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Abstract

Evidence on the effects of exposure to ambient gaseous pollutants on children’s vision was consistently scarce. We
aimed to explore the effect of ambient gaseous pollutant exposure on the incidence of visual impairment (VI) in chil-
dren. From 2005 to 2018, a total of 340,313 children without VI participated in a longitudinal and two-center dynamic
cohort. The logMAR acuity was used to assess visual function. The space—time extremely randomized trees model
was used to estimate SO, and CO exposures levels. The association between SO, and CO and VI risks among children
was assessed using a proportional hazards model with a restricted cubic spline. Subgroup analyses stratified by gender
and grades were used to investigate the differences in an association of SO, and CO exposures with childhood VI. A
total of 158381 (46.54%) children experienced an new incident VI. A ten-unit (10 pg/m?) increase in SO, exposure
concentrations was significantly associated with a 1.70 times higher risk of childhood VI. In addition, a 0.1-unit
(0.1 mg/m?) increase in CO exposure was significantly associated with a 1.22 times higher risk of childhood VI. The
positive association between ambient gaseous pollutants (including SO, and CO exposures) and childhood VI risks
remained even after adjusting for other environmental variables. An increase in the incidence of VI in children was
positively linked to SO, and CO exposure. Such evidence might aid governments in developing strategies to interfere
with children’s eyesight by decreasing air pollution and changing school curricula.
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Introduction

Visual impairment (VI) has emerged as a major public
health and social concern globally, with significant nega-
tive consequences for people’s health, as well as economic
and educational prospects (Eckert et al. 2015). VI was
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characteriszed by the loss of visual acuity, which meant
that a person’s eyesight could not be corrected to a “nor-
mal” level (World Health Organization 2021). It was esti-
mated that VI affected an estimated 405 million people
globally in 2015 (Bourne et al. 2017). The population of
children and adolescents aged 7 to 18 with VI in China
even exceeded 152 million by 2020 and was expected to
increase to nearly 180 million by 2030 (Sun et al. 2015).
Thus, the increasing prevalence of VI promoted many
countries to implement national policies for preventing
VI development, including China, which had the highest
prevalence of childhood VI worldwide (Jan et al. 2019).

Given the high prevalence of VI and its explicit and
adverse health effects in children and adolescents, research
on its influencing factors were always a hot research
topic. Many previous studies explored factors affecting
VI in children and adolescents, such as physical activi-
ties, parental behaviors, genetic effects, and environmental
factors (Morgan et al. 2018). Among many environmen-
tal factors, air pollution was always an important one due
to its association with multiple health issues at various
periods of life (Wei et al. 2019). Adverse health effects
of air pollution were reported in numerous studies, such
as cardiovascular diseases (Kim et al. 2017; Parker et al.
2018), cancer(Weinmayr et al. 2018), gestational hyper-
tension (Yang et al. 2018), suicide(Min et al. 2018), and
respiratory diseases (Broitman and Portnov 2020; Hendryx
et al. 2019). Air pollution exposure throughout infancy and
early childhood damaged the lungs, inhibited lung devel-
opment, and increased the risk of asthma, pneumonia, and
chronic obstructive pulmonary disease later in life (Gau-
derman et al. 2015; Korten et al. 2017).

Some studies explored the effects of air pollution on
human eyes and found that the consequences of ambient
air pollution were particularly harmful to the eyes dur-
ing the early period of children and adolescents who were
experiencing the eye development (Chien et al. 2014). Air
pollution could irritate the eyes directly, particularly in the
cornea and conjunctiva, causing dryness and inflammation
(Cui et al. 2018; West et al. 2013). One direct evidence was
that air pollution increased outpatient visits for nonspecific
conjunctivitis (Malerbi et al. 2012; Matsuda et al. 2015),
and another similar study also confirmed such evidence in
Taiwan population (Wei et al. 2019). Prior animal experi-
ments showed that fine particulate matter induced myopia
in hamsters by enhancing inflammation (Wei et al. 2019).
The majority of prior researches concentrated on the nega-
tive effects of NOy and fine particulate matter on vision
(Malerbi et al. 2012; Matsuda et al. 2015; Wei et al. 2019),
whereas few studies explored the effects of sulfur dioxide
(SO,) and nitric oxide (CO) on vision. Thus, there was a lack
of researches on the association between gaseous pollutants
and VI, especially in causal demonstration researches with

new incident VI in children and adolescents, which could
help policymakers and individuals take relevant measures to
improve visual health in children and adolescents.

Therefore, we used a longitudinal dynamic cohort study
in two cities of China with 340313 children and adolescents
without visual impairment at baseline to examine the follow-
ing two objectives: (1) to explore the association between
long-term gaseous pollutant (SO, and CO) exposure concen-
trations and the incidence of VI in children and adolescents;
and (2) to examine the concentration—response relationship
between gaseous pollutant concentrations and risk ratios of
the incidence of VI in children and adolescents.

Methods
Study design

A longitudinal, two-center, dynamic cohort study was con-
ducted from 2005 to 2018 in two typical cities of Beijing and
Zhongshan city, China. The annual physical examination
survey, which covered all school-aged children and adoles-
cents in the two cities, was used to generate the longitudinal
dynamic cohort. All students had a unique individual ID
number that was used to link with annual survey data. Our
research group participated in the design and implementa-
tion of these two surveys, so the comparability of their meas-
ured data could be guaranteed.

