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1 |  INTRODUCTION

Glaucoma is a group of diseases of the optic nerve fibres, 
presenting with optic nerve cupping, often elevated in-
traocular pressure (IOP), progressive loss of visual field 
and other anatomically classifying findings. At present, 
the pathophysiology of glaucoma is held as an inter-
twining process of neurodegeneration and vasculopathy 
(Song et al., 2016). Globally, glaucoma accounted for 4.5 
million cases of moderate to severe visual impairment 
and 3.2 cases of bilateral blindness in 2020 predomi-
nantly affecting people with high age and weaker socio-
economic status (Flaxman et al., 2017; Wang et al., 2019). 
Elevated IOP, older age, family history and ethnicity 
are known risk factors for glaucoma (Stein et al., 2021). 
Additionally, an intricate network of genetics, systemic 
diseases, medications, behavioural and environmental 

factors appear to contribute to the development glau-
coma (Lee et al., 2019; Wang et al., 2018; Wu et al., 2020). 
Diabetes mellitus (DM) may influence the pathophysiol-
ogy of glaucoma through changes in vascular, neural and 
connective tissues but the exact mechanisms and their 
clinical ramifications are not fully understood (AGIS 
Investigators, 2002; Choi & Kook, 2015; Hou et al., 2018; 
Lee et al., 2014). Better understanding the role of DM in 
the development and progression of glaucoma can help 
in individualizing screening and in developing novel 
therapeutic approaches.

Four cohort studies have identified DM as a risk 
factor for higher glaucoma prevalence (Chopra 
et al., 2008; Dielemans et al., 1996; Klein et al., 1994; 
Mitchell et al., 1997). Two longitudinal studies investi-
gating the incidence, as opposed to prevalence, of OAG 
have reported higher risk for individuals with DM in 
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Abstract

Purpose: The aim of this study was to investigate the association of diabetes mel-

litus (DM) and risk of open- angle glaucoma (OAG).

Methods: This population- based historic cohort consisted of individuals at 

age ≥ 40 years with DM treatment initiated 2001– 2010 and a reference population 

matched by age, gender and hospital district. Incidence of OAG was compared be-

tween individuals with DM and their matched non- diabetic reference pairs. New 

glaucoma cases were identified from medication reimbursement certificates and 

hospital billing records. Incidence rate ratios (IRR) were analysed with Poisson 

regression models adjusted for age, sex, hospital district, socioeconomic status, 

systemic medications and chronic diseases. We analysed the sensitivity of the re-

sults with adapted input variables and performed a competing events analysis.

Results: Of the 244 100 study subjects meeting inclusion criteria, 2721 (1.1%) de-

veloped OAG. Follow- up spanned from 2001 to 2017. DM was associated with a 

modestly reduced incidence of OAG when adjusted for confounding factors (IRR 

0.92, CI 0.85– 0.99).

Conclusions: In our longitudinal population- based study, we found a modest de-

crease in the risk of OAG for individuals with DM.

K E Y W O R D S
cohort, diabetes, epidemiology, glaucoma, longitudinal, population- based, real- world data
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cohorts of female nurses (Pasquale et al.,  2006) and 
African Americans (Wise et al.,  2011). Additionally, 
one study in a diverse population of US nationwide 
health plan beneficiaries found the risk of OAG to be 
compounded by concurrent DM and arterial hyper-
tension (Newman- Casey et al.,  2011). However, other 
population- based studies have found no association 
between DM and OAG prevalence (Tan et al.,  2009; 
Tielsch et al., 1995),or incidence (de Voogd et al., 2006; 
Ellis et al., 2000; Le et al., 2003; Leske et al., 2008). Three 
meta- analyses have been conducted to clarify the com-
plex association between glaucoma and DM. Two of 
them concluded a higher OAG prevalence associated 
with DM (Bonovas et al., 2004; Zhou et al., 2014), un-
like the most recent meta- analysis of seven population- 
based studies, that established no association between 
DM and glaucoma (Grzybowski et al., 2020). Despite 
being widely studied, the association between DM and 
glaucoma remains controversial.

The main objective of this study was to investigate the 
association between DM and glaucoma by examining 
the incidence of glaucoma measured by approved drug 
reimbursement claims or billed procedures for glaucoma 
during a 17- year follow- up period in a large Finnish 
population.

