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A B S T R A C T

Background: Identifying modifiable risk factors for neuropsychological correlates of attention deficit hyper-
activity disorder (ADHD) in early childhood can inform prevention strategies. Prenatal inflammatory states, such
as maternal asthma and other atopic disorders, have been increasingly linked to enhanced risk for neurobeha-
vioral disorders in children, with some studies suggesting sex-specific effects.
Objectives: To assess the association between maternal active asthma and/or atopy in the antenatal period and
child symptoms of ADHD during mid-childhood and, given the male-bias in ADHD prevalence, to examine
modifying effects of child sex.
Study design: The study sample includes 250 maternal-child pairs enrolled in the Boston-based Asthma Coalition
on Community, Environment and Social Stress (ACCESS) pregnancy cohort. We defined antenatal active atopy
based on maternal report of current asthma, allergic rhinitis or atopic dermatitis during and/or in the year before
pregnancy. When children were approximately 6 years old, mothers completed a battery of standardized child
behavior rating scales designed for evaluating symptoms of ADHD. We used multivariable quantile regression to
assess the relations between maternal antenatal atopy and symptoms of ADHD among children.
Results: In adjusted models, maternal atopy was significantly associated with greater risk for ADHD behaviors, as
indicated by scores on the Conners’ Parent Rating Scale-Revised ADHD index (β=3.32, 95% CI: 0.33, 6.32). In
sex-stratified models this association was stronger among girls (5.96, 95% CI= 0.95, 10.96) compared to boys
(−2.14, 95% CI=−5.75, 1.45, p-interaction=0.01). Among girls, we observed a similar finding for the
Behavior Assessment System for Children 2nd Edition Parent Rating Scale Attention Problems subscale
(β=7.77, 95% CI=1.57, 13.97). Results from other outcome subscales were similar in magnitude and di-
rection, however, associations did not reach statistical significance at the p=0.05 level.
Conclusions: Maternal antenatal active atopy may be a risk factor for the development of ADHD-like symptoms,
especially among girls.

1. Introduction

Attention-deficit hyperactivity disorder (ADHD) is one of the most
common neurodevelopmental conditions, with nearly 10% of U.S.
children receiving a diagnosis between 5 and 17 years of age, the ma-
jority of whom are boys (prevalence 12.3% versus 5.5% among girls)
(American Psychiatric Association 2013; Willcutt, 2012). ADHD is
characterized by symptoms of inattention, impulsive behavior and hy-
peractivity, and carries substantial lifelong consequences for both aca-
demic success and the development of healthy social relationships

(American Psychiatric Association, 2013; Biederman and Faraone,
2005; Fleming et al., 2017). Recent statistics indicate minority children
receive less treatment, despite similar rates of ADHD symptoms across
racial and ethnic groups, suggesting the disorder contributes to a
growing disparity in children’s neurobehavioral health (Coker et al.,
2016; Cummings et al., 2017). While the etiology of ADHD and its
neuropsychological correlates includes both genetic and environmental
sources, modifiable risk factors contributing to development of the
disorder have not been fully elucidated (Thapar et al., 2013); an im-
proved understanding of these factors may help to detect higher-risk
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subgroups and inform prevention and intervention strategies.
Atopic disorders are the most prevalent chronic diseases in the de-

veloped world (Pawankar et al., 2012; Simpson et al., 2001), are more
prevalent among ethnic minority and socioeconomically disadvantaged
groups (Wright et al., 2004), and are especially problematic in urban
environments, where triggers such as cockroach and mouse allergens,
pollutants, and psychosocial stress are common (Matsui et al., 2008;
Togias et al., 2010). While the etiology of these disorders, including
asthma, atopic dermatitis and allergies, remains incompletely under-
stood, they are collectively characterized by an exaggerated immune
response to environmental triggers (Pawankar et al., 2012).

