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o PURPOSE: To determine whether insufficient sleep, in-
somnia, and sleep-apnea syndrome (SAS) are associated
with retinal nerve fiber layer (RNFL) thinning and inci-
dent glaucoma in adults.

* DESIGN: Community-based cross-sectional analysis and
nationwide population-based retrospective cohort study.
e PARTICIPANTS: The regional cohort included 5958
adults aged 40-80 years who underwent wrist actigraphy
and optical coherence tomography. The nationwide co-
hort, comprised adults aged >40 years, totaling 985,136
patients with insomnia and 72,075 with sleep apnea
syndrome, along with respective control groups without
these disorders.

e METHODS: In the regional cohort, we conducted a
cross-sectional analysis to assess the association between
objectively measured sleep parameters and retinal nerve
fiber layer (RNFL) thickness, using multivariable linear
models. In the nationwide cohort, we performed a lon-
gitudinal analysis with up to 7.5 years of follow-up, es-
timating adjusted hazard ratios (aHR) for incident glau-
coma using Cox proportional hazards models.

e RESULTS: In the regional cohort, RNFL thickness
peaked at 6-7 h of actual sleep and declined with shorter
duration; sleeping <6 h remained independently associ-
ated with thinner RNFL after adjustment for age, sex,
intraocular pressure, and systemic factors. In the nation-
wide cohort, glaucoma risk was higher in patients with
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insomnia (aHR 1.30, 95% CI 1.28-1.32) and SAS (aHR
1.43, 95% CI 1.35-1.51) compared with controls.

e CONCLUSIONS: Objective sleep insufficiency and clin-
ically diagnosed sleep disorders correlate with retinal
neurodegeneration and confer a higher risk of devel-
oping glaucoma. Integrating sleep evaluation and man-
agement into ophthalmic care may aid glaucoma pre-
vention. (Am ] Ophthalmol 2025;280: 193-202.
© 2025 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

INTRODUCTION

( ] LAUCOMA IS A LEADING CAUSE OF SEVERE VISUAL
impairment and blindness among the older adults
population worldwide.! It is recognized as a neu-

rodegenerative disease that shares common features with
other neurodegenerative disorders, such as progressive neu-
ronal loss and irreversible functional decline.” Open-angle
glaucoma is the most common form of glaucoma, account-
ing for approximately 80-90% of all glaucoma cases in
North America and Asia.’” It is characterized by progres-
sive optic neuropathy with an open anterior chamber an-
gle, leading to gradual and irreversible loss of vision. Al-
though aging remains the primary risk factor for glaucoma,
its pathogenesis is multifactorial, involving both ocular and
systemic factors.” Among the systemic factors, recent stud-
ies have increasingly implicated aberrant sleep patterns as
potential contributors to glaucoma development.’ !’

Sleep duration, sleep quality, and clinically diagnosed
sleep disorders such as insomnia and sleep apnea syndrome
(SAS), are increasingly recognized for their broad sys-
temic effects; they influence cardiovascular, metabolic, and
neurovascular health and contribute to neuroinflamma-
tory and neurodegenerative conditions such as Alzheimer’s
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disease.'*!” Insomnia is characterized by difficulty initiat-
ing or maintaining sleep, whereas SAS involves recurrent
episodes of airway obstruction during sleep, leading to in-
termittent hypoxia.'®!” Despite growing interest in the sys-
temic consequences of poor sleep, its potential role in ocu-
lar health—particularly in relation to glaucoma—remains
poorly understood. Our previous findings from the Naga-
hama study suggest an association between SAS and thin-
ner retinal nerve fiber layer (RNFL), which is a critical
indicator of glaucoma progression.”’ However, large-scale,
nationwide investigations on this relationship are lacking.
Moreover, the influence of sleep duration on RNFL thick-
ness has not been thoroughly investigated.

In this study, we aimed to elucidate the potential im-
pact of sleep-related factors, including sleep duration and
quality, as well as diagnosed sleep disorders, on glaucoma
incidence through a 2-stage, population-based approach.
First, we conducted a cross-sectional analysis using the
Nagahama study to investigate associations between sleep
duration and RNFL thickness. Second, we employed the
National Database of Health Insurance Claims and Spe-
cific Health Checkups of Japan (NDB), a nationwide
claims database that covers almost all insured citizens in
Japan,’!"?* to examine the association between diagnosed
sleep disorders, specifically insomnia and SAS, and glau-
coma incidence in a broader population.

