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Data indicate that the prevalence of autism spectrum disorder (ASD) may be increasing and that it varies geo-
graphically. We investigated associations between residential location and ASD in the children of Nurses’ Health
Study Il (United States) participants in order to generate hypotheses about social and environmental factors related
to etiology or diagnosis. Analyses included data on 13,507 children born during 1989—1999 (486 with ASD). We
explored relationships between ASD and residential location both at birth and at age 6 years (i.e., closer to average
age at diagnosis). Generalized additive models were used to predict ASD odds across the United States. Children
born in New England were 50% more likely to be diagnosed with ASD compared with children born elsewhere in
the United States. Patterns were not explained by geographic variation in maternal age, birth year, child’s sex, com-
munity income, or prenatal exposure to hazardous air pollutants, indicating that spatial variation is not attributable
to these factors. Using the residential address at age 6 years produced similar results; however, areas of signifi-
cantly decreased ASD odds were observed in the Southeast, where children were half as likely to have ASD.
These results may indicate that diagnostic factors are driving spatial patterns; however, we cannot rule out the pos-

sibility that other environmental factors are influencing distributions.

autism spectrum disorder; geographic variation; Nurses’ Health Study Il

Abbreviations: ASD, autism spectrum disorder; HAP, hazardous air pollutant; NHSII, Nurses’ Health Study II.

The prevalence of autism spectrum disorder (ASD) has in-
creased dramatically over the past 2 decades in the United States
and in other parts of the world (1). Changes in diagnosis (e.g.,
changes in diagnostic criteria (2), increases in ASD awareness
(2, 3), and availability of diagnostic resources (4, 5)) and exposure
to environmental contaminants (6—17) have been suggested as
contributors to increased prevalence, yet data on the association
between ASD and many of these factors remain sparse.

Investigating geographic patterns of ASD prevalence may help
identify diagnostic and environmental factors associated with
prevalence. A growing number of spatially based analyses have
used geographic variation in ASD to generate hypotheses about
drivers of prevalence at local and state levels (4, 18-22). For exam-
ple, Mazumdar et al. (4) reported that living in areas of California
with greater diagnostic resources increased a child’s odds of being
diagnosed with ASD. Here we built on previous work and explore
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geographic differences in ASD risk across the United States. We
used data from the Nurses” Health Study II (NHSII) cohort, which
includes nearly 35,000 children born from 1989 to 1999 (9). We
investigated variation at 2 time periods, birth and age 6 years (i.e.,
closer to the age of diagnosis), to assess potential etiologic and
diagnostic differences. We also investigated whether factors previ-
ously associated with ASD risk or diagnoses, such as air pollution
or socioeconomic status, explain geographic differences.

METHODS
Study population

The NHSII is a cohort of 116,430 female nurses, established
in 1989 and followed biennially to the present. The original cohort
included nurses from 14 states, but over time nurses moved
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throughout the United States. Our sample included children
born to nurses in all 48 contiguous states.

Nurses completed biennial questionnaires on their health as
well as their children’s health. In the 2005 and 2009 question-
naires, nurses were asked if any of their children had ever been
diagnosed with ASD. Those mothers reporting a child with ASD
on the 2005 questionnaire were mailed a follow-up questionnaire
to confirm the child’s diagnosis. We validated mothers’ reports of
ASD by administering the Autism Diagnostic Interview—Revised
(ADI-R) to a random subset of 50 children with ASD; 43 (86%)
met full criteria for autistic disorder by this assessment; the rest
missed by 1 point on 1 domain (# = 6) or met criteria on 1 domain
and narrowly missed cut-offs for other domains (n = 1) (23).

