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1. Introduction

Autism spectrum disorder (ASD) is a group of neurobehavioral dis-
orders characterized by poor social and communication skills, and re-
petitive behaviors (American Psychiatric Association [APA], 2013).
However, the severity of these core symptoms can be highly variable.
Both genetic and environmental factors play a role in the etiology of ASD
and may modulate the phenotypic expression (Gialloreti et al., 2019).
Although studies have linked parental occupational exposure (e.g.
paints, xylene, solvents, exhaust and combustion products, pesticides) to
ASD, to our knowledge there are no studies that have evaluated if
parental occupational exposures are associated with common
co-occurring behaviors or cognitive and adaptive skills in their children
with autism (McCanlies et al., 2012, 2019; Schmidt et al., 2014; Wind-
ham et al., 2009, 2013; Windham et al., 2009).

Diagnostic criteria for ASD include persistent deficits in social-
emotional reciprocity, in nonverbal communicative behaviors, and in
understanding, developing and maintaining relationships (American
Psychiatric Association [APA], 2013). They include repetitive and
restrictive patterns of behavior and interests, and sensory dysfunction,
such as sensitivity to touch or sounds. Individuals with ASD often have
difficulty adjusting to changing social situations as well as appropriately
responding to social cues (American Psychiatric Association [APA],
2013). They are often inflexible and can become extremely distressed if
their routine is disrupted, and may or may not have intellectual
impairment, language impairment, or other neurodevelopmental or
behavioral disorders. ASD symptoms may be apparent in children prior
to the age of two, but this varies depending on the severity of their
symptoms. ASD severity is based on specific symptoms including
impaired social response, deficits in nonverbal and verbal
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communication, and restricted and/or repetitive interests or patterns of
behavior (American Psychiatric Association [APA], 2013). Besides ge-
netic factors, research has demonstrated the importance of environ-
mental exposures in the etiology of ASD, and related behaviors or
cognitive and adaptive skills (Gialloreti et al., 2019; Kalkbrenner et al.,
2014; Hertz-Picciotto et al., 2018; Philippat et al., 2015).

Studies evaluating pharmacokinetics indicate that the fetus and child
can’t clear toxicants as efficiently as adults, potentially affecting neu-
rodevelopment, disrupting immune processes or endocrine hormones,
or resulting in epigenetic changes (Ginsberg, 2004; Kalkbrenner et al.,
2014; Mordaunt et al., 2019). Bisphenol A (BPA) levels were associated
with the severity of social responsiveness in children with ASD
(Rossignol et al., 2014). Metals measured in air pollution, diet, and
dental amalgams during pregnancy suggested that chromium, mercury,
and nickel exposure may be associated with ASD or ASD severity
(Kalkbrenner et al., 2014). Rossignol et al. (2014) conducted a system-
atic review looking at environmental toxicants and the severity of ASD
behaviors (Rossignol et al., 2014). These studies suggested that lead and
mercury were associated with ASD severity or poor ASD outcomes
(Rossignol et al., 2014). Similarly, p-cresol (4-methylphenol) measured
in the urine of children with ASD compared to control children was
associated with more severe ASD symptoms (Persico and Napolioni,
2013). Lead and mercury measured in the urine and red blood cells of
children with ASD were associated with worse scores on the Social
Responsiveness Scale (SRS) (Adams et al., 2013; Alabdali et al., 2014).
Braun et al. (2014) measured endocrine disrupting chemicals (EDCs) in
urine and plasma of pregnant mothers. Both polybrominated diphenyl
ether-28 and trans-Nonachlor were associated with higher SRS scores,
indicating more severe autistic behaviors. Braun et al. (2017) also
showed that prenatal urinary levels of BPA in the mothers were
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associated with higher Social Responsiveness Scale™-2 (SRS-2) scores,
and with boys more internalizing and somatizing behaviors measured
using the Behavioral Assessment System for Children-2 (BASC-2).
Although these were not studies of parental occupational exposures,
these chemicals can be found in occupational environments such as
automotive, paint manufacturing, construction, and appliance in-
dustries, or hospitals and in most cases, are likely to occur at higher
concentrations than in the environmental setting. Thus, it is plausible
that workplace exposures may be associated with more severe ASD.

Previously we found that parental occupational exposure to solvents
may be associated with ASD (McCanlies et al., 2019), however our
findings for parental occupational exposure to metals, pesticides, or
pharmaceuticals in association with an ASD diagnosis were null, con-
trary to prior research (Kalkbrenner et al., 2014; McCanlies et al., 2019).
We also did not evaluate the association between parental occupational
exposures and ASD severity or other co-occurring developmental char-
acteristics. Nor, to our knowledge, has this been investigated by others.
Therefore, the aim of the current investigation is to fill this gap and
determine if parental occupational exposures are associated with ASD
severity, aberrant behaviors, or skills in cognitive and adaptive domains
in their children with ASD.

2. Materials and methods
2.1. Study population

The CHARGE study is a population-based case-control study. A
detailed description of the population has been previously published
(Hertz-Picciotto et al., 2006). Briefly, the CHARGE study identified po-
tential participants through the California Department of Develop-
mental Services, California, USA enrolling children with a previous
community diagnosis of autism. Children from the general population,
selected from State Vital Statistics birth records were also recruited.
Eligible children were between the ages of two and five, born in Cali-
fornia, living with at least one biologic parent who speaks English or
Spanish, and residing in the catchment areas of a geographically selected
list of California Regional Centers that coordinate services for persons
with developmental disabilities. Following clinical evaluation, the
children were diagnosed as having ASD, developmental disorder or
delay without ASD, or typical development (TD).

The National Institute for Occupational Safety and Health (NIOSH)
received diagnosis, parental occupational, and basic demographic data
on 976 children and one or both of their parents from the CHARGE study
(UC Davis) team. Because this study specifically focused on children
with ASD, and their aberrant behaviors and skills in cognitive and
adaptive domains in relation to parental workplace exposures, we
excluded children with TD or developmental delay. The final sample for
this study consisted of 532 children with ASD and their parents, after
excluding two children without Autism Diagnostic Observation
Schedule-2 (ADOS-2) data, which prevented the calculation of autism
severity scores. No children were excluded due to missing covariate
data.

2.2. Demographic and lifestyle characteristics

Demographic, lifestyle, and medical data were collected through
extensive questionnaires, parent interviews, and birth record review.
Information collected for both mothers and fathers included age, level of
education, race/ethnicity, birthplace, smoking history, regional center/
geographic location of residence, and payment method used for the
child’s delivery. Level of education was reported as years of primary or
secondary education, high school, high school/graduate equivalency
degree, some college, and graduate or professional degree. A variable,
total years of education was calculated by summing the two parents’
education level. If mothers’ or fathers’ years of education was missing,
the years of education for the non-missing parent was doubled to ensure
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that household education would be comparable to those families with
both parents’ data. Race/ethnicity was categorized as white non-
Hispanic, Hispanic (any race), Black non-Hispanic, and other, which
included American Indian/Alaska Native, Asian, Pacific Islander/Ha-
waiian Native, and multi-racial. Information about the children included
their age at the time of the ADOS, sex, date of birth, race/ethnicity, and
duration of breastfeeding.

2.3. Diagnostic criteria

All the children underwent cognitive, social, and medical evalua-
tions at either the University of California, Davis, MIND Institute in
Sacramento, CA or the University of California, Los Angeles (UCLA)
Neuropsychiatric Institute. Children with a previous diagnosis of ASD
were assessed using the Autism Diagnostic Observation Schedule-2
(ADOS-2) (Lord et al., 2003) and their parents completed the Autism
Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994) to confirm their
child’s ASD diagnosis. For children with a previous diagnosis of a neu-
rodevelopmental delay other than ASD and children sampled from the
general population, the parent completed the Social Communication
Questionnaire (SCQ) (Rutter et al., 2003), a short screening instrument
for ASD symptoms. If the score was >15, the child was evaluated for ASD
on the full ADOS-2 as described above and their parents completed the
ADI-R (Lord et al., 1994, 2003; Risi et al., 2006). The algorithm of Risi
et al. (2006) was used to assign final diagnosis of ASD or not.

2.4. ASD severity score

ASD severity was measured using the Calibrated Severity Score (CSS)
derived from the ADOS-2. The CSS indicates severity of the core features
that are central to a diagnosis of ASD (Gotham et al., 2009; Wiggins
et al., 2017). This metric was designed to be independent of age and of
developmental level, including intellectual ability, language or motor
skills, or behavioral problems. Because other measures of ASD severity
have been highly influenced by developmental level and other factors
that represent constructs far broader than ASD, the CSS is accepted as
the best metric for severity of ASD (Wiggins et al., 2017). Development
of the CSS was based on a dataset that contained 2195 ADOS-2 assess-
ment results and clinical evaluations. The assessment results were
divided into narrowly defined age and language skill categories. An al-
gorithm was then used to create standardized raw total scores for
age/language skill categories (Gotham et al., 2009). The CSS takes
integer values and has a range of 1-10: most though not all children
considered to be typically developing score in the range of 1-3, and most
though not all children with ASD score in the range of 7-10, with 10
being the most severely affected.

2.5. Assessment of ASD behaviors and skills in cognitive and adaptive
domains

The Aberrant Behavior Checklist (ABC) is an instrument designed to
assess problem behaviors (Aman et al., 1985). It consists of 58 questions,
scored from 0 (behavior is not at all a problem) to 3 (problem to a severe
degree). The developers of the ABC identified five subscales from a
factor analysis: irritability, social withdrawal, stereotypy, hyperactivity,
and inappropriate speech. A higher score on the ABC indicates more
problematic behaviors.

The Mullen Scales for Early Learning (MSEL) measures cognitive
function (Mullen, 1995). It is administered by a professional and is
composed of four subscales that measure developmental abilities
including expressive language, receptive language, visual reception, and
fine motor skills. These four subscales are also combined into a com-
posite score for overall cognitive functioning. A higher score on the
MSEL indicates a higher skill level.

The Vineland Adaptive Behavior Scales (VABS) also measures
developmental abilities and adaptive capacity (Sparrow et al., 1984). It
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is a semi-structured parent/caregiver interview. A composite score and
four subscale scores: communication, socialization, daily living, and
motor skills can be calculated. A higher score on the VABS indicates
greater acquisition of social and adaptive skills. Thus, notably: scoring of
the MSEL and VABS is reverse of the scoring for the CSS and the ABC.

