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PURPOSE. To investigate environmental factors associated with corneal morphologic
changes.

METHODS. A cross-sectional study was conducted, which enrolled adults of the Han ethnic-
ity aged 18 to 44 years from 20 cities. The cornea-related morphology was measured
using an ocular anterior segment analysis system. The geographic indexes of each city
and meteorological indexes of daily city-level data from the past 40 years (1980–2019)
were obtained. Correlation analyses at the city level and multilevel model analyses at the
eye level were performed.

RESULTS. In total, 114,067 eyes were used for analysis. In the correlation analyses at the
city level, the corneal thickness was positively correlated with the mean values of precip-
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itation (highest r [correlation coefficient]: >0.700), temperature, and relative humidity
(RH), as well as the amount of annual variation in precipitation (r: 0.548 to 0.721), and
negatively correlated with the mean daily difference in the temperature (DIF T), duration
of sunshine, and variance in RH (r: −0.694 to 0.495). In contrast, the anterior chamber
(AC) volume was negatively correlated with the mean values of precipitation, tempera-
ture, RH, and the amount of annual variation in precipitation (r: −0.672 to −0.448), and
positively associated with the mean DIF T (r = 0.570) and variance in temperature (r
= 0.507). In total 19,988 eyes were analyzed at the eye level. After adjusting for age,
precipitation was the major explanatory factor among the environmental factors for the
variability in corneal thickness and AC volume.

CONCLUSIONS. Individuals who were raised in warm and wet environments had thicker
corneas and smaller AC volumes than those from cold and dry ambient environments. Our
findings demonstrate the role of local environmental factors in corneal-related morphol-
ogy.
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Corneal blindness is the fourth leading cause of blindness
globally, accounting for 5.1% of the total blind popu-

lation.1,2 As the outermost layer of the eye, the cornea is
highly sensitive to environmental stressors and vulnerable
to external insults.3 Diseases related to pathological changes
in corneal morphology have been reported to be associated
with environmental factors.4–9 For example, keratoconus is
a heterogeneous corneal disease with elusive pathogenesis,
which is correlated with geographic differences, and has
been attributed to a hot dry climate and greater ultraviolet
light exposure.4 Dry eye disease (DED), another multifac-
torial disorder of the ocular surface, with geographic varia-
tions in its prevalence, increased latitude, and high temper-
atures are found to be risk factors for DED.5–9 Moreover,
there are significant geographic differences in the preva-
lence of microbial keratitis and pathogens, influenced by the
local climate.10 Besides, the unusual thickness of cornea may
be the pathological feature of higher intraocular pressure
(IOP).11 Therefore a better understanding of the relationship
between corneal morphology and external environmental
factors will facilitate our understanding of specific patholo-
gies and better instruct the choice of therapeutic modality
or interventions for corneal diseases.

Previous studies have reported the impact of geographic
variance on the morphologic characteristics of the cornea
related to physiological changes. For example, corneal thick-
ness is an important parameter for the diagnosis of corneal
disorders and for developing treatment plans in corneal
refractive surgery. Population-based studies show differ-
ences in corneal thickness: 530.9 ± 31.5 μm in Korea, 540.9
± 33.6 μm in Malaysia, 540.4 ± 33.6 μm in India, 521.0 ±
32.0 μm in Japan, 528.5 ± 35.8 μm in Iran, and 552.3 ±
33.4 μm in China.12–15 However, such variations may only
be partly explained by ethnicity; for instance, individuals
of North African origin had thinner corneas compared with
Europeans.16 Significant differences in corneal thickness also
exist between individuals from the same ethnicity: 547.2 ±
31.4 μm in Shanghai, 543.6 ± 29.4 μm in Tianjin, and 550.5
± 30.0 μm in Wuhan, using the same measurement equip-
ment.17,18 The geographic differences in corneal morphol-
ogy are likely to be attributed to external environmental
factors in various areas. It has been speculated that corneal
thickness tends to be thinner as latitudes become more
equatorial, possibly due to increased ultraviolet exposure
and high sunlight intensity.19 Previous studies have focused
on the effect of latitude on corneal morphology parame-

ters, without considering the influence of other geograph-
ically related environmental factors on corneal morphol-
ogy. In addition to latitude, other external environmental
factors also need to be considered, because of the interac-
tion between latitude and other environmental and climatic
parameters, such as temperature, precipitation, and humid-
ity.20 How these environmental factors interact with each
other and impact corneal morphology is poorly understood
due to the lack of environmental parameter analyses. A
multiregional study is valuable in understanding the impact
of external environmental variations on cornea-related
morphology.

