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ABSTRACT 

Carmen Amelia Marable: The Role of the Placenta-Brain Axis in Children's Neurodevelopment: 

An Interdisciplinary Approach to Understanding Placental Origins Of Brain Development into 

Adolescence 

(Under the direction of Rebecca C. Fry) 

Neurodevelopmental dysfunction and neurologic disorders may have placental origins. 

During pregnancy, exposure to in utero stressors alters placental growth and formation resulting 

in fetal malprogramming. This disruption of placenta and fetal growth is associated with 

increased risk of neurodevelopmental dysfunction and neurologic disorders. Children born 

prematurely (<37 weeks of gestation) are at increased risk for neurodevelopmental disorders. 

This dissertation focuses on neurodevelopmental disability among children who are born 

extremely preterm (< 28 weeks of gestation). Included research leverages the unique extremely 

low gestational age newborns (ELGAN) cohort. Using transdisciplinary scientific approaches, I 

investigated the complex relationships that exist among the placenta, the neonatal brain, and the 

maturing brain into the critical adolescent phase of those born extremely prematurely.  

My research provided a novel assessment of the transcriptomic architecture of the 

placenta in relation to ELGAN brain development. First, I examined the association between 

placenta mRNA expression and abnormalities in the cerebral white matter during the neonatal 

period. Next, findings were followed with additional studies of the relationship between the 

expression of inflammation and immune response-related placental transcripts as they related to 

adolescent regional brain volumes and neurodevelopmental disability at age 15. Lastly, I 

investigated the relationship between neonatal inflammatory markers and brain volume in 
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ELGAN adolescence. Hence, findings from these studies provide novel molecular insight into 

how physiological changes in the placenta are associated with structural or cognitive 

neurodevelopment. The research is unique in its longitudinal focus on brain development 

spanning the neonatal to adolescent periods of life. The results of my work demonstrate that 

inflammation in the placenta is tied to brain structure in the neonate, neurodevelopmental 

disability, and brain volume later in life. Taken together this work supports that children born 

extremely preterm with dysregulated placental transcriptomic expression represent a population 

of individuals particularly susceptible to cerebral white matter damage, reduced brain volumes, 

or cognitive deficits.   
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GENERAL INTRODUCTION 

The Placenta-Brain Axis 

Overview and Introduction of the Placenta 

The placenta is a transient organ formed from fetal trophoblasts, essential during 

pregnancy to facilitate fetal growth and development.1, 2 In doing so, the placenta carries out a 

plethora of indispensable functions throughout pregnancy (Figure 1). First, the placenta is 

responsible for transferring nutrients between the mother and the fetus.3 As an endocrine organ, 

the placenta acts as a barrier, synthesizing and secreting hormones to maintain pregnancy and 

protect the fetus from adverse exposure to toxicants and stressors.4 The placenta also shapes the 

maternal immune environment, by 

regulating maternal immune functions and 

secreting immune factors into fetal 

circulation, which ultimately aid in the 

maturation of the fetal immune system. 5   

Lastly, the placenta assists 

mechanistically in maintaining homeostasis. 6 Being able to recognize and promptly respond to 

alterations in the in utero environment, such as inflammation, maternal stress, exposure to 

endogenous chemicals, or infection is an intrinsic property of the placenta’s adaptability. 7 The 

aforementioned in utero stressors may prompt fetal programming and lead to the development of 

adverse health outcomes. 7  

FIGURE 1: Important roles of the placenta 

in mediating physiological adaptations. 
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An effort to understand and Identify the early life origins that are tied to later life 

development of adverse health outcomes is described as the developmental origins of health and 

disease (DOHaD) paradigm. 8 

Although understanding DOHaD 

relationships can be complex, it may 

be more palatable to focus on a 

foundational organ that was present 

during development such as the placenta. Thus, exploring DOHaD through the lens of the 

placenta can be considered the placental origins of health and disease (POHaD) as shown in 

Figure 2. How the placenta responds to in utero stressors may dictate the trajectory of fetal 

development.   

The Placenta and Fetal Brain 

Increasing evidence has linked disruptions in placental growth and development to 

disrupted neurodevelopment.  The basis for this linkage is the fact that the placenta is involved in 

sensing the in utero environment, controlling hormones, neurotransmitters and inflammation-

related signaling molecules and is thus a critical organ implicated in brain development of the 

fetus. This concept is known as the placenta-brain axis, which will be the guiding focus moving 

forward. 9 Notably, the relevance of the placenta extends beyond pregnancy and into fetal 

programming, where placental changes are also able to guide fetal brain development. 7 The 

placenta is also responsible for producing circulating neurotransmitters that influence brain 

development such as dopamine (DA), norepinephrine/epinephrine, and serotonin (5-HT). 10 

Several studies have highlighted the role of placenta-derived serotonin for normal brain 

development. 11-16 Alterations to serotonin signaling during this critical window of development 

during pregnancy increases the risk of psychiatric disorders across the lifespan. Taking a deep 

FIGURE 2: Placental origins of health and 

disease (POHaD).  
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dive into understanding the significance of the placenta-brain axis may guide us to identify key 

events that contribute to the origination of altered fetal brain development.   

Brain Development in the Fetus and Child 

Human brain development begins shortly after conception, continuing through childhood 

and into late adolescence. 17, 18 Fetal brain development begins with the differentiation of neural 

progenitor cells in the third week of gestation. 18 Contributions to brain development range from 

key initiating cellular and molecular events to epigenetic modifications responding to both the 

natural and built environments. Disruption of any of these contributing factors can fundamentally 

alter neural development. Throughout pregnancy, brain structure continues to change (Figure 3). 

By week 10 of gestation, which is also the end of the embryonic period, distinct brain regions are 

characterized, and the central nervous system is established. 18 Changes in brain structure of the 

prenatal neural system are reflective of changes occurring at cellular and molecular levels. 17  

 

 

 

FIGURE 3: Stages of brain development from gestation to late 

adolescence. 
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Processes such as the facilitation of neuronal migration, division, and organization as 

well as synapse development occur between the 23rd and 27th weeks of gestation. 19, 20 

Perturbations during the facilitation of these vulnerable processes needed for brain maturation 

can lead to postnatal consequences. 21 Outwardly, the foundation of the brain is assembled 

prenatally, but brain function continues to develop after birth. During the preschool-aged period, 

the brain increases four-fold in size, and by age six it reaches approximately 90% of adult 

volume. 22, 23 However, structural changes in grey and white matter continue through late 

childhood and into adolescence, namely decreases in grey matter volume and increases in white 

matter volume. 18, 24 These structural changes are often paired with corresponding functional 

changes that can be evidenced in behavior. 18 

Potential Mechanisms Linking Placental Biology and Later Life Outcomes 

The placenta supports fetal development through the production of hormones, proteins 

needed to metabolize endogenous molecules, neurotransmitters, and growth factors. 25, 26 Still, 

the contributions these placental processes provide to separate but linked biological domains of 

the fetus, and their later life neurodevelopment, are poorly understood. In a typically developing 

pregnancy, these 

processes are 

undisturbed throughout 

gestation. Studies have 

investigated 

disruptions in 

neurotransmitter 

production, 

inflammatory 

FIGURE 4: Potential mechanisms linking dysfunction in 

placental biology that may affect various aspects of child brain 

development. 
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signaling, cellular toxicity, hormone changes, and epigenetic alterations as potential mechanisms 

that may influence the fetal brain and later-life neural outcomes (Figure 4).  

A better understanding of potential contributing mechanisms will allow us to think critically 

about the biology that links the mother and the offspring via the placenta and make more 

informed preventative decisions concerning children’s brain development. 

Despite the placenta being the likely sole source of select neurotransmitters during initial 

brain formation, the placenta’s ability to regulate fetal brain development through 

neurotransmitter production is not commonly acknowledged.10 The placenta produces dopamine, 

epinephrine/norepinephrine, and serotonin which are able to circulate and influence the fetal 

brain. 10 Dysfunction of the neurotransmitter system is described as an imbalance of the 

excitation and inhibition of these neurotransmitters during key stages of development. 27, 28 An 

overwhelming amount of evidence supports the finding that maternal serotonin is unable to cross 

the blood-placenta barrier. 11-14 Studies suggest that the placenta is responsible for the direct 

synthesis of serotonin. 11-14 One biologically plausible reason for the linkage between placental 

disruption in serotonin levels and fetal brain development may be in part due to serotonin’s role 

in stimulating neuronal migration, cell division, cell differentiation, and synaptogenesis during 

fetal brain development. 29  

In support of the connection between serotonin levels and fetal brain development, the 

placenta has been shown to be the potential sole provider of serotonin; both hyposerotonemia 

and hyperserotonemia were able to disrupt early neural programming. 30 Such alterations in the 

placental production of serotonin have been hypothesized to increase the risk of autism spectrum 

disorder (ASD). 29, 31 Alterations in the serotonergic neurotransmitter system may serve as a 

biological substrate of ASD, through the regulation of serotonergic overgrowth and maturation 
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of target brain regions. 32, 33 For instance, hyperserotonemia can trigger the impairment of 

sensory, cognitive, and motor abilities which collectively contribute to ASD and other 

neurodevelopmental disorders. 10, 29 

Dopamine is an excitatory neurotransmitter that is also be produced by the placenta. 10, 30 

In the placenta, dopamine plays a crucial role in early brain development, and its receptors are 

present prior to mature synaptic contact formation. Additionally, dopamine receptors can 

modulate neurogenesis, differentiation, and neuronal migration. There are two major classes of 

dopamine receptors, D-1 like and D-2 like. The lack of balance in the dopamine system has been 

linked to developmental neurological disorder like ASD. One example of such imbalance is a 

recent study highlighting an influx in total placental dopamine concentration following 

developmental exposure to bisphenol A (BPA) and bisphenol S (BPS). 30  

Prenatal exposure to environmental toxicants and maternal inflammation may represent 

risk factors for neural development and neurological disorders.34 Additionally, in the event the 

mother is exposed to neurotoxin/toxicants(s) during pregnancy and more specifically during a 

critical window of development, this may increase the risk of decreased dopamine neurons later 

in life in the offspring.34, 35  

Inflammatory signals during pregnancy can be passed from mother to fetus via the 

placenta.36 Moreover, maternal inflammation during this time can alter placental function and 

has been associated with an increased risk of neurodevelopmental disorders in children. 35 

Placental inflammatory pathology is associated with subsequent child neurodevelopment at eight 

months and four years of age. These associations were evidenced by a 2.15-fold increased risk of 

low motor scores and a 1.51-fold increased risk of low mental scores at eight months following 

assessment using the Bayley Scales of Infant development, and a .13-fold increased risk of IQ of 
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70-84 at four years of age assessed using the Stanford-Binet IQ scale. 37 Another study has 

implicated the role of maternal-fetal inflammation in acute placental inflammation and its 

association with neurodevelopmental diseases. 38  

Although understudied, acute placental inflammation has been shown to mechanistically 

impact placental inflammation and long-term child health. 38 Acute placental inflammation can 

be further characterized as maternal inflammatory responses and fetal inflammatory responses, 

depending on the source of inflammation. While extensively examined, the association between 

acute placental inflammation remains uncertain as studies have mixed results ranging from an 

increased risk of lower mental development and low-performance IQ to no associations being 

found. 39-42  

Placenta-borne oxidative stress may cause apoptosis of syncytiotrophoblasts which are 

the placenta’s epithelial covering needed for placental growth and differentiation, but it can also 

lead to elevated reactive oxygen species in the developing fetal brain. 43, 44 Dying 

syncytiotrophoblasts release inflammatory molecules into maternal circulation. 45 This in turn 

promotes systemic maternal inflammation. 45 Clinical studies have linked maternal and fetal 

inflammation to brain damage, such as cerebral white matter damage. 46 

By week nine of gestation, the placenta becomes the primary source of maternal estradiol 

and progesterone. 4 These steroid hormones are essential for maintaining pregnancy. Maternal 

stress can modulate the levels of these steroids present in maternal blood and placenta, impacting 

birth outcomes. A fetal consequence of experiencing too much stress during pregnancy includes 

a higher risk for preterm birth and low birth weight. 4  Excessive stress can disrupt placental 

biology, however distinct mechanisms responsible for healthy versus problematic outcomes as a 

result of stress remain unclear. 4 Maternal stress negatively impacting pregnancy outcomes is 
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thought to be primarily driven by glucocorticoid release. 47 However, stress also incites 

progesterone secretion. Progesterone metabolites are able to modulate the hypothalamic–

pituitary–adrenal (HPA) axis function, but the role of progesterone and its metabolites in humans 

is not well characterized. 48 Allopregnanolone, a progesterone metabolite is neuroprotective as it 

aids in the premature secretion of oxytocin, helping to maintain pregnancy and minimize the risk 

of preterm birth.49 Ultimately, the placenta’s endocrine function is an important factor in better 

understanding and identifying potential mechanisms that may link placental dysfunction and 

later life neurologic outcomes.  

Various approaches have been deployed to assess the role of epigenetic modifications as 

links between placental biology and later life outcomes. Placental gene expression and the 

expression of epigenetic modifiers such as miRNA and DNA methylation of cytosine (CpG 

methylation) could mechanistically underlie the relationship between placental dysfunction and 

developing impairments in children’s neurodevelopment. Biological dysfunction that may 

influence placental malprograming can be explored using epigenomics and genomics.  Placental 

CpG methylation has been identified as a major mechanistic vehicle for the placenta to respond 

to changing conditions during pregnancy that may alter long-term health outcomes. This 

relationship is supported by reports of placental CpG methylation in association with exposure to 

newborn neurobehavior. 50-55 Previously published work by researchers in the extremely low 

gestational age newborn (ELGAN) study group, showed a relationship between CpG methylation 

of placental inflammation genes and neurocognition in ELGAN children at age 10. 56 Many of 

the identified genes, such as brain-derived neurotrophic factor (BDNF) regulate both HPA axis 

function and placental function. The HPA-axis is a major component of the neuroendocrine 

system. Genes found within the HPA-axis signaling pathway play a role in placental physiology 
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and impact fetal development and the HPA-axis pathway has received significant attention with 

respect to the placenta-brain axis. For example, disruptions in the HPA-axis pathway can 

adversely affect learning, memory, and the development of psychological disorders. Published 

and preliminary data support that mRNA alterations of critical genes in the placenta predict 

neurodevelopmental disability later in life. 36, 57-60   

Neurodevelopmental Impairment  

Neurodevelopmental disorders are a collective group of conditions resulting from 

impaired growth and development affecting the brain. These disorders may impact learning, 

memory, behavior, language, and self-control, which result in a range of impairments portrayed 

as delays and or deficits presented early in a child’s development, continuing throughout the 

individual’s life. In the United States, each year roughly 15 million children are born prior to 37 

weeks’ gestation, 61 this often involves complications of major organ systems such as the brain, 

which has been evidenced by early difficulties in neural development (i.e., intraventricular 

hemorrhaging, echolucency, and cerebral palsy). Resultingly, a great focus on understanding the 

developmental progression of neurodevelopment in extremely preterm (EP; <28 weeks’ 

gestation) children may help identify contributing factors. Cerebral palsy (CP), epilepsy, autism 

spectrum disorder (ASD), and intellectual disability (ID) are four major neurodevelopmental 

disorders that I will discuss in greater detail in Chapter 3. 

Autism Spectrum Disorder 

 Autism Spectrum Disorder is one of the most prevalent early-onset neurological and 

developmental disorders, diagnosed globally in roughly 1 in 100 children 62 and in about 1 in 44 

children within the United States. 63 Since 2000, the prevalence of ASD has increased 178%, 

which is likely due to earlier diagnosis and increased awareness. 64   This neurodevelopmental 

disorder is quite complex and is thought to be the result of multiple neuropathological and 
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etiological mechanisms. 65 Thus, in the absence of a biological marker, autism spectrum disorder 

has been characterized by repetitive behaviors, restricted interests, and communication and 

social impairments. 66 Although there is no single cause that leads to ASD, several prenatal and 

perinatal risk factors have been studied and identified. For example, children born premature (< 

37 weeks’ gestation) are at an increased risk of health complications including abnormal brain 

development, and the risk of ASD. Studies found an association between ASD susceptibility and 

lower gestational age. 67 Because of this, there is a need to investigate potential associations 

between children born extremely preterm and the presence of ASD symptoms and diagnoses.  

 Over 20 years ago, adolescents and adults with ASD were reported to have increased brain 

volumes. 68 Since then, subsequent reports have identified evidence of brain overgrowth in 

children with ASD even earlier during childhood, following an autism spectrum disorder at three 

to four years of age when compared to age-matched typically developing children. 69 The 

aforementioned reports may be due to increasingly earlier detection and diagnosis of autism 

spectrum disorder. 

Intellectual Disability 

 Intellectual disability is the most prominent developmental disability, affecting 1-3% of the 

global population and 6.5 million people in the United States.70 Historically, the term “global 

developmental delay” and “intellectual disability” have been characterized as being genetically 

and phenotypically heterogeneous. Briefly, global developmental delay is often limited to 

younger children (typically 5 years of age or younger) who fail to reach developmental 

milestones within the expected age range, in two or more developmental domains. 71 The five 

developmental domains include cognition, gross or fine motor skills, speech and language, 

emotional maturity, and social competence. 71, 72 Intellectual disability (ID) involves problems 

affecting both cognitive functioning (i.e. learning and reasoning) and adaptive functioning (i.e. 
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communication and practical skills) that may originate later in childhood, once the intellectual 

quotient (IQ) testing is deemed more reliable. 73 However, when more severe delays are present 

across multiple developmental domains, individuals are often diagnosed with ID at earlier ages.73 

 Similar to ASD, there are a vast number of intellectual disabilities with varied etiologies. 

