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Chapter 1 

General introduction 



 



Obesity and preterm birth are two pressing issues in medicine and health care. In this 

thesis, my goal is to explore the potential association between the two, focusing on 

maternal obesity and neurodevelopmental outcomes among preterm infants.  

In this introduction I will discuss complications of maternal obesity on maternal as well as 

fetal health, and the role of maternal obesity on preterm birth and neurodevelopment in 

preterm offspring. Each of the following chapters is a relevant paper. The thesis ends with 

a discussion section that puts all into perspective. 

1. Classification of overweight and obesity

The World Health Organization (WHO) recognized obesity as a global epidemic in 1997 (1).

Obesity is defined as a medical condition in which excess body fat has accumulated to the

extent that it is likely to have a negative effect on health (2). The amount of body fat can

be assessed by different measures (3). Body weight alone is a poor measure of adiposity

because weight is strongly correlated with height. A measurement that overcomes this

limitation is a weight-for-height index, called the body mass index (BMI). It is one of the

most commonly used anthropometric methods in clinical practice to define obesity,

because it only depends on two noninvasive and simply measured quantities, i.e. height

and weight (3). BMI is calculated as an individual’s weight in kilograms divided by the

height in meters squared (2). In addition, BMI is strongly correlated with methods for

measuring body fat, and is therefore a commonly used practical measure of health risks

related to excessive fat accumulation (4). The United States government classifies BMI as:

underweight (BMI <18.5), normal (BMI 18.5–24.9), overweight (BMI 25.0–29.9), obese

(BMI 30.0–34.9), very obese (BMI 35.0–39.9), and extreme obese (BMI ≥ 40) (5).

2. Pre-pregnancy obesity

The worldwide prevalence of obesity nearly tripled since 1975 (2). In 2016, the World

Health Organization estimated that more than 1.9 billion (39%) adults were overweight

and almost 650 million (13%) adults were obese (2). The increase in obesity prevalence is

also present among women of reproductive age (6). Pre-pregnancy obesity increased with
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a 60% rise in the United States over the course of almost two decades (6, 7). Currently, it 

is estimated that more than a quarter (8) to more than one-third (9) of all women of 

reproductive age in the United States are obese. While overall rates are lower in Europe, 

the trends are similar, with most recent data suggesting rates of maternal obesity above 

25% in the United Kingdom and above 20% in five additional European countries (10).  

 

3. Obesity during pregnancy 

3.1 Impact of maternal obesity on maternal health  

The consequences of overweight or obesity in pregnancy for the mother are associated 

with an increased risk of both short-term and long-term complications including 

miscarriage, preeclampsia, dysfunctional labor, wound infection and gestational diabetes 

(11-16). Maternal obesity is also associated with chorioamnionitis and pregnancy-related 

infection, such as group B streptococcal disease (17). Obese women are twice as likely to 

have a cesarean section compared to women of normal weight (18). Obesity is also 

associated with labor dysfunction, in particular decreased uterine contractility, slower 

progress of cervical dilation, and longer duration of labor (19-21). Subsequently, hospital 

costs associated with childbirth for women with maternal obesity are on average $4000 

higher than the hospital costs of women without obesity (22). 

 

3.2 Impact of maternal obesity on fetal and childhood health  

The consequences of maternal obesity are not limited to adverse outcomes experienced 

by the mother. Adverse health outcomes are also noted in the offspring of obese women, 

including increased risk for congenital anomalies, stillbirth, neonatal death (12, 13), 

childhood obesity (23), and adverse neurodevelopmental outcomes (24-30). More 

specifically, maternal overweight or obesity is associated with poorer cognitive 

performance during childhood (31-35) and adolescence (36), including poorer motor (37), 

spatial (36) and verbal skills (35). Furthermore, infants born to overweight or obese 

mothers are also at increased risk of developing depression and anxiety (38, 39), as well as 

attention deficit hyperactivity disorder (40). Given the potential for maternal obesity 

during pregnancy to affect central nervous system (CNS) development, including neural 
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tube defects, spina bifida and hydrocephaly (13), coupled with the fact that it may be a 

modifiable risk factor for CNS problems makes this area particularly worthy of study. 

Therefore, normal brain development will be discussed in the course of this chapter.  

3.2.1 Brain development 

Brain development starts at the beginning of the third embryonic week of fetal 

development. At this time, the embryo undergoes gastrulation and transitions from a 

two-layered to a three-layered structure. The upper layer of this three-layered structure 

contains epiblast cells that differentiate into three primary stem cell lines, one of which is 

neural stem cells. The neural stem cells are located along the midline of the upper layer in 

a region called the neural plate. On either side of the neural plate are ridges that fold 

towards each other and fuse to form the neural tube, which closes at embryonic day 30 

(41, 42). Prior to neural tube closure, three vesicles are formed that will become the 

forebrain, midbrain and hindbrain. The anterior part of the neural tube makes up the 

anterior neuropore, of which the hollow portion forms the ventricular system. The 

proliferating neural stem cells are located in the lining of this region, termed the 

ventricular zone, and ultimately undergo a complex sequence of developmental events 

necessary for normal brain development and functioning (42, 43). Neuronal proliferation 

begins around embryonic day 25 and peaks at 3 to 4 months gestation (42, 43). Neural 

stem cells undergo symmetric cell division, creating two cells that continue to proliferate, 

resulting in an exponential increase in the number of neural stem cells (44). A change in 

neuronal proliferation occurs at embryonic day 33 when cells begin to divide 

asymmetrically (45), creating one neural stem cell and one post-mitotic cell that becomes 

a neuron or glial cell (46). The shift from symmetric to asymmetric cell division marks the 

beginning of neurogenesis. As the ventricular zone undergoes rapid neuronal 

proliferation, it increases significantly in surface area and thickness. Neurogenesis in the 

subventricular zone begins with cell division of the basal progenitors and then transition 

to radial glial cells, which become the primary source of cortical neurons after 15 weeks of 

gestation (47). At this point, the ventricular zone has begun to decrease in size. Neuronal 

migration peaks from 3 to 5 months gestation and involves movement of cells primarily 
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from the ventricular zone and subventricular zone into their final location (42). After 

migration is complete, cortical organization continues, first with axonal and dendritic 

development, synapse formation, programmed cell death, and finally glial proliferation. 

Growth of axons and dendrites occurs during the third trimester of pregnancy and 

continues postnatally (48). Since the majority of the extremely preterm infants survive, 

advances in understanding the impact of prematurity on the developing brain can give 

insight in the initiators and damage promoters that increase the risk of brain damage. For 

example, impaired neuron morphological development (49) and delayed cortical 

maturation (50) as well as reduced cortical thickness (51) are common features in 

neurodevelopmental problems, such as autism and ADHD. 

 

4. Maternal obesity and preterm birth  

4.1 Preterm birth 

The World Health Organization defines preterm birth as any birth before 37 completed 

weeks of gestation, or fewer than 259 days since the first day of the woman's last 

menstrual period (LMP) (52). This is further subdivided on the basis of gestational age 

(GA): 

 

    • extremely preterm (<28 weeks) 

    • very preterm (28 – <32 weeks) 

    • moderate or late preterm (32 – <37 completed weeks of gestation) 

 

In the United States, the preterm birth rate rose to 9.9% in 2016, a 2% rise from 2015 

(9.6%) and the second straight year of increase for this rate (9.6% in 2014) (53). Most of 

the increase in the 2016 total preterm birth rate from 2015 was among infants born late 

preterm (34–36 weeks), up from 6.9% to 7.1%. In the United States in 2016, 9.9% of 

infants were born at <37weeks’ gestation (388,218 children) (53). Among preterm born 

children, 8,3% of children were born moderate or late preterm, 0.9% were born very 

preterm and 0,7% (26,618 children) were born extremely preterm. Globally, children born 

extremely preterm account for 5.2% of all preterm births <37 weeks’ gestation (54).  

General introduction

12



 

Prior to 2014, the National Center for Health Statistics (of the United States) estimated 

gestational age based on the date of the last normal menstruation (LMP). Beginning with 

the 2014 data year, it transitioned to a new standard— the obstetric estimate of gestation 

at delivery (OE), defined as “the best estimate of the infant’s gestation in completed 

weeks based on the birth attendant’s final estimate of gestation’’ (55). National data 

based on OE data are available only from data year 2007 onward. Gestational age 

estimates differ somewhat between the OE- and LMP-based measures. For example, the 

2015 OE-based preterm birth rate for the United States is 9.6%, compared with the LMP-

based rate of 11.3% (56). In general, both measures show similar trends in the rate of 

preterm birth from 2007 to 2014.  

 

Despite the relatively small number of extremely preterm births, these infants and slightly 

more mature infants born between 28 and <32 weeks’ gestation account for over half of 

all infant deaths in the United States (57). Although survival among premature infants has 

improved, prematurity is a leading contributor to neonatal mortality in the United States 

(58). Approximately one in four extremely premature infants born at 22 to 28 weeks of 

gestation does not survive the birth in the hospital; mortality rates decrease with each 

additional week of completed gestation (59). 

 

Infants born extremely preterm are spending weeks to months in the neonatal intensive 

care unit (NICU) during a delicate and critical phase of very rapid brain development. In 

the NICU, these infants require numerous invasive medical interventions to diagnose and 

treat life-threatening conditions. The physiologic instability of these infants, the 

interventions needed to stabilize them, and the vulnerability of the developmental 

processes during the 23rd through 27th weeks of gestation might each contribute to their 

very high risk of brain damage (60). 
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4.2 Preterm birth and brain damage  

Children born before 28 weeks gestation perform significantly worse on cognitive 

measures than, for example, children born at 32 weeks gestational age (61). Additionally, 

IQ steadily declines with decreases in gestational age (62). Prematurity is also associated 

with behavioral (including attention and emotional) problems, as well as autism spectrum 

disorders (63). The risk of cerebral palsy (CP), one of the most common causes of chronic 

motor disabilities in children (64, 65), increases with decreasing gestational age (66). 

These findings highlight that children born at an increasingly early gestational age are at 

heightened risk of cognitive, behavior and motor developmental limitations. 

 

4.2.1 Factors associated between preterm birth and brain damage 

According to Gilles et al. (2018), the association between very preterm birth and 

subsequent neurological deficit is attributable to seven factors (67). First, the brain of 

preterm infants endures highly active developmental processes such as dendritic or 

axonal growth (particularly growth cone proliferation), vasculogenesis, myelinogenesis, 

and angiogenesis (68). Second, a scarcity of essential long chain fatty acids (69) or 

appropriate fatty acid transporters can further increase vulnerability. Third, synthesizing 

growth factors for normal development occurs inadequate in infants born very preterm 

(70). Fourth, low levels of growth factors may be deficient to protect against adversity (71, 

72). Fifth, compared to infants born close to term, preterm infants are exposed to 

different potentially harmful exposures before, during, and after delivery (68). Sixth, 

immature immune system stimulation potentially results in an overly intense 

inflammatory response that is likely sustained for some time (73). Seventh, inflammation 

diminishes the blood–brain barrier of newborn infants born very preterm (74).  

 
4.3 Maternal obesity and preterm birth  

Compared to normal weight women, overweight and obese women have an increased risk 

of birth before 33 weeks of gestation compared to normal weight women (RR 1.3, 95% CI 

1.1-1.4) (75). The heavier the woman, the higher the risk of early preterm birth, with 

overweight and obese women having a relative risk of 1.2 (95% CI 1.1-1.3), and 1.5 (95% 
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CI 1.2-1.7), respectively (75). Maternal overweight and obesity during pregnancy are also 

associated with increased risk of extremely preterm delivery (76, 77). 

 

4.4 Maternal obesity and neurodevelopment in preterm offspring 

Although the consequences of maternal obesity during pregnancy in full-term infants are 

well documented, evidence for the relationship between maternal obesity and outcomes 

in extremely preterm children is limited. The ELGAN study was one of the first studies 

providing evidence that maternal obesity may predict adverse cognitive outcomes in 

children born before 28 week’s gestation (78). This large prospective cohort study was 

designed in the late 1990’s by investigators from the United States to understand what 

contributes to brain damage in Extremely Low Gestational Age Newborns (ELGANs) (79). 

The ELGAN cohort consisted of 1506 newborns, of which 1222 (81%) survived until 

discharge, 1201 (80%) survived to 2 years corrected age and 1198 survived to 10 years 

corrected age (79, 80). The newborns were enrolled at 14 institutions throughout the 

United States. This ELGAN study is subject of this thesis.  

 

4.4.1 Potential mechanisms  

The pathway by which a mother’s obesity contributes to adverse neurodevelopmental 

outcomes among her preterm offspring remains to be elucidated. One of the promising 

hypotheses, however, is that the inflammatory milieu that accompanies an obese state 

may lead to a cascading series of events that affect brain development and subsequent 

neurodevelopment of the offspring. Obese pregnant women expose their fetuses to 

systemic (81, 82) and brain inflammation (83, 84). The inflammatory markers, likely 

transmitted across the blood-brain barrier, potentially initiate a neuroinflammatory 

response that has been offered as an explanation for later neurodevelopmental 

complications including cognitive impairments, autism and cerebral palsy (85-87).  

 

4.5 Childhood obesity 

Maternal pre-pregnancy obesity is significantly associated with childhood obesity (88). 

Children with obesity (89) and children with elevated measures of adiposity (90) are more 
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likely than others to have high circulating levels of several markers of inflammation. This 

relationship can be explained by hypothesizing that obesity promotes inflammation. An 

alternative explanation is that some inflammation precedes the obesity (91).  

 
Goal of this thesis  

The worldwide rise in maternal obesity creates a potential parallel rising in adverse 

neurodevelopmental outcomes in their offspring. However, few studies evaluated the 

association between maternal obesity and adverse neurodevelopmental outcomes in 

extremely preterm born children. Therefore, this thesis will try to explain whether 

children born at an increasingly early gestational age are at heightened risk of adverse 

neurodevelopment, including cognitive, behavior and motor developmental limitations. 

We will try to explore the potential role of inflammation linking maternal obesity to 

adverse neurodevelopment in these extremely preterm born children using data from the 

ELGAN Study. In addition, few studies address the potential association between 

inflammation and obesity in childhood, but no studies examine the relationship between 

elevated neonatal concentrations of circulating inflammatory proteins and childhood 

obesity. Therefore, we will also evaluate the association between neonatal inflammation 

and early childhood obesity among children born at extremely low gestational age.  

 

Outline of this thesis 

Chapter 2 includes an integrated mechanism review of animal and human literature 

related to the hypothesis that maternal obesity causes maternal and fetal inflammation, 

and that this inflammation adversely affects the neurodevelopment of children. We 

propose integrative models in which several aspects of inflammation are considered along 

the causative pathway linking maternal obesity with neurodevelopmental limitations.  

 

In Chapter 3 we study whether extremely preterm newborns of overweight and obese 

women have elevated blood concentrations of inflammatory proteins during the first two 

postnatal weeks compared to infants born to women with lower BMIs.  
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Chapter 4 evaluates the association between inflammatory proteins in neonatal blood 

obtained during the first two postnatal weeks and body mass index at 2 years of age 

among children born extremely preterm.  

 

Chapter 5 evaluates the association between extremely preterm children of overweight or 

obese women and the increased risk of adverse development at 2 years measured with 

the Bayley Scales of Infant Development II. This scale is widely applied to measure 

neurodevelopmental outcome in preterm infants up to 3 years (92). The second edition 

(BSID-II) provides indices for cognitive development (Mental Development Index (MDI)) 

and motor development (Psychomotor Development Index (PDI)) (93).  

 

Chapter 6 studies whether the risk of cerebral palsy at 2 years of age in children born 

extremely preterm to overweight and obese women is increased relative to the risk 

among children born to neither overweight nor obese women. A neurological examination 

was performed at 24 months corrected gestational age. All neurological examiners were 

trained and certified using a multi-media training video to minimize examiner variability, 

and demonstrated acceptably low variability (94). The diagnosis of cerebral palsy subtypes 

was based on an algorithm created by ELGAN study investigators (95). 

 

In Chapter 7 we estimate the risk of attention problems at age 10 years in children born 

very preterm to overweight and obese women relative to the risk among children born to 

women who were neither overweight nor obese. We used The Child Symptom Inventory-4 

(CSI-4) to provide information on the child’s ADHD symptoms. This checklist was designed 

for use in children age 5 to 12 years and is the only rating scale that screens for symptoms 

likely to meet DSM criteria (96). The parent or caregiver completed the Child Symptom 

Inventory-4 Parent checklist and the child’s current teacher completed the Child Symptom 

Inventory-4 Teacher Checklist.  

 

Chapter 8 includes a general discussion that summarizes and discusses the main findings 

of the individual chapters.  
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ABSTRACT 

Children of obese mothers are at increased risk of developmental adversities. Maternal 

obesity is linked to an inflammatory in utero environment, which, in turn, is associated 

with neurodevelopmental impairments in the offspring. This is an integrated 

mechanism review of animal and human literature related to the hypothesis that 

maternal obesity causes maternal and fetal inflammation, and that this inflammation 

adversely affects the neurodevelopment of children. We propose integrative models in 

which several aspects of inflammation are considered along the causative pathway linking 

maternal obesity with neurodevelopmental limitations. 
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The prevalence of obesity in 2011-2012 was 35% among adult women in the United 

States, with no significant change compared with 2002-2004 (1). The prevalence of 

obesity among adult women in Europe was 12% in 2010 (2). Nearly 30% (2.1 billion 

people) of the world’s population today are estimated to be overweight or obese (3). This 

prevalence is projected to continue to increase, presenting a major public health epidemic 

in both the developing and developed world (4).  

 

Just before pregnancy, almost two out of three women (64%) in the United States are 

either overweight or obese (5). Pre-pregnancy overweight and obesity are associated with 

gestational diabetes, preeclampsia, labor complications, and maternal hypertension 

during pregnancy (6). Maternal obesity is also associated with chorioamnionitis and 

pregnancy-related infection, such as group B streptococcal disease (7). In addition to 

these potential risks to the mother, maternal obesity also may have life-long 

repercussions for her offspring. For example, children of obese mothers are prone to 

obesity (8, 9), metabolic syndrome (10), neural tube defects (11) and cognitive 

impairment (12-16). The causal pathway by which a mother’s obesity contributes to 

adverse neurodevelopmental outcomes among her offspring remains to be elucidated 

(12, 17). Prepregnancy BMI studies focusing on pediatric outcomes are challenging 

because it is possible that characteristics and/or exposures associated with both 

prepregnancy BMI and neurodevelopmental outcomes influence the postnatal 

environment. In this review, we offer evidence from laboratory and human studies in 

support of the hypothesis that maternal obesity influences fetal, neonatal, and later 

developmental outcomes by increasing the risk of systemic and (18, 19) and brain (20, 21) 

inflammation. We first address the reported associations between maternal obesity and 

long-term neurodevelopment in offspring. In the subsequent sections, we outline an 

explanatory model (Figure 1) in which a series of inflammatory processes are 

hypothesized to account for neurodevelopmental limitations.   

 

Integrated Mechanism Review  

We used an integrated mechanism review (IMR) method as outlined by Dammann and 
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Gressens (22) to propose a hypothesis that explains the causal pathway for why children 

of obese mothers are at increased risk of developmental adversities. As suggested for 

IMR, we first identified basic, clinical and epidemiologic research on the 

neurodevelopment of children born to obese mothers. We then developed a graphic to 

illustrate possible causal models to explain the elevated risk of undesirable outcomes 

among the children of obese mothers. Finally, we reviewed available studies that could be 

used to support (or reject) each proposed incremental pathway of our explanatory model. 

The following sections summarize our findings.  

 

Results of maternal obesity and neuropsychological outcomes (Table 1)  

Children of mothers who were overweight or obese during pregnancy were at elevated 

risk of four major categories of neurodevelopmental deficits, including cognitive and 

intelligence deficits, attention deficit hyperactivity disorder (ADHD), autism, and 

psychoses. The most studied area was the relationship between the weight status of the 

mother before or during pregnancy and cognition/intelligence of the offspring.  

 

Cognitive deficits and intelligence  

By and large, children born to obese mothers have lower mental development scores than 

their peers born to normal weight women (14, 16, 23-33). Children whose mother was 

overweight near the time of the pregnancy tend to have mental development scores that 

are intermediate between obese and healthy weight mothers (16). No association was 

found between maternal pre-pregnancy BMI and motor skills (25, 27, 30). 

 

Attention deficit hyperactivity disorder (ADHD)   

Maternal pre-pregnancy overweight and obesity were associated with child inattention 

and related symptoms at the age of 5 years (34), and with ADHD symptoms in children 

aged 7 to 12 years (35), and 9 to 17 years (36). The authors of a study of 7-year-old 

children that found a 2.8-fold increase in the prevalence of ADHD among children of 

obese compared to those of non-obese mothers attributed some of what they found to 

impaired executive function (37).  
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Autism 

Two studies found that autistic children were more likely than their non-autistic peers to 

have a mother who was obese before the pregnancy (29), or had a pre-pregnancy weight 

≥ 90 kg (38). Only one study showed a weak association between maternal obesity and 

ASD risk (39).  

 

Psychoses 

Of four studies that evaluated the relationship between maternal BMI and the risk of 

schizophrenia in the offspring, two found that the adult children born to obese women 

were 2-3 fold more likely to be given a diagnosis of schizophrenia than the adult offspring 

of normal weight women (40, 41). Another reported a progressive  

increase in the risk of schizophrenia in offspring was associated with each unit increase of 

maternal BMI (42). Only one of the four studies reported no relationship between 

maternal obesity and psychoses among their offspring. The BMI of mothers of adults with 

schizophrenia did not differ from the BMI of mothers of adults without schizophrenia (43). 

However, a review of the four studies raised the possibility that “the discrepant findings 

from one study could be attributable to sample characteristics and other factors” (44). 
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Integrated explanatory model  

In Figure 1, we illustrate the possible interrelationships between maternal obesity (on the 

left) and neurodevelopmental deficits of the offspring (on the right). Arrows indicate 

proposed pathways between exposures and outcomes. The numbers with each arrow in 

the figure refer to the following subsections and provide the available evidence to support 

each link in the model.  

 

Not all intermediate steps in the proposed pathways are addressed in the model. For 

example, section 7 (Maternal systemic inflammation and fetal brain inflammation) 

appears to bypass the involvement of the uterus. We include such by-pass sections when 

the reports deal with an exposure (e.g., lipopolysaccharide administered into the 

peritoneal cavity) and an outcome (expression of the proinflammatory cytokines in the 

fetal rat brain), and do not report on, or discuss the likely intermediate steps.   

 

  
Figure 1: Proposed mechanistic framework outlining interrelationships between maternal 

obesity, inflammation, and neurodevelopmental deficits. Numbers along arrows 

correspond to numbers identifying sections in this article. 
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1  Maternal obesity and maternal systemic inflammation   

Obesity can contribute to chronic systemic inflammation (45, 46), as can pregnancy (47, 

48). Beyond their many other functions, cytokines serve as signaling molecules between 

the immune and nervous systems (49). C-reactive protein is an acute phase protein that 

promotes further inflammation, while leptin is an adipokine associated not only with 

satiety and energy homeostasis, but also with inflammation (50-53). The systemic 

responses to pregnancy, including IL-6, C-reactive protein, and leptin, were exaggerated in 

women with pre-pregnancy obesity (54-56). At 4 weeks of gestation, obese women had 

higher levels of C-reactive protein compared to normal weight pregnant women (57, 58).  

 

2  Maternal systemic inflammation and long-term neurodevelopmental deficits  

Children of women who had high circulating levels of TNF-α (59) and IL-8 (60) during 

pregnancy were at increased risk of schizophrenia. Other inflammatory phenomena 

during fetal development might also contribute to the occurrence of autism (61). In a 

mouse model, systemic maternal inflammation with lipopolysaccharide combined with 

neonatal hyperoxic exposure appears to decrease oligodendrocyte numbers in the 

cerebral cortex and hippocampus in adulthood (62).  

 

3  Maternal obesity and intra-uterine inflammation   

Compared to the placentas of their lean peers, the placentas of obese women tend to 

have increased CD68
+
 and CD14

+
 cells, along with increased expression of the pro-

inflammatory cytokines IL-1, TNF-α, IL-6, and C-reactive protein (54). Histologic 

inflammation was much more common in the placentas of obese women than in the 

placentas of normal-weight women (63). The higher a pregnant woman’s BMI, the higher 

her blood concentrations of cytokines and activation of placental p38-MAPK and STAT3 

inflammatory pathways activated by MCP-1 and TNF- α (64).  

 

4  Maternal obesity and systemic inflammation in the offspring  

Preterm newborns of overweight and obese women were more likely than their peers 

born to women with lower BMIs to have systemic inflammation, but only among those 
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delivered for maternal or fetal indications (65). The association was more prominent for 

protein elevations observed on 2 or more days than for elevations present on one day 

only, especially among the infants of overweight women. These findings suggest that 

mother’s pre-pregnancy overweight or obesity can contribute to a prolonged pro-

inflammatory state in very preterm infants delivered for maternal or fetal indications.   

 

At age 12 years, children born to obese mothers tended to have higher blood levels of C-

reactive protein, but not IL-6, TNF-α, or adiponectin, than children born to non-obese 

mothers (19). In a study of adults (mean age 57 years), those with two obese parents 

(versus none or one parent) had higher levels of C-reactive protein, but not IL-6, TNF, or 

adiponectin (18). Since the children of obese adults are at increased risk of becoming 

obese themselves (66), these reports support the hypothesis that maternal obesity 

increases susceptibility to an inflammatory state in the offspring perhaps even before the 

onset of obesity, suggesting that inflammation may be a precursor to the development of 

obesity rather than a consequence.  

 

5  Maternal obesity and neuroinflammation in the offspring  

In a rat model, maternal high-fat-diet (HFD) consumption (a correlate/contributor to 

maternal obesity) appears to sensitize offspring to the brain inflammation effects of their 

own high fat diet (67). These effects include increased reactivity of astrocytes and 

microglia, as well as increased levels of IL-6 and impaired water maze performance.   

 

Pro-inflammatory cytokines, including IL-1β and IL-1receptor 1, as well as markers of 

microglia activation, were upregulated in the hypothalamus of fetal macaques whose 

mothers received a HFD during pregnancy (68). The 90-day-old offspring of rats fed 

hydrogenated vegetable trans-fats, had increased IL-6, TNF-α, and IL1-β levels in their 

hypothalamus, compared to rats born to dams fed standard chow (69).  

 

Offspring of dams fed a high-saturated-fat or a high-trans-fat diet tended to have more 

microglial activation markers, TLR4 mRNA expression, and higher IL-1β levels in the 
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hippocampus at birth compared to offspring of control-fed dams (70). The pups also 

displayed impaired spatial learning.  

 

6  Maternal obesity and fetal/neonatal brain damage  

Four studies evaluated the relationship between maternal obesity and cerebral palsy. One 

study found that children of overweight and obese mothers had a 3.5-fold increased risk 

of cerebral palsy (71). Another study reported that maternal obesity was associated with a 

30% increased risk of having a child with cerebral palsy. This risk was even higher among 

infants born to a morbidly-obese mother (72). Two studies found no association between 

maternal weight and cerebral palsy (73, 74). 

 

In a rat model, maternal obesity during pregnancy is associated with diminished 

proliferation and neuronal maturation of stem-like cells in the cerebral cortex of the pups’ 

brains, possibly resulting in impaired neurodevelopment at a later age (75).  

 

At postnatal day 21, the hypothalamic tissue of pups born to HFD dams shows up-

regulation of the toll-like receptor 4 (TLR4) signaling cascade, as well as increased 

phosphorylation of c-Jun N-terminal kinase 1 (JNK1) and IκB kinase-β (IKKβ) (76). Although 

murine responses to inflammatory stresses do not correlate well with human responses 

(77), activation of TLR4, JNK, IKKβ can promote the synthesis and release of pro-

inflammatory cytokines (78-80). 

