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Patients with open-angle glaucoma (OAG), a chronic visual impairment, are at elevated risk of 
developing depression. Physical activity (PA) has been associated with benefits for mental health, but 
evidence is limited regarding its impact on depression risk in individuals with OAG. This study aimed 
to assess the association between PA and incident depression in a nationwide cohort of patients 
newly diagnosed with OAG. We conducted a retrospective cohort study using customized data from 
the Korean National Health Insurance Service (KNHIS). The cohort included 97,617 individuals newly 
diagnosed with OAG between 2011 and 2015, with follow-up until depression onset, death, or study 
end in 2023. Age- and sex-matched controls without OAG were selected at a 1:2 ratio. PA levels were 
classified as low or high, based on validated self-report, and categorized into four patterns according 
to change before and after OAG diagnosis: consistently low, consistently high, increased (low to high), 
and decreased (high to low). The primary outcome was incident depression identified using ICD-10 
diagnostic codes. Multivariable Cox proportional hazards regression was used to estimate hazard ratios 
(HRs) and 95% confidence intervals (CIs) for depression risk according to PA patterns. Among patients 
with OAG (mean [SD] age, 59.7 [12.5] years; 42.5% female), those maintaining high PA levels after 
diagnosis had a lower risk of developing depression compared with those with low PA (HR, 0.877; 95% 
CI, 0.856–0.900). The most favorable outcomes was observed in patients with consistently high PA 
(HR, 0.855; 95% CI, 0.829–0.883), followed by those who increased their PA post-diagnosis (HR, 0.912; 
95% CI, 0.879–0.947). Patients who decreased PA or remained inactive showed no significant reduction 
in depression risk. Overall, Higher or increasing physical activity after OAG diagnosis was associated 
with a modest but meaningful reduction in depression risk. These findings suggest that encouraging PA 
may help mitigate depression risk and should be considered as part of comprehensive glaucoma care.
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Glaucoma is a progressive optic neuropathy characterized by functional impairment of the optic nerve, and is a 
leading cause of blindness worldwide. It presents a significant burden on patients and healthcare systems. The 
chronic, lifelong nature of glaucoma, along with the potential for vision loss, often imposes a psychological burden 
on patients, which significantly affects their quality of life1. Studies have consistently shown that individuals with 
chronic diseases are at increased risk of developing psychiatric disorders, including depression2–4. For instance, 
research has demonstrated a higher prevalence of depression among patients with diabetes and cardiovascular 
disease5–7. Similarly, several studies have highlighted an association between glaucoma and depression8–10. 
Recent evidence has emphasized the role of physical activity (PA) in mitigating the risk of depression across 
various chronic illnesses11–13. This effect is attributed to its positive impact on neuroplasticity, stress reduction, 
and systemic inflammation14,15. Importantly, glaucoma is a lifelong disease, and longitudinal perspectives are 
crucial to understanding how changes in patient behaviors influence outcomes. In this context, examining PA 
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before and after the diagnosis of OAG provides insight into whether maintaining or modifying PA trajectories 
influences the risk of depression. Recent studies of other chronic diseases, including cardiovascular disease, 
diabetes, and cancer, have similarly investigated PA changes before and after diagnosis to evaluate how behavioral 
adaptations shape long-term prognosis16–20. However, to our knowledge, no study has explored this question in 
patients with glaucoma.

Therefore, this study aimed to investigate the role of PA in the risk of developing depression among patients 
with open angle glaucoma (OAG). We utilized the customized database of the Korean National Health Insurance 
Service (KNHIS) to determine the impact of PA before and after a diagnosis of OAG on the subsequent 
development of depression.

