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Abstract

Purpose: To examine a potential association between longitudinal changes in intraocular pressure (IOP), arterial blood
pressure and body mass index (BMI) in a population-based setting.

Methods: The longitudinal population-based Beijing Eye Study included 2355 subjects with an age of 45+ years who were
examined in 2006 and in 2011. The participants underwent a detailed ophthalmic examination including tonometry and
measurement of arterial blood pressure and BMI.

Results: Data on IOP, arterial blood pressure and BMI measured in 2006 and in 2011 were available for 2257 (95.8%) subjects
with a mean age of 59.569.7 years. The mean change in IOP was 21.2562.26 mm Hg, mean change in mean blood
pressure 27.4612.1 mmHg, and mean change in BMI was 0.0162.04 kg/m2. In multivariate analysis, the 5-year change in
IOP was significantly associated with a higher change in mean blood pressure (P,0.001; standardized regression coefficient
Beta:0.11; regression coefficient B:0.02; 95% confidence interval (CI):0.01,0.03) after adjusting for younger age
(P,0.001;Beta:20.18;B:20.04;95% CI:20.05,20.03), shorter body stature (P = 0.002;Beta:20.06;B:20.06;95%
CI:20.03,20.01), thicker central corneal thickness (P,0.001;Beta:0.19;B:0.02;95% CI:0.01,0.02), deeper anterior chamber
depth (P = 0.01;Beta:0.05;B:0.33;95% CI:0.07,0.60), and lower intraocular pressure at baseline (P,0.001;Be-
ta:20.56;B:20.42;95% CI:20.45,20.39). If the analysis included only longitudinal parameters, the change in IOP was
significantly associated with a higher change in mean arterial blood pressure (P,0.001;Beta:0.10;B:0.02;95% CI:0.01,0.03) and
a higher change in body mass index (P,0.04;Beta:0.04;B:0.04;95% CI:0.01,0.09).

Conclusions: In the 5-year follow-up of our population-based sample, a change in IOP was associated with a corresponding
change in arterial blood pressure and with a corresponding change in body mass index. These longitudinal data support the
notion of a physiological relationship between arterial blood pressure, intraocular pressure and body mass index. These
findings may be of interest for the discussion of the pathogenesis of glaucomatous optic neuropathy.

Citation: Wang YX, Xu L, Zhang XH, You QS, Zhao L, et al. (2013) Five-Year Change in Intraocular Pressure Associated with Changes in Arterial Blood Pressure and
Body Mass Index. The Beijing Eye Study. PLoS ONE 8(10): e77180. doi:10.1371/journal.pone.0077180

Editor: Mingguang He, Zhongshan Ophthalmic Center, China

Received July 26, 2013; Accepted September 9, 2013; Published October 11, 2013

Copyright: � 2013 Wang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Natural Science Foundation of China 81770890; Beijing NOVA Program 2011058. The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: xlbio1@163.com (LX); Jost.Jonas@augen.ma.uni-heidelberg.de (JBJ)

Introduction

Previous cross-sectional studies have suggested that intraocular

pressure (IOP), arterial blood pressure and cerebrospinal fluid

pressure are associated with each other [1]. Previous population-

based investigations such as the Blue Mountains Eye Study, the

Beaver Dam Eye Study, the Central India Eye and Medical Study

and the Beijing Eye Study had revealed significant associations

between IOP and arterial blood pressure measurements [2–12].

