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Socioeconomic status and brain injury in children born
preterm: modifying neurodevelopmental outcome
Isabel Benavente-Fernández1,2, Arjumand Siddiqi3,4 and Steven P. Miller5

Improved intensive care therapies have increased the survival of children born preterm. Yet, many preterm children experience
long-term neurodevelopmental sequelae. Indeed, preterm birth remains a leading cause of lifelong neurodevelopmental disability
globally, posing significant challenges to the child, family, and society. Neurodevelopmental disability in children born preterm is
traditionally linked to acquired brain injuries such as white matter injury and to impaired brain maturation resulting from neonatal
illness such as chronic lung disease. Socioeconomic status (SES) has long been recognized to contribute to variation in outcome in
children born preterm. Recent brain imaging data in normative term-born cohorts suggest that lower SES itself predicts alterations
in brain development, including the growth of the cerebral cortex and subcortical structures. Recent evidence in children born
preterm suggests that the response to early-life brain injuries is modified by the socioeconomic circumstances of children and
families. Exciting new data points to the potential of more favorable SES circumstances to mitigate the impact of neonatal brain
injury. This review addresses emerging evidence suggesting that SES modifies the relationship between early-life exposures, brain
injury, and neurodevelopmental outcomes in children born preterm. Better understanding these relationships opens new avenues
for research with the ultimate goal of promoting optimal outcomes for those children born preterm at highest risk of
neurodevelopmental consequence.

Pediatric Research (2020) 87:391–398; https://doi.org/10.1038/s41390-019-0646-7

INTRODUCTION
Over the past two decades, improved neonatal intensive care unit
(NICU) therapies have reduced the mortality and increased the
survival of preterm newborns, resulting in an increase in preterm-
born children in North America and around the world.1 Advances in
NICU care have also reduced several short-term medical morbid-
ities for preterm children.2 Despite these intensive care advances,
preterm birth remains a leading, and rising, cause of childhood and
lifelong disability in North America and globally. The concomitant
rise in preterm birth makes promoting the neurodevelopmental
outcome of these children a major imperative for families and child
health care providers. The prevalent neurodevelopmental con-
sequences of preterm birth impact multiple domains of develop-
ment: cognitive, language, behavioral, sensory, and motor
functions. The burdens and costs associated with these neurode-
velopmental disabilities make understanding how these sequelae
emerge, and how their consequences can be mitigated an urgent
priority for the pediatric research community.3–7

Socioeconomic status (SES) is a well-recognized predictor of
neurodevelopmental outcome in preterm children, particularly
cognition. Newer literature reveals complex relationship between
SES and the developing brain. To synthesize emerging evidence
relating SES of the preterm child as a modifier of brain injury and
subsequent cognitive skills, we review the established relationship

between SES and neurodevelopmental outcome in preterm
children, early-life exposures and brain maturation in preterm
neonates, and new evidence indicating SES is a predictor of brain
structure and a modifier of the brain’s response to injury (Fig. 1).
To examine how SES might modify the response of the child to

preterm birth and associated brain injuries, we performed a search
strategy based on a population, intervention, or exposure (PECO)-
framed focused research question:8 population-preterm infants;
exposure-low SES; comparison: high SES; outcome: brain devel-
opment or brain injury in context of cognitive outcome. To focus
on the more recent literature, we searched PubMed without
language restrictions from 1 January 2000 to 1 January 2019 with
the terms (preterm AND socioeconomic status AND brain
development AND cognitive outcome) and again with the terms
(preterm AND socioeconomic status AND brain injury AND
cognitive outcome). The papers are identified in Table 1 with
findings from these studies discussed in the appropriate sections
of this narrative review.

SES IS STRONGLY RELATED TO NEURODEVELOPMENTAL
OUTCOMES IN PRETERM CHILDREN
SES is a construct that refers to an individual’s access to material
resources, as well as the social standing, or status that comes from
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these resources.9 SES is thus multidimensional, derived from many
different aspects of life that can provide material resources and
social status. Correspondingly, SES can also be measured in
different ways, which represent sources of resources and status.10

Most commonly, metrics of education, income, and employment
status are used to approximate one’s SES.11–13 While relying on
one or two measures is not ideal and might prevent a broad
understanding of the contributions of different components of
SES to the observed associations, this is the most common
approach in research given the practicalities of measurement and
the moderate correlations among components of SES.14