METHODS

e DATA SOURCE: This study utilized 2 primary data
sources. The first was the Nagahama Prospective Cohort
for Comprehensive Bioscience (the Nagahama Study), a
community-based prospective cohort conducted in Naga-
hama City, Shiga Prefecture, Japan.’”?’ Participants were
enrolled between July 2013 and February 2017 based on
the following inclusion criteria: age 40-80 years, ability
to live independently, and absence of current serious dis-
eases or physical impairments, allowing them to attend
the baseline survey independently. The participants un-
derwent comprehensive examinations, including physical
and lung function tests, blood tests, ophthalmic assessments
(optical coherence tomography [OCT], intraocular pressure
[IOP], and axial length measurements), sleep tests, and self-
report questionnaires. The exclusion criteria were missing
essential data on mean RNFL thickness or sleep-disordered
breathing measures, current glaucoma treatment, or poor-
quality retinal images.

The study adhered to the Declaration of Helsinki, and
approval was granted by the Ethics Committee of the Grad-
uate School of Medicine at Kyoto University (Registry ID
(G0278) and the Nagahama Municipal Review Board. Writ-
ten informed consent was obtained from all participants.

The second primary data source used was the NDB, span-

ning the period from September 2013 to March 2023. Over-
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seen by the Ministry of Health, Labor, and Welfare, the
NDB compiles the health information from over 126 mil-
lion individuals, covering 99% of Japan’s hospital facilities
and receiving approximately 1.6 billion electronic claims
annually.”*?> This database includes unique patient iden-
tifiers, demographic information, such as age and sex, as
well as diagnostic data categorized according to the Inter-
national Classification of Diseases, Tenth Revision (ICD-
10), and additional Japanese-specific diagnostic codes. It
also captures medical procedures and pharmaceutical pre-
scriptions based on Japan’s unique coding system.

Since the NDB data were fully anonymized, individual
informed consent was not required. Ethical clearance for
their use was obtained from the institutional review board
at Kyoto University (No. R3987) and in line with the prin-
ciples of the Declaration of Helsinki.

e PATIENTS AND EXPOSURES: In the Nagahama Study,
participants first underwent mean RNFL thickness mea-
surements and within 1 week of that assessment they com-
pleted objective sleep monitoring. The participants wore
an actigraphy device (Actiwatch 2 or Actiwatch Spectrum
Plus; Philips Respironics, Murrysville, Pennsylvania, USA)
continuously for 7 consecutive days, and a pulse oxime-
ter (PULSOX-Me300; Konica Minolta Inc, Tokyo, Japan)
was used simultaneously for 4 days to record sleep vari-
ables, using an algorithm that has been validated against
polysomnography.’**? When incomplete or unreadable sig-
nals were encountered, those data were excluded. For in-
clusion in the analyses, participants were required to have
at least 5 valid days of actigraphy data, including at least
1 weekend day, and a minimum of 2 valid days of pulse
oximetry recordings. Sleep onset and wake-up times were
determined by integrating actigraphy recordings with par-
ticipant sleep diaries, which included bed-in and bed-out
times verified by well-trained staff using the actigraph light
sensor. Total sleep duration (interval from sleep onset to
wake-up) and actual sleep duration (total sleep duration
minus any wake-time after sleep onset) were then auto-
matically calculated using the manufacturer’s default algo-
rithm. Sleep efficiency was defined as the ratio of actual
sleep duration to time spent in bed, as measured by actig-
raphy. During sleep the wrist-worn pulse oximeter recorded
percutaneous arterial blood oxygen saturation (SpO;) as 3-
second moving averages, stored at 1-second intervals. We
measured the actigraphy-modified cumulative percentage
of sleep actigraphy-modified cumulative time with SpO; <
90% as a surrogate marker for hypoxic burden, as in our pre-
vious report.20

For the NDB analyses, we employed 2 types of patient
identifiers to link insurance claims data, following estab-
lished methods.’® We then extracted records for individ-
uals aged 40 years or older during the baseline period from
September 2013 to August 2014. To ensure a washout pe-
riod and improve the accuracy of identifying incident cases,
individuals with a prior insomnia or SAS diagnosis during
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>
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a. Comorbidities measured included diagnosis of diabetes, hypertension, and dyslipidemia.
b. Earliest of: outcome of interest (Glaucoma), death, disenrollment, end of the study period