 

7  Maternal systemic inflammation and fetal/neonatal brain inflammation   

When injected into the peritoneal cavity of pregnant rodents, lipopolysaccharide (LPS), an 

endotoxin synthesized by gram negative bacteria, increased the expression of TNF-α and 

IL-1β mRNA, in the fetal rat brain within hours, and promoted the presence of glial 

fibrillary acidic protein-positive astrocytes in the brain accompanied by decreased myelin 

basic protein (81).  
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8  Intra-uterine inflammation and fetal/neonatal brain damage   

Placenta inflammation (chorioamnionitis) can induce a systemic fetal inflammatory 

response that contributes to white matter injury in the fetal brain (82, 83). Inflammation 

in the placenta is also associated with neonatal brain damage (84-86). The inflammation 

signal, likely transmitted across the blood-brain barrier, initiates a neuroinflammatory 

response that has been offered as an explanation for later neurodevelopmental 

complications including cerebral palsy, autism, schizophrenia and cognitive impairments 

(82, 87, 88). The authors of a review that found no support for an association between 

chorioamnionitis and central nervous system impairment in humans born preterm raised 

the possibility “that inflammation enhances maturation of the preterm infant and 

therefore has protective effects balancing its potential harmful effects” (89). 

Preconditioning might also be invoked to explain some of these inconsistent findings (v.i., 

5.1 Systemic inflammation, preconditioning and sensitization). 

 

9  Intra-uterine inflammation and fetal/neonatal systemic inflammation   

Preterm newborns whose umbilical cord was inflamed (funisitis) tended to have higher 

blood concentrations of inflammation-related proteins, including C-reactive protein, MPO, 

IL1β, IL8, TNF-α, ICAM3 and MMP on postnatal day 7 than their peers without funisitis 

(90).   

 

10  Intra-uterine inflammation and neurodevelopmental deficits   

Brain damage in both preterm and term mice following intrauterine inflammation is 

accompanied by increased TNF-α expression and alterations of other gene pathways in 

the brain thought to influence neurobehavioral, motor, and psychosocial behavior (91).  

 

Placenta inflammation is also associated with a decreased number of dendritic processes 

in the offspring’s brain, resulting in impaired learning and memory (91, 92). Additionally, 

intrauterine inflammation in pregnant sheep resulted in microglial activation and 

macrophage infiltration in the fetal brain (93). Among humans born before the 28
th

 week 

of gestation, placenta inflammation and the presence of microorganisms in the placenta 
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were not associated with low Bayley Scales Mental Development Index (MDI) scores at 

age 2 years (24).  

 

11  Fetal/neonatal brain inflammation and fetal/neonatal brain damage  

Experimental and epidemiological studies document that perinatal inflammation can be a 

risk factor for abnormalities in brain structure and function (61, 85, 88, 94). Cytokines 

such as TNF-α released during intrauterine inflammation are a possible cause of brain 

damage observed in animal studies linking preterm birth and periventricular white matter 

damage (61, 85, 94).   

 

Five mechanisms of cytokine- induced brain injury have been proposed (95). The first 

mechanism is the direct effect of cytokines (IL-6) on the cerebral circulation (96). Second, 

inflammation promotes coagulation which in turn can increase the risk of brain damage 

via vessel obstruction (90) or enhanced inflammation (97, 98). Third, activated microglia 

can cause direct toxic effects on oligodendrocytes and myelin, in part, via microglial 

production of cytokines (99), which leads to neuronal loss and impaired neuronal 

guidance (99, 100), as well as inhibition of oligodendrocyte maturation (101). Fourth, the 

activation of microglia leads to production of free radicals, which contribute to 

oligodendrocyte death via oxidative stress (99, 102). Fifth, inflammation can promote 

excitotoxic mechanisms resulting in damage to both neurons and oligodendrocytes (103). 

All of these mechanisms are enhanced by the increased permeability of the developing 

blood brain barrier that has been documented following intraperitoneal injection of 

lipopolysaccharide (104).   

 

12  Fetal/neonatal brain damage and fetal/neonatal systemic inflammation  

The systemic inflammation that follows brain damage has two explanations (105). One 

postulates that what is seen in the blood is merely persistence of the inflammation that 

caused the brain damage. Another postulates that what is seen in the blood is the “spill 

over” of the inflammation in the brain. What is impressive is how long the local and 

systemic inflammation can continue (106).  
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13  Fetal/neonatal systemic inflammation and fetal/neonatal brain damage 

Among infants born before 28 weeks gestation, elevated levels of inflammation-related 

proteins in blood collected on both postnatal days 7 and 14 were associated with 

ventriculomegaly on an ultrasound scan of the brain when the very preterm newborn was 

in the intensive care nursery (107). Because the ventriculomegaly is not accompanied by 

macrocephaly, the ventricular enlargement is usually attributed to processes that lead to 

hydrocephalus ex vacuo.  

 

14  Fetal/neonatal brain inflammation and clinical neurodevelopmental deficits  

Rats that have increased reactivity of astrocytes and microglia, as well as increased levels 

of IL-6 in the brain, are more likely than others to have impaired retention of what they 

learned in a water maze (67). Compared to control rat pups, those with elevated IL-1β 

levels in the hippocampus at birth displayed impaired spatial learning (70).  

 

15  Fetal/neonatal brain damage and neurodevelopmental deficits  

Fetal brain damage is linked with neurodevelopmental deficits in early childhood (108). 

Reductions and other modifications in total and regional volume of the cerebellum, as 

well as central and occipital regions of the cerebrum at term-equivalent age predict 

neurodevelopmental impairment in early childhood (109). Indicators of cerebral white 

matter damage also convey information about heightened risk of developmental 

disorders (110-112).  

 

16  Fetal/neonatal systemic inflammation and neurodevelopmental deficits  

Newborn mice injected with IL-1β twice-daily over 5 days, had later memory deficits 

(113). Among infants born before 32 weeks gestation, those who had elevated levels of 

proinflammatory and modulatory cytokines in blood obtained during the first 72 postnatal 

hours were at increased risk of cerebral palsy and less severe motor limitations at age 2 

years (114). Among infants born before 28 weeks gestation, elevated levels of 

inflammation-related proteins in blood collected on both postnatal days 7 and 14 were 
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associated with impaired mental and motor development (115) as well as microcephaly 

(116) at age two years.  

 

Other mechanisms explaining link with neurodevelopmental outcomes 

Systemic inflammation, preconditioning and sensitization   

Exposing the brain of a fetus to a sub-damaging stimulus can protect against a subsequent 

insult (117, 118). This phenomenon has been given two names, preconditioning, and 

tolerance. The same type of sub-damaging stimulus can also sensitize the perinatal brain 

to a subsequent sub-damaging insult (119, 120). Among the characteristics of the sub-

damaging exposure that influence whether the result is preconditioning (tolerance) or 

sensitization are duration of the interval between first and second exposures (120) and 

postnatal age (121). The mechanisms that mediate preconditioning mechanisms in the 

immature brain likely differ from those observed in the adult (122). Figure 1 shows that 

maternal obesity associated with the increased risk of brain damage is linked to systemic 

inflammation. Due to this systemic inflammation, the preterm newborn is exposed to sub-

damaging stimuli within a narrow time range, resulting in greater injury explaining the 

higher risk for adverse neurodevelopmental outcomes in these children.  

 

Confounding factors  

It is possible that characteristics and/or exposures associated with both maternal obesity 

and systemic inflammation, and not the obesity per se, explain the links with 

neurodevelopmental outcomes. One of these confounding factors might be maternal 

distress, as obesity has been related to mental health problems, which have been linked 

to developmental limitations (123). 

 

In a study that adjusted for maternal stress and depression symptoms during and after 

pregnancy, the association between prenatal maternal obesity and ADHD symptoms and 

emotional problems did not change (34). This suggests that maternal obesity and 

maternal distress may possibly act through separate mechanisms influencing fetal brain 

development. Studies of the relationship between maternal obesity and the child’s 
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development need to address the potential confounding due to variables that are related 

to both the mother’s obesity and her child’s development. For example, obese women 

and their families are more likely than others to have low socioeconomic status (124), 

micronutrient deficiencies (125), emotional distress (126, 127), child behavior problems 

(36, 42), and mental health dysfunctions in general (128). Another confounder of 

maternal obesity is paternal obesity, which has been associated with autistic disorder and 

Asperger (39). It is also possible that maternal obesity increases the risk of 

neurodevelopmental limitations in the offspring via epigenetic phenomena (129-132).  

 

CONCLUSION  

We offer support for the claim that the contribution of maternal obesity to adverse brain 

development is achieved in part via inflammatory phenomena. The majority of data 

delineating the role of systemic inflammation in this association included animal and basic 

research studies. Therefore, studies of humans are needed that follow offspring from 

infancy into adulthood measuring their neurodevelopment in cognition and mental 

illnesses, as well as inflammatory phenomena. With these studies, the full impact of being 

exposed to maternal obesity in utero can be better understood. Attempts to better 

control maternal obesity could lead to important benefits for the cognitive and psychiatric 

functioning of offspring. The exact mechanisms remain unknown. We, however, offer a 

model with several pathways with support for each component of these pathways.  
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ABSTRACT 

Background: The offspring of obese women are at increased risk for systemic 

inflammation. However, blood concentrations of inflammatory proteins in preterm 

newborns of obese women have not been reported.   

 

Methods: We measured 25 inflammation-related proteins in blood obtained on postnatal 

day 1 (range 1-3), day 7 (range 5-8) and day 14 (range 12-15) from 939 children born 

before the 28
th

 week of gestation. We evaluated to what extent infants of women who 

were overweight (BMI of 25-29) or obese (BMI ≥ 30) before this pregnancy had 

concentrations in the highest quartile for gestational age and day the specimen was 

obtained of each protein on each of the three days assessed, and on two or more days a 

week apart. Because deliveries for spontaneous indications are more likely than those for 

other indications to be associated with inflammation, we evaluated spontaneous 

indication deliveries separately from those for maternal or fetal indications. 

 

Results: Among infants delivered for spontaneous indications, maternal BMI was not 

related to the infant’s tendency to have elevated concentrations of any protein. However, 

among infants delivered for maternal (i.e., preeclampsia) or fetal indications, those whose 

mother was overweight or obese were more likely than others to have elevated 

concentrations of inflammation proteins.  

 

Conclusion: Maternal pre-pregnancy overweight and obesity appears to contribute to a 

pro-inflammatory state in very preterm newborns delivered for maternal or fetal 

indications. Our failure to see a similar pattern among newborns delivered for 

spontaneous indications, which often have inflammatory characteristics, might reflect 

nothing more than competing risks.  
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INTRODUCTION 

The prevalence of maternal overweight and obesity is rapidly increasing in the United 

States, Europe, and Asia (1). Women who are overweight or obese before pregnancy 

appear to be at increased risk for gestational diabetes, preeclampsia, labor complications, 

and hypertension (2, 3). Obesity is a chronic inflammatory state (4-10). Compared to their 

leaner peers, obese women tend to have higher blood concentrations of pro-

inflammatory proteins when not pregnant (11-14) and when pregnant (11-15). 

 

In addition to these potential risks to the mother, maternal obesity appears to have 

adverse effects on the offspring (16). For example, children of obese mothers are prone to 

obesity (17), systemic inflammation (18-20), and metabolic syndrome (21), as well as 

cognitive problems (22-27). While selected inflammatory markers were assessed in 

adolescents and adults born to obese mothers and/or fathers, respectively (18, 19), we 

did not find any study that measured blood concentrations of inflammatory proteins in 

newborns of obese mothers. In this report, we compare the tendency of extremely 

preterm newborns of overweight (i.e., BMI 25-29) and obese (i.e., BMI ≥ 30) women to 

have elevated blood concentrations of inflammatory proteins to that of infants born to 

women with lower BMIs.  

 

A large prospective cohort of extremely low gestation age newborns (ELGAN) showed that 

ELGANs who had elevated concentrations of inflammation-related proteins on at least 

two days apart (interpretable as intermittent or sustained systemic inflammation 

abbreviated here as ISSI) were at increased risk of a multitude of lifelong complications 

associated with obesity such as cerebral white matter damage evident on ultrasound 

scans (28), later severe cognitive limitations (29), and microcephaly two years after birth 

(30). These findings prompted us to evaluate in the same ELGAN cohort if the infants of 

overweight and obese mothers had ISSI within the first month of birth when compared to 

infants of women with lower BMIs.  
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METHODS 

Sample 

The ELGAN Study, a prospective cohort study designed to identify characteristics and 

exposures that increase the risk of structural and functional neurologic disorders, enrolled 

1506 extremely low gestational age newborns (ELGANs) (birth between 23 and 27 6/7 

weeks of gestation) at 14 participating institutions between 2002-2004 (31). The consent 

and enrollment procedures were approved by the individual institutional review 

boards.Inflammation-related proteins were measured in the blood of the 939 children 

who had a developmental assessment at age 2 years. These children are the subjects of 

this report.    

 

Maternal body mass index (BMI) 

Each mother was asked to provide her height and her pre-pregnancy weight. These were 

used to calculate her BMI. The United States government classifies BMIs as follows: < 18.5 

is underweight, 18.5–24.9 is normal, 25.0–29.9 is overweight, 30.0–34.9 is obese, 35.0–

39.9 is very obese, and ≥ 40 is extreme obesity (32). We collapsed these groups into < 25, 

25-29.9, and ≥ 30. 

 

Pregnancy disorders 

The clinical circumstances that led to each maternal admission and ultimately to each 

preterm delivery were operationally defined using both data from the maternal interview 

and data abstracted from the medical record (33). We were interested in the potential 

preconditioning/sensitization by antenatal inflammation. Therefore, we divided our 

sample into two groups defined by spontaneous indications for delivery (preterm labor, 

preterm premature rupture of membranes (pPROM), abruption or cervical insufficiency) 

vs. maternal (preeclampsia) or fetal indications. The rationale for this was that 

spontaneous indications are often associated with inflammation, while fetal and maternal 

indications are mostly not (34, 35).  
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Placenta characteristics 

Placentas were collected, and their histological characteristics analyzed, according to the 

procedures previously described (36). In this paper, we used only the variable for 

“histologic chorioamnionitis”, defined as the presence of any neutrophils in the fetal 

membranes (36). 

 

Infant characteristics 

Gestational age estimates were based on a hierarchy of the quality of available 

information with estimates based on the dates of embryo retrieval or intrauterine 

insemination or fetal ultrasound before the 14th week of gestation (62%) as the most 

desirable. Next most desirable in sequential order were estimates based on a fetal 

ultrasound at 14 or more weeks of gestation (29%), last menstrual period without fetal 

ultrasound (7%), and recorded in the log of the neonatal intensive care unit. 

The birth weight Z-score represents the number of standard deviations the infant’s birth 

weight was above or below the median weight of infants at the same gestational age in 

referent samples not delivered for preeclampsia or fetal indications (37, 38). We 

evaluated 2 groups of growth-restricted infants. The more severely growth-restricted 

infants had a birth weight Z-score < -2 (i.e., more than 2 standard deviations below the 

median of the referent group). Infants in the less severely growth-restricted group had a 

birth weight Z-score ≥ -2 and < -1 (i.e., between 1 and 2 standard deviations below the 

median of the referent group). 

 

Blood spot collection 

Drops of blood from the newborns were collected on filter paper on postnatal days 1 

(range: 1-3 days) (N = 861), 7 (range: 5-8 days) (N = 867), and 14 (range: 12-15 days) (N = 

786). All blood was from what remained after specimens were obtained for clinical 

indications. Dried blood spots were stored at -70
°
C in sealed bags with desiccant until 

processed.  
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Elution of proteins from blood spots 

For protein elution, 12mm punched biopsies of the frozen blood spots were submerged in 

300 μL phosphate buffered saline containing 0.1% Triton X100 (Sigma-Aldrich, St. Louis, 

MO) and 0.03% Tween-20 (Fisher, Hampton, NH), vortexed for 30 seconds, and incubated 

on a shaker for 1 hour at 4OC.  The buffer and biopsy were then transferred over the filter 

of a SpinX tube (Corning Fisher), centrifuged at 2000 x g followed by collection of the 

filtered eluted blood. An additional wash of the punch was performed in 100 μL for a final 

elution volume of 400 μL. 

 

Protein measurements 

Proteins were measured in duplicate in the Laboratory of Genital Tract Biology of the 

Department of Obstetrics, Gynecology and Reproductive Biology at Brigham and Women's 

Hospital, Boston using the Meso Scale Discovery (MSD) multiplex platform and Sector 

Imager 2400 (MSD, Gaithersburg, MD). This electrochemiluminescence system has been 

validated by comparisons with traditional ELISA (39, 40) and produces measurements that 

have high content validity (34, 35, 41, 42). The multiplex assays measuring up to 10 

proteins simultaneously were optimized to allow detection of each biomarker within the 

linearity range of the eluted samples. The MSD Discovery Workbench Software was used 

to convert relative luminescent units into protein concentrations using interpolation from 

several log calibrator curves. Split quality control blood pools tested on each plate showed 

inter-assay variation of < 20% in the linearity range customized for the blood spot elution 

samples. The total protein concentration in each eluted sample was determined by BCA 

assay (Thermo Scientific, Rockford, IL) using a multi-label Victor 2 counter (Perkin Elmer, 

Boston, MA) and the measurements of each analyte normalized to mg total protein. 

 

We measured the following 25 proteins as well known and well measurable 

representatives of the major classes of inflammation-associated proteins e.g. acute phase 

proteins, cytokines and their receptors, chemokines, adhesion molecules, factors 

regulating vascular permeability and angiogenesis: C-Reactive Protein (CRP), Serum 

Amyloid A (SAA), Myeloperoxidase (MPO), Interleukin-1β (IL -1β), Interleukin-6 (IL-6), 
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Interleukin-6 Receptor (IL-6R), Tumor Necrosis Factor-α (TNF-α), Tumor Necrosis Factor 

Receptor-1 (TNF-R1), Tumor Necrosis Factor Receptor-2 (TNF-R2), Interleukin-8 (IL-8; 

CXCL8), Monocyte Chemotactic Protein-1 (MCP-1; CCL2), Monocyte Chemotactic Protein -

4 (MCP-4; CCL13), Macrophage Inflammatory Protein-1β (MIP-1β; CCL4), Regulated upon 

Activation, Normal T-cell Expressed, and [presumably] Secreted (RANTES; CCL5), 

Interferon-inducible T cell Alpha-Chemoattractant (I-TAC; CXCL11) , Intercellular Adhesion 

Molecule -1 (ICAM-1; CD54), Intercellular Adhesion Molecule -3 (ICAM-3; CD50), Vascular 

Cell Adhesion Molecule-1 VCAM-1; CD106), E-selectin (CD62E), Matrix Metalloproteinase-

1 (MMP-1), Matrix Metalloproteinase-9 (MMP-9), Vascular Endothelial Growth Factor 

(VEGF), Vascular Endothelial Growth Factor Receptor-1(VEGF-R1; Flt-1), Vascular 

Endothelial Growth Factor Receptor-2 (VEGF-R2; KDR), Insulin-like Growth Factor Binding 

Protein-1 (IGFBP-1). 

 

Statistical Analyses 

We hypothesized that the concentrations of inflammation-related proteins in the blood of 

ELGANs during the first postnatal weeks were more likely to be elevated (i.e., in the 

highest quartile) among those whose mother was overweight or obese than among those 

whose mother’s BMI was classified as normal or underweight. We also hypothesized that 

this differential distribution of elevated concentrations was more likely to be evident 

shortly after birth than appear for the first time during the subsequent weeks.  

 

In the same ELGAN study cohort, the risk of brain (28, 30, 31) and lung (43) damage was 

most prominently increased when systemic inflammation was evident on two days at 

least a week apart. To test the extent to which mother’s BMI provided information about 

the risk of systemic sustained or recurrent inflammation, we evaluated the null hypothesis 

that infants born to overweight or obese mothers were no more likely than their peers 

born to women who had a BMI <25 to have early postnatal concentrations of 

inflammation-associated proteins in the highest quartile for gestational age and day of 

blood specimen collection on two days at least a week apart.  
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We began our assessment by examining tabular data. We considered the relationship 

between the three maternal BMI categories and concentrations of proteins to be linear if 

the percent of elevated concentrations differed between adjacent categories by 2% or 

more of the total in the same direction. We created multinomial logistic regression 

models (44) comparing infants whose mother was overweight and those whose mother 

was obese to infants whose mother was neither. This enabled us to calculate odds ratios 

(and 95% confidence intervals) using the top quartile concentration of each protein as our 

indicator of elevated concentration.  

 

RESULTS 

Correlates of maternal BMI (Table 1) 

Gravidas classified as overweight or obese were more likely than their peers with a lower 

BMI to have government-provided health insurance, to identify as Black, to have given 

birth prematurely because of severe preeclampsia. In addition, obese mothers were more 

likely to have newborns with gestational diabetes, a birth weight Z-score <-2, and to have 

bacteria in their blood during the first postnatal week. Of the spontaneous delivery 

indications, preterm labor was the only one less common in overweight and obese 

women, the rest being evenly distributed regardless of maternal weight. 

 

Percents of newborns delivered for spontaneous indications who had elevated 

concentrations of inflammation proteins (Table 2) 

The proportion of infants who had elevated day-1 concentrations of SAA, IL-6, IL-8, ICAM-

3, TNF-R1 and VEGF-R2 increased with increasing maternal BMI. While the other proteins 

had no linear relationship with BMI categories by our criterion of at least 2% change 

between each adjacent category, infants whose mothers had a BMI of 25 or higher were 

more likely than others to have had elevated concentrations of each protein measured 

except TNF-α and IGF-BP-1. Eighteen of 25 proteins measured had elevated day-7 

concentrations in a higher proportion of women with BMI of ≥ 25 and/or ≥ 30. Elevated 

day-7 concentrations of IL-1β, ICAM-3, and TNF-R1 retained the linear relationship with 

BMI categories.  

Chapter 3

58



 

 

Day-14 concentrations were not elevated among the obese. However, elevated 

concentrations of three proteins, MIP-1β, RANTES, and I-TAC, were found among infants 

whose mother was overweight, but not obese. We observed prominently reduced E-SEL 

and MCP-4 values among children of obese mothers on Day 14. 

 

Percents of newborns delivered for maternal or fetal indications who had elevated 

concentrations (Table 3) 

Elevated day-1 concentrations of VEGF-R1 and IGFBP-1 were more common than 

expected, regardless of maternal BMI. Elevated MCP-4 and IGFBP-1 concentrations were 

most common among the infants of obese mothers, while elevated concentrations of CRP, 

SAA, and RANTES were most common among infants of mothers who were neither 

overweight nor obese. On Day 1, but not later, many proteins were represented less 

frequently in the highest quartile than expected.  

 

A pattern not seen among infants delivered for spontaneous indications is evident on all 

three days among infants delivered for maternal or fetal indications. This is the V-

distribution with the lowest percent of elevated concentrations among infants whose 

mother was overweight, and higher percents of elevated concentrations among infants of 

mothers whose BMI was < 25 or ≥ 30. This V-pattern was present for many proteins on at 

least one of the three days assessed. For some proteins, (SAA, TNF-R2, E-SEL, and VEGF-

R2), this V-pattern was asymmetric with considerably higher concentrations among 

infants of mothers with a BMI < 25.  

 

We found no consistent pattern among proteins on Day 1 between groups defined by 

BMI. On Day 7, the majority of proteins showed elevated concentrations among infants 

born to women who had a BMI < 25. IL-8 was the only protein with higher concentrations 

on Day 7 in infants of women whose BMI was < 30 than in infants born to an obese 

mother. IL-1β was the only protein whose day-7 concentrations declined with increasing 

maternal BMI. CRP was the only protein whose day-14 concentrations declined with 

increasing maternal BMI, while IGFBP-1 was the only protein whose day-14 
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concentrations increased with increasing maternal BMI. IL-1β was the only protein whose 

day-14 concentrations tended to be highest among infants born to mothers whose BMI 

was < 25, while E-SEL was the only protein whose day-14 concentrations were highest 

among infants born to obese women. MIP-1β concentrations were highest among infants 

born to overweight women.  

 

The V pattern was seen for day-14 elevated concentrations of SAA, MPO, IL-6, IL-6R, TNF-

R1, TNF-R2, IL-8, MCP-1, ICAM-1, ICAM-3, MMP-9, VEGF-R1, and VEGF-R2. Among these V 

distributions, MMP-9 was asymmetric with considerably higher concentrations among 

infants of mothers with a BMI > 30, while VEGF-R2 was asymmetric with considerably 

higher concentrations among infants of mothers with a BMI < 25. 

 

Odds ratios of elevated concentrations in the sub-sample of infants delivered for 

spontaneous indications (Table 4) 

Compared to infants whose mother’s BMI was < 25, infants whose mother was 

overweight, but not obese were at lower risk of having a concentration of IL-8 in the top 

quartile on one day only. Infants whose mother was overweight were also at reduced risk 

of having elevated concentrations of IL-1β and VCAM-1 on two separate days a week 

apart, and having elevated concentrations of MCP-1 on two separate days. Infants whose 

mother was obese were at reduced risk of a one-day elevated concentration of IL-1β and 

IGFBP-1, and elevated concentrations of VCAM-1 on two days. 

 

Odds ratios of elevated concentrations in the sub-sample of infants delivered for 

maternal or fetal indication (Table 5) 

Compared to infants whose mother’s BMI was < 25, those whose mother was overweight, 

but not obese, were at increased risk of having one-day elevated concentrations of MCP-1 

and E-SEL, and two-day elevated concentrations of CRP, TNF-R1, TNF-R2, VEGF-R1 and 

VEGF-R2. Infants whose mother was obese were at increased risk of elevated 

concentrations of TNF-R1, I-TAC, ICAM-3, and E-SEL on one day only, and at reduced risk 

of elevated concentrations of MIP-1β on two days.  
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Table 1. The percent of children who had the characteristics on the left among mothers 

who had the BMI centile listed at the top of the column. These are column percents. 

*       pPROM = Preterm premature rupture of membranes 
**         fetal indications: severe growth restrictions, non-reassuring testing 

***    Grades 3 and 4 
† Yudkin standard 
†† 1000 x [(weight day 28 - weight day 7) / weight day 7] / 21 
‡ NEC=necrotizing enterocolitis, Stage IIIa, IIIb, or perforation 
‡‡ CLD=chronic lung disease, Receiving O2 at 36 weeks PCA 

 Pre-pregnancy BMI Row 

Characteristics of the mother and infant < 25 25-29.9 ≥ 30 N 

Public insurance Yes 35 42 41 361 

Black race Yes 23 34 34 245 

Hispanic Yes 8 15 11 92 

Spontaneous Delivery  
indication 

Preterm labor 50 43 35 409 

 

pPROM
*
 22 19 26 198 

Abruption 11 14 9 101 

Cervical insufficiency 5 6 5 45 

Non-spontaneous  
delivery indication 

Preeclampsia (maternal) 9 16 20 115 

Fetal indication
**

 4 3 5 36 

Maternal or fetal 
combined 

13 19 25 151 

Gestational diabetes Yes 5 6 14 61 

Histologic Yes 32 32 34 291 

  chorioamnionitis
***

 Missing 8 11 10 81 

Cesarean delivery Yes 68 62 69 608 

Sex Male 54 50 55 481 

# of fetuses 2+ 37 29 34 315 

Gestational  23-24 20 20 19 179 

  age (weeks) 25-26 45 46 49 418 

Birth weight ≤ 750 36 32 41 328 

  (grams) 750-1000 44 44 43 396 

Birth weight Z-score
†
 < -2 5 5 9 49 

 ≥ -2, < -1 12 12 16 117 

Growth velocity
††

 Lowest 24 24 24 209 

   quartile Highest 27 24 24 226 

Bacteria in   Week 1 5 4 11 54 

   blood Week 2+ 25 25 28 231 

NEC
‡
 Yes 7 10 7 70 

CLD
‡‡

 Yes 52 47 55 465 

Maximum number of infants 529 188 187 904 

Chapter 3

61



 

 

Table 2. Percent of all children whose mother had the BMI at the top of each column who 

also had a concentration in the top quartile of the protein on the left on postnatal days 1, 

7, and 14. These are column percents. This table is restricted to infants whose delivery 

was for preterm labor, preterm premature rupture of membranes, abruption or cervical 

insufficiency. 

