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Abstract

Background A better understanding of the association between chronic kidney disease (CKD) and glaucoma
is required to optimize clinical outcomes. Therefore, this study aimed to investigate the association of chronic kidney
disease (CKD) with new diagnoses of glaucoma over time from January 2009 to December 2019.

Method This retrospective propensity-matched cohort study utilizing Taiwanese electronic health records exam-
ined the incidence of newly diagnosed glaucoma in patients with and without chronic kidney disease (CKD). The
exposure variable was the diagnosis of CKD, identified through diagnostic codes. The primary outcome was the inci-
dence of new-onset glaucoma. Subgroup analyses on glaucoma risk included age, gender, comorbidities, glaucoma
subtypes, and dialysis status. Statistical analyses included Kaplan—Meier analysis, Cox proportional hazards models,
and Poisson regression models, with the associated hazard ratios and confidence intervals reported.

Results Seven hundred twenty-three thousand two hundred sixteen patients with CKD (42.3% female; mean [SD]
age at index, 66.3 [15.6] years) and 723,216 patients without CKD (42.3% female; mean [SD] age at index, 66.3 [15.7])
were recruited. We showed a significantly increased risk of glaucoma irrespective of subtypes in CKD patients com-
pared to those without CKD (HR: 1.29 [Cl: 1.26-1.32], p<0.001). Kaplan—Meier curves revealed a significantly increased
glaucoma risk in both the dialytic subtype and non-dialytic CKD patients when compared to their non-CKD coun-
terparts (p <0.001). We also showed that all genders (@HR 1.17 [Cl: 1.13-1.21] for females vs. aHR 1.39 [Cl:1.35-1.43]

for males), all ages (<=49:aHR 1.49 [Cl: 1.37-1.62]; 50-59: aHR 1.48 [Cl: 1.40-1.56]; 60-69: aHR 1.30 [Cl: 1.25-1.6];
70-79:aHR 1.21 [Cl: 1.17-1.26];>80: aHR 1.29 [Cl: 1.21-1.37]); all income brackets and all urbanization status were
associated with significantly increased risk of glaucoma from among the CKD cohort when compared to their respec-
tive non-CKD cohort (p<0.001).

Conclusions Our cohort study spanning 12 years showed an elevated glaucoma risk following a CKD diagnosis
compared to a frequency-matched non-CKD cohort. Our findings have relevance for the clinical practice of at-risk
CKD patients.

Trial registration Due to the retrospective nature of the study, no registration was necessary.
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Introduction

Chronic kidney disease (CKD) is a major public health
issue, with recent estimates of 26 million United States
adults being affected [1]. Ocular complications like dia-
betic retinopathy have been described. This is unsurpris-
ing given the developmental similarities between the
ocular and renal organs [2]. Emerging evidence suggests
a link between glaucoma and CKD, potentially due to
mechanisms such as renin-angiotensin system dysfunc-
tion [3], which can disrupt ocular fluid homeostasis and
the blood—brain barrier at the optic nerve head [4] (refer
to Supplementary Fig. 1). Other mechanisms include the
involvement of inflammatory-related pathways. However,
current studies on glaucoma involvement among CKD
patients are either limited in size or the study design was
not comprehensive enough. For example, Ro et al. relied
on the Korean diagnostic code, limiting its generaliz-
ability and reproducibility of results among researchers
outside of Korea [5]. Such limitations in current stud-
ies hinder a more comprehensive understanding of the
association between CKD and glaucoma. Glaucoma, a
neurodegenerative disease characterized by retinal gan-
glion cell dysfunction and visual field defects, is a lead-
ing cause of blindness worldwide [6] and significantly
impacts the quality of life. One study suggested that con-
cordant comorbidities among CKD patients were associ-
ated with an increased risk of hospitalization and poorer
clinical outcomes if not managed properly [7]. In other
words, these findings suggest that early diagnosis and
comprehensive care of comorbidities can lead to better
clinical outcomes for CKD patients. Therefore, this study
aimed to evaluate the associations between CKD and
specific comorbidity with potentially severe visual impli-
cations (i.e., glaucoma) and to identify factors contribut-
ing to glaucoma development, using data from Taiwan’s
National Health Insurance Research Database (NHIRD)
to improve care for at-risk CKD cohorts.