FIGURE 1. Overview of study design using the national database (NDB). For individuals aged 40 years or older, data were extracted
from September 2013 to August 2014. A washout period was applied by excluding those diagnosed with insomnia or sleep apnea
syndrome during this time frame to ensure accurate ascertainment of incident cases in subsequent analyses.

this period were excluded. To assess the potential for selec-
tion bias introduced by this exclusion, we conducted a sen-
sitivity analysis in which patients diagnosed with insomnia
or SAS during the baseline period were retained.

Given the potential limitations of relying on disease
names alone, we classified patients with insomnia as (1)
those newly diagnosed with insomnia between September
2015 and August 2023 and (2) those who subsequently re-
ceived prescriptions for sleep medications. Similarly, pa-
tients with SAS were defined as (1) those newly diagnosed
with sleep apnea during the same interval and (2) those
who underwent home continuous positive airway pressure
therapy. Diagnoses were determined using NDB-specific di-
agnostic codes, which provide more precise identification
than the ICD-10 codes (Supplemental Table 1 lists code
correspondence). The table also includes a list of sleep
medications used in the study. Although over-the-counter
(OTC) medications are not captured in the NDB, Japan
permits only limited OTC options;’! therefore, sleep med-
ication users were identified based on prescription records.
From September 2014 to August 2015, we identified indi-
viduals who met the criteria for new-onset insomnia or SAS
and excluded any who died in the interim. An overview of
the NDB study design is illustrated in Figure 1.

* OUTCOMES: For the Nagahama Prospective Cohort, the
primary outcome was RNFL thickness, measured via cir-

VoL. 280

SLEEP DISTURBANCE AS A RISk FACTOR FOR GLAUCOMA

cumpapillary OCT (RS-3000 advance2; Nidek). An ade-
quate Signal Strength Index (SSI) was required; scans with
an SSI below 6 were considered low quality and were ex-
cluded, in accordance with prior literature.’” As described
previously,”’ retinal layers were automatically segmented by
the OCT software and manually verified by 2 ophthalmolo-
gists, with RNFL thickness defined as the distance between
the outer border of the inner limiting membrane and the
inner border of the ganglion cell layer.

For the nationwide cohort derived from the NDB, open-
angle glaucoma onset was determined using a validated def-
inition with high sensitivity and specificity.”’ Specifically,
it was defined as the presence of both a diagnostic code
for glaucoma—including unspecified glaucoma—and a pre-
scription for glaucoma eye drops. To improve diagnostic
precision, we used detailed Japanese diagnostic codes in-
stead of the broader ICD-10 categories, as summarized in
Supplemental Table 1. Although this definition may in-
clude a small number of angle-closure or secondary glau-
coma cases, the glaucoma cases identified by this defini-
tion are likely to represent open-angle glaucoma in most
instances.” We adopted this definition because restricting
to specific codes for open-angle glaucoma would substan-
tially reduce sensitivity.’’

* COVARIATES: For the Nagahama Study, the following
variables were used as covariates: age (years), female sex,
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body mass index (BMI; kg/m?), IOP, hypertension, dyslipi-
demia, diabetes mellitus, and sleep medication use. IOP
was measured once using a noncontact tonometer (TX-20P,
Canon) during daytime as part of the ophthalmic examina-
tion. Hypertension was defined as the use of antihyperten-
sive medications, and a systolic blood pressure >140 mmHg
or diastolic blood pressure >90 mmHg. Dyslipidemia was
defined as either a high-density lipoprotein cholesterol level
of <40 mg/dL, low-density lipoprotein cholesterol level of
>140 mg/dL, or taking lipid-lowering drugs. Diabetes melli-
tus was defined as the use of oral antihyperglycemic agents
and/or insulin or having a hemoglobin Alc level >6.5%.
BMI was calculated based on measured height and weight.
Ischemic heart disease history and sleep medications use
were also recorded as a potential confounding factor.

