with 95% and 99% prediction intervals for
comparison between networks.

A global comparison, as well as pair-wise comparisons
between networks, will be performed using multivariate
regression models adjusted for confounders. Statistical
models will employ generalized estimating equations to
adjust analyses for clustering of infants within networks.
In addition, hierarchical random-effects regression models
will be used to allow for variation at the network and unit
level. Statistical significance will be evaluated by applying
a Bonferroni correction to account for multiple pair-wise
comparisons.

Statistical power for outcome comparisons

With retrospective data from 251 NICUs collected over
four years (2007-2010), analyses (two-sided tests) com-
paring Canada (10,800 admissions) with all other net-
works (82,800 admissions), for example, will be able to
detect rate differences of 0.004 to 0.02 for a range of
outcome rates (1% to 40%) with statistical power of 80%
assuming 5% type I error rate. Similar analyses compar-
ing Canada with one other network (3,200 to 30,800 ad-
missions) will be able to detect rate differences of 0.007
to 0.03.

Association of site characteristics and practices with
outcomes

To identify factors contributing to outcome variation be-
tween networks, detailed information will be obtained
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on health service provision, including units’ physical lay-
out, environmental characteristics, human factors, and
management practices at the national and site level. The
type of data and strategy for collecting this information
will be determined following the comparison of out-
comes between networks to target identified problem
areas and evaluate the culture, context, and practices of
each network. Factors with possible impact on outcome
differences between and within networks will be ascer-
tained using a variety of tools, such as surveys, recurring
questionnaires, and in specific instances, site visits to ex-
plore details if permitted.

The data will be pooled across sites and networks, and
statistical analyses will identify factors significantly asso-
ciated with outcomes. Through a collaborative process,
findings will be discussed with members of participating
networks to select physical and environmental factors,
human and resource factors, or processes of care that
can be modified through a quality improvement process.
Each network will then implement practice changes
within these three main target areas according to their
outcome priorities and the constraints of their respective
health care systems.

Physical and environmental factors

For preterm infants, adaptation to the environment is
crucial for their survival, wellbeing, and development.
The physical environment of the NICU is significantly
different from the in-utero environment and contains a
wide range of sensory stimuli that a preterm infant
would not be exposed to if carried to term [47]. There
has been wide debate as to the optimal physical charac-
teristics of a NICU in relation to outcomes for VLBW
infants. Several units that have implemented a single in-
fant per room design in place of the more traditional
open multi-patient rooms have reported improvements
in outcomes, but impact on staff satisfaction and work-
efficiency remains unclear [48,49]. Higher physical de-
mands and workloads placed on nurses could negatively
affect the level of care provided. Additional key physical
characteristics include internal and external noise [50,51],
temperature control, exposure to light [52,53], practice of
developmentally supportive care [54], provision and extent
of family-centered care, provision and extent of breast-
feeding support, potential for continuous parental involve-
ment, as well as training and preparation for discharge
home.

Physical characteristics will be assessed by conducting a
snapshot survey of units within the iNeo networks. The
survey will be developed, piloted, and implemented in col-
laboration with the iNeo Scientific Advisory Committee
by iNeo researchers with experience investigating the
extraneous factors that may impact quality of care.
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Human and resource factors

Human factors and available resources represent another
aspect of care provision possibly associated with differ-
ences in outcomes. However, associations between hu-
man and resource factors and neonatal outcomes have
not been thoroughly investigated, particularly not on a
national scale. Human factors include staffing in relation
to day and night shifts {33,55], weekdays versus week-
ends [56], ratio of nurses to patients [57], pattern of
work for medical and nursing staff {(hours on call, total
duration of active duty time over 4 week period, etc),
number and types of trainee doctors, allied healthcare
personnel coverage, constitution of attending team for
high-risk births, and relative expertise of the health care
providers attending resuscitation of extremely preterm
infants considering their overall experience in direct pa-
tient care, training, and research.

Neonatal outcomes are also impacted by resource
availability and utilization, specifically volume and cap-
acity. Units with high volume are reported to have better
outcomes compared with units with low volume, pos-
sibly due to relatively increased staff experience [58,59);
however, it has also been noted that low volume units
may be less crowded and have reduced rates of compli-
cations [60]. Alternatively, these differences may be sec-
ondary to centralization of care rather than volume, as
seen in data from Finland [61]. Similarly, units function-
ing at »90% capacity at all times, irvespective of volume,
may have different outcomes compared with units oper-
ating at lower capacity.

Data on human factors and resource utilization will be
collected using snapshot surveys administered at the unit
level. Due to likely variations from year to year, data on
human factors and resource utilization will be collected
on an annual basis using electronic tools (such as recur-
ring auto-filled surveys based on previous responses 5o as
to only report changes), and while the data may not cap-
ture variation in the daily activity levels or acuity in the
unit, this will represent the average condition.

Care-provision factors

Clinical practices represent the third and possibly most
important set of characteristics that likely contribute to
variation in outcomes. Variations in clinical practices
are well known among neonatal communities [8); how-
ever, no systematic prospective approach has determined,
compared, and benchmarked variations associated with
outcomes. Some of the key practice variations between
centers and networks include referral practices (inborn vs.
outborn) [62-64], differential use of the type of initial re-
spiratory support [65-67], types and timings of surfactant
administration [68], fluid management [69], timing of ini-
tiation of parenteral nutrition [70], use of donor milk,
management of patent ductus arteriosus [71], availability
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and use of echocardiography, use of prophylactic interven-
tions [72] (e.g., probiotics, high frequency oscillatory ven-
tilation, phototherapy, and L-arginine), and the scope of
involvement of parents.

Specific to each secondary outcome we will identify
‘top’ performing networks and networks with significant
room for improvement. Subsequently, working groups of
interested stakeholders from each network will be
formed to determine methods to identify possible care
provision practices related to such variations. Study
methods will be similar to those described earlier, and
will include annual snapshot surveys of each unit, de-
tailed questionnaires specific to practices (e.g. parental
presence, use of donor milk, diagnosis and management
of hypotension, etc.), and in certain instances of out-
standing success, a site visit with structured exploration
of the practices in question. All methods of exploration
will be conducted with directions from the iNeo Governing
Board and Scientific Advisory Committee to protect privacy
and confidentiality. Because individual unit information will
not be disclosed to the iNeo Coordinating Centre, individ-
ual networks will be asked to identify willing members for
such participation.

Statistical analyses and power for identification of practice
and service variation

Associations of clinical management practices and other
external factors with outcomes will be assessed under
the general framework of individual patient-level data
meta-analyses. Random-effects models with adjustment
for confounding variables and important risk factors will
provide estimates of association and quantify residual
variation due to unknown or unmeasured unit-specific
and network-level factors. These analyses will identify
treatment practices and health care services with signifi-
cant impact on outcomes, which subsequently can be
targeted for implementation or improvement by specific
units or networks. This information along with details of
the practices/factors will be made available to initiate
discussion within the iNeo community regarding data-
informed, evidence-linked potentially better practices.
Analyses (two-sided tests) based on 10,000 yearly admis-
sions evaluating impact of treatment/practices (assuming
50% exposure) on outcomes (incidence 1% to 40%) will
be able to detect relative risks of 1.6 to 1.1 with statis-
tical power of 80% and 5% type I error rate. This is a
conservative power calculation based on data expected
to be collected in a one-year timeframe.

