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Editorial on the Research Topic
Update on glaucoma research: from basic science to clinical practice

Glaucoma remains one of the leading causes of irreversible blindness worldwide. As
an insidious disease often asymptomatic in its early stages, it poses unique challenges for
timely diagnosis and treatment. This Research Topic sheds light on various aspects of
glaucoma, ranging from factors leading to delayed diagnosis, innovations in intraocular
pressure (IOP) measurement, the role of systemic health, neurodegenerative aspects and
novel treatment approaches (1, 2).

In this context, a qualitative study by Liu et al. exploring factors associated with
delayed ophthalmological consultation in primary glaucoma patients identified four major
barriers: subtle onset of symptoms, insufficient patient awareness, perceived challenges
in accessing care, and inadequate support systems. These findings underscore the urgent
need for improved public health initiatives, patient education, and streamlined referral
pathways to encourage early detection and prevent irreversible vision loss. Healthcare
professionals should prioritize educating at-risk populations and integrating community-
based screening programs to effectively address these barriers (Liu et al.).

Accurate IOP measurement is also critical to glaucoma management. In a comparative
study between the Goldmann Applanation Tonometry and the SUOER SW-500 Rebound
Tonometer, Chaung et al. revealed that the latter provides comparable readings within the
normal IOP range but may underestimate elevated pressures. While rebound tonometry
offers advantages such as portability and disposable probes to minimize infection risk,
clinicians should remain cautious when relying solely on this method in patients with high
IOP. Future research should explore the refinement of non-contact tonometry techniques
to improve precision and reliability (Chaung et al.).

Novel biomarkers also offer a promising avenue for improving glaucoma diagnosis,
prognosis, and treatment response assessment. By identifying molecular, genetic, and
biochemical markers associated with glaucomatous neurodegeneration, clinicians may
be able to detect the disease earlier, differentiate subtypes, and personalize treatment
strategies. Biomarkers found in the aqueous humor, tear film, blood, and even imaging-
based parameters could provide valuable insights into disease mechanisms and therapeutic
targets (3).

In this context, given the neuroprotective role of uric acid (UA) in neurodegenerative
diseases, its relationship with glaucoma has been the subject of investigation.
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A meta-analysis of multiple studies authored by Mohammadi et al.
revealed that while glaucoma patients tend to have slightly higher
serum UA levels than controls, the difference is not statistically
significant. While these findings do not establish UA as a definitive
biomarker for glaucoma, further longitudinal research is necessary
to elucidate its potential role in the pathogenesis of the disease
(Mohammadi et al.).

In a recent molecular research Yu et al. also identified
apoptosis-related microRNAs (miRNAs) as potential biomarkers in
glaucoma. Elevated levels of hsa-miR-193a-5p and hsa-miR-222-3p
in aqueous humor and lens capsules suggest their involvement in
glaucoma pathophysiology. The downregulation of PTEN, a key
regulatory gene, further supports their role in retinal ganglion cell
apoptosis. These findings pave the way for novel diagnostic and
therapeutic strategies leveraging miRNA modulation (Yu et al.).

Evaluating local and essential

systemic aspects s

for comprehensive glaucoma management, as they may
impact treatment response, disease progression, and overall
patient outcomes. A multidisciplinary approach integrating
ophthalmology, cardiology, neurology, and internal medicine may
help optimize glaucoma care and preserve visual function.

As the incidence of glaucoma rises globally, patients require
prolonged medical therapy and multiple surgeries, increasing the
risk of systemic and local adverse events such as limbal stem cell
deficiency (LSCD) risk.

In glaucoma, LSCD can be associated with multiple limbal
surgeries, bullous keratopathy, mitomycin C, 5-fluorouracil, and
preservatives in topical treatments. Using confocal microscopy
and optical coherence tomography Nakakura et al. have
demonstrated limbal epithelial thinning in glaucoma patients
using topical medications.

Vascular dysregulation, systemic hypertension, hypotension,
diabetes, sleep apnea,

disorders have also all been implicated in the pathophysiology of

obstructive and neurodegenerative
glaucoma (4-6).

In this regard, a large population-based cohort study by Lee
et al. examined the impact of visit-to-visit blood pressure variability
(BPV) on the risk of open-angle glaucoma (OAG) in normotensive
individuals. While BPV was not associated with an increased overall
risk of OAG, younger individuals (<60 years) with high systolic
BPV had a significantly higher risk of developing the disease.
These findings highlight the need for a more nuanced approach
to monitoring cardiovascular and ocular health, particularly in
younger patients (Lee et al.).

Furthermore, glaucoma not only affects visual function but also
has a significant impact on the psychological wellbeing of patients.
A study by Kopilas and Kopilas assessing quality of life (QOL) and
psychological distress in glaucoma patients demonstrated strong
correlations between disease progression, decreased visual acuity,
and increased anxiety and depression.

Although observational studies have suggested a link between
glaucoma and psychiatric conditions such as depression, insomnia,
and schizophrenia, a Mendelian Randomization study by Zhang
et al. and a study of anxiety in glaucoma by Lin et al. found no
causal relationship between these conditions. These results indicate
that psychiatric conditions in glaucoma patients are more likely to
be due to modifiable factors rather than genetic predisposition.

The chronic nature of glaucoma, coupled with the gradual
loss of vision, underscores the importance of holistic patient
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care. This highlights the need for targeted psychological support
and intervention strategies rather than attributing mental health
challenges to inherent disease risk. Mental health support should be
integrated into routine glaucoma management to improve overall
patient outcomes (Kopilas and Kopilas; Zhang et al;; Lin et al.).

Advancements in surgical techniques, such as Micro-invasive
glaucoma surgery (MIGS), have improved the safety profile of
glaucoma surgery, offering less invasive options with faster recovery
times. Nevertheless, the selection of the appropriate surgical
approach requires careful evaluation of patient-specific factors to
optimize outcomes and minimize complications.

A recent retrospective study evaluated cases of ocular
hypertension following EyeCee One preloaded intraocular lens
(IOL) implantation. The findings indicated a significant increase
in IOP in a subset of patients, emphasizing the importance of
careful postoperative monitoring, especially in individuals with
a history of glaucoma. Gonzélez-Martin-Moro et al. suggest that
clinicians should remain vigilant about potential IOP fluctuations
and consider alternative IOL options where necessary.

MIGS has gained traction as a safer alternative to traditional
surgery. A retrospective study by Hajduga-Szewczyk et al.
evaluating iStent implantation in conjunction with cataract surgery
demonstrated significant reductions in IOP and reliance on
topical medications. However, patients with higher preoperative
IOP showed limited benefit, suggesting that single iStent
implantation may be insufficient in uncontrolled glaucoma cases.
Further research to optimize MIGS techniques is warranted
(Hajduga-Szewczyk et al.).

Recent advancements in glaucoma research highlight the
multifaceted nature of the disease, spanning early detection,
systemic influences, mental health considerations, and evolving
treatment modalities. A concerted effort to improve patient
education, refine diagnostic tools, integrate psychological support,
and expand surgical options will be critical to mitigating the global
burden of glaucoma. In the future, interdisciplinary collaboration
among ophthalmologists, primary care physicians, mental health
professionals, and researchers will be essential in developing a
comprehensive, patient-centered approach to glaucoma care.
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Case report: Medical treatment for
limbal epithelial stem cell
deficiency in patients treated for
glaucoma

Shunsuke Nakakura®™, Sachiko Maruoka®?, Taiichiro Chikama?,
Yuki Nagata?, Etsuko Terao?, Kanae Ueda?, Saki Dote! and
Satomi Oogi*

!Department of Ophthalmology, Saneikai Tsukazaki Hospital, Himeji, Japan, 2lkuno Eye Clinic, Osaka,
Japan, *Department of Ophthalmology and Visual Sciences, Graduate School of Biomedical Sciences,
Hiroshima University, Hiroshima, Japan

Limbal epithelial stem cell deficiency (LSCD) is an abnormal corneal epithelial
lesion with several causes. The patient was diagnosed using fluorescein staining.
Bullous keratopathy, multiple surgeries, and drug-related damage can cause
LSCD in glaucoma patients. We evaluated the medical treatment course for LSCD
in patients with glaucoma. We retrospectively reviewed the electronic medical
records of patients diagnosed with LSCD and investigated their background,
course of treatment, and classification stages of LSCD before and after treatment.
The global consensus classification system (stages IA-C, IIA-B, and Ill) proposed
by Deng et al. (Cornea 2020) was used. Seven patients (two males) and eight eyes
were studied. The median age of the patients was 82 years, and the mean duration
of glaucoma treatment was 8 years. The patients had open-angle glaucoma (four
eyes), exfoliation glaucoma (one eye), neovascular glaucoma (one eye), normal
tension glaucoma (one eye), and uveitic glaucoma (one eye). Stage classifications
at diagnosis were stage IA in four eyes and stages IC, IIA, IIB, and Ill in one eye
each. All treatments were carried out with dry eye drops, steroid eye drops, and
antibiotics. The mean duration of treatment was 1.4 years. The classifications at
the time of the final visit were normal corneal epithelium (three eyes), stage 1A
(two eyes), lIA (one eye), and Il (two eyes). Three eyes (37%) improved by more
than one stage and one eye deteriorated by more than one stage. LSCD is long-
lasting and difficult to treat in a short period; thus, it requires careful medical
attention.

glaucoma, limbal epithelial stem cell deficiency, cornea, anti-glaucoma, topical

1. Introduction

Limbal epithelial stem cells (LSCs) exist in the basal epithelium of the limbus between the
transparent cornea and the opaque sclera. The normal limbus and LSCs act as a barrier against
invasion of the conjunctival epithelium onto the corneal surface. (1) Most LSCs live in the superior
and inferior corneal limbus (niche) called the palisades of Vogt. (2) Damage to the LSCs by many
factors leads to LSC deficiency (LSCD), which leads to abnormal instability of the corneal
epithelium. LSCD involves the replacement of the normal corneal epithelium with the conjunctival
epithelium, recurrent corneal epithelium defects, neovascularization, inflammation, and scaring
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(1). These problems lead to decreases in visual acuity and ocular
discomfort. The representative causes of LSCD are chemical injury,
Steve-Johnsons syndrome, allergic ocular surface diseases, contact lens
wear, and chronic lid disease (1). Related causes of glaucoma include
multiple surgeries involving the limbus (2), bullous keratopathy (3),
mitomycin C (4), 5-fluorouracil (5), and preservertives (6). Recently,
glaucoma has become the leading cause of irreversible blindness in the
world (7) and the number of newly diagnosed cases is increasing
(estimated 111.8 million individuals in 2040) (8). Glaucoma patients
will have long-term and multiple uses of anti-glaucoma medications
and may have several glaucoma surgeries throughout life due to
increased life expectancy, which may increase the incidence of
LSCD. Previously, confocal microscopy and impression cytology
showed how topical glaucoma medications induced limbal modification
due to increased inflammatory responses (9). Confocal microscopy and
anterior segment optic coherence tomography showed thinning of the
limbal epithelium thickness in patients with glaucoma who used topical
glaucoma medications (10, 11). Some reports suggested LSCD was
induced by glaucoma surgery (2, 5, 12), repairs with amniotic
membrane transplantation, or conjunctival limbal autografts (5). LSCD
induced by soft contact lens wear was shown to be resolved by cessation
of contact lens wear and topical corticosteroids, artificial tears, and
antibiotics (13, 14). However, the effects of medical treatments for LSCD
in glaucoma patients remain unknown. In this case series, we present
an analysis of eight eyes with LSCD in glaucoma patients who were
treated medically.

2. Case description

This retrospective cross-sectional comparative study was approved
by the Institutional Review Board of Lanikai Tsukazaki Hospital (IRB

TABLE 1 Patient backgrounds.

Glaucoma @ Estimated
type duration

Patient Eye Sex Age

glaucoma
eye drop
(years)

Other
ophthalmic
of diseases

10.3389/fmed.2023.1161568

No. 221019) and performed in accordance with the tenets of the
Declaration of Helsinki. Information from the electronic database of
the Department of Ophthalmology, Samika Tsukazaki Hospital, was
collected between August 2021 and March 2022. Our electronic
medical records for the past 10 years were reviewed according to the
diagnosis of “limbal epithelial stem cell deficiency” and “glaucoma””
The inclusion criteria were as follows: (1) minimal follow-up period
of 1 month, (2) previous or ongoing treatment for LSCD, (3) existing
slit-lamp photography before and after treatment, and (4) use of
topical anti-glaucoma medications for more than 1lyear. After
eliminating two patients (one without clear photography and one who
used glaucoma drugs for only 2 months), eight eyes of seven patients
with both LSCD and glaucoma treatment were evaluated. We used the
latest global consensus classification system for LSCD (1). The
classifications were based on the extent of corneal and limbal
involvement; that is, whether the visual axis or central 5mm of the
cornea was affected (stages I or II and III) and whether more than 50%
of the LSCs were intact (A: <50%, B: >50 and < 100%, and C: 100%).
In stage III, the entire corneal surface is affected. All the regimens for
topical glaucoma medication were carried out by SN, and the various
regimen for LSCD was performed by SM or TC. Staging of LSCD
using slit lamp photography at both the initial diagnosis and the final
visit was performed by SN and SM. The patient backgrounds are
shown in Table 1. Among the eight eyes of seven patients, the median
age of the two male patients was 82 years (range: 70-87 years), and the
median duration of glaucoma medical treatment was 8 years (range:
6-15years). The glaucoma types were primary open-angle glaucoma
(four eyes), exfoliation glaucoma (one eye), normal tension glaucoma
(one eye), neovascular glaucoma (one eye), and uveitic glaucoma (one
eye). Only two eyes had previously undergone glaucoma surgery. The
LSCD classifications at the initial diagnosis and the final visit are
shown in Table 2 and Figure 1 (upper panel and lower panel,

Visual Endothelial
acuity at cell
final visit densities
(logMAR)  (cells/mm?)

Visual
acuity at
diagnosis
(logMAR)

Previous
glaucoma
surgery

1 R F 73 NVG 9 Proliferative - 0 0 1,347
diabetic
retinopathy and
blepharitis
2 L F 70 POAG 6 Ptosis - 0.5 0.19 2,572
3 R M 87 POAG 12 - - 0 0.1 1,316
4 L F 83 NTG 15 Trichiasis - 0.5 0.12 2,371
5 L M 82 Uveitic 7 Cytomegalovirus | Trabeculectomy 0.1 0.7 746
glaucoma uveitis and ptosis | with MMC,
needling with
MMC
6 R F 82 Exfoliation 9 Macula hole Ahmed implant 1.9 1.8 1,167
glaucoma
7 R F 71 POAG 7 - - 0.1 0 1859
L POAG 7 - = —0.2 -0.2 2,245

NVG, neovascular glaucoma; POAG, primary open angle glaucoma; NTG, normal tension glaucoma; MMC, mitomycin C.
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TABLE 2 Changes of stages in limbal epithelial stem cells deficiency with treatment and the treatment regime.

10.3389/fmed.2023.1161568

Patient Eye Stagingof Staging Improvement Duration = Regime for LSCD Use of topical
LSCD at of LSCD  (1)/no change of glaucoma eye
initial at final  (-)/ treatment drops during the
diagnosis visit aggravation for LSCD treatment of LSCD

() (years)
1 R 1A 0 1 2 2% rebamipide, 0.3% ofloxacin Latanoprost/Carteolol
ophthalmic ointment, artificial tears Fixed Combination
eye drop
2 L 1IB 0 1 1.3 3% diquafosol sodium, 0.1% Tafluprost
fluorometholone, artificial tears eye
drop

3 R 1A 1A - 1.3 0.3% ofloxacin ophthalmic ointment Tafluprost

4 L 1A 0 1 1.5 0.1% fluorometholone Brimonidine/brinzolamide

fixed combination

5 L 1C 11 1 1 0.1% betamethasone, 0.3% ofloxacin Dorzolamide/Timolol

ophthalmic ointment Fixed Combination

6 R 111 111 - 0.75 0.1% fluorometholone Tafluprost + Dorzolamide/

Timolol Fixed Combination

7 R IIA 1A - 2 0.1% fluorometholone, 1.5% -

levofloxacin
L 1A 1A - 2 0.1% fluorometholone, 1.5% -
levofloxacin

LSCD: limbal epithelial stem cells deficiency.

FIGURE 1

Slit lamp photography of limbal epithelial stem cell deficiency (LSCD) at the initial diagnosis and final visit. Upper panel shows LSCD photography at the
initial diagnosis. Lower panel shows LSCD photography at the final visit.
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Stage 0

Normal corneal
epithelium

Stage [

<50% of limbal
involvement

Normal corneal
epithelium within
the central 5 mm
zone of the cornea

A
Stage II
The central 5 mm <50% of limbal
zone of the cornea involvement
is affected

A
Stage III

The entire corneal
surface is affected

Case 6 (—)

FIGURE 2

Case 1 and 4 (1)

Case 3 and 7L (—)

>50% but < 100% of limbal

Staging of LSCD1 and changes in staging after treatment. The green arrow shows the improvement (1) in the stage with the case number. The purple
arrow indicates the aggravation (]) of the stage with the number of cases. No change (—) showed with the case number.

100% of limbal
involvement

involvement

Case 5 ()

respectively). The median treatment duration for LSCD was 1.4 years
(range: 0.75-2 years). Treatment regimens mostly consisted of topical
dry eye drops, low-concentrate corticosteroids, topical antibiotics, and
ointment. The frequency of topical eye drops and ointments use
depended on the LSCD situation. At the initial diagnosis of LSCD, the
number of eyes in each stage was IA (four eyes), IC (one eye), ITA (one
eye), IIB (one eye), and III (one eye). At the final visit, the number of
eyes in each stage was as follows:0, normal corneal epithelium (three
eyes); IA (two eyes); ITA (one eye); and III (two eyes). Three eyes
(37%) showed more than one category of improvement, and one eye
(12%) showed aggravation in more than one category (Figure 2).
Visual acuity (logomark) did not improve significantly after treatment
(p=0.828, paired t-test). Written informed consent was obtained from
the individuals for the publication of any potentially identifiable
images or data included in this article.

3. Discussion

The current study is the first to analyze the medical treatment
outcomes of LSCD in patients who had been treated for glaucoma.
Our results showed that some eyes improved (37%) and only one eye
(12%) worsened despite relatively longer treatment. A previous
medical treatment study for LSCD in patients with contact lens
wearers was over a mean follow-up of 15 months (range, 4-60 months)
(14). All eyes achieved a stable cornea and the function and niche of
LSCs or both were reversible (14). Additionally, another study on
contact lens-induced LSCD showed that 16 eyes recovered medically,
but two eyes needed surgical intervention (13). Contact lens users
were relatively younger and were not exposed to the toxicity of topical
medications compared to glaucoma patients. Glaucoma medications
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induce inflammation, dry eye, tear film instability, and meibomian
gland dysfunction (15, 16). These medications cannot be stopped
because they are required to prevent high intraocular pressure.
Therefore, recovery from LSCD in glaucoma patients will be more
difficult and will require longer time periods than soft contact lens
users who develop LSCD. A total of 63% of the patients in our study
maintained the same stage or deteriorated despite medical treatment.
In these patients, the function and niche of LSCs or both may become
irreversible due to structural changes caused by long-term exposure
to drugs. In our cases, two eyes (25%) underwent glaucoma surgery.
Case 5, who underwent trabeculectomy with mitomycin C and
needling with mitomycin C, was the only patient who experienced
worsened LSCD (stage IC to III). This was probably due to 7years of
glaucoma medications, filtering surgery with mitomycin C, and
ongoing bullous keratopathy (endothelial cell density 746 cells/mm2),
which led to aggregate LSCD. Three eyes [stage IA (two eyes) and
stage IIB (one eye)] recovered completely to stage 0 after more than
1year of treatment. The other four eyes maintained the same stage
after 9months to 2years of treatment. It is difficult to discontinue
glaucoma medications because of the need to prevent glaucoma
progression. This affects recovery from the LSCD. Topical
antiglaucoma medication was discontinued only in case 7; however,
the stage did not change before and after treatment for LSCD. The
purpose of medical therapy is to: (1) stop traumatic or toxic insults to
the limbus, and (2) optimize the ocular surface environment by
improving the tear film, controlling inflammation, and promoting
differentiation of the healthy epithelium (14). In the current study,
we used corticosteroids in six of eight patients to decrease
inflammation. Artificial tear eye drops and 3% diquafosol sodium are
also useful for stabilizing the tear film (17). Rebamipide 2% can
modify epithelial cell function, improve tear stability, and suppress
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inflammation (18). Additionally, ofloxacin ointment is useful for tear
lipid layer treatment, which contributes to tear stability (19). When
medical therapy proves ineffective, which unfortunately happens
frequently, surgical intervention should be considered (20). In such
cases, a sequential conjunctival epitheliectomy is often performed as
the initial procedure. This is followed by the transplantation of lost
limbal cells, typically achieved through either a conjunctival limbal
autograft or a keratolimbal allograft (20).

4. Conclusion

LSCD is long-lasting and difficult to treat in a short period; thus,
it requires careful medical attention.
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Background: Glaucoma has an insidious onset with non-specific early symptoms,
often leading patients to delay in seeking help. However, postponing the first
ophthalmological consultation can result in delayed diagnosis and treatment,
with adverse effects on vision. This study explored the factors associated with
delayed first ophthalmological consultation in patients with primary glaucoma,
with the overarching aim of informing measures to reduce delayed consultation
and avoid the consequent adverse outcomes.

Methods: We adopted a phenomenological approach. Semi-structured interviews
were conducted with patients admitted to a tertiary eye hospital in Tianjin, China,
from January 2021 to April 2021. Data were analyzed by Colaizzi's seven-step
method.

