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Abstract: The effects of air pollution on physical health are well recognized, with many studies
revealing air pollution’s effects on vision disorder, yet no relationship has been established. Therefore,
a meta-analysis was carried out in this study to investigate the connection between vision disorder
and ambient particles (diameter < 2.5 um (PM; 5), diameter < 10 pm (PMj)) and gaseous pollutants
(nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO), Ozone (O3)). Twelve relevant
studies published by 26 February 2024 were identified in three databases. A pooled odds ratios (ORs)
of 95% confidence intervals (CIs) were obtained using random-effects meta-analysis models. Meta-
analysis results revealed that for every 10 pug/ m? increase in PM; 5 and NO, exposure, a substantially
higher incidence of vision disorder was observed (OR = 1.10; 95% CI: 1.01, 1.19; OR = 1.08, 95%
CI: 1.00, 1.16). No significant correlation existed between exposure to PM;jy, SO, and CO and
vision disorder. However, O3 exposure was negatively associated with vision disorder. In addition,
subgroup analyses revealed that PM; 5 exposure was significantly correlated with the risk of glaucoma
and age-related macular degeneration and that children and adolescents were more susceptible to
NO; and PM; 5 than adults. Overall, exposure to air pollutants, especially PM; 5 and NO,, may
increase the incidence of vision disorder.

Keywords: air pollution; PM; 5; NO;; vision disorder; meta-analysis; odds ratio

1. Introduction

Globally, vision disorder has become an issue with serious adverse effects on people’s
health and affects people’s opportunities in the workplace and school [1]. Vision disorder
refers to a limited ability to visually respond to light and structural stimuli due to lesions
in the eye or central visual pathways [2]. The most common clinical symptoms include
refractive errors (such as nearsightedness, farsightedness, or astigmatism), glaucoma,
cataracts, age-related macular degeneration (AMD), and retinal damage caused by diabetes
(diabetic retinopathy). According to the included articles, common and severe vision
disorders include glaucoma, cataract and AMD, which were taken as the outcome criteria
for vision disorder in this study. Age-related degenerative neuropathy glaucoma is a
significant contributor to vision disorder and blindness worldwide [3]. Besides increased
intraocular pressure, a sufficient but not necessary causing factor for glaucoma greater
exposure to PM; 5 has been revealed by studies to be associated with its adverse structural
features. Thus, air pollution could be a possible risk factor for glaucoma. Cataracts,
opacification of the ocular lens, are major reason of functional vision loss [4]. Air related
factors such as ultraviolet light, high temperatures, and lack of oxygen may contribute
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to the formation of cataracts. AMD is a disorder with a late start that results in lipid-rich
extracellular deposits, localized inflammation, and eventually neurodegeneration in the
macula, the center of the retina [5]. Glaucoma, cataracts, and AMD share some common
pathophysiological mechanisms, including increased inflammation and oxidative stress.
Should there be a negative correlation between air pollution and vision disorder, then air
pollution may be a novel and potentially modifiable risk factor.

Today, air pollution ranks fifth in terms of risks to public health and is an environmen-
tal threat to well-being at the global scale, affecting all populations to some extent [6,7].
The World Health Organization (WHO) lists PM (Particulate Matter), O3 (Ozone), NO,
(nitrogen dioxide), and SO, (sulfur dioxide) as the four most significant air pollutants [8].
Air pollution has long been a serious environmental concern because it can cause a wide
range of health problems at different stages of life [9]. Our eyes are continuously taking
in the world around us, also various air pollutants [9,10]. Conjunctivitis and dry eye risks
are increased by air pollution, and oxidative stress from air pollutants also affect other eye
illnesses, according to previous research [5,11].

Recent epidemiological studies have assessed how air pollution exposure and vision
disorders are related [10,12,13]. However, our analysis of the pertinent literature revealed
that racial disparities, pollution levels, lifestyle choices, and recognized risk factors for
vision disorder, such as age, region (The research regions included in this study include
China, South Korea, the United Kingdom and Canada), and gender, may have an impact on
the findings [14,15]. According to one research exposure to SO, and CO (carbon monoxide)
was positively related to the prevalence of vision disorder in children [13]. Meanwhile, in
another study, PM; (inhalable particles), NO,, and SO; levels were not associated with
cataracts [10]. It follows that these associations are heterogeneous. A summary of the
connection between ambient air pollution and vision disorder is thus necessary. To evaluate
the state of the art and point the way toward further exploration, a meta-analysis was
carried out.

2. Materials and Methods
2.1. Search Strategy

As of 26 February 2024, two reviewers independently conducted literature searches
on the risk of air pollution and vision disorder outcomes in electronic databases, including
PubMed, Embase, and Web of Science. The search strategy is based on a combination of
vision disorder (visual impairment, visual disorders, ‘disorder, visual’, visual disorder,
macropsia, visual impairment, micropsia, vision disability, hemeralopia, metamorphopsia)
and ambient air pollutants (air pollutants, atmospheric pollutants, sulfur dioxide, nitrogen
dioxide, carbon monoxide, ozone, particulate matter, PM, PM;o, PM, 5, VOCs) keywords.
Specific search strategies are provided in Supplementary Table S1.

