
UCLA
UCLA Previously Published Works

Title
Bronchopulmonary dysplasia and neurobehavioural outcomes at birth and 2 years in 
infants born before 30 weeks.

Permalink
https://escholarship.org/uc/item/5xt740gv

Journal
Archives of Disease in Childhood. Fetal and Neonatal Edition, 108(2)

Authors
Martin, Monika
Smith, Lynne
Hofheimer, Julie
et al.

Publication Date
2023-03-01

DOI
10.1136/archdischild-2021-323405
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5xt740gv
https://escholarship.org/uc/item/5xt740gv#author
https://escholarship.org
http://www.cdlib.org/


Bronchopulmonary Dysplasia and Neurobehavioral Outcomes at 
Birth and Two Years in Infants Born Before 30 Weeks

Monika Martin, MD1, Lynne Smith, MD1, Julie A. Hofheimer, PhD3, Elisabeth C. McGowan, 
MD2, T. Michael O Shea, MD, MPH3, Steve Pastyrnak, PhD4, Brian S Carter, MD5, Jennifer 
Helderman, MD, MPH6, Jennifer Check, MD,MS6, Charles Neal, MD7, Mary B. Roberts, MS8, 
Lynne M Dansereau, MSPH9, Sheri A Della Grotta, MPH9, Barry M Lester, PhD1,9,10

1Department of Pediatrics, Harbor-UCLA Medical Center, Torrance, CA, United States.

2Department of Pediatrics, Brown Alpert Medical School and Women and Infants Hospital, 
Providence, RI, United States.

3Department of Pediatrics, University of North Carolina School of Medicine, Chapel Hill, NC, 
United States.

4Department of Pediatrics, Spectrum Health-Helen DeVos Hospital, Grand Rapids, MI, United 
States.

5Department of Pediatrics-Neonatology, Children’s Mercy Hospital, Kansas City, MO, United 
States.

6Department of Pediatrics, Wake Forest School of Medicine, Winston Salem, NC, United States.

7Department of Pediatrics, University of Hawaii John A. Burns School of Medicine, Honolulu, HI, 
United States.

8Center for Primary Care and Prevention, Care New England Medical Group, Pawtucket, RI, 
United States

Corresponding Author: Lynne M. Smith, MD FAAP, Chair, Department of Pediatrics, Harbor-UCLA Medical Center, Professor of 
Pediatrics, David Geffen School of Medicine at UCLA, 1124 West Carson Street, Box 17, Torrance, CA 90502-2064, Office (424) 
306-5600, smith@lundquist.org.
Authors Contributions:
Monika M. Martin was responsible for the conceptualization, investigation, and resources of the manuscript as well as the drafting and 
editing of the manuscript.
Lynne M. Smith was responsible for the conceptualization, data curation, investigation, and supervision of the manuscript along with 
the drafting and editing of the manuscript.
Julie A. Hofheimer was responsible for the conceptualization, methodology, investigation, supervision, funding acquisition, data 
curation, and resources of the manuscript along with the drafting and editing of the manuscript.
Elisabeth C. McGowan, Steve Pastyrnak, Brian S. Carter, Jennifer B. Helderman, Jennifer Check, and Charles R. Neal were 
responsible for the methodology, investigation, and resources of the manuscript along with the editing of the manuscript.
Lynne M. Dansereau and Mary B. Roberts were responsible for the methodology, data curation, formal analysis, and resources of the 
manuscript as well as the drafting and editing of the manuscript.
Sheri A. DellaGrotta was responsible for the methodology, investigation, data curation, and resources of the manuscript along with the 
editing of the manuscript.
Michael O’Shea and Barry M. Lester were responsible for the conceptualization, methodology, investigation, supervision, funding 
acquisition, data curation, and resources of the manuscript along with the drafting and editing of the manuscript.

Conflict of Interest Disclosures: The authors have no conflicts of interest relevant to this article to disclose.

Role of Funder/Sponsor: The study sponsors had no role in the study design; the collection, analysis, and interpretation of data; the 
writing of the report; nor the decision to submit the paper for publication.

HHS Public Access
Author manuscript
Arch Dis Child Fetal Neonatal Ed. Author manuscript; available in PMC 2024 March 01.