China is one of the world’s most populous countries
with a relatively homogeneous ethnic group consisting of
90% Han Chinese. In addition, China has a land mass
extending from the 3°51′N to the 53°33′N latitudes and
features a wide range of climates.21 Most parts of South-
ern China are of tropical or subtropical monsoon climate,
with high temperature and ample rainfall, whereas the north
is the opposite in climate. Therefore it is well suited to an
investigation into the impact of environmental exposures,
including geographic factors or climates, on cornea-related
morphology.

This study collected large-scale, multidimensional data
from multiple centers in different geographic locations and
climates in China to investigate the association between
environmental factors and cornea-related morphology. The
elucidation of this relationship will greatly promote the
exploration of the etiology of corneal diseases in different
geographic areas and potentially facilitate diagnosis, treat-
ment, and disease prevention.

METHODS

Subjects

The study protocol was reviewed and approved by the Ethics
Committee of Tianjin Eye Hospital (Tianjin Medical Univer-
sity, Tianjin, China) (201918) and adhered to the principles
of the Declaration of Helsinki. All data of the eyes included
in the study were de-identified before being accessed by
the study investigators. Our study was part of the Corneal
Morphology Analysis Trial, which is registered with Clinical-
Trials.gov (Identifier NCT03010748).

This national cross-sectional study was carried out from
January 1, 2010, to August 29, 2019, in 20 ophthalmic
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FIGURE 1. Distribution and sample size for each study site. The shade of the map background represents the sample size, and the height
of the orange column represents the percentage of the sample size. Tianjin Eye Hospital (TJE, 29,223, 25.6%, Tianjin), Jinan Mingshui Eye
Hospital ( JNE, 24,893, 21.8%, Jinan), Xi’an No. 4 Hospital (XAH, 17,300, 15.2%, Xi’an), The 4th people’s Hospital of Shenyang (SYH, 4,737,
4.2%, Shenyang), Nanjing Aier Eye Hospital (NJE, 4,582, 4.0%, Nanjing), Shanghai Aier Eye Hospital (SHE, 4,149, 3.6%, Shanghai), Nanchang
Bright Eye Hospital (NCE, 3,883, 3.4%, Nanchang), Hefei Aier Eye Hospital (HFE, 3,535, 3.1%, Hefei), Xiangya Hospital of Central South
University (XYH, 3,153, 2.8%, Changsha), The First Affiliated Hospital of Xinjiang Medical University (XJH, 3,045, 2.7%, Urumqi), The Second
Hospital of Jilin University (JLH, 2,563, 2.3%, Changchun), Xiamen Eye Centre of Xiamen University (XME, 2,332, 2.0%, Xiamen), Beijing
Huade Eye Hospital(BJE, 2,083, 1.8%, Beijing), Shanxi Eye Hospital (SXE, 2,016, 1.8%, Taiyuan), Yan’an Hospital of Kunming City (KMH,
1,488, 1.3%, Kunming), Gansu Provincial Hospital (GSH, 1,451, 1.3%, Lanzhou), Hong Kong Laser Eye Centre (HKC, 1,229, 1.1%, Hong Kong),
Daping Hospital (DPH, 1,172, 1.0%, Chongqing), Hainan Eye Hospital (HNE, 1,052, 0.9%, Haikou), and Baotou Eighth Hospital (BTH, 181,
0.2%, Baotou).

centers that were participating in a multicenter clinical study
designed to establish a database of corneal morphologies
and associated parameters. The distribution of the study sites
covered 58.8% of provincial-level administrative divisions in
China (Fig. 1).