For this reason, I will focus specifically on impairments in cognitive functioning. Cognition is 

one of the four domains (cognition, sensation, movement, emotion) highlighted by the National 

Institutes of Health (NIH) Toolbox for the Assessment of Neurological and Behavioral Function 

(NIH-TB). The NIH-TB is unique in that it uniformly measures and captures these domains in 

the form of a 30-minute battery assessment. The NIH Toolbox Cognition Battery (NTCB) has 

been validated in a sample of 476 participants ranging from 3 to 85 years of age and includes 

seven assessments that capture Executive Function, Episodic Memory, Language, Processing 

Speed, Working Memory, and Attention. 74  These assessments are significant for success in 

school and work, health and wellness, and independence in daily functioning. 74 It is important to 

note that children born extremely preterm (EP) are at an increased risk of differential impairment 

as it relates to cognitive outcomes beginning early in childhood that persist into adolescence, 75, 

76 such as executive function, 77-80 attention, 81, 82 general intelligence, 83-85 processing speed,  80, 

86-89 and language. 90, 91  

 Cognitive impairment is the most prevalent developmental disability among EP-born 

individuals. Most prominently, EP-related brain injury during the neonatal period such as white 

matter damage has been linked to deficits in school-aged cognitive outcomes. 92, 93 Cranial 

ultrasound and structural brain magnetic resonance imaging (MRI) have been used to provide 

insight into the neurological underpinnings of major neurological disorders including cognitive 

impairment. 94-98 When compared to children born full-term, previous MRI studies have 
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evidenced that children born EP have brain volume differences that persist into early childhood, 

99 brain region-specific vulnerabilities following injury, 100 and smaller brain volume. 101  

 Because neurodevelopmental differences for children born EP persist longitudinally in 

comparison to children born full-term, a better understanding of how early life factors may 

contribute to the risk of cognitive impairment is needed. There are currently only two large 

studies that investigate cognitive outcomes of individuals born EP after structural brain changes 

occur. 102, 103 Collectively, the literature suggests that further evaluations devoted to identifying 

and understanding early life factors in association with later life functional and structural brain 

development of EP-born individuals into adolescence are needed. With an innovative focus on 

the placental origins of health and disease and the placenta-brain axis, I hope to address these 

concerns through my dissertation research. 

Key Scientific Research Gaps 

Throughout pregnancy, brain structure continues to change and develop, and the pace of 

brain maturation may vary between regions, 104 suggesting some brain regions may be more 

vulnerable than others to alterations. The intrauterine environment largely regulates brain 

development via genetic control and with EP-born individuals, the brain maturation sequence 

may subsequently be affected depending on the nature and timing of perinatal insults. 105 There 

are major gaps in the literature surrounding systems-level mechanistic interaction between the 

brain and placenta. My studies will identify critical genes in the placenta that underlie MRI-

derived brain outcomes including reduced brain volumes and neurological deficits and disorders, 

shifting the current research paradigms. Additionally, I will also investigate the role of neonatal 

inflammation as a potential antecedent of brain volume alterations later in life, to capture 

multiple temporal contributions of ELGAN neurodevelopment. I hope to address and add 

scientific value to the following understudied areas that exist within the scientific literature: 
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1. Understanding linkages between the molecular machinery in the placenta and brain 

damage in the neonate. 

2. Understanding linkages between the molecular machinery in the placenta and brain 

volume in adolescents. 

3. Understanding linkages between the molecular machinery in the placenta and 

neurocognitive outcomes in adolescents. 

4. Understanding sex-specific differences in the placenta-brain relationships  

5.  Understanding longitudinal or temporal trends in brain development and their 

linkage to the placenta. 

6. Identifying specific genes and pathways in the placenta that are predictive and 

associated with white matter damage, brain volume alterations, and neurocognitive 

outcomes in adolescents. 

Project Overview  

The research presented in this dissertation focuses on identifying initiators of brain 

damage and alterations in neurodevelopment, with a specific focus on highlighting molecular 

processes that may be implicated in decreasing the risk of brain damage and alterations in 

neurodevelopment, among vulnerable preterm infants born prior to 28 weeks of gestation.   

A central goal of this dissertation is to address current gaps in the literature on the functional and 

structural neurodevelopment of children born extremely prematurely (less than 28 weeks’ 

gestation). By exploring alterations in the human placenta as a potential influencer of 

neurodevelopmental disability and brain structure later in life, and the relationship between 

early-life inflammation, adolescent brain volume, and neurological disorders, we can better 

understand these understudied fundamental gaps in knowledge of what factors mechanistically 

influence the neurodevelopment of children born extremely preterm (Figure 5).  
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In addition, this work hypothesizes that placental gene expression will be able to provide 

molecular insight into in utero changes that lead to later life alterations and adverse effects in 

children’s neurodevelopment. Previously in the extremely low gestational age newborn 

(ELGAN) cohort (N = 1506), we have found associations between placental genes related to 

stress response with both cognitive impairments among children born extremely preterm. 56 

Second, our group has described strong associations between neonatal inflammation and both 

cognitive impairment, 57, 106-112 and reduced brain volume. 113 Third, inflammatory processes in 

the placenta are associated with neurodevelopmental disability later in life.36, 114  

This project employs a multi-disciplinary approach, coupling placental biology, genomic 

assays, protein assessment of neonatal inflammation and later life clinically-assessed child 

neurological measures, to examine these hypotheses. Moreover, this work investigates an under-

FIGURE 5: Project overview. 
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studied mechanism, namely the disruption of key biological pathways in the placenta, as a driver 

of neurodevelopmental disability in children. Prior work from the ELGAN researchers have 

highlighted key findings that form a foundation for my research. For example, reduced brain 

volume in children born prematurely in comparison to children born full-term, 99 increased brain 

region development vulnerabilities in children born prematurely, 100 children born prematurely 

continue to be at significant risk for moderate-to-severe neurocognitive impairment into young 

adulthood, 75 and evidence of brain volume differences between preterm and full-term groups 

persisting into early adulthood are foundational to this research. 94 Findings from this work will 

provide mechanistic associations linking the placenta and early life inflammation to 

developmental deficits in the brain. 

The primary research of my dissertation is detailed in Chapters 1,2 and 3. Together 

these studies employ the 

integration of several novel 

datasets including (1) 

transcriptome-wide data 

from the placenta; (2) 

neonatal blood protein 

biomarkers of early life 

inflammation; (3) cranial 

neonatal ultrasound 

measures of white matter damage; (4) neurodevelopmental disability assessments; and (5) 

qMRI-derived data on brain volume. My research has an emphasis on brain development 

FIGURE 6: Overview of datasets used in Aims 1-3. 
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spanning birth to adolescence and utilizes sophisticated approaches to identify relationships 

between these neonatal, 2-year, 10-year, and 15-year outcomes (Figure 6). 

Chapter 1 investigates the differential expression of 37,268 placental mRNA 

transcripts, in association with neonatal cranial ultrasound-derived measures of 

ventriculomegaly and echolucency in a longitudinal birth cohort using both transcriptome-

wide data from the placenta and cranial neonatal ultrasound measures of white matter damage.  

This is detailed as the first of my three aims titled, “Examine the potential association between 

differential gene expression in the placenta and neonatal abnormalities in the cerebral white 

matter.” My primary hypothesis for Aim 1 is that placental transcripts that encode for proteins 

that are involved in proinflammatory processes are highly expressed in the placentas of 

ELGANs who developed ultrasound-defined indicators of white matter damage.  

Chapter 2 assesses the expression of 37,268 placental mRNA transcripts, in two 

independent associations with (1) qMRI-derived regional brain volumes and (2) measures of 

neurodevelopmental disability using the NIH Toolbox Cognition Battery (NTCB) at age 15. 

The rationale for conducting two independent analyses is to foundationally capture both 

structural and functional relationships. In this aim, I set out to evaluate the relationship 

between placenta transcriptomics and adolescent brain volumes at age 15 in the ELGAN 

cohort. The first hypothesis for this aim was that disrupted placental gene expression will be 

associated with regional adolescent brain volumes. This second aim also includes identifying 

promising indicators of neurocognitive disability at age 15 in relation to placental 

transcriptomic data. Then, determine whether placental proteomics mediates the relationship 

between placental transcriptomics and neurodevelopment measurements at age 15.  I 
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hypothesized that disrupted placental gene expression would be associated with various 

indicators. 

Lastly, Chapter 3 evaluates neonatal blood concentrations of circulating inflammatory 

protein biomarkers assessed in the first two postnatal weeks, reflecting sustained inflammation, 

in association with qMRI-derived brain volumes at age 15, and the presence of 

neurodevelopmental neurological disorders. This aim was to estimate the relationship, in a 

subsample of the ELGAN cohort, between early life circulating inflammation proteins, regional 

brain volumes for numerous anatomical structures at age 15, and the presence of neurological 

disorders. The hypotheses of this aim were that elevated circulating inflammation-related 

proteins are associated with decreased total brain volume and decreased regional brain volumes. 

We further hypothesize that these associations will be stronger for those ELGANs with 

neurological disorders. 

The ELGAN study was established as a prospective multicenter birth cohort to assess the 

health effects of children born 23-27 weeks’ gestation from 2002-2004. Prior to beginning my 

research, various aspects of the impact of low gestational age on fetal, neonatal, school-aged, and 

age-10 development were uncovered using data from this birth cohort, including the assessment 

of brain volumes in association with intelligence quotient (IQ) in full-term, preterm, and 

extremely preterm populations at various cross-sectional time-points; 115-117  

Specific to the ELGAN cohort, EP-born children with white matter damage (WMD), 

compared to children without WMD, were 3-4 times more likely to have intellectual deficits; 118 

at age two, 40% of the children had at least one neurodevelopmental impairment; after 

comparing standardized test performance at ages two and 10, many children showed less 

impairment at age 10; the likelihood of developing cerebral palsy was greater for ELGAN 
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children who were exposed to more than one day of inflammation during the neonatal period, 117 

and more likely to have attention deficits at 2 years of life, 111, 112 than children without 

inflammation; 118 placental CpG methylation of EP-born children was associated with cognitive 

impairment at age 10; 59 and our group has established that changes in white matter, cerebellum, 

and brainstem volume in children born prematurely are associated with lower IQ at age 10. 119  

My research expands on this collection of studies by investigating placental 

transcriptomics in association with white matter damage within the first month of life (Aim 1), 

structural and cognitive development at age 15 (Aim 2), and examining the relationship between 

sustained neonatal inflammation, brain volume at age 15, and the presence of neurological 

disorders (Aim 3). Integrating epidemiologic approaches, neurodevelopmental assessments, and 

brain imaging, the significance of this work lies in providing a comprehensive overview of EP-

born children’s neurodevelopment assessing interactions between placental omics, neonatal 

inflammation, and ultrasound-derived white matter damage, brain volume and 

neurodevelopment at age 15, and neurological disorders captured from age 2 to age 15. The 

proposed research investigates an understudied mechanism, namely placental disruption of key 

biological pathways as a driver of neurodevelopmental disability in children born extremely. The 

findings from this work will provide a mechanistic foundation to identify potential biomarkers 

and antecedents of neurodevelopmental disability among EP-born children. 
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CHAPTER 1: PLACENTAL TRANSCRIPTIONAL SIGNATURES ASSOCIATED 

WITH CEREBRAL WHITE MATTER DAMAGE 1  

Background  

Each year in the United States alone, more than 380,000 infants are born prematurely 

(<37 weeks gestational age). 61 Globally, this number reaches approximately 15 million 

infants.120 Preterm birth predisposes the child to structural brain abnormalities, such as cerebral 

white matter injury, as well as functional disorders, such as neurodevelopmental impairments.121 

More specifically, infants who are born prematurely have a 1.3 and 2.64 relative risk of 

developing autism spectrum disorder (ASD) and attention deficit/hyperactivity disorder 

(ADHD), respectively. 121, 122. The relative risks for these adverse outcomes are even larger for 

those who are born extremely prematurely (<28 weeks gestational age). 123  Premature birth is 

associated with reduced volume in both cerebral white and gray matter, and the period of greatest 

vulnerability to white matter injury is 23-32 weeks. 124 Preterm brains are particularly susceptible 

to cerebral white matter damage, characterized by diffuse white matter damage with aberrant 

regeneration of oligodendrocytes and disturbances of myelination. Among individuals born 

preterm, white matter damage is strongly associated with neurodevelopmental impairment, but 

specific treatment methods are not available for this disease.  Among individuals born extremely 

 
1 A variation of this chapter previously appeared as an article in Frontiers in Neuroscience. The original citation is as 

follows: Marable, C.A., Roell, K., Kuban, K., O’Shea, T.M., Fry, R.C. “Placental transcriptional signatures 

associated with cerebral white matter damage in the neonate”, Frontiers in Neuroscience 16, no. 1 (October 2022): 

189. 



20 

preterm, neonatal cerebral white matter damage has been associated with an increased risk of 

autism spectrum disorder, 125 cognitive impairment, epilepsy, and cerebral palsy. 126 

Increasing evidence suggests that the placenta plays a critical role in programming early 

life origins of disease, including neurodevelopmental impairment. 56, 59, 127 During fetal 

development, the placenta serves as a critical transient organ and a conduit between the mother, 

the environment, and the fetus. Supporting the connection between the placenta and brain, 

placental inflammation has been associated with white matter damage in preterm neonates. 128 

Inflammatory signals derived from the placenta including cytokines, chemokines, can influence 

the developing neurons of the fetal brain. 129  Gene expression in the placenta has been 

associated with intellectual and social impairment predictability, 127 and genome-wide CpG 

methylation has been related to cognitive impairment. 59 In addition, epigenetic processes such as 

DNA methylation and genome-wide gene and miRNA expression in the placenta have been 

related to infant neurodevelopment. 130 Due to the complexity of capturing robust RNA 

information from the placenta, few studies have investigated the relationship between mRNA 

abundance and neurodevelopment. One potential molecular mechanism that could underlie the 

association between altered expression of placental mRNA transcripts and white matter damage 

in the neonate is systemic and neuroinflammation in the fetus that disrupts oligodendrocytes 

development and impairs myelination specifically in the preterm brain. 92, 131 

Study Objectives  

  In the present study we set out to examine the relationship between genome-wide 

transcript levels in the placenta, and cerebral white matter damage in the Extremely Low for 

Gestational Age Newborn (ELGAN) cohort. We hypothesized that transcripts that encode for 

proteins that are involved in proinflammatory processes would be highly expressed in the 

placentas of ELGANs who developed ultrasound-defined indicators of white matter damage. 
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This research supports and contributes to increasing the understanding of the “developmental 

origins of health and disease” hypothesis by examining in utero transcriptomic changes in 

association with neonatal white matter damage.  

Materials and Methods  

ELGAN Study Cohort  

The ELGAN study enrolled participants from 2002 to 2004 at 14 participating medical 

centers across the U.S. and was approved by the Institutional Review Board at each participating 

center. The eligibility criterion for the ELGAN study was gestational age less than 28 weeks. 

Study procedures have been comprehensively described.113 The current analysis is based on a 

subsample of 279 children with data on at least two neonatal cranial ultrasounds, demographic 

data, and placental mRNA data.  

Placental mRNA Expression Data 

  The methods for placental DNA and RNA extraction have been detailed in prior 

publications. 132, 133 The methodology for the RNA sequencing is detailed in Eaves et al. 134. 

Briefly, the AllPrep DNA/RNA/miRNA Universal kit was used to extract (Qiagen) RNA 

molecules >18 nucleotides and RNA quality was assessed using a LabChip (Perkin Elmer, MA, 

USA) instrument and RNA integrity numbers (RIN) determined. The isolated placental RNA 

samples from ELGANs were used to measure genome-wide mRNA expression profiles using the 

QuantSeq 3′ mRNA-Seq Library Prep Kit (Illumina). Libraries were pooled and sequenced 

(single-end 50 bp) on one lane of the Illumina Hiseq 2500 and the count of sequencing reads per 

mRNA were aligned to the GENCODE database v3 135 and organized using Salmon. 136 This 

process yields 37,268 unique human RNA transcripts, including protein-coding and non-coding 

RNAs. The resulting summarized count data were then used in data processing and statistical 

analyses. Additional quality control steps were included to optimize the final results including: 
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(1) filtering out non-detectable transcripts (detailed below); (2) incorporating surrogate variables 

in the statistical modeling approach to account for other sources of heterogeneity (detailed 

below); and (3) confirming previously published placental mRNA transcripts were present in the 

data.  Specifically, Eaves et al 134 compared the mRNA data from the present study with the most 

abundant mRNAs from an independent placental whole genome RNA-sequencing study 137, 

resulting in a 96% overlap between the mRNA transcripts and the mRNA transcripts. Details of 

this analysis can be found in Eaves et al. 134  

Maternal and Newborn Characteristics 

  Maternal characteristics were previously ascertained via interview of the mother within a 

few days of delivery. Data collected during this interview included maternal race, education, and 

eligibility for public assistance, as well as the mother’s height and weight prior to the ELGAN 

pregnancy. Maternal medical records were reviewed by trained research assistants to collect 

information about pre-natal maternal health, pregnancy complications, medications taken during 

pregnancy, and medical treatments provided to mothers. The gestational age estimates were 

based on a hierarchy of the quality of available information. Prioritized were estimates based on 

the dates of embryo retrieval or intrauterine insemination or fetal ultrasound before the 14th week 

(62%). When these were not available, reliance was placed sequentially on a fetal ultrasound at 

14 or more weeks (29%), last menstrual period without fetal ultrasound (7%), and gestational age 

recorded in the log of the neonatal intensive care unit (1%).133 

Cranial Ultrasounds 

  During study participants’ initial hospitalizations (typically, the first 3-4 postnatal 

months), ultrasounds were collected as a component of routine clinical care. Extensive efforts, 

described elsewhere, were directed towards enhancing the reliability of radiologists’ 

interpretations of ultrasound findings interpretations of cerebral white matter injury, as indicated 
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by either ventriculomegaly or echolucency,138, 139 which are the outcomes in this study. A 

minimum of two sonologists read the scans and for any scans that were not 100% concordant, a 

third sonologist resolved the discrepancy. 19,20  

Data Processing & Analytical Methods  

  To identify the placental mRNAs associated with cerebral white matter damage, mRNA 

sequencing data was processed using R (v 3.6.2) (cran.r-project.org/). Similar to our previously 

published genome-wide mRNA analyses, 134 mRNA count data were normalized by median 

signal intensity using algorithms within DESeq2 (v1.24.0) to produce variance-stabilized 

expression counts.140 Differential mRNA expression analysis was performed with an exclusion 

criterion that account for: (1) low expression values; (2) sample outliers identified through 

principal component analysis (PCA); and (3) missing demographic information. Prior to 

differential gene expression testing, batch effect and cell type differences were accounted for 

using surrogate variable analysis (SVA) within the SVA R package (v3.32.1). 141 This resulted in 

a total of n = 11,981 mRNA analysis-ready transcripts. In these models, the dependent variables 

were white matter damage measures of ventriculomegaly or echolucency and the independent 

variables were each of the 11,981 mRNA expression levels.  