2.6. Workplace exposure assessment

Workplace exposure assessment has been previously described in
detail (McCanlies et al., 2019). Briefly, information on parental occu-
pational history was collected during the CHARGE study telephone
interview. Mothers were interviewed about their job histories and when
possible, or if directed by the mother, the father was interviewed about
his job history. Approximately 37 % of the fathers responded, otherwise
the mothers reported the fathers’ job history. For each job, occupational
information included, the place of employment, the months and years of
employment, which month(s) of pregnancy (or the postnatal period) the
job was held, and the total hours worked per week. Information about
what the company made or did, the parents’ job titles, and their
duties/responsibilities were also collected. For this study, the period
spanning three months prior to pregnancy until birth of the study child
was evaluated and referred to as the index period. This period was
selected, because it encompasses a critical window in which parental
occupational exposures may significantly impact the early stages of
brain development such as synaptogenesis, cell differentiation and
migration, organogenesis, and child neurodevelopment (Kuper-Sassé
et al., 2024; Mattison, 2010).

These data were sent to NIOSH for exposure assessment and ana-
lyses. Each reported job was assigned a 2002 North American Industry
Classification System (United States Census Bureau, 2007) and 2000
Standard Occupational Classification (U.S. Bureau of Labor Statistics,
2000) code. (Recruitment into the CHARGE study began in 2003. The
earliest births of CHARGE children were in 1998.) These codes along
with the parents’ job history information were entered into an ACCESS
database for two experienced industrial hygienists (IHs) to
semi-quantitatively estimate occupational exposure levels to sixteen
agents (anesthetic gas, asphalt, automobile/mechanic fluids, cutting/-
machining fluids, disinfectants/cleaners, ethylene oxide, metals, poly-
chlorinated biphenyls (PCBs), perchlorates, pesticides,
pharmaceuticals/medicine, phenol, plastics/polymer chemicals, radia-
tion, solvents, paint chemicals/lacquers). These agents were selected a
priori based on evidence in peer-reviewed scientific reports indicating
potential associations with adverse pregnancy outcomes such as low
intellectual functioning, neurodevelopmental disorders, impaired social
skills, or impulsivity (Grandjean and Landrigan, 2006; Wigle et al.,
2008). The IHs were blinded to the severity of the children’s ASD. An
ordinal estimate for both the frequency (0 = unexposed to 3 = frequent
exposure) and intensity (0 = unexposed to 3 = high intensity) of
exposure to the 16 chemical and physical agents was assigned for each
job. After each IH independently assigned exposure levels, these were
compared, then discussed until a consensus was reached. Cumulative
exposure for each chemical or chemical class was derived by multiplying
the [frequency of exposure (0-3)] x [intensity of exposure (0-3)] x
[work hours/week] for each agent for each job held during the index
period. If a person had the same exposure to an agent from two or more
different jobs, they were summed together. Because the distribution of
cumulative exposures was left-skewed, all cumulative exposures were
log-transformed (log) after the addition of a constant to shift all values
above zero, thereby avoiding undefined log-transformed values.

2.7. Ethics

This study complies with all applicable requirements. The CHARGE
study protocol was approved by institutional review boards at the Uni-
versity of California, Davis, USA and the University of California, Los
Angeles, USA and by the State of California Committee for the Protection
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of Human Subjects. Written informed consent was collected from all
participants, prior to data collection. The NIOSH human subjects review
board approved the protocol and plan for the study of occupational
exposures (Morgantown, WV, USA).

2.8. Statistical analyses

Descriptive statistics were used to characterize the study population.
Four outcomes were evaluated in this analysis; ASD severity measured
using the CSS, problematic behaviors using the ABC, and skills in
cognitive and adaptive domains measured using the MSEL and VABS
respectively. Cumulative occupational exposures served as the primary
predictor variables. Multiple linear regression was used to evaluate as-
sociations between each exposure and the scores for ASD severity, the
ABC, MSEL, and VABS. Table 1

Weighted analysis was performed to adjust for lower participation
from underserved and disadvantaged populations and possible selection
bias as a consequence: the weights were derived by comparing socio-
demographic factors in the CHARGE study sample with the distribution
of those same factors in the pool of ASD children eligible for CHARGE, to
obtain the inverse of the probability of participation for each socio-
demographically defined participant group. Except for the means and
standard deviations (Table 2) and histograms (Supplementary Fig. 1), all
the tables, including the supplementary table and figures show the
weighted results. In considering which variables to adjust for and which
may lie along the causal pathway, we aimed to balance controlling for
the appropriate confounding factors, without over-adjusting, which
could hide true associations. For example, we believe controlling for
length of breastfeeding is important because the literature does not
provide clear evidence on whether occupational exposures do or do not
influence breastfeeding, whereas another upstream factor is likely
influencing both occupational exposure and duration of breastfeeding,
namely the decision on whether, and how many hours per week, to work
outside the home during the pregnancy and the breastfeeding period.
This common ancestor of those two variables creates a backdoor path for
which adjustment of breastfeeding duration would sufficiently control
the confounding. Moreover, breastfeeding duration can influence
developmental outcomes, independently of occupational exposures.
More generally, confounders were selected based on prior knowledge in
the published literature, the potential association of occupational ex-
posures with the covariate evaluated by Pearson correlation analyses,
and the criterion of a 10 % change or greater in the exposure beta co-
efficient. This approach is broadly consistent with recommendations
from Weng et al. (2009) and Lash et al. (2021). This approach led to
adjustment variables for models predicting each of the outcomes (CSS,
ABC, MSEL, and VABS scores) as follows: mothers’ models were adjusted
for, mothers’ age at time of delivery, mothers’ smoking, total years of
education, length of breast feeding (months), and regional center. Fa-
thers’ models were adjusted for fathers’ age at delivery, fathers’ race/-
ethnicity, child gestational age, length of breast feeding, total years of
education, and regional center. The models with mothers’ or fathers’
combined data were adjusted for mean age of father and mother at de-
livery, total years of education, mothers’ smoking, length of breast
feeding (months), and regional center.

Paint chemicals and solvents/degreasers were combined into one
group referred to as solvents in this manuscript. This was done because
there was a nearly complete overlap in the exposed parents and because
the chemical agents in paint chemicals that are of greatest concern are
principally solvents (Centre for Industry Education Collaboration, 2016;
Park et al., 2016). For analysis combining mothers’ and fathers’ expo-
sures, their respective cumulative exposures were summed together.

To facilitate interpretation of the multivariate results for multiple
outcomes measured on different scales, in the presentation of results we
have converted the beta coefficients that represent change in outcome
for a one unit increase in cumulative exposure to a) the change in scores
on the individual scales, and b) the change in units of one standard
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Table 1
Characteristics of children with ASD and their parents.
Sample (N Weighted
= 532) %
Or Mean
(SE)*
Children Sex
Male 452 86.2 %
Female 80 13.8 %
Race/ethnicity
White, non-Hispanic 268 45.9 %
African American, non-Hispanic 14 25%
Hispanic (any) 145 32.1%
Other” 105 19.5 %
Gestational age 524 39.1(0.1)
Duration of breast feeding (month) 527 7.5 (0.4)
ASD Severity Score” 532 7.4 (0.1)
Mothers Age at delivery 532 30.4 (0.3)
Ethnicity/Race
White, non-Hispanic 318 56.1
African American, non-Hispanic 19 3.9
Hispanic (any) 125 28.0
Other” 70 12.1
Educational level
High school/GED" or less 74 18.7
Some college 214 48.8
Bachelor’s degree 165 22.8
Graduate or professional 79 9.8
Smoking before or during pregnancy
Yes 72 17.7
No 449 82.3
Alcohol consumption during 3
months before pregnancy through
delivery
0-8 drinks/month 290 58.4
8+ drinks/month 227 41.6
Birthplace
USA 407 74.6
Mexico 39 10.7
Outside of USA and Mexico 86 14.8
Fathers Age at delivery 519 33.2(0.3)
Ethnicity/Race
White, non-Hispanic 333 58.1
African American, non-Hispanic 25 5.5
Hispanic (any) 110 25.7
Other” 64 10.8
Educational level
High school/GED" or less 118 27.7
Some College 161 32.9
Bachelor’s degree 156 25.8
Graduate or professional 95 13.6
Mothers/ Total years of education 532 28.3(0.2)
Fathers
Mean of mother’s age and father’s 532 31.7 (0.3)
age
Regional Center
Alta, far Northern, and Redwood 201 36.9
Coast
North Bay 71 12.9
East Bay, San Andreas, and Golden 85 14.3
Gate
Valley Mt, Central Valley, and Kern 92 20.1
All Los Angeles RCs plus Orange, 83 15.8

San Diego, Tricounties, and Inland

# SE = standard error.

b Other = American Indian/Alaska Native, Asian, Pacific Islander/Hawaiian
Native, or multi-racial.

¢ ASD Severity score was calculated using ADOS-2.

4 General Educational Development.

deviation (SD) for that scale.
3. Results

Most of the children were male (86.2 %) and either white, non-
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Hispanic (45.9 %) or Hispanic (32.1 %; Table 1). The overall mean
ASD severity score was 7.4 + 0.1 (range 4-10). On average, the mothers
were 30 years old at the time of the birth of the study child, most were
white, non-Hispanic (56.1 %) or Hispanic (28.0 %), nearly half had some
college education (48.8 %), over four-fifths were non-smokers, and three
quarters were born in the USA. Similarly, the fathers were, on average,
33 years old when the study child was born, most were white, non-
Hispanic (58.1 %) or Hispanic (25.7 %), and about a third had some
college education.

3.1. Mean cumulative chemical exposure for mothers, fathers, and mother
or father

Table 2 shows descriptive statistics, specifically the mean cumulative
exposure of each chemical for mothers, fathers, and mothers or fathers
combined. The highest mean cumulative chemical exposure for the
mothers’ or fathers’ combined data and the mothers alone were phar-
maceuticals/medicine at 8.85 + 0.99 and 8.67 + 0.80, respectively. For
fathers, the highest cumulative chemical exposure was anesthetic gas
(9.39 + 0.87), followed closely by pharmaceuticals/medicine (9.14 +
1.01).

