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Abstract: We examined relationships between prenatal dietary patterns and child autism-related
outcomes, including parent-reported clinician diagnoses of autism spectrum disorder (ASD) and
Social Responsiveness Scale (SRS-2) scores, in up to 6084 participants (with analytic samples ranging
from 1671 to 4128 participants) from 14 cohorts in the Environmental Influences on Child Health Out-
comes (ECHO) consortium. Associations between quartiles of the Healthy Eating Index (HEI-2015),
the Alternative Healthy Eating Index modified for Pregnancy (AHEI-P), and the Empirical Dietary
Inflammatory Pattern (EDIP), calculated based on reported prenatal diet, and outcomes were exam-
ined using crude and multivariable regression (quantile for SRS scores and logistic for diagnosis).
In adjusted models, the higher quartile of prenatal HEI score was associated with lower SRS scores
(Q4 vs. Q1 B for median quantile = —3.41 95% CI = —5.15, —1.26). A similar association was observed
for the AHEI-P score when adjusting for total calories (Q4 vs. Q1 f = —2.52 95% —4.59, —0.45).
There were no significant associations of prenatal diet with ASD diagnosis. Findings from this
large U.S.-based study do not suggest strong associations between prenatal dietary patterns and
ASD-related outcomes, although subtle associations with broader traits suggest the need to further
consider how prenatal diet may relate to ASD-related phenotypes.

Keywords: dietary patterns; prenatal diet; autism spectrum disorders; Social Responsiveness Scale;
HEIL;, AHEI-P; EDIP
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1. Introduction

Diet during pregnancy plays a major role in fetal development, as evidenced by the
effects of overall undernutrition on birth weight, famine on offspring schizophrenia (histori-
cal evidence), folic acid deficiency on neural tube defects, and fish intake on neurocognitive
outcomes [1—4]. Prior work has shown inverse associations between several dietary factors
and specific neurodevelopmental conditions, including one of the most common neu-
rodevelopmental conditions that is increasing in prevalence: autism spectrum disorder
(ASD) [5]. ASD is a neurodevelopmental condition that affects social communication
and behaviors and presents in a wide spectrum of behaviors, abilities, and challenges [6].
Evidence suggests that ASD originates prenatally, with both genetic and environmental
factors contributing to its complex etiology [7,8]. Prenatal diet may be linked with ASD via
several potential mechanisms, including impacts on DNA methylation, inflammation, and
oxidative stress, as summarized in several review papers [5,9,10].

Previous work examining relationships between prenatal diet and ASD has largely
focused on individual foods, such as fish intake, or individual nutrients, such as folic
acid [5]. However, investigating dietary patterns, which summarize regular intake across
many foods and nutrients, provides the opportunity to assess overall maternal diet, perhaps
allowing for a more complete picture of associations. In summarizing typical dietary
behaviors, dietary patterns present the potential to capture more facets of dietary intake
than single nutrients alone, including intake across foods and combined effects across
nutrients. Dietary patterns also present the potential for increased translation and public
health communication of findings around the ways that people typically eat. Several
well-established dietary patterns exist, including, among others, the Healthy Eating Index
(HEI) and the Alternative Healthy Eating Index (AHEI), which capture adherence to U.S.
dietary recommendations, as well as data-derived patterns and those that summarize diets
linked to specific health-related outcomes or pathways [11-23]. Certain dietary patterns,
such as the Empirical Dietary Inflammatory Pattern (EDIP), also have been derived to
specifically capture mechanisms such as inflammation [22,24-27], of interest here given the
strong evidence for immune aberrations in ASD etiology.

A few studies to date have examined dietary patterns during pregnancy in relation
to ASD. Most of these studies have reported inverse associations with diets that may be
characterized as “healthy” [28-32]. The largest and most recent of these was conducted in
two well-characterized European cohorts and reported a reduction in the odds of an ASD
diagnosis and social communication difficulties with greater adherence during pregnancy
to a healthy dietary pattern including a higher intake of fruits, vegetables, fish, nuts, and
whole grains and lower intake of red and processed meats [28]. Several other smaller
studies have similarly reported a reduced risk of ASD and related traits with healthy
maternal diets [29,31,32]. Some studies have also reported higher odds of ASD with high
consumption of low-quality diets or those higher in pro-inflammatory foods [30,32]. While
the existing literature is generally supportive of a link between what may be considered
healthier prenatal diets and a reduced likelihood of ASD-related outcomes, certain gaps or
limitations in the existing literature base exist. Several prior studies did not examine estab-
lished dietary patterns, which can present challenges in comparing findings across studies
and may limit public health translation [28,30,31]. In addition, while not a limitation in
and of itself, most prior studies have not examined multiple ASD-related outcomes, which
may present the opportunity to capture subtler effects of the diet or multiple dimensions
of ASD [29-31]. Finally, most studies to date have relied on small samples with limited
diversity [29-31].

