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Abstract

Autism Spectrum Disorder (ASD) is phenotypically and etiologically heterogeneous, with
evidence for genetic and environmental contributions to disease risk. Research has focused on the
prenatal period as a time where environmental exposures are likely to influence risk for ASD.
Epidemiological studies have shown significant associations between prenatal exposure to
maternal immune activation (MIA), caused by infections and fever, and ASD. However, due to
differences in study design and exposure measurements no consistent patterns have emerged
revealing specific times or type of MIA exposure that are most important to ASD risk. No prior
studies have examined prenatal MIA exposure and ASD risk in an under-represented minority
population of African ancestry. To overcome these limitations, we estimated the association
between prenatal exposure to fever and maternal infections and ASD in a prospective birth cohort
of an understudied minority population in a city in the United States. No association was found
between prenatal exposure to genitourinary infections or flu and the risk of ASD in a nested
sample of 116 ASD cases and 988 typically developing controls in crude or adjusted analyses.
Prenatal exposure to fever was associated with increased ASD risk (aOR = 2.02 [1.04 — 3.92])
after adjustment for educational attainment, marital status, race, child sex, maternal age, birth year,
gestational age and maternal smoking. This effect may be specific to fever during the third
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trimester (aOR 2.70 [1.00 — 7.29]). Our findings provide a focus for future research efforts and
ASD prevention strategies across diverse populations.

Lay summary—We looked at whether activation of the immune system during pregnancy
increases the chance a child will develop ASD. We examined 116 children with ASD and 988
children without ASD that came from a predominantly low income, urban, minority population.
We found that having the flu or genitourinary tract infections during pregnancy is not related to the
child being diagnosed with ASD. However, we did find children were at increased risk for ASD
when their mothers had a fever during pregnancy.
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Introduction

Autism spectrum disorder (ASD) is characterized by deficits in social interaction or
communication and repetitive behavior or stereotypical interests. ASD is increasingly
common, with a prevalence of 1 in 68 children (1 in 42 boys and 1 in 189 girls) as of 2012
(Christensen et al. 2016). ASD is phenotypically and etiologically heterogeneous, with
evidence for both genetic and environmental contributions to disease risk (Hallmayer et al.
2011, Persico et al. 2013, Sandin et al. 2014). Converging evidence points to the prenatal
period as a time where environmental exposures are most likely to influence ASD risk
(Rodier et al. 1996, Rice et al. 2000, Schlotz et al. 2009, Barouki et al. 2012, Marques et al.
2013, Lyall et al. 2014, Stoner et al. 2014). Identification of modifiable ASD risk factors can
lead to preventative intervention strategies that may reduce overall ASD burden. Studies to
examine a broad range of environmental risk factors for ASD during this critical time
window are now emerging.

There is a growing body of evidence suggesting prenatal exposure to maternal immune
activation (MIA) and/or systemic inflammation increases the risk of many different types of
neurodevelopmental disorders (NDD), including autism. Animal models of MIA have shown
behavioral, hormonal, and neuropathologic differences among prenatally exposed offspring
relative to their unexposed counterparts (Malkova et al. 2012, Miller et al. 2013, Schwartzer
et al. 2013, Bauman et al. 2014, Machado et al. 2015). In addition, MIA-associated
differences in immune function (Hsiao et al. 2012), hormone and neurotransmitter levels
(Miller et al. 2013, Ohkawara et al. 2015), neuronal and whole brain growth (Shi et al. 2009,
Le Belle et al. 2014, Straley et al. 2014), as well as microglial neurodevelopmental
regulatory patterns (Miller et al. 2013, Matcovitch-Natan et al. 2016) have been found in
animal models and are consistent with observations in humans with ASD.

Human studies have identified associations between prenatal exposure to maternal infection
and ASD risk. Two European registry-based population studies and one US HMO-based
case-control study have identified associations between maternal infection, bacterial or viral,
during pregnancy and increased ASD risk in her offspring (Atladottir et al. 2010, Lee et al.
2015), with the highest elevated risk among women with multiple hospitalizations for
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infections or those with bacterial infections (Zerbo et al. 2015). One case-control study in
Taiwan using medical record data found an elevated risk for ASD after genital or bacterial
infections (Fang et al. 2015). In addition, a study that assessed maternal exposure to
infection by self-report, rather than medical records, showed potential risk effects for flu
(Atladottir et al. 2012), although a recent HMO-based cohort analysis did not observe such
an association (Zerbo et al. 2017). A meta-analysis of 15 studies found an increase in ASD
risk after any type of maternal infection (Jiang et al. 2016).