Results
Baseline characteristics
Overall, 97,617 patients diagnosed with OAG participated in this study. These patients were categorized 
into two groups: those who developed depression after their OAG diagnosis (n = 25825) and those who did 
not (n = 71792). The average time from OAG diagnosis to the onset of depression was 3.98 ± 2.71 years. A 
comparison of baseline characteristics between the two groups revealed significant differences in all variables, 
except for Body mass index (BMI) and PA level pre-OAG diagnosis (Table 1). Patients in the depression group 
were older (64.0 ± 11.3 vs. 58.2 ± 12.6 years, p < 0.001) and comprised a higher proportion of females (52.4% 
vs. 40.3%, p < 0.001) than those in the no-depression group. The prevalence rates of comorbidities, including 
hypertension (53.6% vs. 43.9%, p < 0.001), diabetes (23.4% vs. 18.9%, p < 0.001), and dyslipidemia (40.7% vs. 
34.7%, p < 0.001) were significantly higher in the depression group than in the no-depression group. Similarly, 
the Charlson Comorbidity Index (CCI) was higher in the depression group (2.6 ± 2.1 vs. 1.9 ± 1.9, p < 0.001), 
with a greater proportion of patients having CCI ≥ 3 (44.8% vs. 29.4%, p < 0.001). While PA levels pre-OAG 
diagnosis were not significantly different between the groups, PA levels post-OAG diagnosis showed a minimal 
but significant difference (p = 0.001).

Comparison between groups based on PA levels
Table  1 presents significant group differences in PA levels post-OAG diagnosis. Therefore, we compared the 
two groups stratified by PA levels to further investigate potential associations. All variables, excluding BMI, 
exhibited significant differences between the two groups stratified by PA level post-OAG diagnosis (Table 2). The 
prevalence of depression was significantly lower in the high PA level group than in the low PA group (p = 0.001).

Table 3 summarizes the baseline characteristics of the four groups categorized by changes in PA levels pre- 
and post-OAG diagnosis. All variables showed significant differences among groups (p < 0.001). The prevalence 
of depression varied depending on PA patterns, with the highest proportion observed in individuals who had 
high PA levels pre-diagnosis that were reduced post-diagnosis (High-Low level group, 28.4%). In contrast, those 
who maintained high PA levels pre- and post-glaucoma diagnosis exhibited the lowest prevalence of depression 
(High-High level group, 26.0%). The post-hoc test results (Supplementary Table 1) showed that the proportion 
of patients with depression differed significantly between the High-Low and High-High levels groups (p < 0.001). 
In contrast, no significant difference was observed in the proportion of patients with depression between the 
Low-High and High-High levels groups (p = 0.746).

Post-diagnosis PA and depression risk
The association between PA levels post-OAG diagnosis and risk of developing depression was examined, with 
individuals maintaining low post-diagnosis PA levels serving as the reference group (Supplementary Table 2, 
Fig. 1A). In the unadjusted model, those with high post-diagnosis PA levels demonstrated a lower hazard ratio 
(HR) for depression (HR = 0.954, 95% confidence interval (CI): 0.931–0.977, p < 0.001). After adjusting for age 
and sex (Model 1), the HR was further reduced to 0.866 (95% CI 0.845–0.888, p < 0.001). In the fully adjusted 
model (Model 2), which accounted for all baseline characteristics, high post-diagnosis PA levels remained 
significantly associated with a reduced risk of depression (HR = 0.877, 95% CI 0.856–0.900, p < 0.001).

Effects of physical activity level changes on depression risk
Further analysis was conducted to assess the impact of changes in PA levels pre- and post-OAG diagnosis on 
depression risk, using individuals with consistently low PA levels pre- and post-diagnosis as the reference group 
(Table 4; Fig. 1B). In the fully adjusted model (Model 2), those who increased their PA levels from low-to-high 
post-diagnosis exhibited a significantly low risk of depression (HR = 0.912, 95% CI 0.879–0.947, p < 0.001). The 
lowest depression risk was observed among individuals who maintained high PA levels pre- and post-diagnosis 
(HR = 0.855, 95% CI 0.829–0.883, p < 0.001). Conversely, those who had high PA levels pre-diagnosis but 
reduced activity post-diagnosis did not exhibit a significant difference in depression risk compared to that of the 
reference group (HR = 0.989, 95% CI 0.952–1.027, p = 0.564).