Published in final edited form as:
Arch Dis Child Fetal Neonatal Ed. 2023 March ; 108(2): 142–148. doi:10.1136/
archdischild-2021-323405.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9Brown Center for the Study of Children at Risk, Brown Alpert Medical School and Women and 
Infants Hospital, Providence, RI, United States.

10Department of Psychiatry and Human Behavior, Brown Alpert Medical School, Providence, RI, 
United States.

Abstract

Objectives: To identify neurobehavioral risks in preterm infants with bronchopulmonary 

dysplasia (BPD) prior to hospital discharge.

Design and patients: Longitudinal study of 676 newborns born before 30 weeks gestation.

Setting: Nine university NICUs affiliated with 6 universities. All were Vermont Oxford Network 

(VON) participants.

Patients and interventions: Infants were enrolled in The Neonatal Neurobehavior and 

Outcomes in Very Preterm Infants (NOVI) Study from April 2014 through June 2016. Prospective 

medical record reviews, VON definitions and criteria, and maternal interviews were used to collect 

maternal and neonatal medical variables and socio-environmental data.

Main Outcome Measures: NICU Network Neurobehavioral Scale (NNNS) at the time of 

hospital discharge; Bayley-III and Gross Motor Function Classification System (GMFCS) at two 

years corrected age.

Results: Infants with moderate/severe BPD were less attentive (Wald chi-square 9.68, p=0.008), 

more lethargic (Wald chi-square 9.91, p=0.007), with poor quality of movement (Wald chi-square 

10.15, p=0.006) and increased non-optimal reflexes (Wald chi-square 7.37, p=0.025). Infants with 

moderate/severe BPD were more likely to have Bayley-III language and motor scores < 85 (aOR 

1.74; 95% CI: 1.06, 2.85 and aOR 2.06; 95% CI: 1.10, 3.85). Infants with both moderate/severe 

and mild BPD were more likely to have a CP diagnosis (aOR 2.96; 95% CI: 1.34, 6.54 and aOR 

2.81; 95% CI: 1.32, 5.99).

Conclusions: BPD severity presents risks for poor neurodevelopment at NICU discharge and at 

age two years. Early identification of poorly regulated behavior can provide critical information 

for early preventive and targeted interventions with potential to improve long term outcomes.

Introduction

Prematurity accounts for approximately 10% of all births in the United States. An increased 

number of extremely premature newborns are surviving secondary to medical advances. 

However, infants born at <30 weeks postmenstrual age (PMA) are at highest risk of 

neurodevelopmental impairment.(1–4) Contributing to these outcomes are conditions such 

as perinatal brain injuries, necrotizing enterocolitis (NEC), sepsis, and bronchopulmonary 

dysplasia (BPD),(1, 5–9) where BPD has been found to develop in up to 40% of infants born 

<30 weeks.

Though severity of BPD often correlates with degree of neurodevelopmental impairment, 

predicting which infants are at highest risk remains challenging.(10–11) Given the 

importance of early intervention to optimize long term outcomes for these children, 
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identifying the risk for neurodevelopmental deficits at Neonatal Intensive Care Unit (NICU) 

discharge may enhance the effectiveness of prevention efforts. Behavior problems in low 

birthweight and preterm infants are also of clinical concern because these behaviors persist 

and can have an impact on school achievement as well as psychiatric and attention problems.

(12)

We conducted this study to determine if the presence and severity of BPD is associated 

with specific neurobehavioral characteristics reflected in neurobehavioral measures at NICU 

discharge and at two years of age.

Methods

The Neonatal Neurobehavior and Outcomes in Very Preterm Infants (NOVI) Study enrolled 

infants from April 2014 through June 2016 at 9 university affiliated NICUs that were 

also Vermont Oxford Network (VON) participants. Enrollment and consent procedures 

were completed in accordance with each of the following center’s Institutional Review 

Board [Children’s Mercy Hospital IRB in Kansas City, MO (IRB00004750), Western 
Institutional Review Board in Puyallup, WA (WIRB20131387), John F. Wolf Human 
Subjects Committee in Los Angeles, CA (IRB00000389), Spectrum Health Systems, 
Inc. in Grand Rapids, MI (IRB00009435), Women & Infants Hospital in Providence, 
RI (IRB00000746), and Wake Forest University Health Sciences in Winston-Salem, NC 
(IRB00000212)]. Inclusion criteria were: 1) birth at <30 weeks PMA 2) parental ability to 

read and speak English or Spanish 3) residence within 3 hours of the NICU follow-up clinic. 