Implementation and
improve outcomes

Practices identified as being associated with an improve-
ment in outcomes will be proposed to network sites for
implementation using the continuous cycle of application

ion of practice ch to
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and evaluation central to the EPIQ method [34,35]. Qual-
ity improvement using EPIQ methodology has been im-
plemented in Canadian NICUs for the last 10 years. It is
based on three pillars: (1) the use of all available evidence
on a particular intervention from the published scientific
literature, (2) analysis of each institute’s baseline data to
identify hospital-specific practices for targeted interven-
tion, and (3) the use of a network to share the results of
quality improvement for the purpose of collaborative
learning. The EPIQ method utilizes local context and al-
lows customization of interventions and implementation
strategies to maximize improvement potential at each in-
stitute. This is conducted in conjunction with leadership
and peer support from network members [34,35].

Our plan for the iNeo network is to expand the EPIQ
approach to an international level. We will advocate in-
corporation of several cycles of practice change imple-
mentation, evaluation, monitoring, and collaborative
learning within each unit over the course of two and a half
years. The online ViviWeb Virtual Research Community
(https://meta.cche.net/viviweb/default.asp) will be used to
facilitate collaboration between networks. Based on our
experiences and preliminary results implementing practice
changes in Canada, and following discussion with the
NRN]J, we anticipate that regular and productive dialogue
will significantly benefit many of the participating NICUs.

The practice changes implemented by individual units
within networks will be evaluated every 6 to 12 months
depending upon each centre’s capabilities to collect and
submit data. In addition to outcome indicators, process
indicators will be developed based on the specific inter-
ventions implemented. These indicators will measure
the short-term impact of practice change. For example,
an intervention targeting early surfactant administration
to reduce BPD will have process indicators for the time
of first surfactant administration and the proportion of
babies who received surfactant within the first 30 mi-
nutes after birth. The outcome of interest for this inter-
vention will be reduction in the incidence of BPD. Safety
and outcome improvements will be monitored within
each unit and network using control charts and Chi-
square tests for differences in outcome rates from base-
line. Multivariable logistic regression analyses will pool
data from units within each network to assess changes
in outcomes over time with adjustment for potential
confounders and important risk factors, and accounting
for clustering.

Long-term neurodevelopmental follow-up

The members of iNeo have agreed that while the present
initiative should focus on ascertaining outcomes prior to
discharge from the NICU, the longer-term goal should
be to assess and improve neurodevelopmental outcomes
of VLBW and VPT infants at two to three years of age.
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Presently, five networks (CNN, NRNJ, NDAU, SNN, and
ANZNN) follow and collect data from their infants up
to two to three years of age with one more network in
the planning stages of follow-up data collection (SNQ).
The remaining networks have expressed interest in
long-term follow-up, and will explore the possibility of
collecting these data. For available follow-up data, extra-
neous factors, and process of care factors during NICU
stay will be examined in relation to outcomes at two to
three years of age. A composite severe adverse outcome
will be defined as mortality or severe morbidity, includ-
ing non-ambulatory cerebral palsy, developmental indi-
ces more than two standard deviations below the mean,
legal blindness, or deafness requiring amplification. This
will require development of a follow-up dataset (similar
to the NICU minimum dataset) for the long-term neu-
rodevelopmental outcomes.

Secondary research questions

In order to foster a true international collaboration, the
data collected and housed at the iNeo Coordinating
Centre will be available to all iNeo member networks
and iNeo-affiliated investigators after the principal ana-
lyses are completed. The iNeo database will be available
to iNeo-affiliated investigators, including trainees, wish-
ing to examine new research questions/hypotheses.
Requests for data will need to be sent to the iNeo
Coordinating Centre for discussion and approval by the
iNeo Scientific Advisory Committee. In the initial stages
of the iNeo collaboration, analysis of the dataset in ques-
tion will be performed at the iNeo Coordinating Centre
and the results sent to the requesting investigator. In the
later stages, limited datasets may be released to an inves-
tigator using a secure electronic portal system. In all
publications, the final author will be ‘the International
Network for Evaluating Outcomes of Neonates (iNeo)'.
For the analyses detailed in this protocol, the author list
will include representatives of all eight networks. For
additional projects, authors will be those individuals
who meet the criteria for authorship as laid out by the
ICJME. All publications will include a list of the member
networks in the acknowledgements.

Discussion

The iNeo collaboration will be the first multi-national
network to examine population-based data. Findings
from this international collaboration generated using ex-
tensive data will provide strong and novel evidence re-
garding practices contributing to outcome variation with
broad relevance to NICUs within iNeo and worldwide.
This is particularly true for the investigation of the en-
vironmental, human, and physical factors that impact
neonatal outcomes. The majority of current literature re-
lates to single center or regional experiences, whereas
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data from multiple national networks will provide robust
estimates that will allow development of unified recom-
mendations regarding optimal design and staffing of
neonatal units.

The nature of the information that will be generated
and the resources available within the collaborative will
put iNeo in a unique position to implement global
change to improve neonatal outcomes. Neonatal out-
comes and NICU care practices will likely vary signifi-
cantly between networks and there are many factors that
may underlie these variations. The initial findings from
the comparative analysis may not be welcomed by all
units, and recommendations for practice changes that
require extensive change or high financial input, such as
additional staff to attend births or changes to unit lay-
out, may be met with resistance. In answer to this, the
most persuasive element of the iNeo collaboration will
be the strength of the evidence produced from the data,
the pragmatic nature of the results, and higher degree of
statistical precision due to the large sample size.

In addition to the strength of the data, a high level of
collaboration between network members will provide a
mechanism to address barriers to change and ensure the
knowledge gained is effectively implemented to improve
neonatal outcomes. Working together we will ensure
that all factors that contribute to a target outcome are
identified and evaluated. Once identified, the process for
exploration of extraneous factors will be supervised by
the iNeo Director and Scientific Advisory Committee to
ensure that all suggested practice changes can be tai-
lored to networks depending on the presence or absence
of certain baseline covariates. Although the individual
network directors will be primarily responsible for driv-
ing change within their networks, iNeo will also provide
various activities and mechanisms to facilitate practice
change. This will include access to in-person and online
training, site visits between networks, effective dissemin-
ation of information, and liaison with policy makers in
member countries.

The iNeo collaboration will also act as a platform
whereby other NICUs and established networks or net-
works in the preliminary phase of development can access
evidence regarding impact of practices on outcomes,
and approaches for collaborative learning and prac-
tice improvement in neonatology. As such, initial
discussions with neonatal units in India, China, South
America, and Taiwan have been productive and these
networks are planning to assess and apply the results of
the iNeo collaboration.

In summary, the iNeo collaboration will serve as a
strong international platform for neonatal-perinatal
health services research in VLBW and VPT infants. The
evidence obtained using the iNeo platform will enable
clinical teams from member networks to identify,
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implement, and evaluate practice and service provision
changes aimed at improving the care and outcomes of
VLBW and VPT infants within their respective coun-
tries. The knowledge generated, assembly of expertise,
and pool of resources will be available worldwide with a
likely global impact.

