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Abstract Objective The study aimed to evaluate the association between bronchopulmonary
dysplasia (BPD) development at 36 weeks’ postmenstrual age (PMA) and Gram-
negative bacteria in tracheal aspirate cultures among extremely preterm infants.
Study Design This study has a retrospective cohort. Patients were 155 infants aged
less than or equal to 26 gestational weeks who were admitted to the neonatal intensive
care unit of Osaka Women’s and Children’s Hospital from 2009 to 2018. Primary
outcome was respiratory outcomes expressed as BPD development.
Multivariable logistic regression analysis was used to identify neonatal and bacterial
factors associated with BPD.
Results After adjusting for gestational age, birth weight, sex, chorioamnionitis,
Gram-positive cocci (GPC) and Gram-negative rods (GNRs) in tracheal aspirate cultures
within 28 days after birth, GNRs were significantly associated with BPD development
(odds ratio [OR]: 3.88, 95% confidence interval [CI]: 1.68–8.94). In contrast, GPCs were
not associated with BPD development (OR: 0.47, 95% CI: 0.05–1.61).
Conclusion Gram-negative bacteria in tracheal cultures within 28 days of birth are
associated with BPD development in infants aged less than or equal to 26 gestational
weeks.

Key Points
• BPD is a factor for morbidity in extremely preterm infants.
• Respiratory infection is an adverse outcome of BPD.
• GNRs in tracheal cultures soon after birth disturb BPD development.
• GPC was not associated with BPD development.
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Bronchopulmonary dysplasia (BPD) is a common complica-
tion associated with short- and long-term morbidity in
extremely preterm (EP) infants.1,2 A survey of very low-
birth-weight infants performed by the Neonatal Research
Network of Japan showed that the incidence of BPD remains
unchanged despite advances in perinatal medicine.3

Although the mechanism of BPD development remains
unclear, it is related to prematurity, inflammation, and lung
injuries such as ventilator-associated lung injury and oxygen
toxicity.4,5Among these factors, lung inflammationmaybethe
central mechanism of BPD development. Stoll et al6 reported
that postnatal infections were associated with the develop-
ment of neonatal complications such as BPD, severe intraven-
tricular hemorrhage (IVH), periventricular leukomalacia, and
poor growth. Among various inflammatory triggers, bacterial
colonization or infection have been implicated. Proteolytic
degradation of elasticfibers caused by lung infection is signifi-
cant in impaired lung development in BPD.7

The respiratory tract in preterm infants was once consid-
ered sterile at birth. However, 16S rRNA genetic sequencing
has shown that airways are not sterile and are colonizedwith
diverse bacterial species within the first 72 hours of life.8,9

Reduced diversity in the airway microbiome is associated
with BPD development, leading to characterization of the
pulmonary and airway microbiomes at birth.8,10 After pro-
longed ventilation of more than 2 weeks, the airway micro-
biome includes less normal flora and higher proportions of
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Staph-
ylococcus aureus.9

Colonization by Gram-negative rods (GNRs) in tracheal
aspirate cultures has been associated with greater BPD
severity in preterm infants.11 Several observational studies
showed that potentially pathogenic GNRs become more
prevalent in the airway as the mechanical ventilation dura-
tion increases.12 Presence of GNRs compared with Gram-
positive cocci (GPC) in bronchoalveolar lavage samples of
BPD infants is associated with high-fluid levels of proinflam-
matory interleukins.13 The appearance of these interleukins
clearly indicates inflammation, which is one cause of BPD.

However, few data exist on the association between GNRs
in tracheal aspirate cultures and adverse pulmonary out-
comes among BPD infants. In addition, even EP infants tend
to undergo early extubation, making it difficult to collect
tracheal aspirate cultures in good time. We hypothesized
that GNRs in tracheal aspirate cultures within 28 days after
birth are associated with BPD development in infants aged
less than 26 gestational weeks.

Patients and Methods

Study Design
This retrospective cohort study included EP infants born at
Osaka Women’s and Children’s Hospital (Osaka, Japan) who
were admitted to the hospital’s neonatal intensive care unit
(NICU) between July, 2009 and December, 2018. Infants who
hadmajor congenital anomalies, were outborn or transferred
to another hospital before discharge, died before 36 weeks’
postmenstrual age (PMA), and were extubated before day 28

or never intubated were excluded. The institutional ethics
committee of our center approved the study protocol
(no.1430). Infants born at 27 gestational weeks of age were
almost excluded, that is, they were extubated before 28 days
after birth (41/58, 71%). This study was a retrospective chart
review, so informed consent was not required.

