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Study Objectives: The relationship between open-angle glaucoma (OAG) and obstructive sleep apnea (OSA) is unclear. The long-term risk for OAG after OSA diagnosis
has not been investigated. Therefore, we assessed the risk for OAG among patients with OSA over a 12-year follow-up period using nationwide, population-based data.
Methods: The OSA group was randomly selected from among 3.5 million individuals registered with the National Health Insurance Service. The non-OSA group
was obtained through propensity score matching considering several variables. The primary endpoint was glaucoma diagnosis.

Results: The OSA and non-OSA groups both included 6,369 individuals. The overall hazard ratio for OAG in the OSA group was 1.42 (95% confidence interval
[CI]: 1.19-1.69). In subgroup analysis, the hazard ratio for OAG was 1.94 (95% CI: 1.57-2.41) for those aged > 60 years, 1.50 (95% CI: 1.20-1.89) for those with
diabetes mellitus, 1.53 (95% CI: 1.26-1.86) for those with hypertension, and 0.71 (95% CI: 0.52-0.96) for those with a history of OSA surgery.

Conclusions: Over the 12-year follow-up, the risk for OAG increased after OSA diagnosis. Further research will be necessary to determine if treating OSA can

mitigate this association.
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BRIEF SUMMARY

long-term risk for OAG after OSA diagnosis has not been investigated.

Current Knowledge/Study Rationale: The relationship between open-angle glaucoma (OAG) and obstructive sleep apnea (OSA) is unclear. The

Study Impact: The hazard ratio for OAG in the OSA group was 1.42 (95% confidence interval: 1.19-1.69). In the subgroup analysis, the hazard ratio for
OAG was 1.94 (95% confidence interval: 1.57-2.41) among patients aged > 60 years, 0.71 (95% confidence interval: 0.52-0.96) for those with a history of
OSA surgery, and 0.06 (95% confidence interval: 0.05-0.08) for those receiving continuous positive airway pressure treatment. The OAG risk was
increased at 12 years after OSA diagnosis. OSA treatment was associated with a lower likelihood of OAG.

INTRODUCTION

Glaucoma is a progressive optic neuropathy that causes structural
changes in the optic disc, as well as visual field loss." Vision loss
in glaucoma is caused by retinal ganglion cell death. Increased
intraocular pressure (IOP) is the best-known risk factor for the
development and progression of glaucoma.? > Other causes of reti-
nal ganglion cell death include vascular dysregulation, autonomic
dysfunction, ischemia, inflammation, and oxidative stress.®
Sleep-disordered breathing, characterized by repeated episodes
of apnea during sleep, causes sleep deprivation and decreases oxy-
hemoglobin saturation.” Obstructive sleep apnea (OSA), the most
common form of sleep-disordered breathing, is characterized by
repeated partial or complete obstruction of the upper airway dur-
ing sleep. Complete upper airway obstruction causes apnea, while
partial obstruction causes hypopnea. OSA is associated with sev-
eral metabolic conditions, such as diabetes mellitus (DM), insulin
resistance, hypertension (HTN), and cardiovascular diseases,® '°
in addition to ophthalmic diseases such as glaucoma, nonarteritic

Journal of Clinical Sleep Medicine, Vol. 19, No. 2

ischemic optic neuropathy, droopy eyelid syndrome, blepharitis,
ptosis, papillary conjunctivitis, retinal vessel torsion, and central
serous chorioretinopathy.''

The correlation between glaucoma and OSA is controversial,
but several studies have demonstrated a high prevalence of glau-
coma in OSA patients. Some studies have also demonstrated struc-
tural optic nerve changes in OSA patients, even prior to diagnosis
of glaucoma.'?"'* However, the long-term risk for glaucoma after
OSA diagnosis has not been investigated. Therefore, we investi-
gated the risk for open-angle glaucoma (OAG) over a 12-year
follow-up period after OSA diagnosis by analyzing a nationwide
Korean dataset. Furthermore, we investigated whether surgical
correction of OSA affects the incidence of OAG in OSA patients.

