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BACKGROUND: Until recently, environmental factors in autism spectrum disorder (ASD) were largely ignored. Over the last decade, altered risks from
lifestyle, medical, chemical, and other factors have emerged through various study designs: whole population cohorts linked to diagnostic and/or
exposure-related databases, large case–control studies, and smaller cohorts of children at elevated risk for ASD.
OBJECTIVES: This study aimed to introduce the MARBLES (Markers of Autism Risk in Babies—Learning Early Signs) prospective study and its
goals, motivate the enhanced-risk cohort design, describe protocols and main exposures of interest, and present initial descriptive results for the study
population.

METHODS: Families having one or more previous child with ASD were contacted before or during a pregnancy, and once the woman became preg-
nant, were invited to enroll. Data and biological samples were collected throughout pregnancy, at birth, and until the child’s third birthday.
Neurodevelopment was assessed longitudinally. The study began enrolling in 2006 and is ongoing.
RESULTS: As of 30 June 2018, 463 pregnant mothers have enrolled. Most mothers (>75%) were thirty years of age or over, including 7.9% who are
fourty years of age or over. The sample includes 22% Hispanic and another 25% nonHispanic Black, Asian, or multiracial participants; 24% were
born outside the United States. Retention is high: 84% of participants whose pregnancies did not end in miscarriage completed the study or are still
currently active. Among children evaluated at 36 months of age, 24% met criteria for ASD, and another 25% were assessed as nonASD nontypical
development.
CONCLUSION: Few environmental studies of ASD prospectively obtain early-life exposure measurements. The MARBLES study fills this gap with
extensive data and specimen collection beginning in pregnancy and has achieved excellent retention in an ethnically diverse study population. The
24% familial recurrence risk is consistent with recent reported risks observed in large samples of siblings of children diagnosed with ASD. https://doi.
org/10.1289/EHP535

Introduction
As recently as 2005, very few environmental factors had been
studied in relation to risk for autism or related disorders. A sub-
stantial new body of literature suggests that noninherited factors,
primarily from the prenatal period, are associated with altered
risks for autism spectrum disorder (ASD). After a flurry of eco-
logic studies with inadequate control for group-level confounders,
well-conducted epidemiologic studies emerged with intriguing
results on several types of exposures: increased ASD risk associ-
ated with prenatal exposures to pesticides (Eskenazi et al. 2007;
Roberts et al. 2007; Shelton et al. 2014) or sources of air pollution
(Becerra et al. 2013; Raz et al. 2014; Suades-González et al. 2015;

Volk et al. 2012; Windham et al. 2006; Yang et al. 2017); a protec-
tive relationship from maternal nutrition (Schmidt et al. 2011;
Schmidt et al. 2012; Surén et al. 2013) (Wang et al. 2017); a
U-shaped relationship with higher risk from interpregnancy inter-
vals in the range of 0–24 and >60months (Durkin et al. 2015)
(Cheslack-Postava et al. 2014; Coo et al. 2015; Zerbo et al. 2015);
and an elevated risk for children whose mothers experienced infec-
tion, fever, metabolic or inflammatory conditions during pregnancy
(Atladóttir et al. 2010a, 2012; Krakowiak et al. 2012; Zerbo et al.
2012) (Hornig et al. 2018; Li et al. 2016; Walker et al. 2015); to
name a few.

Various designs have proven useful in pursuit of etiologic
factors. Whole population cohorts in Scandinavia, California,
and New York assembled by linking birth records to develop-
mental diagnoses reported links between ASD and maternal and
paternal age (Quinlan et al. 2015; Sandin et al. 2015; Shelton
et al. 2010), interpregnancy interval (Cheslack-Postava et al.
2014), maternal but not childhood infection (Atladóttir et al.
2010a, b), and season of conception (Zerbo et al. 2011). These
databases also provided the sampling frames for nested case–
control designs used to investigate pesticide exposures (Roberts
et al. 2007) and air pollution (Becerra et al. 2013). Large sam-
ple sizes (thousands to millions of persons; hundreds to tens of
thousands with ASD) and complete population enumeration are
strengths of these cohorts; however, data are limited or absent
for some exposures and potential confounders (e.g., smoking,
nutrition, and medical or other factors); standardized confirma-
tion of diagnoses is lacking; diagnostic practices may vary
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across regions within each database; and generally, biological
mechanisms cannot be examined.

Case–control studies have played a major role in both genetic
and environmental epidemiology of ASD. The University of
California Davis (UC Davis) CHARGE (Childhood ASD Risks
from Genetics and Environment) Study, a population-based case–
control study nested within California birth cohorts, was launched
in 2002 to investigate causes and contributing factors to ASD and
developmental delay (DD) (Hertz-Picciotto et al. 2006). Findings
from the CHARGE study include evidence of reduced ASD risk in
association withmaternal prenatal vitamin supplementation during
the periconception period (Schmidt et al. 2011, 2012), and evi-
dence of increased risk in association with residential proximity to
agricultural pesticide applications (Shelton et al. 2014) or traffic-
related and regional air pollution (Volk et al. 2012), parental occu-
pational exposures (McCanlies et al. 2012), maternal metabolic
conditions (e.g., obesity) (Krakowiak et al. 2012), preeclampsia
(Walker et al. 2015), and fever that went untreated during preg-
nancy (Zerbo et al. 2012). CHARGE also identified immune dys-
regulation (Ashwood and Van de Water 2004; Braunschweig
et al. 2013; Enstrom et al. 2010) and mitochondrial dysfunction
(Giulivi et al. 2010) and mitochondrial DNA damage (Napoli
et al. 2013, 2014) as potential underlying mechanisms. The
CHARGE Study has also provided population-based data on
ASD comorbidities previously reported primarily in clinic-based
samples that may overrepresent such conditions; these conditions
included an excess of GI symptoms (Chaidez et al. 2014), sleep
disturbances (Krakowiak et al. 2008), and minor physical anoma-
lies (Angkustsiri et al. 2011). With each identified environmen-
tal, biological, or phenotypic difference between cases and
typically developing controls of the same age, the key question
was: At what point in early development did the ASD cases
diverge from their neurotypically developing counterparts? The
case–control design could not answer this question. For example,
about 20% of mothers of children with ASD produced antibodies
to fetal brain proteins, in comparison with fewer than 2% of moth-
ers of children with typical development (TD) (Braunschweig
et al. 2013), but whether this antibody status arose during the
pregnancy with the affected child could not be determined.
Advancing the field beyond description of differences to investi-
gating etiologic factors, mechanisms, and susceptible windows
became an imperative. Thus, the logic of an enriched-risk cohort
with enrollment prior to birth emerged organically.