Research on SES has uncovered its remarkably strong relation-
ship with health.10 We have come to understand that SES is a key
determinant of an astounding array of exposures, and triggers a
vast range of biological, behavioral, and other mechanisms
associated with health. It has thus been termed a “fundamental
cause” of health status. In the context of the current study, SES is a
key determinant of the exposures, environments, and mechanisms
through which brain maturation occurs. More specifically, higher
SES is associated with secure, stable, resource-rich environments,
while lower SES is associated with a breadth of biological risk
exposures and psychosocial disadvantages that are directly
relevant to the health of the fetus. These exposures include but
are not limited to low maternal age, maternal malnutrition,
maternal obesity, substance abuse, environmental exposures,
parental mental health concerns and stress, and more limited
access to perinatal health care services.
SES is predictive of a broad range of important life outcomes

being positively related to physical health and lifespan and
negatively related to serious illnesses such as cardiovascular
disease, stroke, cancer, and diabetes.14 Also, cognition and
academic achievement both show positive gradients with SES:
higher SES is associated with higher performance across a range
of cognitive outcomes. von Stumm and Plomin et al.15 analyzed
longitudinal data on intelligence from the Twins Early Develop-
ment Study (TEDS) cohort from 2 to 16 years. In the TEDS cohort,
children from more advantaged SES backgrounds had higher
intelligence scores in infancy with a 6-point difference in
intelligence quotient (IQ) at 2 years. Importantly, these children
experience greater gains with time exhibiting a15-point difference
in IQ by age 16 years.15 These data suggest a critical long-term
compounding of SES influences on cognitive development.

Specifically, in the preterm child, SES is predictive of cognitive
outcome, such that a lower level of parental education is predictive
of cognitive impairment.16–18 The relationship between SES and
cognition is remarkably unwavering. In contrast with the influence
of child-specific characteristics, like sex or low birth weight, on
general cognition that largely diminish in later childhood, the
influence of parental education persists through middle child-
hood.19 While the impact on cognitive outcome implies different
areas of development, Joseph et al.,19 found that the most
pronounced and consistent associations of lower SES in the preterm
infant, as measured by maternal education, were with verbal
reasoning, language ability, executive functions, and academic skills.
These neurodevelopmental domains are remarkably similar to those
reported for low SES term-born community samples.20

The beneficial effects of early childhood intervention programs
on later neurodevelopmental outcomes in normative full-term
populations are promising.21,22 In the Carolina Abecedarian (ABC)
Project, children from low-income families who were randomized
to receive early educational intervention had greater develop-
mental and education achievements.23 Highlighting the breadth
of influence that SES exerts on overall health, those in the
intervention group also exhibited a lower prevalence of cardio-
vascular and metabolic disease beyond 30 years of age.21

Importantly, the beneficial impact of these interventions are not
consistent when applied in preterm neonates.24 One potential
explanation for this discrepancy is the existence of brain injury in
children born preterm.
Through the 1990s, several studies highlight the important

intersection of preterm birth and SES in predicting cognitive
outcomes in childhood.12,25 Several of these and other recent
studies excluded children with major medical impairments.12,25–28

Thus, the importance of biological factors in mediating the
relationship between preterm birth and lower IQ may be
underestimated.25 The availability of accurate brain imaging
measures of brain injury and development offer contemporary
opportunities to unravel the potentially interacting relationships
between preterm birth, early-life NICU exposures, and SES.

EARLY-LIFE NICU EXPOSURES AND BRAIN MATURATION OF
PRETERM NEONATES
Traditionally, research on the root causes of preterm birth-related
neurodevelopmental challenges has focused on the type and
extent of brain injuries and other biological and physiological
manifestations that occur at birth, such as intraventricular
hemorrhage (IVH) and overt white matter injury (WMI). Often
however, neurodevelopmental challenges occur in the absence of
observed IVH and WMI.29–31 Moreover, even when focal brain
injuries are detected by diagnostic imaging, the multi-domain
neurodevelopmental impairments that often become apparent
over time suggest a more widespread brain abnormality than is
apparent on clinical brain imaging.6

Experimental studies and human imaging studies are now
shifting the paradigm of a “one-hit brain injury” being the key
driver of neurodevelopmental outcomes to the importance of the
trajectory of brain maturation.6 In the preterm brain, WMI is
prevalent, which is seen in ~1/3 of very preterm neonates as a
specific pattern of injury on clinical MRI.3,31 WMI is so prevalent
because early lineage oligodendroglia are vulnerable to insults
that do not affect mature myelin-forming oligodendrocytes.32–34

