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This retrospective study investigated the risk of primary open-angle glaucoma (POAG) among 
individuals identified as glaucoma suspects and examined associated cardiovascular risk factors. 
We conducted a longitudinal, nationwide cohort study using data from the Korean National Health 
Insurance Service (KNHIS) and included 362,285 participants aged ≥ 40 years from the Korean National 
Health Screening Program (NHSP) without pre-existing POAG in 2009 and 2010. Of these, glaucoma 
suspects (n = 32,220) were defined as individuals with at least two recorded instances of the KCD 
code H400 for glaucoma suspect and no prior antiglaucoma medication prescriptions before health 
screening. The primary outcome was the diagnosis of POAG and the prescription of antiglaucoma 
medications. Over a 6-year follow-up, 4.92% of glaucoma suspects developed POAG. Through 
multivariate Cox regression analysis, glaucoma suspects with diabetes, hypertension, dyslipidemia, 
or coronary heart disease exhibited a greater risk of conversion to POAG than those without these 
comorbidities ([HR, 1.354; 95%CI, 1.201 to 1.527] for diabetes, [HR, 1.139; 95%CI, 1.019 to 1.273] for 
systemic hypertension, [HR, 1.128; 95%CI, 1.013 to 1.26] for dyslipidemia, [HR, 1.124, 95%CI, 1.007 
to 1.254] for coronary heart disease).This nationwide study observed that among glaucoma suspects, 
having cardiovascular risk factors/disease was associated with higher risk of developing POAG.

Glaucoma is a prominent cause of irreversible blindness globally. The initiation of medical treatment upon 
detection of primary open angle glaucoma (POAG), a condition characterized by progressive optic nerve 
damage and visual field (VF) loss, is important. However, identifying and managing individuals at risk of POAG 
is not straightforward, particularly in glaucoma suspects who exhibit features such as glaucomatous optic disc, 
suspicious retinal nerve fiber layer (RNFL), or elevated intraocular pressure (IOP), yet do not meet the diagnostic 
criteria for POAG due to the absence of VF loss.

The decision-making process regarding the management of glaucoma suspects is intricate and hinges upon 
various factors, including ocular, systemic, medical, and psychosocial considerations1. The landmark Ocular 
Hypertension Treatment Study (OHTS) shed light on the risk of conversion to POAG among individuals 
with elevated IOP but lacking overt signs of glaucomatous structural changes, revealing a 9.5% prevalence at 
5 years2. Furthermore, investigations into the progression of glaucoma suspects with glaucomatous optic disc 
characteristics such as high cup to disc ratio have unveiled a risk of glaucoma conversion of 12.1% during 8.7 
years or 12.6% during 5–6 years of follow-up3,4. These findings suggesting a relatively low rate of conversion 
among glaucoma suspects, juxtaposed with the potential for progression to glaucoma, and subsequent vision 
impairment in advanced stages, the decision to begin treatment or to determine the follow up period of glaucoma 
suspects should consider the risk-benefit ratio. Therefore, sorting high-risk glaucoma suspects according to the 
likelihood of glaucoma conversion would be critical in the management of glaucoma suspects.

Increased IOP is a causative and critical risk factor for development and progression of glaucoma. However, 
glaucoma develops in the normal range of IOP and frequently progresses despite IOP-lowering treatment. 
Vascular dysregulation, encompassing systemic hypertension or hypotension, unstable blood pressure (BP), or 
autonomic dysregulation, has been implicated in the development or progression of glaucoma5–8. It is plausible 
that cardiovascular disease or risk factors could be related to progression of glaucoma suspect to glaucoma. In 
a small-sized, hospital-based clinical study, identifying cardiovascular disease or risk factors associated with 
progression of glaucoma in suspects is challenging due to potential underdetection and the imprecision of 
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information on systemic conditions obtained from questionnaires. There has been no confirmatory evidence of 
a relationship between cardiovascular risk factors and progression of glaucoma suspects to POAG.

In this study, based on a nationwide, population-based cohort, we investigated the risk of glaucoma suspects 
progressing to glaucoma and the associated cardiovascular risk factors after adjusting for confounding factors.

Methods
Data sources
This nationwide, population-based, retrospective cohort study utilized data provided by the Korean National 
Health Insurance Service (KNHIS), which covers approximately 97% of all Koreans. The KNHIS database contains 
patient demographics such as age, sex, and income, as well as health claim data of diagnoses, dates of medical 
visits, examinations, prescriptions, and procedures. Diagnoses are recorded as diagnostic codes from the Korean 
Standard Classification of Diseases (KCD), 7th revision, classified in accordance with the International Statistical 
Classification of Disease, 10th revision system (ICD-10). The KNHIS also offers a free biennial National Health 
Screening Program (NHSP) for the Korean population for prevention and early detection of diseases. NHSP 
includes anthropometric measurements, blood pressure, laboratory tests, and a self-reported questionnaire on 
health behaviors such as smoking, alcohol drinking, and physical activity. The KNHIS developed the Health 
Screening Cohort (NHIS-HEALS) for research purposes.

