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Abstract

Background: Evidence shows cytokine dysregulation in children with developmental 

disabilities. Less clear is the association between immune activity during the perinatal period and 

child development.

Methods: We examined the relationship between newborn concentrations of immune markers 

and child development. Within Upstate KIDS, a population-based birth cohort (2008–2010, 

upstate New York), we assayed immune markers, which are postulated to have neuro-modulatory 
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effects, in newborn dried blood spots (NDBS, n=3038). Mothers completed the Ages & Stages 

Questionnaire© (ASQ) for their children repeatedly through age 36 months. At 30 and 36 months, 

mothers also reported whether their children received any developmental services. We used 

generalized linear mixed models adjusted for maternal and child characteristics to test 

associations.

Results: Sixteen immune markers were associated with failing ASQ in unadjusted models. After 

full adjustment (for gestational age, mode of delivery, parity, pregnancy smoking, etc.), we 

observed that higher levels of 4 markers, including platelet-derived growth factor-AA (PDGF-AA, 

OR 0.77, 95% CI 0.67, 0.89), plasminogen activator inhibitor-1 (OR 0.80, 95% CI 0.68, 0.94), 

stromal cell derived factor-1 (OR 0.85, 95% CI 0.73, 0.98), and macrophage inflammatory 

protein-1beta (OR 0.87, 95% CI 0.77, 0.98) were associated with lower odds of ASQ failure. The 

associations did not exist if correction for multiple comparisons was performed, except for PDGF-

AA. Analyses with developmental service use revealed similar null findings.

Conclusions: Immune marker concentrations in NDBS may not be associated with 

developmental delay in the general population. Newborn concentrations of growth factor PDGF-

AA may be protective of developmental delay in childhood.
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Introduction

Children with developmental disabilities such as autism spectrum disorder (ASD) have 

elevated levels of cytokines such as interleukin (IL)-6 and tumor necrosis factor alpha (TNF-

α).1 Pro-inflammatory cytokines have been suggested to explain the association between 

prenatal infection and children’s risk of neuropsychiatric disorders because these cytokines 

can pass through the placenta and the blood brain barrier and lead to aberrant neural growth 

and plasticity.2 Inflammatory processes are among the factors that underlie abnormal brain 

development, cognitive impairments, and behavioral disturbances in extremely preterm 

children.3 To the extent that early pathogenic immune processes are involved in the etiology 

of developmental disabilities1 as well as poor neuropsychological functioning in children 

born very preterm,3 it is anticipated that other aspects of child development could also be 

impacted by immune system activation. Prospective studies among preterm infants that 

assessed immune markers (i.e., before the emergence of behavioral and cognitive 

impairments) suggest that low-grade inflammation adversely impacts child brain 

development.2 However, few studies examined this association in term infants.4,5 Moreover, 

we do not yet know which markers of immune activity are most important for brain 

development, nor whether higher or lower levels of immune markers are associated with 

better or worse developmental outcomes.

Several cytokines are involved in central nervous system signaling to produce neurochemical 

and neuro-immune alterations that might translate into behavioral and cognitive 

abnormalities in children.6 These signals induce processes such as migration and activation 

of inflammatory cells, and other vascular responses, which could in turn increase peripheral 
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levels of cytokines and acute phase reactants. Chemokines, e.g., monocyte chemotactic 

protein-1 (MCP-1), may also play a role in brain development because of their 

neuromodulatory role, neuro-transmitter-like effects, and their involvement in regulation of 

neurogenesis and neuronal migration.7 Both decreased and increased levels of circulatory 

growth factors such as platelet-derived growth factor-AA (PDGF-AA) and PDGF-BB are 

reported in children with developmental disabilities.8,9

This study examines the prospective association between immune markers as measured in 

newborn dried blood spots (NDBS) and failing screening for developmental skills in a large 

sample of U.S. children drawn from the general population. Neonatal blood specimens 

obtained from archived NBDS offer a simple and cost effective source to assess various 

biomarkers.10 Immune markers including cytokines, chemokines, and acute phase reactants 

in newborns may reflect the immune system activation during perinatal period and serve as a 

proxy for perinatal immune disruption in neonates.