Methods

Database descriptions

Datasets from the Longitudinal Health Insurance Data-
base (LHID) of the NHIRD were utilized. The limitations
section will elaborate further on the challenges asso-
ciated with studies utilizing electronic health records
(EHRs) such as the LHID, including classification bias
from inaccurate diagnostic codes. Despite these issues,
the validity of EHR usage in epidemiological research
has been established in previous studies [8]. The NHIRD
is a federated database managed by the Taiwan National
Health Insurance Administration (NHIA), comprising a
randomized sample of one million patients from a popu-
lation exceeding 21 million enrollees across Taiwan since
2000. The LHID subset contains electronic health records
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encompassing basic demographics, diagnoses, exami-
nations, and prescriptions obtained from outpatient
and inpatient care settings. All data within the LHID
are presented in aggregated form, containing statistical
summaries of de-identified information. Furthermore,
the database has complied with the "Personal Informa-
tion Protection Act" of Taiwan. Access to the LHID is
restricted to researchers affiliated with medical institu-
tions who have obtained prior approval from the NHIA.
Studies utilizing the LHID does not contain human
participants and are exempt from review by the China
Medical University Hospital Institutional Review Board
(Taichung, Taiwan). The China Medical University Hos-
pital Institutional Review Board also waived patient con-
sent requirements due to the use of de-anonymized data.
This research adhered to the Strengthening the Report-
ing of Observation Studies in Epidemiology (STROBE)
reporting guideline.

Study population and cohort definitions

This was a retrospective, population-based cohort study
that recruited 723,216 patients diagnosed with CKD
(referred to as the CKD cohort) and an equal number of
frequency-matched individuals (723,216) with no previ-
ous history of CKD documented (referred to as the non-
CKD cohort). The index event for the CKD cohort was
an encounter diagnosis of CKD. Inclusion in the CKD
cohort was based on relevant clinical encounter diagno-
sis International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10) codes.
Specifically, patients were recruited into our CKD cohort
if their CKD diagnosis was present for at least two medi-
cal encounters in an outpatient setting or at least one
encounter in an inpatient setting (refer to Supplementary
Table 1, Supplementary Fig. 2, Supplementary Fig. 3). The
study period was from January 1st, 2009, to December
31st, 2015.

Furthermore, we identified dialytic CKD within the
CKD cohort with a history of receiving dialysis proce-
dures for at least 3 months or more (refer to Supplemen-
tary Table 1).

Our exclusion criteria excluded those with a previous
history of glaucoma before the index date, as indicated
by the corresponding ICD-10 codes (refer to Supple-
mentary Table 1). Our exclusion criteria also excluded
those under 18 years old, patients whose index dates
were not between 2009 and 2015, patients with missing
demographic data, and patients with no follow-ups. A
1:1 ratio of frequency matching was employed to create a
1:1 match between individuals with CKD with those who
did not have a history of CKD. Covariates included in the
frequency matching encompassed sex, age, and year of
index date.
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Baseline covariates and outcome

Demographic characteristics included age (categorized
as< =49, 50-59, 60-60, 70-79> =80 years), gender,
income and urbanization status (refer to Table 1).

This study used the Taiwanese insurance premium to
extrapolate the estimated individual income. Income
status was classified into three groups: (1) low income:
lower than 17,800 New Taiwan dollar (NT$) per month
(US$568); (2) moderate income: 17,800 -43,900 NT$ per
month (US$568 -1402); and high income: 43,900 NT$
per month (US$1402). This income classification was
based on the minimum monthly income for the year
2012 in Taiwan (set at NT$ 17,800).

The wurbanization level of the study participants
extracted from the NHIRD in our study was categorized
into four subtypes based on various factors calculated
by the NHIRD platform. These factors include the pop-
ulation density of the residential area of the individual
enrollee and the percentage of residents with at least
a form of tertiary education. These four urbanization
subtypes were urban (urbanization level 1), sub-urban
(urbanization levels 2—3), and rural (urbanization level
4+).

The primary endpoint was the development of new-
onset glaucoma. This was defined as the new (or first-
time) encounter diagnosis ICD-10 code of glaucoma or
those who received glaucoma-related eye drops within
the follow-up period. Our follow-up period was from
2009 to 2019.

