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In recent decades, the impact of air pollution on eye health has been emphasized, but the effect of air 
pollution on changes in refractive error is still unknown. A comprehensive retrospective cohort study 
was conducted to address this, utilizing the China Medical University Hospital Clinical Research Data 
Repository (CMUH-CRDR). It included 4,399 participants aged 6–12 years, with 2,166 females and 
2,223 males, who visited the ophthalmology department between 2003 and 2019, ensuring a robust 
and representative sample. The mean age was 7.04 years (± 2.20), and the change in refractive error 
was highest in subjects aged between 7 and 9. Cumulative exposure to delicate particulate matter 
(PM2.5), carbon monoxide (CO), nitrogen oxides (NOx), ozone (O3), and sulfur dioxide (SO2) from 
the index date to the end of the follow-up was calculated to examine the association between air 
pollutants and myopia progression. The study found a clear dose-effect relationship, as the change in 
refractive error progressively increased with higher levels of PM2.5, CO, and O3, with exposure to the 
highest levels resulting in a considerably significant change (p < 0.05). For every quantile increase in 
PM2.5, CO, NOx, O3, and SO2, the average change in refractive error decreased by approximately 0.3 D. 
Among the five air pollutants analyzed, CO had the most significant effect with just one unit increase. 
PM2.5 had the most significant impact on refractive error in patients among different age groups 
(age 5–6, β: − 0.40; age 7–9, β: − 0.47; age 10–12, β: − 0.35). In conclusion, exposure to air pollutants, 
including PM2.5, CO, SO2, NOx, and O3, increases the risk of myopic progression in children aged 
between 6 and 12 years old, emphasizing the need for better air quality control measures to protect 
children’s eye health and prevent myopia progression.
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Myopia is widely considered a worldwide public health issue due to its association with untreatable visual 
impairments and is increasing in prevalence. These complications, including cataracts, myopic maculopathy, 
and retinal detachment, significantly burden healthcare systems1,2. By 2050, 50% of the people are expected to 
suffer from myopia. This will correspond with a two-fold increase in the prevalence of myopia (from 22% in 
2000) and will affect nearly 5 billion people worldwide3.
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Notably, the prevalenceis especially high in Asian countries. Taiwan is particularly concerned because it has 
a significantly higher prevalence and incidence than the global average (Tsai et al., 2021; Wan et al., 2018; Wu et 
al., 2020). One nationwide survey demonstrated that the prevalence of myopia in 6-year-old students increased 
fivefold from 1983 to 2017. In students around 12, the prevalence more than doubled from 30.66–76.67%4.

However, the causes underlying the widespread occurrence of myopia remain unclear. Current evidence 
suggests that myopia is a complex trait in which environmental risk factors, lifestyle, and genetic variation 
participate in its development5,6. Identifying independent modifiable risk factors is crucial for effective myopic 
prevention, especially environmental factors amenable to policy changes.

The impact of air pollution on public health has been emphasized in recent decades7. Air pollution comprises 
a complex mixture including pollutant gaseous components such as carbon monoxide (CO), sulfur dioxide 
(SO2), nitrogen dioxide (NO2), ozone (O3), and particulate matter (PM) with different aerodynamic diameters. 
PM2.5refers to fine PM with an aerodynamic diameter of 2.5 μm or less and is widely recognized as a significant 
contributor to health problems associated with PM exposure8.

Since eyes make direct contact with the atmosphere, they are particularly vulnerable to the effects of air 
pollution. Through direct contact, air pollution particles can irritate foreign body sensations and cause allergic 
reactions, eventually resulting in dry and inflamed eyes9. Furthermore, air pollution may impose oxidative stress, 
endothelial dysfunction, and immune-related inflammatory reactions on human organs10,11. Epidemiological 
evidence links these pollutions to myopia development12–15. However, current evidence linking air pollution 
with refractive error is scarce, either from databases, interviews, or self-reported questionnaires of spectacle 
users12–14.

To further evaluate the potential causal role of air pollutants (PM2.5, CO, SO2, O3, and NOx) in myopia, 
we conducted a longitudinal cohort study in children aged 6–12 in the China Medical University Hospital 
(CMUH). We aimed to stratify the risk of each air pollutant and quantify the impact on the progression of 
myopic refraction.

Methods
Health data
The CMUH’s Big Data Centre established the CMUH Clinical Research Data Repository (CRDR) in 2017. 
This repository integrates and validates electronic health records, providing consolidated patient information 
such as demographics, diagnosis, prescriptions, medical and surgical procedures, hospitalization, physiological 
monitoring, and a registry for catastrophic illness patients. Additionally, the CMUH-CRDR contains the 
national death registry for 2,988,912 patients as of the end of 201916. All individuals enrolled in the CMUH-
CRDR were followed up until December 31, 2019, or until their death if it occurred before this date. Approval 
for this study was obtained from the Big Data Center and the Research Ethics Committee/Institutional Review 
Board of CMUH (CMUH109-REC2-185). All methods were carried out according to relevant guidelines and 
regulations, and informed consent was obtained from all subjects.

Study population
Our study population comprised individuals aged 6–12 years who had visited the ophthalmology department 
at CMUH between 2003 and 2019. Individuals with a refractive error between + 1 D and − 2D were included. 
We excluded individuals who had been diagnosed with retinopathy, prematurity, stickler syndrome, or Marfan 
syndrome. Individuals without records at 18 years of age were also eliminated. Diagnoses were recorded using 
the International Classification of Diseases, Ninth and Tenth Revision, Clinical Modification (ICD-9-CM; ICD-
10-CM). Supplementary Fig. 1 demonstrates the cohort selection process in detail.