Other studies reported on associations between lumbar cerebro-

spinal fluid pressure measurements and body mass index after

adjustment for arterial blood pressure [13,14]. Most of these

investigations were cross-sectional analyses, while only few follow-

up studies such as the Beaver Dam Eye Study examined the

association between IOP and blood pressure longitudinally [2,14–

16]. Since cross-sectional investigations cannot prove a temporal

causation, and since the association between body mass index and

cerebrospinal fluid pressure was not taken into account in all of the

preceding studies, we performed this longitudinal investigation to

investigate whether changes in IOP are associated with changes in

arterial blood pressure and with changes in body mass index. Since

the latter is associated with cerebrospinal fluid pressure, and since

cerebrospinal fluid pressure has recently been suggested to be

associated with glaucoma, the findings of our study may also be

interesting for the discussion of glaucomatous optic neuropathy.
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Methods

Ethics Statement
The Medical Ethics Committee of the Beijing Tongren Hospital

approved the study protocol and all participants gave informed

written consent, according to the Declaration of Helsinki.

The Beijing Eye Study is a population-based study in Northern

China, which was carried out in the urban district of Haidian in

the North of Central Beijing and in the village area of Yufa of the

Daxing District south of Beijing [17]. The first survey was

performed in the year 2001, with 4439 (83.4%) out of 5324 eligible

subjects participating. In 2006 the survey was repeated in which

3251 (73.2%) subjects of the 4439 people examined at baseline

returned for a follow-up examination, while 143 (3.2%) had died

during the follow-up period and 1045 (23.5%) former study

participants declined to re-participate. In 2011, the study was

again repeated and included 2355 (72.4%) subjects of the 3251

people who were examined in 2006, while 138 (4.2%) subjects had

died and 758 (23.3%) former study participants declined to re-

participate.

In the surveys, the study participants underwent an interview

with standardized questions on their family status, level of

education, income, quality of life, psychic depression, physical

activity, known major systemic diseases such as arterial hyperten-

sion and diabetes mellitus and quality of vision. The ophthalmic

examination included measurement of presenting visual acuity and

uncorrected visual acuity. Refractive error was assessed by

automatic refractometry (Auto Refractometer AR-610, Nidek

Co., Ltd, Tokyo, Japan), if uncorreccted visual acuity was lower

than 1.0. Best corrected visual acuity was assessed by subjective

refractometry. IOP was measured using a non-contact pneumo-

tonometer (CT-60 computerized tonometer, Topcon Ltd., Japan)

by an experienced technician. Three measurements were taken,

and the mean of the three measurements was used for further

statistical analysis. In the surveys of 2006 and 2011, blood pressure

was measured with the participant sitting for at least 5 min. The

study participants had refrained from smoking and drinking of

coffee, tea, or alcohol for at least 3 h. In addition, any exercise was

not performed for the last 30 min prior to the blood pressure

measurements. A standardized mercury sphygmomanometer was

used, and the cuff size was chosen according to the measured

circumference of the upper arm. Body height and weight were

recorded. Using optical low-coherence reflectometry (Lensstar

900H Optical Biometer, Haag-Streit, 3098 Koeniz, Switzerland),

biometry of the right eyes was performed for measurement of the

anterior corneal curvature, central corneal thickness, anterior

chamber depth, lens thickness and axial length. A slit lamp

examination carried out by an ophthalmologist examined the

anterior segment of the eyes. The pupil was dilated using

tropicamide once or twice, until the pupil diameter was at least

6 mm. Digital photographs of the cornea and lens and retro-

illuminated photographs of the lens were taken using the Neitz

CT-R camera (Neitz Instruments Co., Tokyo, Japan). Monoscopic

photographs of the macula and optic disc were taken using a

fundus camera (Type CR6-45NM, Canon Inc. U.S.A.). In all

three surveys, the scheme and flow of the different examination

steps were similar, so that they were carried out at approximately

the same daytime.

Only those subjects from the surveys from 2006 and 2001 with

available data on IOP, arterial blood pressure and body mass

index were included into the present study. Statistical analysis was

performed using a commercially available statistical software

package (SPSS for Windows, version 20.0, IBM-SPSS, Chicago,

IL). In a first step, we determined the mean values (presented as

mean 6 standard error for frequencies; as mean 6 standard

deviation for all other parameters) and medians of the main

outcome parameters. In a second step, we performed univariate

analyses of the associations between the change in IOP and

systemic and ocular other parameters. In a third step, we carried

out a multivariate regression analysis with change in IOP as

dependent parameter and all those variables as independent

parameters for which the P-value was #0.10 in the univariate

analysis. We removed from the multivariate analysis, step-by-step,

those parameters that were no longer associated significantly with

IOP as dependent parameter, starting with those parameters that

showed the least probable association (highest P-value). 95%

confidence intervals (CI) were presented. Only one randomly

selected eye per subject was taken for statistical analysis.