METHODS

Ethical consideration, database, and study design
This study was approved by the Institutional Review Board of
Jeonbuk National University Hospital (Institutional Review
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Board number 2021-09-026). The requirement for informed con-
sent was waived because no personal information was included in
this study. The study was conducted and designed in accordance
with the Declaration of Helsinki. We accessed the National Health
Insurance Service Information Database, which contains informa-
tion on 3.5 million randomly selected individuals (National Health
Insurance Service 2021-1-689). Since 1989, almost all people in
Korea have been enrolled in the National Health Insurance Ser-
vice. Patient data such as hospital visit day, prescriptions, diagnos-
tic codes, medications, treatment history, insurance claim data,
demographics, and mortality were recorded.

Study population

The experimental cohort consisted of patients with OSA (Inter-
national Classification of Diseases, 10th Revision diagnostic
code = G473) diagnosed between January 1, 2008 and Decem-
ber 31, 2010. The International Classification of Diseases, 10th
Revision code for OAG is H401. The exclusion criteria were a
diagnosis of OSA during the period 2011-2019 and a diagnosis
of glaucoma earlier (or at the same time) than that for OSA.
In our statistical model, the starting point was the date of OSA
diagnosis, and the endpoint was the date of glaucoma diagnosis
or December 31, 2019 (in cases without this diagnosis).

Control (non-OSA) group

The control group was obtained by 1:1 propensity score (PS)
matching using a greedy nearest-neighbor algorithm. Eight
independent variables (sex, residential area, economic status,
HTN, DM, chronic kidney disease, and age combined with the
body mass index [all continuous variables]) were used during
PS matching. The success of PS matching was confirmed by the
lack of large differences in the standardized mean differences
between the groups'® (Table 1).

We analyzed 2 continuous independent variables and 7 cate-
gorical variables. The former were the normalized age and body
mass index; the latter were sex (male or female), economic sta-
tus (high [upper 30%] or low [bottom 70%]), residential area
(metropolitan city, rural area, or Seoul), and prior/current HTN,
DM, chronic kidney disease, and OSA surgery (yes or no).'®
The underlying diseases are listed in Table S1 in the supple-
mental material.

The starting point for the non-OSA group was the day of the
first hospital visit for any reason between 2008 and 2010, and
the endpoint was the date of first diagnosis of glaucoma or
December 31, 2019 (in cases without this diagnosis).

Outcome variables and statistical analysis

Data analysis was performed independently by 2 data analysts
(J.S.K. and S.W.Y.) between March and December 2021. The haz-
ard ratio (HR) in the Cox proportional hazards model was calcu-
lated based on the time between the endpoint and start point.
When considering the relationship between an independent vari-
able and the dependent variable, the adjusted HR was obtained
considering age, sex, residential area, economic status, and under-
lying diseases (HTN, DM, and chronic kidney disease), while the
unadjusted HR was calculated without considering the other varia-
bles. The cumulative HR was obtained by Kaplan-Meier survival
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Table 1—Characteristics of the control (non-OSA) and study
(OSA) groups.

Control Study

Variable (n = 6,369) (n = 6,369) SMD

Sex 0.034
Female (%) 1,098 (17.2) 1,181 (18.5)
Male (%) 5271 (82.8) | 5,188 (81.5)

Age, vy 0.098
Mean (SD) 4214 (12.8) | 41.67 (14.6)

BMI 0.016
Mean (SD) 25.90 (3.6) 25.83 (3.7)

Economic status 0.031
High (%) 2,428 (38.1) | 2,331 (36.6)
Low (%) 3,941 (61.9) | 4,038 (63.4)

Region 0.037
Metropolitan (%) 1,306 (20.5) 1,356 (21.3)
Rural (%) 3,331 (52.3) | 3,212 (50.4)
Seoul (%) 1,732 (27.2) 1,801 (28.3)

HTN 0.075
No (%) 4,854 (76.2) | 4,646 (72.9)
Yes (%) 1,515 (23.8) 1,723 (27.1)