All participants from these two surveys underwent a com-
plete medical examination to ascertain their VI status and
incidence. Medical examination data in each survey year
included height, weight, test date, birth date, school loca-
tion, and unaided distance visual acuity. The data of students
from primary, middle, and high schools from 2005 to 2018
in two cities were included in the study, and the health indi-
vidual ID of each student was used to identify those who
had undergone medical examinations for both academic
years. Height and weight were measured while the students
wore light clothing without shoes. Age was calculated using
the examination date minus birthdate. Sociodemographic
variables, including gender and grade level, were included
in this study. Students with missing data (weight, height,
birthday, and unaided distance visual acuity) were excluded.
Students with VI at baseline were excluded. Finally, a total
of 340313 students without VI from Beijing (266528) and
Zhongshan (73785) were included in the current study (as
shown in Fig. 1).

Assessment of air pollution
Two compounds include gas pollutants: SO, and CO. A

10-km resolution gaseous pollutants around schools were
collected from the ChinaHighAirPollutants (CHAP) dataset,
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Annual physical examination
survey in Beijing from 2009 to survey in Zhongshan from
2018 (2471562) 2005 to 2016 (818484)
| J

Preliminary dynamic cohort from 2005 to 2018 (3290046)

Annual physical examination

Deleting participants with
———1 height/weight >mean+5SD
(326484)

Deleting participants with

(heightycarﬂ - heightyear )
>20 or <0 (505096)

Deleting participants with
——— missing value (height and
weight) (261122)

Deleting participants with
VI or with only one time
unaided distance visual
acuity (1745269)

Deleting schools with
missing value in SO, & CO
(111762)

A total of 340313 students without VI at baseline were included (Beijing:
266528, Zhongshan: 73785 ) in the dynamic cohort

Fig. 1 Flow chart of generating dynamic cohort

which were estimated from big data utilizing the developed
Space-Time Extra-Trees (STET) model (Wei et al. 2021,
2022). In short, we trained STET models individually with

A: SO, in Beijing

B: SO, in Zhongshan

C: COin Beijing

tenfold cross-validation in the high-resolution surface of SO,
and CO concentrations from 2013 to 2018 with full coverage
utilizing meteorological data, surface stress, satellite remote
sensing products, and a multisolution emission inventory.
Out-of-sample tenfold cross-validation (10-CV) approach
was utilized for near-face gaseous pollutants to assess the
overall performance of the model. Similarly, gaseous pollut-
ant exposure was evaluated using the annual average gaseous
pollutant concentration for each study year. The data on gas
pollutants were matched to the schools’ addresses. Figure 2
shows the temporal distribution and geographical distribu-
tion in Beijing and Zhongshan city.

Ascertainment of the incident of visual impairment

A retro illuminated logMAR chart with tumbling-E opto-
types (Precision Vision) (Lougheed 2014) was used to
measure the unaided distance visual acuity for each eye of
children and adolescents. In the current study, the defini-
tion of visual impairment (VI) was based on the definitions
for population surveys set by the International Council
of Ophthalmology in cooperation with the World Health
Organization and the International Agency for the Preven-
tion of Blindness (Colenbrander 2002). VI was defined

D: COin Zhongshan

E: SO, distribution in Beijing F: SO, distribution in Zhongshan

Fig.2 Temporal and geographical distributions of gaseous pollutant
concentrations in Beijing and Zhongshan. Note: Subfigures A to D
represent the temporal distribution in Beijing and Zhongshan, respec-
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G: CO distribution in Beijing

H: CO distribution in Zhongshan

tively. Blue and red represent low- (<P50) and high-level (>P50) air
pollutants, respectively. Subfigures E to H represents the geographical
distribution in Beijing and Zhongshan, respectively
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as unaided distance visual acuity (UDVA) lower than 4.9
(5/6 Snellen equivalent) in either eye (Jan et al. 2019).
Considering the large sample size, it was not feasible
to diagnose myopia according to its diagnostic criteria
(cycloplegic refraction). A previous study indicated that
logMAR has high sensitivity and specificity to diagnose
myopia (O'Donoghue et al. 2012), so logMAR has been
widely used in large population studies (Jan et al. 2019).

For all participants, the UDVA was measured by
qualified optometry physicians for each eye. Participants
who stand at a distance of 5 m from the logMAR chart
were required to indicate the direction of the E optotype
within 5 s in the UDVA examination. Using a staircase
protocol to test the UDVA began at the fourth line from
the bottom (6/6). Identifying a fourth of five optotypes
was considered a correct response. The UDVA of the eye
was determined by the lowest line to read correctly. The
participants were advanced to 2.5 or 1 m when the top
line was not read correctly. VI was defined as unaided
distance visual acuity lower than 4.9 (5/6 Snellen equiv-
alent) in either eye (Jan et al. 2019). Among all students,
the student’s VI was examined at the same time in each
academic year.