  Known and potential hidden confounders for gene expression were estimated using the 

SVA approach141 to identify significant (FDR-corrected p<0.1) associations between mRNA 

transcripts and white matter damage variables. Models were also adjusted for potential 

confounders defined as variables that are associated with both placental gene expression and 

white matter damage. These included: maternal age (years; continuous), maternal education (12, 

13-15, <= 16 years; categorical), insurance status (Medicaid/no Medicaid; binary), fetal sex 

(male/female; binary), newborn gestational age at delivery (days; continuous), and newborn birth 

weight z scores (< -2, < -1, >= -1; categorical). In the primary model (Model 1), race was 
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excluded from the analysis, as self-reported race does not represent a biological variable. Its 

inclusion has been met with controversy.142 Nevertheless, to address this potential confounder, a 

secondary analysis (Model 2) included the aforementioned variables as well as race (White, 

Black, Other; categorical) and ethnicity (Hispanic/non- Hispanic; binary).  

Pathway and Protein-Protein Network Enrichment Analyses  

We examined the established functional relationships among the proteins encoded by the 

identified genes and their biological pathways using the Ingenuity Pathway Analysis (IPA, 

Ingenuity Systems®, Redwood City, CA) and STRING v10.0. 143, 144 Enriched canonical 

pathways were defined as those containing more cerebral white matter damage-associated 

mRNAs than expected by random chance, based on a BH-corrected p-value calculated from a 

right-tailed Fisher’s Exact Text. The IPA relationships were only considered if they had been 

experimentally observed. Pathways with enrichment BH-corrected p-values < 0.05 were 

considered significant.145 To understand the mechanisms of transcriptional regulation underlying 

the observed changes in gene expression of mRNAs, the upstream regulator analysis (URA) in 

IPA to identify transcriptional regulators of those genes. URA uses information about the 

direction of the gene expression to provide an activation z-score to measure the likelihood of 

certain molecules to serve as regulators based on statistically significant matched patterns of 

down- and up-regulation using IPA libraries. The URA is also able to predict activation state of 

a putative regulator, which can be either activated or inhibited. Analysis was restricted to only 

include genes, RNAs, and proteins. We analyzed and reported canonical pathways, diseases and 

disorders, and molecular and cellular functions from IPA and protein domains from STRING 

enriched among these gene sets. To capture ASD-implicated proteins in our study, protein lists 

were cross-referenced with the Simons Foundation Autism Research Initiative (SFARI) gene 

database. 146  
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Data Availability 

Raw and processed placental molecular sequencing data have been submitted to National 

Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) repository and 

are publicly available under GEO series GSE154829.147 

Results  

Summary of Study Participants 

Among surviving ELGAN participants (n = 1506), 379 (25.2%) had the required 

demographic data, placental mRNA data, and ultrasound data. General characteristics of the 

study participants from the full ELGAN cohort and the study sub-cohort are summarized in 

Table 1.1. Among the sub-cohort analyzed in the present study, a total of 110 (29%) self-

identified as Black and 232 (61.2%) as White. Two hundred and one (53%) were male and 178 

(47%) were female. The majority of infants were born between 25-26 weeks. Overall, 54 

(14.2%) had white matter damage defined as either ventriculomegaly, echolucency or both as 

determined via ultrasound assessed during the neonatal period (birth-two months of life). 

Demographic characteristics were largely similar between the full ELGAN cohort and the study 

sub-cohort for race and ethnicity, sex and gestational age.  
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TABLE 1.1: Maternal demographics, pregnancy characteristics, and neonatal outcomes 

among study participants.   

Maternal and pregnancy characteristics                                    [Full ELGAN cohort]        [Study sub-cohort] 
 

N (%)                     n=1506  n=379  

Racial identity (self-reported)  

Black 427 (28.4) 110 (29.0) 

White 866 (57.5) 232 (61.2) 

Other 187 (12.4) 35 (9.23) 

Missing 26 (1.73) 2 (0.53) 

Hispanic ethnicity (self-reported)   

Yes 179 (11.9)  32 (8.44) 

No 1313 (87.2)  347 (91.6) 

Missing 14 (0.93) 0 (0%) 

Sex  
Female 707 (46.9)  178 (47.0) 

Male 799 (53.1)  201 (53.0) 

Gestational age  

completed weeks (days)  

  

23-24 (161-168) 409 (27.2)  88 (23.2) 

25-26 (175-182) 661 (43.9)  163 (43.0) 

27 (189) 436 (29.0)  128 (33.8) 

White matter disease (ventriculomegaly 

and/or echolucency)  

Yes 
230 (15.3) 

54 (14.2) 

No 1225 (81.3) 325 (85.8) 

Missing 51 (3.39) 0 (0) 

Ventriculomegaly  

Yes 
172 (11.4) 

45 (11.9) 

No 1283 (85.2) 334 (88.1) 

Missing 51 (3.39) 0 (0) 

Echolucency  

Yes 113 (7.50)  25 (6.60) 

No 1342 (89.1)  354 (93.4) 

Missing 51 (3.39)  0 (0) 

Distributions of select characteristics among study participants of the Extremely Low Gestational Age Newborns 

Cohort, 2002–2004. Maternal demographic data, pregnancy characteristics, and data on birth outcomes are presented 

for the ELGAN subjects used in each analysis. Data are presented as the number (%) of subjects in the cohort. *Note 

that some subjects have both ventriculomegaly and echolucency, so the number of subjects with ventriculomegaly 

and or echolucency is not intended to be equivalent to the summation of ventriculomegaly and echolucency.   

 

Placental mRNA Transcripts Among ELGANs Are Associated with White Matter Damage 

A total of 659 genes were identified in the placenta that showed an association of their 

expression levels with either echolucency or ventriculomegaly. A common set of 244 of the 659 

genes or 37% were associated with both echolucency and ventriculomegaly (Figure 1.1). Of 

these 244 common genes, 242 (99%) showed increased expression and two showed decreased 

expression (Figure 1.2, Supplemental Table 1.1a).  
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FIGURE 1.1: Venn diagram of differentially expressed genes in the placenta in relation to 

cerebral white matter damage.  Venn diagram demonstrating differentially expressed placenta 

genes in relation to echolucency, ventriculomegaly or both. A total of 625 genes displayed 

associations with echolucency, 278 genes displayed associations with ventriculomegaly, and 244 

genes were displayed associations with both echolucency and ventriculomegaly 

. 
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FIGURE 1.2:  Plot of cerebral white matter damage-associated genes (n = 659).  Similar 

patterns of gene expression were identified for the common gene set (n = 244), 242 or 99.2% 

genes had increased expression while 2 or 0.8% had decreased expression. While 63% of the 

echolucency and ventriculomegaly-associated genes displayed distinct expression levels. Log2-

fold changes in mRNA expression associated with ventriculomegaly vs. echolucency. Data 

points colored in orange indicate genes significantly upregulated or downregulated (FDR p-value 

< 0.1) associated with both ventriculomegaly and or echolucency, data points denoted by an 

open square indicate genes significantly (FDR p-value < 0.1) associated with echolucency, and 

data points denoted by a star indicate genes significantly (FDR p-value < 0.1) associated with 

ventriculomegaly. 

 

 

 

 Echolucency was associated with the altered expression of 625 genes in placental tissue 

(Figure 1.1, Supplemental Table 1.1a). Of these genes, the majority (n=583) displayed 

increased expression in relation to echolucency, while 42 genes displayed decreased expression 

(Figure 1.1, Supplemental Table 1.1a). Of these 625 echolucency-associated genes, 381 were 

unique (e.g. not identified in relation to ventriculomegaly) to this form of white matter damage.  

For these 381 echolucency unique genes, the majority (n=341 or 89.5%) displayed increased 

expression and 40 displayed decreased expression (Figure 1.2, Supplemental Table 1.1a).  
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 Ventriculomegaly was associated with the altered expression of a total of 278 genes in 

placental tissue (Figure 1.1, Supplemental Table 1.1a). Of these, the majority (n=259 or 93%) 

displayed increased expression, while 19 genes displayed decreased expression (Figure 1.1, 

Supplemental Table 1.1a). Of the 278 ventriculomegaly-associated genes, 34 were unique (e.g. 

not identified in relation to echolucency) to this form of white matter damage.  For these 34 

ventriculomegaly unique genes, 17 displayed increased expression and 17 displayed decreased 

expression (Figure 1.2, Supplemental Table 1.1a).  

 In an alternate approach, statistical models that included self-reported race and ethnicity 

were run (Model 2). Similar to Model 1, this resulted in a total of 659 placental genes with 

altered expression. In relation to both indicators of white matter damage, a total of 231 (35%) 

genes were associated with altered expression (Supplemental Table 1.1a). There was a 93% 

(n=226) overlap between Model 1 (n=244) and Model 2 (n=231) detailed in Supplemental 

Table 1.1a.  

Biological Pathway, Canonical Pathway, and Molecular and Cellular Function Enrichment 

Analysis Reveal Placental Signatures of White Matter Damage  

 Analysis of the common set of 244 genes resulted in the identification of the enrichment 

of numerous key canonical pathways (p-values ≤ 0.05). The top five included: eukaryotic 

translation Initiation Factor 2 (eIF2) Signaling, Mammalian target of rapamycin (mTOR) 

Signaling, Regulation of eIF4 and p70S6K Signaling, DNA Double-Strand Break Repair by 

Homologous Recombination, and Interleukin 6 (Il-6) (Table 1.2, Supplemental Table 1.1b). 

Interleukin 1 receptor 1 (IL1R1), which displayed increased expression in relation to both forms 

of white matter damage, is one of the genes identified as a part of the IL-6 pathway 

(Supplemental Table 1.1b). Specifically, IL1R1 displayed a log2 fold change (FC) of +0.56 in 

relation to echolucency and a log2 FC of +0.41 in relation to ventriculomegaly. Diseases and 
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disorders that were enriched among the common set of white matter damage-associated genes, 

include those related to organismal injury and abnormalities, cancer, endocrine system disorders, 

neurological disease, inflammatory response, and inflammatory and immunological disease (p-

values ≤ 0.01) (Supplemental Table 1.2a). A notable gene identified from the diseases and 

disorders analysis included heat shock protein A5 (HSPA5), which is expressed in response to a 

range of cellular stressors, (Supplemental Table 1.2a). Specifically, HSPA5 displayed a log2 

fold change (FC) of +0.65 in relation to echolucency and a log2 FC of +0.42 in relation to 

ventriculomegaly (Supplemental Table 1.2a). Molecular and cellular functions that were 

enriched among common set of the white matter damage-associated genes included RNA 

damage and repair, cell death and survival among others (Supplemental Table 1.2b).   

 

TABLE 1.2: Top canonical pathways enriched among the 244 common genes. 

  Canonical Pathways  p-value  Downregulated  Upregulated  Encoded Proteins  

EIF2 Signaling  5.40E-13  
  

0/212 (0%)  20/212 (8%)  EIF3I, FAU, HSPA5, PIK3C2A, 

PPP1R15A, PTBP1, RALA*, RALB, 

RAP1B, RPL12, RPL13A, RPL24, 

RPLP2, RPS10, RPS11, RPS8, RPSA  
mTOR Signaling  4.37E-06  0/204 (0%)  12/204 (6%)  DGKZ, EIF3I, FAU, PIK3C2A, 

RALA*, RALB, RAP1B, RHOQ,  
RPS10, RPS11, RPS8, RPSA  

Regulation of eIF4 and 

p70S6K Signaling  
5.85E-06  0/175 (0%)  11/175 (6%)  EIF3I, FAU, ITGA1, PIK3C2A, 

RALA*, RALB, RAP1B, RPS10,  
RPS11, RPS8, RPSA  

DNA Double-Strand 

Break Repair by 

Homologous 

Recombination  

3.48E-07  0/14 (0%)  5/14 (29%)  ATRX, BRCA2*, MRE11, RAD50  

Hereditary Breast Cancer 

Signaling  
4.73E-06  0/139 (0%)  9/139 (6%)  ARID1A, BRCA2*, MRE11, 

PIK3C2A, RAD50, RALA*, RALB, 

RAP1B, XPC*  

IL-6 Signaling  1.16E-04  0/128 (0%)  8/128 (6%)  IL1R1, MAPKAPK2, MCL1, 

PIK3C2A, PTPN11, RALA*, RALB, 

RAP1B  

Note ---ASD genes within the study are denoted by an *. 
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  The 381 echolucency unique genes were enriched for numerous canonical pathways 

including the follow top five:  Vitamin D receptor (VDR) and retinoid X receptor (RXR) 

Activation, Glycoprotein VI Platelet (GP6) Signaling Pathway, Role of octamer-binding 

transcription factor 4 (OCT4) in Mammalian Embryonic Stem Cell Pluripotency, Retinoic Acid 

Receptor RAR Activation, and Growth Hormone Signaling, (Table 1.3, Supplemental Table 

1.1c). For these canonical pathways, the following gene expression patterns were observed: 

within the Growth Hormone Signaling Pathway, a decrease in insulin like growth factor 2 

(IGF2). Specifically, IGF2 displayed a log2 fold change (FC) of -0.77 in relation to echolucency. 

Also, from the Growth Hormone Signaling Pathway was insulin like growth factor binding 

protein 3 (IGFBP3) which displayed a log2 fold change (FC) of +.0.83 in relation to 

echolucency. (Supplemental Table 1.1c). A total of 25 diseases and disorders were enriched 

among the echolucency unique genes including the following: organismal injury and 

abnormalities, cancer, endocrine system disorders, neurological disease, and inflammatory and 

immunological disease (p-values ≤ 0.05) (Supplemental Table 1.3a). There were 21 molecular 

and cellular functions that were enriched within the distinct set of echolucency-associated genes 

including cellular growth and proliferation, cell death and survival among others (Supplemental 

Table 1.3c).  
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TABLE 1.3: Top canonical pathways enriched among the 381 echolucency unique genes.   

Canonical Pathways  p-value  Downregulated  Upregulated  Encoded Proteins  

VDR/RXR Activation   2.50E-03 
  

1/77 (1.3%)  5/77 (6.5%)  IGFBP3, KLF4, MED1, PRKCA*, 

PRKCZ, SPP1  
GP6 Signaling Pathway 6.80E-03  1/124 (0.8%)  6/124 (4.8%)  COL4A1, LAMA5, LAMB1*, 

LAMC1, LAMC3, PRKCA, PRKCZ 

Role of OCT4 in 

Mammalian Embryonic 

Stem Cell Pluripotency 

8.27E-03  0/45 (0%)  4/45 (8.9%)  IGF2BP1, NR2F1, REST, SPP1 

RAR Activation 8.40E-03  0/195 (0%)  9/195 (4.6%)  BRD7, IGFBP3, MED1, NR2F1*, 

PRKCA*, PRKCZ, PRMT2, 

SMARCC1, SMARCE1 

Growth Hormone 

Signaling 
8.66E-03  1/71 (1.4%)  4/71 (5.6%)  CSH1/CSH2, IGF2, IGFBP3, 

PRKCA*, PRKCZ 

Note ---ASD genes within the study are denoted by an *. 

 

 Pathway analysis of the 34 ventriculomegaly unique genes highlighted the following top 

five canonical pathways, Tumor protein P53 (p53) Signaling, MicroRNA Biogenesis Signaling 

Pathway, Integrin-linked kinase (ILK) Signaling, phosphatidylinositol 3-kinase (PI3K)/protein 

kinase B (AKT) Signaling, and Integrin Signaling (Table 1.4, Supplemental Table 1.1d). 

Within the P53 Pathway, a decrease in the expression of glycogen synthase kinase 3 beta 

(GSK3B) (log2 FC: -0.43) was observed. Organismal injury and abnormalities, cancer, endocrine 

system disorders, neurological disease, inflammatory response, and immunological disease (p-

values ≤ 0.05) were significantly enriched in the ventriculomegaly unique genes (Supplemental 

Table 1.3b). Among the set of unique ventriculomegaly genes, we identified 21 enriched 

molecular and cellular functions that included cellular function and maintenance, cell-to-cell 

signaling and interaction and others (Enter info for unique gene sets (Supplemental Table 1.3d).     
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TABLE 1.4: Top canonical pathways enriched in the 34 ventriculomegaly unique genes.  

Canonical Pathways  p-value  Downregulated  Upregulated  Encoded Proteins  

P53 Signaling   4.96E-04 
  

2/98 (2.0%)  1/98 (1%)  GSK3B, ST13, STAG1*  

MicroRNA Biogenesis 

Signaling Pathway 
2.99E-03  1/183 (0.5%)  2/183 (1.1%)  DDX5, HSP90AB1, ST12  

ILK Signaling 3.63E-03  2/196 (1.0%)  1/196 (0.5%)  GSBK3B, ITGB2, RHOBTB1  

PI3K/AKT Signaling 3.73E-03  1/198 (0.5%)  2/198 (1%)  GSK3B, HSP90AB1, ITGB2 
Integrin Signaling 4.11E-03  2/205 (1%)  1/205 (0.5%)  GSBK3B, ITGB2, RHOBTB1  

Note ---ASD genes within the study are denoted by an *. 