To construct the NHIS-HEALS database, a sample cohort was first selected from the 2002 and 2003 health 
screening participants aged 40 years or older in 2002 and who were followed through 2019. This cohort included 
514 886 health screening participants who comprised a 10% random sample of all screening participants in 2002 
and 2003. Since only a small proportion of people aged < 40 years participated in the health screening program, 
the NHIS-HEALS was limited to adults aged 40 years and older.

Standard protocol approvals
The KNHI-HEALS database is a publicly accessible repository. The Institutional Review Board of The Catholic 
University of Korea, Seoul St. Mary’s Hospital (KC20ZASI0111) granted approval for the utilization of the KNHI-
HEALS database and a waiver of informed consent, as the data provided by the KNHIS were fully anonymized. 
This study followed the tenets of the Declaration of Helsinki.

Study Population
Of 362,285 participants who attended the National Health Screening program in 2008 and 2009 among the 
Health Screening Cohort database, 4319 who had pre-existing primary open angle glaucoma (POAG) (KCD 
code H401) and prescription of antiglaucoma medications before health screening were excluded (Fig. 1). Of 
the remaining 357,966 participants, 33,499 were classified as “glaucoma suspect”. The diagnostic criteria for 
glaucoma suspect were based on the presence of the Korean Classification of Diseases (KCD) code H400, which 
corresponds to “glaucoma suspect” in clinical practice. To ensure the reliability of this classification, participants 
were required to have had at least two clinical visits where this code was recorded. Additionally, participants 
with a history of antiglaucoma medication prescriptions before the baseline health screening were excluded to 
avoid misclassification (Fig. 1). Of them, 32,220 (glaucoma suspect group) participants were included in this 
study after exclusion of participants with missing data. The primary endpoint of the study was the incidence 
of POAG (KCD code H401) and the prescription of antiglaucoma medications. Conditions such as primary 
angle-closure glaucoma, secondary glaucomas, and retinal diseases (e.g., retinal vein occlusion or diabetic 
retinopathy) were not explicitly excluded from the study population during the initial study design or follow-
up period. For subgroup analysis, we studied the risk of participants without suspected glaucoma or POAG 
for POAG development. After excluding participants with pre-existing POAG or glaucoma suspect, 311,765 
participants (control group) were included in the subgroup analysis, and the primary endpoint was development 
of POAG. We longitudinally followed these participants to determine the risk of POAG and cardiovascular 
factors associated with POAG development until December 2015.

Health screening examination data and other variables
Personal information for each patient was collected from the National Health Screening program. Area 
of residency was categorized as either urban or rural. Medical history, health behavior, anthropometric 
measurements (body mass index [BMI], waist circumference),  blood pressure (BP), and laboratory test results 
were also obtained. In this study, participants who self-reported smoking or drinking any amount of pure alcohol 
were categorized as current smokers or drinkers, respectively. Regular physical activity was defined as high-
intensity physical activity performed for at least 20 min 3 times weekly or moderate-intensity activity for at least 
30 min 5 times weekly. High-intensity physical activity was defined as activities resulting in extreme shortness 
of breath, such as running, cycling at high speed, or engaging in activities requiring significant exertion, such as 
carrying boxes upstairs. Moderate-intensity physical activity was characterized by activities inducing noticeable 
shortness of breath, such as brisk walking, cycling at regular speed, and carrying light objects. For determination 
of low-income status, participants falling within the lowest quartile of the population’s income distribution were 
classified as low-income. BMI was calculated by dividing weight in kilograms by height in square meters. Obesity 
was determined for the Korean population with a cutoff of 25 kg/m2, as per the Clinical Practice Guidelines for 
Overweight and Obesity by the Korean Society for the Study of Obesity. Abdominal obesity was defined with a 
cut off waist circumference ≥ 90 cm in men and ≥ 85 cm in women based on the obesity guidelines issued by the 
Korean Society for the Study of Obesity. Diabetes mellitus was defined as a fasting glucose level of 126 mg/dl or 
the use of insulin or oral hypoglycemic agents, with diagnostic codes E11 through E14 according to the use of 
ICD-10. Hypertension was diagnosed based on a systolic BP of 140 mmHg or higher, a diastolic BP of 90 mmHg 
or higher, or the use of oral antihypertensive medications, with ICD-10 diagnosis codes I10 through I13 and 
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I15. Participants underwent blood pressure measurements during the daytime in a seated position after a rest 
of 5 min preceding each reading. Dyslipidemia was diagnosed based on either a total cholesterol level equal to 
or exceeding 240 mg/dl or the utilization of cholesterol-lowering medications, with the corresponding ICD-10 
diagnosis code of E78. Chronic kidney disease (CKD) was diagnosed when the glomerular filtration rate (GFR) 
fell below 60 ml/min per 1.73 m2. Blood samples collected after overnight fasting were used to measure serum 
glucose, total cholesterol, and creatine levels. Coronary heart disease was defined based on ICD-10 diagnostic 
codes I20-25. Stroke was identified based on ICD-10 diagnostic codes I63 and I64. Proteinuria was assessed 
by analyzing dipstick urinalysis results using a color scale, where proteinuria levels were classified as ‘negative,’ 
‘trace,’ ‘1+,’ ‘2+,’ ‘3+,’ or ‘4+.’ Proteinuria was defined as a level ≥ 1 + on the scale.