Air quality data
The Environmental Protection Administration Executive Yuen’s website provided air pollution statistics 
(Taiwan). A geographic information system (GIS) was utilized to identify and manage the locations of monitoring 
stations and air pollution sources (ArcGIS version 10.8.2; ESRI, Redlands, CA, USA). The monitoring data were 
combined with annual point data and extrapolated to pollutant surfaces using the inverse distance weighting 
technique (IDW)17. For the IDW method, a suitable spatial resolution (100 m) and an inverse squared distance 
(1/five squared distance) weighted average of the five closest surveillance stations were utilized to calculate 
pollutant concentration from ambient air quality surveillance stations across Taiwan. From 2003 to 2019, data 
from 73 surveillance stations were utilized to estimate the levels of air pollutants in the residences of study 
participants. The cumulative exposure was calculated using standard methods and the data they generated and 
obtain estimated time-series data. The process described (using IDW interpolation based on monitoring station 
data) would result in estimated pollutant concentrations for each participant’s residence, which represents the 
sophisticated step of calculating the pollution level at specific locations where no direct monitor exists, using data 
from nearby monitors (via IDW). To get the cumulative exposure, the researchers would take these estimated 
values, representing concentrations over specific time units like days or years, and add them together over each 
participant’s total period of interest. Our models demonstrated good performance, with cross-validated R2 
values of 0.91 for PM2.5, 0.51 for CO, 0.76 for NOx, 0.45 for O3, and 0.91 for SO2.

Covariables and comorbidities
The primary focus of the study was the relationship between the change in refractive error and cumulative 
exposure to air pollutants. Comorbidities were diseases linked to myopia progression, such as systemic lupus 
erythematosus, asthma, atopic dermatitis, allergic conjunctivitis, allergic rhinitis, and Kawasaki disease. In 
our study, using atropine and orthokeratology served as dependent variables. According to Liu et al. (2006), 
urbanization level can be categorized based on several factors, including population density (people/km2), the 
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educational level of the population, the proportion of older people aged 65 years and older, and the ratio of 
agriculture workers to physicians per 100,000 people18. To guarantee an adequate sample size for each subgroup, 
we combined levels 3 and 4 for our study. As a result, areas classified as level 1 are considered urban, level 2 as 
suburban, and levels 3 and 4 form the rural group collectively.

Statistical analysis
The mean and standard deviation of the left and right refractive errors on the index date and at the end of the 
follow-up period were compiled. The outdoor air pollutant data were collected from the seventy-four ambient 
air quality surveillance stations in the Ministry of Environment of Taiwan. The mean of the change in refractive 
error, representing the trend of refractive error changes among various quantile levels of air pollutants, was also 
generated from computer-aid estimation. Pearson’s correlation between air pollutants and refractive error was 
plotted. A linear regression model was used to examine the relationship between air pollutants, which were 
represented as the annual concentration of air pollutants and the evolution of refractive error to obtain the trend’s 
p and β coefficients. Age, sex, systemic lupus erythematosus, asthma, atopic dermatitis, allergic conjunctivitis, 
allergic rhinitis, Kawasaki disease, atropine, Orthokeratology Contact Lens (Ortho-K lens), and urbanization 
were considered. Refractive error decline is defined as progressive myopia using the estimation of computer-
aided instruments. The odds ratio of progressive myopia was estimated using the logistic regression model. The 
subgroup analysis included stratification by age and sex. All analyses were conducted using version 4.2 of R. The 
p-value was deemed statistically significant when it was less than 0.05.

Results
There is limited evidence linking air pollution to the progression of myopia, with most studies focusing on the 
risk of myopia. In a previous retrospective cohort study of 6- to 12-year-old children, we found that exposure 
to PM2.5 increased the incidence rate of myopia from 15.8 to 24.5 per 1,000 person-years, and exposure to NOx 
increased it from 13.7 to 34.4. The adjusted hazard ratios for elevated PM2.5and NOx exposure concentrations 
in quartile 4 were 1.57 and 2.60, respectively12. A cross-sectional analysis by Dadvand et al. in school children 
showed that exposure to NO2 and PM2.5was associated with odds ratios for spectacle use of 1.16 (95% CI:1.03, 
1.29) and 1.13 (95% CI:0.99, 1.28), respectively13. In a cross-sectional survey of adults aged over 50 years by 
Ruan et al., a J-shaped association was found between PM2.5 and O3with myopia, with adjusted prevalence ratios 
of 1.12 (95% CI:1.05, 1.21) and 1.26 (95% CI:1.14, 1.38) for each standard deviation increase in concentrations, 

Fig. 1.  Geographic Plot for the distribution of the study population. The red cross symbols indicate the 
location of the middle Taiwan healthcare institution where the present healthcare system enrolled subjects.
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respectively14. A recent cross-sectional study of 6 to 18-year-old children by Yang et al. reported that interquartile 
range increases in PM2.5 and NO2were associated with 1.267- and 1.276-fold increased odds of visual impairment, 
respectively. However, no specific etiologies were further analyzed15.

We conducted a longitudinal cohort study to investigate the impact of air pollution on myopia progression. 
All the patients were from a single hospital in Taichung, Taiwan. As shown in Fig. 1, most patients originated 
from central Taiwan. Table 1 displays the baseline clinical characteristics of 4,399 participants. Of these, 2,116 
(48.77%) were female and 2,223 (51.23%) were male. Most study patients were between 5 and 6 years old, with a 
mean age of 7.04 years (± 2.20). Allergic rhinitis (17.52%), atopic dermatitis (14.96%), and asthma (11.75%) were 
the three most prevalent comorbidities. Atropine was used by 1,818 (41.90%) patients, with an average dosage 
of 16.4 ± 18.9 bottles per year. Only 204 (4.07%) patients used orthokeratology; most users were 7–9 years old. 
The age group of 7–9 years showed the most significant change in refractive error. Atropine use was associated 
with the most significant change in refractive error (right: −1.66 ± 1.83 D; left: −1.55 ± 2.03 D) from the index 
date to the end of the follow-up period. Most patients resided in suburban (48.19%) and urban (43.91%) areas.

Study 
population
N = 4339

Refractive error (Right) Refractive error (Left)

Index date End RE Index date End RE

n % mean, (SD) mean, (SD) mean, (SD) mean, (SD) mean, (SD) mean, (SD)

Sex

Female 2116 48.77 −0.92 (2.31) −1.97 (2.73) −1.06 (1.80) −0.88 (2.21) −1.83 (2.81) −0.95 (1.97)

Male 2223 51.23 −0.98 (2.35) −1.92 (2.73) −0.96 (1.71) −0.95 (2.28) −1.86 (2.79) −0.91 (1.71)

Age

5 ~ 6 2290 52.78 −0.50 (2.26) −1.35 (2.58) −0.88 (1.81) −0.45 (2.06) −1.24 (2.60) −0.79 (1.88)

7 ~ 9 1294 29.82 −1.05 (1.96) −2.28 (2.50) −1.22 (1.77) −1.04 (2.05) −2.21 (2.60) −1.16 (1.87)

