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Abstract

Fear reactivity is an early emerging temperament trait that predicts longer-term behavioral and 

health outcomes. The current analysis tests the hypothesis, an extension of prior research on 

maternal immune activation (MIA), that the prenatal maternal immune system is a reliable 

predictor of observed fear reactivity in infancy. The analysis is based on a prospective longitudinal 

cohort study that collected data from the first trimester and conducted observational assessments 

of temperament at approximately 12 months of age (n=281 infants). MIA was assessed from 

immune biomarkers measured in maternal blood at each trimester; infant temperament was 

assessed using the Laboratory Temperament Assessment Battery (lab-TAB) assessment at 12 

months; covariates included family and sociodemographic factors. Patterns of inflammatory 

markers across gestation reliably predicted observed temperament: elevated prenatal maternal 

immune activation was associated with high fear reactivity to novel stimuli. The findings provide 

novel evidence of prenatal origins of fear reactivity and suggest developmental mechanisms that 

may underlie early emerging individual differences in child temperament.
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Introduction

The study of early-emerging and stable individual differences in behavior poses essential 

questions for a developmental understanding of brain and behavior and offers practical 

applications for clinical and educational settings. Furthermore – and particularly relevant 

to the current special issue – it is also one of Jerome Kagan’s hallmark contributions to 

developmental psychology. Key features of his approach include the use of observational 

methods over reliance on parent questionnaires; emphasis on early-emerging patterns 

of inhibited versus uninhibited temperament (as particularly stable, early-emerging 

phenotypes); and consideration of biological bases of fear reactivity and inhibited behavior 

(Fox et al., 2015; Hirshfeld et al., 1992; Kagan et al., 1988). Incorporating these features, we 

extend existing research by testing the hypothesis that prenatal maternal immune activation 

predicts early-emerging fear reactivity.

There is growing interest in the prenatal developmental origins of individual differences 

in infant and child temperament. These lines of research include multiple exposures and, 

perhaps more importantly, competing developmental models. Specifically, one line of 

research, derived from a teratology or toxicology model, posits that prenatal exposures to 

xenobiotics or toxicants such as metals (Ames et al., 2023) or alcohol exposure (Molteno 

et al., 2014) have direct and adverse effects on the fetus, sometimes leading to severe 

and persisting impairment. A competing model based on developmental programming or 

predictive adaptive response suggests that prenatal exposures induce adaptive responses in 

the fetus, with long-term implications on behavior and biology (Barker, 1993; Gluckman 

et al., 2005). Initially focused on prenatal nutritional environment and offspring cardio-

metabolic health, this framework has informed a large program of study linking prenatal 

stress and stress physiology to child outcomes (Entringer et al., 2010; Glover et al., 2010; 

O’Connor et al., 2013), including temperament (Bergman et al., 2008; Davis et al., 2005; 

Huizink et al., 2002; Zhang et al., 2018).

An alternative model, and the focus of the current study, is the “Maternal Immune 

Activation” (MIA) model; it is distinguished by a focus on the prenatal maternal immune 

system (as the exposure) and offspring neurodevelopment (as the outcome of primary 

interest). The maternal immune system is a natural target in studies of prenatal exposure 

because: (1) pregnancy is an immune-altered state (i.e., modifications of the maternal 

immune system are required for a successful pregnancy); and (2) the maternal immune 

system is responsive to many common conditions and exposures, including stress, obesity, 

illness, and environmental chemicals, that may be associated with child outcomes. A 

strength of the model is its reliance on a foundation of mechanistic evidence suggesting 

that (fetal) neural development is altered in response to (maternal) inflammatory molecules 

(Jonakait, 2007), and wide-spread demonstration of these effects on normal neurogenesis as 
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shown in gene expression studies (Baines et al., 2020; Smith et al., 2007) and implied by 

studies using brain imaging techniques in humans (Rasmussen et al., 2021; Spann et al., 

2018).