Prenatal inflammatory states have been increasingly linked to en-
hanced risk for early childhood neurobehavioral disorders, which may
relate to altered fetal immune responses during central nervous system
development (Bilbo and Schwarz, 2009; Boulanger-Bertolus et al.,
2018; Estes and McAllister, 2016; Knuesel et al., 2014). For example,
animal research has demonstrated experimentally-induced maternal
immune activation during pregnancy can permanently alter neurode-
velopmental trajectories and increase endophenotypes associated with
neuropsychiatric disease and behavioral disorders (Meyer, 2014). In
humans, inflammatory markers measured during pregnancy have been
associated with altered patterns of structural and functional brain
connectivity, as well as impaired impulse control and working memory
in toddlers (Graham et al., 2018; Rasmussen et al., 2019; Rudolph et al.,
2018; Spann et al., 2018). While maternal infection during pregnancy is
associated with the pathogenesis of several neurodevelopmental and
neuropsychiatric disorders (Knuesel et al., 2014; Bilbo and Schwarz,
2012), little research has investigated the role of common chronic
diseases linked to immune activation in relation to behaviors char-
acteristic of ADHD.

We extend this research by investigating prospective associations
between active maternal asthma and other atopic disorders during the
antenatal period and symptoms of ADHD among school aged children.
We hypothesize children born to mothers with active atopy during the
antenatal period will exhibit more problem behaviors associated with
ADHD.

2. Methods

2.1. Study sample

The study sample is comprised of English- and Spanish-speaking
maternal-child pairs enrolled in the Asthma Coalition on Community,
Environment and Social Stress (ACCESS) birth cohort, which recruited
pregnant women and their unborn children from prenatal clinics in
Boston, MA between 2002 and 2010 (Wright et al., 2008). This analysis
was restricted to 295 children who completed neurodevelopmental
testing, which was conducted on a subsample of participants at ap-
proximately 6 years of age. We additionally excluded participants with
missing maternal atopy (n=33) or covariate (n=1) data and 11
siblings, resulting in a final analytic sample of 250 mother–child pairs.
Study procedures were approved by the human studies committees at
the Brigham & Women’s Hospital and Boston Medical Center. Written
consent was obtained from mothers and assent was additionally ob-
tained for children ≥7 years old.

2.2. Maternal atopy in the antenatal period

Women completed a structured, in-person interview during preg-
nancy (93% at mean ± standard deviation (sd): 27.0 ± 8.3 weeks
gestation) or within approximately 4months of delivery (7% at
18.7 ± 14.8 weeks following birth). During this interview information
was ascertained on lifetime history of asthma and other atopic dis-
orders, as well as recent symptoms of or medication use for these dis-
orders, supporting active disease during or proximate to pregnancy
(hereafter denoted antenatal). Specifically, we defined active maternal

asthma in the year before the prenatal interview based on maternal self-
report of an asthma diagnosis by a health care professional and 1)
symptoms of asthma (wheezing, shortness of breath, cough, chest
tightness, waking up at night with asthma) at least once per month in
the previous year, or 2) use of medication for asthma within the pre-
vious year. We created a composite indicator of maternal active atopy
in the antenatal period defined as: 1) active asthma as described above,
and/or 2) self-reported atopic dermatitis (eczema) with ongoing
symptoms during pregnancy, and/or 3) self-reported doctor-diagnosed
allergic rhinitis (hay fever) with ongoing symptoms during pregnancy.

2.3. Child behavioral evaluation

When children were 6.5 ± 1.0 years old, mothers completed two
widely-used standardized measures for evaluating symptom correlates
of ADHD and related problem behaviors: the Connors’ Parent Rating
Scales-Revised (CPRS-R) and the Behavior Assessment System for
Children, Second Edition Parent Rating Scale (BASC-2) (Conners' et al.,
1997; Reynolds and Kamphaus, 2004). The CPRS-R is comprised of 80
items that cluster into 13 scales, including an ADHD index, DSM-IV
Inattentive subscale, DSM-IV Hyperactive-Impulsive subscale, and
DSM-IV Total subscale, which were used in these analyses. The ADHD
index provides the best overall indicator of children at risk for an ADHD
diagnosis, whereas the two symptom subscales help differentiate be-
tween the predominant subtypes of ADHD (inattentive versus hyper-
active-impulsive). The DSM-IV Total score reflects symptoms of com-
bined inattention and hyperactive-impulsive type ADHD and is aligned
with the DSM-IV diagnostic criteria for ADHD. The CPRS-R scales are
validated for use in Spanish-speaking populations and have acceptable
internal consistency (α=0.83–0.96) and test‐retest reliability
(r=0.67–0.85) (Conners' et al., 1997).