Methods

Participants

We used data from the Upstate KIDS Study, a population-based birth cohort in upstate New 

York, 2008–2010.11 Recruitment was based on birth certificate indication of infertility 

treatment and plurality. Infertility treatments included two broad categories: (a) assisted 

reproductive technology-specific treatment including in vitro fertilization or 

intracytoplasmic sperm injection, and (b) ovulation induction via oral or injectable 

medications with or without intrauterine insemination. All live births conceived with 

infertility treatment and all of multiple gestations were recruited. Singletons not conceived 

by infertility treatment were also recruited at a 3:1 ratio to those conceived by treatment, 

while frequency matching on region of birth. There were 3905 mothers of singletons and 

1084 mothers of twins who were enrolled in the study. Here, we included singletons and a 

randomly selected twin in each pair (n=4989) and excluded triplets and quadruplets (n=134) 

due to small number. Parents consented to the use of residual NDBS for 3038 (60%) infants 

at eight months. Characteristics between parents who consented and those who did not were 

similar.12

The New York State Department of Health and the University of Albany Institutional 

Review Board (IRB) approved the study and served as the IRB designated by the National 

Institutes of Health. All participants provided written informed consent.

Measurements

NDBS were collected as part of the Newborn Screening Program 2–3 days after birth. As 

required by the Program, the hospitals shipped the NDBS within the first 24 hours of 

collection to the State’s laboratory. NDBS were stored at 4°C and later retrieved for blood 

spot analyses. Punches of the residual spots were extracted and handled in a similar manner 

as previously described.13 Briefly, blood spots were extracted overnight (18–20 hr) at 4°C 

with 60 μL of elution buffer in low-binding 96-well round bottom plates (catalog #1830–

9600, USA Scientific, Ocala, FL) on an orbital shaker (Titer Plate Shaker, model # 1830–
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9600, USA Scientific, Ocala, FL) at 500±50 rpm. The elution buffer was comprised of 

Phosphate Buffered Saline (PBS, Lonza catalog #17–516Q) with 0.1% BSA (Sigma-

Aldrich, catalog #A-4503) and EDTA-free protease inhibitors (1 tablet/10 ml, Roche 

Applied Science, catalog #04693159001, Mannheim, Germany). Eluants from the extraction 

of each 3.2 mm punch were frozen at −80°C until analysis. Immune markers collected from 

the blood spots were measured as part of the Kit A, Obesity, and Millipore’s Milliplex 

Panels II and III (R&D Systems, Minneapolis, and EMD Millipore, Billerica) using a 

Luminex100 analyzer with xPONENT 3.1 software (Luminex System, Austin, TX, USA).

We assayed 24 immune markers with possible neuro-modulatory roles.14–17 Markers 

included basic fibroblast growth factor, IL-8, IL-1 receptor antagonist (IL-1ra), IL-1 alpha 

(IL-1α), MCP-1, macrophage inflammatory protein-1 alpha (MIP-1α), MIP-1β, vascular 

endothelial growth factor (VEGF), 6Ckine, cutaneous T-cell-attracting chemokine 

(CTACK), IL-16, IL-20, MCP-2, MIP-1d, stromal cell derived factor-1 (SDF-1), thymus and 

activation regulated chemokine (TARC), soluble intercellular adhesion molecule-1, soluble 

vascular cell adhesion molecule-1 (sVCAM-1), cathepsin D, myeloperoxidase, PDGF-AA, 

plasminogen activator inhibitor type-1 (PAI-1), neural cell adhesion molecule, and c-reactive 

protein (CRP). Assays of IL-6, IL-5, IL-33, and TNF-α resulted in zero values for more than 

50% of the population and, therefore, were not further considered in the analysis. Intra-assay 

coefficients of variation are listed in Table 1. Instrument reported values for markers below 

the limit of detection (including samples where the instrument could not detect the presence 

of the analyte) were used without censoring.18 Batch effects in the marker values were 

removed using COMBAT, a statistical program commonly used to remove batch-to-batch 

measurement error.

At ages 4–6, 8, 12, 18, 24, 30, and 36 months, mothers reported on their children’s 

development using the age appropriate Ages & Stages Questionnaire© (ASQ) (postal 

survey).19 The ASQ is a parent-completed developmental screening instrument 

recommended for the early identification of developmental delays in five domains: fine 

motor, gross motor, communication, personal-social functioning, and problem-solving 

ability.19 The ASQ applies images and extensive instructions to make it comprehensible for 

parents and encourages them to participate in activities with their children to obtain an 

accurate developmental assessment and then respond to questions about their children’s 

development. We implemented the ASQ-2nd edition up to 12 months, and the 3rd edition 

from 18 months onwards. Each questionnaire item was scored as “yes”=10 points, 

“sometimes”=5 points, and “not yet”=0 points. The scores were summed for each domain 