Fewer studies have examined the potential impact of fever specifically, rather than infection
broadly, on ASD risk. One study found that prolonged febrile episodes were associated with
increased risk (Atladottir et al. 2012). A retrospective case-control study based on maternal
self-report showed association between fever during pregnancy and increased ASD risk
(Zerbo et al. 2013). That study further showed that risk was attenuated in mothers who took
anti-pyretic medications to control their fever, but remained elevated in mothers who did not
(Zerbo et al. 2013). A prospective study in Norway also found increased risk for ASD after
prenatal fever exposure, as well as evidence of a dose-response relationship, with risk rising
with multiple maternal fevers (Hornig et al. 2017). Fever exposure has also been shown to
adversely influence developing fetal health more generally (Dreier et al. 2014). Infection and
fever are common during pregnancy and could have a major impact on disease burden; the
prevalence of self-reported infection during pregnancy in the US has been reported to be as
high as 63.6%, and 20.5% for fever (Collier et al. 2009).

While previous findings suggest prenatal MIA is an important environmental risk factor for
ASD, there are limitations in the literature that need to be addressed. First, the Zerbo et al.
case-control study relied on retrospective, rather than prospective, self-reported exposure
assessment in its estimate of the relationship between infection or fever exposure and ASD
(Zerbo et al. 2013). This study design is vulnerable to differential exposure misclassification
due to recall bias. Second, although extracting maternal infection exposure from electronic
medical records avoids the limitations associated with retrospective exposure assessment
after ASD diagnosis, there are infections or fevers that may never be brought to medical
attention or documented. Study designs that rely on exposure data solely from EMR may
thus be looking at only severe infections. Furthermore, no EMR-based definition of exposure
has assessed the relationship between maternal fever and ASD risk. Finally, four of the prior
studies were based on European samples (in Denmark, Sweden, and Norway; Atladottir et
al. 2010, Atladottir et al. 2012, Lee et al. 2015, Hornig et al. 2017), and 2 studies were based
in California and included predominantly White and Hispanic individuals (>68%) as well as
a small proportion of individuals reporting their race as Asian, Black, or Other (Zerbo et al.
2013, Zerbo et al. 2015). Another EMR-based case-control study performed in Taiwan used
records from the National Health Insurance Program and thus was comprised entirely of
Asian individuals (Fang et al. 2015). While steps have been taken to increase the diversity of
the population in which we estimate the association between maternal infection or fever and
ASD, no study has tested this question in a predominantly Black American population. This
is of critical importance in the United States and expanding research of ASD risk factors into
multiple diverse populations is a clear priority for understanding etiology. Here, we
overcome previous limitations by performing a prospective analysis of self-reported prenatal
exposure to MIA and later ASD risk in an under-represented minority birth cohort in the US.
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Boston Birth Cohort (BBC) Study Description

The Boston Birth Cohort (BBC) is a prospective birth cohort with pregnancy exposure and
phenotypic data for mother-child dyads recruited at birth at the Boston Medical Center
(BMC) (Wang et al. 2002, Wang et al. 2014). The BBC was initiated in 1998 to investigate
environmental and genetic determinants of preterm delivery, with oversampling for preterm
birth. Thus, the BBC functions as an enriched risk cohort for ASD, since preterm birth is a
known ASD risk factor. Women with a singleton live birth at the BMC are eligible for
recruitment, with exclusions for IVF, multiple gestations, chromosomal abnormalities, major
birth defects, and preterm deliveries due to maternal trauma. As described in detail in Wang
et al. (Wang et al. 2002), participants are contacted 24—72 hours after birth to obtain consent
and initiate study enrollment. A subset of BBC children continue to receive postnatal
pediatric care at the BMC, which allows us to follow their developmental outcomes.

Unique family-level study I1Ds for the mother and her child are assigned at the time of BBC
enrollment. The field manager controls a log book in which family-level study ID is linked
to maternal and offspring BMC hospital ID. This log is used to subsequently match maternal
questionnaire data with their child’s EMR data. All BBC data is indexed by the family-level
study ID.

The BBC enrolls predominantly urban, low-income minority mothers and their newborns;
the diverse population examined in this study is approximately 38% black/African
American, 22% Hispanic, 19% Haitian, and 8.5% white (see Table 1). The majority of BBC
mothers receive health care through public assistance based insurance programs, e.g.
Medicaid or MassHealth.