The 160-item BASC-2 is a comprehensive measure for evaluating
adaptive and problem behaviors in community and home settings
(Reynolds and Kamphaus, 2004). The parent report version yields
scores on 14 primary scales, including Attention Problems and Hyper-
activity scales, which measure the core symptoms of ADHD and reflect
a child’s ability to sustain attention, capacity for self-control and fre-
quency of impulsive behaviors. Like the CPRS-R, these scales are vali-
dated for use by Spanish speakers and demonstrate acceptable internal
consistency (α=0.85), test‐retest reliability (r=0.85–0.86) and inter-
rater reliability between different parents or caregivers (r=0.73–0.75)
(Reynolds and Kamphaus, 2004).

In order to compare across subscales, we calculated t-scores by
standardizing raw scores by age (BASC-2) or age and sex (CRPS-R)
against normative samples of children from a range of socioeconomic,
racial and geographic backgrounds as outlined in the administrative
manuals (Conners' et al., 1997; Reynolds and Kamphaus, 2004). T-
scores derived from each instrument are designed to have a mean of 50
and standard deviation of 10, with higher scores indicating more pro-
blem behaviors across subtests.

2.4. Covariates

Information about mother–child sociodemographics (race/ethni-
city, maternal education, maternal and child age, child sex), and life-
style factors (cigarette smoking and second hand smoke exposure, ne-
gative life events) was collected using structured questionnaires.
Children’s early life wheeze and asthma status was ascertained by
asking mothers whether her child experienced “wheezing or whistling
in the chest” or had been diagnosed with asthma by a healthcare pro-
fessional; these questions were asked approximately every three months
between delivery and 24 months and every 6months between
24months and 36months (Chiu et al., 2014). We classified mothers as
prenatal smokers if they self-reported ever smoking during pregnancy,
as indicated by responses to questionnaires administered at enrollment
and during the third trimester. We defined exposure to second hand
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smoke based on maternal report of exposure to tobacco smoke for one
hour or more per week during pregnancy. Prenatal stress was assessed
using the Crisis in Family Systems-Revised survey (CRISYS-R), which
asks mothers to endorse life events experienced during the previous six
months across 11 domains (e.g. financial hardship, violence, dis-
crimination) as positive, negative or neutral (Shalowitz et al., 1998).
The CRISYS-R was administered in mid- to late pregnancy and has been
validated for use among Spanish speakers (Berry et al., 2006). We
created a negative life event (NLE) domain score by summing the
number of domains for which the mother endorsed at least one life
event as negative, resulting in a possible score from 0 to 11 with higher
values indicating greater stress.

2.5. Statistical analyses

We used multivariable quantile regression to evaluate associations
between antenatal active maternal atopy and children’s behavior.
Quantile regression relaxes the assumptions of ordinary least square
regression (e.g. normality of residuals), reduces the influence of out-
lying points, and is appropriate for outcomes that follow a skewed
distribution (Beyerlein, 2014; Koenker and Bassett, 1978). We analyzed
t-scores from four CPRS-R subscales (ADHD index, Inattention, Hyper-
activity, Total) and two BASC-2 subscales (Attention Problems, Hy-
peractivity) in separate models. We modeled behavioral data at the
50th percentile, which roughly corresponds to linear regression at the
mean.

