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Abstract
Bronchopulmonary dysplasia (BPD) continues to be a major pulmonary complication in very low
birth weight (VLBW) and extremely low birth weight (ELBW) survivors of neonatal intensive
care units (NICUs). Many factors including partial pressures of carbon dioxide (PaCO2) have been
implicated as possible causes. Permissive hypercapnia has become a more common practice in
ventilated infants, but its effect on BPD is unclear. The hypothesis of this study was that
hypercarbia is associated with increased BPD in infants with birth weights of 500–1,499 g. Nine
hospitals were involved in this observational cohort study. Maternal and infant information
including socio-demographics, antenatal steroids, gender, race, gestational age, birth weight,
intubation and ventilator status, physiologic variables and data on therapies were collected by
chart abstraction. SNAP scores were assigned. Candidate BPD risk factors, including cumulative
exposures derived from blood gas and ventilation data in the first 6 days of life, were identified.
Risk models were developed for 425 preterm infants who survived to 36 weeks post-menstrual
age. BPD occurrence was associated with the cumulative burden of MAP >0 cm H2O in the first 6
days of life (P < 0.0001). After adjustment for the burden of MAP, the occurrence of hypercarbia
(Paco2 >50 torr) was associated with a greater incidence of BPD (P = 0.024). Among 293
intubated, mechanically ventilated infants, those with hypercarbia occurring only when MAP B8
cm H2O, a scenario more comparable to permissive hypercapnia, also had increased BPD
incidence compared to infants without hypercarbia (P = 0.0003). Hypercarbia during the first 6
days of life was associated with increased incidence of BPD in these infants. Mechanically
ventilated infants with hypercarbia during low MAP also had a significant increase in BPD.
Permissive hypercapnia in ventilated infants needs further close review before the practice
becomes even more widespread.
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Introduction
Bronchopulmonary Dysplasia (BPD) continues to be a major pulmonary complication in
survivors of NICU among VLBW and ELBW infants [1, 2] The incidence of BPD at 36
weeks of post menstrual age of these infants varies from 4.5 to 36% [3]. BPD has been
associated with multiple factors including birth weight [3], male gender [3], respiratory
distress syndrome [4], mechanical ventilation [5–7] supplemental oxygen therapy [5–7] fluid
intake [6] and patent ductus arteriosus [8]. Some studies [9] suggest that a lower Paco2
associated with ventilator strategies may be a BPD risk factor. In 1987, Avery et al. [10]
found differences among centers in the incidence of chronic lung disease of prematurity.
Since then the ventilatory method least associated with complications for managing RDS in
premature infants has been debated. Permissive hypercapnia or hypercarbia (allowing Paco2
above 50–60 torr) became a more accepted approach in clinical practice [11–18].

The hypothesis of this study was that hypercarbia during the first 6 days of life would be
associated with increased BPD in infants with birth weights of 500–1,499 g in a multi-center
study. This study was a part of a larger protocol investigating the relationship of care
practices in NICUs. The Institutional Review Boards of all the participating institutions and
the National Institutes of Health approved the protocol.

Methods
As part of the National Institute of Health—District of Columbia (NIH-DC) initiative, nine
of the ten NICUs caring for low birth weight infants in DC agreed to collaborate in this
study. Eight of the NICUs provided acute care. The ninth provided only chronic care. The
acute care units ranged in size from 9 to 40 beds, staffed by 2–9 fulltime neonatologists, and
had admission volumes of 180–900 admissions per year. Four units were affiliated with a
university, five with residency programs, and three had neonatology fellows as well as
residents. Two of the eight acute neonatal units accept out-born infants; six accept only
inborn neonates.

Eligibility Criteria
Eligibility criteria for inclusion included the following: (a) live birth, with birth weight from
500 to 1,499 g; (b) birth to a DC resident; (c) care in a participating NICU or intermediate/
step-down unit; and (d) date of birth and date of first admission to a participating NICU
during the enrollment period. Exclusion criteria included: (a) neonates not expected to
survive due to extreme prematurity (<500 g and/or only comfort care given) or lethal
malformations; (b) neonates admitted after discharge to home; (c) deaths prior to 2 h of age;
and (d) infants transferred from a non-participating hospital after 24 h of age.