Statistical analyses
The baseline characteristics are presented as mean values with standard deviations for continuous variables or 
percentages for categorical variables. Student’s t test and chi-square tests were used for analyzing continuous 
and categorical variables, respectively. To identify the risk factors for POAG development, hazard ratios (HRs) 
with 95% confidence intervals (CIs) were calculated using a Cox proportional hazard regression model. 
Model 1 represents a non-adjusted model, while Model 2 adjusts for age and sex. Model 3 further adjusts for 
residence area; income status; smoking; alcohol consumption; physical activity; and comorbidities of obesity, 
diabetes, hypertension, dyslipidemia, chronic kidney disease, coronary heart disease, stroke, and proteinuria (P 
value < 0.01 in univariate analysis). Participants were followed from the baseline until one of the following events 
occurred: (1) the development of POAG or (2) death. Participants who died during the follow-up period were 
censored at their date of death. The cumulative incidence of POAG was estimated using Kaplan-Meier curves 

Fig. 1.  Flowchart of the cohort study design.
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over the entire follow-up period. Differences in POAG development between participants with and without 
glaucoma suspect were examined using log-rank test. All statistical analyses were performed using SAS software 
version 9.4 (SAS Institute, Inc, Cary, NC, USA). A P value < 0.05 was considered statistically significant.

Results
Patient characteristics
Out of a total of 32,220 participants who had glaucoma suspect, 1579 individuals developed POAG, while 30,641 
individuals did not exhibit POAG. Individuals with baseline glaucoma suspect who developed POAG were more 
likely to be older age, male, and current smoker compared to those who did not develop POAG (P < 0.0001, 
< 0.0001, 0.0191, respectively; Table 1). Regarding comorbidities, individuals who developed glaucoma showed a 
greater incidence of diabetes, systemic hypertension, dyslipidemia, coronary heart disease, and stroke at baseline 
(P < 0.0001, < 0.0001, 0.0002, < 0.0001, 0.0072, respectively).

Progression from glaucoma suspect to POAG
During 6-year follow-up period, the cumulative percentage of newly developing POAG among individuals who 
had glaucoma suspect was 4.92% (95% CIs, 4.38, 5.17), while 1.05% (95% Cis, 1.05, 1.12) of individuals without 
glaucoma suspect developed POAG according to the survival curve (Log-rank p value < 0.0001; Fig. 2).

Risk of conversion to POAG according to characteristics and comorbidities
Table  2 displays the incidence rates and hazard ratios (HRs) for POAG, both non-adjusted (model 1) and 
multivariable-adjusted (Model 1: adjusted for age and sex, Model 2: adjusted for all variables), categorized by 
age, sex, smoking status, alcohol drinking status, regularity of physical activity, income status, and comorbidities 
including obesity, diabetes, systemic hypertension, dyslipidemia, CKD, proteinuria, coronary heart disease, and 
stroke. In Model 3, individuals of older age showed a greater risk of developing POAG compared to individuals 
in their 40s ([HR, 1.424; 95% CI, 1.112 to 1.182] for 50s, [HR, 1.953; 95% CI, 1.523 to 2.503] for 60s, [HR, 2.094; 
95% CI, 1.623 to 2.7] for 70s, [HR, 2.017; 95% CI, 1.429 to 2.848] for 80s or older). Female or obese individuals 
demonstrated a lower risk of progression to POAG compared to male or non-obese subjects, respectively 
([HR, 0.773; CI 0.687 to 0.871] for female, [HR, 0.883; CI 0.793–0.983] for being obese). Glaucoma suspects 
with diabetes, hypertension, dyslipidemia, or coronary heart disease exhibited a greater risk of conversion to 
POAG than those without these comorbidities ([HR, 1.354; 95%CI, 1.201 to 1.527] for diabetes, [HR, 1.139; 
95%CI, 1.019 to 1.273] for systemic hypertension, [HR, 1.128; 95%CI, 1.013 to 1.26] for dyslipidemia, [HR, 
1.124, 95%CI, 1.007 to 1.254] for coronary heart disease). Analysis on the effects of different age group (cut off 
of 65 years) and sex on the association between cardiovascular risk factors and conversion to POAG failed to 
demonstrate any significant impact (Supplemental Table 1).