2 |  M ETHODS

2.1 | Cohort

The original CARING cohort (n = 398 708) contained 
199 354 subjects with DM and an equivalent reference 
population matched by age, sex and hospital district. 
Subjects with DM were identified based on dispensed 
insulin or oral antidiabetic prescriptions and medica-
tion reimbursement claims (Niskanen et al., 2020). We 
formed a study population by excluding individuals 
with follow- up starting before 2001 or younger than 
40 years at baseline (Figure 1). Individuals with preva-
lent glaucoma at baseline were excluded based on pre- 
existing medication reimbursement claims (n = 15 476), 
hospital visits for glaucoma (n = 450) or previous glau-
coma surgery (n  =  86). In the case of exclusion, we 
excluded the corresponding matched pair. The study 
period spanned from 1 January 2001 to 31 December 
2017. Follow- up started on the date of the first diabe-
tes medication prescription or randomization to refer-
ence population and ended on the endpoint event of 
glaucoma diagnosis or censoring by death or end of the 
study period.

Incident glaucoma was defined as a new accepted 
medication reimbursement claim, hospital visit, laser 
or surgical treatment with the diagnosis of glaucoma. 
In Finland medication, reimbursement for chronic 
glaucoma during the study period 2001– 2017 was con-
ditional on either the IOP measuring over 30 mmHg 
or meeting two of the following criteria: (1) detectable 
excavation of the optic cup or defect in the nerve fibre 
layer, (2) visual field defect or (3) IOP over 21 mmHg in 
repeated measurements (personal communication with 
Social Insurance Institute, SII, administrator). Data 

on medication prescriptions and reimbursements were 
obtained from the SII, which is a governmental agency 
providing national public health insurance to all Finnish 
residents (Kela 16/522/2012). Glaucoma reimbursement 
certificates were assigned an ICD- 10 code at SII with 
3- digit accuracy precluding classification into different 
subtypes of open- angle glaucoma (OAG). We used only 
OAG (H40.1) as an endpoint in the analysis. We excluded 
other than OAG (n = 271): angle closure glaucoma (73), 
glaucoma induced by medication (9), ocular inflamma-
tion (4), other ocular diseases (135) or trauma (11) and 
glaucoma of unspecified cause (39). Data on glaucoma- 
related hospital visits, laser treatments and surgical pro-
cedures were obtained from the Institute of Health and 
Welfare. We used the following glaucoma procedures in 
ascertainment of prevalent glaucoma when forming the 
cohort and as endpoints for incident glaucoma presented 
with corresponding NOMESCO codes (‘NOMESCO 
Classification of Surgical Procedures (NCSP), version 
1.16’,  2011): argon laser trabeculoplasty (CHD00), se-
lective laser trabeculoplasty (CHD05), trabeculectomy 
(CHD10), trabeculectomy with iridectomy (CHD15), im-
plantation of glaucoma drainage device (CHD50), deep 
sclerectomy (CHD60), deep sclerectomy with collagen 
implant (CHD65) and trans- scleral cyclophotocoagula-
tion (CHF05). Statistics Finland provided data on mor-
tality and socioeconomic status. We identified systemic 
medications at baseline by dispensed prescriptions and 
comorbidities by granted special medication reimburse-
ments. We obtained data on malignant neoplastic dis-
ease other than non- melanotic skin cancers from the 
Finnish Cancer Registry (THL/264/5.05.00/2012).

2.2 | Statistical analysis

We carried out a multivariate Poisson regression analy-
sis on the population at risk (n = 244 100) reporting in-
cidence rate ratios (IRR) of OAG with 95% confidence 
intervals (CI) comparing subjects with and without 
DM. The models were adjusted for age, sex, hospital 
district, socioeconomic status, chronic diseases verified 
by permanent reimbursement approvals and systemic 
medications. Individuals with at least three dispensed 
prescriptions during 1 year before the start of follow- up 
were defined as users of a pharmaceutical. Drug classes 
included in the univariate model were angiotensin agents, 
beta- blockers, calcium channel antagonists, diuretics, 
statins, selective serotonin reuptake inhibitors (SSRI), 
tricyclic antidepressants, systemic corticosteroids, me-
mantine and other drugs for Alzheimer's disease. For 
the final adjusted multivariate model, we selected drugs 
that showed associations with OAG incidence in the uni-
variate model or that have reported associations with 
both DM and OAG. A Kaplan– Meier curve was plotted 
to visualize glaucoma incidences over time in the DM 
and reference groups (Figure 2). The endpoints indicat-
ing incident glaucoma were defined as new medication 
reimbursement decision or new glaucoma treatment by 
laser or surgery.