A total of 586 children born 1989-1999 were reported to have
ASD diagnoses. Of these, additional follow-up data were available
for 262. Based on these data, we excluded 4 children for whom
ASD was not confirmed by the mother, 2 reported to have genetic
syndromes associated with ASD (Down syndrome and Rett syn-
drome), and 16 who were not reported to have ASD on the 2009
questionnaire. All remaining children that were reported to have
ASD, but for whom we did not have follow-up questionnaire
information (n = 324), were considered to have an ASD diagno-
sis. We additionally excluded 44 children who were members of
multiple births or who had gestation <5 months and another 11
who were missing geocodable addresses in the year of birth (e.g.,
a post-office box or a rural route number) or because US Census
information was not available for their census tract, leaving 509
children with ASD. Latitude and longitude data (i.e., geocodes),
as well as complete data for covariates of interest, were available
for 32,806 children without ASD (>95% of 34,455 children with-
out ASD). Of the 33,315 total children eligible for inclusion in the
birth address analyses, 33,242 also had geocodable addresses at
age 6 years (99.8% of noncases and 100% of children with ASD).

Completion and return of questionnaires constituted implied
consent. This work with the NHSII data was reviewed and
approved by all relevant institutional review boards.

Spatial analyses

The primary goal of the spatial analysis was to determine
whether the residential location at birth was associated with ASD.
Mailing address at birth was obtained from the biennial NHSII
questionnaire and was used as a proxy for residential location at
birth. Children born from 1989 through 1990 were assigned the
mailing address of their mother in 1989 (the first year of study).
Children born in 1991 or 1992 were assigned their mother’s mail-
ing address in 1991, and births from 1993 through 1999 were as-
signed their mother’s addresses, updated every other year. To
determine the association with residential address more proximal
to the time of diagnosis and ASD, we also investigated spatial
patterns using the address at age 6 years. Address at age 6 years
was chosen because children are generally diagnosed with ASD
by age 6 years and because the actual age at the time of diagnosis
was available only for a subset of cases.

We estimated ASD odds using a generalized additive model
(also referred to as GAM), a form of nonparametric or semipara-
metric regression that can analyze binary outcome data while ad-
justing for covariates (24-26). Here, we modeled location using
a bivariate smoothing of latitude and longitude (24, 25). We
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used locally weighted scatterplot smoothing, which adapts to
changes in data density likely to occur in analyses of residen-
tial locations. The locally weighted scatterplot smoothing used
data from nearby data points to predict the odds of ASD. The
region or neighborhood from which data were drawn to predict
prevalence was based on the percentage of data points in the
neighborhood (the span size). Choice of span size is a trade-off
between bias and variability. A larger span size includes more
data and produces a flatter surface with low variability but
increased bias, while a small span size results in high variabil-
ity and comparatively low bias (26). We determined the opti-
mal smoothing amount (i.e., optimal span size) by minimizing
the Akaike information criterion (24-26).

To create a continuous surface of risk, we used an evenly
spaced grid of points 12 km apart covering the continental United
States. We restricted the grid in the northeast to where the data
density was greater than 1 child per 100-km radius (27). At each
point, we predicted the log odds of ASD and calculated odds ratios
using the entire study area as the referent (i.e., odds at each point
were divided by odds from a reduced model that omitted the lati-
tude and longitude smoothing). Statistical analyses and mapping
were conducted using R Package 3.3.0 (R Foundation for Statisti-
cal Computing, Vienna, Austria) and the MapGAM library (28).

Because our study cohort included siblings and census-tract
covariates, including all the eligible data could induce spatial
clustering due to familial (i.e., genetic) similarities in addition to
geographically linked factors. To account for this, we sampled
from our eligible cases and noncases 1 child per group using the
sampcont function in the MapGAM library. Generalized additive
models were then fitted to the independent, individual-level case-
control data using inverse probability weighting (28). A total of
13,507 children (486 with ASD) were included in these analyses.
The MapGAM library also allows for calculation of confidence
intervals for the point estimates of the risk map. Geographic areas
where the confidence interval excludes 1 are indicated on the
point estimate map with black contour lines. The absence of such
contours indicates that the odds ratios point estimates were not
statistically significant (24). Maps of lower and upper confidence
interval were also produced using the standard errors from the
spatial model.