Statistical analysis

Continuous variables were reported as the mean and
standard deviation (SD), and the frequencies were cal-
culated for categorical variables. To assess the separate
association between SO, and CO around school and the
onset of VI among children and adolescents, as well as
their dose-response relationship, the restricted cubic
spline (RCS) with 3 knots combined with proportional
hazards model (Cox model) was applied to calculate
the risks ratio (RR) with both qualitative and quantita-
tive results after adjusting for age, grade level (primary
school, junior high school, and high school), sex, height,
weight, city, fine particulate matter (PM, 5), and NO,. We
categorized the SO, and concentrations into four groups:
Ql, first quartile (<9.07 pg/m?); Q2, second quartile
(9.07-11.51 pg/m?); Q3, third quartile (11.51-16.16 pg/
m?); and Q4, fourth quantile (> 16.16 pg/m3). CO was
categorized into four groups based on the quartiles of
CO as follows: Q1 (<0.88 mg/mS); Q2 (0.88-1.07 mg/
m?); Q3 (1.07-1.28 mg/m?); and Q4 (> 1.28 mg/m?). To
investigate these confounding effects, we utilized double-
exposure models. A two-exposure model connected the
health results to two environmental factors at the same
time. Stratification analysis was also utilized by gender.
The R software (version 4.0.3) was used to perform all
analyses. The packages “survival” and “rms” were used
to fit the Cox model and restrict the cubic spline model,

respectively. Statistical significance was defined as a two-
tailed p value of less than 0.05.

Results
Characteristics of participants

Characteristics of participants were shown in Table 1.
A total of 340,313 participants with 144,781 (42.50%)
girls and 195,532 (57.50%) boys were included in the
current study. The mean (SD) age was 11.30(2.64)
years. During the follow-up year, a total of 158,381
(46.54%) children and adolescents experienced a new
incidence of VI.

Separate association between SO, and CO exposure
and incidence of VI

Long-term SO, and CO exposure increased the risks of
VI in children, and the risks increased with the quan-
tiles of exposure to SO, and CO concentrations. After
adjusting for confounders, compared with quartile 1 with
the lowest SO, exposure concentrations, the adjusted
RRs were 1.33 (95% CI: 1.31-1.35) in quartile 2, 1.57
(95% CI, 1.55-1.60) in quartile 3, and 2.26 (95% ClI,
2.22-2.29) in quartile 4. The adjusted RRs were 1.20
(95% CI, 1.18-1.23) in quartile 2, 2.13 (95% CI,
2.10-2.17) in quartile 3, and 2.30 (95% CI, 2.26-2.35)
in quartile 4, compared with quartile 1 of the lowest CO
exposure (Table 2).

Dose-response relationship between SO, and CO
exposure and incidence of VI

Data were fitted by a restricted cubic spline Cox regres-
sion model to explore the dose-response relationship
between SO, and CO concentration and the incidence
of VI. Figure 3 shows a statistically significant posi-
tive association between SO, and CO exposure and the
incidence of VI in children and adolescents after adjust-
ment for age, grade level, sex, weight, height, age, city,
fine particulate matter, and NO,. Because the nonlin-
ear analysis results were close to the linear relationship
between them, the quantitative results showed that a ten-
unit (10 pg/m?) increase in SO, exposure concentrations
was significantly associated with a 1.50 times higher
risk of VI among children and adolescents. In addition,
a 0.1-unit (0.1 mg/m?) increase in CO exposure was sig-
nificantly associated with a 1.19 times higher risk of VI.
In the double exposure model, the association between
S0O,, CO, and VI was robust.
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Table 1 Baseline characteristics

o Characteristics Overall Non-VI VI
of 340313 participants
(N=340,313) (N=181,932) (N=158,381)
Enter year, N (%) 2005 277 (0.08) 194 (70.0) 83 (30.0)
2006 402 (0.12) 262 (65.2) 140 (34.8)
2007 513 (0.15) 315(61.4) 198 (38.6)
2008 1181 (0.35) 491 (41.6) 690 (58.4)
2009 19,784 (5.81) 11,013 (55.7) 8771 (44.3)
2010 23,075 (6.78) 11,556 (50.1) 11,519 (49.9)
2011 38,261 (11.2) 18,575 (48.5) 19,686 (51.5)
2012 48,494 (14.2) 25,660 (52.9) 22,834 (47.1)
2013 69,178 (20.3) 33,103 (47.9) 36,075 (52.1)
2014 54,353 (16.0) 30,222 (55.6) 24,131 (44.4)
2015 54,868 (16.1) 33,048 (60.2) 21,820 (39.8)
2016 29,237 (8.59) 16,987 (58.1) 12,250 (41.9)
2017 690 (0.20) 506 (73.3) 184 (26.7)
Grade level (NV,%) Primary school 243,850 (71.7) 121,986 (50.0) 121,864 (50.0)
Junior high school 71,434 (21.0) 43,080 (60.3) 28,354 (39.7)
High School 25,029 (7.35) 16,866 (67.4) 8163 (32.6)
Gender (N, %) Girls 144,781 (42.5) 69,498 (48.0) 75,283 (52.0)
Boys 195,532 (57.5) 112,434 (57.5) 83,098 (42.5)
City, N (%) Beijing 266,528 (78.3) 132,630 (49.8) 133,898 (50.2)
Zhongshan 73,785 (21.7) 49,302 (66.8) 24,483 (33.2)
Age, mean (sd, year old) 11.30 (2.64) 11.70 (2.77) 10.8 (2.41)
Height, mean (sd, cm) 146 (22.6) 149 (15.8) 142 (28.0)
Weight, mean (sd, kg) 41.8 (16.4) 43.7 (16.5) 39.6 (16.0)
PM, 5, mean (sd, ug/m3) 60.6 (20.1) 56.6 (20.3) 65.1(18.9)
NO,, mean (sd, ug/m3) 13.3 (6.69) 12.5 (6.40) 14.2 (6.90)
SO,, mean (sd, pg/m3) 13.3 (6.69) 12.5 (6.40) 14.2 (6.90)
CO, mean (sd, mg/m>) 1.08 (0.22) 1.04 (0.22) 1.13 (0.21)
VI, visual impairment
Discussion