Additionally, we fitted a Fine– Gray model for com-
peting risks using OAG and death as competing events 
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with DM, sex and age as explanatory variables (Fine & 
Gray, 1999). We carried out a sensitivity analysis to test 
whether changes in the input variables altered the re-
sults. We used R language for all statistical calculations 
(R Core Team, 2019).

2.3 | Ethics considerations

We obtained approval from the Ethics Committee of 
Faculty of Medicine, University of Helsinki, 17 January 
2012 (Ref 02/2012). Approvals to extend the original 
study plan and research group were granted by regis-
ter holders SII (Kela 29/522/2019), and the Institution 
for Health and Welfare (THL/486/5.05.00/2019) and 
(THL/3157/14.02.00/2020). All data are pseudonymized 
and handled under confidentiality agreements.

3 |  RESU LTS

There were 122 050 individuals with diabetes aged 40 
or more years in the cohort with DM onset between 1 
January 2001 and 31 December 2010 and their matched 
reference pairs. The mean (SD) age at the start of follow-
 up was 62.5 years (11.4), and 45% (n = 54 587) were female 
subjects. During a 17- year study period, 2.40 million 
person- years were cumulated. Mean follow- up time was 
9.8 years (Table 1).

Altogether, 2721 new cases of OAG were diagnosed 
during the study period. OAG was identified based on 
medication reimbursement data in 2229 cases and hos-
pital billing data in 492 cases. Out of these, 1248 were 
diagnosed in the DM group in 1.16 million person- years 
of follow- up (rate 1.08, CI 1.02– 1.14/ 1000 person- years), 
while 1473 incident cases occurred in the non- diabetic 

F I G U R E  1  Flowchart of the study population formation

n=53,194

Individuals at age <40 

years

Start of follow-up 

before 2001

Beneficiaries of 

medication 

reimbursements for 

glaucoma

Recipients of glaucoma 

treatments 

n=85,402

n=15,476

n=450

n=86

Original population

n=398,708

n=345,514

n=260,112

n=244,636

n=244,186

Study population

n=244,100

Hospital visits for 

glaucoma
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reference population in 1.24 million person- years (rate 
1.19, CI 1.13– 1.26), the resulting rate ratio 0.90 (CI 0.84– 
0.97) indicating a lower glaucoma incidence associated 
with DM (Table 2).

Diabetes was associated with a lower incidence of 
OAG when adjusted for age, sex, hospital district and so-
cioeconomic status only (IRR 0.91, CI 0.84– 0.98). Similar 
results followed when adjusted for use of systemic med-
ications potentially associated with altered glaucoma 
incidence (IRR 0.91, CI 0.85– 0.99). Accounting for a set 
of chronic systemic diseases for which medication reim-
bursements were documented no association between 
OAG and DM was detected (IRR 0.92, CI 0.86– 1.00). 
Finally, when adding all variables into a single multivar-
iate model, a modestly reduced OAG incidence among 
diabetic subjects remained (IRR 0.92, CI 0.85– 0.99) 
(Table 3).

Female sex (IRR 1.22, CI 1.13– 1.33) and older age (1- 
year increment) were associated with a higher incidence 
for OAG (IRR 1.03, CI 1.03– 1.04). Incidence was high-
est in the age groups of 70-  to 80- year- olds (rate 1.90, 
CI 1.79– 2.01) and over 80- year- olds (1.93, CI 1.78– 2.10), 
over 5 times the incidence compared with the 50-  to 
60- year- olds (0.37, CI 0.32– 0.43) (Table 2).

Medication use was higher in the DM group across 
all studied drug classes except for dementia medications 
(Table 1). As secondary findings, we identified a lower 
OAG incidence associated with beta- blocker use (IRR 
0.88, CI 0.80– 0.98). Accordingly, there was a lower OAG 

incidence associated with chronic coronary heart disease 
(IRR 0.73, IRR 0.63– 0.84) and chronic cardiac insuffi-
ciency (IRR 0.61, CI 0.44– 0.84), both common indica-
tions for beta- blockers. Among the hypertension drugs, 
the use of diuretics was associated with lower (IRR 0.79, 
CI 0.69– 0.91) but angiotensin agents with higher inci-
dence of OAG (IRR 1.17, CI 1.05– 1.30). SSRI medication 
was found to be associated with lower incidence of OAG 
(IRR 0.79, CI 0.65– 0.96), while tricyclic antidepressants 
showed no association. The use of systemic statin ther-
apy was associated with a higher incidence of OAG (IRR 
1.38, CI 1.25– 1.52).