Covariates

We assessed spatial confounding by risk factors for ASD diag-
nosis by including each variable individually in a spatial model.
An unadjusted model of location only provides an estimate of the
underlying risk of ASD diagnosis (Web Figure 1, available at
https://academic.oup.com/aje). Variables that did not change
the underlying risk pattern by >10% were not included in the
final models. For adjusted analyses of birth address and age-
6 address, we considered and retained maternal age at child’s
birth (<35 years, >35 years), which has frequently been associ-
ated with increased ASD risk (29-31), and birth year to account
for temporal trends in ASD diagnosis. We also adjusted for
child’s sex (male, female, missing), a strong predictor of ASD
that changes the underlying risk (Web Figure 2) and is shown
to vary spatially in this cohort (Web Figure 3). Sex of the child
was missing for 3,326 (10.1%) children. To capture potential
differences in the odds of ASD by socioeconomic factors, we


https://academic.oup.com/aje

836 Hoffmanetal.

adjusted analyses for the median household income of the cen-
sus tract (assigned separately for each address and modeled
categorically by quartile). In addition, we considered race,
census-tract percentage with a college education, and educa-
tional attainment of the mother’s parents for birth and age-6
analyses because they might be related to both etiology and
likelihood of diagnostic services. For the birth analyses only, we
considered birth weight, gestational diabetes, and preeclampsia,
but these additional variables did not change the underlying risk
pattern by >10% (see Web Figure 4, adjustment for gestational
diabetes), nor did they vary spatially in similar patterns to ASD
risk (see Web Figure 5, geographic distribution of gestational
diabetes) and thus were not included as spatial confounders in
final models.

We investigated further potential spatial confounding by peri-
natal exposure to hazardous air pollutants (HAPs), which has
been associated with the odds of ASD in this population previ-
ously; methods for assigning HAP exposure have been discussed
previously (9). Briefly, data were obtained from the US EPA
National Air Toxics Assessments in 1990, 1996, 1999, and 2002
(32). Air pollution concentrations were linked to nurses’ residen-
tial census tract at the time of the child’s birth. We focused on
diesel, lead, manganese, cadmium, and a summary measure of
metals (lead, arsenic, cadmium, manganese, nickel, mercury,
chromium, antimony) as potential spatial confounders (mod-
eled categorically by tertile), because these were associated
with ASD in previous analyses (9). Because HAPs exposures are
correlated, we entered each compound into a separate model.

Sensitivity analyses

Although data were available for participants living in nearly
every state, the original study design included participants geo-
graphically concentrated in the Northeast United States. Because
of potential unreliability of estimates in areas of low data density,
we performed a restricted analysis that included only children
born in the 22 spatially contiguous states in the northeast quadrant
of the United States (see Figure 1). In these states, there were 389
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Figure 1. Residential location at the time of birth for 33,315 children
born to women participating in Nurses’ Health Study Il, United States,
1989-1999. Thick borders indicate states that were included in the
Northeast analyses.

children with ASD and 25,036 children without ASD eligible for
our spatial case-control analysis.

RESULTS

Selected characteristics of our study population are displayed
in Table 1. The stratified sample is comparable to the eligible pop-
ulation, although slightly less likely to be male. The geographic
distribution of birth locations for each participant is displayed in
Figure 1. To preserve confidentiality, the figure was created by
randomly placing residences within a small grid that includes the
actual location; however, actual locations were used in analyses.

Residential location and ASD in the United States

After adjusting for the child’s sex, maternal age, birth year, and
median census-tract income, we observed elevated ASD odds
among children born in New England (Figure 2; Table 2; optimal
span size = 0.70). Children born in this area were approximately
1.5 times more likely to be diagnosed with ASD than were chil-
dren born in the study area as a whole. Conversely, children born
in the southeast United States had lower odds of being diagnosed
with ASD, although differences were not statistically significant.
Unadjusted analyses produced very similar maps using the same
span = (.70, suggesting that spatial confounding by child’s sex,
maternal age, and median census-tract income are not driving
geographic patterns in ASD odds in the northeast (Figure 3). Re-
sults were materially unchanged when we adjusted for perina-
tal exposure to HAPs (i.e., lead, diesel, manganese, cadmium,
and a summary measure of 8 metals; results not shown).