DM 0.098
No (%) 5844 (91.8) | 5,660 (88.9)
Yes (%) 525 (8.2) 709 (11.1)

CKD 0.071
No (%) 6,110 (95.9) | 6,013 (94.4)
Yes (%) 259 (4.1) 356 (5.6)

OSA surgery 0.80
No (%) 6,369 (100) 4,818 (75.7)
Yes (%) 0 (0) 1,551 (24.3)

BMI = body mass index, CKD = chronic kidney disease, DM = diabetes
mellitus, HTN = hypertension, OSA = obstructive sleep apnea, SD =
standard deviation, SMD = standardized mean difference.

analysis. To render the study robust and to show that the results
were not affected by the recruitment period, matching ratio, or
other variables, we performed sensitivity tests on the variables
used for PS matching (before matching: age, sex, residence, and
economic status), the recruitment period (5, 4, and 3 years), and
the matching ratios (1:4, 1:3, 1:2, and 1:1). All analyses were per-
formed using R 4.0.3 software (R Foundation for Statistical Com-
puting, Vienna, Austria).

Subgroup analysis

In subgroup analysis of the OSA group, we examined sex, resi-
dential area, economic status, age, and underlying diseases. We
also evaluated the effect of OSA surgery (uvulopalatopharyng-
oplasty, uvulopalatal flap placement, uvulectomy, septoplasty,
tonsillectomy, and adenoidectomy) and continuous positive air-
way pressure (CPAP) treatment on the incidence of OAG.
CPAP is the most effective treatment for OSA and has been
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covered by insurance in South Korea since July 2018. There-
fore, in our 12-year database, data regarding CPAP treatment
and OSA surgery were available for only 2 years (2018-2019).

RESULTS

Of the approximately 3.5 million samples, 12,738 individuals
(6,369 in the OSA group and 6,369 in the non-OSA group)
were followed up for 12 years, from January 2008 to December
2019 (Table 1).

Long-term effects of OSA on glaucoma

Validation of PS matching

The control group was generated by 1:1 PS matching based on
8 independent variables. The standardized mean differences did
not exceed 0.1, so there were no significant differences between
the OSA and non-OSA groups (Table 1).

Incidence rate and HR for glaucoma

Table 2 shows the relationships between the 10 independent var-
iables and OAG. The incidence per 10,000 person years is a mea-
sure of the frequency rate of diseases.'® Figure 1 and Table 2

Table 2—Incidence per 10,000 person-years and hazard ratios for glaucoma during the 12-year follow-up period.

Incidence Hazard Ratio
Study Number of per 10,000 P (adjusted

Variable Participants Cases person-years Adjusted Unadjusted hazard ratio)
Total 12,738 577
0OSA

No 6,369 272 37.31 1 1

Yes 6,369 305 46.24 142 (1.19-1.69) | 1.31 (1.11-1.55) <.001
Sex

Female 2,279 103 41.38 1 1

Male 10,459 474 41.59 1.07 (0.86-1.34) | 1.01 (0.81-1.25) 231
Age, y

< 60 (young) 11,386 438 35.25 1 1

= 60 (old) 1,352 139 95.20 1.94 (1.57-2.41) | 2.67 (2.21-3.24) <.001
BMI

18.5-25 (normal) 5372 250 42.75 1 1

< 18.5 (underweight) 142 3 19.51 0.55 (0.17-1.71) | 0.89 (0.72-1.11) 298

= 25 (overweight) 7,224 324 41.10 0.93 (0.78-1.10) | 1.35 (1.08-1.70) .391
Economic status