Risk factors associated with development of glaucoma among individuals without glaucoma 
or glaucoma suspect
Among individuals without glaucoma or glaucoma suspect at baseline, subjects who developed POAG were more 
likely to be older age, male, nonsmoker, non-alcohol drinker compared to those who did not develop POAG 

Total

Development of POAG

No Yes p value*

n n = 32,220 n = 30,641 n = 1579

Age (years) 60.62 ± 9.22 60.51 ± 9.21 63.49 ± 9.21 < 0.0001

Sex (male) 14,664(45.51) 13,848(45.19) 816(51.68) < 0.0001

Place (Urban) 14,764(45.82) 14,040(45.82) 724(45.85) 0.9809

Low income 4397(13.65) 4167(13.6) 230(14.57) 0.2751

Current smoker 3428(10.64) 3232(10.55) 196(12.41) 0.0191

Current alcohol drinker 9967(30.93) 9446(30.83) 521(33) 0.0692

Regular physical activity 9311(28.9) 8835(28.83) 476(30.15) 0.2621

Obesity 11,000(34.14) 10,476(34.19) 524(33.19) 0.412

Abdominal obesity 8397(26.06) 7970(26.01) 427(27.04) 0.3625

Diabetes mellitus 5725(17.77) 5338(17.42) 387(24.51) < 0.0001

Hypertension 16,239(50.4) 15,328(50.02) 911(57.69) < 0.0001

Dyslipidemia 10,544(32.73) 9960(32.51) 584(36.99) 0.0002

Chronic kidney disease 3736(11.6) 3532(11.53) 204(12.92) 0.0919

Coronary heart disease 9262(28.75) 8727(28.48) 535(33.88) < 0.0001

Stroke 1528(4.74) 1431(4.67) 97(6.14) 0.0072

Proteinuria 1116(3.46) 1051(3.43) 65(4.12) 0.1457

Table 1.  Characteristics of Glaucoma suspects. POAG, primary open angle glaucoma. Data are presented as 
number (%) mean ± standard deviation. *Calculated using Student’s t test for continuous variables and chi-
square test for categorical variab.
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(P < 0.0001, 0.0052, 0.0002, 0.083, respectively; Supplemental Table 2). Regarding comorbidities, individuals 
who developed glaucoma exhibited a higher incidence of diabetes, systemic hypertension, dyslipidemia, CKD, 
proteinuria, coronary heart disease, and stroke (P < 0.0001, < 0.0001, < 0.0001, < 0.0001, 0.0009, < 0.0001, 
< 0.0001, respectively).

Supplemental Table 3 displays the incidence rates and hazard ratios (HRs) for POAG among subjects without 
baseline glaucoma or glaucoma suspect, both non-adjusted (model 1) and multivariable-adjusted (Model 1: 
adjusted for age and sex, Model 2: adjusted for all variables). In Model 3, individuals with of older age exhibited 
a greater risk of developing POAG compared to subjects in their 40s ([HR, 1.716; 95% CI, 1.474 to 1.997] for 
50s, [HR, 3.190; 95% CI, 2.735 to 5.049] for 60s, [HR, 4.299; 95% CI, 3.661 to 5.049] for 70s, [HR, 5.0147; 95% 
CI, 3.971 to 6.331] for 80s or older). Female or current smoker or obese individuals demonstrated a lower risk 
of progression to POAG compared to male, non-smokers, or non-obese subjects, respectively ([HR, 0.831; CI 
0.767 to 0.901] for female, HR, 0.894; CI 0.808 to 0.989] for smokers, [HR, 0.915; CI 0.850–0.984] for being 
obese). Glaucoma suspects with diabetes, hypertension, dyslipidemia, or coronary heart disease exhibited a 

Fig. 2.  Kaplan-Meier survival curves of cumulative incidence of primary open-angle glaucoma (POAG) in 
glaucoma suspects and the general population. The cumulative percentage of newly developed POAG among 
individuals who had glaucoma suspect was 4.92% (95% CIs, 4.38, 5.17), while 1.05% (95% Cis, 1.05, 1.12) of 
individuals without suspected glaucoma developed POAG (log-rank p value < 0.0001).

 

Scientific Reports |         (2025) 15:1952 5| https://doi.org/10.1038/s41598-025-85505-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Va
ri

ab
le

s
G

la
uc

om
a 

su
sp

ec
t,

n
PO

A
G

, n
Pe

ar
so

n-
ye

ar
s

R
at

e*

M
od

el
 1

M
od

el
 2

M
od

el
 3

H
az

ar
d 

R
at

io
(9

5%
 C

I)
H

az
ar

d 
R

at
io

(9
5%

 C
I)

H
az

ar
d 

R
at

io
(9

5%
 C

I)

Se
x

M
al

e
14

,6
64

81
6

82
93

9.
04

9.
84

1(
re

f.)
1(

re
f.)

1(
re

f.)

Fe
m

al
e

17
,5

56
76

3
10

16
24

.2
1

7.
51

0.
76

4(
0.