More than half of the children in our cohort (51.6%) moved
between birth and age 6 years. Most families (66.6%) moved
<25km; however, approximately 22.6% of families moved
>100 km between birth and age 6 years. The percentage of fami-
lies that moved was similar among cases and noncases (49.9%
and 51.6% moved, respectively); however, cases tended to move
slightly further than controls (median move = 9.8 km for noncases
and 13.1 km for children with ASD). Analyses using addresses at
age 6 years produced similar geographic patterns to those using
birth addresses (Figure 4, Table 2, optimal span size = 0.65); chil-
dren living in New England at age 6 years had elevated odds of
ASD diagnosis. However, we also observed significantly lower
odds of being diagnosed with ASD for children living in the south-
east United States at 6 years of age; children in these areas were
approximately half as likely to be diagnosed with ASD compared
with the study population as a whole. The odds of ASD also ap-
peared elevated in the Pacific Northwest but were not statistically
significant. As in the birth address analyses, adjusting for potential
spatial confounding by demographic characteristics and perinatal
exposure to HAPs did not meaningfully change the results (not
shown).

Sensitivity analyses

Because of the potential unreliability of estimates in areas of
low data density, we performed a restricted analysis that included
only children born in the northeastern quadrant of the United
States. Spatial patterns were similar to those of the United States
as a whole. However, analyses suggested greater spatial variation
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Table1. Selected Characteristics According to Diagnosis Status (Autism Spectrum Disorder) of Children Born to Women Participating in Nurses’

Health Study II, United States, 1989—1999

Eligible Participants

Analytical Sample

Characteristic Cases (n = 509)

Noncases (n = 32,806)

Cases (n = 486) Controls (n = 12,021)

No. of Children %

No. of Children %

No. of Children % No. of Children %

Male sex 384 81.0 15,007 50.84 367 75.51 5,877 45.13
Census-tract income quartile, $*
Quartile 1: <52,316 108 21.2 25.1 92 18.9 3,285 25.2
Quartile 2: 52,317-66,042 108 21.2 25.1 103 21.2 3,275 25.2
Quartile 3: 66,043-82,955 148 29.1 8,183 24.9 139 28.6 3,240 249
Quartile 4: >82,955 145 28.5 24.9 152 31.3 3,221 24.7
Maternal age at child’s birth, years
<35 295 58.0 22,754 69.4 277 57 8,664 66.5
>35 214 42.0 10,052 30.6 209 43 4,357 33.5
Birth year
1989-1990 133 26.1 10,838 33.0 129 26.5 4,975 38.2
1991-1992 125 24.6 8,582 26.2 115 23.7 3,358 25.8
1993-1994 96 18.9 6,125 18.7 94 19.3 2,106 16.2
1995-1996 84 16.5 3,997 12.2 80 16.5 1,347 10.3
1997-1999 71 13.9 3,264 9.9 68 14.0 1,235 9.5
@ Median income of birth-address census tract.
in these states, as evidenced by the smaller optimal span size of DISCUSSION

0.35 and the increased range of predicted odds ratios. As in the
countrywide analysis, odds of ASD were significantly elevated
for children born in New England (Figure 5; Table 2, optimal
span size = 0.35), and the restricted analysis further revealed ele-
vated odds of ASD for children born in portions of Indiana.
Again, patterns using age-6 addresses were very similar (Figure 6;
Table 2, optimal span size = 0.35).

Odds Ratio N Odds Ratio
| B mmm — -
0.5 1.0 1.6 800km t 0.5 1.0

Our analyses suggest that children of participants in NHSII
have different odds of ASD diagnosis depending on where in
the United States they live at the time of birth or at age 6 years.
Children born in New England and Indiana had increased odds
of ASD diagnosis, while living in the central and the southern
United States was associated with lower odds of diagnosis. To

N Odds Ratio N
— -_— e . ——
T sookm 05 1.0 Te sookm 1

Figure 2. Geographic distribution of the risk of diagnosis with autism spectrum disorder at birth addresses across the continental United States
for children born to women participating in Nurses’ Health Study Il, 1989-1999. The figure shows lower confidence estimates (A), point estimates
(B), and upper confidence estimates (C), adjusted for child’s sex, mother's age at child’s birth, birth year, and census-tract median income, using
optimal span size of 0.70. Black contour bands indicate statistically significant areas of increased or decreased risk.
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Table2. Summary Information for Adjusted® Spatial Models in Each Analysis Observed Across the Study Area Among Children Born to Women

Participating in Nurses’ Health Study Il, United States, 1989-1999

Analysis No. of Cases No. of Controls Optimal Span OR Range
Birth address
Continental United States 486 13,021 0.70 0.55-1.63
Northeastern United States only 375 9,755 0.35 0.46-3.03
Address at age 6 years
Continental United States 486 12,983 0.65 0.23-1.69
Northeastern United States only 363 9,164 0.35 0.51-1.69

Abbreviation: OR, odds ratio.