Results: We identified 46 patients with primary glaucoma who delayed their first
ophthalmological consultation for various reasons. There were four major themes
and 16 sub-themes. The major themes were as follows: (1) occult symptoms
that are difficult to identify; (2) insufficient knowledge and understanding of
glaucoma-related risks and harm; (3) perceived difficulties in accessing medical
care; and (4) inadequate support system.

Conclusion: In order to avoid patient delay and consequent irreversible damage
to the visual field in patients with primary glaucoma, it is essential that medical
staff identify symptoms more effectively, change habitual medical behavior of the
patients, adopt a medical union model, and promote the use of a social medical
support system to address practical difficulties in delivering adequate care.

delayed consultation, glaucoma, medical care behavior, occult symptoms, visual field
damage

Background

Glaucoma is the main cause of irreversible blindness globally, with pathological elevated
intraocular pressure being the major risk factor. Elevated intraocular pressure levels and the
intolerance of the optic nerve to this pressure lead to optic nerve atrophy and visual field defects
(1). Glaucoma was estimated to have affected 79.6 million people worldwide in 2020, and this
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number is anticipated to increase to 111.8 million in 2040 (2, 3), with
Asia proposed to have the highest incidence (4).

Notably, approximately 50% of patients are not aware that they
have glaucoma (5). Glaucoma poses a serious threat to vision, as its
development is insidious and the early symptoms are atypical. Clinical
manifestations of glaucoma overlap with those of few degenerative
brain and digestive system diseases (6). In order to improve the early
diagnosis and treatment of glaucoma, efforts have been made to
construct predictive genetic risk models (7) and a glaucoma self-
reporting system (8), and establish the relationship between the risk
assessment of systemic diseases and glaucoma (9). Nevertheless, these
approaches have been unable to significantly improve delays in first
ophthalmological consultation for primary glaucoma.

In 1946, Pack and Gallo first described the concept of “patient
delay;” in which a patient delays seeking help. A delay of >3 months
has been defined as an undue delay (10). Eissa et al. (11) divided the
total delay into three stages: patient delay, diagnosis delay, and
treatment delay. Prior et al. (12) divided the medical treatment delay
into patient delay and healthcare provider delay. Patient delay refers
to a delay in seeking care by the patient, while healthcare provider
delay includes both detection delay and service delay. Detection delay
refers to a delay in investigations by a healthcare professional to
diagnose glaucoma. Service delay refers to a delay in referring the
patient to a glaucoma specialist and a delay in glaucoma treatment.

A high proportion of patients with glaucoma experience
irreversible damage to their vision due to a delay in their first
ophthalmological consultation. Jones et al. (13) investigated 10,766
patients with glaucoma who attended a glaucoma clinic for the first
time in Britain and Tanzania. Data from the British glaucoma clinic
showed that 4.6% of patients already had severe visual field damage in
one or both eyes. Data from Tanzania were even more alarming, with
44.7% of patients already having severe visual field damage in one or
both eyes. Other epidemiological data from Africa showed that the
proportion of glaucoma cases with delayed first ophthalmological
consultation was as high as 50%; the degree of visual impairment in
severe cases had already reached the level of blindness (14). Thus, as
glaucoma is a chronic ophthalmic disease, early detection and
treatment is crucial to retard progressive damage to the visual field,
ensure patient quality of life, conserve medical resources, and reduce
the burden of care imposed by the onset of blindness.

At present, factors associated with delays in first ophthalmological
consultation in patients with glaucoma are unclear. Therefore, the
objective of this study was to determine causes of first ophthalmological
consultation delay by interviewing patients with glaucoma who had
previously delayed their first ophthalmological consultation.
Determination of the underlying factors for such delays would
facilitate improvements in the early detection of glaucoma and reduce
the incidence of consequent adverse outcomes.

Methods
Study participants
This study used a purposive sampling method, and the sample size

was based on the principle of information saturation. Participants
were selected from inpatients admitted to the glaucoma ward of a
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tertiary eye hospital in Tianjin, China, from January 2021 to April
2021. The inclusion criteria were as follows: intraocular pressure
>21 mmHg; glaucomatous optic nerve changes and glaucomatous
visual field defects in one or both eyes at the first ophthalmological
visit; requirement for glaucoma treatment; and ability and willingness
to express the full details of the process leading to the delay of their
first ophthalmological consultation.

Research method

Theoretical basis

The theoretical basis for our investigation was that the first
ophthalmological consultation delay can be caused by both patient
delay and seeking care delay; this was supported by the results of our
literature review (11, 12) (Figure 1). Thus, this theoretical basis was
used to ensure that the interview content reached saturation.

Interview outline

Semi-structured interviews were used to collect data. A
preliminary interview outline was formulated based on our study
objective and literature review. We then consulted one qualitative
research expert, two nursing master graduate students, two glaucoma
experts, and one glaucoma ward nurse to revise the interview outline.
Two glaucoma patients who met the inclusion criteria of this study
were selected via a convenience sampling method for a pre-interview,
which was performed to ensure that the interview questions were clear
and understandable. The interview outline was subsequently finalized.

The interview questions were as follows: (1) “Do you know the
disease from which you suffer? What is it?”; (2) “What troubles and
difficulties did you encounter in the process of detecting symptoms,
determining that you were sick, deciding to seek care, choosing a
hospital, and starting treatment and monitoring?”; (3) “Please recall
the influence of your work, economic state, and family life on your
first ophthalmological consultation and medical treatment”; and (4)
“Please recall the influence of your knowledge level and medical
treatment attitude on first seeking ophthalmological consultation”

Data collection method

The interview was conducted in the glaucoma ward. Before
starting the interview, the purpose of the study was explained to the
patients. It was clarified that the interview recording was to be used
only for medical research and that the research results would
be summarized anonymously. After obtaining consent, the interview
process, including non-linguistic expressions such as expression, tone,
and gesture, were recorded. The interview process was based on the
principle that patients fully expressed the details of their experience
with delaying their first ophthalmological consultation. The interview
was ended when no new information was procured.

Data analysis method

After the interview, Colaizzi’s seven-step method (15) was used to
analyze the data. Two researchers listened to the recordings after each
interview was completed, to determine the degree of saturation of the
data. After confirming data saturation, transcription personnel
transcribed the recordings for consistency calibration. The text was
carefully and repeatedly read and subsequently imported into
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FIGURE 1

Theoretical basis of first ophthalmological consultation delay. The theoretical basis for our investigation was that the first ophthalmological
consultation delay can be caused by both patient delay and seeking care delay.

Nvivo12' to identify significant statements, formulate meaning, cluster
themes, develop exhaustive descriptions, and produce the
fundamental structure.

Results

Forty-six patients with glaucoma, who delayed their first
ophthalmological consultation and subsequently received glaucoma
treatment, were enrolled in this study. There were 29 primary angle
closure glaucoma (PACG) patients (11 males, 18 females) with a mean
age of 64.07 +7.33. The delay time ranged from 3 to 24 months with a
median of 7 (3, 14) months, and most of the caregivers were spouses
(21/29, 72.41%). Among these 29 PACG patients, 10 were retired, 8
were unemployed and had pensions, and 11 were other professionals,
covering multiple occupations. In terms of medical insurance, 27
patients had medical insurance and only 2 patients did not. The degree
of visual field impairment from mild to severe was as follows: 5
patients with binocular paracentral scotoma (PS), 4 patients with
monocular PS and the other eye nasal step (NS), 8 patients with
monocular PS and the other eye wedge-shaped depression (WSD),
and 3 patients with monocular NS and the other eye WSD. There were
17 primary open angle glaucoma (POAG) patients (9 males, 8 females)
with a mean age of 67.29+7.30, and there was no statistical difference
in age between PACG patients and POAG patients (independent
sample t test, p =0.156). The delay time ranged from 3 to 24 months
with a median of 15 (10, 20.5) months. There was a significant
difference between the two groups in delayed first ophthalmological
consultation (Wilcoxon rank sum test, p =0.008). Most of the
caregivers were spouses (13/17, 76.47%), which is similar to that of
PACG patients. Among these 17 POAG patients, 7 were retired, and
10 were other professionals, covering multiple occupations, but there

1 https://www.gsrinternational.com/nvivo-qualitative-data-analysis-

software/home
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were no unemployed individuals. The degree of visual field
impairment from mild to severe was as follows: 2 individuals with
monocular PS and NS in the other eye, 2 individuals with binocular
NS, 2 individuals with monocular NS and WSD in the other eye, and
the other 11 individuals with moderate to severe visual field injury
(11/17, 64.71%). The general information of the respondents is shown
in Table 1.

Analysis of the interview data resulted in the extraction of 1,396
effective semantic reference points, duplicate semantic reference
points were 269 items. Four major themes and sixteen sub-themes
were formed. The four themes were related to aspects of disease
recognition, symptom confusion, hazard cognition, and the support
system, and were defined as follows: (1) occult symptoms are difficult
to identify; (2) insufficient knowledge and understanding of
glaucoma-related risks and harm; (3) perceived difficulties in accessing
medical care; and (4) inadequate support system. The specific
interview content is shown in Table 2.

Glaucoma symptoms are occult and
difficult to identify

The first major theme included five sub-themes, which covered
the patient ignoring the prodrome and common pitfalls. Factors
involved in ignoring the prodrome included atypical symptoms, low
medical care level, and a lack of health education. Common pitfalls
included thinking that symptoms were due to systemic disease or the
natural aging process. These five sub-theme items and interview
records are shown in Table 3.

Insufficient knowledge and understanding
of glaucoma-related risk and harm

The second major theme included three sub-themes, which

covered the following: a lack of awareness of the symptoms and harm
caused by the disease, as well as neglected factors, such as
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TABLE 1 Baseline patient data (n =46).

g?;yupfo(r)r:a (yﬁgfs) corﬁlsrljlttaotFi) Q:,h;érlzyﬁf,’f:tlhs) Affected eye and visual field Caregiver Profession MEd'C::)? (yes/
N1 POAG M 66 19 OD NS; OS WSD Spouse Government official Yes
N2 POAG M 67 7 OD NS; OS PS Spouse Teacher Yes
N3 PACG F 51 24 OD PS; OS TVF Spouse Blue-collar laborer Yes
N4 PACG F 73 10 OD WSD; OS NS Spouse Retiree Yes
N5 POAG M 65 8 OD NS; OS PS Spouse Farmer No
N6 PACG F 74 24 OD WSD; OS PS Spouse Unemployed Yes
N7 POAG M 73 24 OD TVF; OS WSD Son Retiree Yes
N8 PACG M 55 3 OD PS; OS PS Spouse Kitchen worker Yes
N9 PACG M 61 23 OD WSD; OS TVF No one Retiree Yes
N10 POAG F 67 13 OD WSD; OS WSD Spouse Farmer Yes
NI1 POAG F 77 22 OD WSD; OS TVF Spouse Retiree Yes
N12 PACG F 65 10 OD NS; OS WSD Spouse Unemployed Yes
N13 PACG M 68 3 OD NS; OS PS No one Farmer Yes
N14 POAG M 73 24 OD TVF; OS NS Spouse Policeman Yes
N15 PACG F 54 3 OD PS; OS PS Spouse Accountant Yes
N16 PACG F 55 3 OD PS; OS PS Spouse Tailor No
N17 PACG M 73 20 OD WSD; OS WSD Son Retiree Yes
N18 POAG M 53 10 OD NS; OS NS Spouse Attendant Yes
N19 PACG F 68 21 OD TVF; OS TVF Daughter Retiree Yes
N20 PACG F 64 18 OD WSD; OS WSD Spouse Farmer Yes
N21 POAG M 76 14 OD NS; OS TVF Son Retiree Yes
N22 POAG F 72 19 OD TVF; OS WSD Son Retiree Yes
N23 PACG M 70 3 OD PS; OS WSD Son Retiree Yes
N24 PACG F 59 6 OD WSD; OS PS Spouse Unemployed No
N25 PACG F 57 17 OD PS; OS WSD Spouse Barber Yes
N26 PACG F 70 5 OD WSD; OS PS Spouse Unemployed Yes
N27 POAG M 52 3 OD NS; OS NS Spouse Mechanic Yes
N28 PACG M 59 5 OD PS; OS NS Spouse Policeman Yes
N29 PACG F 73 11 OD TI; OS NS Spouse Unemployed Yes
N30 PACG F 78 9 OD TL; OS TVF Spouse Retiree Yes
N31 POAG F 67 15 OD WSD; OS WSD Spouse Retiree Yes
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TABLE 1 (Continued)

g?;yupceocr)rf\a Sex (ypégfs) cor?srusrt:t'? g:lhgglg;l(?géc:tlhs) Affected eye and visual field Caregiver Profession Medlc::;;z (yes/
N32 PACG F 60 5 OD WSD; OS NS No one Retiree Yes
N33 PACG M 63 3 OD NS; OS PS No one Unemployed Yes
N34 POAG M 61 10 OD NS; OS TVF Spouse Professor Yes
N35 POAG F 62 17 OD TVF; OS NS Spouse Farmer No
N36 PACG M 70 3 OD PS; OS NS Spouse Retiree Yes
N37 POAG F 72 16 OD WSD; OS WSD Spouse Retiree Yes
N38 PACG F 64 3 OD PS; OS PS Spouse Unemployed Yes
N39 PACG F 67 8 OD WSD; OS PS Spouse Unemployed Yes
N40 PACG M 61 6 OD PS; OS PS Spouse Blue-collar laborer Yes
N41 PACG F 63 7 OD WSD; OS NS Spouse Retiree Yes
N42 PACG M 62 5 OD TVF; OS WSD No one Engineer Yes
N43 PACG F 50 10 OD PS; OS WSD Spouse Journalist Yes
N44 POAG F 75 12 OD WSD; OS NS Son Retiree Yes
N45 PACG M 71 8 OD PS; OS WSD Spouse Retiree Yes
N46 POAG F 66 23 OD IT; OS WSD Spouse Farmer Yes

M, male; E, female; POAG, primary open-angle glaucoma; PACG, primary angle-closure glaucoma; OD, Right eye; OS, Left eye, PS, paracentral scotoma; NS, nasal step; WSD, wedge-shaped depression; TVE, tube visual field; TI, temporal island
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TABLE 2 Major themes: factors involved in the delay to first ophthalmological consultation by patients with primary glaucoma.

Major themes Content of the interview

Symptoms are occult “In the beginning, I always had migraine, a burst of pain; I thought that was nerve pain!” (N15)

and difficult to identify “When I worked in a restaurant, I often felt dizzy and struggled to see things. The room was so hot that I thought I was Shanghuo.” (N18)
“I did not know I had glaucoma. I visited a doctor, every time the medical eye examination was normal” (N34)
Insufficient knowledge “Many years ago my eyes pained; I had no pain over the past 2 years. Recently I had eye pain for 2 days, but I did not mind” (N6)

and understanding of “I do not know the purpose of checking the visual field; my visual acuity was not affected, and I thought my eyes were normal. But visual field

glaucoma-related risk damage is so serious” (N22)

and harm

Perceived difficulties in “I do not have pension or healthcare insurance. I rely on my husband’s pension of 3,000 Chinese Yuan per month; how can I go to see a doctor

accessing medical care with this amount of money?” (N4)

“My home is far from the hospital, more than 30 miles. The only way to get there is to take a shuttle car, and then take a bus” (N5)

Inadequate support “My eldest daughter is a teacher and her work keeps her very busy; her children are studying for their college entrance examination and have no

system time to take me to see the doctor.” (N13)

“We are not registered and rarely go to the hospital. We do not know how to register online and have to wait for our child to do this for us” (N45)

TABLE 3 Major theme 1: glaucoma symptoms are occult and difficult to identify.

Sub-themes Content of the interview

Symptoms are not

typical

“I went to the toilet in the middle of the night. Wow! My eyes blurred; I thought that I got up too fast. I did not care, and went back to sleep, got up in
the morning, and it was all right” (N16)

“Blurred vision was not severe and did not affect my work, so I did not buy any medicine. I had been deceived that it was Shanghuo, and did not pay

much attention” (N27)

“I was informed of glaucoma in the hospital. I went to the cataract department for surgery, and the doctor told me that I should make an appointment

with the glaucoma specialist. Only then did I know that I had glaucoma.” (N14)

Medical carelevel | “The doctor of my county hospital checked my eyes, and she said my eyes were too dirty, and that I needed to massage my eyes. I immediately agreed!

is poor But the massage was very uncomfortable, was so uncomfortable that I burst into tears!” (N33)
“The doctor of your hospital was very sure and said that I had glaucoma. I lived in Tianshui, Gansu province, where there was no local ophthalmologist.
Doctor Ji of your hospital came to Tianshui once every month.” (N1)

Lack of health “I never surf the internet. I do not understand the words. My medical knowledge is very poor.” (N20)

education

“I do not know anything about glaucoma. Take cataract for example, now everyone knows about that, but people really lack glaucoma knowledge”

(N28)

Symptoms are “I told my mother-in-law that I could not see anything. She said it was a side-effect of chemotherapy” (N3)

affected by “It’s like catching a cold. I mistakenly thought I had a cold, and my blood pressure was so high that I could not see” (N11)

systemic disease - R ) N
T'm old and T have a headache. I suspected that I had a tumor in my head. I got an MRI, but there was nothing wrong.” (N5)

Symptoms are “I have blurred vision. Since I was young, I have been weaving gloves, pasting matchboxes, and making toothbrushes. I thought my eyes were too tired

mistaken for because I used them too much?” (N37)

symptoms of “When I was young, I had strong immunity and I was not easy to get sick. Now, I am old, and my immunity is weakened. That was why my eyes were

natural aging bad? (N9)

self-medication. Common cognitive deficiencies included not being
aware of the harm caused by glaucoma, poor willingness to seek
medical care, and self-medication habits. The content of the three
sub-themes and interview records are shown in Table 4.

Perceived difficulties in obtaining medical
care

The third major theme included five sub-themes, which covered

marked economic pressure, a lack of trust in seeking medical
treatment, long travel distance required to access medical care, a lack

Frontiers in Medicine

of glaucoma specialists or examination facilities, and limited medical
resources. The contents of the five sub-themes and interview records
are shown in Table 5.

Inadequate support system

The fourth major theme included three sub-themes, which
covered the following: being unable to see the doctor by themselves,
being too busy with work or life; having an inadequate family support
system. The three sub-theme contents and interview records are
shown in Table 6.
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TABLE 4 Major theme 2: insufficient knowledge and understanding of glaucoma-related risk and harm.

Sub-themes Content of the interview

Not aware of

glaucomatous harm

“I do not understand, I did not think it was so severe; anyway, I feel the eyes are covered but not serious.” (N2)

“When I was a child, I had good vision. I was fine all my life. I did not know glaucoma was so serious.” (N27)

Poor willingness to

seek medical care

“Talso love to inquire. A neighbor was performed glaucoma surgery, I think the effect was not good. He said the treatment had no curative effect.

I believed him, so I always delayed seeing a doctor” (N19)

“I grew up in the countryside. When I got sick, I had no medicine. I had not gone to the hospital for decades.” (N26)

Self-medication
habits

“I used the eye drops that my children had brought back from Japan! They were meant for treatment of visual fatigue, and I felt a little better!” (N8)

“My husband said I had cataracts, so I went to the pharmacy to buy eye drops. I used the eye drops for 2 years” (N46)

TABLE 5 Major theme 3: perceived difficulties in obtaining medical care.

Sub-themes Content of the interview

Marked economic

pressure

“I'was born in a village. When I married my husband, I came to live in the city. I had no retirement fee, and no money to see a doctor!” (N29)

“Medical insurance does not cover the outpatient expenses. It usually takes me more than 10,000 Chinese Yuan a year to pay for my systemic disease

(diabetes, hypertension, heart disease). So, I did not check for glaucoma before” (N39)

Lack of trust in

seeking medical

“I do not really believe what the doctor said, I am afraid that the doctor wants to prescribe more medicine and do more surgery. And your hospital has

interns, so I am even more afraid that the doctor will be selfish.” (N7)

institutions is far

away

treatment “My father is also a doctor, not of ophthalmology, and he advocated going to other hospitals and get comprehensive opinions from different hospitals.”
(N43)
Medical “It was a long way away. It took more than an hour to drive here. There was no vacant parking space in the hospital, my son stopped his car two

kilometers away, walked to the hospital and rented a wheelchair. Then, he walked back and picked up me with a wheelchair from parking to hospital. It

took me another hour” (N17)

“It took me 23 h to come here by train, it will not save much time even by plane (sigh).” (N42)

No glaucoma

specialist or

“Work unit physical examination and community physical examination do not involve the eyes, the county hospital only checks the common diseases.”

(N24)

examination “Doctors in the village only screen cataracts; they can do cataract surgery, but not glaucoma surgery” (N35)

facilities

Limited medical “I made an appointment with my smartphone. For next week’s clinic, the fastest you can see a doctor is in 3 or 4 days” (N25)
resources

TABLE 6 Major theme 4: inadequate support system.

Sub-themes Content of the interview

Inability to see the = “Ineed my son when I go to see a doctor, not because of my poor eyesight: I cannot make an appointment online and pay electronically, I cannot do it
doctor by (N31)
themselves “I cannot go to the hospital by myself. I do not know where to go. My daughter, daughter-in-law, son-in-law and my son, they take turns in going to
hospital with me.” (N12)
Being busy with “I just got a job 6 months ago. Every colleague has his own task, and there is nobody to spare. I got the position by other’s reccommendation. I am too
work or life embarrassed to ask for leave, ah!” (N40)
“I pick up my grandson from school every day. I have to cook for my family and have no time to see a doctor” (N44)
Inadequate family | “Since last year, I felt something like hair floating in front of my eyes, but I did not have long hair ... I told my husband, and he did not care” (N10)
support system “My eyes were uncomfortable for 2 weeks, and my children did not have time at that time. Now, they are free and they took me to the hospital.” (N23)

All the above first ophthalmological consultation delay factors are shown in Figure 2.