10 ~ 12 755 17.40 −2.13 (2.66) −3.17 (3.01) −1.03 (1.50) −2.12 (2.61) −3.07 (3.19) −0.96 (1.66)

Mean, (SD) 7.04 (2.20)

Comorbidities

SLE 5 0.12 0.15 (0.38) 0.15 (0.38) 0.00 (0.53) 0.85 (0.80) 0.25 (0.40) −0.6 (1.02)

Asthma 510 11.75 −1.09 (2.62) −2.10 (2.85) −1.05 (1.67) −0.97 (2.18) −1.89 (3.02) −0.94 (2.13)

Atopic dermatitis 649 14.96 −0.86 (1.87) −1.92 (2.43) −1.06 (1.63) −0.85 (1.92) −1.84 (2.54) −1.00 (1.64)

Allergic conjunctivitis 346 7.97 −1.03 (2.28) −2.01 (2.81) −0.97 (1.48) −0.94 (2.1) −2.00 (3.03) −1.04 (1.84)

Allergic rhinitis 760 17.52 −0.93 (2.10) −2.04 (2.52) −1.10 (1.63) −0.92 (1.93) −1.98 (2.62) −1.06 (1.72)

Kawasaki disease 21 0.48 −1.61 (2.12) −2.54 (2.34) −0.93 (1.42) −1.69 (3.15) −2.67 (3.36) −0.98 (1.05)

Atropine 1818 41.90 −1.61 (2.33) −3.26 (2.73) −1.66 (1.83) −1.57 (2.34) −3.12 (2.91) −1.55 (2.03)

Frequency, mean(SD) 9 (10.1)

Dose, mean(SD) 16.4 (18.9)

Sex

Female 906 49.83 −1.6 (2.28) −3.29 (2.73) −1.69 (1.95) −1.50 (2.29) −3.06 (2.90) −1.57 (2.23)

Male 912 50.17 −1.62 (2.39) −3.23 (2.73) −1.63 (1.7) −1.64 (2.39) −3.19 (2.92) −1.53 (1.82)

Age

5 ~ 6 707 38.89 −1.05 (2.42) −2.88 (2.79) −1.86 (2.06) −0.98 (2.33) −2.65 (3.06) −1.68 (2.26)

7 ~ 9 695 38.23 −1.54 (1.75) −3.20 (2.36) −1.66 (1.78) −1.51 (1.96) −3.10 (2.46) −1.57 (2.03)

10 ~ 12 416 22.88 −2.67 (2.67) −4.00 (3.02) −1.33 (1.41) −2.66 (2.55) −3.97 (3.14) −1.30 (1.55)

OK lens 204 4.07 −2.2 (1.80) −2.91 (2.08) −0.71 (2.02) −2.18 (1.82) −2.74 (2.24) −0.56 (2.01)

Sex

Female 128 62.75 −2.25 (1.89) −2.88 (1.98) −0.63 (2.18) −2.2 (1.90) −2.71 (2.17) −0.52 (2.15)

Male 76 37.25 −2.1 (1.65) −2.96 (2.24) −0.87 (1.73) −2.16 (1.68) −2.78 (2.35) −0.62 (1.74)

Age

5 ~ 6 43 21.08 −0.91 (1.47) −2.27 (2.11) −1.37 (1.87) −0.85 (1.34) −2.22 (2.35) −1.36 (2.27)

7 ~ 9 99 48.53 −2.21 (1.60) −2.89 (2.04) −0.68 (2.18) −2.15 (1.68) −2.67 (2.11) −0.52 (1.97)

10 ~ 12 62 30.39 −3.06 (1.81) −3.38 (2.02) −0.32 (1.76) −3.15 (1.74) −3.21 (2.30) −0.06 (1.71)

Urbanization

Rural 291 6.62 −1.02 (2.59) −2.08 (3.29) −1.05 (1.96) −0.85 (2.41) −2.04 (3.15) −1.17 (1.68)

Sub-urban 2118 48.19 −0.96 (2.31) −1.95 (2.76) −1.00 (1.75) −2.04 (3.15) −1.81 (2.76) −0.90 (1.92)

Urban 1930 43.91 −0.92 (2.32) −1.91 (2.6) −1.01 (1.73) −1.17 (1.68) −1.86 (2.79) −0.92 (1.78)

Table 1.  Demographic and clinical characteristics of the individuals of this study. SD: standard deviation; End: 
end of follow-up; RE: change in refractive error. 
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Table 2 displays the daily mean concentration of air pollutants and the total amount of air pollutants exposed 
throughout the study. The daily average concentrations of PM2.5, CO, NOx, O3, and SO2 were 24.47 ± 3.08 µg/m3, 
0.26 ± 0.14 ppm, 10.78 ± 5.73 ppb, 29.82 ± 17.74 ppb, and 1.93 ± 1.04 ppb, respectively.

The association between cumulative air pollutant exposure and changes in refractive error was analyzed, 
and the results are presented in Table 3. The change in refractive index increased proportionally with increasing 
PM2.5, CO, and O3 concentrations. The most significant change in refractive error was associated with 
cumulative exposure to the highest levels of PM2.5 (P < 0.001), CO (P < 0.05), and O3 (P < 0.005). Although the P 
for trend was not statistically significant for NOx and SO2, there is a general trend of decreasing refractive error 
with increasing levels of air pollutants. Air pollutant exposure had the most significant impact on changes in 
refractive error in children aged between 5 and 6 years old. Pearson’s correlation was used to assess further the 
relationship between cumulative air pollutant exposure and changes in refractive error, as shown in Fig. 2. The 
plots demonstrated that higher cumulative air pollutant exposure was associated with more significant changes 
in refractive error.

Table 4 displays the results of the linear regression analysis, which revealed that all air pollutants had a 
negative coefficient for the change in refractive error. After adjusting for age, sex, comorbidities, and the use 
of atropine, orthokeratology and urbanization, every quantile increase in PM2.5, CO, NOx, O3, and SO2 was 
associated with an average decrease in refractive error of around 0.30 D. When analyzing the change in refractive 
error separately for the right and left eyes, the coefficient for the suitable eye regression model was approximately 
− 2.45 to − 3.55, while that for the left eye regression model was around − 2.38 to − 3.23.