Statistical analysis

The characteristics of the study population were
described based on CKD status before and after fre-
quency matching. We used a Chi-square test for the cat-
egorical variable and a Student T-test for the continuous
variables. Individuals were either censored at the end of
the study period or upon loss to follow-up, whichever
occurred first, for all analyses. The incidence density
rate of glaucoma for each cohort was estimated by divid-
ing the number of glaucoma event occurrences by the
total follow-up time (per 1000 person-years). The Pois-
son regression model was also used to assess the CKD
patients, the non-CKD control associated incidence rate
ratio (IRR) for glaucoma, and 95% confidence intervals
(CIs). A Multivariable Cox proportional hazard regres-
sion model was conducted to estimate the hazard ratio
[9] and 95% CI of developing glaucoma. The multivari-
able models were adjusted for sex, age, income, urbaniza-
tion and comorbidities of hypertension, diabetes mellitus,
hyperlipidemia, stroke, and dementia. The proportional
hazard model assumption was examined using a test of
scaled Schoenfeld residuals. In models evaluating the
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glaucoma risk, results of the test revealed no significant
relationship between Schoenfeld residuals for CKD and
follow-up time. The cumulative incidence of glaucoma
was calculated using the Kaplan-Meir analysis with log-
rank test. All hypothesis tests were two-sided, and statis-
tical significance was considered when the P-value was
less than 0.05.

Results

Baseline demographics

Seven hundred twenty-three thousand two hundred six-
teen patients with CKD (42.3% female; mean [SD] age
at index, 66.3 [15.6] years) and 723,216 patients without
CKD (52.3% female; mean [SD] age at index, 66.3 [15.7])
were recruited (refer to Table 1). With non-CKD coun-
terparts as reference, there was a greater proportion of
CKD patients with hypertension (71.8% of total CKD
cases), diabetes (42.3%), hyperlipidemia (44.8%), stroke
(12.9%), and dementia (7.16%). In terms of income, 32.6%
of the CKD cohort are of low-income level (monthly
income < 17,880 NT$), 52.4% had moderate-income level
(17,880 NT$-43,990), and 15.1% had high-income level
(>43,900 NT$). Regarding urbanization level [9], 49.9%
of the CKD cohort is classified as UL 1, 39.3% as UL 2,
8.65% as UL 3, and 2.2% as UL 4+. The median follow-
up period was 5.35+2.94 years for the CKD cohort and
6.69 * 2.42 years for the non-CKD cohort.

Covariates and outcomes

According to Table 1, we found a significantly higher
number of individuals from the CKD cohort who devel-
oped glaucoma of both subtypes (i.e., primary open-angle
glaucoma [POAG] or primary closed angle glaucoma
[PACG]) within the study period compared to those from
the non-CKD cohort (3.28% of total cases from the CKD
cohort vs. 2.28% of the total cases from the non-CKD
cohort) (p<0.0001).

Additionally, a significantly higher number of indi-
viduals from the CKD cohort received glaucoma-
related medications compared to the non-CKD cohort
(p<0.0001). Moreover, a greater number of CKD patients
were prescribed two categories of glaucoma medications
per prescription compared to non-CKD patients (1127
CKD patients vs. 657 non-CKD patients, respectively)
(refer to Table 1). Also, a higher proportion of patients in
the CKD cohort using oral carbonic anhydrase inhibitors
(CAI) and topical medications containing CAI (topical
CAI and B-blocker plus CAI) was found compared to the
non-CKD cohort (p <0.001).

The risk of glaucoma and its subtypes among CKD
compared to the non-CKD cohort were analyzed using
a combined Poisson Regression model and multivariate
Cox proportional hazards regression analysis (See Table 2
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Table 1 Demographic and clinical characteristics in patients with and without CKD