& Adjusted for mother’s age, child’s sex, birth year, and census-tract median income.

our knowledge, our analyses are the first to investigate large-
scale geographic differences while controlling for spatial con-
founding by individual-level factors (e.g., maternal age and child
sex) and considering socioeconomic status and environmental
exposures (i.e., HAPs). Although direct comparison is difficult
due to differences in case ascertainment across studies and sites,
our results are consistent with data from the Autism and Devel-
opmental Disability Monitoring Network (ADDM) sites, which
reported lower ASD prevalence at its Alabama site and the high-
est prevalence at a New Jersey site (1).

Spatial variation in ASD appeared to be independent of several
established risk and diagnostic factors (e.g., child’s sex, year of
birth, maternal age, census-tract median income), suggesting that
these factors are not driving the patterns we observed and that
other geographically distributed causal or diagnostic factors may
be associated with ASD odds. Differences in perinatal exposure
to air pollution provide a possible explanation for geographic vari-
ability, particularly as a growing number of studies have linked
exposure to increased ASD risk (7-10, 15-17). However, in our
data, adjusting for perinatal HAP exposure did not meaningfully
change the spatial patterns. We cannot rule out potential measure-

ment error in HAP models; however, these HAPs were found to
be associated with ASD in the NHSII previously (9). It is possible
that other types of geographically distributed exposure, such
as particulate matter (15, 16), pesticides (12) or vitamin D (33),
may contribute to patterns observed here, as these have been
previously related to ASD or other relevant health outcomes
such as ADHD. Although particulate matter—exposure data were
available for a subset of our study population (n = 1,767), we did
not have sufficient data to evaluate the role of this exposure on
spatial patterns.

Spatial differences in social and political factors may also
explain the geographic differences we observed (4). Although
the diagnosis of ASD is ideally based on established Diagnostic
and Statistical Manual of Mental Disorders criteria and made
by a qualified provider, policies guiding the diagnosis of ASD
and available diagnostic resources are likely to vary geographi-
cally and may have influenced the observed pattern of occur-
rence. For example, children may be classified as having ASD
for the purposes of receiving special education services by
schools (34). The criteria used for a school classification may
vary considerably from state to state, and even within a state,

Odds Ratio N Odds Ratio
e - — | -
0.5 1.0 1.6 800km * 0.5 1.0

mmm —
1.6 800 km

N Odds Ratio N
f - m —— T

0.5 1.0 1.6 800km

Figure 3. Geographic distribution of the risk of diagnosis with autism spectrum disorder at birth addresses across the continental United States
for children born to women participating in Nurses’ Health Study Il, 1989-1999. The figure shows lower confidence estimates (A), point estimates
(B), and upper confidence estimates (C), unadjusted, using span size of 0.70. Black contour bands indicate statistically significant areas of
increased or decreased risk.
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Figure 4. Geographic distribution of the risk of diagnosis with autism spectrum disorder at residential addresses when the child was 6 years of
age, across the continental United States for children born to women participating in Nurses’ Health Study II, 1989-1999. The figure shows lower
confidence estimates (A), point estimates (B), and upper confidence estimates (C), adjusted for child’s sex, mother’s age at child’s birth, birth year,
and census-tract median income, using optimal span size of 0.65. Black contour bands indicate statistically significant areas of increased or

decreased risk.

across public school systems (34). In general, states where we
observed higher prevalence have less restrictive criteria for ASD
classification in school (34). Interestingly, we see elevated odds
of ASD in Indiana, which was the first state to require insurance
coverage of ASD services (Indiana Code § 27-8-14.2-1). Al-
though we are unable to investigate the role of this provision in
our cohort, the availability of insurance-covered ASD services in
Indiana may contribute to observed elevated odds. It is important
to recognize that our work was aimed at assessing large-scale geo-
graphic variation in ASD across the country. As such, we did not

have the spatial resolution to assess small areas of increased risk.
For example, it is unlikely that our analyses would have identified
any specific communities with elevated ASD risk. Instead, we
identify regions of increased or decreased risk. Previous research
has shown that smaller-scale variation is likely (4, 19). For exam-
ple, we previously reported geographic variation in surveillance-
recognized ASD in North Carolina (19) and Mazumdar et al. (4)
reported neighborhood-specific variation in ASD risk.