The MIA model has garnered considerable empirical support in animal and human research 

on neurodevelopment (Bilbo et al., 2005; Brown & Meyer, 2018; Careaga et al., 2017; 

Estes & McAllister, 2016; Gilman et al., 2017; Han et al., 2021; O'Connor et al., 2022), 

but basic questions remain. The current study was designed to extend research in three 

important ways. The first is the consideration of fear reactivity as a phenotype associated 

with prenatal maternal immune activation. Much of the research on MIA is dominated 

by two significant clinical phenotypes, schizophrenia and autism (Brown & Meyer, 2018; 

Careaga et al., 2017; Han et al., 2021; Lyall et al., 2021); very limited research considers 

other neurodevelopmental phenotypes and especially with respect to variation within the 

normal range (Camerota et al., 2022; Nazzari & Frigerio, 2020; O'Connor et al., 2022). 

Evidence of that kind is needed to determine if the MIA model has significance outside 

of a clinical focus and to assess broader developmental and clinical health implications. 

There are several reasons why temperamental fear reactivity may be positively associated 

with MIA – most notably the viability of a mechanistic link. For example, animal models 

suggest that the brain’s limbic system is responsive to signals from the peripheral immune 

system and that amygdala connections in the brain may coordinate autonomic nervous 

system responses (Engler et al., 2011). A second extension of the MIA model in the current 

paper is our focus on early-onset evidence of possible effect. Congruent with Kagan and 

others’ focus on temperament in infancy (Braungart-Rieker et al., 2010; Willoughby et al., 

2017), we reasoned that, if maternal immune activation is a bona fide predictor of fear 

reactivity (as implied above), then evidence of this would be available from infancy, when 

it can be reliably assessed. Accordingly, the current study’s focus on early-onset child 

behavioral outcomes offers a particularly important and novel test that the MIA model of 

neurodevelopment.

A third innovation of the current analysis concerns the measurement of maternal immune 

activation. In contrast to previous studies that have relied on a very limited immune 

assessment or only indirect measures (e.g., illness reports), the current study capitalized 

on recent methodological innovations to assess a panel of immune markers from blood 

samples collected at three points across gestation. We focus on a broad subset of immune 

markers that have been implicated in MIA research in animals and humans and provide a 

novel analytic approach for assessing observed temperament using the leading observational 

measure (Goldsmith, 1999; Planalp et al., 2017).

Methods

Study Overview and Sample

The current analysis is based on data from a prospective longitudinal cohort study of 

prenatal influences on child health outcomes based in Rochester, NY (Understanding 

Pregnancy Signals and Infant Development, “UPSIDE”; O’Connor et al., 2021); the cohort 

is part of the NIH Environmental influences on Child Health Outcomes program (Knapp 

et al., 2023). Between December 2015 and April 2019, women were recruited in their 
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first trimester of pregnancy from outpatient obstetric clinics affiliated with the University 

of Rochester. Eligibility criteria were: age 18 or older, singleton pregnancy, no known 

substance abuse problems or a history of psychotic illness, ability to communicate in 

English; not greater than normal medical risk. Women with significant endocrine disorders 

(e.g., polycystic ovary syndrome) or obstetric problems were excluded. Of the 326 women 

who were initially enrolled, we subsequently excluded n=18 participants (e.g., multiple 

pregnancy, miscarriage, medical screen failure). Supplementary Figure 1 details participant 

flow and the current analysis follows STROBE guidelines for observational studies. The 

study was approved by the University of Rochester Research Subjects Review Board; all 

participants provided written informed consent. Participants were compensated for each 

research visit and were provided transportation if needed. For postnatal follow-up, additional 

inclusion criteria were: gestational age at birth of 37 weeks or greater, no known significant 

medical/genetic problem as determined by a medical staff. Perinatal data indicated that 

the children in the study were well within the normal range on key indicators, including 

birth weight (M = 3,352.8 g, SD = 295.0 g), birth length (M = 51.1 cm, SD = 3.1 cm), 

and gestational age (M = 39.5 weeks, SD = 1.6 weeks). Analyses were restricted to those 

families who had available inflammatory marker and/or temperament data (see data analysis 

section below). The current analyses focus on the temperament assessment conducted at 12 

months. Table 1 reports descriptive data on the infants who were enrolled and eligible at 

the 1-month postnatal assessment; Supplementary Figure 1 details participant flow and the 

current analysis follows STROBE guidelines for observational studies and Supplementary 

Table 1 presents data on those with observed temperament data or not at the 12-month 

assessment. The study was approved by the local Institutional Review Board; participants 

provided written informed consent.

