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ABSTRACT 

To clarify the interrelationship among blood pre- 
ssure (BP), intraocular pressure (IOP), and life- 
style related factors, a cross-sectional study 
was conducted. This epidemiological study ana- 
lyzed health examination data obtained between 
2001 and 2004 from 1113 Japanese individuals, 
ranging in age 28 to 79 years, who had not un- 
dergone any ocular surgery or medical treat- 
ment for hypertension, ocular hypertension, and 
glaucoma. The association of systolic and dia- 
stolic BP (SBP and DBP), and life-style related 
factors such as body mass index (BMI), drinking, 
smoking, and exercise habits with IOP were eva- 
luated by multiple regression analyses and ana- 
lyses of covariance. The results of this study 
showed that SBP, DBP, and BMI had a signifi- 
cantly positive association with IOP in both sex- 
es. In men, the number of cigarette smoking per 
day was also positively related to IOP (P < 0.05). 
In respect to the interrelationship among BP, IOP, 
and life-style related factors, it was found that 
smoking was associated with high IOP, espe- 
cially with “high BP accompanied by high IOP”. 
The results of this study suggested that prohibi- 
tion of smoking in addition to management of 
BP and BMI might be important to Japanese pa- 
tients with open-angle glaucoma or ocular hy- 
pertension as they have a higher incidence of 
normal tension glaucoma than Europeans and 
Americans. 
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1. INTRODUCTION 

Glaucoma is the second leading cause of blindness 
worldwide. It is estimated that the number of people with 
glaucoma will be 80 million in 2020, and more than 70% 
0f those will have open-angle glaucoma (OAG) [1]. Ocu- 
lar hypertension, which is usually defined to be in traocu- 
lar pressure (IOP) higher than normal, IOP >21 mmHg, 
in the absence of optic nerve damage or visual field loss 
[2], is one of the major risk factors for the development 
of OAG [3]. Several studies have reported that relatively 
high IOP can cause optic-nerve damage and visual-field 
abnormalities, even if it is within the normal range [4,5]. 
High IOP can also affect the progression of visual-field 
defects in patients with OAG, particularly those with 
normal tension glaucoma (NTG) [6,7]. 

Many cross-sectional epidemiological studies have 
investigated the risk factors associated with elevated IOP. 
Although positive associations have been found between 
IOP and blood pressure (BP), and several life-style re- 
lated factors such as body mass index (BMI), drinking, 
smoking, and exercise habits [8-18], most of these re- 
ports were conducted in Western countries. Few epide- 
miological studies have examined this relationship in a 
Japanese population [16,18]. Up to the present, there 
have been no studies investigating the interrelationship 
among BP, IOP, and life-style related factors. Moreover, 
the role of life-style related factors as a cause for “high  
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BP accompanied by high IOP” remains obscure. There- 
fore, in the present study, we attempted to clarify 
whether high BP was associated with elevated IOP, and 
whether there were some particular life-style related fac- 
tors specific to “high BP accompanied by high IOP”. We 
analyzed health examination data from middle-aged and 
older Japanese residents in a prefectural capital close to 
Tokyo. The results of this study might contribute to pre- 
venting the progression of IOP-related optic-nerve dam- 
age and visual-field defects. 

2. METHODS 

2.1. Subjects 

A total of 1,320 residents of the Ibaraki prefecture, 
Japan, underwent an annual health examination between 
April 2001 and March 2004 at a general hospital in Mito, 
which is the capital city of the prefecture. From this ini- 
tial group, 1113 individuals (829 men and 284 women), 
ranging in age from 28 to 79 years, who had not under- 
gone any ocular surgery or medical treatment for hyper- 
tension, ocular hypertension, and glaucoma, were se- 
lected for cross-sectional analysis.  

This study was conducted in accordance with the 
Declaration of Helsinki of the World Medical Associa- 
tion and was approved by the human ethics review com- 
mittees of Mito Red Cross Hospital and Kyorin Univer- 
sity School of Medicine in Japan. 

2.2. Health Examination 

The health examination consisted of a questionnaire 
that assessed demographic and lifestyle-related factors, 
along with the following measurements and tests: height, 
weight, BP, IOP, hematological and serum biochemistry, 
chest X-rays, electrocardiography, and fundus photogra- 
phy. All subjects were requested not to consume any 
food or alcohol after 21:00 h on the day before the ex- 
amination. 