Variable CKD P-value
No Yes
n (%) / Mean+SD n (%) / Mean+SD
All 723,216 723216
Sex 0.99
Female 305,730(42.3) 305,730(42.3)
Male 417,486(57.7) 417,486(57.7)
Age (year) 0.99
<49 106,693(14.8) 106,693(14.8)
50-59 121,593(16.8) 121,593(16.8)
60-69 153,664(21.3) 153,664(21.3)
70-79 178,468(24.7) 178,468(24.7)
>80 162,798(22.5) 162,798(22.5)
Mean +SD? 663+15.7 6631156
Income <0.001
<17,880 264,522(36.6) 235,478(32.6)
17,880-43,900 343,883(47.6) 378,686(52.4)
>43,900 114,811(15.9) 109,052(15.1)
Urbanization <0.001
1 363,152(50.2) 360,757(49.9)
2 271,358(37.5) 283,974(39.3)
3 59,966(8.29) 62,589(8.65)
4+ 28,740(3.97) 15,896(2.20)
Comorbidities
Hypertension 249,537(34.5) 519,509(71.8) <0.001
Diabetes 100,656(13.9) 306,159(42.3) <0.001
Hyperlipidemia 147,429(20.4) 323,953(44.8) <0.001
Stroke 32,632(4.51) 93,584(12.9) <0.001
Dementia 23,988(3.32) 51,791(7.16) <0.001
Dialysis
Hemodialysis 61,406(8.49)
Peritoneal dialysis 7671(1.06)
Outcome: Glaucoma
All 16,515(2.28) 23,693(3.28) <0.001
POAG 3941(0.54) 5291(0.73) <0.001
PACG 3057(0.42) 3872(0.54) <0.001
Glaucoma Medications
Oral carbonic anhydrase inhibitor 3516(0.49) 4491(0.62) <0.001
Topical B-blockers 7091(0.98) 9147(1.26) <0.001
a-agonists 3476(0.48) 5927(0.82) <0.001
Prostaglandins(PGs) 767(0.11) 1259(0.17) <0.001
Carbonic anhydrase inhibitors 522(0.07) 1121(0.16) <0.001
Parasympathetic agonists 486(0.07) 622(0.09) <0.001
Combinations
B-blocker +PGs 74(0.01) 85(0.01) 038
B-blocker+ CAl 796(0.11) 1182(0.16) <0.001
B-blocker +a-agonist 457(0.06) 707(0.10) <0.001
Glaucoma medication categories per prescription <0.001
1 category 15,858(2.19) 22,567(3.12)
2 categories 657(0.09) 1127(0.16)
Follow-up time (years)’ 6.69+242 535+2.94 <0.001

Chi-square test

2 t-test
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Table 2 Risk of primary open angle glaucoma and primary angle closure glaucoma among CKD patients compared to non-CKD in

the Poisson regression model and Cox risk models

CKD
No Yes
Outcome Event IR Event IR Crude Adjusted?®
IRR (95% CI) P-value HR (95% Cl) P-value
All 16,515 341 23,693 6.13 1.79(1.76, 1.83) <0.001 1.29(1.26,1.32) <0.001
PACG 3057 0.63 3872 1.00 1.58(1.51, 1.66) <0.001 1.26(1.20,1.33) <0.001
POAG 3941 0.81 5291 1.37 1.68(1.61,1.75) <0.001 1.22(1.17,1.28) <0.001

IR Incidence rate, per 1000 person-years, IRR Incidence rate ratio, HR Hazard ratio

@ Multivariable analysis including sex, age, income, urbanization and comorbidities of hypertension, diabetes mellitus, hyperlipidemia, stroke, and dementia

and Supplementary Fig. 4). The Cox model showed a
significantly increased risk of glaucoma irrespective of
subtypes in patients with CKD compared to those with-
out CKD (aHR: 1.29 [CI: 1.26-1.32], p<0.001). We also
showed a significantly increased risk of PACG (aHR: 1.26
[CL: 1.20-1.33], p<0.001) and POAG (aHR: 1.22 [CL:
1.17-1.28], p<0.001) among those with CKD compared
to those without CKD. Through the Poisson regression,
using non-CKD as a reference, our findings also showed
that the incident rate ratios (IRRs) for glaucoma develop-
ment were significantly higher in the CKD group (IRR:
1.79 [CI: 1.76-1.83], p < 0.001) comparatively.