Outcome Classification

We performed a case-control analysis of children with Autism Spectrum Disorder (ASD)
and children with neurotypical development. We used electronic medical record ICD-9-CM
diagnosis codes for pediatric inpatient, outpatient, and emergency room visits as
documented in the EMR of the Boston Medical Center, between 1 October 2003 and 31
September 2015 (the last date before transition from ICD-9-CM to ICD-10-CM), to define
ASD cases and neurotypical controls. Electronic medical records for 121,457 inpatient,
outpatient, and emergency room visits to the BMC were available for children enrolled in
the Boston Birth Cohort follow-up study. After 2,436 visits contributed by siblings were
removed from the dataset, 118,939 records from 2,992 index children remained. On average
each child had 39.8 visits to the BMC, with a range of 1 to 463 visits. This indicates
considerable contact between children and BMC medical providers. Individuals were
classified as an ASD case if their medical records contained any of the following ICD-9-CM
codes at least once: 299.00, 299.01, 299.80, 299.81, 299.90, or 299.91. We classified
individuals as neurotypical controls if they were never diagnosed with any of the following
conditions: ASD, attention deficit hyperactivity disorder (ADHD), intellectual disability
(ID), developmental delay (DD), oppositional defiant disorder (ODD), conduct disorder
(CD), or congenital anomalies (based on ICD-9-CM codes; see Supplementary Table 1).
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Sensitivity analyses were performed using a more stringent ASD case definition: to be
defined as an ASD case the individual had to have a 299 ACD-9-CM code recorded in their
electronic medical record on at least 2 separate occasions. A total of 82 ASD cases met these
criteria and were used for sensitivity analyses.

Exposure Definitions

Enrolled BBC mothers were interviewed 2472 hours after delivery using a standardized
postpartum questionnaire to gather information about her pregnancy (Wang et al. 2014).
Data on prenatal exposure to flu, fever (excluding intrapartum), and genitourinary tract
infections were obtained from self-report based on the questionnaire (for specific wording
see Supplementary Table 2). In addition, history of an intrapartum fever (>38C) was
abstracted from electronic medical record data by trained study personnel using a
standardized form.

For each type of exposure examined—prenatal genitourinary (GU) infection, prenatal flu,
maternal fever during pregnancy, and intrapartum maternal fever—we generated a
dichotomous categorical variable representing “exposed” or “unexposed.” Children whose
mothers responded ‘yes’ to having any vaginal or genital tract or urinary tract infections
during this pregnancy (including yeast infections), any fever during this pregnancy, and any
flu during this pregnancy were defined as “exposed” for GU, fever, and flu variables,
respectively. Similarly, dichotomous trimester-specific variables were derived for flu and
fever exposures using trimester-specific information among the subset of mothers that
positively responded to having an exposure at any point during pregnancy. For intrapartum
fever exposure, individuals were categorized as “exposed” if their mother had an intrapartum
temperature > 38C, obtained via abstracted labor and delivery electronic medical records.

Covariate Definitions

Covariates used for adjustment included characteristics of the mother (educational
attainment, marital status, race, smoking status, age at delivery) and child (sex, birth year,
gestational age at birth according to ultrasound dating, low birth weight). Educational
attainment, marital status, race, and smoking prior to and during pregnancy were all self-
reported in the postpartum questionnaire. Child sex and birth weight were based on the
abstracted medical records. Maternal age at the time of delivery was based on mother’s date
of birth recorded in her medical records. We defined gestational age at birth using a
combination of the first available ultrasound in the medical records and last menstrual period
(Wang et al. 2014).

We defined mothers’ educational attainment as a categorical variable (elementary school,
secondary school, high school/GED, some college, or college/postgraduate degree) using the
self-report questionnaire data. Marital status was self-reported as married, single, divorced,
separated, or widowed; this was dichotomized to “married” or “not married” for our
analyses. Race was self-reported by choosing one of the 9 following categories that best
reflected the respondent’s background: Black/African American; Asian; Pacific Islander;
White; Haitian; Hispanic; Cape Verdean; Other; and Unknown. For our analyses, we then
collapsed these responses into five categories to generate the race covariate: (1) Black, (2)
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White, (3) Hispanic, (4) Asian, and (5) all others. Black includes self-reported Black,
African American, Haitian, Cape Verdean, and Caribbean race and ethnicities. White
includes all individuals that reported white. Asian includes Asian and Pacific Islander races.
The Other category includes all other backgrounds. Maternal smoking was a categorical
covariate defined using self-reported data; never smokers were defined as mothers with no
history of smoking 6 months prior to conception or during pregnancy. Mothers that smoked
at any point in the 6 months prior to conception or at any point during their pregnancy were
coded as “some smoking.” Continuous smokers were defined as mothers that smoked 6
months prior to conception and throughout their pregnancy. A dichotomous variable
representing low birth weight was generated, with children weighing less than 2500 grams
assigned a “1” and children weighing greater than or equal to 2500 grams assigned a “0.”

Analytic dataset

The BBC enrolled a total of 7,939 mother-child pairs at birth at the Boston Medical Center
from 1998 to 2013. Postnatal follow-up was restricted to those children who continued to
receive pediatric care at the Boston Medical Center. As presented previously, there were no
major differences in baseline demographic and clinical characteristics between those with
postnatal follow-up data and those lost to follow-up (Li M et al, Pediatrics, 2016).