We a priori adjusted models for several sociodemographic variables,
including child exact age at neurobehavioral testing, maternal age at
delivery, race/ethnicity, and maternal education. We additionally
controlled for maternal prenatal NLEs domain score, which was sig-
nificantly associated with both maternal antenatal atopy (odds ratio
(OR): 1.21, 95% CI: 1.02, 1.45) and child behavior (e.g. CPRS-R ADHD
index: β from quantile regression at 50th percentile: 1.0, 95%: 0.18,
1.82) in bivariate models and changed effect estimates between ma-
ternal atopy and behavior by>10% when included as a covariate.
While it is plausible that mothers with asthma or another atopic dis-
order would be less likely to smoke due to their symptoms, in our
sample mothers with these diagnoses were more likely to smoke during
pregnancy (any atopy OR: 3.10, 95% CI: 1.31, 7.28; asthma OR: 2.47,
95% CI: 1.00, 7.33), suggesting smoking may be an ancestor of atopic
disorder rather than a consequence of it (i.e. abstinence due to
symptom exacerbation from smoking). Based on this finding, in addi-
tion to results from several large studies indicating an association be-
tween smoking and asthma (Enriquez et al., 2007; Kurinczuk et al.,
1999; Tata et al., 2007), we treated prenatal exposure to cigarette
smoke as a confounder rather than a mediator. In contrast, we con-
ceptualized preterm birth, birthweight adjusted for gestational age, and
child early-life asthma as potential mediators based on published re-
search demonstrating these factors are both consequences of maternal
atopic disease (Mendola et al., 2013; Murphy et al., 2011; Vaezi et al.,
2017) and risk factors for child ADHD (Coghill et al., 2011; Grizenko
et al., 2015; Halmoy et al., 2012; Henriksen et al., 2015; Silva et al.,
2014; Yuksel et al., 2008). Because we are interested in the total effect
of maternal atopic disease on child ADHD symptoms we did not adjust
for these variables. Given the sex-bias associated with ADHD we in-
vestigated potential effect modification by child sex using interaction
terms and stratified analyses.

In secondary analyses, we used multivariable logistic regression to
evaluate associations between active antenatal maternal atopy and
behavioral rating scale scores dichotomized at the threshold for clini-
cally significant risk, as defined by the CPRS-R (t-scores > 65) and
BASC-2 (t-score > 70) administrative manuals.

3. Results

Table 1 presents characteristics of the study sample.

The majority of mothers were African American (28%) or Hispanic
(59%). At the time of delivery, more than two thirds (68%) of mothers
had only a high school education or less and 29% either smoked or
reported exposure to cigarette smoke for one hour per week or more
during pregnancy. One third (34%) of mothers included in the analysis
were ever diagnosed with an atopic disease, with 21% reporting active
symptoms during the antenatal period. Participants with postnatal
follow-up data that were excluded from the analysis (n= 599), which
was largely due to missing neurobehavioral data, did not significantly
differ from those included on maternal atopic status or any covariate of
interest.

T-scores for the CPRS-R and BASC-2 assessments are provided in
Table 1. Scores were right skewed across all subscales examined with
median values ranging from 47 to 51. Approximately 10% of children
had CPRS-R scores above the threshold for clinically significant risk
(ADHD index: 10%, DSM-IV Inattentive: 10%, DSM-IV Hyperactive-
Impulsive: 12%, DSM-IV Total: 11%). On the BASC-2, which uses a
higher cut-off (t-score of 70 versus 65) to screen for clinical risk, only
2% of children met the criteria for the Attention Problems and Hyper-
activity scales. Scores were moderately to highly correlated between
subscales designed to measure ADHD subtypes (CPRS-R Inattentive vs.
BASC-2 Attention Problems: ρ=0.65, p < 0.0001; CPRS-R DSM-IV
Hyperactive-Impulsive vs. BASC-2 Hyperactive: ρ=0.71, p < 0.0001,
see Supplemental Table 1 for correlation coefficients for all compar-
isons).

As expected given that the CPRS-R is sex-standardized, we did not
detect significant t-score differences between boys and girls. On the
BASC-2, which is age, but not sex-standardized, median Hyperactivity
and Attention Problem scores were slightly higher among boys (48 and
50, respectively) compared to girls (47 and 49, respectively); however,
these differences were not statistically significant.

As illustrated by Fig. 1, results from quantile regression at the 50th
percentile suggest maternal active antenatal atopy is associated with
more ADHD-related behaviors among children, as indicated by higher

Table 1
Characteristics of ACCESS maternal-child pairs included in analyses (n= 250).