Table 2 Separate association between SO, and CO exposure and inci-
dence of VI with RRs (95% CI) of quartile logistic regression results

Parameter RR 95% CI
SO, (crude model) Q2 vs. Q1 1.27 1.25-1.29
Q3 vs. Q1 1.44 1.41-1.46
Q4 vs. Q1 2.05 2.02-2.08
SO, (adjusted model) Q2 vs. Q1 1.33 1.31-1.35
Q3 vs. Q1 1.57 1.55-1.60
Q4 vs. Q1 2.26 2.22-2.29
CO (crude model) Q2 vs. Q1 1.30 1.28-1.32
Q3 vs. Ql 2.09 2.06-2.12
Q4 vs. Q1 2.34 2.30-2.37
CO (adjusted model) Q2 vs. Q1 1.20 1.18-1.23
Q3 vs. Q1 2.13 2.10-2.17
Q4 vs. Q1 2.30 2.26-2.35

all models were adjusted for gender, grade level, height, weight, age,
city, fine particulate matter, and NO,, and the results were presented
as risk ratios (RRs) with 95% Cls; Q1, first quartile; Q2, second quar-
tile; O3, third quartile; Q4, fourth quartile

@ Springer

To our knowledge, this was the first study to assess the
effect of exposure to SO, and CO on new VI incident
among Chinese school-aged children and adolescents
using a longitudinal study with large sample size. We
found that a significantly increased risk of VI was associ-
ated with a high concentration of SO, and CO exposure
around school settings. Our findings were of great public
health significance, supporting the urgent need and poten-
tial benefits of effective air pollution mitigation strategies
for the prevention of childhood VI.

Many previous studies on the population health of air
pollution focused on the association with multiple specific
chronic diseases, such as cancer, cardiovascular disease,
lung disease, and their mortality (Atkinson et al. 2014; Guan
et al. 2016); however, only a few studies explored the asso-
ciations between air pollution exposure and eye health, such
as retinal vein occlusion (Zhang et al. 2019), dry eye (Man-
dell et al. 2020), retinal microvasculature (Louwies et al.
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Fig.3 The relationship between
the concentration of SO,, CO,
and risk of VI in children

and adolescents. Note: single
exposure model included SO,
and CO as exposure, separately;
double exposure model included
SO, and CO as the exposure
simultaneously

0.0

0.0

5 10 15
S0,

20 25 0.6 0.8 1.0 1.2 1.4
co

Exposure

RR(95%Cl, single exposure model)

RR(95%CI, double exposure model)

SO,
co

1.50 (1.49-1.51)
1.19 (1.19-1.20)

1.25 (1.24-1.26)
1.12 (1.11-1.12)

2013), nonspecific conjunctivitis (Matsuda et al. 2015; Tau
et al. 2013), and myopia (Wei et al. 2019). These studies
confirmed the ecological correlation between air pollution
and eye health; that is, air pollution, especially fine particu-
late pollution, could increase the risk of some types of eye
diseases. However, evidence from a longitudinal study on
clear causality between ambient gaseous pollutants and eye
health was lacking. Thus, the current study made up for the
evidence in the effects of ambient gaseous pollutants on VI
among the pediatric population.

We found that long-term SO, and CO exposure was asso-
ciated with an increased risk of VI in children and adoles-
cents. Some potential mechanisms could help explain such
results. Usually, exposure to SO, and CO might affect the
outdoor activity plans. For example, when children and ado-
lescents were exposed to high levels of pollution, they might
postpone or suspend plans for outdoor activities. Previous
studies found that the exposure time to sunlight could partly
explain the difference between SO, and CO exposure on the
risk of VI in children and adolescents (Morgan et al. 2018).
The connection between SO, and CO exposure and child-
hood VI episodes might be explained by several underlying
causes and processes. SO,- and CO-induced oxidative dam-
age and inflammation might be key potential routes. Another
possible mechanism was that air pollution lowered outdoor
activities and sunshine exposure in children and adolescents.

A lack of long-term outdoor activity could reduce the
exposure time to sunlight. Increases in SO, and CO were
frequently followed by increasing other air pollutants (such
as fine particulate matter and NOy), resulting in an exacer-
bation of air pollution (Wang et al. 2021). Rising air pollut-
ants concentration could reduce the amount of time spent
outdoors and time exposed to sunlight, and increase the
time of secondary behavior (Yu et al. 2018). Time spent

outdoors was an important protective factor against VI (Wu
et al. 2016). In human and animal studies on myopia, there
was increasing evidence that ambient light exposure was
an important factor in the regulation of eye development
(Ashby et al. 2009; Backhouse et al. 2013; Cohen et al.
2011). Outdoor natural light was a kind of full-spectrum
high-intensity light that was conducive to promoting the
secretion of dopamine. Dopamine could mediate the inhibi-
tion of eye growth and acts upstream of the choroid, causing
a temporary increase in the thickness of the choroid (Nickla
and Wallman 2010). One study with 18 months of follow-up
found that children without myopia received a daily quantity
of illumination significantly higher than those myopic chil-
dren, and the lack of light myopic eye axis in children was
growing significantly faster than the average daily amount
of light higher than myopia in children (Read et al. 2015).
Thus, when pollutants were low, parents and teachers might
consider expanding children’s outside activities flexibly to
support ocular axis growth and development.