69
2,

0.
84

3)
0.

73
8(

0.
66

9,
0.

81
5)

0.
77

3(
0.

68
7,

0.
87

)

p 
va

lu
e

0.
00

16
< 

0.
00

01
< 

0.
00

01

A
ge

40
s

26
50

74
15

60
8.

3
4.

74
1(

re
f.)

1(
re

f.)
1(

re
f.)

50
s

11
,3

36
45

1
65

85
4.

52
6.

85
1.

44
8(

1.
13

2,
1.

85
1)

1.
49

(1
.1

65
,1

.9
06

)
1.

42
4(

1.
11

2,
1.

82
2)

60
s

92
67

52
3

53
39

8.
48

9.
79

2.
06

8(
1.

62
1,

2.
63

8)
2.

16
2(

1.
69

4,
2.

75
9)

1.
95

3(
1.

52
3,

2.
50

3)

70
s

77
83

46
7

43
63

4.
08

10
.7

0
2.

25
7(

1.
76

6,
2.

88
4)

2.
38

5(
1.

86
5,

3.
04

9)
2.

09
4(

1.
62

3,
2.

7)

80
-

11
84

64
60

67
.8

7
10

.5
5

2.
22

3(
1.

59
1,

3.
10

6)
2.

31
3(

1.
65

5,
3.

23
3)

2.
01

7(
1.

42
9,

2.
84

8)

p 
va

lu
e

< 
0.

00
01

< 
0.

00
01

< 
0.

00
01

Re
gi

on
U

rb
an

14
,7

64
72

4
84

77
0.

47
8.

54
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ru
ra

l
17

,4
56

85
5

99
79

2.
78

8.
57

1.
00

4(
0.

90
9,

1.
10

8)
0.

98
4(

0.
89

1,
1.

08
7)

0.
98

7(
0.

89
3,

1.
09

)

p 
va

lu
e

0.
94

07
0.

75
23

0.
79

37

Lo
w

 in
co

m
e

(B
ot

to
m

 2
0%

)
N

o
27

,8
23

13
49

15
93

39
.8

3
8.

47
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ye
s

43
97

23
0

25
22

3.
42

9.
12

1.
07

6(
0.

93
5,

1.
23

7)
1.

07
8(

0.
93

7,
1.

24
1)

1.
08

1(
0.

93
9,

1.
24

4)

p 
va

lu
e

0.
30

63
0.

29
29

0.
27

76

Cu
rr

en
t s

m
ok

er
N

o
28

,7
92

13
83

16
51

57
.0

5
8.

37
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ye
s

34
28

19
6

19
40

6.
19

10
.1

0
1.

20
5(

1.
03

7,
1.

39
9)

1.
13

1(
0.

96
5,

1.
32

5)
1.

11
1(

0.
94

6,
1.

30
4)

p 
va

lu
e

0.
01

46
0.

12
86

0.
19

82

Cu
rr

en
t a

lc
oh

ol
 d

rin
ke

r
N

o
22

,2
53

10
58

12
72

67
.7

4
8.

31
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ye
s

99
67

52
1

57
29

5.
51

9.
09

1.
09

3(
0.

98
4,

1.
21

4)
1.

03
4(

0.
91

5,
1.

16
9)

1.
03

(0
.9

09
,1

.1
66

)

p 
va

lu
e

0.
09

65
0.

59
18

0.
64

41

Re
gu

la
r p

hy
sic

al
 ac

tiv
ity

N
o

22
,9

09
11

03
13

09
45

.2
2

8.
42

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

93
11

47
6

53
61

8.
03

8.
88

1.
05

5(
0.

94
8,

1.
17

5)
1.

06
8(

0.
95

8,
1.

19
2)

1.
06

6(
0.

95
5,

1.
19

)

p 
va

lu
e

0.
32

78
0.

23
49

0.
25

25

O
be

sit
y

N
o

21
,2

20
10

55
12

11
56

.5
9

8.
71

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

11
,0

00
52

4
63

40
6.

65
8.

26
0.

94
9(

0.
85

5,
1.

05
4)

0.
94

5(
0.

85
1,

1.
04

9)
0.

88
3(

0.
79

3,
0.

98
3)

p 
va

lu
e

0.
32

95
0.

28
61

0.
02

33

D
ia

be
te

s
N

o
26

,4
95

11
92

15
26

74
.0

6
7.

81
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ye
s

57
25

38
7

31
88

9.
19

12
.1

4
1.

55
4(

1.
38

6,
1.

74
3)

1.
43

6(
1.

27
9,

1.
61

3)
1.

35
4(

1.
20

1,
1.

52
7)

p 
va

lu
e

< 
0.

00
01

< 
0.

00
01

< 
0.

00
01

Sy
ste

m
ic

 H
yp

er
te

ns
io

n
N

o
15

,9
81

66
8

92
56

3.
38

7.
22

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

16
,2

39
91

1
91

99
9.