Mean ± SD or N (%)

Race/ethnicity
White 20 (8)
African American 72 (29)
Latino/Hispanic 148 (59)
Other 10 (4)

High school education or less 171 (68)
Age at delivery (years) 27.4 ± 5.6
Negative life events (NLEs) domain scorea 2.5 ± 2.0
Exposure to cigarette smoke during pregnancyb 73 (29)
Child sex: boy 139 (56)
Maternal antenatal asthma and/or atopyc 52 (21)

Allergic rhinitis 9 (4)
Atopic dermatitis 20 (8)
Asthma 36 (14)

Child age at neurobehavioral testing 6.5 ± 1.0
CPRS-R t-scoresd (median ± IQR)

ADHD index 49.0 ± 13.0
DSM-IV Inattentive 48.0 ± 10.0
DSM-IV Hyperactive-Impulsive 51.0 ± 12.0
DSM-IV Total 49.0 ± 12.0

BASC-2 t-scorese (median ± IQR)
Attention Problems 49.5 ± 18.0
Hyperactivity 47.0 ± 13.0

a Assessed using the Crisis in Family Systems-Revised survey, possible range:
0–11.

b Maternal active smoking or self-reported exposure to second hand smoke
for ≥1 h per week during pregnancy.

c Defined as: 1) symptoms of and/or medication use for asthma, and/or 2)
symptoms of atopic dermatitis, and/or 3) doctor diagnosed allergic rhinitis
during the antenatal period.

d t-scores are standardized to have a mean ± sd of 50 ± 10.
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scores across CPRS-R and BASC-2 subscales. This association reached
statistical significance at the p= 0.05 level for the CPRS-R ADHD index
and also significantly varied by sex (girls: β=5.96, 95% CI= 0.95,
10.96; boys: −2.14, 95% CI= -5.75, 1.45, p-interaction: 0.01).

Girls born to mothers with antenatal atopy also fell into significantly
higher BASC-2 Attention Problem quantiles; however, this finding did
not significantly vary by sex at the p-value≤ 1.0 level (girls: β=7.77,
95% CI=1.57, 13.97). In unadjusted models and sociodemographic-
only adjusted models subset on girls, associations were generally in the
same direction and similar or stronger across subscales except for the
BASC-2 Attention Problems scale, for which it was attenuated. Among
boys, results across unadjusted and adjusted models did not sub-
stantially vary and did not reach statistical significance (Supplemental
Material Table 2a–c).

Across behavioral rating scale subtests, the odds of scoring above
the threshold for clinically significant risk were consistently higher
among children born to mothers with versus without active antenatal
atopy (range of adjusted odds ratios (aORs) across subtests: 1.25–2.76);
however, these associations did not reach statistical significance (see
Table 2 and Supplemental Material Fig. 1).

4. Discussion

We used multivariable quantile regression to prospectively assess
the relation between maternal antenatal active asthma, atopic derma-
titis and/or allergic rhinitis and ADHD-related behaviors among ma-
ternal-child pairs in a lower-income, ethnically mixed urban pregnancy
cohort in the northeastern United States. We found girls born to mo-
thers with an active atopic disorder during the antenatal period dis-
played significantly more problem behaviors associated with ADHD
compared to girls born to mothers without active atopy; we did not
observe significant associations among boys. We additionally found
that across behavioral rating scale subtests, a higher proportion of
children born to mothers with versus without active antenatal atopy
scored above the threshold used for screening clinically significant risk.
This suggests that, at the population level, the upward shift (more
problem behaviors) in behavioral rating scale scores attributable to
active maternal atopy before and/or during pregnancy may have sub-
stantial consequences for children already scoring in the mildly atypical
range, which may be especially consequential for minority children in
the United States, who have been shown to receive poorer ADHD care
quality and treatment continuity compared to white children (Coker
et al., 2016; Cummings et al., 2017).