Determination of birth PMA was based on the Extremely Low Gestational Age Newborns 

(ELGAN) Study criteria.(13) Exclusion criteria included maternal age < 18 years, cognitive 

impairment, and death, and infant major congenital anomalies(14) or NICU death. Parents of 

eligible infants were invited to participate in the study when survival was deemed likely by 

the attending neonatologist.

Measures

Maternal prenatal and intrapartum variables from the infant medical record were collected 

by NOVI research personnel with oversight by study neonatologists. These included 

validated maternal medical risk factors for preterm birth (15) such as infection and 

hypertension. Maternal age, education, race/ethnicity, and economic resources were obtained 

during standardized maternal interviews.

Neonatal medical data

The VON (16) neonatal medical variables were collected using standardized criteria and 

methods for infections, retinopathy of prematurity (ROP), respiratory, gastrointestinal and 

central nervous system complications. BPD was stratified using an adaptation of Jensen et 

al.’s criteria:(11) mild (supplemental oxygen, or high flow nasal cannula with FiO2=0.21), 

moderate (supplemental oxygen via high flow nasal cannula, nasal continuous positive 

airway pressure, or nasal positive airway pressure ventilation), or severe (mechanical 

ventilation via endotracheal tube) at <=36 weeks.
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Brain injury

Brain injury diagnoses were based on routinely collected site ultrasonograms at days 

3–14 and again between 36 weeks PMA and discharge. NOVI neuroradiologists were 

trained to reliability as masked centralized second readers for classifying injuries 

according to ELGAN study criteria.(17) A third tie-breaker reading by a different study 

neuroradiologist was performed if the initial and second readings disagreed about the 

presence of following: intraventricular hemorrhage, parenchymal echodensity, parenchymal 

echolucency, or moderate-to-severe ventricular enlargement.(9)

Neurobehavioral Assessments

NNNS.—The NNNS is a standardized measure of tone, primitive reflexes, physical 

maturity, social and behavioral functioning, including visual and auditory tracking, cuddling, 

consolability, with stress signs organized by organ system.(18–19) Exams were conducted 

during the week of NICU discharge by site examiners trained to reliability and certified 

by central NNNS trainers. Although examiners were not able to be masked to visible 

nasal cannula, examiners were masked to all study hypotheses, including relationships with 

BPD and other neonatal complications. Individual items were converted to 13 summary 

scores: habituation, attention, handling, regulation, arousal, excitability, lethargy, hypertonia, 

hypotonia, non-optimal reflexes, asymmetric reflexes, quality of movement, and stress 

abstinence. A higher summary score reflects a higher level of the construct. Habituation 

was omitted from analyses, as 50% of infants were not in the requisite sleep state at the 

initiation of exam.(20)

Bayley Scales of Infant and Toddler Development, 3rd edition (Bayley-III).—The 

Bayley-III is a developmental assessment of cognitive, language, and motor domains.(21) 

The Bayley-III has demonstrated validity in similar samples of premature infants.(22–23)

CP diagnosis.—A neuromotor examination was performed along with the Gross Motor 

Function Classification System (GMFCS). Diagnosis of CP was determined based on the 

GMFCS and/or abnormal neurological exam.(24)

Statistical analysis

BPD severity was analyzed as a 3 level categorical variable – no BPD, mild BPD, and 

moderate/severe BPD. Differences in BPD severity by neonatal medical data, prenatal, 

perinatal maternal, and infant risk was examined using chi-square (or Fisher’s exact test) and 

one-way ANOVA as appropriate. P values were considered significant at <0.05.

Latent profile analysis (LPA, Mplus version 8.1) of all 12 NNNS summary scores was used 

to group infants into mutually exclusive categories that represent heterogeneous subgroups. 