2.2. Inclusion and Exclusion Criteria

All studies were independently reviewed by two investigators (ZH and MX), and a
third independent investigator (YY) was called upon to reach a consensus in case of any
disputes. The following are the inclusion requirements: (1) original research; (2) population-
based studies; (3) studies that observe something, such as a cohort, a case-control study,
or a cross-sectional study; (4) exposure to particle and gaseous contaminants in the air,
including PM;, PM; 5, PM1g, NO,, SO,, CO and Og; (5) studies providing ORs, relative risk
(RR), or hazard ratios (HRs) with 95% Cls for the visual impairment outcomes associated
with any air pollutants; and (6) articles in English.

The following were the exclusion requirements: (1) studies in which no data can be re-
trieved; (2) studies involving animal experiments; (3) studies of poor quality; (4) comments,
letters, responses to review articles, and meta-analyses.
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2.3. Quality Assessment

The following techniques were employed to assess the quality of the literature by
the study types of the included articles: (1) Cross-sectional study statistics assessment
and review instrument meta-analysis by the Joanna Briggs Institute (JBI) (Table S2) [16];
(2) 9-star Newcastle-Ottawa Scale (NOS) (Table S3) for cohort studies and case—control
studies [17]. In our study, the JBI scale contained 10 items on a scale of 0 to 20, each rated
on a scale of 2 (detailed, comprehensive, and correctly described); 1 (mentioned but not
described in detail); and 0 (not met). Studies are categorized as “high quality” if they
receive a JBI score of at least 16, as opposed to “low quality” otherwise [16]. The NOS
scale had a total score that ranged from 0 to 9, and the study’s quality was determined
by its selection (0—4 points), comparability (0-2 points), and outcome (0-3 points) quality
factors. The study quality was rated on a scale of 0-3 as low, 4-6 as medium, and 7-9 as
high [17]. Supplementary Tables S4 and S5 of the Supplementary Materials detailed the
grading system.

2.4. Data Extraction

Two investigators retrieved data from all included studies separately and in a defined
way, and third investigator resolved disagreements through discussion. For every eligible
study, we extracted the initial author’s name, publication year, study site, time frame,
study design, sample size, population characteristics, pollution characteristics, assessment
method, adjusted variables, outcome definition, time of assessment, type of outcome and
subgroup analysis results, effect size (OR, RR or HR, 95% CI) of the correlation between air
pollutants and vision disorder.

We transformed all air pollutant measurement units to 1g/m3 to standardize impact sizes:
(1) 1 ppm = 1000 ppb, 1 mg/m3 = 1000 pg/m3; (2) NO: 1 ppb = 46/22.4 ug/m?; (3) O3: 1 ppb
=48/22.4 pg/m3; (4) SO,: 1 ppb = 64/22.4 pg/m3; (5) CO: 1 ppb =28/22.4 pg/m3 [15]. After
that, all effect estimates were combined for a 10 pg/m? rise in pollutant concentration. The
following formulas were used to transform the standard risks for each investigation [18]:

OR(standardized) — OR(original)Increment(lo) /Increment(original)

2.5. Statistical Analysis

Statistical analysis was carried out using Stata 17.0. ORs and their 95% Cls, which were
mostly used in studies with various designs, populations, and follow-up times, were used
to present pooled data. Other effect sizes were converted into ORs. Forest plots and stan-
dard cut-offs for I statistics were used to assess heterogeneity across studies. Heterogeneity
was ranked as low (I? < 25%), medium (25% < I? < 75%), and high (I2 > 75%) at those
percentages. Subgroup and sensitivity analyses were done to look into the causes of hetero-
geneity. When the values of I? were greater than 50%, the random-effects inverse-variance
model was used to compute the combined estimates. Moreover, statistical significance was
assumed when the p-value of a two-tailed test was less than 0.05 [19].

3. Result
3.1. Study Results

Using three electronic databases, we screened 2007 articles in total and eliminated
390 duplicates. The titles and abstracts of the remaining 1617 articles were preliminarily
screened, of which 1555 were excluded after the initial screening, and a total of 62 articles
were screened for full-text reading. Considering the inclusion and exclusion standards,
50 studies were excluded, of which four were reviews, one was an animal study, three
were non-English articles, and 42 did not meet the inclusion criteria (Figure 1). Twelve
studies [3,5,10,12,13,20-26] evaluating the relationship between air pollutant exposure and
the risk of vision disorder outcomes were included in this meta-analysis.
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Figure 1. Flow chart of the literature search and selection for meta-analysis.