Additional file

Additional file 1: iNeo data variables for collection with
explanatory notes. Description: List of the data variables that will be
collected and analyzed during the project described in the iNeo protocol.
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Introduction

Guidelines for nutritional support of very low birth weight
(VLBW, <1500 grams) and very preterm (<32 completed weeks
gestation) infants ofien emphasize parenteral nutrition as the main
source of nutrition for the first weeks of life [1,2]. However, some
infants are able to advance enteral nutrition quickly, particularly
infants fed breast milk [3-6]. Additonally, providing parenteral
nutrition has risks, such as infection, thrombosis, and other
complications associated with central venous access [7], and
cholestasis [8], and also costs more than feeding enterally. Given
the important benefits of early enteral feeding [9], as well as the
risks and cost inherent to providing parenteral nutrition, it is
important to quantify the benefit of parenteral nutrition in the
context of rapid advancement of enteral nutrition. In other words,
it is important to clarify the extent to which infants who reach full

PLOS ONE | www.plosone.org

cnteral nuirition at a rapid rate also benefit from parenteral
nutrition. This information would inform guidelines about the
routine vs. selective parental nutrition use for VLBW preterm
infants, particularly those infants expected to achieve full enteral
feeding at a rapid rate.

The aim of this study was 10 quantify the growth benefit of
parenteral nutrition in VLBW preterm infants who are able 1o
advance enteral feedings rapidly. Our analysis capitalizes on the
Japanese experience in which advancement of enteral feeding in
the neonatal intensive care unit (NICU} is typically more rapid
than in other countries, possibly due to the high rate of breast milk
feeding for preterm infants and the low background necrotizing
enterocolitis (NEC) rate [10,11]. Historically the rate of NEC is
below 1% in VLBW infants in the japanesc Neonatal Research
Network, as compared with 7-10% in the US. or other

February 2014 | Volume 9 | Issue 2 | e88392

populations [11-13]. We hypothesized that despite routine rapid
enteral feeding advancement, parenteral nutrition would none-
theless be beneficial o growth.

Methods

Design, Setting, and Participants

We used data from the Neonatal Research Newwork of Japan
{NRN), a multi-center regisiry of VLBW infants cared for in 75
participating level I perinatal centers in Japan and funded by a
grant from the Ministry of Health, Labor and Welfare in 2004, All
registered hosphals provided individual patient daw including
obstetric, delivery, in-hospital care, and follow-up data at age 1.5
and 3 years 1o the cenwal commitee. The central commiuee

Parenteral Nutrition Accelerates Growth in VLBWs

Our main outcome was extra-uterine weight gain and head
growth, which we defined as the change in SD score of each
measurement from birth w discharge. These SD scores were
caleulated using sex, parity, and gestational length (by day) specific
growth references for birth weight [17] and head circuraference,
obtained from vaginal deliveries during 2003-2005 in Japan, We
also classified infans as being small for gestational age (SGA) or
having extra-uterine growth resteiction (EUGR), both proxies for
intra-uterine and extra-utering growth, SGA was defined as birdy
weight being under the 10% percemtile of the reference; EUGR
was defined as weight and head circumference at less than the jtisd
percentile at a given postmenstrual age, as compared with infants
born at the same gestational age in the reference.

As growth can be affecred by different obswewric and pediandc

identified potental daw errors and 1 d that individual
institutions correct data by going back w medical charts when
needed. A description of the NRN cohort including morbidities,
mortalities, and outcomes at age 1.5 and 3 years, has been
reported previously [14-16].

Figure 1 outines the populaton used for this analysis. The
NRN cohort included 16001 VLBW infants who were hospitalized
in 75level HII NICUs in Japan from January 2003 to December
2007. Of these, 9152 were born at 24-32 weeks of gestation. We
excluded infants with major congenital anomalies {n=477) and
infants admitted 10 the NICU more than 24 hours after birth
m=126). In the reamaining 8549 infants, 61% of the infans
reached 100 mli/kg/day full feeding within 14 days, and 16%
achieved this within 7 days. As our interest was mainly in the effect
of parenteral nutridon on growth in infants who reached full
enteral nutrition fairly rapidly, we restricted our analysis w infants
who reached full feeding within 14 days (n=3270), of whom $1%
{n = 1784) had received parenteral nutrition during admission. We
further excluded infants who died before discharge (n = 39), infanus
discharged after 48 weeks corrected age (n=348) infanss who
developed NEC [n=13) or underwent surgery (n=385) and
infants missing growth data {n=108). We alio excluded 534
subjects due w missing covariate data. Thus our wal sample size
for analysis was 4003,

Definition of Diseases and Outcomes

Our main exposure was any use of parenteral nutrition during
the hospital stay, which the hospitals provided as yes, or no for
cach subject. No subject was missing this informadon.

9152 Infants
Born at 24-32 weeks,
Birth welght <= 1500
477 with Masjor Abnormalites
128 wdmitiod later than 24 hours after Bith
B oot foatitg within 2 wnks

B2 tied befoce dischargs, dhscharged later than 2 months

I comrected sge. developed NEC or undenwent surgary , of
mummgmwxm
344 Missiog data on other covatiates
i 4008 Infants.
I 1
1604 Ifanty 2401 Infants
Recaived some form of Oid ot receive any
utrition ‘parentersl nutrition

Figure 1. Population Flow Chart.
doi:10.1371/journal.pone.0088392.g001
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characteristes as well as the wellbeing of the infant, we considered
as covariates the following: maternal age, parity, gestational
iabetes (GDM), preg induced hypertension {PIH, use of

antenazal steroid, multiplicity, route of delivery ational length,
8D scores of weight and head cxmm{rrmw at birth, Apgar
score at 5 minutes, use of mechanics . chagnosis and
stage of inuwa~veniricular hemorrhage (IVH), dingnosis of bron-
chopulmonary dysplasia  {BPD), periventricular  hemorrhage
{PVL), and days wken to reach full enteral feeding.

In all analyses we categorized these variables as follows: maternal
age {14-20, 20-34, 35-50 vears), parity (0, 1, 2 and abovej
muliiplicity {singleton, twin, triplets or more), route of delivery
{cesarcan or vaginall, Apgar score at 3 minutes [0-4, 510, use of
vemtilation (no venilat for under 7 day g i
over 7 days), IVH (no IVH, deu 12 TVH, grade 5-4 TV H}, wnd
each completed week of gestation at birth {24 1 32 weeks).

Statistical Analysis

First, we compared maternal and infant characieristics between
infants who received parenteral nutrition {n = 1604} and those who
i $01). Next, as exra-uterine growsh is affeczed by

ge and intrauterine g;r(mm, we stratified our
sample by each week of gestation and Inrawterine growth status
GA or not) and examined each of the following across strata as
well as by use of parenteral nutrition or ot change in SD scores

Ay Distribution of days to reach snteral feeding of 100mikg/day,
phedian, demm

N a4 W Ea e e e N
3t - PRI e
) -8 BOO ¥ x o a e s m s
3 ren@ L R
& coee GOBGR®E e ke e s
b3l e QEOBE® e e s we s own
3 R I R
54 R L I T
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& 5 w 5 0 . E5)
B) Varlabliity in P: Use

N H ” ([T—

Figure 2. Comparison of nutritional practices in 75 institutions
in Japan. A} Distribution of days to reach 100miperkgperday of milk in
8,549 very low birth weight infants (23-32 weeks). B} Variability in usage
of parenteral nutrition in very low birth weight infants {23-32 weeks)
who reached full enteral feeding within 2 weeks.

doi10.137 Vjournal.pone.0088392.g002
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Table 1. Maternal and infant characteristics of 4,005 very low birth weight infants of 24-32 weeks’ of gestation who reached full

Infants who received
parenteral nutrition

Infants who did not
receive parenteral

nutrition (n=2401) (n=1604)

Maternal Characteristi

Number of previous deliveries
Nimber of fet -

G:ésiéi{bn h
Length of stay (days)

Full enteral feeding: 100 ml per kg per day of milk.
* p<0.05.