Discussion
We evaluated the impact of PA on the risk of depression in patients with OAG. Our findings demonstrated that 
maintaining high PA levels after an OAG diagnosis was associated with a significantly lower risk of developing 
depression (HR = 0.877). Furthermore, patients who sustained high PA levels pre- and post-diagnosis or increased 
their PA levels post-diagnosis exhibited a reduced risk of depression, with HRs of 0.855 and 0.912, respectively. 
These findings suggest that maintaining high PA levels or enhancing PA levels may mitigate depression risk 
among patients with OAG, reinforcing the need to integrate PA as a component of comprehensive glaucoma 
management.
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Progressive visual impairment is often associated with uncertainty and vulnerability, ultimately compromising 
an individual’s perceived autonomy21. The pervasive fear of complete blindness can engender significant 
psychological distress, influencing various aspects of daily life22. Numerous studies have demonstrated an 
increased risk of depression in patients with ophthalmic diseases that threaten vision. One such study reported 
that one-third of the individuals affected by visual impairment and debilitating ocular conditions exhibit mild 
depressive symptoms23. Hwang et al.24 reported that individuals with visual disability secondary to age-related 
macular degeneration had an HR of 1.15 for developing depression, with the risk further increasing to 1.23 when 
the visual disability was severe. Kim et al.25 highlighted a 1.19-fold increased risk of depressive disorders among 
patients with retinitis pigmentosa. We found that patients with OAG had a 1.13-fold higher risk of developing 
depression than the control group of individuals without OAG (Supplementary Table 1). These findings align 
with prior research and emphasize the mental health burden associated with chronic visual impairments. Several 

Non-depression Depression P-value

(N = 71792) (N = 25825)

Age (year, N) 58.2 ± 12.6 64.0 ± 11.3 < 0.001

< 40 5982 ( 8.3%) 795 ( 3.1%) < 0.001

40–49 11,874 (16.5%) 2150 ( 8.3%)

50–59 18,705 (26.1%) 4993 (19.3%)

60–69 20,452 (28.5%) 8568 (33.2%)

70–79 12,954 (18.0%) 8149 (31.6%)

≥ 80 1825 ( 2.5%) 1170 ( 4.5%)

Sex < 0.001

 Male 42,834 (59.7%) 12,297 (47.6%)

 Female 28,958 (40.3%) 13,528 (52.4%)

Comorbidities

 Hypertension 31,483 (43.9%) 13,838 (53.6%) < 0.001

 Diabetes 13,581 (18.9%) 6044 (23.4%) < 0.001

 Dyslipidemia 24,877 (34.7%) 10,516 (40.7%) < 0.001

CCI 1.9 ± 1.9 2.6 ± 2.1 < 0.001

0 18,432 (25.7%) 3655 (14.2%) < 0.001

1 18,822 (26.2%) 5267 (20.4%)

2 13,413 (18.7%) 5343 (20.7%)

≥ 3 21,125 (29.4%) 11,560 (44.8%)

BMI (kg/m2) 24.1 ± 3.1 24.0 ± 3.1 0.082

Alcohol consumption < 0.001

 Non 40,956 (57.0%) 17,641 (68.3%)

 Mild 18,913 (26.3%) 5035 (19.5%)

 Moderate 7055 ( 9.8%) 1753 ( 6.8%)

 Severe 4868 ( 6.8%) 1396 ( 5.4%)

Smoking < 0.001

 Never smoker 43,289 (60.3%) 17,758 (68.8%)

 Ex-smoker 16,111 (22.4%) 4683 (18.1%)

 Current smoker 12,392 (17.3%) 3384 (13.1%)

Low income < 0.001

 The bottom 20% or below 9854 (13.7%) 4087 (15.8%)

 Others 61,938 (86.3%) 21,738 (84.2%)

Physical activity level

Before OAG diagnosis 0.065

 Low level 32,363 (45.1%) 11,469 (44.4%)

 High level 39,429 (54.9%) 14,356 (55.6%)

After OAG diagnosis 0.001

 Low level 30,936 (43.1%) 11,452 (44.3%)

 High level 40,856 (56.9%) 14,373 (55.7%)

Table 1.  Baseline characteristics of open angle glaucoma patients stratified by depression status. Data are 
expressed as the mean ± the standard deviation or as n (%). The P-value is derived from the student t-test and 
the Chi-square test. BMI, body mass index; CCI. Charlson comorbidity index; OAG. open angle glaucoma. 
Patients who developed depression after OAG diagnosis were older, more often female, and had a higher 
prevalence of comorbidities compared with those without depression.
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factors have been associated with an increased risk of depression in patients with glaucoma. These include more 
rapid progression of visual field loss, advanced disease severity, female sex, and, in some cases, younger age, 
as suggested by some studies9,10,26. The presence of comorbid conditions, including hypertension and diabetes 
mellitus, has also been linked to depressive symptoms9. Notably, improving patient education regarding glaucoma 
and its progression may help alleviate psychological distress, underscoring the importance of informed disease 
management26.