3.1 | Sensitivity analysis

We tested the sensitivity of our findings against possi-
ble confounders with additional analyses. Results of the 
Fine– Gray competing causes model showed that the 
lower glaucoma incidence among diabetic subjects was 
not due to higher mortality with hazard ratios (HR) for 
OAG (0.85, CI 0.78– 0.92) and death (1.54, CI 1.51– 1.56) in 
the diabetic population. When we tested the interaction of 
beta- blockers and diabetes, we found that beta- blockers' 
effect on the risk of glaucoma was not altered by DM sta-
tus. Similarly, there was no interaction between chronic 
hypertension and diabetes in terms of glaucoma risk. To 
test the possible impact of treatment of retinal vascular 
diseases on the incidence of glaucoma, we repeated our 

F I G U R E  2  Survival curve of open- angle glaucoma incidence. Kaplan- Meier survival probability curve showing the incidence of open- 
angle glaucoma cases over the 17- year follow- up time. The solid gray line represents individuals with diabetes and the black dashed line 
represents a reference population matched by age, sex, and region. The table below the graph shows the number of individuals still at risk of 
developing glaucoma in each group at the beginning, 5 years, 10 years, and 15 years of follow- up
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analysis excluding all subjects that had received retinal 
photocoagulation or intravitreal injections 5 years prior 
to the start of follow- up. This exclusion did not change 
the findings. We also tested the possibility of a detection 
bias related to previous cataract surgery finding no dif-
ference in the risk estimates.

4 |  DISCUSSION

In this population- based historic cohort study, DM was 
associated with a marginally lower incidence of OAG 
compared with a matched non- diabetic reference popu-
lation. The role of diabetes in glaucoma pathogenesis has 
long been a disputed topic. According to cross- sectional 
studies and subsequent meta- analyses, diabetes ap-
peared to be associated with up to 1.5- fold increased risk 
of OAG (Bonovas et al., 2004; Zhou et al., 2014). Later 
on, with more longitudinal studies being published, 

this relationship appears less evident, with a range of 
follow- up studies either establishing a higher OAG inci-
dence (Newman- Casey et al., 2011; Pasquale et al., 2006; 
Wise et al., 2011), or no association with DM (de Voogd 
et al.,  2006; Ellis et al.,  2000; Le et al.,  2003; Leske 
et al.,  2007). Recent evidence brings into question 
whether DM truly is as a risk factor for OAG.

The longitudinal study setting of this study has ad-
vantages over a cross- sectional design because the order 
of exposure and outcome events are known, and inci-
dence of events can be measured over time in a popu-
lation at risk that has been cleared of prevalent cases. 
Known temporal relationship of exposures and events 
makes inference of causation more reliable. Prevalence 
data are prone to selection bias and reverse causation 
as evidenced by a reported positive association between 
DM and OAG, if OAG was diagnosed before study re-
cruitment (Tielsch et al., 1995). This implies that individ-
uals with glaucoma were likely to know their DM status 

TA B L E  1  Basic characteristics of the study population

n

Diabetes mellitus

AllNo Yes

122 050 122 050 244 100

Age, mean (SD) 62.5 (11.4) 62.5 (11.4) 62.5 (11.4)

Female (%) 54 597 (44.7) 54 597 (44.7) 109 194 (44.7)

Socioeconomic group (%)

Upper- level employees 11 180 (9.2) 7941 (6.5) 19 121 (7.8)

Self- employed 8109 (6.6) 7082 (5.8) 15 191 (6.2)

Lower- level employees 16 162 (13.2) 13 908 (11.4) 30 070 (12.3)

Manual workers 17 691 (14.5) 17 651 (14.5) 35 342 (14.5)

Students 642 (0.5) 717 (0.6) 1359 (0.6)

Pensioners 57 893 (47.4) 62 910 (51.5) 120 803 (49.5)

Others 10 373 (8.5) 11 841 (9.7) 22 214 (9.1)

Systemic medication

Angiotensin agents 12 899 (10.6) 23 498 (19.3) 36 397 (14.9)

Beta- blockers 20 106 (16.5) 37 301 (30.6) 57 407 (23.5)