Data Collection
Data were abstracted from clinical records from October 1, 1994 through April 30, 1997.
Clinical data included maternal information (age, socio-demographics, prenatal care,
antenatal steroids, and multi-fetal gestation) and infant data. Birth data collected for infants
included gender, race, congenital malformations and gestational age (from medical records).
Additional infant data included delivery room status (birth weight, “small for gestational
age” (SGA) status, Apgar scores, mode of delivery), transportation status, and physiologic
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data required to compute the score for neonatal acute physiology (SNAP) (mean blood
pressure, heart rate, respiratory rate and temperature, blood gas data, blood chemistries and
blood counts, urine output, presence of seizures, apnea, and stool guaiac) [19]. In addition,
data on therapies and monitoring were collected for applying the neonatal therapeutic
intervention scoring system (NTISS) [20]. SNAP assesses severity of illness using the worst
recorded values of more than two dozen physiologic variables during the first 24 h of stay in
the NICU. NTISS uses 62 specific therapeutic and monitoring items during the first 24 h of
stay. Physiologic and NTISS data were collected daily for 216 consecutive infants; for 306
infants data were collected for every 7th day after the first week. Physiologic measurements
in the 2 h before death were excluded from data collected for SNAP scores.

Transfers between participating NICUs were tracked to provide a complete record of birth
hospitalization until death or discharge. Infants transferred to nonparticipating hospitals
were classified as survivors since these transfers only occurred for non-critical care reasons.
Infants reaching “boarder” status (i.e., retained in the hospital for nonmedical reasons) were
considered discharged. Infants remaining in hospitals at the end of the study were also
considered to have survived hospitalization.

General and site-specific data collection procedures were developed and documented in a
detailed operations manual. Each site designated a staff physician and a nurse to work on the
study. A team of registered nurses collected maternal and infant data following an in-depth
training period. Data were transmitted electronically to the study center each evening.
Sample completeness was assessed using NICU and delivery room logs.

Statistical Methods
Logistic regression models were used to assess whether longitudinal factors were associated
with BPD, after adjustment for baseline risk and severity of illness. The analyses were
restricted to inborn infants. BPD was operationally defined as the requirement for
supplemental oxygen at 36 weeks of post-menstrual age among those still alive [21]. Infants
born at gestational ages of 36 weeks or greater were excluded. Infants transferred to non-
participating hospitals prior to 36 post-menstrual weeks were excluded if they were
receiving supplemental oxygen when transferred. Infants discharged prior to 36 weeks were
considered not to have BPD, since none were receiving supplemental oxygen at the time of
discharge.

Candidate Risk Factors for BPD—Candidate baseline risk factors (measured at birth or
within the first 24 h after NICU admission) included birth weight, SNAP, gender, race
(black/non-black), antenatal steroids, SGA, and Apgar score <7 at 5 min. Longitudinal
factors (measured during the hospital course of the infant prior to 36 weeks post-menstrual
age) included: symptomatic patent ductus arteriosus (PDA); use of surfactant (yes/no); use
of indomethacin (yes/no); average intravenous fluid intake (ml/day) during the first 6 days
after admission; average dose of Intralipid (grams/kilogram/day) up to 36 weeks of post-
menstrual age; use of mechanical ventilation at any time during the first 6 days in NICU;
and area under (or above) the curve (AUC) for mean airway pressure (MAP); Fio2 >0.21
and >0.40; and Paco2 <35 and >50 torr in blood over the first 6 days after admission. The
longitudinal AUCs were computed using the trapezoidal rule [22], with interpolation to
replace missing values (see “Appendix” Fig. 2). For MAP, an AUC >0 is equivalent to the
use of mechanical ventilation in the first 6 days.