3.2. Study Characteristics

The characteristics of the included studies are summarized in Table 1. Twelve studies
were published between 2018 and 2022, with the studies covering the period from 2000 to
2021. Seven were cross-sectional, three were cohort, and two were case-crossover studies.
The studies were carried out in four nations: China (n = 6), South Korea (n = 3), the United
Kingdom (n = 2), and Canada (n = 1), and they involved a large number of participants,
ranging from 3225 to 340,313. Our review included the following number of studies on
various pollutants: PMjg (n = 6), PM;y5 (n = 10), PM; (n = 1), NO; (n =7), SO, (n = 4),
CO (n =5), and O3 (n = 3). Regarding quality assessment, twelve studies met the criteria
for good quality (Supplementary Tables S3 and S5). Most included studies estimated the
correlations between air pollution and vision disorder outcomes by multivariable multiple
logistic regression and multiple cox proportional hazards regression models, and evaluated
OR, RR or HR with 95% ClIs for each air pollutant selected.
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Table 1. Characteristics of studies included in the systematic review and meta-analysis.
Study Location Data Period  Design Sample Size Age Exposure Statistical Model Outcome Type Quality
Pollutant(s)
Choi et al., Republic of g ) . 03, NO,, Multiple logistic
2018 [10] Korea 2006-2012 Cross-sectional study 18,622 40+ SO, PMyp regression analyses Cataract 17/20
Chuaetal,  United 20062010  Cross-sectional study 111,370 40-69 PM, 5 Multiple logistic Glaucoma 18/20
2019 [3] Kingdom regression analyses
Chang et al.,, o Longitudinal Multiple Cox proportional
2019 [3] China-Taiwan 2000-2010 population-based study 39,819 50+ NO,, CO hazards regression AMD 6/9
. . C 1 PM; 5, PMyy, Multiple Cox
Shin et al., Republic of 2002-2015 Longltu'd inal 115,728 50+ NO,, CO, proportional hazards Cataract 9/9
2020 [21] Korea population-based study .
SO,, O3 regression

SAS PROC

;(g;‘lg [eztg?l" China 2010-2013  Cross-sectional study 61,995 6-18 gﬁl Pﬁ%»f" SURVEYLOGISTIC, SAS  Visual impairment 16/20
10,782 PROC SURVEYREG
. . . AMD, Cataract,
Grantetal, o ada 20112015 ~ Cross-sectional 30,097 45-85 PMas, Os, Multiple logistic Glaucoma, Visual 19/20
2021 [20] population-based study SO,, NO, regression analyses . .
impairment
Sunetal, o cpinaTaiwan 20082013 Lested case-control g5, 65+ PMy 5 Multiple logistic Glaucoma 6/9
2021 [22] study regression analyses
Yangetal, 20002016  Cross-sectional study 33,701 40+ PM, 5 Multiple logistic Glaucoma 16/20
2021 [24] regression analyses
g Multiple Cox

Chen et al., . Longitudinal, SD: 11.30 . . . .
2002 [13] China 2005-2018 two-center cohort study 340,313 (42.64) SO,, CO proport.lonal hazards Visual impairment 8/9

regression
Lietal., 2022 . . : SD: 56.79 PM, 5, PMyq, Conditional logistic
[26] China 2015-2021 Case-crossover study 14,385 (+15.33) NO,, CO regression model Glaucoma 7/9
Chuaetal,, United g e g PM; 5, PMyg, Multiple logistic
2022 [12] Kingdom 2006-2010 Cross-sectional study 115,954 40-69 NO, regression analyses AMD 17/20
Juetal, Republic of 20082012  Cross-sectional study 15,115 40+ NO,, CO, O Survey-logistic regression 16/20
2022 [25] Korea SSsec y ! 2 models

Abbreviations: PM;: particle with aerodynamic diameter < 1 pum; SD: The mean age.



Toxics 2024, 12, 209

6 of 14

3.3. The Association between Environmental Air Pollutants Exposure and Vision Disorder

Twelve studies looked into the connection between exposure to air pollution and
vision disorder; nine reported ORs with 95% Cls, two supplied HRs with 95% ClIs, and one
reported RRs with 95% ClIs. We estimated the pooled ORs for vision disorders (cataract,
glaucoma, AMD and visual impairment) associated with each air pollutant. Three, five,
four and two studies assessed the relationship between air pollutant exposure and cataract,
glaucoma, AMD and visual impairment, respectively. The correlations of vision disorder
with exposure to PMjg, PMy 5, PM;, SO;, NO,, O3 and CO were reported in studies
(Tables 2 and 3).

Table 2. Summary effects and 95% confidence intervals for vision disorder associated with PM.

