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Abstract

Children’s cognitive development and academic performance are linked to both fetal and early 

childhood factors, including preterm birth and family socioeconomic status. We evaluated whether 

the relationship between preterm birth (PTB) and first grade standardized test performance among 

Georgia public school students was modified by neighborhood deprivation in early childhood.

The Georgia Birth to School cohort followed 327,698 children born in Georgia from 1998–2002 

through to end-of-year first grade standardized tests. Binomial and log-binomial generalized 

estimating equations were used to estimate risk differences and risk ratios for the associations of 

both PTB and the Neighborhood Deprivation Index for the census tract in which each child’s 

mother resided at the time of birth with test failure (versus passing). The presence of additive and 

multiplicative interaction was assessed.

PTB was strongly associated with test failure, with increasing risk for earlier gestational ages. 

There was positive additive interaction between PTB and neighborhood deprivation. The main 

effect of PTB versus term birth increased risk of mathematics failure: 15.9% (95%CI: 13.3–

18.5%) for early, 5.0% (95% CI: 4.1–5.9%) for moderate, and 1.3% (95%CI: 0.9–1.7%) for late 

preterm. Each 1 standard deviation increase in neighborhood deprivation was associated with 

0.6% increased risk of mathematics failure. For children exposed to both PTB and higher 

neighborhood deprivation, test failure was 4.8%, 1.5%, and 0.8% greater than the sum of two main 
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effects for early, moderate, and late PTB, respectively. Results were similar, but slightly 

attenuated, for reading and English/language arts.

Our results suggest that PTB and neighborhood deprivation additively interact to produce greater 

risk among doubly exposed children than would be predicted from the sum of the effects of the 

two exposures. Understanding socioeconomic disparities in the effect of PTB on academic 

outcomes at school entry is important for targeting of early childhood interventions.
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INTRODUCTION

Children’s cognitive development and academic performance are linked to both fetal and 

early childhood factors, including being born preterm (<37 weeks gestation) and growing up 

in a family with lower socioeconomic status (SES) [Figure 1] (Allen, 2008; Aylward, 2005; 

Brooks-Gunn & Duncan, 1997). Children who are born preterm are at higher risk of severe 

neurologic impairments (e.g., cerebral palsy, blindness, deafness) as well as more subtle 

motor and neurocognitive deficits (e.g., cognitive ability, motor skills, visual-motor skills, 

language, executive function, behavior, academic achievement) (Allen, 2008; Aylward, 

2005; Ferrari et al., 2012; McGowan et al., 2011; Pugliese et al., 2013). Improving survival 

rates among very and moderately preterm infants has resulted in increased prevalence of 

these less severe deficits (Allen, 2008). Children who are raised in poverty are more likely to 

experience developmental delays and learning disabilities; to display worse verbal ability 

and achieve lower scores on intelligence and achievement tests; and to have lower academic 

achievement (e.g., high school completion, grade repetition) (Brooks-Gunn & Duncan, 

1997). Hypothesized pathways through which childhood poverty may result in poorer 

cognitive and academic outcomes include the home environment (e.g., opportunities for 

learning, reading materials), parents’ interactions with their children, parental mental health 

(e.g., irritability, depression), and neighborhood conditions (e.g., resources for child 

development such as playgrounds, parks, quality preschool, after-school programs) (Brooks-

Gunn & Duncan, 1997).

Studies of the neurocognitive consequences of preterm birth often treat individual- and/or 

neighborhood-level SES (e.g., maternal education, family income, neighborhood poverty) as 

confounders to control. However, SES may modify (e.g. interact with) the effect of preterm 

birth on cognitive development. For instance, children who are born preterm may be 

particularly susceptible to the effects of family and social environments, in terms of 

providing emotional and material resources and social experiences that are critical for 

academic success at school age (Brooks-Gunn & Duncan, 1997; Christensen et al., 2014; 

Guo & Harris, 2000).

In the United States in particular, some children may be more likely to have been born 

preterm and into a lower SES environment, experiencing ‘double jeopardy’. It has been 
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observed that racial and social class disparities in academic readiness parallel disparities in 

preterm birth rates as well as individual- and neighborhood-level SES (Culhane & 

Goldenberg, 2011; Lee & Burkam, 2002). Fundamental processes of social stratification – 

including residential segregation into certain neighborhoods, as well as the accumulation 

and transfer of wealth and resources over individuals’ lives and across generations – may 

contribute to both risk of preterm birth and to the resources available to children’s families. 

