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ABSTRACT
Importance: Understanding the longitudinal intraocular pressure (IOP) changes and
potential risk factors in adults is important for future glaucoma control in the aging
society.
Background: Limited longitudinal studies exists in Asia investigating the longitudinal
IOP changes and with varying results.
Design: Population-based cohort study.
Participants: 1405 baseline participants from the Liwan Eye Study.
Methods: All baseline participants were invited for the 10-year follow-up examination
in 2013. IOP (by Tonopen), central corneal thickness (CCT, by ultrasound), refractive
error (by autorefractor), blood pressure, height and weight were measured per
standardized protocol, and the presence of hypertension or diabetes was collected by
questionnaire. Follow-up examinations were conducted using the same equipment
with proper calibration. Linear regression analysis was used to assess the association
between IOP change and potential risk factors.
Main outcome measures: 10-year IOP change.
Results: Of the 791 participants at the 10-year follow-up, IOP data were available for
602 participants with a mean age of 60.9 years (55.5% female). The average IOP
change over 10 years was an increase of 1.44mmHg (95% confidence interval, 1.12 to
1.75). Linear regression showed that 10-year IOP change was not associated with
baseline age, gender, body mass index (BMI), CCT, spherical equivalence (SE),
hypertension or diabetes. However, it was positively associated with longitudinal
increase of BMI when longitudinal changes of BMI and SE were included in the model
(P<0.001).
Conclusions and relevance: We observed a small increase in IOP over 10 years in

This article is protected by copyright. All rights reserved.

this adult Chinese population, which was positively related to the longitudinal change
in BMI.

Keywords: glaucoma, intraocular pressure, age, longitudinal
INTRODUCTION

Glaucoma is a leading cause of irreversible blindness, and it is estimated that the
glaucoma population worldwide would increase to 111.0 million in 2040.1 As glaucoma
mainly affects the elderly, reducing the occurrence of glaucoma poses a great
challenge in both developing and developed countries in the aging society.2
Intraocular pressure (IOP) had been widely acknowledged as the most important
modifiable risk factor for the development of glaucoma, but the reported age-related
IOP change remains inconsistent.3 Population-based studies among Caucasian and
African populations have mostly showed a positive association between IOP and
age,4-6 while cross-sectional studies in Asian populations reported an inverse
association.7-10 Whether this is due to true aging effect or cohort effect is still in
contention.

Given that the intra-individual difference in IOP is smaller than the inter-individual
difference, a long-term longitudinal study is most appropriate in design to investigate
the association between aging and IOP. In current literature, limited longitudinal
studies of IOP in Asian populations existed with Nomura et al. found a increasing trend
in IOP with aging while Nakano et al. and two other longitudinal Korean studies
reported a decresing trend.10-13 Therefore more population-based longitudinal studies
are needed to investigate age-related IOP changes. China has the largest absolute
number of glaucoma patients in the world,14 and to the best of our knowledge, no
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conclusion had been reached from population-based studies concerning the
longitudinal trend in IOP changes in China.

Many factors have previously been reported to influence IOP. Greater corneal
thickness (CCT),15,16 blood pressure (BP),17,18 and body mass index (BMI)18,19 were
reported to be associated with a higher IOP. The presence of diabetes mellitus (DM)
was also reported to be a risk factor for high IOP.20,21 As these evidence are mostly
based on cross-sectional studies which cannot demonstrate temporal causation, it is
valuable to evaluate their associations with IOP longitudinally. Association between
refractive error and IOP was rarely reported in literature.22 Given the rising prevalence
of myopia in recent decades, especially in China, it would be meaningful to investigate
the effect of longitudinal refraction changes on IOP.

The purpose of this study was to report the 10-year IOP changes and associated risk
factors in a population-based Chinese adult cohort.

METHODS

Study Population
The Liwan Eye Study is a population-based prospective longitudinal study in Southern
China, the methodology in detail has been reported elsewhere.23 Briefly, residents
aged 50 years or older in the Liwan District, Guangzhou City were identified and
enrolled by clustered random sampling at baseline in 2003. A total of 1405 participants
underwent baseline examination, and all were invited to attend the 5-year and 10-year
follow-up examinations. Over the 10-year period, 330 (23.5%) participants had
deceased, 127 (9.0%) refused follow-up examination and 157 (11.2%) relocated out
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of the district and were lost to follow-up. The remaining 791 participants (response
rate: 86.2%) returned for follow-up examination in 2013. Follow-up examinations
were conducted using the same equipment with proper calibration and the same
standardized protocol. Only participants with available IOP data at both baseline and
the 10-year follow-up were included in the current analysis. Participants who had been
diagnosed with glaucoma or had undergone intraocular surgeries before baseline or
during the follow-up were further excluded.