To address these gaps in our understanding of the relationship between patterns of
maternal dietary intake during pregnancy and ASD-related outcomes, we used data from
the Environmental influences on Child Health Outcomes (ECHO) consortium, a large
and socioeconomically and demographically diverse U.S.-wide sample offering unique
opportunities for the study of the prenatal diet and child outcomes [33,34]. Our goals were
to examine three established dietary patterns capturing both “healthy” and “unhealthy”
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aspects of the diet in relation to an ASD diagnosis and quantitative ASD-related traits. Given
the prior literature, we hypothesized that adherence to a healthy diet during pregnancy
would reduce the likelihood of ASD-related traits and diagnosis, while diets characterized
by a higher intake of pro-inflammatory foods would increase the likelihood of ASD and
related traits.

2. Materials and Methods
2.1. Study Population

The study population was drawn from the ECHO program. In its first seven-year cycle,
ECHO began as a consortium of 69 existing cohorts from across the U.S. ECHO participants
include over 60,000 U.S. children, including members of underserved populations. The
ECHO program seeks to better understand perinatal and early childhood environmental
exposures and their impact on child health outcomes. ECHO research sites include those
with participants recruited from the general population, as well as several study types
representing populations with an increased likelihood of ASD [33,35]. These include
preterm birth cohorts, as well as cohorts that recruited younger siblings of an existing
child with ASD (termed high-familial-likelihood cohorts). To be eligible for the current
analyses, participants were required to have, as of 1 March 2023, available prenatal dietary
data (to calculate at least one dietary pattern of interest) and data on ASD outcomes (in
the form of either a Social Responsiveness Scale (SRS-2) score, further described below, or
information on ASD diagnosis). In addition, only singleton pregnancies were included
given the potential for differences in prenatal diet and a higher likelihood of ASD with
multiple and higher-order births. If multiple children from the same mother participated
in ECHO, one child was selected at random for inclusion in this study. Figure S1 shows the
selection criteria for these analyses. All participants provided informed consent.

2.2. Dietary Assessment

Dietary information was collected from individual cohorts according to existing proto-
cols prior to ECHO participation (see Table S1 for a list of dietary measures used by each
cohort). Cohort dietary data included here were based primarily on three different food
frequency questionnaires (FFQs), the Block FFQ, the Harvard FFQ, and the Diet History
Questionnaire II (DHQ2), with all but one included study (ReCHARGE) assessing diet
prospectively during pregnancy. For one dietary pattern, data were also used from the
Automated Self-Administered 24 h dietary assessment tool (ASA-24). All three FFQs asked
about the regular intake of over 100 food items over a period of time (since becoming
pregnant), while the ASA-24 derived nutrient information based on the reported intake of
all foods over a 24 h period, averaged across several reports. The Block FFQ provides nine
options for food intake frequency and three for portion size, which were selected based
on data reported in NHANES II [36]. The Harvard FFQ is a semi-quantitative FFQ that
asks participants to report their usual intake of foods with nine options for frequency of
intake (and portion size is included as part of the food item itself) [37]. The Diet History
Questionnaire II (DHQ?2) is a modified version of the National Cancer Institute’s Dietary
History Questionnaire that asks participants to report their usual intake with nine options
for frequency of intake and three options for portion size at each time of consumption [38].
If multiple prenatal timepoints of dietary assessment were available for an individual,
the one collected earliest in pregnancy was chosen due to higher data availability, prior
evidence supporting a high similarity of the diet across pregnancy, and greater evidence
for associations of the early pregnancy diet with ASD-related outcomes [5]. All measures
used represent validated dietary assessments [34,39] with evidence for their comparability
in estimating intakes of key nutrients and overall dietary patterns [32,34,39].

2.3. Dietary Pattern Indices

Dietary patterns included in the analyses here were selected as outlined in the Intro-
duction on the basis of prior work, and based on the feasibility of assessment in ECHO
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with the existing data. Dietary patterns (below) were calculated based on reported intakes
from the dietary assessments described above. Given the differences in dietary data needed
to calculate the dietary pattern scores, not all cohorts contributed to all dietary pattern
analyses, and each dietary pattern was analyzed in association with ASD-related outcomes
separately (see Table S1). Specifically, the Empirical Dietary Inflammatory Pattern (EDIP)
was derived from cohorts with Block and DHQ FFQ data only, and the Alternative Healthy
Eating Index (AHEI) modified for pregnancy (AHEI-P) was derived from cohorts with
Harvard and DHQ FFQ data only, while the Healthy Eating Index (HEI) was derived from
Block, Harvard, and DHQ FFQ data, as well as 24 h dietary recall data (ASA24), each
following standard methods [34].