These spatial analyses have some potential limitations. Although
data were available for children born throughout the United

Odds Ratio Odds Ratio
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Figure 5. Geographic distribution of the risk of diagnosis with autism spectrum disorder at the birth address in the northeastern United States for
children born to women participating in Nurses’ Health Study I, 1989-1999. The figure shows lower confidence estimates (A), point estimates (B),
and upper confidence estimates (C), adjusted for child’s sex, mother’s age at child’s birth, birth year, and census-tract median income, using opti-
mal span size of 0.35. Black contour bands indicate statistically significant areas of increased or decreased risk.
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Figure 6. Geographic distribution of the risk of diagnosis with autism spectrum disorder at the age-6-years address in the northeastern United
States for children born to women participating in Nurses’ Health Study 1, 1989-1999. The figure shows lower confidence estimates (A), point esti-
mates (B), and upper confidence estimates (C), adjusted for child’s sex, mother's age at child’s birth, birth year, and census-tract median income,
using optimal span size of 0.35. Black contour bands indicate statistically significant areas of increased or decreased risk.

States, they were sparse in some regions (e.g., the Pacific North-
west). While generalized additive models may exhibit biased be-
havior at the edges of the data, our past work with synthetic data
suggested little to no bias when locally weighted scatterplot
smoothing is used (24, 25). Nonetheless, we are cautious in
interpreting data in these regions. In the present analyses, we
identified areas with statistically significant risk using confi-
dence maps produced from standard errors, with areas that
exclude odds ratios of 1, delineated by black contour lines.
Although we controlled for several individual-level confounders,
it is possible that observed patterns are the result of residual con-
founding. Our study population is relatively homogeneous, which
may minimize the likelihood of confounding by demographic
variables (e.g., maternal education and race); however, this may
also limit generalizability to other populations. For example,
95% of women in our study population were white. It is not clear
whether our findings would reflect spatial patterns among other
racial groups. In addition, patterns may be more pronounced for
groups that have greater obstacles to obtaining care than children
of nurses. Our analyses are also limited by our reliance on mater-
nal report of ASD diagnosis. In our past work, we conducted an
assessment of the reliability of maternal ASD report and found
good agreement between Autism Diagnostic Interview—Revised
results and maternal report—as might be expected given that all
of our mothers are nurses. However, we did not independently
evaluate all of the children included in analyses, and some out-
come misclassification is likely. Additionally, we did not have
access to the address at the exact time of birth or diagnosis which
could have resulted in some misclassification of exposure.
Although spatial assessments often focus on areas of increased
risk, for conditions like ASD, which have variable diagnostic cri-
teria, areas of decreased odds may be of greater public heath
interest. It is possible that ASD is underdiagnosed in these areas.
Identifying areas with decreased ASD prevalence may be helpful

in recognizing regions that would benefit from additional ASD
services. Areas of significant increased and decreased ASD risk
are important for directing future research but should not be con-
sidered causal without further information.

Using the MapGAM library in R (R Foundation for Statistical
Computing), we generated maps of maternally-reported ASD risk.
We identified statistically significant areas of increased risk in the
northeastern United States and Indiana, suggesting that children
living in these regions may be at greater risk of ASD diagnosis
than children living in other areas of the country. Conversely, chil-
dren living in the South at age 6 years are significantly less likely
to be diagnosed with ASD. Our results indicate that maternal age,
child’s sex, census-tract median income, and prenatal expo-
sure to HAPs do not account for spatial patterns. Variation may
be explained by spatial differences in ASD diagnosis or other
uncontrolled environmental exposures. Further research is
needed to understand geographic differences, both in terms
of identifying risk factors and providing ASD services.
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