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Introduction: Childhood autism spectrum disorder (ASD) is a global public health
concern and its prevalence is increasing rapidly in developing countries such as
China. The mechanism behind ASD development remains unclear. Greenness
exposure is reportedly associated with various health outcomes, however, the
connection between greenness exposure and ASD is relatively unexplored.
Methods: We designed a two-stage screening process and conducted city-
wide screening for early childhood ASD to investigate the association between
greenness exposure and ASD prevalence in a megacity in southwest China.
Results: We screened 13,458 children from 0-52 months through 20 local
primary care hospitals and the estimated ASD prevalence was 0.55%. We matched
greenness exposure, air pollution exposure, and weather condition with ASD
diagnosis outcomes based on the study subject's geographic information.
Gender (male) and age (older) were significantly associated with higher odds of
being diagnosed with ASD.

Discussion: Although the association between ASD diagnosis and greenness
was not statistically significant, real-world data may help improve ASD screening
methods and guide future studies. Our findings highlight the potential role of
real-world environmental and health data in informing sustainable urban and
pediatric health policies.

KEYWORDS

real-world data, child development, greenness exposure, childhood ASD prevalence,
NDVI

Introduction

Autism spectrum disorder (ASD), a neurodevelopmental disorder disease, is characterized
by chronic social difficulties and repetitive stereotyped interests or behaviors emerged in early
childhood (1, 46, 52). Children with ASD exhibit poor ability for social interaction and have
difficulties integrating into society (2). Moreover, autism patients usually experience increased
financial burden as they and their families need to pay for diagnosis, treatment, and special
education (54). In the past 30 years, ASD prevalence has risen sharply around the world (50).
It is estimated that about one in every 100 children worldwide has autism. However, this
estimate is an average figure, and reports of autism prevalence vary widely across studies (3).
The estimated ASD prevalence rates appeared to be higher in more developed and urbanized
regions in the world, such as Europe, the Middle East, Australia and New Zealand, and Central
and South America, while Africa was not clearly documented (4, 5). ASD prevalence in China
has demonstrated similar upward trend due to a combination of increasing awareness,
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improved diagnostic tools, and extensive research efforts (6). Studies
have shown that pooled ASD prevalence estimates have increased over
time. The pooled prevalence estimate increased from 8.5 per 10,000
population (range: 3.0, 13.9) between 2000 and 2004 to 16.4 per
10,000 population (range: 7.0, 25.7) between 2010 and 2011 (7). A
large-scale study conducted in 2019 in mainland China found that the
prevalence of ASD was approximately 1 in 100 children, or about 1%
(8). The reported prevalence rates were similar in many Western
countries, but it reflects a significant increase compared to earlier
estimates. A recent investigation indicated the ASD number was
26.2/1000 among 3-4 year-old children in Shenzhen in 2020 (4).

To date, scientific understanding of the mechanism behind ASD
development remains limited (45). A number of studies explored the
relationship between exposure to nature (or greenness exposure) and
ASD (1,9, 10), but the findings were inconclusive on the beneficial effect
of greenness exposure. Some early studies on greenness exposure suggest
a potentially positive impact on various health outcomes (11), including
depressive disorders and ASD (9, 12). While findings from these studies
provided early evidence about childhood ASD in connection with
greenness exposure, these studies were mostly conducted in developed
countries of the world with a focus on older children (age 5 and above).
Currently, very limited information is available on the effect of greenness
exposure on ASD prevalence in developing regions and among younger
children (age 5 and below).

To better understand the potential relationship between greenness
exposure and childhood ASD, we collected real-world data and
conducted an explorative investigation on the potential relationship
between urban green space and early childhood ASD detection.
We utilized local health service network in Chengdu, the capital city
of Sichuan Province of southwestern China, to conduct early
screening for children aged 0-52 months from 20 districts or district-
level counties for an explorative investigation on the relationship
between greenness exposure and ASD prevalence. Based on existing
literature, we hypothesize that higher greenness exposure is associated
with lower probability of ASD diagnosis. The findings based on real-
world evidence from this study could provide scientific basis for
resource allocation for early ASD screening and could help to mitigate
the economic burden caused by ASD at both individual and
societal levels.