 

Potential Regulatory Mechanisms Underlying White Matter-Associated Gene Expression 

Changes  

 Network analysis identified 64 protein-protein interactions among the 244 common white 

matter damage-associated genes (Supplemental Figure 1.1). The identified network has 

significantly more interactions than expected by chance (protein-protein interaction enrichment 

p-value: 2.11e-11). To gain an understanding of transcriptional regulators that may underly the 

expression of the common gene set, IPA upstream regulator analysis was performed, identifying 

131 significant upstream regulators (p-value<0.05 (Supplemental Table 1.4a). Among those 

upstream regulators is eukaryotic translation initiation factor 4 gamma 1 (EIF4G1) and CD24 

molecule (CD24) were identified as predictively activated regulators (z-score = 2.24 and 2.00, 

respectively). In contrast, La ribonucleoprotein 1 (LARP1) and cystatin D (CST5) were identified 

as predictively inhibited regulators (z-scores = -2.65 and -2.50, respectively). Figure 1.4a 

highlights these four upstream regulators and their target genes.  
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FIGURE 1.3: Inhibited/activated upstream regulators and their target genes.  (A) An 

integrated network among the common set of cerebral white matter associated genes (n = 

244) that includes La ribonucleoprotein 1 (LARP1), CD24 molecule (CD24), Cystatin D (CST5), 

and eukaryotic translation initiation factor 4 gamma 1 (EIF4G1); (B) An integrated 

network among the echolucency unique genes (n = 381) that includes CST5, Hypoxia-inducible 

factor 1-alpha (HIF1A), mucin 1, cell surface associated (MUC1), PDZ and LIM Domain 2 

(PDLIM2), PTPRR, and transcription factor 4 (TCF4) 1. All the target genes were differentially 

expressed based on the meta-analysis. For example, the activation of EIF4G1 leads to the 

overexpression (indicated by the orange arrow line) of alpha thalassemia/mental retardation 

syndrome X-linked (ATRX) (indicated by the red color). For other indicators, please refer to the 

Prediction Legend. 

 

 

 

 Network analysis identified 106 protein-protein interactions among the 381 echolucency 

unique-associated genes (Supplemental Figure 1.2). The identified network has significantly 

more interactions than expected by chance (protein-protein interaction enrichment p-value: 

0.004). Additionally, 241 significant upstream regulators were identified from the echolucency 

unique gene set (Figure 1.4b). These included Cystatin D (CST5), protein tyrosine phosphatase 

receptor type R (PTTPRR), and transcription factor 4 (TCF4) (z-scores = -2.21, -2.22, and -2.24, 
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respectively) were predicted to be inhibited relative to echolucency, while mucin 1, cell surface 

associated (MUC1), heat shock transcription factor 1(HFS1), Hypoxia-inducible factor 1-alpha 

(HIF1A) and PDZ and LIM Domain 2 (PDLIM2) were predicted to be activated (z-scores = 2.19, 

2.43, 2.39, and 2.0 respectively). Another notable upstream regulator identified from the 

echolucency gene set is estrogen receptor 1 (ESR1) (Supplemental Table 1.4b). 

 Network analysis identified two protein-protein interactions among the 34 

ventriculomegaly unique genes (Supplemental Figure 1.2). The identified network did not have 

significantly more interactions than expected by chance (protein-protein interaction enrichment 

p-value: 0.55). A total of 52 significant upstream regulators were identified from the 

ventriculomegaly unique genes (p-value<0.05). Due to the small number, predicted activation 

and inhibition of upstream regulator information was unavailable for the ventriculomegaly 

unique gene set (Supplemental Table 1.4c). 

ASD and Endocrine System Disorder Associated Biological Processes Identified Among the 

White Matter Damage-Associated Genes.  

 To identify whether any of the white matter damage-associated genes from the present 

study (n=659) have known alterations in neurodevelopmental disease states, we compared these 

genes to a list of n=1075 autism spectrum disorder (ASD)-associated genes obtained from the 

SFARI database. Numerous (n=63, 3.8%) ASD-associated genes were found including common 

(n=24/244), echolucency unique (n=31/381), and ventriculomegaly unique (n=1/34) genes. 

These genes included laminin subunit beta 1(LAMB1), ATPase Na+/K+ transporting subunit 

alpha 1 (ATP1A1), alpha thalassemia/mental retardation syndrome X-linked (ATRX), and methyl-

CpG binding domain protein 1 (MBD1) (Supplemental Table 1.1a).   

 Furthermore, to identify whether any of the white matter damage-associated genes from 

the present study (n=659) have known alterations in the endocrine system, we analyzed these 
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genes within the IPA database. A total of 170 endocrine system disorder genes were 

differentially expressed in the placenta in relation to the common gene set (n=71/244) and also 

the echolucency unique genes (n=99/381) (Supplemental Table 1.1a). Interestingly, these genes 

also included the ASD-associated genes IGFBP3, ATRX, LAMB1 and MBD1 (Supplemental 

Table 1.1a).   

Taken together, the results of the present study highlight the association of the expression 

of genes involved in the eIF2, mTOR, IL-6, growth hormone, and P53 signaling within the 

placenta as a contributor to white matter damage. These pathways are broadly tied to apoptosis, 

inflammation, immune response, hormone disruption, and metabolism. The dysregulation of 

these cellular and molecular processes within these placental pathways in utero may modify the 

release of signaling molecules such as inflammatory cytokines and hormones that ultimately lead 

to neonatal brain development and disorders in children born extremely preterm intriguing 

(Figure 1.4). 
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FIGURE 1.4: Conceptual diagram of the study findings. Relationships among molecular 

processes associated with cerebral white matter damage that may provide insight into the 

physiologic state of the placentas, transcriptomic pathways, and neonatal brain development. 

Five novel signaling pathways eukaryotic translation initiation factor 2 (eIF2), interleukin-6 (IL-

6), and mammalian target of rapamycin (mTOR), growth hormone, and tumor protein P53 (p53) 

in relation to ventriculomegaly associated cerebral white matter brain damage relatively early in 

life. Many of the cellular/molecular processes are associated with more than one signaling 

pathway and there may be shared overlap of many of the genes within a given pathway. 

 

 

 

Discussion  

Strong evidence supports that placental physiology is tied to neurodevelopment later in 

life, a concept known as the placenta-brain-axis. 9 Nevertheless, linkages between the placenta, 

placental gene expression, and white matter damage in the neonate are understudied. To address 

this, we examined whether transcript levels of specific genes in the placenta are related to two 

forms of white matter damage in the neonate. The white matter damage was identified by two 
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ultrasound-defined indicators of cerebral white matter damage in the ELGAN cohort. In addition 

to supporting our hypothesis that inflammation-related genes in the placenta would be associated 

with white matter damage, the transcriptomic signatures highlighted other biological processes 

in the placenta. These include immune response, apoptosis, metabolism, and hormone-related 

signaling in relation to echolucency and ventriculomegaly. These results are clinically relevant 

as cerebral white matter injury occurs in 12% of ELGAN survivors and is associated strongly 

with ASD125, cerebral palsy 148 and cognitive impairment.126  

Expression of a total of 659 genes in the placenta was associated with echolucency, 

and/or ventriculomegaly. Of these genes, a set of 244 genes displayed expression levels that 

were related to both forms of white matter damage. The small overlap (37%) between 

echolucency and ventriculomegaly-associated transcripts was not unexpected as there may be 

etiologic pathways that are not shared by these two indicators of white matter damage. The 

transcripts that were part of the common gene set encode proteins involved in proinflammatory 

processes and were highly expressed in the placentas of individuals who had cerebral white 

matter damage. Among the differentially expressed transcripts were those involved broadly in 

the Interleukin 1 (IL-1) and Interleukin 6 (IL -6) pathways. These pathways which are critical 

for the modulation of the immune system and coordinating cell-mediated immune responses.149 

The identification of these pathways support our a priori hypothesis that inflammation-

associated genes would be dysregulated in the placenta of ELGANs with white matter damage. 

Interestingly, inflammation in the placenta has been tied to neurodevelopment later in 

life.128 In addition to inflammation-related genes in the common gene set, we also found genes 

in the eIF2 and mTOR signaling pathways that were enriched. These pathways are broadly tied 

to apoptosis, and immune response. Specifically, the mTOR pathway is critical for cellular 
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growth, metabolism and apoptosis.150 Apoptosis in the placenta has been tied to hypoxia, 

oxidative stress and neurodevelopmental outcomes.151, 152  The altered expression of these 

pathways may point to improper placental growth and invasion which would directly impact 

placental development and function. 153  

 By uncoupling the echolucency and ventriculomegaly-specific gene expression we 

observed the enrichment of apoptosis-related pathways in the placenta as they relate specifically 

to ventriculomegaly. Among the pathways enriched in the ventriculomegaly unique gene set was 

the P53 signaling pathway. This pathway which is related to mTOR and plays an intrinsic role in 

apoptotic and metabolic processes. In support of these data, alterations during central nervous 

system (CNS) development such as overexpression and inhibition of P53 pathway genes 

contribute to cerebellar defects.154 In the present analysis we observed a decrease in GSK3B, 

which is a negative regulator of glucose mobilization essential to apoptotic pathways as well as 

energy metabolism, and inflammation.155 Alterations such as this within the P53 pathway may 

be present as a response to DNA damage or oxidative stress in the placenta.  

 Additionally, the uncoupling of the placental gene expression signatures in relation to 

echolucency and ventriculomegaly may help to reveal genes and pathways that are related to one 

form of white matter damage but not the other. For example, among the pathways enriched in 

the echolucency unique gene set was growth hormone signaling.  This pathway involves genes 

including IGF2 and IGFBP3 which displayed decreased expression in the placentae in relation 

to echolucency in the present study. These alterations may be involved in changes in fetal 

growth.156  Further support for our findings are that associations have also been found between 

systemic inflammation measured via IGF family proteins relative to white matter injury. 157 
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 Interestingly, when analyzing the complete gene set of white matter damage-associated 

genes, genes involved in ASD and the endocrine system were identified. The latter is consistent 

with the known influence on neurodevelopment of several hormones produced by the placenta, 

such as corticotropin-releasing hormone (CRH), 158 estradiol, 159 and allopregnanolone. 160 

Previous studies within the ELGAN cohort have highlighted the associations between 

differential methylation in placenta of hypothalamic-pituitary-adrenal (HPA) axis genes, such as 

nuclear receptor subfamily group 3cMember 1 (NR3C1), FK506 binding protein 5 (FKPB5), and 

brain-derived neurotrophic Factor (BDNF), and cognitive impairment in the offspring. 56 

Dysregulation of many of these genes within the HPA axis may be associated with crucial 

biological functions of the placenta like nutrient transfer and cellular proliferation, and hormone 

production. 161 For example, BDNF promotes both regulation of CRH. 56, 162, 163 Subsequently, 

characterizing the dysregulation of hormones in the placenta is an important area of 

investigation since prenatal hormone dysregulation may contribute to alterations in fetal 

neurodevelopment and ultimately ASD development.  

These data are among the first to highlight the expression of these critical pathways in 

placentas collected from infants born extremely prematurely (< 28 week’' gestation) who 

subsequently developed white matter damage. Still, this study is not without limitations. First, 

the ELGAN cohort includes the limited range of gestational ages in the study sample, which 

could limit the generalizability of the study results. Second, the present research focused on 

mRNA levels only in the placenta. In the future, the analysis of proteomic data could increase 

understanding of the relationship between molecular processes in the placenta and brain 

structure and function later-in-life. Fourth, neonatal cranial ultrasound identifies only 

macroscopic white matter damage and is less sensitive than magnetic resonance imaging for 
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detection of white matter damage. 164  Nevertheless, in the ELGAN study, the presence of either 

echolucency or ventricular enlargement was strongly associated with subsequent development of 

cerebral palsy, 165 epilepsy, 166 and cognitive impairment 166 and were the ultrasound lesions 

most predictive of neurodevelopmental impairments.  Furthermore, we understand that the scope 

of neurodevelopment among ELGANs and other infants who survive preterm birth cannot be 

accounted for solely by the presence of structural brain abnormalities. To address this, future 

research will incorporate functional measures of neurodevelopment data as an outcome 

measurement in relation to the placental epigenomic signatures identified here and other later-in-

life neurodevelopmental outcomes. 

Conclusions  

 Using a unique placental repository comprising genome-wide transcript levels, we have 

integrated the transcript level changes of gene expression within a framework of biological 

pathways aimed at uncovering the physiologic state of the placenta. These data point to the gene 

regulation of hormones and inflammatory molecules that may have influenced the developing 

brain of the fetus. The results highlight biological pathways in the placenta that are associated 

with white matter damage among children born extremely premature. In terms of a mechanism 

that may underlie the observed association between the increased expression of these placental 

transcripts and white matter damage in the neonate, inflammatory molecules such as cytokines 

and hormones are known to disrupt oligodendrocytes development and impair myelination in the 

preterm brain. 92, 131 In addition, the presence of placental inflammation and alterations in the 

associated placental transcripts may be indicators of placental toxicity and dysregulated  

placental development. The pathways identified in the present study may represent targets for 

disease intervention, through the enhanced understanding of perinatal factors that influence their 

expression in the placenta.
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CHAPTER 2: THE PLACENTAL TRANSCRIPTOME PREDICTS ADOLESCENT 

BRAIN VOLUME AND FUNCTION  

Background  

Intellectual disability is identified in 1.4% (95% CI: 1.2–1.7%) of children in the US 

ranging from 3 to 17 years of age. 167, 168 Children born extremely preterm (EP; less than 28 

weeks’ gestation) are at even greater risk for intellectual disability. Heightened risk for 

intellectual disability among children born EP is evidenced by their increased prevalence of 

neonatal white matter damage and deficits in school-aged cognitive outcomes. 92, 93 These 

outcomes have been tied to circulating neonatal inflammation-related proteins early in life 106 as 

well as reduced brain volume. 117  

Brain structure is influenced throughout the course of pregnancy. During the in utero 

period, a range of key events occur within the intrauterine environment that influence fetal brain 

development. Processes such as neuronal migration and synapse development occur between the 

23rd and 27th weeks of gestation 19, 20.  Perturbations during the establishment of these vulnerable 

processes can affect brain maturation and result in postnatal consequences. 21 Inflammatory 

signals including cytokines and chemokines, present in the intrauterine environment, can 

influence the developing neurons of the fetal brain. 129  The placenta is a source of various 

signals that influence neurodevelopmental programming.  These signals can transform early 

brain development as well as long-term neurodevelopmental outcomes. Thus, while it is a 

transient organ, the placenta is a critical mediator between maternal and environmental signals 

and the developing fetus. This relationship has been characterized as the placenta-brain axis. 
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Within the framework of the placenta-brain axis, few studies explore the linkage between 

disrupted placental pathways evidenced by placental gene expression (or the expression of 

epigenetic modifiers) in relation to neurocognitive impairments. 169 Links between the placenta 

and adolescent brain development are understudied. 

Altered brain maturation in individuals born very preterm (less than 32 weeks’ gestation) 

has been demonstrated by grey matter volume deficits persisting into adolescence and adulthood. 

170 Among the developmental disabilities, cognitive impairment is one of the most prevalent 

developmental disabilities among EP-born individuals. 89, 102, 167, 168 Some variance seen in 

cognitive impairment is related to brain volume/structure. Brain volume is a well-documented 

proxy for studying neurodevelopment as structural brain magnetic resonance imaging (MRI) 

may provide insight into neurological substrates that underlie neurocognitive impairments. 94-98, 

171 Structural changes are often paired with corresponding functional changes that can be 

evidenced in performance on neurodevelopmental assessments and in behavior. 18, 115-117   

Research from the Extremely Low Gestational Age Newborns (ELGAN) Study indicates 

that preterm newborns are at an increased risk for brain damage. 172 This may be largely due to 

easily disturbed developmental processes and the lack of protection against the disturbances in 

the form of adequate amounts of placenta/maternal-provided neurotrophins during the vulnerable 

window of brain development. 173 The assessment of mRNA expression within the placenta may 

provide a window to better understand factors that influence developmental programming. 

Supporting this linkage between the placenta and neurodevelopment, gene expression in the 

placenta has been associated with the likelihood of intellectual impairment, 127 and brain-derived 

neurotrophic factor (BDNF) is a key neurotrophin as well as a hypothalamus-pituitary-adrenal 

(HPA) axis gene identified through placental DNA (CpG) methylation in association with EP 
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cognitive impairment at age 10. However, literature exploring the relationship between altered 

placental gene expression and brain volume and function during adolescence has not been 

documented. This study focuses on the relationship between placental mRNA expression, brain 

function and volume in adolescence within ELGANs. 

Study Objective  

The ELGAN Study is a multi-center longitudinal cohort study of 1506 newborns born 

before 28 weeks. The present study employs a subset of ELGAN participants with data on 

placenta gene expression and brain volumes at 15 years of age. Our analyses consider the parallel 

relationship of placental mRNA expression with regional brain MRI volumes and placental 

mRNA expression with cognition at 15 years. Through targeted analysis of mRNA gene 

expression that encodes for inflammation and immune response as it relates to brain MRI 

volumes and indicators of neurocognitive impairment, we hope to provide molecular insights 

into early placental biological processes that might influence adolescent brain structure and 

function.  

This analysis will address a fundamental gap in the understanding of placental 

mechanistic origins that underlie neurodevelopmental disability and reduced brain volume as 

measured via magnetic resonance imaging (MRI) in ELGAN children. The focus is on 

inflammation and immune response pathways at the level of messenger RNA (mRNA) 

expression in the placenta. The central hypothesis is that the elevated expression of critical 

inflammation and immune response pathways in the placenta is associated with structural 

neurodevelopment and neurocognition later in life. The proposed study is innovative; we are 

aware of no previous study of this hypothesis. The research includes the assessment of the 

association between placental genes and MRI brain volumes in 14 segmented brain regions along 

with three outcomes of neurocognition. While the precise mechanism is unknown as to how 
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placental epigenetic variation and inflammation may be influencing neurodevelopment, here we 

will analyze the transcriptomic architecture that exists between the placenta and the maturing 

brains of those born prematurely into the critical adolescent phase. Between childhood and 

adolescence, frontal gray matter volume decreases and white matter volume increases have been 

visualized via structural MRI techniques. 174  Successful completion of the proposed aim(s) will 

shed light on mechanisms linking the placenta and the maturing brain among individuals born 

extremely preterm.  

Our understanding of gene-environment impacts during pregnancy that may target 

structural brain changes and neurodevelopmental delays and disorders can be enhanced through 

investigation of fundamental placental signaling during critical windows of fetal brain 

development in association with later life changes in brain volume and cognitive assessments.  