Ethics approval for the study was obtained from Zhongshan Ophthalmic Center Ethics
Review Board. The study was observed the tenets of the Declaration of Helsinki and
written informed consent was obtained from all participants.

Procedures
Both ocular and physical examinations were performed at baseline and follow-ups.
IOP was measured with a handheld tonometer (Tonopen; Mentor, Norwell,
Massachusetts, USA) by an experienced technician after local anesthesia (0.4%
Benoxil; Oxybuprocaine, Santen, Japan) and before pupil dilation. The mean of 3
consecutive measurements was recorded as the final value for each eye. The IOP was
considered unmeasurable if a standard error of＜5% could not be achieved after 10
repeated sets of measurements, or if the participants were unable to cooperate.
Automated refraction (ARK-30; Nidek Corp, Gamagori, Japan) was performed in both
eyes separately without cycloplegia, and spherical equivalent (SE) was calculated as
spherical + 1/2 cylindrical power. Measurement was repeated if the standard error was
more than 5% and the mean of 3 measurements was recorded as the final value.
Central corneal thickness was measured only at baseline using an A-mode ultrasound
pachymetry (Echoscan US1800; Nidek Corp.) with the probe perpendicular to the
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cornea at the pupil center.

Height and weight were measured with the participant standing upright wearing light
clothes and without shoes. Height was measured to the closest centimeter (cm) and
weight to the closest kilogram (kg). BMI was calculated as weight in kgs divided by
height in meters squared, and further divided into the normal weight and overweight
subgroups using 25 kg/m2 as the cut-off according to the WHO recommendation
criteria. BP was measured only at follow-up examinations using an automatic upper
arm blood pressure monitor (Omron, Hoofddorp, The Netherlands) by a trained nurse.
A standard questionnaire was administered by a trained interviewer at each
examination to collect personal information, surgical and medical history. Presence of
glaucoma, hypertension or diabetes was defined based on a self-reported history of
diagnosis or treatment.

Statistical Analysis
Statistical analysis was performed using a commercially available statistical software
package (Stata 12.0; Stata Corp, College Station, Texas, USA). Data from the right eye
were used for analysis. Ten-year IOP change was calculated by subtracting the
baseline IOP value from follow-up IOP value. Independent t-test and Chi square test
were used to compare the baseline characteristic of participants included and
not-included in the current study. Paired t-test was used to assess the statistical
significance on the longitudinal IOP changes in different age and gender subgroups.
Linear regression analysis was used to assess the associations of potential risk factors
with 10-year IOP changes. To avoid multicollinearity, mean arterial pressure (MAP)
was used in the regression analysis, which calculated as one third of systolic BP plus
two thirds of diastolic BP.24 Multiple linear regression model 1 included all baseline
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variables including age, gender, BMI, CCT, SE, and the presence of hypertension and
diabetes. Model 2 included the 10-year changes in BMI and SE as covariates, along
with age, gender, CCT, the presence of diabetes at baseline and MAP at the 10-year
follow-up. A p-values of less than 0.05 was considered statistically significant.

RESULTS
A total of 791 (56.3% of baseline) participants attended the 10-year follow-up
examination. Differences in baseline characteristics between follow-up participants
and non-participants can be found in Supplementary Table 1. Of all follow-up
participants, we further excluded 41 (5.2%) participants without available IOP data
and 148 (18.7%) who had undergone intraocular surgery at baseline or 10-year
follow-up. The remaining 602 participants (76.1%) who attended the 10-year
follow-up in 2013 were included in the current analysis with a mean (standard
deviation, SD) baseline age of 60.9 (8.5) and 55.5% were female. When compared to
participants who were excluded from this analysis, those included were significantly
younger (P<0.001) and had lower rate of diabetes (P=0.001) at baseline (Table 1).