Air Pollutant é{zta};;) ' Outcome Type Incremental Scale Original OR/HR Transformed OR
Choi et al. Cataract 5 g/ OR: 0.91 (95% CI, OR: 0.83 (95% CI,
(2018) [10] Hg/m 0.78-1.07) 0.61-1.14)
Shin et al. . 3 HR: 1.069 (95% CI, OR: 1.076 (95% CI,
(2020) [21] Cataract IQR: 9.1 ug/m 1.025-1.115) 1.028-1.127)
Yang et al. . . . ) 3 OR: 1.142 (95% (I, OR: 1.086 (95% CI,
(2021) [23] Visual impairment  IQR: 16.11 pg/m 1.019-1.281) 1.012-1.166)

PM

10 Lietal. Claucoma IOR: 35 et/ OR: 1.03 (95% CI, OR: 1.01 (95% CI,

(2022) [26] OO HE/m 1.01-1.05) 1.00-1.01)
Chua et al. ’ 3 OR: 0.94 (95% CI, OR: 0.79 (95% CI,
(2022) [12] AMD IQR: 2.67 ug/m 0.86-1.02) 0.57-1.08)
Ju et al. . 3 OR: 1.13 (95% CI, OR: 1.17 (95% CI,
(2022) [25] AMD IQR: 8 pg/m 0.99-1.34) 0.99-1.44)
Chua et al. ) 3 OR: 1.06 (95% CI, OR: 1.68 (95% (I,
(2019) [3] Glaucoma IQR: 112 pg/m 1.01-1.12) 1.09-2.75)
Shin et al. ’ 3 HR: 0.905 (95% CI, OR: 0.905 (95% CI,
(2020) [21] Cataract IQR: 7.0 ug/m 0.772-1.062) 0.867-1.090)
Yang et al. L 5 OR: 1.267 (95% CI, OR: 1.174 (95% CI,
(Qo21)[23] ~Visualimpairment 1479 ug/m 1.082-1.484) 1.055-1.306)
Grant et al. ) 3 OR: 1.24 (95% (I, OR: 2.10 (95% (I,
(2021) [20] Glaucoma IQR: 2.9 ug/m 1.05-1.46) 1.18-3.69)
Grant et al. AMD (with visual JOR: 2.9 jig/m® OR: 1.41 (95% (I, OR:3.27 (95% CI,
(2021) [20] impairment) o7 Hg/m 0.96-2.08) 0.87-12.49)

PM

25 Grantetal. . IOR: 29 g/ OR: 0.98 (95% CI, OR: 0.93 (95% CI,

(2021) [20] o7 HE 0.90-1.07) 0.70-1.26
Sun et al. Glaucoma 10 pg /m? OR: 1.19 (95% (I, OR: 1.19 (95% (I,
(2021) [22] He/m 1.05-1.36) 1.05-1.36)
Yang et al. 3 OR: 1.07 (95% CI, OR: 1.07 (95% CI,
(2021) [24] Glaucoma 10 ng/m 1.00-1.15) 1.00-1.15)
Lietal. . 5 OR: 1.07 (95% CI, OR: 1.03(95% CI,
(2022) [26] Glaucoma TQR: 26 pg/m 1.03-1.11) 1.01-1.04)
Chua et al. . 5 OR: 1.08 (95% CI, OR: 2.05(95% CI,
(2022) [12] AMD IQR: 1.07 pg/m 1.01-1.16) 1.10-4.00)
Yang et al. o 3 OR: 1.133 (95% CI, OR: 1.130 (95% CI,

PMy (2021) [23] Visual impairment  10.24 pg/m 1.035-1.240) 1.034-1.234)
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Table 3. Summary effects and 95% confidence intervals for vision disorder associated with SO,, NO,,

03, CO.

Air Pollutant g"el:l:)o ! Outcome Type Incremental Scale Original OR/HR Transformed OR
g(;%)e Efg] Cataract 0.003 ppm (()).52:_()1.9;05950/0 <l 8)2{6_0183?7595% <
(Szhoigoit[;i'] Cataract IQR: 0.7 ppb 1(515841—(1)2077;9)5% <l 005201_14473(99)50/0 b

o2 (C;lag;\)e[tlgl]. Visual impairment IQR: 16.16 ug/ m3 52{53.22.59()95% cl 854:_11.,6667595% b
T N
é}(;cl)g)e ng Cataract 0.003 ppm 8;3%32;95% <l 0052_019022;95% ch
(Czlazilg)g[; al. AMD IQR: 9825.5 ppb ?21_129213 )(95% Cl, Sé{(;_ll.'OOO();%"/o Cl,
(Szl’g;oit[;h Cataract IQR: 2.1 ppb {I(I){?,Ol_gi%gS% <l 8(5{7:411j2554(19)50/0 b

NO, (Y;)r;ﬁ)e{;l}. Visual impairment 9.78 ug/ m3 SF;&%?%?S% <l 85171_.?23929)5% b
1“21062;?1['2 6] Glaucoma IQR: 27 ug/ m? ?(?8—11 '1127595% b ?3{3_11 .0046595% b
Chua et al. Glaucoma 10 ug Jm3 OR: 0.99 (95% CI, OR: 0.99 (95% (I,
(2022) [12] 0.91-1.08) 0.91-1.08)
{;0‘;2?1['2 5] AMD IQR: 12 ppb ?(155:1'12_36()9 o cl ?(1){1:_11. ,0197595% <
Qoo Cotaee 0.003 pp v