10.3389/fpubh.2025.1666873

Research methods and materials
Recruitment, screening and diagnosis

Children between 0 and 52 months of age routinely visit the local
maternal and child care hospitals for child health care check, and
we screened children during such visits between Oct 1, 2020 and May
31, 2021 in Chengdu, China, through local maternal and child
healthcare hospital network. A total of 20 maternal and childcare
primary hospitals located in 20 administrative districts/counties
participated in this study; for a full list of the participating hospitals,
please see Supplementary Table S1 in Supplemental Information.
Population distribution by district/county was obtained from publicly
available Seventh National Census data (13, 14). All parents (or
guardians) provided consent to participate in the study. This study was
approved by the Ethics Committee of the Chengdu Women’s and
Childrens Central Hospital, School of Medicine, University of
Electronic Science and Technology of China (2020-98).

A two-stage screening process consisted of initial screening at
primary care hospitals and confirmation diagnostic assessment at
tertiary hospital (Figure 1). Initial screening for children 0-52 months
utilized four screening methods autism warning signs, social behavior
observational assessment, Chinese-validated version of the Checklist
for Autism in Toddlers (CHAT-23), and autism behavior checklist
(ABC). The target age range for analysis is 18 to 52 months (inclusive)
because the screening tools are most suitable for children 18 months
and older. For information on the selection of these screening tools
and their respective clinical references, please see Supplemental
section (Supplementary Table S2). A positive result from any one of
the four screening methods was defined as a positive case. A secondary
assessment by a different doctor was performed on identified cases.
An affirmative (positive) assessment result by the secondary assessor
leads to a referral to tertiary hospital, whereas a negative assessment
result by the secondary assessor requiring further assessment were
recorded as non-case for the purpose of this study. Confirmation
diagnoses at tertiary hospitals utilized gold standard diagnostics tools
[Autism Diagnostic Observation Schedule (ADOS) or/and Autism
Diagnostic Interview-Revised (ADI-R)] based on the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5). The
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tertiary hospital assessors were blind to the screening status.
We carried out monthly quality control assessment for both the
clinicians and on data collected. Specifically, we (1) checked in with
clinicians to review the screening procedure and to discuss problems
in conducting the screening, and we (2) reviewed data for issues such
as inconsistency and missingness. All identified issues were
resolved promptly.

Greenness exposure

We distributed environmental questionnaires during the ASD
screening process through the 20 participating primary hospitals.
Participation in the environmental questionnaire was voluntary. The
environmental questionnaire included information such as the child’s
name, gender, date of birth, primary hospital, and home address.
Home address was used to extract the latitude and longitude
coordinates for matching with residential outdoor vegetation coverage,
which reflects the level of greenness exposure.

Greenness exposure is commonly quantified by Normalized
Differential Vegetation Index (NDVI), which estimates vegetation
coverage (Fractional Vegetation Coverage, FVC). FVC specifically
expresses the percentage of the vertical projected area of vegetation
(including leaves, stems and branches) on the ground to the total area
of the statistical area (15, 16). NDVI quantifies vegetation by
measuring the difference between near-infrared (which vegetation
strongly reflects) and red light (which vegetation absorbs)
(Equation 1). Thus, the value was calculated from the surface
reflectance in the near-infrared and infrared bands according to a
fixed formula (17, 18). The surface reflectance in the near-infrared and
infrared bands comes from the Landsat 8 launched by NASA, Band 5,
and Band 4, respectively. The formula for calculating NDVT is:

_ NIR-Red

NDVI=
NIR +Red

(1)

Where NIR and red represent the reflectance of near-infrared
band and red band, respectively.