Table 5. demonstrates that a one-unit increase in CO had the most significant impact on refractive error 
among the five air pollutants in all sub-age group analyses. On the other hand, O3 had the most minor effect 
on refractive error among the air pollutants. In terms of quantile changes in air pollutants, PM2.5 had the most 
significant impact on refractive error in patients among different age groups (age 5–6, β: − 0.40; age 7–9, β: 
− 0.47; age 10–12, β: − 0.35). CO was the most influential air pollutant (with a one-unit change) on refractive 
error across all age groups, regardless of sex (Table 6). One quantile change in PM2.5 significantly reduced 
refractive error in all age groups (Table 6). Table seven revealed that regardless of the level of urbanization, CO 
was the most impactful air pollutant (with one-unit change) on refractive error. One quantile of change of PM2.5 
significantly reduced the refractive error across all urbanization levels (Table 7).

Discussion
Based on the findings above, there was a significant negative correlation between cumulative exposure to air 
pollutants and changes in refractive errors. The five air pollutants (PM2.5, CO, SO2, NOx, and O3) had variable 
toxicity levels. In addition to PM2.5 and NOx, which have received more public attention, we suggest that CO, 
SO2, and O3should be given equal consideration for protecting children’s health. However, it’s worth noting that 
exposure levels to air pollutants vary across different studies. Moreover, the incidence and prevalence of myopia 
in Taiwan are significantly higher than in Western countries, as reported in previous studies4,19. Therefore, our 
conclusions should be interpreted cautiously when extrapolating to regions with different pollution levels or 
populations with varying degrees of susceptibility.

Daily Total

Mean ± SD Mean ± SD Minimum Q1 Q2 Q3 Maximum

PM2.5 (µg/m3)

Total 24.47 ± 3.08 31719.65 ± 16865.21 6656.89 18496.11 28208.17 42021.87 72069.04

Male 24.56 ± 3.16 31020.84 ± 16244.26 6656.89 18027.66 27685.59 40587.53 71543.01

Female 24.43 ± 3.08 32459.21 ± 17471.81 6810.34 18821.68 28682.59 43299.74 72069.04

CO (ppm)

Total 0.26 ± 0.14 340.23 ± 271.76 6.11 129.90 266.93 476.94 1442.00

Male 0.26 ± 0.14 334.01 ± 263.46 6.19 130.29 270.99 465.50 1374.44

Female 0.26 ± 0.14 346.80 ± 280.23 6.12 129.62 265.16 494.09 1442.00

NOx (ppb)

Total 10.78 ± 5.73 14122.86 ± 11378.56 271.38 5469.22 11087.11 19670.85 60665.41

Male 10.80 ± 5.75 13876.68 ± 11035.10 271.38 5374.40 11158.77 19256.79 57904.99

Female 10.75 ± 5.73 14383.37 ± 11727.09 280.75 5553.19 11004.95 20215.43 60665.41

O3 (ppb)

Total 29.82 ± 17.74 38650.95 ± 30943.47 553.29 14324.45 29848.28 55892.56 159744.58

Male 29.88 ± 17.90 37896.10 ± 30048.71 567.50 14374.21 29591.15 54460.87 152164.22

Female 29.76 ± 17.57 39449.71 ± 31850.69 553.29 14222.72 30164.14 57219.32 159744.58

SO2 (ppb)

Total 1.93 ± 1.04 2518.90 ± 2007.71 45.82 972.75 1974.76 3515.70 10516.23

Male 1.94 ± 1.04 2474.34 ± 1946.67 45.82 981.14 2000.74 3452.33 10070.69

Female 1.93 ± 1.03 2566.06 ± 2069.77 46.92 968.51 1948.00 3634.69 10516.23

Table 2.  Air pollutant concentration. SD: standard deviation.
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Patients whose refractive error did not change or increase were assigned to the control group to determine 
further the effect of air pollutant exposure on myopia progression. In contrast, those whose refractive error 
decreased were assigned to the disease group. We used these two groups to determine the progression risk of 
myopia related to exposure to air pollution. As shown in Table 8, a one-unit increase in air pollutants increases 

Fig. 2.  Scatter plots depict the relationship between cumulative exposure to each air pollutant and the change 
in refractive error of either the left or right eye. The blue line in each plot represents the linear trend fit 
(Pearson’s correlation coefficient, R), the x-axis shows each air pollutant’s cumulative exposure, and the y-axis 
represents the change in refractive error for the left or right eye. (a) PM2.5, (b) CO, (c) NOx, (d) O3, and (e) 
SO2.

 

Air pollutants levels

Change in Refractive error (Right)
mean (SD)

Ptrend

Change in Refractive error (Left)
mean (SD)

PtrendQ1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

PM2.5 −0.53 (1.12) −0.64 (1.44) −1.10 (1.74) −1.78 (2.25) < 0.001 −0.47 (1.22) −0.62 (1.44) −1.01 (1.80) −1.63 (2.47) < 0.001

Age

5 ~ 6 −0.44 (1.28) −1.03 (1.92) −1.79 (2.41) < 0.001 −0.36 (1.24) −0.39 (1.45) −0.96 (1.69) −1.53 (2.68) < 0.001

7 ~ 9 −0.73 (1.24) −0.95 (1.74) −1.18 (1.57) −2.01 (2.15) 0.013 −0.62 (1.30) −1.00 (1.36) −1.02 (2.09) −1.99 (2.27) < 0.001

10 ~ 12 −0.61 (1.02) −0.80 (1.21) −1.18 (1.37) −1.43 (1.95) 0.531 −0.51 (1.00) −0.78 (1.38) −1.13 (1.58) −1.33 (2.18) 0.758

CO −0.69 (1.42) −0.72 (1.58) −0.99 (1.69) −1.64 (2.09) 0.012 −0.60 (1.44) −0.69 (1.55) −0.88 (1.87) −1.55 (2.27) 0.054

Age

5 ~ 6 −0.50 (1.35) −0.58 (1.70) −0.87 (1.63) −1.62 (2.25) 0.025 −0.45 (1.40) −0.53 (1.58) −0.79 (1.93) −1.40 (2.34) 0.540

7 ~ 9 −1.02 (1.56) −0.91 (1.38) −1.15 (1.96) −1.82 (1.99) 0.66 −0.83 (1.52) −0.93 (1.49) −0.99 (2.03) −1.92 (2.18) 0.300