All of this raises questions as to the effects of being doubly exposed to both preterm birth 

and lower SES (both at the individual level and in terms of the neighborhoods in which 

children are raised) on children’s academic readiness (Acevedo-Garcia et al. 2008; Collins et 

al., 2011; Kramer et al., 2010; Weisglas-Kuperus et al., 1993). The causal notion of effect 

measure modification or heterogeneity is typically operationalized in statistical models with 

interaction terms. Additive interaction means that the effect of being doubly exposed is 

greater or less than the sum of the effects of the two main exposures, whereas multiplicative 

interaction suggests that the observed effect of being doubly exposed departs from the 

product of the effect of the two exposures (VanderWeele & Knol, 2014). Considering 

additive interaction, imagine that preterm birth (versus term) and being raised in a low SES 

family (versus a high SES family) independently increase a child’s risk of developmental 

delay by 10% and 20%, respectively. In the absence of effect modification, a doubly 

exposed child would experience 30% increased risk (or the sum of the individual effects). If 

there were positive additive interaction, the combined effect would be greater than 30%; 

conversely if there were negative additive interaction, the combined effect would be less 

than 30%. Studies in Taiwan and Sweden reported that the effect of preterm birth on school 

tests scores at age 15–16 varied across strata of parental education. The Taiwanese study 

used linear regression and thus detected the interaction on the additive scale whereas the 

Swedish study used logistic regression, detecting multiplicative interaction. In these and 

other studies, operationalization of the causal notion of effect measure modification is often 

dictated by the statistical model chosen rather than by a conceptual framework. It has been 

argued that additive interaction is the form of heterogeneity of greatest interest in public 

health (Rothman et al., 2012).

Extant research provides some evidence of interaction between birth outcome and individual 

SES on child development, but less work has evaluated area-based SES as an effect 

modifier. Preterm birth rates (Messer et al., 2008) and children’s academic performance 

(Bradley & Corwyn, 2002; Sampson et al., 2008; Sastry & Pebley, 2010) are each affected 

by area- or neighborhood-level deprivation or disadvantage. In a small study of extremely 

low birth weight (ELBW) children born in 1992–1995 in a single tertiary care facility, 

Andreias et al. (2010) found that both individual- and neighborhood-level SES were 

associated with academic achievement test performance at age 8 years, with no evidence of 

interaction. Further investigation is required with population-based samples using the full 

distribution of prematurity. We know of no studies that have investigated whether the 

relationship between preterm birth and academic outcomes is modified by children’s 

exposure to neighborhood-level SES during their early childhood years.

In this study we aim to assess modification of the effect of preterm birth on first grade 

academic performance by neighborhood SES, controlling for individual-level SES using a 

retrospective, population-based cohort of children born in the state of Georgia from 1998–
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2002. We hypothesized supra-additive interaction between preterm birth and neighborhood 

deprivation such that children born at earlier gestational ages in more deprived 

neighborhoods would have poorer school readiness than those born in less deprived 

neighborhoods.

METHODS

The Georgia Birth to School retrospective cohort consists of singleton live births to Georgia-

resident mothers. Construction of this cohort has been previously described (Feng et al., 

2013; Williams et al., 2013), but in brief birth certificates from 1998–2002 were linked to 

their Georgia public school first grade Criterion-Referenced Competency Test (CRCT) 

scores from 2005 to 2009. Children were included if they were 6 to 8 years old when they 

took the first grade CRCT; had a gestational age of 20–43 weeks and birth weight of 400–

5000 grams; and if they were born to non-Hispanic white, non-Hispanic black, or Hispanic 

mothers. Based on these criteria, there were 334,350 children eligible for analyses. Children 

were excluded if they could not be linked to a census tract (n=1,337), were born in a census 

tract lacking data on neighborhood-level variables for the year 2000 (n=32), had an outlier 

value for neighborhood deprivation as described below (n=2,172), or were born in a census 

tract with fewer than 50 births during the study period (n=3,111). Exclusions varied only 

slightly by maternal race/ethnicity; 1.5% of children of non-Hispanic white mothers, 3.2% 

of children of non-Hispanic black mothers, and 0.6% of children of Hispanic mothers were 

excluded.