The EDIP characterizes the overall inflammatory potential of the diet and was de-
rived using reduced rank regression to identify food groups most predictive of markers
of inflammation (specifically, interleukin-6 (IL-6), C-reactive protein (CRP), and tumor
necrosis factor « receptor 2 (TNFaR2)). A cumulative score is derived based on the intake
of 18 identified food groups, with a higher score representing a more pro-inflammatory
(“unhealthy”) diet [22,23]. In contrast, the HEI and AHEI-P are dietary patterns that char-
acterize adherence to established dietary guidelines, with higher scores representing better
adherence to guidelines (or generally representative of a “healthier” diet) [12,13]. Here,
we used the version of the HEI based on the 2015 Dietary Guidelines for Americans. The
HEI-2015 includes 13 components (total fruits, whole fruits, total vegetables, greens and
beans, whole grains, dairy, total protein foods, seafood and plant proteins, fatty acids,
refined grains, sodium, added sugars, and saturated fats). HEI scores range from 0 to 100.
Some components are coded from 0 to 5 and some from 0 to 10. Additionally, some are
coded directly (higher score meaning higher intake) and some are reverse coded (higher
score meaning lower intake) [11]. The AHEI is a modified version of the HEI that was
developed to better predict chronic disease risk [13,14]. The AHEI-2010 is scored out of
110 and includes 11 components: vegetables, fruit, whole grains, sugar-sweetened bever-
ages and fruit juice, nuts, legumes, and vegetable protein, red/processed meats, trans fats,
long-chain (n-3) fats, PUFAs, sodium, and moderate alcohol intake [14]. All components
are scored from 0 to 10, and similar to the HEI, some components are reverse coded. The
AHEI-P is a version of the AHEI modified with pregnancy-specific recommendations and
is scored from 0 to 90. The AHEI-P includes 9 components: vegetables, fruit, ratio of white
to red meat, fiber, trans fats, ratio of polyunsaturated to saturated fat, calcium, folate, and
iron [15].

2.4. Outcome Assessment

We examined two related outcomes in the child: quantitative, broader ASD-related
trait scores, as captured by the Social Responsiveness Scale (SRS-2), and ASD diagnosis
according to a parent report of a clinician diagnosis (with some diagnoses confirmed
with medical record abstraction or clinical assessment depending on the cohort). Not
all participants had both SRS scores and an ASD diagnosis; thus, the sample size varied
across analyses. The Social Responsiveness Scale (SRS-2) is a 65-item validated measure of
ASD-related traits that yields a single quantitative score [40—-42]. Higher SRS scores indicate
a greater degree of ASD-related traits. Primary analyses used total raw SRS scores from
parent reports (primary respondent: mother). Raw scores were used for primary analyses
to facilitate a comparison with previous work and given the use of multiple SRS form types
here. Raw scores range from 0-195 and can also be converted into normed T-scores to
facilitate clinical guidance. The SRS has a preschool (age 2.5-4.5 years) and school age (age
4-<18 years) form for child assessment; these forms differ only on a handful of items in the
use of age-appropriate examples and have been shown to be correlated in ECHO [40-44].
In addition, ECHO includes the collection of a shortened 16-item form as an option; this
short form includes 16 of the original 65 SRS items and can be normed to total scores
that have been previously validated and shown to have the same distribution properties,
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predictive abilities, and associations with risk factors as full 65-item scores [45-47]. Forms
with >15% of items missing or an age of administration that was <2.5 or >18 were excluded.

2.5. Statistical Analysis

Descriptive statistics were calculated to summarize participant characteristics and
compare dietary pattern scores across cohorts and outcomes. For the examination of
associations with outcomes, dietary patterns were parameterized in quartiles, with the
lowest quartile as the reference. Associations between quartiles of each dietary pattern and
SRS scores were examined using crude and multivariable quantile regression. Quantile
regression is similar to linear regression, but rather than modeling associations as the mean
of the outcome as in linear regression, it enables exploration across different quantiles of
the outcome. Rather than linear regression, quantile regression provides the ability to better
account for different distributions at specific quantiles and is more robust to data that are
not normally distributed [48]. Here, the primary analyses were fixed at the 50th percentile
of SRS total raw score, though associations modeled at other deciles were examined in
secondary analyses. Associations between quartiles of each dietary pattern score and ASD
diagnosis were examined using crude and multivariable logistic regression.

Adjustment for potential confounding factors, including sociodemographic factors
or other ASD risk factors that may also relate to diet, is an important component of the
study of prenatal dietary patterns and child outcomes. Here, potential covariates were
selected on the basis of having existing evidence for associations with diet and/or ASD.
These covariates in all final adjusted models included maternal age (continuous) [49] and
maternal pre-pregnancy BMI (continuous) [50] (given evidence for positive associations
with each of these and ASD, and potential for differences in diet by age and BMI); maternal
sociodemographic factors (given evidence for differences in diet and ASD by these) [51],
including ethnicity /race (non-Hispanic white, non-Hispanic Black, Hispanic, other) and
maternal education (less than high school, high school/GED, some college/associates
degree/trade school, bachelor’s degree, graduate degree); maternal smoking (yes, no) [52]
(given evidence for links with both ASD and diet); as well as child sex (male, female) and
child year of birth (1998-2004, 20052009, 2010-2014, 2015+) given the strong sex ratio in
ASD and time trends in ASD prevalence [53]. We also included adjustment for cohort type
(high-familial-ASD-probability cohort/general population), given differences in the likeli-
hood of ASD outcomes in these populations. For AHEI-P and EDIP, we also tested energy
adjustment (not included in HEI models because this pattern is derived incorporating food
intake per 1000 calories). We additionally included maternal race/ethnicity, recognizing
it as a social construct associated with experiences of structural inequities, racism, and
environmental injustice. Race/ethnicity has been linked to both differences in maternal
diet and disparities in SRS sensitivity and ASD diagnosis. Missingness among covariates
was very low (<25%), and multiple imputation using PROC MI with 25 iterations was used
to assign values on any missing covariates in the final adjusted models.