Outcomes and Perinatal Factors
The primary outcomes were BPD at 36 weeks’ PMA. BPD was
defined based on the requirement for oxygen or continuous
positive airway pressure at 36 weeks’ PMA. The outcome of
supplemental oxygen use at discharge included infants who
received oxygen via nasal cannula after developing hypoxia
during the work of breathing and oral feeding after 37 weeks’
PMA. In our institution, hypoxia episodes were defined as a
persistently lower SpO2 value than the target SpO2. The target
SpO2 range wasmaintained at 90 to 95%within the first week
of life and at 88 to 95% from 1 to 36 weeks’ PMA. Work of
breathing is definedas an increased respiratoryworkloadwith
signs of respiratory distress such as an increased respiratory
frequency and retraction. After 34 weeks’ PMA, if an infant’s
condition becamestronger and the coordinatedmovements of
breathing, sucking, and swallowing were judged to be estab-
lished, oral feeding of the child was instructed.

Secondary outcomes were oxygen use at discharge, days
onmechanical ventilation and supplementaryoxygen during
hospitalization in the neonatal intensive care unit.

Demographic factors and other clinical data were collect-
ed from the mothers’ and infants’ discharge summary
reports andwere confirmed by a detailed chart review. Small
for gestational age (SGA) was defined as birth weight (BW)�
�1.5 standard deviations. For weight increase, we used the
Japanese neonatal charts for gestational age at birth.14

Surfactants administered within 28 days of age were only
defined as the presence or absence of the surfactant, regard-
less of the number of times it was administered. Symptom-
atic patent ductus arteriosus (PDA) requiring surgical
intervention was defined as PDA with hemodynamically
significant symptoms (e.g., increased pulse pressure, re-
duced urine output, and/or prerenal renal failure). Indo-
methacin or ibuprofen was used for medical treatment of
symptomatic PDA. If the PDA remained symptomatic despite
repeated courses of medication (i.e., �3 courses) or if the
infant exhibited complications due to medication, surgical
ligation was performed. Necrotizing enterocolitis (NEC) was
defined as Bell classification stage II or greater.15 Severe IVH
was defined in accordance with Papile classification as grade
III or IV.16 Blood transfusion was defined as a transfusion of
red blood cells. Sepsis was indicated by a positive culture for
bacteremia or fungemia. Diagnosing ventilator-associated
pneumonia (VAP) during the neonatal period is a very
difficult task. Therefore, we diagnosed VAP by the presence
of fever, purulent tracheal secretions, blood leukocyte count,
and abnormal shadows on chest X-rays. Cases meeting the
above criteria were extracted as VAP. At our institution, we
administered cefotaxime (CTX)þ amikacin (AMK) for sus-
pected sepsis, and prophylactically administered cefazolin
(CEZ)þAMK for 3 days in cases where the gestational age
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(GA) was less than 26 weeks. Airway disease was defined as
tracheomalacia, subglottic stenosis, or glottic stenosis, diag-
nosed via tracheoscopy for cases in which extubation or
tracheal intubationwere difficult. The duration of antibiotics
usewas defined as the number of days of antibiotics use prior
to the first detection of any positive culture, because we
generally use antibiotics to treat preterm infants of less than
or equal to 26 weeks’ GA.