Beyond the psychological impact of vision loss, glaucoma and depression may also share biological 
mechanisms. Both conditions have been associated with autonomic dysfunction,27,28 neuroinflammation,29–34 
and dysregulation of neurotrophic factors such as brain-derived neurotrophic factor (BDNF), leading to retinal 
ganglion cell (RGC) degeneration35,36. These common pathways may help explain why physical activity, which is 
known to improve autonomic balance, reduce inflammation, and enhance neurotrophic support, could mitigate 
depression risk in patients with glaucoma.

Depression in glaucoma patients is not merely a comorbid condition—it can undermine treatment adherence. 
Research indicates that depression is linked to poor adherence to medication across various chronic diseases37–39. 
Spencer et al.40 identified that, in addition to difficulty applying eye drops, a past or current diagnosis of 
depression is a significant factor contributing to reduced adherence to glaucoma treatment. Therefore, assessing 
the presence of depression in patients with glaucoma and considering appropriate management strategies is an 
important aspect in the treatment of glaucoma.

PA low level PA high level

P-value(N = 42388) (N = 55229)

Age (year, N) 57.9 ± 12.4 61.2 ± 12.4 < 0.001

 < 40 3472 ( 8.2%) 3305 ( 6.0%) < 0.001

 40–49 6904 (16.3%) 7120 (12.9%)

 50–59 12,092 (28.5%) 11,606 (21.0%)

 60–69 11,781 (27.8%) 17,239 (31.2%)

 70–79 6885 (16.2%) 14,218 (25.7%)

 ≥ 80 1254 ( 3.0%) 1741 ( 3.2%)

Sex < 0.001

 Male 21,601 (51.0%) 33,530 (60.7%)

 Female 20,787 (49.0%) 21,699 (39.3%)

Comorbidities

 Hypertension 18,477 (43.6%) 26,844 (48.6%) < 0.001

 Diabetes 8076 (19.1%) 11,549 (20.9%) < 0.001

 Dyslipidemia 14,906 (35.2%) 20,487 (37.1%) < 0.001

CCI 2.0 ± 2.0 2.1 ± 2.0 < 0.001

 0 10,112 (23.9%) 11,975 (21.7%) < 0.001

 1 10,677 (25.2%) 13,412 (24.3%)

 2 7984 (18.8%) 10,772 (19.5%)

 ≥ 3 13,615 (32.1%) 19,070 (34.5%)

BMI (kg/m2) 24.0 ± 3.2 24.1 ± 3.0 0.142

Drink < 0.001

 Non 26,449 (62.4%) 32,148 (58.2%)

 Mild 9514 (22.4%) 14,434 (26.1%)

 Moderate 3594 ( 8.5%) 5214 ( 9.4%)

 Severe 2831 ( 6.7%) 3433 ( 6.2%)

Smoke < 0.001

 Never smoker 27,532 (65.0%) 33,515 (60.7%)

 Ex-smoker 7168 (16.9%) 13,626 (24.7%)

 Current smoker 7688 (18.1%) 8088 (14.6%)

Low income < 0.001

 The bottom 20% or below 35,798 (84.5%) 47,878 (86.7%)

 Others 6590 (15.5%) 7351 (13.3%)