87
9.

90
1.

37
1(

1.
24

1,
1.

51
5)

1.
21

9(
1.

09
8,

1.
35

4)
1.

13
9(

1.
01

9,
1.

27
3)

p 
va

lu
e

< 
0.

00
01

0.
00

02
0.

02
15

D
ys

lip
id

em
ia

N
o

21
,6

76
99

5
12

45
21

.7
1

7.
99

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

10
,5

44
58

4
60

04
1.

53
9.

73
1.

21
8(

1.
1,

1.
34

9)
1.

21
9(

1.
09

9,
1.

35
1)

1.
12

8(
1.

01
3,

1.
25

6)

p 
va

lu
e

0.
00

02
0.

00
02

0.
02

78

C
or

on
ar

y 
H

ea
rt

 D
ise

as
e

N
o

22
,9

58
10

44
13

25
57

.9
7

7.
88

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

92
62

53
5

52
00

5.
28

10
.2

9
1.

30
7(

1.
17

8,
1.

45
)

1.
20

4(
1.

08
2,

1.
33

9)
1.

12
4(

1.
00

7,
1.

25
4)

p 
va

lu
e

< 
0.

00
01

0.
00

06
0.

03
73

St
ro

ke
N

o
30

,6
92

14
82

17
63

03
.6

2
8.

41
1(

re
f.)

1(
re

f.)
1(

re
f.)

Ye
s

15
28

97
82

59
.6

2
11

.7
4

1.
39

7(
1.

13
8,

1.
71

6)
1.

23
7(

1.
00

5,
1.

52
2)

1.
15

8(
0.

93
9,

1.
42

8)

C
on

tin
ue

d

Scientific Reports |         (2025) 15:1952 6| https://doi.org/10.1038/s41598-025-85505-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Va
ri

ab
le

s
G

la
uc

om
a 

su
sp

ec
t,

n
PO

A
G

, n
Pe

ar
so

n-
ye

ar
s

R
at

e*

M
od

el
 1

M
od

el
 2

M
od

el
 3

H
az

ar
d 

R
at

io
(9

5%
 C

I)
H

az
ar

d 
R

at
io

(9
5%

 C
I)

H
az

ar
d 

R
at

io
(9

5%
 C

I)

p 
va

lu
e

0.
00

14
0.

04
48

0.
17

02

C
hr

on
ic

 K
id

ne
y 

D
ise

as
e

N
o

28
,4

84
13

75
16

36
23

.4
7

8.
40

1(
re

f.)
1(

re
f.)

1(
re

f.)

Ye
s

37
36

20
4

20
93

9.
78

9.
74

1.
15

6(
0.

99
8,

1.
33

9)
1.

04
6(

0.
9,

1.
21

5)
0.

98
2(

0.
84

4,
1.

14
3)

p 
va

lu
e

0.
05

30
0.

56
04

0.
81

62

Pr
ot

ei
nu

ria
N

o 
or

 tr
ac

e
31

,1
04

15
14

17
84

33
.9

7
8.

48
1(

re
f.)

1(
re

f.)
1(

re
f.)

≥ 
1+

11
16

65
61

29
.2

7
10

.6
0

1.
24

8(
0.

97
4,

1.
6)

1.
18

6(
0.

92
5,

1.
52

1)
1.

06
4(

0.
82

7,
1.

36
9)

p 
va

lu
e

0.
08

00
0.

17
79

0.
62

99

Ta
bl

e 2
. 

A
ss

oc
ia

tio
n 

be
tw

ee
n 

C
ar

di
ov

as
cu

la
r R

isk
 co

m
or

bi
di

tie
s a

nd
 D

ev
el

op
m

en
t o

f P
O

A
G

 am
on

g 
G

la
uc

om
a s

us
pe

ct
s. 

*P
er

 1
,0

00
 p

er
so

n-
ye

ar
s. 

C
I, 

co
nfi

de
nc

e i
nt

er
va

l; 
PO

A
G

, p
rim

ar
y 

op
en

 an
gl

e g
la

uc
om

a. 
M

od
el

 1
: N

on
-a

dj
us

te
d.

 M
od

el
 2

: A
dj

us
te

d 
by

 se
x 

an
d 

ag
e. 

M
od

el
 3

: 
A

dj
us

te
d 

by
 se

x,
 ag

e, 
re

gi
on

, i
nc

om
e, 

sm
ok

in
g,

 d
rin

ki
ng

, r
eg

ul
ar

 p
hy

sic
al

 ac
tiv

ity
, d

ia
be

te
s, 

hy
pe

rt
en

sio
n,

 d
ys

lip
id

em
ia

, c
or

on
ar

y 
he

ar
t d

ise
as

e, 
st

ro
ke

, c
hr

on
ic

 k
id

ne
y 

di
se

as
e, 

pr
ot

ei
nu

ria
.