For the NDB dataset, the covariates evaluated included
(1) age, (2) sex, and (3) comorbid conditions, such as dia-
betes, dyslipidemia, and hypertension. Each comorbid con-
dition was defined using diagnostic codes from the medi-
cal records, with disease definitions validated by prior stud-
ies’?> to ensure robust and reliable identification of factors
that could influence study outcomes.

e STATISTICAL ANALYSES: Two distinct analytical ap-
proaches were employed to address the differences in study
design between the Nagahama Study and the NDB.

In the Nagahama Study, we investigated the association
between mean RNFL thickness and actigraphy-measured
sleep duration and sleep efficiency. To assess whether RNFL
thickness differed across categories of sleep duration and
sleep efficiency, we first conducted 1-way analysis of vari-
ance (ANOVA). To further account for potential con-
founding factors, we then performed multivariable linear
regression analyses adjusting for relevant covariates. In the
linear regression analyses, continuous variables with skewed
distributions were log transformed. Sleep duration was cat-
egorized into 3 groups: <6 hours, 6-8 hours (reference),
and >8 hours, whereas sleep efficiency was categorized as
<65%, 65-85%, and >85% (reference), based on previous
studies.’®*” Confounders were selected based on prior liter-
ature demonstrating their associations with both sleep pa-
rameters and RNFL thickness.”” To assess the robustness of
the findings, a sensitivity analysis excluding current users of
sleep medications was performed.

For the nationwide analysis using the NDB, we utilized
survival analysis to examine the hazard ratios for glaucoma
development between different sleep disorder groups: indi-
viduals with insomnia versus those without, and individu-
als with SAS versus those without. We estimated Kaplan-
Meier survival curves for each group to depict the time until
the onset of glaucoma, providing insights into the probabil-
ity of remaining free from glaucoma throughout the study
period.

Further, after confirming that the proportional hazards
assumption was reasonable using the Schoenfeld residuals
method,”®*” we applied Cox proportional hazards regres-
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sion models to calculate the hazard ratios for the onset of
glaucoma among participants with insomnia and SAS com-
pared to their respective control groups without these con-
ditions. Adjustments were made for potential confounding
factors, such as age, sex, and comorbidities. This method-
ological approach was selected for its effectiveness in man-
aging censored data and its capacity to assess the impact of
specific sleep disorders on glaucoma risk for the study dura-
tion.

We used R software version 4.1.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria) and PostgreSQL En-
terpriseDB version 14.1 for the statistical analyses. Statisti-
cal significance was set at P < .05 for all analyses.

RESULTS

After applying all exclusion criteria, such as poor-quality or
missing sleep data due to refusal to wear the devices, a to-
tal of 5958 participants from the Nagahama Study were in-
cluded in the final analyses (Table 1 and Supplemental Fig-
ure 1). The mean RNFL thickness was 100.8 + 11.9 pm,
IOP was 14.3 + 2.9 mmHg, and the average axial length
was 24.1 £ 1.4 mm. Based on actigraphy data, the mean ac-
tual sleep time was 359.8 + 57.9 minutes. Regarding sleep
duration categories, 14.0% of participants slept < 5 hours,
whereas 2.0% exceeded 8 hours. The mean sleep efficiency
was 84.8 £ 6.4%, with 3.0% of participants showing <70%
sleep efficiency and 20.2% achieving >90%. Further base-
line characteristics stratified by actual sleep time and sleep
efficiency categories are provided in Supplemental Tables 2
and 3.

Figure 2 illustrates the mean RNFL thickness and in-
traocular pressure across sleep duration categories (<5 h, 5-
6 h, 6-7h, 7-8 h, >8 h) and sleep efficiency groups (<70%,
70-80%, 80-90%, >90%). The 1-way ANOVA revealed
significant differences in RNFL thickness across both sleep
duration (P = .021) and sleep efficiency categories (P <
.001). The highest RNFL thickness was observed in the 6-7
hour sleep duration group. Notably, greater RNFL thickness
was associated with increasing sleep efficiency. A significant
difference was observed in IOP across sleep duration cate-
gories (P = .0089), with the highest IOP noted in the 7-8
hour sleep duration group. In contrast, no significant differ-
ences in IOP were found across sleep efficiency categories
(P =.18). The multivariable linear regression analyses were
performed to examine the association between sleep pa-
rameters and RNFL thickness, adjusting for potential con-
founders (Table 2). Short sleep duration (<6 h) was signifi-
cantly associated with thinner RNFL compared to the refer-
ence category (6-8 h) (8 =-0.76, 95% CI: —-1.33 to -0.19,
P = .008), whereas long sleep duration (>8 h) was not sig-
nificantly associated with RNFL thickness (8 = —1.01,95%
CI: -2.45 t0 0.43, P = .474). Sleep efficiency was not signif-
icantly associated with RNFL thickness. The estimates and
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TABLE 1. Baseline Demographic and Clinical Characteristics in the Nagahama Cohort.