Calcium channel blockers 9410 (7.7) 16 897 (13.8) 26 307 (10.8)

Diuretics 7853 (6.4) 17 622 (14.4) 25 475 (10.4)

Medication for Alzheimer's other than memantine 952 (0.8) 726 (0.6) 1678 (0.7)

Memantine 254 (0.2) 227 (0.2) 481 (0.2)

Metformin 0 (0.0) 69 837 (57.2) 69 837 (28.6)

SSRI 3668 (3.0) 5704 (4.7) 9372 (3.8)

Statin 16 467 (13.5) 27 131 (22.2) 43 598 (17.9)

Comorbidities

Arrhythmias 2238 (1.8) 3228 (2.6) 5466 (2.2)

Cancer 3764 (3.1) 5404 (4.4) 9168 (3.8)

Cardiac insufficiency 2232 (1.8) 4401 (3.6) 6633 (2.7)

Coronary heart disease 9474 (7.8) 14 134 (11.6) 23 608 (9.7)

Hypertension 21 731 (17.8) 40 164 (32.9) 61 895 (25.4)

Inflammatory bowel disease 765 (0.6) 886 (0.7) 1651 (0.7)

Parkinson's disease 839 (0.7) 617 (0.5) 1456 (0.6)

Severe psychotic and other severe mental disorders 3230 (2.6) 5693 (4.7) 8923 (3.7)

Thyroid insufficiency 2974 (2.4) 3815 (3.1) 6789 (2.8)

Abbreviations: SD, standard deviation, SSRI, selective serotonin reuptake inhibitors.
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TA B L E  2  Incidence rates of open- angle glaucoma with 95% confidence intervals and incidence rate ratios based on univariate analysis