WMI is tightly linked with brain dysmaturation: the primary
mechanism of myelination failure in preterm neonates is impaired
maturation, which is a disrupted cellular response whereby pre-
oligodendrocytes fail to differentiate (i.e., dysmaturation).35 More
recently, neuronal dysmaturation is recognized.36–39 Brain dysma-
turation is increasingly emerging as the most important predictor
of the high burden of neurodevelopmental impairments in
preterm neonates.38,40,41

White matter injury &
brain maturation

Clinical lllness Neurodevelopment
outcome

SES

Fig. 1 Intersection of SES with brain health, clinical illness, and
neurodevelopmental outcome. The MRI images of a neonate born
very preterm demonstrate dramatic brain development on axial
T1-weighted MRI scans obtained early in life, at term-equivalent age,
and again at 8 years of age
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Brain imaging studies of the preterm neonate have established
the cumulative importance of everyday practices for brain
maturation during the neonatal period, including pain and
nutrition. For example, preterm neonates often spend months in
the NICU, where they are treated with many painful procedures
that are essential to life-saving care. Pain is now recognized as an
important mediator of brain maturation in preterm neonates as
they develop from early life to term age.4,38,42–50 Nutrition in the
first 2 weeks of life is another “everyday” exposure and key
predictor of early brain maturation, reflected in magnetic
resonance imaging (MRI) volumetric and diffusion MRI measures.51

Recognizing the potential of SES to modify these clinical
exposures may help to identify new opportunities for supportive
intervention as the brain maturation abnormalities identified
through these studies are robust predictors of neurodevelop-
mental outcomes in children born preterm.38

An understanding of how SES might impact these early-life
exposures is critically needed given recent observations as to
how SES influences the quality of NICU care in the United
States.52 This is especially relevant as recent studies highlight the
importance of considering SES, which is itself an everyday
predictor of brain maturation and outcomes.20,53,54 More
recently, we recognize the significant potential for social factors
to mitigate neurodevelopmental consequence of early-life brain
injury.53,55,56 Thus, an understanding of how SES might also
directly impact the “everyday” experience of the preterm
neonate in the NICU, including the burden of pain and the
quality of nutrition, is urgently needed.

SES AND THE MATURATION OF BRAIN STRUCTURES
UNDERLYING COGNITION AND LANGUAGE
The brain undergoes dramatic development over the first years of
life and this early brain growth is a critical determinant for later-life
cognition, language skills, and behavior. The brain structures most
strongly associated with SES in term-born children share remark-
able similarity with those neuronal structures most vulnerable to
alterations related to preterm birth, including the cerebral cortex,
thalamus, and hippocampus.54 Concurrent with new evidence
suggesting that SES modifies the NICU experience of preterm
neonates, evidence linking SES and brain structure in normative
populations is emerging.
Recent brain imaging studies have revealed a critical link between

SES and the development of brain structures related to cognition
and language outcomes.20,57–59 SES has been related to different
volumes and hemispheric specialization of the inferior frontal gyrus,
the brain region containing Broca’s area critical for expressive
language function.59 Hippocampal volume, a brain region involved
in learning and memory, has also been related to SES,58,60,61 as well
as amygdala volumes.60,61 Moreover, Noble et al.20 have demon-
strated in the largest study to date (1099 children) the association of
cognitive outcome with SES and cortical surface area in addition to
subcortical structures. Whereas stress-sensitive brain regions have
been the focus of initial research, there is increasing evidence of a
maturation lag in brain development related to exposure to low SES
environments. This maturation lag has been associated with stress-
sensitive brain regions, including the hippocampus and amygdala,
as well as more widespread relationships to cortical gyrification, as
well as cortical gray matter and white matter volumes in children
aged 6–12 years.62,63 Remarkably, up to 20% of the gap in cognitive
and academic achievement in a longitudinal cohort study of 389
typically developing children and adolescents could be explained by
maturational lags in the frontal and temporal lobes.64 Together,
these findings reinforce the hypothesis that structural brain
development may mediate the relationship between SES and
impaired academic performance.64

Moreover, the influence of SES seems to become stronger with
increasing exposure to less favorable SES factors with evidence of

profound impacts on development and outcomes across the life
course.11,20,59,64 The role of environment and inputs to the brain
can be considered critical in the basis of network formation during
early life.65 These studies suggest a “sensitive” period where the
brain is particularly responsive to experiences in the form of
patterned activity.65 The differences in brain structure reported by
Betancourt et al.57 in the first month of life suggest that SES starts
to play an important role early in life. These structural and
functional changes reinforce the concept of experience-
dependent plasticity of the infant brain demonstrated through
extensive scientific literature both in animals and humans.66

