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Abstract

Objective: To assess whether prenatal risk phenotypes are associated with neurobehavioral 

impairment children born < 30 weeks’ gestational age (GA) at NICU discharge and 24-month 

follow-up.

Study Design: We studied infants from the Neonatal Neurobehavior and Outcomes in Very 

Preterm Infants (NOVI) study, a multi-site investigation of infants born < 30 weeks’ GA. 

There were 704 newborns enrolled in NOVI; of these 679 (96%) had neonatal neurobehavioral 

data and 556 (79%) had 24-month follow-up data. Maternal prenatal phenotypes (physical 

and psychological risk groups) were characterized from 24 physical and psychological health 
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risk factors. Neurobehavior was assessed at NICU discharge using the NICU Network 

Neurobehavioral Scales and at two-year follow up using the Bayley Scales of Infant and Toddler 

Development and the Child Behavior Checklist.

Results: Children born to mothers in the psychological risk group were at increased risk for 

dysregulated neonatal neurobehavior (OR = 2.04; 95% CI = 1.08 to 3.87), severe motor delay 

(OR = 3.80, 95% CI = 1.48 to 9.75), and clinically significant externalizing problems (OR = 2.84, 

95% CI = 1.28 to 6.31) at age 24 months, compared with children born to mothers in the low-risk 

group. Children born to mothers in the physical risk group were more likely to have severe motor 

delay (OR = 2.70, 95% CI = 1.07 to 6.85) compared with the low-risk group.

Conclusion: High-risk maternal prenatal phenotypes were associated with neurobehavioral 

impairment for children born very preterm. This information could identify newborns at risk for 

adverse neurodevelopmental outcomes.
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Infants born < 30 weeks’ gestational age (GA) are at increased risk for neurodevelopmental 

impairment,1–3 but there is great variability in outcomes among this group. Longitudinal 

follow-up studies have identified distinct subgroups of children born very preterm, ranging 

from above average to severely impaired on standardized measures of cognition and 

behavior.4–6 Being able to predict which preterm infants are at greatest risk for long-term 

impairment could have enormous benefits in terms of provision of targeted services and 

follow-up care.

While morbidities related to prematurity (e.g., brain injury, sepsis) have been shown 

to predict outcomes in this population7,8, more recent research has shown that risk 

factors prior to birth, including mothers’ prenatal physical (e.g., gestational diabetes) 

and psychological (e.g., depression) health problems, are associated with adverse health 

and behavioral outcomes in infants born preterm.9,10 These findings are very much in 

line with a Developmental Origins of Health and Disease (DOHAD) perspective that 

emphasizes impacts of the fetal environment on long-term outcome. In the current sample, 

we previously reported that maternal prenatal depression and anxiety were associated with 

poorer neonatal neurobehavior, specifically poorer attention and increased lethargy.9 One 

limitation of earlier studies is that they have tended to investigate single risk factors in 

isolation, though prenatal risk factors tend to co-occur and likely work together to influence 

child outcomes. A different approach is to holistically assess multiple risk factors as they 

co-occur in pregnancy, to evaluate associations between distinct prenatal phenotypes and 

child outcomes.11,12 Associations between prenatal risk phenotypes and neurobehavioral 

profiles in children born preterm are unknown.

To address these gaps, the objective of this study is to examine whether prenatal risk 

phenotypes are associated with neurobehavioral impairment at NICU discharge and 24-

month follow up for children born < 30 weeks’ GA. In line with prior work investigating 

single risk factors, our hypothesis is that infants born to mothers with elevated physical or 
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psychological risk phenotypes will have worse neurobehavioral outcomes compared with 

infants born to mothers with low-risk phenotypes.