Results

Data on IOP, arterial blood pressure and body mass index in

2006 and in 2011 were available for 2257 (95.8% of the 2355

subjects with examinations in 2006 and 2011) with a mean age of

59.569.7 years and a mean refractive error of –0.1762.08

diopters (Table 1). The subjects not fulfilling the entry criteria as

compared to the subjects included into this study were significantly

older (age: 62.3610.6 years; P,0.001) and more myopic

(refractive error: 20.4662.57 diopters; P=0.03). Both groups

did not differ significantly in gender (P=0.21).

The mean change in IOP was 21.2562.26 mm Hg (median:

21 mm Hg; range: 212 to +10 mm Hg), mean change in systolic

blood pressure was 23.3617.2 mmHg, diastolic blood pressure

29.4611.0 mmHg and mean blood pressure 27.4612.1 mmHg,

and the mean change in body mass index was 0.0162.04 kg/m2

(median: 0 kg/m2; range: 222.4 to 11.5 kg/m2). In absolute

terms, the mean change in IOP was 1.9661.67 mmHg, in systolic

blood pressure 13.9610.7 mmHg, diastolic blood pressure

11.968.1 mmHg, mean blood pressure 11.668.2 mmHg, and

in body mass index 1.4761.44 kg/m2.

In univariate analysis, the change in IOP was significantly

associated with the systemic parameters of younger age (P,0.001;

r =20.18), female gender (P=0.004), lower body height (P=0.02;

r =20.05), lower systolic (P,0.001; r =20.09) and lower mean

(P,0.001; r =20.02) blood pressure, thinner central corneal

thickness (P=0.047; r =20.04), deeper anterior chamber depth

(P,0.001; r = 0.08), lower IOP (P,0.001; r =20.48), higher

change in systolic blood pressure (P,0.001; r = 0.09), higher

change in diastolic blood pressure (P,0.001; r = 0.10), higher

change in mean blood pressure (P,0.001; r = 0.10), and higher

change in body mass index (P=0.01; r = 0.05). The change in IOP

was marginally significantly associated with body weight (P=0.06).

The change in IOP was not significantly associated with the

systemic parameters of body mass index (P=0.59), level of

education (P=0.70), diastolic blood pressure (P=0.75), and axial

length (P=0.18).

The multivariate analysis included all parameters as indepen-

dent parameters which were significantly associated with the

change in IOP in univariate analysis. After step wise dropping of

the parameters change in body mass index (P=0.79), body weight

(P=0.79), mean arterial blood pressure (P=0.74), gender

(P=0.66), change in systolic blood pressure (P=0.46), change in

diastolic blood pressure (P=0.46), and systolic blood pressure

(P=0.07), the 5-year change in IOP was eventually significantly

associated with younger age (P,0.001), shorter body stature

(P=0.002), thicker central corneal thickness (P,0.001), deeper

anterior chamber depth (P=0.01), lower IOP (P,0.001), and

higher change in mean blood pressure (P,0.001) (Table 2).

Intraocular Pressure and Body Mass Index
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If the analysis included only the parameters on the 5-year

change, the change in IOP was significantly associated with a

higher change in mean arterial blood pressure (P,0.001;

standardized regression coefficient Beta: Beta: 0.10; regression

coefficient B: 0.02 (95% CI: 0.01, 0.03) and a higher change in

body mass index (P,0.04; Beta: 0.04; B: 0.04 (95% CI: 0.01,

0.09).