*; p<0.005.

doi:10.1371/journal.pone.0088392.t001

of weight and head circumference at admission and discharge, and
length of hospitalization in days.

To account for potential confounding by maternal and infant
characteristics, and to account for clustering within institutions, we
performed generalized linear mixed models (logistic regression
with random intercepts) to estimate the effect of parenteral
nutrition on our outcomes of interest (weight gain, head growth,

odds of EUGR, and days of admission). For selection of

confounders we used parity, GDM, PIH, use of antenatal steroid,
multiplicity, gestational length, sex, Apgar score at 5 minutes, IVH
stage, use of mechanical ventilation, day of reaching full enteral

PLOS ONE | www.plosone.org

 No use (%)
s ess"th‘a‘nﬂ v’ieek;
More than 1 week (%)
‘Nora(oh)” i
Grade 1-2 (%)
G 3400

0.7(0.8) 0.6(0.8)

feeding, as well as birth measurements, due w0 their clinical
relevance and usage in previous papers [5,18,19].

We performed all analyses using SAS version 9.3 (SAS Institute,
Cary, NC).

Ethics Statement

All information about the infants was collected ancnymously,
and the stored data were unlinked from individual data. Written
informed consent was obtained from the parents or guardians on
behall of each child enrolled in this study before receiving any
data. The protocol of this study was approved by the Central
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Figure 3. Comparison of infants that received and did not
receive p: it ified ional age and
intrauterine growth. A) Change in weight (SD) in situ, B) Change in head
circumference (SD) in situ, and C) Length of stay (days), of 4,005 very low birth
weight infants of 24-32 weeks of gestation that reached full enteral feeding
within 2 weeks. Figure legends for Figure 3: Full enteral feeding: 100 ml per
kg per day of milk. PN: parenteral nutrition. SGA: small for gestational age,
defined as birth weight <10™ percentile for postmenstrual age.
doi:10.1371/journal.pone.0088392.g003

Internal Review Board at Tokyo Women's Medical University,
where all data were collected and stored. The database was

registered as UMINOOOO06961.
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Results

In Figure 2a we show the distribution of days untl enteral
feeding 100 ml/kg/day (full (eeding) within 8549 infants without
major congenital anomalics and were admitted within 24 hours
after birth, by each wecek of gestation. The diswribution was skewed
to the right, with 61% of the infants reaching full fecding within 14
clays, and 16% achieving this within 7 days. Time to reach full
enteral feeding was greater for infants of lower gestational age, but
over 50% of infants born in cach gestational week reached full
feeding within 14 days. This was as expected from the customs in

Japanese NICUs which prefer to inidate and increase enteral

feeding as soon as possible.

In Figure 2b, we show the wide inter-institutional variation in
usage of parenteral nutrition.

In Table 1 we show maternal and infant characteristics for the
4005 infants who reached full enteral feeding by day 14, grouped
by whether they received parenteral nutrition.

Infants who re:

ived parenteral nutrition were born carlier and
were generally sicker, for example they were more likely to have
needed mechanical ventilation, were more likely to have BPD, and
ok longer to reach full enteral feeding. Those receiving
parenteral nuurition also had lower weight and smaller head
circumference at birth, but showed higher weight and larger head
circumference at discharge.

In Figure 3 we show the average change in weight and head
circumference SD {rom birth to discharge, as well as length of stay,
for infants who received and did not receive parenteral nutrition,
stratified by intrauterine growth (SGA and non-SGA) as well as
week of gestation. Even after stratification, infants re g
parenteral nutrition showed greater growth in most categorics.

Table 2 shows the estimated eflect of administering parenteral
nutrition on growth and length of stay, adjusted for maternal and
infant  characteristics listed in Table 1. Infants receiving
parenteral nutrition showed greater weight gain and head growth:
on average 0.09 (95% confidence interval [CI] 0.02, 0.16) SD
greater weight gain and 0.16 (95% CI0.05, 0.28) SD greater head
growth. They also tended to have lower odds of being EUGR by
weight (OR 0.85, 95% CI 0.66, 1.08) and head circumference
(OR 0.66, 95% CI 0.49, 0.88) at discharge, compared to those not
receiving parenteral nutrition. Length of stay was 1.29 (95% CI
0.12, days shorter for infants who received parenteral
nutrition, There was no significant association of parenteral
nutrition with adverse outcomes: BPD (OR: 0.85; 95%CI 0.66-
1.08); and PVL (OR: 1.19; 95%CI 0.76-1.87).

Effect modification by weeks of gestation (24-27 weeks or 28-32
weeks), intrauterine growth (SGA or non-SGA), and day to reach
full feeding (0-7 days or 8-14 days) were not statistically
significant, and though estimates diflered  slightly for each
subgroup, as shown in Figure 4, the all effects were in the same
clirection.

However, point estimates of the effect of parenteral nutrition
was largest in SGA infants and infants who took more than one
k until full feeding, and smallest in infants who reached full
(ceding within a week. Point estimates of increase in weight was
largest in SGA infants (0.148D; 95%CI —0.09, 0.37) and infants
reaching full feeding afier one week (0.08SD; —0.01, 0.31), and
smallest in infants who reached full feeding within one week
(0.058D; —0.22, 0.32). Similarly, point estimates of increase in
head circumference was largest in SGA infants (0.35SD; —0.03,
0.73) and smallest in non-SGA infants (0.108D; 0.15, 0.73) and
infants reaching full feeding within one week (0.08SD; —0.25,
0.41). Point estimates for eflect on length of stay was also largest in
SGA infants and infants born at 28 to 32 wecks of gestation, and

February 2014 | Volume 9 | Issue 2 | e88392
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Table 2. Adjusted effect of parenteral nutrition use on weight, head circumference, and length of NICU stay.

Weight gain (SD)

Difference (95% CI) p-value

EUGR by head circumference (OR) 0.66 (0.49, 0.88) 0.005

characteristics.
Full enteral feeding: 100 m! per kg per day of milk.

doi10.1371/journal.pone.0088392.1002

nearly null in infants who reached full feeding within a week, were
born under 1000 g, or were born at 24-27 weeks of gestation.

Discussion

We observed that among VLBW preterm (24-32 weeks
gestation) infants who reached full enteral feedings within 2 week
of birth, those infants provided with parenteral nutrition demon-
strated greater weight gain and head growth, and a lower
prevalence of EUGR by weight, as compared with those who did
not receive parenteral nutrition. To the best of our knowledge, this
study is the first to show that parenteral nutrition promotes weight
gain even in preterm infants who are able to advance enteral
nutrition at a fairly fast rate.

Research to inform optimal nutritional care of the preterm
infant is important because inadequate nutrition leads o poor
growth extrauterine growth, which in turn has been linked with
poor later neurocognitive outcomes [20-22]. EUGR is highly
prevalent among VLBW and ELBW infants {20,23] and can be
modified by nutritional practices in the NICU [24,25]

Historically, clinicians have been hesitant 10 advance enteral
feedings at a rapid rate due to concerns about intestinal
immaturity and the associated risk of NEC, a serious and often
life-threatening  complication of preterm birth. [26]. Research
focused on providing ecarlier parenteral nutrition, such as
intravenous amino acids, has shown a beneficial impact on growth
of VLBW infants [27]. For example, Poindexter reported that
early provision of amino acids was associated with significantly
better growth at 36 weeks postmenstrual age. Similarly, Maggio
reported changes in parenteral nutrition practice improved growth

outcomes at discharge. Our results are consistent with both of

those studies in supporting the benefit of parenteral nutrition on
growth of VLBW infants.