Development of Baseline Risk Adjustment for BPD—A baseline risk model for
BPD was developed using backward logistic regression, retaining variables with P < 0.15.
This liberal retention criterion was adopted to avoid potential under-fitting. Squared terms
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were examined for birth weight and SNAP and were also included if P < 0.15. The retained
variables were birth weight, SNAP (quadratic), gender, and Apgar score <7 at 5 min. The
risk model for BPD did not display significant lack of fit (P = 0.51, Hosmer–Lemeshow
goodness of fit test) [23, 24]. Discriminatory ability as quantified by the area under the
empirical Receiver Operating Characteristic (ROC) curve [25] was 0.766.

Baseline-Adjusted Associations Between Longitudinal Factors and BPD—The
baseline-adjusted association between BPD and each longitudinal factor was evaluated using
a logistic regression that included the longitudinal factor and the reduced set of baseline
factors as predictors.

Stepwise Selection of Longitudinal Factors—Longitudinal factors for which P <
0.15 for the baseline-adjusted association with BPD were included as candidates in stepwise
logistic regression modeling adjusted for baseline risk. Although both the AUCs for Fio2
>0.21 and Fio2 >0.40 were significant in adjusted testing, the AUC for Fio2 >0.40 was
retained to avoid co-linearity. To limit the number of predictors in stepwise modeling, the
baseline predictors were included in the form of a risk score using the linear combination
derived from the baseline risk adjustment model. Both forward and backward stepwise
approaches were employed, using P < 0.05 as the criterion for entry or retention as
appropriate. These approaches yielded identical results. Models used for inference were
comprised of the longitudinal variables selected by stepwise modeling plus the five
individual terms from the baseline adjustment model.

Descriptive statistics are presented as proportions or means and standard deviations.
Unadjusted comparisons between infants with or without BPD used the Pearson chi-square
test for categorical measures, Wilcoxon rank sum test for continuous measures other than
AUCs, and a 2 degree-of-freedom Wald chi-square for the AUCs. All P values for single
parameter hypotheses are two-sided.

Results
The initial cohort consisted of 552 infants. Thirty infants were excluded due to comfort care
only, deaths prior to 2 h of life, transfers from non-participating sites, and missing charts,
leaving 522 infants in the primary study cohort [26]. Since this analysis was restricted to
inborn infants, 29 infants transferred from non-participating hospitals within the first 24 h of
life were additionally excluded, leaving 493 infants. All inborn infants were admitted to
NICUs within 2.4 h of delivery. Exclusions based on the operational definition of BPD
included 64 deaths (13%) prior to 36 weeks post-menstrual age, three infants born after 36
weeks of gestation, and one infant on supplemental oxygen lost to follow-up prior to 36
weeks, leaving 425 infants for the analysis.

Mothers of these 36-week survivors were predominantly unmarried (78.5%), 12.9% were
less than 20 years old, and 18.1% had received no prenatal care. Illicit drug use was self-
reported in 31.4% of the mothers. Prolonged rupture of membranes was reported for 40.5%
of the mothers. Mothers of surviving infants who had been mechanically ventilated in the
first 6 days after admission were less likely to have received antenatal steroids than mothers
of infants not requiring mechanical ventilation (70.7% vs. 80.6%, P = 0.036). Differences
were not significant for any other factors.

The clinical and demographic data for these 425 infants are summarized in Table 1. Infants
who were mechanically ventilated in the first 6 days after admission tended to have smaller
birth weights and younger gestational ages, but were less likely to be SGA; were more likely
to have Apgar score <4 at 1 min and <7 at 5 min; and had higher SNAP and NTISS scores
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(P = 0.0038 for SGA; otherwise, P < 0.0001 for each). Seventy-four (17.4%) of the 36-week
survivors had BPD as defined by the requirement for supplemental oxygen at 36 weeks.