Group Person- years/1000
OAG 
(n) Rate 95% CI IRR 95% CI

Diabetes mellitus No 1235 1473 1.19 1.13 1.26 Reference

Yes 1161 1248 1.08 1.02 1.14 0.90 0.84 0.97

Sex

Male 1321 1263 0.96 0.90 1.01 Reference

Female 1075 1458 1.36 1.29 1.43 1.42 1.32 1.53

Age at OAG diagnosis

(40, 50) 149 21 0.14 0.09 0.22 Reference

(50, 60) 540 201 0.37 0.32 0.43 2.65 1.69 4.15

(60, 70) 814 795 0.98 0.91 1.05 6.94 4.50 10.71

(70, 80) 578 1098 1.90 1.79 2.01 13.50 8.77 20.79

(80, Inf) 313 606 1.93 1.78 2.10 13.76 8.90 21.25

Socioeconomic status

Upper- level employees 207 196 0.95 0.82 1.09 Reference

Self- employed 166 118 0.71 0.59 0.85 0.75 0.60 0.94

Lower- level employees 325 336 1.03 0.93 1.15 1.09 0.92 1.30

Manual workers 381 250 0.66 0.58 0.74 0.69 0.57 0.83

Students 14 13 0.90 0.48 1.54 0.95 0.54 1.66

Pensioners 1075 1614 1.50 1.43 1.58 1.59 1.37 1.84

Others 226 194 0.86 0.74 0.99 0.90 0.74 1.10

Medication

Angiotensin agents No 2070 2269 1.10 1.05 1.14 Reference

Yes 326 452 1.39 1.26 1.52 1.27 1.15 1.40

Beta- blockers No 1875 2102 1.12 1.07 1.17 Reference

Yes 521 619 1.19 1.10 1.29 1.06 0.97 1.16

Calcium channel 
blockers

No 2154 2397 1.11 1.07 1.16 Reference

Yes 241 324 1.34 1.20 1.50 1.21 1.08 1.36

Diuretics No 2188 2474 1.13 1.09 1.18 Reference

Yes 207 247 1.19 1.05 1.35 1.05 0.92 1.20

Statins No 1993 2093 1.05 1.01 1.10 Reference

Yes 403 628 1.56 1.44 1.69 1.48 1.36 1.62

SSRI No 2310 2650 1.15 1.10 1.19 Reference

Yes 85 71 0.83 0.65 1.05 0.73 0.57 0.92

Tricyclic 
antidepressants

No 2370 2697 1.14 1.10 1.18 Reference

Yes 25 24 0.96 0.61 1.42 0.84 0.56 1.26

Systemic corticosteroids No 2366 2686 1.14 1.09 1.18 Reference

Yes 30 35 1.18 0.82 1.64 1.04 0.74 1.45

Medication for 
Alzheimer's other 
than memantine

No 2387 2715 1.14 1.10 1.18 Reference

Yes 9 6 0.68 0.25 1.49 0.60 0.27 1.34

Memantine No 2393 2720 1.14 1.09 1.18 Reference

Yes 2 1 0.46 0.01 2.54 0.40 0.06 2.85

Metformin No 1753 1949 1.11 1.06 1.16 Reference

Yes 643 772 1.20 1.12 1.29 1.08 0.99 1.17

Comorbidities

Arrhythmias No 2351 2671 1.14 1.09 1.18 Reference

Yes 45 50 1.12 0.83 1.48 0.99 0.75 1.30

Cancer No 2331 2634 1.13 1.09 1.17 Reference

Yes 64 87 1.35 1.08 1.67 1.20 0.97 1.48

Cardiac insufficiency No 2349 2680 1.14 1.10 1.19 Reference

Yes 47 41 0.88 0.63 1.19 0.77 0.56 1.05

(Continues)
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due to broader medical interventions. The Rotterdam 
Eye Study found a higher OAG prevalence associated 
with DM, odds ratio 3.11 (95% CI 1.12– 8.66) (Dielemans 
et al., 1996), while a longitudinal study following on from 
the same cohort showed no association between glau-
coma incidence and DM, relative risk 0.65 (95% CI 0.25– 
1.64) (de Voogd et al., 2006). Different interpretations of 
risk can be inferred from the same study cohort depend-
ing on the study design.

The large cohort size and long follow- up time are 
other major advantages of this study. The 17- year study 
period fairs well relative to previous longitudinal stud-
ies with follow- up times ranging from 2 to 20 years. In 
addition, the large number of matched DM and refer-
ence subjects yielded cumulated person- years for both 
exposure groups unmatched by other population- based 
cohort studies adding to the statistical power of our 
observation.

We applied specific methods to limit bias. We con-
trolled confounding from systemic diseases, medications 
and sociodemographic factors by including of a wide set 
of variables in the multivariate analysis. By focusing on 
new incident glaucoma cases, we limited selection bias, 
a common issue in prevalence studies. To test for sur-
vival bias, we treated death as a competing event using 
the Fine– Gray model. The association between DM and 
glaucoma did not change in the competing events model 
signifying that higher mortality in DM does not explain 
the lower OAG incidence. To assess misclassification bias 
of macular diseases with visual field defects mimicking 
glaucoma, we carried out a sensitivity analysis exclud-
ing all patients that received retinal photocoagulation 
or vitreous injections. This should have ruled out reti-
nal vascular complications that are more common in the 
diabetic population. Similarly, the higher prevalence of 
cataract in association with diabetes may lead to higher 
detection of glaucoma in conjunction with periopera-
tive eye examinations (Prokofyeva et al., 2013). To rule 
out bias attributable to cataract surgery, we tested the 
sensitivity of our results by excluding subjects with past 
cataract surgery. Lower OAG incidence in the DM group 

remained regardless of previous macular treatments or 
cataract surgery. This strengthens the main finding as 
OAG was diagnosed less frequently in individuals with 
DM regardless of presumably more frequent eye exam-
inations. Given the targeted visual health screening in 
DM, it is necessary to address the concern of detection 
bias when comparing glaucoma incidences. We could not 
control our findings against number of visits to ophthal-
mic services. However, the relatively steady glaucoma 
incidence curve after DM diagnosis indicates little effect 
from fundus screening measures on detected glaucoma 
(Figure 2).

There are certain limitations in identifying glaucoma 
rates from administrative medication data that may 
lead to over or under detection of incident glaucoma. 
According to one study, up to 30% of topical glaucoma 
medications may be prescribed for ocular hyperten-
sion rendering electronic definition of glaucoma based 
on dispensed prescriptions sometimes unreliable (Ellis 
et al., 2000). Fortunately, each glaucoma reimbursement 
claim is subject to rigorous clinical and administrative 
scrutiny. Therefore, we assert that the Finnish nation-
wide medical insurance register provides a solid source 
for identifying beneficiaries with definitive glaucoma.