The enriched-risk design is well suited to the study of ASD,
given its relatively low prevalence (currently 1 in 59) (Baio et al.
2018). In comparison with a general population cohort, enrollment
and follow-up of pregnant women carrying the younger sibling of
a child with ASD achieves tremendous efficiencies. This enhanced
statistical power is a result of family recurrence risks of ASD,
which have long been known to be far greater than incidence in
the overall population (Fombonne et al. 1997; Lauritsen et al.
2005). The MARBLES (Markers of Autism Risk in Babies—
Learning Early Signs) Study was therefore launched in 2006 by
the University of California Davis (UC Davis) Medical Investiga-
tions of Neurodevelopmental Disorders (MIND) Institute and
Center for Children’s Environmental Health. Shortly thereafter, the
similarly designed but multisite Early ASD Risk Longitudinal
Investigation was initiated (EARLI) (Newschaffer et al. 2012).
Although this design was not new, previous cohorts of younger
siblings at high risk for ASD had recruited postnatally and did not
address environmental etiology. However, five years after the
MARBLES study began recruitment, a pooled analysis of twelve
‘baby sib cohorts’ produced an estimated recurrence risk of 19% in
affected families (Ozonoff et al. 2011). Given a ratio of noncases
to cases in the high-risk cohort of ∼ 4:1, in comparison with the

population-based ratio at that time of 67:1, the younger sibling
approach yielded a 13-fold greater risk.

Contrasting with case–control studies, where the greatest
challenge is obtaining accurate exposure information from time
periods prior to the onset of symptoms, the MARBLES study col-
lects data prospectively. Effort is concentrated during vulnerable
periods: preconception, gestation and infancy. With enrollment
before or during pregnancy, monitoring of pregnancy and early
childhood years provides an opportunity to accurately measure
suspect exposures (both exogenous and endogenous), and simul-
taneously allows a broad search for early biological and environ-
mental markers (Newschaffer et al. 2012).

This paper describes the design, aims, and protocols of the
MARBLES study, and presents preliminary statistics describing the
demographics of the study population and theASD recurrence rate.

Aims
The overarching goals of the MARBLES study are to uncover
environmental etiological agents contributing to ASD, investigate
their mechanisms of action, and identify early biological markers
of elevated risk. Using an integrated approach that includes expo-
sure measurements, biological markers from specimens obtained
in the study, and experimental research on tissues not obtained
from MARBLES study participants (P01-ES011269; R01-
ES020392), our initial aims were: a) to determine whether in utero
or infant exposures to pyrethroid pesticides or polybrominated di-
phenyl ethers (PBDEs) were associated with ASD diagnosis or
early indicators of developmental delays; b) to experimentally
describe neurotoxicity within these chemical classes; c) to evaluate
associations of immune responses with both the environmental
chemicals and the neurodevelopmental outcomes; and d) to exam-
ine alterations in mitochondrial DNA for relationships with both
child outcomes and chemical exposures. The second aim (b) differs
from the others in its focus on in vitro neurotoxic outcomes. These
molecular toxicology experiments exposed mouse neural cells in
vitro to pyrethroids to define the structure–activity relationships
for specific compounds (Cao et al. 2014; Kim et al. 2011).

A conceptual framework underlying this study is shown in
Figure 1, with the upstream environmental exposures on the left,
biological changes in the middle, and clinical outcomes on the
right; the examples of each type of variable include many that
are measured in the MARBLES study. Additional work recently
completed or currently underway is to examine phthalate expo-
sures in relation to ASD and other developmental outcomes
(R21ES025551); placental DNA methylation and other epige-
netic markers (R01ES029213, DOD AR110194); maternal nutri-
tion (R01ES025574); mitochondrial aberrations (R21HD086769),
and the intestinal microbiome (R01ES028089) and builds the
MARBLES study tomaintain the cohort and facilitate data and sam-
ple sharing (R24ES028533). The cohort design provides an efficient
framework for assessing, in the future, a broad array of compounds,
lifestyle factors, mechanisms, nonchemical stressors, biomarkers,
and interactions.

Methods

Study Design
TheMARBLES study is a prospective observational study, launched
in 2006, that enrolls women who already have a child diagnosed
with an ASD and who are pregnant or planning an additional preg-
nancy.We also enrolled pregnant women whose offspring would be
either a half-sibling, or an equivalent or closer blood relative, to a
child with ASD. The MARBLES study follows the mother and the
child(ren) longitudinally to accurately characterize the early life
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exposures both pre- and postnatally, to measure prediagnostic bio-
logical markers, and to document the development of the child to 36
months of age. Prospective collections encompass: a) extensive life-
style, home environmental information and samples, behavioral,
medical, nutritional and other exposure data; b) biological specimens
from the mother, father, and children; and c) detailed psychometric
assessments of neurocognitive, social, and behavioral development
frombirth to 3 years of age.

Study Population, Eligibility, and Recruitment
The study population for MARBLES is defined as mothers who
already have a child with autism and who are pregnant or plan-
ning a pregnancy. We recruit primarily through the California
Department of Developmental Services (DDS), which is the state
agency that coordinates services for persons with developmental
disabilities, regardless of race, religion, citizenship, or financial
status. Estimates from the early 2000s indicate that about 75–
80% of affected children are enrolled in DDS services (Croen
et al. 2002). Milder cases will be underrepresented because of the
state requirement beginning in 2003 that those individuals receiv-
ing services must have three significant functional limitations.
The UC Davis study team periodically obtains an updated list of
families receiving state-funded services for a child with an ASD.
Families on the DDS list are mailed a letter notifying them that
the MARBLES study will be contacting them, unless they opt out
by calling or emailing their response. If, within two weeks, they
do not opt out, study staff members call the family and screen for
eligibility. The MARBLES study also enrolls a small percent of
families who are referred by other research studies at the UC
Davis MIND Institute or by health and service providers, or who
learn about the study at outreach events, or by word of mouth.