Definition of Tracheal Aspirate Cultures
Infection surveillance for bacterial colonization is performed
routinely for infantshospitalized inourneonatal intensive care
unit (NICU). Tracheal aspirate cultures were obtained from
birth to the last extubation once weekly. Briefly, 0.5mL of
sterile 0.9% saline was instilled via endotracheal tube, which
followed by three to five ventilator breaths. For EP infants, a
size of 5 or 6 French sterile suction catheter was inserted to
0.5 cm below the end of the endotracheal tube, and secretions
were suctioned into an attached sterile specimen trap as the
catheter was slowly withdrawn. No samples were obtained
after extubation. Clinical laboratory technologists at the bac-
terial laboratory at Osaka Women’s and Children’s Hospital
evaluated all samples for bacterial colonization type. Tracheal
cultures were considered early-positive when they contained
some microbiome at least once within 28 days after birth.
GNRs were defined as K. pneumoniae, K. oxytoca, Escherichia
coli, Enterobacter cloacae, Acinetobacter baumannii, P. aerugi-
nosa,Neisseria, and Serratia marcescens. GPCs were defined as
Staphylococcus spp., Group B Streptococcus, Enterococcus,
Corynebacterium, and Bacillus. S. aureuswas tested for methi-
cillin susceptibility, such as methicillin-susceptible S. aureus
and methicillin-resistant S. aureus (MRSA). Fungi in the
tracheal cultures were Candida albicans, C. glabrata, and C.
parapsilosis. We also investigated the association between the
timing of GNR-positive cultures and BPD.

Statistical Analysis
Asamplesizeof72patients foreach studygroupwasoriginally
calculated to be sufficient for detecting an assumed reduction
in severe BPD from90% in theGNR-positive group to 70% in the
GNR-negativegroupwith80%powerbya two-sided testwitha
5% significance level. Between-groups comparisons were per-
formed on the baseline characteristics and outcomes. Fisher’s
exact test was used for categorical variables and the nonpara-
metric Mann–Whitney U test was used for continuous varia-
bles. Data are presented as medians (interquartile range) or
numbers (%). Multivariable logistic regression analysis was
used to identify neonatal factors associated with GNRs in
tracheal cultures within 4 weeks. The potential risk factors
andpredictors assessed in thepresent studywereGA, sex, SGA,
antenatal steroids, and infections with GPC within 4 weeks
after birth and GNRswithin 4weeks after birth. Datamanage-
ment and statistical analyses were performed by using R
statistical software, version 3.4.1 (R Foundation for Statistical
Computing, Vienna, Austria). All reported p-values are two-
sided; p <0.05 was considered statistically significant.

Results

Population Characteristics
A total of 243 infants born at 22 to 26 gestational weeks were
admitted to the NICU between July 1, 2009 andDecember 31,
2018. Of these, 155 (63.8%) met the criteria for study inclu-
sion. However, 88 infants were excluded because they had
congenital anomalies (n¼15), were outborn or transferred
to another hospital (n¼6), died within 36 weeks’ PMA
(n¼26), were not administered ventilator management
(n¼1), or were extubated before day 28 (n¼66). The num-
bers of exclusion add up to more than the number of infants
excluded, which is because some infants had more than
one reason. Of the 155 infants enrolled, 73 (47.1%) were

Fig. 1 Flow chart of patient enrollment.
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GNR-positive, and 82 (52.9%) were GNR-negative (►Fig. 1).
About 12 (7.7%) were both GPC- and GNR-negative. All 155
infantswere of Japanese ethnicity, and the respectivemedian
GA and BW values were 24.5 weeks (23.5–25.5 weeks) and
615 g (542–743g) in the GNR-positive group and 24.5 weeks
(23.5–25.6 weeks) and 647 g (550–774g) in the GNR-nega-
tive group. Perinatal factors, defined as GA, BW, sex, Apgar’s
scores at 1 or 5minutes, SGA, use of antenatal steroids,
history of chorioamnionitis, use of surfactant, PDA requiring
ligation, incidence of NEC, severe IVH, and sepsis, did not
significantly differ between the groups (►Table 1).

Pulmonary Outcomes
Tracheal culture data were obtained from the laboratory
once weekly and averaged five times from birth to day 28.
BPD at 36 weeks’ PMA was significantly greater in the GNR-
positive group than in the GNR-negative group (62/73 cases
[88%] vs. 51/82 cases [62%], p¼0.001; ►Table 2). Compared
with the GNR-negative group, the GNR-positive group spent
more days on mechanical ventilation (52 days [36–64] vs.
37 days [24–54], p¼0.04) and supplementary oxygen (82
days [53–126] vs. 54 days [29–97], p¼0.01), but the per-
centage of O2 use at discharge did not differ (31 cases [42%]
vs. 27 cases [33%], p¼0.21;►Table 2). These differenceswere
not observed for infants with GPCs in their tracheal cultures
(►Supplementary Table S1 and S2 [available online only]).
Regarding airway diseases, the GPC-positive group had

significantly more airway lesions than did the GPC-negative
group, but this was not associated with GNRs. MRSA was
detected within the first month of life in all cases that
exhibited airway disease. We also found no association
between the timing of a positive culture and BPD (BPD:
21 days [14–28] vs. no BPD: 14 days [7–22], p¼0.11). There
was no association between GNR detection and the duration