Medication reimbursement by SII, one definition for 
incident glaucoma used in our study, requires an appli-
cation process including an ophthalmologist's certificate 
adhering to clinical criteria as described in the methods 
section. This definition of glaucoma may be skewed to-
wards cases with high IOP; cases with low IOP need to 
meet additional criteria, while those with high IOP are 
more likely to be referred for glaucoma examination. 
In fact, a prediction model based on a Swedish cohort 
found that most subjects with glaucoma (57%) had IOP 
21 mmHg or less (Oskarsdottir et al.,  2019). The inci-
dence observed in our study, 1.19/1000 person- years in 
the DM group and 1.08 in the reference group, is below 
the incidence observed in a Finnish nationwide health 
survey with 2.2 new self- reported glaucoma cases per 
1000 person- years (Purola et al., 2021). In the Rotterdam 
Eye Study cohort, the overall incidence rate of definitive 

Group Person- years/1000
OAG 
(n) Rate 95% CI IRR 95% CI

Coronary heart disease No 2191 2490 1.14 1.09 1.18 Reference

Yes 204 231 1.13 0.99 1.29 1.00 0.87 1.14

Hypertension No 1806 1984 1.10 1.05 1.15 Reference

Yes 590 737 1.25 1.16 1.34 1.14 1.05 1.24

Inflammatory bowel 
disease

No 2379 2701 1.14 1.09 1.18 Reference

Yes 16 20 1.24 0.76 1.92 1.09 0.70 1.70

Parkinson's disease No 2385 2713 1.14 1.10 1.18 Reference

Yes 10 8 0.78 0.34 1.54 0.69 0.34 1.37

Severe psychotic and 
other severe mental 
disorders

No 2313 2651 1.15 1.10 1.19 Reference

Yes 83 70 0.85 0.66 1.07 0.74 0.58 0.94

Thyroid insufficiency No 2330 2628 1.13 1.09 1.17 Reference

Yes 66 93 1.42 1.14 1.74 1.26 1.02 1.54

Abbreviations: CI, confidence interval; IRR, incidence rate ratio; OAG, open- angle glaucoma; SSRI, selective serotonin reuptake inhibitors.

TA B L E  2  (Continued)
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and probable OAG was 3.5 per 1000 person- years over a 
mean follow- up time of 6.5 years (de Voogd et al., 2005). 
In the same cohort, the incidence of glaucomatous vi-
sual field loss was 2.9 per 1000 person- years (Czudowska 
et al., 2010). These higher incidences compared with our 
real- world data may reflect the detection of otherwise 
undiagnosed OAG by screening within the Rotterdam 
Eye Study protocol. The age- specific OAG incidences in 
our study have a steeper increase towards older age com-
pared with the Rotterdam Eye Study cohort (Table  2). 
In our study, the difference in OAG incidence from 
50– 60- year- olds to 70– 80- year- olds was fivefold, while in 
the Rotterdam Study, the difference was less than dou-
ble from 2.8 in 55– 60- year- olds to 4.8 in 70– 74- year- olds 
and 5.2 in 75– 79- year- olds (de Voogd et al., 2005). These 
differences in OAG incidences by age may indicate an 
earlier diagnosis due to screening. Based on the above 
comparison, we believe our definition of glaucoma did 

not overestimate glaucoma incidences and that the crite-
ria reasonably avoided inclusion of glaucoma suspects or 
ocular hypertension as definitive glaucoma.

The definitions of DM and glaucoma differ across 
previously published studies contributing to some vari-
ation in their results. Broadly utilized sources have been 
healthcare registers, self- reporting through question-
naires, or clinical examinations complemented with oc-
ular imaging, visual field tests, blood samples and other 
physiological measurements. Unlike survey studies, we 
were unable to incorporate self- reported behavioural 
data, for example smoking, alcohol consumption, phys-
ical activity, body mass index or family history of glau-
coma. There was no clinical assessment of study subjects 
or their medical files to obtain IOP readings and type of 
tonometry, visual field data, slit- lamp examination find-
ings or other detailed information for the purpose of this 
study.

Due to the nature of the register data, we could not 
discern between primary open- angle, normal- tension 
and pseudoexfoliation glaucoma as distinct endpoints 
or report their relative incidences. In a recent Finnish 
population- based cohort study, investigating glaucoma 
prevalence in 45-  to 49- year- olds, 30 (89%) of 33 defin-
itive glaucoma cases were normal- tension glaucoma 
(Karvonen et al., 2019). In another Finnish cohort of peo-
ple over 70 years of age, half of the prevalent OAG cases 
represented primary and another half pseudoexfoliation 
glaucoma (Hirvelä et al., 1994). In a Swedish population- 
based study, pseudoexfoliation glaucoma represented 
8% of all open- angle glaucoma cases (Leske et al., 1999). 
Because we could not discern between glaucoma reim-
bursement decisions that were based on IOP or neuropa-
thy criteria, it is possible the glaucoma criteria identified 
the effects of diabetic- induced corneal stiffening on to-
nometry measurements rather than glaucomatous optic 
neuropathy (Wang et al., 2020). Nonetheless, this was not 
reflected as higher OAG detection in DM based on our 
results.