 Day 1 (n=655) Day 7 (n=658) Day 14 (n=596) 

 P r e - p r e g n a n c y  B M I  

Protein < 25 25-29.9 ≥ 30 < 25 25-29.9 ≥ 30 < 25 25-29.9 ≥ 30 

CRP 25 29 30 21 22 24 21 25 23 

SAA 23 29 33 24 22 23 24 26 20 

MPO 27 26 30 25 25 34 25 27 22 

IL-1β 22 38 30 24 26 28 22 28 18 

IL-6 25 30 35 25 26 25 23 25 20 

IL-6R 25 29 26 24 25 28 24 26 26 

TNF-α 26 26 26 22 28 32 24 26 15 

TNF-R1 26 28 30 22 28 30 25 26 19 

TNF-R2 24 31 32 23 27 27 23 27 26 

IL-8 (CXCL8) 23 28 30 23 31 28 22 27 20 

MCP-1 (CCL2) 25 22 28 27 19 20 26 23 14 

MCP-4 (CCL13) 25 27 24 26 28 17 26 25 18 

MIP-1β (CCL4) 25 28 28 25 28 26 23 31 21 

RANTES (CCL5) 25 28 29 26 30 26 25 30 23 

I-TAC ( CXCL11) 24 25 29 24 25 22 25 31 22 

ICAM-1 (CD54) 23 31 31 22 19 26 21 25 24 

ICAM-3 (CD50) 26 30 32 26 29 32 25 28 20 

VCAM-1 (CD106) 25 34 23 25 33 25 27 27 21 

E-SEL (CD62E) 24 36 29 25 25 27 25 28 18 

MMP-1 26 28 27 27 25 24 27 27 23 

MMP-9 26 30 31 26 28 32 23 29 25 

VEGF 26 30 31 26 30 31 26 25 23 

VEGF-R1 20 26 17 27 25 21 26 23 21 

VEGF-R2 23 32 34 24 25 26 21 27 24 

IGFBP-1 22 20 20 22 22 20 23 28 19 

Maximum N 420 142 134 432 138 130 382 125 125 
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Table 3. Percent of all children whose mother had the BMI at the top of each column who 

also had a concentration in the top quartile of the protein on the left on postnatal days 1, 

7, and 14. These are column percents. This table is restricted to infants born for maternal 

(i.e., preeclampsia) or fetal indications (a heterogeneous group that includes severe fetal 

growth restriction).  

 Day 1 (n=124) Day 7 (n=126) Day 14 (n=120) 

 P r e - p r e g n a n c y  B M I  

Protein < 25 25-30 ≥ 30 < 25 25-30 ≥ 30 < 25 25-30 ≥ 30 

CRP 27 16 14 52 29 45 49 39 33 

SAA 27 13 16 42 26 34 32 29 35 

MPO 12 6 11 15 15 11 30 18 33 

IL-1β 14 13 18 30 21 18 46 32 33 

IL-6 8 16 16 35 18 20 39 29 42 

IL-6R 19 9 18 25 21 23 30 18 33 

TNF-α 14 6 23 28 21 25 37 36 41 

TNF-R1 12 3 13 30 18 32 33 18 42 

TNF-R2 15 6 14 37 21 30 32 25 33 

IL-8 (CXCL8) 19 13 27 25 26 11 40 25 42 

MCP-1 (CCL2) 29 31 30 42 12 36 44 25 40 

MCP-4 (CCL13) 17 16 32 32 15 30 42 11 28 

MIP-1β (CCL4) 12 25 16 27 29 14 26 46 23 

RANTES (CCL5) 22 6 4 13 21 9 19 21 33 

I-TAC ( CXCL11) 20 9 23 25 26 36 26 29 19 

ICAM-1 (CD54) 20 9 16 47 35 41 40 32 44 

ICAM-3 (CD50) 10 3 14 12 9 9 33 14 35 

VCAM-1 (CD106) 20 6 20 23 12 16 23 18 21 

E-SEL (CD62E) 14 3 16 32 15 20 28 25 42 

MMP-1 20 13 14 25 26 11 19 18 19 

MMP-9 10 9 7 7 15 7 23 18 40 

VEGF 14 6 9 10 12 5 23 25 30 

VEGF-R1 46 38 48 25 15 20 37 21 30 

VEGF-R2 24 3 16 37 15 25 44 29 35 

IGFBP-1 42 44 50 42 38 39 28 35 42 

Maximum N 59 32 44 60 34 44 57 28 43 
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Table 4. Odds ratios (and 95% confidence intervals) of a concentration in the highest 

quartile of the protein listed on the left on only one day or on two or more days among 

infants whose mother was overweight or obese relative to that of children whose mother 

had a BMI < 25 among infants whose delivery was for spontaneous indications (preterm 

labor, preterm premature rupture of membranes, abruption, or cervical insufficiency).  

Bold italics indicate odds ratios significantly < 1 and bold indicates odds ratios significantly > 1 (p < 0.01).  

 Pre-pregnancy BMI 25-29.9 Pre-pregnancy BMI ≥ 30 

 Protein elevation Protein elevation 

Protein One day only ≥ 2 days One day only ≥ 2 days 

CRP 1.1 (0.7, 1.7) 0.7 (0.4, 1.1) 1.5 (0.9, 2.6) 0.9 (0.5, 1.7) 

SAA 1.0 (0.7, 1.5) 0.9 (0.5, 1.5) 1.4 (0.9, 2.4) 0.9 (0.5, 1.8) 

MPO 0.9 (0.6, 1.3) 1.2 (0.7, 2.0) 1.0 (0.6, 1.6) 1.6 (0.8, 3.0) 

IL-1β 0.7 (0.4, 1.02) 0.6, (0.3, 0.96) 0.6 (0.3, 0.95) 0.8 (0.4, 1.4) 

IL-6 0.9 (0.6, 1.4) 0.8 (0.5, 1.5) 0.8 (0.5, 1.4) 1.1 (0.6, 2.2) 

IL-6R 1.0 (0.6, 1.5) 0.8 (0.5, 1.3) 0.7 (0.4, 1.3) 1.1 (0.6, 2.1) 

TNF-α 0.9 (0.6, 1.4) 0.9 (0.5, 1.4) 0.9 (0.5, 1.6) 1.0 (0.5, 1.8) 

TNF-R1 1.1 (0.7, 1.7) 0.8 (0.5, 1.3) 1.3 (0.8, 2.3) 1.0 (0.5, 1.9) 

TNF-R2 0.7 (0.5, 1.1) 0.7 (0.4, 1.2) 0.8 (0.5, 1.4) 1.2 (0.7, 2.3) 

IL-8 (CXCL8) 0.6 (0.4, 0.96) 0.7 (0.4, 1.2) 0.8 (0.5, 1.4) 0.9 (0.5, 1.8) 

MCP-1 (CCL2) 0.8 (0.5, 1.3) 1.9 (1.1, 3.5) 1.0 (0.6, 1.7) 1.2 (0.6, 2.5) 

MCP-4 (CCL13) 1.0 (0.6, 1.6) 1.1 (0.7, 1.8) 1.1 (0.6, 1.9) 0.6 (0.3, 1.2) 

MIP-1β (CCL4) 1.0 (0.7, 1.6) 0.7 (0.5, 1.2) 0.9 (0.5, 1.6) 0.9 (0.5, 1.6) 

RANTES (CCL5) 0.9 (0.6, 1.4) 0.8 (0.5, 1.2) 1.1 (0.6, 1.8) 0.8 (0.5, 1.5) 

I-TAC ( CXCL11) 0.8 (0.5, 1.3) 0.8 (0.5, 1.4) 1.0 (0.6, 1.8) 0.9 (0.5, 1.7) 

ICAM-1 (CD54) 0.8 (0.5, 1.2) 0.9 (0.5, 1.5) 1.1 (0.6, 1.8) 1.2 (0.6, 2.2) 

ICAM-3 (CD50) 0.9 (0.5, 1.3) 0.8 (0.5, 1.4) 1.1 (0.6, 1.8) 1.0 (0.6, 1.9) 

VCAM-1 (CD106) 1.0 (0.6, 1.6) 0.6 (0.4, 0.97) 1.2 (0.7, 2.2) 0.5 (0.3, 0.98) 

E-SEL (CD62E) 0.9 (0.6, 1.5) 0.7 (0.4, 1.2) 1.1 (0.6, 1.9) 0.7 (0.4, 1.4) 

MMP-1 0.9 (0.6, 1.5) 0.9 (0.6, 1.5) 0.6 (0.3, 1.2) 0.9 (0.5, 1.6) 

MMP-9 1.0 (0.6, 1.5) 0.7 (0.4, 1.3) 1.3 (0.8, 2.2) 1.0 (0.5, 2.0) 

VEGF 0.8 (0.5, 1.3) 0.8 (0.5, 1.3) 0.9 (0.5, 1.7) 1.0 (0.5, 1.7) 

VEGF-R1 0.9 (0.6, 1.3) 1.2 (0.7, 2.0) 0.6 (0.4, 1.1) 0.8 (0.4, 1.6) 

VEGF-R2 0.8 (0.5, 1.2) 0.6 (0.4, 1.01) 1.0 (0.6, 1.7) 1.0 (0.6, 1.8) 

IGFBP-1 0.8 (0.6, 1.3) 1.2 (0.6, 2.4) 0.5 (0.3, 0.9) 1.0 (0.5, 2.3) 

Maximum N Total = 713;  Normal weight = 432; Overweight = 146; Obese = 135 
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Table 5. Odds ratios (and 95% confidence intervals) of a concentration in the highest 

quartile of the protein listed on the left on only one day or on two or more days among 

infants whose mother was overweight or obese relative to that of children whose mother 

had a BMI < 25 among infants born for maternal (preeclampsia) or fetal indications         

(a heterogeneous group that includes severe fetal growth restriction).  

Bold italics indicate odds ratios significantly < 1 and bold indicates odds ratios significantly > 1 (p < 0.01).  

 Pre-pregnancy BMI 25-29.9 Pre-pregnancy BMI ≥ 30 

 Protein elevation Protein elevation 

Protein One day only 2+ days One day only 2+ days 

CRP 1.8 (0.6, 5.1) 3.2 (1.1, 9.4) 2.1 (0.8, 6.1) 1.5 (0.5, 5.0) 

SAA 2.0 (0.8, 5.1) 3.4 (0.9, 12) 1.8 (0.7, 4.8) 2.2 (0.6, 8.8) 

MPO 2.3 (0.8, 6.7) 1.4 (0.3, 6.4) 1.8 (0.6, 5.5) 1.9 (0.4, 8.3) 

IL-1β 0.8 (0.3, 2.0) 8.3 (0.99, 70) 0.5 (0.2, 1.2) 5.2 (0.6, 45) 

IL-6 2.0 (0.7, 5.2) 1.7 (0.5, 5.7) 1.7 (0.6, 4.7) 1.5 (0.4, 5.3) 

IL-6R 0.7 (0.3, 1.8) 7.3 (0.9, 61) 0.9 (0.3, 2.4) 6.8 (0.8, 5.9) 

TNF-α 2.4 (0.9, 6.3) 1.3 (0.4, 4.6) 2.0 (0.7, 5.6) 1.8 (0.5, 6.4) 

TNF-R1 1.8 (0.7, 5.2) 5.3 (1.1, 26) 5.0 (1.7, 14) 5.4 (0.98, 29) 

TNF-R2 1.3 (0.5, 3.3) 5.0 (1.01, 25) 1.7 (0.7, 4.5) 3.6 (0.7, 20) 

IL-8 (CXCL8) 2.0 (0.8, 5.3) 1.3 (0.4, 4.6) 2.3 (0.8, 6.5) 1.6 (0.5, 5.9) 

MCP-1 (CCL2) 3.1 (1.1, 8.6) 3.2 (1.04, 9.7) 1.2 (0.4, 3.6) 2.2 (0.7, 6.9) 

MCP-4 (CCL13) 0.9 (0.4, 2.4) ---- 1.1 (0.4, 2.8) ---- 

MIP-1β (CCL4) 0.6 (0.2, 1.7) 0.5 (0.2, 1.7) 0.9 (0.3, 2.5) 0.2 (0.1, 0.98) 

RANTES (CCL5) 0.9 (0.4, 2.3) 2.9 (0.3, 27) 1.1 (0.4, 2.8) 3.7 (0.4, 36) 

I-TAC ( CXCL11) 1.5 (0.5, 4.2) 0.9 (0.3, 3.0) 3.0 (1.04, 8.9) 1.3 (0.4, 4.4) 

ICAM-1 (CD54) 1.5 (0.6, 4.0) 2.4 (0.8, 7.4) 1.5 (0.5, 4.3) 2.4 (0.7, 7.7) 

ICAM-3 (CD50) 2.4 (0.7, 8.0) 2.9 (0.6, 15) 4.9 (1.4, 17) 2.3 (0.4, 14) 

VCAM-1 (CD106) 1.4 (0.5, 3.9) 6.7 (0.8, 56) 1.5 (0.5, 4.3) 4.4 (0.5, 41) 

E-SEL (CD62E) 4.6 (1.4, 15) 2.0 (0.5, 7.2) 7.1 (2.0, 24) 2.0 (0.5, 8.3) 

MMP-1 1.0 (0.4, 2.9) 1.3 (0.4, 5.0) 0.8 (0.3, 2.4) 0.9 (0.2, 3.9) 

MMP-9 0.7 (0.3, 1.9) 1.1 (0.2, 6.3) 1.7 (0.6, 4.6) 1.3 (0.2, 8.6) 

VEGF 1.0 (0.4, 2.7) 1.8 (0.3, 10) 1.0 (0.3, 2.7) 1.0 (0.3, 7.8) 

VEGF-R1 1.3 (0.5, 3.3) 4.2 (1.2, 15) 2.3 (0.8, 6.3) 2.7 (0.7, 11) 

VEGF-R2 1.5 (0.6, 4.0) 8.0 (1.7, 38) 1.3 (0.5, 3.6) 3.8 (0.7, 20) 

IGFBP-1 0.8 (0.3, 2.3) 0.9 (0.3, 2.7) 2.0 (0.6, 6.3) 1.9 (0.6, 6.1) 

Maximum N Total = 139;  Normal weight = 60; Overweight = 34; Obese = 45 
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DISCUSSION 

Our main finding is that preterm newborns of overweight and obese women appear to be 

more likely to have systemic inflammation than their peers born to women with lower 

BMIs, but only among those delivered for maternal or fetal indications. This association 

was more prominent for protein elevations observed on 2 or more days than for 

elevations present on one day only, especially among the infants of overweight women.  

We previously found in this sample that the pregnancy disorders associated with 

spontaneous indications for delivery are more likely to have inflammatory characteristics 

including placenta inflammation and recovery of micro-organisms from the placenta than 

the disorders that comprise maternal and fetal indications (33). Moreover, infants whose 

mother had a pregnancy disorder considered a spontaneous indication were more likely 

than others to have systemic inflammation on the first postnatal day (34).  

 

We offer two explanations for the differences we found between spontaneous and other 

indications for delivery. First, perhaps the inflammation associated with spontaneous 

indications obscures the contribution of maternal obesity to neonatal systemic 

inflammation, while it is not obscured in the non-inflammatory environment that 

characterizes maternal and fetal indications. Second, the placenta development 

abnormalities in the disorders that characterize maternal and fetal indications groups (33) 

might predispose the newborns to postnatal systemic inflammation. This possibility is 

supported by the enhanced inflammatory response seen in severely growth restricted 

very preterm newborns (45).  

 

We do not yet have a good explanation for our finding that postnatal intermittent or 

sustained systemic inflammation is associated more strongly with maternal overweight 

than with maternal obesity. A group of obese adults has been identified as 'metabolically 

healthy’ (46-49). Despite their obesity, these ‘metabolically healthy’ adults have less 

inflammation than other obese adults. We raise the possibility that an appreciable 

number of these gravidas in our sample account for the differences we see between the 

offspring of those who are overweight and those who are obese. This explanation is 
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supported by the observation that a pro-inflammatory biomarker (soluble urokinase 

plasminogen activator receptor) was associated with type 2 diabetes among overweight 

but not obese adults (49). 

 

One possible mediator of the obesity-inflammation relationship is leptin, a protein 

synthesized primarily by adipocytes of white adipose tissue. Leptin stimulates production 

of pro-inflammatory cytokines, such as IL-1b, IL-6, and TNF-α in macrophages and 

monocytes from normal animals and humans in vitro (50, 51) and contributes to a variety 

of inflammatory responses in vivo (52-54). The greater the total amount of white adipose 

tissue, the higher the level of circulating leptin, and consequently, the greater the 

inflammation. A genome-wide association study for CRP identified nine genetic variants 

within the leptin receptor gene that reached genome-wide significance for association 

with CRP levels (55). This finding suggests that obesity and inflammation share a common 

genetic footprint.  

 

Our finding a pattern of inflammation on two or more days suggests that a mother’s 

overweight puts her child on a proinflammatory trajectory. Indeed, twelve-year-old 

children whose mother’s pre-pregnancy BMI was above the 66
th

 centile were 16 times 

more likely to have detectable concentrations of high sensitivity C-reactive protein (hs-

CRP) in their blood than were age-matched peers whose mother had a pre-pregnancy BMI 

below the 33
rd

 centile (19). We do not know of a study that looked at a younger group of 

children. Our study documents that a pro-inflammatory tendency can be seen shortly 

after birth.  

 

Children of obese mothers seem to be at increased risk for metabolic syndrome, cognitive 

problems and obesity (17, 21-27). If inflammation is on the causal pathway, modulating 

early inflammation might reduce the later occurrence of these conditions. 

 

Among the strengths of our study are the large numbers of subjects, the large number of 

inflammation-related proteins uniformly measured at multiple time points, the high 
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quality (39, 40) and high content validity (34, 35, 42, 56) of the protein measurements, 

and the recruitment of infants based on gestational age rather than birth weight (57). One 

limitation is that the observational nature of our study does not allow us to draw causal 

inferences for what we found. Another limitation of our study is that inflammatory 

biomarkers were assessed only in the newborns and not in the mothers. Therefore, we 

could not test the relationship between maternal leptin and other obesity hormones and 

inflammation in the newborn.  

 

In summary, mother’s pre-pregnancy overweight appears to contribute to a prolonged 

pro-inflammatory state in very preterm infants delivered for maternal or fetal indications, 

but not for spontaneous indications.  
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ABSTRACT 

Background: Childhood obesity is associated with elevated blood concentrations of 

inflammation markers. It is not known to what extent inflammation precedes the 

development of obesity.  

 

Methods: In a cohort of 882 infants born before 28 weeks of gestation, we examined 

relationships between concentrations of 25 inflammation-related proteins in blood 

obtained during the first two postnatal weeks and body mass index at 2 years of age. 

 

Results: Among children delivered for spontaneous indications (n=734), obesity was 

associated with elevated concentrations of four proteins (IL-1β, IL-6, TNF-R1, and MCP-1) 

on the first postnatal day; one protein (IL-6) on postnatal day 7; and two proteins (ICAM-3 

and VEGF-R1) on postnatal day 14. Among children delivered for maternal or fetal 

indications (n=148), obesity was associated with elevated concentrations of seven 

proteins on the 14
th

 postnatal day. In multivariable models in the spontaneous indications 

subsample, elevated IL-6 on day 1 predicted obesity (odds ratio: 2.9; 95% confidence 

limits: 1.2, 6.8), while elevated VCAM-1 on day 14 predicted overweight at 2 years of age 

(odds ratio: 2.3; 95% confidence limits: 1.2, 4.3).  

 

Conclusions: In this cohort, neonatal systemic inflammation preceded the onset of 

obesity, suggesting that inflammation might contribute to the development of obesity.   
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INTRODUCTION  

Using current expert panel definitions, which define obesity in children as a BMI at or 

above the 95
th

 percentile for age and sex, and overweight as between the 85
th

 and 95
th

 

percentiles, approximately 33% of US children and adolescents are overweight or obese 

(1). Childhood obesity is associated with increased risk of numerous health problems, 

particularly cardio-metabolic disorders (2). Because of the morbidity and mortality related 

to obesity, identifying possible precursors is of utmost importance.  

 

Several prenatal and early-infancy factors predict obesity in later childhood. Maternal pre-

pregnancy obesity (3), high maternal gestational weight gain (4), and maternal gestational 

diabetes (5) are all antenatal risk factors for later obesity. Preterm birth is a perinatal risk 

factor (6), as is greater weight gain within the first postnatal week (7).  

 

Obesity in adults is characterized by a state of chronic low-grade inflammation (8). 

Children with obesity (9) and children with elevated measures of adiposity (10) are more 

likely than others to have high circulating levels of several markers of inflammation, 

including both pro-inflammatory cytokines and acute-phase proteins. Most investigators 

explain this relationship by hypothesizing that obesity promotes inflammation. An 

alternative (and/or additional) explanation is that some inflammation precedes the 

obesity (11). Prenatal and perinatal exposures might increase inflammatory mediators 

that play a role in metabolic programming (appetite control or hormonal environment) 

through epigenetic regulation of gene expression) (12). 

 

Scant research addresses temporality between inflammation and obesity in childhood, 

and no studies examine the relationship between elevated perinatal concentrations of 

circulating inflammatory proteins and subsequent obesity. Therefore, we sought to 

evaluate to what extent neonatal inflammation is an antecedent of early childhood 

obesity in a preterm population. In a cohort of infants born prior to 28 weeks gestation 

(extremely low gestational age newborns; ELGANs), we investigated the relationship 

between circulating inflammation-related proteins measured during the first few 
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postnatal weeks and obesity at age 2 years, when BMI standards are well-defined. We 

studied children who were born extremely preterm because children born prematurely 

and those born small for gestational age (SGA) are at increased risk of obesity in childhood 

compared to children born at term, independent of other demographic, physiological, 

environmental, and cultural factors also related to obesity (6, 13). 

 

METHODS 

Study Participants 

The ELGAN study was originally designed to identify characteristics and exposures that 

increase the risk of structural and functional neurologic disorders in ELGANs (14). During 

the years 2002-2004, the 1249 mothers of 1506 infants delivered before 28 weeks 

gestation at one of 14 participating institutions in the United States consented for their 

children’s participation in the study. Data collection tools and procedures were uniform 

across the 14 sites. The enrollment and consent processes were approved by the 

individual institutional review boards. Twelve hundred participants survived to two years 

of age (age adjusted for degree of prematurity) and 1056 of these children came for 

neurodevelopmental and health assessments at that age. From the subset of study 

participants who came for evaluation at two years, we had measurements of 

inflammation-related blood proteins measured in blood spots obtained during the first 

two postnatal weeks and measurement of height and weight at two years for 882 children 

(73.5% of all survivors and 83.5% of survivors who were evaluated at two years).  

 

Demographic and pregnancy variables 

After delivery, a trained research nurse interviewed each mother in her native language 

using a structured data collection and following procedures contained in a manual. The 

mother’s report of her own characteristics and exposures, as well as the sequence of 

events leading to preterm delivery was taken as truth, even when her medical record 

provided discrepant information. Maternal report disagree with the clinical record in less 

than 5% of cases and in our experience has been more internally consistent than what 

physicians recorded in medical records (15).  
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Shortly after discharge, the research nurse reviewed the maternal chart using a second 

structured data collection form to collect information about events after admission. The 

spontaneous initiators of preterm delivery (i.e., preterm labor, prelabor rupture of the 

fetal membranes, placental abruption, cervical insufficiency), maternal indicators 

(including preeclampsia), and delivery for fetal indications are defined elsewhere.  

 

Pre-pregnancy Maternal body mass index (BMI) 

Each mother was asked to provide her height and her pre-pregnancy weight, which were 

used to calculate her BMI. The United States government classifies adult BMIs as follows: 

< 18.5 is underweight, 18.5–24.9 is healthy weight, 25.0–29.9 is overweight, 30.0–34.9 is 

obese, 35.0–39.9 is very obese, and ≥ 40 is extreme obesity (16). We collapsed the five 

groups down to three: < 18.5, 18.5-29.9, and ≥ 30.  

 

Placentas 

A placenta was examined histologically for all but 72 of the infants. In keeping with the 

guidelines of the 1991 College of American Pathologists Conference, representative 

sections were taken from all abnormal areas as well as routine sections of the umbilical 

cord and a membrane roll, and full thickness sections from the center and a paracentral 

zone of the placental disc. After training to minimize observer variability, study 

pathologists examined the slides for histologic characteristics listed on a standardized 

data form they helped create (17). Histologic chorioamnionitis was classified as grade 3 if 

the membranes and/or decidua had numerous large or confluent foci of neutrophils and 

as grade 4 if necrosis was present. 

 

Infant Characteristics 

Gestational age estimates were based on a hierarchy of the quality of available 

information with estimates based on the dates of embryo retrieval or intrauterine 

insemination or fetal ultrasound before the 14
th

 week of gestation (62%) as the most 

desirable. Next most desirable in sequential order were estimates based on a fetal 
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ultrasound at 14 or more weeks of gestation (29%), last menstrual period (7%), and 

recorded in the log of the NICU.  

 

The birth weight Z-score represents the number of standard deviations the infant’s birth 

weight was above or below the mean weight of infants at the same gestational age in 

referent samples not delivered for maternal or fetal indications (18).  

 

The overall change in weight over the interval between day 7 and day 28 was expressed as 

the difference between the weight on day 7 and the weight on day 28, divided by the 

weight on day 7, in kilograms. The growth velocity per day was then calculated by dividing 

the overall weigh change per kilogram of body weight by 21, the number of days in the 

interval between day 7 and day 28. 

 

Documented early bacteremia was defined as recovery of an organism from blood drawn 

during first week, and late bacteremia as recovery of an organism from blood drawn 

during weeks 2, 3 or 4. Specific organisms were not identified. 

 

The child’s necrotizing enterocolitis status was classified according to the modified Bell 

staging system (19). Chronic lung disease/bronchopulmonary dysplasia was defined as 

oxygen therapy at 36 weeks adjusted gestation. 

 

BMI at Two Years 

Height and weight, measured during the examination component of ELGAN, were used to 

calculate BMI (weight in kilograms divided by height in meters squared). Each child’s BMI 

percentile for sex and age was determined by comparison to the CDC growth chart 

percentiles. Children with weight ≥95th percentile are considered obese; those with 

weight ≥85th to <95th percentile are considered overweight; and those with weight to 

≥5th to <85th percentile are of healthy weight (20). 
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Blood spot collection 

Drops of blood from the newborns were collected on filter paper on postnatal days 1 

(range: 1-3 days) (N = 861), 7 (range: 5-8 days) (N = 867), and 14 (range: 12-15 days) (N = 

786). All blood was from what remained after specimens were obtained for clinical 

indications. Dried blood spots were stored at -70˚C in sealed bags with desiccant until 

processed.  

 

Protein measurements (Supplemental Table 1) 

Additional details about the elution of proteins from the blood spots and measurement of 

proteins have been previously reported.(21) Proteins were measured in duplicate in the 

Laboratory of Genital Tract Biology of the Department of Obstetrics, Gynecology and 

Reproductive Biology at Brigham and Women's Hospital, Boston using the Meso Scale 

Discovery (MSD) multiplex platform and Sector Imager 2400 (MSD, Gaithersburg, MD). 

This electrochemiluminescence system has been validated by comparisons with 

traditional ELISA and produces measurements that have high content validity (21). 

 

The multiplex assays measuring up to 10 proteins simultaneously were optimized to allow 

detection of each biomarker within the linearity range of the eluted samples. The MSD 

Discovery Workbench Software was used to convert relative luminescent units into 

protein concentrations using interpolation from several log calibrator curves. Split quality 

control blood pools tested on each plate showed inter-assay variation of < 20% in the 

linearity range customized for the blood spot elution samples. The total protein 

concentration in each eluted sample was determined by BCA assay (Thermo Scientific, 

Rockford, IL) using a multi-label Victor 2 counter (Perkin Elmer, Boston, MA) and the 

measurements of each inflammation protein normalized to mg total protein. 

 

We measured the following 25 proteins: C-Reactive Protein (CRP), Serum Amyloid A (SAA), 

Myeloperoxidase (MPO), Interleukin-1 beta IL -1 beta, Interleukin-6 (IL-6), Interleukin-6 

Receptor (IL-6R), Tumor Necrosis Factor-alpha (TNF-alpha, Tumor Necrosis Factor-alpha 

Receptor-1 (TNF-R1), Tumor Necrosis Factor-alpha Receptor-2 (TNF-R2), Interleukin-8 (IL-
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8; CXCL8), Monocyte Chemotactic Protein-1 (MCP-1; CCL2) , Monocyte Chemoattractant 

Protein -4 (MCP-4; CCL13), Macrophage Inflammatory Protein-1 beta (MIP-1 beta; CCL4), 

Regulated upon Activation, Normal T-cell Expressed, and [presumably] Secreted (RANTES; 

CCL5), Interferon-inducible T cell Alpha-Chemoattractant (I-TAC; CXCL11) , Intercellular 

Adhesion Molecule -1 (ICAM-1; CD54), Intercellular Adhesion Molecule -3 (ICAM-3; CD50), 

Vascular Cell Adhesion Molecule-1 VCAM-1; CD106), E-selectin (CD62E), Matrix 

Metalloproteinase-1 (MMP-1), Matrix Metalloproteinase-9 (MMP-9), Vascular Endothelial 

Growth Factor (VEGF), Vascular Endothelial Growth Factor Receptor-1(VEGF-R1; Flt-1), 

Vascular Endothelial Growth Factor Receptor-2 (VEGF-R2; KDR), Insulin Growth Factor 

Binding Protein-1 (IGFBP-1). 