Table 1: Baseline characteristics of participants included and not-included in this
study

Age, years
Female, %
Intraocular pressure, mmHg
Body mass index, kg/m2
Central Corneal Thickness, mm
Spherical Equivalence, diopter

Included
(N=602)
60.9(8.5)
55.5%
15.3(3.0)
23.7(3.1)
0.51(0.03)
-0.43(2.84)

Not-included
(N=803)
68.6(9.8)
57.0%
15.1(3.2)
23.4(3.6)
0.51(0.03)
-0.49(2.70)
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P Value
<0.001
0.59
0.29
0.12
0.44
0.70

Hypertension , %
Diabetes, %

40.1%
7.14%

42.9%
13.0%

0.33
0.001

Date were expressed as mean (standard deviation) or proportion.

Table 2 shows the age and gender-specific distributions of IOP at baseline and the
10-year follow-up. For men in the age group of 50-59, 60-69 and ≥70 years, the mean
(SD) change of IOP over 10 years were 1.75(3.4), 0.95(3.8) and 1.09(4.1) mmHg,
respectively. While for women, the corresponding changes were 1.23(3.4), 1.19(3.3)
and 2.53(6.5) mmHg, respectively. IOP at the 10-year follow-up was significantly
higher than baseline IOP, except for the male group aged above 60 years old. The
overall IOP change was 1.44mmHg (95% confidence interval [CI], 1.12 to 1.75)
(P<0.001) for the study population without a statistically significant gender difference.
Distribution of the 10-year IOP change in different age, gender, hypertension and BMI
subgroups are shown in Fig1. The corresponding 10-year mean (SD) changes in SE
and BMI were 0.22(1.70) diopters and -0.23(1.98) kg/m2, respectively.

Table 2: Age and gender-specific distribution of intraocular pressure at baseline and
the 10-year follow up

Male
Age group(years)
50-59
60-69
≥70
Total
Female
Age group(years)
50-59

N

Baseline

10-year
follow up

10-year
change

138
83
47
268

15.1(3.1)
15.3(3.6)
15.6(2.8)
15.3(3.2)

16.9(2.8)
16.3(3.0)
16.7(3.7)
16.6(3.1)

1.75(3.4) †
0.95(3.8)
1.09(4.1)
1.39(3.6) †

173

15.6(2.7)

16.9(2.7)

1.23(3.4) †
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60-69
≥70
Total
All
Age group (years)
50-59
60-69
≥70
Total

95
66
334

15.4(3.2)
14.6(2.9)
15.4(2.9)

16.5(3.0)
17.2(5.8)
16.8(3.6)

1.19(3.3) ‡
2.53(6.5) ‡
1.48(4.2) †

311
178
113
602

15.4(2.9)
15.3(3.4)
15.0(2.9)
15.3(3.0)

16.9(2.8)
16.4(3.0)
17.0(5.1)
16.8(3.4)

1.46(3.4) †
1.08(3.5) ‡
1.93(5.6) †
1.44(3.9) †

Data are presented as number or mean (standard deviation);
† P<0.001, ‡ P< 0.05, comparison of baseline and 10-year follow-up intraocular
pressure using paired t test

Figure 1: 10-year change of intraocular pressure in different population subgroup
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Univariate linear regression analysis showed that 10-year changes in BMI (P=0.001)
and MAP at the 10-year follow-up (P=0.002) were positively associated with the
10-year IOP changes. In the multiple linear regression model 1, the 10-year IOP
change was not associated with age, gender, BMI, CCT, SE, hypertension or diabetes
when the baseline characteristics were included. However, in model 2, the 10-year IOP
change was significantly associated with 10-year changes in BMI (P<0.001), but not
with other variables when longitudinal changes of BMI and SE and MAP at the 10-year
follow-up were included. (Table 3).
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Table 3: Associations of potential risk factors with 10-year changes in intraocular pressure (mmHg)

Univariate analysis
Factors
Baseline age, years
Gender,
Baseline BMI, kg/m2
Baseline CCT, mm
Baseline SE, diopter
Baseline hypertension,
yes
Baseline diabetes, yes
10 year change in BMI,
kg/m2

Coefficient
(95%CI)
0.003(-0.03 to
0.04)
-0.09(-0.72 to
0.55)
-0.02(-0.15 to
0.11)
2.17(-9.22 to
13.6)
0.04(-0.08 to
0.15)
-0.49(-1.15 to
0.16)
-0.09(-1.34 to
1.16)
0.28(0.11 to
0.45)