All (n = 5958)
Age in years 59.1 £ 10.7
Sex, women/men 3970/1988
Body mass index (kg/m?) 224 +£3.2
Presence of hypertension, % 29.7
Presence of dyslipidemia, % 23.8
Presence of diabetes mellitus, % 70
History of ischemic heart disease, % 3.7
Use of sleep medication, % 74
Retinal nerve fiber layer thickness (um) 100.8 + 11.9
Intraocular pressure (mmHg) 143 +29
Axial length, mm 241+ 14
Acti-CT90, % 0.19 (0.05, 0.79)
Mean actual sleep time (minutes) 359.8 + 57.9
Mean actual sleep time, <5 h/5-6 h/6-7h/7-8h/>8h, % 14.0/34.7/378/11.6/2.0
Mean sleep efficiency (%) 848+ 6.4
Mean sleep efficiency, <70%/70-80%/80-90%/>90%, % 3.0/15.9/60.9/20.2
Results are presented as mean =+ standard deviation or median (interquartile range).
Categories of actual sleep time and sleep efficiency are expressed as proportions of total participants.
Acti-CT90, actigraphy-modified cumulative time with SpO, <90%.
A
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FIGURE 2. Association between sleep parameters and RNFL thickness and intraocular pressure. (A) Relationship between actual
sleep duration (minutes) and RNFL thickness (um). (B) Relationship between sleep efficiency (%) and RNFL thickness (um). (C)
Relationship between actual sleep duration (minutes) and intraocular pressure (mm Hg). (D) Relationship between sleep efficiency
(%) and intraocular pressure (mmHg). ANOVA = analysis of variance; RNFL = retinal nerve fiber layer.
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TABLE 2. Multivariable Linear Regression of Sleep Variables and RNFL Thickness.

Variable B (95% Cl) P-value
Sleep Duration (reference: 6-8 h)
Short (<6 h) —0.76 (-1.33 to —0.19) .008
Long (>8 h) -1.01 (-2.45 to 0.43) 474
Sleep Efficiency (reference: >85%)
<65% —2.50 (-3.70 to —1.30) 422
65-85% —1.20 (-2.20 to —0.20) 495

Models were adjusted for age, sex, intraocular pressure, axial length, log-transformed CT90, body mass index, hypertension, dyslipidemia,
diabetes mellitus, history of ischemic heart disease, and use of sleep medication.

Cl = confidence interval; RNFL = retinal nerve fiber layer.

TABLE 3. Baseline Demographic and Clinical Characteristics by Sleep Disorder Status in the NDB Dataset.

Insomnia Control (No Insomnia) SAS Control (no SAS)
Number (%) 985,136 (100) 6,318,0432 (100) 72,075 (100) 66,573,036
Men (%) 388,456 (39.4) 28,599,497 (45.3) 58,379 (81.0) 29,684,582 (44.6)
Age in years 69.34 + 13.40 6141 + 13.54 58.97 + 11.79 61.87 + 13.65

Comorbidities
Diabetes (%)
Hypertension (%)
Hyperlipidemia (%)

200,349 (20.3)
393,350 (39.9)
216,777 (22.0)

6,349,199 (10.0)
12,285,009 (19.4)
7,186,168 (11.4)

13,425 (18.6)
22,531 (31.3)
13,464 (18.7)

7,256,786 (10.9)
141,731,34 (21.3)
8,250,359 (12.4)

Age is presented as mean =+ standard deviation; categorical variables are expressed as number (%). Control groups comprise individuals

without a diagnosis of insomnia or SAS.

NDB, National Database of Health Insurance Claims and Specific Health Checkups of Japan; SAS, Sleep Apnea Syndrome.