Gestational age

Gestational age was measured as weeks from mother’s last menstrual period, as reported on 

the birth certificate. Gestational age category was defined as early preterm (<28 weeks), 

moderate preterm (28–33 weeks), late preterm (34–36 weeks) versus term (≥37 weeks). We 

considered sub-classifying term births into early term (37–38 weeks), term (39–41 weeks), 

and post term (≥42 weeks), based on recent work on variation in risk of adverse neonatal 

outcomes across the gestational spectrum (“ACOG Committee Opinion No 579,” 2013). 

However, we found the early term and post term categories were not meaningfully different 

from the term category. Therefore, for our final analyses, we collapsed these categories into 

a single term category that served as the referent group.

Early childhood contextual environment

Children’s exposure to area-based deprivation during their early childhood years was 

measured using the previously validated Neighborhood Deprivation Index (NDI) for the 

census tracts in which their mothers resided at birth (Messer et al., 2006, 2008; O’Campo et 

al., 2008). Tract-specific NDI scores were computed using Census 2000 data and were a 

function of poverty rates, household income, receipt of public assistance, occupation, 

housing overcrowding, education, and employment. NDI was standardized, and our analytic 

sample was restricted to children with NDI values within 3 SD of the mean in order to 

exclude outlier exposure values. Individual-level indicators of SES included maternal 

education and whether Medicaid was the payor for delivery (a proxy for maternal income).
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First grade CRCT performance

The Georgia Department of Education implements the CRCT to assess academic 

performance on specific state-designated competencies in mathematics, reading, and 

English/language arts. Students can exceed, meet, or not meet state standards in each content 

area. During the study period, CRCT examinations were administered to first graders each 

spring (“Criterion-Referenced Competency Tests (CRCT)”). Our main analyses focus on 

failing (i.e., not meeting the standard) the first grade CRCT examination in mathematics, 

given evidence that preterm children may have particular difficulty in mathematics (Simms 

et al., 2013). We also analyzed children’s performance in reading and English/language arts. 

These results were similar, and are presented in the web supplement.

Covariates

The following variables were identified from birth certificate records and considered as 

potential confounders: maternal age at birth (15–17 years, 18–19 years, 20–24 years, 25–29 

years, 30–34 years, 35–39 years, 40 years and older), maternal race/ethnicity (non-Hispanic 

white, non-Hispanic black, Hispanic), whether Medicaid was the payor for delivery, 

maternal smoking during pregnancy, child’s sex, and child’s age at taking the first grade 

CRCT (computed assuming the CRCT date for each calendar year was April 15). Maternal 

education at the time of birth (less than high school, completed high school, up to 3 years 

postsecondary, 4 or more years postsecondary) was considered either as a confounder or as a 

mediator, as discussed below.

Statistical analyses

To describe the observed joint distribution of preterm birth and neighborhood deprivation, 

we report proportions of children failing each of the CRCT assessments for our study 

population stratified into 16 sub-groups of 4 gestational age categories and 4 NDI quartiles.

Multivariable analysis with generalized estimating equations (GEE) based on binomial and 

log-binomial distributions estimate risk differences (RD) and risk ratios (RR) respectively, 

and accounted for clustering by census tract. Subjects with missing data on any covariate or 

the outcome were excluded from adjusted analyses. First, we considered main effects 

models to determine the mutually adjusted independent associations of preterm birth and 

NDI with CRCT test failure. Second, we assessed additive and multiplicative interaction 

between preterm birth and NDI by including interaction terms in GEE models based on the 

binomial and log-binomial distributions, respectively. For each model, the set of three 

interaction terms between gestational age category and NDI (i.e., early preterm × NDI, 

moderate preterm × NDI, late preterm × NDI) were assessed for statistical significance using 

the generalized score test statistic. We further evaluated additive interaction with the relative 

excess risk due to interaction (RERI) from the relative risk model (see formula in Web 

Supplement) (VanderWeele & Knol, 2014). RERIRR > 0 indicates the presence of positive 

additive interaction, whereas RERIRR < 0 corresponds to negative additive interaction; 

however, these measures cannot be used to determine the magnitude of interaction.

Maternal education could conceivably be a confounder of the association if maternal 

education is a cause or correlate of a cause for preterm birth (El-Sayed & Galea, 2012; 
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Goldenberg et al. 2008) or NDI (Kerckhoff et al, 2001), and also a determinant of child’s 

inherited abilities and pre-school support for education (Deary & Johnson, 2010). On the 

other hand, attained maternal education might be a consequence of the school quality and 

socioeconomic environment of the mother (Deary & Johnson, 2010), and to the extent that 

maternal pre-conceptional SES is correlated with pregnancy SES, maternal education might 

mediate the effect of neighborhood SES on academic performance. Thus, we considered 

models that control for maternal education as a confounder, and models that estimate the 

total effect of neighborhood SES on child academic performance without control for 

maternal education.

