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Abstract

Objectives—To evaluate the hypothesis that chronic lung disease of prematurity (CLD) is a risk 

factor for asthma in children born extremely preterm, and the hypothesis that the risk factors for 

CLD are similar to those for asthma.

Methods—A retrospective analysis was performed using data collected prospectively from 882 

children born before the 28th week of gestation between 2002–2004 who returned for follow-up at 

ages 12 and 24 months and 10 years. We created time-oriented logistic regression models to 

compare risk factors for CLD, defined as need for supplemental oxygen at 36 weeks postmenstrual 

age, and parent-reported asthma at 10 years of age.

Results—CLD diagnosed during neonatal admission was associated with bronchodilator use at 

12 months and 24 months (p <0.001), but not with an asthma diagnosis at 10 years (Odds Ratio 

1.3; 95% confidence interval 0.98–1.8). While risk factors for CLD include lower gestational age 

(OR 2.7; 1.5–4.7) and fetal growth restriction (OR 2.3; 1.4–3.7), risk factors for asthma include 

mother’s eligibility for public insurance (Medicaid) (OR 1.8; 1.1–2.8), and higher weight gain 

velocity during the first year (OR 1.5; 1.02–2.2) and between the 2nd and 10th year (OR 1.7; 1.2–

2.4).

Conclusions—Among children born extremely preterm, the diagnosis of CLD and its 

antecedents were associated with transient preschool wheezing, but not with asthma. Post-NICU 

factors, such as growth velocity and socioeconomic disadvantage, appear to have stronger 

associations with asthma than exposures during NICU admission.
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Introduction

Infants born extremely preterm appear to be at increased risk of chronic lung disease of 

prematurity (CLD; also called bronchopulmonary dysplasia) during infancy, and also at 

increased risk of recurrent wheezing and asthma during childhood.1,2 CLD is defined as the 

need for supplemental oxygen at 36 weeks postmenstrual age, and as severe CLD if positive 

pressure is also required.3 Asthma is characterized by airway inflammation and reversible 

bronchospasm responsive to bronchodilator therapy. The frequency of CLD in extremely 

low gestational age newborns (ELGANs) has remained high (approximately 45%) for the 

past two decades; the frequency of asthma in ELGANs is not well characterized.4

Despite variations in methods, most studies suggest that CLD is associated with an increased 

risk of asthma later in life.5–14 However, whether airway reactivity is a result of lung injury 

sustained in the neonatal intensive care unit (NICU) or is due to intrinsic susceptibilities 

related to prematurity is not clear. Furthermore, environmental exposures following 

discharge from the NICU likely also contribute to airway reactivity in childhood.15

The objective of this study was to evaluate the hypothesis that CLD is a risk factor for 

childhood asthma, and the hypothesis that the risk factors for CLD are similar to the risk 

factors for asthma. The ELGAN Study provides a large sample of children born extremely 

preterm, with follow up at 12 and 24 months to obtain parent-reported data about use of 

bronchodilator therapy, and at 10 years to obtain parent-reported data about the use of 

bronchodilator therapy and asthma diagnosis. This allowed us to see if CLD and parent-

report asthma shared risk factors. We also evaluated to what extent CLD is an antecedent of 

asthma.

Materials and Methods

The sample population

The ELGAN Study is a multi-center prospective, observational study of the risk of structural 

and functional neurologic disorders in children born before the 28th week of gestation 

between 2002 and 2004.16 Previous studies in this cohort have described early patterns of 

respiratory disease and identified fetal growth restriction as a risk factor for CLD.17–19 The 

families of all survivors at 12 and 24 months of age (n=1198) were contacted by mail or 

phone and invited to participate in follow-up assessments. At 10 years of age, we selected a 

subset (n=966) for further follow-up visits because we had measurements of inflammation-

related proteins in their neonatal blood. Ninety-one percent of the children (n=882) returned 

for a follow-up evaluation (Figure). Enrollment and consent procedures for the ELGAN 

Study were approved by the institutional review boards of all participating institutions.

Data collection

We collected information on pregnancy characteristics, maternal demographics, and 

newborn characteristics including exposures and diagnoses during hospitalization. We 

recorded the form of ventilation assistance (e.g. none, increased ambient oxygen, nasal 

cannula, nasal continuous positive airway pressure, conventional mechanical ventilation, or 

high frequency ventilation) the child was receiving at 36 weeks post-menstrual age (PMA). 
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20 We defined chronic lung disease (CLD) as supplemental oxygen therapy with or without 

mechanical ventilation at 36 weeks PMA. Infants with CLD were subdivided into those who 

were dependent on mechanical ventilation and those who were not dependent on mechanical 

ventilation at the time of diagnosis. At the 12 month and 24 month visits, the parent or 

caregiver completed questionnaires that included whether their child was currently taking 

bronchodilator medication regularly or intermittently (yes/no). At the 10-year visit, the 

parent or caregiver completed questionnaires that asked whether their child has ever been 

given an asthma diagnosis by a health care provider since age 2 years. If the answer to this 

question was “yes”, we categorized the child as having asthma. We also inquired whether 

their child is currently taking a bronchodilator medication. The outcome of asthma, 

therefore, was based entirely on the results of the questionnaire and responses were not 

validated by a review of the child’s medical record. Maternal socioeconomic factors were 

obtained independently at each visit, including marital status, eligibility for public insurance 