However, in other studies of early parenteral nutrition and
growth, enteral feedings were advanced slowly. In the Poindexter
study, subjects took on average 32-34 days to reach 110 keal/kg/
day enteral feeding, and were administered parenteral nutrition
for on average 32 days [28]. In the Maggio study, subjects took on
average 24-27 days to reach 150 ml/kg/day enteral feeding, and
were administered parenteral nutrition for 24-27 days [27]. Even

PLOS ONE | www.plosone.org

Analysis of 4,005 very low birth weight infants of 24~32 weeks' gestation who reached full enteral feeding within 2 weeks.

Generalized finear mixed models (logistic regression with random intercepts) used to accounting for clustering within institutions. Adjusted for selected matemal
(maternal age, humber of previous deliveries, number of fetuses, gestational diabetes, pregnancy induced hypertension, use of antenatal steroids, mode of delivery),
and infant (gestational fength, sex, birth weight, birth head circumference, Apgar score at 5 minutes, days to reach 100 mi per kg per day enteral feeding, length of stay}

EUGR: Extra-uterine growth restriction; defined as weight or head circumference <10 percentile for postmenstrual age.

the recent studies shown in a meta-analysis by Moyses [9] on the
effect of parenteral nutrtion on growth, show that time o full feeds
took an average of 15 to 33 days [29-33]. In contrast, in our study
population, enteral feedings were advanced much more quickly,
on average over 8-10 days. To our knowledge, no study prior 10
ours has evaluated the impact of parenteral nutrition in the setting
of more rapid advance of enteral feedings.

Additionally, through subgroup analysis we found that overall,
SGA infants and infants reaching full feeding afier one week
scemed to benefit most from parenteral nutrition in means of
growth and shorter stay. Infants who reached full feeding within
one week seemed 1o benefit least. Our findings suggest that it is
important to predict which infants are likely or not likely wo
advance on enteral feedings within a week.

Our study has several limitations. First, we did not have data on
the timing or duration of parenteral nutrition. Therefore we had
exclude infants who would be receiving parenteral nutrition due to
their complications: infants that had NEC, surgery, or died during
hospitalization, and thus we could not set these conditions as
outcomes. However, we were most interested in the effects of
parenteral nutrition in otherwise healthy preterm infants. Second,
although a number of maternal and child characteristics were
available, residual confounding may occur by characteristics of
infants who received parenteral nutrition that could promote their
growth, for instance other differences in nutritional practice.
Finally, our study was conducted in Japan where neonaal
intensive care practices differ from the U.S. and other countries.
However, our setting provides a unique opportunity to examine
the role of parenteral nutrition for infants who advance quickly on
enteral nutrition, and we believe our findings will be relevant for
non-Japanese populations of VLBW infants as well.

In summary, our results support the use of parenteral nutrition
to improve weight gain and head growth, even among relatively
healthy VLBW infants who reach full enteral feeding within 2
weeks, For infants reaching full enteral feedings in 1 week or less,
the benefit was smaller. These findings will be useful for clinicians
weighing the risks and benefits of providing parenteral nutrition 1o
very low birth weight infants, particularly those who are expected
1o advance enteral nutrition rapidly.
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Figure 4. d effect of administering nutri-
tion. A) Change in weight (SD) in sitw, B} Change in head dircumference
{SD) in situ, and C} Length of stay {days}. Analysis of 4,005 very low birth
weight infants of 24-32 weeks of gestation who reached full enteral
feeding within 2 weeks. Legends for Figure 4: Generalized linear mixed
models {logistic regression with random intercepts) used to accounting
for clustering within institutions. Adjusted for selected maternal
(maternal age, number of previous deliveries, number of fetuses,
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Premature infants exposed to hyperoxia suffer acute and long-term pulmonary consequences. Nevertheless, neonates
survive hyperoxia better than adults. The factors contributing to neonatal hyperoxic tolerance are not fully elucidated. In
contrast to adults, heme oxygenase (HO}-1, an endoplasmic reticulum:{ER)-anchored protein, is abundant in the neonatal
lung but is not inducible in response to hyperoxia. The latter may. be. important, because very high levels of HO-1
overexpression are associated with significant oxygen cytotoxicity in vitro. Also, in contrast to adults, HO-1 localizes to the
nucleus in. neonatal mice exposed to hyperoxia. To understand the mechanisms by which HO-1 expression levels and
subcellular localization contribute to hyperoxic tolerance in neonates, lung-specific transgenic mice expressing high or low
levels of full-length HO-1 (cytoplasmic, HO-1-FL{H) or HO-1-FL{L}) or C-terminally truncated HO-1 {nuclear, Nuc-HO-1-TR)
were generated. In HO-1-FL(L), the lungs had a normal alveolar appearance and lesser oxidative damage after hyperoxic
exposure. In contrast, in HO-1-FL(H), alveolar wall thickness with type Il cell hyperproliferation was observed as well
worsened pulmonary function and evidence of abnormal lung cell hyperproliferation in recovery from hyperoxia. In Nuc-
HO-1-TR, the -lungs had increased DNA oxidative damage, increased - poly {ADP-ribose). polymerase {PARP} protein
expression, and reduced poly (ADP-ribose) (PAR) hydrolysis as well as. reduced: pulmonary function. in recovery from
hyperoxia. These data indicate that low cytoplasmic HO-1 levels protect against hyperoxia-induced lung injury by
attenuating oxidative stress, whereas high cytoplasmic HO-1-levels worsen: lunginjury by .increasing proliferation-and
decreasing apoptosis of alveolar type Ii cells. Enhanced lung nuclear HO-1"levels impaired: recovery from hyperoxic lung
injury by disabling PAR-dependent regulation of DNA repair. Lastly both high cytoplasmic and.nuclear expression of HO-1
predisposed to long-term abnormal lung cellularproliferation. To maximize HO-1- cytoprotective. effects, therapeutic
strategies must account for the specific effects of its subcellular localization and expression levels.
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Introduction

Premature neonates with altered lung function are exposed 10
hyperoxia to maintain adequate oxygenation but they may
develop bronchopulmonary dysplasia, a pulmonary discase with
long-term sequelac including neurodevelopmental delay [1-3].
Interestingly, humans, in particular neonates, have developed
some adaptive mechanisms to mitigate oxidative stress. Although
prolonged hyperoxic exposure causes injury to the neonatal lung,
nconatal rodents are more tolerant to hyperoxia than their adult
counterparts [4]. Some have implicated increased antioxidant
enzyme activity and a reduced superoxide-generating capacity in
the neonatal lung [5-7]. Nevertheless, these observations do not
[ully explain the enhanced hyperoxic tolerance in neonaies. One
molecule with antioxidant properties, HO-1, the rate-limiting
enzyme in the degradation of heme, is robustly inducible in
oxidative stress such as hyperoxia in adults [8] but differentially

PLOS ONE | www.plosone.org

regulated in neonatal rodents as compared to the adult [9].
sed HO-1 expression in the perinatal period, there
was no difference in lung HO-1 mRNA e n newborn rats (<
12 hours old) exposed to hyperoxia, for 3 days compared 1o air
exposed controls, in contrast with adult models.