Missing data and sensitivity analyses

A total of 6,340 (1.9%) of subjects were missing data on at least one covariate; 4,810 (1.5%) 

were missing maternal education, 18 (0.01%) were missing marital status, and 1695 (0.5%) 

were missing smoking. There were no meaningful differences in missing data by preterm 

birth category or by maternal race/ethnicity with the exception of Hispanic children being 

more likely to be missing maternal education data (7.1%, versus 0.8% of non-Hispanic 

white children and 1.0% of non-Hispanic black children). Few subjects were missing 

outcome data, and there were no meaningful differences in missingness by preterm birth 

category, maternal education, or maternal race/ethnicity. CRCT mathematics was missing 

for 382 (0.1%), CRCT reading for 318 (0.1%), and CRCT English/language arts for 357 

(0.1%). Only 89 (0.03%) subjects were missing scores for all three tests.

Sensitivity analyses assessed the impact of missingness by multiply imputing missing 

values, as well as the impact of excluding subjects in census tracts with fewer than 50 births.

Descriptive and regression analyses were conducted using SAS 9.4 (Carey, NC), and 

bootstrapping of RERI confidence intervals was conducted using R 3.1 (R Foundation for 

Statistical Computing, Vienna Austria). The parent project was reviewed and approved by 

the Emory University Institutional Review Board.

RESULTS

There were 327,698 subjects eligible for inclusion in our study cohort, of whom 12.7% 

(41,657) failed the CRCT mathematics examination. Overall, 10.2% (33,287) of children in 

our study population were born preterm, including 0.3% (1,127) early preterm, 1.9% (6,276) 

moderate preterm, and 7.9% (25,884) late preterm. The mean standardized NDI was −0.09 

(SD 0.90) across all infants, who were born in 1,501 census tracts. Table 1 presents 

characteristics of children in the cohort. About 55% of infants were born to non-Hispanic 

white mothers, 36% to non-Hispanic black mothers, and 10% to Hispanic mothers. One-

quarter of mothers did not complete high school, 38% were unmarried, 47% had Medicaid 

as the payor for delivery, and 9% reported smoking during pregnancy.

Table 2 reports observed proportions of CRCT mathematics failure stratified by gestational 

age and NDI quartiles. Earlier gestational age and worsening neighborhood deprivation both 

resulted in increasing risk of CRCT mathematics failure. Unadjusted additive and 

multiplicative interaction can be examined from these data. Among term-born children, 
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those born in the most deprived quartile had 11.9% or 2.9 times increased risk of CRCT 

failure compared to those born in the least deprived quartile. Among children born in the 

least deprived quartile, those born early preterm had 11.5% or 2.8 times increased risk of 

CRCT failure compared to those born at term. Therefore, the expected joint effect 

comparing the highest risk category (early preterm, most deprived quartile) to the lowest 

risk category (term, least deprived quartile) would be 23.3% or 8.0 times increased risk of 

CRT failure. The observed RD (32.3%) and observed RR (6.1) suggested the presence of 

positive additive interaction and negative multiplicative interaction.

In unadjusted main effects models (Table 3), preterm birth and NDI were each significantly 

associated with increased risk of CRCT mathematics failure. Mathematics failure was 

significantly higher among all preterm children, with an increasing trend in risk for earlier 

births (p<0.0001). Each 1 standard deviation (SD) increase in NDI was associated with a 

5.5% (95% CI: 5.3, 5.8) increase in absolute risk and 43% (95% CI: 40, 46) increase in 

relative risk of failing CRCT mathematics. Of note, we also observed substantial disparities 

in CRCT performance by maternal race/ethnicity and maternal education. Children born to 

non-Hispanic black and Hispanic mothers and to mothers with lower education experienced 

higher prevalence of CRCT mathematics failure.