Fig. 1. Associations between maternal atopy during or within the year before pregnancy and symptoms of ADHD among school-aged girls and boys (n=250). A
positive change indicates more problem behaviors. B=boys, G= girls. Associations modeled using quantile regression at the median outcome percentile. Circles
represent the change in behavior scale t-score quantile among children born to mothers with versus without active antenatal asthma and/or other atopic disorders.
All models adjusted for: child age at neurodevelopmental testing, maternal age at delivery, maternal race/ethnicity, maternal education, prenatal exposure to
cigarette smoke and negative life event domain score.
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Multiple lines of evidence support maternal immune activation as a
putative mechanism underlying these findings. Asthma and atopic
disorders are characterized by pro-inflammatory states, which have
been shown to trigger an inflammatory response in the placenta and
may activate microglia, resident immune cells of the brain, in the fetal
central nervous system (Bilbo and Schwarz, 2012; Bilbo et al., 2018).
Fetal microglia play a critical role in neurodevelopmental processes,
including axon guidance, synaptic pruning and the removal of apop-
totic cells (Bilimoria and Stevens, 2015; Paolicelli et al., 2011). Acti-
vated microglia release pro-inflammatory cytokines and other proteins,
which can be toxic to neurons at high levels (Deverman and Patterson,
2009; Nakanishi, 2003; Urakubo et al., 2001) and have the potential to
disrupt brain development during sensitive windows, leading to in-
creased risk for neurobehavioral and cognitive disorders (Bilbo and
Schwarz, 2009; Garay and McAllister 2010). For example, in murine
and non-human primate models, animals exposed to maternal immune
activation during gestation present with endophenotypes that mirror
human neurodevelopmental disorders, including autism and schizo-
phrenia (Bauman et al., 2014; Weir et al., 2015). In observational
human studies, decades of research have linked infection arising from
various insults during pregnancy with increased risk of these disorders
(Brown, 2012; Miller et al., 2013). Fewer mechanistic and clinical
studies have investigated associations between antenatal pro-in-
flammatory states and ADHD-related behaviors. In the only human
study to measure early life inflammatory markers in relation to ADHD,
twins with higher ADHD symptom scores at approximately age 9 years
had significantly higher transplacentally acquired Pneumococcus poly-
saccaride14 (PnPs14) antibody levels in blood spots taken 5 days after
birth compared to his/her same-sex twin pair (Bilenberg et al., 2011). A
similar finding with Cytomegalovirus (CMV) antibody titer levels was
detected among girls only, but no associations were detected for several
other infectious agents (Bilenberg et al., 2011).

Our finding that girls may be more vulnerable to maternal antenatal
atopy during fetal development is supported by evidence of fetal-sex
specific changes in the maternal immune milieu during pregnancy
(Enninga et al., 2015; Taylor et al., 2018). Research has found asth-
matic women carrying a female, but not male, fetus have a higher risk
of asthma flares (Clifton, 2006), as well as upregulation of placental
inflammatory and allergic mediators (Scott et al., 2009). Previous re-
search also suggests females born to mothers with asthma-related im-
mune activation may be at greater risk for poor fetal growth and low
birthweight, potentially due to sex-specific immune influences on pla-
cental cortisol metabolism (Murphy et al., 2003). In turn, low birth-
weight is a risk factor for adverse neurobehavioral development and
may partially explain our finding of a greater association between an-
tenatal asthma and ADHD symptoms among girls. Recent research from
a cohort of 3749 maternal-child pairs in Brazil found girls born small
for gestational age presented with attention difficulties at 4 years;
corresponding findings were not detected among boys (Murray et al.,
2015). Alternatively, given the higher prevalence of ADHD among boys,

it is plausible their enhanced susceptibility to other risk factors may
attenuate the additional risk conferred by maternal active atopy during
the antenatal period.

Our findings are also supported by results from several large-scale,
population-based cohorts linking maternal immune-related disorders
and infectious states with increased risk of ADHD-like behaviors in
children. In the largest study, which used national registry data from
2.3 million Norwegians, researchers found maternal diagnosis (ever)
with asthma and several other immune-related diseases was sig-
nificantly associated with a higher odds of ADHD among children
(asthma aOR: 1.5, 95% CI: 1.4–1.6; rheumatoid arthritis aOR: 1.7, 95%
CI: 1.5–1.9; hypothyroidism: aOR 1.2, 95% CI: 1.1–1.4; type 1 diabetes
aOR: 1.6, 95% CI: 1.3–2.0; multiple sclerosis aOR: 1.8, 95% CI: 1.2–2.5)
(Instanes et al., 2017). The authors did not detect statistically sig-
nificant interactions with child sex; however, across the diseases stu-
died associations were consistently stronger among girls. Similarly, the
Generation R cohort of 3139 Dutch families found elevated maternal
thyroid autoantibody titers during pregnancy were associated with a
significantly higher risk of attention deficit and hyperactivity problem
behaviors even after adjusting for maternal thyroid parameters (aOR:
1.56, 95% CI: 1.14–2.14) (Ghassabian et al., 2012). Likewise, using a
registry-based case-control study design, researchers found 12,991
Australian children diagnosed with and prescribed medication for
ADHD were significantly more likely (aOR: 1.37, 95% CI: 1.21–1.55) to
be born to mothers who experienced at least one urinary tract infection
during pregnancy compared 30,071 control children (Silva et al.,
2014). Finally, among 84,721 United States children enrolled in Med-
icaid, researchers found maternal genitourinary infection during preg-
nancy was significantly associated with increased odds of ADHD (aOR:
1.29, 95% CI: 1.23–1.35) (Mann and McDermott, 2011). Despite var-
iation in the diseases and infections investigated, these studies, in
concert with our findings, collectively support an association between
maternal immune activation during pregnancy and child symptoms of
ADHD.