Measures

Maternal Immune Activity—A blood sample from venipuncture was obtained from 

participants at each trimester. Blood collection was not conducted if there was sign of 

acute illness; also as noted, an immunological or endocrinological disorder (as judged 

by the medical team) was an exclusion criterion, which would also exclude individuals 

taking confounding medication. Blood samples were processed typically within an hour of 

collection and stored at −80⁰ C for later assay.

Maternal immune markers were measured using a MILLIPLEX Human High Sensitivity 

T Cell Magnetic Bead Panel, a 96-well plate assay. Standard protocols for preparation of 

plasma samples were followed. Reagents for the immunoassay were also prepared according 

to standard protocols, including the preparation of antibody-immobilized beads, serum 

matrix, quality controls, wash buffer, and human high sensitivity T cell standards. A total 

of five panels were conducted; the current analyses focus on the subset of markers that 

were identified a priori as markers of maternal inflammation and/or included in previous 

research on maternal immune activation and child/adolescent/adult behavioral or brain 

imaging results (Beversdorf et al., 2018; Canetta et al., 2014; Carter et al., 2022; Lombardo 

et al., 2018): C-Reactive Protein (CRP), IFNg, IL-10, IL-17A, IL-1b, IL-2, IL-4, IL-6, IL-8, 

and TGF-Beta. Supplementary Table 2 provides the rationale behind the markers used for 

this study. Immune markers were stable over gestation (ICC’s > .5) and no substantial mean 
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changes across gestation were observed. Accordingly, each immune measure was loaded 

onto a latent factor to reflect exposure across gestation.

Observational Measure of Temperament—When participating children were 

approximately 12 months of age we administered three tasks from the Laboratory 

Temperament Assessment Battery (Lab-TAB), the leading observational measure of 

childhood temperament (Goldsmith, 1999; Planalp et al., 2017), according to procedures 

described in the Lab-TAB manual. Two fear reactivity tasks (Mechanical Toy and Spider) 

and a frustration task (Arm Restraint) were administered for up to three trials in accordance 

with procedures described in the manual. Trained raters blind to identifying information 

coded behaviors from videotaped recordings. For each task and on each trial, child behavior 

was assessed using the scoring provided in the manual. For the fear tasks, ratings of facial 

fear, bodily fear, escape behavior, distress vocalizations, and latency (inverse scored) were 

completed for each available trial. Each observed behavioral score was averaged across the 

three trials. Average inter-rater reliability across tasks was ICC = .88. Additional steps were 

taken to provide quality assurance. All videotapes were independently reviewed (blinded to 

other child data) and rated for quality (e.g., regarding child on-task behavior, integrity of 

administration, or external interference); based on consensus ratings, two participants whose 

trials that did not meet administration quality were removed from the analysis dataset.

Parent Reported Temperament—At the same visit as the Lab-TAB administration, 

parents (in approximately 90% of cases, the mother) completed the Infant Behavior 

Questionnaire-Revised (IBQ-R), a 191-item questionnaire that assesses 14 dimensions 

of temperament (Putnam et al., 2014). We focused analyses on subscales most closely 

associated with fear and approach because of our interest in fearful and inhibited behavior; 

the activity scale was included as a sensitivity or control measure of parent-reported 

temperament. The 16-item Fear subscale assessed an infant’s distress to sudden changes 

or novel objects. The Approach scale is comprised of 12 items that assesses how much 

an infant gets excited by and moves toward novel objects. The 15-item Activity scale 

assesses an infant’s overall gross motor activity. Cronbach alphas for the Fear, Approach, 

and Activity scales were .91, .74, and .80, respectively.