Table 2 provides the unadjusted association between BPD and baseline and longitudinal
factors considered as potential predictors. BPD infants tended to have smaller birth weights,
younger gestational ages, lower Apgar scores, and higher SNAP scores (P < 0.0001).
Longitudinal factors, including surfactant use, occurrence of symptomatic PDA,
indomethacin use, requirement for mechanical ventilation, use of postnatal steroids, 6-day
average fluid intake (ml/kg/day) and Intralipid intake (gm/kg/day), were all significantly (P
< 0.0001 for each) associated with BPD infants compared to non BPD infants.

Table 3 provides the unadjusted associations between BPD and 6-day longitudinal AUCs for
Paco2, Fio2 and MAP. The AUC values for hypocarbia (<35 torr), hypercarbia (>50 torr),
Fio2 (>0.21 and >0.40) and MAP were all significantly associated with BPD. The
percentages of AUC values = 0 were between 20 and 50%.

Table 4 presents adjusted tests of association with BPD for each longitudinal factor,
controlled for birth weight, SNAP, SNAP squared, gender (male) and Apgar score <7 at 5
min. The use of postnatal indomethacin and the occurrence of hypocarbia were no longer
significantly associated with BPD when controlling for these baseline factors. Infants with a
positive AUC for hypercarbia (Paco2 >50 torr) had a significantly greater incidence of BPD,
and the difference did not depend on the magnitude of the AUC. The risk of BPD
significantly increased as the magnitude of the MAP increased.

Table 5 shows the final model based on selection of longitudinal factors by the stepwise
process. Of the longitudinal factors, only the linear term for MAP (P < 0.0001) and the
increment in the intercept for hypercarbia AUCs >0 (P = 0.0078) were retained. Of the
baseline variables, only birth weight remained significant (P = 0.037) after controlling for
the MAP and hypercarbia AUCs.

The adjusted odds ratios and 95% confidence intervals in the final model are shown in Fig.
1. After adjusting for baseline variables, only birth weight, AUCs for Paco2 >50 torr and
MAP >0 cm H2O were significantly associated with BPD. The linear AUC term for Fio2
>0.21 approached significance (P = 0.059). The AUC for Paco2 <35 torr was not associated
with BPD.

The foregoing analyses indicated that hypercarbia was a statistically significant risk for BPD
even after adjusting for the burden of AUC for MAP >0 cm H2O. However, this analysis did
not address whether the occurrence of Paco2 >50 torr was simply a marker for severity of
illness in sicker infants. To address this issue, we examined the proportions of ventilated
infants with hypercarbia occurring in association with values of MAP above and below the
observed median MAP value.

Table 6 gives the incidence of BPD by MAP-specific hypercarbia in ventilated infants. The
infants were subdivided into 4 groups according to whether or not hypercarbia occurred at
any time within periods of high MAP (>8 cm H2O) and periods of low MAP (≤8 cm H2O)
during the first 6 days. The incidence of BPD differed significantly among the four groups
(P = 0.0002), with the lowest incidence (11.9%) among infants with no hypercarbia (Group
4). The incidence of BPD was greater when hypercarbia was present, but did not statistically
differ by whether the hypercarbia occurred only when MAP was ≤8, or only when MAP was
>8, or under both conditions (BPD in 32.8% (Group 3), 34.0% (Group 2), and 36.6% (Group
1); P = 0.92). Group 3, in which hypercarbia occurred only during times when the MAP was
≤8, is similar to permissive hypercapnia. The incidence of BPD (32.8%) in this group was
significantly greater than in the group without hypercarbia (P = 0.0003) and similar to the
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infants who had occurrences of hypercarbia when the MAP was >8. This suggested that
hypercarbia may be associated with BPD and was not simply a marker for severity of
illness.