In secondary analyses, we examined associations of dietary patterns and quantiles
of SRS scores other than the 50th percentile, to assess whether associations may differ at
the tails of the outcome distribution (10th, 20th, 70th, and 90th percentiles). Sensitivity
analyses included additional adjustment for each of the following separately: dietary
assessment method (FFQ type), supplement use during pregnancy (ever), supplement use
in the first month of pregnancy, dietary folic acid intake, parity, breastfeeding, income,
preterm birth, birth size, and gestational diabetes (GDM), to test the impact of potential
residual confounding. These covariates had higher levels of missingness than primary
covariates, and alternate missing data strategies were used based on the percent of missing
data in order to balance feasibility and reduce potential bias: multiple imputation (for
variables with <25% missingness), missingness indicators (25-50% missingness), and subset
analyses for variables with higher proportions of missing data (50% to 90% missingness).
In additional analyses, we excluded dietary data collected using 24 h recalls and trait scores
collected using the preschool age or the 16-item SRS form types. In addition, to assess
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whether results were driven by a given cohort, we conducted sensitivity analyses excluding
individual cohorts one at a time. Finally, in order to facilitate clinical interpretations, we
conducted analyses using SRS T-scores rather than SRS raw scores.

3. Results

Primary analyses included up to 6084 mother—child dyads from across 14 cohorts,
with sample size differing across the models for a given dietary pattern and ASD-related
outcome, as shown in Figure S1. Participant characteristics are shown in Table 1. Of the
eligible study participants, 95% were from cohorts drawn from the general population.
Across the included cohorts, most maternal participants were white, non-Hispanic, younger
than 34 years (at time of birth of the child), had at least a bachelor’s degree, and did not
smoke during pregnancy. Of child participants, 7% had an ASD diagnosis (with a higher-
than-general-population prevalence owing to the inclusion of a case—control and several
high-familial-ASD-probability cohorts). The mean total raw SRS score was 29.3 (SD = 22.5).

Table 1. Basic characteristics of the study populations from 14 ECHO cohorts (1 = 6084).

Participants with Any Data Available

Characteristics for ASD Diagnosis and/or SRS Score
N (%)
Cohort Type
High Familial Likelihood 309(5%)
Population-based 5775(95%)

Maternal and Child Characteristics

Maternal Race

Asian or Pacific Islander 491(8%)
Black/African American 1222(20%)
Native American or Native Alaskan 31(1%)
White 3728(61%)
Multiple/Other Race 374(6%)
Unknown/Missing 238(4%)
Maternal Ethnicity
Hispanic/Latino 1029(17%)
Not Hispanic/Latino 5037(83%)
Missing 18(0%)
Maternal Age, Years
<18-28 Years 1981(33%)
29-34 Years 2551(42%)
35-40 Years 1371(23%)
41+ years 181(3%)
Maternal Education
Less than High School 309(5%)
HS Degree, GED, or Equivalent 1011(17%)
Some College, No Degree, Assoc/Trade 1410(23%)
Bachelor’s Degree (BA, BS) 1783(29%)
Masters, Prof, or Doctorate Degree 1491(25%)

Missing 80(1%)
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Table 1. Cont.

Participants with Any Data Available
for ASD Diagnosis and/or SRS Score

Characteristics
N (%)

Pre-Pregnancy BMI, kg/ m?

<18.5 173(3%)

18.5-24.9 2837(47%)

25-29.9 1544(25%)

>30 1466(24%)

Missing 64(1%)
Prenatal Smoking

Active 322(5%)

Not Active 5730(94%)

Missing 32(1%)
Ever Breastfeed

Yes 4259(70%)

No 117(2%)

Missing 1708(28%)
Prenatal Vitamin Use

Yes 2947(48%)

No 178(3%)

Missing 2959(49%)
Prenatal Vitamin Use (First Month)

Yes 296(5%)

No 190(3%)

Missing 5598(92%)
Child Sex

Male 3195(53%)

Female 2889(47%)
Child Year of Birth

1999-2004 671(11%)

2005-2009 805(13%)

2010-2014 2674(44%)

2015+ 1934(32%)
Birthweight

Small for Gestational Age 326(5%)

Normal for Gestational Age 4573(75%)

Large for Gestational Age 996(16%)

Missing 189(3%)
ASD Diagnosis

Yes 441(7%)

No 5381(88%)

Missing 262(4%)
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Table 1. Cont.