P-values for other covariates included in the model are pro-
vided in the Supplemental Table 4. In the sensitivity anal-
ysis excluding participants using sleep medications, the as-
sociations between sleep duration and RNFL thickness re-
mained consistent with the primary analysis (Supplemental
Table 5).

For the NDB, a flowchart of the patient selection is dis-
played in Supplemental Figure 2. A total of 985,136 pa-
tients (39.4% men) newly diagnosed with insomnia and
72,075 patients (81.0 % men) diagnosed with SAS were
enrolled in the respective case groups. The mean age at en-
rollment was 69.34 years for the insomnia group and 58.97
years for the SAS group. Separate control cohorts were
established, with 63,180,432 individuals for insomnia and
66,573,036 individuals for SAS. Demographic features and
pre-existing comorbidities for these cohorts are delineated
in Table 3.

During the follow-up period, among the 985,136 patients
sampled for insomnia and 72,075 patients sampled for SAS,
18,954 and 1276 were newly diagnosed with glaucoma, re-
spectively. The Kaplan—-Meier analysis revealed that pa-
tients with insomnia and SAS exhibited an increased risk
of developing glaucoma (Figure 3).

The Cox proportional hazard regression analyses, adjust-
ing for age, sex, and pre-existing comorbidities, indepen-
dently correlated both insomnia and SAS with increased
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glaucoma risk. Insomnia was associated with a higher likeli-
hood of developing glaucoma (adjusted hazard ratio [aHR],
1.30; 95% confidence interval [CI], 1.28-1.32; P < .001;
Table 4). SAS showed even stronger associations with glau-
coma (adjusted HR, 1.43; 95% CI, 1.35-1.51; P < .001;
Table 4).

The sensitivity analysis supported these findings; a com-
prehensive results overview is presented in Supplemental
Figures 3 and 4 and Supplemental Tables 6 and 7.

DISCUSSION

The present study integrated both region-based and nation-
wide population-based cohorts, which indicate the poten-
tial role of sleep duration and sleep disorders—particularly
insomnia and SAS—in increasing the risk of RNFL thin-
ning and open-angle glaucoma development. A cross-
sectional assessment of sleep time in the Nagahama study
showed significant associations with RNFL thickness in an
adjusted analysis. Although sleep medications could poten-
tially mask underlying sleep disturbances and confound as-
sociations, the sensitivity analysis excluding sleep medica-
tion users yielded consistent results, supporting the robust-
ness of our findings. Furthermore, in the analysis for ac-
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FIGURE 3. Kaplan—-Meier Estimates for Incident Glaucoma by Sleep Disorder Status. Kaplan—Meier curves showing cumulative
incidence of glaucoma among patients with insomnia and sleep apnea syndrome (SAS), compared to their respective control groups.
This analysis excluded individuals diagnosed with sleep disorders during the washout period to minimize potential biases. Cumulative
incidence of glaucoma shown by sleep disorder status and age group. (A) Aged <65 years, insomnia. (B) Aged >65 years, insomnia.

(C) Aged <65 years, SAS. (D) Aged >65 years, SAS.

TABLE 4. Glaucoma Incidence Unadjusted and Adjusted Hazard Ratios Regarding Insomnia and Sleep Apnea Syndrome.

Comparison Unadjusted HR (95% ClI) P-value Model 1 Adjusted HR (95% ClI) P-value Model 2 Adjusted HR (95% ClI) P-value
Control vs. Insomnia 1.79 (1.76-1.81) <.001 1.36 (1.34-1.38) <.001 1.30 (1.28-1.32) <.001
Control vs. SAS 1.36 (1.28-1.43) <.001 1.50 (1.42-1.58) <.001 1.43 (1.35-1.51) <.001

Model 1: Cox proportional hazards model adjusted for age and sex only.
Model 2: Cox proportional hazards model fully adjusted for all relevant covariates, including age, sex, and comorbidities.

Cl = confidence interval; HR = hazard ratio.

tual sleep time and IOP, IOP was highest among partici-
pants sleeping 7-8 hours—a duration typically considered
optimal—and tended to increase with longer sleep dura-
tions. This finding indicates that a thinner RNFL observed
in the short-sleep group may be attributable to factors other
than elevated IOP.