Preterm birth and NDI remained as significant independent correlates of CRCT performance 

in adjusted main effects models [Table 3, Models I and II]. The estimated effects of early, 

moderate, and late preterm birth were slightly attenuated compared to crude models, 

regardless of whether maternal education was controlled as a confounder. Estimated risk of 

CRCT failure was highest for children born early preterm: there was an approximate 

doubling of risk – corresponding to a 16.8% increase in absolute risk – for these children 

compared to their peers born at term. The estimated effect of NDI was substantially 

attenuated in adjusted models, and varied between models that did or did not adjust for 

maternal education. In the adjusted model treating maternal education as a confounder to be 

controlled, each 1 SD increase in NDI was associated with 0.6% increased absolute risk and 

3% increased relative risk of CRCT failure, whereas adjusted models not controlling for 

maternal education suggested a 1.7% increased absolute risk and 11% increase in relative 

risk of CRCT failure. Maternal race/ethnicity and maternal education remained important 

predictors of CRCT mathematics failure in the fully adjusted model, although their effects 

were slightly attenuated after adjustment for covariates.

Interaction models suggested the presence of positive additive interaction but negative 

multiplicative interaction between preterm birth and NDI in their effects on CRCT 

mathematics failure [Table 4]. In additive models, preterm birth and increasing NDI were 

independently associated with higher risk of CRCT failure, and the effect of experiencing 

both exposures was larger than the sum of their independent effects. Estimated RDs for the 

effect of preterm birth increased in magnitude as NDI increased. In the fully adjusted 

additive model, for example, the RD for early preterm versus term birth was 11.1% (95% 

CI: 7.5, 14.7) at a low deprivation score (NDI = −1) versus 20.6% (95% CI: 16.9, 24.3) at a 

high deprivation score (NDI = 1). Removing maternal education did not substantially affect 

regression estimates, but did result in a slightly increased RD for NDI (change from 0.6% to 

1.7% increased risk for each 1 SD increase).
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In contrast to the results on the additive scale, multiplicative models suggested that the joint 

estimated effect of preterm birth and NDI on CRCT mathematics failure was less than the 

product of their independent effects [Table 4]. In the fully adjusted multiplicative model, for 

example, the RR for early preterm birth was 2.36 (95% CI: 2.03, 2.75) at a low deprivation 

score (NDI = −1), but was 1.99 (95% CI: 1.81, 2.19) at a high deprivation score (NDI = 1). 

RERI calculations for interaction of early preterm, moderate preterm, and late preterm birth 

with NDI using adjusted RRs from multiplicative models were null with point estimates <0 

[Table 4].

In sensitivity analyses, our results were unchanged after including subjects born in census 

tracts with fewer than 50 births during the study period, and after multiply imputing 

observations with missing covariate values. Descriptive and model results for the alternate 

outcomes CRCT reading and English Language Arts were qualitatively consistent with those 

reported above for mathematics (web supplement).

DISCUSSION

School entry is a critical transition point in children’s lives that sets the stage for future 

social and academic achievement and potentially influences life course socioeconomic and 

health trajectories (Conti & Heckman, 2010; Heckman, 2006). Understanding social and 

biological factors affecting early academic performance at this age is important for 

addressing achievement disparities (Lee & Burkam, 2002; Alexander et al., 1993). We 

hypothesized that children doubly exposed to both the fetal insult of preterm birth and the 

early childhood insult of high neighborhood deprivation would experience a supra-additive 

‘double jeopardy’ effect, producing even worse academic performance at the beginning of 

primary schooling than the simple additive effects of the two individual exposures.

We found that preterm birth was a clear predictor of early school performance in 

mathematics, reading, and English Language Arts. Children born the earliest were most 

profoundly impacted, experiencing more than a doubling of risk compared to their term-born 

peers. Neighborhood deprivation index (NDI) was a moderate predictor of CRCT failure in 

unadjusted analyses, but its effect was substantially attenuated after controlling for 

covariates, particularly correlates of individual SES (e.g. maternal education). There was 

evidence of a supra-additive interactive effect between preterm birth and NDI in additive 

interaction analyses. For mathematics analyses, experiencing both exposures resulted in an 

additional increased absolute risk of 4.8%, 1.5%, and 0.8% for early preterm, moderate 

preterm, and late preterm children, respectively, for each 1 SD increase in NDI. In contrast 

we found that there was negative multiplicative interaction between the two exposures, 

which by itself is not an uncommon phenomenon to find in tandem with positive additive 

interaction (VanderWeele & Knol, 2014). However, in our assessment of additive 

interaction using RRs from log-binomial models, we found negative (albeit statistically null) 

values for RERI which do not agree with our assessment of additive interaction from 

binomial models. While there has been at least one published review of sample size and 

power calculations for detecting additive interactions on the risk scale and using RERI 

(Vanderweele, 2012), similar techniques are not yet available for the case of considering 

additive interaction between categorical and continuous exposures. It is possible that both of 
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our results are consistent with there being no additive interaction between preterm birth and 

NDI (e.g., small effect size of additive interaction observed in binomial-identity models), or 

that our RERI calculations lack the statistical power to detect small additive interaction 

effect sizes. This issue requires further study by statistical methodologists.