(0–60 points) and domain specific fails were defined if scores were 2 standard deviations 

below the mean for the child’s age based on ASQ scores in the U.S. norm sample.19

Study personnel called parents to follow-up when the child failed any of the five domains or 

parental concern was noted. Trained specialists implemented an age-appropriate follow-up 

ASQ for the domain(s) that failed or discussed concerns. We defined age at fail as the time 

of the initial screen fail (regardless of the time of the follow-up). When follow-up was 

incomplete, the child remained as having failed for that ASQ domain. Overall ASQ fail was 

defined as if the child failed any of the five domains of ASQ. Failure in screening by ASQ at 

36 months is shown to predict IQ score at age 5 and 6 years in the general population.20
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At 30 and 36 months, parents were asked if their child has received in the past 6 months or is 

currently receiving any of the developmental services through the Early Intervention (EI) 

program, Committee on Preschool Special Education (CPSE) or through private services. 

The positive and negative predictive values of maternal reported use of developmental 

services compared against Early Intervention Program linkage were high for the 478 infants.
21

Data on maternal age (continuous, years), parity (nulliparity, yes/no), plurality (singleton, 

twin), infant’s sex (boy, girl), gestational age (continuous, weeks), mode of delivery 

(cesarean section, through birth canal), and birthweight (continuous, grams) was obtained 

from vital records. A self-administered maternal questionnaire at four months postpartum 

was used to obtain information on race/ethnicity (Non-Hispanic White, Non-White or other), 

highest acquired education level (less than high school, high school equivalent, some 

college, college graduate, graduate/professional school), private insurance (yes/no), and 

pregnancy smoking (yes/no) and alcohol consumption (yes/no). Mexican, Mexican 

American, Chicana, Puerto Rican, Cuban, and Other Central or South American were 

categorized together as Hispanic. Maternal body mass index (BMI) (continuous) was 

calculated using pre-pregnancy weight and height as provided in the vital records and in the 

maternal questionnaire (if missing in vital record).

Statistical analyses

Missing values of immune markers were imputed using a full Markov Chain Monte Carlo 

data imputation and 10 datasets were created (Table 1). For imputations, all markers were 

transformed for normality using a Box-Cox transformation, then imputed conditional on the 

values of other markers. The immune marker values were back-transformed after 

imputations.

We used generalized linear mixed models with logit link function and unstructured 

covariance matrices to estimate the odds ratios (OR) and 95% confidence intervals (CI) of 

ASQ failure per standard deviation change in levels of the immune markers. All models 

included a child-level random intercept to account for repeated ASQ measures. We 

examined the normality of residuals and transformed the values of immune markers using 

logarithm or square root-transformation, where appropriate. If any association existed with 

overall ASQ fail, the association between that immune marker and ASQ domain specific 

fails were also tested. We tested a non-linearity in the association between immune markers 

and ASQ failure using restricted cubic splines. We also calculated an inflammation score by 

summing the concentrations of markers for an individual, with above median values for pro-

inflammatory markers assigned 1 point and −1 point for anti-inflammatory markers (IL-1ra). 

Biomarkers with both pro and anti-inflammatory effects (e.g., MCP-1) were assigned 1 point 

if their production was induced by pro-inflammatory markers. This method, which considers 

the action of markers, has been described as a summary measure of inflammatory markers in 

other epidemiologic studies to limit the number of statistical tests.22,23 The association 

between inflammatory scores and failing the ASQ was also examined using generalized 

linear mixed models. Similar analyses were run with the reported use of developmental 

services at ages 30 and/or 36 months as the outcome. Additionally, we used an alternative 
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approach, in which, we selected the immune markers associated with children’s ASQ fail 

(two-sided P < 0.2) and examined the association with any ASQ and domain specific fails 

while these immune markers were mutually adjusted in one model (in total, 10 immune 

markers).

We selected confounders a priori considering maternal lifestyle factors, inflammation, and 

children neurodevelopment.24–26 using a Directed Acyclic Graph. Models were adjusted for 

a child’s sex, and maternal age, education, race, pregnancy smoking and alcohol drinking, 

pre-pregnancy BMI, private insurance, parity, plurality, mode of delivery, gestational age, 

and birthweight. Infertility treatment was not associated with children’s development after 

accounting for plurality;21 however, models were also adjusted for infertility treatment to 

account for the design. Models included the discrete ‘time’ variable indicating the wave of 

ASQ assessment.