Inclusion criteria. The inclusion criteria for the full study are: a)
mother or father has one ormore biological child(ren) withASD and/
or the gestating younger child has an older half-sibling, or an equiva-
lent or closer blood relative, with ASD; b) mother is 18 y or older; c)
mother is pregnant; d) mother speaks, reads, and understandsEnglish
sufficiently to complete the protocol (see Supplemental Material,
“Understanding English and Mental Competence” for details) and
the younger sibling will be taught to speak English; e) mother lives

within 2.5 h of the Davis/Sacramento region at time of enrollment.
As part of the recruitment screening phone call, study staffmembers
obtain verbal consent and administer the Social-Communication
Questionnaire (SCQ) to confirm the first criterion, i.e., a diagnosis of
ASD in the proband (older sibling). Staff members also request the
report from the proband’s prior diagnoses, and in particular we seek
ASDDiagnostic Observation Schedule (ADOS) scores. If no ADOS
has been done or if no scoreswere included in the report, we schedule
a visit to administer the ADOS to the older sibling, for diagnostic
confirmation. Ideally, all of the probands would have ADOS scores;
however, in a few cases the family did not come in and we defaulted
to the SCQ to confirm.

Women who have one or more biological children with ASD
but who are not pregnant, are pre-menopausal, and have no known
biological condition that would prevent pregnancy, are designated
as “active, pre-pregnant” for as long as they are not using contra-
ception and are in a sexual relationship with a nonsterile male part-
ner or are planning assisted reproduction. These women are
contacted monthly or bimonthly to check on their pregnancy status.
We conduct home visits for a subset of prepregnant women to col-
lect specimens and related blood draw and stress forms (Table 1).
Women who could become pregnant but are currently using con-
traception or not in a sexual relationship with a male partner are
scheduled for less frequent recruitment calls ranging from 1 month
to 1 y, based on their likelihood of becoming pregnant.

Preenrollment. Before the first home visit, mothers receive
a welcome packet with a detailed description of the study, con-
sent forms for the mother and father, instructions for collection
of the 24-h urine specimen and the materials needed, and sev-
eral self-administered forms. These forms include the Early
Developmental Questionnaire (EDQ) (Ozonoff et al. 2005) for
the proband, which is a parent reporting instrument that obtains
information related to onset of ASD symptoms and potential
regression; Social Responsiveness Scale (SRS) (Constantino
2002) for the mother, father, and proband, a standardized instru-
ment for assessing social skills in a general population at any age;
and 24-h and 48-h recalls to be completed with the 24-h urine col-
lection kit (see below for details). All of these materials are col-
lected from the mothers at the first visit, after informed consent has
been completed.

Figure 1. Conceptual overview of environmental influence on health and development. The upper part of each box indicates a category of measurement, pro-
gressing from external exposure to internal dose, to the effective dose based on what reaches the target site—organ or specific tissue/region. If the dose is suffi-
cient, it may result in an early biological effect, which, if strong or persistent enough over time, may lead to altered function. Finally, functional deficits may
progress to an outright disease or diagnosable condition. For each box, one or more examples is given, to illustrate the types of measurements that may be fea-
sible in a prospective pregnancy cohort that follows children postnatally, highlighting a few of the variables being assessed in the MARBLES study.
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The MARBLES study complies with all applicable require-
ments regarding human subjects and is approved by both UC
Davis and State of California institutional review boards. No data
are collected without informed consent.

Fieldwork: Exposure, Covariate Data, and Specimen
Collection
Overview. Home visits are conducted at enrollment, throughout
pregnancy, and during the first year of the younger sibling’s life
at 2 wk and 3, 6, and 12 months of age. Visits at 24 and 36
months take place at the UC Davis MIND Institute. Participation
involves collection of biological specimens from the younger sib-
ling, the proband (affected older sibling), and both parents (for
both proband and younger sibling), as well as environmental
samples taken in the home. The mother completes structured
self-administered questionnaires, is interviewed by telephone at
scheduled time points, and completes diaries related to exposures
and illnesses. Maternal and child medical records are obtained
and abstracted. Table 1 shows the schedule for specimen

collections and data related to exposures, not including medical
information.

Biospecimen collection (Table 1). Prenatally, the first visit
occurs as early as possible during pregnancy. During this visit,
study staff members collect from all mothers a blood sample,
vaginal swabs, hair samples, and saliva samples and instruct
mothers on collection of three first-morning spot urine samples
and one 24-h sample, each collected a week apart, per trimester.
The woman then collects the urine samples on her own, providing
them to study staff at subsequent visits. Throughout pregnancy,
blood samples are collected at each visit, for up to five, or occa-
sionally six, total samples. We also collect saliva samples from
the affected older sibling(s) and biological father of the younger
sibling for genetic analyses.

At delivery, nonstudy hospital personnel assist in collecting
maternal peripheral blood, vaginal swab, cord blood, placenta, and
meconium samples; a MARBLES study staff member attends to
ensure all samples are taken, and then transports them to the labo-
ratory for processing and storage. These arrangements are made
through our clinician-investigator (CW) outreach to obstetricians

Table 1. Collection of specimens and Exposure-Related data by time point.