Identifying key genes in the placenta relative to neurodevelopmental disability and altered brain 

structure can help us determine the placentas’ role in child neurodevelopment.  Because key 

placental genes have already been associated with cognition of children born EP, 56, 169, 175 

findings from the present study will not only extend those findings longitudinally to capture 

adolescent neurocognition but will also expand to include multiple measures of neurocognition 

in hopes of identifying the most promising indicators of neurodevelopmental disability at age 15 

in relation to placental transcriptomic data. This study enriches the literature in the field of 

neurobiology by providing evidence of the longitudinal correlative interplay between the 

endocrine system at birth and the nervous system at age 15, consistent with the concept that 

alterations in one system influence changes in another system. 176  
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Materials and Methods 

Participants 

Participants The ELGAN study enrolled participants from 2002 to 2004 at 14 

participating medical centers across the U.S. and was approved by the Institutional Review 

Board at each participating center. The eligibility criterion for the ELGAN study was gestational 

age of less than 28 weeks. Study procedures have been comprehensively described elsewhere. 113 

The 15-year assessment was carried out for a total of 700 (58%) participants among the 1198 

ELGAN study participants who survived to 15 years of age, of whom 681 (57%) accompanied 

their parent/guardian for a cognitive assessment, and 465 (66%) assented to undergo brain MRI. 

The current study includes two parallel analyses (1) focused on adolescent regional brain 

volumes based on a subsample of 146 children that also had placental mRNA data and the other 

focused on adolescent neurocognition based on two subsamples (Verbal and Fluid Composite 

(n=288) and Latent Profile Analysis (n=277)) of children that also had placental mRNA data.  

Maternal and Newborn Characteristics 

  Maternal characteristics were self-reported at the time of the child’s birth and included 

maternal race and ethnicity, age, education, health insurance status, supplemental nutrition 

assistance, and marital/partnered status.  A cumulative composite variable representing social 

stress was derived from these latter factors. Four variables were used as a proxy indicator of 

maternal social disadvantage, which increased by one point for maternal education less than high 

school, receipt of government-provided supplemental nutritional assistance, lack of private 

health insurance,  and single marital/unpartnered status. 177 Newborn characteristics (gestational 

age, sex, birthweight) and medical variables were identified by review of medical records, 172 

and structural neonatal brain injuries (echolucent lesions of white matter damage, 

ventriculomegaly) were identified by cranial ultrasound. 138  
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Placental mRNA Expression Data 

  Placental DNA and RNA extraction have previously been detailed, 132, 133 and a 

comprehensive description of RNA sequencing methodology has been described in Eaves et al. 

134 To summarize, RNA molecules >18 nucleotides were extracted (AllPrep DNA/RNA/miRNA 

Universal Kit; Qiagen), RNA quality was assessed (LabChip), and RNA integrity numbers (RIN) 

were assigned. Genome-wide mRNA expression profiles were then measured from the isolated 

placental RNA samples (QuantSeq 3′ mRNA-Seq Library Prep Kit; Illumina). The mRNA 

libraries were then pooled and sequenced (single-end 50 bp) onto one lane (Hiseq 2500; 

Illumina), the number of sequencing reads per mRNA were aligned to the GENCODE database 

v3 135 and organized (Salmon) 136 resulting in 37,268 unique human RNA transcripts (protein-

coding and non-coding RNAs) used in data processing and statistical analyses. Surrogate 

variables were incorporated in the statistical modeling approach to account for other sources of 

heterogeneity (detailed below), and non-detectable transcripts were filtered out (detailed below) 

as additional quality control steps. For this study, we analyzed genes that were characterized 

under the biological process terms of the Gene Ontology (GOBP) lists for inflammatory 

response (n=854) and immune response (n=1894) from the Molecular Signatures Database 

(mSigDB) (https://www.gsea-msigdb.org/gsea/msigdb/). 

Cognitive Assessments at Age 15 

 Neuropsychological assessment. A comprehensive description of the ELGAN NIH 

Toolbox Cognition Battery (NTCB) data set has been described in great detail. 178 179 The NTCB 

180 assessment includes 7 measurements to generate estimates of more specific cognitive abilities 

(e.g., executive function, processing speed), including 5 measures of “fluid” cognition, Pattern 

Comparison Processing Speed (processing speed), List Sorting Working Memory (verbal 

working memory), Picture Sequence Memory (episodic memory), Flanker Inhibitory Control and 

https://www.gsea-msigdb.org/gsea/msigdb/
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Attention (sustained attention/inhibition), and Dimensional Change Card Sort (set 

switching/cognitive flexibility), and 2 measures of verbal or “crystallized cognition,” Picture 

Vocabulary (receptive vocabulary) and Oral Reading Recognition (oral reading).  A General 

Cognition Composite score was generated in response to all 7 tests. In line with a recent study 134 

which yielded a different breakdown of factor-based composites specific to adolescents than the 

composite breakdown in the original NTCB, such that “verbal” cognition is now a 3-subset 

measure including the Picture Vocabulary, Oral Reading Recognition, and List Sorting Working 

Memory tests, and the second factor (“fluid cognition”) is now a 4-subset measure that includes 

the Flanker Inhibitory Control and Attention, Dimensional Change Card Sort, and Pattern 

Comparison Processing Speed tests. These resulting factors of “verbal cognition” and “fluid 

cognition” will be referred to hereafter as the Verbal Composite Score and Fluid Composite 

Score respectively.  

 Latent profile analysis (LPA) of IQ and NTCB scores. An LPA was conducted on the 

Wechsler Abbreviated Scale of Intelligence-II (WASI-II) verbal and nonverbal 181, and the 7 

National Institutes of Health Cognition Toolbox Battery (NCTB) 182 measures using Mplus 7.11, 

183 providing a maximum likelihood estimation. 184 By latent profile analysis, 184 subtests scores 

from the WASI-II and NCTB were used to classify participants’ level of cognitive functioning 

into normal, low-normal, and impaired subgroups. LPA may provide better predictive value for 

future cognitive and adaptive function, 185 and has been argued to provide a more sensitive 

assessment of cognitive function than IQ alone. 179, 184 

Brain MRI Acquisition and Processing 

As described in detail in Chapter 3, age 15 quantitative brain MRI (qMRI) attained for 

465 participants at 12 ELGAN-ECHO participating sites was used to classify study participants’ 

brain volumetry based on fine-scale brain partitioning using FreeSurfer v7.1.0 under Linux 
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RHEL-7 environment. More specifically, qMRI images were acquired on Siemens Prisma 3T 

MRI scanners at 6 participating sites, a Philips 3T MRI scanner was used at 3 participating sites, 

2 participating sites used GE 3T MRI scanners, and a single participating site used 1.5T MRI 

scanner with different imaging parameters, so these 24 1.5T datasets were not included in this 

analysis to avoid potential data inconsistencies. Brain regional volumes of cerebral cortex, 

cerebral white matter, cerebellar cortex, cerebellar white matter, brain stem, thalamus, lateral 

ventricle, putamen, hippocampus, ventral diencephalon, caudate, corpus callosum, pallidum, 

amygdala, and accumbens area were extracted but ventral diencephalon, lateral ventricle, and 

accumbens area were excluded from the investigation as they have no functional relevance of 

interest to the present analysis.   

Statistical Analysis 

To analyze associations between placental mRNA expression levels and 15-year brain 

volume and function, linear regression was used for all models, with the exception of the 

association between placental mRNA expression levels and LPA where ordinal logistic 

regression was used. Covariates included in all models included sex, birthweight, and maternal 

socioeconomic risk. For the measure of socioeconomic risk, we used the summative index of 

maternal social disadvantage, increasing by one point for each of the following: lack of private 

health insurance, maternal education less than high school, receipt of government-provided 

supplemental nutritional assistance, and single marital/unpartnered status. Additional covariates 

used in brain volume inclusive analyses also included study site, and total brain volume (TBV), 

except when assessing for total brain volume where TBV adjusting was omitted. 

These analyses were carried out for both the GOBP-derived inflammation genes and the 

GOBP-derived immune response genes. TNFα included in the set of markers, which resulted in a 

smaller dataset for brain volume (n = 146), verbal and fluid composite (n=288), and LPA 
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(n=277) analyses respectively. To account for multiple testing in the individual marker analyses 

we used p < 0.05 to declare a significant relationship and an FDR-adjusted threshold of p <0.05.  

Pearson correlation coefficients were also generated for all linear models during scatterplot plot 

generation. An ANOVA was generated during boxplot generation for logistic regression-based 

analysis. All analyses were conducted in R v4.1.2.186 

Pathway Analysis 

Established functional relationships among the proteins encoded by the identified genes 

and their biological pathways were examined using the Reactome Pathway Database 

(https://reactome.org). 187 Specifically, Pathway Browser version 3.7 and Reactome database 

release 83. We analyzed and reported significant pathways, from Reactome enriched among 

these gene sets (BH-corrected p-values < 0.05). 

Results 

Of 146 participants included in brain volume assessment, 66 (45.2%) were female and 80 

(54.8%) were male. The average gestational age of study participants was 26.1 weeks. While the 

majority of participants’ mothers had a college degree or higher 68 (46.6%), 38 (26%) had 

educational attainment of a high school diploma. The average maternal age was 29.4 (5.71%). 

The majority of participants had private insurance 221 (68.4%) and were born to married 

mothers.  A minority of participants received food stamps, 13 (9.00%). Of the participants 

included in the neurocognitive outcome assessment (Verbal and Fluid Composite (n=288); LPA 

(n=277)), general demographic information was similar to that observed for the brain volume 

subset (Table 2.1). 
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TABLE 2.1: Study participants’ demographics.  

 
Maternal demographic data, pregnancy characteristics, and data on birth outcomes are presented for the ELGAN 

subjects used in each analysis. Data are presented as the number (%) of subjects in the cohort.  
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Placental mRNA expression in Relation to Brain Volumes 

A total of 368 inflammation-related genes were analyzed for the association of their 

expression levels relative to volumes for 14 brain regions. Four brain regions were identified 

where mRNA expression passed FDR correction. Specifically, 113 genes displayed decreased 

expression in relation to cerebellum cortex volume, two genes displayed decreased expression in 

relation to cerebellum white matter, 52 genes displayed decreased expression in relation to 

brainstem volume, and a single gene displayed decreased expression in relation to subcortical 

grey matter (Table 2.2). Across these four brain regions, a total of 149 unique genes displayed 

associations between expression and brain volume. These data are graphically displayed in 

Figure 2.1.   
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TABLE 2.2: Placental mRNAs that encode for inflammation in relation to brain volumes. 

Note— All were adjusted for sex, birthweight, SES risk, Study site, and total brain volume 

(TBV), except for Total Brain Volume where TBV adjusting was omitted. Significantly 

associated brain regions are in bold.  

  

Brain Region 

Genes (N) 

P value ≤ .05 (FDR ≤ .05) 

Upregulated (+)/ Downregulated (-) 

P value ≤ .05 (FDR ≤ .05) 

Total brain tissue  11 8+, 3 - 

  Cerebral cortex  18 18+ 

  Cerebral white matter  10 6 +, 4 - 

      Corpus Callosum 37 37 - 

  Cerebellum cortex  191 (133) 191 - , (133 -) 

  Cerebellum white matter  145 (2) 145 -, (2 -) 

  Brainstem  139 (52) 139 -, (52 -) 

  Subcortical gray matter  94 (1) 94 - , (1 -) 

      Thalamus 25 24 - 

       Putamen  47 1+, 46 - 

       Hippocampus  30 30 - 

       Amygdala 6 2 +, 4 - 

      Caudate 38 38 - 

      Pallidum 35 35 - 
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FIGURE 2.1: Significant placental mRNAs that encode for inflammation in relation to 

brain volumes. 

 
Note— GM is grey matter and WM is white matter. 

 

A total of 785 immune response-related genes were analyzed for the association of their 

expression levels relative to volumes for 14 brain regions. Five brain regions were identified 

where mRNA expression passed FDR correction. Specifically, two genes displayed decreased 

expression in relation to corpus callosum volume, 295 genes displayed decreased expression in 

relation to cerebellum cortex, 95 genes displayed decreased expression in relation to brainstem 

volume, and a single gene displayed decreased expression in relation to cerebellum white matter 

(Table 2.3). One gene displayed increased expression with cerebral cortex volume and three 

genes displayed increased expression with cerebellum cortex volume. Across these five brain 
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regions, a total of 313 unique genes displayed associations between expression and brain 

volume. These data are graphically displayed in Figure 2.2. 

 

TABLE 2.3: Placental mRNAs that encode for immune response in relation to brain 

volumes. 

 
Note— All were adjusted for sex, birthweight, SES risk, Study site, and total brain volume 

(TBV), except for Total Brain Volume where TBV adjusting was omitted.  

  

Brain Region 

Genes(N) 

P value ≤ .05 (FDR ≤ .05 ) 

Upregulated (+)/ Downregulated (-) 

P value ≤ .05 (FDR ≤ .05 ) 

Total brain tissue  24 12+, 12 - 

  Cerebral cortex  48 (1) 6 +, 42 - (1 +) 

  Cerebral white matter  16 6 +,10- 

      Corpus Callosum 78 (2) 75+, 3- (2-) 

  Cerebellum cortex  408 (298) 3+, 405 -(3+, 295 -) 

  Cerebellum white matter  299 (1) 6+, 294- (1-) 

  Brainstem  308 (95) 1+, 307 - (95-) 

  Subcortical gray matter  195 195 - 

      Thalamus 49 1+, 48- 

       Putamen  95 1+ ,94- 

       Hippocampus  37 1+, 36 - 

       Amygdala 15 1+, 14 - 

      Caudate 79 79 - 

      Pallidum 60 2+, 58 - 
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FIGURE 2.2: Placental mRNAs that encode for immune response in relation to brain 

volumes. 

 

 
Note— GM is grey matter and WM is white matter. 

 

Associations between mRNA expression and brain volume were most enriched for 

cerebellum cortex and brainstem for both inflammation and immune response-focused analyses.  

A single gene overlapped between the set of significantly associated inflammation genes (n=235) 

and immune response genes (n=298) for cerebellum cortex (Supplemental Table 2.1). The 

expression of the top 12 significant genes and their relationship with brainstem volume are 

detailed for inflammation and immune response in Figure 2.3A and Figure 2.4A. There were 23 

overlapping genes between the set of significantly associated inflammation genes (n=52) and 

immune response genes (n=95) for brainstem. The expression of the top 12 significant genes and 
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their relationship with brainstem volume are detailed for inflammation and immune response in 

Figure 2.3B and Figure 2.4B.  

 

FIGURE 2.3 (A-B): Significant genes that encode for inflammation associated with 

placental mRNA expression in relation to (a) cerebellum cortex and (b) brainstem. 

A 

 
B 

 



58 

FIGURE 2.4 (A-B): Significant genes that encode for immune response associated with 

placental mRNA expression in relation to (a) cerebellum cortex and (b) brainstem. 

 

A 

 
B 
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Placental mRNA expression in Relation to Neurocognition 

When inflammation mRNAs were analyzed in relation to Verbal Composite Scores, none 

of the genes passed FDR correction. However, a total of 38 genes displayed decreased 

expression (p ≤ .05). Similarly, when inflammation mRNAs were analyzed in relation to Fluid 

Composite Scores, none of the genes passed FDR correction. However, a total of three genes 

displayed decreased expression, and four genes displayed increased expression (p ≤ .05). When 

inflammation mRNAs were analyzed in relation to LPA, 137 genes passed FDR correction and 

displayed increased expression when comparing the impaired LPA participants to the low normal 

LPA participants. (Table 2.4).  None of the inflammation-related genes passed FDR correction 

when comparing the high normal LPA participants to the low normal LPA participants. 

However, a total of seven genes displayed increased expression (p ≤ .05) (Table 2.4). 

 

TABLE 2.4: Placental mRNAs that encode for inflammation and immune response in 

relation to neurocognition. 

 
Note— All were adjusted for sex, birthweight, and SES risk.  

Composite Score 

Genes(N) 

P value ≤ .05 (FDR ≤ .05 ) 

Upregulated (+)/ Downregulated (-) 

P value ≤ .05 (FDR ≤ .05 ) 

Inflammation 

Verbal Composite 38 38 - 

Fluid Composite 7 4+, 3 - 

LPA- Impaired 193 (137) 193 + (137 +) 

LPA-High Normal 7 7+ 

Immune Response   

Verbal Composite 73 1 +, 72 - 

Fluid Composite 12 7+, 5 - 

LPA- Impaired 380 (212) 380 + (212+) 

LPA-High Normal 24 23+, 1 - 
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The analysis of immune response mRNAs in relation to Verbal Composite Scores 

resulted in zero FDR-corrected genes. A total of 73 genes reached significance (p ≤ .05) in 

relation to Verbal Composite Scores. Of which, 72 genes displayed decreased expression and a 

single gene displayed increased expression. A total of 73 genes reached significance (p ≤ .05) in 

relation to Fluid Composite Scores. Of which, 12 genes displayed decreased expression and a 

single gene displayed increased expression.  Five of those genes displayed decreased expression 

and seven genes displayed increased expression. When immune response mRNAs were analyzed 

in relation to LPA, 212 genes passed FDR correction and displayed increased expression when 

comparing the impaired LPA participants to the low normal LPA participants. (Table 2.4).  

None of the immune response-related genes passed FDR correction when comparing the high 

normal LPA participants to the low normal LPA participants. However, a total of 23 genes 

displayed increased expression and a single gene expressed decreased expression (p ≤ .05) 

(Table 2.4). 

Associations between mRNA expression and neurocognition were significantly enriched 

for study participants with impaired LPA in both inflammation and immune response-focused 

analyses. There were 64 overlapping genes between the set of significantly associated 

inflammation genes (n=137) and immune response genes (n=212) for impaired LPA 

(Supplemental Table 2.1). The expression of the top 12 significant genes and their relationship 

with LPA classification are detailed for inflammation and immune response in Figure 2.5(A-B).  
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FIGURE 2.5 (A-B): (A) Inflammation or (B) immune response genes in relation to 

neurocognition measure assessed through LPA.  