Covariates—Aside from child sex, there is little consistency in covariate selection in 

analyses of infant temperament. We considered inclusion of sociodemographic covariates 

including highest level of maternal education, income and Medicaid status (see Table 1); 

self-reported race and ethnicity (measured categorically as Hispanic, Non-Hispanic White, 

Non-Hispanic Black, Asian, and Other, including more than one race) was included as a 

social construct and proxy for potential exposure to systemic racism. Obstetric and perinatal 

factors were also considered as possible covariates, including birth weight and gestational 

age (this was a medically healthy sample, e.g., individuals with significant gestational 

diabetes or preeclampsia as judged by our medical team were excluded). Maternal anxiety 

based on the Penn State Worry Questionnaire (PSWQ) was included as a prenatal and 

postnatal covariate. The Penn State Worry scale is a 16-item inventory designed to assess 

trait-level worry in adults with considerable reliability and validity (Meyer et al., 1990). 

Mothers completed the PSWQ at each trimester. Scores were highly correlated across 
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trimester (r’s = .75 - .86) and so prenatal scores were averaged across trimesters to create a 

mean score over the course of pregnancy; the postnatal measure of PSWQ at 12 months was 

used as a covariate in additional analyses.

Data Analysis—Data were cleaned and prepared for analyses using SPSS version 28.0.0 

(IMB Corporation, 2021). Descriptive statistics and correlations between study variables 

were calculated using the base package in R version 4.2.2 (R Core Team, 2021). Child sex, 

race/ethnicity, maternal education, and maternal anxiety were included as a priori covariates 

in analysis. None of the other covariates mentioned above were reliably associated with 

temperament measures and so were not considered further. Structural equation models 

were fitted using the ‘lavaan’ package version 0.6-16 in R (Rosseel, 2012). Models were 

estimated using maximum likelihood estimation with robust standard errors. Model fit was 

assessed based on model X2, root mean square error of approximation (RMSEA), and 

Comparative Fit Index (CFI).

Data analyses were carried out in three steps. First, measurement models for each immune 

cytokine (CRP, IFNg, IL-10, IL-17A, IL-1b, IL-2, IL-4, IL-6, IL-8, and TGF-Beta) were 

calculated using the measured cytokine concentrations at each trimester as indicators. We 

then extracted the estimated latent variable scores for each participant using the ‘lavPredict’ 

function and tested correlations between the latent immune markers and measured aspects of 

temperament for each lab-Tab task (e.g., facial fear, bodily fear, etc.).

Second, we fitted a series of measurement models for each temperament task (Spider, 

Mechanical Toy, Frustration) using the measured aspects of temperament (e.g., facial fear, 

bodily fear, etc.). In models of observed temperament, latent variables for the fear reactivity 

(Spider and Mechanical Toy) and frustration tasks were calculated based on the summary 

scores averaged across trial. Specifically, the measured behaviors (e.g., facial fear, bodily 

fear, escape behavior, distress vocalizations for the Spider task) were loaded onto a single 

factor. Latency was not included in the spider or mechanical toy latent factors due to a 

low factor loading with the other measured components of the spider and toy tasks. Similar 

to the immune markers, we extracted latent scores for each Lab-Tab task and estimated 

correlations between the latent immune marker scores calculated in the first step and the 

estimated lab-Tab task scores. This provides an estimate for the unadjusted association 

between the immune markers and latent temperament scores.

Third, we fitted a series of adjusted models regressing the latent temperament scores onto 

the latent immune marker scores. Latent immune and temperament factors were estimated 

in each model (i.e., these models did not use the extracted factor scores) and scores on 

the Spider, Mechanical Toy, and Frustration tasks were included simultaneously as outcome 

variables in each model. Scores on the Spider, Mechanical Toy, and Frustration tasks were 

allowed to covary. See Figure 1 for a sample path diagram with CRP as the predictor. 