The topics covered in the questionnaire included age, 
marital status, occupation, residence, current status and 
past history of medication, family medical history, 
drinking history, smoking history and number of ciga- 
rette smoking per day, and exercise habits. Alcohol con- 
sumption was classified into the following four catego- 
ries: never or seldom, several times per month, several 
times per week, and everyday. BP was measured with a 
sphygmomanometer using the right arm; two consecutive 
measurements were taken after subjects had rested in a 
sitting position for at least 5 min. IOP was measured us- 
ing a non-contact tonometer (NT-3000, Nidek, Japan) 
and three consecutive measurements were taken per eye. 

2.3. Statistical Analyses 

SBP and DBP values for each subject were calculated  

as the mean of two measurements. For IOP, the mean of 
three measurements was calculated for each eye; how- 
ever, as there was a strong correlation (r = 0.84) between 
the mean IOPs of the right and left eyes in each individ- 
ual, the mean of these two values was used as a single 
measure of IOP. The associations of age with IOP, SBP, 
DBP, and BMI—calculated as weight (kg)/height squar- 
ed (m2)—were determined by comparing the mean val- 
ues of these four parameters among four age groups (<40 
years, 40 - 49 years, 50 - 59 years, and 60 years) by 
gender, using the Bonferroni multiple-comparison me- 
thod [19]. The Student’s t-test was used to analyze dif- 
ferences in the mean IOP, SBP, DBP, and BMI between 
the two sexes by age group. 

To analyze the associations of BP and life-style related 
factors with IOP, first, the partial regression coefficients 
and the standardized partial regression coefficients for 
IOP of the following independent variables were deter- 
mined by multiple-regression analysis: SBP (model 1), 
DBP (model 2), and BMI, alcohol consumption (never or 
seldom = 0; several times per month = 1; several times 
per week = 2; everyday = 3), number of cigarettes 
smoking per day, and regular exercise (no = 0; yes =1). 
Second, to analyze the interrelationship among BP, IOP, 
and life-style related factors, the adjusted mean of the 
eligible etiologic factors, calculated by analysis of co- 
variance, were compared between the four groups classi- 
fied by BP and IOP levels; Group A: hypertensives 
(high-normal BP or hypertension) with high IOP (high- 
normal IOP or ocular hypertension), Group B: hyperten- 
sives without high IOP, Group C: normotensives with 
high IOP, Group D: normotensives without high IOP. The 
definition of hypertensives, normotensives, and high IOP 
in the present study was as follows: hypertensives (SBP 
> 130 mmHg and/or DBP > 85 mmHg), normotensives 
(SBP < 130 mmHg and DBP < 85 mmHg), and high IOP 
(IOP > 15 mmHg). All analyses were conducted using 
the SAS statistical software package, version 8.2. [20]. 

3. RESULTS 

The relationships between age and IOP, SBP, DBP, and 
BMI are shown in Table 1. The mean IOP was highest in 
the <40 age group for both sexes. In both sexes, the 
highest mean SBP, DBP, and BMI values were found in 
the age group of ≥60, 50 - 59, and 50 - 59, respectively. 
All parameters measured were significantly higher in 
men than in women (IOP, P < 0.05; SBP, DBP, and BMI, 
P < 0.01). The Bonferroni multiple-comparison analysis 
revealed that the mean IOP was significantly lower in the 
60 age group than in the <40 age group in both sexes (P 
< 0.05). 

Table 2 shows the partial regression coefficients and 
the standardized partial regre coefficients of SBP,  ssion  
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Table 1. Relationships between age and IOP, SBP, DBP, and BMI by sex. 

Age Group Mean ± SD 

IOP SBP DBP BMI 
(Number of Subjects) 

(mmHg) (mmHg) (mmHg) (kg/m2) 

MEN  

<40 (135) 14.2±2.4d 119.1 ± 13.6c,d 71.0 ± 9.4c 23.2 ± 2.7 

40 - 49 (225) 13.9 ± 2.3 122.2 ± 13.4c,d 71.6 ± 8.7c 23.3 ± 2.4 

50 - 59 (322) 13.8 ± 2.7 127.2 ± 14.1a,b,d 75.6 ± 9.1a,b 23.4 ± 2.5 

>60 (147) 13.3 ± 2.4a 134.2 ± 16.4a,b,c 73.8 ± 9.5 22.2 ± 2.4 

Total (829) 14.0 ± 2.5 124.9 ± 14.5 73.6 ± 9.1 23.3 ± 2.4 

WOMEN  

<40 (75) 14.0 ± 2.5d 111.4 ± 12.4c,d* 65.7 ± 7.3c** 21.9 ± 3.1 

40 - 49 (90) 13.6 ± 2.3 118.5 ± 12.6 69.5 ± 7.9 22.1 ± 2.8** 

50 - 59 (106) 13.6 ± 2.8 123.1 ± 12.9a* 71.5 ± 8.1a** 22.9 ± 2.9 

>60 (73) 13.2 ± 2.4a 127.3 ± 15.8a 69.5 ± 8.2 21.5 ± 2.5 

Total (284) 13.7 ± 2.6* 121.0 ± 13.9** 70.0 ± 8.0** 22.3 ± 2.8** 

IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood, pressure; BMI, body mass index. Significant differences at the 0.05 level on the 
basis of Bonferroni multiple comparison: aversus age group <40; bversus age group 40 - 49; cversus age group 50 - 59; dversus age group ≥60. P values for 
difference between males and females: *P < 0.05; **P < 0.01. 