Discussion

In this study, we interviewed 46 patients with primary glaucoma
who had delayed seeking their first ophthalmological consultation.
From the general data of the patients, the visual field damage in PACG
was milder, with 20 patients experienced mild to moderate visual field
damage (20/29, 68.97%), while only 6 POAG patients (6/17, 35.29%)

Frontiers in Medicine

had mild to moderate visual field damage. This may be due to the
longer delay and the more insidious symptoms in POAG. In this study,
the median of delayed medical visit time in POAG patients was
significantly greater than that of PACG patients, indicating that POAG
patients had longer delay in first ophthalmological consultation.
Therefore, it is necessary to conduct more in-depth research on the
delayed treatment of POAG patients in the future. Ophthalmologists
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FIGURE 2

The first ophthalmological consultation delay factors. D1: symptoms are occult and difficult to identify (D1a: symptoms are not typical; D1b: medical
care level is poor; Dlc: lack of health education; D1d: symptoms are affected by systemic disease; Dle: symptoms are mistaken for symptoms of
natural aging); D2: insufficient knowledge and understanding of glaucoma-related risks and harm (D2a: not aware of glaucomatous harm; D2b: poor
willingness to seek medical care; D2c: self-medication habits); D3: perceived difficulties in accessing medical care (D3a: marked economic pressure;
D3b: lack of trust in seeking medical treatment. D3c: medical institutions is far away; D3d: no glaucoma specialist or examination facilities; D3e: limited
medical resources); D4: inadequate support system (D4a: inability to see the doctor by themselves; D4b: being busy with work or life; D4c: inadequate

family support system).
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should take more time to consider how to reduce the delay in
POAG. Although PACG had a slightly shorter delay in seeking
ophthalmological consultation and less severe visual field damage in
this study, a targeted intervention in PACG patients with mild to
moderate visual field damage would better maintain their residual
visual function and effectively avoid blindness. Therefore, more
attention should be paid to delayed seeking of medical treatment in
both types of glaucoma. In addition, although no jobless people were
found in POAG group, the POAG patients presented greater
consultation delay, indicating economic level may not be the
determinant factor of delayed medical attendance.

From the results of the 46 patient interviews, the most important
reasons for the delay was the difficulty in identifying glaucoma
symptoms, which was recounted by 31 patients (31/46, 67.39%). Other
common reasons for the delay in seeking medical treatment in
ophthalmology departments included the lack of awareness of the
harm caused by glaucoma, perceived difficulties in obtaining medical
treatment, and an inadequate support system. In contrast to previous
studies, we used an in-depth interview process to address disease
cognition, life rhythm, work intensity, medical habits, local medical
resources, physical care, economic status, family support, and other
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aspects. Thus, our results provide a more accurate reflection of the
primary causes of first ophthalmological consultation delay.

Improve disease awareness of both doctors
and patients through social media and
standardized training

Glaucoma damages the optic nerve through high intraocular
pressure, which subsequently leads to an irreversible visual field defect
and eventual blindness (1). In the process of visual field damage,
glaucoma commonly causes symptoms such as nose pain, headache,
and a transient decline in visual acuity. Most patients are unaware that
they have glaucoma in the early stages of the disease. Indeed, our
results indicated that insufficient knowledge and understanding of
glaucoma-related harm was a major issue, consistent with the findings
of previous studies (16). Due to the atypical symptoms, 21 patients
(21/46, 45.65%) did not realize the importance and urgency of
ophthalmological consultation. Thus, there is an immediate need to
popularize the knowledge of glaucoma. Previous studies (17, 18) have
called for the problem of glaucoma perception to be addressed

frontiersin.org


https://doi.org/10.3389/fmed.2023.1161980
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Liu et al.

through the mass media. In addition, symptom identification and the
early diagnosis of glaucoma are not focal points in current
standardized training programs for non-ophthalmic medical staff.
Komolafe et al. (19) recommended the strengthening of glaucoma
knowledge among medical staff, in order to educate the general
population about glaucoma and the importance of avoiding
ophthalmological consultation delay. In the present study, 14 patients
(11 POAG and 3 PACG) complained of undetected glaucoma-related
symptoms, highlighting the urgent need to popularize knowledge
about glaucoma, especially for POAG patients. Celebi (20)
recommended the strengthening of community education. A feasible
public health strategy would be to screen high-risk groups, such as
older individuals and those with a family history of glaucoma in the
community, on the premise of enhancing the awareness of glaucoma.

Use internet resources to carry out
glaucoma health education projects and
change medication habits

While the initial symptoms of glaucoma are atypical, the visual
field damage is progressive, and causes a sharp decline in patients’
quality of life and increases treatment costs, thus emphasizing the
value of early intervention (21, 22). Progressive glaucoma is associated
with decreased reading ability and mobility, inability to drive and
work (23-25), as well as adverse psychological effects (26, 27). In this
study, 19 patients (19/46, 41.30%) had delayed their first
ophthalmological consultation for 12 months or longer; this included
12 cases of primary open-angle glaucoma and 7 cases of primary
angle-closure glaucoma. While the symptoms of the two types of
glaucoma differ, a general lack of awareness of disease harm typically
leads to a delay in seeking medical treatment, regardless of glaucoma
type. Indeed, consultation delay remains a major problem and
challenge for the medical industry.

The first step in overcoming this challenge would be to increase
the willingness of high-risk groups with glaucoma to actively seek
medical care (28). In the early stage of glaucoma, it is difficult for most
patients to comprehend the potential serious decline in quality of life
that would be caused by visual field damage (29). In addition, the
attitude toward the disease needs to be changed through health
education (30). Twenty-six patients (26/46, 56.52%) mentioned “lack
of health education” in the interviews, urging us to promote the
quality of patients’ health education. At present, internet medical care
services are available in various forms (31-33), particularly in low-
and middle-income countries and regions. We suggest that special
glaucoma health education internet projects should be increased,
health education for high-risk groups should be strengthened, and
habits of avoiding medical care consultation should be changed.

Medical union and medical multi-point
practice for resolving practical difficulties

The medical union model of some developing countries requires
that all tertiary hospitals participate in and play a leading role in
regional medical care; furthermore, health services should
be responsible for medical management of the region (34). The
imbalance of medical resources, long waiting time for medical
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resources, long travel distances to medical treatment facilities, and low
rate of medical insurance reimbursement should be resolved. Medical
unions may be particularly effective in resolving issues related to the
marked economic pressures and long travel distances faced by
patients, as well as limited medical resources. Indeed, 28 patients
(28/46, 60.87%) in the present study cited insufficient medical
resources as the cause of their delay in obtaining ophthalmology
treatment. A previous study reported that the medical union model
was able to remedy registration difficulties and long waiting times for
ophthalmological consultation (35).

However, in the process of promoting the work of the medical
union, issues with insufficient medical staff and an inability to achieve
homogenization will exacerbate the lack of trust in medical treatment
(36). In the process of promoting the multi-site practice of medical
staff, some countries have also set up prescribing rights for specialized
nurses in community hospitals, which to some extent solves problems
such as insufficient manpower, insufficient medical resources, and the
fact that many older people cannot use the online appointment
registration system (37, 38). The promotion of medical technology
from tertiary hospitals to primary hospitals is conducive to glaucoma
examination, ensures homogenization, and increases the trust of
patients through the provision of high-quality medical services.

Improving the whole social medical
support system through multiple channels

Three themes in the present study highlighted an inadequate
support system: the inability of the patient to see a doctor by
themselves; being too busy with work or life; and having an inadequate
family support system. To solve these three problems, it is necessary
to establish a multi-channel social-family support model. Many
countries currently implement the checkout mode of seeking medical
treatment before payment, which can effectively resolve the issue of
patients who are unable to see a doctor alone. Although the “medical
and postpayment” model and electronic payment channels in various
countries have achieved some successful results, many problems
remain (39, 40). Improvements are still required in terms of the
strength and integrity of the doctor-patient relationship, the number
of medical and auxiliary personnel, and communication to patients at
key points, such as inspection item notification and cost settlement.
At the same time, social health science should be popularized to
enhance the awareness of glaucoma and to enhance family support.
As middle-aged patients with glaucoma are particularly affected by a
busy work schedule, fast pace-of-life, and other problems, internet
hospitals should be promoted (41, 42). Internet hospitals would allow
patients who are proficient in using the internet to quickly and
conveniently complete preliminary consultation and screening for
glaucoma, thereby reducing the incidence of ophthalmological
consultation delay.

Limitations

We acknowledge the limitations of this study. First, this was a
preliminary pilot study and the sample size was small. Second, the
research participants in this study were older individuals with primary
glaucoma. As older patients may be less able to perceive symptoms
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and typically experience more practical difficulties, they are also more
prone to ophthalmological consultation delay than younger patients.
In addition, the incidence of primary glaucoma is higher among older
individuals. A study with larger sample size (especially younger
patients with glaucoma) is needed to address the cause of consultation
delay among young patients.

Conclusion

A delay in ophthalmological consultation and treatment for
glaucoma leads to an irreversible damage to visual function. In this
study, we elucidated real-life reasons for the delay of ophthalmological
consultation. This information can be used as the basis for the
continuous improvement of management protocols and systems to
prevent glaucoma-related blindness.
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Background: Glaucoma, the leading cause of irreversible blindness, is a common
disorder that contributes to gradual optic nerve degeneration. The beneficial
impacts of uric acid (UA) have been reported in some neurodegenerative
conditions such as Parkinson’s disease, Alzheimer's disease, and amyotrophic
lateral sclerosis. But the results of current studies about the association between
serum UA level and glaucoma are conflicting. The present meta-analysis was
conducted to provide a better understanding of the association between serum
UA level and glaucoma.

Methods: We searched the databases of PubMed, Scopus, Web of Science,
and Google Scholar systematically until November 20, 2022 to identify case-
control studies, comparing the serum UA concentrations of the patients with
glaucoma and controls. The mean =+ standard division difference was used to
assess the difference in serum UA concentrations between the glaucoma patients
and controls.

Results: Six studies involving 1,221 glaucoma patients and 1,342 control group
were included in the present meta-analysis. This meta-analysis using a random
effect model indicated that the mean UA level in glaucoma patients was 0.13 (2
= 91.92%, 95% Cl = —0.42 to 0.68) higher than the controls; however, it was not
statistically significant.

Conclusions: Our findings provide evidence that glaucoma patients have a higher
serum UA level compared to the controls, but this difference is not statistically
significant. Prospective studies are needed to determine the possible association
between increased UA and glaucoma pathogenesis.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42022364055, identifier: CRD42022364055.

KEYWORDS

glaucoma, intraocular pressure, uric acid, oxidative stress, systematic review, meta-
analysis

Introduction

Glaucoma is the leading cause of irreversible blindness in the world (1).
The prevalence of this disorder is rising and varies globally (2, 3), and it is
predicted that the number of glaucoma patients will exceed 110 million people by
2040 (4).
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In the early stages, glaucoma might be asymptomatic, or
patients may experience blurred or missing areas in their vision
field (5). However, the late stages of the condition can result in
irreversible blindness, especially if untreated (6).

Although the harmful effects of glaucoma on vision are
irreversible, early diagnosis and treatment of this condition can
decrease the risk of permanent blindness (7).

Due to the asymptomatic nature of glaucoma, early detection
of the disease is challenging, and the number of diagnosed patients
with glaucoma is lower than undiagnosed patients (8, 9).

Intraocular pressure (IOP) measurement is one of the main
diagnostic tests for the diagnosis and progress monitoring of
glaucoma (10). Evaluated IOP is the leading risk factor for
glaucoma (11). IOP reflects the balance between the aqueous
humor generation and its drainage from the eye through the
trabecular meshwork and the Schlemm canal outflow pathway (12).
Dysfunction of this outflow pathway elevates IOP, which results
in glaucomatous optic neuropathy, but it has been shown that
normal IOP also may be found in some glaucoma patients (13).
This suggests that other factors may involve in the underlying
mechanism of glaucoma and underline the need to prioritize
research in this area to promote the clinicians’ insight into the
development of glaucoma.

Glaucoma has traditionally been considered an eye disease,
but recent studies have linked it to central nervous system
degeneration (14-16). The neurodegeneration associated with
glaucoma contributes to gradual optic nerve degeneration with
progressive retinal ganglion cell (RGC) loss, which is the main cause
of progressive vision loss (17, 18).

The
neuropathy is still unknown. It has been suggested that glaucoma

underlying pathogenesis of glaucomatous optic
destroys neurons through neuroinflammation and oxidative stress
(18). Antioxidants can be protective against glaucoma through
different mechanisms such as IOP reduction, promoting vascular
health, and prevention of RGC loss (19).

Uric acid (UA) is a purine metabolite that detects intracellularly
and in all body fluids (20) and that shown to have both pro-oxidant
and antioxidant features in-vitro by production and scavenging
of reactive oxygen species (21, 22). The beneficial impacts of UA
have been shown in other neurodegenerative conditions, such as
Parkinson’s disease (23), Huntington’s disease (24), Alzheimer’s
disease (25), and amyotrophic lateral sclerosis (26). However, the
role of UA in the underlying mechanism of glaucoma is still unclear.

By exploring the association between uric acid and glaucoma,
we can identify potential abnormal metabolic processes in
glaucoma patients, thereby considering UA as a biomarker. Data
from several case-control studies suggest a significant inverse
association between serum concentrations of UA and glaucoma risk
(27-29). However, this was not confirmed in all studies, and some
studies even reported a significant association between high serum
UA concentrations and the risk of glaucoma (30-32). Hence, the
current meta-analysis aimed to evaluate the relationship between
serum UA concentration and glaucoma in case-control studies.

Method

The present study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
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(PRISMA) (33). The protocol has been registered in the
PROSPERO database (registration number: CRD42022364055).

Eligibility criteria

The present systematic review focused on case-control studies
that reported the serum UA concentrations in patients with
glaucoma and compared them to controls. The investigations
should be conducted in vivo in humans, and the subjects could be
controls or glaucoma patients.

We included only studies in the English language. We excluded
conference meetings and abstracts that were not published in
peer-reviewed journals. If original data or exact numbers were
unavailable in both groups of patients with glaucoma and controls,
they were not included in our quantitative analysis.

Search strategy and literature screening

To identify studies to be included in this review, a systematic
search was performed via PubMed, Scopus, Google Scholar, and
Web Of Science databases from inception through November 20,
2022. We used the following search strategy: (“uric acid”[Mesh])
AND (“glaucoma’[Mesh] OR “Intraocular Pressure”’[Mesh] OR
“Ocular Hypertension” [Mesh]). Moreover, the reference lists of
studies obtained in the initial search were manually searched for
more relevant articles.

Study selection

After removing duplicate records, two reviewers (MM and
HRG) independently analyzed all titles and abstracts obtained from
the searches to identify relevant papers.

The full text of studies that appeared to meet the inclusion
criteria were obtained and independently analyzed by two reviewers
(MM and HG). The authors resolved the disagreement through a
discussion with a third author (AS). Eventually, studies that did not
meet the inclusion criteria were discarded.

Risk of bias assessment

We applied the Newcastle-Ottawa Quality Assessment Scale
(NOS) for case-control studies to evaluate the methodological
quality of the studies (34). The NOS contains a star system in which
a study is assessed on three domains (Supplementary Table S1);
representativeness of study group selection (four items),
comparability of groups (two items), and ascertainment of
the exposure (three items). Studies scored one star for each area
addressed, with a maximum score of 9, of which 7-9, 4-6, 0-3,
and scores considered high, fair, low, and quality, respectively.
Disagreements were resolved by discussion, and a third author

arbitrated unresolved discrepancies.
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FIGURE 1
PRISMA flow diagram of included studies.

Data extraction

Using standardized data extraction forms, two reviewers (MM
and AS) extracted data independently. In cases of disagreement
between the reviewers, a third reviewer (HG) was consulted.
The following data were extracted from selected studies: authors’
name, publication year, country of study, glaucoma type, number
of subjects, age range of subjects, definition, and the mean and
standard deviation of serum UA levels. Data were extracted
separately for each entity groups (glaucoma patients or controls).

Statistics

The mean difference (MD) and its corresponding standard
error (SE) were calculated by using the mean values and
their standard deviations reported/calculated for case and
control groups. Then MDs extracted from each study were
used as effect size for meta-analysis. The meta-analyses were
performed using DerSimonian-Laird random-effects model,
which takes the between-study heterogeneity into account.
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Stata software, version 17.0 (Stata Corp, College Station, TX),
was used to analyze the data. Both the Q statistic and I’
statistic measures were used for the evaluation of heterogeneity
between studies. P-values < 0.05 for Cochran’s Q test and
an I? higher than 25% will be considered as significant
heterogeneity (35).

P-values < 0.05 were considered statistically significant. To
conduct a sensitivity analysis, each article was removed from the
final analysis. Begg’s funnel plots and Egger’s and Begg’s asymmetry
tests were used to assess the presence of publication bias (36).

Result

Study selection

After the systematic search in databases, 289 records were
retrieved. By removing 83 duplicate records, 206 were screened,
and finally, the six studies met the inclusion criteria and were
included in this meta-analysis. The Prisma flowchart shows this
process in detail in Figure 1.
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Study characteristics

Among six studies evaluating the level of UA in serum, 1,221
glaucoma patients were compared to the 1,342 control group. One
study recruited patients with normal-tension glaucoma (NTG),
another study with primary angle closure glaucoma (PACG), while
the patients in the other four studies all were primary open-
angle glaucoma (POAG). The largest sample size between these
studies included 886 primary angle closure glaucoma patients,
with 994 participants as a control group. In comparison, the
smallest contained 23 primary open-angle glaucoma patients with
15 participants as a control group. These studies were performed in
China (n = 2), Tunis (n = 1), Greece (n = 1), Italy (n = 1), and
Japan (n=1).

The mean UA level across all glaucoma patients ranged between
4.00 £ 0.66 mg/dl In Serra et al. to 6.2 &= 1.9 mg/dl in Elisaf et al.
The characteristics of each included study are shown in Table 1.

For quality assessment of included studies, the Newcastle-
Ottawa Scale score was used. Almost all studies have good-quality
scores, and Supplementary Table S1 shows these scores in detail.

Results of syntheses

The pooled analysis included all six studies, showing that serum
UA level was higher in glaucoma patients than in other patients
without glaucoma. In detail, A meta-analysis using a random effect
model indicates that the mean UA level in glaucoma patients was
0.13 (I = 91.92%, 95% CI = —0.42 to 0.68) higher than the
controls; however, it was not statistically significant (Figure 2).

Each article was removed from the analysis to perform a
sensitivity analysis, and no significant effect of a single study was
found. The funnel plot and Begg and Egger test showed no evidence
of publication bias (P > 0.05) (Supplementary Figure SI).

Discussion

So far, the association between serum UA concentrations and
glaucoma is under debate. To the best of our knowledge, this is the
first meta-analysis to examine the relationship between serum UA
level and glaucoma.

In the present meta-analysis of 1,221 glaucoma patients
compared to 1,342 controls included in 6 case-control studies,
serum UA concentration in patients with glaucoma was higher than
in the controls, but this association was not statistically significant.

Three out of six case-control studies (27-29) within this meta-
analysis found a significant inverse association. In comparison,
three other studies (30-32) have reported a positive association
between high UA levels and glaucoma (Table 1). These various
results may be reflected by the heterogeneity found in the
present meta-analysis. The inclusion of various glaucoma types
in this meta-analysis and the differences in disease etiology could
contribute to this heterogeneity (Table 1).

Some authors have recently found decreased total antioxidant
capacity levels in the blood and aqueous humor samples of
glaucoma patients (37, 38). Oxidative stress is also suggested to play
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arole in the physiologic changes in aqueous humor outflow, leading
to increased IOP and RGC degeneration in glaucoma (39, 40).

UA is one of the main antioxidants of plasma (21, 41).
Wayner et al. (42) reported that urate contributes up to 65%
of the overall antioxidant capacity of the plasma. Meanwhile,
experimental animal studies and human clinical trials have
suggested that higher serum UA concentrations can prevent
neuronal degeneration (43, 44).

Li et al. investigated the association between the progression of
recently diagnosed PACG and pretreatment UA levels of serum.
In this prospective observational study, there was a correlation
between a lower baseline serum UA concentration and a higher risk
of PACG progression. These findings suggested that higher serum
UA values may protect against PACG and suppress the disease
progression (45).

On the other hand, some studies have suggested that systemic
inflammation is related to glaucomatous damage (46). A recent
study by Astafurov et al. (46) showed that glaucoma patients had
greater bacterial oral counts in compression to controls and low-
dose lipopolysaccharide administration in glaucoma animal models
led to neuronal loss and axonal degeneration. In addition, recent
studies have reported a significant association between Heliobacter
pylori infection and glaucoma (47, 48).

As mentioned above, it seems that glaucoma patients are in
a low antioxidative and high oxidative state in the body. UA
may be consumed in glaucoma by preferentially reacting with
oxidizing agents in the body. These findings are consistent with
former studies reporting that subjects with higher UA levels have
a decreased risk of glaucoma (27-29) and that the level of UA was
negatively related to the glaucoma severity (28, 29).

However, another previous study compared the serum UA
levels between pseudoexfoliation patients (the leading cause of
secondary glaucoma) and controls and reported that serum
UA levels of subjects with and without pseudoexfoliation were
similar (49).

The other three studies included in our meta-analysis (30-32)
suggested higher serum UA concentrations were found in glaucoma
patients in comparison with controls.

Regarding this subject interestingly, elevated levels of UA
have been reported in the aqueous humor of some patients with
glaucoma (50). Additionally, it has been suggested that oxidative
stress can accelerate the apoptosis of trabecular meshwork cells
and extracellular matrix accumulation in the trabecular meshwork,
leading to increased resistance of the aqueous humor outflow
pathway and an increase in IOP (51). It is possible that elevated
serum UA may reduce the outflow facility of aqueous humor by
impairing the trabecular meshwork physiology, ultimately leading
to an increase in IOP and glaucomatous optic neuropathy.