O3 (Szl’g;oit[; i'] Cataract IQR: 5.4 ppb ?;;80_.3?917(79)5% <l 8)5020—?)45889)50/0 b
pops) AP IQR:5 ppb oroosy - omasy
(Czlazlag)g[; al. AMD IQR: 297.1 ppm i—I5R7_12814%5 )(95% CJ, ?&;}19000595% Cl,
Shin et al. Cataract 11 ppm HR: 0.991 (95% CI, OR: 0.999 (95% CI,
(2020) [21] 0.949-1.035) 0.999-1.000)

CcO é}(;zrzl)e[tél]' Visual impairment 1.28 mg/m3 122.1223'23.25()950/0 L S(I;{}iF)Oll;gS(VO <L
@0y Claucoma QR osme/m e Ty
{;loeztz ;11[.25] AMD IQR: 100 ppb 8(1;9:_11.?8;950/0 (G ?(1;1_110023 ;95% Cl,

The combined results suggested that air pollutants could boost the likelihood of having
a vision disorder, with the combined OR (95% CI) of 1.10 (1.01-1.19) and 1.08 (1.00-1.16)
per 10 pg/m? increment in exposure to PM, 5 and NO, respectively (Figure 2). But the
results showed that PM; (OR = 1.04, 95% CI: 0.99, 1.10; I? = 71.1%, p = 0.004) (Figure 2A),
SO, (OR = 1.16, 95% CI: 0.82, 1.64; I2 = 97.1%, p = 0.000) (Figure 2C) and CO (OR = 1.01, 95%
CI: 0.99, 1.03; I> = 94.2%, p = 0.000) (Figure 2F) were not significantly associated with vision
disorder. The pooled OR from all studies between O3 exposure and vision disorder was
0.84 (95% CI: 0.72, 0.98) with significant heterogeneity (I> = 79.3%, p = 0.008) (Figure 2E).
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Study 1D: (A)PM1o

To further investigate the causes of this variation, we performed a meta-regression and a
subgroup analysis.

OR (95% Cl) Weight %

Study ID: (B)PM 25 OR (95% Cl) Weight %
H Chua (2019) —— 168(1.00,275) 273
_— ;
Choi (2018) 1 0.83(061,1.14) 291 Shin (2020) . 091(0.687,1.09) 1558
Shin (2020) - 1,08 (1.03,1.13) 28.80 Yang (2021) => 147(1.05,131) 1623
; Grant (2021) — 210(1.18,369) 188
Yang (2021) TO— 1.09 (1.01,1.17) 2267 Grant (2021) Eh > 327(0.87,1249) 037
Li (2022) . 1.01(1.00,1.01) 3575 Grant (2021) —— 093(070,126) 574
! Sun (2021) |-o- 119(105,1.36) 1436
Chua (2022) e 0.79(057,1.08) 279
i Yang (2021) 107(100,1.15) 1929
Ju (2022) -r-—-O-— 1.17(0.99, 1.44) 7.08 Li (2022) + 1.03(1.01, 1.04) 22.31
Overall (I-squared = 71.1%, p = 0.004) <> 1.04 (0.99,1.10)  100.00 Chua (2022) — 205(1.10,4.00) 149
Y Overall (squared = 73.7%, p = 0.000) 0 140(1.01,1.19) 10000
NOTE: Weights are from random effects analysis NOTE: Weights are from random effects analysis :
T T T T
057 1 175 0.0801 1 125
Study ID: (€)S02 OR(95%Cl)  Weight % Study ID: (D)NO; OR (95% Cl) Weight %
Choi (2018) JREPU S 0.02(082,1.02) 1450
Choi (2018) - 0.88 (0.56,1.37)  19.59 H
; Shin (2020) —————  121(107,135) 1405
Shin (2020) —t 115 (092, 1.44) 2601 Yang (2021) ———— 128(1.18,140) 16.49
: Li (2022) - 1.04 (1.03,1.06) 2083
Chen (2022) ®  1.66(1.64,1.67) 20.19
Chua (2022) F 099 (0.91,108) 1653
Ju (2022) —_— 0.96(0.74,1.23)  25.21 Ju (2022) —_— 1.09(1.01,1.17)  17.51
Overall (l-squared = 91.7%, p = 0.000) <:> 116 (0.82,1.64) 100.00 Chang (2019) H (Excluded) 0.0
: Overall (I-squared = 86.2%, p = 0.000) <> 1.08(1.00,1.16) 100.00
NOTE: Weights are from random effects analysis NOTE: Wights are from random sffscts analysis :
T T T T
0.56 1 1.79 0.715 1 14
Stduy ID: (E)O; OR(95%Cl)  Weight % Study ID:(F)CO OR(95%Cl)  Weight %
Shin (2020) - ' 1.00 (1.00,1.00) 5288
Choi (2018) —_— 0.71(0.56,089) 2232 i
i Ju (2022) l————— 1.02(1.01,103) 47.12
Shin (2020) - 0.94 (0.90,0.98) 43.41 Chang (2019) ! (Exoluded) 0.00
Ju (2020) —_— 0.81(0.72,093) 34.27 Chen (2022) ' (Excluded) 0.00
- Li (2022) : (Excluded) 0.00
Overall (I-squared = 79.3%, p = 0.008) 0.84 (0.72,0.98) 100.00 !
: Overall (l-squared = 94.2%, p = 0.000) <:>- 1.01(0.99,1.03) 100.00
NOTE: Weighis are from random efects analysis NOTE: Weights are from tandom effects analysis :
T T