Table 1 Characteristics of extremely preterm infants born at a level III neonatal intensive care unit with or without Gram-
negative rods in the airway microbiome

GNR-positive
(n¼73)

GNR-negative
(n¼82)

p-Value

Gestational age, wk 24.5 (23.5–25.5) 24.5 (23.5–25.6) 0.26

Birth weight, g 615 (542–743) 647 (550–774) 0.30

Small for gestational age (� �1.5 SD) 11 (15) 13 (11) 0.63

Male 30 (41) 41 (50) 0.19

Apgar’s score at 1min 3.0 (2–4) 3.5 (2–5) 0.42

Apgar’s score at 5min 6 (5–8) 7 (5–7) 0.73

Antenatal steroids 53 (73) 62 (76) 0.72

Chorioamnionitis 45 (62) 43 (52) 0.33

Surfactant use within 28 d after birth 62 (84) 90 (81) 0.83

PDA requiring ligation 17 (23) 13 (16) 0.31

NEC 4 (5) 10 (5) 1.00

Severe IVH 3 (4) 10 (12) 0.09

Transfusion of RBCs 58 (79) 62 (76) 1.00

Sepsis 2 (3) 4 (5) 0.43

VAP 4 (5) 3 (4) 0.45

Fungus in tracheal culture 7 (9) 7 (9) 0.91

Airway disease 4 (5) 4 (5) 0.45

Postmenstrual corrected age at discharge 39.3 (37.0–43.2) 41.0 (39.2–43.3) 0.01

Days using antibiotics before positive culture 4 (3–6) 4 (3–6) 0.99

Abbreviations: GNR, Gram negative rod; IVH, intraventricular hemorrhage; NEC, necrotizing enterocolitis; NICU, neonatal intensive care unit; PDA,
patent ductus arteriosus; RBCs, red blood cells; VAP, ventilator associated pneumoniae.
Note: Data are expressed as the median (interquartile range) or number (%).

Table 2 Development of bronchopulmonary dysplasia with
or without Gram negative rods in the airway microbiome

GNR-positive
(n¼ 73)

GNR-negative
(n¼ 82)

p-Value

BPD at 36 weeks’
PMA

62 (88) 51 (62) 0.001

O2 use at
discharge

31 (42) 27 (33) 0.21

Days on
mechanical
ventilation (d)

52 (36–64) 37 (24–54) 0.04

Days on
supplementary
oxygen (d)

82 (53–126) 54 (29–97) 0.01

Abbreviations: BPD, bronchopulmonary dysplasia; PMA, postmenstrual
corrected age.
Note: Data are expressed as the median (interquartile range) or number
(%).
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of antibiotic administration, which amounted to 4 days (3–6)
in the GNR-positive group and 4 days (3–6) in the GNR-
negative group.

Univariable analysis showed that BPD at 36 weeks’ PMA
was significantly associatedwith a lower GA, andmore GNRs
in the tracheal cultures within 4 weeks after birth. After
adjusting for GA, sex, SGA, antenatal steroids, GPCs within
4 weeks after birth and GNRs within 4 weeks after birth, BPD
at 36 weeks’ PMA was significantly associated with a higher
frequency of GNRwithin 4weeks after birth (odds ratio [OR]:
2.51, 95% confidence interval [CI]: 1.10–5.77) and lower GA
(OR: 0.93, 95% CI: 0.88–0.97; ►Table 3).

Discussion

In the present study with retrospective cohort, GNRs in
tracheal cultures within 28 days after birth was significantly
associated with BPD development in infants aged between
22 and 26 gestational weeks. Early GNRs detection was
associated with BPD at 36 weeks’ PMA and a longer duration
of mechanical ventilator management and supplementary
oxygen. These results are consistent with previous studies
involving traditional covariate adjustment in regression
models.17 In the full cohort from this study, GNRs in the
tracheal cultures were not associated with neonatal compli-
cations such as SGA, chorioamnionitis, surfactant use, PDA,
NEC, severe IVH, or sepsis. Respiratory factors were associ-
ated with GNRs but not with oxygen administration at
discharge. Univariable analysis (►Table 1) showed that the
corrected age at discharge was significantly later in the
GNRs-positive group. This could be due to high demand for
supplementary oxygen at 36 weeks’ PMA.