3.2. Mean child ASD severity score by mother, father, and mother or
father combined occupational exposures

Table 2 also presents the mean child ASD severity score for each
chemical exposure reported by the mothers, fathers, and both mothers
or fathers. Examining mothers alone, child mean ASD severity scores
were highest for mothers’ exposed to phenol (7.48 + 1.52) and ethylene
oxide (7.35 £ 1.53), and lowest for anesthetic gases (6.81 + 1.64). In
fathers alone, the mean ASD severity score was highest for automobile/
mechanic fluid exposure (7.68 + 1.54), and among mothers or fathers
combined (7.77 + 1.52; Table 2), while the second highest severity
score analyzing fathers’ exposure alone was phenols (7.67 + 1.84). The
mean ASD severity scores in analyses of fathers alone were lowest for
pesticides and cutting/machining fluids exposure (7.00 + 1.11 and 7.15
+ 1.33, respectively).

3.3. Association between mothers’, fathers’ and mother’ or fathers’
cumulative chemical exposures and child ASD severity scores

Complete results for beta coefficients, 95 % CI's and p-values are
found in Tables 3-5 for exposures of mothers, fathers and both parents
combined. In models adjusted for confounders, a one point increase in
the log. cumulative exposure is associated with a higher ASD severity
score as follows: mothers’ occupational exposure to phenol is equivalent
to an increase of 1.84 points on the CSS (range in this study population:
4-10), or 0.3 CSS SD (Tables 3 and 6); fathers’ occupational ethylene
oxide exposure (Tables 4 and 6) is equivalent to +1.25 CSS pts or 0.81
SD; and plastics/polymers equivalent to +0.83 CSS pts or 0.53 SD. As
occupational exposure to pharmaceuticals/medicine and phenols in
mothers or fathers combined increased, the ASD severity score rose,
which is equivalent to increases of, respectively, +0.46 CSS points or
+0.83 CSS SD and +1.28 CSS points or +0.83 CSS SD (Tables 5 and 6).

3.4. Parental occupational exposures and ABC scores in children with
ASD

The ABC has five subscales. Complete results for beta coefficients, 95
% CI's and p-values are found in Fig. 1 and the Supplementary
Tables 1-3. Significant findings (not including borderline ones) are
presented in Table 6 in which beta coefficients are converted to outcome
changes in raw scores and in SDs, per one unit log. cumulative exposure
increase; these final results are described below.

Greater irritability was significantly associated with automobile/
mechanic fluids when fathers were exposed, with half an SD increase,
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Table 2

Mothers’, fathers’, and mothers’ or fathers’ combined mean cumulative chemical exposure and child mean ASD severity score by mothers’, fathers’, and mothers’ or

fathers’ combined occupational exposure.
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Mothers Fathers Mother or Father
N Cumulative ASD Severity N Cumulative ASD Severity N Cumulative ASD Severity
Chemical Exposure® Score” Chemical Exposure® Score” Chemical Exposure” Score
Chemicals Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Anesthetic Gas 16 7.23 (1.22) 6.81 (1.64) <8¢ - - 22 7.81 (1.48) 6.86 (1.75)
Asphalt - - <8t - - <8t - -
Automobile/Mechanic <8 - - 40 8.44 (1.10) 7.68 (1.54) 44 8.40 (1.09) 7.77 (1.52)
Fluids
Cutting/Machining <8! - - 41 8.67 (0.99) 7.15 (1.33) 42 8.65 (0.99) 7.17 (1.32)
Fluids
Disinfectants 135 7.85 (1.12) 7.23 (1.64) 209 8.28 (0.91) 7.28 (1.54) 289 8.28 (1.01) 7.25 (1.56)
Ethylene Oxide 43 7.33 (0.67) 7.35 (1.53) 19 7.48 (0.80) 7.32(1.73) 56 7.45 (0.75) 7.30 (1.61)
Metals 17 7.80 (0.89) 7.06 (1.30) 156 8.46 (0.93) 7.24 (1.56) 172 8.40 (0.95) 7.22 (1.54)
PCBs <8t - - <8t - - <! - -
Perchlorates <8¢ - - <8t - - <8l - -
Pesticides <8t - - 14 8.10 (1.19) 7.00 (1.11) 19 7.94 (1.23) 7.32 (1.29)
Pharmaceuticals/ 38 8.67 (0.80) 7.21 (1.45) 20 9.14 (1.01) 7.45 (1.67) 52 8.85 (0.99) 7.27 (1.57)
Medicine
Phenol 31 7.22 (0.57) 7.48 (1.52) 15 7.38 (0.89) 7.67 (1.84) 42 7.32 (0.76) 7.48 (1.64)
Plastics/Polymers <8t - - 20 8.74 (1.08) 7.35 (1.63) 24 8.78 (1.01) 7.25 (1.59)
Radiation 30 7.40 (0.78) 7.10 (1.63) <8¢ - - 35 7.66 (0.98) 7.14 (1.68)
Solvents® 104 7.63 (1.18) 7.32 (1.63) 233 8.56 (1.08) 7.26 (1.57) 286 8.49 (1.16) 7.25 (1.58)
Any chemical 146 8.69 (1.33) 7.25 (1.62) 251 9.52 (1.09) 7.29 (1.58) 319 9.51 (1.16) 7.28 (1.58)
exposure
No chemical exposure 386 n/a 7.47 (1.52) 281 n/a 7.52 (1.51) 213 n/a 7.60 (1.48)

 Logarithm (base €) of the cumulative chemical exposure score is shown.
b ASD severity (CSS) score calculated using ADOS-2.

¢ SD = standard deviation.

4 Due to small sample size, beta coefficients could not be calculated.

¢ Solvents consists of paint chemicals and solvents/degreasers.

and also when mothers and fathers were both exposed. Irritability was
also increased significantly with exposures to pharmaceuticals from
both parents. In contrast, irritability was reduced in association with
mothers’ exposure to anesthetic gases and metals, with fathers’ expo-
sures to pesticides (—1.09 SD) and phenols, and with both parents’ ex-
posures to metals.

Social withdrawal increased with exposures to plastics/polymers by
fathers alone and by both parents (+0.5 SD); but decreased with
mothers’ anesthetic gas exposure and fathers’ pesticide exposure.

Stereotypies increased with fathers’ exposure to metals (by +0.2 SD),
and by phenols, and plastics/polymers (both by +0.7 SD), and with both
parents’ exposures to metals, and plastics/polymers. Stereotypy was
lessened by fathers’ exposures to pesticides and pharmaceuticals.

Hyperactivity was strongly associated with occupational exposures
to pharmaceuticals/medicine resulting in a full +1.0 SD increase from
mothers; and +0.5 from these same exposures when mother and father
were both exposed (Fig. 1; Table 6; Supplementary Tables 1 and 3).
Additionally, hyperactivity was increased with exposure of fathers only
to phenols (0.8 SD) and to automobile/mechanic fluids (+0.4 SD), or
both parents’ workplace exposures to pharmaceuticals (+0.5 SD),
automobile/mechanic fluids (+0.5 SD), anesthetic gases, and ethylene
oxide (+0.6 SD) (Table 6. Supplementary Tables 2 and 3). Oddly, fa-
thers’ exposure alone to ethylene oxide was associated with reduced
hyperactivity of —1.6 SD, and pesticides, with reduced hyperactivity of
—0.5 SD.

Lastly, inappropriate speech, a short subscale of only 4 items, was not
increased by any of the exposures examined, but was decreased by:
mothers’ exposure to anesthetic gas, metals, and radiation exposure;
fathers’ ethylene oxide, pesticide exposure; and both parents’ solvent
exposure.

3.5. Occupational Exposures and MSEL scores in Children with ASD

The MSEL has four subscales and an overall composite score for

cognitive skills. Complete results for beta coefficients, 95 % CI’s and p-
values are found in Fig. 2 and in Supplementary Tables 1-3 for expo-
sures of mothers, fathers and both parents combined. Significant find-
ings (not including borderline ones) are presented in Table 6 as outcome
changes in T-scores and in SDs, per one unit exposure increase, which
are described below.

Lower scores indicate poorer cognitive skills. No chemical exposures
of mothers alone were associated with lower MSEL scores. Mothers’
pharmaceutical exposure was associated with improved cognitive
functioning in ASD children (Fig. 2, Supplementary Table 1) on both
expressive and receptive language measures, as well as the composite
score. In fathers alone, only exposure to phenols had any association
with improved skills, in this case, visual reception, by +25.7 points or
2.6 SD (Table 6). In contrast, two different exposures for fathers alo-
ne—anesthetic gases and ethylene oxide—were significantly associated
with poorer expressive language skills, with the largest decrease from
the latter: 10.7 points, equivalent to 1.1 SD.

However, the strongest and most consistent deficits in cognition
were with fathers’ occupational exposures to plastics/polymers, which
were associated with significantly reduced skills on all four subscales of
the MSEL in children with ASD. These significantly poorer skills were
observed for: expressive language by —13.5 points or —1.35 SD; recep-
tive language, visual reception, and fine motor by —9.9 to —11.9 points
or —0.99 to —1.19 SD. Additionally, the composite scores of children
whose fathers had higher cumulative exposures to plastics/polymers
were lower by —11.7 points or —0.78 SD of this overall outcome. These
findings were similarly reflected in the analysis of combined exposures
to plastics/polymers of both parents, which demonstrated robust, highly
significant associations with the MSEL composite score and all four
subscales. Scores were reduced by —9.5to —13.4 points or —0.73 to
—1.33 SD.

No other exposures were associated with either reduced or increased
scores on the MSEL. A total of 12 significant associations were observed
between occupational exposures and reduced MSEL scores representing
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Table 3
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Results of weighted* linear regression models predicting the change in autism severity score for a 1-unit increase in the loge, cumulative exposure for each occu-

pational chemical exposure to mothers.