LPA models with different numbers of profiles were fitted and the model containing 

the optimal number of profiles identified.(25) In this NOVI sample six distinct NNNS 

profiles were identified. Infants in profile 6 had scores that reflect the most extremely poor 

functioning in multiple domains, compared to the other 5 profiles. Profiles can indicate 

which infants are most at risk, which behaviors are problematic, and have been shown to 

predict long term developmental outcomes.(20,22–23)
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Generalized estimating equations (GEEs) accounted for mothers with multiple infants 

by nesting infants within families. Analyses examined associations between BPD and 

NNNS summary scores and risk profiles, Bayley-III, and CP. Models adjusted for site 

and the following covariates: PMA at NNNS exam (NNNS models only), maternal 

hypertension, infection during pregnancy, infant NEC or sepsis, infant brain injury, use 

of antenatal steroids, and infant birthweight < 950 grams (yes/no). Less than 950 grams 

was selected using the curve from a receiver operating characteristic (ROC) analysis, which 

illustrated that particular weight had 80% sensitivity to moderate/severe BPD. Covariates 

selected have been reported previously in the literature as being associated with various 

neurodevelopmental outcomes and BPD. Interactions between BPD severity and model 

covariates were explored further when p-values were < 0.10 to explore further important 

interactions. Interactions between model covariates and BPD severity were not tested in the 

model for NNNS summary profile due to small cell sizes.

Results

The sample included 676 infants with NNNS and maternal and infant data available for 

analysis (Figure 1). Moderate/severe BPD was present in 177 (26.2%) infants, mild BPD 

in 163 (24.1%) infants and no BPD in 336 (49.7%) infants. Among the three groups, there 

were no differences in maternal demographics or maternal medical risk, except for higher 

rates of maternal infection in the no BPD group (Table 1). Nearly two-thirds of infants in 

the moderate/severe BPD group and in the mild BPD group were born <27 weeks PMA 

at birth. Infants without BPD were more likely to be born >27 weeks compared to those 

with any type of BPD, and age at NNNS exam was highest in the moderate/severe BPD 

group. Infant birthweight and length of hospital stay also differed by BPD group, with 

birthweight averages less than 950 grams and length of hospital stays up to 4 months for 

those with BPD. NEC/sepsis, ROP, and brain injury were more prevalent in infants with 

moderate/severe or mild BPD, whereas infants without BPD had higher rates of antenatal 

steroid use.

BPD severity did not differ significantly on the NNNS risk profiles (p=0.147). However, 

BPD severity did differ on several NNNS summary scores in adjusted models (Table 2). 

BPD severity was associated with decreases in attention (Wald chi-square 9.68, p=0.008) 

and quality of movement (Wald chi-square 10.15, p=0.006) and increases in nonoptimal 

reflexes (Wald chi-square 7.37, p=0.025) and lethargy (Wald chi-square 9.91, p=0.007). 

(Table 2). The decrease in attention was significantly lower in the moderate/severe BPD 

group vs. the no BPD group (mean difference = −.584, 95 % CI −0.953, −0.216, p=0.002). 

The increase in nonoptimal reflexes was significantly higher in the moderate/severe BPD 

group vs. the no BPD group (mean difference=0.69, 95% CI 0.19, 1.19, p=0.007) and 

the increase in lethargy was significantly higher in the moderate/severe BPD group as 

compared to the mild (mean difference=0.73. 95% CI 0.26, 1.2, p=0.003) and no BPD 

groups (mean difference=0.72, 95% CI 0.20, 1.24, p=0.007). Quality of movement scores 

were significantly lower in the no BPD group vs. the mild BPD group (mean difference= 

−.188, 95% CI −0.31, −0.06, p=0.003)

Martin et al. Page 5

Arch Dis Child Fetal Neonatal Ed. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interaction testing between BPD group and model covariates was conducted (Supplemental 

Table A). The interaction between BPD and birth weight less than 950 grams was associated 

with attention (p=0.007) and handling (p=0.033). Chronic or pregnancy induced HTN and 

BPD group interactions were found for handling (p=0.029), self-regulation (0.050) and 

excitability (p=0.002). The interaction between the BPD group and maternal infection 

during pregnancy was stronger for non-optimal reflexes (p=0.065). Infant NEC/Sepsis 

BPD group interactions were found for handling (p=0.071) and hypertonicity (p=0.047). 

Interactions between model covariates and BPD severity were not tested in the model for 

NNNS summary profile due to small cell sizes.

Further analysis was stratified on specific covariate levels to explore the BPD severity 

interactions for several NNNS summary scores (Table 3). Infants with birthweight ≤950 

grams exhibited decreasing attention scores with increasing BPD severity (p=0.004). In 

infants of mothers without infection, nonoptimal reflex scores increased with increasing 

BPD severity (p=0.007). Decreasing excitability scores across increasing BPD severity were 

seen in infants born to mothers who had hypertension (HTN) (p=0.022). Infants in the 

mild BPD group who also experienced NEC or sepsis were significantly more hypertonic 

(p=0.002).