Whereas HO-1 knockout mice which have a shorter life span,
reduced stress defenses, and disrupted postnatal lung development
{10,11], lung-specific neonatal HO-1 transgenic mice demonstrat-
ed vasculoprotective effects in hyperoxia {12]. However, very high
levels of HO-1 expression were associated with significant oxygen
cytlotoxicity in zifro, suggesting there is a beneficial threshold of
HO-1 overexpression [13]. Whether this is the case in vivo is not
known. The HO-1 protwin is anchored to the ER through a
transmembrane segment located at the C-terminus [14], with the
remainder in the cytoplasm [15]. Nuclear localization of HO-1 has
been demonstrated I many situations including in astros cells
during differentiation [16], in fetal lung cells under hyperoxia [17],
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Figure 1. Expression, localization, and HO activity of HA-tagged HO-1 protein in the murine lung. {a) Human $P-Cirans-modified vector
construct. (b) HA-tagged HO-1 cDNA constructs. Numbers denote amino acids in the fragment starting from the N terminus. NLS, nuclear localization
sequence, (¢} immunoblots showing lung-specific overexpression of high or fow levels of HA-tagged HO-1-FL {FL{H) or FLILY or Nuc-HO-1TR (TRL
Membranes were re-probed with calnexin antibodies as a loading control, {d) HA immunostaining {green) and nudear DAPL staining [blue) in lung
slices from HO-1-FL (FL) and Nuc-HO-1-TR {TR} transgenic mice. {e) Total lung HO activity in whole lung homogenates on day 14 of fife. Values are the
mean = SEM of 3 separate determinations in each group. *, p</0.05 vs WT.
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and in brown adipocytes [18]. Interestingly, nuelear HO-1 was Materials and Methods

implicated as a regulator of DNA repair activities important w o

carcinogenesis [19,20] and wmor progression {21]. We have  HO-1 Transgenic Lines

shown that HO-1 can be prowolvtically cleaved from the ER w0 All procedures and otocols were re § ve iA:mxl pproved by
allow nuclear ranslocation with hypoxia [22]. This may serve w0 the Children’s Hospital of Philadelphia’s Insttutional Animal Care
and Use Committee in accordance with the Animal Welfare Actof
the NIH. The human surfactant protein (SPRO driven hemagglu-
sinin (HAkagged HO-1-FL and Coerminal 33 amino acid Nuc-
cDNAs were independently engineered (Fig. lab)
Transgenic mice were generated wsing sandard procedures of
micrpinjection by the Transg Mouse Core Facility ol the
Children's Hospital of Philadelphia {21).

upregulate cytoprotective genes against oxidative siress |
Nuclear HO-1 is found in higher abundance in the lungs from
neonatal mice exposed 1o hyperosia compared o similarly
exposed aduhs {231, Could this wanslocation of cytoplasmic
HO-1 1o the nucleus contribute o tolerance against oxidative

stress and promote or protect against abnormal cell proliferation
and tmorigenesis i wiro?
To beuer understand the jmpact of HO-1 abundance and

subcellutar localization on hyperosic injury and repair, hung- Hyperoxic Exposure and Recovery

specific HO-1 wansgenic mice were developed to express either Neonatal pups were randomly assigned 10 room air (normosxia)
low or high levels of cytoplasmic HO-1 or enhanced nuclear HO-  0F 93% oxygen (hyperoxia). I;xpf)ﬂfrc 1o hyperoxia “‘“S.w"d"“f“d
1. for 72 hours in a chamber (BioSpherix, Redfield, NY), which

allows for continuous monitoring and regulation of oxygen and
PLOS ONE | www.plosone.org 2 March 2014 | Volume 9 | [ssue 3 | 90936
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mouse lungs after neonatal hyperoxic exposure and recovery in room air. (a)

Hematoxylin and eosin (H&E) stained histological sections from animals on days 3, 7, and 14. (b-d) RAC on Days 3, 7, and 14. Each group had a
minimum of 6 samples, and data are the mean = SEM. *, p<<0.05 vs normoxia **, p<<0.01 vs normoxia; 1, p<0.01 vs WT/hyperoxia. (e) Alveolar wall
thickness on day 7. Values from WT control (WT, normoxia) were set at 1 to calculate the relative values in other experimental groups. Each group had
a minimum of 5 samples, and data are the mean = SEM, *, p<0.05 vs normoxia; f, p<<0.05 vs WT/hyperoxia.

doi:10.1371/journal.pone.0090936.g002

carbon  dioxide. Dams were switched cvery 24 b betveen
normoxia and hyperoxia. Some mice were allowed to recover in
room air to adulthood (8 months of age).

Lung Tissue Collection

Mice were anesthetized with an inwaperitoneal in
ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride
(10 mg/kg). After the pulmonary artery was perfused with
phosphate buffered saline (PBS), the right lung was excised and
snap-frozen with liquid nitrogen for protein analysis, ‘The left lung
was inflated and lixed with 10% neutrak-buffered formalin
(HT5014, Sigma-Aldrich, St Louis, MO) for 24 hours. Lung
tssue was paraflin-embedded and 5-um  thick sections were
mounted on glass slides.

HO Activity Assay
Carbon monexide production was measured as a marker of HO
activity using gas chromatography as previously described [25].

Radial Alveolar Counts (RAC) and Alveolar Wall Thickness

Alveolarization was quantified by RAC, as described [26,27].
The alveolar wall thickness was measured. One lung section from
5 scparate animals per study group was viewed at x20
magnification under horizontal lines. Thickness of each septum
was measured paraliel 1o the intersecting line utilizing Image]
software (National Institutes of Health, Bethesda, MD).

Detection of Protein Carbonylation

The detection of protein carbonylation was performed using a
Protein  Oxicaton Detection Kit  (Millipore, Billerica, MA),
according to the manufacturer’s instructions.

PLOS ONE | www.plosone.org

ton of

DNA Laddering Assay

Genomic DNA was isolated from frozen lung tissue using the
BDwract genomic DNA isolation kit (Maxim  Biotech, San
Francisco, CA). Fragmented DNA was ligated to adaptor DNA
fragments and subjected to PCR for amplificati
genomic DNA according to the manufactures
kit for DNA ladder assay, Maxim Biotech, San Francisco, CA).
Samples were run on 2% agarose-ethidium bromide gel and
visualized using a UV imager.

Evaluation of Protein Levels in Lung Homogenates
Western analysis was performed to evaluate protein levels, as
described [28]. The antibodies were as [ollows: anti-HA (clone
16812, Covance, Richmond, CA), ani-HO-1 (SPA-896,
Life Science, Plymouth Meeting, PA), antii-PARP (Cell Si;
Technology, Danvers, MA), anti-PAR (10H, Enzo Life Sciences
International, Plymouth Mecting, PA), anti-PAR glycohydrolase
(PARG) (Abgent, San Diego, CA), anti-lamin B (sc-6216, Santa
Cruz Biochemistry, Santa Cruz, CA), and anti-calnexin (SPA-860,
en, Victoria, BG, Canada), anti-phospho-p44/42 mitogen-
ated protein kinase (MAPK) (extraceltular al-regulated
LRK) 1/2) (Cell Signaling Technology, Danvers, MA),
RK1 (Santa Cruz Biochemisiry, Santa Cruz, CA), and anti-
epidermal growth factor receptor (EGFR) (Cell Signaling Tech-
nology, Danvers, MA). Prior to western analysis of PAR, PARG
enzyme (Trevigen, Gaithersburg, MD) was added o lung
homogenate of mice and incubated at 37°C for 1 h.