Discussion
Many investigators have shown increased incidence and severity of BPD in infants weighing
<1,500 g associated with intubation and use of mechanical ventilator [28], low Paco2 (<35
torr) [6, 9], PDA [10, 14] increased fluids intake [5, 9], increased Fio2 [5–7, 9, 28] lower
birth weights [3] and male gender [3]. Over the years, permissive hypercapnia came into
practice in some centers using nasal CPAP [4]. However, this practice was extended to the
babies who are intubated and subjected to positive pressure ventilation [5, 17]. There are
very few studies in adults [6, 29] and in infants [12, 31–33] to show the benefit of using
permissive hypercapnia to decrease BPD. Published trials neither show benefit nor have the
strength to show benefit. Concerns have been raised about the lack of evidence this extended
practice of permissive hypercapnia is safe [12, 27, 30]. Our study attempts to analyze the
relationship between BPD and CO2 concentrations in blood in the first 6 days of life in
infants weighing 500–1,499 g.

The last Cochrane review [12] after considering the available evidence [11, 34] does not find
any benefit of permissive hypercapnia compared to normal ventilator strategy. Our study,
after considering the variables that are usually implicated with BPD, suggests that
hypercarbia actually may be strongly associated with BPD in infants weighing 500–1,499 g.
We examined the areas under (or over) the curve for MAP, Paco2 and Fio2 during the first 6
days of life and their association with BPD. After accounting for the other variables, the
AUC for MAP >0 (P < 0.0001) and the occurrence of Paco2 >50 torr (P = 0.024) were
significantly associated with higher incidence of BPD.

During this study permissive hypercapnia or any standard respiratory care protocols were
not necessarily practiced in the study hospitals. To get an idea of the permissive hypercapnia
component of the AUCs for Paco2 and MAP, we analyzed MAP-specific hypercarbia among
ventilated infants. As shown in Table 6, infants with hypercarbia had a greater risk of BPD
compared with those with no hypercarbia, but the increase in risk was similar regardless of
whether hypercarbia occurred during periods with higher MAP, lower MAP, or both. This
suggests that whether hypercarbia occurs because of increased severity of illness (higher
MAP and hypercarbia) or because of a scenario similar to permissive hypercapnia (lower
MAP and hypercarbia), the risk of BPD is increased.

The results of this study demonstrate an association between higher Paco2 during the first
few days of life and the subsequent incidence of BPD. The understanding of potential
etiologic factors associated with BPD has evolved. Vascular factors are now well recognized
in the pathology of BPD [35–37]. Pulmonary vascular morbidity was previously assumed to
be secondary to the alveolar damage. However, growing evidence supports the hypothesis
that vascular injury is the triggering mechanism in the development of BPD [35]. The
pathogenesis of hyperoxia-induced BPD might be attributed to the induction of vascular
cytokines production and secondary vascular spasm triggering alveolar injury. Such
hyperoxia-induced BPD was treated and/or prevented in animal models using vascular
endothelial growth factor (VEGF) [38]. Higher carbon dioxide levels and acidosis are both
known to induce pulmonary vascular spasm. We speculate based on the recent findings in
the literature that hypercarbia during the first few days of life can cause vascular spasm
leading to subsequent alveolar maldevelopment and BPD.
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Since the practice of permissive hypercapnia has come into vogue without the necessary
rigorously controlled clinical trials, its impact needs to be observed as to its potential
detrimental effects. This is particularly important in ventilated preterm infants, where
potential detrimental effects include BPD [16, 31] neurodevelopmental delay [16, 17, 29,
31] and other outcomes [16, 17, 31]. This study is confined to one geographic area of nine
hospitals and has a good sample size. The association of hypercarbia and BPD remained
strong after rigorously analyzing the data for confounding variables and not simply as a
marker of severity.

This study was limited by the fact that it was an observational study and could not establish
hypercarbia as the cause of BPD. Even though permissive hypercapnia was not practiced by
design in this study, our results increase concern regarding the current widely practiced
permissive hypercapnia in ventilated infants with birth weights of 500-1,499 grams. Our
results call for controlled trials to further define the role of permissive hypercapnia in
relation to BPD and other neurodevelopmental outcomes before it becomes a standard of
practice.
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Appendix
The computation of the longitudinal AUC variables is illustrated in Fig. 2 for Paco2 >50
torr. Other longitudinal AUCs were derived analogously.