All subjects underwent an optometry examination with
detailed measurement of the cornea. Considering the popu-
lation mobility, we calculated the proportion of local resi-
dents in each study site. Data could provide additional
clues to the potential impact of environmental exposures
on cornea-related morphology if all the groups were of the
same ethnicity, nationality, and age. Therefore, individuals
aged 18 to 44 years were included as young people, which
conforms to the latest United Nations World Health Organi-
zations Global Burden of Diseases 200022 classifications of
human age, and they were mainly local residents of each
study center and were of Han Chinese descent. Individuals
were excluded for the following reasons: (1) Individuals with
a history of ocular surgery, trauma, or severe corneal disease,
and (2) Individuals with keratoconus, suspected kerato-
conus, or subclinical keratoconus (diagnosis was based on
the global consensus on keratoconus).23

Cornea-Related Morphology Measurement

An examiner-blinded method was used to measure each
subject using a Pentacam ocular anterior segment analy-
sis system with high resolution (HR) (OCULUS, Wetzlar,
Germany). Detailed examination was shown in Supplemen-
tary Text. The above examinations were conducted by expe-
rienced optometrists with a standard protocol for collecting
all measurements.

Among the collected data, 18 corneal morphologic
parameters of more clinical concern were selected and
further analyzed, including the corneal thickness (thickness
at the corneal apex and pupil center [pachy apex and pachy
pupil] and minimum corneal thickness [pachy min]), corneal
keratometry (flat and steep keratometry in the front and
back of the cornea [K1 F, K2 F, K1 B, and K2 B]), corneal
astigmatism (flat axis within 0°–30° or 150°–180° [with the
rule] measured on the anterior and posterior surfaces of
the cornea [F AWR and B AWR, respectively]), and higher-
order aberrations (HOAs) of the cornea (HOAs on the front,
back and total corneal surface [HOA CF, HOA CB, and HOA
cornea, respectively], corneal vertical and horizontal coma
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[Z1
3 cornea and Z−1

3 cornea, respectively], corneal spherical
aberration [Z0

4 cornea]), and the depth, volume, and angle of
the anterior chamber (AC depth, AC volume, and AC angle,
respectively). The value and definition of each parameter are
summarized in Supplementary Table S1.

Environmental Data Collection

Climate characteristics are one of the external environmen-
tal factors most directly exposed to the human eye. Accord-
ing to the locations of the study sites, the correspond-
ing 20 base stations were enrolled. For each station, the
meteorological and geographic indexes of daily city-level
data from the last 40 years (January 1980–September 2019,
except Hong Kong data from January 1997–September 2019)
were obtained from the National Meteorological Informa-
tion Centre (http://data.cma.cn/) and the Hong Kong Obser-
vatory (https://www.hko.gov.hk/contentc.htm). The mete-
orological indexes included air pressure (AP, hPa); aver-
age temperature (T, °C); temperature difference (DIF T, the
maximum temperature minus the minimum in one day, °C);
precipitation (P, the depth of water that accumulates on a
horizontal surface over a given period of time, mm); rela-
tive humidity (RH, %); wind speed (WS, m/s); and sunshine
duration (SSD, h). Because of the changing and alternating
use of the equipment to measure evaporation, the evapora-
tion information obtained was only a rough estimate, and
there is a possibility of inaccuracy. Therefore evaporation
was excluded from the analysis. The geographic longitude
(E), latitude (N), and altitude (m) and their average values
were calculated as the indexes of each city. Annual mean
and annual standard deviation (SD) statistics were calculated
for each of the meteorological indexes of each city. Further
analysis and description of meteorological indexes in the
Methods and Results sections are based on annual mean and
annual SD values.

Statistical Analysis

Data analysis was performed from November 1, 2019, to
March 1, 2020. Only the right-eye data were chosen for anal-
ysis, considering the law of symmetry of our eyes24 and
the high correlation between both eyes.25 The characteris-
tics of our samples were reported using descriptive statistics
(means and SDs for continuous variables and proportions
for categorical variables).