 

Scientific Reports |         (2025) 15:1952 7| https://doi.org/10.1038/s41598-025-85505-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


greater risk of conversion to POAG than those without these comorbidities ([HR, 1.283; 95%CI, 1.174 to 1.403] 
for diabetes, [HR, 1.163; 95%CI, 1.079 to 1.253] for systemic hypertension, [HR, 1.104; 95%CI, 1.023 to 1.192] 
for dyslipidemia, [HR, 1.202, 95%CI, 1.110 to 1.302] for coronary heart disease).

Discussion
Our study observed that 4.92% of individuals classified as glaucoma suspect progressed to POAG over a 6-year 
follow-up period, whereas only 1.05% of individuals without suspected glaucoma developed POAG. In our 
multivariate Cox proportional hazard regression model, significant predictors of POAG among the population 
identified as glaucoma suspects at baseline included older age, male gender, non-obesity, dyslipidemia, diabetes, 
systemic hypertension, and coronary heart disease.

The observed conversion rate from glaucoma suspect to POAG was 4.92% over the 6-year follow-up period, 
which was higher than the 1.08% conversion rate from control subjects to POAG (P < 0.001). This finding 
underscores the increased risk of progression to POAG among glaucoma suspects. The observed conversion 
rate of this study is lower than previously reported rates ranging from approximately 9–12% for progression in 
individuals classified as OHT or glaucoma suspects2–4. The discrepancy in conversion rates may be attributed to 
differences in the definition of glaucoma suspects across studies. The definitions for glaucoma suspect include 
high IOP, glaucomatous optic disc, or RNFL thinning without visual field defects3,4,9,10. Our study defined 
glaucoma suspect based on diagnostic code without a history of prescription of antiglaucoma medication using 
health insurance claims data. These methodological characteristics may have contributed to the relatively lower 
observed conversion rate in our study population.

Our study observed old age as a risk factor for development of POAG among glaucoma suspects. Old age 
is an established risk factor for onset or progression of POAG11–14. The age-related susceptibility of the retinal 
ganglion cells to glaucomatous damage may be multifactorial, potentially involving mitochondrial dysfunction 
and impaired capacity to handle oxidative stress, as observed in other neurodegenerative disorders such as 
Alzheimer disease and Parkinson’s disease15,16.

Men are more susceptible to POAG than women, in line with a recent meta-analysis17. This gender 
discrepancy has been attributed to several factors, including men exhibiting longer axial length and a higher 
prevalence of cardiovascular diseases compared to women18–20. Although our study did not directly assess 
the degree of myopia, we adjusted for cardiovascular diseases. This suggests that anatomical factors, such as 
longer axial length, may contribute to the elevated risk of POAG among men. Nevertheless, further studies are 
warranted to elucidate the precise mechanism underlying this association.

We found that systemic cardiovascular disease or its risk factors of systemic hypertension, dyslipidemia, 
and coronary heart disease were predictive of POAG. Increasing clinical evidence has shown that hypertension 
could be a significant risk factor for glaucoma development and progression4,8,21–23. Microvascular damage, 
blood vessel alterations, and dysregulated blood flow induced by systemic hypertension could be associated with 
increased risk of conversion to POAG22,24. We did not observe an age-related relationship between systemic 
hypertension and progression to POAG (Supplemental Table 1), contrary to the Baltimore Eye Survey finding of 
an age-related association between blood pressure and glaucoma. A U-shaped relationship between glaucoma 
and blood pressure shows complexity between glaucoma and systemic hypertension25. Nocturnal or orthostatic 
hypotension and blood pressure fluctuation, which might be exacerbated by anti-hypertensive medication 
among individuals with systemic hypertension, could also contribute to progression of glaucoma, disturbing the 
stable blood supply to the optic nerve head and leading to ischemic-reperfusion injury7,24,26.

We observed a significant association between dyslipidemia and a higher risk of POAG, consistent with 
findings from several meta-analyses that have reported a link between dyslipidemia such as elevated total 
cholesterol levels and glaucoma27,28. The most commonly related clinical consequence of dyslipidemia 
is associated with increased atherosclerotic cardiovascular disease risk, a known risk factor for POAG29. 
Dyslipidemia was diagnosed based on either high total cholesterol level or utilization of cholesterol-lowering 
medications. This study did not further analyze the effects of lipid-lowering medication on the risk of POAG. 
Short-term use of statin, a lipid-lowering medication, is related to a reduced incidence of glaucoma30,31. However, 
there is controversy regarding the effects of statin on POAG30,32.

The risk for developing POAG among glaucoma suspects was higher in subjects with diabetes compared to 
those without it. This observation aligns with previous research and other epidemiologic studies, which have 
also reported a significant association between diabetes and development of POAG33,34, although there is a 
controversy regarding the relationship between diabetes and POAG35. Diabetes is known to be associated with 
autonomic dysfunction and a low potential to autoregulate blood flow36. In our previous study, diabetic rats 
exhibited slightly increased IOP and higher IOP fluctuations compared to the control group37. These factors may 
contribute to the association between diabetes and risk of POAG.