High 4,759 257 49.56 1 1

Low 7,979 320 36.78 0.82 (0.69-0.97) | 0.74 (0.63-0.88) 267
Region

Metropolitan 2,662 116 39.91 1 1

Rural 6,543 255 35.62 0.90 (0.72-1.12) | 0.89 (0.72-1.11) .355

Seoul 3,533 206 53.93 1.31 (1.04-1.65) | 1.35 (1.08-1.70) 017
HTN

No 9,500 334 32.20 1 1

Yes 3,238 243 69.20 1.53 (1.26-1.86) | 2.14 (1.81-2.52) .259
DM

No 11,504 463 36.85 1 1

Yes 1,234 114 86.18 1.50 (1.20-1.89) | 2.34 (1.90-2.87) .009
CKD

No 12,123 540 40.85 1 1

Yes 615 37 55.52 0.87 (0.62-1.23) | 1.36 (0.97-1.89) 216
OSA surgery

No 11,187 527 42.94 1 1

Yes 1,551 50 30.98 0.71 (0.52-0.96) | 0.74 (0.56-0.99) .03

BMI = body mass index, CKD = chronic kidney disease, DM = diabetic mellitus, HTN = hypertension, OSA = obstructive sleep apnea.
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Figure 1—Probability of open-angle glaucoma.
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(Left) Cumulative hazard ratios for open-angle glaucoma in OSA and control (non-OSA) groups. (Right) Cumulative incidence rates for open-angle glaucoma in

OSA patients with and without surgery. OSA = obstructive sleep apnea.

show that the HR for glaucoma in the OSA group was 1.42 (95%
confidence interval [CI]: 1.19-1.69), ie, the prevalence of OAG
was 1.42 times higher in the OSA than in the control group.

Subgroup analysis
The prevalence of OAG was lower in patients who underwent
OSA surgery compared to those who did not (adjusted HR = 0.71;

95% CI: 0.52-0.96) (Figure 1, Figure 3, and Table 2). In sub-
group analyses according to demographic characteristics, the
adjusted HRs for OAG were as follows: males vs females, 1.07
(95% CI: 0.86-1.34); low vs high economic status, 0.82 (95%
CI: 0.69-0.97); aged = 60 vs < 60 years, 1.94 (95% CI: 1.57-2.41);
residence in Seoul vs metropolitan city, 1.31 (95% CI: 1.04-1.65);
and residence in a rural area vs metropolitan city, 0.90 (95%

Figure 2—Cumulative hazard plot for the subgroup analysis (age, residential region, economic status, and sex).
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Figure 3—Forest plot of the cumulative hazard ratio for each factor: OSA, OSA surgery, age, sex, economic status,
residential area, and underlying disease (HTN, DM, and CKD).

Outcome Total number Hazard ratio (95% Cl) P Value
Association of OSA
OSA —e— 12738 142 (1.19 10 1.69) <0.001
OSA Surgery —— 1151 0.71(0.52 t0 0.96) 0.030
Demography
Age Old (= 60) - 11386 1.94 (1.57 to 2.41) <0.001
Sex Male —e— 10438 1.07 (0.86 to 1.34) 0.231
BMI Underweight (< 18.5) 142 0.55 (0.17 to 1.71) 0.298
BMI Overweight (= 25) e 7224 0.93(0.78 to 1.10) 0.391
Economic Status Low e 7974 0.82 (0.69 to 0.97) 0.267
Rural e 6510 0.90(0.72t0 1.12) 0.355
Seoul —e— 3601 1.31(1.04 to 1.65) 0.017
Underlying disease
HTN —— 3208 1.53 (1.26 to 1.86) <0.001
DM —e—i 1226 1.50 (1.20 to 1.89) <0.001
CKD —e—i 636 0.87 (0.62 to0 1.23) 0.435

T T T
10w 14 20

BMI = body mass index, CKD = chronic kidney disease, DM = diabetes mellitus, HTN = hypertension, OSA = obstructive sleep apnea.

CI: 0.72-1.12). Unadjusted HRs and plots are shown in Figure 2
and Table 2. Finally, the adjusted HRs were 1.53 (95% CIL:
1.26-1.86) for the HTN subgroup, 1.50 (95% CI: 1.20-1.89) for
the DM subgroup, and 0.87 (95% CI: 0.62—1.23) for the chronic
kidney disease subgroup (Figure 3 and Table 2).