Missing values of parity were imputed using multiple imputations through creating 10 data 

sets based on a Bernoulli distribution with probabilities dependent on their observed 

distributions by infertility treatment type. Other covariates had <1% missing and therefore 

simple imputation was used to replace missing values. We examined the interaction with 

plurality to determine if associations in twins and singletons differed. Testing for interaction 

with sex was grounded on evidence showing vulnerability of male fetus to maternal immune 

system activation.27 We performed correction for multiple comparisons using False 

Discovery Rate. We used SAS version 9.3 for analyses (SAS Institute Inc., Cary, NC).

Results

Table 2 summarizes participants’ characteristics. Thirty-two percent of infants were 

conceived by infertility treatment. From ages 4 to 36 months, 6–11% of children failed the 

screening for one or more domains of ASQ (Supplementary Table 1). The percentage of 

screen fail in 5 domains of ASQ varied between 2–4%, which is lower than the 5% in norm 

population. Among the 2092 children with available data on the use of services, mothers 

reported using developmental services for 370 children (18%). Correlations between 

markers were generally low (average r <0.4).

In unadjusted analyses, we observed associations between several immune markers and 

children’s failing developmental screening (Figure 1). Except for sVCAM-1 (OR per 

standard deviation 1.25, 95% CI 1.11, 1.40), higher levels of immune markers were 

associated with lower odds of failing any ASQ in unadjusted models. In marker-specific 

models adjusted for maternal and child factors, most associations were attenuated and 

became imprecise (Figure 1). Higher levels of PDGF-AA, PAI-1, SDF-1, and MIP-1β were 

associated with lower odds of failing overall ASQ after full adjustment (Table 3). When 

corrected for multiple comparisons, only the association with PDGF-AA remained. A higher 

inflammation score was associated with lower odds of failing ASQ (OR 0.97, 95% CI 0.96, 

0.98); but the effect attenuated and became imprecise after adjustment for confounders 

(adjusted OR 0.99, 95% CI 097, 1.00). The results of restricted cubic splines confirmed a 

linear association between immune markers and ASQ failure.
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Unadjusted analyses with developmental service use revealed similar findings, showing 

associations between higher levels of PAI-1 and lower odds of receiving developmental 

services and higher levels of MIP-1β and lower odds of receiving services. Results became 

close to null and imprecise in fully adjusted models (Table 4). Supplementary Table 2 and 3 

show the associations of covariates with 2 selected immune markers, CRP (results became 

null after adjustment) and PDGF-AA (results changed minimally after adjustment), to reflect 

the effect of adjustment for covariates.

In analyses of ASQ domain-specific fails (Table 3), the association between PDGF-AA and 

developmental delay was accounted for by gross motor skills. Higher PAI-1 was also 

associated with lower odds of delay in the domain of gross motor skills. When we ran a 

model mutually adjusted for a selection of ten immune markers (MIP-1α, MIP-1β s, 

CTACK, IL-16, IL-20, SDF-1, TARC, myeloperoxidase, PAI-1, and PDGF-AA), we 

observed no associations between immune markers and failing any ASQ domains.

Comment

Principal findings

We used residual NDBS to examine the prospective association of 24 immune markers with 

child development in a large population-based sample. Neonates with higher levels of 4 

immune markers, i.e., PDGF-AA, PAI-1, SDF-1, and MIP-1β, were less likely to fail 

developmental screening up to age three years, mainly gross motor skills. The associations 

did not exist if correction for multiple comparisons was performed, except for the 

association between PDGF-AA and developmental delay. The absence of associations 

involving the majority of immune markers measured in NDBS with developmental screening 

and maternal report of receiving developmental services in children suggest that the 

association between neonatal immune markers and child development are influenced largely 

by confounding factors. Important were a child’s sex, gestational age, mode of delivery, and 

parity.

Interpretation

In addition to their well-known role in immune system response, immune molecules are 

shown to signal the central nervous system and initiate crucial brain processes during brain 

development.6 Several cytokines have receptors in the brain regions, e.g., the hippocampus 

and amygdala.28 Production and action of these proteins are tightly regulated in cascades 

and therefore, extremely high and low levels could be detrimental to the developing brain. 