Separate models were fitted for each immune marker as there was a high degree of 

multicollinearity among several of the immune markers and because each immune marker 

was selected a priori from the existing human literature on MIA. Similarly, a series of 

models were fit with measured parent-reported temperament (Fear, Approach, Activity) as 

outcome variables. We applied a Benjamini-Hochberg correction to correct the alpha level 

Serrano et al. Page 6

Dev Psychol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for multiple testing (Benjamini & Hochberg, 1995). Because of the novel and exploratory 

nature of the study, a false discovery rate (FDR) was set at 0.25, which is consistent with 

previous exploratory research (e.g. Koskinen et al., 2023). In all models, missing data were 

handled using full information maximum likelihood estimation under the assumption that 

data were missing at random (Enders & Bandalos, 2001).

Results

Descriptive Statistics and Bivariate Correlations

Descriptive statistics for the analytic sample (from pregnancy for maternal data) are 

provided in Table 1. The sample was diverse and included a comparatively high percentage 

of mothers with a high school education or less. Supplementary Table 1 provides 

information on sample characteristics according to the available of the lab-TAB measure at 

12 months; missing lab-TAB scores were typically due to because of loss to contact, moving 

from the area, or inability to conduct the assessment during the research visit; notably, the 

visits occurred before the SARS-CoV-2 pandemic halted in-person research visits.

There was a modest association between rater scores of fear reactivity in the Spider and 

Mechanical Toy task (r = .143); fear behavior in these tasks was weakly associated with 

frustration scores on the Arm Restraint task (r’s = −.05 for mechanical toy and −.026 

for spider). Consistent with previous research; there was not a sex difference in behavior 

observed in the two fear reactivity and frustration tasks (p’s > .20 for the difference in the 

means between males and females).

Measured aspects of the Spider task were positively associated with several inflammatory 

markers (see Table 2). Specifically, greater vocal fear during the spider task was associated 

with higher concentrations of IL-4, IL-6, IL-8, IL-10, and IL-1beta (r’s = .16 - .23). Bodily 

fear during the Spider Task was positively correlated with concentrations of IL-6, IL-8, 

and IL-10 (r’s .17-.19). Escape behavior during the Spider Task were positively correlated 

with IL-2, IL-4, IL-8, IL-10, IL-17a, and IL-1beta (r’s = .17 - .27). Facial fear during 

the Spider Task was not significantly associated with any of the inflammatory markers. 

Vocal fear and escape behaviors during the mechanical toy task were positively associated 

with concentrations of IL-4, IL-6, and IL-8 (r’s = .17 - .22; see Supplementary Table 

3). Scores on the components of the frustration task did not significantly correlate with 

immune markers (see Supplementary Table 4). None of the latent lab-Tab scores correlated 

significantly with any of the scales on the IBQ-R (see Supplementary Table 5).

Measurement Models

Standardized factor loadings for the late immune and lab-Tab factors are present in 

Supplementary Tables 6-7, respectively. Factor loadings were within the acceptable range 

for all latent factors; with the exception of the trimester 1 loading on TGF-beta (which was 

0.39), all standardized loadings were greater than or equal to 0.40. Correlations among the 

latent immune marker scores revealed significant overlap between several immune markers 

(see Table 3). Latent Spider Task scores were positively correlated with IL-8 and IL-1-beta 
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(r’s = .17 and .18, respectively, p < .05). There were no significant associations between any 

of the immune markers and latent Mechanical Toy or Frustration task scores.

Associations between Immune Markers and Observed Temperament

The fit of all of the models was acceptable based on the X2, RMSEA, and CFI statistics 

(see Supplementary Table 8). Associations between each latent immune marker and the 

latent temperament scores are presented in Table 4 and suggest a broad and positive set of 

associations for fear behavior in the spider task, after adjusting for covariates. Higher fear 

scores on the spider task were associated with higher maternal prenatal concentrations of 

IL-1 beta (B = 0.60, SE = 0.26, p = .023) and higher concentrations of IL-10 (B = 0.27, 

SE = 0.10, p = .007). After applying the Benjamini-Hochberg adjustment to the alpha level, 

the association between IL-10 and the Spider score remained statistically significant (see 

Supplementary Table 9). Each 1 SD increase in prenatal IL-10 was associated with about a 

quarter SD increase in the Spider Task score. Notably, there was not reliable evidence that 

prenatal maternal immune markers predicted child behavior in the unfamiliar mechanical toy 

or frustration tasks.