We also analyzed whether the risk of glaucoma was
increased when associated with various covariates pre-
sent among the CKD cohort compared to the non-CKD
cohort using a combined Poisson Regression model and
multivariate Cox proportional hazards regression analysis
(refer to Table 3 and Supplementary Fig. 5). Using non-
CKD as reference, we showed an elevated aHR of 1.17
[CL: 1.13-1.21] and IRR of 1.58 [CI: 1.53-1.63] among
those that are female; elevated aHR of 1.39 [CI:1.35-1.43]
and IRR of 1.97 [CI: 1.92-2.02] among those that are
males; elevated aHR (<=49: aHR 1.49 [CI: 1.37-1.62];
50-59: aHR 1.48 [CI: 1.40-1.56]; 60-69: aHR 1.30 [CI:
1.25-1.6]; 70-79: aHR 1.21 [CI: 1.17-1.26];>80: aHR
1.29 [CL: 1.21-1.37]) and IRR (<=49: IRR 2.58 [CL: 2.40—
277]; 50-59: IRR 2.18 [CI: 2.07-2.29]; 60-69: IRR 1.61
[CI: 1.55-1.67]; 70-79: IRR 1.45 [CI: 1.40-1.50]; > 80: IRR
2.42 [CL: 2.29-2.54]) among all age groups assessed; ele-
vated aHR (<17,880 NT$: aHR 1.40 [1.34-1.46]; 17,880—
43900 NT$: aHR 1.24 [CI: 1.20-1.28];>43,900 NT$: aHR
1.20 [CIL: 1.14-1.26]) and elevated IRR (<17,880 NT$:
IRR 2.37 [2.29-2.46]; 17,880-43900 N'T$: IRR 1.60 [CI:
1.55-1.64];>43,900 NT$: IRR 1.48 [CI: 1.41-1.55] in all
income brackets; elevated aHR (urbanization level (UL)
1: aHR 1.28 [CI: 1.25-1.33]; UL 2: aHR 1.27 [CI: 1.23—
1.32]; UL 3: aHR 1.34 [CIL: 1.24-1.45]; UL 4: aHR 1.49
[CL: 1.25-1.78]) and elevated IRR (UL 1: IRR 1.76 [CL:

1.71-1.81]; UL 2: IRR 1.74 [CI: 1.69-1.80]; UL 3: IRR 1.83
[CI: 1.71-1.96]; UL 4: IRR 3.28 [CI: 2.83—3.80]) among all
urbanization statuses.

Table 3 and Supplementary Fig. 5 also further demon-
strated that individuals with either a history or no history
of specific comorbidities of interest were all associated
with an increased risk of glaucoma. Comorbidities of
interest included hypertension (negative history: aHR
1.47, CI: 1.42-1.53, p<0.001 and IRR 1.69, CI: 1.64-1.76,
p<0.001 vs. positive history: aHR 1.17, CI: 1.14-1.20,
p<0.001 and IRR 1.27, CI: 1.24-1.30, p<0.001), diabetes
(negative history: aHR 1.27, CI: 1.24-1.31, p<0.001 and
IRR:1.53, CI: 1.49-1.57, p <0.001 vs. positive history: aHR
1.26, CI: 1.22-1.31, p<0.001 and IRR: 1.33, CI:1.28-1.38,
p<0.001), hyperlipidemia (negative history: aHR 1.33, CI:
1.30-1.37, p<0.001 and IRR: 1.83, CI: 1.78-1.88, p <0.001
vs. positive history: aHR 1.17, CI: 1.14-1.21, p<0.001
and IRR 1.27, CI: 1.23-1.31, p<0.001), and stroke (nega-
tive history: aHR 1.31, CI: 1.28-1.34, p>0.001 and IRR:
1.81, CI: 1.78-1.85, p<0.001 vs. positive history: aHR
1.13, CI: 1.04-1.23, p<0.001 and IRR 1.31, CI: 1.21-14.2,
2<0.001). Only CKD with a negative history of demen-
tia (aHR 1.31 [CI: 1.28-1.34], p<0.001 and IRR 1.82 [CI:
1.79-1.86], p<0.001) showed an increased risk of glau-
coma compared to its non-CKD comparators.

With non-CKD as reference, the non-dialytic CKD
cohort showed an increased glaucoma risk in terms
of aHR (1.22 [CI: 1.20-1.25], p<0.001) as well as IRR
(1.64 [CL: 1.61-167], p<0.001) (refer to Supplemen-
tary Table 2). In terms of the dialytic CKD cohort
who received peritoneal dialysis (PD), they showed
an increased glaucoma risk in terms of aHR (1.67 [CL
1.52-1.83], p<0.001) compared to the non-dialytic CKD
cohort and aHR (1.96 [CI: 1.78-2.16]) when compared
to the non-CKD cohort. This PD group also reported an
IRR of 2.52 (CI: 2.29-2.77, p < 0.001) relating to glaucoma
risk compared to the non-CKD cohort. Among the dia-
lytic CKD who received hemodialysis, they showed an
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Table 3 Poisson regression model and Cox risk models on the risk of glaucoma associated with CKD based on covariates of interest