Several studies have attempted to show the programming effect of immune system 

dysregulation on brain development by measuring immune markers during gestation.4,5

It is postulated that adverse pregnancy events with a substantial cytokine response, e.g., 

severe infections, disrupt normal brain development in the offspring. This disruption likely 

occurs through increased production of immune markers. Findings regarding the impact of 

low-grade inflammation during gestation, reflected by a slight elevation of maternal CRP, on 

children’s brain development remained limited to children with ASD. For example, Brown 

et al. showed that higher levels of maternal CRP during first and early second trimester of 
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pregnancy was associated with a diagnosis of ASD in children.24 In contrast, a similar study 

found that maternal CRP levels in mid-pregnancy were lower in mothers of ASD children 

compared with controls.25 Koks et al. reported that the observed association between 

maternal CRP and children’s autistic traits was largely explained by sociodemographic and 

maternal health-related factors.26 Our findings provide further support that confounding may 

explain the inconsistencies across studies on CRP and child development, even though 

previous studies analyzed maternal specimens. In unadjusted associations, higher levels of 

several neonatal markers were associated with smaller odds of failing developmental 

screening. Adjusted models with ASQ and developmental service use revealed that most of 

these associations were explained by confounding. We have previously shown that maternal 

BMI is associated with increased inflammation and separately, that maternal obesity is 

associated with higher odds of failing gross motor development.29,30 While studies on 

neonatal samples universally consider gestational age at birth as a confounder,31,32 

information on socioeconomic characteristics and maternal health-related factors such as 

BMI are not available in many studies.

Measurements of immune markers in maternal biospecimens are indirect indicators of fetal 

exposures to immune system response. When using newborn samples, several considerations 

are relevant. First, we observed that some immune markers such as IL-6 and TNF-α had 

very low levels in neonatal samples. Second, when interpreting the results on neonatal 

immune markers, the effect of parturition should also be considered. Around birth, an acute 

surge in levels of glucocorticoids and prostaglandins might suppress immune response and 

therefore, impact immune system activation in newborns. Finally, brain processes during the 

early postnatal period could have obscured the influences of early immune response on child 

development. Therefore, a comparison of our findings, with studies of maternal 

inflammation during gestation should be done cautiously.

We found that neonates with higher levels of PAI-1, PDGF-AA, SDF-1, and MIP-1β were 

less likely to fail a developmental screening. PDFG-AA is a protein crucial for the 

myelination process in the central nervous system because of its key signaling role for 

regulation of differentiation of oligodendrocyte. It is hypothesized that decreased levels of 

PDGF-AA underlie the neurodevelopmental sequels in children maple syrup urine disease.8 

This growth factor also decreases in the cerebral spinal fluid with the progression of multiple 

sclerosis.33 Because of the complex biological relation between immune molecules and their 

pleiotropic effects and relation with neurotransmitters and glucocorticoids in normal 

development, their role might be different from their involvement in various disease and 

injury paradigms. Also, we measured the immune markers in infancy and before children 

could display signs of developmental delay. Therefore, levels of immune proteins might be 

an indicator of what is expected for normal development, as opposed to the presence of 

pathology, where the levels represent a status that is the body’s reaction to the disease 

condition. Future studies are needed to further explain the directionality of this association 

by exploring the physiological relevance of chemokines such as PDGF-AA for early brain 

development. Furthermore, other environmental factors with the nurturing effect on brain 

development that occur during the prenatal and postnatal period along with potential 

interventions should be considered.
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Strength of the study

This study has several strengths including large sample size, repeated measurement of 

children’s development, and assessment of more than 24 immune markers. Upstate KIDS 

prospectively collected data on various important confounders.

Limitation of the data

However, we faced limitations. First, our analysis did not include important cytokines with 

neuro-inflammatory roles such as IL-6, IL-8, IL-17 or TNF-α. Also, we acknowledge that 

the ASQ is a screening rather than a diagnostic tool. Nevertheless, the ASQ is a validated 

instrument that has been shown to identify children between 0–5 years of age with 

developmental delay.19 ASQ has adequate psychometric properties (75% sensitivity and 