10 ~ 12 −0.69 (1.27) −0.86 (1.41) −1.08 (1.33) −1.42 (1.80) 0.132 −0.64 (1.36) −0.82 (1.48) −0.95 (1.36) −1.37 (2.15) 0.032

NOx −0.69 (1.43) −0.72 (1.56) −0.96 (1.71) −1.68 (2.08) 0.324 −0.60 (1.46) −0.69 (1.53) −0.85 (1.88) −1.58 (2.26) 0.455

Age

5 ~ 6 −0.52 (1.35) −0.57 (1.69) −0.83 (1.65) −1.68 (2.25) 0.359 −0.47 (1.41) −0.53 (1.57) −0.75 (1.93) −1.46 (2.35) 0.855

7 ~ 9 −1.01 (1.57) −0.92 (1.36) −1.16 (1.96) −1.82 (1.99) 0.592 −0.83 (1.54) −0.91 (1.48) −1.02 (2.01) −1.90 (2.19) 0.878

10 ~ 12 −0.65 (1.31) −0.89 (1.35) −1.00 (1.34) −1.46 (1.76) 0.196 −0.59 (1.42) −0.85 (1.41) −0.88 (1.35) −1.39 (2.10) 0.033

O3 −0.70 (1.43) −0.77 (1.64) −1.06 (1.68) −1.53 (2.10) < 0.001 −0.60 (1.46) −0.75 (1.49) −0.94 (1.96) −1.42 (2.26) 0.002

Age

5 ~ 6 −0.50 (1.36) −0.63 (1.70) −0.91 (1.69) −1.46 (2.22) 0.003 −0.43 (1.44) −0.59 (1.55) −0.83 (1.86) −1.27 (2.38) 0.122

7 ~ 9 −1.01 (1.58) −0.88 (1.71) −1.28 (1.68) −1.76 (2.02) 0.348 −0.84 (1.53) −0.94 (1.45) −1.09 (2.07) −1.83 (2.21) 0.018

10 ~ 12 −0.71 (1.23) −0.98 (1.26) −1.11 (1.59) −1.33 (1.81) 0.057 −0.67 (1.32) −0.94 (1.31) −1.01 (2.01) −1.23 (1.87) 0.069

SO2 −0.70 (1.43) −0.73 (1.57) −0.97 (1.71) −1.65 (2.08) 0.184 −0.61 (1.45) −0.70 (1.54) −0.85 (1.88) −1.56 (2.26) 0.240

Age

5 ~ 6 −0.50 (1.37) −0.60 (1.70) −0.82 (1.64) −1.64 (2.24) 0.326 −0.46 (1.41) −0.55 (1.58) −0.73 (1.93) −1.44 (2.33) 0.886

7 ~ 9 −1.03 (1.57) −0.90 (1.37) −1.18 (1.97) −1.80 (1.99) 0.86 −0.84 (1.53) −0.91 (1.48) −1.02 (2.04) −1.89 (2.19) 0.706

10 ~ 12 −0.68 (1.26) −0.87 (1.41) −1.06 (1.34) −1.43 (1.79) 0.116 −0.64 (1.36) −0.83 (1.48) −0.92 (1.36) −1.38 (2.14) 0.017

Table 3.  Change in refractive error among different air pollutants (IQR). Ptrend: p for trend test.
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the risk of myopia by 1.01 to 1.15 times, whereas a one-quantile change in air pollutants increases the risk by 1.22 
to 2.80 times. The results further demonstrate the association between air pollution and myopia progression.

The current study has multiple strengths. Firstly, all participants were recruited retrospectively from our 
outpatient clinic, ensuring precise quantification of refraction changes. Secondly, we verified patients’ residential 
addresses through outpatient registration and CMUH-CRDR follow-up visits, and most patients did not change 
residential locations during the study period, thus ensuring accurate air pollution exposure levels for each 
participant. Thirdly, in contrast to previous studies that focused on the general population, we included children 
aged 6–12 years old with refraction between + 1 D and − 2 D. Lastly, as the degree of urbanization is known to 
be associated with the incidence of myopia, our findings suggest that urbanization influences the progression of 
myopia independently of exposure to air pollutants.

The current study is not without limitations. Firstly, the registered addresses of the children in the database 
may not entirely represent where they spent most of their time. Some children may have gone to school in 
another area or had different outdoor activity levels, which could result in heterogeneous exposure levels 
between individuals. Despite adjusting for various potential confounders at the individual level, other pollutants 
or regional characteristics may still play a role. Indoor air quality, such as tobacco exposure or the use of air 
purifiers, was not considered in this study. Secondly, the absence of socioeconomic factors such as near-work 

Change of refractive error

PM2.5 CO NOx O3 SO2

Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI)

Full

Age

5~6$ -0.32(-0.36,-0.27)*** -14.44(-16.96,-11.91)*** -0.36(-0.42,-0.30)*** -0.12(-0.14,-0.09)*** -1.97(-2.31,-1.63)***

7~9$ -0.32(-0.37,-0.27)*** -15.30(-18.45,-12.14)*** -0.37(-0.44,-0.29)*** -0.13(-0.16,-0.10)*** -2.09(-2.52,-1.66)***

10~12$ -0.22(-0.28,-0.16)*** -10.62(-14.30,-6.94)*** -0.25(-0.34,-0.16)*** -0.09(-0.13,-0.06)*** -1.42(-1.92,-0.93)***

IQR

Age

5~6 -0.40(-0.46,-0.34)*** -0.28(-0.34,-0.22)*** -0.28(-0.34,-0.22)*** -0.25(-0.31,-0.19)*** -0.28(-0.34,-0.22)***

7~9 -0.47(-0.55,-0.39)*** -0.34(-0.42,-0.26)*** -0.33(-0.41,-0.25)*** -0.34(-0.42,-0.26)*** -0.34(-0.41,-0.26)***

10~12 -0.35(-0.44,-0.26)*** -0.25(-0.34,-0.15)*** -0.26(-0.35,-0.17)*** -0.24(-0.34,-0.15)*** -0.25(-0.34,-0.15)***

Table 5..  Adjusted beta coefficients and 95% confidence intervals of refractive error change by air pollutants 
according to age. Adjusted β: for age, sex, systemic lupus erythromatosus, asthma, atopic dermatitis, allergic 
conjunctivitis, allergic rhinitis, Kawasaki disease, atropine, OK lens and urbanization. *** P < 0.001; $: all 
numbers are multiplied by 10,000.