Diabetes mellitus may influence biological processes 
linked with the pathogenesis and progression of glau-
coma in ways that are difficult to fully control for in 
register studies. Type 2 DM has been associated with 
a slower rate of retinal nerve fibre layer thinning (Hou 
et al.,  2018), with medications and other health care 
interventions targeted at DM presenting one possible 
explanation to this finding. Metformin, an oral antidi-
abetic agent, protected against retinal cell injury in an 
experimental study on diabetic mice (Kim et al., 2017). 
In a US cohort study, metformin was associated with 
a dose- dependent reduction in risk of developing OAG 
(Lin et al., 2015). As a limitation, we could not identify 
drug selection patterns for treating comorbidities and 
cardiovascular risks specific to DM that may differ from 
that of the population in general. Some of these drug 
classes may modulate the pathophysiology and risk of 
glaucoma. We aimed to control for confounding by med-
ication in our adjusted model by including clinically rel-
evant drug classes.

The findings of this study can be interpreted in 
the context of recent advances in the care of DM in 
Finland. The mortality of Finnish DM patients has 

TA B L E  3  Incidence rate ratios of open- angle glaucoma with 
95% confidence intervals based on Poisson regression adjusted for 
diabetes, sex, age, socioeconomic status, medication, comorbidities 
and hospital district (not shown)

IRR 95% CI

Diabetes mellitus 0.92 0.85 0.99

Female 1.22 1.13 1.33

Age 1.03 1.03 1.04

Socioeconomic status

Upper- level employees Reference

Self- employed 0.77 0.61 0.97

Lower- level employees 1.06 0.89 1.27

Manual workers 0.73 0.60 0.88

Students 1.04 0.59 1.82

Pensioners 0.97 0.82 1.15

Other 0.88 0.72 1.08

Medication

Angiotensin agents 1.17 1.05 1.30

Beta- blockers 0.88 0.80 0.98

Calcium channel blockers 1.02 0.90 1.15

Diuretics 0.79 0.69 0.91

Statins 1.38 1.25 1.52

SSRI 0.75 0.59 0.95

Tricyclic antidepressants 0.86 0.57 1.29

Systemic corticosteroids 0.92 0.66 1.28

Comorbidities

Arrhythmias 0.92 0.69 1.22

Cancer 1.00 0.81 1.24

Cardiac insufficiency 0.61 0.44 0.84

Coronary heart disease 0.73 0.63 0.84

Hypertension 1.00 0.91 1.10

Inflammatory bowel disease 1.22 0.82 1.98

Parkinson's disease 0.56 0.28 1.13

Severe psychotic and other 
severe mental disorders

0.82 0.65 1.05

Thyroid insufficiency 1.05 0.86 1.30

Abbreviations: CI, confidence interval; IRR, incidence rate ratio; OAG, open- 
angle glaucoma; SSRI, selective serotonin reuptake inhibitors.
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decreased over the past two decades driven by falling 
cardiovascular mortality (Niskanen et al.,  2020). We 
can assume this to be due to a publicly funded health-
care system, early detection of DM and a holistic treat-
ment approach aimed at the full spectrum of metabolic 
syndrome and diabetic complications. As components 
of metabolic syndrome may have a compounding risk 
on developing OAG (Newman- Casey et al., 2011), it is 
plausible that a well- rounded diabetes treatment reg-
imen can attenuate the risk of diseases with vascular 
pathophysiology, including glaucoma. Such interme-
diary effects linked to DM could explain the lower 
OAG incidence associated with DM in our study as the 
impact of DM on OAG may vary by population and 
management of other vascular conditions. Large lon-
gitudinal studies with comparable case definitions for 
OAG and DM followed by meta- analysis would help 
further in determining the relationship between DM 
and risk of developing OAG. In conclusion, DM was 
associated with a modestly lower OAG incidence in 
this population- based longitudinal study.
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