056

T T
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Figure 2. Associations of PMjg (A), PM; 5 (B), SO, (C), NO; (D), O3 (E) and CO (F) with vision
disorder. (1. A solid line perpendicular to the X-axis and with a horizontal axis of 1 is an invalid line;
2. Multiple line segments parallel to the horizontal axis represent the 95% CI of each included study,
and black dots represent the OR value of each study; 3. Arrow: The 95% CI of the OR value in this
study exceeds the display range of the graph; 4. The diamond represents the summary results of
multiple studies, where the dashed line perpendicular to the X-axis and passing through the center of
the diamond represents the merged effect value, and the width of the diamond represents 95% CI
of the merged results; 5. The area of gray squares represents weight, and the larger the weight, the
larger the square area) [3,5,10,12,13,20-26].

3.4. Subgroup Analyses

We first performed a subgroup study based on how NO, affected different regions
(China, Korea and the United Kingdom) and age (6-18, 40+) (Figure 3). Secondly, we
conducted a subgroup analysis of age and different common diseases of vision disorder
according to PM; 5 (Figure 3). The findings demonstrated that there was no statistically
strong correlation between elevated NO, concentrations and the risk of vision disorder in
China, Korea, and the United Kingdom, with combined ORs of 1.15 (95% CI: 0.94, 1.41),
1.07 (95% CI: 0.93, 1.22) and 0.99 (95% CI: 0.91, 1.08). Additionally, the impact of PM; 5 on
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various glaucoma, cataract, and AMD diseases was revealed by subgroup analysis. We can
obtain the combined effect of studies with the risk of glaucoma (OR = 1.12, 95% CI: 1.02,
1.23), cataract (OR = 0.91, 95% CI: 0.82, 1.01), AMD (OR = 2.24, 95% CI: 1.25, 4.00). It can be
concluded that PMj 5 is positively correlated with glaucoma and AMD, while there is no
significant correlation between cataract. Finally, subgroup analysis by age level showed
that PM; 5 (OR = 1.17, 95% CI: 1.06, 1.31) and NO, (OR = 1.28, 95% CI: 1.18, 1.40) were
positively correlated with vision disorder in children and adolescents, but not significantly
correlated with adults over 40 years of age.

Study ID: NOz and region OR (95% Cl)  Weight % Study ID:; NOzand age OR (85% CI) Weight % -
China ' 618

Chang (2019) H 1.00 (1.00, 1.00) 0.00 -1 :

Yang (2021) i —t——  1.28(1.18, 1.40) 16.49 Yang (2021) ! ——— 1.28(1.18, 1.40) 16.48

Li (2022) - 1.04 (1.03, 1.06) 20.83 Sublotal | <= 128(1.18,140) 1649

Subtotal (I-squared = 85.5%, p = 0.000) == —————== 1.15(0.04, 1.41) 37.33

: 40+
Korea

Chai (2018) —_— 092 (0.82,1.02) 14.59

Choi (2018) —_— 0.2 (0.82, 1.02) 14.59 '

Shin (2020) — e 1.21(1.07,1.35) 14.05 Chang (2019) ! 1.00 (1.00, 1.00)  0.00

Ju (2022) —_—— 1.09 (1.01, 1.17) 17.51 Shin (2020) 1:—0— 1.21(1.07,1.35) 14.05

Subtotal (I-squared = 82.8%, p = 0,003) = —== 1.07 (0.93,1.22) 46.15 Li (2022) +! 1.04 (1,03, 1.06) 20.83
H Ju (2022) —_— 1.08 (1.01,1.17) 17.51

United Kingdom : Chua (2022) — 099 (0.91,1.08) 1653

Chua (2022) —_— 0.99(0.91, 1.08) 16.53 .

cubtotal i 0.99 (091, 1.08) 16.58 Sublotal {I-squared = 71.2%, p = 0.008) 1.04(0.98,1.11) 8351

Overall (l-squared = 86.2%, p = 0.000) ¢ 1.08 (1.00, 1.16) 100.00 Overall (l-squared = 86.2%, p = 0.000) 1.08 (1.00, 1.16) 100.00

NOTE: Weights are "“mlm"”“'“ effects analysis NOTE: Weights are from random effects analysis

T
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Figure 3. The effect of NO, and PM; 5 on vision disorder, stratified by region, disease and age.
(1. A solid line perpendicular to the X-axis and with a horizontal axis of 1 is an invalid line; 2.
Multiple line segments parallel to the horizontal axis represent the 95% CI of each included study,
and black dots represent the OR value of each study; 3. Arrow: The 95% CI of the OR value in this
study exceeds the display range of the graph; 4. The diamond represents the summary results of
multiple studies, where the dashed line perpendicular to the X-axis and passing through the center of
the diamond represents the merged effect value, and the width of the diamond represents 95% CI
of the merged results; 5. The area of gray squares represents weight, and the larger the weight, the
larger the square area) [3,5,10,12,20-26].