Data from the final 2 years of the study period showed that
CPAP treatment significantly lowered the risk for OAG com-
pared to OSA surgery (HR = 0.06 [95% CI: 0.04-0.08] and
0.57 [95% CI: 0.35-0.93], respectively; Figure S1).

Sensitivity analyses

Figure 4 shows the results of sensitivity analysis; our study was
robust. The risks for OAG revealed by all 8 models that varied
3 parameters were statistically significant.

DISCUSSION

This nationwide longitudinal study was performed to compare the
risk for OAG between OSA patients and age- and sex-matched

Figure 4—Forest plot of three sensitivity analyses: (1) variables used for propensity score matching (before matching: age,
sex, residence, and economic status), (2) recruitment period (5, 4, and 3 years), and (3) matching ratios (1:4, 1:3, 1:2, and

1:1). CI = confidence interval.

Sensitivity Analyses Total number Hazard ratio (95% ClI) P Value
Matching Variables
Before Matching i 1584766 1.35(1.19f0 1.53) <0.001
Demographic Matching e 12738 1.42(1.19to0 1.69) < 0.001
Full Matching e 12738 1.42(1.19to 1.69) <0.001
Recruitment Periods
5 Years i 30768 1.49 (1.32 to 1.69) <0.001
4 Years e 25812 1.49 (1.31 10 1.70) < 0.001
3 Years —e— 12738 1.42 (1.19to 1.69) < 0.001
Matching Ratios
1:4 —_— 31845 1.35(1.18 to 1.55) <0.001
1:3 —_— 25476 1.34 (1.16 to 1.55) <0.001
1:2 ———— 19107 1.42 (1.22 to 1.65) <0.001
1 12738 142 (1.19 to 1.69) <0.001
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controls. The OSA patients had a 1.42-fold greater risk of develop-
ing OAG than controls after adjusting for confounding factors. In
addition, OSA surgery and CPAP treatment reduced the incidence
of OAG in OSA patients.

The association between OSA and OAG has been attributed
to various factors, including vascular changes, hypoxia, and
mechanical factors. Several studies indicated roles of vascular
factors in the development and progression of OAG in the
absence of increased IOP. Apnea-related vascular dysregulation
can compromise retinal blood supply.® Several studies reported
negative effects of OSA on the endothelial regulation of periph-
eral vasomotor tone, which increases the risk for cardiovascular
diseases in OSA patients.'” Vascular endothelial dysfunction in
the eyes can lead to unstable ocular perfusion pressure because
of the reduced capacity for blood flow autoregulation.'® Several
large epidemiological studies have demonstrated a role of
reduced ocular perfusion pressure in OAG.'? 2>

OSA patients experience repeated episodes of apnea-hypopnea
due to partial or complete obstruction of the upper airway during
sleep. The retina is composed of nervous tissue that requires a large
amount of oxygen, and apnea-hypopnea can directly damage the
optic nerve.”> Repetitive hypoxia and reoxygenation also increase
cellular oxidative stress and inflammation, which are known to be
associated with OAG.**

Although elevated IOP is the most important factor in the
development and progression of glaucoma, the effect of IOP on
optic nerve damage in OSA patients is not yet fully under-
stood.”> Ischemia and the abnormal perfusion associated with
vascular dysregulation can potentially make the optic nerve vul-
nerable to slight IOP changes (ie, changes within the normal
range). Posture changes during sleep can also affect IOP.>*2®
Although obesity is a risk factor for OSA and IOP elevation in
the supine position,”” body mass index did not affect the inci-
dence of OAG in the present study.