We found that non-obesity as defined by BMI was associated with an increased risk of developing POAG 
in both glaucoma suspects and control subjects. Several large epidemiological studies and a recent multicohort 
observational study of participants of European descent have demonstrated an inverse correlation between BMI 
and POAG38–41, although other studies presented conflicting results regarding the association between BMI and 
glaucoma42,43. The precise mechanism driving the associations between obesity and glaucoma remains largely 
unclear. One hypothesis suggests that patients with lower BMI may have lower muscle mass, which has been 
linked to increased arterial stiffness in the context of insulin resistance and chronic inflammation44. Vascular 
risk factors associated with arterial stiffness or chronic inflammation may be harmful to retinal ganglion cells. 
Another proposed mechanism is that elevated levels of circulating hormones such as estrogen, ghrelin, and 
leptin in subjects with higher adiposity may exert neuroprotective effects in glaucoma38–40.

Furthermore, in individuals not suspected of glaucoma, cardiovascular disease or its associated risk factors 
were related to a higher risk of POAG. While smoking history was inversely associated with POAG in patients 
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not suspected of having glaucoma, smoking history was not related to the development of POAG among 
glaucoma suspects. The disparity may be attributed to the smaller number of glaucoma suspects. The association 
between smoking history and glaucoma development remains controversial. The longitudinal United Kingdom 
Glaucoma Treatment Study found that smoking (current or previous) was linked to a decreased risk of visual field 
progression, whereas a retrospective cohort study reported that heavy smokers were more likely to experience 
VF deterioration45–47. The conflicting findings may be attributed to higher production of free radicals or 
inflammation from smoking, supporting smoking as a poor prognostic factor, while nicotine-induced arteriole 
dilatation or release of nitric oxides may support smoking as a protective factor against VF progression45–47. 
A limitation of our study is that we did not stratify smoking intensity, which could have implications for our 
findings.

One limitation of this study is that diagnoses of glaucoma suspects and POAG were based on claims data and 
could not be validated using medical records. This reliance on claims data introduces the potential for inaccurate 
or misclassified diagnoses of both glaucoma suspects and POAG. To improve the reliability of glaucoma suspect 
classification, we required participants to have at least two recorded instances of the ICD-10 code for glaucoma 
suspect (H40.0) without any history of antiglaucoma medication prescriptions. Similarly, to mitigate potential 
inaccuracies, we attempted to improve the reliability of POAG diagnoses by requiring the prescription of 
glaucoma medication in addition to the ICD-10 code for the diagnosis. Another limitation of this study is that 
subgroup analysis could not be performed due to the lack of information regarding the subtype of glaucoma 
suspects, IOP, or the severity of POAG. The lack of information on ocular conditions such as high myopia and a 
physiological large cup-to-disc ratio, both of which are known risk factors for POAG, may have led to bias in the 
results. Furthermore, glaucoma suspects might be more likely to visit ophthalmology clinics than those without 
suspicion, which may have resulted in greater detection of POAG among glaucoma suspects compared to the 
general population. In addition, conditions such as primary angle-closure glaucoma, secondary glaucomas, and 
retinal diseases (e.g., retinal vein occlusion or diabetic retinopathy) were not explicitly excluded during the initial 
study design or the follow-up period, which may have influenced the results. Furthermore, potential detection 
bias may exist when comparing POAG risk among glaucoma suspects with and without cardiovascular risk 
factors. The absence of data on eye exam frequency means that individuals with cardiovascular conditions could 
have had more frequent exams due to related ocular diseases (e.g., diabetic retinopathy), potentially contributing 
to the modest hazard ratios (1.1 to 1.4) observed. This should be considered when interpreting the results. The 
6-year follow-up period may limit the generalizability of the findings, particularly for long-term outcomes. This 
shorter follow-up duration might not fully capture the POAG progression over an expanded period, which 
should be considered when interpreting the results. The lack of data on potential confounding factors, such as 
family history of glaucoma and education level may also result in residual confounding. Information on smoking 
and alcohol consumption was collected through self-reporting questionnaires, which may introduce bias due to 
potential inaccuracies in self-reporting.

In conclusion, this nationwide, population-based cohort study demonstrated that glaucoma suspects 
were more likely to develop POAG compared to the general population. Furthermore, the risk of POAG was 
higher in individuals with cardiovascular risk factors or disease. These findings underscore the importance of 
cardiovascular factors in development of glaucoma, suggesting that more clinical attention should be given to 
glaucoma suspects with cardiovascular risk factors.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files. The raw data for the 360,000 participants used in this study are not publicly available due to 
confidentiality agreements and restrictions imposed by the Korean National Health Insurance Service (KNHIS). 
Researchers interested in accessing the data can apply for permission through the KNHIS by following their data 
access protocols.
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