P
Value
0.88
0.79
0.75
0.71
0.54
0.14
0.89
0.001

Multiple regression analysis
Model 1
Model2
Coefficient
P Value
Coefficient
(95%CI)
(95%CI)
0.00(-0.05 to
-0.03(-0.07 to 0.02)
0.05)
1.00
-0.23(-1.04 to
0.06(-0.65 to 0.78)
0.59)
0.58
-0.01(-0.15 to
0.13)
0.91
2.04(-12.40 to
7.61(-5.14 to 20.36)
16.48)
0.78
0.04(-0.10 to
0.18)
0.58
-0.69(-1.58 to
0.20)
0.13
0.12(-1.60 to
0.42(-0.99 to 1.83)
1.84)
0.89
0.33(0.15 to 0.52)
-
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P Value

0.29
0.86
0.24
0.56
<0.001

10 year change in SE,
diopter
MAP at 2013
follow-up, mmHg

-0.03(-0.20 to
0.15)
0.03(0.01 to
0.06)

0.75

-

-

-0.13(-0.35 to 0.10)

0.002

-

-

0.01(-0.01 to 0.04)

0.28
0.26

BMI: body mass index; CCT: central corneal thickness; SE: spherical equivalent; MAP: mean arterial pressure; CI: confidence
interval.
Model 1 included baseline age, gender, baseline BMI, baseline CCT, baseline SE, baseline hypertension and baseline diabetes
status.
Model 2 include baseline age, gender, baseline CCT, baseline diabetes status, 10-year BMI change, 10-year SE change and MAP at
the 2013 follow-up.
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DISCUSSION
In this population-based prospective adult Chinese cohort, we identified a small
increase in IOP with age in both males and females over 10 years. The
population-based design, recording of IOP measurements using Tonopen, an
applanation tonometer at both baseline and follow-up visit, and the 10-year long
follow-up period were all considered strengths to the present study.

Mean IOP reported in our study (15.3±3.0 mmHg at baseline) was similar to that
reported in other studies based on Chinese populations (15.6±3.0 mmHg in Beijing
and 15.3±2.3 mmHg in Guangzhou, using a non-contact pneumotonometer),18,25
and higher that reported in Japan (11.9±2.5 mmHg, using a non-contact tonometer)
and Korea (13.6±2.5 mmHg, using automated non-contact tomometers).11,13 This
discrepancy on IOP distribution may be attributable to ethnicity and different
methods of tonometry are used.26 In a cross-sectional analysis of all baseline
participants of this cohort,27 age was found to be negatively associated with IOP
after adjusting for age and gender, but no longer significantly associated with IOP in
the fully-adjusted model. Greater BMI and CCT, as well as self-reported hypertension
were associated with a higher IOP in the baseline analysis, which was consistent
with other cross-sectional studies in the literature.15-17

In the current longitudinal analysis, IOP at the 10-year follow-up visit was
significantly higher than IOP at baseline, though the difference was small.
Interestingly, we had identified similar results based on another longitudinal cohort
of adult population in Southern China, apparent reduction in IOP with age in
cross-sectional analysis and an increase of 0.43mmHg (95%CI, 0.36 to 0.50) in IOP
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over 5 years.22,25 This pattern of change suggests that an increase of IOP is the
authentic pattern of IOP change with aging, whereas the observed IOP reduction
with age in cross-sectional analysis is likely due to cohort effect, for example, the
younger birth cohorts have higher IOP in comparison to the older cohorts. In the
existing literature, longitudinal studies on age-related IOP changes have mainly
been based on Caucasian and African populations, and reported an overall
increasing trend of IOP with age.4,5 Limited longitudinal studies have been
conducted in East Asian populations, and these had furthermore presented
conflicting results. Nomura et al. reported that IOP increased significantly with aging
in both males and females in an 8 year follow-up, which is consistent with our
findings.11 In contrast, Nakano et al. found a decrease in IOP over 10 years in a
group of healthy Japanese male aircraft crew members.12 Baek et al. reported a
negative association between IOP and age in their longitudinal analysis.10 A
longitudinal Korean study reported an average of -0.065mmHg change of IOP per
year based on a large cohort, following up for 8 years.13 The Singapore Malay Eye
Study reported a reduced IOP with normal aging in South East Asians.28 The Beijing
Eye Study reported a mean change in IOP of -1.25±2.26 mmHg over 5 years, but
did not assess the longitudinal trend.18 The difference in the above findings could be
partly explained by difference in ethnicity or the difference in the change pattern of
risk factors associated with IOP, such as BP and BMI.29 It is unclear if the natural
history of IOP were similar across different Asian population groups, as Japanese
were more likely to develop normal tension glaucoma while Chinese were more
prone to have primary angle-closure glaucoma.30 Based on the current evidence, we
suggest there is slight increase in IOP over time in adult Chinese.