Vegetation coverage can be calculated by a pixel binary model.
The pixel binary model divides the pixels into two categories: bare soil
and pure vegetation. The actual NDVT value of the target pixel is the
combination of pure vegetation and bare soil in a certain proportion
(Equation 2), namely:

NDVI=FVCxNDVIeq +(1-FVC)xNDVI ()

Where NDVI is normalized difference vegetation index for the
target pixel, FVC is fractional vegetation coverage, NDVIveg is NDVI
for full vegetation pixel based on the pixel binary model and NDVTsoi
is NDVI for bare soil coverage pixel. For detailed information on FVC
calculation, please refer to Supplementary material.

According to the calculation method of vegetation coverage, the
data with cumulative probability of 1 and 99% were selected as
NDVImin and NDVImax, and NDVImin=0.195 and
NDVImax = 0.864. The value of NDVI ranges from —1 to 1: when
there is vegetation cover, NDVTI is positive. When the ground cover is
rock or bare ground, NDVT is close to 0. When the ground cover is
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obstructed by cloud, or covered by water or snow, the calculated value
is negative.

We matched annual mean NDVI with coordinates of study
subject’s residential address and created greenness exposure buffers at
the following radii: 50 m, 100, 500, and 1,000 m, using the spatial
mean NDVI within the buffer range as a supplementary parameter.

Surface vegetation type

We obtained land cover types in Chengdu from 2018 to 2021 from
annual land cover data of China released by Wuhan University (19)
and then used ArcGIS to map surface vegetation for the study
region (20).

Air pollution and weather condition

Because previous studies have reported potential relationship
between air pollution exposure and ASD development in children
(21-23, 48), we included air pollution data in our anlaysis to adjust for
potential confounding. Hourly concentration data of six major air
pollutants (PM, s, PM,,, O3, NO,, SO,, and CO) were retrieved from
the China National Environmental Monitoring Centre (CNEMC)
China National Environmental Monitoring Centre (24). Hourly raw
meteorological data (ground temperature and relatively humidity)
with a spatial resolution of 0.25° were obtained from the National
Oceanic and Atmospheric Administration, or NOAA (25). Grid with
0.01°X0.01° resolution was created and then aligned the
environmental data; individuals’ addresses were subsequently matched
with the predefined grid. Daily PM, s (pg/m?), PM,, (pg/m?), O; (ug/
m?), NO, (pg/m?), SO, (pg/m?), and CO (mg/m?) concentrations, as
well as daily ground-level temperature (°C) and relative humidity (%),
were estimated to match the address grids. We inputted air quality
measurements, satellite retrievals, and various auxiliary variables such
as meteorological conditions, population density, and land use types
into six separate machine learning models (i.e., extreme gradient
boosting) to estimate the gridded concentrations of each air pollutant.
These machine learning models were utilized in previous studies to fill
in measurement gaps. For details of the modeling process and
predictive performance, please refer to work done by Zhan et al. (26—
28). Person-specific air pollution and weather data were included in
the analysis as potential confounders.

Statistical analysis

SPSS 24.0 statistical software was used to summarize and analyze
data (29). The main logistic regression model was constructed in R
language (R-Forge Team., 2016) to analyze the potential relationship
between greenness exposure (as represented by NDVI) and ASD
diagnosis. ASD diagnosis outcome (positive or negative) was the
outcome variable of interest (dependent variable) and person-specific
annual mean NDVT was the primary exposure variable of interest
(independent variable). The model was adjusted for the children’s
demographic information (age and gender), person-specific air
pollution based on address-matched annual mean concentration of
PM, 5, PM,,, Os, SO,, NO,, CO, and local weather parameters (e.g.,
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annual mean temperature and relative humidity). Additional analysis
was conducted by age stratification. An additional model was
constructed with mean NDVI at circular buffers with radii of 50 m,
100 m, 500 m and 1,000 m.

Results

Population characteristics and ASD
prevalence

We screened a total of 13,458 children aged 0-52 months
through 20 local maternal and childcare hospitals. Analysis on
greenness exposure included 4,362 individuals who provided
complete clinical data and environmental questionnaire results,
and most of them were between the age of 13 and 24 months

TABLE 1 Summary of study population and ASD cases.