Participants with Any Data Available
for ASD Diagnosis and/or SRS Score

Characteristics
N (%)

Total SRS Raw Score

SRS Not Available 1537(25%)

SRS Available 4547(75%)

Mean (Std)

Parity (Prior to Current Pregnancy) 0.83(0.98)
Total Caloric Intake, kcal 2065(1053)
SRS Score 29.3(22.5)

Demographic characteristics of participants were broadly comparable across dietary
patterns for both outcome datasets (those participants with SRS outcome data and those
participants with ASD outcome data) (Tables 52 and S3). However, across outcome analytic
samples (those participants with each dietary pattern exposure within each outcome
dataset), modest differences in participant characteristics across exposure datasets were
evident; those with data available on AHEI-P scores were more likely to be white, non-
Hispanic, and have a BMI in the normal range, and were less likely to be <28 years old, as
compared to participants with data on HEI and EDIP scores. These modest differences may
be because data for AHEI-P analyses were drawn from two cohorts from the northeast,
whereas other cohorts were more geographically diverse. The average maternal caloric
intake was comparable across outcome analytic samples. In addition, dietary pattern scores
were comparable across outcome analytic samples (Table S4).

In adjusted quantile regression analyses of associations between maternal prenatal
dietary patterns and child SRS raw scores, higher HEI scores (quartiles 2, 3, and 4) were
associated with lower SRS raw scores (for example, HEI Q4 vs. Q1 {3 for median quan-
tile = —3.41 95% CL = —5.15, —1.26; Table 2). Somewhat more modest inverse associations
were also observed with higher quartiles of AHEI-P scores, which were statistically signifi-
cant when including adjustment for total calories (Q4 vs. Q1 3 = —2.52 95% —4.59, —0.45).
EDIP was not associated with child SRS raw scores in adjusted models. In secondary
analyses examining results across different quantiles of SRS scores, the results were similar,
and there was no evidence that associations were stronger at higher quantiles (Table S5).

Table 2. Association between maternal dietary patterns during pregnancy and child SRS raw scores.

n Crude Adjusted Test of Energy Adjusted Test of
(83, 95% CI) 8B, 95% CI) Trend (p) 8B, 95% CI) Trend (p)
EDIP 2433
Q1 608 0 (reference) 0 (reference) 0 (reference)
Q2 608 —1.00 (—14.10, 17.10) —1.25(—3.73, 0.65) 0.44 —1.20 (—3.79, 0.54) 0.20
Q3 609 —2.00 (—14.60, 15.10) —0.42 (—3.44,2.11) —0.40 (—3.43, 2.16)
Q4 608 —4.00 (—17.10, 13.10) 0.64 (—1.91, 2.85) 0.72 (—2.76, 2.67)
AHEIP 1671
Q1 417 0 (reference) 0 (reference) 0 (reference)
Q2 418 —2.00 (—15.67, 4.67) 0.00 (—2.56, 1.79) 0.0 —0.46 (—2.61, 1.69) 0.0
Q3 418 —4.00 (—20.18, 4.18) —1.50 (—3.95, 0.86) —2.12 (—4.73,0.50)
Q4 418 —4.00 (—19.18, 3.18) —1.50 (—3.27, 0.39) —2.52 (—4.59, —0.45)
HEI ! 2876
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n Crude Adjusted Test of Energy Adjusted Test of

($3,95% CI) (3, 95% CI) Trend (p) (3, 95% CI) Trend (p)

Q1 719 0 (reference) 0 (reference) 0 (reference)

Q2 719 0.00 (—17.09, 13.09) —1.84 (—3.99, —0.20) 012 -

Q3 719 0.00 (—16.09, 15.09) —4.24 (—6.17, —2.26) ' -

Q4 719 1.00 (—14.09, 14.09) —3.41 (—5.15, —1.26) -
Modeled using quantile regression fixed at 50th percentile of SRS total raw score. Adjusted: maternal age, maternal
pre-pregnancy BMI, child sex (male, female), cohort type (familial /not), maternal ethnicity /race (non-Hispanic
white, non-Hispanic Black, Hispanic, other), maternal education (less than high school, high school/GED, some
college/associates degree/trade school, bachelor’s degree, graduate degree), maternal smoking (yes, no), and
child year of birth (1998-2004, 2005-2009, 2010-2014, 2015+). Energy Adjusted: maternal age, maternal pre-
pregnancy BMI, child sex (male, female), cohort type (familial/not), maternal ethnicity /race (non-Hispanic
white, non-Hispanic Black, Hispanic, other), maternal education (less than high school, high school/GED, some
college/associates degree/trade school, bachelor’s degree, graduate degree), maternal smoking (yes, no), child
year of birth (1998-2004, 2005-2009, 2010-2014, 2015+), and total caloric intake (kcal). 1 HEI food groups are
energy scaled and thus adjustment for energy intake was not conducted for HEIL.