(Medicaid), and highest level of education completed, as well as the presence of tobacco 

smokers at home. Growth parameters were obtained and used to calculate weight gain 

velocity (kilograms/day) by sex from the time of birth to 12 months, from 12 months to 24 

months, and from 24 months to 10 years.

Data analysis

We evaluated the null hypothesis that the risk of asthma at age 10 years is not associated 

with any demographic, pregnancy, or perinatal characteristic. We created univariable 

analyses to search for potential confounders and effect modifiers. We followed the guidance 

that a variable should be considered a potential confounder if its associations with CLD and 

asthma have p values of < 0.25.21 Causal diagrams (also called directed acyclic graphs) were 

created using the web-based software DAGitty (www.dagitty.net) to delineate the 

relationships among the multiple variables using extreme prematurity as the exposure and 

chronic lung disease and asthma, separately and in aggregate, as outcomes‥22 (E-figures 1-3)

We performed a retrospective analysis using multivariable logistic regression models in 

which risk factors are ordered in a temporal pattern, so that the earliest occurring predictors/

covariates of, first, CLD in the NICU and, second, asthma at age 10 years, are entered first 

and are not displaced by later occurring covariates. For these time-oriented logistic 

regression models (TORMs), we categorized sets of antecedents/covariates by the time they 

occur, or are identified. 20,23 We grouped demographic and pregnancy variables into the 

socioeconomic status(SES)/pregnancy epoch, delivery characteristics and exposures into the 

delivery epoch, all exposures and characteristics in the first week of life into the early 

neonatal epoch, and exposures and characteristics occurring or reported prior to discharge 

from the NICU into the late neonatal epoch. We created a separate model for each epoch that 

added variables for that period to the variables from previous epochs that contributed 

information about the risk of asthma. A final TORM was then created for CLD and asthma 

at 10 years of age using the same variables from the shared time periods (pregnancy through 

late neonatal epochs) to compare risk factors for each outcome. We used a step down 

procedure seeking a parsimonious solution without interaction terms. These models allowed 

us to calculate odds ratios and 95% confidence intervals. Finally, we created a TORM for 
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asthma at 10 years of age with the addition of three post-NICU epochs, using variables 

collected at the 12-month, 24-month, and 10-year follow-up visits.

Results

The maternal and infant characteristics of the sample enrolled at birth (n = 1506), enrolled at 

1–2 years (n = 1198), and enrolled at 10 years (n = 882) are listed in Table 1. Of the 882 

children enrolled at 10 years, 461 developed CLD (52%) and 335 (38%) were reported by 

the parent/caregiver to have been given a diagnosis of asthma at any time since the follow-up 

visit at 24 months. CLD was associated with bronchodilator use at ages 12 and 24 months, 

but not at age 10 years. Bronchodilator use at all 3 ages (i.e., 12 and 24 months and 10 

years), however, was associated with asthma at age 10 years. The results of the univariable 

analyses are included in E-tables 1–9.

Time-Oriented Regression Models (Tables 2 and 3)

In the TORM for CLD (Table 2), the predominant risk factors for CLD are indicators/

correlates of low gestational age, including maternal fever during labor (Odds Ratio 2.6; 

95% confidence interval 1.1–6.1), gestational age 23–24 weeks (OR 2.7; 1.5–4.7), birth 

weight Z-score < −1 (OR 2.3; 1.4–3.7), and a diagnosis of pulmonary interstitial emphysema 

(OR 2.3; 1.4–3.9).

In the TORM for asthma (Table 3), variables related to low SES, including public insurance 

eligibility at the time of delivery (OR 1.7; 1.1–2.7) and at 10 years (OR 1.8; 1.1–2.8), are the 

predominant predictors of asthma. In the early neonatal epoch, definite tracheal colonization 

is associated with a lower odds of childhood asthma (OR 0.6; 0.4–0.9). When CLD is added 

to the final TORM, the CLD association with asthma is not significant (OR 1.3; 0.98–1.8). 

In the final model (last column of Table 3), the top two quartiles of weight gain velocity 

during the first year (OR 1.6; 1.1–2.4 and OR 1.5; 1.02–2.2) and the top quartile between the 

2nd and 10th year (OR 1.7; 1.2–2.4) are associated with increased risk of asthma at age 10 

years.