Our findings add to existing knowledge regarding the contributions of fetal and early 

childhood factors to long-term neurodevelopmental and academic outcomes in children. 

Prior studies of interaction between individual-level SES and preterm birth have yielded 

mixed findings, perhaps in part due to evaluating different types of interaction (i.e., additive 

or multiplicative). Using linear regression to assess additive interaction, Wang et al. (2008) 

found that deficits in Mandarin test scores between Taiwanese children born preterm, at low 

birth weight, or both were smaller among those whose fathers completed more years of 

education; however, there was no meaningful difference in the effect across educational 

levels for mathematics and science tests. Gisselmann et al. (2010) used logistic regression to 

assess multiplicative interaction, and similarly found that preterm birth was associated with 

worse scores in Swedish language only among Swedish children whose parents both had 

less than 3 years of secondary education. Another recent study assessed multiplicative 

interaction between family SES and moderate preterm birth (32–35 weeks) in their effects 

on developmental delay at 4 years among children enrolled in the Longitudinal Preterm 

Outcome Project in the Netherlands. The authors found negative multiplicative interaction 

between lower SES and moderate preterm birth for delay in communication skills, but no 

significant interaction for other developmental delay outcomes (Potijk et al., 2013)

We hypothesized a synergistic effect between preterm birth and neighborhood deprivation in 

their effects on academic performance, and found some evidence of positive additive 

interaction. However, others have argued that social factors (e.g., individual-level SES) and 

biological factors (e.g., preterm birth) may compete in their effects on childhood outcomes. 

A review by Hack et al. (1995) noted that while it has been hypothesized that these factors 

act synergistically, some evidence suggests that differences in long-term outcomes between 

low birth weight and normal birth weight children were greater in more advantaged 

environments compared to less advantaged environments. The authors suggested that the 

added insult of being born at low birth weight did not contribute substantial additional risk 

of long-term poor outcomes on top of being born in a more disadvantaged environment 

(Hack et al., 1995). Similar ideas relating to children’s IQ were explored by Turkheimer et 

al. (2003), finding that IQ in higher SES children may be driven less by environment and 

more by genetics, with the opposite being true in lower SES children. Using data from twins 

enrolled in the National Collaborative Perinatal Project, the authors modeled variation in IQ 

as a function of genotype, shared environment, and nonshared environment, each of which 

was allowed to interact with SES (Turkheimer et al., 2003). Further studies are needed to 

explore these competing hypotheses about interaction between preterm birth and SES or 

other aspects of early life environment in their effects on children’s neurodevelopment and 

academic outcomes, with particular emphasis on additive rather than multiplicative 

interaction as the more plausible scale for causal interaction (Rothman et al., 2012; 

VanderWeele & Knol, 2014).
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This study has several important strengths. The Georgia Birth to School retrospective cohort 

is a large, population-based study covering all live births in Georgia that could be linked to 

CRCT scores in public school records. NDI is a validated measure representing multiple 

domains of neighborhood deprivation (e.g., poverty, employment, education), which has 

been used in studies of neighborhood-level effects on perinatal outcomes (Messer et al., 

2006, 2008; O’Campo et al., 2008). By combining both area-based NDI and proxies of 

individual SES (maternal education and Medicaid status), this contributes to prior studies 

solely restricted to consideration of individual SES.

However, there are also limitations to our study. First, birth census tract may be an imperfect 

proxy for children’s early life environment because of residential mobility. We may have 

misclassified children if they moved to a neighborhood characterized by better or worse 

deprivation during early childhood. Further, the timing and persistence of exposure to 

poverty and deprivation over early childhood may affect its impact on academic outcomes. 

Childhood poverty may have a more profound effect on children’s cognitive ability and 

academic performance when experienced early and/or persistently during childhood 

(Brooks-Gunn & Duncan, 1997; Dickerson & Popli, 2011; Duncan et al., 1998; Guo, 1998). 