3.5. Sensitivity Analysis and Publication Bias

The stability of the pooled data was evaluated using the one-study deletion sensitivity
analysis, which involved repeatedly combining estimations and removing one study at a
time. Supplementary Figures S1-S6 of the results reveal that the majority of the pollutant
consolidation results are steady. We also evaluated the potential publication bias with
funnel plots (Supplementary Figures S7-512) when 10 or more studies were included [27].
The funnel plot can be used to evaluate publication bias visually. Additionally, we used
an Egger test to evaluate publication bias. Egger’s tests suggested that there occurred no
significant publication bias in PM;p, NO,, and O3 exposure on vision disorder (p-value
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of the Egger’s test > 0.05), while PM; 5 and SO, exposure had publication bias on vision
disorder (p < 0.05) (Supplementary Table S6).

4. Discussion

To our knowledge, this study is the first to thoroughly evaluate the link between
exposure to air pollution and vision disorder. Although a similar systematic review has
been conducted, it compares the age-related burden of eye disease in adults exposed to
ambient air pollutants [28]. Our study differs from previous studies in that we included
literature on children and adolescents in addition to adults, and estimated the combined
effect of ambient air pollution on their vision disorders. Twelve studies were included after
being retrieved from the system. After pooling the effect estimates from the 12 studies, it
is found that the increased concentration of PM; 5 and NO, may increase the incidence
of vision disorder, whereas no significant association between PMj, SO, CO and vision
disorder was observed. In addition, earlier research indicated that exposure to O3 was
positively correlated with the risk of vision disorder. However, this investigation found that
O3 was negatively associated with vision disorder. The explanation for the results of this
meta-analysis might be due to the inclusion of different studies and study designs in the
included articles. Therefore, further research is needed to understand this relationship fully.

Exposure to air pollutants raises the chance of vision disorder, and previous research
has shown that air pollution may directly irritate the eyes, especially in the cornea and
conjunctiva [9,29,30]. This study showed that exposure to PM, 5 and NO; was positively
correlated with vision disorder. Previous researchers used fluorescent PM, 5 tracers to
understand how PM; 5 enters the eye. They discovered that particles of a size between 10
and 500 nm entered the anterior chamber via the cornea and were mostly deposited in the
outflow tissue, with the majority of the particles staying in the ciliary body. This study
suggests that PMj 5 exposure may impact the cornea’s connective tissue biomechanical
capabilities [3,20]. The positive correlation between NO, and vision disorder may be
explained by the slow hydrolysis of NO, into nitrous and nitric acid after respiratory
inhalation, which causes lipid peroxidation and oxidative stress [5]. In addition, since the
retina is a component of the central nervous system, it makes biological sense that it may
be susceptible to NO, poisoning [5].

In a prior study, higher ozone concentrations were linked to dry eye disease [31],
and other research demonstrated that ozone exposure causes ocular surface degradation
and an inflammatory state [11]. Therefore, we expected that there might be a positive
association between ozone and vision disorder. Contrary to our expectations, this study
found a negative correlation between ozone and vision disorder. A possible explanation is
that ozone is a well-known polar molecule, that may not penetrate the cornea easily [10].
Therefore, the lens may be immune to the oxidative damage caused by ozone [10]. Another
possible explanation is that exposure to ultraviolet (UV) radiation is the major cause of
oxidative stress and the most significant risk factor for cataract development [32]. Less UV
radiation may reach the surface and enter the eye due to the stratospheric ozone layer’s
filtering of UV rays [10]. It also reduces the vision disorder caused by oxidative stress
caused by ultraviolet light.

Subgroup analyses were conducted to investigate possible causes of heterogeneity in
the meta-analysis. The findings showed that study region, disease and age are the primary
causes. Subgroup analysis showed no significant correlation between NO, exposure and
vision disorder in China, South Korea and the United Kingdom. Possible explanations
are the limited number of studies and potential sources of heterogeneity such as demo-
graphics, participant characteristics, sample size, and regional environmental air pollution
monitoring. In addition, subgroup analysis of diseases found that PM; 5 exposure was
significantly correlated with the risk of glaucoma and AMD. With glaucoma and AMD
being multifactorial neurodegenerative illnesses that may result in the death of retinal
ganglion cells and visual field abnormalities, there is growing evidence that air pollution
may have a role in the development of neurodegenerative disorders [33,34]. Therefore,
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this may be why PMj; 5 in the subgroup analysis is positively correlates with glaucoma
and AMD. Cataracts develop from many factors: metabolic disorders, dietary deficiency,
or environmental stressors, including severe cold or heat, radiation, metal ions, and tox-
ins [10,12]. The subgroup analysis results show that the correlation between PM, 5 and the
incidence of cataracts is insignificant, possibly because PMj 5 in the air is not a crucial factor
affecting cataract occurrence among the above-mentioned factors. Finally, we found that air
pollution affects children and adolescents more than adults due to their exposure level and
physiological characteristics. Due to their increased ventilation rates and frequent outside
activity, children and adolescents may be exposed to air contaminants more often [35]. In
addition, the bodies of children and adolescents are still growing and their immune systems
are still underdeveloped, which makes them less resistant to air pollution than adults.