Methods

Study Sample and Procedures

As previously described, the Neonatal Neurobehavior and Outcomes in Very Preterm Infants 

(NOVI) study enrolled infants born < 30 weeks’ postmenstrual age (PMA) from nine NICUs 

affiliated with six universities from April 2014 to June 2016.13,14 Inclusion criteria included: 

(a) birth < 30 weeks PMA; (b) parental ability to read and speak English or Spanish; and 

(c) residence within 3 hours of the NICU and follow-up clinic. Infants were excluded for 

major congenital anomalies15, NICU death, maternal age < 18 years, maternal cognitive 

impairment, or maternal death. Study procedures were explained and informed consent was 

obtained in accordance with each institution’s review board.

Information about maternal and infant demographics and prenatal variables were obtained 

via maternal interview and medical record review. Certified examiners conducted 

neurobehavioral assessments at NICU discharge and at a 24-month follow-up visit (mean 
corrected age = 25.3 months).

There were 704 infants and 617 caregivers enrolled in NOVI. Of these, 601 caregivers 

(97%) had interview data and were included in the derivation of prenatal risk phenotypes. 

Of the 704 infants enrolled, 679 (96%) had neonatal outcome data and 556 (79%) had 

24-month follow-up data (Figure 1). Though we previously reported associations between 

individual prenatal risk factors and neonatal outcomes9, the current study represents pre-

planned analysis of prenatal phenotypes in relation to NICU Network Neurobehavioral 

Scales (NNNS) neurobehavioral profiles and 2 year neurodevelopmental outcomes.

Measures

Prenatal risk phenotypes.—We previously described three prenatal risk phenotypes: a 

typical/low-risk group (61%) with few prenatal risk factors, a physical risk group (26%) 

with elevated physical health problems, and a psychological risk group (13%) with elevated 

substance use and psychological problems.11 Briefly, we determined these phenotypes 

by applying latent class analysis to 24 prenatal risk factors, spanning demographic (e.g., 

maternal age, SES, education, minority race/ethnicity), medical (e.g., maternal underweight/

obesity, gestational weight gain, hypertension, pre-eclampsia), substance use (e.g., alcohol, 

tobacco, marijuana, illegal drugs), and psychological (e.g., depression, anxiety) variables. 

A 3-class solution was found to provide the best fit to the data and mothers were grouped 

according to their mostly likely latent class. A visualization of the prenatal risk phenotypes 

can be viewed elsewhere.11

NICU Network Neurobehavioral Scales (NNNS).—The NNNS is a standardized 

neurobehavioral assessment that examines newborn muscle tone, reflexes, movement, 

attention, regulation, and signs of stress and abstinence and results in 12 summary 

scores.16–19 Examiners were blinded to neonatal clinical variables. We previously applied 

latent profile analysis to NNNS summary scores in the NOVI study, in order to group 
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children with similar patterns of scores into 6 distinct and mutually-exclusive groups (Table 

1; online)13,20 Infants in profiles 5 and 6 showed the most dysregulated neurobehavior. 

Infants in profile 5 (23%) were hypo-aroused, with poor attention, low arousal, high 

lethargy and hypotonia, and the most nonoptimal reflexes compared with infants in all other 

profiles. Infants in profile 6 (7%) were hyper-aroused, demonstrating poor attention and 

self-regulation and low quality of movement alongside high arousal, excitability, hypertonia, 

and many signs of stress and abstinence. In this study, membership in either dysregulated 

NNNS profile (5 or 6) was our primary neonatal neurobehavioral outcome.

Bayley Scales of Infant and Toddler Development, 3rd edition (Bayley-III).—
The Bayley-III is a widely used developmental assessment that captures cognitive, motor, 

and language domains.21 The Bayley-III was administered by certified examiners at the 

24-month follow-up visit. Cognitive, motor, and language composite scores were calculated, 

which are normed scores with a mean of 100 and a standard deviation (SD) of 15. Our 

primary Bayley outcomes were moderate (<85; 1 SD below mean) and severe (<70; 2 SD 

below mean) cognitive, motor, and language delay.21–23

Child Behavior Checklist - Preschool(1 ½ - 5 years; CBCL).24—Parents completed 

the CBCL at the 24-month follow-up visit. The CBCL is a parent-report measure 

that contains 100 statements about the child’s behavior. Responses are recorded as 0 