Immunohistochemistry
Paraflin-embedded tssue sections were processed for indirect
immunofluorescence staining or a modified method using biotin

3 March 2014 | Volume 9 | Issue 3 | €90936
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Figure 3. Evaluation of cell p tion and apoptosis in the HO-1 tr i d to I h ia. (a) PCNA (green)

yPp!
immunostaining on Day 3. (b) Quantification of PCNA immunopositive cells, Five high powered fields were counted in each lung. Each group had 3
samples, and values are expressed as a ratio to air and are the mean * SEM. ¥, p<0.05 vs WT. (c) Quantification of cleaved PARP protein levels in HO-1
transgenic mice exposed to 3-day hyperoxia on Day 7. Values are the mean = SEM of 3 determinations in each group. **, p<0.01 vs WT.

doi:10.1371/journal.pone.0090936.g003

amplification and a commercial kit (Tyramide Signal Amplification
System, PerkinElmer, Waltham, MA). Sections were incubated
overnight at 4°C with anti-HA {clone 16B12; Covance, Richmond
CA), biotinylated ant- proliferating cell nuclear antigen (PCNA)
(PC10: ab29, Abcam, Cambridge, UK), anti-pro-SP-C (AB3786,
Millipore, Temecula, CA), anti-vimentin (Clone LN-6, Sigma-
Aldrich, Saint Louis, MO), anti-alpha-smooth muscle actin (o
SMA; clone 1A4, Sigma-Aldrich, Saint Louis, MO), and anti-CD45
(clone 30-'11, BD Biosciences, San Dicgo, CA).

Immunoprecipitation

Nuclear extracts from the WT or Nuc-HO-1-TR lung were
prepared using the NE-PER Nuclear and Cytoplasmic Extraction
Kit (Pierce, Rockford, IL). Immunoprecipitation was performed
using anti-HA antibody conjugated 1o agarose beacls (HA Tag 1P/
Co-IP ki, Pierce, Rockford 1L). Briefly, tissuc lysates were transferrect
to spin columns and anti-HA agarose beads were added followed by
overnight incubation at 4°C.. The columns were spun to remove the
tssuc lysate, and the beads were washed. The immunoprecipitated
proteins were cluted and western blotting was performed.

Assessment of Respiratory Mechanics
Eight-week-old mice were anesthetized, tracheostomized and
connected via the endotracheal cannula to a flexiVent system

PLOS ONE | www.plosone.org

(SCIREQ Inc., Montreal, Canada). Inspiratory capacity,
tance, compliance, clastance, tissue damping, and tissue clastance
were caleulated.

Magnetic Resonance Imaging (MR!)

MRI was performed on 4-week-old mice. MRI images were
obtained with a 7 Tesla ClinScan animal scanner (Bruker,
Eulingen, Germany) running the Syngo acquisition software
(Siraens, Malvern, PA). The lung was outlined in all coronal
planes with a computer-assisted free-outline technique on images
and the volume was calculated with the Vitea Enterprise
SuiteTM software (Vital Image, Minnetonka, MN).

Chemotactic Invasion of HO-1 Stably Infected HO-1 Null
Mouse Embryonic Fibroblast (MEF) Cells

A 0.5% solution of low-melting point agarose (Invitrogen,
Carlsbad, CA) was made by boiling with PBS. The solution was
coaled 1o 40°C, and mixed with either PBS alone or epidermal
growth factor (EGT) heing in a solution of 0.09 ug/100 pl. Ten-
microliter spots of agarose containing EGF were spotted onto the
slides and allowed to cool and 3x10% cells were fed onto the
plates containing the slides in the presence of media with 10% fetal
call serum (FCS) and allowed to adhere for 4 h. Cells were trans-
ferred into cell culture media with 0.1% FCS and incubated for 7
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hours at 37°C. The slides were then viewed under coufocal
microscope.

Statistical Analysis

Values were the mean ® standard error of the mean (SEN) of
separate experiments, For comparison between treatment groups,
the null hypothesis that there is no difference between treatment
means was tested by unpaired t-test for two groups. A p value <
0.05 was considered significant.

Results

Expression and Localization of HA-tagged HO-1 in the
Lung

Three transgenic lines overexpressing HO-1-FL{H), HO-1-
FL(L), or Nuc-HO-1-TR were [urther characterized (Fig. tc).
Fluorescence microscopy verified cytoplasmic and nuclear HA
staining of alveolar epithelial cells in the HO-1-FL and Nuc-HO-
1-TR, respectively (Fig. 1d).

Determination of the Enzymatic Activity of Lung HO-1

Total HO activity in HO-1-FL{H) was 4 times higher than that
in wild-type (V HO activity was no different in the Nue-HO- -
TR and HO-1-FL(L) compared with WT despite enhanced (2 fold
increased) HO-1 protein (Fig. lc).
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in lung homogenates from 3 day old (b}, 14 days old {c}, and 8

Alveolar Development is Impaired after Hyperoxia and
Recovery

In air, the WT developed well-organized terminal airways. In
contrast, exposure of WT newborn mice w0 3-day hyper
impaired alveolar development, resulting in alveolar simp!
{Iig. 2a) and RAC were significantly reduced (Fig. 2b). Nuc-HO-1-
TR, HO-1-FIAL), and HO-1-FL{H} showed reduced RAC af
days of hyper g 2b). When WT were exposed o hypers
for 3 days then allowed 1o recover in room air for 11 days, they
had significantly decreased RAC, compared to their normoxic
counterparts (Fig. 2b-dj, whereas, despite worsened RAC after
acute hyp! ia, the HO-1-FI{L) had significanty improved RAC
after room air recovery compared with the similarly exposed WT
(Fig. 2d). In contrast, neither the Nuc-HO-1-TR or the HO-1-
FL{H) showed improved RAC after an 11-day recovery.

HO-1-FL(H) Exhibit Thickened Alveolar Walls with
Hypercellularity when Recovering from Hyperoxic Injury
Hyperoxia-exposed WT exhibited a decrease in alveolar wall
thickness at 3 days of age (not shown) and o equent iner
7 days of age compared with the normoxia exposed conwrols
(Fig. 2e). Similarly, HO-1-FLiL} demonstrated reduced alveolar
wall thickness after hyperoxia (not shown), but did not exhibit
increased wall thickness durin; . In conrast, HO-
1-FL{H) had per: ased alveolar wall thickness with
hypercellularity during hyperos 2a,e).

a and recovery {
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HO-1-FL{H) Demonstrate Increased Lung Cell
Proliferation and Decreased Apoptosis after Hyperoxic
Exposure
To understand whether inereased alveolay wall thickness in HO-
1-FLH} was due 1o ahered cellular proliferation and/or apopo
immunohistochermical stining for PONA, a general marker of ee
prolfiferation, and western blovanalysis for cleaved PARP, a marker
of apoptosis [29], were used. In W, Nue-HO-
5, after hyperodc exposure, the number of PUNA-p
decreased. However, this was not the case in the HO-1-FLG
Sa,by. Furthermore, HO-1-FL{H) had less apoptosis after
exposure 10 3 day hyperoxia compared 10 WT { 3.