The current findings had several implications in the fol-
lowing aspects. Firstly, our study confirmed the effects of
SO, and CO on VI among children and adolescents. It was
also helpful for the government to formulate policies to
improve visual health among children and adolescents. It
also suggested that families should take the effects of air
pollution on visual acuity into account in addition to behav-
ioral intervention when taking measures to prevent myo-
pia in children and adolescents. We suggested that parents
adjusted their children’s outdoor activities according to the
concentration of pollutants in the weather forecast. When
the sun was abundant and the concentration of pollutants
was low, it was recommended to take children outdoors for
physical activities so that they could receive enough sunlight
and avoid SO, and CO exposures. Secondly, the government
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and schools needed to pay more attention to the way chil-
dren and adolescents performed physical exercise when air
pollution was serious. We recommended that the Education
Department should give schools a more flexible policy on
physical activity. At present, the school was relatively inflex-
ible when making the student physical education curriculum.
We recommended that schools considered air pollution when
formulating physical education curricula and reducing out-
door activities while increasing indoor activities when air
pollution was serious. At the same time, the school would
set the stadium in a position that could receive enough light
according to the geographical location of the school and the
situation of receiving light.

Our study had two notable strengths. Firstly, we used two
longitudinal data sources to verify the effect of SO, and CO
on VI in children and adolescents. Secondly, the current
study involved many schools and a large-scale sample to ver-
ify the effects of long-term and short-term exposure to SO,
and CO on VI in children and adolescents, which increased
the credibility and extrapolation of the results. Despite these
strengths, the findings from our study should be interpreted
in the context of several potential limitations. Firstly, there
might be bias in the determination of VI, and the classifica-
tion of myopia and farsightedness could not be identified at
the same time. However, visual acuity varied greatly during
childhood and adolescence, and research on VI could help to
guide policy-making for VI prevention. Secondly, the medi-
cal examination did not investigate detailed information in
students, such as time spent on physical activity, smoking
status, drinking status, parents’ myopia status, and education
levels, which could also be associated with students' vision
health. Thirdly, although this study assessed SO, and CO
exposure in the schools’ settings, due to the lack of home
addresses of students, the exposure of SO, and CO around
school and home could not be comprehensively considered.
Fourthly, pollutant exposure in the same school was assessed
by the geographical location of the schools; thus, the expo-
sure assessment was the same for every student in the same
school. However, such an assessment method could not
accurately assess the exposure level of SO, and CO for eve-
ryone, which could lead to overestimation or underestima-
tion. This was appropriate for large studies where long-term
exposure assessment was applied in our study, and long-term
exposure assessment focused more on overall exposure lev-
els over long periods.

Conclusion

In conclusion, in this large longitudinal dynamic cohort of
Chinese children and adolescents, we found that an increased
incidence of VI in children and adolescents was associated
with SO, and CO exposure, which represented obvious

@ Springer

adverse effects of SO, and CO on VI with potential explicit
causality. This study could help governments formulate poli-
cies to intervene in students' vision by reducing air pollution,
adjusting the schools’ curriculum and prompting parents to
adjust children’s outdoor activities according to air quality.

Acknowledgements We acknowledge the investigators and students
who participated in the present study.

Author contribution LC and YHD conceived and designed the study.
LC carried out the initial analyses and prepared the first draft of the
manuscript. TM, DG, XJW, BW, MMC, YHL, JJ, LIW, WML, XTL,
YS, JW, YHD, XHG, and JM critically reviewed and revised the man-
uscript. YS, YHD, and XHG conducted the research and collected
the data. JW provided the data of air pollutants. All authors read and
approved the final manuscript.

Funding The present study was supported by the National Natural
Science Foundation (Grant 81673192 to Jun Ma, Grant 82103865 to
Yanhui Dong), and Beijing Natural Science Foundation (7222244 to
Yanhui Dong)s, and the project was funded by the China Postdoctoral
Science Foundation (National Postdoctoral Program for Innovative Tal-
ent, BX20200019 and 2020M680266 to Yanhui Dong). The funders
had no role in the study design, data collection, analysis, decision to
publish, or preparation of the manuscript.

Data availability Researchers should be able to have reasonable access
to the data from the corresponding authors. The CHAP dataset is freely
available at https://weijing-rs.github.io/product.html.

Declarations

Ethics approval This project was approved by the Medical Research
Ethics Committee of Peking University Health Science Center (Refer-
ence Number: IRB00001052-20033).

Consent to participate Not applicable. The current study used data
from annual medical examinations, and the Medical Research Ethics
Committee allowed us to not acquire individual informed permission.

Competing interests The authors declare no competing interests.