Specimen or Data Preconception

Prenatal (trimester) Perinatal Postnatal

1st 2nd 3rd Labor/Delivery 2wk 3mo 6mo 12mo 24mo 36mo

Maternal
Blood and blood draw form xa xa xa x x xb xb xb x
Urine xa xa xa x xb xb xb xb xb xb

Hair xa xa x x
Saliva xa xa xa x x x
Vaginal secretions xa xa x x
Breast milk xb xb xb xb xb xb

Exposure diariesc weeklya weeklya weeklya monthly monthly monthly quarterly quarterly
24h food recallsd xa xa x x x x x x x
48h product used xa xa x x x x x x x
Maternal Block FFQ xa x xe

EEQ: Current Pregnancyf xa xa x xg

EEQ: Proband Pregnancyf xh

Younger Sibling
Cord blood x
Placenta x
Meconium x
Blood and blood draw form x x x x x
Urine x x x x x x
Hair xi xi x x
Saliva xi xi x x x x x
Head circumference x x x x x x
Dysmorphology pictures x x x x x x
EEQ: postnatal x xg

Diet & supplements x
Paternal
Saliva xj

Proband (affected older sibling)
Saliva xj

Environmental Exposure
Home walkthrough questionnairek xm xm x x
Dust sample x x

Note: EEQ, Environmental Exposure Questionnaire; FFQ, Food Frequency Questionnaire.
aIf possible, depending on timing of enrollment.
bIf breastfeeding.
cMother completes Weekly Symptom Diary during pregnancy, Monthly Diary for Babies & Breastfeeding Mothers during the first year, and Quarterly Diary for Children over 1 Year.
dMother completes food and product use recalls to coincide with urine collections. These pertain to her own exposures during the prenatal period, to the younger sibling during the
postnatal period, and to her own postnatal exposures if/when breastfeeding.
eAdministered when mother stops breastfeeding, regardless of when that is, and covers the entire breastfeeding period.
fTelephone administered.
gCompleted at 30 months postpartum.
hEnvironmental exposure questionnaire for the pregnancy with the affected older sibling is completed once by the mother during pregnancy with the younger sibling, timing based on
enrollment.
iCompleted once at the hospital following delivery or at the 2-week postpartum visit.
jCollected once at first visit when father/proband are present.
kCompleted or collected by staff, with additional home walkthrough questions answered by the mother.
lCompleted once in the first year—generally at the earliest time point during infancy when the baby has hair.
mCompleted once in pregnancy.
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and delivery hospitals for all participants, beginning well before
the mother’s due date.

Postnatally, maternal biological samples are collected at
home visits, including hair (3-month visit) and saliva (3- and 6-
month visits); and for breastfeeding mothers, breast milk, urine
(first-morning void spot samples) and blood. A single urine sam-
ple is collected from mothers who are not breastfeeding at 24
months. Younger sibling biospecimens include blood, saliva,
hair, urine (a clean catch sample captured in a pediatric urine bag
(U-bag) applied to the infant the day of the visit as well as multi-
ple diapers from infants collected by the parent and stored in the
participant’s home freezer), and, for a portion of the study, fecal
samples. See Supplemental Material, “Sample collection, con-
tainment, processing and storage” for details.

Forms linked to specimen collections. When blood speci-
mens are collected, information is also obtained using the Blood
Draw Form, which is completed by the parent participant, on
recent food intake, household (e.g., pesticides, cleaning agents)
and personal care products (cosmetics, lotions, shampoo), medi-
cation use, illness and stress, and other factors that could affect
blood measurements. Other forms are timed with the collection
of urine samples: a self-administered 24-h food recall and a 48-h
product recall. The food recall was designed by our team to cap-
ture consumption of foods potentially contaminated with high
levels of pesticides or phthalates, as well as food preparation and
cooking methods, and water sources. The product recall focuses
on those foods containing chemicals for which the metabolites
can be measured in urine. The mother completes these recalls for
the younger sibling before each urine or diaper sample and for
her own urine collections if she is breastfeeding.

Home walkthrough and environmental sample collection.
Study personnel conduct an observational “Home Walkthrough,”
at two home visits—one in pregnancy and one 6 months
postnatally—to characterize the building and assess heating
and cooling systems, cookware, furnishings, and other sources
of environmental exposures. Cleaning and household products
are surveyed, and participants are asked about lead testing and
other questions regarding home characteristics. Dust samples
from the main living area are taken using a standardized vac-
uum (Eureka Mighty-Mite Model 3670) (Allen et al. 2008;
Rudel et al. 2003), and another dust sample is collected from
the household vacuum.

Environmental Exposure Questionnaire (EEQ). Beginning
shortly after enrollment, a trained study staff member interviews
mothers by telephone in the first part of the EEQ, which docu-
ments general demographic, residential, occupational, and life-
style (e.g., tobacco, drug use) information for both parents, and
mother’s pregnancy and medical history. Participants also com-
plete a set of self-administered forms to record their and the
child’s residential history and use of a broad range of household
(pesticides, cleaning products) and personal care products (sham-
poos, antibacterial soaps), with a focus on the 6 months before
conception of the younger sibling to the time of first interview.
The interviews and self-administered EEQ forms are repeated in
the third trimester, and at 6 months and 30 months postpartum,
each covering the intervening period since prior interview. The
mother is also interviewed regarding the pregnancy and early life
exposures for the proband, usually around her midpregnancy
with the younger sibling. A single interviewer conducts all
MARBLES study interviews throughout the pregnancy and at 6

Table 4. Demographic characteristics of families enrolled and retained through 30 June 2018 in the MARBLES study.

Characteristic

Mother Father

N % N %

Parents’ age at conception of younger sibling (years)ab

≤24 12 3.3 9 2.51
25–29 69 18.8 40 11.14
30–34 129 35.2 103 28.69
35–39 128 34.9 122 33.98
40–44 25 6.8 65 18.11
≥45 years 4 1.1 20 5.57
Missing 8
Parents’ Race/Ethnicityc
Caucasian/White (nonHispanic) 184 51.5 182 51.1
Hispanic (any race) 84 23.5 82 23
Asian 59 16.5 59 16.6
African American/Black 18 5 15 4.2
Multiracial or Other Race 12 3.4 18 5.1
Missing 4 5
Parents’ birth locationc

United States – California 200 58.5 170 50.9
United States – other state 57 16.7 60 18
United States – Unspecified 3 0.8 4 1.2
Mexico 14 4.1 22 6.6
Other 68 19.9 78 23.4
Missing 19 27
Parents’ educationc
No high school diploma 9 2.5 17 4.8
High school diploma 19 5.4 48 13.6
Some college, Associate’s degree or Vocational training 144 40.7 105 29.8
Bachelor’s degree 111 31.4 108 30.7
Master’s, PhD, or other professional degree 71 20.1 74 21
Missing 7 9

aAll families actively enrolled (either pregnant or postdelivery) through 30 June 2018. MARBLES Study, for N=367 total children (postnatal) or pregnancies not yet delivered
(excludes miscarriages, and drop-outs),
bDate of conception calculated by taking the child’s date of birth (DOB), subtracting the gestational age (GA) and adding 14 days: ConceptionDate =DOB–GA+14. The parent’s age
is then calculated on that date.
cAmong families of younger siblings born alive, and actively enrolled through 30 June 2018. MARBLES Study, N =361.