AUC variables exhibited appreciable numbers of observations with values of zero. Because
the group of infants with a value of zero for a particular AUC may be heterogeneous, there
may be a discontinuity between the risk of BPD among those with AUC = 0 and those with
positive but very small values of AUC. Consequently, for each AUC variable we employed
two terms in the logistic regression modeling: (1) an indicator variable, with a value of 1
when AUC >0 and a value of 0 when AUC = 0; and (2) a linear regression term for the
AUC. The test of the significance of each AUC variable was based on a Wald chi-square,
which tested the joint significance of the indicator and linear terms. This approach was
followed throughout the analysis, including unadjusted tests, adjusted tests, and tests
performed as part of the stepwise selection.

For each AUC the logistic model (without covariates) was:

where π is the population proportion of infants with BPD; α is the logit of the population
proportion of BPD among infants with AUC = 0; α + β0 is the intercept of the regression
line for infants with AUC> 0; and β1 is the slope of the regression line on AUC. Thus, β0 is
the difference between the logit for infants with AUC = 0 and the logit for infants with very
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small but positive values of the AUC (Fig. 3a). If β1, the population slope, is zero, then β0
becomes the difference between the group of infants with AUC = 0 and the entire group
with AUC >0 (Fig. 3b).
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SNAP Score for neonatal acute physiology

AUC Area under the curve

Paco2 Partial pressure of carbon dioxide in blood

Fio2 Fraction of inspired oxygen

MAP Mean airway pressure

NTISS Neonatal therapeutic intervention scoring system

SGA Small for gestational age
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Fig. 1.
Adjusted odds ratios and 95% confidence limits for predictors of BPD, based on 419 infants
(six infants were excluded for missing Apgar score or MAP AUC). Results for the baseline
factors and the AUCs for MAP >0 cm H2O and Paco2 >50 torr are based on the model in
Table 5 without the nonsignificant linear term for the AUC for Paco2>50 torr. Results for
the remaining factors (AUC for Paco2 <35 torr through Intralipid intake) were based on
separately adding each factor to the logistic regression model described above. Odds ratios
for continuous predictors correspond to the following unit changes: birth weight, 100 g;
AUCs (linear terms), one standard deviation computed among those with AUC >0; others,
one standard deviation
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Fig. 2.
Illustration of longitudinal area under the curve (AUC) computation for Paco2 >50 torr by
the trapezoidal rule. Data points for Paco2 are connected by straight lines, and the area under
the curve but above PaCO2 = 50 torr is accumulated as the sum of the series of shaded
trapezoidal and triangular areas. Thus the AUC for PaCO2 >50 torr provides a measure of
the cumulative burden of PaCO2 exceeding 50 torr
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Fig. 3.
Model parameters for AUC variables. a The general case. b tHe case where β1, the
population slope, is zero
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Table 1
Infant factors, for infants surviving to 36 weeks post-menstrual age

Variable All infants Infant mechanically ventilated at any time in the first 6 days after admission? P valueb

N = 425a
n (%)

Yes
N = 293a
n (%)

No
N = 132a
n (%)

Birth weight (g)

 Mean ± SD 1,091 ± 260 1,008 ± 250 1,276 ± 173 <0.0001

Gestational age (weeks)