Despite that higher BMI, hypertension, and greater CCT were found to be positively
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associated with IOP in our baseline analysis,27 only change in BMI was significantly
associated with the 10-year longitudinal IOP change, while associations with other
baseline variables were no longer statistically significant. Higher BMI could
contribute to an increase in IOP by increased blood viscosity, epi-scleral venous
pressure and increased orbital tissue pressure mechanisms.31 Multiple previous
studies, either cross-sectional or longitudinal in design, had reported that a higher
BMI was associated with a higher risk of glaucoma.18,22,32 The EPIC-Norfolk Eye
Study also found that higher BMI was related to a thinner retinal nerve fiber layer.16
However, data from the Nurses’ Health Study and the Health Professionals Follow-up
Study showed that women with a higher BMI had a lower risk of primary open angle
glaucoma.33 Based on our findings and other related longitudinal studies in
China,18,22,25 we suggest that higher BMI could lead to an increase in IOP in Chinese
population, and this could be part of reason that younger generations had higher
IOP compared to the elderly in cross-sectional analysis.

A consistent positive relationship between hypertension and IOP had been reported
in literature.17,28 Higher BP may increase IOP in a physiological way by increasing
capillary pressure and choroidal volume.34 In the present study, we were unable to
assess the relationship between 10-year BP changes and 10-year IOP changes as BP
was not directly measured at baseline. However, given MAP at the 10-year follow-up
was positively associated with IOP change in our univariate longitudinal analysis, we
speculate that an increase in BP may also result in an increased IOP. Association
between sex and IOP had been reported with inconsistent results. There was no
gender difference in IOP distribution and 10-year IOP change in our study, which is
supported by the Framingham Eye Study and other previous studies.8,35 The
Kangbuk Samsung Health Study found females had a lower IOP compared to males

This article is protected by copyright. All rights reserved.

and the yearly decrease in IOP was also smaller in females.36 Other studies such as
the Beaver Dam Eye study and the Barbados Eye Study have found males to have a
lower IOP.4,37 The gender difference is suggested to be mediated by hormonal
differences and cardiovascular risk factors.13 Further research is needed to better
understand the mechanisms between gender and IOP association. In addition, CCT
was related to baseline IOP but not longitudinal IOP change in our analysis, perhaps
due to that there was only minimal change in CCT over time in adults. Previous
studies had reported a positive association between diabetes and IOP, but not
consistently,28,38 we did not observe any significant associations between IOP and
baseline diabetes status. Recall bias could be a potential reason for the lack of
association between IOP and baseline diabetes or hypertension.

Associations between refractive error and IOP were less reported. We found that a
myopic refractive change was related to increased IOP in the Lingtou Eye Cohort
Study,22 while no associations were found in the current analysis. This could be due
to the difference in age distribution in these two cohorts, as the Korea National
Health and Nutrition Examination Survey reported that higher IOP was associated
with myopic refractive error in young and middle-age group, but not in the older age
group.39 The higher myopia prevalence and greater tensile strains in the younger
generations could be part of the reason, and more studies are needed to investigate
the effect of refractive error on IOP change for better understanding the glaucoma
trend in the myopia epidemic society.

With more than 3% of the population suffering from glaucoma and a population of
1.3 billion, China is faced with a major health challenge in glaucoma prevention and
control.40 To the best of our knowledge, our study was the only population-based

This article is protected by copyright. All rights reserved.

study reporting a 10-year longitudinal IOP changes in China. Limitations of this
study included a relatively low follow-up rate (72.9%) and the inability to assess the
relationship between longitudinal BP changes with IOP changes. In addition, the IOP
measurement was not performed at the same time of the day and the influence of
diurnal fluctuations in IOP was not accounted for. However, this effect is likely
neutralized by the large number of participants in the current study.

In conclusion, we identified a small increase in IOP over 10-year in an adult Chinese
population, with increasing BMI as an important risk factor underlying longitudinal
IOP increase. Further studies may seek to clarify the underlying mechanisms of this
association and to present new evidence for IOP-related disease prevention
strategies in aging populations.
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