(not true), 1 (somewhat or sometimes true), or 2 (very true or often true). Individual 

items are grouped into subscales that are categorized into three broad composite scores: 

internalizing (emotionally reactive, anxious and/or depressed, somatic complaints, and 

withdrawn behavior), externalizing (attention problems, aggressive problems), and total 

problems (sum of all). Raw scores were assigned to normalized T-scores according to test 

creators; internalizing, externalizing, and total problems T-scores above 63 were considered 

clinically significant24 and were our primary CBCL outcomes.

Covariates

Neonatal medical morbidities were collected according to Vermont Oxford Network 

criteria and included a count of 4 possible morbidities: brain injury (periventricular 

leukomalacia, moderate to severe ventriculomegaly, or parenchymal echodensity with 

or without intraventricular hemorrhage), bronchopulmonary dysplasia (BPD; requiring 

supplemental oxygen at 36 weeks’ PMA), severe retinopathy of prematurity (ROP; stage 4–

5 or surgery), and necrotizing enterocolitis (≥Bell’s stage 2)/culture positive sepsis (includes 

early- or late-onset sepsis from blood or cerebrospinal fluid culture).25,26 Maternal postnatal 

psychological distress was accounted for using the Brief Symptom Inventory (BSI),27 a self-

report measure of psychological symptoms across nine domains (somatization, obsessive-

compulsive, interpersonal sensitivity, depression, anxiety, hostility, phobic anxiety, paranoid 

ideation, and psychoticism). The BSI was collected as part of a maternal interview at NICU 

discharge and 2-year follow-up. Mothers’ global severity index (GSI), measuring overall 

symptom severity, was averaged across the entire postnatal period (discharge and 2 years) 

and used as a measure of postnatal psychological distress.27
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Statistical Analysis

First, we summarized neurobehavioral outcomes by prenatal risk phenotype, using 

frequencies for categorical outcomes. The referent group was infants born to mothers in 

the typical/low-risk prenatal phenotype. Associations between prenatal risk phenotypes and 

infant neurobehavioral outcomes were determined using generalized estimating equations 

(GEE) that accounted for a binomial outcome distribution and nesting of multiple births 

within families. Covariates were selected a priori and included study site, maternal primary 

language, infant GA at birth, infant sex, neonatal medical risk, and maternal postnatal 

psychological distress. Note that other demographic factors (e.g., SES) were not included as 

covariates since these variables were included as part of the original prenatal risk LCA.

Results

Maternal and infant characteristics are shown in Table 2. The sample included 58% of 

mothers identifying as a minoritized race or ethnicity (24% Black, 13% Asian, 3% Native 

American, 9.5% Hawaiian, 3.3% Pacific Islander, 20% Hispanic/Latino), 13% having less 

than a high school degree, and 25% having no relationship partner. Approximately half of 

the infants (56%) were male and the average PMA at birth was 27 weeks (SD = 1.9 weeks). 

The most common neonatal medical morbidity was BPD, impacting 51% of infants in the 

sample.

Infants born to mothers in the physical risk group had older GA (M = 27.7 weeks; SD = 1.51 

weeks) compared with infants born to mothers in both the low-risk group (M = 26.9 weeks; 

SD = 1.99) and the psychological risk group (M = 26.6 weeks, SD = 1.92 weeks), all p < 

.05. There were no differences in GA between infants born to mothers in the psychological 

risk group compared with the low-risk group (p > .05). There were no differences between 

the groups in terms of sex or neonatal medical morbidities (all p > .05). There were some 

demographic differences between the groups. Compared with women in the low-risk group, 

women in the psychological risk group were more likely to have low SES (18% vs. 6.5%), 

to have less than a high school education (26% vs 12%), and to have no relationship partner 

(62% vs. 21%), all p < .002.