 Mean ± SD 28.9 ± 2.5 28.0 ± 2.3 31.0 ± 1.8 <0.0001

Small for gestational agec 81 (19.1) 45 (15.4) 36 (27.3) 0.0038

Male 191 (44.9) 135 (46.1) 56 (42.4) 0.48

Cesarean section 204 (48.0) 140 (47.8) 64 (48.5) 0.89

Apgar score at 1 min

 <4 98 (23.4) 86 (29.9) 12 (9.2) <0.0001

Apgar score at 5 min

 <4 11 (2.6) 10 (3.4) 1 (0.8) 0.19

 <7 80 (19.0) 77 (26.5) 3 (2.3) <0.0001

SNAP

 Mean ± SD 11.9 ± 6.7 14.1 ± 6.5 7.1 ± 3.9 <0.0001

 Range 1–41 3–41 1–17

NTISS score

 Mean ± SD 18.4 ± 6.7 21.6 ± 5.3 11.4 ± 2.9 <0.0001

 Range 6–42 9–42 6–23

SNAP score for neonatal acute physiology, NTISS neonatal therapeutic intervention scoring system, SD standard deviation

a
Denominators vary due to missing values

b
Pearson chi-square, Fisher's exact (for Apgar score less than 4 at 1 min), or Wilcoxon rank sum test

c
Birth weight less than 10th percentile for gestational age
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Table 2
Unadjusted associations between BPD and baseline and longitudinal factors

Variable All infants
N = 425a
n (%)

BPD
N = 74a
n (%)

Non-BPD
N = 351a
n (%)

P valueb

Baseline factors

African-American 385 (90.6) 69 (93.2) 316 (90.0) 0.39

Male 191 (44.9) 40 (54.1) 151 (43.0) 0.083

Birth weight (g) 1,091 ± 260 913 ± 236 1,129 ± 250 <0.0001

Gestational age (weeks) 28.9 ± 2.55 27.5 ± 2.10 29.2 ± 2.54 <0.0001

Small for gestational agec 81 (19.1) 15 (20.3) 66 (18.8) 0.77

5 min Apgar score <7 80 (19.0) 26 (35.1) 54 (15.5) <0.0001

Antenatal steroid use 311 (74.1) 54 (74.0) 257 (74.1) 0.99

SNAP

 Mean ± S.D. 11.9 ± 6.7 15.4 ± 6.8 11.2 ± 6.4 <0.0001

 Range (1–41) (2–41) (1–41)

Longitudinal factors

Surfactant used 197 (46.4) 58 (78.4) 139 (39.6) <0.0001

Symptomatic PDA 93 (21.9) 36 (48.7) 57 (16.2) <0.0001

Postnatal indomethacin used 80 (18.8) 27 (36.5) 53 (15.1) <0.0001

Mechanical ventilation at any time in the first 6 days after admission 293 (68.9) 69 (93.2) 224 (63.8) <0.0001

Postnatal steroid used 92 (21.7) 45 (60.8) 47 (13.4) <0.0001

Average fluid intake (ml/kg/day) in the first 6 days after admission 108.3 ± 43.8 136.9 ± 43.8 102.3 ± 41.4 <0.0001

Intralipid intake (gm/kg/day)d 1.66 ± 0.92 2.09 ± 0.63 1.58 ± 0.95 <0.0001

SNAP score for neonatal acute physiology, PDA patent ductus arteriosus

a
Denominators vary due to missing values; continuous variables are reported as mean ± standard deviation

b
Pearson chi-square or Wilcoxon rank sum test

c
Birth weight less than 10th percentile for gestational age

d
Prior to 36 weeks post-menstrual age
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Table 4
Adjusted associations between longitudinal factors and BPD

Longitudinal variable Odds ratio (95% confidence interval)a P valueb

Surfactant usec 2.71 (1.37, 5.37) 0.0042

Symptomatic PDA 2.32 (1.25, 4.31) 0.0080

Postnatal indomethacin usec 1.28 (0.67, 2.45) 0.46

Mechanical ventilation at any time in the first 6 days after admission 2.70 (0.94, 7.74) 0.064

Postnatal steroid usec 5.56 (2.87, 10.78) <0.0001

Average fluid intake (ml/kg/day) in the first 6 days after admission 1.50 (1.02, 2.20) 0.038