To investigate the relationships between cornea-related
and environmental parameters, we performed city-level and
individual eye-level analyses. In the city-level analyses, all
cornea-related parameters were averaged. The correlation
analyses were performed using the Pearson method or
Spearman method depending on the normality assumption,
to investigate the relationship between each cornea-related
parameter and each annual mean and SD of an environmen-
tal parameter.

In the eye-level analyses, multilevel models, includ-
ing mixed-effects linear regression models for continuous
cornea-related parameters and mixed-effects logistic regres-
sion models for categorical parameters with a random inter-
cept and fixed slope, were constructed since eyes (level 1)
were nested within cities (level 2). The random intercept
term accounted for the dependency among eyes within each
city (cluster), representing the variability among cities as a
result of city-specific characteristics. The intraclass correla-
tion coefficient, which is the ratio of the between-cluster

error variance to the total error variance, can be interpreted
as the proportion of variance in the outcome accounted for
by the cluster and represents a measure of strength of asso-
ciation.26 In this study, it was adopted to report the propor-
tion of the overall unexplained variance within a cornea-
related parameter that can be accounted for by the city
in which each participant resided in the model results. In
addition, due to the imbalanced data structure (high vari-
ances in the numbers of eyes across cities, Fig. 1), balanced
data were imputed to improve the statistical power. The city
with the smallest number of eyes (Baotou, 181 eyes) was
excluded, and 1052 eyes (the smallest number of eyes in a
city among the remaining 19 cities) were sampled randomly
by computer from each of 19 cities. Therefore a balanced
data structure (1052 eyes from each city) was obtained, and
a total of 19,988 eyes were analyzed in the multilevel (two-
level) models.

All data processing and statistical analyses were carried
out using R version 3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria) and SPSS version 24.0 (SPSS,
Inc., Chicago, IL, USA). All tests were two-sided, and a P
value < 0.05 was considered statistically significant.

RESULTS

Between January 1, 2010, and August 29, 2019, data from
301,933 eyes (from 162,901 subjects) from 20 centers in
China were collected for eligibility assessment in this study.
A total of 255,049 (84.5%) eyes met the eligibility crite-
ria. Of these, 29,105 (9.6%) eyes were excluded because
of missing values and extreme outliers based on Tukey’s
method (three interquartile ranges). These outliers were due
to poor subject cooperation or equipment errors during
measurement or data collection process. Of the remaining
225,944 eyes (74.8%) (125,161 subjects), only the right eye of
each subject was selected, resulting in 114,067 eyes (37.8%)
(agemean = 23.95 years, agesd = 5.74 years) included in the
final analysis (Fig. 2). Variables of cornea-related morphol-
ogy of each site and environmental variables of each city are
shown in the appendix (Supplementary Tables S2, S3). The
details of the sample information for each study center are
presented in Table 1 and Figure 1.

In the correlation analysis at the city level, we found
significant correlations between ambient climate parameters
and cornea-related parameters (Table 2). Among them, the
corneal thickness was most influenced by climatic parame-
ters (we only presented the results of the pachy apex since
the three corneal thickness parameters were highly corre-
lated, as presented in Supplementary Fig. S1). The results
showed strong positive correlations between corneal thick-
ness and mean precipitation (rapex = 0.721, P < 0.001), as
well as the amounts of variation in precipitation (rapex =
0.665, P = 0.001), mean temperature (rapex = 0.600, P =
0.005), and RH (rapex = 0.559, P = 0.010). By contrast, there
were strong negative correlations between corneal thickness
and daily differences in temperature (rapex = −0.694, P <

0.001), SSD (rapex = −0.504, P = 0.023), and high variations
in RH (rapex = −0.503, P = 0.024) (Figs. 3 and 4).