 

Data analysis 

We evaluated the null hypothesis that ELGANS who have concentrations of inflammation-

related proteins in the top quartile during the first two postnatal weeks are no more likely 

than others to be overweight or obese at 24 months.  

 

We evaluated children delivered for spontaneous indications separately from those 

delivered for fetal or maternal indications for two reasons. First, in this sample, 

concentrations of inflammation-associated proteins in postnatal blood differ between 

these two groups(22). Second, in this sample, the prevalence of fetal growth restriction 

was much higher among infants delivered for maternal or fetal indications than among 

those delivered for spontaneous indications (23). 

 

We first explored to what extent perinatal variables are related to growth velocity and to 

2-year BMI category in groups of infants delivered for spontaneous indications and for 

maternal and fetal indications. We then explored the distribution of inflammation-related 

protein concentrations in the top quartile among 2-year BMI categories during each of 

three time intervals during the first postnatal weeks, separately for children whose birth 

was prompted by spontaneous indications and maternal/fetal indications. 
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We used time-oriented multivariable regression, specifically multinominal logistic 

regression, to control confounding (24). This time-oriented approach to model selection is 

appropriate because antenatal antecedents of BMI at 2 years can influence the likelihood 

of postnatal antecedents. We categorized sets of antecedents by the time they occur, or 

are identified (e.g., antenatal, day 1,7, and 14 protein measures, and later postnatal). We 

then used a step down procedure, seeking a parsimonious solution without interaction 

terms. The initial step in this multi-step analysis included only prenatal variables. We 

eliminated variables that were not significantly associated with overweight and obesity 

until the only variables that remained were those significantly associated with either 

overweight or obesity.  We then re-entered each previously eliminated variable to see if it 

might add significant information to the most parsimonious model. Only those variables 

with statistically significant associations with BMI at 2 years were carried forward to the 

next step. The second, third, and fourth steps considered, day 1, day 7, and day 14 protein 

variables, respectively. At each step, non-significant variables were dropped and 

statistically significant variables retained from earlier steps could not be dropped. 

Dropped variables were reconsidered as described for step 1. Having "adjusted" for 

prenatal variables and proteins on days 1, 7, and 14, we added variables for the lowest 

and highest quartiles of growth velocity between days 7 and 28 to see if they added 

significant information about child overweight and obesity at 2 years. These models 

allowed us to calculate odds ratios and 95% confidence intervals. The multinomial 

outcome was BMI centile 85-94  (overweight) and ≥ 95 (obese) and BMI centile < 85 

(healthy weight) was the referent category.  

 

RESULTS  

Sample description (Table 1) 

Children who were members of the cohort but were not evaluated at 2 years were more 

likely to have been born to mothers with pregnancy weight gain in the lowest quartile for 

our sample and were more likely to have had gestational diabetes. Of the 882 infants in 

the study sample, 734 were delivered for spontaneous indications, and 148 were 

delivered for maternal (N=114) or fetal indications (N=34). Among infants who survived to 
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28 days and were weighed on both occasions, the upper bound of the lowest quartile of 

growth velocity was 13.8, the median was 18.3, and the upper bound of the third quartile 

was 22.6.  

 

Infants delivered for spontaneous indications (Table 2)  

Infants with obesity at age 2 years were more likely than others to have a mother who 

identified as Black, and who was obese prior to her pregnancy. The proportion of children 

whose placenta was inflamed increased with increasing 2-year BMI. Children with obesity 

were less likely than others to be male, have a twin or triplet, or a birth weight at or below 

750 grams, and more likely to have had an early growth velocity in the top quartile.  

 

Infants delivered for maternal or fetal indications (Table 3) 

Infants who had necrotizing enterocolitis or chronic lung disease were more likely than 

others to be obese at age 2 years. They were less likely than others to have a mother with 

obesity just before the pregnancy, to be male, or to have been born during the 23
rd

 or 24
th

 

week of gestation. 

 

Protein concentrations in the blood of infants delivered for spontaneous indications 

(Table 4)  

Among children who are obese, the frequency of a top-quartile day-1 concentration of IL-

1β, IL-6, TNF-R1, and MCP-1 was 1.5 to 1.9 times greater than the frequency among 

healthy weight children. Children who were obese had a frequency of top quartile day-7 

concentration of IL-6 and top quartile concentrations of ICAM-3 and VEGF-R1 on day 14 

that was at least 1.5 times that of healthy weight children. Children who are overweight 

had frequencies of a top-quartile day-1 concentration of  VCAM-1, a top quartile day-7 

concentration of IL-1β, and a top quartile day-14 concentration of IL-6R, ICAM-1 and 

VCAM -1 that was at least 1.5 times that of healthy weight children. Overweight children 

were 3 times less likely to have a top quartile day-14 concentration of MMP-1. 
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Protein concentrations of infants delivered for maternal or fetal indications (Table 5) 

With only a maximum of 8 overweight children and 12 obese children, just one more or 

less child in either of these weight categories in the top quartile appreciably alters our 

perception of the proportion who have a concentration in the top quartile. Children who 

were obese at 2 years were less likely than others to have had elevated concentrations of 

inflammation-related proteins in the day-1 blood spot. This trend was less evident in the 

day-7 blood spot. Children who are obese were more likely than others to have had a day-

14 top quartile concentration of CRP, MPO, IL-1β, IL-6, TNF-α, IL-8, MMP-9, and VEGF-R1. 

Overweight children were more likely than others to have a day-7 top quartile 

concentration of SAA, IL-1β, I-TAC and IGFBP-1, and a day-14 top quartile concentration of 

CRP, I-TAC. E-SEL, VEGF, and VEGF-R1 

 

Multinomial, time-oriented risk models of the antecedents of being overweight or 

obese at age 2-years among infants delivered for spontaneous indications (Table 6)  

We addressed the contribution of antecedents to overweight (BMI centiles 85-94) and 

obesity (BMI centiles ≥ 95) that occurred before measurement of the day-1 proteins, by 

beginning with a model that included characteristics evident at the time of delivery. In its 

most parsimonious form, the risk of obesity was significantly reduced among boys [odds 

ratio (OR)=0.4 (95% confidence interval (CI): 0.2, 0.99)], children born with a sibling 

[OR=0.2 (95% CI: 0.1, 0.7)], or those whose birth weight was ≤750 grams [OR=0.2 (95% CI: 

0.1, 0.8)]. 

 

When the top quartile day-1 protein concentrations was added to multivariable analysis 

of factors associated with overweight and obesity, only IL-6 added significant 

discriminating information about increased risk of obesity [OR=2.9 (95% CI: 1.2, 6.8)]. No 

day-7 protein concentrations contributed to the model.  

 

Adding top quartile day-14 protein concentrations did not add significant information 

about obesity, but a top-quartile VCAM-1 concentration was associated with increased 
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risk of being overweight [OR=2.3 (95% CI: 1.2, 4.3)], while a top-quartile MMP-1 

concentration was associated with reduced risk [OR=0.2 (95% CI: 0.1, 0.6)].     

 

Because growth velocity was measured for the 2
nd

 through 4
th

 weeks, variables for highest 

and lowest quartiles of growth velocity were added after the day-14 protein 

measurements. Neither highest nor lowest growth velocity quartile added significant 

information about the risk of being overweight or obese two years later, although highest 

growth velocity quartile was nearly significantly associated with obesity at 2 years [OR=2.6 

(95% CI: 1.00, 6.5)]. 

 

The relatively small sample of infants delivered for fetal or maternal indications did not 

allow for confidence in creating stable multivariable models. Consequently, no 

multivariable model of overweight or obesity at age 2 years is presented for the 

subsample of children delivered for fetal or maternal indications. 
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Table 1. The percent of children who are in or not in the analysis sample who also had the 

characteristic listed on the left. These are column percents.  

 In the analysis  

Characteristics of the mother and infant sample? Row 

 
Yes No N 

Public insurance Yes 38 40 418 

Black race Yes 28 22 291 

Hispanic Yes 11 16 129 

Pre-pregnancy  < 18.5 8 7 82 

   BMI   > 30 21 20 221 

Pregnancy weight Highest 24 29 264 

  gain quartile Lowest 24 47 238 

Gestational diabetes Yes 49 67 37 

Histologic Yes 33 35 369 

  chorioamnionitis* missing 9 6 93 

Indication for delivery PTL 45 46 498 

 
pPROM 22 21 240 

 PE 13 14 144 

 Abruption 11 8 118 

 Cerv insuf 5 6 58 

 FI 4 5 44 

Cesarean delivery Yes 66 69 736 

Sex Male 52 50 569 

# of fetuses 2+ 33 38 373 

Gestational  23-24 21 16 220 

  age (weeks) 25-26 47 43 508 

Birth weight ≤ 750 37 31 397 

  (grams) 750-1000 44 44 487 

BW Z-score** < -2 5 5 58 

 ≥ -2, < -1 13 15 145 

% Weight gain, week 1 Highest Q 24 23 257 

Growth velocity
† 

quartile Lowest 24 29 266 

    Highest 24 18 249 

Bacteria in blood Week 1 6 7 69 

   Week 2+ 26 21 276 

Necrotizing enterocolitis
††

 Yes 8 6 83 

Chronic lung disease § Yes 53 41 443 

Maximum number of infants 882 220 1102 
* Grades 3 and 4 

** Yudkin standard 
†
 1000 x [(weight day 28 - weight day 7) / weight day 7] / 21 

†† Stage IIIa, IIIb, or perforation 

§ Receiving oxygen at 36 weeks postconceptional age 
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Table 2. The percent of children who were in the BMI category listed at the top of the 

column who also had the characteristic listed on the left. These are column percents. This 

table is restricted to infants whose delivery was for spontaneous indications (including 

preterm labor, preterm premature rupture of membranes, abruption or cervical 

insufficiency). 

 Child's BMI centile  

Characteristics of the mother at 24 months Row 

and infant < 85 85-94 ≥ 95 N 

Public insurance Yes 40 29 39 281 

Black race Yes 28 22 39 201 

Hispanic Yes 11 10 6 80 

Pre-pregnancy  < 18.5 9 9 0 62 

   BMI   > 30 18 19 35 134 

Pregnancy weight Highest 23 19 16 158 

  gain quartile Lowest 23 28 42 171 

Gestational diabetes Yes 6 2 6 39 

Histologic Yes 39 43 47 289 

  chorioamnionitis* missing 10 7 9 72 

Indication for PTL 55 45 50 396 

   delivery pPROM 27 27 21 193 

 Abruption 13 20 18 101 

 Cerv insuf 5 8 12 44 

Cesarean delivery Yes 62 50 56 443 

Sex Male 55 67 38 407 

# of fetuses 2+ 38 30 12 265 

Gestational  23-24 24 23 18 174 

  age (weeks) 25-26 46 47 47 339 

Birth weight ≤ 750 33 30 15 236 

  (grams) 750-1000 48 45 50 348 

BW Z-score** < -2 2 2 0 14 

 ≥ -2, < -1 8 3 6 58 

% Weight gain, week 1 Highest Q 20 17 9 138 

Growth velocity
† 

quartile Lowest 26 18 12 182 

   Highest 22 32 35 171 

Bacteria in blood Week 1 6 7 0 44 

   Week 2+ 25 30 24 188 

Necrotizing enterocolitis
††

 Yes 8 5 9 58 

Chronic lung disease § Yes 50 62 47 373 

Maximum number of infants 640 60 34 734 
* Grades 3 and 4 

** Yudkin standard 
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† 1000 x [(weight day 28 - weight day 7) / weight day 7] / 21 
†† Stage IIIa, IIIb, or perforation 

§ Receiving oxygen at 36 weeks postconceptional age 

 

Table 3. The percent of children who who were in the BMI category listed at the top of 

the column who also had the characteristic listed on the left. These are column percents. 

This table is restricted to infants who delivered for maternal or fetal indications.  

 Child's BMI  

Characteristics of the mother at 24 months Row 

and infant < 85 85-94 ≥ 95 N 

Public insurance Yes 35 38 42 52 

Black race Yes 28 38 33 42 

Hispanic Yes 9 25 0 13 

Pre-pregnancy  < 18.5 3 0 8 5 

   BMI   > 30 33 50 8 46 

Gestational diabetes Yes 10 13 17 16 

Histologic Yes 3 0 0 4 

  Chorioamnionitis* missing 5 0 8 8 

Indication for Pre-eclampsia 77 88 75 114 

   delivery Fetal indications 23 13 25 35 

Cesarean delivery Yes 95 100 92 141 

Sex Male 34 63 25 52 

# of fetuses 2+ 15 25 33 25 

Gestational  23-24 8 13 0 11 

  age (weeks) 25-26 47 63 75 74 

Birth weight ≤ 750 60 88 67 92 

  (grams) 750-1000 30 13 25 42 

BW Z-score
*
 < -2 23 25 25 34 

 ≥ -2, < -1 35 63 33 55 

Growth velocity
†
 Lowest 20 12 17 28 

   quartile Highest 27 38 42 43 

Bacteria in   Week 1 7 0 0 9 

   blood Week 2+ 29 0 42 42 

NEC
†
 Yes 6 13 25 12 

CLD§ Yes 61 63 75 91 

Maximum number of infants 128 8 12 148 
* Grades 3 and 4 

** Yudkin standard 
† 1000 x [(weight day 28 - weight day 7) / weight day 7] / 21 
††

 Stage IIIa, IIIb, or perforation 

§ Receiving O2 at 36 weeks PCA  
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Table 4. Percent of all children who had the BMI at the top of each column at age 24 

months years who also had a concentration in the top quartile of the protein on the left 

on the postnatal days 1, 7, and 14. These are column percents. This table is restricted to 

infants who delivered for spontaneous indications (i.e., preterm labor, preterm premature 

rupture of membranes, abruption or cervical insufficiency). 

  

 
 

Day 1 (n=679) Day 7 (n=688) Day 14 (n=622) 

B M I  c e n t i l e  a t  2 4  m o n t h s  

Protein < 85 85-94 ≥ 95 < 85 85-94 ≥ 95 < 85 85-94 ≥ 95 

Systemic  

 inflammation 
CRP 26 28 10 23 18 10 23 23 17 

SAA 25 28 26 24 21 13 24 26 23 

MPO 29 25 19 28 21 32 25 21 20 

Cytokines  

 and receptors 
IL-1β 26 33 45 24 37 29 23 19 20 

IL-6 27 25 52 24 23 39 24 17 17 

IL-6R 27 25 35 25 30 35 23 36 30 

TNF-α 26 35 32 26 28 29 24 19 30 

TNF-R1 28 30 42 26 23 29 24 30 17 

TNF-R2 26 33 35 26 18 23 24 32 17 

Chemokines IL-8  26 28 29 26 28 26 23 19 17 

MCP-1  24 30 42 23 25 29 23 23 20 

MCP-4 25 35 32 26 25 13 25 23 17 

MIP-1β 28 19 35 26 25 19 25 17 30 

RANTES 26 28 32 27 25 42 26 25 33 

I-TAC 26 21 35 24 14 29 25 21 30 

Adhesion  

 molecules 
ICAM-1 26 28 29 22 18 19 22 36 20 

ICAM-3 29 28 23 29 30 32 24 28 37 

VCAM-1 26 40 23 27 26 29 25 42 27 

E-SEL  28 30 29 25 25 29 24 28 20 

Matrix metallo- 

 proteinases 
MMP-1 28 23 23 27 14 39 27 9 33 

MMP-9 29 30 29 29 28 39 25 25 20 

Angiogenic  

 proteins 
VEGF 28 28 19 29 25 39 26 15 33 

VEGF-R1 21 19 23 27 23 29 24 21 37 

VEGF-R2 26 28 29 25 19 29 23 30 23 

IGFBP-1 20 26 23 21 25 23 24 19 17 

Maximum number of infants 591 57 31 600 57 31 539 53 30 
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Table 5. Percent of all children who had the BMI at the top of each column at age 2 years 

who also had a concentration in the top quartile of the protein on the left on the 

postnatal days 1, 7, and 14. These are column percents. This table is restricted to infants 

who delivered for maternal or fetal indications.   

 

 
 

Day 1 (n=679) Day 7 (n=688) Day 14 (n=622) 

B M I  c e n t i l e  a t  2 4  m o n t h s  

Protein < 85 85-94 ≥ 95 < 85 85-94 ≥ 95 < 85 85-94 ≥ 95 

Systemic  

 inflammation 
CRP 20 0 8 47 14 33 39 50 44 

SAA 24 0 8 38 43 17 32 25 22 

MPO 10 13 8 14 14 17 27 13 56 

Cytokines  

 and receptors 
IL-1β 15 13 8 22 43 33 35 38 67 

IL-6 15 0 0 62 29 33 35 25 56 

IL-6R 18 25 0 22 0 33 30 0 33 

TNF-α 16 13 0 26 29 29 36 25 67 

TNF-R1 13 0 0 29 14 17 31 38 33 

TNF-R2 15 13 0 33 14 17 32 13 22 

Chemokines IL-8  23 13 0 22 14 8 37 13 56 

MCP-1  28 13 25 32 14 25 37 25 33 

MCP-4 23 25 17 28 14 17 31 38 22 

MIP-1β 16 25 8 26 14 8 31 38 22 

RANTES 18 13 0 15 0 8 25 38 0 

I-TAC 19 25 8 28 43 17 22 50 22 

Adhesion  

 molecules 
ICAM-1 20 0 0 46 0 33 43 0 33 

ICAM-3 10 13 8 10 14 0 29 25 33 

VCAM-1 19 13 0 17 0 33 20 13 33 

E-SEL  15 0 0 26 0 17 32 50 11 

Matrix metallo- 

 proteinases 
MMP-1 17 0 8 20 0 33 19 25 11 

MMP-9 9 13 8 8 14 17 28 13 44 

Angiogenic  

 proteins 
VEGF 9 13 0 8 14 8 22 63 22 

VEGF-R1 49 25 25 21 29 33 25 63 44 

VEGF-R2 20 0 0 32 0 8 41 13 11 

IGFBP-1 50 50 25 41 57 33 36 25 22 

Maximum number of infants 114 8 12 117 7 12 111 8 9 
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Table 6. Odds ratios (95% confidence interval) of having a BMI category of overweight or 

obese with healthy weight as the referent group at age 2 years. These time-oriented 

models are limited to infants delivered for spontaneous indications (n=563). Bold 

numbers are significantly greater than 1.0. Italicized bold numbers are significantly less 

than 1.0.    

  BMI centile at 24 months 

  85-94 ≥ 95 

  (Overweight) (Obese) 

Pre-pregnancy BMI  ≥ 30 1.1 (0.5, 2.2) 2.7 (1.1, 6.7) 

Sex Male 1.7 (0.9, 3.3) 0.4 (0.2, 0.99) 

Multi-fetal pregnancy Yes 0.8 (0.4, 1.5) 0.2 (0.1, 0.7) 

Birth weight ≤ 750 g 0.8 (0.4, 1.6) 0.2 (0.1, 0.8) 

Day 1 proteins IL-6 0.8 (0.4, 1.6) 2.9 (1.2, 6.8) 

Day 7 proteins None ---- ---- 

Day 14 proteins VCAM-1 2.3 (1.2, 4.3) 1.6 (0.6, 4.0) 

 MMP-1 0.2 (0.1, 0.6) 1.0 (0.4, 2.7) 

Growth velocity Lowest quartile 0.8 (0.4, 1.8) 0.3 (0.1, 1.6) 

 Highest quartile 1.5 (0.8, 3.1) 2.6 (1.00, 6.5) 
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DISCUSSION 

We have two major findings. First, among ELGANs who were delivered for spontaneous 

indications, infants who were obese at age 2 years were more likely than others to have 

had elevated levels of inflammation proteins in blood obtained on the first postnatal day. 

Second, among those who were delivered for maternal or fetal indications, the perinatal 

inflammation associated with obesity at age 2 years was first evident in blood obtained on 

postnatal day 14. Even after controlling for multiple other factors in parsimonious 

multivariable models of obesity risk in the larger spontaneous indications subsample, an 

elevated concentration of day-1 IL-6 is a strong predictor of obesity at age 2, and an 

elevated concentration of day-14 VCAM-1 is a strong predictor of overweight. Thus, our 

findings support the hypothesis that inflammation can precede the onset of obesity, 

although obesity might well also exacerbate responses to inflammatory stimuli at later 

ages.  

 

Why did the pattern for spontaneous indications differ from the pattern for 

maternal/fetal indications?  

The systemic inflammation evident on postnatal day 1 in those delivered for spontaneous 

indications might reflect in utero phenomena resulting in fetal, and hence, very early 

neonatal inflammation (25). In contrast, the systemic inflammation in those delivered for 

maternal or fetal indications probably reflects a relative absence of in utero inflammatory 

stimuli, and a proclivity to respond intensely to ex utero inflammatory stimuli (22, 26, 27). 

The pattern of inflammatory cytokines related to obesity on Day 14 among children who 

were delivered for maternal or fetal indications was similar to the Day-1 pattern for 

children delivered for spontaneous indications.   

 

Why did only a few proteins have significant associations in the multivariable models?  

In parsimonious multivariable models, only those risk factors are added (to the model) 

that provide unique supplemental risk information. We found that elevated 

concentrations of only one inflammation-associated protein conveyed information about 

obesity and only one conveyed risk information about overweight. This was expected in 
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light of the highly inter-correlated relationships among inflammation-related proteins in 

this cohort (28).  

 

Epigenetic phenomena/fetal programming  

Evidence of presumed fetal programming in the ELGAN Study comes from the observation 

that severely growth-restricted newborns did not have a systemic inflammatory signal on 

the first postnatal day, but two weeks later had a stronger inflammatory response than 

newborns who were not growth restricted (22). Months later severely growth-restricted 

newborns were at increased risk of bronchopulmonary dysplasia (26). Two years later, 

they were more likely than their peers to have a low score on a cognition assessment (23). 

 

Although our day-1 blood specimens are not umbilical cord specimens, the inflammation 

evident in these samples does reflect maternal and/or in utero influences (25, 29, 30). 

Such early inflammation associated with inflammatory placenta and pregnancy 

characteristics is markedly diminished by day 7 and essentially no longer evident by day 

14. Consequently, the blood sampled on days 7 and 14, which provide evidence of 

systemic inflammation, is unlikely to reflect information about pre-delivery inflammatory 

stimuli.  

 

In light of these observations, we raise the possibility that some of the early associations 

with systemic inflammation in our extremely preterm sample might be evidence of fetal 

programming. If so, the inflammation we see associated with childhood obesity could be 

an early expression of the developmental programming that leads to adiposity in later 

childhood (31).  

 

The intestinal organisms now identified as “gut microbiota” influence the risk of obesity 

via multiple mechanisms, including energy balance, glucose metabolism, and low-grade 

inflammation (32). These observations have led some to view obesity and inflammation as 

having a common etiology. Indeed, it is likely that a positive feedback loop exists between 

local inflammation in adipose tissue (e.g., the synthesis of adiponectin, leptin and resistin) 
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and immune responses elsewhere in the body (e.g., the synthesis of pro-inflammatory 

cytokines and related proteins) (8).  

 

Alternate Explanations  

Behavioral explanations may also play a role in the later development of childhood 

obesity among these infants. Because intermittent and/or sustained inflammation shortly 

after birth is associated with a variety of disorders in ELGANs, it is possible that the 

inflammation we associate with later overweight and obesity is really an indicator of the 

increased risk of disorders that will prompt the parent to perceive her child as more 

vulnerable than other children. Because parents who perceive their children as vulnerable 

treat them differently than parents who do not perceive their children as so vulnerable 

(33), feeding behaviors that distinguish children perceived as vulnerable might differ from 

those not perceived as so vulnerable (34). Parents and other caregivers who perceive 

preterm newborns as vulnerable might respond by overfeeding in order to encourage 

catch-up growth, though this is not known.  

 

Limitations  

We are unable to distinguish between causation and association as explanations for what 

we found. In addition, the sickest infants were more likely to receive more significant 

treatment protocols than others who were not quite so sick, making our study prone to 

confounding by indication, which some feel can never be completely eliminated (35). 

Compensatory parenting and over-feeding can be viewed as just another form of 

confounding by indication. With only 34 children delivered for spontaneous indications 

who developed obesity and 700 children who had not developed obesity at age 24 

months corrected, our study has a power of 0.83 to detect a doubling of the risk of 

obesity associated with protein concentrations in the top quartile. Our short-duration 

measure of growth velocity is limited to the end of the first postnatal month when 

weights were last obtained routinely.  
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The interrelatedness of early and late systemic inflammation (36) limits our ability to 

tease apart the contributions of each to the occurrence of each dysfunction. We are also 

limited by the relatively small number of proteins measured. Inflammation is a broad and 

complex phenomenon (37), and we have assessed a very small part of it. In addition, the 

proteins we measured might not be in the causal and/or repair chains, but merely 

surrogates for other proteins in their broad group (38). We relied on blood specimens 

obtained for clinical indications. As their cardio-pulmonary function and blood gas 

exchange stabilized, infants were less likely than their sicker peers to have blood drawn on 

day 14. Consequently, selection bias probably occurred to some extent.  

 

Among the strengths of our study are the selection of infants based on gestational age, 

not birth weight (39), prospective collection of all data, modest attrition, and finally, 

protein data of high quality(21), and high content validity (25, 29). 

 

CONCLUSION 

In conclusion, obesity at age 2 years among children who were born extremely preterm is 

predicted by perinatal systemic inflammation. This might be a manifestation of fetal 

programming in the development of obesity and may be critical to our understanding of 

obesity in all children. Future research should examine if our findings can be replicated 

among children born very preterm, as well as assessing if similar fetal programming is 

evident in children born at term. Preventing and managing obesity in children will require 

an improved understanding of the multitude of factors involved in the complex 

development of obesity.  

 

 

 

 

 

 

 

Chapter 4

94



 

 

Supplemental Table 1. List of proteins measured and abbreviations 
 
Ang-1 Angiopoietin-1 

Ang-2 Angiopoietin-2 

BDNF Brain-Derived Neurotrophic Factor 

bFGF basic Fibroblast Growth Factor 

CRP C-Reactive Protein 

EPO Erythropoietin 

ICAM-1 Intercellular Adhesion Molecule -1 

IGF-1 Insulin-like growth factor-1 

IGFBP-1 Insulin-like growth factor binding protein-1 

IL-1β Interleukin-1 β 

IL-6 Interleukin-6 

IL-6R Interleukin-6 Receptor 

IL-8 Interleukin-8 

MMP-9 Matrix Metalloproteinase-9 

MPO Myeloperoxidase 

NT-4 Neurotrophin-4 

PIGF Placenta Growth Factor 

RANTES Regulated upon Activation, Normal T-cell Expressed, and Secreted 

SAA Serum Amyloid A 

TNF-R1 Tumor Necrosis Factor-α Receptor-1 

TNF-R2 Tumor Necrosis Factor-α Receptor-2 

TNF-α Tumor Necrosis Factor-α 

TSH Thyroid-Stimulating Hormone 

VCAM-1 Vascular Cell Adhesion Molecule -1 

VEGF Vascular endothelial growth factor 

VEGF-R1 Vascular endothelial growth factor Receptor-1 

VEGF-R2 Vascular endothelial growth factor Receptor-2 
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ABSTRACT 

Aim: To evaluate to what extent extremely preterm children (<28 weeks’ gestational age) 

of overweight (BMI 25-29) or obese (BMI ≥ 30) women are at increased risk of adverse 

development at 2 years measured with the Bayley Scales of Infant Development II in a 

multi-center prospective cohort study.  

 

Methods: Heights and pre-pregnancy weights of the mothers of 852 preterm born 

children were collected and included in multinomial logistic regression models.  