District N ASD (%)
Chenghua 439 1(0.23)
Chongzhou 113 0 (0.00)
Dayi 377 0 (0.00)
Dujiangyan 85 1(1.18)
Jianyang 174 1(0.57)
Jinniu 429 3(0.70)
Jintang 136 1(0.74)
Jinjiang 112 1(0.89)
Longquanyi 106 1(0.94)
Pengzhou 352 3(0.85)
Pidu 136 0 (0.00)
Pujiang 4 0(0.00)
Qingbaijiang 46 0 (0.00)
Qingyang 21 0 (0.00)
Qionglai 50 0 (0.00)
Shuangliu 757 4(0.53)
Wenjiang 10 0 (0.00)
Wuhou 197 1(0.51)
Xindu 761 7(0.92)
Xinjin 57 0 (0.00)
Total 4,362 24 (0.55)
Gender N ASD (%)
Male 2,245 15 (0.67)
Female 2,117 9(0.43)
Age (months) N ASD (%)
0-12 59 0 (0.00)
13-24 4,103 23 (0.56)
25-36 194 1(0.52)
37-52 6 0 (0.00)

N is number of unique individuals.
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(88.58%) (Table 1). The study population included slightly more
boys (51.47%) than girls (48.53%) (Table 1). In terms of
distribution area, most of the children lived within urban core of
Chengdu, and the rest lived throughout all districts of the city
(Figure 2).

Out of the 4,362 children included in the analysis, 24 were
diagnosed with ASD and the estimated ASD prevalence is 0.55%
(Table 1). The incidence of ASD also varies between regions. As the
largest proportion of study population of Xindu District, it also had
the highest number of ASD cases (7 cases). Additionally, districts
Shuangliu (4 cases), Jinniu (3 cases), Pengzhou (3 cases), Dujiangyan
(1 case), Jianyang (1 case), and Longquanyi (1 case) all reported ASD
positive cases.

Temporal and spatial variability in NDVI

Based on our analysis, there was noticeable spatial variation in
land cover type in the study region (Figure 3). In general, the lowest
levels of green vegetation cover were observed in city center (surface
cover type: impervious). The southwest corridor of the city was
covered in forest, while most of the city was covered by crop land.
There was no observable temporal change in land cover type during
the study period (p value for trend: 0.28).

Annual NDVI was used to analyze the greenness coverage in
Chengdu plain. NDVI varied spatially across Chengdu (Figure 4),
specifically, NDVI was higher in the northwest corridor and lower in
the metropolitan region in the central plain. Between 2018 and 2021,
NDVI exhibited no statistically significant temporal change in the
metropolitan core area (Figure 4).

At the district level, districts in the west and the northwest
showed higher greenness coverage (Supplementary Figure S1). In
particular, Pengzhou, Dujiangyan, Chongzhou, Dayi, Qionglai all
exhibited relatively high NDVI values. Qionglai District had the
highest NDVI value (0.7715) and greenness coverage (86.15%) in
2018, and Wuhou had the lowest NDVI value (0.4185) and greenness
coverage (33.38%). In 2019, Dujiangyan had the highest NDVI value
(0.7738) and greenness coverage rate (86.50%), while Wuhou still had
the lowest NDVI value (0.4222), with a greenness coverage rate
of 33.94%.

Odds ratio between NDVI and ASD
prevalence

Logistic regression on NDVI against ASD screening result yielded
no significant association (Table 2). While no statistical significance
was found, the odds ratios do confirm earlier understanding that
males were more likely to be diagnosed with ASD than females
(55% ~ 60% increased odds). Meanwhile, older children had higher
odds to receive positive ASD diagnoses than younger children (3%
increased odds per month).