Associations between Immune Markers and Parent-Reported Temperament

All of the models fit the data acceptably based on the X2, RMSEA, and CFI statistics 

(see Supplementary Table 10). See Table 5 for associations between each latent immune 

marker and parent-reported temperament. There was consistent evidence for parent-reported 

Approach, which was positively associated with prenatal maternal IL-4 (B = 0.16, SE = 

0.05, p = .003), IL6 (B = 0.26, SE = 0.08, p = .001), and IL-8 (B = 0.29, SE = 0.07, p < 

.001). After adjusting the alpha levels for multiple comparisons, the associations between 

IL-4, IL-6, and IL-8 and parent-reported approach remained significant (see Supplementary 

Table 11). There was not reliable evidence that prenatal immune activation was associated 

with the fear and activity subscales.

Discussion

Fear reactivity and behavioral inhibition are reliably assessed early markers of important 

behavioral and health outcomes, notably anxiety (Kagan, 2002; Tang et al., 2022). Kagan 

and others (Kagan et al., 1987, 1988) have added substantially to our understanding of 

its assessment in early infancy and its biological and environmental origins. Findings 

from the current study provide an important extension to this work by demonstrating a 

novel biological exposure for early-emerging fear reactivity: prenatal maternal immune 

activation. Results indicated that infants whose mothers exhibited greater prenatal immune 

activation – based on an extensive assessment of multiple immune markers gathered across 

gestation – showed elevated fear reactivity on an observational task when the children 

were approximately 12 months of age; predictions were limited to fear reactivity on 

the more salient fear stimulus – the spider task – and were not observed in relation to 

parental reports of child fearfulness. The findings enhance research on the developmental 

origins of temperament and significantly extend research on the MIA hypothesis for child 

neurodevelopment.

Serrano et al. Page 8

Dev Psychol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



There is considerable evidence linking maternal immune activation to the clinical 

phenotypes of autism and schizophrenia (Beversdorf et al., 2019; Brown et al., 2004; 

Goldstein et al., 2014; Nielsen et al., 2021). However, with few exceptions (Camerota 

et al., 2022; Ghassabian et al., 2018; Kelly et al., 2022; Nazzari & Frigerio, 2020; 

O'Connor et al., 2022), research has not considered normative variability in cognitive 

and behavioral outcomes or assessments from young children. These are both arguably 

significant limitations given the MIA hypothesis, and considerable animal evidence, that 

maternal immune activation alters neurodevelopment in ways would be expected to be 

far broader than these clinical phenotypes – and the corollary that such effects could be 

detectable in young children.

Maternal immune activation was assessed using ten markers selected based on prior studies 

of immune activation and derived from a larger multiplex panel. We adopted a broad 

approach to measuring maternal immune activation given the diversity, and inconsistency, in 

how this construct has been measured in previous studies. There is a clear emphasis in prior 

studies (Canetta et al., 2014; Carter et al., 2022; Ghassabian et al., 2018), and in the current 

study, on selection of markers that reflect inflammation and induction of inflammatory 

processes (e.g., IL-1b, IL-6, IL-17a, CRP). On the other hand, a focus on inflammatory 

processes in studies of maternal immune activation is almost certainly too limited; of the 

two markers most strongly associated with observed fear in the current study, one (IL-1b) 

but not the other (IL-10) is a “classic” pro-inflammatory marker. Additionally, in bivariate 

correlation models IL-4 and IL-8 (as well as the pro-inflammatory marker IL-6) were 

associated with fear behaviors during the spider task (vocalizations, escape behaviors). Most 

markers have known diverse roles within the immune system that might include involvement 

of the inflammation process but also antibody production or induction of T cells, as in 

the case of IL-4; other markers included in MIA-related research also have multiple and 

regulatory functions, e.g., IL-10 has immune stimulating effects (e.g., allergic response) 

but is also plays an anti-inflammatory role. Interpretation of immune markers in pregnancy 

and the long-standing model emphasizing a balance of Th1-type and Th2-type cytokines 

for healthy pregnancy layers additional complication as regards the markers of interest and 

interpretation of function with respect to fetal/child neurodevelopment. Our approach to 

selecting immune markers is not intended as a definitive approach to characterizing maternal 

immune activation; rather, it reflects the more general need to broaden the measurement 

of immune markers in studies of perinatal and child health outcomes beyond the smaller 

number of markers that have been previously considered. One general conclusion from the 

overall pattern of findings is that “activation” is an apt description of the maternal immune 

system as associated with child neurodevelopment and is likely more biologically accurate 

than the more restrictive term “inflammation.”