References

Ashby R, Ohlendorf A, Schaeffel F (2009) The effect of ambient illu-
minance on the development of deprivation myopia in chicks.
Invest Ophthalmol vis Sci 50(11):5348-5354. https://doi.org/10.
1167/i0vs.09-3419

Atkinson RW, Kang S, Anderson HR, Mills IC, Walton HA (2014)
Epidemiological time series studies of PM2.5 and daily mor-
tality and hospital admissions: a systematic review and meta-
analysis. Thorax 69(7):660-665. https://doi.org/10.1136/thora
xjnl-2013-204492

Backhouse S, Collins AV, Phillips JR (2013) Influence of periodic vs
continuous daily bright light exposure on development of experi-
mental myopia in the chick. Ophthalmic Physiol Opt 33(5):563—
572. https://doi.org/10.1111/0po.12069

Bourne RRA, Flaxman SR, Braithwaite T, Cicinelli MV, Das A, Jonas
JB, ... Vision Loss Expert, G (2017) Magnitude, temporal trends,
and projections of the global prevalence of blindness and distance


https://weijing-rs.github.io/product.html
https://doi.org/10.1167/iovs.09-3419
https://doi.org/10.1167/iovs.09-3419
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.1136/thoraxjnl-2013-204492
https://doi.org/10.1111/opo.12069

Environmental Science and Pollution Research (2022) 29:73262-73270

73269

and near vision impairment: a systematic review and meta-analy-
sis. Lancet Glob Health 5(9): e888-e897. https://doi.org/10.1016/
$2214-109X(17)30293-0

Broitman D, Portnov BA (2020) Forecasting health effects potentially
associated with the relocation of a major air pollution source.
Environ Res 182:109088. https://doi.org/10.1016/j.envres.2019.
109088

Chien LC, Lien YJ, Yang CH, Yu HL (2014) Acute increase of chil-
dren’s conjunctivitis clinic visits by Asian dust storms exposure - a
spatiotemporal study in Taipei, Taiwan. Plos One 9(10):e109175.
https://doi.org/10.1371/journal.pone.0109175

Cohen Y, Belkin M, Yehezkel O, Solomon AS, Polat U (2011) Depend-
ency between light intensity and refractive development under
light-dark cycles. Exp Eye Res 92(1):40—46. https://doi.org/10.
1016/j.exer.2010.10.012

Colenbrander A (2002) Visual standards: aspects and ranges of vision
loss with emphasis on population surveys. Retrieved from San
Francisco

Cui YH, Hu ZX, Gao ZX, Song XL, Feng QY, Yang G, . . . Pan HW
(2018) Airborne particulate matter impairs corneal epithelial
cells migration via disturbing FAK/RhoA signaling pathway and
cytoskeleton organization. Nanotoxicology 12(4):312-324. https://
doi.org/10.1080/17435390.2018.1440651

Eckert KA, Carter MJ, Lansingh VC, Wilson DA, Furtado JM, Frick
KD, Resnikoff S (2015) A simple method for estimating the eco-
nomic cost of productivity loss due to blindness and moderate to
severe visual impairment. Ophthalmic Epidemiol 22(5):349-355.
https://doi.org/10.3109/09286586.2015.1066394

Gauderman WJ, Urman R, Avol E, Berhane K, McConnell R, Rappa-
portE, . .. Gilliland F (2015) Association of improved air quality
with lung development in children. N Engl J Med 372(10):905-
913. https://doi.org/10.1056/NEJMoal414123

Guan WJ, Zheng XY, Chung KF, Zhong NS (2016) Impact of air pol-
lution on the burden of chronic respiratory diseases in China: time
for urgent action. Lancet 388(10054):1939-1951. https://doi.org/
10.1016/S0140-6736(16)31597-5

Hendryx M, Luo J, Chojenta C, Byles JE (2019) Air pollution expo-
sures from multiple point sources and risk of incident chronic
obstructive pulmonary disease (COPD) and asthma. Environ Res
179(Pt A):108783. https://doi.org/10.1016/j.envres.2019.108783

Jan C, Xu R, Luo D, Xiong X, Song Y, MaJ, Stafford RS (2019) Asso-
ciation of visual impairment with economic development among
Chinese schoolchildren. JAMA Pediatr 173(7):e190914. https://
doi.org/10.1001/jamapediatrics.2019.0914

Kim H, Kim J, Kim S, Kang SH, Kim HJ, Kim H, . . . Chae IH (2017)
Cardiovascular effects of long-term exposure to air pollution: a
population-based study with 900 845 person-years of follow-up. J
Am Heart Assoc 6(11). https://doi.org/10.1161/JAHA.117.007170

Korten I, Ramsey K, Latzin P (2017) Air pollution during pregnancy
and lung development in the child. Paediatr Respir Rev 21:38—46.
https://doi.org/10.1016/j.prrv.2016.08.008

Lougheed T (2014) Myopia: the evidence for environmental factors.
Environ Health Perspect 122(1):A12-19. https://doi.org/10.1289/
ehp.122-A12

Louwies T, Panis LI, Kicinski M, De Boever P, Nawrot TS (2013)
Retinal microvascular responses to short-term changes in par-
ticulate air pollution in healthy adults. Environ Health Perspect
121(9):1011-1016. https://doi.org/10.1289/ehp.1205721