At two years, 553 infants diagnosed with BPD at birth were available for follow-up. Of 

those, the Bayley-III was administered to 530 infants and the GMFCS to 542 infants. 

Moderate/severe BPD was associated with an increased odds of Bayley-III language and 

motor scores < 85 (aOR 1.74; 95% CI: 1.06, 2.85 and aOR 2.06; 95% CI: 1.10, 3.85) and 

both moderate/severe and mild BPD was associated with an increased odds of CP diagnosis 

(aOR 2.96; 95% CI: 1.34, 6.54 and aOR 2.81; 95% CI: 1.32, 5.99) (Table 4).

NNNS summary scores that significantly predicted BPD severity (see Table 2) were added 

to adjusted models to examine their association with Bayley-III and CP. Cognitive composite 

scores <85 were associated with increased nonoptimal reflexes (Wald chi-square 4.14, 

p=0.042). Motor composite scores <85 and cerebral palsy were associated with increases 

in nonoptimal reflexes (Wald chi-square 10.42, p<0.001; Wald chi-square 10.70, p<0.001). 

Cerebral palsy was also associated with increased lethargy (Wald chi-square 7.72, p=0.005) 

and decreased attention (Wald Chi-Square 4.63, p=0.032) (Supplemental Table B).

When included in multivariable models examining the association between BPD and two-

year outcomes, attention (aOR 2.86; 95% CI: 1.31,6.22 and aOR 3.26; 95% CI: 1.42, 7.46) 

and lethargy (aOR 3.15; 95% CI: 1.46, 6.78 and aOR 3.20; 95% CI: 1.42, 7.20) increased 

the magnitude of the association between both mild and moderate/severe BPD and CP 

(Table 4).

Discussion

Our study demonstrates differences in neurobehavior associated with BPD severity at NICU 

discharge and two-year follow-up in infants born <30 weeks gestation. Specifically, infants 

with moderate/severe BPD severity exhibited increased lethargy and more nonoptimal 

reflexes, as well as less regulated attention and quality of movement compared to 
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infants with mild or no BPD. They also were more likely to have language and motor 

deficits and a CP diagnosis. Neurobehavior at discharge increased the magnitude of the 

association between 2-year neurobehavioral outcomes and BPD severity. This is consistent 

with previous findings demonstrating subsequently worse neurodevelopmental outcomes in 

infants with BPD.(5–8) However, to our knowledge this is the first study to identify specific 

NNNS abnormalities at NICU discharge in this vulnerable population, and to relate them to 

outcomes at two-years adjusted age.

BPD is a recognized risk factor for neurodevelopmental impairment.(10) NNNS 

characteristics have previously been correlated with developmental outcomes at and beyond 

2 years of age.(3, 26) In preterm samples, NNNS scores for poor regulation, suboptimal 

reflexes, hypertonicity, and increased handling were associated with poor Bayley outcomes 

at 18 months.(22) The present study’s specific NNNS findings of lethargy and low 

movement quality were previously reported to predict two-year Bayley scores and CP(23) 

and increased suboptimal reflexes and stress signs on the NNNS were associated with 

sensory processing disorders at age 4 to 6 years.(27)

NNNS summary scores revealed significant differences in multiple domains between infants 

with and without BPD. More poorly regulated neurobehavior was associated with increasing 

severity of BPD suggesting a possible continuity in these specific BPD severity-related 

patterns. These findings are consistent with previously published studies of profile patterns 

that subsequently were associated with poor neurodevelopmental outcomes.(5–8)

The development of BPD is a multifactorial process, with inflammation considered to be a 

major contributor.(28) As expected, infants with the most severe BPD were also the most 

likely to have severe ROP, NEC, sepsis, and brain injury, all of which are known to be 

associated with pro-inflammatory mechanisms. Interestingly, though antenatal infection is 

associated with BPD,(29) our cohort demonstrated the highest rate of maternal infection 

in the group without BPD. These findings may explain why the differences in nonoptimal 

reflexes among BPD severity groups were seen in infants of mothers without maternal 

infection. Further, significantly higher rates of hypertonicity in the presence of NEC or 

sepsis were found in the mild BPD group. These collective findings suggest that neonatal 

BPD and infections may modulate neuromotor tone, which is a more sensitive metric in 

demonstrating the effects of a pro-inflammatory process than other components of the 

NNNS.