Additional stratified analysis based on gender yielded
non-significant association for both males and females, however, the
estimates suggested higher odds for females (Table 3), a result similar
to previously reported in U. S. children (30). Additional analysis of
buffered NDVI (radii of 50 m, 100 m, 500 m, and 1,000 m) did not
show significant association (Supplementary Table S3).
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FIGURE 2

Location of study population in Chengdu, Sichuan Province. Red dot
represents each study individual.

Discussion

In this study, we recruited 13,458 children from local maternal
and child healthcare network during routine child’s healthcare check
to assess the potential relationship between ASD outcome and
greenness exposure, as represented by NDVI. The result indicated that
the ASD prevalence among the study population was 0.55%. This
study did not find statistically significant association between
residential outdoor greenness exposure and early childhood ASD
diagnoses after adjusting for air pollution exposure and weather
influence. This lack of association could be due to (1) study population
being too young for definitive ASD diagnosis (low ASD prevalence),
and (2) exposure window being too short to establish an association
between residential greenness and ASD outcome. Nonetheless, data
from city-wide screening based on a multi-center system provides
real-world evidence for understanding the relationship between
greenness exposure and ASD diagnosis.

Diagnosis age and childhood ASD

ASD, as a biological neurodevelopmental disorder, may occur
alone, but more often co-occurs with other NDD (neurodevelopmental
disorders), medical, psychiatric, or genetic disorders (31). Because of
the type and severity of ASD symptoms vary widely and can change
with age, diagnosing ASD is a fairly complex and arduous process
(32). In younger children, especially those under the age of 3,
diagnosing ASD can be challenging due to subtle symptoms that
might not be fully apparent or distinguishable from typical
developmental variations (33, 49). Studies have shown that babies
younger than 16 months or before the age of 3 years are at a higher
risk of misdiagnosis (34, 35). Children in our study were aged 0 to
52 months, and more than 99 per cent of the total number of children
aged 36 months or less. Because most (94%) of our participants were
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younger than 2 years old, this may explain the lack of significant
association between greenness and ASD as it is more difficult to
diagnose ASD for children under 2years of age. Child ASD
development is a lengthy process with unclear developmental
mechanism. Younger children could have less obvious symptoms and
thus less positive diagnosis. Therefore, subsequent research on the
relationship between greenery exposure and childhood autism needs
to be further adapted and improved.

Observation time and childhood ASD

Our study was an explorative attempt to use a two-stage screening
process designed to capture ASD symptoms early in childhood.
Because the types of autism symptoms vary widely and change with
age, long-term studies often span several years to capture
developmental progress, while short-term studies typically evaluate
immediate responses to interventions, such as behavioral therapy or
educational support. Short-term studies, like our current study,
typically focus on the early developmental trajectories of children with
autism, particularly in the context of early intervention. They track
changes in behavioral, communication and cognitive skills during
critical early childhood periods (36). These studies are critical for
guiding early intervention strategies that have a significant positive
impact on children’s cognitive and social development (37). However,
the link between greenness exposure and ASD outcomes could take
longer to form, thus requiring a longer study period.

Early childhood is a critical developmental stage in a child’s life,
the relationship between childhood development and greenness
exposure has been a growing area of interest in recent years. Multiple
studies in the past have shown that exposure to urban green space has
benefits for mental and physical health of children and adolescents
(38-40), especially with positive effect on attention, memory, and
executive function (41) as well as faster cognitive development (42).
At the societal level, higher greenness exposure has been linked to
improved emotional regulation and behavioral outcomes in children
and lower likelihood of developing psychiatric disorders such as
schizophrenia (39, 43, 44). The study area Chengdu is a rapidly
urbanizing megacity. Exposure to urban green space is local residents’
primary contact with nature. Therefore, using real-world evidence to
assess the environmental factors for ASD development and diagnosis
could provide scientific evidence for resource distribution and
early intervention.

Strengths and limitations

Our analysis benefited from a relatively large population recruited
from a city-wide maternal and childcare network, which allowed us
to survey a sizable and relatively representative study population. Our
analysis was also strengthened by person-specific exposure to
greenness and regression analysis controlled for potential confounding
from air pollution and weather.