While we did not have data on subsequent residences after birth, we were able to identify the 

census tract in which each child attended school for 97% (n=318,019) of subjects. 

Recognizing that this may only be an approximation of each child’s exposure to area-level 

deprivation at first grade (e.g., they may have attended school in a different census tract 

from where they actually resided), and whether they moved between birth and attending 

school, we calculated the difference in NDI between birth and school measurements. The 

mean difference in NDI was −0.13 (SD = 0.80, quartile 1 = −0.49, quartile 3 = 0.20), 

suggesting that there was not substantial change between birth and school, although pointing 

in the direction of more children being born in a more deprived neighborhood and attending 

school in a slightly less deprived neighborhood. Second, our analyses may also be affected 

by uncontrolled structural confounding of the effect of NDI on academic outcomes due to 

social stratification in our study population, leading lower SES individuals and minority 

racial/ethnic groups to be concentrated in certain areas (Messer et al., 2010). Especially in 

urban areas of Georgia, economic and social deprivation is patterned along racial lines, with 

minority populations often concentrated in high deprivation areas. Structural confounding 

may be present when selection factors into the exposed and unexposed groups make it 

unlikely that each group would ever experience the implied counterfactual exposure 

condition. Third, a small proportion of subjects were excluded from analyses due to missing 

data on covariates and outcomes. Missing outcome data did not vary meaningfully by 

subject characteristics, and analyses using multiple imputation of missing covariate data did 

not change our findings.

There is a growing body of literature that suggests that school quality and positive school 

climates (i.e., intangible and unique characteristics of a school that influence student 

attitudes and values) can mitigate the effects of poverty on educational achievement 

(Hopson & Lee, 2011; Komro et al., 2011; National Center for Education Statistics, 2000). 

While the mediating roles of school quality and climate should be investigated, our focus on 

early academic outcomes in first grade focuses attention on the pre-school determinants of 
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academic achievement, assuming a relatively lower role of school quality at this early point 

in children’s school careers.

The Georgia CRCT is an early indicator of academic achievement, but it is not a direct test 

of children’s cognitive ability or intelligence. The CRCT is a criterion-referenced test that 

measures students’ attainment of specific knowledge and skills according to established 

criteria set by the Georgia DOE. The CRCT is scaled to distinguish children who fail to 

meet, meet, or exceed standards, and as such more nuanced patterns are not possible. The 

body of literature on preterm birth and neurodevelopment shows that being born earlier is 

associated with a breadth of deficits in specific areas (e.g., language, motor, visual-sensory) 

as well as academic performance, and future analyses of interaction between preterm birth 

and SES should consider more specific neurodevelopmental and academic outcomes.

In conclusion, our findings suggest that preterm birth and neighborhood deprivation each 

independently increase children’s risk of poorer academic performance at school entry. The 

two factors additively interact to produce even greater risk among doubly exposed children 

than would be predicted from the sum of the effects of the two exposures. Further research is 

needed to elucidate interactions between neighborhood deprivation and birth outcomes in 

additional populations, considering various measures of children’s early life environment as 

well as their cognitive and academic outcomes, and to investigate potential mediating factors 

such as home environments, parenting characteristics, and school quality and climates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

▪ Preterm children more likely to fail Georgia’s 1st grade standardized tests

▪ Gradient effect showed increased risk of test failure with earlier birth

▪ Living in more deprived neighborhood was modest predictor of test failure

▪ Neighborhood deprivation modifies effect of preterm birth on school 

achievement

▪ Double-jeopardy of preterm birth and area-based deprivation increases risk
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Figure 1. Conceptual framework for relationships between preterm birth, socioeconomic status 
(SES), and cognitive and academic outcomes
The solid black lines indicate the recognized associations of (a) SES (e.g., neighborhood 

deprivation, family SES) and (b) preterm birth with children’s cognitive and academic 

outcomes. The solid gray line indicates hypothesized effect modification of the relationship 

between preterm birth and cognitive and academic outcomes by SES; in these analyses, we 

test effect modification by neighborhood deprivation after controlling for indicators of 

family-level SES. The dashed black line indicates the recognized association between SES 

(e.g., neighborhood deprivation, family SES) and preterm birth; however, this arrow is not 

controlled in our analysis due to our interest in estimating the independent effect of 

neighborhood deprivation after the preterm birth has occurred.
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