Discussion

In our population-based longitudinal study, the 5-year change

in IOP was significantly (P,0.001) associated with a higher

change in mean blood pressure after adjustment for age, body

height, central corneal thickness, anterior chamber depth, and

IOP. If the analysis included only parameters of the 5-year change,

the change in IOP was significantly associated with a higher

change in mean arterial blood pressure and a higher change in

body mass index. If the body mass index is taken as surrogate for

cerebrospinal fluid pressure, these longitudinal data support the

notion of a physiological relationship between arterial blood

pressure, IOP and cerebrospinal fluid pressure.

The results of our study agree with previous investigations. In

the study by Nomura and colleagues on 69,643 Japanese office

workers and their family members, systolic blood pressure and

body mass index were positively correlated to IOP [2]. In the cross

sectional study by Fukuoka and coworkers on 7313 subjects

selected as a normal Japanese sample, IOP was positively

correlated with systolic blood pressure and body mass index after

adjustment for age, corneal radius, central corneal thickness and

refractive error [5]. In the Tajimi Study, higher body mass index

and higher mean blood pressure were related with IOP [6]. The

Los Angeles Latino Eye Study also revealed associations between

IOP and higher blood pressure and larger body mass index [7]. In

the Singapore Malay Eye Study, age, central corneal thickness and

systolic blood pressure were significant determinants of IOP [8]. In

the Japanese Kumejima study, Tomoyose and colleagues showed

that younger age, higher body mass index, higher systolic blood

pressure, were significantly correlated with higher IOP after

adjusting for diabetes, thicker central corneal thickness, and

steeper corneal curvature [9]. In the recent Chinese Handan

Study, IOP was associated with higher blood pressure and higher

body mass index, in addition to younger age, female gender,

presence of diabetes mellitus, thicker central cornea and higher

myopia [18]. Similar results were obtained in other cross-sectional

studies such as the Central India Eye and Medical Study and the

Liwan Eye Study from Guangzhou/South China [11].

The new finding in our study was that prospectively evaluated

changes in IOP were examined for prospectively measured

changes in body mass index and arterial blood pressure in a

population-based study. The few previous longitudinal studies by

McLeod and by Nakano and the Beaver Dam Eye Study were

either not population-based or did not simultaneously address

arterial blood pressure and body mass index in their associations

with IOP after adjustment for other ocular and systemic

parameters [14–16]. The synopsis of these longitudinal investiga-

tions agrees with our findings on associations between higher

changes in IOP and higher changes in body mass index and in

arterial blood pressure in a longitudinal manner.

Table 1. Demographic characteristics of the study population.

Parameter Mean 6 Standard Deviation Median Range

Age (Years) (in 2006) 59.569.7 58 45–88

Men/Women 960/1297

Refractive Error (Diopters) (in 2006) –0.1762.08 20.13 220.00 to +7.25

Axial Length (mm) 23.261.1 23.1 18.96–30.88

Central Corneal Thickness

Anterior Corneal Curvature Radius (mm) 7.6160.25 7.62 6.82–8.59

Blood Pressure, Diastolic (mm Hg) (in 2006) 78.965.84 78 59–115

Blood Pressure, Systolic (mm Hg) (in 2006) 133.3611.0 131 107–177

Intraocular Pressure (mm Hg) (in 2006) 15.663.0 15 6–30

doi:10.1371/journal.pone.0077180.t001

Table 2. Associations between the Change in Intraocular Pressure and Ocular and Systemic Parameters in the Beijing Eye Study
2006/2011 (Multivariate Analysis).