In the present study, tests for bacteria in tracheal cultures
were 92.3% positivewithin 4weeks after birth among infants
of less than or equal to 26 weeks’ GA, which is consistent
with previous reports. Cordero et al found airway coloniza-
tion in over 80% of infants aged <27 gestational weeks who
were intubated for �2 weeks.18 Lel et al reported that the
airway microbiome at birth among extremely low birth-
weight infants showed Firmicutes, Proteobacteria Bacter-
oides, Acinetobacter, and Tenericutes (including Ureaplasma
spp.) on the first day of life.10 Several studies found that the

GNRs in tracheal cultures became more frequent as the
mechanical ventilation duration increased.19 We also found
that P. aeruginosawas detected within the first month of life
in 6.5% of infants aged <26 gestational weeks, which is
consistent with a previous report stating that detection of
P. aeruginosa is uncommonwithin this period.8 In our study,
we found that 9% infants which was detected fungus within
4weeks after birth in both GNR positive and negative groups.
This suggests that our patients were very premature infants,
who are more susceptible to fungal infections, which is one
of their complications. We did not administer prophylactic
antifungal agents.

The etiology which GNRs makes BPDworse was indicated
in several previous reports. Infective microorganisms and
their products can stimulate proinflammatory cytokine pro-
duction; the frequency of sepsis 7 days after birth differed
significantly between infants with and without BPD.6 GNRs
were also more strongly associated with worsening respira-
tory symptoms and festering airway secretions. Lipopolysac-
charide, the main component of the GNR outer membrane,
causes inflammation in immature lungs and airways, which
can lead to BPD development.20 Specifically, P. aeruginosa
secretes various factors, such as catalase, proteases, hemoly-
sin, and exotoxins, which cause irreversible damage to
alveolar cellularmembranes.21More proinflammatory inter-
leukins in the alveolar fluidwere found in caseswith GNRs in
the airways than in those with GPCs in the airways.13 The
results of the present study require careful interpretation.
Whether eradicating GNRs will reduce the incidence of BPD
remains uncertain because, our results do not clearly distin-
guish the effects of colonization and invasive infection in the
lungs of the premature infants we investigated.

In our study, detection of GPCs in the early postnatal
period was not significantly correlated with BPD develop-
ment. However, several reports contradict our results.
Corynebacterium spp., classified as GPCs, were associated
with severe BPD in EP infants, andmore likely to be present in
severe BPD infants who underwent longer durations of
endotracheal ventilation.22 In our study, MRSAwas detected
within the first month of life in all cases with airway disease.
Suzumura et al showed that infection within 14 days of
intubation was considered a risk factor for acquired

Table 3 Multivariable logistic regression analysis used to estimate the predictive power of independent variables for adverse
outcomes of bronchopulmonary dysplasia at 36 weeks’ postmenstrual age

Crude Adjusted

Odds ratio 95% CI p-Value Odds ratio 95% CI p-Value

Gestational age, wk 0.93 0.89–0.97 0.005 0.93 0.88–0.97 0.01

Male 0.83 0.42–1.63 0.58 1.23 0.56–2.71 0.61

Small for gestational age (� �1.5 SD) 0.45 0.18–1.11 0.09 0.66 0.21–2.07 0.48

Antenatal steroids 1.42 0.17–5.01 0.17 1.95 0.31–6.42 0.11

GPCs within 4 wk 0.61 0.16–2.34 0.47 0.25 0.05–1.61 0.09

GNRs within 4 wk 1.79 1.14–2.82 0.01 2.51 1.10–5.77 0.03

Abbreviations: CI, confidence interval; GNR, Gram-negative rod; GPC, Gram-positive cocci; PMA, postmenstrual corrected age; SD, standard
deviation.
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subglottic stenosis in neonates intubated for >14 days.23

Infants under mechanical ventilation develop airway dis-
eases due to MRSA airway infection. These are considered to
be caused by endotoxins and epidermal cell differential
inhibitors that interfere with tracheal epidermal repair.24