 Depression 11,452 (27.0%) 14,373 (26.0%) 0.001

Table 2.  Comparison based on physical activity level after open angle glaucoma diagnosis. Data are expressed 
as the mean ± the standard deviation or as n (%). The P-value is derived from the student t-test and the Chi-
square test. PA, physical activity; BMI, body mass index; CCI. Charlson comorbidity index; OAG. open angle 
glaucoma. Patients with higher post-diagnosis PA levels were generally older, more likely male, and had a lower 
prevalence of depression than those with low PA levels.
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The beneficial effects of PA on both physical and mental health are well-documented. Lee et al.41 demonstrated 
that high PA levels after colorectal cancer diagnosis were associated with reduced all-cause and colorectal 
cancer-specific mortality. Similarly, Kim et al.42 reported that regular PA reduced the risk of progression from 
mild cognitive impairment to dementia. Several studies have demonstrated that elevated levels of PA are 
associated with a decreased risk of developing depression13,43,44. Beyond its preventive role, PA is as an effective 
intervention in the treatment of depression. A systematic review and network meta-analysis concluded that 
exercise is an effective treatment for depression, with activities such as walking, jogging, yoga, and strength 
training showing notable efficacy45. The clinical significance of PA extends beyond depression itself, as it is 
instrumental in managing various pathological conditions closely linked to depression, including glaucoma. 
Huang et al.46 demonstrated that glaucoma adversely impacts psychological function and daily PA, with reduced 
social function and mental health observed in patients with advanced-stage glaucoma. The study suggests that 
encouraging PA in these patients potentially improved their psychological function and quality of life. PA induces 
a range of positive effects, including neuroprotective benefits that contribute to overall brain health. One of the 
key mechanisms underlying these effects is the upregulation of neurotrophic factors, particularly BDNF, which 
plays a crucial role in neuronal survival, synaptic plasticity, and cognitive function47–49. Additionally, exercise 
improves mitochondrial function, which is essential for maintaining cellular energy production and reducing 
oxidative stress50–52. These mechanisms collectively highlight the potential of PA as a non-pharmacological 

Low - Low level Low - High level High - Low level High - High level P-value

(N = 26575) (N = 17257) (N = 15813) (N = 37972)

Age (year, N) 56.7 ± 12.2 59.2 ± 12.6 60.0 ± 12.5 62.1 ± 12.2 < 0.001

 < 40 2428 ( 9.1%) 1289 ( 7.5%) 1044 ( 6.6%) 2016 ( 5.3%) < 0.001

 40–49 4789 (18.0%) 2600 (15.1%) 2115 (13.4%) 4520 (11.9%)

 50–59 8089 (30.4%) 4351 (25.2%) 4003 (25.3%) 7255 (19.1%)

 60–69 7153 (26.9%) 4988 (28.9%) 4628 (29.3%) 12,251 (32.3%)

 70–79 3421 (12.9%) 3496 (20.3%) 3464 (21.9%) 10,722 (28.2%)

 ≥ 80 695 ( 2.6%) 533 ( 3.1%) 559 ( 3.5%) 1208 ( 3.2%)

Sex < 0.001

 Male 13,129 (49.4%) 9353 (54.2%) 8472 (53.6%) 24,177 (63.7%)

 Female 13,446 (50.6%) 7904 (45.8%) 7341 (46.4%) 13,795 (36.3%)

Comorbidities

 Hypertension 11,112 (41.8%) 7875 (45.6%) 7365 (46.6%) 18,969 (50.0%) < 0.001

 Diabetes 4847 (18.2%) 3368 (19.5%) 3229 (20.4%) 8181 (21.5%) < 0.001

 Dyslipidemia 9168 (34.5%) 6204 (36.0%) 5738 (36.3%) 14,283 (37.6%) < 0.001

CCI 2.0 ± 2.0 2.1 ± 2.0 2.1 ± 2.0 2.2 ± 2.0 < 0.001

 0 6622 (24.9%) 3866 (22.4%) 3490 (22.1%) 8109 (21.4%) < 0.001

 1 6746 (25.4%) 4320 (25.0%) 3931 (24.9%) 9092 (23.9%)

 2 4975 (18.7%) 3307 (19.2%) 3009 (19.0%) 7465 (19.7%)

 ≥ 3 8232 (31.0%) 5764 (33.4%) 5383 (34.0%) 13,306 (35.0%)

BMI (kg/m2) 24.0 ± 3.3 24.1 ± 3.1 24.1 ± 3.1 24.1 ± 2.9 < 0.001

Drinking < 0.001

 Non 16,848 (63.4%) 10,955 (63.5%) 9601 (60.7%) 21,193 (55.8%)

 Mild 5709 (21.5%) 3823 (22.2%) 3805 (24.1%) 10,611 (27.9%)

 Moderate 2249 ( 8.5%) 1434 ( 8.3%) 1345 ( 8.5%) 3780 (10.0%)