CKD
No Yes
Variables Event IR Event IR Crude Adjustedt
IRR (95% Cl) P-value HR (95% ClI) P-value
Sex
Female 7317 3.58 9429 5.65 1.58(1.53, 1.63) <0.001 1.17(1.13,1.21) <0.001
Male 9198 329 14,264 6.48 1.97(1.92,2.02) <0.001 1.39(1.35,1.43) <0.001
Age (year)
<49 1041 1.34 2484 345 2.58(2.40,2.77) <0.001 149(1.37,1.62) <0.001
50-59 2338 2.70 4478 5.89 2.18(2.07,2.29) <0.001 1.48(1.40, 1.56) <0.001
60-69 4647 446 6408 7.16 1.61(1.55,1.67) <0.001 1.30(1.25, 1.6) <0.001
70-79 6116 5.26 6981 7.64 1.45(1.40,1.50) <0.001 1.21(1.17,1.26) <0.001
>80 2373 240 3342 578 242(2.29,2.54) <0.001 1.29(1.21,1.37) <0.001
Income
<17,880 5027 285 7498 6.78 2.37(2.29,2.46) <0.001 1.40(1.34, 1.46) <0.001
17,880-43,900 8640 3.77 12,634 6.02 1.60(1.55, 1.64) <0.001 1.24(1.20, 1.28) <0.001
>43,900 2848 3.65 3561 5.39 1.48(1.41,1.55) <0.001 1.20(1.14, 1.26) <0.001
Urbanization
1 8436 347 11,957 6.09 1.76(1.71,1.81) <0.001 1.28(1.25,1.33) <0.001
2 6346 351 9184 6.13 1.74(1.69, 1 80) <0.001 1 27(1 23,1.32) <0.001
3 1424 3.59 2126 6.57 1.83(1.71, 1.96) <0.001 34(1.24,1.45) <0.001
4+ 309 1.54 426 5.06 3.28(2.83, 3. 80) <0.001 49(1.25,1.78) <0.001
Comorbidities
Hypertension
No 8192 246 5017 417 1.69(1.64, 1.76) <0.001 47(1.42,1.53) <0.001
Yes 8323 552 18,676 7.01 1.27(1.24,1.30) <0.001 1.17(1.14, 1.20) <0.001
Diabetes
No 12,750 3.00 10,713 4.59 1.53(1.49,1.57) <0.001 1.27(1.24,1.31) <0.001
Yes 3765 6.39 12,980 847 1.33(1.28,1.38) <0.001 1.26(1.22,1.31) <0.001
Hyperlipidemia
No 11,413 292 10,919 534 1.83(1.78, 1.88) <0.001 1.33(1.30, 1.37) <0.001
Yes 5102 5.53 12,774 7.01 1.27(1.23,1.31) <0.001 1.17(1.14,1.21) <0.001
Stroke
No 15,733 3.36 21,257 6.10 1.81(1.78,1.85) <0.001 1.31(1.28,1.34) <0.001
Yes 782 4.88 2436 6.39 1.31(1.21,1.42) <0.001 1.13(1.04,1.23) 0.003
Dementia
No 16,024 339 22,870 6.18 1.82(1.79,1.86) <0.001 1.31(1.28,1.34) <0.001
Yes 491 4.69 823 499 1.06(0.95, 1.19) 045 1.00(0.89, 1.12) 0.98

aHR of 1.67 ([CIL: 1.61-1.73], p<0.001) and aHR of 1.98
([CI: 1.91-2.06], p <0.001) relating to glaucoma risk when
compared to the non-dialytic CKD cohort and non-CKD
cohort respectively. This HD group also showed an IRR
of 3.12 (CI: 3.01-3.23], p<0.001) relating to glaucoma
risk compared to the non-CKD.

Kaplan Meier curves in Fig. 1 indicated an overall
increased risk of glaucoma among both the non-dialytic

and dialytic CKD patients when compared to the non-
CKD patients (p <0.001).