 

Air pollutants

Change of refractive error

Crude β (95%CI) Adjusted β (95%CI)

Right eye Left eye

Crude β Adjusted β Crude β (95%CI) Adjusted β (95%CI)

PM2.5

Full$ −0.40 (−0.44,−0.35)*** −0.35 (−0.39,−0.31)*** −0.30 (−0.33,−0.27)*** −0.25 (−0.28,−0.22)*** −0.28 (−0.32,−0.25)*** −0.24 (−0.27,−0.20)***

IQR −5.57 (−6.20,−4.94)*** −4.96 (−5.59,−4.32)*** −4.23 (−4.69,−3.78)*** −3.55 (−4.00,−3.10)*** −3.87 (−4.35,−3.38)*** −3.23 (−3.72,−2.75)***

CO

Full$ −19.65 
(−22.27,−17.03)***

−17.30 
(−19.91,−14.69)***

−15.12 
(−17.01,−13.22)***

−12.62 
(−14.47,−10.77)***

−14.47 
(−16.47,−12.46)***

−12.17 
(−14.14,−10.19)***

IQR −3.99 (−4.63,−3.35)*** −3.53 (−4.16,−2.90)*** −3.11 (−3.57,−2.65)*** −2.63 (−3.08,−2.19)*** −3.03 (−3.52,−2.54)*** −2.58 (−3.05,−2.10)***

NOx

Full$ −0.49 (−0.55,−0.43)*** −0.42 (−0.49,−0.36)*** −0.37 (−0.42,−0.33)*** −0.31 (−0.35,−0.26)*** −0.36 (−0.41,−0.31)*** −0.30 (−0.34,−0.25)***

IQR −4.03 (−4.67,−3.39)*** −3.46 (−4.10,−2.83)*** −3.21 (−3.67,−2.75)*** −2.62 (−3.07,−2.18)*** −3.09 (−3.58,−2.60)*** −2.54 (−3.01,−2.06)***

O3

Full$ −0.16 (−0.18,−0.13)*** −0.14 (−0.16,−0.12)*** −0.12 (−0.14,−0.11)*** −0.11 (−0.12,−0.09)*** −0.12 (−0.13,−0.10)*** −0.10 (−0.12,−0.08)***

IQR −3.57 (−4.21,−2.92)*** −3.27 (−3.91,−2.64)*** −2.78 (−3.24,−2.31)*** −2.45 (−2.90,−2.00)*** −2.67 (−3.16,−2.18)*** −2.38 (−2.86,−1.90)***

SO2

Full$ −2.68 (−3.03,−2.32)*** −2.35 (−2.70,−2.00)*** −2.06 (−2.32,−1.80)*** −1.72 (−1.97,−1.47)*** −1.97 (−2.24,−1.70)*** −1.65 (−1.92,−1.39)***

IQR −3.94 (−4.58,−3.30)*** −3.47 (−4.10,−2.84)*** −3.10 (−3.56,−2.64)*** −2.61 (−3.06,−2.17)*** −3.01 (−3.50,−2.52)*** −2.55 (−3.02,−2.07)***

Table 4.  Beta coefficients and 95% confidence intervals of refractive error change by air pollutants. Adjusted β: 
for age, sex, systemic lupus erythromatosus, asthma, atopic dermatitis, allergic conjunctivitis, allergic rhinitis, 
Kawasaki disease, atropine, OK lens and urbanization. *** P < 0.001; $: all numbers are multiplied by 10,000.
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activities and the education and income levels of the patients and their parents are known to play significant 
roles in the incidence of myopia. These socioeconomic factors may mitigate the impact of air pollution on the 
progression of myopia. As myopia is a multifaceted condition influenced by environmental risk factors, lifestyle, 
and genetic variations, it is challenging to account for all confounding factors. Lastly, the retrospective design 
of this study makes it difficult to establish a causal relationship between air pollution and myopia. A large-scale 
prospective cohort study must confirm the association between air pollutants and myopia progression.

Change of refractive error

PM2.5 CO NOx O3 SO2

Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI)

Full

Urbanization

Rural$ −0.37(−0.49,−0.25)*** −20.20(−27.32,−13.08)*** −0.50(−0.67,−0.33)*** −0.16(−0.22,−0.10)*** −2.76(−3.72,−1.79)***

Sub-urban$ −0.32(−0.36,−0.28)*** −14.25(−16.75,−11.75)*** −0.35(−0.41,−0.29)*** −0.12(−0.14,−0.10)*** −1.93(−2.27,−1.59)***

Urban$ −0.28(−0.32,−0.23)*** −13.54(−16.15,−10.93)*** −0.33(−0.39,−0.26)*** −0.12(−0.14,−0.09)*** −1.84(−2.19,−1.49)***

IQR

Urbanization

Rural −0.49(−0.68,−0.30)*** −0.26(−0.44,−0.07)** −0.27(−0.45,−0.09)** −0.26(−0.44,−0.08)** −0.25(−0.43,−0.07)**

Sub-urban −0.44(−0.50,−0.38)*** −0.30(−0.36,−0.24)*** −0.30(−0.36,−0.24)*** −0.28(−0.34,−0.22)*** −0.30(−0.36,−0.24)***

Urban −0.40(−0.46,−0.33)*** −0.30(−0.37,−0.24)*** −0.30(−0.36,−0.24)*** −0.29(−0.35,−0.23)*** −0.30(−0.36,−0.23)***

Table 7.  Adjusted beta coefficients and 95% confidence intervals of refractive error change by air pollutants 
according to urbanization. Adjusted β: for age, sex, systemic lupus erythromatosus, asthma, atopic dermatitis, 
allergic conjunctivitis, allergic rhinitis, Kawasaki disease, atropine, and OK lens. ** P < 0.01; *** P < 0.001; $: all 
numbers are multiplied by 10,000.