 Severe 1769 ( 6.7%) 1045 ( 6.1%) 1062 ( 6.7%) 2388 ( 6.3%)

Smoking < 0.001

 Never smoker 17,473 (65.7%) 11,256 (65.2%) 10,059 (63.6%) 22,259 (58.6%)

 Ex-smoker 4019 (15.1%) 3161 (18.3%) 3149 (19.9%) 10,465 (27.6%)

 Current smoker 5083 (19.1%) 2840 (16.5%) 2605 (16.5%) 5248 (13.8%)

Low income < 0.001

 The bottom 20% or below 4320 (16.3%) 2534 (14.7%) 2270 (14.4%) 4817 (12.7%)

 Others 22,255 (83.7%) 14,723 (85.3%) 13,543 (85.6%) 33,155 (87.3%)

Depression 6962 (26.2%) 4507 (26.1%) 4490 (28.4%) 9866 (26.0%) < 0.001

Table 3.  Baseline characteristics of open angle glaucoma patients stratified by changes in physical activity 
levels before and after diagnosis. Data are expressed as the mean ± the standard deviation or as n (%). The 
P-value is derived from the analysis of variance and the Chi-square test. Data are expressed as the mean ± the 
standard deviation or as n (%). The P-value is derived from the student t-test. BMI, body mass index, and CCI. 
Charlson comorbidity index. Depression prevalence was highest in the High–Low PA group and lowest in the 
High–High PA group, suggesting that maintaining high PA may be protective.
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intervention to preserve neurological function and reduce the risk of neurodegenerative diseases. Although 
the interrelationship between glaucoma, depression, and PA is multifaceted, PA is a modifiable factor with 
the potential to positively impact both ocular health and mental well-being. Nevertheless, the feasibility of 
promoting PA in elderly glaucoma patients with visual impairment requires careful consideration. Our study 
did not evaluate the specific types or intensities of PA that are most suitable for this population. Given that these 
patients may face unique barriers to engaging in physical activity, future research is warranted to identify safe 
and achievable PA strategies tailored to their clinical circumstances. In addition, the null result observed in the 
High–Low PA group suggests that the protective benefit of PA is reversible once activity declines, emphasizing 
the importance of maintaining PA levels in glaucoma patients. Reduced PA may also serve as a potential marker 
of disease activity, systemic health deterioration, or emerging depression, indicating that PA monitoring itself 
could be a clinically meaningful indicator in glaucoma management.

This study has limitations. First, disease identification was based on diagnostic codes, which may 
underestimate depression by missing uncoded cases. Cultural factors in Korea, such as stigma toward psychiatric 
diagnoses, may further contribute to under-diagnosis. Antidepressant prescription data were not incorporated, 
but the use of depression codes (F32, F33) in Korea does not necessarily require concurrent medication. Thus, 
our approach is consistent with prior KNHIS-based studies and remains valid for identifying depression cases. 
In addition, clinical indicators of glaucoma severity (e.g., visual field indices or optic nerve status) were not 
available in the KNHIS database, which may weaken the validity of our finding since disease severity could 
mediate both PA and depression risk. Nevertheless, this limitation is inherent to claims-based data, and the 
use of a large customized KNHIS dataset still provides robust and clinically meaningful evidence. Second, our 
study included only individuals who had undergone health examinations, which may introduce selection bias. 

Unadjusted Model 1 Model 2

HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

Low–Low level 1 – – 1 – – 1 – –

Low–High level 0.993 (0.957, 1.031) 0.715 0.908 (0.874, 0.943) < 0.001 0.912 (0.879, 0.947) < 0.001

High–Low level 1.104 (1.063, 1.146) < 0.001 0.981 (0.944, 1.018) 0.307 0.989 (0.952, 1.027) 0.564

High–High level 0.989 (0.959, 1.02) 0.481 0.837 (0.811, 0.864) < 0.001 0.855 (0.829, 0.883) < 0.001

Table 4.  Hazard ratios for depression based on changes in physical activity levels before and after open angle 
glaucoma diagnosis. Model 1 is adjusted for age and sex. Model 2 is adjusted Model 2 was adjusted for all 
variables used to describe the baseline characteristics.HR, hazard ratio; CI, confidence interval; PA, physical 
activity. In the fully adjusted model, sustained high PA (High–High) and increased PA (Low–High) were 
associated with significantly reduced depression risk, whereas decreased PA (High–Low) showed no protective 
effect.