Discussion

Novel findings

We showed a significantly increased risk of developing
OAG and ACG within the CKD cohort compared to the
non-CKD cohort. Notably, this increased glaucoma risk
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Fig. 1 Kaplan Meier Curve for the cumulative incidence of glaucoma
among CKD patients compared to non-CKD patients

persisted among both the dialytic and non-dialytic CKD
cohorts. Our combined multivariate Cox proportional
hazard regression and Poisson regression models fur-
ther demonstrated that all genders, all age groups (< =40,
50-59, 60-69, 70-79,>80), and all socioeconomic
brackets from the CKD cohort were associated with an
increased risk for glaucoma compared to their respective
non-CKD comparators. Furthermore, an increased risk
of glaucoma was observed irrespective of whether CKD
patients had a history of comorbidities such as hyperten-
sion, hyperlipidemia, stroke, dementia or diabetes.

Clinical implications

Our study significantly contributes to the existing litera-
ture by employing rigorous methodology, including long
follow-up durations and frequency score matching, to
investigate the risk of glaucoma among the CKD cohort.
Ours is also one of the largest studies to investigate the
association between the risk of developing primary open-
angle glaucoma (POAG) and primary angle-closure glau-
coma (PACGQG) subtypes within the chronic kidney disease
(CKD) cohort in a population-based study. Using a large
dataset enables researchers to elucidate better the real-
world epidemiology of glaucoma and its predictive fac-
tors among CKD patients. When identifying a condition’s
causes, ideally one can examine relevant data directly
from individual medical records. However, such a ret-
rospective chart review is often time-consuming, limit-
ing the number of patients able to be recruited via this
method. Therefore, employing multi-institutional elec-
tronic records and utilizing electronic diagnostic codes
allows researchers to identify cohorts of CKD patients
with glaucoma efficiently. This study design can also be
modified to recruit subgroups of the disease of interest
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and conduct subgroup analyses on covariates of interest.
This was one of our strengths, as previous studies, such
as the one by Ro et al., did not explore the risks of pri-
mary open-angle glaucoma (POAG) and primary angle-
closure glaucoma (PACG) subtypes within their CKD
group [5]. Furthermore, our study is among the first to
analyze glaucoma’s associations with dialytic and non-
dialytic CKD. Understanding the comorbidities of CKD
is important as the effective management of comorbidi-
ties among CKD patients has been found to affect their
overall clinical outcomes [10].

However, it should be highlighted that there is currently
a lack of mention regarding glaucoma-related complica-
tions among CKD patients among current guidelines.
This gap underscores the need for further research to
understand the associations between glaucoma and CKD
better. For example, current guidelines for CKD care
from the United States (US) and the United Kingdom
[11] prioritize the management of complications such as
diabetic-related issues [12, 13]. For example, the 2023 US
guidelines recommend ophthalmologic screening only
for diabetic retinopathy at the time of a type 2 diabetes
diagnosis in CKD patients [14]. Therefore, our findings
have implications in terms of raising awareness of glau-
coma risk for at-risk CKD patients.

It is also worth noting that a higher proportion of
patients in the CKD cohort received oral CAI and topi-
cal medications containing CAI (seen in both the topical
CAI and the p-blocker-CAI hybrid medication) com-
pared to the non-CKD cohort (p<0.001). This is inter-
esting as the use of such medications among those with
impaired renal function is generally done under extreme
caution, as it potentially increases the risk of metabolic
acidosis and long-term dialysis [15]. Our findings may
also highlight the importance of increased awareness
regarding the suitability of specific medications, such as
CAlIs, for CKD patients.

Comparisons to literature

One thousand three hundred eighteen CKD patients
were recruited in Ro et al. using diagnostic codes
from a Korean electronic health registry [5]. Ro et al.
reported an increased risk for open-angle glaucoma
(OAG) among CKD patients (HR: 1.546 [CI: 1.363—
1.754], p<0.001). They also found an increased risk
of OAG among both their mild cases and advanced
cases of CKD, as well as an increased OAG risk among
females and those 40 years and older. They also found
increased OAG in rural areas (p<0.001) and lower
income (p<0.001). Their findings complemented our
own. One of the similarities between our study design
and that of Ro et al. pertained to the primary outcome
[5]. Both studies utilized diagnostic codes related to
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glaucoma and glaucoma-related medications to iden-
tify new incident glaucoma among CKD patients. One
major difference was that our study utilized interna-
tionally recognized ICD diagnostic codes. Unfortu-
nately, diagnostic codes have limitations, such as the
inability to determine the eGFR levels. Additionally, we
could not assess glaucoma-related ophthalmic param-
eters such as visual fields. Zhu et al. hinted towards the
implications of such limitations. Zhu et al. was a cross-
sectional study investigating the risks of major eye dis-
eases, including glaucoma, among CKD patients. Major
differences between their study and ours included its
cross-sectional nature and the use of actual measure-
ments of eGFR and ophthalmological parameters like
cup-to-disc ratio to assess glaucoma risk among CKD
patients [16]. Using such a study design, Zhu et al.
found no significant association between CKD and
glaucoma. This is a factor that future studies should
explore further.