Nevertheless, IOP elevation is insufficient to explain the
(52).
other involving risk factors, particularly the impairment of the

underlying pathophysiology of glaucoma Therefore,
vasculature supplying the optic nerve and the tissues around it,
have also been suggested (53).

According to the growing body of clinical and experimental
research, UA-induced inflammatory response and oxidative stress
contribute to microvascular impairments (54, 55). Some in vitro
and in vivo findings suggested that UA may contribute to
endothelial dysfunction by causing antiproliferative impacts on the
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TABLE 1 Characteristics of the six included studies in the present meta-analysis.

References Country Glaucoma Patients Controls
type
Agerange Definition Serum UA Age range Definition Serum UA
level level
(mg/dl) (mg/dl)
Bouchemi et al. (32) Tunis POAG 100 (46/54) 68.33 £ 1.44 IOP > 21 mm Hg + 5.44 + 4.30 114 (52/62) 70.18 £ 1.14 Normal IOP + senile 4.55+2.77
open-angle glaucoma + cataract + not received
visual field loss + topical drugs
glaucomatous optic
nerve head alternations
Elisaf et al. (30) Greece POAG 49 (34/15) 65+9 Visual field defect + 62+ 1.9 72 (52/20) 6348 Normal IOP 50+ 1.2
optic disk damage on the
open-angle of anterior
chamber + deep anterior
chamber
Lietal. (29) China POAG 163 (108/55) 49.99 £+ 17.24 Inpatients scheduled for 54+ 141 103 (77/26) 51.42 £ 16.14 IOP < 21 mm Hg + age 6.09 £ 0.89
glaucoma surgery + age > 18 years + open
> 18 years + open anterior chamber angle
anterior chamber angle + VCDR < 0.5+ no
+ visual field with family/personal history
characteristic of glaucoma + no prior
glaucomatous damage eye surgery + no
consistent with nerve systemic disease
fiber layer loss
Lietal. (28) China PACG 886 (302/584) 63.17 & 10.65 IOP > 21 mm Hg + 4.81 +1.38 994 (370/624) 63.26 £ 10.12 N/d 4.96 +1.43
narrow eye angles + at
least 180 of angle-closure
obliterating the
pigmented part of the
trabecular meshwork +
too extensive degree of
peripheral anterior
synechiae to be managed
by laser peripheral
iridotomy
Serra et al. (27) Italy POAG 23 (10/13) 68.68 & 7.54 IOP > 21 mm Hg+ 4.00 % 0.66 15 (5/10) 65 1 4.56 BCVA 4 > 0.0 logMAR 4.95 4 0.86
visual field defect + optic +IOP < 21 mm Hg +
disk damage + open no glaucomatous optic
iridocorneal angle + nerve head alterations +
deep anterior chamber no family history of optic
nerve head diseases + no
cause of hyperuricemia
Yuki etal. (31) Japan NTG 47 (18/29) 59.5+10.2 Non-occludable and 58+1.5 44 (16/28) 62.7 £ 14.8 N/d 49+14

open anterior chamber
angles + glaucomatous
optic disc cupping +
visual field defect

M/F, male/female; VCDR, vertical cup-to-disc ratio; N/d, not defined; BCVA, best corrected visual acuity.
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Treatment Control Mean diff. Weight
Study Year N Mean SD N Mean SD with 95% ClI (%)
Bouchemietal. 2020 100 544 4.3 114 455 277 L | 0.89[-0.07, 1.85] 12.37
Elisaf et al. 2001 49 6.2 1.9 72 5 1.2 —B— 1.20[ 0.65, 1.75] 16.45
Lietal. 2019 163 54 1.41 103 6.09 .89 B -0.69[-0.99, -0.39] 18.58
Li et al. 2017 886 4.81 1.38 994 496 143 - | -0.15[-0.28, -0.02] 19.49
Serra et al. 2021 23 4 66 15 4.95 .86 —— -0.95[-1.43, -0.47] 17.11
Yuki et al. 2010 47 5.8 15 44 49 14 —B— 0.90[ 0.30, 1.50] 16.01
Overall < 0.13[-0.42, 0.68]
Heterogeneity: 1° = 0.40, I = 91.92%, H = 12.38
Test of 6 = 6;: Q(5) = 61.88, p = 0.00
Testof6=0:z=0.47,p=0.64
2 1 0 1 2
Random-effects DerSimonian—Laird model
FIGURE 2
Forest plot of meta-analysis for serum uric acid level in glaucoma patients and control groups.
endothelium (56, 57), which has been shown to have an important In addition, systemic diseases and some medications

association with open-angle glaucoma (58).

Moreover, it has been reported that an elevated serum UA and
its fluctuations were independently related to impaired choroidal
and retinal microcirculation (59).

In a recent study, Yang et al. reported that higher serum UA
concentrations were noticeably associated with decreased retinal
capillary plexus vessel density. These results may support the
damaging impact of high serum UA concentrations on the retinal
microvasculature and suggest the necessity of regulating serum UA
to prevent microvascular alteration (60). In addition, interestingly,
it has been reported that a history of chronic renal disease is
significantly associated with the higher risk of development of
subsequent glaucoma (61).

Serum UA is known as a potential risk factor for the
development and progression of chronic renal disease. It has been
reported that elevated serum UA levels can cause an increase in
glomerular blood pressure leading to renal diseases. Additionally,
pilot studies have suggested that lowering serum UA therapies may
slow the progression of chronic renal disease (62). In this regard,
it is suggested that both the choroid plexus in the human eye
and the renal glomerulus have extensive vascular networks with
similar structures (63). The underlying mechanism of glaucoma
development may be similar to the chronic renal disease. According
to these findings, it is possible that higher levels of UA may be
contributing to glaucomatous optic neuropathy.

With all these interpretations, this study was a meta-analysis of
the case-control studies, and we cannot consider a precise causal
role for UA in the pathogenesis of glaucoma.

Due to the limited number of primary studies available, we
were unable to perform a separate analysis for UA levels in each
glaucoma subtype. Therefore, it is important to interpret the results
cautiously, considering the potential variations in UA levels among
different glaucoma types.
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administration may affect the serum UA level (64-66). Except for
Bouchemi et al. (32), all the studies analyzed in this meta-analysis
excluded individuals with systemic diseases or those taking
medications that could affect serum UA levels. Bouchemi et al.
(32) did not clearly state the criteria for excluding patients with
systemic diseases or those using medications that could impact
serum UA levels.

The observational nature of the included studies does not allow
us to determine whether UA-lowering interventions can influence
the development of glaucoma. Further randomized clinical trials
are required to assess whether the UA-lowering medications may
be beneficial in managing glaucoma.

The primary objective of our study was to compare serum
UA levels between patients with glaucoma and the control group.
We did not analyze and compare the concentration of UA levels
in the vitreous and/or aqueous humor. Prior studies have shown
that UA levels in aqueous humor of patients with glaucoma
were higher than controls (32, 50). The exact mechanism by
which UA is transferred into the aqueous humor remains unclear.
However, several urate transporters that are involved in UA
homeostasis, such as the ATP-binding cassette transporters, organic
anion transporters, and solute carrier transporters have been
identified in the retina and/or ciliary body of human eyes (67-
70). These transporters may be involved in regulating of UA
levels in human eyes. Future studies should consider comparing
the UA levels in the vitreous and/or aqueous humor to gain
a more comprehensive insight into its role in the development
of glaucoma.

Furthermore, the study population of included studies
in our meta-analysis was limited, and it is necessary to
conduct more extensive cohort studies to
the

and glaucoma.

prospective

determine potential link between serum UA levels
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Conclusion

This meta-analysis summarized a large body of evidence from
case-control studies on the association between serum UA level
and glaucoma. These findings provided evidence that serum UA
concentrations are higher in glaucoma patients in comparison
with controls, but this association is not statistically significant.
However, prospective studies are needed to confirm the exact effect
of serum UA concentrations on the risk of glaucoma.
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Purpose: Micro-invasive glaucoma surgery involves a group of treatment methods
associated with a low rate of side effects and good effectiveness outcomes.
One of the most frequently performed procedures belonging to this group
is iStent microstent implantation. The aim of this study was to perform a
retrospective evaluation of the safety and efficacy of a combined procedure
involving cataract phacoemulsification and single iStent microstent implantation,
performed simultaneously.

Materials and methods: The complete medical records of 62 patients (91
eyes) were analyzed retrospectively, including the best corrected visual acuity,
intraocular pressure, the mean defect of visual fields, and the number of active
substances used in eye drops. The follow-up times were 1, 3, 6, 9, and 12 months
after the surgical procedure.

Results: A significant improvement in the best corrected visual acuity and a
reduction of the intraocular pressure were achieved after the surgery. On average,
after 12 months, the best corrected visual acuity improved from 0.70 (0.25) to 0.91
(0.18; p =0.001), the intraocular pressure reduced from 17.76 (3.95) to 14.91 (3.04;
p = 0.0001), and the number of active substances used in eye drops reduced from
2.07 (1.08) to 0.70 (0.06; p = 0001). In addition, we found that patients who initially
showed higher intraocular pressure values did not benefit from surgery in the
aspect of the number of active substances used in their eye drops. Intraoperative
and postoperative adverse events were transient and ultimately did not affect
the outcomes.

Conclusion: Simultaneous cataract phacoemulsification with single iStent
implantation in patients with open-angle glaucoma is a safe and effective method
for reducing intraocular pressure and the number of topical medications that
must be used. Having initially higher intraocular pressure values may limit the
beneficial effects of iStent implantation by subordinating patients from topical
treatment; thus, single iStent implantation may not be the most favorable choice
in uncontrolled glaucoma cases.
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Introduction

Glaucoma refers to a heterogeneous group of diseases
characterized by progressive optic neuropathy resulting from
damage to retinal ganglion cells (RGCs) (1). According to
estimates by the European Glaucoma Society, ~76 million people
worldwide suffered from glaucoma in 2020, and forecasts indicate
that, by 2040, the number of patients may increase to as many
as 112 million (2). Increased intraocular pressure (IOP), age,
coexisting chronic diseases (e.g., diabetes or cardiovascular
high
background are the leading risk factors for the development

diseases), refractive errors, and, potentially, genetic
of glaucoma (1, 3-5). Primary open-angle glaucoma (POAG)
affects approximately 2% of the population over 40 vyears
of age, and the percentage of patients increases with age,
reaching approximately 10% in the 8th and 9th decades of
life (6). POAG is the leading cause of irreversible blindness in
developed countries and is a serious health and socioeconomic
problem (6-13).

The current glaucoma treatment features different options
depending on the type and severity of the disease (I, 14, 15).
Regardless of the stage of the disease, the goal is to treat the
increased IOP, which is believed to be responsible for disease
progression. Among the available treatments, several types of
glaucoma surgeries are available, including the gold-standard
trabeculectomy and modern micro-invasive glaucoma surgery
(MIGS) techniques. MIGS is a state-of-the-art glaucoma surgery
that uses small incisions and specialized devices to regulate
the IOP (16-22). According to the American Academy of
Ophthalmology, MIGS comprises five major features: a high safety
profile, minimal disruption of normal eye anatomy, an ab interno
approach, efficacy—offering a meaningful IOP-lowering effect -
and ease of use for patients and physicians. The introduction
of MIGS techniques represented a compromise between safety
and efficacy in glaucoma surgery (17, 23). Although the gold-
standard penetrating bleb surgery, trabeculectomy, continues
to represent the most effective surgical method for lowering
the IOP, it is burdened with a greater risk of complications,
including but not limited to uveal effusion, endophthalmitis,
blebitis, and hypotony (24, 25). Modern glaucoma surgeries,
including MIGS procedures, tend to be safer but at the cost of
efficacy (26).

The iStent was specifically designed for use during cataract
surgery; however, it can also be implanted as an individual
procedure (27, 28). By creating a bypass, the iStent increases
the aqueous humor outflow from the anterior chamber into
Schlemm’s canal (29). The iStent can be an effective treatment
option for individuals with mild-to-moderate open-angle glaucoma
who are also undergoing cataract surgery (30). It is not
suitable, however, for all types and stages of glaucoma. The
decision to use the iStent—or any other glaucoma treatment—
depends on various factors, including the patients specific
condition, the severity of the glaucoma, and the ophthalmologist’s
recommendation (31).

In the present study, we aimed to evaluate the risks and
benefits of parallel cataract phacoemulsification with single iStent
implantation in patients with open-angle glaucoma.
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Materials and methods

Analysis strategy

We performed a retrospective analysis of the medical records
of patients who underwent the combined procedure of single
iStent implantation and cataract phacoemulsification, performed
simultaneously. All the procedures were performed by the same
two ophthalmology specialists (IF and EK), and all the patients
signed informed consent for the surgery and data usage. The
approval of the local ethical committee was also obtained. We
selected the records of 62 Caucasian patients—40 women and
22 men, with a mean age of 69.6 (6.8) years—for inclusion in
our analysis. Among these patients, 91 eyes underwent surgical
interventions—89 eyes due to POAG and 2 eyes due to secondary
glaucoma associated with pseudoexfoliation syndrome. In the case
of bilateral surgery, the time gap between the procedures in the
right and left eye was at least 2 weeks. The indications for iStent
implantation were the failure to achieve the target IOP with
the maximum topical treatment, patients’ adherence problems
due to frequent eye drop application requirements, patients’
intolerance of topical treatment, or disease progression according
to the visual field test. In addition, the indication for cataract
phacoemulsification was lens clouding that affected the decimal
visual acuity to a level of 0.70 or lower or anisometropia/polyopia
after cataract phacoemulsification in the fellow eye.

The primary inclusion criteria for surgery were as follows:
being diagnosed with primary or secondary open-angle glaucoma
with coexisting cataracts meeting the eligibility criteria for cataract
surgery; an age of more than 18 years; a minimum best-corrected
visual acuity (BCVA) of 0.10 according to the Snellen chart; an
IOP in the range of 10-30 mmHg at the maximum tolerated
topical treatment; and features of glaucomatous optic nerve damage
in perimetry. The primary exclusion criteria for surgery were as
follows: patients who underwent previous glaucoma procedures,
those in whom advanced glaucoma was noted in the visual
fields (according to the Hodapp-Parrish-Anderson criteria), those
who showed intolerance to topical treatment, those who were
pregnant or breastfeeding, those with anterior peripheral synechiae,
those with corneal opacities affecting angle visibility, those with
associated eye conditions, such as a history of recurrent uveitis,
wet age-related macular degeneration (AMD), status post-posterior
vitrectomy, or advanced diabetic retinopathy, and a lack of the
patient’s informed consent.

For the purpose of this analysis, we selected patients with
complete and available medical records from between 2017 and
2020 who underwent the described surgeries at the Department
of Ophthalmology, Medical University of Silesia, Katowice, Poland
and Okulus Plus Co.

Surgical procedures
When undergoing cataract surgery, the pupils were dilated with
1% tropicamide (Polfa, Poland); topical anesthesia was applied

using 0.5% proxymetacaine hydrochloride eye drops (Alcaine,
Alcon, Switzerland); and the ocular surface was rinsed with an
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antiseptic solution of 10% povidone-iodine. Additional intraocular
anesthesia, in the form of 0.2ml of Mydrane (Laboratories
Thea, France), was additionally administered into the anterior
chamber with a viscoelastic solution cover. Cataract extraction was
performed via a 2.2-2.7 mm superior-temporal incision in the clear
cornea, followed by the implantation of an artificial intraocular
lens. For the iStent (Glaukos Corporation, San Clemente, CA, USA)
implantation, the MIOSTAT solution was administered via an
intracameral injection (0.1 mg/ml carbachol, Alcon, Switzerland)
to constrict the pupil. The patient’s head and the microscope were
then rotated to enable visualization of the iridocorneal angle in the
surgical gonioscope. The single iStent was inserted into Schlemm’s
canal, opposite the clear corneal incision. After surgery, the anti-
inflammatory prophylaxis was applied by injecting cefuroxime
(Aprokam, Laboratories Thea, France) into the anterior chamber.

Follow-up strategy

The follow-up analysis assessed the BCVA, the IOP (using
a Goldmann applanation tonometer), and the number of active
topical substances (NAS) contained in the eye drops used by
patients. The follow-up times were before the surgical procedure,
followed by 1, 3, 6, 9, and 12 months after the surgery. In
addition, the mean deviation (MD) of the visual fields was analyzed
before and after surgery (using standard automated perimetry;
Humphrey Field Analyzer 740, Zeiss, Germany, 24-2 SITA-Fast
program). Intraoperative and postoperative complications were
also assessed.

Statistical analysis

For the statistical analysis, we used the IBM SPSS software
(Armonk, NY, USA). Descriptive statistics are reported as the mean
standard deviation (SD). The distribution of data was evaluated
using the Shapiro-Wilk test. For the pairwise comparisons, we used
the Wilcoxon paired-samples test. Correlations were determined
by calculating non-linear Spearman correlation coefficients. A P
< 0.05 was considered to be statistically significant. For statistical
purposes, we used logarithmic visual acuity to ensure a more
reliable representation of data; however, decimal visual acuity was
selected for the final presentation of data in the study.

Results

The analyzed group consisted of 62 patients (91 eyes) who
underwent simultaneous cataract phacoemulsification with the
implantation of an intraocular lens and a single iStent implant.
The preoperative characteristics of the group are shown in Table 1.
Because the analyzed patients represented a wide IOP range
of 10-30 mmHg, we decided to divide them into two cohorts,
depending on the preoperative IOP: subgroup A consisted of 78
eyes with preoperative IOP values of < 21 mmHg, while subgroup
B consisted of 13 eyes with preoperative IOP values of > 21 mmHg.
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TABLE 1 Summary of mean preoperative measurements.

BCVA 0.70 (0.25)
IOP (mmHg) 17.76 (3.95)
The number of active substances in the eye 2.07 (1.08)

drops 0, 1, or 2 substances: 55 eyes

3 or 4 substances: 36 eyes

Best-corrected visual acuity

When compared to the preoperative evaluation, the BCVA
improved after 1 month of follow-up by 0.21 (0.18) and 0.23 (0.16)
in subgroup A and 0.14 (0.06) in subgroup B. After 3 months, it
improved by 0.25 (0.15); in subgroup A, it improved by 0.24 (0.15);
and in subgroup B, it improved by 0.27 (0.17). After 6 months,
the BCVA improved by 0.24 (0.17); in subgroup A, it improved by
0.22 (0.03), and in subgroup B, it improved by 0.23 (0.13). After
9 months, it improved by 0.21 (0.17) 0.20 (0.16) in subgroup A,
and 0.18 (0.07) in subgroup B. Finally, after 12 months, it improved
by 0.21 (0.15); in subgroup A, it improved by 0.20 (0.14); and in
subgroup B, it improved by 0.20 (0.15). Thus, there was a significant
improvement in the BCVA at all follow-up time points for both
groups (p < 0.05, Wilcoxon test; Table 2).

IOP and NAS in eye drops

After 1 month of follow-up, an overall decrease in IOP by
3.22 (2.99) mmHg was achieved, which translates into an average
decrease of 18.13% compared to the preoperative IOP values;
in subgroup A, it decreased by 2.51 (2.34) or 15.10%, while in
subgroup B, it decreased by 6.50 (4.00) or 26.40%. Moreover, the
overall NAS was reduced by 1.60 (1.14) or 77.29% compared to
the preoperative values; in subgroup A, it decreased by 1.64 (1.08)
or 80.39%, while in subgroup B, it decreased by 1.33 (0.50), or
59.64%. After 3 months, the IOP decreased by 3.44 (2.91) mmHg,
or 19.37% [in subgroup A by 2.58 (2.23) or 15.52%; in subgroup
B by 8.92 (3.00) or 36.23%] compared to the IOP before surgery.
The NAS was reduced by 1.56 (1.26) or 75.36% [in subgroup A by
1.65 (1.19) or 80.88% and in subgroup B by 1.00 (0.60) or 44.84%].
After 6 months, the IOP decreased by 3.36 (2.91) mmHg, or 18.92%
[in subgroup A by 2.68 (2.61) or 16.13% and in subgroup B by
9.33 (3.89) or 37.90%], and the NAS was reduced by 1.61 (1.20) or
77.78% [in subgroup A by 1.67 (1.17) or 81.86% and in subgroup
B by 1.18 (1.40) or 52.92%]. After 9 months of follow-up, the IOP
decreased by 3.44 (3.16) mmHg or 19.37% [in subgroup A by 2.49
(2.3)] or 14.98% and in subgroup B by 9.33 (3.89) or 37.90%], and
the NAS was reduced by 1.57 (1.23) or 75.85% [in subgroup A by
1.68 (1.15) or 82.35% and in subgroup B by 0.92 (0.51) or 41.26%]
compared to the values before surgery. After 12 months, the IOP
decreased by 2.85 (2.40) mmHg or 16.05% [in subgroup A by 1.95
(1.68) or 11.73% and in subgroup B by 8.23 (4.64) or 33.43%], and
the NAS was reduced by 1.36 (1.26) or 65.70% [in subgroup A by
1.49 (1.18) or 73.04% and in subgroup B by 0.62 (0.50) or 27.80%].

These results are shown in Table 3 (p-values were calculated
using the Wilcoxon paired-samples test) and in Figure 1. In the

frontiersin.org


https://doi.org/10.3389/fmed.2023.1273889
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Hajduga-Szewczyk et al.

TABLE 2 Statistical analysis of BCVA evolution after the surgical procedures.