There were 2,992 children who had postnatal follow up at the Boston Medical Center
through 31 September 2015 and were eligible for the present study. ASD cases and
neurotypical controls were defined as described above. In the process of identifying
neurotypical controls, 1839 children were excluded from final analyses; they were diagnosed
with serious conditions such as a congenital anomaly or other developmental disorder or
delay, e.g. intellectual disability (Supplementary Table 1). The BBC includes a large number
of children without typical neurodevelopment because it oversampled for preterm birth at
enrollment, a known risk factor for developmental disabilities. Our final analytic dataset
consists of 1153 total children: 120 ASD cases and 1033 neurotypical controls.

We then linked these ASD and neurotypical control children to maternal demographic and
questionnaire data on prenatal exposures using a family-level study 1D; 4 ASD cases and 45
controls failed to link and were subsequently excluded from the analyses, leaving 988
neurotypical controls and 116 cases. Since there was a low prevalence of missing data in the
covariates (ranging from 0% for maternal age and child sex and birth year, to 2.1% for
maternal race, and 4.3% for gestational age) and exposures of interest (1.4% missing for
genitourinary infections, 2.6% for fever or flu any time during pregnancy, and 8.4% for
intrapartum fever), we then removed individuals from further analysis if they were missing
data for any covariate included in the final model (maternal education, marital status, race,
age, and pregnancy smoking status; child sex, birth year, and gestational age at birth) or
exposure of interest (Supplementary Table 3) (Graham 2008). A small number of mothers
reported having an exposure to fever (n = 6) or to flu (n = 22) in multiple trimesters
(Supplementary Tables 4-6); they were included in our analyses. There were no significant
demographic differences between individuals retained for further analysis and those
removed due to missing data, although those missing data were enrolled in the study earlier
(Supplementary Table 7).
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Statistical Analyses

All data cleaning and analysis was performed with R-3.1.3. Summary tables of
characteristics of ASD cases and controls, as well as exposed and unexposed, were created
with the R package fableone (https://CRAN.R-project.org/package=tableone). Descriptive
statistics for categorical variables were obtained with the function chisg.test() with
continuity correction, and the function oneway.test() for continuous variables with an
assumption of equal variance.

ASD odds ratios for MIA exposures were estimated via unadjusted and adjusted binomial
logistic regression using R-3.1.3. For each of the 4 exposures (fever, flu, prenatal GU
infection, and intrapartum fever) we performed independent analyses. Our final model was
adjusted for socioeconomic status as represented by mothers’ educational attainment, marital
status, and race, as well as for maternal age, maternal smoking during pregnancy, child sex,
birth year, and gestational age at birth. Beta values from the logistic regression were
transformed to obtain odds ratios for association with ASD outcome. A p-value < 0.05 was
taken to be evidence for a statistically significant association.

To allow a cleaner comparison of exposed and unexposed groups and better take
confounding into account, we also conducted a propensity score analysis for exposure to
fever. We matched individuals who were exposed to maternal fever any time during their
gestation with those who were not exposed to fever by their propensity for exposure to fever,
conditional on maternal age, smoking status, race, and educational and marital status, as well
as child sex, gestational age at birth, and year of birth, using the R package Matchit (Ho et
al. 2007, Ho et al. 2011); exposed individuals were matched to their nearest unexposed, with
a caliper of 0.08 and a case:control ratio of 1:8.

Sensitivity analyses for potential exposure misclassification

To address potential exposure misclassification for prenatal exposure we performed
sensitivity analyses using 2 complementary analytic approaches. Both approaches use
assumptions about the test’s sensitivity and specificity to reassign false positives and false
negatives before calculating a crude corrected OR (Lash et al. 2009). We performed these
analyses for prenatal exposure to GU infections, flu, and fever at any time during pregnancy.
Because this prenatal exposure information was collected prior to diagnoses, we assume no
outcome-based differential misclassification in our models. The first approach we used was
a Monte Carlo sensitivity analysis (MCSA). This method utilizes prior probability
distributions for the sensitivity and specificity; for each replicate, a value for the sensitivity
and specificity are randomly drawn from the distribution and a corrected OR is calculated.
We implemented MCSA using the R package episensr (https://CRAN.R-project.org/
package=episensr) and the function probsens(). We explored various prior probability
distributions of the sensitivity and specificity, including uniform and logit-normal. We set
the sensitivity and specificity draws for the cases and controls to be tightly correlated (r =
0.9) and ran 10,000 replicates. Without definitive literature to guide the choice of an
informative prior, we chose to model the prior probability of the sensitivity for both cases
and controls as a uniform distribution between 0.5 and 1, and the specificity as a uniform
distribution between 0.912 and 1; we then obtain a single estimate with an empirical 95%
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confidence interval for the corrected association between ASD and each prenatal exposure.
Because the correction method for exposure misclassification involves subtracting false
positive subjects, we are unable to assess for dramatic over-reporting of exposure because it
would result in negative cells in the corrected 2x2 table; this sets a lower limit for the
specificity we can model in the setting of exposure misclassification.