Malerbi FK, Martins LC, Saldiva PH, Braga AL (2012) Ambient levels
of air pollution induce clinical worsening of blepharitis. Environ
Res 112:199-203. https://doi.org/10.1016/j.envres.2011.11.010

Mandell JT, Idarraga M, Kumar N, Galor A (2020) Impact of air pol-
lution and weather on dry eye. J Clin Med 9(11). https://doi.org/
10.3390/jcm9113740

Matsuda M, Bonatti R, Marquezini MV, Garcia ML, Santos UP, Braga
AL, . .. Monteiro ML (2015) Lacrimal cytokines assessment in

subjects exposed to different levels of ambient air pollution in a
large metropolitan area. PLoS One 10(11): e0143131. https://doi.
org/10.1371/journal.pone.0143131

Min JY, Kim HJ, Min KB (2018) Long-term exposure to air pollution
and the risk of suicide death: a population-based cohort study. Sci
Total Environ 628-629:573-579. https://doi.org/10.1016/j.scito
tenv.2018.02.011

Morgan IG, French AN, Ashby RS, Guo X, Ding X, He M, Rose KA
(2018) The epidemics of myopia: aetiology and prevention. Prog
Retin Eye Res 62:134-149. https://doi.org/10.1016/j.preteyeres.
2017.09.004

Nickla DL, Wallman J (2010) The multifunctional choroid. Prog Retin
Eye Res 29(2):144-168. https://doi.org/10.1016/j.preteyeres.2009.
12.002

O’Donoghue L, Rudnicka AR, McClelland JF, Logan NS, Saunders
KJ (2012) Visual acuity measures do not reliably detect child-
hood refractive error—an epidemiological study. PLoS ONE
7(3):e34441. https://doi.org/10.1371/journal.pone.0034441

Parker JD, Kravets N, Vaidyanathan A (2018) Particulate matter air
pollution exposure and heart disease mortality risks by race and
ethnicity in the United States: 1997 to 2009 National Health Inter-
view Survey With Mortality Follow-Up Through 2011. Circula-
tion 137(16):1688—1697. https://doi.org/10.1161/CIRCULATIO
NAHA.117.029376

Read SA, Collins MJ, Vincent SJ (2015) Light exposure and eye growth
in childhood. Invest Ophthalmol vis Sci 56(11):6779-6787.
https://doi.org/10.1167/iovs.14-15978

Sun HP, Li A, Xu Y, Pan CW (2015) Secular trends of reduced visual
acuity from 1985 to 2010 and disease burden projection for 2020
and 2030 among primary and secondary school students in China.
JAMA Ophthalmol 133(3):262-268. https://doi.org/10.1001/
jamaophthalmol.2014.4899

Tau J, Novaes P, Matsuda M, Tasat DR, Saldiva PH, Berra A (2013)
Diesel exhaust particles selectively induce both proinflammatory
cytokines and mucin production in cornea and conjunctiva human
cell lines. Invest Ophthalmol vis Sci 54(7):4759-4765. https://doi.
org/10.1167/iovs.12-10541

Wang Z, Shi X, Pan C, Wang S (2021) Spatial and temporal char-
acteristics of environmental air quality and its relationship with
seasonal climatic conditions in eastern China during 2015-2018.
Int J Environ Res Public Health 18(9). https://doi.org/10.3390/
ijerph18094524

Wei CC, Lin HJ, Lim YP, Chen CS, Chang CY, Lin CJ, ... Wan L
(2019) PM2.5 and NOx exposure promote myopia: clinical evi-
dence and experimental proof. Environ Pollut 254(Pt B): 113031.
https://doi.org/10.1016/j.envpol.2019.113031

Wei J, Li Z, Li K, Dickerson R, Pinker R, Wang J, Liu X, Sun L, Xue
W, Cribb M (2022) Full-coverage mapping and spatiotemporal
variations of ground-level ozone (O;) pollution from 2013 to 2020
across China. Remote Sens Environ 270:112775. https://doi.org/
10.1016/j.rse.2021.112775

Weil, Li Z, Lyapustin A, Sun L, Peng Y, Xue W, Su T, Cribb M (2021)
Reconstructing 1-km-resolution high-quality PM, 5 data records
from 2000 to 2018 in China: spatiotemporal variations and policy
implications. Remote Sens Environ 252:112136. https://doi.org/
10.1016/j.rse.2020.112136

Weinmayr G, Pedersen M, Stafoggia M, Andersen ZJ, Galassi C,
Munkenast J, . . . Nagel G (2018) Particulate matter air pollu-
tion components and incidence of cancers of the stomach and the
upper aerodigestive tract in the European Study of Cohorts of Air
Pollution Effects (ESCAPE). Environ Int 120: 163-171. https://
doi.org/10.1016/j.envint.2018.07.030

West SK, Bates MN, Lee JS, Schaumberg DA, Lee DJ, Adair-Rohani
H, ... Araj H (2013) Is household air pollution a risk factor for
eye disease? Int J Environ Res Public Health 10(11): 5378-5398.
https://doi.org/10.3390/ijerph10115378