 

Results: Compared to newborns born to mothers with normal BMIs, newborns of obese 

mothers, but not those of overweight mothers, were more likely to have Bayley Scales 

indices more than 3 standard deviations below the reference mean (mental: OR = 2.1; 

95% CI: 1.3, 3.5) (motor: OR = 1.7; 95% CI: 1.1, 2.7). These associations were even more 

prominent in children who did not have the intermittent or sustained systemic 

inflammation profile previously shown to be associated with severely impaired 

development (mental: OR = 4.6; 95% CI: 1.6, 14) (motor: OR = 3.7; 95% CI: 1.5, 8.9).  

 

Conclusion: Maternal obesity is associated with an increased risk of impaired offspring 

development. Some of this impaired development cannot be attributed to confounding 

due to immaturity, socio-economic correlates, or neonatal systemic inflammation.  
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INTRODUCTION 

Surviving children of obese mothers seem to be at increased risk of adversities, including 

developmental (1, 2), as well as reading and mathematics problems (3). The relationship 

between maternal obesity and offspring development is limited and inconsistent (4, 5). 

While most studies of children born near term report that pre-pregnancy obesity is a risk 

factor for impaired development (6, 7) some do not, (8) or do so inconsistently (9, 10). In 

our large prospective cohort of extremely low gestation age newborns (ELGANs), infants 

of overweight and obese mothers were more likely to have impaired early cognitive 

function, than infants of women with lower BMIs (11). In this report, we evaluated to 

what extent potential confounders and possible intermediates accounted for this 

association. We also investigated to what extent the relationship between maternal 

obesity and low developmental scores is attributable to early systemic inflammation, 

because systemic inflammation in the newborn is more likely among children of obese 

mothers than among children of normal weight mothers (12), and systemic inflammation 

in the newborn is also associated with severely impaired early cognitive function (13).  

 

PATIENTS AND METHODS 

Details about the ELGAN Study are provided elsewhere (14, 15). The 852 children who had 

a developmental assessment at age 2 years and whose mother’s pre-pregnancy BMI was 

known constitute the sample for this report. The developmental assessment included the 

Bayley Scales of Infant Development-Second Edition (BSID-II) (16). Certified examiners 

administered and scored the BSID-II. All examiners were experienced users of the BSID-II 

and, specifically for the ELGAN Study, attended a one-day workshop where published 

guidelines for test administration and videotaped examinations were reviewed. Examiners 

were aware of the child’s enrollment in the ELGAN Study and corrected age, but not the 

child's medical history.  The BISD-II manual defines a significant delay as a mental or 

motor scale < 70, i.e., 2 standard deviations (SD) below the mean for the standardization 

sample. However, in very preterm infants, the predictive ability of a mental scale < 55 is 

higher than that of a score < 70 (17). Consequently, we classified the BSID-II outcomes 

into 3 categories: mental or motor scale < 55 (more than 3 SD below the mean), 55-69 
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(between 2 and 3 SD below the mean), or ≥ 70 (within 2 SD of the mean or higher). Each 

mother was asked to provide her height and her pre-pregnancy weight, which were used 

to calculate her BMI. The United States government and the World Health Organization 

classify BMIs as follows: < 18.5 is underweight, 18.5–24.9 is normal, 25.0–29.9 is 

overweight, 30.0–34.9 is obese, 35.0–39.9 is very obese, and ≥ 40 is extremely obese (18, 

19). We collapsed these groups into < 25, 25-29.9, and ≥ 30. Previously we measured 12 

proteins in blood from the neonates and showed that elevated protein concentrations are 

associated with very low Bayley Scales in this sample (20): C-Reactive Protein (CRP), 

Serum Amyloid A (SAA), Interleukin-6 (IL-6), Tumor Necrosis Factor-α (TNF-α), Tumor 

Necrosis Factor Receptor-2 (TNF-R2), Interleukin-8 (IL-8; CXCL8), Macrophage 

Inflammatory Protein-1β (MIP-1β; CCL4), Intercellular Adhesion Molecule -1 (ICAM-1; 

CD54), Vascular Cell Adhesion Molecule-1 (VCAM-1; CD106), E-selectin (CD62E), Vascular 

Endothelial Growth Factor Receptor-2 (VEGF-R2; KDR), and Insulin-like Growth Factor 

Binding Protein-1 (IGFBP-1). Details about collecting blood spots, eluting proteins from the 

blood spots, and measuring protein concentrations are presented elsewhere (21-24). 

 

Data analysis  

We evaluated the null hypothesis that children whose mother was overweight or obese 

were no more likely than their peers to have Bayley Scales indices more than 3 SD below 

the reference mean. Univariable analyses document that children whose mother was 

overweight or obese were considerably more likely than children whose mother had a 

lower BMI to have very low Bayley Scales indices (Table S1). This observation prompted us 

to create Tables S2 - S4 to identify potential confounders of the relationship between 

maternal pre-pregnancy BMI and low mental and motor indices in the offspring. In 

essence, we were looking for characteristics that varied with BMI and also with the two 

Bayley Scales. The potential confounders identified this way and from a review of the 

literature included government-provided insurance, gestational age categories, severe 

fetal growth restriction (birth weight Z-score < -2), mother’s identification as Black, 

mother’s identification as single, mother’s age < 21 years, mother did not graduate from 

high school, and no fertility therapy. These were then included in multinomial logistic 
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regression models of low Bayley Scales that compared the children of overweight and 

obese women to children of normal weight women (Table 5). These models allowed us to 

calculate odds ratios and their 95% confidence intervals.  

 

Systemic inflammation in the newborn is more likely among children of obese mothers 

than among children of normal weight mothers (12). In addition, systemic inflammation in 

the newborn is associated with severely impaired early cognitive function (13). To 

determine if the relationship we found between maternal obesity and low developmental 

scores was attributable to early systemic inflammation, we repeated the analyses 

reported in the top of Table 5 in a sub-sample that excluded children who had a 

concentration in the top quartile of any of the following inflammation-related proteins on 

2 days a week apart during the first two postnatal weeks: IL-6, TNF-α, TNF-R2, IL-8, MIP-

1β, ICAM-1, VCAM-1, E-SEL, CRP, SAA, VEGF-R2, IGFBP-1. 

 

RESULTS 

The sample for Tables S1 - S4 and the top of Table 5 is comprised of the 852 children who 

satisfied three criteria: their mother provided information for her own pre-pregnancy 

BMI, the concentrations of their inflammation-related proteins on 2 or more days were 

measured in blood spots obtained during the first two postnatal weeks, and they had 

Bayley Scales assessments at approximately age two years. Of these children, 296 did not 

have concentrations on multiple days during the first two postnatal weeks in the top 

quartile of any of the 12 inflammation-related proteins associated with a Mental 

Development Index (MDI) < 55. These children are the subjects of the bottom half of 

Tables S1 and 5.  

 

Maternal BMI and the offspring’s development: stratified analyses (Table S1) 

In the entire sample, almost one quarter of all children born to obese women had an MDI 

<55, whereas children born to normal weight women had a frequency of such a low MDI 

that was almost half that. A similar discrepancy was seen for a Psychomotor Development 

Index (PDI) <55. The children of overweight mothers had mental and motor development 
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indices that approximated those of children born to women who had a BMI <25. In the 

sub-sample of children who did not have sustained or recurrently elevated concentrations 

of any of the inflammation-related proteins associated with an MDI < 55, an MDI < 55 

occurred less commonly among all children, regardless of the mother’s pre-pregnancy 

BMI. Nevertheless, the proportion of all children born to obese women who had an MDI < 

55 remained twice that of infants born to women who were neither overweight nor 

obese. Although the proportion of all children in this sub-sample who had a PDI <55 was 

not lower than in the total sample, one quarter of children of obese women had a PDI < 

55 in this sub-sample, two and half times higher than the frequency among the children of 

women with a lower BMI.  

 

Demographic characteristics (Table S2) 

Women who identified as Black were more likely than others to be overweight and obese, 

and their children were more likely than others to have low mental and motor indices. 

Women who graduated from college (or equivalent) or who received fertility assistance 

were less likely than others to be overweight or obese and less likely to have a child who 

had low mental and motor indices. Recipients of public insurance were more likely than 

others to be overweight and obese and have a child who had low MDI and/or PDI. 

Children of mothers who were obese prior to the pregnancy were more likely than others 

to have low mental and motor indices.  

 

Delivery characteristics (Table S3) 

Gravidas who presented in labor tended not to be obese, and their offspring tended not 

to have very low mental or motor indices. In contrast, gravidas who presented with severe 

preeclampsia were more likely than others to be overweight and obese, while their 

offspring tended to have low mental and motor indices. Women who received magnesium 

for seizure prophylaxis, a correlate of preeclampsia, also tended to be overweight and 

obese, and their children tended to have a low PDI, but not a low MDI.  
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Infant characteristics (Table S4)  

Boys were much more likely than girls to have a low MDI and to a lesser extent, a low PDI. 

Overweight and obese women, however, were not more likely than their peers with lower 

BMIs to give birth to a boy. Similarly, the least mature (gestational age of 23-24 weeks) 

and those with very low birth weights were much more likely than their more mature and 

heavier peers to have low MDIs and PDIs. Their mothers, however, were not more likely 

to be overweight or obese. Growth restricted newborns were more likely than others to 

have a low PDI, but they were not more likely to be born to an overweight or obese 

mother. 

 

Multivariable analyses (Table 5)  

In models that adjusted for potential confounders, children of obese mothers were at 

increased risk of a very low MDI (odds ratio = 2.1; 95% confidence interval (CI): 1.3, 3.5) 

and a very low PDI (odds ratio = 1.7; 95% CI: 1.1, 2.7) in the total sample. In the sample 

that excluded children who had any component of the systemic inflammation profile 

associated with a very low MDI the children of obese mothers were at even higher risk of 

a very low MDI (odds ratio = 4.6; 95% confidence interval (CI): 1.6, 1.4) and a very low PDI 

(odds ratio = 3.7; 95% CI 1.5, 8.9). Children of overweight women were not at increased 

risk of a very low MDI or a very low PDI. Maternal overweight and obesity were not 

associated with increased risks of an MDI or PDI between 55 and 69.  
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Table S1. Bayley Scales indices associated with maternal BMI category in the total sample 

and in sub-samples. The MDI subsample is limited to children who did not have the 

intermittent or sustained systemic inflammation protein profile associated with increased 

risk of MDI <55. These are column percents. 

  Body mass index (BMI) Row 

  < 25 25-30 ≥ 30 N 

Total sample [N=852] 

Mental Development Index§ < 55 12 15 23 130 

 55-69 10 11 14 95 

Psychomotor Developmental Index §§ < 55 14 12 24 133 

    55-69 14 18 16 131 

Sample without any component of the protein profile of MDI<55MDI [N=296] 

Mental Development Index§ < 55 5 9 16 25 

    55-69 6 10 15 25 

Psychomotor Developmental Index §§ < 55 10 10 25 39 

 55-69 16 12 15 43 

§   Mental Development Index of the Bayley Scales for Infant Development II 

§§   Psychomotor Development Index of the Bayley Scales for Infant Development II 

MDI Consists of all children who did not have a concentration of any of the following proteins on 2 days a 

week apart: IL-6, TNF-α, TNF-R2, IL-8, MIP-1β, ICAM-1, VCAM-1, E-SEL, CRP, SAA, VEGF-R2, IGFBP-1 
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Table S2. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents.  

 Body mass index Bayley Scales 

 (BMI) Mental Scale Motor Scale 

Maternal characteristics < 25 25,<30 ≥ 30 < 55 55-69  ≥ 70 < 55 55-69  ≥ 70 

Racial identity  White 67 53 57 41 47 68 55 64 63 

 Black 23 33 34 47 36 22 33 29 26 

 Other 10 15 10 12 17 10 12 7 12 

Hispanic Yes 8 16 12 12 13 10 11 13 10 

Maternal age < 21 15 11 7 13 14 12 11 10 14 

 21-35 65 70 74 74 65 68 72 71 67 

 > 35 19 19 18 13 21 20 16 19 20 

Years of  < 12 17 13 13 28 17 12 22 11 15 

education 12 to < 16 43 59 65 56 60 49 55 53 50 

 ≥ 16 40 28 22 15 23 39 23 36 36 

Married Yes 61 59 55 48 47 63 53 57 61 

Self supported? Yes 67 67 68 61 60 69 68 72 66 

Public insurance Yes 35 43 41 53 49 33 52 36 35 

Pre-pregnancy  <25    47 53 61 52 53 60 

   Body Mass  25 to <30    21 21 21 16 24 22 

   Index (BMI) ≥ 30    32 26 18 32 22 18 

Fertility 

assistance 
Yes 26 17 19 15 17 25 18 30 22 

Maximum column N 492 180 180 130 95 627 133 131 588 
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Table S3. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents.     

 Body mass index Bayley Scales 

 (BMI) Mental Scale Motor Scale 

Delivery characteristics < 25 25,<30 ≥ 30 < 55 55-69  ≥ 70 < 55 55-69  ≥ 70 

Antenatal Complete 65 61 67 68 62 64 75 61 63 

  corticosteroids Partial 24 25 26 22 28 25 17 27 26 

 None 11 14 8 10 9 11 8 12 11 

Pregnancy PTL 51 43 36 38 46 48 43 52 45 

  complication pPROM 22 18 26 25 18 22 20 21 22 

 PE 8 16 20 17 13 11 20 7 12 

 Abruption 11 14 8 5 12 12 6 10 12 

 Cerv Insuff 5 6 5 9 4 4 7 5 5 

 Fetal Indic 4 3 5 5 7 3 4 5 4 

Magnesium None 31 38 29 33 38 31 31 30 33 

 Tocolysis 60 47 53 52 47 58 49 63 55 

 Sz prophyl 9 15 18 16 15 12 20 7 12 

Cesarean Yes 68 61 68 60 63 68 62 66 68 

Fever* Yes 7 7 4 7 8 6 7 7 6 

Highest WBC* > 20,000 21 21 18 18 9 23 18 17 22 

Maximum column N 492 180 180 130 95 627 133 131 588 

Cerv Insuff = Cervical Insufficiency; Fetal Indic = Fetal indications; PE = Preeclampsia; pPROM = Preterm 

Premature Rupture of Membranes; PTL= Preterm labor; Sz prophyl = Seizure Prophylaxis; WBC = White Blood 

Cells; *within the interval from before delivery to 48 hours post delivery 
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Table S4. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents.  

 Body mass index Bayley Scales 

 (BMI) Mental Scale Motor Scale 

Infant characteristics < 25 25,<30 ≥ 30 < 55 55-69  ≥ 70 < 55 55-69  ≥ 70 

Sex Male 53 49 54 68 61 48 62 55 50 

Fetuses ≥ 2 38 29 35 32 37 36 34 46 34 

Gestational age 23-24 21 20 19 31 23 18 32 20 18 

   (week) 25-26 45 45 49 48 40 46 44 47 46 

 27 34 35 32 22 37 36 24 34 36 

Birth weight (g) ≤ 750 37 33 41 50 45 33 52 41 32 

 751-1000 43 44 44 41 37 45 34 42 46 

 > 1000 20 23 16 9 18 22 14 17 22 

BW Z-score* < -2 4 5 9 7 7 5 9 9 4 

 ≥ -2,< -1  13 12 15 16 16 12 18 11 12 

 ≥ -1  83 83 76 77 77 83 73 79 84 

Head  < -2 7 9 12 12 9 8 12 12 7 

circumference ≥ -2,< -1 22 26 24 28 29 21 29 19 23 

Z-score* ≥ -1 71 66 64 60 62 71 59 70 70 

Maximum column N 492 180 180 130 95 627 133 131 588 
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Table 5. Risk ratios (point estimates and 95% confidence intervals) for the characteristic at 

the top of the column associated with the BMI category listed on the left in models that 

adjust for potential confounders§. The MDI subsample is limited to children who did not 

have the intermittent or sustained systemic inflammation protein profile associated with 

increased risk of MDI <55. Bold numbers indicate statistical significance at p < 0.05. 

Variables 

Bayley Scales 

Mental Scale Motor Scale 

<55 55-69 <55 55-69 

Total sample - adjusted for gestational age and other potential confounders (full adjustment) 

BMI 25, < 30 1.2 (0.7, 2.0) 1.0 (0.6, 1.7) 0.8 (0.5, 1.3) 1.3 (0.8, 2.1) 

BMI ≥ 30 2.1 (1.3, 3.5) 1.5 (0.9, 2.5) 1.7 (1.1, 2.7) 1.2 (0.7, 2.0) 

Total sample – limited adjustment (full adjustment excluding gestational age) 

BMI 25, < 30 1.2 (0.7, 1.9) 1.0 (0.6, 1.7) 0.8 (0.5, 1.3) 1.3 (0.8, 2.1) 

BMI ≥ 30 2.2 (1.4, 3.5) 1.5 (0.9, 2.5) 1.9 (1.1, 2.8) 1.2 (0.7, 2.0) 

Sample without any component of the MDI < 55 protein profileMDI - full adjustment 

BMI 25, < 30 1.9 (0.6, 6.2) 2.0 (0.6, 5.9) 0.9 (0.3, 2.4) 0.6 (0.2, 1.4) 

BMI ≥ 30 4.6 (1.6, 14) 2.8 (0.9, 8.7) 3.7 (1.5, 8.9) 1.1 (0.4, 2.8) 

Sample without any component of the MDI < 55 protein profileMDI - limited adjustment 

BMI 25, < 30 2.0 (0.6, 6.5) 2.1 (0.7,6.2) 1.0 (0.4, 2.6) 0.6 (0.2, 1.4) 

BMI ≥ 30 4.3 (1.5, 13) 2.5 (0.8, 7.8) 3.4 (1.4, 8.1) 1.0 (0.4, 2.6) 
§ The full adjustment models include adjustment for government-provided insurance, 

gestational age categories, severe fetal growth restriction (birth weight Z-score < -2), mother identified herself as 

Black, mother identified herself as single, mother’s age < 21 years, mother did not graduate from high school, no 

fertility therapy. The limited adjustment models adjust for all of these variables except gestational age. MDI 

Consists of all children who did not have a concentration of any of the following proteins on 2 days a week apart: 

IL-6, TNF-α, TNF-R2, IL-8, MIP-1β, ICAM-1, VCAM-1, E-SEL, CRP, SAA, VEGF-R2, IGFBP-1. Total sample: 852 

children; subsample: 296 children.   
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DISCUSSION 

Our main finding is that compared to the children born very preterm to women of normal 

weight, preterm newborns of obese mothers had lower scores on the Bayley mental and 

motor scales. This association was even more prominent in the subsample of children who 

did not have any components of the intermittent or sustained systemic inflammation 

profile associated, in our sample, with a very low MDI. This suggests inflammation might 

not account for all of the relationship between a woman’s obesity and her child’s 

impaired development.  

 

Potential intermediate: inflammation 

In this sample, children who had elevated concentrations of inflammation-related 

proteins in blood obtained within the first two postnatal weeks were at increased risk of 

impaired cognitive function at age 2 years (13). Because the children of obese mothers 

also show evidence of early systemic inflammation (12), we considered the possibility that 

early systemic inflammation might be in the causal chain between maternal obesity and 

limited development in the offspring. Our finding that the relationship between maternal 

obesity and limited development was more pronounced among children who did not have 

sustained or recurrent early systemic inflammation than in the total sample leads to the 

inference that measurable inflammation does not account for the link between maternal 

obesity and a child’s very low scores on the MDI and PDI. 

 

Non-inflammatory mechanisms of brain damage associated with maternal obesity 

Our subsample analysis allowed us to demonstrate an association between mother’s 

obesity and her child’s impaired development, even among children who did not have any 

of the components of the systemic inflammation profile associated with severely impaired 

development. This finding suggests that non-inflammatory mechanisms are involved in 

the pathways linking maternal obesity to impaired development in the child. Alternatively, 

inflammatory processes might have been involved, but we did not identify them.   
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Adipose dysfunction has been linked to the secretion of a variety of metabolically adverse 

adipose-derived hormones, such as adipokines and lipokines, as well as other 

manifestations of inflammation and oxidative stress (25). In addition, an obese mother 

can pass on epigenetic changes, not provoked by inflammatory mechanisms, to her child 

that might influence brain function (26-29). Thus, it is possible that a mother’s obesity and 

components of her diet contribute to her child’s brain dysfunction by non-inflammatory 

disturbances that damage the vulnerable brain.  

 

Because some view gestational age as a possible collider between an exposure and an 

outcome (30-32), we have assessed the relationship between maternal BMI categories 

and Bayley Scales categories in models that included gestational age categories and also in 

models that excluded gestational age categories (Table 5). We document that gestational 

age does not appreciably distort the relationship between maternal pre-pregnancy 

overweight or obesity and low scores on the mental or motor components of the Bayley 

Scales at age 2 years.  

 

Potential confounders: preeclampsia and preeclampsia correlates  

We previously found in this sample that preterm newborns of overweight and obese 

women are more likely to have systemic inflammation than their peers born to women 

with lower BMIs, but only among those delivered for maternal or fetal indications, 

including preeclampsia (12). In our present study, gravidas who presented with severe 

preeclampsia tended to be overweight and obese, while their offspring tended to have 

low mental and motor indices even after we adjusted for severe fetal growth restriction 

(birth weight Z-score < -2), the newborn characteristic most closely associated with severe 

preeclampsia and low MDI. 

 

Previous studies of maternal obesity and developmental limitations  

This is the first study to assess the relationship between high maternal pre-pregnancy BMI 

and development among children born extremely preterm. In this sample, the association 

was especially prominent in the subsample of children who did not have any components 
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of the intermittent or sustained systemic inflammation profile associated with a very low 

MDI. Our findings are consistent with studies of term-born children that found an 

association between maternal obesity and an increased risk for lower child cognitive 

scores (1, 3, 7). Similar to our study, two studies used the Bayley Scales of Infant 

Development-II at two years of age and one at kindergarten, respectively (2, 33, 34). Two 

studies observed learning and behavioral disabilities among children born to obese 

mothers (33, 34). However, these studies found no motor disabilities at two years of age, 

which is inconsistent with our findings. One study found no significant differences in mean 

scores of cognitive, language and motor scores at 2 years of age among children of 

normal, overweight and obese mothers, but did find that children of obese mothers were 

at increased risk of a composite indicator of less than severe dysfunctions (2).  

 

Hope for the future 

Evidence for the hypothesis that maternal obesity promotes brain dysfunction in offspring 

raises the possibility that the study of this association will lead to better understanding of 

the linkages between maternal obesity and the newborn’s brain. Perhaps thereby, it will 

provide information to help reduce the occurrence of maternal obesity and the risk of 

perinatal fetal/neonatal brain damage and dysfunction.   

 

Strengths and limitations 

The strengths of this study include the large number of preterm infants and the 

recruitment of infants based on gestational age rather than birth weight (35). A weakness 

of our study is that we are unable to distinguish between causation and association as 

explanations for what we have found, due to the observational nature of our study.  

 

CONCLUSION 

In this sample of children who were born before the 28th week of gestation, those whose 

mother was obese were at greater risk of impaired development than their peers whose 

mother had a normal weight just before the pregnancy. Only some of this increased risk is 

explained by neonatal systemic inflammation.  
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Abbreviations 

CRP C-Reactive Protein 

CD62E E-selectin 

IGFBP-1 Insulin-like Growth Factor Binding Protein-1 

ICAM-1  Intercellular Adhesion Molecule -1 (CD54) 

IL-6 Interleukin-6 

IL-8  Interleukin-8 (CXCL8) 

MIP-1β  Macrophage Inflammatory Protein-1β (CCL4) 

MDI Mental Development Index 

PDI Psychomotor Development Index 

SAA Serum Amyloid A 

TNF-R2 Tumor Necrosis Factor Receptor-2 

TNF-α Tumor Necrosis Factor-α 

VCAM-1  Vascular Cell Adhesion Molecule-1 (CD106) 

VEGF-R2  Vascular Endothelial Growth Factor Receptor-2 (KDR) 
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ABSTRACT 

The authors hypothesized that the risk of cerebral palsy (CP) at 2 years in children born 

extremely preterm to overweight and obese women is increased relative to the risk 

among children born to neither overweight nor obese women. In a multi-center 

prospective cohort study, we created multinomial logistic regression models of the risk 

of diparetic, quadriparetic, and hemiparetic CP that included the pre-pregnancy BMI of 

mothers of 1014 children born extremely preterm, CP diagnoses of children at 2 years, 

as well as information about potential confounders. Overweight and obese women 

were not at increased risk of giving birth to a child who had CP. The risk ratios (RR’s) 

associated with overweight varied between 1.1 for quadriparesis (95% CI=0.5, 2.1) to 

2.0 for hemiparesis (95% CI=0.4,9.8). The RR’s associated with obesity varied between 

0.7 for diparesis (95% CI=0.2, 2.5) to 2.5 for hemiparesis (95% CI=0.4, 13).  
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INTRODUCTION 

The risk of cerebral palsy (CP), one of the most common causes of chronic disability in 

children (1, 2), increases with decreasing gestational age (3). Despite the 

improvements in perinatal care in recent decades, the prevalence of CP has not 

declined (4-6). This observation suggests that prenatal factors, including maternal 

conditions, contribute more to the onset/occurrence of CP than do postnatal 

exposures. 

 

The prevalence of obesity among gravidas increased during the past decades, with the 

latest figures showing that more than one-third of women entering pregnancy in the 

United States were identified as obese before pregnancy (7). Overweight and obesity 

before pregnancy appear to be associated with such antenatal and intrapartum 

complications as gestational diabetes, preeclampsia, hypertension, and labor and 

delivery difficulties (8, 9). The mother’s obesity also appears to have adverse effects 

on her offspring (10) such as increased risk for cognitive deficits (11, 12) behavioral 

disabilities (13, 14) and cerebral palsy (15-19).  

 

Most studies linking maternal obesity to a child’s risk of CP have been mainly of term-

born children. To our knowledge, no report has assessed the relationship between 

high maternal pre-pregnancy body mass index (BMI) and CP among children born 

extremely preterm. The multi-center ELGAN (Extremely Low Gestational Age 

Newborn) Study, with its uniform and highly reliable assessments of CP, provided an 

opportunity to correct this deficiency.  

The different types of CP will be investigated separately because the neuropathology 

underlying these types may differ from each other in children born extremely preterm 

(20-23). The risk factors and antecedents of the different types of CP may therefore vary 

on the basis of differences in pathophysiology that are associated with these cerebral 

lesions. 
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METHODS 

Sample  

The ELGAN study, a prospective cohort study designed to identify characteristics and 

exposures that increase the risk of structural and functional neurologic disorders, 

enrolled 1506 extremely low gestational age newborns (ELGANs) (birth between 23 

and 27 6/7 weeks of gestation) at 14 participating institutions between 2002 and 2004 

(24). Institutional review boards of the participating institutions approved the 

enrollment and consent processes. Mothers were approached for consent either upon 

antenatal admission or shortly after delivery, depending on clinical circumstance and 

institutional preference. 1,249 mothers of 1,506 infants consented. Approximately 260 

women were either missed or did not consent to participate. Of the 1,205 infants who 

survived to age two, 1,056 (88%) had a neurologic examination at approximately 24-

months corrected age. Fully 1014 children had complete information on variables of 

interest and are the subjects of our analyses. 

 

Demographic and pregnancy variables 

In the entire ELGAN Study sample, both maternal obesity and cerebral palsy varied 

with gestational age at delivery (25-27). In early sets of analyses, we adjusted for 

gestational age in two ways, by both weeks of gestation (23, 24, 25, 26, 27), and by 

groups of weeks (23-24, 25-26, 27). Each provided almost identical results. Here we 

present data adjusted for gestational age in groups of weeks. 

 

After delivery, a trained research nurse interviewed each mother in her native 

language using a structured data collection and following procedures contained in a 

manual. The mother’s report of her own characteristics and exposures, as well as the 

sequence of events leading to preterm delivery was taken as truth, even when her 

medical record provided discrepant information. Shortly after the mother's discharge, 

the research nurse reviewed the maternal chart using a second structured data 

collection form. The medical record was relied on for events following admission. 
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Maternal body mass index (BMI) 

Each mother was asked to provide her height and her pre-pregnancy weight shortly 

before, or shortly after delivery when she was interviewed, usually by a research 

nurse. These data were used to calculate her BMI. The United States government 

classifies BMIs as follows: < 18.5 is underweight, 18.5–24.9 is normal, 25.0–29.9 is 

overweight, 30.0–34.9 is obese, 35.0–39.9 is very obese, and ≥ 40 is extreme obesity 

(28). We collapsed these groups into < 25, 25-29.9, and ≥ 30. 