Neurobehavioral outcomes for the entire sample and by prenatal risk phenotype are shown 

in Table 3. About one third (30%) of infants had a dysregulated NNNS profile at NICU 

discharge. Between 20–38% of the sample had a moderate delay on the Bayley, with 

language delay being the most common. Between 6–12% of the sample had a severe delay 

on the Bayley, with language delay again being the most common. Fewer than 10% of the 

sample had clinically significant CBCL internalizing (7.7%), externalizing (9.7%), and total 

problem scores (9.5%).

Results from adjusted GEE models (Table 3) show that infants born to mothers in the 

psychological risk group were at increased risk for dysregulated neonatal neurobehavior 

compared with infants in the low-risk group (OR = 2.04; 95% CI = 1.08 to 3.87). At 24-

month follow-up, infants born to mothers in the psychological risk group were at increased 

risk for severe motor delay (OR = 3.80, 95% CI = 1.48 to 9.75), clinically significant 

externalizing problems (OR = 2.54, 95% CI = 1.16 to 5.56), and clinically significant total 
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problems (OR = 2.84, 95% CI = 1.28 to 6.31) compared with infants born to mothers in the 

low-risk group. Infants born to mothers in the physical risk group were also more likely to 

have severe motor delay (OR = 2.70, 95% CI = 1.07 to 6.85) compared with infants born to 

mothers in the low-risk group.

Discussion

The aim of the current study was to investigate links between maternal prenatal phenotypes 

and neonatal and 2-year neurobehavioral outcomes in a sample of children born < 30 weeks’ 

GA. We found differential associations between two high risk prenatal phenotypes and child 

outcomes. Infants born to mothers with high psychological risk factors during pregnancy 

were at increased risk for dysregulated neonatal neurobehavior as well as severe motor delay 

and clinically significant behavior problems at age 2, compared with infants born to mothers 

with few risk factors. Increased risk for severe motor delay was also evident among infants 

born to mothers with high physical risk factors during pregnancy. Together these results 

show that maternal prenatal phenotypes are important antecedents of outcomes for children 

born < 30 weeks’ GA.

A prior study examining prenatal phenotypes also found evidence for distinct profiles of 

women experiencing elevated psychological or physical health conditions during pregnancy, 

alongside a low-risk, “healthy” group.12 Children of mothers in the physical risk group 

had poorer fetal central nervous system development whereas fetuses of mothers in the 

psychological risk group had greater heart rate reactivity during a laboratory stressor.12 This 

prior study included children born preterm and at term, but did not evaluate neurobehavioral 

outcomes of the children at birth or beyond. Nonetheless, there is growing attention to the 

importance of studying prenatal risk phenotypes and their implications for fetal and child 

development.

In our previous paper using the current sample, we found that children born to women in the 

psychological and physical risk profiles also had differential DNA methylation signatures 

compared with one another and to children born to women in the low risk phenotype.11 

Therefore, there appear to be both biological and behavioral consequences of exposure to 

these different types of perinatal risk. One future direction important to examine is whether 

exposure to different types of perinatal risk has an impact on child outcomes via epigenetic 

changes detectable at birth. This type of research could serve as a clue to the etiology of 

developmental delay and mental health disorders of childhood, and possibly suggest means 

by which concerning neurodevelopmental outcomes could be mitigated.