Discussion

In this prospective cohort study of 882 infants born before the 28th week of gestation, we 

found that the risk factors for CLD are not the risk factors of parent-reported asthma, and 

that CLD is not a risk factor for childhood asthma. Risk factors for CLD include maternal 

fever, lower gestational age and birth weight Z-score, physiologic instability in the first 12 

hours, and a variety of neonatal complications, such as pulmonary interstitial emphysema, 

whereas indicators of lower socioeconomic status and higher weight gain velocity at 12 

months and 10 years are risk factors for asthma. As a whole, these findings suggest that, at 

least in the 21st century, the long-term pulmonary outcome of individuals born extremely 

premature is influenced more by socioeconomic resources available to the family than by 

neonatal exposures.

Our finding of an association between maternal eligibility for public insurance (Medicaid) 

and asthma is consistent with several studies identifying low socioeconomic status as a risk 
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factor for asthma in children born at term.24–26 Several mechanisms for this association have 

been proposed, including higher prevalence of obesity and increased exposure to indoor 

allergens and environmental pollutants in children from families with low socioeconomic 

status.27,28 Furthermore, a longitudinal study of household socioeconomic status found a 

protective effect against asthma among children in families with upward social mobility.29

We did not find a statistically-significant association between maternal smoking or passive 

smoke exposure and childhood asthma at 10 years. In a population-based cohort study of 

late preterm infants (34 to 36 6/7 weeks gestational age), maternal smoking was identified as 

an environmental exposure which accounted for the association of late prematurity and 

childhood asthma.30 Maternal smoking was previously found to be associated with an 

increased risk of prelabor premature rupture of membranes and placental abruption in the 

ELGAN cohort.31 Consequently, the relationship between maternal smoking and asthma in 

our population might have been confounded by the association of maternal smoking with 

premature birth. Because cigarette smoking is associated with lower social class, the lack of 

a direct association between maternal exposure to tobacco smoke and asthma risk in our 

sample might reflect nothing more than total greater effects of the variables conveying low 

socioeconomic status already in the TORM.32 In other words, maternal smoking may not 

confer additional risk to the development of asthma when other parameters of 

socioeconomic status, such as race/ethnicity and eligibility for public insurance (Medicaid), 

are accounted for in the model. Additionally, all of the infants in our sample were born 

extremely preterm, while previous studies examining the risk of maternal smoking in 

pregnancy and later childhood wheezing have almost exclusively included late preterm or 

term infants.30,33–35 It is possible that the contribution of prenatal tobacco exposure to 

subsequent wheezing is weaker in the extremely premature population. We found that higher 

weight gain velocity during the first postnatal year and between 2 and 10 years of age were 

associated with a higher prevalence of asthma. Our findings are consistent with a meta-

analysis of 31 European cohort studies that identified that a higher infant weight gain in 

premature infants was associated with preschool wheezing and childhood asthma.36 Obesity 

during puberty has been linked to increased growth velocity in the first years of life 37 and 

obesity is associated with childhood asthma.38–40 A proposed mechanism for this 

association is the release of immunomodulatory cytokines from adipose tissue leading to 

airway hyper-responsiveness or through mechanical restriction of the chest wall, however 

the association between asthma and obesity is often confounded by deconditioning.39

We found that tracheal colonization in the neonatal period was associated with a decreased 

risk of asthma. The relationship between lung and gut microbiota and childhood asthma 

appears to be complex.41–45 Nevertheless, our results can be viewed as lending support to 

the hypothesis that reduced exposure to bacteria in early life may increase the risk of asthma 

and other atopic diseases.46

In our study, the diagnosis of asthma was based on the results of questionnaires completed 

by parents. While parental report of asthma is commonly used for epidemiologic studies, use 

of this is potentially subject to recall bias. A recent case-control study of 203 children ages 

9–12 born at term found that 45% of children with parent-reported asthma were over-

diagnosed based on more rigorous diagnostic criteria using spirometry, methacholine 
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challenge, and allergy skin prick testing.47 However, children included in the sample were 

from a predominantly high socioeconomic strata, whereas low socioeconomic status has 

been associated with an under-diagnosis of asthma.48 While parent-reported asthma might 

overestimate the true frequency of asthma in our cohort, the resulting measurement bias is 

more likely to lead to rejection of the null hypothesis (i.e. in favor of finding an association 

between CLD and asthma) since parents of infants with existing lung disease might be more 

likely to over-report symptoms.