Environmental Health Perspectives 117004-7 126(11) November 2018



months postnatally, allowing establishment of rapport. Only the
30-month interview is conducted by other interviewers.

Diaries. During pregnancy, each mother is asked to complete
a short Weekly Symptom Diary, covering health symptoms, med-
ication, and supplement usage; interactions with health-care pro-
viders: and experiences and environmental exposures from a
selected set of household or personal care products for which we
want to closely track changes throughout the time period.
Following delivery, women complete the Monthly Symptom
Diaries for a year, and Quarterly Symptom Diaries thereafter;
both of these diaries are focused on the younger sibling.
Questions document diaper rash, fever, allergic reactions, medi-
cations, what the child is eating, sun exposure, and personal care
products used on the child. Participants can choose paper or
online completion. The purpose of the diaries is to capture rapidly
changing exposures or experiences, whereas the EEQ obtains a
broad picture for longer time periods. The three study question-
naires are available at http://marbles.ucdavis.edu/research.html.

Child and Family Health and Development
Table 2 presents the schedule of child developmental evaluations,
medical record collection, treatment information, and assess-
ments or reports of health (physical and mental) and developmen-
tal conditions in family members. Child developmental batteries
include autism-related instruments as well as measures of cogni-
tive and adaptive function and behavioral domains. Additionally,
study personnel periodically measure head circumference and
photograph the infant’s palm along with frontal and profile views
of the head and face for characterizing morphology.

Autism-related instruments. At each visit, beginning at 6
months, ASD symptomatology is assessed in the younger sibling
by trained psychologists or other study staff, except where indi-
cated below (see Supplemental Material, “Neurodevelopmental
Assessments” for additional details). These instruments vary by
the child’s age: the Autism Observation Scale for Infants (AOSI)
(Bryson et al. 2008) and parent/caregiver report forms such as the
Infant-Toddler Checklist (Wetherby et al. 2002) at 6 and 12
months; the Examiner Ratings of Social Engagement (Ozonoff
et al. 2010) at 6, 12, 24, and 36 months; the Modified Checklist
for ASD in Toddlers (Robins et al. 2001) at 24 months; and at 24
and 36 months, the gold standard ADOS) (Lord et al. 2000a;
2000b). The ADOS is a semistructured, standardized assessment
in which the examiner observes the child’s social interaction,
communication, play, and imaginative use of materials. The ex-
aminer chooses one of three possible ADOS modules to best
match the age and expressive language level of the individual
child. At 36 months, parents complete the Social Communication
Questionnaire (SCQ) (Rutter et al. 2003) for the younger sibling.
If the child shows evidence of ASD on the ADOS, the primary
caregiver is interviewed with the ASD Diagnostic Interview-
Revised (ADI-R) (Lord et al. 1994), a standardized instrument
that documents the child’s history of symptoms in social, com-
munication, and repetitive behavior domains required for an ASD
diagnosis. Clinicians administering these instruments are trained
and have formally attained research reliability on the ADI-R,
ADOS, and AOSI.

Other assessment domains for the younger sibling. Trained
staff members test for cognitive, language, and motor develop-
ment [(Mullen Scales of Early Learning (MSEL)] (Mullen
1995); parents report the child’s adaptive behavior and self-
help skills (Vineland Adaptive Behavior Scales) (Sparrow et al.
1984) and internalizing and externalizing behavior problems
(Child Behavior Checklist) (Achenbach 2000).

Parental concern. Parents are asked at each visit, in an open-
ended question, if they have concerns about their child’s behavior

or development; previous work has demonstrated that parent con-
cerns as early as 6–12 months about sensory behavior or motor,
social, or communicative development predict a later ASD out-
come, though lack of concerns is not a reliable predictor of later
typical development (Ozonoff et al. 2009; Sacrey et al. 2015).
When developmental concerns have been reported by a parent,
two senior clinicians are present at the next appointment; one to
administer the developmental protocol and another to observe
and provide clinical support and diagnostic confirmation. If a sec-
ond clinician is not available during the visit, clinical confirma-
tion is conducted by the second clinician reviewing the videotape.
Finally, at the end of each visit, the examiner reports on the child’s
overall social–communicative behavior, rating eye contact, shared
social affect, and overall social responsiveness using the Examiner
Ratings of Social Engagement (Ozonoff et al. 2010).

Outcome classification. Two methods are used for defining
the neurodevelopmental outcome of each participant based on in-
formation from the 36-month visit: an algorithmic, data-driven
method and a clinical best-estimate (CBE) method.

The outcome algorithm classifies children as ASD, TD, and
NonTypical Development (NonTD), based on ADOS and MSEL
scores using previously published methods from the Baby
Siblings Research Consortium (Ozonoff et al. 2014). Children
with ASD have scores over the ADOS cutoff and meet DSM-5
criteria for ASD. NonTD children have low MSEL scores (i.e., two
or more MSEL subscales that are more than 1.5 SD below the nor-
mative mean or at least one MSEL subscale that is more than 2 SD
below the normative mean), elevated ADOS scores (i.e., within 3
points of the ASD cutoff), or both. Children with TD outcomes
have all MSEL scores above 2.0 SD below the normative mean, no
more than one MSEL subscale that is between 1.5 and 2.0 SD
below the normative mean, and scores on the ADOS more than
three points below the ASD cutoff.

To determine CBE, two clinicians review the ADOS and
ADI-R results, discuss their clinical impressions based on direct
observations, and reach a consensus on the final study diagnosis.
Initially, nine outcome categories are used: DSM-5 ASD, DSM-5
Social (Pragmatic) Communication Disorder, Broader Autism
Phenotype (BAP: social communication difficulties below the
ASD threshold), ADHD Concerns (developmentally atypical lev-
els of hyperactivity, inattention, and/or impulsivity), Other
Externalizing Behavior Problems (oppositional, defiant, or dis-
ruptive behavior that is extreme for the child’s age), Anxiety or
Mood Problems (anxious, depressed, or emotionally dysregulated
behavior), Learning Difficulties/Global Developmental Delay
(low scores across multiple cognitive and motor domains),
Speech-Language Problems (immature speech patterns or low
language levels), or Typically Developing (TD: none of the
above). Children classified into the ASD and Social (Pragmatic)
Communication Disorder categories meet full DSM-5 criteria.
The CBE outcome categories were not intended to map on to spe-
cific DSM categories, but rather to capture categories of clinical
concern based on clinician judgment. For analyses using the
CBE, we group the six (nonASD nontypical) categories as
“Other Developmental Concerns.”