Several prior studies have contributed to our understand-
ing of the relationship between sleep disturbances and glau-
coma.”"” For instance, Sun et al.!' reported a potential link
between insomnia and glaucoma using the UK Biobank,
whereas Han et al.® examined SAS and glaucoma in a clini-
cal population. These studies underscore the importance of
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evaluating sleep-related factors for glaucoma risk. However,
limitations such as reliance on self-reported data, lack of ob-
jective sleep metrics, and absence of treatment information
also have to be noted. Notably, a recent actigraphy-based
study did not observe clear differences in objective sleep
metrics between individuals with and without glaucoma.*’
This may be due to the limited power for subgroup analy-
ses, or algorithms, or residual confounding in a clinic-based
cross-sectional sample. In the present study, we sought to
address these gaps by integrating 2 complementary datasets.
The Nagahama cohort offered objectively measured sleep
parameters alongside RNFL thickness, whereas the nation-
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wide insurance database provided longitudinal, population-
based data on clinically diagnosed insomnia and SAS. Our
findings reinforce and expand upon earlier reports by com-
bining objective measurements, large-scale cohort data, and
consideration of treatment status, thereby providing more
comprehensive evidence that sleep disturbance may con-
tribute to glaucomatous neurodegeneration.

Insomnia and SAS are common among older adults, of-
ten leading to various negative physical and mental health
outcomes. Insomnia, along with its associated stress re-
sponse, can trigger the secretion of neurotransmitters and
activate the autonomic nervous system, potentially affect-
ing the regulation of IOP and blood flow.*! Chronically re-
duced ocular blood flow is a well-known risk factor for both
onset and progression of glaucoma.*’

Regarding insomnia, studies in neurodegenerative dis-
eases, such as Alzheimer’s disease, have associated sleep dis-
turbances with dysfunction of the brain’s glymphatic system
and subsequent accumulation of amyloid-B8 (AB).*>** The
glymphatic system is more active during sleep and facilitates
waste product clearance from the brain.”® Therefore, im-
paired sleep may reduce this clearance capacity and thereby
promote A B aggregation.** Recent research has proposed a
retinal glymphatic-like system, which functions similarly to
the brain’s glymphatic system by clearing metabolic waste
from the retina.*” As AB pathology is implicated in the
pathogenesis of glaucoma,*® insomnia-related glymphatic
dysfunction may lead to waste accumulation at the retinal
level, ultimately causing retinal ganglion cell degeneration.

In contrast, SAS introduces additional factors that fur-
ther increase glaucoma risk. Sleep apnea induces hypoxia
and oxidative stress, both of which trigger inflammatory re-
sponses.*’ This inflammation is considered to play a sig-
nificant role in glaucoma development.*® As a result, pa-
tients with SAS may experience not only the AB-related
risk associated with insomnia-induced glymphatic dysfunc-
tion but also the compounded effects of hypoxia, oxidative
stress, and systemic inflammation. Collectively, these fac-
tors may intensify the likelihood of glaucoma development
and progression.

This study has some limitations. First, the Nagahama
study employed a cross-sectional design, precluding any
definitive conclusions about causal relationships. Second,
because the Nagahama cohort enrollment was restricted to
apparently healthy community-dwelling adults who were
able to live independently, this may limit generalizability
to populations with significant illness or functional impair-
ment. Third, participants under glaucoma treatment were
excluded to avoid confounding from medication effects and
advanced RNFL thinning, which may obscure associations
between sleep-related factors and glaucoma. While this ex-
clusion allowed us to focus on untreated or subclinical cases,
it also limits the applicability of our findings to individuals
already receiving treatment. Fourth, the NDB data lacked
direct clinical measurements and relied on diagnostic and
prescription codes, which may have affected the precision
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of disease classification. In particular, our definition of in-
cident glaucoma required both a diagnostic code and initi-
ation of topical medication, potentially missing rare cases
managed solely with procedures or surgery. Although such
cases are uncommon, a small degree of under-ascertainment
is possible. Finally, the NDB dataset lacks detailed informa-
tion on visual acuity and visual fields.

In summary, our findings support a significant association
between clinically diagnosed insomnia and SAS and glau-
coma incidence. These findings suggest that sleep—related
factors could be taken into account when managing glau-
coma. Further studies are required to confirm these asso-
ciations and explore how interventions for sleep disorders
might modify glaucoma progression.
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