Follow-up times

10.3389/fmed.2023.1273889

[months]

Overall group 0.70 (0.25) vs. 0.92 (0.16) 0.70 (0.25) vs. 0.95 (0.14) 0.70 (0.25) vs. 0.92 (0.20) 0.70 (0.25) vs. 0.90 (0.19) 0.70 (0.25) vs. 0.91 (0.18)
p=0.001 p=0.001 p =0.001 p =0.001 p=0.001

Subgroup A 0.71 (0.25) vs. 0.94 (0.14) 0.71 (0.25) vs. 0.95 (0.14) 0.71 (0.25) vs. 0.92 (0.20) 0.71 (0.25) vs. 0.91 (0.19) 0.71 (0.25) vs. 0.91 (0.19)
p=0.001 p =001 p =001 p =001 p =001

Subgroup B 0.69 (0.29) vs. 0.83 (0.25) 0.69 (0.29) vs. 0.93 (0.14) 0.69 (0.29) vs. 0.93 (0.17) 0.69 (0.29) vs. 0.85 (0.20) 0.69 (0.29) vs. 0.89 (0.18)
p =001 p=0.001 p=0.001 p =001 p =001

Wilcoxon paired-samples test, mean (SD).

correlation analysis, we investigated whether there is a relationship
between the IOP values and the NAS before and 12 months after
the procedure. In the overall group, the Spearman rank correlation
coefficient before surgery was 0.04 (p = 0.6); 12 months after
surgery, the Spearman rank correlation coefficient was 0.2 (p
=0.01).

Visual fields

To assess the stage of the glaucomatous optic nerve damage,
the MD of the visual fields was analyzed. In the overall group,
the preoperative MD value was —4.49 (7.79), and 12 months after
surgery, it was —3.27 (6.99; p = 0.03). In subgroup A, these values
were —6.8 (7.01) and —6.4 (6.6), respectively (p = 0.6). In subgroup
B, they were —4.94 (7.2) and —3.07 (6.8), respectively (p = 0.03).

Intraoperative and postoperative
complications

Among the intraoperative complications, we identified the
following in our retrospective analysis: detachment of the corneal
endothelium (one case) and dislocation of the implant from
Schlemm’s canal into the anterior chamber (one case). In terms
of postoperative complications, anterior chamber bleeding was
reported in three eyes. In addition, 10 eyes developed posterior
capsule opacification during the follow-up period, requiring a YAG
laser capsulotomy. Out of the analyzed cases, there were no cases
complicated with endophthalmitis, and during the entire follow-
up period, no additional glaucoma surgery was required for any of
the patients.

Discussion

The coexistence of cataracts and glaucoma is relatively
common, and its prevalence increases with age (32, 33). In
recent years, MIGS procedures have gained popularity, and
the microstent iStent has become one of the most frequently
used devices within the MIGS group (27, 29, 30, 34-39). In
patients qualified for anti-glaucoma surgery who additionally show
lens opacities, simultaneously combined procedures are often
considered (33, 40). It is believed that cataract phacoemulsification
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with artificial intraocular lens implantation can be effectively and
safely combined with glaucoma surgical procedures, achieving not
only IOP reduction but also visual acuity improvement (33, 40).

The benefits of simultaneous cataract surgery and the
implantation of an iStent have been suggested in many
publications, which have also compared the results of combined
procedures with those of cataract surgery alone (27, 29-32, 41).
In a study conducted by Fernandez-Barrientos et al. 33 eyes were
randomly assigned either two iStent implants and cataract surgery
(group 1) or cataract surgery alone (group 2). In group 1, the IOP
and the NAS decreased significantly after 12 months of observation
compared to group 2 (29). Spiegel et al. (32) conducted a 24-month
multicenter study of 58 eyes after cataract phacoemulsification
with the iStent implantation procedure; they reported the
procedure to be safe and effective in reducing the IOP and NAS
in eye drops. Arriola-Villalobos et al. (31) compared the results
of 19 eyes with concomitant open-angle glaucoma (including
pseudoexfoliative and pigmentary glaucoma) and cataracts that
underwent phacoemulsification and the implantation of an
intraocular lens, along with the implantation of a single iStent
implant. The 3-year follow-up visit showed that this treatment
method was both safe and effective.

Tan et al. (27) assessed the safety and efficacy of cataract
phacoemulsification combined with single iStent implantation in
open-angle glaucoma over a 3-year follow-up period. Forty-one
eyes were examined, of which thirty-six completed the 3-year
follow-up. According to the study report, the combined treatment
turned out to be both safe and effective. Fea et al. (30) presented
the results of the observation of 36 eyes with cataracts and POAG
who were randomly assigned to cataract surgery combined with
iStent implantation or phacoemulsification alone. The authors
showed that both methods reduced the NAS in the drops used
by patients. However, the efficacy of cataract phacoemulsification
alone in reducing the IOP faded over time, while after the
combined procedure, the lower IOP values remained constant
over the observation period. In our study, the group of patients
who underwent simultaneous cataract surgery and single iStent
implantation showed an improvement in BCVA that was observed
at all follow-up points, with the values being 30% better after
12 months compared to before the surgery. However, the BCVA
improvement was mostly due to the cataract phacoemulsification
rather than the implantation of the iStent implant itself. Tan et al.
(27) included 41 patients in their study, implanting a single iStent
in conjunction with cataract surgery. The authors observed an
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TABLE 3 Statistical analysis of IOP and NAS values after the surgical procedures.

Follow-up times

10.3389/fmed.2023.1273889

[months]
10P Overall group 17.76 (3.95) vs. 14.49 17.76 (3.95) vs. 14.27 17.76 (3.95) vs. 14.17 17.76 (3.95) vs. 14.36 17.76 (3.95) vs. 14.91
(3.39) (2.51) (2.73) (2.80) (3.04)
p=0.0001 p = 0.0001 p = 0.0001 p = 0.0001 p = 0.0001
Subgroup A 16.62 (2.78) vs. 14.10 16.62 (2.78) vs. 14.01 16.62 (2.78) vs. 13.89 16.62 (2.78) vs. 14.17 16.62 (2.78) vs. 14.67
(2.95) (2.48) (2.69) (2.60) (2.76)
p=0.003 P =0.001 p=0.001 p=0.001 P =0.002
Subgroup B 24.62 (2.81) vs. 17.00 24.62 (2.81) vs. 15.92 24.62 (2.81) vs. 16.09 24.62 (2.81) vs. 15.50 24.62 (2.81) vs. 16.38
(4.90) (2.15) (2.26) (3.73) (4.19)
p=0.0001 p=0.0001 p = 0.0001 p=0.0001 p=0.0001
NAS Overall group 2.07 (1.08) vs. 0.47 (0.14) 2.07 (1.08) vs. 0.51 (0.11) 2.07 (1.08) vs. 0.47 (0.10) 2.07 (1.08) vs. 0.52 (0.24) 2.07 (1.08) vs. 0.70
(0.16)
P =0.0001 p =0.0001 p = 0.0001 p = 0.0001 P =0.0001
Subgroup A 2.04 (1.11) vs. 0.40 (0.19) 2.04 (1.11) vs. 0.39 (0.22) 2.04 (1.11) vs. 0.37 (0.11) 2.04 (1.11) vs. 0.39 (0.12) 2.04 (1.11) vs. 0.55
(0.25)
P =0.0001 p = 0.0001 p = 0.0001 P =0.0001 P =0.0001
Subgroup B 2.23(0.93) vs. 0.92 (0.16) | 2.23(0.93)vs.1.25(0.29) | 2.23(0.93) vs. 1.18 (0.33) | 2.23(0.93) vs. 1.33 (0.23) 2.23(0.93) vs. 1.62
(0.26)
p=0.01 p=0.05 p=0.05 p=0.06 p=02
Wilcoxon paired-samples test, mean (SD).
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FIGURE 1
(A) Values of the mean IOP + SD (mmHg) before surgery and during the following observation periods after surgery in subgroup A and subgroup B,
and the linear trend of the result distribution. (B) NAS + SD in eye drops before surgery and during the following observation periods after surgery in
subgroup A and subgroup B, and the linear trend of the result distribution.

improvement in the postoperative BCVA by more than two lines
as early as 1 month after the procedure. This value remained at
a similar level for the next few months of observation. Katz et al.
(35) carried out an 18-month follow-up study of 119 patients
with POAG who had one, two, or three iStent implants. One
group featured cases of pseudophakia (i.e., the single-stent group),
and the other groups included eyes with their own lens. The
postoperative BCVA values did not differ significantly compared to
the preoperative ones. In the literature, one can find a comparison
of the effectiveness of the implantation of an iStent alone or
with simultaneous cataract surgery. In some studies, the results
suggest that reducing the IOP in patients with POAG is sufficient
using iStent implantation alone (42), while other researchers have
found greater benefits when the two procedures are combined
(19,43-45). When comparing cataract surgery alone with glaucoma
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surgery, studies have shown that the second method gives better
results (35). Another study showed that the implantation of
two or three iStents gives even better results than a single
implant (40).

We observed that, iStent
implantation and cataract surgery, after 12 months of observation,
the IOP decreased by an average of 2.85 4 4.40 mmHg (16.05%)
to the level of 14.91 &+ 3.04 mmHg, with an average NAS in eye
drops of 0.70 £ 1.06 (i.e., a decrease by 1.36 £ 1.26). Moreover,
after 12 months of observation in the overall group, the NAS

in the case of simultaneous

used in eye drops—compared to the values before the surgery—
decreased in 68 eyes (74.73%), while 54 eyes (59.34%) did not
require the use of eye drops at all. For 20 eyes, the NAS remained
at the same level, while for 3 eyes, it was necessary to increase
the NAS. It should be noted that no additional glaucoma surgery

frontiersin.org


https://doi.org/10.3389/fmed.2023.1273889
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Hajduga-Szewczyk et al.

was required for any of the patients during the entire 12-month
follow-up period.

Our results are comparable to those presented in the study
by Spiegel et al. (32), who reported that the IOP decreased by
an average of 4.3 mmHg and the NAS by 1.2 after 12 months of
observation. In contrast, our results were more favorable than those
in the study by Fea et al. (21), who reported that the IOP decreased
by an average of 1.7 mmHg and the NAS by 0.4 after 12 months
of observation. Finally, our results were worse than those in the
study by Tan et al. (27), who reported that the IOP decreased by
an average of 5.3 mmHg and the NAS by 1.6 after 12 months of
observation. The differences between the results may arise from the
different group sizes and baseline values used to qualify patients for
the procedure.

The first-line treatment for glaucoma is usually IOP-lowering
drops (14, 15). Considering that a large proportion of patients
diagnosed with glaucoma are elderly people with many systemic
diseases, it can be assumed that their adherence to the rules of
using eye drops is often less than ideal. Non-compliance, in turn,
may lead to disease progression and the gradual loss of vision,
which translates into the disability of patients and high costs for
health and social care (46). Based on our data and the analysis of
the literature, we have shown that the reduced number of topical
medications required after a single iStent implantation makes this
type of surgery a good option for patients who are intolerant to
eye drops and/or who have difficulties using them. Katz et al. (47)
also suggested that if a greater reduction in the IOP is required, the
implantation of more than one iStent may be considered.

There is strong evidence suggesting that IOP fluctuates daily
when using eye drops and that their effect on IOP regulation may
be limited (48, 49). In the analyzed group of patients before the
procedure, the NAS did not correlate with the IOP values. It can
therefore be concluded that topical medications did not achieve
the target IOP. For this reason, the patients were referred for
surgical treatment. After concurrent cataract surgery with single
iStent implantation, the correlation between the NAS and IOP
was restored, thus restoring the equilibrium state and achieving
therapeutic success. In our study, we subtracted the uncontrolled
glaucoma patients (subgroup B) from the overall study group
to investigate whether higher initial IOP values would limit the
effectiveness of single iStent implantation. Despite the effective
lowering of the IOP 12 months after surgery, these patients
did not benefit from the surgery in terms of the NAS used in
eye drops, as this value was similar 12 months after surgery to
that reported preoperatively. This may suggest that uncontrolled
glaucoma patients with higher initial IOP values may not be the best
candidates for single iStent implantation as they may require more
radical surgery or the implantation of multiple iStents. Indeed,
some studies have shown the triple implantation of the iStent
infinite implant to be effective in the treatment of uncontrolled
glaucoma cases (50). The implantation of the iStent not only
reduces the IOP but also theoretically limits daily IOP fluctuations,
thus minimizing the risk of glaucoma progression. We did not
observe changes between the preoperative and postoperative visual
field test results. However, a significant improvement in the visual
field MD was obtained after 12 months compared with the results
before the surgery, which could be explained by the following:
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First, we are aware that a follow-up period of 1 year could be too
short to observe visual field changes. Second, the MD of visual
fields considers the diffuse defects, which could be caused by the
cataract itself. Finally, it is known that if the damaging factor is
eliminated in the early stages of the disease—that is, the increased
IOP—the function of the RGCs may improve; this is reflected in
our analysis, especially in subgroup B, in which there were higher
initial IOP values (51-53). The Advanced Glaucoma Intervention
Study (AGIS) (54) also confirmed the relationship between low
IOP and reduced glaucoma progression risk in patients with
POAG. Myers et al. (55) included in their 4-year follow-up 80
patients (80 eyes) with open-angle glaucoma resistant to topical
treatment. Each patient had a history of trabeculectomy and the
subsequent implantation of two iStent implants and one iStent
Supra implant. As a postoperative topical treatment, travoprost eye
drops were recommended. None of the patients required additional
anti-glaucoma surgery throughout the 4-year follow-up period.
The applied combination treatment achieved IOP control, and the
postoperative visual field results remained stable throughout the
observation period.

The various intraoperative and postoperative complications
that have occurred in patients have been reported in the literature.
The most frequently mentioned complication was the presence of
blood in the anterior chamber (36, 40). In our study, we found
reports of three patients with this complication. However, it is
known that some blood reflux through the iStent is often observed
after implant placement, which indicates the correct placement of
the implant in Schlemm’s canal (44). In a study by Tan et al. (27),
after cataract surgery with iStent implantation, blood cells were
observed in the anterior chamber of the eye in one patient (2.44%
of examined eyes). This symptom resolved within 1 week. Similarly,
in a study by Buchacra et al. (41), among 10 examined eyes, there
were three cases of blood reflux into the anterior chamber during
the placement of the iStent implant in Schlemm’s canal. Fernandez-
Barrientos et al. (29) described slight blood reflux from the implant
as a positive sign, indicating the correct placement of the iStent in
Schlemm’s canal.

The analyzed literature also described difficulty inserting
the implant into Schlemm’s canal as a possible intraoperative
complication (55). In this study, similar problems were described
during surgery. In one case, implant dislocation from Schlemm’s
canal into the anterior chamber occurred, while in another case,
detachment of the corneal endothelium occurred, caused by
mechanical damage from the iStent guide.

There are several limitations of our study. The size of the
study group and subgroups does not fully represent the glaucoma
population. In addition, the retrospective construction of the study
limited the analysis to the available medical records and did allow
us to enrich the analysis with some more sensitive markers, such as
the visual field pattern standard deviation (PSD), electrophysiology,
or corneal endothelial cell count.

Conclusion

Simultaneous cataract phacoemulsification and single iStent
implantation in patients with open-angle glaucoma is a safe
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and effective method to reduce the IOP and the number of
topical medications used and to prevent visual field deterioration.
Initially, higher IOP values may limit the beneficial effects of iStent
implantation because these patients continue to require topical
treatment after the surgery; thus, a single iStent implantation
may not be the most favorable choice in uncontrolled glaucoma
cases. However, simultaneous cataract phacoemulsification and
single iStent implantation in patients with uncontrolled open-angle
glaucoma may help to restore the equilibrium state between the IOP
and topical medications, resulting in therapeutic success.
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“Department of Clinical Epidemiology and Biostatistics, Asan Medical Center, University of Ulsan
College of Medicine, Seoul, Republic of Korea, *Department of Ophthalmology, Asan Medical Center,
University of Ulsan College of Medicine, Seoul, Republic of Korea

Purpose: We aimed to evaluate the effect of visit-to-visit variability in blood
pressure (BP) on the risk of open-angle glaucoma (OAQG) in individuals without
systemic hypertension using a population-based retrospective cohort study
design.

Methods: The Korean National Health Insurance Service-National Health
Screening Cohort database, which collected data of 209,226 individuals between
2002 and 2015, was used to analyze the data of 140,910 eligible participants. The
mean follow-up duration was 8.3 years. Visit-to-visit BP variability was assessed
using standard deviation (SD), coefficient of variation (CV), and variability
independent of the mean (VIM). Participants were categorized into four groups
according to BP variability quartiles. We verified the effect of BP variability by
comparing participants of the first to third quartiles of BP variability groups with
those belonging to the fourth quartile group. A Cox proportional hazards model
was used to determine the hazard ratio (HR) of BP variability in cases of newly
diagnosed OAG. Moreover, we conducted subgroup analyses using baseline
characteristics.

Results: In the multivariable analyses, BP variability did not significantly increase
the risk of OAG development. However, subgroup analyses revealed significant
interactions between age and systolic BP variability in the development of OAG
(CV: p=0.008; SD: p =0.007). For participants aged <60 years, the risk of OAG
development significantly increased with high systolic BP variability (CV: HR,
1.18; 95% confidence interval [Cl], 1.00-1.39; p = 0.049). We observed a similar
trend using the SD and VIM as the parameters for systolic BP variability.

Conclusion: Higher visit-to-visit systolic BP variability was associated with an
increased risk of OAG development in participants younger than 60 years of
age without systemic hypertension. These results suggest that BP variability
can be the considerable factor when assessing the risk of OAG, especially in
relatively young people without systemic hypertension.
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Introduction

Increased intraocular pressure (IOP) is a major risk factor,
amongst several which are associated with the development of
glaucoma (1, 2). Considering the multifactorial nature of glaucoma,
its pathogenesis cannot be elucidated by the mechanical theory alone,
which states that the increased IOP induces damage to the lamina
cribrosa and retinal ganglion cell axons. In addition to this theory,
perfusion abnormalities and vascular damage of the optic nerve head
are also important mechanisms underlying the pathogenesis of
glaucoma (3, 4). Arterial, venous, and intraocular pressures determine
the perfusion pressure of the optic nerve head (5); thus, it is likely that
blood pressure (BP) has an important role in the development and
progression of glaucoma.

BP and glaucoma display varied associations owing to the complex
correlation between IOP, BP, and ocular blood perfusion pressure (6).
Some studies (7, 8) have demonstrated a positive correlation between
BP and IOP, while others (9-11) have found that low BP correlated
with optic nerve damage. One study (12), which analyzed the US
National Health and Nutrition Examination Survey data, reported a
nonlinear (i.e., U-shaped) relationship between the prevalence of
glaucoma and systolic BP (SBP) or diastolic BP (DBP). The
aforementioned relationship provides evidence for the correlation
between high and low BPs and glaucoma. In addition, a high risk of
open-angle glaucoma (OAG) development in patients with systemic
hypertension provides evidence of the close relationship between BP
and glaucoma (13).

BP does not have a constant value and changes with time. BP
variability increases the risk of cardiovascular or cerebrovascular
diseases such as arterial fibrillation, stroke, and dementia (14-16).
Mortality in patients with diabetes is associated with BP variability
(17). Considering the association between the perfusion pressure of
the optic nerve head and glaucoma development, BP variability and
glaucoma are likely to be associated. Lee et al. revealed that SBP
variability was associated with the development of primary OAG,
based on visit-to-visit BP data in a population-based cohort (18).
Another population-based study using a continuous BP measurement
method demonstrated a correlation between normal-tension
glaucoma and BP variability (19). Thus, BP variability may also be an
important factor in the development of glaucoma.

It is important to note that the aforementioned studies included
participants with systemic hypertension. Systemic hypertension and
the use of antihypertensive medications can be major confounding
factors, thereby necessitating additional studies to determine the effect
of BP variability on glaucoma development in participants without
systemic hypertension. Therefore, we aimed to investigate the
association between visit-to-visit BP variability and the incidence of
OAG in participants without systemic hypertension by using large
population-based data from the Korean National Health Insurance
Service (KNHIS)-National Health Screening Cohort (HEALS).

Frontiers in Medicine

Methods
Study design and population

This population-based retrospective cohort study used data
from the KNHIS-HEALS database between 2002 and 2015. The
health insurance system in South Korea is characterized by a
nationwide, single-payer system managed by the KNHIS, which
covers >98% of all South Koreans (20). It provides detailed
information on age, sex, general health information, and disease
diagnoses using the Korean Standard Classification of Disease
(KCD) codes, similar to those of the International Classification
of Disease (ICD). In addition, it provides data on prescribed
medications and hospital visit history by exchanging all cost-
related healthcare information between the KNHIS and medical
providers using the electronic codes of the Korean Electronic Data
Interchange medical procedures. All Koreans aged >40 years are
eligible for the KNHIS health screening program at least once
every 2years (21). The KNHIS-HEALS database comprises
publicly open data. Thus, the Institutional Review Board of the
Asan Medical Center (Seoul, Korea) and the University of Ulsan
College of Medicine (Seoul, Korea) approved a waiver to review
the data for this study (2020-1713). This study was conducted
according to the ethical principles outlined in the Declaration of
Helsinki. The requirement for obtaining informed consent
was waived.