Kagan’s work on the biological basis of fear and inhibited behavior (Kagan et al., 1987), 

coupled with subsequent studies on MIA (Chen et al., 2022; Engler et al., 2011; Gur et 

al., 2017; Rasmussen et al., 2021), suggest plausible pathways for our novel finding that 

prenatal maternal activation may increase fear reactivity in the offspring. Follow-up of 

the current sample is needed to determine if the prediction to fear reactivity in infancy 

constitutes a novel finding or, alternatively, if early-emerging fear reactivity is an early-

emerging component of neurodevelopmental outcomes already reported. As regards the 
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latter hypothesis, elevated fear reactivity and affective dysregulation has been noted in 

children with autism spectrum disorder and difficulties in executive function (White et al., 

2014; Willoughby et al., 2017). However, we suggest that the former hypothesis is more 

likely. As a community sample, the children in the study would not be at elevated risk for 

neurodevelopmental disorders that have dominated research on maternal immune activation, 

most notably autism spectrum disorder. In addition, evidence from the current study – both 

the latent profiles and the bivariate correlations – show a dose-response pattern of exposure 

and outcome within the normal range. A stronger association with the spider stimulus than 

the unfamiliar mechanical toy stimulus further indicates that the dose-response pattern is 

stronger with the more salient stimulus; this might explain the general tendency in past 

studies to find more reliable effects with the more salient spider task, e.g., (Gagne et al., 

2011).

Kagan, Goldsmith, and colleagues have provided a strong observational basis for assessing 

temperament that preempts some of the well-documented problems of parent-report 

measures. In this context, there is a long history of research showing a lack of association 

between observational and parent-report measures and a different pattern of findings with 

these two sources of measurement (Gagne et al., 2011; Seifer et al., 1994). Finding that 

maternal immune activation predictors of observed fear reactivity and did not strongly 

overlap with maternal prenatal immune activation predictors of parent-reported fear is 

therefore not surprising. This may be less a lack of replication and more a reflection that 

observational measures provide a more sensitive, or different, index of child behavior than 

parent reports. Although we did not observe any association between maternal immune 

activation and parent-reported fear, IL-4, IL-6, and IL-8 were positively associated with 

parent-reported approach behaviors, which reflect excitement in anticipation of pleasurable 

activities and rapid approach to novel stimuli (Putnam et al., 2014). Higher approach 

behaviors in infancy and toddlerhood have been linked with attentional difficulties and 

impulsivity in early childhood (Garthstein et al., 2012). Inter-rater reliability (between 

parents) has been found to be higher for the Approach scale of the IBQ-R than the Fear 

scale (Parade & Leerkes, 2008), which may reflect a more general pattern of parents being 

more reliable reporters of child externalizing behaviors (e.g., impulsivity, aggression) than 

internalizing behaviors. Our findings are in agreement with a hallmark of Kagan’s work on 

inhibited and fearful temperament: a reliance on observational measures (Kagan et al., 1988) 

and the limits of relying only on parent reports.

There are several limitations of the study. For example, the panel selected was broader than 

most studies on the MIA model, but nonetheless offers a limited picture of the dynamic, 

complex network of immune markers and how they may shape fetal and child development. 

Second, we did not evaluate intermediatory factors, notably placenta mechanisms or 

connected biological systems, e.g., neuroendocrine system that may be relevant to consider 

in this context. Third, although the analytic models can account for missing data, selective 

attrition from the first trimester through 1 year postnatal is still a limitation of this work. 