 

Pregnancy disorders  

The clinical circumstances that led to each maternal admission and ultimately to each 

preterm delivery were operationally defined using both data from the maternal 

interview and data abstracted from the medical record (29). We were interested in the 

potential preconditioning/sensitization by antenatal inflammation. Therefore, we 

divided our sample into two groups defined by spontaneous indications for delivery 

(preterm labor, preterm premature rupture of membranes (pPROM), abruption or 

cervical insufficiency) vs. maternal (preeclampsia) or fetal indications. The rationale for 

this was that spontaneous indications are often associated with inflammation, while 

fetal and maternal indications are mostly not (30, 31). 

 

Infant characteristics 

Gestational age estimates were based on a hierarchy of the quality of available 

information with estimates based on the dates of embryo retrieval or intrauterine 

insemination or fetal ultrasound before the 14th week of gestation (62%) as the most 

desirable. Next most desirable in sequential order were estimates based on a fetal 

ultrasound at 14 or more weeks of gestation (29%), last menstrual period without fetal 

ultrasound (7%), and recorded in the log of the neonatal intensive care unit. 

 

The birth weight Z-score represents the number of standard deviations the infant’s 

birth weight was above or below the median weight of infants at the same gestational 

age in referent samples not delivered for preeclampsia or fetal indications (32, 33). We 
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evaluated 2 groups of growth-restricted infants. The more severely growth-restricted 

infants had a birth weight Z-score < -2 (i.e., more than 2 standard deviations below the 

median of the referent group). Infants in the less severely growth-restricted group had 

a birth weight Z-score ≥ -2 and < -1 (i.e., between 1 and 2 standard deviations below 

the median of the referent group). 

 

The head circumference was measured as the largest possible occipital-frontal 

circumference. Measurements were rounded to the closest 0.1-centimeter when 

taken at birth, and when examined at 24-month corrected age. All head 

circumferences are presented as Z-scores because newborns were assessed at 

different gestational ages at birth (23-27 weeks) and at different approximations of 24 

months corrected age (range: 16-44 months corrected age, with 68% assessed at 23-

25 weeks corrected age). Z-scores were based on standards in the CDC data sets (34).  

 

24-month developmental assessment  

Families were invited to bring their child for a developmental assessment close to the 

time when s/he would be 24-months corrected age for evaluation of a neurological 

examination. Fully 91% of children returned for the developmental assessment. Of 

these children, 75% had their exam within the range of 23.5-27.9 months, 14% were 

assessed before 23.5 months, and 12% were assessed after 27.9 months. 

 

Cerebral palsy diagnosis  

To standardize neurological examinations at all sites, a stand-alone, multimedia-

training video/CD-ROM was developed, based on elements of a standard neurological 

exam (35). The video/CD-ROM program had audiovisual teaching sequences, voice-

over commentary, graphics and text to organize the training and amplify key teaching 

points. The training video provided instruction in the proper method of performing 

each item of the examination and illustrated all possible findings. Additionally, the CD 

contained 6 sets of 20 video clips for inter-observer testing purposes. Repeated testing 

resulted in 96% agreement with the gold-standard pediatric neurologist assessment. 
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Those who performed the neurological examinations studied a manual, a data 

collection form and an instructional CD designed to minimize examiner variability, and 

demonstrated acceptably low variability (35). The topographic diagnosis of cerebral 

palsy (CP) (quadriparesis, diparesis, or hemiparesis) was based on an algorithm using 

these data (23). Only 4% of examiners indicated at the time of the examination that 

they had knowledge of the child’s brain-imaging studies.  

 

Statistical analyses  

We tested the null hypothesis that newborns of overweight (i.e., BMI > 25, < 30) and 

obese women (i.e., BMI ≥ 30) are not at risk of a specific topographic CP diagnosis (i.e., 

quadriparesis, diparesis, or hemiparesis).  

We began our analyses by searching for potential confounders (i.e., characteristics 

that varied with BMI and the subtypes of CP) (Tables 1-5). Based on the findings in 

these tables we selected as potential confounders, mother-identified race, male sex, 

mother's level of education, time since last pregnancy, any aerobe in the placenta, 

chorionic plate inflammation of the placenta, and preeclampsia. If a perceptible 

difference among adjacent categories was seen, then that variable became a 

candidate to see if it modifies the BMI-CP relationship.  

Then we created multivariable models to identify the contribution of maternal 

overweight and obesity to the risk of cerebral palsy in light of potential confounders 

(Table 6). We created logistic these regression models using a step down procedure 

seeking a parsimonious solution without interaction terms. The contributions of 

relevant variables, including maternal overweight and obesity, are presented as risk 

ratios with 95% confidence intervals. We performed two additional analyses to look 

for possible effect modification by maternal or fetal indications. First we restricted the 

analyses to children who were born after maternal or fetal indications and then to 

those born after C-section, a proxy for maternal or fetal indications. No effect 

modification was found, as both analyses did not show an increased risk for CP for 

infants born to mothers who were obese.  
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RESULTS 

Sample description  

A total of 105 children from 1014 children were given a CP diagnosis, with 52% 

quadriparetic, 30% diparetic, and 17% hemiparetic.  

 

Demographic characteristics (Table 1) 

Overweight and obese women were more likely than others to have characteristics 

that are viewed as correlates of lower social class, including self-identifying as Black, 

not graduating from college, being eligible for government-provided medical care 

insurance, and not having access to, or using assisted reproduction techniques. 

Children who had diparesis were also more likely than others to have a mother with 

these characteristics. 

 

Maternal characteristics (Table 2) 

Overweight and obese mothers were less likely than mothers with a normal weight to 

have had a pregnancy 1-2 years before. Compared to the mothers of children who did 

not develop CP, the mothers of all children who had CP were more likely to have been 

exposed to the tobacco smoke of others, had a prior pregnancy 1-2 years earlier, and a 

vaginal/cervical infection during this pregnancy, while the mothers of children who 

developed diparetic or hemiparetic CP were also more likely to have had vaginal 

bleeding during the first two trimester. Mothers of quadriparetic children were more 

likely have consumed aspirin and non-steroidal anti-inflammatory drugs during this 

pregnancy, while mothers of diparetic children were more likely to have smoked 

before this pregnancy and mothers of hemiparetic children were less likely to have 

smoked during this pregnancy. Only a prior pregnancy 1-2 years earlier was therefore 

a potential confounder.  
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Bacteriologic and histologic placenta characteristics (Table 3)  

Obese mothers were more likely than others to have aerobic bacteria recovered from 

their placenta and to have had chorionic plate inflammation and increased numbers of 

syncytial knots in their placentas.  

 

Compared to the placentas of children who did not develop CP, the placentas of all 

children who developed CP were more likely to have chorionic plate inflammation, 

while those of diparetic and quadriparetic children were more likely to harbor aerobic 

and anaerobic organisms, as well as normal skin flora. The diparetic and quadriparetic 

children were also more likely to have had inflammation of the external membranes 

and fetal stem vessels. The umbilical cords of diparetic and hemiparetic children were 

more likely to have vasculitis than the umbilical cords of others. 

 

In light of these findings, recovery of an aerobe and chorionic plate inflammation were 

the two placenta characteristics that were potential confounders.  

 

Delivery characteristics (Table 4) 

With increasing BMI, mothers were more likely to have preeclampsia, and the 

preeclampsia correlate of receipt of magnesium for seizure prophylaxis, than mothers 

with lower BMIs. Children with hemiparesis were more likely than others to have a 

mother who presented in labor, received magnesium tocolysis, a correlate of preterm 

labor, and to have had leukocytosis very near the time of delivery. Children with any 

type of cerebral palsy were less likely than others to be born via cesarean section. No 

delivery characteristic appeared to be a potential confounder.   

 

Infant characteristics at birth (Table 5) 

Compared to children who did not develop CP, those who did were more likely to be 

born before the 25
th

 week of gestation and to have a birth weight ≤750 grams. 

Quadriparetic and hemiparetic children were most likely to be male, while only 

hemiparetic children were most likely to be growth restricted.  
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Multivariable analyses (Table 6)  

In the multinomial, multivariable model that simultaneously evaluated the risks of 

quadriparetic, diparetic, and hemiparetic CP and included Black race, male sex, 

maternal education equal or less than 16 years, 1-2 years since last pregnancy, 

chorionic plate inflammation, preeclampsia and overweight and obesity, only male sex 

was associated with an increased risk of hemiparesis (OR=7.5; 95% CI: 1.7-33).  In 

addition, recovery of aerobic bacteria from the placenta was associated with an 

increased risk of diparesis (OR=3.6; 95% CI: 1.7, 7.7). Overweight and obese women 

were not at increased risk of giving birth to a child who had CP. The risk ratios 

associated with maternal overweight varied between 1.1 for quadriparesis (95% CI = 

0.5, 2.1) to 2.0 for hemiparesis (95% CI = 0.4, 9.8), while the risk ratios associated with 

obesity varied between 0.7 for diparesis (95% CI = 0.2, 2.5) to 2.5 for hemiparesis (95% 

CI = 0.5, 13).  
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Table 1. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents. 

 Maternal BMI
1
 Cerebral palsy type Row 

Maternal characteristics < 25 25,<30 ≥ 30 Quad Di Hemi None N 

Racial identity  White 66 52 57 70 56 41 62 620 

 Black 22 33 34 25 38 47 26 272 

 Other 11 15 9 5 6 12 12 116 

Hispanic Yes 9 15 13 11 3 18 11 111 

Maternal age < 21 16 11 7 10 9 12 13 130 

 21-35 64 70 75 70 68 82 67 685 

 > 35 20 19 18 21 24 6 20 199 

Years of  ≤ 12 40 46 45 40 50 29 43 427 

  education > 12, < 16 20 26 32 30 29 47 22 237 

 ≥ 16 40 29 22 30 21 24 35 343 

Married Yes 61 60 55 63 50 53 60 602 

Self supported Yes 66 69 67 62 59 76 67 677 

Public insurance Yes 36 41 43 44 56 18 38 388 

Pre-pregnancy  < 25    59 68 59 58 591 

   Body Mass  25, < 30    21 18 12 21 208 

   Index (BMI) ≥  30    21 15 29 21 215 

ART 
2
 Yes 26 17 18 25 21 35 22 225 

Maximum column N 591 208 215 63 34 17 900 1014 

1 Body Mass Index 
2 Assisted reproductive technology 
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Table 2. The percent of children who had the characteristic at the top of the column who 

also had the pregnancy characteristic listed on the left. These are column percents. 

  Maternal BMI
1
 Cerebral palsy type Row 

Pregnancy characteristics  < 25 25,<30 ≥ 30 Quad Di Hemi None N 

Smoking pre-pregnancy Yes 24 26 24 27 35 18 24 246 

Smoking during pregnancy Yes 13 14 13 16 15 6 13 135 

Passive smoking Yes 24 23 27 32 29 29 24 248 

Years since last pregnancy < 1 16 28 21 18 17 17 20 118 

 1-2 35 21 24 34 46 58 28 175 

Vaginal bleeding 1
st

 12 weeks Yes 41 38 39 41 50 47 39 406 

Vaginal bleeding 2
nd

 12 weeks Yes 30 27 30 19 38 47 29 296 

Fever during pregnancy Yes 6 5 8 5 6 12 6 64 

Vaginal and/or cervical infection Yes 12 18 15 24 21 18 13 143 

Urinary tract infection Yes 14 14 18 16 15 6 15 152 

Any medication Yes 87 85 94 95 82 100 88 894 

Aspirin Yes 7 2 6 18 3 0 5 58 

NSAID
2
 Yes 6 9 7 16 12 0 6 71 

Acetaminophen Yes 51 49 55 48 47 59 52 522 

Antibiotic Yes 30 27 34 44 32 18 30 310 

Maximum column N  591 208 215 63 34 17 900 1014 

1 Body Mass Index 
2 Nonsteroidal anti-inflammatory drug 
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Table 3. The percent of children who had the characteristic at the top of the column 

whose placenta had the bacteriologic or histologic characteristic listed on the left. These 

are column percents. 

 Maternal BMI
1
 Cerebral palsy type Row 

 < 25 25,<30 ≥ 30 Quad Di Hemi None N 

Organisms         

   Any anaerobe 28 27 28 41 39 19 27 257 

   Any aerobe 28 32 40 40 61 25 30 290 

   Any Mycoplasma 10 11 8 9 23 6 10 92 

   Skin organisms
2 

 19 21 16 24 32 6 18 174 

   Vaginal organisms
3 

 16 14 16 21 19 0 15 143 

Maximum column N 534 192 196 58 31 16 817 922 

Inflammation of         

   Chorionic plate
 4

 18 17 24 29 38 27 18 176 

   External membranes
5
 35 35 38 47 65 33 34 332 

   Fetal stem vessels    25 25 25 33 38 20 24 230 

   Umbilical cord
 6

 15 17 20 18 30 27 15 147 

Other lesions         

   Fetal stem vessel thrombosis    6 4 3 7 6 7 5 45 

   Infarct 16 20 17 23 13 13 17 156 

   Increased syncytial knots 18 21 26 20 16 7 21 190 

Maximum column N 554 190 197 58 32 15 838 941 

1 Body Mass Index 
2 Corynebacterium sp, Propionebacterium sp, Staphylococcus sp 
3 Prevotella bivia, Lactobacillus sp, Peptostrep magnus, Gardnerella vaginalis 

4 Stage 3 and severity 3 
5 Grades 3 and 4 
6 Umbilical cord vasculitis 
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Table 4. The percent of children who had the characteristic at the top of the column who 

also had the delivery characteristic listed on the left. These are column percents. 

 Maternal BMI
1
 Cerebral palsy type Row 

Delivery characteristics < 25 25,<30 ≥ 30 Quad Di Hemi None N 

Antenatal Complete 64 62 65 68 65 59 64 649 

  corticosteroids Partial 25 24 27 17 21 41 25 251 

 None 11 14 8 14 15 0 11 112 

Pregnancy PT
2
 49 43 35 46 50 65 45 458 

  complication pPROM
3
 21 18 27 19 26 18 22 219 

 PE
4
 9 16 21 11 6 6 13 131 

 Abruption 11 13 8 5 9 11 11 110 

 Cerv Insuff
5

 5 7 6 13 6 0 5 53 

 Fetal Indic
6
 5 3 4 6 3 0 4 43 

Magnesium None 31 37 31 43 44 18 32 326 

 Tocolysis 58 48 52 46 44 71 56 552 

 Sz prophyl
7
 10 15 17 11 12 12 13 127 

Cesarean Yes 68 63 69 60 44 53 68 678 

Fever
8
 Yes 7 8 5 7 16 12 6 66 

Highest WBC
9
 > 20K 21 18 18 15 21 29 20 198 

Maximum column N 591 208 215 63 34 17 900 1014 

1 Body Mass Index 
2 Preterm labor 
3 Preterm premature rupture of membranes 
4 Preeclampsia 
5 Cervical insufficiency 
6 Fetal indication 
7 Seizure prophylaxis 
8 Within the interval from 48 hours before delivery to 48 hours post delivery 
9 Within the interval from admission to 48 hours post delivery 
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Table 5. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents.  

 Maternal BMI
1
 Cerebral palsy type Row 

Infant characteristics at birth < 25 25,<30 ≥ 30 Quadri Di Hemi None N 

Sex Female 46 50 48 40 47 12 48 477 

 Male 54 50 52 60 53 88 52 537 

Fetuses ≥ 2 38 29 33 40 32 41 35 355 

Gestational age 23-24 20 19 19 43 41 29 17 201 

   (week) 25-26 46 44 48 38 26 53 47 465 

 27 34 37 33 19 32 18 36 348 

Birth weight (g) ≤750 36 32 40 52 50 59 34 366 

 751-1000 44 44 45 29 26 35 46 446 

 > 1000 20 24 15 19 24 6 20 202 

Birth weight < -2 5 4 8 2 0 18 6 54 

   Z-score
2
 ≥ -2,< -1  13 13 16 14 12 6 13 136 

 ≥ -1  83 83 75 84 88 76 81 824 

Head  < -2 7 8 12 6 0 18 9 81 

  circumference ≥ -2,< -1 21 24 25 22 33 12 22 220 

  Z-score
2
 ≥ -1 72 68 64 71 67 71 69 379 

Maximum column N 591 208 215 63 34 17 900 1014 

1 Body Mass Index 
2 Yudkin (32) 
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Table 6. Risk ratios (point estimates and 95% confidence intervals) for the cerebral palsy 

form at the top of the column associated with the risk factors listed on the left. The 

referent group consists of children without any form of cerebral palsy. The bolded odds 

ratio is statistically significant at p < 0.05. 

 Cerebral palsy type 

Variables Quadriparesis Diparesis Hemiparesis 

Black 0.9 (0.5, 1.6) 1.6 (0.8, 3.5) 2.2 (0.8, 6.2) 

Male sex 1.5 (0.9, 2.5) 1.1 (0.5, 2.1) 7.5 (1.7. 33) 

Maternal education ≤ 16 years 0.8 (0.4, 1.4) 0.5 (0.2, 1.3) 0.7 (0.2, 2.7) 

Prior pregnancy ≥1, < 2 years earlier 1.2 (0.6, 2.5) 2.2 (0.9, 5.2) 0.5 (0.1, 2.7) 

Aerobe 1.5 (0.8, 2.6) 3.6 (1.7, 7.7) 0.7 (0.2, 2.2) 

Chorionic plate inflammation 1.8 (0.96, 3.4)   2.1 (0.98, 4.7) 1.7 (0.5, 5.6) 

Preeclampsia 1.1 (0.5, 2.5) 0.7 (0.2, 3.2) 0.5 (0.1, 4.3) 

BMI >25, < 30 1.1 (0.5, 2.1) 1.5 (0.6, 3.9) 2.0 (0.4, 9.8) 

BMI ≥ 30 0.9 (0.4, 2.1) 0.7 (0.2, 2.5) 2.5 (0.5, 13) 
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DISCUSSION 

Our main finding is that compared to extremely preterm children of women with a 

normal prepregnancy BMI, those born to overweight and obese women are not at 

increased risk of any form of CP.  

 

Previous studies of maternal obesity and cerebral palsy 

One study that evaluated the relationship between maternal obesity and cerebral 

palsy found that children of overweight and obese mothers had a 3.5-fold increased 

risk of cerebral palsy (15), while another study reported that maternal obesity was 

associated with a 30% increased risk of having a child with cerebral palsy (16). This risk 

was even higher among infants born to a morbidly-obese mother (16, 19). Two studies 

found no association between maternal weight and cerebral palsy (36, 37).  

 

Potential confounders and risk of cerebral palsy 

We included in our model of CP risks associated with maternal prepregnancy 

overweight and obesity only those additional variables that appeared to be potential 

confounders. Thus, our analyses were not intended to identify all the variables 

associated with the risk of CP. With that caveat, we discuss male sex associated with 

increased risk of hemiparetic CP and recovery of aerobic bacteria from the placenta 

associated with diparetic CP. 

 

Our finding that male sex was associated with increased risk of hemparetic cerebral 

palsy is in keeping with other findings in this cohort, since boys appear to be at 

increased risk of multiple difficulties/dysfunctions (38). Our finding that the presence 

of aerobic bacteria recovered from the placenta was associated with increased risk of 

diparetic cerebral palsy is in keeping with the report that preterm infants (≤ 29 weeks 

GA) whose placenta harbored the aerobic bacterium E.coli were at increased risk of 

having cerebral palsy at age five years (39). Histological chorioamnionitis is also 

associated with cerebral palsy in preterm neonates (<1500 gram) (40). In addition, 

E.coli-induced amnionitis leads to white matter damage in the fetal rabbit brain (41).  
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Immaturity/vulnerability 

The risk of CP increases with decreasing gestational age (42-44) and obese women are 

more likely than others to deliver very preterm (45). For these reasons (and others 

below), we expected to find that infants of obese mothers are at increased risk of CP. 

Our failure to find this might reflect nothing more than the narrow range of the 

gestational ages we evaluated (23-27 weeks). Another possibility is that the 

immaturity/vulnerability information carried by the low gestational age variables is 

also conveyed by other variables in the model, such as histologic and bacteriologic 

indicators of intra-uterine infection/inflammation.  

 

Systemic inflammation 

In this cohort, extremely preterm children whose mother was obese were more likely 

than others to have systemic inflammation in the days following delivery (46). Because 

early systemic inflammation has been associated with increased risk of CP in this very 

cohort (47), as well as others (48, 49), we again would have expected to find that the 

children of obese mothers were at increased risk. Here, too, correlates/indicators of 

inflammation (e.g., recovery of aerobe from the placenta and inflammation of the 

placenta’s chorionic plate) might have diminished our opportunity to identify a 

maternal obesity-offspring CP connection.   

 

Strengths and weaknesses  

Our study has several strengths. First, we collected our data prospectively in a manner 

that minimized examiner and CP classification variability. Second, we selected infants 

based on gestational age, not birth weight, thereby minimizing the confounding that 

might be due to factors related to fetal growth restriction (50). Third, our analytic 

strategy incorporated potential confounders that might account for why others have 

found that children of obese mothers are at increased risk of CP and we did not. 

Fourth, we standardized the assessment of CP and subtypes of CP (23) and minimized 

inter-observer variability (35).  
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One limitation of our study is that the observational nature of our study does not 

allow us to draw causal inferences for what we have found. Indeed, with our attempts 

to reduce confounding, we might have diminished our opportunity to attribute to 

maternal prepregnancy overweight and obesity what could have been consequences 

of a high BMI, including socioeconomic correlates of overweight and obesity (such as 

limited maternal education), and increased risk of preeclampsia. An additional 

limitation is the reliance on the mother’s report of her pre-pregnancy weight as 

women have a tendency to under-report their weight (51). 
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ABSTRACT 

Background: Maternal pre-pregnancy obesity, in term-born children, is associated with an 

increased risk of attention problems, however this relationship has not been explored 

among children born extremely preterm.  

 

Aim: To estimate the risk of attention problems at age 10 years in children born very 

preterm to overweight (i.e., body mass index (BMI) 25-29 kg/m
2) and obese (i.e., BMI ≥ 30 

kg/m
2
) women relative to the risk among children born to women who were neither 

overweight nor obese (i.e. BMI < 25 kg/m
2
).  

 

Study design: Multi-center prospective cohort study. 

 

Methods: A total of 764 children born before the 28th week of gestation and whose 

mother’s pre-pregnancy height and pre-pregnancy weight were obtained at birth had an 

IQ ≥ 70 at age 10 years when parents and teachers completed Child Symptom Inventory-4 

questionnaires that included items about the presence of ADHD. 

 

Results: Compared to children whose mother’s pre-pregnancy weight was in the normal 

range (BMI <25 kg/m
2
), children were at increased risk of parent-identified ADHD 

behaviors if their mother was overweight (odds ratio (OR) = 1.9; 95% confidence interval 

(CI): 1.1, 3.3), or obese (OR = 2.3; 95% CI: 1.4, 3.9). They were not at increased risk of 

teacher-identified ADHD characteristics if their mother was overweight before her 

pregnancy (OR = 1.0; 95% CI: 0.6, 1.8), or obese (OR = 1.0; 95% CI: 0.6, 1.6). 

 

Conclusion: Maternal overweight and obesity are associated with increased risk of parent-

identified ADHD characteristics at 10 years of age in children born extremely preterm. 
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INTRODUCTION 

More than one-third of women entering pregnancy in 2013-2014 in the United States 

were obese (1). The offspring of obese mothers also appear to be at increased risk of 

developmental delays (2, 3), learning problems in reading and math skills (4), 

schizophrenia (5), autism (6) and attention problems (AP) (7-9). More specifically, children 

born very preterm (<32 weeks) and/or with a very low birth weight (<1,500 g) score less 

favorably on parent and teacher ratings of attention problems compared to term-born 

controls (10-13). In addition, the lower the gestational age, the higher the risk for 

attention problems (14, 15). Furthermore, attention problems are more common in 

school-aged children born preterm than in children born near term (16-21). 

 

Although both maternal obesity and prematurity are risk factors for attention problems in 

term-born children, to our knowledge, no report has assessed the relationship between 

high maternal pre-pregnancy body mass index (BMI) and attention problems among 

children born extremely preterm. Using data obtained from the ELGAN (Extremely Low 

Gestational Age Newborns) Study (22), we evaluated the hypothesis that compared to 

extremely preterm children born to women who had a normal pre-pregnancy weight (i.e., 

BMI < 25 kg/m
2), those born to women who were overweight (i.e., BMI ≥ 25, < 30 kg/m2

) 

or obese (i.e., BMI ≥ 30 kg/m2
) before the pregnancy are more likely to have Attention 

Deficit Hyperactivity Disorder (ADHD) behaviors at age ten years. When the children were 

10 years old, the ELGAN Study asked parents to complete the Child Symptom Inventory-4 

(CSI-4). The child’s teacher was asked to do the same, thereby providing information 

about a second (the school) environment. 

 

METHODS 

The ELGAN study  

The ELGAN study is a multi-center prospective, observational study of the risk of structural 

and functional neurologic disorders in extremely preterm infants (22). Enrollees into this 

study included 1506 infants born before the 28th week of gestation during the years 

2002-2004 and 1200 survived to 2 years. Of the 1198 known to be alive at age 10 years, 
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966 were targeted for recruitment. The enrollment and consent processes near the time 

of birth and at age 10 years were approved by the individual institutional review boards.  

 

Demographic and pregnancy variables 

After delivery, a trained research nurse interviewed each mother in her native language 

using a structured data collection form, and obtained information about characteristics of 

the mother and pregnancy, as well as exposures during pregnancy.  

 

Maternal body mass index (BMI) 

Each mother was asked to provide her height and pre-pregnancy weight shortly before, or 

shortly after delivery when they were interviewed, usually by a research nurse. These data 

were used to calculate her BMI. The United States government classifies BMIs as follows: 

< 18.5 kg/m
2
 is underweight, 18.5–24.9 kg/m

2
 is normal, 25.0–29.9 kg/m

2
 is overweight, 

30.0–34.9 kg/m
2
 is obese, 35.0–39.9 kg/m

2
 is very obese, and ≥ 40 kg/m2

 is extreme 

obesity (23). We collapsed these BMI groups into < 25, 25-29.9, and ≥ 30 kg/m2
. 

 

Infant characteristics   

Neonatal data were collected from the newborn’s medical record. The gestational age 

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

desirable were estimates based on the dates of embryo retrieval or intrauterine 

insemination or fetal ultrasound before the 14
th

 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%). The birth weight z-score represents the 

number of standard deviations the infant’s birth weight was above or below the median 

weight of infants at the same gestational age in referent samples not delivered for 

preeclampsia or fetal indications (24, 25).  
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ADHD assessment 

While the child was being assessed for neurocognitive function and academic 

achievement, the parent or caregiver completed questionnaires regarding the child’s 

medical and neurological status and behavior, including the Child Symptom Inventory-4 

Parent Checklist (CSI-4) (26, 27). The child’s current teacher was also asked to complete 

the Child Symptom Inventory-4 Teacher Checklist. Teachers and parents did not make any 

ADD DSM-IV diagnosis. Rather, the CSI-4 program identified children as screening positive 

for these diagnoses based on the parents’ or teachers’ acknowledging selected 

characteristics of the child that aligned with DSM-IV symptoms. 

 

Both the parent checklist and the teacher version include the same 18 items specific for 

ADHD symptoms (9 for the inattentive domain and 9 for the hyperactive/impulsive 

domain) that are each rated on a scale from 0 (never) to 3 (very often). For this study, a 

child was classified as screening positive for each ADHD type if s/he was reported to have 

6 or more of the 9 “symptoms” either sometimes or very often. Parents and teachers 

differ considerably in whom they consider to have ADHD symptoms (28, 29). 

Consequently, we evaluated parent-identified ADHD symptoms separately from teacher-

identified ADHD symptoms.   

 

Data analysis 

We began data analysis by seeking to identify potential sources of bias associated with 

which children were and were not assessed (Supplement Table A). We then evaluated the 

null hypothesis that children whose mothers were overweight or obese were no more 

likely than their peers to have CSI-4-defined ADHD behaviors, first as identified by the 

parent, and then as identified by the teacher. In Table 2 and Supplement Tables C and D 

we tried to identify potential confounders of the relationship between maternal pre-

pregnancy BMI and the child’s screening positive for ADHD. In essence, we were looking 

for characteristics that varied with BMI and ADHD symptoms identified by parent/teacher. 