When examining associations with ASD diagnosis (Table 3), we did not observe
evidence for significant associations of HEI or AHEI-P with ASD diagnosis. The estimate
for the highest quartile of the EDIP dietary pattern was modestly increased, but confidence
intervals were fairly wide and included the null.

Table 3. Association between maternal dietary patterns and child autism spectrum disorder diagnosis.
1 Case/Total Crude Adjusted Test of Trend Energy Adjusted Test of
(OR, 95% CI) (OR, 95% CI) (1)) (OR, 95% CI) Trend (p)
EDIP 3614
Q1 90/904 1 (reference) 1 (reference) 1 (reference)
Q2 90/901 1.00 (0.74,1.37)  1.27(0.88, 1.82) 0.05 1.27 (0.88, 1.83) 0.05
Q3 108/906 1.22(0.91,1.65) 1.27(0.89,1.81) . 1.26 (0.88, 1.79) .
Q4 103/903 1.16 (0.86,1.57)  1.29 (0.89, 1.86) 1.25(0.83,1.89)
AHEIP 1694
Q1 17/423 1 (reference) 1 (reference) 1 (reference)
Q2 16/424 0.94 (0.47,1.88)  1.14(0.49, 2.65) 0.89 1.19 (0.50, 2.83) 0.89
Q3 15/424 0.88(0.43,1.78)  1.23(0.52,2.90) ' 1.20 (0.50, 2.90) '
Q4 10/423 0.58 (0.26,1.28)  0.89 (0.35, 2.28) 0.85(0.31, 2.32)
HEI ! 4128
Q1 65/1032 1 (reference) 1 (reference) 1 (reference)
Q2 116/1032 1.88(1.37,2.59)  1.04(0.71,1.51) 0.81 - )
Q3 109/1032 1.76 (1.28,2.42)  0.92 (0.62,1.35) ' -
Q4 93/1032 1.47 (1.06,2.05)  0.99 (0.66, 1.49) -

Models using logistic regression. Adjusted: maternal age, maternal pre-pregnancy BMI, child sex (male, female),
cohort type (familial /not), maternal ethnicity /race (non-Hispanic white, non-Hispanic Black, Hispanic, other),
maternal education (less than high school, high school/GED, some college/associates degree/trade school,
bachelor’s degree, graduate degree), maternal smoking (yes, no), and child year of birth (1998-2004, 2005-2009,
2010-2014, 2015+). Adjusted: maternal age, maternal pre-pregnancy BMI, child sex (male, female), cohort type
(familial /not), maternal ethnicity /race (non-Hispanic white, non-Hispanic Black, Hispanic, other), maternal
education (less than high school, high school/GED, some college/associates degree/trade school, bachelor’s
degree, graduate degree), maternal smoking (yes, no), child year of birth (1998-2004, 2005-2009, 20102014, 2015+),
and total caloric intake (kcal). ' HEI food groups are energy scaled and thus adjustment for energy intake was not
conducted for HEL
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Associations were robust to several sensitivity analyses, including adjustment for
other covariates (Tables S6 and S7), leaving out individual cohorts one at a time (Figure 52),
and exclusion of different SRS form types (Table S8), with the exception of the HEI and
SRS association. This association was attenuated to the null when adjusting for diet form
type, excluding 24 h recall data, or excluding SRS preschool and short forms (of which 38%
were preschool forms and 62% were the short forms). However, each of these analyses was
tied to the cohort, with two of the largest cohorts including either 24 h recall data or SRS
short-form data. Removal of these two cohorts (CANDLE n = 638, Healthy Start n = 434)
attenuated this association (Figure S2). Findings were consistent for primary analyses when
using SRS T-scores instead of SRS raw scores (Table S9).

4. Discussion

Overall, in this large, diverse U.S. sample of pregnant individuals and their children, we
did not see strong evidence for associations of the prenatal dietary pattern score with ASD
diagnosis, though we did find some evidence that better adherence to healthier diets was
associated with modest decreases in ASD-related traits. Somewhat mixed findings across
dietary patterns and ASD outcomes suggest the need for continued study, perhaps consider-
ing additional dietary patterns or utilizing other approaches to consider combined effects of
prenatal intake of different foods and nutrients on child neurodevelopmental outcomes.