However, our analysis was limited by a few factors. Although the
ASD screening process included a large population, participation in
the environmental questionnaire was voluntary and thus could have
resulted in self-selective subpopulation (based on willingness to fill
out the environmental questionnaire). Thus, our final study
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Surface cover type in Chengdu from 2018 to 2021.

TABLE 2 Summary of odds ratio (95% Cl).

Year Gender* Age (month) NDVI

Four-year average (2018-2021) 1.60 (0.70-3.68) 1.03 (0.93-1.14) 2.94 (0.17-49.84)
2021 1.59 (0.69-3.64) 1.03 (0.93-1.14) 1.63 (0.12-22.28)
2020 1.55 (0.68-3.57) 1.03 (0.93-1.14) 3.85 (0.30-50.23)
2019 1.58 (0.69-3.62) 1.03 (0.93-1.14) 2.20 (0.20-23.94)
2018 1.58 (0.69-3.62) 1.03 (0.93-1.14) 1.38 (0.10-18.74)

Primary outcome of interest is whether or not the ASD diagnosis is positive and the primary independent variable of interest is annual mean NDVI. Model adjusted for age, gender, average
PM, 5, PM,, O3, SO,, NO,, CO, temperature and relative humidity. #Reference for gender is “female”” Significance level: *p value <0.05; **p value <0.005; **#p value <0.001.

population of 4,362 may not reflect the general population, which
limits the scope of inference for our study findings. Additionally, a
time lag between potential exposure effect and ASD diagnosis could
be longer than our study period, therefore, the analytical result could
be limited by available data and the resulting association is
non-significant. Furthermore, our analysis only considered outdoor
greenness, yet indoor greenness exposure could be a confounder

Frontiers in Public Health

that affects the association in reality. Similarly, our data did not
include information on socioeconomic status, which could
be potential confounder that attenuates the regression results.
We only adjusted for potential confounding from air pollution and
weather influence, however, we did not explore any possible
interaction between these two confounders and greenness exposure;
analyzing such interaction could be informative to the combined
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TABLE 3 Summary of regression results for ASD diagnosis and annual mean NDVI, stratified by gender.

Male Female
Four-year average 2018-2021 1.72 (0.05-65.20) Four-year average 2018-2021 6.07 (0.07-559.82)
2021 1.00 (0.98-1.02) 2021 8.02 (0.11-611.36)
2020 1.00 (0.99-1.02) 2020 4.92 (0.09-265.80)
2019 2.03 (0.10-40.50) 2019 3.68 (0.07-194.96)
2018 1.23 (0.05-32.08) 2018 1.85 (0.02-149.80)

Primary outcome of interest is whether or not the ASD diagnosis is positive and the primary independent variable of interest is annual mean NDVI. Model adjusted for age, gender, average
PM, 5, PM,, O;, SO,, NO,, CO, temperature and relative humidity. #Reference for gender is “female.” Significance level: *p value <0.05; **p value <0.005; ***p value <0.001.

effect of these exposures. Lastly, the accuracy of remote sensing data  are spliced together. Due to the slight difference in shooting time for
is affected by a number of factors such as obstructions between  the different areas on the composing image, there may
satellite and ground objects (such as cloud coverage) and time  be uncontrollable differences in vegetation coverage, but it does not
differences in satellite images; to obtain the data of the entire  affect the overall vegetation coverage calculation and analysis on
Chengdu area, the images of different areas taken at different times  longer time scales.
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Conclusion

In this primary study, we investigated the relationship between
greenness exposure and childhood ASD using real-world data. By
screening 13,458 children aged 0-52 months and collecting both
clinical and environmental data in Chengdu, China, we estimated
ASD prevalence to be 0.55% but did not find statistically significant
association between greenness exposure and childhood ASD. Results
from this study provide foundational understanding of the regional
ASD prevalence among young children and scientific evidence for
further research in examining the mechanism underlying
ASD development.
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