In the present analysis we did not adjust models for potential
mediating variables, but rather acknowledge some of the effect we
observe may be acting through intermediate pathways. Specifically, we
did not adjust for child early life asthma, which has been shown to be
comorbid with ADHD and may share underlying etiologies (Grizenko
et al., 2015; Fasmer et al., 2011; Schmitt et al., 2010). For example,
microglia that colonize the fetal brain during early prenatal develop-
ment self-renew across the lifespan without contribution from periph-
eral hematopoietic stem cells (Ginhoux et al., 2013). This suggests in-
flammation-triggered activation of immature microglia during prenatal
development may not only contribute to disrupted brain development,
but could also program these cells and their progeny to be more re-
active to future immune challenges. Likewise, we did not adjust for
preterm birth or small size for gestational age, which have been pre-
viously associated with maternal asthma and other atopic disorders
(Mendola et al., 2013; Murphy et al., 2011; Murphy, 2006) and are

Table 2
Percent of children with t-scores in the clinically significant range, as defined by the CPRS-R (t-score > 65) and BASC-2 (t-score > 70) administrative manuals,
stratified by maternal active atopy during the antenatal period (n=250).

No atopy (79%) Yes atopy (21%) aOR (95% CI)

CPRS-R
ADHD Index 9.1 11.5 1.29 (0.46, 3.66)
DSM-IV Inattentive 9.6 11.5 1.25 (0.44, 3.57)
DSM-IV Hyperactive-Impulsive 10.6 17.3 1.68 (0.68, 4.20)
DSM-IV Total 9.6 15.4 1.64 (0.63, 4.28)

BASC-2
Hyperactivity 2.0 3.8 2.76 (0.41, 18.32)
Attention Problems 1.5 3.8 2.40 (0.25, 23.26)

Adjusted for child age at neurodevelopmental testing, maternal age at delivery, maternal race/ethnicity, maternal education, prenatal exposure to cigarette smoke
and negative life event domain score.
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established risk factors for adverse neurobehavioral outcomes, in-
cluding ADHD phenotypes (Coghill et al., 2011; Halmoy et al., 2012;
Henriksen et al., 2015; Silva et al., 2014). In contrast, we did adjust
models for exposure to cigarette smoke during pregnancy, which is also
an established risk factor for ADHD and related problem behaviors
(Linnet et al., 2003), and has been linked to reduced corticosteroid
response (Tomlinson, 2005) and poorer symptom control among asth-
matics (Chaudhuri et al., 2008; Eisner and Iribarren, 2007; Siroux et al.,
2000), including during pregnancy (Murphy et al., 2010), which may
result in an enhanced inflammatory milieu (Chen and Stress, 2007). We
also adjusted models for maternal negative life events as stress has been
associated with asthma exacerbations across the lifecourse, including
during pregnancy (Brunst et al., 2017; Sandberg et al., 2004). Less re-
search has investigated associations between stress and ADHD; how-
ever, a large, prospective cohort of 2140 mother–child pairs found
children born to mothers who experienced a major stressful event
during pregnancy or reported a high level of perceived stress were
significantly more likely to receive an ADHD diagnosis (Okano et al.,
2018). Additionally, research has shown that children with ADHD have
lower cortisol levels and maladaptive cortisol responses to acute stress
exposure (Corominas et al., 2012; Pauli-Pott et al., 2017). While the use
of topical steroids during pregnancy has not been linked to an increased
risk of adverse perinatal outcomes, given these preliminary findings,
research investigating prenatal exposure to these medications in rela-
tion to stress-response programming and related adverse neurobeha-
vioral development, such as ADHD, warrants further study (Chi et al.,
2013; Chi and Wang, 2015).