 
Table 2. Partial and standardized partial regression coefficients of SBP, DBP, BMI, alcohol consumption, number of cigarette 
smoking per day, and regular exercise for IOP according to a multiple regression analysis. 

 Partial Standardized Partial  

Variables† Regression Coefficients Regression Coefficients P Value 

 MEN WOMEN MEN WOMEN MEN WOMEN 

Model 1  

SBP (mmHg)* 0.055 0.056 0.205 0.209 <0.01 0.03 

BMI (kg/m2) 0.143 0.174 0.144 0.190 <0.01 0.03 

Alcohol consumption 0.301 0.264 0.125 0.097 0.09 0.30 

Cigarette smoking 0.032 0.066 0.143 0.155 0.03 0.17 

Regular exercise 0.129 −0.210 0.024 -0.048 0.52 0.46 

Model 2  

DBP (mmHg)* 0.082 0.087 0.264 0.278 <0.01 0.01 

BMI (kg/m2) 0.133 0.153 0.135 0.166 0.03 0.06 

Alcohol consumption 0.290 0.235 0.118 0.086 0.06 0.22 

Cigarette smoking 0.032 0.069 0.149 0.160 0.02 0.13 

Regular exercise 0.140 −0.258 0.028 -0.060 0.44 0.35 

IOP, intraocular pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index. †Age, SBP (model 1) or DBP (model 2), alcohol 
consumption (never or seldom = 0; several times per month = 1; several times per week = 2; everyday = 3), number of cigarettes consumed per day, and regular 
exercise (no = 0; yes = 1) were added as independent variables. *Age, BMI, alcohol consumption (never or seldom = 0; several times per month = 1; several 
times per week = 2; everyday = 3), number of cigarettes consumed per day, and regular exercise (no = 0; yes = 1) were added as independent variables. 

 
DBP, BMI, alcohol consumption, number of cigarettes 
smoking per day, and regular exercise for IOP according 
to multiple-regression analyses, including SBP (model 1) 
or DBP (model 2) as independent variables. After ad- 
justing for other independent variables, with the excep- 
tion of corresponding variables, SBP, DBP, BMI, and 
number of cigarette smoking per day had a significant 

positive association with IOP in men (P < 0.05). In 
women also, SBP, DBP, and BMI had a significant posi-
tive association with IOP (P < 0.05 with the exception of 
BMI in model 2 for women where P = 0.06).  

In Table 3, the adjusted mean levels of SBP, DBP, 
BMI, alcohol consumption, number of cigarette smoking 
per day, and regular exercise obtained by analyses of   
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Table 3. Adjusted mean levels of BMI, alcohol consumption, number of cigarette smoking per day, and regular exercise by the four 
groups classified by BP and IOP. 

                    Alcohol 

 BMI consumption Cigarette smoking Regular exercise 

Group A (N = 121)  

Hypertensives† with high IOP* 23.9 ± 0.3dd 2.2 ± 0.2dd 11.3 ± 1.4d, BB 0.31 ± 0.05 

Group B (N = 180)     

Hypertensives† without high IOP* 24.0 ± 0.2dd 1.8 ± 0.2 5.2 ± 1.1d 0.27 ± 0.04d 

Group C (N = 213)     

Normotensives‡ with high IOP* 23.7 ± 0.2d 2.1 ± 0.1dd 8.7 ± 0.9B 0.38 ± 0.04B 

Group D (N = 599)  

Normotensives‡ without high IOP* 22.5 ± 0.1BB 1.6 ± 0.1 7.9 ± 0.3B 0.40 ± 0.02B 

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; IOP, intraocular pressure. †High-normal BP or hypertension, SBP > 130 
mmHg and/or DBP > 85 mmHg. ‡SBP < 130 mmHg and DBP < 85 mmHg. *High-normal IOP or ocular hypertension, IOP > 15 mmHg. Statistical significance 
of the difference from the value in Group D: Dp < 0.05; ddP < 0.01. Statistical significance of the difference from the value in Group B: BP < 0.05; BBP < 0.01. 
All the values are adjusted for sex (men = 1, women = 2), age, and the other four variables except for the corresponding variable of BMI, alcohol consumption 
(never or seldom = 0; several times per month = 1; several times per week = 2; everyday = 3), number of cigarettes consumed per day, and regular exercise (no 
= 0, yes = 1). 