Other health and developmental data. Each participant gives
contact information and signs waivers for MARBLES study staff
to obtain her pregnancy and delivery records as well as the
child’s neonatal and pediatric charts. Study staff members seek to
obtain these four types of records (see Supplemental Material,
“Health Information”) and are trained to abstract variables from
the records and enter them into a structured electronic system.
Supervisors review key aspects of each abstraction, and valida-
tion is achieved by blinded reabstraction of over 10% of charts.
Because we do not receive 100% of requested records, field staff
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who attend each MARBLES study birth collect key clinical infor-
mation from the delivery and neonatal hospital records into struc-
tured maternal and infant abstraction forms with the help of
hospital personnel. MARBLES staff administer a family medical
history, including an autoimmune questionnaire. Staff members
systematically attempt to obtain pregnancy, labor and delivery,
neonatal, and child’s medical records. If the participant saw multi-
ple providers of a given type, all those providers are contacted. On
an as-needed basis, specific variables are abstracted from each of
these four main record types and entered into electronic databases.
Supervisors review key aspects of each abstraction, and validation
is achieved by blinded reabstraction of over 10% of charts.

For the younger sibling, we collect information on treatments
and services received, including the type (examples: behavioral
therapy, physical therapy, medications), the duration of the treat-
ment, and the age at which the child received it. For information
on other family members, MARBLES staff administers a family
medical history with an emphasis on some health and develop-
mental disorders and an autoimmune disorders questionnaire in
first- and second-degree relatives. Another form that we created
documents family members’ developmental and learning disabil-
ities (Family Characteristics Questionnaire). Mothers self-report
their level of stress on the abbreviated version of the Perceived
Stress Scale (Cohen et al. 1983). The Social Responsiveness
Scale (SRS) (Constantino 2002; Constantino et al. 2003), a con-
tinuous measure of social impairment in natural social settings
for the general population, is completed by each parent for their
partner. A parent also completes the EDQ and SRS for the pro-
band, and the SRS for the younger sibling.

Environmental Chemical Exposures
The MARBLES study was designed with a broad goal to evaluate
various chemical compounds with potential for influencing brain
development, either via direct effects on neural tissue (synapse
formation, signaling) (Cao et al. 2014; Vester and Caudle 2016),
or through other mechanisms, such as epigenetic (Feinberg and
Fallin 2015; Schroeder et al. 2011, 2016; Teh et al. 2014; Tylee
et al. 2016), immune (Ashwood et al. 2009; Atladóttir et al.
2010a; Lyall et al. 2014a), endocrine (Adibi et al. 2015;
Majewska et al. 2014; Park et al. 2017; Swan et al. 2015), or mi-
tochondrial (Wong and Giulivi 2016) pathways. Table 3 provides
a candidate, but not comprehensive, list of chemicals, each with a
literature in humans, experimental animals or in vitro systems
supporting potential neurodevelopmental toxicity and hence a
hypothesized contribution to ASD.

For example, phthalates, a class of plasticizers used widely in
consumer products, building materials, and medical applications,
have been associated with a range of behavioral and developmental
outcomes in human observational and experimental animal or in
vitro studies (Ejaredar et al. 2015; Jeddi et al. 2016; Miodovnik
et al. 2014; Zarean et al. 2016). These reviews also discuss poten-
tial mechanistic pathways. A second example is the polybromi-
nated diphenyl ethers, which were widely used as flame retardants
in household furnishings and electronics during the 1990s and early
2000s, are highly persistent both in the environment and in the
human body and have been well studied both in toxicological and
epidemiological studies. According to recent reviews and a meta-
analysis, neurodevelopmental impacts, and IQ in particular, are
among the most consistently observed outcomes, and additional
evidence suggests thyroid disruption as one of several potentially
contributing biological pathways (Costa et al. 2014; Gibson et al.
2018; Lam et al. 2017; Linares et al. 2015; Vuong et al. 2018).
Although fewer studies have directly examined the hydroxylated
metabolites (OH-PBDEs), research in experimental animals,
humans, and wildlife has supported a greater transplacental transfer

than the parent compounds and/or greater binding affinity to neu-
rotransmitter receptors and to thyroid-binding proteins, includ-
ing transthyretin, as well as thyroid-binding globulin, the
primary human thyroid transport protein (Chen et al. 2013;
Dingemans et al. 2011).

The pyrethroid and pyrethrin insecticides have received less
attention than the above-mentioned chemical classes, despite
known neurotoxicitywith key targets of dopamine andGABAneu-
rotransmission systems, which are implicated in autism (Meyer
et al. 2008; Shelton et al. 2012; Vester and Caudle 2016). Exposure
is widespread, resulting from agricultural, household, garden, and
pet pest control (U.S. EPA 2010). Previous reviews have empha-
sized how sparse the research has been, especially for neurotoxic
effects from chronic low-level human exposures, i.e., chronic
exposures at levels that do not induce acute effects (Koureas et al.
2012; Ray and Fry 2006). In the last few years, associations of pre-
or postnatal pyrethroid exposures with suboptimal child develop-
ment have been reported in cross-sectional (Quirós-Alcalá et al.
2014) (Oulhote and Bouchard 2013; Viel et al. 2015) (Viel et al.
2017); longitudinal (Eskenazi et al. 2018; Watkins et al. 2016)
(Furlong et al. 2017); and case–control studies (Roberts et al.
2007) (Shelton et al. 2014), with these latter two specifically
addressing ASD risk. Overall, based on this literature, pyrethroids
are a candidate exposure for theMARBLES study.