We continue to follow this cohort long term to evaluate developmental trajectories 

sequentially and to further examine correlates of NNNS and later outcomes. Our own 

and previous studies have consistently demonstrated what is now an increased range of 

risk identification using early and later neurobehavioral exams. These exams show promise 

as tools to identify a wide range of early neurobehavioral regulation and dysregulation 

in infants with BPD at NICU discharge and 2-year follow-up. By identifying these 

differences early, targeted therapeutic interventions may begin in the NICU, continuing 

through discharge and into the transition to the home community.
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Our study strengths included the use of masked and highly trained examiners, several 

validated and standardized neonatal and outcome assessments, prospective data on maternal 

and infant characteristics and exposures, and centralized CUS diagnostics. The inclusion 

of outborn infants to increase generalizability may be a weakness due to reliance on 

infant labor and delivery summaries to standardize maternal data collection across sites 

that included children’s hospitals.

In summary, specific patterns of poorly regulated neurobehavior at NICU discharge and 

differences in neurodevelopmental outcomes at age 2 years were associated with BPD 

severity. These findings support the potential use of NNNS exam findings prescriptively in 

infants with BPD for preventive and targeted interventions. Our findings are consistent with 

previous findings of cognitive and motor impairments at 24 months associated with BPD 

severity.(30–31)

Further, we have identified the earliest targets that may be amenable to NICU interventions--

those related to poorly regulated attention, handling, and tone. These findings support the 

addition of neurobehavioral assessments during the NICU stay and again at the week of 

discharge to inform community referrals and discharge care plans as well as continued 

follow-up. These targeted referrals include physical therapy, occupational therapy, and 

speech therapy that can be provided prior to and after discharge.(32–34)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GEE Generalized estimating equations

NEC Necrotizing enterocolitis

GMFCS Gross motor function classification system

References

1. Kennedy E, Wouldes T, Perry D, et al. Profiles of neurobehavior and their associations with brain 
abnormalities on MRI in infants born preterm. Early Hum Dev. 2020;145:105041. doi:10.1016/
j.earlhumdev.2020.105041. [PubMed: 32413815] 

2. Spittle AJ, Walsh JM, Potter C, et al. Neurobehaviour at term-equivalent age and 
neurodevelopmental outcomes at 2 years in infants born moderate-to-late preterm. Dev Med Child 
Neurol. 2017;59(2):e207–e215. doi: 10.1111/dmcn.13297.

3. Pineda RG, Tjoeng TH, Vavasseur C, et al. Patterns of altered neurobehavior in preterm 
infants within the neonatal intensive care unit. J. Pediatr. 2013;162(3);e470–e4761. doi: 10.1016/
j.jpeds.2012.08.011.

4. Hack M, Wilson-Costello D, Friedman H, et al. Neurodevelopment and Predictors of Outcomes 
of Children With Birth Weights of Less Than 1000 g: 1992–1995. Arch Pediatr Adolesc Med. 
2000;154(7):e725–e731. doi:10.1001/archpedi.154.7.725.

5. Cheong JLY, Doyle LW. An update on pulmonary and neurodevelopmental outcomes 
of bronchopulmonary dysplasia. Semin Perinatol. 2018;42(7):e478–e484. doi:10.1053/
j.semperi.2018.09.013.

6. Jeng SF, Hsu CH, Tsao PN, et al. Bronchopulmonary dysplasia predicts adverse developmental 
and clinical outcomes in very-low-birthweight infants. Dev Med Child Neurol. 2008;50(1):e51–e57. 
doi:10.1111/j.1469-8749.2007.02011.x.

7. Malavolti AM, Bassler D, Arlettaz-Mieth R, et al. Bronchopulmonary dysplasia-impact of severity 
and timing of diagnosis on neurodevelopment of preterm infants: a retrospective cohort study. BMJ 
Paediatr Open. 2018;2(1):e000165. doi:10.1136/bmjpo-2017-000165.