 

A 
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B 

 
 

Pathway Analysis of Placental mRNA expression in Relation to Brain Volumes  

Pathway-based analysis was performed on inflammation-associated genes identified for 

cerebellum cortex and brainstem as they resulted in a sufficient number of significant genes. A 

total of 112 pathways were identified for cerebellum cortex that passed FDR correction 

(Supplemental Table 2.2). Among the most significantly enriched pathways were Signal 

Transduction (n= 88 genes; 0.003 = FDR p-value), Interleukin-1 Family Signaling (n= 23 genes; 
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<0.001 = FDR p-value), and Apoptosis (n= 12 genes; <0.001 = FDR p-value) (Table 2.5). A 

total of 52 pathways were identified for brainstem that passed FDR correction (Supplemental 

Table 2.3). Among the most significantly enriched pathways were Insulin-like Growth Factor-2 

mRNA Binding Proteins (IGF2BPs/IMPs/VICKZs) bind RNA (n= 5 genes; <0.001 = FDR p-

value), MAPK1/MAPK3 signaling (n=6 genes; 0.05= FDR p-value), and Apoptosis (n= 5 genes; 

0.03= FDR p-value) (Table 2.5). 

 

TABLE 2.5: Significant pathways that encode for inflammation associated with placental 

mRNA expression in relation to cerebellum cortex volume, brainstem volume, and 

impaired LPA at age 15. 

 

 

Pathway-based analysis was performed on immune response-associated genes identified 

for cerebellum cortex and brainstem as they resulted in a sufficient number of significant genes. 

A total of 302 pathways were identified for cerebellum cortex that passed FDR correction 

(Supplemental Table 2.4). Among the most significantly enriched pathways were TNFR1-

induced NF-kB signaling pathway (n= 4 genes; <0.03 = FDR p-value), Apoptosis (n= 14 genes; 

0.005= FDR p-value), and Axon guidance (n= 38 genes; <0.001 = FDR p-value) (Table 2.6). A 

 

 Pathway  

Entities 

 found p-value FDR 

Cerebellum Cortex 

 

Signal Transduction  88 <0.001  0.003  

Interleukin-1 Family Signaling  23 <0.001  <0.001  

Apoptosis  12 <0.001  0.008 

Brainstem 
 

Insulin-like Growth Factor-2 mRNA Binding Proteins 5 <0.001  <0.001  

MAPK1/MAPK3 signaling 6 0.006 0.05 

Apoptosis 5 0.003 0.03 

Impaired LPA 
 

Regulated Necrosis 7 <0.001  0.002 

NOD1/2 Signaling Pathway 9 <0.001  <0.001  

Growth hormone receptor signaling 3 0.006 0.04 
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total of 46 pathways were identified for brainstem that passed FDR correction (Supplemental 

Table 2.5). Among the most significantly enriched pathways were Cytokine Signaling in 

Immune system (n= 31 genes; <0.001 = FDR p-value), TRAF6 mediated NF-kB activation (n= 3 

genes; 0.006= FDR p-value), and Defective Intrinsic Pathway for Apoptosis (n= 4 genes; 0.009= 

FDR p-value) (Table 2.6). 

 

TABLE 2.6: Significant pathways that encode for immune response associated with 

placental mRNA expression in relation to cerebellum cortex volume, brainstem volume, 

and impaired LPA at age 15. 

 

 

Pathway Analysis of Placental mRNA expression in Relation to Neurocognition  

Pathway-based analysis was performed on inflammation-associated genes identified for 

study participants with impaired LPA, resulting in a sufficient number of significant genes. A 

total of 130 pathways were identified that passed FDR correction (Supplemental Table 2.6). 

Among the most significantly enriched pathways were Regulated Necrosis (n= 7 genes; 0.002 = 

FDR p-value), NOD1/2 Signaling Pathway (n= 9 genes; <0.001 = FDR p-value), and Growth 

hormone receptor signaling (n= 3 genes; 0.04 = FDR p-value) (Table 2.5). 
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Pathway-based analysis was performed on immune response-associated genes identified 

for study participants with impaired LPA and resulted in a sufficient number of significant genes. 

A total of 163 pathways were identified that passed FDR correction (Supplemental Table 2.7). 

Among the most significantly enriched pathways were Cytokine Signaling in Immune system 

(n= 74 genes; 0.002 = FDR p-value), MAP kinase activation (n= 10 genes; <0.001 = FDR p-

value), and TNF signaling (n= 3 genes; <0.001 = FDR p-value) (Table 2.6). 

Discussion 

There is strong evidence that the placenta plays a critical role in fetal brain development 

and later brain function. In prior work, we have shown that the expression level of specific 

mRNAs within the placenta are associated with white matter damage in the neonate. 188 In 

addition, the ELGAN team has shown that factors that control mRNA expression (i.e., CpG 

methylation) in the placenta are associated with later life cognition. 56, 59 It remains unstudied 

whether mRNAs in the placenta are associated with later-in-life brain structure and function. In 

the present study, we address this by investigating the relationship between mRNAs in the 

placenta and both brain volume and neurocognition in adolescents who were born extremely 

preterm as part of the ELGAN Study. Based upon the findings of our team and others, 36, 60, 117, 

175, 188-190 we elected to focus on targeted sets of genes that are involved in inflammation and 

immune response. Our a priori hypothesis was that elevated expression of placental genes 

related to inflammation and immune response would be related to decreased structural 

development and an indicator of decreased or impaired cognition. There are three major findings 

from this work. First, the elevated expression of genes that encode proteins that play a role in 

inflammatory response as well as immune response were associated with lower brain volume at 

age 15. Second, elevated expression of inflammation and immune-associated genes was 

associated with increased risk for impaired cognition. Finally, while genes related to 
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inflammation and immune response were identified, the results also highlight other pathways 

including hormone regulation, apoptosis, and imprinting.  

Elevated expression of inflammatory and immune response genes in the placenta was 

associated with decreased volume in select brain regions. Specifically, reductions were observed 

in the cerebellum cortex, brainstem, and cerebellum white matter. In the ELGAN cohort, early 

life signatures of inflammation are associated with structural brain alterations later in life. 117, 188, 

190  As one example, placental inflammatory signatures are associated with ultrasound-identified 

cerebral white matter damage in the neonate. 188 Also, high expression of neonatal circulating 

inflammatory markers were associated with decreased brain volume at age 10. 117 We have 

recently expanded upon the relationship between neonatal circulatory inflammatory markers and 

large brain regions (grey matter, white matter, and cerebellum and brainstem) at age 10 to show 

that neonatal inflammation is associated with decreased brain volumes at age 15 including 

regionally segmented subcortical grey matter (see Chapter 3). Thus, the data from the present 

study are in line with these findings of increased inflammation in relation to decreased brain 

volume, but highlight a novel aspect that now indicates inflammatory signatures are present prior 

to the first few weeks of life (i.e. the placenta) and are strongly associated with decreased brain 

volume at age 15. 189, 191, 192 These results support the placenta-brain axis but also the 

developmental origins of disease. Studies of volumetric-based analyses have found correlations 

between decreased cerebellar volume following white matter injury, which is a recognized 

complication of preterm birth. 193-195 In the present analysis, we highlight an association between 

the increased expression of inflammation and immune response-related placental genes and 

reduced cerebellum grey matter volume assessed at age 15. Nuclear factor kappa B (NF-κB) is 

an inducible transcription factor and a notable contributor to the regulation of immune response, 
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inflammation, cell growth and survival, development, and release of neuroinflammatory 

cytokines. However, NF-κB’s relationship with structural and cognitive brain alterations is still 

understudied. 196 Future research should investigate the perinatal antecedents of placental 

inflammation. These could include chemical exposures, maternal nutrition, and non-chemical 

stressors including maternal medications and social environment.  

We show here that elevated inflammation and immune response gene expression is 

associated with an increased risk of cognitive impairment in ELGAN cohort participants at age 

15. Broadly, the neurocognitive measurements analyzed here assessed working memory, 

information processing, and a more sensitive characterization of cognition using measures of 

executive function in addition to IQ. Prior work from the ELGAN cohort has identified linkages 

between placental CpG methylation and LPA at age 10, 56 and umbilical cord inflammation and 

neurological outcomes at age 10. 60  As has been found in other preterm cohorts, multifaceted 

deficits have been reported regarding the cognitive development of children born preterm. 

Among these deficits are difficulties in each domain of cognition, including language, executive 

function, learning and memory, perceptual-motor function, and complex attention. A high 

prevalence of delays and changes was observed in a Brazilian birth cohort when assessing their 

longitudinal neurodevelopmental trajectories from four to eight months to 24 months of age. 197 

In another cohort, extreme prematurity, particularly in males born to parents of low education 

was associated with worse neurodevelopmental impairment status at ages two, five, and eight 

years of age, assessed using a composite score inclusive of cognitive, neurological, visual, and 

auditory functions. 198 Similar to many of these studies, we are capturing cognition across 

different time points within the ELGAN cohort where cognition has been assessed, 179 but we are 

still one of the only extremely preterm birth cohorts with placental omic data, and this is the first 
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study within our group to assess mRNA expression of implicated mechanistic antecedents to 

adolescent measures of cognition. While the results support our a priori hypothesis that 

inflammation and immune response genes would be associated with our brain structure and 

neurocognitive, we also found that pathways present in other tissues are known to be involved in 

tumorigenesis.  

Although this is a very comprehensive study with several novel aspects relating mRNA 

in the placenta to brain structure and function in the adolescent, it is not without limitations. The 

results of this study are based solely on a cohort of children born extremely preterm. Thus, the 

results may not be generalizable to cohorts that were born at term. Sample attrition and 

“missingness” (both in the placenta sample and the brain MRI sample) limited the overall sample 

size of our analysis.  

Conclusions  

While the data point to placental inflammation as a driver of brain volume and function 

later in life, the perinatal antecedents that drive placental inflammation and subsequent immune 

responses are largely unknown. Finally, it is currently not known whether there are any 

moderators which would identify potential methods for public health protections against adverse 

neurodevelopmental outcomes in children. In summary, this is one of the first studies to identify 

linkages between mRNA expression in the placenta, and brain volume and neurocognition at age 

15. These findings lay the foundation for solution-oriented research that will identify methods to 

reduce placenta inflammation and reduce risk of adverse neurodevelopmental outcomes. 
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CHAPTER 3: ASSOCIATION OF EARLY LIFE INFLAMMATION, ADOLESCENT 

BRAIN VOLUME AND NEUROLOGIC DISORDERS  

Background  

Extremely low gestational age newborns (ELGANs) are born <28 weeks gestation and 

are at increased risk for neurodevelopment abnormalities. Neurodevelopment abnormalities 

including epilepsy, cerebral palsy (noted in 5%–10 %), and cognitive, attentional, behavioral, 

and socialization disturbances (noted in 25%–50%). 121, 122, 199-202  A probable intermediate 

between being born preterm and increased neurodevelopmental risks is brain structure and size, 

since individuals born preterm have reduced brain regional volumes at school age as compared to 

children born full term. 96, 203, 204  

Reduced brain volume in children born very preterm (≤ 32 weeks gestation) has been 

associated with impaired neurocognition. 98 Specifically, reduced volumes in cerebral white 

matter (WM), gray matter (GM), cerebellum, and subcortical structures are correlated with less 

favorable cognition, psychological, and educational outcomes in adolescents both preterm and 

extremely preterm. 116, 205-214  Our team has recently shown that in adolescents born extremely 

preterm, lower brain volume was associated with neurologic disorders. 215 Given the 

relationships between brain volumes and neurologic status, examination of factors that influence 

brain volumes is of significance. 

Compared to extensive studies that relate brain volume with cognitive functions, 209, 216-

219  fewer studies have examined the antecedents of abnormal brain development in children who 

were born extremely preterm. 119, 220, 221 Perinatal factors such as social risk, birthweight, and 
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gestational age, may be associated with neonatal brain volumes. 101, 220  Identification of early life 

factors associated with brain structural and functional disorders is a critical step in designing 

interventions to decrease the risk of these disorders.  The ELGAN Study was initiated to address 

this knowledge gap. In prior analyses from the ELGAN study, neonatal systemic inflammation 

was associated with an increased risk of cerebral palsy and cognitive impairment, 222 as well as 

decreased brain volumes in children at age 10. 119  To date, no studies have evaluated 

associations between neonatal systemic inflammation and regional brain volumes in adolescence.  

Study Objective  

The aim of this study was to investigate the relationship between early life circulating 

inflammation proteins and total and regional brain volumes in ELGAN study participants at age 

15. We further aimed to test whether sex or the presence of neurological disorders modified the 

inflammation-brain volume relationships. We hypothesized that elevated circulating 

inflammation-related proteins would be associated with decreased total and regional brain 

volumes and that these associations would differ by sex and in the presence of a neurological 

disorder. 

Materials and Methods  

Study Participants 

The ELGAN Study is a multicenter observational study of the risk of neuroanatomical 

and neurofunctional disorders in extremely premature infants. 223 From 2002 to 2004, 1249 

mothers and 1506 infants who were born less than 28 weeks of gestation were enrolled. At age 

15, 1198 surviving adolescents were targeted for recruitment. Of these 1198 participants, 701 re-

enrolled for follow-up study at age 15 years where they underwent comprehensive 

neurocognitive assessment and brain MRI (463/701, 66%). Enrollment in the ELGAN 

prospective study was approved by the institutional review boards of all 12 participating 
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institutions. Parental consent was obtained for all participants and each participant assented to 

undergo brain MRI acquisitions. A total of 323 subjects had data for neonatal inflammation, 

brain MRI image processing, and whether a neurological disorder had been identified 

(Supplemental Figure 3.1). All 323 participants included in the MRI analyses were imaged with 

a Siemens Prisma 3T system (Siemens, Erlangen, Germany) at six participating sites (UNC-

Chapel Hill, Wake Forest, Boston Children’s Hospital, Beaumont Medical Center, Baystate 

Medical Center, and Yale University).  

Neonatal Blood Protein Measurements and Inflammation Status Assignment 

As detailed previously 119, 224  whole blood was collected on filter paper (Schleicher & 

Schuell 903, GE Healthcare, Chicago, IL) on postnatal day 1 (range, 1-3 days), 7 (range, 5-8 

days), and 14 (range, 12-15 days). Inflammatory-associated proteins were measured in the 

Laboratory of Genital Tract Biology, Brigham and Women’s Hospital. 119 Six inflammation-

related proteins previously reported to be associated with structural and functional neurologic 

outcomes in ELGAN Study were analyzed in the present study including interleukin 6 (IL-6); 

tumor necrosis factor-alpha (TNFα); intercellular adhesion molecule-1 (ICAM-1); interleukin 8 

(IL-8); serum amyloid A (SAA); and C-reactive protein (CRP). 119  Associations between these 

proteins and neurological outcomes in ELGAN are summarized in Supplemental Table 3.1.  

Protein abundance levels were categorized into four quartiles (Supplemental Figure 3.2). 

Quartile one represented the lowest protein concentrations while quartile four represented the 

highest increase in protein concentration. Sustained inflammation was classified as reaching the 

fourth quartile for at least two of the 3 measurements made in the first 2 postnatal weeks.  If 

sustained inflammation was present for 0-1 proteins out of the six, ELGANs were categorized 

into the low inflammation group. If sustained inflammation was present for 2-3 proteins out of 

the six, ELGANs were categorized into the moderate inflammation group. If sustained 
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inflammation was present for 4+ proteins out of the six, ELGANs were categorized into the high 

inflammation group (Supplemental Figure 3.2). These inflammatory risk groups were used in 

the study of the association between neonatal inflammation and brain regional volumes at age 

15. 

MRI Image Acquisition and Analysis at Age 15 

A total of 463 participants at 12 ELGAN-ECHO participating sites had brain MRI 

acquired at age 15. While 6 sites contributed to the MRIs included in the present study, for the 15 

year assessment of the ELGAN cohort, MRIs were collected at all 12 participating sites. MRI 

images were acquired on Siemens Prisma 3T MRI scanner at 6 participating sites, Philips 3T 

MRI scanner at 3 participating sites, and GE 3T MRI scanner at 2 participating sites. One 

participating site used 1.5T MRI scanner with different imaging parameters; to avoid potential 

data inconsistencies, these 1.5T images (n=24) were not included in this analysis. A dual-echo 

turbo-spin-echo (DE-TSE) and a single-echo turbo-spin-echo (triple-TSE), referred to together as 

a triple turbo-spin-echo (Tri-TSE) pulse sequence was used for image acquisition, with typical 

imaging parameters as field-of-view = 240 x 240 x 160 mm3, voxel size = 0.5 x 0.5 x 2 mm3, 

tEeff1,2 = 12 ms and 102 ms, tRlong = 10 s, tRshort = 0.5 s, echo train length = 10 for SE-TSE, 

and 20 for DE-TSE, with a 7.57 min total scan time.  

Our team previously reported global scale brain qMRI results in adolescent ELGAN 

study participants.215 The study herein deals with finer-scale brain partitioning using FreeSurfer 

v7.1.0 under Linux RHEL-7 environment. Brain regional volumes of cerebral cortex, cerebral 

white matter, cerebellar cortex, cerebellar white matter, brain stem, thalamus, lateral ventricle, 

putamen, hippocampus, ventral diencephalon, caudate, corpus callosum, pallidum, amygdala, 

and accumbens area were extracted and investigated. Bi-hemisphere brain regional volumes were 

examined. An image processing pipeline was constructed using MATLAB R2018b (MathWorks, 
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Natick, MA) and was used to generate qMRI maps of the proton density (PD), and the relaxation 

times (T1 and T2), as well as synthetic magnetization prepared rapid gradient echo (MP-RAGE) 

images. Such synthetic MP-RAGE images have high image white-to-gray matter contrast and are 

therefore suitable for multi-region brain segmentation using the FreeSurfer package. These three 

primary qMRI parameter maps were used with a Bloch equation-based method to produce 

synthetic MP-RAGE images 225; the synthetic Bloch equation parameters were TR = 2500 ms; 

TE = 2.15 ms; TI = 1000 ms; 𝛼 =  6°; 𝑁3𝐷 = 160; ES = 10.2 ms; 𝐵1 = 1; 𝑅𝑃 = 1. Compared to 

directly acquired MP-RAGE images, synthetic MP-RAGEs are less vulnerable to degradation 

from magnetic field inhomogeneities caused by dental hardware (braces), which are common in 

adolescents. Synthetic MP-RAGE images were interpolated to 1 mm isotropic resolution and 

used for further segmentation with Freesurfer. 