Despite plausible mechanisms for an association between OSA
and OAG, conflicting results have been reported. Several cross-
sectional studies demonstrated a significantly higher prevalence of
OAG in OSA patients,”~>° while other studies found no such
association.’”*® Studies analyzing large databases to determine
the risk of OAG development in patients with OSA also yielded
conflicting results. Three studies, conducted in the United States
and France, reported no increase in risk for OAG in patients with
OSA than in controls,>**' whereas a Taiwanese longitudinal
study demonstrated an increased incidence of OAG after OSA
diagnosis.** Lin et al** used a design similar to our study and a
S-year follow-up period and yielded results comparable to ours,
with an HR of 1.67 for the development of OAG after OSA diagno-
sis. The results of these Asian studies may be attributed to the higher
prevalence of normal-tension glaucoma in Asian populations.*

In the present study, individuals with higher economic status
residing in Seoul had a higher prevalence of OAG. Our results
are consistent with those of previous studies.**** Because glau-
coma, particularly OAG, is a chronic disease that may be
asymptomatic in the early stage, access to medical services
affects the likelihood of detection of OAG. Although South
Korea provides medical insurance to most citizens, the accessi-
bility of medical services is affected by economic status.*®*’ In
addition, in large cities, such as Seoul, access to eye care is
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better than in rural areas because of the greater availability of
medical services, such as eye clinics and ophthalmologists.

Interestingly, our results showed a reduction in the incidence
of OAG in patients who underwent OSA corrective surgery.
OSA has multifactorial and heterogeneous etiologies, and sur-
gery plays an important role in treatment. There have been
reports that OSA surgery can reduce OSA-related mortality and
morbidity.*® Qian et al*’ reported improvements of metabolic
biomarkers and reduction in cardiovascular risk after OSA sur-
gery. Increases in visual sensitivity have been reported after
CPAP treatment and OSA surgery.’’>' These results are con-
sistent with those of the present study, in which OSA increased
the risk for OAG 1.42-fold and OSA surgery lowered the inci-
dence of OAG 0.71-fold. We also evaluated the effects of
CPAP treatment on the incidence of OAG. CPAP treatment has
been covered by the medical insurance in South Korea since
July 2018; therefore, data related to CPAP treatment were only
analyzed for the period 2018-2019. Despite the short recruit-
ment (2008-2010) and follow-up period (2018-2019), the HRs
of OSA surgery did not differ according to the follow-up period
(2008-2019, HR = 0.71 [95% CI: 0.52-0.96]; 2018-2019, HR =
0.57[95% CI: 0.35-0.93]). In the final 2 years of the study period
(2018-2019), the adjusted HR was lower for CPAP treatment
than for OSA surgery (HR = 0.06 and 0.57, respectively). How-
ever, our results regarding the effect of CPAP treatment on the
incidence of OAG in OSA patients should be interpreted cau-
tiously. Because OAG is a chronic disease, a study duration of 2
years is insufficient to determine the effect of CPAP treatment.
In addition, previous studies have reported that CPAP affects the
IOP,>* and the effects of long-term CPAP use on the eyes are
still unknown. Therefore, a long-term study of OAG in OSA
patients treated with CPAP is needed.

This study had several limitations. Detailed clinical informa-
tion about disease severity, such as the apnea-hypopnea index
and visual field results, were not available, so quantitative anal-
ysis of OSA severity (mild, moderate, and severe) could not be
performed. However, our study had the advantages of a large
sample size and a 12-year longitudinal, rather than cross-
sectional, design. To the best of our knowledge, this is the first
study to report that OSA treatment may affect the development
of OAG.

In this study using the Korean National Health Insurance
Service—National Sample Cohort database, the risk of develop-
ing OAG was found to be 1.42 times greater after OSA diagno-
sis and OSA treatment was associated with a reduced incidence
of OAG. In light of these findings, clinicians should be aware
of the risk of glaucoma development in OSA patients and
implement regular screening. Further research is necessary to
clarify the relationship between OSA and OAG, and hospital-
based studies will be required to confirm the relationship
between OSA treatment and OAG development.

ABBREVIATIONS

CI, confidence interval
CPAP, continuous positive airway pressure
DM, diabetes mellitus
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HR, hazard ratio

HTN, hypertension

IOP, intraocular pressure
OAG, open-angle glaucoma
OSA, obstructive sleep apnea
PS, propensity score
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