Bacteria that contribute to BPD development are not only
limited to the presence of GNRs; there is a broad bacterial
diversity in tracheal cultures. Evidence suggests that the gut
microbiota systematically influences immunity and inflam-
mation, including in the lungs.25 The respiratory tract was
previously considered sterile.26 Advent of 16S rRNA genetic
sequencing overcame the limitations of culture-based stud-
ies.27 Using this technique, Laumann et al8 found that
postnatal dysbiosis with decreased Lactobacillus, and in-
creased Proteobacteria was associated with BPD develop-
ment in premature infants compared with that in EP infants
with and without BPD. These authors also reported that
microbial communities at the phylum level showed in-
creased relative abundances of Firmicutes and decreased
Proteobacteria over time in infants with BPD. Lal et al
reported the opposite result in that the airway microbiome
after BPD diagnosis was characterized by increased Proteo-
bacteria and decreased Firmicutes and Fusobacteria com-
pared with those of full-term infants. 16S rRNA sequencing
has shown that reduced diversity in the airway microbiome
is associated with BPD development.8 Thus, efforts are being
accelerated to characterize the airwayand respiratorymicro-
biome at birth. A cross-sectional analysis of tracheal cultures
7 days after birth showed no associationwith BPD severity.28

Recent studies have reported little regarding host im-
mune responses. Ryan et al reported that RNA sequencing
and 16S rRNA gene sequencing to profile gene expression in
the blood and fecal microbiotas of preterm infants with or
without BPD revealed that the changingmicrobiota systemi-
cally influences immune gene expression.29 These data
suggest that changes in the gut microbiota may systemati-
cally influence immune gene expression.

This study had several limitations. First, this was a single-
center retrospective study without predefined protocols.
However, using data from a bacteriological laboratory en-
abled collecting precise microbiome data from all eligible EP
infants with no loss to follow-up. Second, supplementary
oxygen at discharge did not significantly differ between the
GNR-positive and negative groups, possibly because the
attending physicians lacked objective measures, such as
oxygen reduction tests, to measure the need for oxygen
administration before hospital discharge. Our data also
showed that the GNR-positive group had significantly fewer
PMA weeks at discharge, and these infants required longer
durations of ventilatory management and supplementary
oxygen, which may explain why durations of oxygen sup-
plementation did not differ at discharge. Third, the days
when mechanical ventilation was used were not calculated
as a covariant. The longer infants were kept on a ventilator,
themore likely tracheal aspirateswere collected and bacteria
were detected, and this increased the risk of developing BPD.
In this study, the GNR-positive group had a longer mechani-
cal ventilation time and supplementary oxygen time than

the GNR-negative group, which was a different outcome
from the GPC group. If a longer duration of ventilator use
was a risk for developing BPD, the same result would have
been expected for the GPC group, but as it did not, we
excluded it as a covariant in the present study. Finally, our
study only examined the tracheal microbiome via Gram-
staining and did not include Ureaplasma spp. Ureaplasma
spp. are significantly associated with pulmonary short- and
long-termmorbidity despite treatment with macrolide anti-
biotics.30 Ureaplasma spp. are susceptible to desiccation and
temperature change and cannot be Gram-stained because
they lack cell walls and cannot grow in normal media; thus,
they are difficult to separate and culture. At our institution,
detection of Ureaplasma spp. in infants with severe BPD was
investigated selectively in cases where the mother likely had
chorioamnionitis, but the data were insufficient to examine
the BPD severity. In the future, we should examine Gram-
stained bacteria while systematically examining their rele-
vance in the presence or absence of Ureaplasma spp.

The main strength of this study is retrospective collection
of tracheal aspirate samples obtained at regular intervals
during first month of life. Using that data, the association
between BPD and endotracheal cultures has been shown. In
the future, the use of molecular detection techniques instead
of cultures can identify previously unrecognized organisms
that are difficult to culture, and quantify the absolute and
relative abundance of pathogenic species.

Conclusion

In this retrospective cohort study, Gram-negative bacteria in
tracheal cultures were associated with BPD development
within 28 days after birth for infants aged less than 26
gestational weeks. These findings were noted in the context
of widespread use of broad spectrum antibiotics for 72hours
and routine saline instillation for suctioning and sample
collection.
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