For our second approach, we first performed a bootstrap resampling of the dataset (10,000
bootstraps) and then conducted a simple sensitivity analysis for misclassification on each
bootstrap by reassigning false positives and false negatives and then calculating the average
crude corrected OR (Lash et. al 2009). This allows us to explicitly model different ways that
bias could affect the sensitivity and specificity of the test for exposure. This was
implemented using the ep/sensrfunctions misclassification() and boot.bias() to empirically
derive estimates of the uncertainty in the OR for different models of sensitivity and
specificity, including differential and non-differential exposure misclassification.

Sample Description

After defining our analytic dataset, as described in detail in the methods section, we
compared maternal and child characteristics in our sample across case and control groups.
As expected, we observed significant associations between autism spectrum disorder (ASD)
diagnosis and known risk factors, including child male sex, increased maternal age, and
lower gestational age in the Boston Birth Cohort (BBC) sample (Table 1). No significant
ASD case-control differences were observed for maternal gravidity, parity, education,
marital status, race/ethnicity, smoking status, or child birth weight (Table 1). We also
observed no difference in the distribution of cases and controls across all study years
(Supplementary Figure 1).

Prenatal Exposure to Genitourinary Infection and ASD Risk

No association was found between self-reported maternal history of genitourinary (GU)
infections at any time during pregnancy and risk of ASD development in the offspring in an
unadjusted model (OR 0.83 [95% confidence interval 0.52 — 1.32]; Supplementary Table 8).
Similarly, no significant association was observed after adjusting for child sex, maternal age,
child birth year, maternal smoking status, maternal education, marital status, maternal race,
and gestational age (aOR 0.69 [0.42 — 1.14]; Figure 1 and Supplementary Table 8). Our
findings in the BBC are consistent with three prior studies (Atladottir 2010, Lee 2015, Fang
2015) that also examined prenatal exposure to GU infections and ASD risk (Figure 2).

Prenatal Exposure to Flu and ASD Risk

We assessed risk for ASD among children prenatally exposed to flu at any point during
gestation or during a specific trimester (trimesters 1, 2, and 3). We observed no association
between prenatal flu exposure at any point during gestation and risk of ASD in either
unadjusted (OR of 1.14 [95% confidence interval 0.69 — 1.89]; Supplementary Table 8) or
adjusted analyses (aOR 1.17 [0.67 — 2.05]; Figure 1 and Supplementary Table 8).
Furthermore, neither adjusted nor unadjusted analyses showed an association between ASD
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risk and prenatal flu exposure specific to any trimester (Figure 1 and Supplementary Table
8). This is consistent with prior studies that reported no association between flu infection at
any time during pregnancy and risk of the offspring developing ASD (Figure 2).

Fever during pregnancy and ASD risk

No association between exposure to fever at any time during pregnancy and risk of ASD was
found in unadjusted analyses (OR 1.80 [0.99 — 3.27]; Supplementary Table 8). However, a
significant association between ASD diagnosis and maternal fever at any time during her
pregnancy was found after adjustment for child sex, maternal age, child birth year, maternal
smoking status, maternal education, marital status, maternal race, and gestational age (aOR
2.02 [1.04 — 3.92]; see Figure 1 and Supplementary Table 8). We also observed a significant
association between maternal fever during the third trimester of pregnancy and child ASD
diagnosis (aOR 2.70 [1.00 — 7.29]; Figure 1 and Supplementary Table 8). No association
between child ASD status and exposure to maternal fever during the first (aOR 1.86 [0.61 —
5.73]) or second trimesters (aOR 1.62 [0.58 — 4.52]) was found (Figure 1 and
Supplementary Table 8).

Despite different covariate choices, our fever associations were consistent in magnitude and
direction across all regression models tested (Table 2). However, because we observed
differences in the strength of association among the adjusted models we also estimated the
fever association using propensity score matching. Eighty-nine individuals exposed to fever
were matched to 540 unexposed individuals; good balance on all covariates was achieved
after propensity score matching (see Supplementary Table 9 for characteristics of all mother-
child pairs by prenatal fever exposure status prior to propensity score matching and
Supplementary Figure 2). While propensity score analysis did not show a statistically
significant relationship between gestational exposure to maternal fever exposure and ASD,
the direction of effect was consistent with our regression models (Table 2).