Parameter P-Value

Standardized
Regression
Coefficient Beta

Regression
Coefficient B

95% Confidence
Interval of B

Age (Years) ,0.001 20.18 20.04 20.05, 20.03

Body Height (cm) 0.002 20.06 0.02 20.03, 20.01

Central Corneal Thickness (mm) ,0.001 0.19 0.02 0.01, 0.02

Anterior Chamber Depth (mm) 0.014 0.05 0.33 0.07, 0.60

Intraocular Pressure (mmHg) ,0.001 20.56 20.42 20.45, 20.39

Change in Mean Arterial Blood Pressure (mmHg) ,0.001 0.11 0.02 0.01, 0.03

doi:10.1371/journal.pone.0077180.t002

Intraocular Pressure and Body Mass Index
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Taking body mass index as surrogate for cerebrospinal fluid

pressure as suggested in several previous studies [12,13], the results

of our study and of previous investigations suggest a physiologic

correlation between arterial blood pressure, cerebrospinal fluid

pressure and IOP [1]. Since arterial blood pressure is the highest

of the three pressure parameters, one may assume that blood

pressure is the driving force behind cerebrospinal fluid pressure

and IOP. In a previous study, it appeared that the influence of

arterial blood pressure on the cerebrospinal fluid pressure was

similar to the influence of arterial blood pressure on IOP, since the

trans-lamina cribrosa pressure defined as difference between

lumbar cerebrospinal fluid pressure and IOP was not related to

arterial blood pressure [1]. The interpretation of the results of our

study must take into account that the relationship between arterial

blood pressure and cerebrospinal fluid pressure may not hold true

in clinical situations with an acutely elevated brain pressure as

shown in a study on patients with brain injury [19]. In that study,

IOP was related with arterial blood pressure, while cerebrospinal

fluid pressure was neither related with arterial blood pressure nor

with IOP. In a similar manner, the relationship between IOP,

arterial blood pressure and cerebrospinal fluid pressure may not be

valid in patients with an acutely elevated IOP such as in angle

closure glaucoma. Excluding these situations with acutely altered

brain pressure or IOP, the finding of our study may be of interest

for the pathogenesis of glaucomatous optic neuropathy which in

some previous studies was discussed to reflect an imbalance in the

relationships of IOP, cerebrospinal fluid pressure and arterial

blood pressure [1,20–23]. Either the IOP is elevated as in

conventional high-IOP glaucoma. Or, as assumed in some patients

with normal-(intraocular-)pressure glaucoma, a low arterial blood

pressure is associated with a more marked reduction in cerebro-

spinal fluid pressure than in IOP. It results in an increased trans-

lamina cribrosa pressure difference, similar as if the IOP is

elevated as in high-(intraocular-)pressure glaucoma.

The present investigation is a follow-up of previous studies from

the Beijing Eye Study in which among others, the topic of a cross-

sectional analysis of the association between body mass index and

neuroretinal rim area was examined [24]. That study had revealed

that a larger neuroretinal rim area was significantly correlated with

a higher body mass index (P,0.001), a lower intraocular pressure

(P=0.004), lower mean blood pressure (P=0.02), and higher

ocular perfusion pressure, after adjustment for optic disc size,

presence of open-angle glaucoma, refractive error, age and

gender. The findings of the present longitudinal investigation fit

with the results of the previous cross-sectional study on the

associations between intraocular pressure, body mass index, and

arterial blood pressure.

Other previous studies have discussed issues related to body

mass index and to glaucoma or glaucoma-related indices [24–27].

Pasquale and colleagues assessed the relationship between

anthropometric measures and incident primary open-angle

glaucoma in 78,777 women of the Nurses’ Health Study and in

41,352 men of the Health Professionals Follow-up Study [25].