We used a database comprising 209,226 Koreans who underwent
health screening examinations in 2007 (ie., the index year).
We identified 177,668 participants who underwent three or more
health examinations from January 1, 2002 to December 31, 2007.
We excluded individuals with pre-existing OAG or angle-closure
glaucoma (KCD codes H401 and H402, respectively), conditions that
could cause secondary glaucoma (Supplementary Table S7), and
hypertension up to the index year. Systemic hypertension was
identified by the presence of ICD-10 clinical modification codes
110-113 and I15, with a claim for the prescription of antihypertension
medications. Since the first Korean hypertension diagnosis and
management guideline was suggested by the Korean Society of
Hypertension in 2000, the guideline underwent multiple
amendments. South Korea’s very first diagnostic and treatment
criteria were derived from the recommendations of the Joint National
Committee on Detection, Evaluation, and Treatment of High Blood
Pressure (JNC), and later adapted to account for the epidemiological
characteristics of South Korean population. However, the cut-off line
for diagnosing hypertension by Korean hypertension diagnosis and
treatment guideline still remains to be SBP>140mmHg or
DBP >90mmHg even in the most recent version in 2022. After
excluding participants with missing data for one or more variables, a
total of 140,910 participants were ultimately included in the
final analysis.
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Measurements of variables and
comorbidities

Health screening examination data provided the results of
laboratory tests and questionnaires on health behavior, along with
anthropometric details such as height, weight, and waist circumference.
Moreover, the database includes BP measurements. BMI is calculated
as weight in kilograms divided by the squared height in meters (kg/m?).
Samples for the measurement of fasting serum glucose, total
cholesterol, aspartate aminotransferase, alanine aminotransferase, and
gamma glutamyl transferase levels were collected through venous
blood sampling after an overnight fast of more than 8h. A diagnosis of
diabetes mellitus was defined as follows: (1) fasting glucose
level > 126 mg/dL or (2) having at least one claim per year under
ICD-10 codes E10-14 and a prescription for antidiabetic medications.
Dyslipidemia was defined according to the following: (1) total
cholesterol >240 mg/dL or (2) having at least one claim per year under
ICD-10 code E78 with a prescription for lipid-lowering agents. Cataract
was defined, based on the ICD-10 codes related to cataract (i.e., H25.0,
H25.1, H25.2, H25.8, H25.9, H26.02, H26.21, H26.28, H26.3, H26.8,
H26.9, H28.0, H28.1, and H28.2). We used the Charlson Comorbidity
Index as a covariate to match the overall general health statuses
between the groups. This score refers to a weighted index calculated by
the presence of 17 systemic diseases. Thus, the higher the score, the
greater the burden of systemic diseases (22). Current smoking status,
alcohol consumption, regular exercise, and income level were defined
by the questionnaire results. The response to cigarette smoking was
“never; “ex-smoker; or “current smoker.” In the present study, a current
smoker was defined as a response of “current smoker” among the
aforementioned three items. Alcohol consumption was defined as
drinking 3-4 times a week or more, whereas regular exercise was
defined as exercising five times or more a week. Low household income
level was defined as an income level of <10%.

BP measurements and visit-to-visit BP
variability

During the KNHIS health screening examination, a trained clinician
measured brachial BP according to the protocol using a standardized
sphygmomanometer. This measurement was conducted twice in
participants after a five-minute rest period and their average BP was
recorded. SBP and DBP were measured separately. Moreover, BP
variability was assessed using the SD, CV, and VIM of BP until the index
year. The CV was defined as the SD divided by the mean value, whereas
the VIM was calculated as follows: 100 x SD/mean’ (23), where f3 refers
to the regression coefficient based on the natural logarithm of the SD
over the natural logarithm of the mean. The number of BP measurements
ranged from three to six per individual, as follows: three measurements
(n=68,698); four measurements (n=15,436); five measurements
(n=21,207), and six measurements (1 =235,749).

Study outcomes and follow-up

Newly diagnosed OAG was the primary outcome. OAG
development was defined when the following three criteria were met:
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(1) a diagnosis of OAG, based on the KCD code (H401), (2) undergoing
a visual field test more than once, and (3) a prescription for
antiglaucoma medications (13). We followed the cohort from the index
date until the date of being newly diagnosed with OAG or until the end
of the study (December 21, 2015), whichever occurred first. The mean
and median follow-up duration was 8.2 years and 8.4 years, respectively.
The interquartile range of the follow-up duration was 8.2-8.6 years.

Statistical analysis

Participants were classified into four groups based on the BP
variability quartile. Differences in the distribution of baseline
characteristics among the BP quartile groups were identified by using
analysis of variance or the Chi-square test, as appropriate. We used the
Cox proportional hazards model to estimate the hazard ratio (HR)
and the 95% confidence interval (CI) of newly diagnosed
OAG. Multivariable analyses were conducted using two models, based
on the type of variables used for the adjustment. Model 1 was adjusted
for age and sex; model 2 was adjusted for all variables used to
demonstrate the baseline characteristics. We conducted subgroup
analyses within the baseline characteristics for a better understanding
of the effect of BP variability on newly diagnosed OAG. Therefore, the
interaction effect between BP variability and each subgroup was
evaluated using Cox regression analysis. A two-sided p-value of <0.05
was considered statistically significant. All statistical analyses were
conducted using SAS 9.4 (SAS Institute, Cary, NC, USA).

Results
Baseline characteristics

Tables 1, 2 summarize the characteristics of the study participants,
based on their variability independent of the mean (VIM) quartiles
for SBP and DBP. Significant differences were observed in all variables
among the VIM SBP groups, except for fasting glucose level
(p=0.679). In contrast, among the VIM DBP groups, significant
differences were observed in all variables, except for fasting glucose
level (p=0.304) and alcohol consumption (p=0.199). We observed
similar results with defining BP variability by the standard deviation
(SD) and  coefficient of variation (CV) of BP
(Supplementary Tables S1-S4). Upon defining SBP and DBP
variabilities as SD, we observed a significant difference among the
quartile groups for all variables. Upon defining SBP variability by the
CV, all variables, except for the total cholesterol level, demonstrated
significant differences among the quartile groups. In contrast,
significant differences were observed in all variables, except for fasting
glucose level and alcohol consumption, on defining diastolic BP
variability by CV, which was similar to the VIM results.

Effect of BP variability on the development
of OAG

Table 3 summarizes the HRs and 95% ClIs of newly diagnosed
OAG according to BP variability (per 10-unit increase). Only a
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TABLE 1 Baseline characteristics of the study participants, based on the VIM quartiles for visit-to-visit variability of systolic blood pressure.

Q1 Q2 Q3 Q4 P-value ®
N 35,246 35,209 35,228 35,227
Age (y) 55.2+8.5 543+7.9 54.8+£8.2 56.8+9.1 <0.0001
Sex (male) 21,064 (59.8) 22,510 (63.9) 21,775 (61.8) 18,550 (52.7) <0.0001
BMI (kg/m?) 24.0+2.8 239+2.8 23.8+2.8 23.8+29 <0.0001
Mean SBP 126.2+11.9 125.5+12.7 124.8+12.5 124.6+13.9 <0.0001
Mean DBP 79.1+7.7 78.9+8.1 78.4+7.9 77.9+8.5 <0.0001
SBP variability
CV (%) 37+14 6.6+0.9 9.0+1.0 13.7+£3.2 <0.0001
SD 4.7x1.9 83+1.7 11.3+22 17.2+5.2 <0.0001
VIM 4.7+1.8 8.3+0.9 11.5+1.0 17.5+3.8 <0.0001
DBP variability
CV (%) 7.1+£3.8 8.2+3.8 9.5+4.0 12.4+5.2 <0.0001
SD 5.6+3.1 6.4+3.0 7.5+3.3 9.7+4.4 <0.0001
VIM 5.6+3.1 6.5+3.0 7.6+3.2 9.9+4.1 <0.0001
FPG 97.5+£23.3 97.4+23.1 97.6+£24.0 97.6+£23.8 0.679
Total cholesterol 199.3+36.3 198.6+36.0 198.6£36.1 198.7+37.0 0.028
AST 26.0+£14.2 26.1+15.3 26.2+16.6 26.4+16.4 0.007
ALT 25.2+18.5 25.5+£19.0 25.2+209 24.7+£19.9 <0.0001
GGT 38.2+47.9 39.0+49.0 39.2+52.2 37.7+525 0.0001
DM 4,966 (14.1) 5,324 (15.1) 5,438 (15.4) 5,545 (15.7) <0.0001
Hyperlipidemia 11,461 (32.5) 11,351 (32.2) 11,504 (32.7) 11,953 (33.9) <0.0001
Cataract 2,723 (7.7) 2,282 (6.5) 2,384 (6.8) 3,216 (9.1) <0.0001
CCI <0.0001
0 13,744 (39.0) 14,326 (40.7) 13,936 (39.6) 12,241 (34.7)
1 9,922 (28.2) 9,930 (28.2) 9,846 (27.9) 9,891 (28.1)
2 5,649 (16.0) 5,510 (15.6) 5,837 (16.6) 6,139 (17.4)
>3 5,931 (16.8) 5,443 (15.5) 5,609 (15.9) 6,956 (19.7)
Current smoker 7,055 (20.0) 8,036 (22.8) 7,835 (22.2) 6,770 (19.2) <0.0001
Alcohol consumption 3,455 (9.8) 3,504 (10.0) 3,555 (10.1) 3,280 (9.3) 0.003
Regular exercise 3,675 (10.4) 3,347 (9.5) 3,369 (9.6) 3,531 (10.0) <0.0001
Income (<10%) 2,493 (7.1) 2,555 (7.3) 2,813 (8.0) 3,233 (9.2) <0.0001

Data are expressed as the mean + the SD or as n (%)."The P-value is derived from the analysis of variance and the Chi-square test.VIM, variability independent of the mean; N, number; Q1-4,
quartile 1-4; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, coefficient of variation; SD, standard deviation; FPG, fasting plasma glucose; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; DM, diabetes mellitus; and CCI, Charlson Comorbidity Index.

significant increase in the risk of OAG development correlated with
SBP variability, defined by SD (HR, 1.13; 95% CI, 1.03-1.24). However,
multivariable analyses revealed no significant findings in any BP
variability parameter. As an additional method to verify the effect of
BP variability, we compared the risk of OAG development in the
highest quartile group (Q4) with that in the lower three quartiles (Q1-
Q3) as the reference group (Table 4). Without an adjustment for the
variables, we observed a significantly increased risk of OAG
development in the Q4 group, compared with the Q1-Q3 group in all
three parameters for BP variability. However, BP variability did not
significantly increase the risk of OAG development in model 1 and
model 2 analyses that adjusted for the variables.

Frontiers in Medicine

Subgroup analyses

We conducted stratified analyses by age, sex, body mass index
(BMI), diabetes mellitus, hyperlipidemia, cataract, smoking status,
alcohol consumption status, regular exercise status, and income status.
Table 5 summarizes the results of the stratified analyses for the effect
of SBP variability on OAG development according to the CV. Based
on the subgroup analysis of factors that could affect this development,
we identified a significant interaction for age x SBP variability (CV,
SD) (p=0.009 for CV and p=0.007 for SD) (Table 5;
Supplementary Table S5). The risk of OAG development significantly
increased with high SBP variability (CV) for participants aged
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TABLE 2 Baseline characteristics of the study participants, based on the VIM quartiles for visit-to-visit variability of diastolic blood pressure.

Q1 Q2 Q3 Q4 P-value ®
N 35,228 35,224 35,232 35,226
Age (y) 55.2+8.3 549+8.4 54.4+7.9 56.6+9.1 <0.0001
Sex (male) 21,003 (59.6) 21,428 (60.8) 22,131 (62.8) 19,337 (54.9) <0.0001
BMI (kg/m?) 24.0+2.8 23.8+2.8 23.8+2.8 23.8+29 <0.0001
Mean SBP 126.3+12.4 1243+11.7 124.9+13.0 125.7+13.8 <0.0001
Mean DBP 79.5+£7.9 78.1+7.2 78.4+8.4 78.3+8.7 <0.0001
SBP variability
CV (%) 63+3.2 7.2+33 8.4+3.5 11.0+4.7 <0.0001
SD 8.0+4.2 9.0+4.3 10.5+£4.7 14.0+6.6 <0.0001
VIM 8.0+4.0 9.3+4.2 10.7+4.4 14.0£5.9 <0.0001
DBP variability
CV (%) 4.0+2.0 7.4+0.6 10.2+1.0 15.6+3.4 <0.0001
SD 32+1.6 5.8+0.7 8.0+1.2 122432 <0.0001
VIM 3216 59+0.5 8.1+0.8 12.3+2.7 <0.0001
FPG 97.7+£22.6 97.5+£24.2 97.4+23.8 97.6£23.6 0.304
Total cholesterol 199.7 £36.2 198.6+36.1 198.2+36.1 198.7+36.9 <0.0001
AST 26.2+15.7 26.0+15.2 26.2+15.6 26.3+16.1 0.043
ALT 25.5+20.4 25.1+18.5 25.4+20.0 24.7+19.6 <0.0001
GGT 38.6+49.2 37.8+48.5 39.2+49.9 38.5+53.9 0.004
DM 5,067 (14.4) 5,102 (14.5) 5,479 (15.6) 5,625 (16.0) <0.0001
Hyperlipidemia 11,471 (32.6) 11,225 (31.9) 11,504 (32.7) 12,069 (34.3) <0.0001
Cataract 2,674 (7.6) 2,479 (7.0) 2,307 (6.5) 3,145 (8.9) <0.0001
CCI <0.0001
0 13,752 (39.0) 13,887 (39.4) 14,118 (40.1) 12,490 (35.5)
1 9,837 (27.9) 9,921 (28.2) 10,014 (28.4) 9,817 (27.9)
2 5,784 (16.4) 5,601 (15.9) 5,637 (16.0) 6,113 (17.4)
>3 5,855 (16.6) 5,815 (16.5) 5,463 (15.5) 6,806 (19.3)
Current smoker 7,176 (20.4) 7,591 (21.6) 8,014 (22.7) 6,915 (19.6) <0.0001
Alcohol consumption 3,526 (10.0) 3,488 (9.9) 3,388 (9.6) 3,392 (9.6) 0.199
Regular exercise 3,608 (10.2) 3,479 (9.9) 3,337 (9.5) 3,498 (9.9) 0.008
Income (<10%) 2,586 (7.3) 2,555 (7.3) 2,806 (8.0) 3,147 (8.9) <0.0001

Data are expressed as the mean + the SD or as n (%)."The P-value is derived from the analysis of variance and the Chi-square test. VIM, variability independent of the mean; N, number; Q1-4,

quartile 1-4; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, coefficient of variation; SD, standard deviation; FPG, fasting plasma glucose; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; DM, diabetes mellitus; and CCI, Charlson Comorbidity Inde.

<60years (HR, 1.18; 95% CI, 1.00-1.39; p=0.0485). We observed a
similar trend when using SD and VIM as the parameters for SBP
variability (SD: HR, 1.18; 95% CI, 0.99-1.39; p=0.061; VIM: HR, 1.18;
95% CI, 1.00-1.39; p=0.048) (Supplementary Tables S5, S6). However,
no condition significantly affected the relationship between DBP
variability and the risk of OAG development.

Discussion

In the present study, we investigated the association between visit-
to-visit BP variability and OAG development in participants without
systemic hypertension by using a large longitudinal population-based
cohort. BP variability significantly increased the risk of OAG
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development, according to the unadjusted analyses; however, this
finding was not confirmed after adjusting for the variables. In the
subgroup analyses, the visit-to-visit SBP variability, which was defined
using three different indicators, was associated with an increased risk
of OAG development in participants aged <60 years without systemic
hypertension. Previously, researchers have reported the association
between BP variability and the development of primary OAG using
the National Sample Cohort of the KNHIS (18). Moreover, there are
reports which verify the association between BP variability and
glaucoma (19, 24). However, these studies included participants with
systemic hypertension. Thus, confounding factors related to BP
variability, such as the use of antihypertensive medications, would
likely affect the results. Unlike previous studies, only data of
participants without systemic hypertension were analyzed in this
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TABLE 3 Hazard ratios and 95% confidence intervals of newly diagnosed open angle glaucoma, based on visit-to-visit variability of blood pressure (per
10-unit increase).

BP variability (per 10- Unadjusted Model 1 Model 2

il M) HR (95% CI) P-value HR(95% Cl)  P-value HR(95% Cl)  P-value
SBP

CcvV 1.12 (0.99-1.27) 0.076 0.96 (0.85-1.09) 0.525 0.96 (0.85-1.08) 0.477
SD 1.13 (1.03-1.24) 0.008 0.97 (0.89-1.06) 0.536 0.96 (0.87-1.05) 0.387
VIM 1.05 (0.95-1.16) 0.318 0.97 (0.88-1.07) 0.496 0.97 (0.88-1.07) 0.518
DBP

CcvV 1.10 (0.99-1.23) 0.086 1.03 (0.92-1.14) 0.642 1.02 (0.92-1.13) 0.718
SD 1.14 (1.00-1.30) 0.052 1.02 (0.90-1.16) 0.737 1.02 (0.89-1.16) 0.802
VIM 1.13 (0.98-1.29) 0.091 1.03 (0.90-1.18) 0.636 1.03 (0.90-1.17) 0.713

Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1+ the other variables in Table 1.
OAG, open-angle glaucoma; BP, blood pressure; HR, hazard ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; VIM, variability independent of the mean; CV, coefficient of

variation; and SD, standard deviation; VIM, variability independent of the mean.

study. The difference in the inclusion of participants with systemic
hypertension in previous studies may explain why our subgroup
analysis demonstrated that SBP variability induced a significantly
increased risk of OAG development.

Under physiological condition, BP naturally fluctuates, which is
essential for maintaining appropriate multiple-organ perfusion.
Therefore, failure to control BP fluctuations results in a high possibility
of impaired organ function. Longitudinal and cross-sectional studies
have reported that an increase in the visit-to-visit BP variability is
associated with a greater risk of organ damage, cardiovascular events,
and mortality (16, 25, 26). In addition, researchers have verified its
association with the occurrence of neurodegenerative diseases such as
dementia and Alzheimer’s disease (15, 27, 28). Nonetheless,
investigators have not clearly elucidated the mechanism underlying
the effect of BP variability on various pathologic conditions, including
OAG. Considering the involvement of vascular dysregulation in the
pathophysiology of glaucoma (29, 30), the association between BP
variability and cardiovascular homeostasis is supposedly a key factor
that explains the correlation between glaucoma development and BP
variability (16). Arterial stiffness is another important factor in the
relationship between BP variability and glaucoma. Arterial stiffness
has an important role in BP variability (31). A recent study using
optical coherence tomography angiography verified that a high pulse-
wave velocity was associated with decreased macular vessel density in
patients with normal-tension glaucoma (32). Pulse-wave velocity is a
representative parameter of arterial stiffness. Therefore, the
aforementioned result indicates a possible correlation between arterial
stiffness and the pathogenesis of normal-tension glaucoma.
Autonomic dysfunction may also play a role in the relationship
between BP variability and glaucoma; it induces BP variability and
reduces ocular perfusion pressure (33-36). Although there is
insufficient data from previous studies regarding the exact mechanism,
it is not difficult to conclude that a relationship exists between BP
variability and glaucoma is related to vascular dysregulation. Further
studies are warranted to directly verify the relationship between BP
variability and ocular blood supply and the mechanism underlying the
effect of BP variability on glaucoma development, particularly with
the use of devices such as coherence tomography angiography.
Nevertheless, our study is of sufficient value in that it supports the
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vascular theory underlying the pathogenesis of glaucoma and
identified clinical factors associated with OAG development.

In the present study, the age of the Q4 group was higher than that
of the other groups. In addition, in the subgroup analyses, the Q4
group included a relatively higher number of participants aged
>60years than participants aged <60 years. These results are similar to
those of previous studies demonstrating that BP variability increases
with age (37, 38). Many of the possible underlying mechanisms
associated with aging, such as hemodynamic instability, advanced
arterial remodeling, atherosclerosis, arterial stiffness, baroreflex
impairment, endothelial dysfunction, and subclinical inflammation,
are interconnected (39). Although further investigations are necessary
to establish whether elevated blood pressure variability constitutes a
hallmark of aging, it has recently garnered attention as a potential
candidate marker for aging, owing to its associations with the
mechanisms mentioned above. Age-related impairment to the
baroreflex or an increase in arterial stiffness is the primary mechanism
underlying the relationship between BP variability and age (38).
Therefore, an increase in BP variability at a relatively young age
indicates a more pathological condition, unlike age-related changes,
which may be a factor that increases susceptibility to organ damage.
SBP variability exerts a greater effect on stroke risk at a young age (23).
Glaucoma requires an early diagnosis and lifelong treatment to reduce
the likelihood of progression of visual function impairment. The
development of glaucoma at a young age increases the likelihood of
encountering various problems caused by the progression of visual
function impairment. Therefore, the finding of the subgroup analysis
that large SBP variability significantly increased the risk of OAG
development in relatively young participants without systemic
hypertension has clinical significance. Investigators should perform
additional research, such as determining clinical factors affecting the
impact of SBP variability on the risk of OAG development with age to
accurately verify the relationship between them. However, our
findings likely have clinical significance in that they identified a
notable factor to be considered (i.e., BP variability), while classifying
and monitoring a high-risk group for OAG.

The following limitations of the current study should
be considered when interpreting these results. First, determining the
presence of a disease based on diagnostic codes is a representative

frontiersin.org


https://doi.org/10.3389/fmed.2023.1300778
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Leeetal.

10.3389/fmed.2023.1300778

TABLE 4 Hazard ratios and 95% confidence intervals of newly diagnosed OAG with comparison between quartile 1-3 and quartile 4 of visit-to-visit
variability of blood pressure.