Importantly, however, the range of exposures mediated by SES
do not only predict adversity in brain health. Robust neuroscience
studies in animal models demonstrate that animals raised in
enriched environments, including social stimulation, exercise, and
novelty, have improved brain structure and functional outcomes,
including learning, memory, and plasticity.67–71 Moreover,
enriched environments are also shown to improve brain devel-
opment, reduce progressive cognitive decline, and mitigate the
impact of early-life brain injuries, attenuating or reversing
sequelae of brain insults, such as seizures, ischemia, and cortical
lesions among other important brain conditions.66,72–75

Complementary studies in humans have also shown a remark-
able capacity for brain recovery and repair that could counteract
the brain vulnerability and susceptibility to low SES-related
exposures. Examples of this are the studies that demonstrate
how placing a child before 2 years of life in high-quality foster care
when previously institutionalized from birth leads to a dramatic
increase in IQ that would otherwise be in the low 70s.65,76 We can
also see how strategies focused on early childhood intervention
programs have demonstrated long-lasting benefits.21,22 As noted
above, in the ABC Project, children from low-income families
who were randomized to receive early educational intervention
had greater developmental and education achievements, and
improved health in adulthood.23

DOES SES MODIFY THE RESPONSE OF THE CHILD TO PRETERM
BIRTH AND ASSOCIATED BRAIN INJURY?
The importance of SES as a modifier of the preterm child’s
response to early-life brain injury is highlighted in a recent
prospective cohort study in which higher maternal education
mitigated the neurodevelopmental impact of brain injury
identified on neonatal MRI studies.53

Most studies examining the neurodevelopmental outcomes of
brain injury in preterm-born children have not sensitively
accounted for the contribution of SES to neurodevelopmental
outcomes.6,31,77–79 Other studies have considered SES in detail
without contemporary measures of brain injury.26,28,77,80–82

The differential risk of adverse outcome in the presence of brain
injury in preterm infants exposed to a range of SES is not yet fully
understood. Voss et al.,83 in a German cohort of 200 preterm
infants born between 1993 and 1998, found that maternal
educational background was the strongest predictor of intelli-
gence in children at 10–13 years of age, followed by IVH or
periventricular leukomalacia (PVL). SES had a significant positive
effect on neurodevelopmental trajectories between 6 and 10–13
years after birth, especially in those preterm infants with IVH.
Another study from the same time period in Australia by Doyle
et al.84 reported a strong persistent influence of IVH on cognitive
outcome from 2 to 18 years, while SES was associated with
cognitive outcome only from 8 years on. In this cohort, maternal
education of less than a high school completion level ultimately
accounted for a decrement of half standard deviation in general
intellectual ability. While Voss et al.83 included severe IVH (grades
III–IV; n= 16(6%)) and SES in the same model as independent
variables, Doyle et al.84 analyzed the association of all grades of
IVH (n= 49(33%)) on cognitive outcome with other biological
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variables (sex, postnatal steroids, bronchopulmonary dysplasia,
long-term ventilation, PVL) and separately studied the impact of
social factors (education, social class, multilingual family, and not
having both biological parents at home from birth) on the
outcome in a different model.
In the absence of overt injury, SES has been found to be both a

mitigating and compounding predictive factor for outcome.
Among infants without severe neurologic injury, Kilbride et al.28

found similar IQs among high SES extremely low birth weight
(ELBW) children and low SES term-born children, and, concomi-
tantly, a gap of 2 standard deviations in IQ among low SES ELBW
children compared to high SES term-born children.
Studies of children born preterm also highlight opportunities to

better characterize the full extent of brain changes related to SES.
Tich et al.85 reported lower cognitive scores in 236 preterm infants
at 2 years being related to neonatal metrics if brain size, and being
male, and having higher social risk, lower birth weight, postnatal
corticosteroids, and moderate or severe WMI. Yet, a recent
longitudinal study by Gui et al.,27 evaluating brain volumes and
outcomes, showed a positive association between SES and
cognitive outcomes to 5 years of age, which is independent of
neonatal brain volumes. Importantly, this cohort excluded children
with significant IVH and WMI, so that these brain injuries were not
examined as modifier of the link between SES and cognitive
outcome. These new data suggest pathways between SES and
cognition in early childhood that are not reflected in changes to
brain volume from early in life to term-equivalent age in preterm
neonates. Studies with other quantitative brain imaging tools such
as diffusion tensor imaging are now needed to delineate this critical
pathway so that opportunities for intervention can be identified.
A recent study of a Canadian cohort of 234 very preterm

children, recruited from 2006 to 2013, found that brain injury
(punctate WMI and severe IVH) and SES had the same effect size
for predicting cognitive outcomes. Among pre-, peri-, and
postnatal clinical exposures, brain injury, maternal level of
education, and bronchopulmonary dysplasia (BPD) were the most
important factors in predicting 4.5-year cognitive outcome.
Surprisingly, the postnatal development of brain injury and of
BPD were not found to be associated with lower full-scale IQ in
preterm children born to mothers with postgraduate education.53