The potential confounders identified this way and from a review from the literature 

included mother’s identification as Black, maternal age, mother’s years of education and 
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government-provided insurance. These were then included in random-effects 

multivariable logistic regression models of parent-identified ADHD characteristics, and 

separately for teacher-identified ADHD characteristics, allowing us to calculate odds ratios 

and 95% confidence intervals (Table 3). Fertility treatment, a strong correlate of socio-

economic class, was not included in these analyses because these models already had four 

other correlates of low social class, non-white race, low maternal age at the time of 

delivery, less than a high school education, and eligibility for public (government 

provided) medical care insurance. The random-effects models adjusted for the correlation 

among children from multifetal pregnancies. 

 

RESULTS 

Sample description (Table 1) and Characteristics of children eligible for recruitment 

(Supplement Table A) 

Of the 966 identified for recruitment, 889 were re-enrolled at age 10 years. Of the 889, 

764 had an IQ ≥ 70, a CSI-4 was completed by a parent and/or a teacher, and 10 years 

previously, we had collected mother’s pre-pregnancy weight and height. They comprise 

the cohort for this report. A total of 151 children (20%) were reported to have ADHD 

symptoms by the mother, while a teacher identified 121 (22%).  

 

Maternal and infant characteristics associated with CSI-4 availability (Supplement Table 

B) 

Of the 77 eligible children not re-enrolled at age 10, 3 would not have been eligible for 

inclusion in this report because their mother’s BMI had not been obtained at birth. To 

identify potential sources of bias, we compared the remaining 74 children to the 764 for 

whom a CSI-4 was available. The children for whom a CSI-4 was available were more likely 

than the children not enrolled to have a mother who identified as White and non-

Hispanic, was older at the time of delivery, had more formal education, was married at 

the time of delivery, was not eligible for government-provided medical care insurance, 

and received fertility (conception) assistance. The infants were more likely to be female, 

shared the uterus with a sibling, and gestationally older, and heavier at birth.  
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Maternal characteristics (Table 2) 

In describing the contents of Supplement Tables C and D, we focus on those variables that 

are potential confounders of relationships between maternal BMI and offspring attention 

problems.  

 

Overweight and obese women were more likely than others to identify as Black and the 

children of Black mothers were more likely than others to have teacher-identified ADHD 

behavioral characteristics. Women who delivered before age 21 years were under-

represented among the obese, but their children were more likely than others to be 

identified as having ADHD behaviors by both them and the teacher. Women who had 

some post-college education were less likely than others to be overweight or obese and 

their children were less likely than others to be identified as having ADHD characteristics.  

 

Obese women and to a smaller extent, overweight women, were more likely than women 

of normal pre-pregnancy weight to report that they were eligible for government-

provided insurance. The children of these insurance-eligible women were more likely than 

others to be identified as having ADHD characteristics by both parent and teacher. 

 

The last potential confounder in this table is another socioeconomic characteristic, fertility 

(conception) assistance. Obese and overweight women were less likely than their normal 

weight peers to report fertility assistance and the children whose mothers received 

fertility assistance were less likely than others to have parent- or teacher-identified ADHD 

behaviors. 

 

Delivery characteristics (Supplement Table C) and Infant characteristics (Supplement 

Table D) 

None of the characteristics in either table appears to be a potential confounder. 
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Multivariable analyses (Table 3) 

We created multivariable models of the risk of parent- or teacher-identified ADHD that 

included mother’s pre-pregnancy overweight and obesity, and five indicators of her 

socioeconomic status, racial identification (but only for teacher-identified ADHD, not for 

parent-identified ADHD), age at the time of delivery, years of formal education, and 

eligibility for government-provided insurance. Table 3 is offered to show the odds ratios of 

ADHD symptoms associated with maternal pre-pregnancy overweight and obesity, and 

with potential confounders. The odds ratios of potential confounders should be as just 

that, and not as measures of causal effects (30). 

 

In the model for parent-reported ADHD behaviors, the risk was increased if the mother’s 

pre-pregnancy BMI was in the overweight range (odds ratio (OR) = 1.9; 95% confidence 

interval (CI): 1.1, 3.3), or in the obese range (OR = 2.3; 95% CI: 1.4, 3.9). Only mother’s low 

age at the delivery contributed statistically significant information about increased risk 

(OR = 2.4; 95% CI: 1.1, 5.4).  

 

In the model for teacher-identified ADHD characteristics, the risk was not increased if the 

mother was overweight before her pregnancy (OR = 1.0; 95% CI: 0.6, 1.8), or obese (OR = 

1.0; 95% CI: 0.6, 1.6). Of the five socio-economic indicators in the original model, only 

fertility assistance dropped out. Of the remaining four, two were associated with 

increased risk: mother’s identification as not white (OR = 1.8; 95% CI: 1.1, 2.9), and 

mother’s formal education (< 12 years: OR = 1.9; 95% CI: 1.04, 3.5, and 12, < 16 years: OR 

= 1.9; 95% CI: 1.03, 3.4).  
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Table 1: Flowchart of sample description 

 
 
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 
 

 
 

 

 

1506 children <28 weeks 
gestation enrolled during 

2002-2004

966 children were recruited

764 (86%) children 
supplement of this study 

308 children did not survive until 10 years

232 children had no information on concentration 
measurements of inflammation-related proteins 
in blood samples from their first postnatal month

77 children were not enrolled because 
parents/caregivers could not be found, declined 

invitation or did not bring the child for the 
assessment

889 (100%) children were 
enrolled

32 (4%) children had no information on maternal 
pre-pregnancy weight and height 

15 (2%) children were not assessed at age 10 by 
parent and/or teacher CSI-4

78 (9%) children with IQ <70 were excluded

151 (20%) children had 
ADHD reported by mother 

121 (22%) children had 
ADHD reported by teacher
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Supplement Table A. Characteristics of the 966 children eligible for recruitment classified 

by whether or not they were assessed. These are column percents. 

  Assessed Row 

  Yes No N 

Age, years < 21 13 13 125 

 21-35 67 74 654 

 > 35 20 13 187 

Education, years ≤ 12 41 55 395 

 > 12, < 16 23 26 221 

 ≥ 16 36 19 320 

Single marital status Yes 40 54 398 

Public insurance Yes 35 57 352 

Racial identity White 63 50 588 

 Black 26 33 256 

 Other 11 17 111 

Hispanic Yes 10 12 97 

Maternal  <25 56 48 532 

  pre-pregnancy 25-30 19 29 191 

   BMI >30 17 22 207 

 Unknown 5 4 36 

Newborn      

Sex Male 51 57 498 

Gestational age,  23-24 21 19 198 

   wks 25-26 45 55 446 

 27 34 26 322 

Birth weight, grams ≤ 750 37 32 353 

 751-1000 43 57 431 

 > 1000 20 11 182 

Birth weight Z-score < -2 6 3 54 

 ≥ -2, < -1 13 16 131 

 ≥ -1 81 81 781 

Postnatal      

Echolucent lesion Yes 6 8 62 

Ventriculomegaly Yes 11 2 94 

NEC Bell stage 3b Yes 3 4 34 

ROP, prethreshold Yes 13 13 125 

BPD Yes 52 52 500 

Maximum col N  873 93 966 
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Supplement Table B. The percent of children who had the characteristic at the top of the 

column who also had the characteristic listed on the left. These are column percents 

intended to show how children evaluated at age 10 with the CSI-4 differed from the 

cohort at birth. All children whose mother and/or teacher provided a CSI-4 are included in 

the three columns on the right. Of these children, only those with an IQ > 70 are included 

in the subsequent tables. 

 No CSI-4 obtained CSI-4 obtained 

 Maternal pre-pregnancy BMI (kg/m2) 

Maternal characteristics < 25 25,<30 ≥ 30 < 25 25,<30 ≥ 30 

Racial identity  White 43 40 54 72 55 60 

 Black 31 48 46 20 30 29 

 Other 26 12 0 7 15 12 

Hispanic Yes 11 16 17 5 15 13 

Maternal age < 21 23 4 7 15 11 7 

 21-35 74 88 69 65 66 73 

 > 35 3 8 23 20 22 20 

Years of  < 12 65 44 58 36 46 39 

  education 12 to < 16 12 40 42 20 22 35 

 ≥ 16 24 16 0 44 32 26 

Single Yes 63 52 69 36 36 44 

Public insurance Yes 69 52 62 29 34 38 

Fertility assistance  Yes 9 8 0 27 21 21 

Infant’s characteristics       

Sex Male 60 52 62 51 49 50 

Fetuses ≥ 2 23 16 0 38 30 36 

Gestational age 23-24 11 12 23 20 48 17 

   (weeks) 25-26 63 56 62 45 42 47 

 27 26 32 15 35 40 36 

Birth weight (g) ≤750 26 32 23 34 30 38 

 751-1000 66 56 69 45 46 44 

 > 1000 9 12 8 21 24 18 

Birth weight < -2 3 0 0 5 5 8 

   Z-score ≥  -2, < -1 9 24 15 12 10 16 

 ≥ -2 89 76 85 82 85 76 

Maximum column N 35 25 13 450 149 165 
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Table 2. The percent of children who had the characteristic at the top of the column who 

also had the characteristic listed on the left. These are column percents. 

 
Maternal pre-pregnancy ADHD symptoms identified by 

BMI (kg/m
2
) Parent Teacher 

Maternal characteristics < 25 25,<30 ≥ 30 Yes No Yes No 

Racial identity  

White 72 55 60 64 67 55 73 

Black 20 30 29 27 23 35 20 

Other 7 15 12 9 10 11 8 

Hispanic Yes 5 15 13 7 9 7 8 

Maternal age 

< 21 15 11 7 18 11 16 11 

21-35 65 66 73 69 66 65 65 

> 35 20 22 20 13 23 18 24 

Years of  
  education 

< 12 36 46 39 48 36 50 37 

12 to < 16 21 22 35 19 24 27 22 

≥ 16 44 32 26 32 39 22 40 

Single Yes 64 64 56 53 65 64 66 

Self supported? Yes 68 70 69 69 69 39 39 

Public insurance Yes 29 34 38 44 29 43 29 

Pre-pregnancy  
   Body Mass  
   Index (BMI) 

<25    46 62 54 58 

25, <30    25 18 21 19 

≥ 30    30 20 25 23 

Fertility assistance  Yes 27 21 21 19 26 15 25 

Maximum column N 450 149 165 151 613 121 441 

ADHDSM = Attention deficit/hyperactivity entity according to criteria in the Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition 
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Supplement Table C. The percent of children who had the characteristic at the top of the 

column who also had the characteristic listed on the left. These are column percents. 

 
Maternal pre-pregnancy ADHD symptoms identified by 

BMI (kg/m
2
) Parent Teacher 

Delivery characteristics < 25 25,<30 ≥ 30 Yes No Yes No 

Antenatal 
  corticosteroids 

Complete 63 60 65 60 63 62 63 

Partial 26 23 27 25 26 23 25 

None 11 17 8 15 11 15 12 

Pregnancy 
  complication 

PTL 51 44 36 44 47 42 43 

pPROM 21 19 27 21 22 22 22 

PE 8 16 20 13 12 9 13 

Abruption 11 16 8 14 10 13 13 

Cerv Insuff 5 3 6 3 5 5 4 

Fetal Indic 4 2 4 3 4 7 5 

Magnesium None 30 39 30 29 34 41 34 

Tocolysis 60 47 53 56 56 48 54 

Sz prophyl 10 14 17 15 11 12 14 

Cesarean Yes 67 65 70 56 70 61 68 

Fever Yes 6 6 4 6 5 3 5 

Highest WBC > 20K 22 19 17 23 20 16 21 

Maximum column N 450 149 165 151 613 121 441 

Cerv Insuff = Cervical Insufficiency; Fetal Indic = Fetal indications; PE = Preeclampsia; pPROM = Preterm 
Premature Rupture of Membranes; PTL= Preterm labor; Sz prophyl = Seizure Prophylaxis; WBC = White Blood 
Cells 
 within the interval from 48 hours before delivery to 48 hours post delivery 
      within the interval from admission to 48 hours post delivery 
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Supplement Table D. The percent of children who had the characteristic at the top of the 

column who also had the characteristic listed on the left. These are column percents.  

 Maternal pre-pregncncy ADHD symptoms identified by 

 BMI (kg/m
2
) Parent Teacher 

Infant characteristics < 25 25,<30 ≥ 30     

Sex Male 51 49 50 64 47 69 45 

Fetuses ≥ 2 38 30 36 22 40 27 35 

Gestational age 23-24 20 18 17 27 17 24 16 

   (weeks) 25-26 45 42 47 45 45 47 48 

 27 35 40 36 28 38 29 36 

Birth weight (g) ≤750 34 30 38 40 32 42 32 

 751-1000 45 46 44 39 46 40 46 

 > 1000 21 24 18 21 21 18 22 

Birth weight  < -2 5 5 8 5 6 7 6 

Z-score ≥ -2,< -1  12 10 16 12 13 12 12 

 ≥ -1  82 85 76 83 81 81 81 

Head  < -2 7 8 11 4 9 11 8 

  circumference ≥ -2,< -1 21 22 24 25 21 19 21 

  Z-score ≥ -1 73 70 65 71 71 70 70 

Maximum column N 450 149 165 151 613 121 441 

BW = birth weight 
* Yudkin (24) standard 
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Table 3. Odds ratios (point estimates and 95% confidence intervals) for parent or teacher 

identified ADHD at the top of the column associated with the risk factor listed on the left 

in models of that contain all the other variables that have an odds ratio in that column. 

Both models account for correlation between children from the same pregnancy. 

  ADHD symptoms 

Variables  Parent-identified Teacher-identified 

Maternal pre-pregnancy BMI  
   (kg/m

2
) 

25,<30 1.9 (1.1, 3.3) 1.0 (0.6, 1.8) 

≥ 30 2.3 (1.4, 3.9) 1.0 (0.6, 1.6) 

Non-white race Yes ----- 1.8 (1.1, 2.9) 

Maternal age, years 
<21 2.4 (1.1, 5.4) 1.1 (0.5, 2.4) 

21-35 1.7 (0.97, 3.0) 1.0 (0.6, 1.8) 

Years of education 
<12 0.9 (0.6, 1.6) 1.9 (1.04, 3.5) 

12, <16 0.6 (0.4, 1.1) 1.9 (1.03, 3.4) 

Public insurance Yes 1.5 (0.9, 2.5) 1.0 (0.6, 1.9) 
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DISCUSSION 

Our main findings are that mother’s pre-pregnancy overweight and obesity status are 

associated with increased risk of parent-identified ADHD characteristics, but not at 

increased risk of teacher-identified ADHD behaviors. 

 

Previous studies of maternal obesity and attention problems  

Of the studies that evaluated the relationship between maternal obesity and ADHD in 

childhood, none was limited to children born preterm. One prospective cohort study of 

school-age children found that children of mothers with pre-pregnancy overweight or 

obesity were more likely than others to have high ADHD symptom scores (7). The small 

number of children in some groups (e.g., n=33 in the lean and large weight-gain group) 

limited the power of the findings. Three studies reported that children aged 6, 7 and 9 

years, respectively, of obese mothers had significantly greater ADHD symptom severity 

than children of normal weight or overweight mothers (31-33). Pre-pregnancy obesity was 

also associated with increased risk of offspring ADHD in children from 9 to 18 years old 

(34). One study reported that maternal overweight was not associated with 

attention/hyperactivity problems (35).  

 

Definition of ADHD behaviors 

Studies evaluating the association between maternal BMI and attention problems used 

different rating scales for ADHD behaviors, making it difficult to compare the findings of 

these studies. The CSI-4, which was used in the present study to evaluate parent’s or 

teacher’s report on ADHD symptoms in the child, has not been adequately compared to 

other ADHD assessment instruments (36). We acknowledge that the CSI-4 is not routinely 

used to assess the existence of ADHD characteristics (37), but certainly contains the 

symptoms that portray the DSM diagnosis of ADHD. The CSI-4 identifies children as 

screening positive for the inattentive and/or hyperactive/impulsive categories of DSM-IV-

related ADHD. Because of poor agreement between parent and teacher about these 

domains, we chose to view all ADHD behaviors as “an important unitary component to 
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ADHD symptoms” (38). This decision is supported by concerns about the validity and 

stability of subtypes (29, 39-42).
 
 

 

Preterm birth and attention problems in children  

Attention problems are more common in school-aged children born preterm than in 

children born near term (16-21). Prematurity is a risk factor for ADHD. Indeed, the lower 

the gestational age at birth, the higher the risk of an attention deficit hyperactivity 

disorder (ADHD) (14, 15). The CSI-4 is not a diagnostic instrument. Rather, it screens for 

symptoms likely to meet DSM-5 criteria. Although parents and teachers frequently did not 

agree on which children screened positive for ADHD, (43) parents and teachers differed 

minimally in the prevalence of screening children in our sample as positive for ADHD (20% 

and 22%, respectively).  

 

Discrepancy between parent-identified and teacher-identified ADHD behaviors  

We found that the children of overweight or obese mothers were at increased risk of 

parent-identified ADHD characteristics, but not at increased risk of teacher-identified 

ADHD behaviors. Although the rates of identification were approximately the same, the 

same children were not being identified by parents and teachers. This discrepancy might 

reflect, in part, the tendency of parents of ELGANs to view their children as vulnerable 

(44), and to have experienced psychological distress and express its consequences later 

(45). This discrepancy might also reflect the teachers’ having observed many more 

children, and consequently having broader perspective than parents. In addition, 

teachers’ ADHD scores can show instability over time (46). Another possible explanation 

for finding discrepancies between parent and teacher outcomes, include diverse settings 

in which parents and teachers observe children (47). The teacher might see the child only 

when the child is medicated, or within the relatively structured environment of the 

classroom setting, whereas the parent has seen the child when not medicated and within 

the relatively unstructured home setting.  
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Socioeconomic relationships 

Mother’s young age at time of delivery contributed statistically significant socio-economic 

information about increased risk on parent-identified ADHD. Mother’s identification as 

not white and mother’s limited formal education were potential confounders on teacher-

identified ADHD. Young age at time of delivery (48, 49), low maternal education (8, 49-

51), non-white maternal ethnicity (20), all indicators of low socio-economic status, appear 

to be associated with attention problems in children born prematurely. Others have also 

reported that indicators/correlates of low socioeconomic status, such as maternal 

smoking (35), Hispanic ethnicity (51, 52), and family monthly income (35, 48), housing 

tenure (48), and marital status (48) are associated with attention problems. The possibility 

of unmeasured confounding in this present study remains.  

 

Maternal obesity can convey additional risk information 

Maternal pre-pregnancy obesity is associated with inflammation in the offspring (53, 54) 

and epigenetic phenomena (55, 56). Epigenetic processes have been invoked to explain 

the relationships between impaired development and social status (57), immaturity (58), 

and inflammation (59). 

 

Observers 

The American Academy of Pediatrics (AAP) clinical practice ADHD guideline recommends 

that reports of a child’s behaviors be collected from a classroom teacher and from a 

parent (60). The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-

V) also requires "several inattentive or hyperactive-impulsive symptoms … in two or more 

settings (61).” 

 

In the ELGAN Study the agreement between parent and teacher report was low. Thus, we 

decided to evaluate parent-identified ADHD behaviors separately from teacher-identified 

ADHD behaviors (43).
 
Our finding a relationship between both maternal pre-pregnancy 

overweight and maternal pre-pregnancy obesity with a child’s risk of parent-identified of 

ADHD behaviors, but not with teacher-identified ADHD behaviors adds to the literature 
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about how teachers differ from parents in the behaviors they identify under the rubric of 

attention-related symptoms (62). We have additional findings that the antecedents of 

parent-identified ADHD behaviors sometimes differ from the antecedents of teacher-

identified ADHD behaviors (63). 

 

Strengths and limitations 

Among our study’s strengths are its prospective design, the large numbers of children, the 

enrollment of infants based on gestational age rather than birth weight (64), the low 

attrition rate, and the innovation of examining these features in the ELGAN population. 

Perhaps the major limitation of our study is the reliance on the gravida’s report of her pre-

pregnancy weight. Women have a tendency to under-report their weight (65). 

Consequently, our reliance on the mother’s report might have resulted in 

misclassification, and possible underestimation of the relationship between mother’s pre-

pregnancy obesity and her child’s tendency to have ADHD symptoms. The limitations of 

the CSI-4 are acknowledged (66, 67). 

 

CONCLUSION 

Compared to the children of women with normal pre-pregnancy weight, those born to 

overweight and obese mothers appear to be at increased risk of parent-identified ADHD 

behaviors.  
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Chapter 8 

General discussion 



Obesity epidemic 

The prevalence of obesity among men and women in many countries continues to rise 

unabated (1). According to the World Health Organization (WHO) in 2016, worldwide 39% 

of adults aged 18 years and older were overweight, and 13% were obese (2). In addition, 

41 million children under the age of 5 years were overweight or obese in 2016. Overall, 

21% of adolescents aged 12-19 years were obese, 18% of school-aged children from 6-11 

years, and 14% of preschool-aged children from 2-5 years were obese (3). In 2015, almost 

26% of women in the United States were overweight and 26% were obese prior to their 

pregnancy in 2015 (4). The prevalence of maternal obesity varies from 7 to 25% in 

European countries (5). Maternal obesity is not limited to developed countries. Up to 50% 

of women in Africa are obese during pregnancy (6). This high prevalence of maternal 

obesity in developed as well as developing countries, is an important health problem since 

the consequences of maternal obesity are not limited to adverse outcomes experienced 

by the mother. Adverse health outcomes are also noted in the offspring of obese women. 

With increasing prevalence of obesity rates of women of childbearing age, it has become 

one of the most common risk factors in obstetric practice, and one of the most important 

challenges in obstetric care. In addition, several studies report associations between pre-

pregnancy obesity and neurodevelopmental outcomes in offspring (7-10). 

 

Prematurity and developmental outcomes 

Over the last 20 years, the number of children born alive at steadily decreasing gestational 

age increased (11). In addition, the neonatal morbidity over the same time period 

decreased (12). However, over the years, an increase was seen in the long-term 

developmental problems of preterm birth at earlier gestational age (13, 14). Children born 

extremely preterm (<28 weeks gestational age) perform significantly worse on cognitive 

measures than, for example, children born at 32 weeks gestational age (15). In addition, 

IQ declines with decreasing gestational age (16). Children born extremely preterm are also 

at higher risk for developing behavioral (including attention and emotional) problems, as 

well as autism spectrum disorders (17). These deficits among children born extremely 

preterm, are sometimes called ‘’the preterm behavioral phenotype’’ (18, 19). One of the 
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most common causes of chronic motor disabilities is the risk of cerebral palsy (CP) (20, 

21), and this risk increases with decreasing gestational age (22). These findings highlight 

that children born at an increasingly early gestational age are at heightened risk of 

cognitive, behavior and motor developmental limitations. 

 

Goal of this thesis 

Due to the increasing numbers of obese women entering pregnancy these last decades, 

and the increment in long-term developmental problems of preterm birth at earlier 

gestational age, this thesis tried to explain whether children of obese mothers and born at 

an increasingly early gestational age are at heightened risk of adverse neurodevelopment, 

including cognitive, behavior and motor developmental limitations. We tried to explore 

the potential role of inflammation linking maternal obesity to adverse neurodevelopment 

in these extremely preterm born children using data from the ELGAN Study (23). 

Furthermore, we evaluated the association between neonatal inflammation and early 

childhood obesity among children born at extremely low gestational age.  

 

Maternal obesity and cognitive function among extremely preterm born infants 

We found that, compared to the children born extremely preterm to women of normal 

weight, preterm newborns of obese mothers had lower mental and motor scores on the 

Bayley Scales of Infant Development II at 2-years (24). Assessments of neurocognitive 

function at two years of age are less reliable or stable than at older ages (25), which is 

pertinent especially to studies of children born preterm (26, 27). Therefore, the ELGAN 

investigators extended the line of research. At follow-up at 10 years of age, extremely 

preterm born children of women who were obese before pregnancy were also at 

increased risk of low scores on several assessments, including general IQ, executive 

function and spelling at 10 years of age compared to children born to normal weight 

women (28). These are the first studies that evaluated the association between maternal 

obesity and neurocognitive function in extremely preterm born infants. Our findings are 

consistent with studies of term-born children that found an association between maternal 

obesity and an increased risk for cognitive or intellectual delay (10, 29). Compared with 
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children born to mothers with a normal weight prior to their pregnancy, children of obese 

mothers were 58% more likely to display cognitive or intellectual delay in school-aged 

children (OR, 1.58; 95% CI, 1.39-1.79) (10).  

 

Maternal obesity and Attention Deficit Hyperactivity Disorder (ADHD) behavioral among 

extremely preterm born infants 

Maternal obesity was a risk factor for screening positive for ADHD at 10 years of age 

based on the report of a parent. Children born extremely preterm to overweight or obese 

mothers were not at increased risk of teacher-identified ADHD behaviors, compared to 

children born extremely preterm to mothers with a normal weight (30, 31). These findings 

are in line with a meta-analysis from 7 cohorts among children born at term where 

mothers who were obese before pregnancy were 62% more likely to have a child with 

ADHD characteristics, compared to women with normal BMIs (10).  

 

Maternal obesity and motor problems due to cerebral palsy among extremely preterm 

born infants 

In our cohort, extremely preterm born children whose mothers were obese were more 

likely than others to have systemic inflammation in the days after birth (32). Early 

systemic inflammation was also associated with an increased risk of cerebral palsy in the 

ELGAN cohort (33), and others (34, 35). After dividing the mothers of the ELGAN cohort in 

3 groups based on maternal BMIs, we however, did not find that children born to obese 

mothers were at increased risk of any form of cerebral palsy (36). This finding might be 

explained by either the narrow gestational age range (23-27 weeks) and/or the histologic 

and bacteriologic indicators of intra-uterine infection inflammation in extremely preterm 

born infants. Moreover, the prevalence of obese women in the ELGAN cohort was just 

21%.  

 

Neonatal inflammation and early childhood obesity among children born extremely 

preterm  

Early systemic inflammation in the first two postnatal weeks was a predictor of BMI at age 
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2 years of age. An elevated concentration of day-1 IL-6 was a strong predictor of obesity at 

age 2, and an elevated concentration of day-14 VCAM-1 was a strong predictor of 

overweight at age 2 among children born spontaneously. Our findings support the 

hypothesis that inflammation can precede the onset of obesity.  

 

Potential mechanisms for adverse neurodevelopmental outcomes 

Understanding the factors contributing to adverse neurodevelopment among children 

born to obese mothers is critical for identifying solutions to improve child mental health 

outcomes and reduce the population prevalence of these conditions. There are a number 

of proposed mechanisms to help account for the observed association between pre-

pregnancy obesity and developmental problems.  

 

Inflammation 

A prevailing hypothesis is that the inflammatory milieu that accompanies an obese state 

before and during pregnancy leads to a cascading series of events that affect brain 

development and subsequent functioning of the brain. We partly found supporting 

evidence for the potential intermediate role of inflammation in the association between 

extremely preterm born children and limited cognitive function in the offspring. Extremely 

preterm newborns of overweight and obese women are more likely to have systemic 

inflammation than their peers born to women with lower BMIs (32). In addition, systemic 

inflammation in the extremely preterm newborn is associated with severely impaired 

early cognitive function (37). We divided our cohort into two groups: children who had 

any component of the systemic inflammation profile associated with impaired cognitive 

function and children without any inflammation component. We observed similar odds 

for impaired cognitive function between the two groups. Moreover, children without any 

component tended to have a higher risk for impaired cognitive function (24). This finding 

suggests that non-inflammatory mechanisms are probably involved in the pathways 

linking maternal obesity to impaired neurodevelopmental function in extremely preterm 

born children. We did not find that children of obese mothers were at increased risk of 

cerebral palsy. Correlates/indicators of inflammation could possibly diminish our 
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identification of the association between maternal obesity and the risk of offspring 

cerebral palsy (36). 

 

Epigenetics 

Significantly lower levels of the two most prominent neurotrophic factors, brain-derived 

neurotrophic factor (BDNF) and nerve growth factor (NGF), were detected in placental 

tissue and umbilical cord plasma of preterm born infants, suggesting plausible altered 

epigenetic mechanisms that could have led to altered fetal programming (38). However, 

data from human studies with regard to potential epigenetic alterations in the offspring of 

obese pregnant women is extremely scarce. Obese pregnant women appear to have 

elevated cytokine production, which is accompanied by reduced global hypomethylation 

in cord blood (39). Animal studies have demonstrated that high fat diet during pregnancy 

leads to altered expression of genes involved in neurogenesis and synaptogenesis (40). 