Chemicals Unadjusted Model Adjusted Model”
N =523 Beta (95 % C.I.)" p-value Beta (95 % C.1.)° p-value

Anesthetic Gas 16" —0.17 (-0.67, 0.32) 0.46 —0.20 (—1.26, 0.86) 0.69
Asphalt <! - - - -
Automobile/Mechanic Fluids <gd - - - -
Cutting/Machining Fluids <8 - - - -
Disinfectants & Cleaners 135 0.08 (—0.25, 0.41) 0.62 0.18 (—0.09, 0.45) 0.19
Ethylene Oxide 43 —0.12 (—0.86, 0.62) 0.75 0.16 (—0.73, 1.05) 0.72
Metals 17 —0.34 (-0.91, 0.23) 0.21 —0.64 (—1.83, 0.55) 0.26
PCBs <8 - - - -
Perchlorates <! - - - -
Pesticides <8 - - - -
Pharmaceuticals/Medicine 38 0.38 (—0.40, 1.16) 0.32 0.43 (-0.16, 1.02) 0.15
Phenol 31 0.74 (-0.10, 1.57) 0.08 1.05 (0.26, 1.84) 0.01
Plastics/Polymers <8¢ - - - -
Radiation 30 0.13 (—0.43, 0.70) 0.63 —0.16 (—0.97, 0.65) 0.69
Solvents® 104 —0.09 (-0.39, 0.21) 0.57 —0.05 (—0.33, 0.22) 0.70

*Weights were used to adjust for selection bias by sociodemographic factors.
@ ASD severity score calculated using ADOS-2.

Y The regression model was adjusted for mother’s age at time of delivery (years), mother’s smoking, length of breastfeeding, total years of education, and regional

center.
¢ C.I - confidence interval.
4 Due to small sample size, beta coefficients could not be calculated.
¢ Solvents consists of paint chemicals and solvents/degreasers.

impaired cognitive skills, while 4 significant associations were observed
with increased scores.

3.6. Parent occupational exposures and VABS

The VABS has four subscales and an overall composite score for
adaptive skills. Complete results for beta coefficients, 95 % CI's and p-
values are found in Fig. 3 and in Supplementary Tables 1-3 for expo-
sures of mothers, fathers and both parents combined. Significant find-
ings (not including borderline ones) are presented in Table 6 as outcome
changes in T-scores and in SDs and are described below.

Lower scores indicate poorer adaptive skills. In mothers, anesthetic
gas was associated with poorer communication skills by —4.1 points or

Table 4

0.41 SD, whereas disinfectant exposure was associated with fewer daily
living skills in children with ASD (Fig. 3; Supplementary Table 1). In
fathers, exposure to cutting/machining fluids was associated with the
child having reduced VABS composite scores (by —7.2 pts or —0.48 SD);
and both daily living skills and motor skills (respectively, by —6.7 and
—6.8 pts or —0.67 and —0.68 SD), and motor skills. Results for metal
exposure also showed reduced scores on the VABS daily living subscale
(by —3.02 or —0.30 SD). Some of the strongest and the most consistent
associations with VABS were from fathers’ occupational exposures to
plastics/polymers. These exposures were linked to declines in the VABS
composite and three subscales: composite (by —6.2 pts or —0.41 SD);
communication skills (by —9.9 points or —0.99 SD); socialization and
motor skills (Fig. 3; Table 6; Supplementary Table 2).

Results of weighted* linear regression models predicting the change in autism severity score for a 1-unit increase in the log.) cumulative exposure for each occu-

pational chemical exposure to fathers.

Chemicals Unadjusted Model Adjusted Model”
Sample (n = 523) Beta (95 % C.1.)¢ p-value Beta (95 % C.I.)“ p-value

Anesthetic Gas <8 - - - -
Asphalt <8 - - - -
Automobile/Mechanic Fluids 40" —0.09 (—0.56, 0.37) 0.69 —0.21 (-0.71, 0.30) 0.42
Cutting/Machining Fluids 41 0.14 (-0.17, 0.44) 0.37 0.19 (—0.18, 0.56) 0.29
Disinfectants/Cleaners 209 0.22 (—0.018, 0.45) 0.07 0.17 (—0.08, 0.42) 0.17
Ethylene Oxide 19 0.77 (—0.054, 1.59) 0.06 1.00 (0.21, 1.78) 0.02
Metals 156 0.18 (—0.068, 0.43) 0.14 0.18 (—0.09, 0.46) 0.19
PCBs <8¢ - - - -
Perchlorates <8 - - - -
Pesticides 14 —0.004 (—0.78, 0.77) 0.99 —0.60 (—1.47, 0.26) 0.15
Pharmaceuticals/Medicine 20 —0.08 (-1.13, 0.97) 0.87 —0.11 (-0.47 0.26) 0.55
Phenol 15 0.74 (—-0.46, 1.94) 0.20 0.94 (-0.12, 2.0) 0.08
Plastics/Polymers 20 0.31 (—0.27, 0.88) 0.27 0.89 (0.13, 1.64) 0.02
Radiation <8¢ - - - -
Solvents® 233 0.13 (-0.07, 0.33) 0.19 0.17 (—0.04, 0.37) 0.11

*Weights were used to adjust for selection bias by sociodemographic factors.
@ ASD severity score calculated using ADOS-2.

b The regression model was adjusted for father’s age at delivery (years), father’s race/ethnicity, gestational length (weeks), breastfeeding, total years of education,

and regional center.
¢ C.I - confidence interval.
4 Due to small sample size, beta coefficients could not be calculated.
¢ Solvents consists of paint chemicals and solvents/degreasers.
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Table 5

Results of weighted* linear regression models predicting the change in autism
severity score for a 1-unit increase in the loge) cumulative exposure for each
occupational chemical exposure to mothers or fathers.

Chemicals Unadjusted Model Adjusted Model”
Sample Beta(95%  p- Beta(95%  p-
(n=523) CIL)" value C.L)* value
Anesthetic Gas 22" —0.06 0.79 0.04 0.89
(—0.50, (—0.60,
0.39) 0.69)
Asphalts <8 - - - -
Automobile/ 44 —0.18 0.36 —0.05 0.82
Mechanic Fluids (-59, (-0.51,
0.22) 0.41)
Cutting/Machining 42 0.11 0.47 0.21 0.18
Fluids (—0.20, (-0.10,
0.42) 0.51)
Disinfectants/ 289 0.20 0.08 0.20 0.06
Cleaners (—0.03, (-0.01,
0.42) 0.42)
Ethylene Oxide 56 0.13 0.75 0.46 0.17
(-0.68, (-0.21,
0.93) 1.13)
Metals 172 0.14 0.20 0.14 0.24
(-0.08, (-o0.10,
0.37) 0.39)
PCBs <g¢ - - - -
Perchlorates <8 - - - -
Pesticides 19 —0.46 0.13 —-0.45 0.07
(-1.08, (-0.93,
0.16) 0.03)
Pharmaceuticals/ 52 0.20 0.42 0.46 (0.02, 0.04
Medicine (—0.30, 0.91)
0.70)
Phenol 42 0.78 (0.08,  0.03 0.97 (0.47,  0.0004
1.48) 1.47)
Plastics/Polymers 24 0.21 0.50 0.37 0.12
(-0.43, (-0.10,
0.84) 0.85)
Radiation 35 0.08 0.78 0.03 0.93
(-0.47, (-0.70,
0.63) 0.76)
Solvents® 286 0.10 0.26 0.09 0.32
(-0.07, (-0.08,
0.26) 0.26)

*Weights were used to adjust for selection bias by sociodemographic factors.

# ASD severity score calculated using ADOS-2.

b The regression model was adjusted for mean age of mother and father at
delivery (years), total years of education, mother’s smoking, length of breast-
feeding, and regional center.

¢ C.I. - confidence interval.

4 Due to small sample size, beta coefficients could not be calculated.

¢ Solvents consists of paint chemicals and solvents/degreasers.

These associations remained significant when mothers’ or fathers’
combined exposures to plastics/polymers were evaluated, showing
similar, significant reductions in the composite score and the commu-
nications subscale (Supplementary Table 3). In analyses of the combined
parents’ exposures, ethylene oxide also stood out, being associated with
decrements in the VABS communication and daily living skills, as did
cutting/machine fluids with associated decreases in daily living skills
and motor skills. Additionally, anesthetic gas, metals, and radiation
exposure were each associated with a reduced score in at least one VABS
subscale. Associations in the direction opposite to our hypotheses were
observed as single subscales with pesticides, pharmaceuticals, phenols,
and radiation.

Automobile/mechanic fluids and solvents were the two categories of
exposures having no associations, either positive or negative, with the
VABS. A total of 19 significant associations were observed between
occupational exposures and reduced adaptive scores on the VABS,
whereas only 4 significant associations were observed with increased
scores.
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4. Discussion

Previously, we found that children with an ASD diagnosis were more
likely to have been exposed prenatally to solvents than those with
typical development (McCanlies et al., 2019). In this study, we found
that the outcomes of ASD severity and co-occurring behaviors as well as
cognitive and adaptive skills in children were also associated with
several parental occupational exposures. Parental occupational expo-
sures were not necessarily associated with both ASD severity and
developmental skills, for example, mothers’ exposure to disinfectants
was associated with lower daily living skills (VABS), but ASD severity
was only marginally associated with disinfectants in the combined
mother or father sample. However, some exposures, including ethylene
oxide, plastics/polymers, and pharmaceuticals/medicines were associ-
ated with both ASD severity and ASD behaviors.

Some worksites may expose employees to multiple exposures (Rim,
2017). For example, ethylene oxide, pharmaceuticals/medicine, phenol,
radiation, solvents, and disinfectants are often found in hospital settings.
Similarly, solvents and metal exposure may co-occur in individuals who
work with automobile fluids and/or cutting/machining fluids. Addi-
tionally, several exposures examined in this study may be experienced in
varied occupational settings. Factory workers, farm workers, or hospital
workers can all be exposed to ethylene oxide and solvents (National
Institute for Occupational Safety and Health [NIOSH], 1981). Occupa-
tional exposure to many of these agents is associated with poor repro-
ductive outcomes such as still birth, miscarriage, tubal pregnancy, and
congenital malformation, and have previously been shown to be asso-
ciated with both cognitive deficits and ASD (Connor et al., 2014;
Scheftel et al., 2017; National Institute for Occupational Safety and
Health, 1981; Ornoy et al., 2015).