 

Fig. 1.  Kaplan–Meier survival curves for depression-free survival among patients with open angle glaucoma 
(OAG), stratified by physical activity (PA). (A) Depression-free survival according to PA level after OAG 
diagnosis. Patients were categorized into two groups based on PA level (low vs. high) (B) Depression-free 
survival according to changes in PA levels before and after OAG diagnosis. Patients were categorized into 
four groups: consistently low PA, consistently high PA, increased PA (low to high), and decreased PA (high to 
low). Depression-free survival was highest in the consistently high PA group, intermediate in the increased PA 
group, and lowest in the decreased PA group, highlighting the importance of maintaining PA after diagnosis.
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Third, the PA data were self-reported and may therefore be subject to recall bias and social desirability bias. Such 
potential misclassification of PA levels is likely to be nondifferential, which could bias the hazard ratios toward 
the null. As a result, the observed associations in our study may have underestimated the true protective effect of 
physical activity against depression risk. In addition, PA was analyzed using dichotomized categories rather than 
continuous scores, following the methodology used in previous large-scale epidemiologic studies. While this 
approach enhances comparability and clinical interpretability, it precluded a more detailed assessment of dose–
response relationships, which should be addressed in future research. Fourth, the study cohort predominantly 
comprised individuals of Korean ethnicity, limiting the applicability of our findings to other populations. Finally, 
despite the longitudinal nature of our dataset, this study remains retrospective in design. Nonetheless, our study 
has several notable strengths. A major advantage is the utilization of a large, nationwide cohort with customized 
data from the KNHIS, enabling comprehensive analysis with enhanced generalizability. Additionally, the 
stratification of patients based on changes in PA levels pre- and post-OAG diagnosis offers unique insights into 
the dynamic association between PA and depression risk.

In conclusion, our study suggests that higher PA levels are associated with a modest but meaningful reduction 
in depression risk among patients with OAG. Maintaining or increasing PA levels may help mitigate the risk of 
depression, underscoring the value of encouraging PA as part of comprehensive glaucoma care.

Methods
The Institutional Review Board of Asan Medical Center and University of Ulsan College of Medicine approved 
a waiver to review the data for this study (2024 − 0116). This study was conducted according to the ethical 
principles outlined in the Declaration of Helsinki, and the requirement for informed consent was waived due to 
the use of anonymized and de-identified information.

This nationwide, population-based, retrospective cohort study used a customized database of the KNHIS 
between 2009 and 2023. The detailed characteristics of the KNHIS data have been described in several studies 
and are briefly summarized here53,54. The health insurance system of South Korea offers comprehensive data on 
age, sex, general health status, medical examination records obtained through the health screening program, and 
disease diagnoses classified using the Korean Standard Classification of Disease (KCD) codes, similar to those 
of the International Classification of Disease. Additionally, it includes information on prescribed medications, 
medical procedures including diagnostic tests and hospital visit histories, facilitated by the electronic exchange 
of cost-related healthcare data between the KNHIS and medical providers through the Korean Electronic Data 
Interchange medical procedure codes. The KNHIS provides nationwide health examination to the general 
Korean population every 2 years to facilitate early detection and prevent diseases. The information collected 
through these screening programs includes answers to standardized questionnaires, physical examinations, and 
laboratory test outcomes.

Definition of database and patients
The flowchart depicting the study population is presented in Supplementary Fig.  1. This study utilized a 
customized database specifically comprising records related to patients with OAG between 2011 and 2015 
along with KNHIS data of patients between 2009 and 2023. However, due to changes in health examination 
surgery items in 2009, records prior to 2009 were excluded, and patients who had already been diagnosed 
with OAG between 2009 and 2010 were excluded. The inclusion criteria required patients to have at least 
one health examination record during this period. Patients were followed to the earliest occurrence of newly 
diagnosed depression, death, or end of the study period (December 31, 2023). We established a control group 
of participants without a history of OAG, age- and sex-matched to the patient group at a 1:2 ratio. Data from 
all patients diagnosed with OAG between January 1, 2011 and December 31, 2015 were analyzed (n = 167,725). 
Among these, we included only those who had undergone a health examination within 2 years following their 
OAG diagnosis (n = 131195). Patients who had been diagnosed with depression prior to the index date, defined 
as the date of their second health examination (n = 30358), and those with missing data (n = 3220) were excluded. 
Finally, 97,617 individuals were included in this study.