Data Harmonization 

Data harmonization was performed for all original brain regional volume data extracted 

by FreeSurfer using Combat. 226 Each of the six participating sites in the present study and their 

associated scanners were regarded as unwanted sources of non-biological variance and assigned 

with categorical batch ids. The original volume data was stored in a data matrix with rows 

representing regional volume features and columns representing participants as input into the 

Combat model. The Combat model was run under its default setting with empirical Bayes 

procedure and parametric priors. The output of the model is the harmonized data with the same 

dimension as the input original data. 

Identification of Neurological Disorders  

Cerebral palsy was identified using a standard neurological evaluation when participants 

were about two years of age. 201 Autism spectrum disorder and epilepsy were identified when 

children were ~10 years of age using rigorous multi-step processes as previously described. 215, 
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227, 228 Cognitive impairments were identified using the Wechsler Abbreviated Scale of 

Intelligence – II (WASI-II), 178, 181, 200, 201, 227, 229  In the current analysis, children were classified 

as having a neurological disorder if they had one or more of the following: cerebral palsy at two 

years of age, 201 ASD at age 10, 227 epilepsy at age  10, 200 or a full-scale IQ <85  at age 15 178.  

Statistical Analysis  

Multiple regression was used to assess associations between neonatal inflammation 

category, as previously defined, and brain region volumes. Models were run with brain region 

volume as the dependent variable and inflammation category, as the predictor variable. These 

models adjusted for sex, socioeconomic status, birthweight z-score, and participation site. 

Because inflammation quartiles were stratified by gestational age, this variable was not included 

as a covariate in multivariable regression. For the measure of socioeconomic status, we used a 

summative index of maternal social disadvantage, increasing by one point for each of the 

following: maternal education less than high school, lack of private health insurance, receipt of 

government-provided supplemental nutritional assistance, and single marital/unpartnered status. 

For comparisons of brain volume between sexes, two variations in analyses were performed. One 

method used average volumes that were unadjusted by participant brain volume. A second 

method normalized each brain region to the participants’ total brain volume resulting in a 

proportion. To test for moderation, sex-stratified regression analyses were conducted to 

characterize the relationship between neonatal inflammation status and brain region volumes 

within sex stratum. An addition moderation analysis was performed where the relationship 

between neonatal inflammation status and brain region volumes was assessed within neurologic 

status stratum. P significance was set at <0.05 for all studies. All analyses were conducted in R 

v4.1.2.186 
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Data Availability  

 Brain volume data and the code used for the analyses are available at 

https://dataverse.unc.edu/dataverse/frylab. 

Results  

ELGAN Study Participants  

A total of 323 adolescent ELGAN-ECHO participants were included in the present study. 

Inclusion criteria were availability of data for the following: neonatal blood inflammation-related 

proteins, MRI at 15 years of age, and presence or absence of a major neurologic disorder through 

15 years of age. General characteristics of the study participants are summarized in Table 3.1. A 

total of 156 (48.3%) of the ELGAN participants were female and 167 (51.7%) were male. Two 

hundred sixteen (66.9%) self-identified as White, 69 (21.4%) self-identified as Black, and 33 

(10.2%) self-identified as other. The average gestational age of the adolescent ELGAN 

participants was 26.1 weeks and the average maternal age at the time of birth was 29.4 years. 

Eighty-nine (31%) of the sample had a major neurological disorder.  Across neonatal 

inflammation categories (i.e., low, moderate, high), there were significant differences in 

birthweight Z score, race, and neurological status (p< 0.05) (Table 3.1). Of the 89 participants 

with a major neurological disorder, 49 (34%) were male and 40 (28%) were female. Of the 198 

ELGAN adolescents who did not have a major neurological disorder, 95 (66%) were male and 

103 (72%) were female. (Table 3.1).  

https://dataverse.unc.edu/dataverse/frylab
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TABLE 3.1: Study participant’' demographics stratified according to their inflammation 

categories as low, moderate, or high. 

 
Note. —Gestational Age is abbreviated as GA, the absence or presence of a major Neurological Disorder is ND+ or ND- 

respectively, standard deviation (SD), and body mass index (BMI). As notated by the *, ND does’'t account for sex it is just used 

in inflammation status and ND analyses.   
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As shown in Supplemental Figure 3.1, of the 465 MRI images (representing 462 unique 

participants), 353 were included in the brain segmentation analysis. Of the 110 participants that 

were excluded for brain segmentation analysis, 24 were scanned on a 1.5T MRI. In addition, 86 

participants were excluded due to triple-TSE data inconsistencies, syn-MP-RAGE failed 

FreeSurfer segmentation, segmentation inaccuracies due to (motion, low image quality, and 

extreme anatomy. Additionally, among the 353 participants, 31 did not have neonatal blood 

protein data or neurologic disorder data collected. Therefore, a total of 323 participants were 

included in the final analyses. 

Adolescent Brain Volume 

Segmental brain volumes were assessed for 16 brain regions at age 15 in the ELGANs. 

These included: total brain, cerebral cortex, cerebral white matter, corpus callosum, cerebellum 

cortex, cerebellum white matter, brainstem, lateral ventricle, ventral diencephalon, and 

subcortical grey matter (thalamus, putamen, hippocampus, caudate, pallidum, amygdala, and 

accumbens). Brain anatomical structures of interest and their anatomical location are found in 

Figure 3.1. Corresponding volumetric details for the sample  (N=323) are reported in Table 3.2. 

Volumes of brain regions ranged from 1-480 cm3 (accumbens-cerebral cortex) relative to total 

brain (1041 cm3).  
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FIGURE 3.1: Brain regions of interest in adolescents born extremely preterm.  
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TABLE 3.2: Brain volumes (cm3) in ELGAN adolescents (N=323) overall and stratified by 

sex. 

 
Note. — Standard deviation (SD), Extremely Low Gestational Age Newborn (ELGAN). All comparisons except corpus callosum 

and lateral ventricle were significant at p < 0.05 when unadjusted by total brain volume. 

                female             male        

  
    N=323 

   N (SD) 

    N=156    

    N (SD)        

    N=167   

    N (SD)         

Cerebral cortex 480 (57.3)   458 (51.3)   501 (54.8)   

Cerebral white matter  358 (56.0)   337 (47.3)   379 (56.1)   

   Corpus callosum  2.84 (0.55)  2.80 (0.52)  2.88 (0.58)  

Cerebellum cortex 105 (15.5)   99.3 (14.8)  110 (14.5)   

Cerebellum white matter  20.5 (3.46)  20.0 (3.46)  21.0 (3.40)  

Brainstem  17.4 (2.48)  16.7 (2.36)  18.1 (2.40)  

Lateral ventricle  20.0 (14.0)  18.5 (11.8)  21.4 (15.7)  

Subcortical grey matter 6.77 (0.87)  6.48 (0.77)  7.04 (0.86)  

    Ventral diencephalon  52.7 (6.25)  50.1 (5.40)  55.1 (6.06)  

     Thalamus  13.3 (1.72)  12.7 (1.48)  13.8 (1.75)  

     Putamen  9.78 (1.79)  9.18 (1.68)  10.3 (1.72)  

     Hippocampus  7.29 (0.86)  6.93 (0.75)  7.62 (0.82)  

     Caudate  6.65 (1.03)  6.41 (0.96)  6.87 (1.05)  

     Pallidum  2.87 (0.60)  2.75 (0.59)  2.98 (0.60)  

     Amygdala  2.80 (0.46)  2.61 (0.38)  2.99 (0.45)  

     Accumbens  1.28 (0.29)  1.22 (0.28)  1.34 (0.28)  

Total brain volume 1041 (128) 987 (108) 1091 (124) 
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Neonatal Inflammatory Status is Associated with Brain Volume at Age 15  

Neonatal inflammation categorization is detailed in Supplemental Figure 3.2. The 

severity of neonatal inflammation (i.e., low, moderate, or high) was analyzed in relation to brain 

volumes using multiple linear regression modeling adjusting for confounders.  Pairwise 

comparisons of the brain volumes according to their inflammation groups (i.e., low versus 

moderate, low versus high) were performed. Brain volumes of participants who had both 

moderate or high neonatal inflammation groups were reduced compared to participants with low 

neonatal inflammation for the following brain regions: subcortical grey matter, thalamus, and 

ventral diencephalon (Table 3.3, Figure 3.2). Additionally, some segmental volumes were 

significantly reduced only for participants with moderate or high inflammation compared to 

participants with low inflammation status. Specifically, ELGANs with moderate inflammation 

displayed reduced volumes relative to those with low inflammation specifically for the following 

regions: cerebral cortex and cerebral white matter. ELGANs with high inflammation displayed 

reduced brain volumes relative to those with low inflammation specifically for the cerebellum 

cortex, cerebellum white matter, brainstem, and amygdala (Table 3.3). No significant association 

was observed between neonatal inflammatory status and volumes for the following regions: 

cerebellum cortex, cerebellum white matter, caudate, accumbens, putamen, hippocampus, 

pallidum, corpus callosum, and lateral ventricles.  
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TABLE 3.3: Brain volumes (cm3) as they relate to neonatal inflammation categories (low, moderate, high) in ELGAN 

adolescents (n=323).  

 
Note. — Standard deviation (SD), Extremely Low Gestational Age Newborn (ELGAN). MRI-derived brain volumetrics (cm3) as it relates to neonatal inflammatory groups (e.g., 

low, moderate or high), for total brain matter, cerebral matter; total, deep, and cortical grey matter; white matter; and cerebellum and brain stem. Bold p values denote associations 

that are significant following FDR correction (pFDR < 0.05).  Effects are considered to be small when Cohe’'s d is between 0.2 or 0.3 *, medium effects are assumed for values 

around 0.5†, and values of Cohe’'s d larger than 0.8 ‡would depict large effects.

 

Brain Region 

Brain 

volume 

(low) 

Brain 

volume 

(moderate) 

Δ 

(low and 

moderate) P value Cohen's d 

Brain 

volume 

(high) 

Δ 

(low and 

high) P value Cohen's d 

Cerebral cortex  483 (56.3) 470 (62.6) -12.5 0.02 0.22* 482 (51.3) 0.64 0.46 0.01 

Cerebral white matter 362 (56.6) 348 (55.0) -13.5 0.03 0.24* 349 (48.7) 12.8 0.12 0.23* 

Cerebellum cortex  106 (13.9) 103 (17.5) 3.01 0.40 0.20* 92.4 (22.0) 13.8 <0.001 0.94‡ 

Cerebellum white matter 20.8 (3.13) 20.1 (4.03) 0.71 0.31 0.21* 19.3 (4.90) 1.46 0.07 0.44† 

     Corpus callosum 2.87 (0.54) 2.77 (0.60) 0.11 0.32 0.19 2.69 (0.50) 0.18 0.20 0.34† 

Brainstem  17.7 (2.30) 17.0 (2.63) 0.64 0.13 
0.27* 

15.70 

(3.38) 1.96 
<0.001 0.82‡ 

Lateral ventricle  19.9 (14.9) 

19.6 

(10.24) 0.34 0.98 
0.02 

22.4 (14.5) -2.44 
0.43 -0.16 

Subcortical gray matter 53.3 (6.14) 51.0 (6.39) 2.33 0.01 0.38† 50.2 (5.84) 3.08 0.01 0.50† 

     Ventral diencephalon  6.86 (0.85) 6.56 (0.86) 0.30 0.01 0.36† 6.35 (0.90) 0.51 0.002 0.60‡ 

     Thalamus  13.5 (1.71) 12.7 (1.62) 0.75 0.002 0.44† 12.7 (1.86) 0.72 0.04 0.42† 

      Putamen  9.90 (1.80) 9.46 (1.89) 0.44 0.15 0.24* 9.31 (1.14) 0.59 0.11 0.33* 

      Hippocampus  7.34 (0.84) 7.16 (0.85) 0.19 0.12 0.22* 7.05 (1.06) 0.30 0.07 0.34* 

      Caudate  6.74 (1.01) 6.40 (1.02) 0.34 0.08 0.34* 6.25 (1.13) 0.49 0.07 -0.48† 

      Pallidum 2.90 (0.59) 2.75 (0.69) 0.16 0.09 0.25* 2.79 (0.36) 0.12 0.29 0.21* 

      Amygdala 2.82 (0.46) 2.79 (0.45) 0.03 0.40 0.06 2.69 (0.41) 0.13 0.05 0.28* 

      Accumbens  1.29 (0.30) 1.25 (0.26) 0.05 0.61 0.17 1.25 (0.22) 0.04 0.74 0.15 

Total brain volume  1049 (127) 1015 (135) 33.5 0.02 0.26* 

 

1018 (103) 30.3 0.09 

 

0.24* 
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FIGURE 3.2: Box plots of brain regions where volumes were significantly associated with 

neonatal inflammation status.  Neonates were classified into inflammation categories as low, 

moderate, or high.  

 

 

 

Neonatal Inflammatory Status is Associated with Brain Volume at Age 15 in a Sex-Specific 

Manner 

A total of 118 of the females in our ELGAN adolescent cohort were classified as having 

low inflammation, 29 had moderate inflammation, and 9 had high inflammation (Table 3.1).  For 

ELGAN adolescent males, 123 were classified as having low inflammation, 33 had moderate 

inflammation, and 11 had high inflammation. There were no differences in the number of males 

or females who belonged to the neonatal inflammation groups (p-value =0.9) (Table 3.1).   

Neonatal inflammation-brain volume relationships differed for males as compared to 

females. (Figure 3.3, Supplemental Tables 3.3 and 3.4). Specifically, in relation to high 

neonatal inflammation, a reduction in cerebral white matter, corpus callosum, putamen, and total 

brain volumes was observed in males but not females (Figure 3.3, Supplemental Tables 3.3 

and 3.4). Both males and females displayed reductions in brain volumes of the cerebellum 

cortex, brainstem, ventral diencephalon and in relation to high inflammation.  Females, but not 

males, showed decreased brain volumes relative to moderate
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Females, but not males, showed decreased brain volumes relative to moderate 

inflammation in the brainstem, cerebral cortex, cerebral white matter, cerebellum cortex, 

cerebellum white matter, thalamus, ventral diencephalon, and total brain (Supplemental Tables 

3.3 and 3.4). 

 

FIGURE 3.3: Brain volumes (cm3) as they relate to neonatal inflammation categories (low, 

moderate, high) in ELGAN adolescent males and females (n=323).   

 

 

Note. —Moderate inflammation is abbreviated as Mod
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Neonatal Inflammatory Status is Associated with Brain Volume Among Individuals with a 

Neurologic Disorder 

To evaluate relationships among neonatal inflammation, brain volumes, and the presence 

or absence of a neurodevelopmental disorders, we analyzed relationships between neonatal 

inflammation and segmental brain volumes when stratified by the presence or absence of a major 

neurological disorder. There was a negative association between high neonatal inflammation and 

brain volume among participants with a neurological disorder for the thalamus, hippocampus, 

subcortical grey, cerebellum cortex, cerebellum white matter, brainstem, and total brain (Figure 

3.4, Supplemental Tables 3.5 and 3.6, Supplemental Figure 3.4). ELGAN adolescents without 

a neurological disorder only showed an association between neonatal inflammation and brain 

volume in the cerebellum cortex (Supplemental Tables 3.5 and 3.6). 

 

FIGURE 3.4: Brain volumes stratified by neonatal inflammation groups and  

by typical vs atypical neurodevelopment.  Neonates were classified into inflammation 

categories as low, moderate, or high. 

 

Note. —Moderate inflammation is abbreviated as Mod. 
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Discussion  

This study investigated a component of the developmental origins of health and disease 

(DOHaD) hypothesis by focusing on the relationship between levels of neonatal inflammation in 

the first few days of life and segmental brain volume at age 15 in ELGANs. Four major findings 

were identified: first, we identified specific regions of the brain that were larger in males than 

females even when adjusting for total brain volume; second, adolescents with both moderate and 

high neonatal inflammation displayed decreased brain volumetry for specific brain regions; third, 

there were sex-specific associations between high neonatal inflammation and brain volume 

where the reductions were stronger for males; and fourth, the neonatal inflammation-brain 

volume associations were stronger among ELGANs with a major neurological disorder.  These 

results support the strong linkage between neonatal inflammation and adolescent brain volume in 

individuals born extremely preterm and the role of sex and presence of neurologic disorders as 

moderators.  

Within ELGAN as well as across other published studies, sex-specific brain volumetric 

differences have been reported. 174, 215, 230-233 Specifically, we previously found larger white 

matter, grey matter, and cerebral spinal fluid volumes for males than females at age 10 years. 215 

In the present analysis, we extend the prior work using region-specific volumes as a proportion 

of total brain volume by participant. The present analysis highlights larger volumes of deep grey 

matter nuclei and other parcellated brain region volumes for ELGAN males than females at age 

15. 174, 215, 230-233 While sex-based differences in brain volume have been reported previously, 

there is a lack of standardization in adjustment for total brain volume by participant. These 

differences limit cross-study interpretation and support the need for both unadjusted and adjusted 

analyses. Taken together, the sex-specific findings in the ELGAN adolescents are highly 
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informative representing one of the first studies to investigate brain volume in teens who were 

born extremely prematurely. 94, 203, 234  

We have previously reported an association between neonatal inflammation and brain 

volumes in ELGAN children at age 10 including gray matter and brain stem/cerebellum 

volumes. 119  In the present study, we build on this work highlighting a direct relationship 

between increased neonatal inflammation and decreased regional brain volumes in ELGAN 

adolescents. Specifically, increased neonatal inflammation (both moderate and high) was 

associated with decreased brain volume within the subcortical grey matter, thalamus, and ventral 

diencephalon. To our knowledge, an association between neonatal inflammation and reduced 

regional brain volumes of extremely preterm adolescents has not been reported in the literature. 

Interestingly, no significant association was observed between neonatal inflammatory status and 

volumes of the cerebellum cortex, cerebellum white matter, caudate, accumbens, putamen, 

hippocampus, pallidum, corpus callosum, and lateral ventricles suggesting the potential 

robustness of these brain regions to early-life inflammation as compared to other regions.   