Exposure Assessment
Environmental chemicals. The sample collection and question-
naires were developed to allow exposure assessment for a wide
range of compounds. Chemical exposures occur through inhala-
tion; ingestion of food, water, and nondietary material; and dermal
absorption. For many compounds, measurements in biological
specimens effectively integrate exposures over all these pathways
of intake. For compounds with a long half-life in the body (PBDEs,
e.g.), biological samples provide robust exposure measures over
substantial time periods. However, for compounds with short half-
lives, measurements in biological samples are best supplemented
with other information. Because pyrethroid pesticides are rapidly
metabolized and excreted, urinary pyrethroid pesticide metabo-
lites, which represent recent exposures, are considered the best bio-
markers. However, precisely because of this rapid elimination and
our interest in more extended exposures, we additionally collect
house dust, a longer-term reservoir for home chemicals; residential
address history, which can be linked to commercial pesticide appli-
cations through Geographic Information Systems; and participant
responses in questionnaires and diaries about household pesticide
use and consumption of foods likely to contain pesticide residues.
Additionally, repeated sampling of urine specimens can provide
integrated metrics of exposures. Table 3 summarizes biological
and environmental sampling and other sources of exposure infor-
mation for a few select chemical classes and some biological
markers of potential mechanistic relevance.

Multiple chemicals will be assayed in the course of the
MARBLES study. With regard to the chemicals currently under
investigation, overall strategies to achieve quality assurance and
quality control include analysis of both internal and external
standards, as well as duplicates in each batch; participation in the
Artic Monitoring and Assessment Program for persistent pollu-
tants, including PBDEs; verification of detection limits; establish-
ing percent recovered for low level compounds; and use of
calibration curves. Methods for the PBDE analyses in blood, for
pesticide metabolite determinations in urine, and for details on all
the quality assurance, quality-control protocols have been pub-
lished (Lin et al. 2013; Olsson et al. 2004). Additionally, we have
described the within-woman variability across pregnancy in pes-
ticide metabolite concentrations (Barkoski et al. 2018).
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Food intake and nutritional assessment. Recall of food
intake allows assessment of nutritional status of the mother and
child for various time periods, estimation of intake of pesticides
and other chemicals in food, and correlation of food intake with
nutrient metabolite and environmental toxicant measurements in
urine. Mothers are asked to complete food frequency question-
naires (FFQs) to provide a comprehensive history of her usual die-
tary and supplemental intake across three time-frames: gestational
weeks 1–20, gestational weeks 20 through delivery, and the post-
natal period from delivery until the end of breastfeeding. The
MARBLES study uses the Block 2005 FFQ that was designed to
estimate usual and customary intake of a wide array of nutrients
and food groups using approximately 110 food items. This Block
FFQ underwent extensive validation, including in pregnant wo-
men, Californian women, and across multiple ethnicities (Block
et al. 1986, 1990) (Block et al. 1992, 2006; Horn-Ross et al.
2008; Johnson et al. 2007). Other questionnaires developed by
MARBLES staff and investigators obtain vitamin and supple-
ment intake, including types, brands (open-ended), frequency,
dose, and timing for the younger sibling, and for the mother
during pregnancies with both younger sibling and proband.

Data Management, Cleaning, and Sharing
All data from child assessments are double-entered, and discrep-
ancies are flagged and reviewed by hand. All scoring that is done
prior to data entry is checked by a second study team member.
Initial checks of range and distributions, as well as consistency
across variables, are done every time new data are entered and
added to the main study files. Analysis variables are constructed
in consultation with investigators planning to publish using those
variables. All data are stored on secure servers in protected files
and backed up regularly. Data are deposited in the National
Database for Autism Research (NDAR; ndar.nih.gov). Both data
and specimens are shared with investigators outside the study
team. Outside investigators can make requests using a standar-
dized form. Requests are reviewed by study investigators for
relevance of aims, consideration of limited volumes of speci-
mens, and a determination of whether the goals of the proposed
project are compatible with, yet not redundant of, those of the
MARBLES study investigators.

Results

Enrollment, Retention, Descriptive Statistics, and Diagnoses
Our goal during the current funding cycle was to recruit 450 eli-
gible pregnant mothers, and we have now surpassed that target,
with 463 participants enrolled to date. Of these, 40% were en-
rolled in the first trimester, 36% in the second trimester, and 24%
in the third trimester. The vast majority of these were recruited
by MARBLES staff contacting households of children who were
receiving services for ASD through the California DDS system,
with a few also recruited from MIND Institute clinics and other
research studies.

As of 30 June 2018, eligible women with 463 separate preg-
nancies (carrying 471 fetuses) had enrolled in the study; 2 other
pregnancies were determined ineligible. Of these 463, 24 pregnan-
cies resulted in loss, 26 dropped out during pregnancy (including
one twin pregnancy), and 6 participants are still pregnant. From
the remaining 407 pregnancies known to have ended in livebirth
(s), 46 families dropped out after delivery (includes 1 set of twins),
leaving 361 (87%), which included 6 sets of twins. Thus, 367 chil-
dren were still actively being followed or have completed the pro-
tocol. Of these, 160 (44%) were females and 207 (56%) males.
Among families that enrolled and for which the pregnancy did not

end in miscarriage (439), the participants from 367 pregnancies (6
still pregnant, 361 already delivered) are currently active in the
study. Thus, excluding the miscarriages, who are no longer at risk
for ASD, this total corresponds to an overall retention of 84%.

We have also successfully contacted over 2,000 nonpregnant
mothers, and for those who are eligible (see eligibility section
above), we maintain a call-back list to check for changes in preg-
nancy status. Additionally, 94 prepregnant women who were
actively attempting to become pregnant had a prepregnancy visit.
Of these, 44 women did become pregnant and enrolled.

Table 4 presents demographic characteristics of the parents
who have completed or are expected to complete the MARBLES
study protocol. At conception, three-fourths of the mothers were
30 years of age or older. Fathers were older. Over half the moth-
ers and the fathers were nonHispanic white, 23% were Hispanic,
and one-fourth to one-fifth were born in a country other than the
United States or Mexico. About half of the mothers and fathers
had a bachelor’s or higher degree, and 18% of fathers had a high
school diploma or less.