These new data suggest the potential of higher SES to mitigate
the consequence of neonatal brain injury in children born
preterm. In the absence of brain injury, the higher SES group
achieves a predicted IQ 7.4 points higher than the lower SES
group. In the presence of brain injury, the effect size of SES
increases, with the higher SES group having a mean increase of
13.7 points relative to the lower SES group, suggesting an
attenuation on the impact of brain injury on cognitive outcomes.53

Together, these studies support a paradigm shift from brain injury
meaning inevitable disability to one in which early diagnosis
enables new opportunities to promote better neurodevelopmen-
tal outcomes.

SES AND THE PRETERM NEONATE: KNOWLEDGE GAPS AND
OPPORTUNITIES FOR INTERVENTION
Even with significant advances in neonatal intensive care,
cognitive outcomes among preterm children have not improved
significantly since the 1990s.12,25,80,86,87 Preterm-born children as a
group still perform almost 1 SD below full-term children on
intelligence tests87,88 with a steeper difference of almost 2 SDs in
those born before 26 weeks of gestation.16 The difference in
intellectual ability and academic performance in preterm children
relative to those born at term is remarkable stable over time to at
least late adolescence.84,89 Graded associations of social disad-
vantage and worse neurocognitive and academic outcomes are
already evident at school age in children born extremely
preterm.19 These relationships do not only impact school

performance and educational achievement as individuals born
preterm in lower SES, but it also manifest an increased risk of
living in poverty and increased social security dependency.25,80,90

Thus, better understanding the bi-directionality of the relationships
between SES and cognitive outcomes are needed. With increased
awareness of the negative impact of SES disadvantage on
outcomes in preterm children, the co-occurrence of both
conditions, preterm birth and SES disadvantage, is now recog-
nized to be a situation where biological and social risks have
synergistic associations with long-term outcome.19,91

To date, the heterogeneity in study design, cohort definition,
statistical approach, age at assessment, and SES indicators
used hampers the estimation of a pooled statistical effect size
for SES on preterm outcome.92 Despite the heterogeneity in
measures of SES, maternal level of education as the most widely
used indicator is repeatedly and strongly associated with
cognitive outcomes in the preterm child through the school
years.16,92–95 While many studies focus on maternal level of
education as the primary indicator of SES, the family environ-
ment in which cognitive development takes place must also be
considered.96

While specific interventions to improve neurodevelopmental
outcomes are beneficial in normative populations, they are not
necessarily effective in preterm children.24 The failure to general-
ize benefit of interventions in normative term-born cohorts to
preterm children may reflect the existence of brain injury in the
preterm population. Some observational studies in preterm
infants do suggest the potential benefits on early cognition of
interventions that promote sensitive parenting,97 and increase
access to resources such as high-quality day care.98 Moreover, a
recent review and meta-analysis by Spittle et al.99 has shown that,
despite heterogeneity between studies given the variety of early
developmental intervention programs, there is enough evidence
to suggest that early developmental interventions improve
cognitive outcomes up to at least preschool age.
In addressing future research directions, it is worth considering

opportunities to address methodological challenges arising when
relating SES and development of preterm infants.13 Some
opportunities for child health researchers include defining the most
predictive marker of socioeconomic disadvantage, understanding
why some children are vulnerable to disadvantage while others are
resilient, and addressing the distinct contributions of prenatal versus
postnatal SES exposures. Addressing these issues will be facilitated
by advances in statistical models that assess mediation and
moderation, and that allow for individual and sub-group-level
differences. Our review highlights the important potential of new
biomarkers to unravel the complex relationships between SES and
neurodevelopmental outcome in children born preterm. While we
focus our review on brain imaging, other emerging biomarkers,
such as epigenetic marks reflected in DNA methylation,100,101 also
offer promise for perinatal researchers to better understand the
important link between SES and brain development.
The next frontier in the care of preterm neonates is to optimize

neurodevelopmental outcomes and reduce childhood and life-
long disabilities. The available evidence points to the potential of
early experience to promote optimal neurodevelopmental out-
comes following preterm birth. By recognizing how SES modifies
the relationship between preterm birth and the brain, timely
interventions to improve neurodevelopmental outcomes can be
identified, evaluated, and ultimately implemented.
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