The AC volume was also a strong indicator in relation to
climatic parameters (Figs. 5 and 6). In contrast to the asso-
ciations with corneal thickness, the AC volume was signifi-
cantly negatively correlated with precipitation (r = −0.672,
P = 0.001), temperature (r = −0.484, P = 0.031), and RH (r
= −0.448, P = 0.047). Moreover, when the amount of varia-
tion in precipitation (r = −0.502, P = 0.024) was high, the

http://data.cma.cn/
https://www.hko.gov.hk/contentc.htm
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FIGURE 2. Flowchart of participants in the study. A total of 301,933 eyes from 162,091 subjects were included. Subjects aged <18 and >44
years and data with missing values and outliers based on Tukey’s method (interquartile range) were excluded due to the subject’s lack of
cooperation or error during the measurement process or data collection by the equipment. A total of 114,067 right eyes were chosen for
final analyses.

TABLE 1. Summary of Study Sites

Study Centers (City) Age Sample Size Local Residents Acquisition Time Time Span (Days)

TJE (Tianjin) 23.942 (5.546) 29,223 (25.6%) 73% 2010.1.1–2019.1.28 3314
JNE (Jinan) 22.509 (5.487) 24,893 (21.8%) 89% 2011.4.23–2019.2.19 2859
XAH (Xi’an) 24.448 (5.221) 17,300 (15.2%) 85% 2010.7.7–2016.3.15 2078
SYH (Shenyang) 22.931 (5.408) 4,737 (4.2%) 90% 2015.5.2–2019.1.2 1341
NJE (Nanjing) 24.158 (5.813) 4,582 (4.0%) 90% 2013.9.29–2019.6.3 2073
SHE (Shanghai) 27.377 (6.221) 4,149 (3.6%) 80% 2011.1.2–2019.8.29 3161
NCE (Nanchang) 22.954 (5.470) 3,883 (3.4%) 95% 2014.10.31–2019.7.4 1707
HFE (Hefei) 22.788 (4.855) 3,535 (3.1%) 95% 2012.2.2–2019.8.22 2758
XYH (Changsha) 24.959 (5.852) 3,153 (2.8%) 90% 2017.1.1–2019.8.9 950
XJH (Urumqi) 27.225 (6.269) 3,045 (2.7%) 100% 2013.9.5–2019.1.11 1954
JLH (Changchun) 23.100 (5.401) 2,563 (2.3%) 95% 2015.4.9–2019.8.5 1579
XME (Xiamen) 23.539 (5.889) 2,332 (2.0%) 85% 2018.5.29–2019.8.5 433
BJE (Beijing) 26.791 (6.446) 2,083 (1.8%) 75% 2016.8.23–2019.7.23 1064
SXE (Taiyuan) 23.147 (5.386) 2,016 (1.8%) 95% 2018.6.15–2019.7.12 392
KMH (Kunming) 26.426 (6.922) 1,488 (1.3%) 98% 2013.6.18–2019.1.23 2045
GSH (Lanzhou) 25.196 (6.649) 1,451 (1.3%) 90% 2014.10.13–2019.4.29 1659
HKC (Hong Kong) 27.713 (5.734) 1,229 (1.1%) 99% 2013.8.3–2017.9.5 1494
DPH (Chongqing) 24.098 (5.526) 1,172 (1.0%) 95% 2016.1.5–2016.3.29 84
HNE (Haikou) 23.767 (5.506) 1,052 (0.9%) 95% 2015.5.27–2017.8.29 825
BTH (Baotou) 25.503 (6.323) 181 (0.2%) 98% 2017.4.12–2019.7.16 825

TJE: Tianjin Eye Hospital; JNE: Jinan Mingshui Eye Hospital; XAH: Xi‧an No. 4 Hospital; SYH: The 4th People‧s Hospital of Shenyang;
NJE: Nanjing Aier Eye Hospital; SHE: Shanghai Aier Eye Hospital; NCE: Nanchang Bright Eye Hospital; HFE: Hefei Aier Eye Hospital; XYH:
Xiangya Hospital of Central South University; XJH: The First Affiliated Hospital of Xinjiang Medical University; JLH: The Second Hospital of
Jilin University; XME: Xiamen Eye Centre of Xiamen University; BJE: Beijing Huade Eye Hospital; SXE: Shanxi Eye Hospital; KMH: Yan‧an
Hospital of Kunming City; GSH: Gansu Provincial Hospital; HKC: Hong Kong Laser Eye Centre DPH: Daping Hospital; HNE: Hainan Eye
Hospital; BTH: Baotou Eighth Hospital.