This is the first study to examine the association between antenatal
atopy and ADHD symptoms in a lower-income, ethnically mixed sample
at higher risk for both asthma, atopy and untreated ADHD symptoms. In
addition to rich covariate data, our prospective study design allowed us
to evaluate maternal symptoms during the vulnerable prenatal period
without relying on maternal recall across a multi-year time frame.
Similarly, despite our relatively small sample size for examining sex-
specific effects, we observed a consistent pattern whereby associations
between antenatal active asthma and/or other atopic disorders and
adverse neurobehavioral outcomes were strongest among girls.
Unfortunately, we were unable to examine interactions with other po-
tential modifying factors or confounding variables, such as maternal
body mass index (BMI), which previous research has linked with both
an increased risk for maternal asthma (Baffi et al., 2015) and child
ADHD diagnosis (Andersen et al., 2018). While the majority of children
in our sample (73%) were younger than the average age of ADHD di-
agnosis in the United States (7 years), results from other prospective
studies demonstrate early childhood scores on standardized neurobe-
havioral assessments predict persistent problem behaviors and more
definitive characterization of ADHD during middle to late childhood
(von Stauffenberg and Campbell, 2007). Unfortunately, we did not
collect information on paternal asthma or atopic disorders; however,
we do not anticipate paternal status to directly impact the intrauterine
inflammatory environment, which we hypothesize underlies the asso-
ciations described here. Additionally, it is possible for exposure mis-
classification if mothers did not accurately report atopy symptoms or
were unaware of sub-clinical disease. Future research that is able to
better characterize atopy (e.g. by review of medical records and/or
measurement of biological markers) is needed to reinforce the pre-
liminary findings reported here. Likewise, our measure of ADHD was
based on maternal report of symptoms rather than physician diagnosis.
Unfortunately, we did not measure maternal diagnosis with or symp-
tomology of a mood disorder at the time of neurobehavioral reporting.
Previous research suggests that mothers with depressive symptoms
more frequently report behavioral problems among their children
(Ordway, 2011) and maternal depression has been linked with adult-
onset asthma (Brunner et al., 2014). Given these relationships, it is
possible our findings suffer from residual confounding by unmeasured
maternal depression or other mood disorders. Similarly, ADHD is

known to be co-morbid with several psychological (e.g., anxiety) and
behavioral (e.g., oppositional defiant disorder) disorders in children
(Reale et al., 2017), thus, it is possible that our findings with ADHD
symptoms reflect a more general vulnerability to psychopathology.

Future studies designed to examine clinical diagnosis of ADHD in
relation to maternal atopy are needed to better understand the public
health impact of our findings. This study was conducted in an urban
environment and was comprised of a largely minority (African
American/Hispanic) demographic. Our results may not be generalizable
to rural populations of differing sociodemographic makeup, for whom
sources and triggers of atopy may vary.

While we were able to control for many potential confounders, it
remains a challenge to draw conclusions about the causal nature of the
observed atopy-ADHD relationship given potential overlapping path-
ways underlying these conditions, including common genetic predis-
position and joint exposure to shared environmental factors. For ex-
ample, children prenatally exposed to maternal atopy are also more
likely to be exposed to treatments for these diseases, such as the use β-
2-Adrenergic receptor agonists (β2AAs) for asthma control. Given the
relatively small size of our sample we were not able to explore the
impact of medication use; previous research investigating the role of
β2AAs during pregnancy has concluded positive associations observed
between β2AAs and ADHD are likely attributable to underlying ma-
ternal asthma (Liang et al., 2017).

Our work supports a growing body of evidence indicating that
maternal disorders associated with pro-inflammatory states, particu-
larly when active around the time of pregnancy, may be a risk factor for
development of ADHD-like symptoms in children. Given the central role
of immune pathways, it is critical that future studies are designed to
measure more direct correlates of active asthma and other atopic dis-
orders in pregnant women, for example, using lung function, serologies,
and high-throughput assays of immune biomarkers.
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