Unadjusted Model 1 Model 2
Events (n) F/U Incidence HR (95% P-value HR(95% P-value HR(95% P-value
duration (95% CI) Cl) (@l)) Cl)
(person-
years)

SBP variability

cv

Q1-Q3 1,027 872,203 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 394 288,432 1.37 (1.24-1.51) 1.16 (1.03- 0.012 1.01 (0.90- 0.866 1.00 (0.89- 0.958
1.30) 1.14) 1.13)

SD

Q1-Q3 1,016 872,710 1.16 (1.09-1.24) 1 (ref) 1 (ref) 1 (ref)

Q4 405 287,926 1.41 (1.28-1.55) 1.21 (1.08- 0.001 1.01 (0.90- 0.900 0.99 (0.88- 0.904
1.36) 1.13) 1.12)

VIM

Q1-Q3 1,022 871,817 1.17 (1.10-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 399 288,818 1.38 (1.25-1.52) 1.18 (1.05- 0.006 1.06 (0.95— 0.291 1.06 (0.95- 0.306
1.32) 1.20) 1.19)

DBP variability

cv

Q1-Q3 1,025 871,536 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 396 289,099 1.37 (1.24-1.51) 1.16 (1.04- 0.010 1.06 (0.95— 0.309 1.06 (0.94— 0.352
1.31) 1.19) 1.19)

SD

Q1-Q3 1,018 872,155 1.17 (1.10-1.24) 1 (ref) 1 (ref) 1 (ref)

Q4 403 288,480 1.40 (1.27-1.54) 1.20 (1.07- 0.002 1.06 (0.94- 0.326 1.06 (0.94— 0.373
1.34) 1.19) 1.19)

VIM

Q1-Q3 1,028 871,770 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 393 288,865 1.36 (1.23-1.50) 1.15 (1.03— 0.016 1.05 (0.94- 0.390 1.05 (0.93— 0.442
1.30) 1.18) 1.18)

Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1 + the other variables in Table 1.
OAG, open-angle glaucoma; BP, blood pressure; F/U, follow-up; HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure; CV, coefficient of variation; Q1-4, quartile 1-4; SD,

standard deviation; VIM, variability independent of the mean; DBP, diastolic blood pressure.

limitation of studies using claim data. To minimize possible diagnostic
inaccuracies, we used additional parameters, such as medication use
and clinical examination. Second, we only included participants who
had visited a hospital. Thus, we cannot exclude the possibility of
underestimating the presence of OAG and other diseases. Third, there
was no control of the BP measurement conditions, which we presumed
was not performed accurately. This is a common limitation of previous
studies that verified a relationship between visit-to-visit BP variability
and pathologic conditions using KNHIS data. However, BP
measurements obtained during health screening examinations, based
on the protocol of medical institutions certified by the KNHIS,
alleviated the risk of measurement bias. Fourth, the BP variability was
based on a range of three to six BP measurements per subjects.
Furthermore, the temporal intervals between BP measurements
exhibited non-uniformity. In investigating visit-to-visit BP variability,
it is important to define the BP measurement interval and number of
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BP measurements. Given the characteristics of the data collected for
this research, it is unfeasible to obtain BP measurements at consistent
intervals or at the same frequency. Nonetheless, it is noteworthy that
the methodology employed for characterizing BP variability in our
study has been consistently utilized in several prior studies (14, 18, 40,
41) that defined BP variability using KNHIS data. Fifth, our findings
were obtained from a database with data for an overwhelmingly large
population of Koreans. This factor warrants cautiously applying the
present findings to other ethnic groups. Finally, despite using
longitudinal follow-up results with a large sample size, our study was
based on a retrospective design. Therefore, our findings should
be confirmed by additional prospective longitudinal studies that
include other ethnic groups.

In conclusion, high visit-to-visit SBP variability significantly
increased the risk of OAG development in participants aged <60 years;
however, our results did not demonstrate an effect of high BP
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TABLE 5 Subgroup analyses for the effect of visit-to-visit variability of systolic blood pressure (CV) on the development of open angle glaucoma.

Q1-Q3 Q4 HR (95% CI) P-value P for interaction
Age 0.008
<60y 563/79689 191/22333 1.18 (1.00-1.39) 0.049
>60y 464/25990 203/12898 0.86 (0.73-1.01) 0.073
Sex 0.546
Female 402/40923 172/16088 0.96 (0.80-1.15) 0.676
Male 625/64756 222/19143 1.03 (0.89-1.21) 0.664
BMI (kg/m?) 0.395
<25 689/71711 252/23388 0.97 (0.84-1.12) 0.649
>25 338/33968 142/11843 1.07 (0.88-1.31) 0.475
DM 0.639
No 856/90430 313/29207 0.99 (0.87-1.13) 0.878
Yes 171/15249 81/6024 1.06 (0.81-1.38) 0.656
Hyperlipidemia 0.921
No 657/71784 240/22857 1.00 (0.86-1.16) 0.984
Yes 370/33895 154/12374 1.01 (0.84-1.22) 0.912
Cataract 0.411
No 869/98412 324/31893 1.03 (0.90-1.17) 0.695
Yes 158/7267 70/3338 0.90 (0.68-1.19) 0.470
Current smoker 0.230
No 836/82839 338/28375 1.04 (0.91-1.18) 0.595
Yes 191/22840 56/6856 0.85 (0.63-1.14) 0.283
Alcohol consumption 0.923
No 920/95426 351/31690 1.00 (0.88-1.13) 0.985
Yes 107/10253 43/3541 1.02 (0.72-1.45) 0.914
Regular exercise 0.564
No 886/95360 344/31628 1.02 (0.90-1.15) 0.795
Yes 141/10319 50/3603 0.92 (0.66-1.27) 0.606
Income (<10%) 0.956
No 940/97923 353/31893 1.00 (0.89-1.14) 0.946
Yes 8717756 41/3338 0.99 (0.68-1.44) 0.971

Hazard ratios were calculated based on multivariate Cox regression after being adjusted for variables belonging to model 2.
Data are expressed as the number of events/number of patients. Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1 + the other variables in Table 1.
BP, blood pressure; OAG, open-angle glaucoma; CV, coefficient of variation; Q1-4, quartile 1-4; HR, hazard ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus.

variability on an increased risk of OAG development for all age
groups. Although it needs to be verified through further research, our
results indicate that BP variability may be a factor to consider when
assessing the risk of OAG development in relatively young people
without systemic hypertension. In addition, the importance of BP
variability in the development of glaucoma is likely to be considered
as remarkable evidence that supports the vascular theory, which
explains the pathophysiology of glaucoma.
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Background: The aim of this study is to investigate the expression profiles of
microRNAs (miRNAs) related to apoptosis in the aqueous humor (AH) and lens
capsule (LC) of patients with glaucoma.

Methods: AH and LC samples were collected from patients with open-angle
glaucoma and control participants who were scheduled for cataract surgery.
A miRNA PCR array comprising 84 miRNAs was used to analyze the AH
(glaucoma, n=3; control, n=3) and LC samples (glaucoma, n=3; control,
n =4). Additionally, the AH and LC samples (glaucoma, n = 3; control, n = 4) were
subjected to quantitative real-time PCR to validate the differentially expressed
mMiRNAs determined using the PCR array. Bioinformatics analysis was performed
to identify the interactions between miRNAs and diseases. Additionally, the
differential expression of these miRNAs and the target gene was validated
through in vitro experiments using a retinal ganglion cell (RGC) model.

Results: Expression levels of 19 and 3 miRNAs were significantly upregulated
in the AH and LC samples of the glaucoma group, respectively (p <0.05). Of
these, the expression levels of hsa-miR-193a-5p and hsa-miR-222-3p showed
significant differences in both AH and LC samples. Bioinformatics analysis
showed experimentally validated 8 miRNA:gene pairs. Among them, PTEN was
selected to analyze the expression level in AH and LC from separate cohort
(glaucoma, n=5; control, n=4). The result showed downregulation of PTEN
concurrent with upregulation of the two miRNAs in LC samples of glaucoma
group. In vitro experiments validated that the expression levels of hsa-miR-
193a-5p and hsa-miR-222-3p were significantly upregulated, and that of PTEN
was significantly downregulated in the H,O,-treated RGC, while the level of
PTEN was recovered through co-treatment with miR-193a inhibitor or miR-222
inhibitor.

Conclusion: This is the first study to investigate the differential expression of
apoptosis-related miRNAs in the AH and LC of patients with glaucoma. Hsa-
miR-193a-5p and hsa-miR-222-3p, which were upregulated in both AH and LC,
may be considered potential biomarkers for glaucoma.
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1 Introduction

Glaucoma, a neurodegenerative disease, is characterized by retinal
ganglion cell (RGC) death and optic nerve damage (1). The
representative risk factors for glaucoma include aging, high intraocular
pressure (IOP), and a family history of glaucoma (2). In particular,
high IOP is a major risk factor that is regulated by the circulation of
aqueous humor (AH). The damage or dysfunction of trabecular
meshwork (TM) tissue, a passage through which AH flows,
dysregulates the outflow of AH and consequently increases the IOP
(3). Previous studies have reported TM alterations in eyes with
glaucoma, which involve decreased cellularity (4) and the
accumulation of apoptotic cells in TM tissue (5, 6). Functional and
microstructural changes in TM tissue and TM cell apoptosis are
among the significant pathological changes observed in open angle
glaucoma (OAG) (7).

MicroRNAs (miRNAs), which are single-stranded non-coding
RNAs with a length of approximately 22 nucleotides, regulate
biological signals in various diseases by inhibiting the transcription of
target genes (8). Growing evidence supports the role of miRNAs in the
pathogenesis of neurodegenerative diseases, such as glaucoma,
Alzheimer’s disease, and Parkinson’s disease, by regulating genes
related to extracellular matrix (ECM)/cell proliferation, the immune
system, and regulation of apoptosis (9, 10). MiRNAs play a crucial role
in regulating apoptosis in various diseases (11), and their role in TM
cell apoptosis in OAG has been actively investigated (12). Previous
studies have explored differentially expressed miRNAs in glaucoma
using peripheral blood mononuclear cell, plasma, and AH samples
(13, 14). However, the expression profiles of miRNAs related to
apoptosis in the lens capsule (LC) together with AH have not been
analyzed in patients with OAG, except for those with lens-
related glaucoma.

AH is continuously produced by the ciliary body and secreted out
of the eye after directly coming in contact with the lens, iris, and
surface of the corneal endothelium (15). As a body fluid secreted by
many cells, AH can inform on conditions of the eye structures, such
as lens epithelial cells and corneal endothelium, and the metabolites
of the retina (16). The anterior LC lies in the monolayer subcapsular
lens epithelium, which is the most important metabolic part of the
lens (17). AH is in direct contact with the anterior LC and
TM. Therefore, apoptotic factors in the AH can also affect or indicate
the status of LC and TM. Moreover, LC may be an indirect indicator
of the effect of AH cytokine/metabolites on the TM tissue. In contrast
to AH which contains only extracellular biomaterials, the LC samples
allow direct detection of biomaterials (such as microRNAs) from lens
epithelial cells, providing useful insights into pathological
mechanisms. Therefore, it may be helpful to evaluate the status of LC
and AH simultaneously in patients with glaucoma.

In this study, we investigated the expression profiles of miRNAs
associated with apoptosis in AH and LC samples obtained from
patients with glaucoma. Furthermore, the potential mechanisms of
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differentially expressed miRNAs in glaucoma were examined based
on their related proteins and signaling pathways.

2 Materials and methods

This prospective cross-sectional study included control
participants and patients with glaucoma who visited the Department
of Ophthalmology of Hanyang University Guri Hospital, Gyeonggi-do,
South Korea between November 2019 and May 2021. The institutional
review board (IRB) of Hanyang University Guri Hospital reviewed
and approved the study protocol (IRB file no. 2019-05-022) and the
protocol of this study adhered to the tenets of the Declaration of
Helsinki. All study participants provided written informed consent to
participate in this study.

2.1 Participants

This study recruited 29 participants who were scheduled for
cataract surgery: 14 patients with open-angle glaucoma and 15 control
participants. Glaucoma was diagnosed by a glaucoma specialist based
on the clinical examination of the glaucomatous optic nerve head
associated with typical and reproducible visual field defects.
Glaucomatous visual field defects on the standard automated
perimetry were defined based on a glaucoma hemifield test result
outside the normal limits and the presence of at least three contiguous
test points within the same hemifield on the pattern deviation plot at
P <1% (at least one point at p<0.5%) in at least two consecutive tests
with reliability indices better than 15%. The inclusion criteria for
patients with glaucoma were as follows: no history of ocular diseases
other than glaucoma and cataract, no prior intraocular surgery, and
no systemic diseases other than hypertension. Patients diagnosed with
lens-related glaucoma using the slit lamp examination were excluded.
The inclusion criteria for control participants were as follows: no prior
intraocular surgery, no history of ocular diseases other than cataract,
no use of any topical ocular medications, except the use of preoperative
topical mydriatics and antibiotics, and no systemic diseases other than
hypertension. The exclusion criteria for study subjects in both groups
were as follows: received medication other than antihypertensive
medication at any time during the study, a history of stroke or
myocardial infarction, collection of insufficient amount of AH sample
for analysis, or AH sample was judged as inappropriate for analysis.

All  participants underwent standard ophthalmologic
examinations, including IOP measurement, best-corrected visual
acuity, slit lamp biomicroscopy, optical coherence tomography (swept
source OCT, Topcon DRI OCT-1 Atlantis; Topcon, Inc., Tokyo,
Japan), and Optos ultra-wide fundus photography (Optos,
Dunfermline, Scotland). Patients with glaucoma additionally
underwent gonioscopy, ultrasonic central corneal thickness
measurements, IOP evaluation with Goldmann applanation
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tonometry, stereoscopic optic nerve head examination, and visual field
examination (30-2 strategy on Humphrey Perimeter).

2.2 Sample collection

AH samples were collected by the same operator (MS) at the
start of the cataract surgery. Briefly, one or two drops of 0.5%
proparacaine hydrochloride (Alcaine, Alcon, Ft. Worth, TX,
United States) and 5% povidone-iodine were instilled after placing
a sterile eyelid speculum. At the beginning of cataract surgery,
anterior chamber paracentesis was performed under the surgical
microscope using a 30-gauge needle mounted on a 1 mL tuberculin
syringe to collect approximately 50-200 uL of AH. LC samples were
obtained from the central anterior capsules of the lens (5-6 mm in
diameter) via capsulorhexis during cataract surgery. Intact
continuous curvilinear capsulorhexis was performed, avoiding
vascular contact or damage to the iris and other intraocular
structures. All AH and LC samples were transferred to tubes and
immediately frozen at —80°C until further processing.

2.3 miRNA extraction and complementary
DNA (cDNA) synthesis

2.3.1 Preparation of AH sample for miRNA
polymerase chain reaction (PCR) array

miRNAs from AH samples were extracted using the miRNeasy
serum/plasma kit (Qiagen, Hilden, Germany). For normalization,
miRNeasy serum/plasma spike-in control (1.6x10° copies/pL;
Qiagen) was added to all samples, following the manufacturer’s
instructions. RNA (45ng) from AH samples was mixed with the
miScript II RT kit (Qiagen) for ¢cDNA synthesis according to
manufacturer’s instructions. The mixtures were incubated at 37°C for
60 min and 95°C for 5min. The cDNA was immediately diluted in
20 pL of RNase-free water and stored at —20°C until use.

To perform the miRNA PCR array analysis, cDNA prepared from
the AH samples was pre-amplified in a reaction mixture comprising
Hot-Start Taq DNA polymerase, miScript PreAMP universal primers,
miScript PreAMP buffer, miScript PreAMP primer mix, and RNase-
free water in the miScript PreAMP PCR kit (Qiagen). The mixtures
were incubated at 95°C for 15 min, followed by 21 cycles of 94°C for
30s and 60°C for 3min. The pre-amplified cDNA was diluted in
225 pL RNase-free water.

Real-time PCR was performed to confirm the quality of the
pre-amplified cDNA. A 10x Caenorhabditis elegans miR-39 miScript
primer, a 10x miRTC miScript primer, and a 10x miR-16 miScript
primer were mixed with 2x QuantiTect SYBR Green PCR master mix,
10x miScript universal primer, and RNase-free water from the
miScript PreAMP PCR kit and miScript SYBR Green PCR kit
(Qiagen). The threshold cycle (Ct) values of the pre-amplification
controls were determined.

2.3.2 Preparation of LC sample for miRNA PCR
array

miRNAs from the LC samples were isolated using the miRNeasy
micro kit (Qiagen). LC RNA samples (150 ng) were mixed with the
miScript II RT kit (Qiagen) for cDNA synthesis. The cDNA was

Frontiers in Medicine

52

10.3389/fmed.2024.1288854

immediately diluted to perform miScript microarray analysis and
stored at —20°C until use.

2.4 miRNA PCR array

A PCR array panel was used to identify the candidate miRNAs.
Among several miRNA PCR array panels, a panel comprising miRNAs
related to human apoptosis was selected, as apoptosis is one of the
main alterations in TM tissues in eyes with glaucoma. miRNA PCR
array was performed with an miScript miRNA PCR Array Human
apoptosis kit (96-well format, Qiagen, #MIHS-114ZC) with 43 cycles,
according to the manufacturer’s specifications. For the AH samples,
miRNA PCR array results were calibrated with cel-miR-39 and miRTC
(miRNA reverse transcription control) and simultaneously normalized
with RNU6-6P. Meanwhile, for the LC samples, the miRNA PCR array
results were normalized with SNORD95 (Small Nucleolar RNA, C/D
Box 95). A list of 84 genes from the human apoptosis PCR array panel,
excluding 12 controls, is provided in Supplementary Table S1. miRNA
expression was analyzed using the Qiagen Data Analysis Center.! The
results are presented in the form of clustergrams and heatmaps, which
are generated using the online Qiagen Data Analysis Center.”

2.5 Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the AH and LC samples using the
same protocol as described above. cDNA was synthesized using the
miRCURY LNA RT kit (Qiagen) according to manufacturer’s
instructions. To validate the differential expression of hsa-miR-
193a-5p and hsa-miR-222-3p determined using the PCR array,
commercially available PCR primer mixes (Qiagen) were used with
the miRCURY LNA miRNA PCR assay (Qiagen), following the
manufacturer’s instructions. UniSp6 expression was used as an
internal control. Fluorescence data were collected, and the relative
expression of miRNAs was calculated using delta Cr.

2.6 Reverse transcription-PCR (RT-PCR)

cDNA was synthesized using amfiRivert ¢cDNA Synthesis
Platinum Master Mix (GenDEPOT) according to the manufacturer’s
protocol. The RT-PCR was performed with Tag DNA polymerase
(GenDEPOT) on a thermal controller (Applied Biosystems). The PCR
reaction was initiated with a 2min incubation at 94°C, followed by
40 cycles of denaturation at 94°C for 15s, annealing at 55°C for 30s,
and extension at 72°C for 30s, and terminated after a 10 min extension
at 72°C. Each PCR product (5pL) was electrophoresed in a 1.5%
agarose gel, and bands were visualized using the SafePinky DNA Gel
Staining Solution (GenDEPOT). The densities of the DNA bands were
analyzed using an image analyzer (ImageQuant LAS 4000).

1 https://geneglobe.giagen.com/
2 https://geneglobe.qiagen.com/kr/analyze/
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2.7 Bioinformatics

2.7.1 Prediction the experimentally validated
mMiRNA target genes

Target annotation analysis was performed using R (version 3.6.3),*
and appropriate packages according to the corresponding reference
manuals. Identification of miRNA-gene regulatory interactions was
performed in silico between selected miRNAs and glaucoma-
associated genes harvested from DisGeNET 7.0 database’ (18), (using
multiMiR 1.10.0 package,’ database version: 2.3.0, updated on 2020-
04-15) (19, 20). The analysis included the identification of both
experimentally validated (miRecords, miRTarBase, and TarBase
databases) and predicted (DIANA-microT-CDS, EIMMo, MicroCosm,
miRanda, miRDB, PicTar, PITA, and TargetScan databases) miRNA-
gene interactions. Among the identified miRNA-gene regulatory
interactions, those validated based on experiments known as strong
evidence, including western blotting, qRT-PCR, and reporter assays,
were included in target gene selection for expression level analysis
using AH and LC samples and gene ontology enrichment analysis to
identify significant pathways.

2.7.2 Gene ontology enrichment analysis

The interactions of validated target genes were analyzed using
ClueGO in Cytoscape. The enrichment analysis revealed a list of
statistically significant genes and the connection between biological
processes. Pathway networks and gene ontology terms were identified
using Kyoto Encyclopedia of Genes and Genomes (KEGG) (21),
biological process, and Reactome database of protein complex in
ClueGO. All images represent statistically significant pathways
(p<0.05).

2.7.3 Bioinformatics analysis with Laverne

The relationship between miRNA genes and glaucoma was
analyzed using the Laverne Bioinformatics Tool from Novus
Biologicals.® The lines of the bioinformatic images are based on the
supporting evidence.

2.8 In vitro experiment

To validate the findings from samples of patients with glaucoma,
in vitro experiments using a glaucomatous cell model (RGC)
were conducted.

2.8.1 Primary RGC isolation

A total of 28 pregnant Sprague Dawley rats were purchased form
Orientbio (Gyeonggi-do, South Korea), and 280 2-days old rats were
used for RGC isolation. Newborn rats were euthanized by decapitation,
conducted by an expert to minimize the number and pain of animals
used in the experiment. Each experiment was conducted in duplicate
and repeated three or four times from different cell harvests. Retinal
tissues of 2-days old rats were incubated in HanK’s balanced salt

https://www.r-project.org/
https://www.disgenet.org/
https://bioconductor.org/packages/release/bioc/html/multiMiR.html

o U M W

http://www.novusbio.com/explorer/
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solution (Gibco) containing 5 mg/mL of papain (Sigma), 0.24 mg/mL
of L-cysteine (Sigma), 0.5 mmoL/L of EDTA (Sigma), and 10 U/mL of
DNase I (Worthington) for 30 min. Dissociated retinal cells were
collected as a suspension. The retinal cell suspension was incubated
with rabbit anti-rat macrophage antibody (1:50 dilution; Fitzgerald)
for 5min. The suspension was treated in a 100-mm Petri dish coated
with goat anti-rabbit antibody (1:200 dilution; Jackson laboratory) for
30min. Non-adherent cells were incubated with anti-Thyl microbeads
(1:10, Miltenyi Biotec) for 30 min at 4°C, and the magnetic-labeled
RGCs were collected using a magnetic separating unit. All procedures
were performed under the approve of Institutional Animal Care and
Use Committee (IACUC) of Hanyang university.