@ Springer


https://doi.org/10.1016/S2214-109X(17)30293-0
https://doi.org/10.1016/S2214-109X(17)30293-0
https://doi.org/10.1016/j.envres.2019.109088
https://doi.org/10.1016/j.envres.2019.109088
https://doi.org/10.1371/journal.pone.0109175
https://doi.org/10.1016/j.exer.2010.10.012
https://doi.org/10.1016/j.exer.2010.10.012
https://doi.org/10.1080/17435390.2018.1440651
https://doi.org/10.1080/17435390.2018.1440651
https://doi.org/10.3109/09286586.2015.1066394
https://doi.org/10.1056/NEJMoa1414123
https://doi.org/10.1016/S0140-6736(16)31597-5
https://doi.org/10.1016/S0140-6736(16)31597-5
https://doi.org/10.1016/j.envres.2019.108783
https://doi.org/10.1001/jamapediatrics.2019.0914
https://doi.org/10.1001/jamapediatrics.2019.0914
https://doi.org/10.1161/JAHA.117.007170
https://doi.org/10.1016/j.prrv.2016.08.008
https://doi.org/10.1289/ehp.122-A12
https://doi.org/10.1289/ehp.122-A12
https://doi.org/10.1289/ehp.1205721
https://doi.org/10.1016/j.envres.2011.11.010
https://doi.org/10.3390/jcm9113740
https://doi.org/10.3390/jcm9113740
https://doi.org/10.1371/journal.pone.0143131
https://doi.org/10.1371/journal.pone.0143131
https://doi.org/10.1016/j.scitotenv.2018.02.011
https://doi.org/10.1016/j.scitotenv.2018.02.011
https://doi.org/10.1016/j.preteyeres.2017.09.004
https://doi.org/10.1016/j.preteyeres.2017.09.004
https://doi.org/10.1016/j.preteyeres.2009.12.002
https://doi.org/10.1016/j.preteyeres.2009.12.002
https://doi.org/10.1371/journal.pone.0034441
https://doi.org/10.1161/CIRCULATIONAHA.117.029376
https://doi.org/10.1161/CIRCULATIONAHA.117.029376
https://doi.org/10.1167/iovs.14-15978
https://doi.org/10.1001/jamaophthalmol.2014.4899
https://doi.org/10.1001/jamaophthalmol.2014.4899
https://doi.org/10.1167/iovs.12-10541
https://doi.org/10.1167/iovs.12-10541
https://doi.org/10.3390/ijerph18094524
https://doi.org/10.3390/ijerph18094524
https://doi.org/10.1016/j.envpol.2019.113031
https://doi.org/10.1016/j.rse.2021.112775
https://doi.org/10.1016/j.rse.2021.112775
https://doi.org/10.1016/j.rse.2020.112136
https://doi.org/10.1016/j.rse.2020.112136
https://doi.org/10.1016/j.envint.2018.07.030
https://doi.org/10.1016/j.envint.2018.07.030
https://doi.org/10.3390/ijerph10115378

73270

Environmental Science and Pollution Research (2022) 29:73262-73270

World Health Organization (2021) Blindness and vision impairment.
Retrieved from https://www.who.int/news-room/fact-sheets/detaa
il/blindness-and-visual-impairment. Accessed 18 Mar 2022

Wu PC, Huang HM, Yu HJ, Fang PC, Chen CT (2016) Epidemiology
of myopia. Asia Pac J Ophthalmol (phila) 5(6):386-393. https://
doi.org/10.1097/AP0O.0000000000000236

Yang YL, Yang HL, Shiao SPK (2018) Meta-Prediction of MTHFR
Gene polymorphisms and air pollution on the risk of hyperten-
sive disorders in pregnancy worldwide. Int J Environ Res Public
Health 15(2). https://doi.org/10.3390/ijerph15020326

Yu H, Cheng J, Gordon SP, An R, Yu M, Chen X, . .. QiuJ (2018)
Impact of air pollution on sedentary behavior: a cohort study of

@ Springer

freshmen at a university in Beijing, China. Int J Environ Res Pub-
lic Health 15(12). https://doi.org/10.3390/ijerph15122811
Zhang HW, Lin CW, Kok VC, Tseng CH, Lin YP, Li TC, . . . Hsu CY
(2019) Incidence of retinal vein occlusion with long-term expo-
sure to ambient air pollution. PLoS One 14(9): €0222895. https://
doi.org/10.1371/journal.pone.0222895

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://www.who.int/news-room/fact-sheets/detaail/blindness-and-visual-impairment
https://www.who.int/news-room/fact-sheets/detaail/blindness-and-visual-impairment
https://doi.org/10.1097/APO.0000000000000236
https://doi.org/10.1097/APO.0000000000000236
https://doi.org/10.3390/ijerph15020326
https://doi.org/10.3390/ijerph15122811
https://doi.org/10.1371/journal.pone.0222895
https://doi.org/10.1371/journal.pone.0222895

	Ambient gaseous pollutant exposure and incidence of visual impairment among children and adolescents: findings from a longitudinal, two-center cohort study in China
	Abstract
	Introduction
	Methods
	Study design
	Assessment of air pollution
	Ascertainment of the incident of visual impairment
	Statistical analysis

	Results
	Characteristics of participants
	Separate association between SO2 and CO exposure and incidence of VI
	Dose–response relationship between SO2 and CO exposure and incidence of VI

	Discussion
	Conclusion
	Acknowledgements 
	References