 

Change of refractive error

PM2.5 CO NOx O3 SO2

Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI) Adjusted β (95%CI)

Full

Male

Age

5 ~ 6$ −0.24(−0.30,−0.18)*** −12.39(−15.87,−8.91)*** −0.30(−0.39,−0.22)*** −0.10(−0.13,−0.07)*** −1.69(−2.16,−1.22)***

7 ~ 9$ −0.31(−0.38,−0.25)*** −16.76(−20.73,−12.79)*** −0.40(−0.50,−0.31)*** −0.14(−0.18,−0.11)*** −2.28(−2.82,−1.74)***

10 ~ 12$ −0.20(−0.27,−0.12)*** −9.53(−14.54,−4.53)*** −0.22(−0.34,−0.11)*** −0.09(−0.13,−0.04)*** −1.27(−1.94,−0.60)***

Female

Age

5 ~ 6$ −0.39(−0.45,−0.33)*** −16.52(−20.19,−12.85)*** −0.41(−0.50,−0.32)*** −0.13(−0.16,−0.10)*** −2.26(−2.76,−1.76)***

7 ~ 9$ −0.32(−0.40,−0.24)*** −13.50(−18.48,−8.52)*** −0.33(−0.45,−0.21)*** −0.11(−0.16,−0.07)*** −1.85(−2.53,−1.18)***

10 ~ 12$ −0.24(−0.32,−0.15)*** −11.54(−16.94,−6.14)*** −0.27(−0.40,−0.15)*** −0.10(−0.15,−0.05)*** −1.55(−2.28,−0.83)***

IQR

Male

Age

5 ~ 6 −0.32(−0.40,−0.23)*** −0.25(−0.33,−0.17)*** −0.24(−0.32,−0.15)*** −0.22(−0.30,−0.14)*** −0.25(−0.33,−0.17)***

7 ~ 9 −0.45(−0.54,−0.35)*** −0.37(−0.47,−0.28)*** −0.36(−0.46,−0.26)*** −0.36(−0.46,−0.26)*** −0.37(−0.46,−0.27)***

10 ~ 12 −0.28(−0.40,−0.17)*** −0.18(−0.30,−0.06)** −0.18(−0.30,−0.06)** −0.19(−0.31,−0.06)** −0.18(−0.30,−0.05)**

Female

Age

5 ~ 6 −0.49(−0.58,−0.41)*** −0.32(−0.41,−0.24)*** −0.33(−0.42,−0.24)*** −0.29(−0.37,−0.20)*** −0.32(−0.40,−0.23)***

7 ~ 9 −0.48(−0.61,−0.36)*** −0.30(−0.43,−0.18)*** −0.29(−0.42,−0.16)*** −0.30(−0.43,−0.18)*** −0.29(−0.42,−0.16)***

10 ~ 12 −0.41(−0.54,−0.27)*** −0.31(−0.44,−0.17)*** −0.33(−0.47,−0.19)*** −0.29(−0.43,−0.15)*** −0.31(−0.45,−0.17)***

Table 6.  Adjusted beta coefficients and 95% confidence intervals of refractive error change by air pollutants 
according to age, stratified by sex. Adjusted β: for age, sex, systemic lupus erythromatosus, asthma, atopic 
dermatitis, allergic conjunctivitis, allergic rhinitis, Kawasaki disease, atropine, OK lens and urbanization. *** 
P < 0.001; $: all numbers are multiplied by 10,000.
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The biological mechanisms responsible for the association between air pollution and myopia progression are 
not fully understood. However, several studies have proposed potential pathophysiological mechanisms, such 
as the dopamine (DA) pathway, allergic inflammation, reactive oxygen species (ROS), free radical-related tissue 
hypoxia, and direct tissue remodeling. In addition, William et al. suggested that cumulative ultraviolet (UV) 
exposure could influence the presence of myopia by affecting the DA pathway20. There is similar evidence from 
studies conducted on guinea pigs with form-deprived or lens-induced myopia, where scleral cross-linking with 
riboflavin/ultraviolet A (UVA) slowed the progression of myopia21,22. The physical properties of PM2.5have been 
associated with the obstruction of UV exposure from reaching the Earth’s surface23. Thus, we hypothesize that 
air pollution may obstruct the presence of UVA, leading to a downregulation of the DA pathway and ultimately 
causing myopia progression. This conjecture could be substantiated by studying the correlation between outdoor 
activity and a slower rate of myopia progression19.

Clinical studies have shown a significant association between air pollution and allergic inflammation. The 
frequency of allergic conjunctivitis (AC) increased with the concentration of PM2.5, O3, NOx, and CO9,12,24. 
Our previous study found a correlation between allergic inflammation and the risk of developing myopia in 
rats with allergic conjunctivitis. The expression levels of c-Fos, nuclear factor κB (NF-κB), interleukin (IL)−6, 
and tumor necrosis factor α (TNF-α) were found to be the potential causative factors25. Furthermore, in the 
microenvironment characterized by high levels of inflammatory mediators in AC, there was an increase in 
axial length elongation and corneal curvature25,26. A cohort study indicated that children with AC had a higher 
incidence and subsequent risk of myopia (hazard ratio 2.35, 95% CI 2.29–2.40) than those without AC5. This 
hypothesis proposes a link between the increasing incidence of AC in the presence of air pollution and provides 
further evidence at the molecular level. AC causes mast cell recruitment and degranulation, releasing TNF-α 
and IL-6, impairing corneal epithelial cells’ tight junctions. As a result, inflammatory cytokines migrate across 
the cornea, stimulating retinal pigment epithelial cells to secrete TNF-α, IL-6, and NF-κB. The activation of 
NF-κB increases the levels of matrix metalloproteinase (MMP)−2 and transforming growth factor β (TGF-β), 
both of which are associated with the progression of myopia12,25,26. The downregulation of the DA pathway 
may also promote myopia by influencing the inflammatory response in the eye. It has been demonstrated that 
the dopamine-D1R signaling pathway modulates myopia development by decreasing the activation of the 
nucleotide-binding oligomerization domain (NOD), leucine-rich repeat (LRR), and pyrin domain-containing 
protein 3 (NLR) family pyrin domain-containing protein 3 (NLRP3) inflammasome27.