Intralipid intake (gm/kg/day)c 1.37 (0.96, 1.95) 0.079

Paco2 <35 torr

 Intercept for AUC >0 (vs. AUC = 0) 1.62 (0.60, 4.38) 0.34

 Slope for AUC >0 0.85 (0.63, 1.15) 0.28

 Joint test 0.43

Paco2 >50 torr

 Intercept for AUC >0 (vs. AUC = 0) 3.37 (1.69, 6.69) 0.0005

 Slope for AUC >0 1.18 (0.86, 1.62) 0.30

 Joint test 0.0004

Fio2 > 0.21

 Intercept for AUC >0 (vs. AUC = 0) 6.15 (0.78, 48.8) 0.086

 Slope for AUC >0 1.78 (1.30, 2.43) 0.0003

 Joint test 0.0002

Fio2 >0.40

 Intercept for AUC >0 (vs. AUC = 0) 2.33 (1.03, 5.24) 0.041

 Slope for AUC >0 1.50 (1.08, 2.10) 0.017

 Joint test 0.0023 0.0023

MAP >0 cm H2O

 Intercept for AUC >0 (vs. AUC = 0) 0.96 (0.29, 3.23) 0.95

 Slope for AUC >0 2.61 (1.78, 3.81) <0.0001

 Joint test <0.0001

PDA patent ductus arteriosus, AUC area under the curve (for the first 6 days after admission), Paco2 partial pressure of carbon dioxide, Fio2
fraction of inspired oxygen, MAP mean airway pressure

Logistic regression with baseline adjustment terms: birth weight, SNAP, SNAP squared, gender (male), and Apgar score <7 at 5 min; separate
logistic regression model for each longitudinal variable; sample sizes vary due to missing values; AUCs are based on the first 6 days after
admission

a
Odds ratios for continuous predictors correspond to the following unit changes: birth weight, 100 g; AUCs (linear terms), one standard deviation

computed among those with AUC >0; others, one standard deviation

b
One degree of freedom Wald chi-square test; joint test for AUCs based on a two degree of freedom Wald chi-square test of the indicator variable

for AUC >0 and the linear term for the AUC

c
Prior to 36 weeks post-menstrual age
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Table 5
Results for the multivariate logistic regression model of BPD, with terms for the reduced
set of baseline predictors and the longitudinal factors selected by the stepwise process

Model terms Odds ratio (95% confidence interval)a P valueb

Baseline predictors

Birth weight 0.87 (0.76, 0.99) 0.037

SNAPc 0.78 (0.56, 1.10) 0.15

SNAP squared 0.83 (0.37, 1.87) 0.65

Male 1.39 (0.77, 2.51) 0.27

Apgar score <7 at 5 min 1.56 (0.81, 3.01) 0.18

Longitudinal predictors

Paco2 >50 torr

 Intercept for AUC >0 (vs. AUC = 0) 2.65 (1.29, 5.45) 0.0078

 AUC (linear) 1.00 (0.71, 1.40) 0.99

 Joint test 0.024

MAP >0 cm H2O

 intercept for AUC >0 (vs. AUC = 0) 1.00 (0.29, 3.43) 1.00

 AUC (linear) 2.33 (1.56, 3.47) <0.0001

 Joint test <0.0001

SNAP score for neonatal acute physiology, AUC area under the curve (for the first 6 days after admission); Paco2 partial pressure of carbon

dioxide, MAP mean airway pressure

N = 419 (six infants were excluded for missing Apgar score or MAP AUC); lack of fit was nonsignificant (P = 0.87) by the Hosmer–Lemeshow
test; area under the Receiver Operating Characteristic curve was 0.838

a
Odds ratios are adjusted for the other factors in the model. Odds ratios for continuous predictors correspond to the following unit changes: birth

weight, 100 g; AUCs (linear terms), one standard deviation computed among those with AUC >0; others, one standard deviation

b
One degree of freedom Wald chi-square test; joint test for AUCs based on a two degree of freedom Wald chi-square test of the indicator variable

for AUC >0 and the linear term for the AUC

c
Results for SNAP are from a reduced model with the SNAP squared term excluded
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