We also showed an increased risk of glaucoma among
dialytic CKD patients compared to their non-CKD
comparators. Interestingly, there is a lack of consensus
concerning the association between glaucoma and dial-
ysis. Lim et al. was another retrospective cohort study
conducted using a similar electronic health registry.
However, the primary difference between their study
and ours was that Lim et al. recruited end-stage renal
disease patients (ESRD) receiving dialysis and propen-
sity-matched controls without dialysis to investigate
their risk for glaucoma. In contrast, our study recruited
CKD patients, which encompassed those with End-
Stage Renal Disease (ESRD). Such a design by our study
allows for a more comprehensive investigation into the
effects of CKD on glaucoma risk. Another point to note
was that Lim et al. demonstrated an increased risk of
closed-angle glaucoma (ACG) among dialytic ESRD
patients (HR: 1.550, 95% CI: 1.074-2.239) [17]. How-
ever, contrary to our findings, Lim et al. did not observe
an increased risk of OAG among their dialysis patients.
One possible reason for their results is the variation
in study periods. Lim et al. recruited Taiwanese ESRD
patients up to the year 2013, while our study included
CKD patients up to 2017. This is an important differ-
ence as there has been a steady increase in the preva-
lence of myopia and high myopia over the years, linked
in part to the increasing urbanization of Taiwanese
society [18]. Furthermore, myopia and high myopia
have been associated with an elevated risk of OAG [19].

Regarding gender, our study’s aHRs and IRRs for
glaucoma were higher in males than females. This con-
trasts with other studies [5, 17], which identified an
increase in glaucoma risk primarily among females.
Gender-related factors like ocular axial length may
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partially explain these findings [20], as axial length has
been found to affect the autoregulatory function of the
eye in terms of intraocular pressure.

Regarding income and urbanization, ours aligned with
Ro et al., who reported an increased risk among those
of lower income and in rural areas. Such findings may
be due to lower-income individuals being more likely to
maintain a less balanced diet, which could contribute to
increased glaucoma risk [21, 22]. Additionally, individu-
als from higher-income brackets residing in urban areas
are more likely to attain higher levels of education, poten-
tially leading to increased eye strain in this subgroup.
This, in turn, may contribute to their increased glaucoma
risk [23]. Our findings emphasize the need to be aware
that CKD patients, regardless of their income level, may
be at an increased risk of developing glaucoma.

Another finding was the lower magnitude of aHRs
and IRRs associated with the glaucoma development
among CKD patients with comorbidities compared to
those without such a history. This contrasts with find-
ings from Lim et al. [17]. Given that our study is retro-
spective and relies on diagnostic codes, it is plausible
that the clinical severity, duration and history of receiv-
ing treatment (e.g. antihypertensives and statins) for
the comorbidities studied may have influenced our
results obtained [24-27].

Limitations

Limitations of our study include the retrospective design
and reliance on diagnostic codes that could possibly
introduce misclassification bias or the inability to incor-
porate clinical parameters like proteinuria and eGFR
levels [17]. Other unaccounted confounders include eth-
nicity [28], renal transplant history [29], smoking history
as well as medication histories like statins and steroids
[27, 29, 30]. Future prospective studies that incorporate
laboratory and clinical measurements, such as cup-to-
disc ratio, proteinuria, and eGFR, as well as additional
subgroup analysis of other covariates like renal trans-
plant history, smoking history, and systemic medication
history, can better confirm our findings regarding the
association between CKD and glaucoma.

Conclusion

This study demonstrated increased glaucoma risk
within our CKD cohort compared to our frequency-
matched non-CKD cohort. The implications of these
findings include raising awareness among clinicians
about the risk of glaucoma in CKD patients, as well as
providing valuable real-world data that may influence
the gradual refinement of guidelines regarding the care
of CKD patients.
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