While there is evidence that defining ASD by the presence of one or more diagnosis codes
may be the best strategy in some datasets (Dodds et al. 2009), other work has suggested
ASD case status be defined as the presence of a 299 ICD-9-CM code in at least 2 instances
(Coleman et al. 2015). We thus performed sensitivity analyses using this more stringent
ASD case definition. Defining ASD in this manner reduced the number of ASD cases from
101 to 82 while neurotypical controls remained the same (n=884). Logistic regression
analyses resulted in a 1.95 [1.03 — 3.68] unadjusted OR for ASD risk after fever exposure at
any time during pregnancy; the adjusted OR was 2.11 [1.03 — 4.32]. Thus, using the more
stringent ASD case definition did not change the estimated strength, or the significance, of
the association between prenatal fever exposure and ASD risk.

Because fever and flu may be correlated, as fever is a potential symptom of flu, we sought to
further tease apart the relationship between prenatal exposure to fever/flu and ASD. We
generated a categorical variable with four levels: neither flu nor fever (reference category; n
= 753); fever only (n = 36); flu only (n=137); or both flu and fever (n = 56). We performed a
logistic regression with ASD as the outcome and this derived categorical variable as the
exposure, with adjustment for additional covariates as in our other models. No exposure
category was significantly associated with ASD risk when compared to the reference
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category: fever (aOR 2.11 [0.75 — 5.94], p = 0.16), flu only (aOR 0.94 [0.47 — 1.90], p =
0.87), or fever and flu (aOR 2.05 [0.90 — 4.65], p = 0.09).

Finally, we compared our findings to three prior studies that examined the association
between prenatal exposure to maternal fever and ASD risk. Zerbo et al. and Hornig et al.
saw an association between fever and ASD risk at any time during pregnancy, consistent
with the current study (Figure 2) (Zerbo 2013a, Hornig 2017). For exposure to maternal
fever during pregnancy (prior to 32 weeks) or specifically during trimester 1 or 2, Aladottir
et al. did not find an association with ASD risk (Aladottir 2012).

Intrapartum fever is not associated with ASD risk

Because of the association we observed between maternal fever during the third trimester
and the risk of ASD in her child, we wanted to examine intrapartum fever exposure as a
sensitivity analysis. This variable represents fever in the peripartum period (labor and
delivery) only, as opposed to the third trimester. There were three ASD cases out of 50
children who were exposed to intrapartum fever, and 92 ASD cases out of the 886 children
who were not exposed. While we are limited by the small number of exposed ASD cases, no
association was seen between intrapartum fever and child ASD status in unadjusted (OR
0.52 [0.16 — 1.69]) or adjusted analyses (aOR 0.60 [0.18 — 2.02]; Supplementary Table 8).
Because there were only four individuals with both intrapartum fever and fever at any prior
point during pregnancy (as measured by questionnaire), we were not able to assess the joint
effect.

Effect of potential exposure misclassification

Because our study relies on self-reported exposure data collected shortly after delivery, it is
possible that mothers incorrectly recalled or reported their exposure during pregnancy, i.e.
there is potential for exposure misclassification. To assess whether our findings were robust
to exposure misclassification, we performed a Monte Carlo sensitivity analysis (MCSA).
After correcting for systematic exposure misclassification and random error the OR for
genitourinary infection was 0.78 [empirical 95% CI 0.43 — 1.38], the OR for flu was 1.21
[0.67 —2.17], and the OR for fever was 2.68 [1.17 — 9.59]. These results were robust to
different choices for the prior probability distribution. Using an alternative, complementary
bootstrapping approach to address exposure misclassification, we observed similar results.
For example, as shown in Supplementary Table 10, the OR for genitourinary infection was
0.80 [empirical 95% CI 0.46 — 1.44], the OR for flu was 1.19 [0.63 — 2.35], and the OR for
fever was 2.77 [1.02 — 8.14] when assuming good test performance (sensitivity and
specificity of 0.95). When modeling simultaneous under- and over-reporting (sensitivity 0.6
and specificity 0.90 to 0.92), the OR for genitourinary infection was 0.72 [0.31 — 1.76], the
OR for flu was 1.30 [0.48 — 4.00], and the OR for fever was 9.43 [1.47 — 86.28]. Different
assumptions about the test characteristics did not substantially alter the estimated
associations between ASD risk and genitourinary infection, flu, or fever exposures and were
consistent with our main findings.
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Discussion

We examined the prospective relationship between prenatal maternal immune activation and
Autism Spectrum Disorder (ASD) risk in an understudied, predominantly urban minority
population. Our results support previous suggestions of maternal immune activation as a risk
factor for ASD, and specifically implicate fever. Our results do not provide evidence for an
association between exposure to genitourinary infections or flu during gestation and later
diagnosis of ASD. However, we did observe a significant association between prenatal
exposure to fever, at any time during pregnancy as well as during the third trimester, and
ASD.