Below, we highlight the salient findings of our analyses of occupa-
tional exposures and their associations with autism severity, behavioral
scales from the ABC, cognition based on the MSEL and adaptive skills
obtained from the VABS. We additionally compare our findings with the
extant literature and elaborate on potential mechanistic pathways that
might link these workplace exposures with the outcomes of interest.

Plastics/polymers stood out in this study as being associated with:
poorer scores on all four subscales and the composite of the cognitive
domain for fathers’ alone and the combined exposure from both parents;
three of the four adaptive skills subscales along with the composite; as
well as three of the five aberrant behavior scales, including social
withdrawal, stereotypy and hyperactivity. Plastics and polymers are
composed of several different types of chemicals including phthalates,
polyethylene, acrylics, tetrafluoro ethylene, polyvinyl chloride, and
polychlorinated biphenyl (PCB) (Crinnion, 2010). These chemicals and
micro/nano plastics can cross the placental and the blood brain barrier
(Engdahl et al., 2021; Du et al., 2024) and have neurotoxic effects
through different mechanisms including endocrine disruption, alter-
ations in gene expression involved in neurodevelopment and synaptic
plasticity, oxidative stress, and inflammation (Lauby et al., 2024; Welch
and Mulligan, 2022; Fishburn et al., 2024; Almeida-Toledano et al.,
2024; Liu et al., 2023; Liu et al., 2024). Consistent with our results,
research has found that in children, these neurotoxic effects can result in
synaptic defects, delayed language, altered exploratory behaviors, def-
icits in learning and memory, reduced social interaction,
attention-deficit/hyperactivity disorder (ADHD), and ASD (Welch and
Mulligan, 2022; Fishburn et al., 2024; Almeida-Toledano et al., 2024;
Liu et al., 2023; Liu et al., 2024; Xia et al., 2025; Hlisnikova et al., 2020;
Bakoyiannis et al., 2021). For example, polycarbonate plastics, bisphe-
nol A (BPA), and more generally, a large number of additives that go into
plastic products, including phthalates, and chlorinated, brominated and
generally halogenated compounds, as well as the micro/nano plastic
particles proper, are associated with abnormal development of the em-
bryo or fetus, and many have be associated with sequelae of neuro-
developmental abnormalities and behavior disorders such as learning
deficits, ADHD, and ASD. Additionally, phthalates can modify the



Table 6
Magnitude of change in outcome for a 1 SD (Standard Deviation)* increase “n log() cumulative exposure for all significant associations (p < 0.05). Grey background indicates that the direction of the effect is opposite to the
study hypothesis (i.e., improved outcome for higher exposure).

Exposure

Change in Outcome for a 1 SD Increase in Exposure”

Beta

Behavioral Scores

Higher Scores = Worse Behavior
(Lower Scores = Improvement, shaded)

Beta

Developmental Skills (Cognitive & Adaptive)
Lower Scores = Poorer Skills (Higher Scores = Improvement, shaded)

Chemical or Source Parent’ Mean (SD) of loge) 1 unit change Slope for CSS or Change in ASD Calibrated ~ABC subscales® range (SD) Slope for MSEL “MSEL “VABs
of Exposure Mo, cum. exposure converted ABC scale Severity Scale (CSS) among Irritability: 0 to 45 (8.5) or VABS Composite SD = 15, Composite: SD = 15
Fa, M/F to exp-osure SD’s” ASD: on scale from 4 to 10, Social Withdrawal: Subscale SD = 10: Subscale SD = 10
SD =1.55 0to 48 (7.7) Expressive Language Communications
Stereotypy: O to 21 (4.4) Receptive Language Daily Living Skills
Hyperactivity: 0 to 48 (10.6) Visual Perception Socialization
Inappropriate Speech: Fine Motor Motor
Oto11(2.9)
Anesthetic gases Mo 7.23 (1.22) 0.82 —3.53 Irrit = —4.28 pts, —0.50 SD —-4.99 Express = -3.5 pts, or -0.35 SD  Comms = —4.1 pts or —0.41 SD
M/F 7.81 (1.48) 0.68 —-1.64 Withdr = —1.34 pts, —0.17 SD  —5.14 Comms = —2.25 pts or —0.23 SD
-1.69 InSpee = —1.39 pts, —0.48 SD  —3.31
+1.64 Hyper = +1.12 pts, +0.11 SD
Automobile/Mechanic Fa 8.44 (1.10) 0.91 4.80 Irrit = +4.36 pts, +0.51 SD
fluids M/F 8.40 (1.09) 0.92 4.30 Hyper = +3.91 pts, +0.37 SD
3.47 Irrit = +3.19 pts, +0.38 SD
5.97 Hyper = +5.49 pts, +0.52 SD
Cutting, machine Fa 8.67 (0.99) 1.01 -7.16 Composite = —7.23 pts, —0.48 SD
fluids M/F 8.65 (0.99) 1.01 —6.58 Daily = —6.65 pts or —0.67 SD
—6.77 Motor = —6.84 pts or —0.68 SD
—4.98 Daily = —4.93 pts, —0.49 SD
—4.46 Motor = —4.42 pts, —0.44 SD
Disinfectants Mo 7.85 (1.12) 0.89 -3.13 Daily = —2.79 pts or —0.28 SD
Ethylene oxide Fa 7.48 (0.80) 1.25 +1.00 = +1.25 pts, = 0.81 SD Hyper = -17.33 pts, -1.63 SD —8.55 Express = 10.7 pts, 1.1 SD Composite = —6.97 pt, —0.46 SD
M/F 7.45 (0.75) 1.33 —13.86 Inspee = -8.43 pts, -2.91 SD —5.24 Comms = —6.17 pts, —0.62 SD
-6.73 Hyper = +6.43 pts, +0.61SD  —4.64 Daily = —5.32 pts, —0.53 SD
+5.14 —4.00
Metals Mo 7.80 (0.89) 1.12 —8.10 Irrit = —9.07 pts, —1.07 SD —2.81 Daily = —3.02 pts or —0.30 SD
Fa 8.46 (0.93 1.08 —-2.55 InSpee = —2.86 pts, —0.98 SD  —2.19 Daily = —2.30 pts or —0.23 SD
M/F 8.40 (0.95) 1.05 +0.91 Stereo = +0.98 pts, +0.22 SD
—1.58 Irrit = —1.66 pts, —0.20 SD
+0.77 Stereo = +0.81 pts, 0.18 SD
Pesticides Fa 8.10 (1.19) 0.84 —11.06 Irrit = —9.29 pts, —1.09 SD +11.11 Socializ = +9.33 pts, +0.93 SD
—8.80 Withdr = —7.39 pts, —0.96 SD
—5.50 Stereo = —4.62 pts, —1.05 SD
—10.78 Hyper = —9.06 pts, —0.46 SD
-3.23 InSpee = —2.71 pts, —0.94 SD
Pharmaceut-ical Mo 8.67 (0.80) 1.25 +8.53 = +0.46 pts, = 0.83 SD Hyper = +10.7 pts, +1.01 SD +7.83 Compos = +9.78 pts, 0.65 SD  Daily = +6.63 pts, +0.66 SD
Fa 9.14 (1.01) 0.99 -8.30 Stereo = —8.22 pts, = —1.87 SD +9.72 Express = +12.15 pts, 1.2 SD
M/F 8.85 (0.99) 1.01 +0.46 Irrit = +2.42 pts, +0.28 SD +11.36 Recept = +14.2 pts, 1.4 SD
+2.40 Hyper = +5.37 pts, +0.51 SD  +6.70
+5.32

(continued on next page)
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Table 6 (continued)

Exposure Change in Outcome for a 1 SD Increase in Exposure"
Beta Behavioral Scores Beta Developmental Skills (Cognitive & Adaptive)
Higher Scores = Worse Behavior Lower Scores = Poorer Skills (Higher Scores = Improvement, shaded)
(Lower Scores = Improvement, shaded)
Phenols Mo 7.22 (0.57) 1.75 +1.05 = +1.84 pts, = 0.30 SD Irrit = —6.23 pts, —0.73 SD +22.98 Visual Rec = +25.7, or 2.6 SD
Fa 7.38 (0.89) 1.12 —5.56 = +1.28 pts, = 0.83 SD Stereo = +2.93 pts, +0.67 SD  +16.00 Daily = +17.9 pts, +1.79 SD
M/F 7.32(0.76) 1.32 +2.62 Hyper = +8.02 pts, +0.76 SD
+7.16
Plastics/polymers Fa 8.74 (1.08) 0.93 +0.89 = +0.83 pts, = 0.53 SD Withdr = +3.58 pts, +0.47 SD  —12.62 Compos = —11.7 pts, —0.78 SD Composite = —6.16 pts, —0.41 SD
M/F 8.78 (1.01) 0.99 +3.85 Stereo = +3.11 pts, +0.71 SD —14.54 Express = —13.5 pts, —1.35 SD Comms = —9.85 pts, —0.99 SD
+3.34 Withdr = +4.14 pts, +0.54 SD —12.77 Recept = —11.9 pts, —1.19 SD  Socializ = —4.69 pts, —0.47 SD
+4.18 Stereo = +3.01 pts, +0.68 SD —12.58 Visual = -11.7 pts, —1.17 SD Motor = —7.61 pts, —0.76 SD
+3.04 Hyper = +3.76 pts, +0.35 SD —10.60 F Motor = —9.86 pts, 0.99 SD  Composite = —5.68 pts, —0.38 SD
+3.80 —6.62 Compos = —11.0 pt, —0.73 SD Comms = —9.75 pts, —0.98 SD
—10.59 Express = —13.4 pts, —1.33 SD
—5.04 Recept = —11.04 pts, —1.10 SD
—8.18 Visual = —9.48 pts, —0.95 SD
—-11.12 F Motor = -10.42 pts, —1.04 SD
—13.52
-11.15
—9.58
—10.23
—5.74
—9.85
Radiation Mo 7.40 (0.78) 1.28 —-2.11 Inspee = —2.71 pts, = —1.75 SD
Solvents M/F 8.49 (1.16) 0.86 —0.42 Inspee = —0.50 pts, = —0.17 SD

Number of significant findings (p<0.05):

0 improved outcome 17 improved outcome
5 worse outcome 18 worse outcome

4 improved outcome 3 improved outcome
12 worse outcome 19 worse outcome

*Use of 1 S standardizes these calculations across the exposures, and allows comparison of the effect sizes across exposures.