Another possible mechanism is tissue hypoxia. Scleral ischemia and hypoxia may be due to decreased 
choroidal blood flow, resulting in the elongation of the sclera, which then contributes to the presence and 
progression of myopia28. In addition, the hypoxic microenvironment itself might upregulate tissue hypoxia 
markers and reduce the cell density of the retinal pigment epithelium in the retro-equatorial region, causing 
axial elongation28,29. Air pollutants, including PM2.5, NOx, and O3, have been negatively correlated with the 
diameter of the central retinal artery in both adults and school-aged children in multiple studies30–34. MicroRNA 
regulation due to air pollution-induced oxidative stress and inflammatory processes may contribute to arteriolar 
narrowing33,35. ROS and free radicals produced under the stimulation of PM2.5and NOx may also play a role in 
the hypoxic environment12,35,36. These ROS and free radicals can uncouple endothelial nitric oxide synthase and 
downregulate nitric oxide (NO), a known vasodilator. The decrease in NO results in endothelial dysfunction 
and vasoconstriction, which subsequently diminishes retinal blood flow and impairs retinal neuroactivity31,34,37. 
Finally, direct scleral tissue remodeling, including loss of collagen fiber I and activation of MMP-2, a scleral 
extracellular matrix degradation enzyme, can cause scleral thinning38. The thinning and weakening sclera 

Air pollutants

ALL Right eye Left eye

Crude OR (95%CI) Adjusted OR (95%CI) Crude OR (95%CI) Adjusted OR (95%CI) Crude OR (95%CI) Adjusted OR (95%CI)

PM2.5

Full 1.02 (1.02,1.03)*** 1.02 (1.01,1.02)*** 1.02 (1.02,1.03)*** 1.02 (1.01,1.02)*** 1.02 (1.02,1.02)*** 1.02 (1.01,1.02)***

IQR 1.31 (1.22,1.41)*** 1.26 (1.17,1.36)*** 1.32 (1.24,1.41)*** 1.24 (1.16,1.33)*** 1.29 (1.22,1.37)*** 1.22 (1.15,1.31)***

CO

Full 3.20 (2.31,4.49)*** 2.79 (1.98,3.98)*** 2.89 (2.20,3.83)*** 2.32 (1.74,3.13)*** 3.03 (2.31,3.99)*** 2.53 (1.90,3.38)***

IQR 1.27 (1.18,1.36)*** 1.24 (1.15,1.33)*** 1.25 (1.18,1.33)*** 1.21 (1.13,1.29)*** 1.28 (1.20,1.36)*** 1.24 (1.16,1.32)***

NOx

Full 1.03 (1.02,1.04)*** 1.03 (1.02,1.03)*** 1.03 (1.02,1.03)*** 1.02 (1.01,1.03)*** 1.03 (1.02,1.03)*** 1.02 (1.02,1.03)***

IQR 1.29 (1.20,1.38)*** 1.24 (1.15,1.34)*** 1.27 (1.19,1.35)*** 1.21 (1.13,1.29)*** 1.28 (1.21,1.36)*** 1.23 (1.15,1.31)***

O3

Full 1.01 (1.01,1.01)*** 1.01 (1.01,1.01)*** 1.01 (1.01,1.01)*** 1.01 (1.00,1.01)*** 1.01 (1.01,1.01)*** 1.01 (1.01,1.01)***

IQR 1.22 (1.14,1.31)*** 1.22 (1.13,1.31)*** 1.21 (1.14,1.29)*** 1.19 (1.12,1.27)*** 1.24 (1.17,1.32)*** 1.23 (1.16,1.31)***

SO2

Full 1.17 (1.12,1.23)*** 1.15 (1.10,1.21)*** 1.16 (1.11,1.20)*** 1.12 (1.08,1.17)*** 1.16 (1.12,1.21)*** 1.13 (1.09,1.18)***

IQR 1.27 (1.18,1.37)*** 1.24 (1.15,1.34)*** 1.26 (1.18,1.34)*** 1.21 (1.13,1.29)*** 1.27 (1.20,1.35)*** 1.23 (1.16,1.32)***

Table 8.  The odd ratio and 95% confidence intervals of progressive myopia by air pollutants Adjusted β: for 
age, sex, systemic lupus erythromatosus, asthma, atopic dermatitis, allergic conjunctivitis, allergic rhinitis, 
Kawasaki disease, atropine, OK lens and urbanization. *** P < 0.001
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are prone to elongation, resulting in myopia progression. This study found a significant association between 
cumulative exposure to all five air pollutants (PM2.5, CO, SO2, NOx, and O3) and myopia progression. This 
association showed a positive dose-effect relationship and remained significant even after adjusting for 
confounding factors. Myopic control methods, such as atropine and orthokeratology, did not appear to mitigate 
the effect. Males were found to be more susceptible than females, and the age group of 7–9 years old showed 
the most significant progression of myopia (0.2 D to 0.4 D) compared to the age groups of 5–6 or 10–12 years 
old. Although PM2.5 appeared to cause slightly more myopia than the other pollutants, this difference was not 
statistically significant. These findings suggest an independent association between air pollutants and myopia 
progression and highlight the need for myopia prevention efforts. We recommend that the public be made aware 
of the harmful effects of these five pollutants on children’s health and that policies should be implemented to 
regulate and minimize these modifiable exposures for effective myopic prevention and control.

Conclusion
The present study demonstrates a significant and independent association between cumulative exposure to five 
common air pollutants—PM2.5, CO, SO2, NOx, and O3—and myopia progression in children aged 6–12. The 
observed positive dose-effect relationship, consistent even after adjusting for confounders and not mitigated 
by standard myopic control methods, underscores the concerning impact of air pollution on children’s visual 
health. While PM2.5 has received considerable attention, our findings emphasize the equal importance of CO, 
SO2, and O3 as contributors to myopia progression. Furthermore, the study highlights a heightened susceptibility 
in males and children aged 7–9. Although limited by its retrospective design, which precludes definitive causal 
conclusions, this research strongly suggests that air pollution is a modifiable environmental risk factor for 
myopia progression. These findings call for increased public awareness regarding the detrimental effects of these 
pollutants on children’s health and advocate for implementing policies aimed at regulating and minimizing air 
pollution exposure. The present study mentions that future approaches using Land Use Regression (LUR) or 
atmospheric dispersion models would be accompanied to further validate these findings by providing a more 
detailed exposure assessment. Future prospective cohort studies are essential to confirm these associations and 
further elucidate the underlying biological mechanisms. These studies will ultimately inform effective strategies 
for myopia prevention and control in the face of growing urbanization and air pollution. For example, the 
internal and external exposure dosage should be clearly explained, and the causal relationship between exposure 
and disease risk should be clarified.

Data availability
The datasets generated and analyzed during the current study are not publicly available due to the data explo-
ration and administrative support of the iHi Clinical Research Platform, which belongs to the Big Data Center 
of China Medical University Hospital, Taiwan, but they are available from the corresponding author upon rea-
sonable request.
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