Among those enrolled, thousands of urine and blood samples
have been collected during pregnancy, and of those who deliv-
ered, we have obtained placental tissue from 92%, and cord blood
from 86%. Beginning at delivery and including postpartum visits
at 2 wk, 3, 6, 12, 24, and 36 months, our average visit completion
rate is 89%. Of MARBLES younger siblings who passed their
third birthday, 93% completed the 36-month visit, providing a
final diagnosis for 273 of them using the CBE, or due to missing
scores on the MSEL, 266 using the algorithm.

Using the algorithmic diagnosis, 64 met criteria for ASD, for
a recurrence risk of 24%, consistent with previous results from
similar enhanced-risk sibling cohorts (Ozonoff et al. 2011)
(Messinger et al. 2013). An additional 66 (25%) were classified
as having nonASD nontypical development, as described above.
In a preliminary study of organophosphate pesticides, neither
ASD nor nontypical development was associated with prenatal
concentrations of these compounds measured in urine. Although
statistical power was limited, in stratified analysis we did find a
suggestive association between OP pesticides and ASD risk
among girls, but not boys (Philippat et al. 2018).

Discussion and Conclusion
The MARBLES study has successfully recruited a cohort of
pregnant women at elevated risk to deliver a child who develops
ASD and has achieved a high rate of retention (84%). The
MARBLES study comprises mother–child pairs with detailed
characterizations of both the prenatal and postnatal environmen-
tal milieu and the child’s behavioral and developmental profile.
Biospecimens collected from mother, father, proband, and
younger sibling provide a resource to investigate early exposures,
including potentially modifiable factors, that influence the child’s
trajectory; to study mechanistic pathways that may compromise
neurodevelopment in ASD; and to search for early molecular
changes of relevance to autistic behaviors.

Of particular significance is initiation of the cohort in the pre-
natal period. Neuroanatomic findings, imaging, molecular stud-
ies, and epidemiology (Liu 2011; Rapin 1995; Rodier et al. 1996;
Schmidt et al. 2012) all place origins of ASD in early gestation.
A summary of published time windows of vulnerability to envi-
ronmental factors suggests, however, that these critical periods of
susceptibility to exposure vary by specific agent (Lyall et al.
2014b). Moreover, insults to neurodevelopment could occur not
only during, but also before and after gestation.

In comparison with other families, parents participating in
MARBLES have a heightened concern about their child’s devel-
opmental outcome. Some parents may also be more aware or
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concerned about environmental factors, which may affect their
responses to exposure-related questions, or may alter their behav-
iors, for instance, to decrease their use of certain products.
However, all of the MARBLES study’s mothers are in this cate-
gory of parents who are concerned because they all have an older
child with ASD, and none knows the future outcome for their
children, which may reduce the likelihood of reporting bias.

The high-risk pregnancy cohort has a few limitations, the pri-
mary one being small sample sizes due to the costs of enrolling,
managing specimens, and conducting successful follow-up to the
age at which definitive diagnoses are made. For this reason, pool-
ing across studies of similar design would be highly desirable.
Secondly, heterogeneity of endophenotypes (genetically related
behavioral phenotypes) may translate into wide variation in sus-
ceptibility to environmental agents. If environmental influences
on ASD do differ for children with versus children without an
older affected sibling, findings from the MARBLES study might
not be generalizable to children who develop ASD in the popula-
tion as a whole. For example, if susceptibility to environmental
factors that contribute to ASD is determined by the presence of
rare, highly penetrant gene variants that are more common in
families with a history of ASD, then the influence of the environ-
mental factors might differ in our high-risk population in compar-
ison with the general population. On the other hand, if a
contribution from environmental exposures depends on the pres-
ence of certain common gene variants that confer greater suscep-
tibility [as was observed for folic acid and one-carbon
metabolism genes (Schmidt et al. 2011, 2012)], then we might
expect children in high- and low-risk families to be similarly
affected. Thus, for both null and positive findings in the
MARBLES study, generalizability to families without a history
of ASD (the majority of ASD cases) may be difficult to predict.
To date, genetic research on ASD has focused primarily on rare
gene variants, so the potential influence of common variants, ei-
ther alone or in combination with environmental exposures, is
largely unexplored.

Some research supports a role of common genetic variants
interacting with environmental agents in autism etiology, includ-
ing the MTHFR677A allele, MET-C allele, and total burden of
copy number (repeated segments of DNA) (Kim et al. 2017;
Schmidt et al. 2011, 2012; Volk et al. 2014). For example, ASD
was associated with total copy number burden (summing the
number of extra base pairs across the genome), and this associa-
tion remained significant after excluding known pathogenic (of-
ten large and rare) copy number variants (Girirajan et al. 2013).
Subsequent work showed an air pollutant that had no impact on
risk of ASD when considered alone, but was associated with
increased risk of ASD when exposure occurred in those with an
elevated copy number burden. This result may indicate an ele-
vated susceptibility from global genetic instability, either because
of the interaction with air pollution and/or because increased
copy number burden could itself be a consequence of multiple
hits from environmental factors. Similarly, the observation that
specific de novo single-nucleotide polymorphism (SNP) variants
are strongly linked to ASD (Neale et al. 2012; Sanders et al.
2012) raises the possibility that these new mutations may them-
selves have environmental origins. Either of these mechanisms,
depending on prevalence, could lead to either a low or high likeli-
hood that associations with xenobiotic exposures are generaliz-
able beyond the enhanced-risk cohort.

MARBLES and other cohort studies are essential to progress in
understanding ASD etiology. With the exception of exposures docu-
mented in existing records (such as medical charts or air pollutant
monitoring), case–control studies have few sources other than paren-
tal reports. Unfortunately, many exposures predominantly depend

on individual behaviors and cannot be retrospectively determined
from existing records or exposure databases. Additionally, identifi-
cation of early biological or xenobiotic markers, requires, with few
exceptions, prospective specimen collection. Cohort studies fill all
these gaps, and when the outcomes are relatively rare, as for ASD,
their statistical power can be greatly increased through the design of
an “enhanced-risk” population, such as families who already have a
child with ASD. The MARBLES study therefore provides an excel-
lent platform for prospectively assessing environmental risk and pro-
tective factors, identifying biological markers that may serve as
early signs of ASD, and providing clues about underlying mechanis-
tic pathways.
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