Our results are broadly in line with prior research showing that prenatal risk factors 

predict developmental outcomes for infants born preterm. In our current sample, we have 

shown that maternal prenatal depression and anxiety and medical complications (e.g., 

diabetes, hypertension, obesity, infection) are associated with worse NNNS summary scores 

in multiple domains (e.g., attention, lethargy, self-regulation, reflexes).13,28 The current 

findings extend our prior work by demonstrating that prenatal antecedents were associated 

with NNNS risk profiles that reflect extreme dysregulation of neonatal tone, movement, 

attention and arousal, as well as with motor delays and behavior problems at two-years 
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adjusted age. Prior evidence links prenatal psychological and medical conditions to child 

motor development, although these studies have been conducted primarily in children born 

at term.29–31 Our finding that maternal psychological risk was associated with child behavior 

problems is also consistent with a large body of work showing that maternal depression and 

anxiety during pregnancy are robust predictors of child mental health outcomes32–34, though 

an ongoing challenge in this area is understanding whether these associations are causal or 

due to genetic or environmental confounding.35 If these associations are found to be causal, 

then it suggests a need to intervene on the modifiable risk factors that define the high-risk 

prenatal phenotypes (e.g., provision of treatment for depression, anxiety, and/or substance 

use disorders, monitoring and preventative care measures for hypertension and diabetes).

Notably, women in the psychological risk group were also the most socioeconomically 

disadvantaged in the sample: they were almost three times as likely to be classified as 

having low SES (18% vs 6.5%) and to have no partner (62% vs 21%) compared with 

women in the low-risk group and were twice as likely to have less than a high school 

education (26% vs 12%). A similar trend was observed in the prior study of prenatal risk 

phenotypes, with women in the high psychological stress group being more likely to be in a 

minoritized group, to have fewer years of education, and to have lower household income.12 

Socioeconomic inequities are linked to poor mental health, and this may be even more 

true during pregnancy.36 Moreover, maternal mental health and SES both contribute to the 

quality of the postnatal environment children are raised in.37,38 Therefore, the combination 

of low SES, mental health difficulties, and substance use observed in our high psychological 

risk group may have collectively contributed to adverse prenatal and postnatal conditions 

for children in this sample, with concomitant risks for child outcomes. Our use of a LCA 

approach allowed us to better understand how these different prenatal risk factors co-occur 

within groups of women and how they may have compounding negative associations with 

child neurobehavioral development. Our novel person-centered method may also have led us 

to find stronger associations with child outcomes as opposed to traditional variable-centered 

analyses that describe relationships among single pairs of variables (i.e., one prenatal 

risk factor and one child outcome) while controlling for other (potentially correlated) risk 

factors.

There are several limitations of the current study. First, although we assessed 24 risk factors 

across multiple domains, we were limited by the data that were previously collected and 

could not assess all possible risk factors, nor were we able to assess potential protective 

factors (e.g., maternal mental healthcare utilization). Some data (e.g., pregnancy moods 

and feelings) were also assessed retrospectively. Additionally, although we had some data 

on postnatal maternal mental health, we were unable to account for other aspects of the 

postnatal environment that may be associated with prenatal phenotypes and child outcomes 

(e.g., caregiver sensitivity). We also could not account for genetic confounding that might 

explain links between maternal and child psychopathology. While we have not found 

differences in the medical or demographic characteristics of children lost to follow-up14, 

there is the possibility that those lost to follow-up differed based on variables we did not 

collect, which may have influenced our results. Finally, we report these associations in a 

specific sample of infants born < 30 weeks’ GA. It is unknown whether similar findings 

would be observed for preterm children born > 30 weeks’ GA, or for children born at term. 
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It is also unknown whether the prenatal risk factors and phenotypes studied here potentially 

contributed to the underlying cause of prematurity for infants in this study. Further studies 

are needed to understand whether prenatal risk phenotypes are linked to neurobehavioral 

outcomes in children born across the GA spectrum (i.e., from 22 to 42 weeks).

Future research should also examine whether the prenatal risk phenotypes identified in the 

current and prior studies generalize to different populations of women (e.g., high vs low 

risk pregnancies, women in different geographical areas) and how the prevalence of the two 

high risk phenotypes differ across these contexts. It would also be interesting to examine 

how maternal biomarkers associated with stress and health (e.g., cortisol, inflammatory 

cytokines) differ across the groups at different points in time.