No gender-based subgroup analyses were carried out in this study due to data lim-
itations, although recent research has indicated gender variations. The gender-specific
effects can be attributable to socially derived air pollution exposures. In addition, there
are also gender differences in the human body’s gas-blood barrier permeability, particle
deposition, and gas absorption [36]. For example, Studies have shown that many human
organs may be affected by indoor air pollution, where the eyes are directly exposed to
emissions from the burning of solid fuels, including high levels of fine PM; 5 and CO [37].
The higher association between cataracts in women than men, considering the mixed effects
of women’s exposure to indoor cooking fuels and outdoor activities on cataracts [38]. On
the contrary, for children, boys spend more time outside and are more active than girls,
which exposes them to more air pollution and may make them more vulnerable to its
effects [23].

Several mechanisms have been suggested to explain these findings. Studies have
shown that for cataracts, oxidative stress of reactive oxygen species and reactive nitrogen
(ROS/RNS) is considered the main formation mechanism [39]. Oxidative stress caused
by air pollution is the stressor inducing cataracts, which may harm the membrane cavity
and secreted proteins [10]. The integrity of the cornea’s barrier may be altered by PM
and NOy, which may also encourage the creation of ROS and cause inflammation of the
retina and ocular surface [9,40]. As was previously discussed, atmospheric particulate
matter and NO; may produce ROS/RNS and trigger oxidative damage to a wide range
of biomolecules [40]. Therefore, oxidative stress and inflammation are mechanisms that
explain the effect of air pollutants on the occurrence of eye diseases. The corresponding
reduction of air pollutants may affect the pathogenesis of vision disorder and thus reduce
the incidence of vision disorder.

The results suggested that air pollution is correlated with vision disorder, in which
PM, 5 and NO; exposure may be positively correlated with vision disorder-related risk,
PMjg, SO, and CO exposure have no significant effect on vision disorder, and O3 exposure
is negatively associated with vision disorder. The association varied by region, disease
and age. PM; 5 exposure was significantly correlated with the risk of glaucoma and AMD,
but with cataracts not significant. Children and adolescents are more vulnerable to the
impacts of air pollution than adults. In addition, the OR value can reflect the strength of
the association between air pollutants and vision disorder. In Figure 2, the middle vertical
line is the invalid line, OR = 1. When the combined OR value is on the right side of the
invalid line, it means that the study factor (air pollutant) and the outcome (vision disorder)
are in a positive relationship, and the farther away from the invalid line, the OR value is
greater than 1, and the greater the correlation strength. Therefore, PM, 5 is more strongly
associated with vision disorder than NO,.

This systematic review and meta-analysis have some limitations. First, the cross-
sectional nature does not determine causality between studies [23]. Second, the dearth of
research made it impossible to analyze the potential sources of heterogeneity thoroughly.
This suggests that variations in population factors, participant characteristics, sample size,
and geographical location may be at play. Third, considering heterogeneity and the small
amount of studies for every air contaminant, care should be exercised when interpreting
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the findings. Fourth, we classified the diseases associated with vision disorders. However,
in the included articles, only cataracts, glaucoma, age-related macular degeneration and
visual impairment were studied as outcomes, and no mention was made of hyperopia,
myopia, night blindness and deformities. Above all, misclassification of exposures was
unavoidable since data from monitoring stations was utilized in practically all research. In
addition, we did not analyze PM; based to the limitations of the available literature.

Based on previous studies, to better understand the relationship between air pollutants
and vision disorder, here are some ideas on where to take subsequent studies: (1) Additional
large-scale, long-term cohort studies are required for a more accurate and trustworthy
evaluation. (2) More careful monitoring of exposure levels. (3) More research is needed to
determine the effects of air pollution on vision disorders in terms of genetics, demographics,
social variables, and behaviors. (4) Multiple pollutant interactions and their consequences
on vision disorder have yet to be quantified.

5. Conclusions

In conclusion, ambient air pollution may contribute to vision disorder. PM; 5 and NO,
are air pollutants correlated with an increased risk of vision disorder. The correlation varied
by region, disease and age. The results indicate that policymakers might anticipate the
likelihood of vision disorder due to air pollution and adopt targeted preventative actions
in advance. In the future, more relevant research is necessary to provide a more accurate
and reliable assessment.
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