81% specificity) and modest agreement with other instruments,34 which make it a reliable, 

cost-effective, and feasible method to capture children’s developmental abilities in large 

population-based studies. Furthermore, our analysis with maternal reports of the use of early 

developmental services revealed similar results as the analysis with ASQ. Another limitation 

is that Upstate KIDS experienced loss to follow-up, which motivated the use of generalized 

linear mixed effects models that are robust to loss to follow-up under the missing at random 

assumption. Immune markers were measured in archived NDBS and degradation of these 

markers was possible. However, we did not expect the degradation to be associated with 

child development and to introduce bias. We did not perform a comparison of concentrations 

of immune markers in NDBS and serum or plasma. Nonetheless, NDBS provide a robust 

and convenient sample for immunoassay analysis of immune markers in whole blood, if 

stored at low temperature (4°C or less).35

Conclusions

Concentrations of immune markers in newborns were not associated with developmental 

outcomes in early childhood, except that children with higher levels of neonatal PDGF-AA 

were less likely to fail a developmental screening. Null associations indicate that the 

measurement of immune markers in NDBS may not be a strong early indicator of 

developmental delay in children from the general population. Neonatal concentrations of 

growth factor PDGF-AA may be protective of developmental delay in childhood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Immune markers in newborns and developmental delay through age three years (n=3038).

Legend: Lines denote adjusted odds ratios (95%confience intervals), respectively. Models 

adjusted for a child’s sex, maternal age, maternal educational levels, maternal race, maternal 

history of smoking in pregnancy and drinking alcohol, maternal pre-pregnancy body mass 

index, having private insurance, parity, history of infertility treatment, plurality, mode of 

delivery, gestational age, and birthweight. Odds ratios refer to the effect estimates per 

standard deviation change in levels of immune marker (in logarithmic scale or square-root). 

Developmental delay was defined if children had scores two standard deviations below the 

mean for their age through age three years based on the Ages and Stages Questionnaire 

scores.
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Table 2.

Participants’ characteristics (n=3038)

Child characteristics N Mean (SD)
a

 Sex, %

  Male 1566 52

  Female 1472 48

  Missing 0 0

 Gestational age, week 3038 39 (34, 41)

 Birthweight, gram 3038 3195 (682)

 Mode of delivery, %

  Cesarean section 1421 48

  Vaginal delivery 1617 53

  Missing 0 0

Maternal Characteristics

 Age, year 3038 31.1 (5.9)

 Parity, %

  Nulliparous 1387 46

  Other 1628 54

  Missing 0 0

 Race/ethnicity, %

  Non-Hispanic White 2541 84

  Not White or Other 497 16

  Missing 0 0

 Educational levels, %

  Less than high school 128 4

  High school equivalent 326 11

  Some college 869 29

  College graduate 747 24

  Graduate/professional school 968 32

  Missing 0 0

 Private health insurance, %

  Yes 2413 80

  No 623 20

  Missing 0 0

 Smoking in pregnancy, %

  Yes 346 11

  No 2691 89

  Missing 0 0

 Alcohol consumption during pregnancy, %

  Yes 413 14

  No 2624 86
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Child characteristics N Mean (SD)
a

  Missing 1 0.0

 Pre-pregnancy body mass index 3032 27.0 (6.8)

 Infertility treatment, %

  Assisted Reproductive Technology 475 16

  Ovulation Induction/Intrauterine Insemination 498 16

  No 2064 68

  Missing 1 0

a
Numbers are mean (standard deviation) for continuous normally distributed variables (birthweight, maternal age and pre-pregnancy body mass 

index), median (90% range) for continuous variables with skewed distribution (gestational age), and percentage for categorical variables.

Observations counted from singletons (n=2400) and one randomly selected twin of each pair (n=638).
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Table 4.

Immune markers in newborns and use of developmental services at 30 and 36 months (n=2092).

Any service use reported by parents at 30 and 36 months
(yes=370)

Exposure OR (95%CI)

Unadjusted Adjusted

PDGF-AA

0.92 (0.82, 1.03) 0.97 (0.87, 1.09)

PAI-1

0.89 (0.80, 0.99) 0.92 (0.83, 1.03)

SDF-1

0.98 (0.88, 1.10) 1.02 (0.91, 1.15)

MIP-1β

0.87 (0.79, 0.96) 0.95 (0.86, 1.06)

Platelet-derived growth factor-AA (PDGF-AA), Plasminogen activator inhibitor-1 (PAI-1), Stromal cell derived factor 1 (SDF-1), Macrophage 
inflammatory protein 1 beta (MIP-1β)

Odds ratios refer to the effect estimates per standard deviation change in levels of immune marker (in logarithmic scale or square-root).

Models adjusted for a child’s sex, maternal age, maternal educational levels, maternal race, maternal history of smoking in pregnancy and drinking 
alcohol, maternal pre-pregnancy body mass index, having private insurance, parity, history of infertility treatment, plurality, mode of delivery, 
gestational age, and birthweight.
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