This result is consistent with most prior studies showing ASD risk is not related to prenatal
exposure to genitourinary infection or flu (Figure 2). Only three prior studies have
specifically examined prenatal exposure to fever, at any point in pregnancy or during specific
trimesters, and ASD risk, with conflicting results. Our study showing increased ASD risk
associated with fever is consistent with Zerbo et al. and Hornig et al. (Figure 2) (Zerbo et al.
2013, Hornig et al. 2017) but not Atladottir et a/. (Atladottir et al. 2012). The prenatal
exposure definition used by Atladottir et a/. included only data through week 32; however,
the other studies, including our own, have used fever exposure for the entire pregnancy
period (week 1 to birth). Thus, the Atladottir ef a/. definition did not include a large portion
of the third trimester, shown to be significantly associated with ASD in our BBC data
(Figures 1 and 2). Although the overall findings between Zerbo et al., Hornig et al., and our
study were consistent, these two studies identified a significant association with fever in the
second trimester while we observed a significant association with fever in the third trimester.
It is possible that this disparity could be due to recall bias and/or exposure misclassification
due to differences in study design. Since the BBC exposure data is collected at birth, the
recall period for the third trimester is shorter than the first and second trimesters. It is also
possible that this could result in greater exposure misclassification in early pregnancy and
may influence trimester-specific findings.

Our study sample was derived from an enriched risk cohort, where children were initially
recruited with oversampling for preterm birth, a known ASD risk factor. Exposure data was
collected at birth, prior to ASD diagnoses, allowing for a relatively short recall time and
prospective analysis for ASD. In contrast, Zerbo et al. (Zerbo et al. 2013) used a
retrospective case-control design in which the exposure data was ascertained up to 60
months after birth (longer recall) and after ASD diagnosis. Additionally, our study
population has a different racial and economic make-up (Table 1) than the population in
Zerbo et al., which was approximately 50% white (Zerbo et al. 2013).

Our findings were specific to fever, which could indicate that fever itself contributes to ASD
risk. There is evidence that exposure to fever during pregnancy can lead to several different
suboptimal developmental outcomes including oral clefts, neural tube defects, and
congenital heart defects (Dreier et al. 2014). In support of this, Zerbo et al. (Zerbo et al.
2013) found an attenuation of the fever-ASD association with the use of antipyretics such as
acetaminophen. However, rather than fever itself being in the causal ASD pathway, it is also
possible that fever is merely acting as a marker of a specific infection that is associated with
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increased ASD risk but that is not captured by our questionnaire data. The BBC prenatal
infection exposure data is ascertained soon after birth with a structured interview and
questionnaire designed to ascertain exposures in a reliable manner. Nonetheless, the
questionnaire is retrospective and it is possible that mothers remember fever better than
infections generally. Finally, it is possible that the pathology of ASD begins during
gestational development and leads to increased maternal infections and fever through
immunocompromise, although there is little evidence to support this.

We considered the possibility that being born prematurely or with a low birth weight could
be mediators of a relationship between prenatal fever exposure and risk for ASD. However,
we found that in our dataset gestational age (as either a continuous or binary variable) was
not significantly associated with fever. When we compared analytic models that either
included or excluded these factors as covariates (Table 2; e.g. Analytic Model 4 vs 5 for
gestational age), the estimated effect size for a fever-ASD association was consistent. Thus,
we have treated gestational age as a confounder, rather than a mediator. However, because of
the unique characteristics of the enriched-risk BBC cohort, it is possible that this type of
relationship is specific to the BBC.

We observed relatively large confidence intervals in our study compared to prior work
(Figure 2). This is likely due to the relatively small number of individuals in our study and
thus imprecision in these estimates. Because our study relied on the extraction of ASD
outcomes from electronic medical records, specifically ICD-9-CM codes, there may be some
outcome misclassification. However, we would not expect any outcome misclassification to
be differential by exposure status. Additionally, there is significant co-morbidity among the
ASD cases in our sample for developmental delay; of our 116 ASD cases, 111 also have a
diagnosis for a developmental delay (ICD-9-CM codes between 315.0 and 315.9). Prior
research in a similar EMR data set has found this to be true among validated ASD cases
(Dodds et al. 2009), and so we believe there is limited outcome misclassification. This
conclusion is reinforced by the findings of our outcome misclassification sensitivity
analysis, which continued to show a significant relationship between fever and ASD risk
after using a more stringent ASD case definition.

We did not perform an adjustment for multiple comparisons. We examined ten total
exposures (GU infections; flu, overall and by trimester; fever, overall and by trimester; and
intrapartum fever), and the significant association we found between prenatal exposure to
fever and ASD risk would not survive a conservative Bonferroni correction. Additional
research with larger samples is necessary to clarify the role of prenatal exposure to fever in
the development of ASD.