2 One unit change in log(e) cumulative exposure converted to exposure SD’s.

b Beta X change in exposure SD = change in outcome per SD change of exposure.
¢ Abbreviations for ABC subscales: Irrit: irritability; Withdr: lethargy or withdrawal; Stereo: stereotypy; Hyper: hyperactivity; InSpee: inappropriate speech.

4 Abbreviations for the MSEL and subscales: Compos: composite; Express: expressive language; Recept: receptive language; Visual: visual reception; FMotor: fine motor.
¢ Abbreviations for the VABS and subscales: Compos: composite; Comms: communication; Daily: daily living skills; Socializ: socialization; Motor; motor skills.

f Mo = mother; Fa = father; M/F = mother or father.
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Fig. 1. Association between Mothers’, Fathers’, and Mothers’ or Fathers’ combined occupational exposures and scores on the Aberrant Behavior Checklist (ABC).
Each figure shows the p-coefficient with its corresponding 95 % confidence interval for each occupational exposure. Occupational exposures followed by an asterisk

are significant at a p < 0.05.

Mother’s Models were adjusted for Mother’s age at delivery, smoking, length of breast feeding, total years of education, and regional center. Father’s models were
adjusted for father’s age at delivery (years), child gestation age, father’s race/ethnicity, length of breast feeding, total years of education, and regional center. Models
for Mother or Father combined were adjusted for mean age of mother and father at delivery (years), length of breast feeding, total years of education, mother’s

smoking, and regional center.
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hypothalamic-pituitary-gonadal axis, as well as the thyroid and adrenal
axis, and can interfere with nuclear receptors in neural structures,
affecting neurodevelopment (Hlisnikova et al., 2020, 2021). Many of
these chemicals are found in a variety of occupational settings, including
automotive, PVC plastic manufacturers, food packaging, beauty care
products, and pharmaceuticals. They can also be found in everyday
products including flooring, medical devices, and personal-care prod-
ucts (Crinnion, 2010; Hauser and Calafat, 2005). Given not only the
consistency across domains but also the magnitude of the deficits
observed in the CHARGE/ReCHARGE cohort amounting to an approxi-
mate 1 or more SDs in the outcome per unit of exposure, further research
evaluating the effects of parental occupational exposure to plastic-
s/polymers on neurobehavioral and developmental outcomes in
offspring is warranted.

Besides plastics, metal exposure, cutting/machining fluids, and
automobile/mechanic fluids were associated with behavioral problems
or poorer adaptive development, including increased stereotypy and a
reduction in daily living and motor skills. Cutting/machining fluids and
its waste contain metal particles along with lubricants, biocides, cool-
ants, and corrosion inhibitors (Mirer, F.E, 2010). Automobile/mechanic
fluids can also be composed of multiple hazardous chemicals including
metals, volatile organic compounds (VOCs), paints, and solvents
(Bartlet, G., 2013). Our metal results are consistent with some studies
indicating that metal exposure is associated with higher scores on the
CARS and SRS, as well as increased irritability and stereotypy (Adams
et al., 2013; Lakshmi Priya and Geetha, 2011). Children with ASD have
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been found to have higher urinary levels of lead, thallium, tin, and
tungsten compared to controls, which was associated with more severe
ASD symptoms. Additionally, higher hair levels of metals including lead,
mercury, chromium and nickel in children with ASD were associated
with more severe ASD symptoms, including impaired verbal communi-
cation, higher CARS scores and difficulties with object use and auditory
response (Adams et al., 2013; Blaurock-Busch et al., 2011). However,
most of these studies of metals engaged small numbers of children
affected with ASD. ASD severity and deficits in developmental skills or
specific behaviors may result from the reduced ability to eliminate xe-
nobiotics, like metals, mitochondrial dysfunction, or oxidative stress
(Kalkbrenner et al., 2018; Rossignol et al., 2014).

Volatile organic compounds are a large group of chemicals that are
generally found in mixtures and include solvents, paints, lubricants, and
fuels. Previously we found that parental solvent exposure was associated
with ASD (McCanlies et al., 2012). Here we found that occupational
exposures (i.e. automobile/mechanic fluids, cutting/machining fluids)
potentially composed of VOCs may be associated with ASD behaviors
such as irritability, hyperactivity and poor expressive language.
Research on the association between VOCs, paints, and solvents is
mixed, showing both significant and null results, but trend toward a
positive association, which is further supported by the results shown
here (Kalkbrenner et al., 2014). VOCs can result in oxidative stress that
interferes with cell membrane integrity which can affect multiple organ
systems including the central nervous system potentially leading to the
results we’ve observed. Additionally, further research should aim to
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better understand the role of these chemicals in neurodevelopment and
ASD.

Disinfectants includes ethylene oxide gas, formaldehyde, alcohols
and phenolics (Anderson et al., 2019; National Institute for Occupa-
tional Safety and Health [NIOSH], 2019). In this study, ethylene oxide
and phenol were significantly related to ASD severity, poorer expressive
language (ethylene oxide, MSEL) and a lower degree of socialization
(VABS). Occupations such as healthcare workers, veterinarians, hospital
staff, or hotel housekeeping staff are at risk of disinfectant exposure. Our
findings are consistent with Windham et al. (2013) who observed that
parents of children with ASD were more likely to work in occupations
with potential disinfectant exposure, although they did not assess ASD
severity or behaviors. Disinfectants may trigger an immune response, or
act as an endocrine disruptor (Gonsioroski et al., 2020; Shane et al.,
2017). Several studies suggest that neuroinflammatory processes could
play a role in the development and severity of ASD (Bjgrklund et al.,
2018; Krakowiak et al., 2017). EDCs can affect endogenous hormones
that impact the developing nervous system and have been linked to ASD
(Mari-Bauset et al., 2018).

Phenol, a derivative of benzene is used in the automotive, con-
struction, appliance industry, and some personal care products (Barron
et al., 2002). It can be absorbed via oral, dermal, or inhalation routes
and has been detected in the general U.S. population including pregnant
women and children. Previously, we found that solvents in general were
linked to ASD (McCanlies et al., 2019), whereas this study indicates that
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phenol specifically may be linked to ASD severity, stereotypy, hyper-
activity, and had a borderline but strong association with a lower so-
cialization score. These results are consistent with research indicating
urinary phenol levels in children from the CHARGE study were linked to
an increased risk of ASD (Bennett et al., 2022), whereas these new re-
sults provide greater phenotypic specificity. Phenol’s potential role in
ASD may involve several mechanisms of action. As an EDC, phenol,
including triclosan and BPA, can interfere with thyroid hormones and
neurodevelopment signaling pathways (Mari-Bauset et al., 2018; Mus-
tieles et al., 2015). Additionally, these chemicals may suppress the in-
flammatory response, disrupting immune mechanisms that are
associated with ASD and ASD severity (Nowak et al., 2019; Bjgrklund
et al., 2018).

It is important to note that in a previous study, many of these
occupational exposures (e.g. pharmaceuticals, ethylene oxide, and
phenols) were not associated with ASD diagnosis (McCanlies et al.,
2019). However, in this study, we identified associations between these
exposures and ASD severity, deficits in cognitive or adaptive skills, or
co-occurring problem behaviors. Thus, we’ve observed specificity in
relationships between many occupational exposures and the outcomes
we measured: ASD severity and the continuous distribution of behav-
ioral symptoms, cognitive skills and adaptive function. In our previous
study, ASD risk was measured as a dichotomous variable, defined by the
presence of specific diagnostic symptoms. This distinction has allowed
us to focus on nuances in symptom expression that may not be reflected
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in a binary diagnosis, the latter requiring comparison with typical
development, a qualitatively different research question. A similar
pattern was observed with the association between ultrasound and ASD
risk versus ASD severity (Webb et al., 2017). More research is needed to
confirm and expand how workplace exposure impacts on child
functioning.

There are both strengths and limitations associated with this study.
The strengths include sampling frames that provided population-based
controls and a close proxy to population-based cases (the California
Department of Developmental Services client databases, supplemented
by clinic and other referrals). Clinical evaluations by psychometricians
with demonstrated research reliability on gold standard diagnostic in-
struments for both the ADI-R and ADOS-2, were used to determine a
final diagnosis of ASD (Hertz-Picciotto et al., 2006). Moreover, fre-
quency matching during recruitment along with systematic screening of
many risk factors for ASD and variables correlated with occupational
exposures during the preliminary analysis stage, and assignment of in-
verse probability weights were designed to reduce selection bias, mini-
mize confounding, maximize precision, and increase the generalizability
of the results. Finally, we ‘translated’ the model parameters into
recognizable outcome changes per unit of exposure. Specifically, final
results are presented as the increase or decrease, first, in points for each
scale/subscale score examined, and secondly, in units of population
standard deviations of the distributions for each neuro-
developmental/behavioral item or instrument (Table 6).
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A potential weakness of this study is that despite a relatively large
sample (n > 500) of ASD cases, it may still have been too small to see
associations with agents to which only a small number of the parents
were exposed. Obtaining accurate exposure data can also be chal-
lenging. In this study, we used IH-assessment based on the parents’ job
title, tasks, and responsibilities; a method that can be more accurate and
less affected by recall bias than having parents report workplace expo-
sures (Teschke et al., 2002). Nevertheless, there are several factors that
can affect the accuracy of the IHs’ estimate of workplace exposures
including access to accurate job information, the IHs familiarity with
specific jobs, potential solvent exposure within each job, and the use of
personal protective equipment. However, whereas IH generated expo-
sure is less sensitive, the specificity is generally more stable, resulting in
less misclassification bias and attenuation of odds ratios (Benke et al.,
2001). Misclassification bias is further reduced by using job tasks, re-
sponsibilities, and duties as was done in this study. Another potential
limitation is that there may be more errors in the father’s job histories
completed by the mothers as compared to those completed by the father.
These errors could have led to misclassification of exposure and
decreased the precision of the measures of association.