The present analysis highlighted stronger relationships between high neonatal 

inflammation and brain volume reductions for males versus females. These data suggest that the 

male brain may be more vulnerable to the effects of neonatal inflammation. Similarly, prenatal 

famine is associated with a greater reduction in brain volume among males, as compared to 

females. 235 While the mechanisms for this sex-specific association are likely complex, one 

potential mechanism for this vulnerability could be sexual epigenetic dimorphism of the 

placenta. Our team has identified differential DNA methylation, miRNA expression, and mRNA 

expression in the male or female-derived placenta. 134, 236 An example of a key pathway that 

could link neonatal inflammation to brain volume and underlie sex-differences is nuclear factor 
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kappa B (NF-κB). The NFkB pathway is a key regulator of response to inflammatory and 

immunomodulatory factors and has been linked to perinatal exposures as well as ELGAN health 

outcomes assessed longitudinally. 237 Sex-based differences in the expression of the NF-κB 

pathway and other inflammatory and immune-responsive pathways in the placenta could 

influence differential fetal responses to inflammatory-related insults. Similarly, sex differences in 

the expression of potential neuroprotective molecules, such as brain-derived neurotrophic factor, 

could contribute to attenuated effects of neonatal inflammation. 238  

The relationship between neonatal inflammation and brain volume was found almost 

exclusively among individuals with a major neurologic disorder. This finding is consistent with a 

causal pathway linking neonatal inflammation to neurologic impairments, mediated by disrupted 

brain development, as reflected by decreased brain volumes.   While there was a higher 

proportion of males than females with a major neurological disorder (34% versus 28%), this 

difference cannot fully explain the observed inflammation-brain volume relationship. The 

reduction in volume of specific brain regions for individuals with a major neurological disorder 

is likely a result of the intimate relationship between brain volume and neurological disorders.94-

98 Future analyses of ELGAN data  will investigate the specific relationships among regional 

brain volumes and other brain MRI characteristics and complex neurological disorders.  

This study is unique in its identification of neonatal inflammation-brain volume 

relationships within specific brain structures, and the modification by sex and neurologic 

disorders among ELGANs. Strengths of the study include a large multi-center sample of 

adolescents born extremely preterm, the assessment of 15 brain regions including multiple deep 

gray matter regions, and the availability of biomarker data as a measure of neonatal systemic 

inflammation.  198, 239.  Another strength of the study is that multiple brain cortical and 
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subcortical anatomical regions were evaluated with the inclusion of high-quality synthetic 

images. Since the study sample was comprised of individuals born extremely preterm, the results 

might not be generalizable to adolescents born at term gestation. However, the presented 

analyses are self-consistent as they reveal internal differential effects. The sample size for the 

high neonatal inflammation group was small thus limiting the precision of estimated group 

differences. We acknowledge that there is likely some inherent selection bias related to exclusion 

of study participants whose MRI data were not considered usable for the analyses presented here.  

In our experience, participants with a major neurological disorder had greater difficulty limiting 

their movement during MRI scans and thus accounted for a disproportionate share of the scans 

that were not considered usable. 240 Given the strong association between neonatal inflammation 

and brain volume, almost exclusively among individuals with a major neurological disorder, the 

true estimate of the association is likely underestimated. Future research would aim to optimize 

MRI protocols 240 for ELGAN participants with neurological disorders to enhance their 

inclusion. Finally, future research could employ a methodology identifying inflammation-

volume relationships using an individually normalized analysis accounting for the proportion of 

a subregion to the total brain. These results would more precisely highlight the relationship 

between an individual’s neonatal inflammation and region-specific brain volumetry. 

Conclusions 

In summary, our findings highlight the importance of brain imaging and quantitative 

measurements in children born extremely preterm. As a significant proportion of the ELGAN 

cohort showed neonatal inflammation and brain volumetric differences at adolescence, further 

studies including biological and structural brain imaging assessments, as well as cognitive and 

neuropsychological assessments will be warranted as the cohort ages.  The results from this 

study suggest that interventions to prevent or attenuate perinatal inflammation might improve 
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neurodevelopmental outcomes of infants born extremely preterm. A potential focus of solution-

oriented research could be the prevention of exposure to environmental factors that initiate 

neonatal inflammation such as exposure to chemicals during pregnancy, or poor nutrition. 241-243 

The data from the present study are of significant value to this population and the neuroscience 

research community in general as they underscore the value of measurements of neonatal 

inflammation, and regional brain volumes in those born extremely preterm.
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CHAPTER 4: SUMMARY OF FINDINGS 

An Interdisciplinary Approach Provides a Comprehensive Overview and Mechanistic 

Insight to Better Understand Placental Origins of Brain Development into Adolescence 

As highlighted throughout my dissertation, the research that I have presented addresses a 

critical primary goal of the ELGAN Study to identify initiators of brain damage and alterations 

in neurodevelopment. Another goal is to identify molecular processes that may be implicated in 

decreasing the risk of brain damage and alterations in neurodevelopment, among vulnerable 

preterm infants born prior to 28 weeks of gestation. The significance of this dissertation lies in its 

investigation of the human placenta as driving increased susceptibility to neurodevelopmental 

disability later in life among ELGANs. Here, I explore the placenta-brain axis by investigating 

placental gene expression signals as a novel mechanism and risk factor for cerebral white matter 

damage (Aim 1), reduced brain volume (Aim 2A), and neurodevelopmental disability 

susceptibility (Aim 2B).  Placing emphasis on the key scientific research gaps in bold, I hope to 

have added scientific value to the following understudied areas that exist within the literature: 

1. Understanding linkages between the molecular machinery in the placenta and brain 

damage in the neonate. (Aim 3)  

2. Understanding linkages between the molecular machinery in the placenta and brain 

volume in adolescents. (Aim 2A) 

3. Understanding linkages between the molecular machinery in the placenta and 

neurocognitive outcomes in adolescents. (Aim 2B) 
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4. Understanding sex-specific differences in the placenta-brain relationships (Aim 3) 

5.  Understanding longitudinal or temporal trends in brain development and their 

linkage to the placenta. (Aims 1-3) 

6. Identifying specific genes and pathways in the placenta that are predictive and 

associated with white matter damage, brain volume alterations, and neurocognitive 

outcomes in adolescents. (Aims 1 and 2) 

Both published work and the data presented here support that mRNA alterations of 

critical genes in the placenta predict neurodevelopmental disability later in life. 244-247  Prior 

studies have highlighted genes which initiate inflammation or alter fetal growth are involved in 

fetal response to stressors. 135, 136, 248-252 My work, particularly in Aims 1 and 2, also suggests 

that modulation of these inflammation and fetal growth-related genes in the placenta, may be 

critical in the development of neurodevelopmental disability among individuals born extremely 

preterm. The associations found using mRNA expression as a biomarker of exposure predictor 

variable are biologically plausible in relation to the four significant outcomes identified in Aims 

1 and 2. Specifically, these outcomes included: ultrasound-derived measurements of cerebral 

white matter in the neonate, reduced cerebellum cortex, reduced brainstem volume, and altered 

neurocognition, as indicated by being classified in the LPA-impaired group.  The identified 

mRNAs may be a proxy for the physiologic state of the placentas following a maternal insult. 

Many of the cellular/molecular processes were found to be associated with more than one 

signaling pathway and had shared overlap of many of the genes within a given pathway. Of note, 

only the cerebellum cortex and brainstem volume were significantly associated with both 

inflammation and immune response-related genes, suggesting some brain regions may be more 

vulnerable than others to alterations. 
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The precise mechanism is unknown as to how placental epigenetic variation and 

inflammation may be influencing neurodevelopment. In these studies, I analyzed the 

transcriptomic architecture that exists between the placenta, neonate, and the maturing brains of 

those born prematurely into the critical adolescent phase, and also captured the relationship 

between markers of sustained inflammation in the neonate in relation to adolescent regional 

brain volume in Aim 3.  Because there is also a known association between brain volume and 

neurodevelopmental disability, 113, 253, 254 I looked at the presence of one or more of four major 

neurologic disorders (cerebral palsy at two years of age, ASD at age 10, epilepsy at age  10, or a 

full-scale IQ <85  at age 15 ). Neonatal inflammation was associated with reductions in brain 

volumes at age 15 for the total brain and subcortical gray matter in the thalamus, ventral 

diencephalon, and caudate. Moreover, the relationship between neonatal inflammation and brain 

volumes was stronger for ELGANs with a major neurologic disorder than those without. There 

are known brain differences between men and women. 255, 256 Relative to my research, men 

generally have larger brain volumes as well as surface area, and higher cortical thickness in 

comparison to females. 255 As a result, I also examined whether sex modified the relationship 

between neonatal inflammation and brain volumes.  Males display stronger neonatal 

inflammation-brain volume relationships than females. These data highlight the long-lasting 

effects of neonatal inflammation on the developing brain and the importance of neonatal 

inflammation-preventative research. Similar to Aim 2A, these findings also suggest that some 

brain regions may be more vulnerable than others to alterations.   
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Findings from my dissertation research are summarized in Figure 4.1 

 

FIGURE 4.1: Summary of findings from my dissertation. 
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Future Research Directions 

In line with the investigations of placental mRNA expression in association with age 15 

brain volume and neurocognition, additional studies of interest could be to extend the placental  

-omic data to include miRNAs and/or CpG methylation data as predictor variables. This 

expansion would potentially aid in identifying additional -omic biomarkers of decreased brain 

volume and altered neurocognition for children born extremely preterm within the ELGAN 

Cohort. Additionally, taking a closer look at other potential perinatal antecedents other than 

inflammation, such as neurotransmitters, hormones, organic chemicals, inorganic chemicals 

including metals, and maternal stress as mentioned in Figure 4 may help us uncover and better 

understand potential mechanisms biologically linking placental dysfunction to various aspects of 

child brain development. Examples could include longitudinal measures of chemical exposures 

of interest, namely umbilical cord metals and urinary concentrations of metal, in relation to brain 

volume and function.  This approach will allow researchers to not only test for potential 

interactions, but they will be able to evaluate the impacts of fetal development and more 

specifically neurodevelopment that may not have been captured by the placental omics or 

maternal measurements previously provided.    

Conclusions 

To conclude, my research explored child neurodevelopment during the first few weeks of 

life and at age 15 and examined the role of inflammation through the lens of the placenta.  This 

multi-disciplinary effort coupled placental biology, genomic assays, protein assessment of 

neonatal inflammation, and later life clinically-assessed child neurological measures, to study the 

placenta-brain axis.  In Aim1, I assessed the links between the placenta and ultrasound-derived 

white matter outcomes as well as the placenta and MRI-derived brain outcomes including brain 

volume and neurodevelopmental disability later in life. The strategy and design used are novel 
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relative to any published literature on this topic. Because of this, I was able to identify mRNA 

gene expression patterns in the placenta as they relate to brain volume and altered 

neurocognition in Aim 2.  Lastly, in Aim 3 I identified a subpopulation of study participants 

with one or more major neurological disorders (cerebral palsy at two years of age, ASD at age 

10, epilepsy at age 10, or a full-scale IQ <85 at age 15) who were more susceptible to the effects 

of increased neonatal inflammation and displayed decreased adolescent brain volume.   

Taken together, providing a unique assessment spanning birth to adolescence, I have 

identified novel biological connections among inflammation/immune mRNAs in the placenta, 

circulating inflammatory proteins in the neonate, brain damage in the neonate, and brain 

structure/function in adolescents born extremely preterm. This work has strong potential to 

provide novel mechanistic insights at the population level to guide future etiological studies for 

intervention that may ultimately help reduce neurodevelopmental disability among children born 

preterm.  
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APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 1 

SUPPLEMENTAL FIGURE 1.1: Network analysis of the common gene set (n=244) in the 

placenta.  Interactome of gene–gene interactions representing joint contribution to a shared 

function. Protein interaction network analysis indicates the genes belonging to the EIF2, mTOR, 

and IL-6 Signaling pathways playing a central role in the interactome of placenta that are 

associated with cerebral white matter damage.  

 

 

 
 

 

 All 244 genes were used as input for STRING analysis and a network of 64 proteins was 

built (Supplemental Table 1a). Shown are the details of protein-protein interactions based on 

highest confidence (0.9) evidence from experimental protein-protein interaction (purple lines) 

and curated (blue lines) databases. Proteins are indicated by nodes labeled with the encoding 

gene symbol. Nodes of disconnected proteins were hidden. The network is enriched in 

interactions (p = 4.2E-10)  
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SUPPLEMENTAL FIGURE 1.2: Network analysis of the echolucency unique genes 

(n=381) in the placenta. Interactome of gene–gene interactions representing joint contribution 

to a shared function. Protein interaction network analysis indicates the genes belonging to the 

growth hormone pathway playing a central role in the interactome of placenta that are associated 

with cerebral white matter damage.  

 

 

 
 

 

 All 381 genes were used as input for STRING analysis and a network of 106 proteins was 

built (Supplemental Table 1a). Shown are the details of protein-protein interactions based on 

highest confidence (0.9) evidence from experimental protein-protein interaction (purple lines) 

and curated (blue lines) databases. Proteins are indicated by nodes labeled with the encoding 

gene symbol. Nodes of disconnected proteins were hidden. The network is enriched in 

interactions (p = 0.00405) 

 



 

 98 

SUPPLEMENTAL FIGURE 1.3: Network analysis of the ventriculomegaly unique genes 

(n=34) in the placenta. Interactome of gene–gene interactions representing joint contribution to 

a shared function. Protein interaction network analysis indicates the genes belonging to the 

clathrin-mediated endocytosis signaling pathway playing a central role in the interactome of 

placenta that are associated with cerebral white matter damage.  

 

All 381 genes were used as input for STRING analysis and a network of two proteins was 

built (Supplemental Table 1a). Shown are the details of protein-protein interactions based on 

highest confidence (0.9) evidence from experimental protein-protein interaction (purple lines) 

and curated (blue lines) databases. Proteins are indicated by nodes labeled with the encoding 

gene symbol. Nodes of disconnected proteins were hidden. The network is enriched in 

interactions (p = 0.569) 
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APPENDIX B: SUPPLEMENTAL MATERIAL FOR CHAPTER 3 

SUPPLEMENTAL TABLE 3.1: Inflammation-related proteins associated with structural 

and functional neurologic outcomes in ELGAN 
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SUPPLEMENTAL FIGURE 3.1: Flowchart of participant selection. 

 
Note. —Flowchart of participant selection from each of the 6 participating study sites. ELGAN-ECHO = Extremely Low 

Gestational Age Newborns–Environmental Influences on Child Health Outcomes, qMRI = quantitative MRI, TSE = turbo spin 

echo.  
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SUPPLEMENTAL FIGURE 3.2: Diagram of neonatal inflammation categorization. Neonates were classified into 

inflammation categories as low, moderate, or high. 
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SUPPLEMENTAL TABLE 3.2: Adjusted brain volumes (cm3) in ELGAN adolescents (N=323) overall and stratified by sex. 

The values below represent the mean brain volume proportions after adjusting for each participant’s brain region by their 

total brain volume. 

 
Note. — Subcortical grey matter regions include ventral diencephalon, thalamus, putamen, hippocampus, caudate, pallidum, amygdala, and accumbens.  Extremely Low 

Gestational Age Newborn (ELGAN).  
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SUPPLEMENTAL FIGURE 3.3: Box plots of volumes of 16 brain compartments and total brain volume (n=323) in relation to 

neonatal inflammation categories (low, moderate, or high. 

 

 
Note. —Moderate inflammation is abbreviated as Mod. 
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SUPPLEMENTAL TABLE 3.3: Brain volumes (cm3) as they relate to neonatal inflammation categories in ELGAN adolescent 

males. Neonates were classified into inflammation categories as low, moderate, or high.  

 
Note. — Standard deviation (SD) is reported in parenthesis, Extremely Low Gestational Age Newborn (ELGAN). MRI-derived brain volumetrics (cm3) as it relates to neonatal 

inflammatory groups (e.g., low, moderate, or high). Bold p values denote associations that are significant following FDR correction (pFDR < 0.05).  Effects are considered to be 

small when Cohe’'s d is between 0.2 or 0.3 *, medium effects are assumed for values around 0.5†, and values of Cohe’'s d larger than 0.8 ‡would depict large effects. 
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SUPPLEMENTAL TABLE 3.4: Brain volumes (cm3) as they relate to neonatal inflammation categories in ELGAN adolescent 

females. Neonates were classified into inflammation categories as low, moderate, or high. 

 
Note. — Standard deviation (SD) is reported in parenthesis, Extremely Low Gestational Age Newborn (ELGAN). MRI-derived brain volumetrics (cm3) as it relates to neonatal 

inflammatory groups (e.g., low, moderate, or high). Bold p values denote associations that are significant following FDR correction (pFDR < 0.05).  Effects are considered to be 

small when Cohe’'s d is between 0.2 or 0.3 *, medium effects are assumed for values around 0.5†, and values of Cohe’'s d larger than 0.8 ‡would depict large effects. 
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SUPPLEMENTAL TABLE 3.5: Brain volumes (cm3) as they relate to neonatal inflammation categories in ELGAN subjects 

without a major neurologic disorder. Neonates were classified into inflammation categories as low, moderate, or high. 

 
Note. — Standard deviation (SD) is reported in parenthesis, Extremely Low Gestational Age Newborn (ELGAN). MRI-derived brain volumetrics (cm3) as it relates to neonatal 

inflammatory groups (e.g., low, moderate, or high). Bold p values denote associations that are significant following FDR correction (pFDR < 0.05).  Effects are considered to be 

small when Cohen's d is between 0.2 or 0.3 *, medium effects are assumed for values around 0.5†, and values of Cohen's d larger than 0.8 ‡would depict large effects. 
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SUPPLEMENTAL TABLE 3.6: Brain volumes (cm3) as they relate to neonatal inflammation categories in ELGAN subjects 

with a major neurologic disorder. Neonates were classified into inflammation categories as low, moderate, or high. 

  
Note. — Standard deviation (SD) is reported in parenthesis, Extremely Low Gestational Age Newborn (ELGAN). MRI-derived brain volumetrics (cm3) as it relates to neonatal 

inflammatory groups (e.g., low, moderate, or high). Bold p values denote associations that are significant following FDR correction (pFDR < 0.05).  Effects are considered to be 

small when Cohen's d is between 0.2 or 0.3 *, medium effects are assumed for values around 0.5†, and values of Cohen's d larger than 0.8 ‡would depict large effects. 
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