Future studies in urban, low-income, minority populations are needed to replicate our
findings. In addition, future work to evaluate potential clinical interventions is needed. One
previous study from the Danish national birth cohort did assess the association between anti-
pyretic medications and ASD (Liew et al. 2016). Unexpectedly, the results showed an
increased risk for ASD with hyperkinetic symptoms and maternal use of acetaminophen
during pregnancy (Liew et al. 2016), which is contradictory to results from Zerbo et al. To
help resolve these differences in the literature, future studies should collect and evaluate
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more detailed information on prenatal exposure to fever, including (1) timing during
pregnancy, (2) severity, or degree of temperature elevation, (3) duration of fever, and (4) use
of anti-pyretics, including timing and dose.

There has been limited prior research on the relationship between prenatal fever exposure
and ASD risk, particularly among under represented and minority populations. Our findings
expand upon past work, and provide the first evidence supporting prenatal exposure to fever
as a risk factor for ASD in an urban, low income, minority population, adding to our
knowledge of a highly prevalent modifiable risk factor that may inform public health
strategies for primary and secondary prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Association with ASD in the BBC

Exposure : aOR [95% CI] Exposed
. . . . : (n/N)

Genitourinary infections :

any time during pregnancy f—a— 0.69[0.42,1.14] 27/299
Flu :

any time during pregnancy |—-—| 1.17[0.67,2.05] 22/195

first trimester — 0.93[0.33,259] 5/54

second trimester }——-—i 1.34[0.65,2.77] 12/77

third trimester |—-—| 0.95[0.42,2.12] 8/91
Fever in pregnancy :

any time during pregnancy |—-—| 2.02[1.04,3.92] 15/93

first trimester |——-—| 1.86[0.61,5.73] 4/34

second trimester |—-—| 1.62[0.58,4.52] 6/30

third trimester |—-—| 2.70[1.00,7.29] 6/33

T T T T T T ]
0.125 0.50 1.00 2.00 8.00
aOR
Figure 1.

Forest plot showing adjusted odds ratio (OR) and 95% confidence intervals for the
association between prenatal GU infection, flu (overall and trimester-specific), and fever
(overall and trimester-specific) and Autism Spectrum Disorder in the Boston Birth Cohort
(BBC).
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Comparison of study results with prior literature
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Lee 2015 e 1.12[0.88, 1.44]
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u E
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Atladottir 2010 — 1.00 [0.55, 1.90]
Atladottir 2012 — 1.10[0.60, 2.30]
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Figure 2.

Forest plot comparing the Boston Birth Cohort results to previously reported results. The

plot shows effect estimates and 95% confidence intervals for the association between
infection or fever (at any point during pregnancy and by trimester) and autism.
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Characteristics of the ASD case-control study sample from the Boston Birth Cohort (BBC)

Neurotypical Controls (n=988) ASD (n=116) P
Gravidity, M (SD) 2.79 (1.79) 2.85 (1.93) 0.701
Parity, M (SD) 1.04 (1.20) 0.96 (1.22) 0.491
Maternal age?, M (SD) 28.25 (6.55) 30.11(6.24)  gooa*
Maternal education, 77 (%) 0.281
Elementary school 41 (4.3) 4 (3.5)
Secondary school 238 (24.7) 21 (18.6)
High school/GED 333 (34.6) 40 (35.4)
Some college 203 (21.1) 33(29.2)
College degree and above 148 (15.4) 15 (13.3)
Maternal marital status, 7 (%) 0.570
Married 327 (34.0) 42 (37.5)
Not Married 661 (66.0) 74 (62.5)
Race or Ethnicity, 77 (%) 0472
Black 615 (62.2) 73 (62.9)
White 83(8.4) 6 (5.2)
Hispanic 214 (21.7) 31(26.7)
Asian 20 (2.0) 2(L7)
Other 56 (5.7) 4(3.4)
Maternal smoking®, /7 (%) 0.179
Never 817 (85.1) 88 (78.6)
Some 48 (5.0) 9 (8.0)
Continuous 95 (9.9) 15 (13.4)
Child sex, n (%) <0.001%
Female 585 (59.2) 31 (26.7)
Male 403 (40.8) 85 (73.3)
Gestational age, mean (SD)? 38.4(27) 36.5 (4.6) <0.001 "
Birth weight, /7 (%) 0.072
>2500 grams 763 (78.9) 81 (71.1)
<2500 grams 204 (21.1) 33(28.9)

ASD, autism spectrum disorder; BBC, Boston Birth Cohort; M, mean; SD, standard deviation

a . .
Maternal age at time of delivery

Black includes self reported Black, African American, Haitian, Cape Verdean, and Caribbean race and ethnicities. Asian includes Asian and
Pacific Islander races. The Other category includes individuals with a mixed or other racial background.

Never smokers were defined as mothers with no history of smoking 6 months prior to conception or during pregnancy; some smoking includes
mothers that smoked at some point in the window of 6 months prior to conception and delivery but did not smoke throughout that window;
continuous is defined as mothers that smoked starting 6 months prior to and throughout pregnancy.

dDefined by sonogram
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*
Denotes statistically significant
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