AC volume was small. However, when the amount of annual
variation in temperature (r = 0.507, P = 0.022) or the daily
difference in temperature (r = 0.570, P = 0.009) was high,
the AC volume was large. The correlations between the AC
depth and climate parameters were similar to those of the
AC volume, although it was not statistically significant for all

parameters. We did not find significant correlations between
the AC angle and climate features.

Notably, temperature was the climatic parameter most
associated with corneal aberrations, and there were signif-
icant negative correlations between them, especially for
the HOA cornea (r = −0.569, P = 0.009) and Z1

3 cornea
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FIGURE 3. Relationships between corneal thickness and precipitation and relative humidity. Scatter plots and maps showing the correlations
between corneal thickness and the mean (A and B) and standard deviation (C and D) of precipitation and the mean (E and F) and standard
deviation (G and H) of relative humidity.
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FIGURE 4. Relationships between corneal thickness and temperature and sunshine duration. Scatter plots and maps showing the correlations
between corneal thickness and temperature (A and B), the mean (C and D) and standard deviation (E and F) of daily difference in temperature
and sunshine duration (G and H).
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FIGURE 5. Relationships between anterior chamber volume and precipitation and relative humidity. Scatter plots and maps showing the
correlations between anterior chamber volume and the mean (A and B) and standard deviation (C and D) of precipitation and the mean (E
and F) and standard deviation (G and H) of relative humidity.
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FIGURE 6. Relationships between anterior chamber volume and temperature. Scatter plots and maps showing the correlations between
anterior chamber volume and the mean (A and B) and standard deviation (C and D) of temperature and the mean (E and F) and standard
deviation (G and H) of daily difference in temperature.
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FIGURE 7. Relationships between corneal aberrations and temperature. Scatter plots (A) and maps (B-D) showing that several corneal
parameters (higher-order abbreviations of total, front and back cornea) were negatively correlated with temperature.

(r = −0.493, P = 0.027) (Fig. 7). The Z−1
3 cornea was posi-

tively correlated with the daily differences in temperature (r
= 0.477, P= 0.034) and SSD (r= 0.456, P= 0.044) and nega-
tively correlated with the amounts of variation in precipita-
tion (r = −0.517, P = 0.020) and SSD (r = −0.507, P =
0.023).

Furthermore, we analyzed the relationships between
corneal morphologic parameters and latitude, longitude, and
altitude. Latitude had the strongest correlation with cornea-
related morphology. People who lived at high latitudes for
a long time had thinner corneas (rapex = −0.482, P = 0.031)
and greater AC volumes (r = 0.513, P = 0.021) than those
who lived at low latitudes (Fig. 8).

In the eye-level analysis, 19,988 eyes were analyzed in the
multilevel models (Supplementary Table S4). Consistent with
the results of the city-level analyses, the eye-level analyses
reliably identified ambient climatic factors that were signifi-
cantly related to each of the corneal morphologic parameters
(Supplementary Tables S5–S22). After adjusting for age, the
results showed that the mean precipitation (Bapex = 2.552,
P < 0.001, and BACV = −2.104, P < 0.01), amount of varia-
tion in precipitation (Bapex = 2.887, P < 0.001, and BACV =
−2.329, P< 0.001) and daily temperature difference (Bapex =
−1.604, P < 0.001, and BACV = 1.086, P < 0.05) were asso-
ciated with corneal thickness, along with the AC volume,

according to the model fitting results. In addition, the wind
speed exhibited associations with corneal thickness (Bapex

= 3.007, P < 0.01) and AC volume (BACV = −2.561, P <

0.05). Moreover, high mean temperature was also an impor-
tant factor of low HOA of the cornea.