Some of the results suggested possible beneficial impact of expo-
sures. These were primarily found for specific behavioral concerns on
the ABC, for which 17 significant associations (at p < 0.05) showed
improved outcomes and 18 showed worsening of the behavior. In
contrast, among associations with cognitive skills, 4 indicated
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improvement and 12 demonstrated worsening of symptoms, and among
associations with adaptive functional level, 4 improved and 19 wors-
ened. Notably, the most well-powered analyses, which involved the
combined exposures of mothers or fathers, rarely identified improve-
ment: none for cognitive and none for adaptive skills; and two among
the ABC scales: solvents associated with less inappropriate speech, and
metals associated with decreased irritability, both of these amounting to
small SD changes of 1/5th or less. These aspects of the results—the high
ratios of associations with poorer skills vs. improvements for the MSEL
and VABS, as well as the scarce evidence for benefits in the more sta-
tistically powered models with combined exposure of mothers or
fathers—add to the credibility of evidence that parental workplace ex-
posures in the pre-pregnancy and pregnancy periods could be harming
the neurodevelopment of their children.

Lastly, although we did not use a panel of three or more IHs to assess
occupational exposure, using more than one, which was done in this
study, generally improves validity and reliability over a single IH
(Siemiatycki et al., 1997). Furthermore, the IHs in this study have over
70 years of combined experience. Overall, the IHs were in good agree-
ment 67 % of the time across all agents. Agreement increased to over 80
% for jobs with no exposures. Agreement varied when the IHs were
estimating exposures across all agents. For example, the pre-consensus
estimates of intensity and frequency of exposure to dis-
infectants/cleaners, metals, painting chemicals, pesticides, and solvents
were in good agreement (about 60 %). They were in moderate to poor
agreement (about 40 %-50 %) for agents such as ethylene oxide,
pharmaceuticals/medicines, phenol, and plastics/polymer chemicals.
Although consensus measures were used for this study, disagreement
may have resulted in nondifferential (given that IHs were blinded to
outcome data) misclassification for phenol, ethylene oxide, and disin-
fectants, pharmaceuticals/medicines - all found to be significant in this
study. Nondifferential misclassification more commonly results in bias
toward the null and may suggest that our results underestimate the true
effect, though bias away from the null cannot be precluded (Benke et al.,
2001).

5. Conclusion

The statistical analysis showed that ASD severity was most consis-
tently associated with increasing estimates of exposures during the index
period (three months prior to pregnancy until birth of the study child) to
phenols, ethylene oxide, and pharmaceuticals. These findings suggest
that each of these types of occupational exposures may play a role in
severe ASD phenotypes. Furthermore, occupational exposures to plas-
tics/polymers were consistently and significantly associated with poorer
cognitive scores, deficits in adaptive skills, lower composite measures of
both cognitive and adaptive functioning, and increases in several aber-
rant behaviors. With such robust findings, the evidence presented here
indicates broad neurodevelopmental impact from workplace plastics/
polymers. Additionally, five different occupational exposures were
associated with significantly increased scores for hyperactivity: auto-
mobile/mechanic fluids, anesthetic gas, ethylene oxide, pharmaceuti-
cals/medicine, and plastics/polymer chemicals, suggesting that this
behavior is sensitive to early life neurotoxic exposures. Ethylene oxide
was particularly associated with deficits in adaptive skills.

While all of these chemicals are of concern, we highlight plastics/
polymers and ethylene oxide as being associated with the broadest set of
outcomes. Nevertheless, future research could elucidate biologic
mechanisms for any and all of these workplace chemicals. Collectively,
these findings highlight the need to address exposure effects not just on
employees, but on their family members, specifically, warranting
attention among parents, future parents, and workplace management.
Occupational safety officers and regulatory agencies should consider
increasing awareness of these hazards and make clear recommendations
for implementing protective measures at the worksite to reduce expo-
sures. Given that these agents have been shown to be reproductive
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hazards and to interfere with neuronal migration (Mari-Bauset et al.,
2018; Mustieles et al., 2015), provoke an immune or inflammatory
response (Bjgrklund et al., 2018; Nowak et al., 2019), and function as
endocrine disruptors (Hlisnikova et al., 2021; Mari-Bauset et al., 2018;
Mustieles et al., 2015), all of which can influence brain development and
impact cognition, adaptive capacity and behaviors, implementation of
best practices and targeted interventions may be warranted in the
workplace. For example, to mitigate potential risks, individuals who
work in the automotive, paint manufacturing, construction, and appli-
ance industries, pharmacies, veterinary clinics, hospitals, factories, or
farms can exercise precaution by following recommended safety prac-
tices such as working in well-ventilated areas and wearing personal
protective equipment. It is also important to note that many of the sig-
nificant exposures identified occurred in fathers, an often-overlooked
group in reproductive epidemiologic research. Future research should
prioritize longitudinal studies investigating workplace environments
and specific exposures that affect both mothers and fathers that may be
associated with ASD and its severity or phenotypes. Lastly, research
evaluating biological mechanisms linking these occupational hazards
with neurodevelopmental disorders will be essential for confirming
plausibility of causation and developing effective intervention and
prevention methods.
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We have identified substantial print errors in Table 6 in the manu-
script named above. The errors are the result of some of the grey areas
not printing in the software, and the data being shifted across and within
the cells where there were intentional blanks in the row. This completely
shifted the data, so that the data representing outcomes are no longer
aligned with the correct corresponding exposure and/or parent. The
table describes the change in ASD outcomes for each 1 standard devia-
tion increase in exposure for each exposure for the mother, father, and
mother/father combined. Because the table only shows the significant
findings, as you read across the table some columns have blank spaces
because the outcome for those columns were not significantly associated
with the exposures, but outcomes in other columns of the same row,
were significantly associated with the exposures. The specific rows
within each ‘box’ are for which parent(s) had the exposures (see 2nd

DOI of original article: https://doi.org/10.1016/j.ijheh.2025.114613.
* Corresponding author. 3417 Laurel Ct, Morgantown, WV, 26508, USA.
E-mail address: Emac3417 @gmail.com (E.C. McCanlies).

https://doi.org/10.1016/j.ijheh.2026.114788

column within “Exposure”). To facilitate comprehension of the table, we
have split each of the exposure rows according to the parent exposures.
We believe that besides cleaning up/replacing the table with a correct
layout and introducing a color shading for results consistent with our
hypotheses, a more informative description of how to read the table is
apparently needed: the technical/formatting details are now provided in
the text (title) describing the Table; additionally we also include key
notes for a clear bulleted explanation of what this summary table pro-
vides that cannot be directly gleaned from any other table or figure.
The updated Table 6 is as follows.
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Table 6: All significant associations (p<0.05): magnitude of change in behavioral or developmental outcome for a 1 SD (Standard Deviation) increase in log() cumulative exposure.
Each row outlined by solid borders contains results for a specific exposure, and is subdivided by the parent(s) whose exposure was analyzed. The four major outcomes are in the
four columns, two under Behavioral Scores (the CSS and the ABC) and two under Developmental Skills (MSEL for cognitive and VABs for adaptive skills). The two shaded
headings describe how to interpret positive vs. negative slopes. Beta coefficients can be for either of the two outcomes that follow the Beta column (e.g., ethylene oxide has
significant—but different sized—associations with CSS and ABC). Blue shading indicates significant associations consistent with the study hypothesis: a worse outcome for higher
exposure. Shaded dashes in parent box (----) indicate mixed significant associations (both improved and worse outcomes). Blank boxes indicate no outcome was significantly
associated with that row’s exposure of any parent (e.g., for Cutting, machine fluids, neither paternal nor M/F exposures were significantly associated with either CSS or any ABC
subscale). Non-significant associations are not presented in this Table (e.g., the absence of a row for paternal exposures to anesthetic gases indicates no significant association of
paternal exposures to those gases, with any of the outcomes).

Change in Outcome for a 1 SD Increase in Exposure?
Beta:

Exposure chesj,La;r Behavioral Scores MSEL Developmental Skills (Cognitive & Adaptive)
ABC Higher Scores = Worse Behavior (shaded blue) or Lower Scores = Poorer Skills (shaded blue)
Lower Scores = Improvement (ro shading) VABS Higher Scores = Improvement (no shading)
Chemical or  Parent: Mean (SD) 1 unit  Slope for Change jn ASD  Change in ABC subscales? S1°P°  Change in MSEL® Change in VABS!
Source of Mo, Fa, of log(e) change  CSSor CSS (Calibrated i for Conbosits SD =155t Cotnoosits SD =15t
Exposue  AyRD  oum. converted ABC ('t asl r"11 o range (SD): MspL Boslie P ROStte o
Exposure %0 b everity Scale), Ipritability: 010 45 (8.5) o All subscales SD = 10 pt: All Subscales SD=10 pt:
exposure among children with ¢, ;o wishdrawal: VABS 5o Lang C icat
SD's® ASD: on scale form 4- T 01048(17 sub- Expressive Lommurni .
s 10, SD = 1.55 048 (1.7) Soalss Receptive Language Daily Living Skills
’ Stereo eotypy:  Oto 2] (44) Visual Perception Socialization
Hyperactivity: 0 to 48 (10.6) Fine Motor Motor
Inappropriate Speech: -
01011 (2.9)
Anesthetic Mo----  7.23(1.22) 0.82 -3.53 Irrit = -2.89 pts, -0.34 SD -4.99 Comm: =-4.1 pts or -0.41 SD
gases -1.64 .34 pts, -0.17 SD
-1.69 .39 pts, -0.48
MF 78T (1.48) 0.68 Tied Hyper=+1.12 pts, +0.11 SD 5.4 Express = -3.5 pts or -0.35 SD
-3.31 Comms = -2.25 pts or -0.23 SD
Automobile/  Fa 8.44 (1.10) 0.91 +4.80 Irrit =+4.36 pts, +0.51 SD
Mechanic +4.30 Hyper =+3.91 pts, +0.37 SD
fluids
M/F 8.40 (1.09) 0.92 +3.47 Irrit = +3.19 pts, +0.38 SD
+5.97 Hyper =+5.49 pts, +0.52 SD
Cutting, Fa 8.67 (0.99) 1.01 -7.16 Compos =-7.23 pts, -0.48 SD
machine fluids 6.58 Daily =-6.65 pts or -0.67 SD
-6.77 Motor = -6.84 pts or -0.68 SD
M/F 8.65 (0.99) 1.01 -4.98 Daily =-4.93 pts, -0.49 SD
-4.46 Motor = -4.42 pts, -0.44SD
Disinfectants Mo 7.85(1.12) 0.89 313 Daily =-2.79 pts or -0.28 SD
Parent Mean (SD) Change in Beta: Behavioral Scores Beta: Developmental Skills
Cum SD CSS or MSEL
Exposure ABC  Change in ASD severity ~Change in ABC scales or  Change in MSEL: Change in VABS:
scale (4-10) VABS  Composite SD=15 Composite SD=15
Subscales SD=10 Subscales SD=10
Ethylene oxide Fa--—  7.48(0.80) 125 +1.00 =+1.25 pts, =0.81 SD -8.55 Express=10.7 pts, 1.1 SD
-13.86 Hyper=-17.33 pts, -1.63 SD 5.24 Compos =-6.97 pt, -0.46 SD
6.73 Inspee = -8.43 pts, -2.91 SD
MF 745 (0.75) 133 514 Hyper = 1643 pts, +0.61 SD 464 Comms = 6.17 pts, -0.62 SD
-4.00 Daily = -5.32 pts, 0.53 SD
Metals Mo 7.80 (0.89) 1.12 -8.10 Irrit =-9.07 pts, -1.07 SD
-2.55 InSpee = -2.86 pts, -0.98 SD
Fa 8.46 (0.93) 1.08 +0.91 Stereo = +0.98 pts, +0.22 SD -2.81 Daily =-3.02 pts or -0.30 SD
M/F---- 8.40 (0.95) 1.05 -1.58 Irrit = -1.66 pts, -0.20 SD 2.19 Daily =-2.30 pts or -0.23 SD
+0.77 Stereo =+0.81 pts, 0.18 SD
Pesticides Fa 8.10 (1.19) 0.84 -11.06 Irrit =-9.29 pts, -1.09 SD +11.11 Socializ=+9.33 pts, +0.93 SD
-8.80 Withdr = -7.39 pts, -0.96 SD
-5.50 62 pts, -1.05 SD
-10.78 06 pts, -0.46 SD
-3.23 InSpee = -2.71 pts, -0.94 SD
Pharmaceutical Mo-—  8.67 (0.80) 125 7853 Hyper = +10.7 pts, 11,01 SD ¥7.83  Compos = 19.78 pts, 0.65 SD
+9.72  Express = +12.15 pts, 1.2 SD
Fa 9.14 (1.01) 0.99 830 Stereo = -8.33 pts, = -1.87 SD 1136 Recept = 1142 pts, 1.4 SD
M/F---- 8.85(0.99) 1.01 +0.46 =+0.46 pts, = 0.83 SD +6.70 Daily = +6.63 pts, +0.66 SD
+2.40 Irrit = +2.42 pts, +0.28 SD
4532 Hyper=+5.37 pts, +0.51 SD
Phenols Mo 7.22 (0.57) 175 +1.05 =+1.84 pts, = 0.30 SD
Fa--—--  7.38(0.89) 1.12 -5.56 Irrit =-6.23 pts, -0.73 SD +22.98  Visual =+25.7,+2.6 SD
+2.62 Stereo =+2.93 pts, +0.67 SD +16.00 Daily =+17.9 pts, +1.79 SD
+7.16 Hyper =+8.02 pts, +0.76 SD
ME 732 (0.76) 132 097 =¥1.28 pts, = 0.83 SD
Plastics / Fa 8.74 (1.08) 0.93 +0.89 =+0.83 pts, = 0.53 SD -12.62  Compos =-11.7 pts, -0.78 SD
polymers +3.85 Withdr = +3.58 pts, +0.47 SD -14.54  Express =-13.5 pts, -1.35 SD
+3.34 Stereo =+3.11 pts, +0.71 SD -12.77  Recept=-11.9 pts, -1.19 SD
-12.58  Visual =-11.7 pts, -1.17 SD
-10.60 F Motor = -9.86 pts, -0.99 SD
-6.62 Compos = -6.16 pts, -0.41 SD
-10.59 Comms = -9.85 pts, -0.99 SD
-5.04 Socializ = -4.69 pts, -0.47 SD
-8.18 Motor =-7.61 pts, -0.76 SD
M/F 8.78 (1.01) 0.99 +4.18 Withdr = +4.14 pts, +0.54 SD -11.12  Compos =-11.0 pts, -0.73 SD
+3.04 Stereo =+3.01 pts, +0.68 SD -13.52  Express=-13.4 pts, -1.33 SD
+3.80 Hyper =+3.76 pts, +0.35 SD -11.15  Recept=-11.0 pts, -1.10 SD
-9.58  Visual =-9.48 pts, -0.95 SD
-10.23  F Motor =-10.4 pts, -1.04 SD
574 Compos = -5.68 pts,
9.85 Comms =-9.75 pts,




E.C. McCanlies et al. International Journal of Hygiene and Environmental Health xxx (xxxx) xxx

Parent Mean (SD) Changein Beta: Behavioral Scores Beta: Developmental Skills
Cum SD CSSor “Change in ASD Change in ABC scales MSEL or “Change in MSEL: Change in VABS:
Exposure ABC severity scale (4-10) VABS Composite SD=15 Composite SD=15
Subscales SD=10 Subscales SD=10
Radiation Mo 7.40 (0.78) 1.28 -2.11 Inspee =-2.71 pts, = -1.75 SD
Solvents MF  849(1.16)  0.86 0.42 Tnspee = 0.50 pts, = - 0.17 SD

Summary of Findings:

Improved Outcome (contrary to hyptheses) vs. Worse O ( i with hypothesis):
0: improved outcome . g .
o - 17: improved outcome 4: improved outcome 3: improved outcome
Number of Significant Findings (p<0.05): SIAWOrEOUICOn Y 18: ch’rse outcome 12 woll)'se outcome 193 wnl:'se outcome.
Abbreviations:

2 Beta-X-change in exposure SD = change in outcome per SD change in exposure

b parent category: Mo = mother; Fa = father; M/F = mother or father combined = mother or father or both

¢ One unit change in log cumulative exposure converted to exposure SD’s; Use of 1 SD standardizes calculations across all exposures, allowing comparison of effect sizes across
exposures

4 ABC (Aberrant Behavior Checklist) subscales: Irrit (Irritability); Withdr (Withdrawal or lethargy); Stereo (stereotypy); Hyper (Hyperactivity); Inspee (Inappropriate speech)

¢ MSEL (Mullen Scales of Early Learning) subscale abbreviations: Compos (Composite); Express (Expressive language); Recept (Receptive language); Visual (Visual perception);
F Motor (Fine Motor)
fVABS (Vineland Adaptive Behavior Scales) abbreviations: Compos (Composite); Comms (Communications); Daily (Daily Living Skills); Social (Socialization); Motor (Motor)

Notes on Table 6
Synopsis of the take-aways:

1. For three of the four outcomes, the number of significant confirmatory findings of harm (our hypotheses) far outweighed the number of significant inverse
findings. As summarized numerically (bottom of Table 6): Autism severity, cognitive domains and adaptive skills all demonstrated a preponderance of adverse
associations, visually represented by the preponderance of results in blue shading for those three columns.

2. The exception was the ABC. Here there were approximately equal numbers of outcomes that were contrary to our hypothesized direction of associations,
compared with outcomes that confirmed our hypotheses.

3. Nevertheless, even on the ABC, some findings of adverse outcomes were largely consistent with our hypothesis: Hyperactivity—the most common of all
neurobehavioral outcomes in the U.S. population—increased in 8 parent exposure/outcome analyses, and decreased in two. Stereotypy similarly showed
increases in 5 versus decreases in two.

4.  Plastics and polymers stand out for being associated with the largest number of adverse outcomes, far more than any other class of exposures. This table
highlights that all four outcome domains had significant associations that were exclusively consistent with our hypotheses, a phenomenon not observed for
any other exposure. (Ethylene oxide has significant associations with all four developmental domains but also has significant inverse associations on ABC
subscales.)

5. In contrast, pesticides had no significant associations with adverse outcomes.

6. The number of significant findings for mothers’ exposures was lower than for fathers’ exposures, but the largest number were for M/F combined. Even so,
two exposures were exclusively significant with maternal exposures: Disinfectants and Radiation. Findings were similar for maternal Phenol exposures in
association with greater autism severity, though not with other outcomes. Additionally, although not represented in Table 6, Figure 3 shows the borderline
association of maternal Ethylene Oxide Exposure with Hyperactivity, which drove the significant finding for the M/F exposures to this sterilizing agent.

7. For many exposures/outcomes, fathers’ exposures were the main driver of the M/F findings: Automobile/ mechanic fluids in associations with ABC scales for
irritability and hyperactivity; Cutting/machine fluids for adaptive skills; Ethylene Oxide for adaptive skills; Phenols in relation to ABC scales for stereotypy
and hyperactivity; and Plastics/Polymers for all four sets of outcomes: autism severity (CSS), ABC scales, and multiple cognitive (MSEL) and adaptive
(VABS) skills.



	The effects of parental occupational exposures on autism spectrum disorder severity and skills in cognitive and adaptive do ...
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Demographic and lifestyle characteristics
	2.3 Diagnostic criteria
	2.4 ASD severity score
	2.5 Assessment of ASD behaviors and skills in cognitive and adaptive domains
	2.6 Workplace exposure assessment
	2.7 Ethics
	2.8 Statistical analyses

	3 Results
	3.1 Mean cumulative chemical exposure for mothers, fathers, and mother or father
	3.2 Mean child ASD severity score by mother, father, and mother or father combined occupational exposures
	3.3 Association between mothers’, fathers’ and mother’ or fathers’ cumulative chemical exposures and child ASD severity scores
	3.4 Parental occupational exposures and ABC scores in children with ASD
	3.5 Occupational Exposures and MSEL scores in Children with ASD
	3.6 Parent occupational exposures and VABS

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Niosh required statement
	Claudia Ma required statement
	Declaration of competing interest
	Appendix A Supplementary data
	References