In conclusion, we found that high-risk prenatal phenotypes were associated with 

neurobehavioral impairment at NICU discharge and 24-month follow up for infants born 

< 30 weeks’ GA. This information could help improve identification of very preterm infants 

at highest risk for poor developmental outcomes. These results also support the importance 

of interventions aimed at reducing maternal psychological stress in pregnancy.
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Figure 1. 
Study flowchart
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Table 1

Standardized summary scores by NICU Network Neurobehavioral Scales (NNNS) Profile

NNNS Summary 
Score

Profile 1 
(n=79; 11.6%)

Profile 2 
(n=209; 30.7%)

Profile 3 
(n=78; 11.5%)

Profile 4 
(n=108, 15.9%)

Profile 5 
(n=158; 23.3%)

Profile 6 
(n=47; 6.9%)

Attention 1.33 −0.17 −0.26 0.49 −0.49 −0.48

Handling −0.17 −0.51 0.79 0.54 −0.22 0.72

Regulation 1.32 0.23 −0.79 0.58 −0.50 −1.55

Arousal −0.88 −0.30 1.34 0.27 −0.40 1.29

Excitability −0.53 −0.64 1.13 0.01 −0.14 2.32

Lethargy −0.32 0.14 −0.47 −0.64 0.74 −0.35

Hypertonicity −0.08 −0.14 0.43 −0.16 −0.14 0.85

Hypotonicity −0.34 −0.16 −0.14 −0.32 0.67 −0.02

Nonoptimal reflexes −0.55 −0.24 −0.26 −0.63 1.05 0.35

Asymmetric reflexes 0.57 −0.43 −0.53 0.82 −0.04 0.07

Quality of movement 0.75 0.43 0.38 −0.08 −0.57 −1.69

Stress abstinence −0.30 −0.66 0.16 0.51 0.25 1.16

J Pediatr. Author manuscript; available in PMC 2024 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Camerota et al. Page 13

Table 2

Maternal and infant characteristics

Full Sample

M (SD) or % (n)

Maternal characteristics (N = 617)

Minoritized race or ethnicity 58% (347/601)

 White race 57% (340/601)

 Black race 24% (146/601)

 Asian race 13% (80/601)

 Native American race 3.0% (18/601)

 Hawaiian race 9.5% (57/601)

 Pacific Islander race 3.3% (20/601)

 Other race 10% (63/601)

 Hispanic/Latino ethnicity 20% (121/601)

Low SES: Hollingshead level 5 9.9% (59/599)

Maternal education: < HS/GED 13% (79/598)

No partner 25% (152/600)

Infant characteristics (N = 704)

Sex = Male 56% (388/697)

Multiple gestation 26% (184/697)

Cesarean delivery 71% (495/696)

PMA at birth (weeks) 27.0 (1.9)

Birth weight (g) 948.3 (280.6)

Head circumference (cm) 24.5 (2.43)

PMA at NICU discharge (weeks) 40.5 (5.43)

Length of NICU stay 93.5 (41.9)

Weight at discharge (g) 3013 (905)

Severe retinopathy of prematurity (ROP) 5.9% (41/697)

Necrotizing enterocolitis/sepsis 18% (128/697)

Bronchopulmonary dysplasia (BPD) 51% (357/697)

Serious brain injury* 13% (92/694)

Note. Minoritized race or ethnicity was defined as any non-White race (e.g., Black, Asian) or ethnicity (e.g., Hispanic and/or Latino/a). Percentages 
of race and ethnicity do not sum to 100 because participants could select multiple races.

*
Serious brain injury was defined as periventricular leukomalacia, moderate to severe ventriculomegaly, or parenchymal echodensity with or 

without intraventricular hemorrhage.

SES = socioeconomic status; HS = high school; GED = General Equivalency Diploma; PMA = postmenstrual age; NICU = neonatal intensive care 
unit; g = grams; cm = centimeters.
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