DISCUSSION

This large multicenter study identified a correlation between
the ambient environment and cornea-related morphology.
Residents in warm and wet environments had thicker
corneas and smaller AC volumes than those from cold and
dry ambient climates. In comparison, individuals living in
areas with a long sunshine duration and alternating dry
and wet conditions had thinner corneas. High latitude was
associated with a thinner cornea and a larger AC volume.
Temperature was closely related to corneal higher-order
aberrations. These effects were robust in population with
the same ethnicity, age group, and the examination equip-
ment.

We identified a group of interrelated factors, namely,
precipitation, temperature, humidity, sunshine duration, and
latitude, which were significantly associated with a number
of morphologic characteristics of the human cornea. In
contrast, there was no significant association with air pres-
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FIGURE 8. Relationships between latitude and corneal thickness and anterior chamber volume. Scatter plots (A and C) and maps (B and D)
showing that latitude was negatively correlated with corneal thickness and positively correlated with anterior chamber volume.

sure or altitude. Our findings are consistent with the climate-
morphology theory,27 which proposes that environmental
factors play an essential role in the evolution of human
morphology, particularly in the body size and mid-facial
morphology.28–31 There have been a number of studies
related to the environment and the development of ocular
development.32–36 It has been suggested that there is a rela-
tionship between the size of the human visual system and
latitude,32 although further study is still needed. The Chinese
population has the same growth in orbital volume as the
white population, and eyeball and orbital are positively
correlated with latitude.33–36 This may be due to an evolu-
tionary mechanism with impaired light availability, which
leads to enlarged eyes, and other factors associated with
different geographic locations.32 Furthermore, people from
cold/dry climates tend to have a tall, narrow, and deep nasal
cavity compared with those from warm/wet conditions, and
this adaptation is likely driven by temperature and humid-
ity.29,30 We show that climatic conditions influence cornea-
related morphology, indicating morphofunctional adaptabil-
ity in relation to the ambient climate in humans.

Our findings indicate a significant correlation between
water-related climatic factors and corneal morphology. Inter-
estingly, people living in areas with a long sunshine dura-
tion, big difference in daily temperature, and cold, dry condi-
tions had thinner corneas. The cornea has a water content of
more than 80%.37,38 Dry conditions or varied daily temper-
ature differences accelerate the evaporation of water from
the corneal surface, promote vertical and horizontal trans-
port of water from the corneal stroma,39,40 and eventually
may result in a thinner cornea. Additionally, when the eye
is exposed to long periods of sunshine, ultraviolet rays
promote greater cross-linking of collagen fires within the
corneal stroma,41,42 causing a subsequent increase in colla-
gen fiber diameter but a decrease in spacing between the
collagen fibers and the number of collagen fibers per unit
area, contributing to reduced corneal thickness.43–45 Previ-
ous research has focused on the effect of sunlight on corneal
thickness, whereas this study, by analyzing more environ-
mental factors, found that people who lived in wet envi-
ronments with abundant rainfall had thicker corneas, which
is consistent with other reports that thicker corneas are
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in subjects from a location with many rainy days and less
sunshine during the year.46,47

In our study, we found that people living at higher lati-
tudes had thinner corneas. The mean epithelial thickness of
the cornea has been reported to decrease with increasing
geographic latitude,48 which may play a role. And the effect
of latitude on climate is reflected in temperature and areas
at higher latitudes usually have lower temperatures. We also
found temperature positively associated with corneal thick-
ness. Additional studies based on animal models are needed
to clarify the etiological basis for these observations and
their relevance to corneal morphologic parameters.

Of note, we show that climatic factors have different
influences on corneal morphology and AC volume. Individ-
uals who lived in cold and dry environments had larger
AC volumes than those living in moist and warm environ-
ments. The AC is filled with aqueous humor, and its volume
is vital for maintaining intraocular pressure within a phys-
iological range.49 A cold and dry environment can stimu-
late the sympathetic nerves, causing pupil dilation.50 The
aqueous humor in the posterior chamber then flows into the
AC, resulting in an increased AC volume.49 It is particularly
noteworthy that the pupils of patients with glaucoma are
more prone to dilation when stimulated in a cold environ-
ment than in a warm environment.51,52 This enhanced mech-
anism can lead to accumulation of aqueous humor in the AC,
an increase of intraocular pressure, and a sudden onset of
angle-closure glaucoma.53 This is also consistent with previ-
ous reports that have found higher intraocular pressures in
colder months than in warmer months in both longitudi-
nal and cross-sectional populations.54–56 A cold environment
has been shown to promote acute angle-closure glaucoma
attacks, as evidenced by a higher incidence of angle-closure
glaucoma in the winter, and the number of hours without
sunshine is positively correlated with the incidence of acute
closed-angle glaucoma.57,58 Our findings indicate that more
attention needs to be focused on the ocular health of people
living in cold regions or during cold seasons, and further
evaluation is warranted to better determine patients at risk
for glaucoma, and provide public health education.