8. Spittle AJ, Walsh J, Olsen JE, et al. Neurobehaviour and neurological development in the first month 
after birth for infants born between 32–42 weeks’ gestation. Early Hum Dev. 2016;96:e7–e14. 
doiL10.1016/j.earlhumdev.2016.02.006.

9. Bassler D, Stoll BJ, Schmidt B, et al. Using a count of neonatal morbidities to predict poor 
outcome in extremely low birth weight infants: added role of neonatal infection. Pediatrics. 
2009;123(1):e313–e318. Doi: 10.1542/peds.2008-0377.

10. Higgins RD, Jobe AH, Koso-Thomas M, et al. Bronchopulmonary Dysplasia: Executive Summary 
of a Workshop. J Pediatr. 2018;197:e300–e308. doi:10.1016/j.jpeds.2018.01.043.

11. Jensen EA, Dysart K, Gantz MG, et al. The Diagnosis of Bronchopulmonary Dysplasia in Very 
Preterm Infants: An Evidence-Based Approach. Am J Respir Crit Care Med. 2019;200(6):e751–
e759. doi:10.1164/rccm.201812-2348OC.

12. Gerstein ED, Woodman AC, Burnson C, Cheng ER, Poehlmann-Tynan J. Trajectories of 
Externalizing and Internalizing Behaviors in Preterm Children Admitted to a Neonatal Intensive 
Care Unit. J Pediatr. 2017;187:111–118. doi:10.1016/j.jpeds.2017.04.047 [PubMed: 28533035] 

Martin et al. Page 9

Arch Dis Child Fetal Neonatal Ed. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. O’Shea TM, Allred EN, Dammann O, et al. The ELGAN study of the brain and related disorders in 
extremely low gestational age newborns. Early Hum Dev. 2009; 85(11):e719–e725. doi: 10.1016/
j.earlhumdev.2009.08.060.

14. Walden RV, Taylor SC, Hansen NI, et al. Major congenital anomalies place extremely low 
birth weight infants at higher risk for poor growth and developmental outcomes. Pediatrics. 
2007;120(6):e1512–e1519. doi: 10.1542/peds.2007-0354. [PubMed: 17984212] 

15. Maternal and Infant Health in the United States. March of Dimes Data Book for Policy Makers. 
2016. Marchofdimes.org/peristats.

16. Manual of operations: Part 2 Data Definitions & infant Data Forms. Vermont Oxford 
Network. 2019;23.2:e1–e105. https://vtoxford.zendesk.com/hc/en-us/articles/360013115393-2019-
Manual-of-Operations-Part-2-Release-23-2-PDF-.

17. Kuban K, Adler I, Allred AN, et al. Observer variability assessing US scans of the preterm brain; 
ELEGAN study. 2007;37(12):e1201–e1208. doi: 10.1007/s00247-007-0605-z.

18. Lester BM, Andreozzi-Fontaine L, Tronick E, et al. Assessment and evaluation of the high 
risk neonate: the NICU Network Neurobehavioral Scale. J. Vis. Exp. 2014; (90):e3368. doi: 
10.3791/3368.

19. Boukydis CF, Bigsby R, Lester BM. Clinical use of the Neonatal Intensive Care Unit Network 
Neurobehavioral Scale. Pediatrics. 2004;113(3 Pt 2):e679–e89.

20. Liu J, Bann C, Lester B, Tronick E, et al. Neonatal Neurobehavior Predicts medical and Behavioral 
Outcome. Pediatrics. 2010;125(1):e90–e98. doi: 10.1542/peds.2009-0204. [PubMed: 19969621] 

21. Bayley N Bayley Scales of Infant Development. 3. San Antonio, TX: Psychological Corporation; 
2006.

22. El-Dib M, Massaro AN, Glass P, et al. Neurobehavioral assessment as a predictor of 
neurodevelopmental outcome in preterm infants. J Perinatol. 2012;32(4):299–303. doi: 10.1038/
jp.2011.100. [PubMed: 21760584] 

23. Stephens B, Liu J, Higgins R. Neurobehavioral assessment predicts motor outcome in preterm 
infants. J. Pediatr. 2010;156(3):366–371. doi: 10.1016/j.jpeds.2009.09.042. [PubMed: 19880137] 

24. Palisano R, Rosenbaum P, Bartlett D, et al. Content validity of the expanded and revised Gross 
Motor Function Classification System. Dev Med Child Neurol. 2008;50(10):744–50. 10.1111/
j.1469-8749.2008.03089.x. [PubMed: 18834387] 

25. Nylund KL, Asparouhov T, Muthén BO. Deciding on the Number of Classes in 
Latent Class Analysis and Growth Mixture Modeling: A Monte Carlo Simulation Study. 
Structural Equation Modeling: A Multidisciplinary Journal. 2007;14(4):e535–e569. doi: 
10.1080/10705510701575396.