Although few studies have examined the relations of prenatal dietary patterns with
child neurodevelopmental outcomes, our findings are broadly consistent with the prior
literature. While this is the first study to suggest an inverse association between the HEI
dietary pattern and SRS scores, several studies have reported inverse associations of ma-
ternal ‘healthy” or ‘balanced” dietary patterns with child ASD-related traits. Most notably,
the largest study to date on the topic, including 84,548 participants (942 with autism)
from the Norwegian Mother, Father, and Child Cohort Study (MoBa) and 11,670 partici-
pants (544 with social communication difficulties) from the Avon Longitudinal Study of
Parents and Children (ALSPAC), found that high adherence during pregnancy to a data-
derived healthy dietary pattern was associated with reduced odds of ASD diagnosis and
social communication difficulties [28]. Specifically, one cohort study in the U.S. (including
325 participants drawn from the Newborn Epigenetics Study (NEST)) reported an inverse
association between maternal adherence to the Mediterranean diet (which is characterized
by a low meat intake and higher intake of fruits, vegetables, and fatty acids) during preg-
nancy and ASD-related traits as captured by a composite score derived from questions
from the Infant Toddler Social and Emotional Assessment [29]. In addition, two separate
small case—control studies in China have reported an increase in odds of ASD with an
unbalanced /unhealthy prenatal diet [30], and a reduction in the odds of ASD with a high
consumption of fruit and fish during pregnancy [31].

While our findings of an inverse association between HEI and ASD-related traits are
broadly supported by some prior evidence, several considerations are worth noting. First,
associations were attenuated to null in several sensitivity analyses, which may have been a
result of the reduced sample size and power. Removal of two of the larger cohorts (Condi-
tions Affecting Neurocognitive Development and Learning in Early Childhood (CANDLE;
n = 638) and HEALTHY START (n = 434)) attenuated the association in leave-one-out anal-
yses. Additionally, we adjusted for the dietary intake form type. The further adjustment
for diet form type primarily reflects the removal of a large cohort (HEALTHY START) that
used 24 h recalls to collect its dietary data. Furthermore, associations were attenuated when
SRS preschool and short forms were excluded, with most of these exclusions resulting from
use of the short form (which was used for CANDLE study participants). The preschool and
short versions of the SRS have been validated and have been shown to be comparable with
the full score [43]. The results of sensitivity analyses suggest the association may not be
robust to all populations or settings, that this association was biased by the inclusion of 24 h
recall data, or that the reduced sample size impacted our ability to detect the association.
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Second, while both the HEI and AHEI-P capture the adherence to a healthy diet, and
the findings were similar across these, our results were slightly stronger for the HEI than
the AHEI-P. Prior results from a study conducted by members of our team using data from
two U.S. cohorts (including 154 individuals from the ECHO Early Autism Risk Longitudinal
Investigation (EARLI) cohort, as well as 727 participants from the Nurses” Health Study II
(NHSII), which is not included in ECHO) also did not find strong associations with the
AHEI-P, although they did not examine the HEI [32]. Given that the AHEI-P includes
specific modifications for pregnancy, such as the inclusion of folic acid, it is possible that
HETI associations were confounded by folic acid intake or other components of the AHEI-P
not included in the HEI, such as fiber or iron. When we adjusted HEI models for folic acid
intake or prenatal supplement use, given prior evidence for reductions in the risk of ASD
with folic acid supplementation [5], the results for the association between HEI and SRS
were materially unchanged, but information on supplement use was not well captured in
ECHO. A related point is that minor differences in food group composition across patterns
may have contributed to differences. In addition, although we adjusted for the cohort in
all analyses, fewer cohorts contributed to the AHEI-P pattern than to the HEI pattern, and
those included in the AHEI-P analyses were also less demographically and geographically
diverse than the cohorts that contributed to the other dietary patterns.

An additional consideration is that we did not observe consistent patterns of associa-
tion across SRS scores and ASD diagnosis. Higher HEI scores (and to a lesser extent AHEI-P
scores) were associated with lower SRS scores but were not associated with reduced odds of
ASD diagnosis. The differences in findings across these outcomes could point to a potential
role of healthy prenatal dietary patterns having minor influences on subclinical or broader
traits, rather than diagnosis itself. Alternatively, while parent-reported diagnosis of ASD
was validated in several cohorts and the validity of the SRS has been supported, we cannot
rule out measurement error in outcome classifications contributing to discrepancies across
diet associations with the outcome. We did not observe significant differences in outcomes
in the cohorts contributing to the analyses, suggesting this was not a large driver of our find-
ings. Continued research comparing outcome metrics, and considering relationships with
additional neurodevelopmental constructs, is needed to better understand the specificity of
potential associations.

In addition to some evidence for associations between healthy diets and ASD-related
traits, we also observed some evidence for a modest—but not statistically significant—
increase in odds of ASD with a more pro-inflammatory diet as measured by the EDIP. This
finding is broadly consistent with a study conducted by members of our team including
154 participants from EARLI and 727 participants from NHSII. Our prior study observed
a non-significant but positive association between the Western dietary pattern, which
is characterized by higher meat and processed food intake, and ASD-related traits as
measured by SRS [32]. Of note, while there was some minor overlap in participants across
these studies (EARLI was included in both analyses), this overlap consisted of a small
number of participants, and removal of EARLI from analyses here did not significantly
influence our findings.