In an individual participant data meta-analysis for 147,252 children enrolled in 31 birth 

cohort studies, younger gestational age at birth was associated with preschool wheezing (1–4 

years) and school-age asthma (5–10 years).36 Yet that is not what we found. The discrepancy 

might reflect our narrow gestational age range (23–27 weeks) and therefore the inability to 

compare extremely preterm to term deliveries. Another possible explanation is that our time-

oriented models begin with prenatal variables. In our model of asthma, the first risk factor is 

“race other than white,” which conveys information about preterm delivery.49 The second 

risk factor is eligibility for “public insurance (Medicaid),” which also conveys information 

about the risk of preterm delivery.50 Consequently, by introducing these variables to the 

time-oriented regression model before any pregnancy or delivery variable, which we 

consider appropriate, we diminish the opportunity to identify low gestational age as an 

asthma risk factor. Additionally, our findings of an association between CLD and 

bronchodilator use at 12 and 24 months, which may be a marker of preschool wheezing, but 

not CLD and childhood asthma lends supports that early transient wheezing and asthma in 

school-age children are distinct entities with unique risk factors.

The strengths and weaknesses of our study are those inherent in the observational nature of 

the study design. The large number of infants in our sample allowed us to control for a 

number of confounding variables in the prenatal, early neonatal, and late neonatal epochs 

with sufficient statistical power. However, the variables collected in the post-NICU epochs 

were less robust and were limited by the subjectivity of parental reporting. In addition, while 

we had a relatively high percentage of follow-up for a cohort study of this size (74% of 

survivors), we do not know the prevalence of asthma in the children not followed.

In conclusion, we found that while CLD was associated with bronchodilator use at 12- and 

24-months, CLD was not associated with parent-reported asthma diagnosis at 10 years of 

age in the ELGAN cohort. The strongest predictors for childhood asthma in our cohort were 

eligibility for public insurance (Medicaid) and increased weight gain velocity after the 

neonatal period. Our findings suggest that post-NICU factors, such as growth velocity and 

socioeconomic disadvantage, could be more important contributors than neonatal 

complications to the development of asthma in infants born extremely premature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Description of study sample
Abbreviations: PMA: postmenstrual age; CLD: chronic lung disease; NICU: neonatal 

intensive care unit
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Table 1:

Characteristics of the mothers and children at the child’s birth.

Sample, percent (N)

Enrolled at
birth

(n=1506)

Enrolled at
1–2 years
(n=1198)

Enrolled at
10 years
(N=882)

Maternal characteristics

Race White 59 (874) 60 (714) 63 (558)

Black 29 (427) 27 (322) 26 (226)

Other 13 (187) 13 (151) 11 (96)

Hispanic ethnicity Yes 12 (179) 12 (147) 10 (86)

Age, years < 21 14 (218) 14 (170) 19 (113)

21–35 68 (1017) 67 (802) 67 (591)

>35 18 (269) 19 (226) 20 (178)

Education ≤ 12 45 (645) 44 (518) 41 (363)

13–15 24 (348) 24 (278) 23 (209)

≥ 16 40 (434) 32 (382) 35 (310)

Single marital status Yes 44 (658) 44 (413) 39 (348)

Public (Medicaid) insurance Yes 41 (594) 40 (464) 35 (302)

Smoked during pregnancy Yes 15 (212) 14 (162) 14 (118)

Infant characteristics

Cesarean delivery Yes 65 (977) 66 (795) 66 (563)

Antenatal steroid course Complete 62 (937) 64 (764) 63 (556)

Partial 27 (398) 26 (309) 26 (226)

None 11 (166) 10 (122) 11 (99)

Initiator of preterm delivery Preterm labor 44 (665) 45 (534) 46 (405)

pPROM 22 (327) 22 (262) 22 (191)

Pre-eclampsia 13 (197) 13 (153) 13 (113)

Abruption 10 (153) 11 (128) 10 (92)

Cervical insufficiency 6 (90) 6 (72) 5 (45)

Fetal indication 5 (74) 4 (49) 4 (36)

Gestational age, weeks 23–24 27 (409) 20 (245) 21 (186)

25–26 44 (661) 46 (553) 45 (398)

27 29 (436) 33 (400) 34 (298)

Birth weight, grams ≤ 750 44 (660) 36 (426) 38 (331)

751–1000 39 (586) 43 (520) 43 (377)

>1000 17 (260) 20 (242) 10 (174)

Birth weight Z-score < −2 7 (110) 5 (62) 6 (53)

≥ −2, < −1 14 (211) 13 (153) 13 (119)

≥ −1 79 (1185) 82 (983) 81 719)

Male Yes 53 (799) 52 (621) 51 (452)
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Sample, percent (N)

Enrolled at
birth

(n=1506)

Enrolled at
1–2 years
(n=1198)

Enrolled at
10 years
(N=882)

Singleton Yes 67 (1002) 67 (805) 65 (571)
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