OAG was defined based on the fulfillment of the following criteria: (1) a diagnosis of OAG confirmed by 
the KCD code (H401), (2) completion of at least one visual field test, and (3) receipt of a prescription for anti-
glaucoma medications55,56. Individuals with diagnostic codes F32 and F33 during follow-up were considered to 
have a newly diagnosed depression.

PA measurements
PA was assessed during the health examination using questions related to the weekly frequency of vigorous and 
moderate intensity PA as well as walking. Based on a previous study,41 we classified PA into two categories: low- 
and high-level PA. Individuals with a total score of ≤ 2 were categorized into the low-level PA group, whereas 
those with a score ≥ 3 were categorized into the high-level PA group. The PA score for individuals < 65 years was 
calculated by adding the score for moderate exercise to twice the score for vigorous exercise. For individuals 
aged ≥ 65, the scores for moderate and walking were added to twice the score for vigorous exercise.

We investigated the impact of changes in PA on the incidence of depression by classifying patients with OAG 
into four groups based on PA levels within 2 years pre- and post-OAG diagnosis. The four groups were defined as 
follows: patients with OAG maintained either low- or high-level PA pre- and post-OAG diagnosis, those whose 
PA level increased from low-level before the diagnosis to high-level after the diagnosis, and those whose PA level 
decreased from high-level before the diagnosis to low-level after the diagnosis.
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Other variables: comorbidities and sociodemographic factors
Comorbid conditions, including hypertension (HTN), diabetes mellitus (DM), and dyslipidemia, were identified 
based on health examination measurements, diagnostic codes, and prescription codes. HTN was defined as 
systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or the presence of the KCD code 
I10-14 and I15. DM was defined as fasting blood glucose ≥ 126 mg/dl or presence of KCD codes E10-E14. 
Dyslipidemia was defined as total cholesterol ≥ 240 mg/dl or the presence of KCD code E78. The CCI was 
utilized as a covariate to account for and correspond to the overall general health status between groups57. 
This index represents a weighted score derived from the presence of 17 systemic diseases, with higher scores 
indicating a greater burden of systemic comorbidities. BMI, alcohol consumption, smoking status, and income 
level were defined using the questionnaire results. BMI was determined by dividing the weight in kilograms by 
the square of height in meters (kg/m2). Alcohol consumption was classified based on the weekly intake of alcohol: 
mild drinking, < 105 g/week; heavy drinking, ≥ 210 g/week; moderate drinking, 105–210 g/week. Patients were 
classified into non-smokers, former smokers, and never smokers based on the smoking status. Low household 
income level was defined as being within the lowest 20% of income distribution.

Statistical analysis
Differences in the distribution of baseline characteristics were assessed using Student t-test or analysis of variance 
for continuous variables, and the chi-square test for categorical variables. Bonferroni correction was used as the 
post-hoc test, and the Cox proportional hazards model was employed to estimate the HR and 95% CI for newly 
diagnosed depression. The proportional hazards assumption for all Cox regression models was evaluated using 
Schoenfeld residuals, and no significant violations were detected. In addition, tests of the proportional hazards 
assumption using Schoenfeld residuals indicated no significant violations, supporting the validity of the Cox 
regression models. Multivariable analyses were performed using two models, each based on different sets of 
adjustment variables. Model 1 was adjusted for age and sex, whereas Model 2 was adjusted for all variables used 
to describe the baseline characteristics. A two-sided p-value of < 0.05 was considered statistically significant. All 
statistical analyses were performed using SAS version 9.4 (SAS Institute Inc.) and R Statistical Software version 
4.0.3 (Foundation for Statistical Computing).

Data availability
The datasets used and analyzed during the current study are not publicly available due to national data protec-
tion regulations governing the Korean National Health Insurance Service (KNHIS) database. However, access to 
the data may be granted by the NHIS for researchers who meet the required conditions for data use. Requests for 
data access should be directed to the NHIS (https://nhiss.nhis.or.kr/).
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