The role of maternal obesity on the epigenetic profile of the offspring remains to be 

further elucidated.  

 

Societal impact 

During the years 2002-2004, women delivering before 28 weeks’ gestation at 1 of 14 

participating institutions in 11 cities throughout the United States were asked to enroll in 

the ELGAN study. During the years of enrollment, the prevalence of overweight in the 

United States was 27% among women of childbearing age (20-39 year) and 30% were 

obese (41). More than a decade later, in 2015-2016, on average 27% of women aged 20 

and older were overweight and 37% of women between 20-39 years were obese (42). We 

see that the prevalence of overweight women remains stable over time. However, an 

increase of 23% of the prevalence of obese women of childbearing age is observed over a 

13-year period.  

 

The Netherlands shows similar overweight and obesity trends. The mean age of mothers 

at first birth during the early years of the 21st century was in their late twenties. During 

2002-2004, on average 35% of women between 30 and 40 years were overweight, 
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whereas only 11% of women were obese. In 2017, 39% of women between 30 and 40 

years were overweight and 13% were obese. In concordance to women in the United 

States, the prevalence of obesity among Dutch women at childbearing age increased by 

almost 20% over a 13-year period (43).  

 

Health care costs 

It is important to evaluate the increasing healthcare costs from an intergenerational effect 

of maternal obesity on their offspring. Obese women are more likely to use a higher 

number of health service visits and accompanying healthcare costs during their 

pregnancy, mainly attributed to increasing usage of medication for minor complications. 

Total healthcare service costs for obese women are estimated to be 39% higher compared 

to women with a normal BMI. More specifically, obese women spent more days in 

hospital and had higher mean usage of general practitioner services (44).  

 

In general, maternal pre-pregnancy obesity is associated with slightly higher offspring 

health care utilization (physician visits, hospital admissions, and hospital days) and costs in 

the first 18 years of life. In Canada, children of obese women accounted for $1770 extra 

health care costs compared to children of normal weight mothers (45). These children had 

higher rates of physician visits and hospital stays for chronic health conditions, such as 

nervous system and mental health disorders compared to children of normal weight 

mothers.  

 

The hospital-related costs of newborn care vary by gestational age and birth weight. The 

mean health care costs for in-hospital deliveries for all newborns in California were $6389 

in 2009-2011. Preterm birth (<37 weeks’ gestation) is estimated to be 130 times more 

expensive than term delivery. A term born infant costs $2433, whereas an extremely 

preterm infant costs $317 982 (46).  

 

Furthermore, maternal obesity is positively associated with the risk of spontaneous 

extremely preterm birth (47). Moreover, we have demonstrated that maternal obesity 
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negatively impacts the health of their extremely preterm offspring, including adverse 

perinatal outcome (32) and delayed mental development (48), as well as attention-related 

behavior (30), which lead to increased healthcare utilization. Therefore, the healthcare 

costs of these offspring are likely to be higher compared to extremely preterm offspring of 

normal weight mothers. However, no data are available with regard to the healthcare 

costs accompanying extremely preterm births of obese mothers.   

 

Prevention of maternal (and paternal) obesity 

There is sufficient evidence from human and animal research showing that maternal as 

well as paternal obesity can induce increased risk of chronic disease in offspring (49-51). 

Therefore, obesity prevention strategies should not only focus on weight reduction in 

women, but also in men. To tackle the worldwide obesity problem is a challenging action 

that covers multiple sectors at all levels of society. The lifestyle that leads to obesity is 

often perpetuated by lack of supportive policies in many sectors: agriculture, food 

processing, transport, marketing, urban planning, education, and also health services. 

Strategies to prevent obesity by healthier choices of food and regular physical activity 

should become a high priority in our societies. These interventions are already needed at 

young ages to prevent childhood obesity. A family centered approach appears to be an 

opportunity to reduce weight and promote a healthy lifestyle for all members of the 

family. Clinicians should encourage changes in dietary and physical activity patterns 

among parents, as well as children and adolescents. In the unfortunate case that a woman 

of reproductive age does not meet a healthy weight status, the physician in charge of 

providing contraceptive care, can recommend lifestyle changes for nutrition and physical 

activity accompanied by cognitive behavioral therapy, if necessary. The preconception 

period is frequently defined as 3 months before conception. Preconception care should 

include education about the effect of obesity on pregnancy outcomes, long-term health of 

the offspring and guidance on safe and effective interventions to achieve a healthy weight 

prior to conception. However, substantial weight loss among obese women, takes on 

average years to achieve (52). This depends on BMI status and success rate of the weight 

loss intervention. Therefore, given the substantial time needed to reach a healthy weight, 
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preconception care at a population level is extremely important to reduce obesity-related 

outcomes in pregnancy. In addition, before pregnancy, obstetricians can play an ultimate 

advisory role for obtaining a healthy weight status, including the recommendation for 

bariatric surgery.  

 

Furthermore, the American Academy of Pediatrics recommends mothers in the United 

States to breastfeed exclusively for about the first 6 months after birth (53). However, less 

than 50% of infants were exclusively breastfed through 3 months after birth, and about 

25% were exclusively breastfed through 6 months (54). Maternal obesity seems to be 

associated with a decreased intention and initiation of breastfeeding (55). If they do 

breastfeed, it is of shorter duration, with a less adequate milk supply and delayed onset of 

lactogenesis, compared with mothers of normal weight. This observation is of 

disadvantage for obese mothers as well as their extremely preterm born offspring. 

Breastfeeding can promote postpartum weight loss, especially when continued for at least 

6 months. Longer duration of breastfeeding has been associated with long-term 

reductions in maternal BMI, which can be of advantage for following pregnancies. 

Furthermore, breastfeeding also reduces the risk of obesity in the offspring. Therefore, 

breastfeeding offers a modifiable maternal behavior that may reduce the risk of obesity 

associated with exposure to maternal obesity. In addition, breastfeeding has beneficial 

effects on brain maturation and cognitive development among extremely preterm born 

infants (56, 57).  

 

Conclusion 

Given the increasing number of obese women of childbearing age over the past years, this 

will have serious implications for society now and for future generations. Our findings on 

ELGANs provide support for the role of obesity-induced inflammation and adverse 

neurodevelopmental outcomes in preterm born offspring. This is an emerging area of 

research and additional studies are needed to further evaluate these hypotheses. Further 

definition of the underlying epigenetic, cellular, metabolic, and physiological mechanisms, 

which account for the association between maternal obesity and neurodevelopment in 
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preterm born offspring, is an important research agenda to characterize more specific 

recommendations for preconception health.   
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SUMMARY 

 
Background and aim 

The worldwide prevalence of obesity (Body Mass Index (BMI) ≥ 30 kg/m2) among women 

has increased over recent decades (1, 2). This increasing prevalence of obesity has also 

been observed among pregnant women (3, 4). It is estimated that more than one-third of 

women of reproductive age in the United States are obese (2). Over the years, more 

women are entering pregnancy with excess weight, exposing them and their unborn child 

to increased risk of adverse gestational and perinatal outcomes, as well as long-term risks 

for their offspring (4-6). Individuals exposed to maternal obesity during fetal life are at 

increased risks of becoming overweight or obese children and adults themselves (4-6), 

perpetuating the vicious cycle of obesity and creating an intergeneration effect. Maternal 

obesity also appears to have adverse neurodevelopmental effects on her offspring, 

including cognitive deficits (7, 8), behavioral disabilities (9, 10) and cerebral palsy (11-15).  

 

Estimates of the World Health Organization indicate that 10.6% of the 140 million live 

births worldwide were born preterm (<37 weeks gestation) in 2014 (16). On average, 85% 

of these children were born moderate or late preterm  (32 - 36 weeks gestation), 10% 

were born very preterm (28 to <32 weeks gestation), and 5% were born extremely 

preterm (<28 weeks gestation) (17). Complications of preterm birth were the leading 

cause of death in children younger than 5 years of age globally in 2016 (18). Preterm birth 

also increases the risk of death due to other causes, especially neonatal infections (19). In 

addition, decreasing gestational age is associated with increasing disability (20, 21), 

intensity of required (neonatal) care (22, 23), and associated costs (24-26). Preterm birth 

can have lifelong neurodevelopmental effects, with increased risks of cerebral palsy, 

impaired learning and mental disorders (27). The majority of preterm babies survive 

without impairment, but among extremely preterm born children, more than 50% are 

estimated to have adverse neurodevelopmental effects if they survive the neonatal period 

(28). 
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Maternal obesity and preterm birth are two important public health concerns associated 

with neurodevelopmental outcomes in offspring. Therefore, this thesis aims to explore 

the association between the two, focusing on maternal obesity and neurodevelopmental 

outcomes among extremely preterm infants.  

 

Main findings 

Obesity is the accumulation of excessive fat manifesting as both increased intracellular 

lipids and greater adipocyte size and increased numbers of adipocytes (29). The adipose 

tissue releases inflammatory mediators resulting in a chronic systemic inflammation (30, 

31). During pregnancy, both the placenta and adipose tissue may contribute to systemic 

inflammation reflected in increased circulating levels of inflammatory markers in the 

mother. Systemic responses to pregnancy were higher in women with pre-pregnancy 

obesity compared to normal weight pregnant women (32-34). Maternal systemic 

inflammation during pregnancy is also associated with an increased likelihood of 

neurodevelopmental deficits in their offspring (35-37). In Chapter 2, we give an overview 

of basic, clinical and epidemiologic research on the neurodevelopment of children born to 

obese mothers. In addition, we reviewed animal and human literature related to the 

hypothesis that maternal obesity causes maternal and fetal inflammation, and that this 

inflammation adversely affects the neurodevelopment of children. We found that children 

of obese mothers were at increased risk for four major categories of neurodevelopmental 

deficits, including cognitive and intelligence deficits, attention deficit hyperactivity 

disorder (ADHD), autism, and psychoses. We also found evidence that the association 

between maternal obesity and adverse neurodevelopment in children is partly mediated 

via inflammatory phenomena. The interrelationships between maternal obesity 

inflammation, and neurodevelopmental deficits are presented in a mechanistic 

framework.  
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In Figure 1, we depict the possible interrelationships between maternal obesity and 

childhood outcomes in the offspring from the ELGAN Study. The numbers with each arrow 

in the figure refer to the chapters in this thesis. 

Figure 1: Proposed mechanistic framework (modified from figure in Chapter 2) outlining 

interrelationships between maternal obesity, inflammation, and childhood outcomes in 

extremely preterm born newborns. Numbers along arrows correspond to the chapters in 

this thesis. 

 

In Chapter 3 we studied whether extremely preterm newborns of overweight (i.e., BMI 

25-29) and obese (i.e., BMI ≥ 30) women have elevated blood concentrations of 

inflammatory proteins compared to infants born to women with lower BMIs. We used 

data of the Extremely Low Gestational Age Newborns (ELGANs) cohort study. Preterm 

labor, preterm premature rupture of membranes (pPROM), and chorioamnionitis are all 

associated with an increased risk of white matter damage and adverse 

neurodevelopmental outcome (38-40). Therefore, we divided our sample into two groups 

defined by spontaneous indications for delivery (preterm labor, pPROM, abruption or 

cervical insufficiency) vs. maternal (preeclampsia) or fetal indications. The rationale for 

this was that spontaneous indications are often associated with inflammation, while fetal 

and maternal indications are mostly not (41, 42). We found that extremely preterm 
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newborns of overweight and obese women were more likely to have systemic 

inflammation than newborns of women with lower BMIs, but only among those delivered 

for maternal (preeclampsia) or fetal indications.  

 

Obese children are more likely than normal weight children to have high circulating levels 

of several markers of inflammation (43). A common hypothesis is that obesity promotes 

inflammation (44). However, some inflammation precedes obesity (45). Chapter 4 

evaluates the association between elevated neonatal concentrations of circulating 

inflammatory proteins and obesity at 2 years of age in the ELGAN cohort study. Children 

delivered for spontaneous indications from those delivered for fetal or maternal 

indications were evaluated separately. We measured neonatal inflammation during the 

first two postnatal weeks and BMI at 2 years of age. We found that an elevated 

concentration of day-1 IL-6 is a strong predictor of obesity at age 2, and an elevated 

concentration of day-14 VCAM-1 is a strong predictor of overweight at age 2 among 

children delivered for spontaneous indications. Our findings support the hypothesis that 

inflammation can precede the onset of obesity.  

 

In our ELGAN cohort, infants of overweight and obese mothers were more likely to have 

impaired early mental function at 2 years of age than their peers born to women with 

lower BMIs (46). In this same cohort, we measured proteins in blood from neonates and 

showed that sustained elevated concentrations of 12 proteins were associated with 

delayed mental development at age two years (47). Consequently, we evaluated potential 

confounders and possible intermediates in the association between maternal obesity and 

impaired early cognitive function in children at age 2 in Chapter 5. In addition, we 

investigated to what extent the relationship between maternal obesity and low 

developmental scores were attributable to early systemic inflammation. Mental and 

motor function were assessed using the Bayley Scales of Infant Development (BSID-II) 

(48). We found that children of obese mothers were at increased risk of a very low mental 

and motor development in the total sample. This association was even more prominent in 

the subsample of children who did not have any components of the sustained 
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inflammation profile associated with a very low mental scale. We therefore suggest that 

the measurable inflammation does not account for the association between maternal 

obesity and impaired development. Potential non-inflammatory mechanisms might be 

involved in this pathway, such as epigenetic changes (49-52). 

 

The risk of cerebral palsy, a motor disability neurological (brain) disorder that causes the 

loss of normal motor function, increases with decreasing gestational age (53-55). Obese 

women are more likely than others to deliver very preterm (56). Support for the 

association between maternal obesity and cerebral palsy in their offspring is inconsistent 

(11, 57, 58). Hence, in Chapter 6 we studied whether extremely preterm newborns of 

obese mothers are at increased risk of cerebral palsy at 2 years compared to infants born 

to women with lower BMIs. We found that extremely preterm born children born to 

overweight and obese women were not at increased risk of any form of cerebral palsy at 2 

years compared to children of women with a normal BMI. 

 

Maternal obesity is associated with an increased risk of attention problems in term-born 

children (59-61). In addition, preterm birth is a risk factor for attention problems (62, 63). 

Therefore, we explored the relationship between maternal obesity and attention 

problems in extremely preterm children at age 10 years in Chapter 7. Parent or caregiver 

and the current child’s teacher completed the Child Symptom Inventory-4 Checklist (CSI-4) 

(64, 65) regarding the child’s medical and neurological status and behavior. This checklist 

includes items specific for ADHD symptoms. We found that mother’s overweight and 

obesity during pregnancy were associated with increased risk of parent-identified ADHD 

characteristics. The risk of teacher-identified ADHD characteristics was not increased if the 

mother was overweight or obese.  

 

In conclusion, we found evidence that maternal obesity contributes to adverse early 

childhood neurodevelopment in extremely preterm born children, partly via inflammatory 

phenomena, not only resulting in adverse weight gain, but potentially also in adverse 

cognitive and behavioral development. 
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SAMENVATTING 

 
Achtergrond en doel 

In de afgelopen decennia is de prevalentie van obesitas (Body Mass Index (BMI) ≥ 

30 kg/m2) onder vrouwen toegenomen (1, 2). Ook het aantal zwangere vrouwen met 

obesitas is de afgelopen jaren toegenomen (3, 4). Er wordt geschat dat meer dan een 

derde van de vrouwen in de vruchtbare leeftijd obesitas heeft in de Verenigde Staten (2). 

Steeds meer vrouwen starten hun zwangerschap met een te hoog gewicht, waardoor 

moeder en ongeboren kind een verhoogd risico lopen op problemen tijdens de 

zwangerschap en in de perinatale periode, als ook problemen op lange termijn (4-6). 

Kinderen van vrouwen die obesitas hadden tijdens de zwangerschap, hebben meer kans 

op overgewicht en obesitas op de kinder- en volwassen leeftijd (4-6), waardoor zij en de 

daaropvolgende generaties mogelijk in een vicieuze (obesitas) cirkel terechtkomen. 

Obesitas tijdens de zwangerschap kan ook negatieve effecten hebben op de 

neurologische ontwikkeling van kinderen, zoals cognitieve stoornissen (7, 8), 

gedragsstoornissen (9, 10) en cerebrale parese (11-15).  

 

Volgens de Wereldgezondheidsorganisatie werd in 2014 10,6% van alle 140 miljoen 

levendgeborenen wereldwijd te vroeg geboren (<37 weken zwangerschap) (16). Ongeveer 

85% van deze kinderen werd geboren met een zwangerschapsduur van 32-36 weken 

(preterm), 10% met een zwangerschapsduur van 28 tot <32 weken (ernstig preterm) en 

5% met een zwangerschapsduur van minder dan 28 weken (extreem preterm) (17). Uit 

onderzoek in 2016 blijkt dat de complicaties van vroeggeboorte wereldwijd de 

belangrijkste doodsoorzaak zijn bij kinderen jonger dan 5 jaar (18). Vroeggeboorte 

verhoogt ook de kans op mortaliteit door andere oorzaken, zoals neonatale infecties (19). 

Daarnaast is een kortere zwangerschapsduur geassocieerd met ontwikkelingsbeperkingen 

(20, 21) en hebben deze kinderen intensievere (neonatale) zorg nodig (22, 23), met 

hogere bijbehorende kosten (24-26). Vroeggeboorte kan levenslange neurologische 

ontwikkelingsstoornissen veroorzaken, zoals cerebrale parese en cognitieve- en mentale 

stoornissen (27). De meerderheid van de te vroeg geboren kinderen overleeft echter 
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zonder beperkingen, maar meer dan 50% van de extreem te vroeg geboren kinderen 

ondervindt mentale stoornissen als zij de neonatale periode overleven (28). 

Obesitas tijdens de zwangerschap en vroeggeboorte zijn twee belangrijke problemen 

binnen de volksgezondheid die beide geassocieerd zijn met neurologische 

ontwikkelingsstoornissen. Om die reden is het doel van dit proefschrift om te 

onderzoeken wat de associatie is tussen maternale obesitas en neurologische 

ontwikkelingsstoornissen bij extreem te vroeg geboren kinderen.  

 

Belangrijkste bevindingen 

Obesitas kan gedefinieerd worden als een excessieve opstapeling van vet in het lichaam 

die de gezondheid negatief kan beïnvloeden. Hierbij kunnen vetcellen, adipocyten 

genoemd, in aantal (hyperplasie), maar ook in grootte (hypertrofie) toenemen (29). De 

adipocyten produceren proinflammatoire cytokines die chronische systemische ontsteking 

kunnen veroorzaken (30, 31). De placenta en vetcellen dragen tijdens een zwangerschap 

bij aan systemische ontsteking die gekenmerkt wordt door een toename van 

ontstekingsfactoren. De concentratie van systemische ontstekingsfactoren is hoger in  

obese zwangere vrouwen dan in zwangere vrouwen met een normaal gewicht (32-34). 

Daarnaast zijn maternale systemische ontstekingsfactoren tijdens de zwangerschap in 

verband gebracht met ontwikkelingsstoornissen  bij hun nakomelingen (35-37).  

Hoofdstuk 2 geeft een overzicht van fundamenteel, klinisch en epidemiologisch 

onderzoek naar de hersenontwikkeling van kinderen van obese vrouwen. Daarnaast 

beschrijven we met behulp van dier- en humane studies de relatie tussen maternale 

obesitas en maternale en foetale inflammatie en de afwijkende hersenontwikkeling van 

hun kinderen. Kinderen van obese vrouwen hadden een grotere kans op het ontwikkelen 

van stoornissen in de hersenontwikkeling, opgedeeld in vier categorieën: cognitieve 

stoornissen, aandachtstekort-hyperactiviteitstoornissen (ADHD), autisme en psychoses. 

We vonden ook bewijs voor de associatie tussen obese vrouwen en afwijkende 

hersenontwikkeling van hun kinderen en de mediërende rol van ontstekingsfactoren. De 

mogelijk onderlinge verbanden tussen ontstekingsfactoren bij obese vrouwen en een 
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afwijkende hersenontwikkeling bij hun kinderen hebben we weergegeven in een 

mechanistisch overzicht.  

 

In Figuur 1 worden de mogelijke relaties tussen maternale obesitas en 

gezondheidseffecten op de kinderleeftijd van extreem te vroeg geboren kinderen van de 

ELGAN Studie weergegeven. De getallen op de pijlen in Figuur 1 refereren naar de 

hoofdstukken in dit proefschrift. 

 

Figuur 1: Schematisch overzicht (figuur aangepast overgenomen uit Hoofdstuk 2) van de 

relatie tussen maternale obesitas, ontsteking, en obesitas en gezondheidseffecten op de 

kinderleeftijd bij extreem te vroeg geboren kinderen. Getallen op de pijlen 

corresponderen met de hoofdstukken in dit proefschrift. 

 

In Hoofdstuk 3 onderzochten we of extreem te vroeg geboren kinderen van vrouwen met 

overgewicht (BMI 25-29) en obesitas (BMI ≥ 30) verhoogde concentraties van 

ontstekingsfactoren in hun bloed hadden in vergelijking met kinderen van vrouwen met 

een normaal BMI ( BMI  25). Hiervoor hebben we gebruik gemaakt van de Amerikaanse 

cohortstudie Extremely Low Gestational Age Newborns (ELGANs). Vroeggeboorte, 

preterm prematuur gebroken vliezen (pPROM) en chorioamnionitis zijn geassocieerd met 

een verhoogd risico op schade aan de witte stof in de hersenen en neurologische 

Samenvatting

192



 

ontwikkelingsstoornissen (38-40). Daarom werden de deelnemers aan deze studie 

opgedeeld in twee groepen: deelnemers die geboren werden na spontane vroeggeboorte 

(dreigende vroeggeboorte, pPROM, placentaire abruptie of cervixinsufficientie) en 

deelnemers na vroeggeboorte door maternale (preeclampsie) of foetale indicaties. De 

reden voor deze opdeling is dat oorzaken voor spontane vroeggeboorte vaker 

geassocieerd zijn met ontstekingsfactoren, terwijl foetale en maternale indicaties dat 

meestal niet zijn (41, 42). We vonden dat extreem te vroeg geboren kinderen van 

vrouwen met overgewicht en obesitas tijdens de zwangerschap vaker een verhoogde 

concentratie van ontstekingsfactoren in het bloed hadden in vergelijking met kinderen 

van vrouwen met een normaal BMI, echter alleen bij kinderen die geboren waren na 

maternale (preeclampsie) of foetale indicaties.  

 

Bij obese kinderen worden vaker hogere concentraties ontstekingsfactoren in hun bloed 

vastgesteld in vergelijking met kinderen met een normaal gewicht (43). Een hypothese 

hiervoor zou kunnen zijn dat obesitas mogelijk ontsteking veroorzaakt (44). Echter, 

ontsteking zou ook vooraf kunnen gaan aan obesitas (45). In Hoofdstuk 4 onderzochten 

we de associatie tussen verhoogde neonatale concentraties van ontstekingsfactoren en 

obesitas op tweejarige leeftijd in het ELGAN cohort. Bij de analyse werden de deelnemers 

weer opgedeeld in twee groepen: vroeggeboorte op basis van spontane vroeggeboorte en 

vroeggeboorte door maternale of foetale indicaties. In de eerste twee weken na de 

geboorte werden neonatale ontstekingsfactoren gemeten en vervolgens werd de BMI van 

het kind op tweejarige leeftijd vastgesteld. We vonden dat een verhoogde concentratie 

van IL-6 op dag 1 na de geboorte een sterke voorspeller was van obesitas op tweejarige 

leeftijd. Daarnaast was een verhoogde concentratie van VCAM-1 op dag 14 na de 

geboorte een sterke voorspeller van overgewicht op tweejarige leeftijd bij kinderen met 

een spontane indicatie voor vroeggeboorte. Onze bevindingen ondersteunen de 

hypothese dat ontsteking vooraf kan gaan aan de ontwikkeling van obesitas op de 

kinderleeftijd.  
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In het ELGAN cohort hadden kinderen van vrouwen met overgewicht en obesitas tijdens 

de zwangerschap vaker cognitieve stoornissen op tweejarige leeftijd dan kinderen van 

vrouwen met een normaal BMI (46). In ditzelfde cohort vonden we ook dat verhoogde 

concentraties van ontstekingsfactoren in neonataal bloed geassocieerd waren met 

cognitieve stoornissen op tweejarige leeftijd (47). Vervolgens hebben we in Hoofdstuk 5 

onderzocht wat de potentiële confounders en mediatoren waren in de relatie tussen 

maternale obesitas en cognitieve stoornissen op tweejarige leeftijd. Daarnaast 

onderzochten we in dit hoofdstuk in hoeverre de relatie tussen maternale obesitas en 

cognitieve stoornissen toe te schrijven was aan systemische ontsteking in de eerste twee 

weken na de geboorte. De mentale en motorische functie op tweejarige leeftijd werd 

vastgesteld met behulp van de Bayley Scales of Infant Development (BSID-II) (48). We 

vonden dat kinderen van obese vrouwen een hogere kans hadden op een verminderde 

mentale en motorische ontwikkeling op tweejarige leeftijd in vergelijking met kinderen 

van vrouwen met lagere BMIs. Deze associatie was nog duidelijker aanwezig in de 

subanalyse, waarbij we alleen keken naar kinderen die geen systemische ontsteking in de 

eerste twee weken na de geboorte hadden. Kinderen van obese vrouwen uit deze 

subanalyse hadden een groter risico op een lage mentale score op de BSID-II, in 

vergelijking met kinderen van vrouwen met een lagere BMI. De ontstekingsfactoren in de 

eerste twee weken na de geboorte spelen in onze studie geen mediërende rol in de 

associatie tussen maternale obesitas en cognitieve stoornissen op tweejarige leeftijd. 

Mogelijk spelen andere mechanismen, zoals epigenetica, een rol in deze associatie (49-

52). 

 

Het risico op cerebrale parese neemt toe naarmate de zwangerschapsduur korter is (53-

55). Cerebrale parese is een ontwikkelingsstoornis die gekenmerkt wordt door motorische 

stoornissen, waaronder spasmes en krampachtige bewegingen. Vrouwen met obesitas 

hebben een grotere kans op het krijgen van een preterm geboren kind (56). De literatuur 

betreffende de associatie tussen maternale obesitas en cerebrale parese bij hun kinderen 

is niet eenduidig (11, 57, 58). Om deze reden hebben we met behulp van het ELGAN 

cohort in Hoofdstuk 6 onderzocht of kinderen van obese vrouwen een verhoogd risico 
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hadden op cerebrale parese op tweejarige leeftijd in vergelijking met kinderen van 

vrouwen met een lager BMI. We vonden dat kinderen van vrouwen met overgewicht en 

obesitas tijdens de zwangerschap geen verhoogd risico hadden op cerebrale parese op 

tweejarige leeftijd in vergelijking met kinderen van vrouwen met een normaal BMI.  

 

Obesitas tijdens de zwangerschap is geassocieerd met een verhoogd risico op 

aandachtsproblemen bij a term geboren kinderen (59-61). Daarnaast is vroeggeboorte 

een risicofactor voor aandachtsproblemen (62, 63). Daarom hebben we in Hoofdstuk 7 de 

mogelijke associatie onderzocht tussen obesitas tijdens de zwangerschap en 

aandachtsproblemen bij extreem te vroeg geboren kinderen op 10 jarige leeftijd. Een 

ouder of verzorger en de huidige leerkracht van het kind vulden de Child Symptom 

Inventory-4 Checklist (CSI-4) in (64, 65). Deze checklist gaat over de medische en 

neurologische status en het gedrag van het kind. Daarnaast bevat de checklist specifieke 

items over ADHD symptomen. Uit onze resultaten bleek dat overgewicht en obesitas 

tijdens de zwangerschap geassocieerd waren met een verhoogd risico op ADHD 

symptomen bij het kind als ouders de checklist invullen. Als een leerkracht de checklist 

invulde, dan was er geen verhoogd risico op ADHD symptomen bij het kind als de moeder 

overgewicht of obesitas tijdens de zwangerschap had.  

 

Concluderend, maternale obesitas draagt bij aan neurologische ontwikkelingsstoornissen 

bij extreem te vroeg geboren kinderen, gedeeltelijk via ontstekingsfactoren, die niet 

alleen kunnen resulteren in gewichtstoename, maar ook in cognitieve- en 

gedragsstoornissen op de kinderleeftijd. 
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