Our study showed that compared with the mean annual
temperature, the daily temperature difference had an oppo-
site effect on the corneal thickness and AC volume. When
the daily temperature difference was greater, the corneal
thickness was thinner, and the AC volume was larger. The
daily temperature difference is associated with the latitude,
humidity, and land and sea location of a city.59 If a city
is located at a higher latitude, with lower humidity and
inland far from the ocean, the daily temperatures tend to
have greater fluctuations.59 In our study, individuals from
Lanzhou with the greatest daily temperature difference (high
latitude, low humidity, and far from inland) exhibited thin-
ner corneal thickness and larger AC volumes, whereas indi-
viduals from Hong Kong with the smallest daily tempera-
ture difference (low latitude, high humidity, proximity to the
ocean) showed a thicker cornea and smaller AC volume. It
indicated a complex correlation between climatic parame-
ters and geographic location.60 In addition, higher tempera-
tures were related to lower corneal higher-order aberrations
in the human eye, indicating that changes in corneal thick-
ness associated with high temperature result in a thicker
cornea and structural aberrations, which can have a signifi-
cant impact on the finer aspects of visual perception.61

Because the majority of subjects included in this study
lived in the local area, their age could represent the

amount of time that they had lived there. By collect-
ing the cornea-related parameters and climate data over
the past 40 years and analyzing their correlations, we
found subtle effects of environmental factors on morpho-
logic characteristics over time. Understanding these influ-
ences may be beneficial for the development of norma-
tive ranges for cornea-related morphology and diagnostic
criteria for related corneal pathology (e.g., keratoconus),
as well as the individualization of surgical management
plans (e.g., corneal refractive surgery) for individuals living
in different environmental regions. It may also contribute
to risk stratification in the diagnosis and management of
glaucoma.

Our study has several limitations. First, in the data
collected in real-world ophthalmic centers with ocular
measurements being collected by different optometrists,
there may be measurement bias, although a standard exam-
ination protocol was followed. Second, the climate data
used were based on measurements at a meteorological base
station in each city and cannot fully account for popula-
tion mobility because of work, education, or medical service
among the local population, which could potentially lead to
bias, although more than 75% of the enrolled subjects were
local residents in each study site. Third, other factors poten-
tially affecting corneal morphology, such as heritage and
regional dietary differences, were not included as covariates
in the analysis in this study. For example, a high-sugar diet
may contribute to the accumulation of nonenzymatic glyco-
sylation of proteins and the formation of advanced glyco-
sylation end products and result in morphologic changes
in the corneal epithelium and endothelium.62 The above
biases may be minimized by increasing the sample size and
optimizing sampling methods. Forth, the subjects in this
study were candidates for refractive surgery, and our find-
ings should be further evaluated in other healthy popu-
lations. Finally, gender probably should be adjusted for,
because there may be some differences in cornea param-
eters between male and female. However, because of the
lack of information collected by the equipment, there is an
absence of gender information in the data of this study,
and the gender-adjusted analysis cannot be performed. The
potential impact of gender can be further explored in future
studies.

In summary, the results of this multicenter study of a
large Han Chinese population indicate that climatic condi-
tions could have an important modulatory role in determin-
ing the ocular structure and influencing corneal morphology
and its related parameters. Additional studies are warranted
in other ethnic groups, and the wider implications in
terms of the distribution and prevalence of specific ocular
diseases in different regions of the world deserve further
investigation.
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