They found that among women, a higher body mass index was

associated with a lower risk of primary open-angle glaucoma with

intraocular pressure readings of 21 mmHg or less at diagnosis. In

the Barbados Eye Study, persons most likely to have open-angle

glaucoma were older men and had a family history of open-angle

glaucoma, high intraocular pressure, lean body mass, and cataract

history [27]. In a similar manner, Zheng and colleagues in the

Singapore Malay Eye Study and Xu and colleagues in the Beijing

Eye Study found that persons who were taller or had lower body

mass index had a smaller neuroretinal rim area and a larger optic

cup-to-disc area ratio [24,26]. In the Central India Eye and

Medical Study, glaucoma prevalence was associated with lower

body mass index after adjusting for higher age, lower blood

hemoglobin concentration, higher intraocular pressure, disc

hemorrhages, higher prevalence of myopic retinopathy, lower

level of education, longer axial length, thinner retinal nerve fiber

layer, higher vertical cup/disc diameter ratio and narrow anterior

chamber angle [28]. In the Japanese Tajimi Study, IOP was

associated with higher body mass index after adjusting for younger

age, higher mean blood pressure, history of diabetes, thicker

cornea, higher myopia and steeper corneal curvature [6]. In a

similar manner in the Japanese Kumejima study, higher IOP was

significantly correlated with higher body mass index after adjusting

for younger age, higher systolic blood pressure, history of diabetes

mellitus, thicker central corneal thickness, steeper corneal curva-

ture and longer axial length [29]. Other studies such as an

investigation by Gasser and colleagues and a recent longitudinal

cohort study by Newman-Casey and colleagues did not find clear

associations between body mass index and the prevalence of

glaucoma [30,31]. The latter study included more than 2 million

beneficiaries with an age of $40 years, who were continuously

enrolled in a managed care network and who had 1 or more visits

to an eye care provider during the period of 2001 to 2007 [31].

Using billing codes to identify individuals with open-angle

glaucoma, the authors found in a multivariable regression model,

that obese women as compared with non-obese women had a 6%

increased hazard of developing open-angle glaucoma, while obese

men as compared with non-obese men had no significant

increased hazard of developing open-angle glaucoma OAG. In a

similar manner and in contrast to some previous studies, higher

body mass index was associated with a thinner retinal nerve fiber

layer in men in the large-scaled EPIC-Norfolk Eye Study, which

included 11,030 eyes of 6309 participants with mean age 68 years

and in which a thinner retinal nerve fiber layer was additionally

associated with older age, male gender, shorter axial length and

pseudophakia after adjustment for possible confounders [32].

Potential limitations of our study should be mentioned. First, a

major concern in any population-based study is nonparticipation.

The non-participation of eligible subjects may however have a

more marked effect in cross-sectional prevalence studies than in

longitudinal investigations such as our study. Second, the

measurements of IOP and arterial blood pressure in 2006 and

2011 depended on single measurements. IOP and blood pressure

were however measured in a standardized manner at the same

time of the day since the study design of the Beijing Eye Study

2006 and 2001 did not differ markedly. It may suggest that

variations in diurnal factors physiologically influencing IOP and

blood pressure and variations in factors such as agitation and

previous caffeine intake may not have markedly influenced the

measurements. The alternative for single IOP measurements

would have been diurnal pressure curve measurements, however

that option may not be feasible for a population-based study.

Third, the coefficients for the relationships between the change in

IOP and the changes in blood pressure and the in body mass index

were relatively low. Although these relationships were statistically

significant with a P-value of ,0.05, the low coefficients showed

that only a fraction of the variability in the change in IOP could be

explained by that relationship. Strengths of the study were the

relatively large study population size and its design as a

population-based investigation.

In summary, we demonstrated that in the 5-year follow-up of

our population-based sample, a change in IOP was strongly

associated with a corresponding change in arterial blood pressure

and with a corresponding change in body mass index. These

longitudinal data support the notion of a physiological relationship

Intraocular Pressure and Body Mass Index
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between arterial blood pressure, IOP and body mass index. Since

body mass index is correlated with cerebrospinal fluid pressure,

future studies may address whether changes in cerebrospinal fluid

pressure are associated with changes in IOP and arterial blood

pressure, supporting the notion that all three pressure-related

parameters are correlated with each other. The findings may be of

interest for the discussion of the pathogenesis of glaucomatous

optic neuropathy.
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