Fourth, the assessment at 12 months provided a reliable index of fear reactivity but further 

follow-up is needed to determine if the effects reported here have persisting effects on fear, 

anxiety, and related phenotypes in childhood. These limitations were offset to a considerable 

degree by several notable strengths of the study, including the prospective design starting 
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in the first trimester, extensive assessment and analysis of prenatal immune markers, and 

detailed observational measures of temperament.

In summary, the findings add to a growing body of research that examines the impact of 

normative variation in common prenatal exposures and early emerging temperament (Davis 

et al., 2011; Mohler et al., 2006). Further research is needed to examine the degree to which 

the putative mechanism of immune activation suggested in the current study compounds 

other prenatal mechanisms such as stress physiology. Additional research is also needed to 

describe the role of placenta mechanisms, the child’s developing immune system, and child 

autonomic nervous system physiology. Similarly, further research is needed to understand 

potentially protective or exacerbating roles of postnatal factors such as caregiving and 

childhood environment, which have been largely overlooked in studies of prenatal exposures 

(Bergman et al., 2008). Kagan and others inspired by his work (Williams et al., 2009) 

have demonstrated that developmental trajectories of children with fearful and inhibited 

temperament can be moderated by caregiving quality. Research of that kind is needed to 

understand the longer-term behavioral and health outcomes prompted by prenatal exposures.
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Refer to Web version on PubMed Central for supplementary material.
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Public Health Significance Statement

This research examines the prenatal developmental origins of a key aspect of child 

behavioral development, fear reactivity in infancy. The findings provide the first robust 

evidence that maternal immune activation in pregnancy is associated with early-emerging 

fear reactivity. These results extend prior work on prenatal influence on child behavioral 

development in ways that suggest developmental mechanisms and potential intervention 

targets for promoting child health and behavioral and social development.
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Figure 1. 
Sample Path Diagram of Associations between Immune Cytokines and Observed 

Temperament
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Table 1.

Descriptive Statistics of the Analytic Sample

Variable Mean (SD) N (%)

Age (years) 29.1 (4.6)

Race/Ethnicity

Non-Hispanic White 165 (58.5)

Non-Hispanic Black 67 (23.8)

Asian 11 (3.9)

Hispanic 27 (9.6)

Other Races/ Ethnicities* 11 (4.3)

Education

Less than high school 12 (4.3)

High School 89 (31.6)

Some College 40 (14.2)

College Degree 70 (24.8)

Post College Degree 70 (24.8)

Employed 204 (72.3)

Married/Living as Married 170 (60.2)

Infant Sex

Male 140 (49.6)

Female 141 (50.4)

Note. n=281* Other Races/ Ethnicities includes American Indian/Alaska Native and individuals self-reporting as ‘other’.
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Table 2

Bivariate Correlations between Spider Task and Inflammatory Markers

Spider Facial
Fear
r (p-value)

Spider Vocal
Fear
r (p-value)

Spider Bodily
Fear
r (p-value)

Spider Escape
r (p-value)

CRP .096 (.263) .068 (.415) −.064 (.448) −.039 (.639)

IL.10 .130 (.129) .206*(.013) .174*(.037) .267**(.001)

IL.4 .072 (.417) .175*(.041) .076 (.382) .183*(.033)

IL.6 .058 (.512) .183*(.032) .169*(.047) .130 (.130)

IL.2 .010 (.910) .092 (.273) .069 (.408) .172*(.039)

TGF.beta −.029 (.737) .014 (.869) .003 (.976) .045 (.594)

IFNg .006 (.946) .090 (.283) .139 (.096) .140 (.093)

IL1Beta .067(.436) .163*(.050) .090 (.282) .235**(.005)

IL.8 .145 (.099) .232**(.006) .191*(.025) .227**(.008)

IL.17A .044 (.607) .108 (.199) .147 (.079) .176*(.034)

**.
Correlation is significant at the 0.01 level (2-tailed).

*.
Correlation is significant at the 0.05 level (2-tailed).

Note. N’s range from 130-145. All values presented are Pearson correlation coefficients
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