Several mechanisms could underlie associations between these dietary patterns and
ASD outcomes. Given prior evidence for the role of prenatal maternal immune activation
in pregnancy, we hypothesized that inflammation may be a key mechanism [54-56]. Adher-
ence to the HEI has been associated with decreased inflammatory markers [57], and thus
HEI scores may relate to the neurodevelopmental outcome via an anti-inflammatory path-
way, though we did not see strong evidence of associations with the EDIP, which captures
a pro-inflammatory diet. The EDIP score was not created in a pregnant population, and
inflammatory markers are known to differ during pregnancy. For example, IL-6 levels have
been found to differ between pregnant and non-pregnant women and between women
at different points during pregnancy [58]. Other, more direct mechanisms related to fetal
neurodevelopment could link a healthy dietary intake to outcomes. For example, prenatal
adherence to the HEI has been found to be positively associated with the development of



Nutrients 2024, 16, 3802

12 of 16

white matter in fetal brains [59], and differential development of white matter has been
associated with ASD [60].

Our study has several strengths. We included a large demographically and geo-
graphically diverse study population, and we were able to assess associations with two
ASD-related outcomes. We also examined established, clearly defined dietary patterns,
which facilitate a comparison across studies and clear communication of public health
recommendations that may help to inform dietary guidelines. However, there were also
several limitations to this study to consider in interpreting the results and guiding future
work. First, different dietary assessment measures were used in different cohorts, and
different cohorts were included in analyses of different patterns and outcomes. While vali-
dated measures were used, and participants were ranked, the self-reported diet is known
to be measured with error. Although cohort characteristics and exposures were broadly
comparable across analytic samples, it is possible that individual cohort characteristics or
measurement error may have differentially contributed to different analyses. Second, we
were not able to examine the diet in more specific time windows than pregnancy overall,
which means that associations restricted to a narrower critical window may have been
missed. Third, we cannot rule out the role of potential residual confounding. Although we
tested adjustment of several additional factors in models, including prenatal supplement
use, and sensitivity analyses did not meaningfully change the results, few cohorts had
data available on the timing and initiation of prenatal supplement use. Furthermore, we
cannot rule out unmeasured confounding by other health-promoting behaviors that were
not captured here, which may be tied to greater adherence to dietary guidelines. Fourth,
another potential limitation is that ASD diagnosis was parent-reported. However, in some
cohorts, diagnosis was confirmed by clinical diagnosis/medical record abstractions. Fifth,
while ECHO represents a more diverse population than many prior studies, it does not
necessarily represent the U.S. general population as a whole, and the results here may not
be generalized to other populations. Finally, while not the focus of this work, certain foods
also represent sources of exposure to chemical contamination, such as via food preparation
and storage, and how this may impact associations was not examined here. Future research
should seek to address these limitations and clarify the role of potential unmeasured factors,
timing, and joint effects in the study of prenatal diet and ASD.

5. Conclusions

In this large U.S. consortium study, we found some evidence that better adherence
to U.S. dietary guidelines during pregnancy is associated with modest reductions in traits
related to ASD; however, this finding was not robust to all analyses and requires further
study. We did not see strong evidence for associations of the outcomes under study
with unhealthy or pro-inflammatory diets. Additional investigation is needed to better
understand how the prenatal diet overall, and specific aspects of it, influences outcomes
across neurodevelopmental constructs.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nu16223802/s1, Figure S1: Study participant flowchart across the
cohorts; Figure S2: Associations between dietary patterns and SRS scores removing one cohort at a
time for (a) SRS:HEI, (b) SRS:AHEIP, (c) SRS:EDIP; (d) ASD:HEI, (e)ASD:AHEIP, (f) ASD:EDIP; Table
S1: Diet data source by cohort; Table S2: Participant characteristics by dietary pattern analytic sample
among those with SRS outcome data (SRS-Any n = 4547, SRS-HEI n = 2876, SRSAHEI-P n = 1671, SRS-
EDIP n = 2433); Table S3: Participant characteristics by dietary pattern analytic sample among those
with ASD outcome data (ASD-Any n = 5822, ASD-HEI n = 4128, ASD-AHEI-P n = 1694, ASD-EDIP
n = 3614); Table S4: Distribution (mean, SD) of dietary pattern scores across the cohorts included
in analytic samples; Table S5: Association between maternal dietary patterns during pregnancy
and child SRS raw scores modeled using quantile regression fixed at the 10th, 20th, 70th, and 90th
percentiles; Table S6: Association between maternal dietary patterns during pregnancy and child
SRS raw scores + adjustment for additional factors; Table S7: Association between maternal dietary
patterns during pregnancy and child ASD diagnosis + adjustment for additional factors; Table S8:
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Association between maternal dietary patterns during pregnancy and child SRS raw scores, excluding
SRS preschool and short forms; Table S9: Association between maternal dietary patterns during
pregnancy and SRS T-scores.
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