 
covariance are compared among four groups classified 
by BP and IOP levels. The high BMI was found to be 
associated with each of high BP and high IOP, being not 
specifically associated with “high BP accompanied by 
high IOP”. Alcohol intake appeared to be more closely 
related to high IOP rather than high BP. It was found that 
smoking was associated with high IOP, especially with 
“high BP accompanied by high IOP”, although high BP 
was in itself inversely related to smoking when the IOP 
was not high. Regular exercise was more frequently 
found in normotensives than in hypertensives. 

4. DISCUSSION 

The mean IOP across the group as a whole, measured 
using a non-contact tonometer, was 14.0 ± 2.5 mmHg for 
men and 13.7 ± 2.6 mmHg for women; the mean IOP 
was significantly higher in men than in women (P < 
0.05). In both sexes, the mean IOP decreased with age 
and subjects ≥60 years of age showed the lowest mean 
IOP. Several previous studies of Europeans and Ameri- 
cans have reported an increase in IOP after the age of 40 
years and a decrease in IOP among elderly populations, 
although IOP was also found to decrease with age in 
Asian populations [16,21,22]. 

In the present study, a positive association with IOP 
was observed for SBP, DBP, and BMI in both men and 
women, as reported in previous epidemiological studies 
[8-18]. Many such studies have observed a positive asso- 
ciation of IOP with SBP [8-17] and BMI [8,15-18], and 
others have found a positive association between IOP and 
both SBP and DBP [12-14,16,17]. 

Previous reports on the mechanism of the BP-IOP as- 
sociation [23,24] have suggested that high BP, especially 
elevated SBP, might elevate IOP by increasing ultrafil-  

tration of the aqueous humor through the elevation of 
ciliary artery pressure. Studies of the BMI-IOP associa- 
tion have also indicated that this association might be 
caused by a reduction in aqueous-humor outflow caused 
by elevated intraorbital pressure associated with exces- 
sive intraorbital fatty tissue, or by an increase in the out- 
flow resistance of the episcleral vein due to an increase 
in blood viscosity associated with weight gain [8,15,25]. 

Our study showed that smoking was significantly as- 
sociated with elevated IOP in men. This significant posi- 
tive association was not found in women. However, be- 
cause of the relatively small sample size in women 
(14.1%) compared to those in men (41.6%), this associa- 
tion may not have reached a statistically significant level 
in women. Other studies have also reported a positive 
association of smoking with IOP [15,26,27]. However, 
the interrelationship among BP, IOP, and smoking habit 
remains controversial. Wu [15] and Lee [27] reported 
that both current smoking history and SBP were posi- 
tively associated with IOP. On the other hand, Morgan 
[26] observed that ocular hypertensives smoked more 
heavily and had more long-term smoking history than 
controls, but were less likely to have had treatment for 
raised systemic BP than controls. 

Up to the present, there have been no studies investi- 
gating the interrelationship among BP, IOP, and 
life-style related factors such as BMI, drinking, smoking, 
and exercise habits. Moreover, the role of life-style re- 
lated factors as a cause for “high BP accompanied by 
high IOP” remains obscure. Therefore, we attempted to 
clarify whether there were some particular life-style re- 
lated factors specific to “high BP accompanied by high 
IOP”. From the results of the analyses of covariance on 
the interrelationship among BP, IOP, and life-style re-  
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lated factors, it was found that smoking was associated 
with high IOP, especially with “high BP accompanied by 
high IOP”, although high BP was in itself inversely re- 
lated to smoking when the IOP was not high. To our 
knowledge, our study offers the first report on the inter- 
relationship among BP, IOP, and smoking. Smoking 
might play some potential roles in the development of 
hypertension accompanied by high intraocular pressure. 
Further analyses are required for reliable evidence of the 
interrelationship among cigarette consumption, BP, and 
IOP. 

According to the nationwide glaucoma survey in Japan 
[28] and the US Collaborative Normal-Tension Glau- 
coma Study [29,30], it was clarified that the prevalence 
of visual-field abnormalities gradually increased over 
15mmHg of IOP and that the progression of visual-field 
defects was significantly reduced among the NTG group, 
which showed a 30% decrease in IOP compared with the 
untreated control group. Therefore, prohibition of smok- 
ing in addition to management of BP and BMI might be 
especially important to Japanese patients with OAG or 
ocular hypertension as they have a higher incidence of 
NTG than Europeans and Americans. 
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