HO-1-FL{L) have Decreased Evidence of Oxidative Injury

after Hyperoxia and Recovery
Since HO-1 &5 an antioxidant molecule [30], we verified
whether overexpression of HO-1 modulated m of oxidative
As expected, tnereased protein carbonylation was observed
W after 3-day hyperoxia {Fig. 4a, lane 2), whereas HO-1-
FLL) exhibited a marked decrease in lung oxidized proteins after
g, da, lanes 2

exposure compared with W
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Aduit Nuc-HO-1-TR Exposed to Hyperoxia as Neonates
have Persistent DNA Damage

A known consequente of hyperoxia is DNA oxidative damage
131]. Whereas neonatal mice wpmmﬁ 16 hyperoxia had increased
g DNA fragmentation, which persisted for up © 2 weeks
bl This resolved by adulthood in all groups {

it L b
& qn{ for the Nuac-HO-1-TR, which had increased fung DNA
fragmentation at 1 days of age compared with other wransgenic
lines and persistence inio adulthood Fig. 4o,di

HO-1-FUH) Exposed to Hyperoxia as Neonates have
Thickened Alveolar Walls and Abnormal Alveolar Type il
Cell Profiferation

The increased cell tferaton and decreased ag is in the
lung after hyperoxia could explain the hypercellularity and
thickened alveolar walls seen in HO-1-FL{H). In fact, the HO-1-
FLH) had significandy increased HA-positive eells in the lung
after hyperoxia compared 1o other groups (I by and reglons
of thickened alveslar walls and hypercellularity compared with
W and the other 2 transgenic Hnes {Fig. 2a,¢). Using cell specific
amibodies, we verified that there was no increase in fibroblasts,
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myolibroblasts, and inflammatory cells in HO-1-FL{H). However,
increased numbers of alveolar type 11 cells were identified in the
thickened alveolar walls of the HO-1-FL{H) (Fig. 5¢) and co-
localization of anti-pro-SP-C and anti-PCNA immunofluorescent
staining was observed (Fig. 5d). In addition, the accumulatdon of
type 11 cells was not diffuse but focal.

Nuc-HO-1-TR show Increased PARP and Decreased PAR
Hydrolysis during Recovery from Hyperoxia

An important mediator of DNA repair is PARP. We have
previously shown that PARP binds to nuclear HO-I in witro {23].
Therefore, the relationship between Nuce-HO-1-TR and PAR-
related proteins was investigated. Total PARP protein levels were
increased in Nuc-HO-1-TR during recovery [rom hyperoxia
compared with WT {Fig. 6a) and PARG did not hydrolyze PAR in
Nuc-HO-1-TR (Fig. 6b) in contrast to WT, HO-I-FL(L), and
HO-1-FL{H). Furthermore, PARG was pulled down with HA-
tagged nuclear HO-1, suggesting that nuclear HO-1 also binds
PARG (Iig. 6¢). This binding may limit PARG-mediated PAR
hydrolysis leacling 10 its accumulation,

Nuc-HO-1-TR and HO-1-FL(H) Exposed to Hyperoxia as
Neonates have Diminished Pulmonary Function in
Adulthood

Indices of pulmonary function were assessed in the mice
exposed o hyperoxia as neonates at 8 weeks. In HO-1-FL(H)
exposed 1o inspiratory capacity and compliance were

PLOS ONE | www.plosone.org

decreased, whereas re: nce, clastance, tssue clastance, and
dssue damping were increased compared o WT, and exposure 1o
hyperoxia adversely aflected these parameters (Fig. 7a). Consistent
with the improved RAC seen at 2 weeks in HO-1-FI{L), neonatal
hyperoxic exposure did not change pulmonary function in this
group. Nuc-HO-1-TR had increased compliance and decreased
clastance compared o WT (Fig. 7a).

HO-1-FL(H) have Pulmonary Densities on MRI

Although exposure o hyperoxia as neonates resulted  in
inc 1 total lung volume as quantified [rom MRI digital stacks
(not shown), there were no statistical differences in total lung
volume between cach group. Nevertheless, the 4 week old HO-1-
FL(H) exposed to 3-day hyperoxia as nconates had increased
pulmonary densitics on MRI (Fig. 7bc).

HO-1-FL(H) Exposed to Hyperoxia as Neonates Show
Evidence of Abnormal Cell Proliferation as Adults

To understand what conuibuted 10 the pulmonary densitics
seen on MRT in HO-1-FL{H), we re- ed lung histology in all
groups at 8 weeks. Only the lungs of HO-1-FL(H) exposed to
hyperoxia as neonates showed abnormal multinucleated intra-
alveolar without evidence of inflammation or fibrosis (Fig. 8a).
Since an association between HO-1 abundance and/or nuclear
localization and tumor cell proliferation has been implied
{21,32,33], we assessed the lung tissues and homogenates in all
groups for markers of wmorigenesis [34] at 8 wecks. Neither
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'y mechanics in 8 week old HO-1 transgenic mice exposed to hyperoxia as

neonates, Inspiratory capacity, resistance, compliance, elastance, tissue elastance, and tissue damping, were measured. Values are the mean £ SEM of
3 separate determinations in each group. *, p<<0.05; ** vs normoxia; p<<0.01 vs normoxia; T, p<0.01 vs WT. (b, ¢} Lung MRI in 4 day old HO-1
transgenic mice exposed to hyperoxia as neonates. (b) Percent ratio of lung density to total lung volume calculated using the Vitrea software after
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are no statistical differences among groups. (c) Representative transverse, coronal, and three-dimensional reconstruction images of HO-1-FL(H) lungs
exposed to 3-day hyperoxia as neonates. Dotted line outline the lung density.
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EGFR nor phosphorylated  (p}-ERK  immunoreactivity  was
clevated in WT, HO-1-FL{L), or HO-1-FL{H), but p-ERK was
increased in Nnc HO-1-TR. To lurther test whether localization
or abundance of HO-1 promotes tumorigenesis during repair from
hyperoxia, migration of HO-1 null MEF cells stably infected with
HO-1-FL or Nuc-HO-1-TR ¢DNAs towards a solution of low-
melting point agarose containing PBS with or without EGF was
documented. Both HO-1-FL. and Nuc-HO-1-TR MEF cells
exhibited migration towards agarose with EGI although this was

vident in Nuc-HO-1-TR (Fig. 8d). In corroboration, Nuc-
-IR cell had increased abundance of the EGFR (g, 8e).

data suggest that nuclear HO-1 promotes tumor-like
behavior i witro,

Discussion

Although hyperoxia is not found in nature, it is common in the
clinical seting and adaptive responses exist to this challenge.
Induction of HO is observed in adult rodents exposed to hyperoxia
and is thought to be cytoprotective [8]. However, lung HO-1 is
not induced in similarly exposed neonatal mice [9]. Furthermore,
neonatal mice have increased nuclear localization of lung HO-I in
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hyperoxia and adults do not [23]. We have previously demon-
strated that despite beneficial eflects of HO-1 at low levels of
expression, there was a reversal of cytoprotection with increased
HO-1 expression i vitro [13], indicating a beneficial threshold of
HO-1 overexpression. Ours is the first report demonstrating that
the degree of HO-1 over n and intracellular localization
alters its cyloprotective abilities in zivo. We successlully generated
two HO-1-FL wransgenic mouse lines expressing HO-1 protein in
the lung at low and high levels, In addition, since localization of
HO-1 in the nucleus is associated with various cytoprotective
effects [22], lung-specific transgenic mice expressing HO-1 protein
in the nucleus were also generated. To simulate the clinical
circumstance, mice were exposed to hyperoxia for 3 days then
recovered in air. This model allows for an assessment of acute
injury as well as repair [35].

igni rease in FIO activity and similar levels
of arrested alveolarization, alveolar wall thinning, and decreased
alveolar cell proliferation than WT afier 3 days of hyperoxi
1-FI(L) recovered completely from lung injury induce
neonatal hyperoxia by 14 days. This may be due to mitigation
of oxidative stress during the recovery period. The lack of long-
term adverse eflects on lung structure and pulmonary mechanics
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