26. Hogan WJ, Winter S, Pinto NM, et al. Neurobehavioral evaluation of neonates with congenital 
heart disease: a cohort study. Dev Med Child Neurol. 2018;60(12):e1225–e1231. doi. 10.1111/
dmcn.13912.

27. Ryckman J, Hilton C, Rogers C, et al. Sensory processing disorder in preterm infants during 
early childhood and relationships to early neurobehavior. Early Hum. Dev. 2017;113:18–22. doi: 
10.1016/j.earlhumdev.2017.07.012. [PubMed: 28711561] 

28. Wright CJ, Kirpalani H. Targeting Inflammation to Prevent Bronchopulmonary Dysplasia: Can 
New Insights Be Translated Into Therapies. Pediatrics. 2011;128(1):e111–e126. doi: 10.1542/
peds.2010-3875

29. Villamor-Martinez E, Alvarez-Fuente M, Ghazi AMT, et al. Association of Chorioamniotis with 
Bronchopulmonary Dysplasia Among Preterm Infants. JAMA Network. 2019;2(11):e1914611. 
doi.org/jamanetworkopen.2019.14611.

30. Choi EK, Shin SH, Kim EK, & Kim HS Developmental outcomes of preterm infants with 
bronchopulmonary dysplasia-associated pulmonary hypertension at 18–24 months of corrected 
age. BMC pediatrics, 2019;19(1), 26. 10.1186/s12887-019-1400-3 [PubMed: 30654786] 

31. Katz TA, Vliegenthart RJS, Aarnoudse-Moens CSH, et al. Severity of Bronchopulmonary 
Dysplasia and Neurodevelopmental Outcome at 2 and 5 Years Corrected Age. J Pediatr. 
2021;3476(21)01196–3. doi: 10.1016/j.jpeds.2021.12.018.

Martin et al. Page 10

Arch Dis Child Fetal Neonatal Ed. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Marchofdimes.org/peristats
https://vtoxford.zendesk.com/hc/en-us/articles/360013115393-2019-Manual-of-Operations-Part-2-Release-23-2-PDF-
https://vtoxford.zendesk.com/hc/en-us/articles/360013115393-2019-Manual-of-Operations-Part-2-Release-23-2-PDF-
http://doi.org/jamanetworkopen.2019.14611


32. Khurana S, Kane AE, Brown SE, et al. Effect of neonatal therapy on the motor, cognitive, 
and behavioral development of infants born preterm; a systemic review. Dev Med Child Neurol. 
2020;62(6)684–692. doi: 10.1111/dmcn.14485. [PubMed: 32077096] 

33. Pineda R, Bender J, Hall B, et al. Parent participation in the neonatal intensive care unit: Predictors 
and relationships to neurobehavior and developmental outcomes. Early Hum Dev. 2018;117:32–
38. doi: 10.1016/j.earlhumdev.2017.12.008. [PubMed: 29275070] 

34. Van Hus J, Jeukens-Visser M, Koldewijn K, et al. Early intervention leads to long-term 
developmental improvements in very preterm infants, especially infants with bronchopulmonary 
dysplasia. Acta Paediatr. 2016;105(7):773–81. doi: 10.1111/apa.13387. [PubMed: 26936312] 

Martin et al. Page 11

Arch Dis Child Fetal Neonatal Ed. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



What is already known on this topic:

Bronchopulmonary Dysplasia is a significant risk factor for developmental delays in 

children born prematurely.

What this study adds:

To our knowledge, this is the first study to demonstrate specific neurobehavioral patterns 

associated with severity of BPD at the time of hospital discharge.

How this study might affect research, practice, or policy:

Neurobehavioral assessments during the NICU stay and at discharge can inform designs 

for the implementation of preventive and targeted interventions. This can potentially 

improve long term neurodevelopment for premature newborns.
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Figure 1. Study Flow Chart
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