2.8.2 RGC culture and hydrogen peroxide (H,0O,)
treatment

The cells were cultured in neurobasal media (Gibco) containing
1% penicillin/streptomycin (Gibco), B-27™ Supplement (50X,
Gibco), 4.0mg/L of Forskolin (Sigma), 80mg/L of brain-derived
neurotrophic factor, and 80 mg/L of ciliary neurotrophic factor. Cells
were seeded on a 6-well plate precoated with poly-L-ornithine and
laminin. The seeding density was approximately 1 x 10° cells per well.
The cultures were incubated at 37°C in humidified 5% CO, and 95%
air. To measure changes in the expression levels of the miRNAs and
PTEN, the RGCs (1 x 10°/well) were exposed to 100 uM H,O, for 6h
in a 6-well plate.

2.8.3 miRNA regulation

Transfection of inhibitors of the miRNAs were performed a day
before H,0, treatment. 20 pmol rno-miR-193a inhibitor (Invitrogen)
and 20pmol rno-miR-222 inhibitor (Invitrogen) were used for
transfection. Inhibitors were incubated for 20 min at room temperature
before transfection. The inhibitors were transfected into the RGC
using lipofectamine RNAIMAX Transfection Reagent (Invitrogen) for
24h, and then transfected-RGCs were treated with H,O,. All cells were
collected for RT-PCR analysis.

2.9 Statistical analysis

All data are presented as mean + standard deviation from at least
three independent experiments. The means of different groups were
compared using Students t-test. Differences were considered
significant at p<0.05. Correlation analysis between AH and LC
samples was performed using Spearman correlation analysis.

3 Results

Among 14 patients with glaucoma and 15 control participants, the
AH samples from 3 patients with glaucoma and 3 control participants
and the LC samples from 3 patients with glaucoma and 4 control
participants were used for miRNA PCR array analysis. Additionally,
both AH and LC samples from 3 patients with glaucoma and 4 control
participants were used for qRT-PCR analysis. AH and LC samples
from the remaining 5 patients with glaucoma and 4 control
participants were used for RT-PCR of PTEN and qRT-PCR of
miRNAs. Table 1 shows the baseline clinical characteristics of
enrolled participants.
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TABLE 1 Characteristics and types of experiment and sample of study participants.

Age Diagnosis Laterality Underlying miRNA miRNA miRNA RT-PCR,
(years) disease PCR PCR gRT- miRNA
array_AH array_LC PCR* qRT-
PCR!
Control
1 Female 73 Cataract (6N None \/
2 Female 66 Cataract (6N None \/
3 Male 84 Cataract 0os None \/
4 Female 68 Cataract oD None \/
5 Male 77 Cataract oD None \/
6 Male 66 Cataract os None \/
7 Female 79 Cataract oD HTN \/
8 Female 71 Cataract oD None \/
9 Male 72 Cataract oD None \/
10 Female 74 Cataract oD None \/
11 Female 69 Cataract oD None \/
12 Female 58 Cataract oS None \/
13 Male 60 Cataract oD None \/
14 Female 75 Cataract oS None \/
15 Female 55 Cataract oD HTN V/
Glaucoma
1 Female 67 OAG oD HTN v
2 Male 71 OAG oD HTN v
3 Male 84 OAG oD HTN v
4 Male 61 OAG oD None v
5 Female 81 OAG 0s HTN v
6 Female 80 OAG oD HTN v
7 Female 74 OAG oD HTN v
8 Female 75 OAG oD HTN v
9 Female 68 OAG oD HTN v
10 Male 43 OAG oD HTN v
11 Male 61 OAG 0s None v
12 Female 71 OAG OD None \/
13 Male 69 OAG 0s None YV
14 Male 72 OAG oD HTN YV

*Performed using both AH and LC samples from each participant. tRT-PCR was performed using both AH and LC samples for each participant and miRNA qRT-PCR was performed using
LC samples. AH, aqueous humor; LC, lens capsule; OAG, open-angle glaucoma; HTN, hypertension; OS, oculus sinister; OD, oculus dexter; PCR, polymerase chain reaction; qRT-PCR,
quantitative real-time PCR; RT-PCR, Reverse Transcription-PCR; miRNA, microRNA.

3.1 miRNA PCR array in AH and LC

In the AH, 19 miRNAs showed significantly differential
expression between the glaucoma and control groups (Figure 1A).
All 19 miRNAs (hsa-let-7a-5p, hsa-miR-125a-5p, hsa-miR-
1285-3p, hsa-miR-181d-5p, hsa-miR-185-5p, hsa-miR-192-5p,
hsa-miR-193a-5p, hsa-miR-194-5p, hsa-miR-195-5p, hsa-miR-
210-3p, hsa-miR-221-3p, hsa-miR-222-3p, hsa-miR-25-3p,
hsa-miR-31-5p, hsa-miR-365-3p, hsa-miR-512-5p, hsa-miR-
542-3p, hsa-miR-9-5p, and hsa-miR-92a-5p) were significantly
upregulated in the glaucoma group (p <0.05; Table 2). The results
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of miRNA PCR array analysis of AH samples are shown in
Supplementary Table S1.

In the LC, three miRNAs showed significantly differential
expression between the glaucoma and control groups (Figure 1B). All
three miRNAs (hsa-let-7e-5p, hsa-miR-193a-5p, and has-miR-222-3p)
were significantly upregulated in the glaucoma group (p<0.05;
Table 2). The results of miRNA PCR array analysis of LC samples are
shown in Supplementary Table S2.

Among the miRNAs evaluated, hsa-miR-193a-5p and hsa-miR-
222-3p were significantly upregulated in both AH and LC samples of
the glaucoma group.
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FIGURE 1

Heatmaps showing the regulated genes in the aqueous humor (A) and lens capsule (B) of patients with glaucoma and control participants using the
miScript miRNA PCR array. Log2 values of 84 genes in the glaucoma group compared with the control group are represented. Colors reflect the
magnitude of gene expression. Heatmaps are generated using the online Qiagen Data Analysis Center (https://geneglobe.qgiagen.com/kr/analyze/).

3.2 Quantitative real-time PCR in both AH

and LC

qRT-PCR analysis revealed that hsa-miR-193a-5p and hsa-miR-
222-3p, which were determined to be significantly upregulated in the
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AH and LC samples of patients with glaucoma using miRNA PCR

array, were also significantly upregulated in the AH and LC samples

of patients (p <0.05, Figure 2). As this analysis was done from the AH

and LC samples from the identical subjects, the correlation of each
miRNA level between AH and LC was performed. The level of
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TABLE 2 List of differentially expressed miRNAs from miRNA PCR arrays using aqueous humor (AH) and lens capsule (LC) samples of patients with
glaucoma with statistical significance, corresponding C; values, and fold change data.

AVG AC; 28t Fold change p value
Glaucoma Control Glaucoma Control

AH
hsa-let-7a-5p —9.64 —7.65 799.71 200.85 3.98 0.021
hsa-miR-125a-5p ~10.66 ~7.99 1618.00 254.23 636 0.013
hsa-miR-1285-3p 333 0.5 10.03 0.71 14.16 0.024
hsa-miR-181d-5p —5.66 -2.16 50.56 4.46 11.34 0.017
hsa-miR-185-5p —45 ~1.66 22.58 3.16 7.14 0.012
hsa-miR-192-5p 433 0.67 20.11 0.63 31.93 0.018
hsa-miR-193a-5p —5.99 -3.33 63.70 10.08 6.32 0.005
hsa-miR-194-5p —233 3.87 5.03 0.07 73.69 0.025
hsa-miR-195-5p —6.66 —3.99 101.13 15.93 635 0.017
hsa-miR-210-3p —5.67 ~1.99 50.91 3.98 12.79 0.017
hsa-miR-221-3p —5.32 —233 39.85 5.02 7.94 0.025
hsa-miR-222-3p —5.82 -3 56.36 7.98 7.06 0.016
hsa-miR-25-3p —6.99 —3.66 127.41 12.64 10.08 0.000
hsa-miR-31-5p —4.82 -3 28.31 7.98 355 0.002
hsa-miR-365-3p —5.67 -333 50.80 10.08 5.04 0.018
hsa-miR-512-5p 332 4.18 10.01 0.06 181.44 0.017
hsa-miR-542-3p 1.01 4.82 0.50 0.04 14.06 0.006
hsa-miR-9-5p —0.65 1.68 1.57 031 5.02 0.046
hsa-miR-92a-5p —-9.99 —6.33 1019.28 80.26 127 0.000
LC
hsa-let-7e-5p —2.83 —0.74 7.093 1.6753 423 0.001226
hsa-miR-193a-5p 0.82 236 0.5661 0.1942 291 0.043613
hsa-miR-222-3p 271 451 0.1525 0.0438 3.48 0.027515

The miRNAs that showed significantly differential expression in the miRNA PCR array in both AH and LC samples of patients with glaucoma were miR-193a-5p and miR-222-3p. miRNA,
microRNA; AH, aqueous humor; LC, lens capsule; ACy, delta Ci; AVG ACy, average ACy; ACy=Cy ([target gene] — C; [reference gene]).

hsa-miR-193a-5p of the AH sample and that of the LC sample showed
a positive correlation (R=0.886, p=0.009), and the level of hsa-miR-
222-3p of the AH sample and that of the LC sample also showed a
positive correlation (R=0.754, p=0.042).

3.3 Bioinformatics

We performed in silico target annotation analysis between 770
glaucoma-associated genes received from DisGeNET 7.0 database
(Concept Unique Identifier “C0017601” was queried) and two
upregulated miRNAs (hsa-miR-193a-5p and hsa-miR-222-3p). Target
annotation analysis revealed 57 validated miRNA:gene pairs
(Supplementary Table S3) and 69 top 10% predicted miRNA:gene
pairs obtained with the highest probability (Supplementary Table 54).
Among the experimentally validated miRNA-gene regulatory
interactions, eight miRNA:gene pairs were validated based on the
experiments known as strong evidences (Table 3).

To indicate the biological processes in which miRNA-
regulated genes are involved, gene ontology (GO) enrichment
analysis with significant pathways was performed using 57

Frontiers in Medicine

56

validated target genes. GO enrichment analysis using ClueGO of
Cytoscape revealed that 23 terms, including “regulation of wound

» <«

healing, spreading of epidermal cells,” “regulation of extrinsic
apoptotic signaling pathway via death domain receptors,” and
“positive and negative regulation of vascular-associated smooth
muscle cell proliferation,” were associated with the validated target
genes of the two miRNAs (Figure 3A). Supplementary Table S5
summarizes the related terms and genes included in each term.
The top three groups were as follows: regulation of vascular-
associated smooth muscle cell proliferation (52.17%), regulation
of wound healing, spreading of epidermal cells (21.74%), and
regulation of pentose-phosphate shunt (8.7%; Figure 3B).
Figure 3C shows the percentage of the number of validated target
genes associated with each term out of the total number of genes
associated with that term (%Genes/Term). The % Genes/Term was
the highest in the term “Regulation of wound healing, spreading
of epidermal cells.”

Bioinformatics analysis revealed that the two miRNAs (hsa-miR-
193a-5p and hsa-miR-222-3p), apoptosis signaling pathways, and
glaucoma were correlated (Supplementary Figure S1). These two
miRNAs were associated with survival or apoptosis-related factors,
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Differential expression of two microRNAs (hsa-miR-193a-5p, hsa-miR-222-3p) in aqueous humor (A) and lens capsule (B) samples of control
participants and patients with glaucoma. Total RNA was isolated and expression of miRNAs for hsa-miR-193a-5p and has-miR-222-3p were analyzed
using quantitative real-time PCR. Each sample was analyzed in replicate. Values on the y-axis are reported as 2", *p < 0.05, **p < 0.01 relative to the
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TABLE 3 List of experimentally validated miRNA:gene pairs between 770
glaucoma-associated genes received from the DisGeNET 7.0 database
and two miRNAs (hsa-miR-193a-5p and hsa-miR-222-3p) using multiMiR
1.10.0 package.

Target gene name
hsa-miR-222-3p

CDKNI1B

hsa-miR-193a-5p

MTOR

WT1 ETSI1

MMPI

PTEN

SOD2

TIMP3

The pairs here only include those validated with strong evidence, including luciferase
reporter assay, western blot, and RT-PCR. The whole list is listed in the

Supplementary Table 3. MTOR; mammalian target of rapamycin, WT1; Wilms tumor
protein, CDKN1B; cyclin dependent kinase inhibitor 1B, ETS1; ETS proto-oncogene 1
(transcription factor), MMP-1; matrix metalloproteinase-1, PTEN; phosphatase and tensin
homolog, SOD2; superoxide dismutase 2, TIMP3; TIMP.

such as TGFBI, PI3K, BAX, BCL2, TP53, PTEN, CASP3, AKT, and
cyclin D1.

3.4 Expression level for the selected target
gene (PTEN) in AH and LC

There were no overlapping target genes between the two miRNAs
which are validated by experiments corresponding to strong evidence.
Among the 8 target genes listed in Table 3, the further literature review
revealed a reported association between MTOR and hsa-miR-222-3p
in pancreatic cancer (22), ETSI and hsa-miR-193a-5p in gastric cancer
(23), and PTEN and hsa-miR-193a-5p in Alzheimer’s disease (24).
We selected PTEN further to analyze mRNA and miRNA correlations
in patient samples. AH and LC samples from a separate cohort (four
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control subjects and five glaucoma patients) were used for RT-PCR of
PTEN and qRT-PCR of hsa-miR-193a-5p and hsa-miR-222-3p. Only
PTEN could be analyzed because of the small amount of RNA in AH
samples, whereas PTEN and the two miRNAs could be analyzed in LC
samples. In one AH sample from the glaucoma group, the RNA
quality was unsuitable for the analysis. Consequently, LC samples of
four control subjects and five patients with glaucoma, and AH samples
of four control subjects and four patients with glaucoma were
analyzed. The results showed significant upregulation of the two
miRNAs in the LC samples of glaucoma group, concurrently with
significant downregulation of PTEN in the LC samples of glaucoma
group (p<0.05; Figure 4). PTEN levels in the AH samples did not
differ significantly between the control and glaucoma groups.

3.5 In vitro validation of the regulatory
roles of the miRNAs (hsa-miR-193a-5p and
hsa-miR-222-3p) on the selected target
gene (PTEN) in a glaucomatous cell model

In RGCs exposed to H,0,-induced oxidative injury, the expression
levels of hsa-miR-193a-5p and hsa-miR-222-3p significantly increased
(Figure 5A), while that of PTEN significantly decreased (Figure 5B).
Treatment with the hsa-miR-193a-5p inhibitor resulted in a decrease
in hsa-miR-193a-5p expression (Figure 5C) and an increase in PTEN
expression (Figure 5E), a pattern replicated with the hsa-miR-222-3p
inhibitor (Figures 5D,E). These findings imply the regulatory roles of
these miRNAs on PTEN in RGCs under oxidative stress.

4 Discussion

This study analyzed the apoptosis-related miRNA profiles of both
AH and LC samples in patients with glaucoma and control
participants. The expression levels of hsa-miR-193a-5p and
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The expression level of PTEN in the aqueous humor and lens capsule samples of control participants and patients with glaucoma (A) and the
differential expression of two microRNAs, hsa-miR-193a-5p and hsa-miR-222-3p, in the lens capsule samples of control participants and patients with
glaucoma (B). The expression of PTEN was analyzed using RT-PCR. Total RNA was isolated, and expression of miRNAs for hsa-miR-193a-5p and has-

miR-222-3p were analyzed using gRT-PCR. Each sample was analyzed in a replicate. Values on the y-axis are reported as 24" *p < 0.05, **p < 0.01
relative to the control group. Data are expressed as mean + standard deviation. PTEN, phosphatase and tensin homolog; miRNA, microRNA; AH,
aqueous humor; LC, lens capsule; RT-PCR, Reverse Transcription-PCR; qRT-PCR, quantitative real-time PCR.

hsa-miR-222-3p in both AH and LC samples of patients with
glaucoma were upregulated when compared with those in both AH
and LC samples of controls. Additionally, this study examined the role
of these miRNAs in glaucoma using bioinformatics tools and
identified their target genes and associated biological processes
(survival and apoptotic signaling pathways). Then, based on a

Frontiers in Medicine 58

literature review, we selected a putative gene (PTEN) to determine its
differential expression in AH and LC samples from patients with
glaucoma. We further validated the differential expression of the target
miRNAs and the target gene through in vitro experiments,
demonstrating the regulatory role of these miRNAs-PTEN axes. This
is the first study to use both AH and LC samples for miRNA profiling
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FIGURE 5
The expression level of the two differentially expressed microRNAs (miR-193a-5p and miR-222-3p) (A) and PTEN (B) in the retinal ganglion cell (RGC)
model under oxidative stress using H,O,. Transfection of miR-193a inhibitor (C) and miR-222 inhibitor (D) to RGC showed regulation of expression of
the miRNAs. Negative control (NC) inhibitor had no effect on the expression of the miRNAs. The two miRNA inhibitors also up-regulated the
expression of PTEN, which was reduced by H,O, (E). Values on the y-axis are reported as 22, *p <0.05. Data are expressed as mean + standard
deviation.

in patients with glaucoma and reveal the related biological pathways
using bioinformatics tools that are experimentally validated.

Several miRNA studies on glaucoma have used experimental
animal/cell models and AH or blood samples from patients to
elucidate the pathological mechanisms of glaucoma, although no
specific consensus has been achieved. Experimental models of
glaucoma used in miRNA studies include animal models and damaged
RGCs. One study investigated the changes in miRNA expression in
RGCs in the laser-induced ocular hypertension rat model and
identified potential neuroprotective candidates for RGCs (miR-194
and miR-664-2 inhibitors) (25). Other studies have reported that
various miRNAs, such as miR-141-3p, miR-141-5p, miR-21a-5p, and
miR-93-5p, which inhibited RGC apoptosis and promoted RGC
survival in the N-methyl-D-aspartic acid (NMDA)-induced
glaucomatous mouse model, are potential therapeutic targets (26-29).
Studies have also been performed to identify potential related
biological processes. The overexpression of miR-124b protects RGC
function, activates autophagy, and modulates survival signaling
pathways, such as mTOR and AKT, in the surgically-induced
glaucomatous neurodegeneration mouse model (30). There have been
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several studies that analyzed miRNAs expression in patients with
glaucoma using samples, such as blood (plasma or serum) or AH. A
recent review summarized the findings of various miRNA studies
using samples from patients with open-angle glaucoma and suggested
that miR-143-3p, miR-125b-5p, and miR-1260b are potential
therapeutic targets for glaucoma (31). However, the authors also
suggested the lack of overlapping findings among the miRNA profiling
studies conducted using the AH (13, 20, 32-38) and other samples,
including blood (plasma/serum) and tears of patients with primary
open-angle glaucoma (13, 32, 39, 40). The results of miRNA profiling
studies using intraocular samples of patients with glaucoma are
summarized in Supplementary Table S6. Blood samples can
be obtained through minimally invasive procedures and collected at
frequent intervals. Recent studies showed that miRNAs in serum
samples are biomarkers that serve as valuable indicators of systemic
and ocular diseases (41-44). However, AH samples can more directly
reflect eye-specific conditions than serum samples. Meanwhile, LC
can directly reflect the condition of the anterior chamber, including
the TM tissue. miRNA profiling of the LC samples of patients with
open-angle glaucoma has not been previously performed. Hence, this
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study aimed to analyze the miRNA expression profile in both
AHand LC.

This study demonstrated that the two miRNAs hsa-miR-193-5p
and hsa-miR-222-3p were upregulated in both AH and LC in patients
with open-angle glaucoma. Upregulation of has-miR-222-3p in AH of
patients with normal tension glaucoma has recently been reported
(33), the dysregulation of hsa-miR-193-5p has not been previously
reported in patients with glaucoma. The roles of hsa-miR-193-5p and
hsa-miR-222-3p in apoptotic pathways have been extensively studied
(40, 45-48). Consistently, Laverne bioinformatics analysis also
revealed the association between these two miRNAs and the apoptotic
pathway in this study (Supplementary Figure S1). The roles of
hsa-miR-193-5p and hsa-miR-222-3p have mostly been studied in the
context of cancer biology, including angiogenesis (49, 50) and
inflammation (51, 52). miR-193a-5p promotes apoptosis and
consequently inhibits colorectal cancer cell survival through the
miR-193a-5p/PIK3R3/AKT axis (53). One study reported that
miR-193a-5p mimics decrease cancer cell viability and suppress
intracellular mechanisms (54). miR-222-3p interacted with circular
RNA (circRNA) to inhibit cancer cell development (47). Circ_HIPK3,
a circRNA, was reported to protect neuronal cells against apoptosis by
inhibiting the miR-222-3p/DUSP19 axis (55). miR-19b/221/222
induces endothelial cell dysfunction and cellular apoptosis through
the suppression of proliferator-activated receptor y coactivator la
(PGC-1a) (56). Additionally, a previous study examined the roles of
miR-222-3p in human lens epithelial cells of the in vitro cataract
model and reported that the circRNA-mediated inhibition of
miR-222-3p mitigates cell damage (57). These previous findings
demonstrate that miR-222-3p promotes cell damage by inducing
oxidative stress and apoptosis, which are important pathological
components of glaucoma (58-61). Previous studies have also reported
the association between miRNAs and oxidative stress/apoptosis in
glaucoma (12, 40). In summary, our findings are consistent with the
previous studies showing that miR-193a and miR-222 tend to induce
oxidative stress and apoptosis.

In this study, we selected PTEN among the validated target genes
to analyze the differences in its expression levels in AH and LC
samples between control subjects and patients with glaucoma. Because
the amount of AH and LC samples was insufficient to analyze multiple
target genes simultaneously with miRNAs, we selected one target
gene. Expression of PTEN was significantly downregulated in LC
samples from patients with glaucoma, whereas it was not statistically
significant in AH samples. PTEN is involved in multiple cellular
processes, including cell proliferation, apoptosis, and migration, and
cell-ECM interaction and signaling (62). The beneficial effects of
PTEN inhibition, including neuroprotective effects, have been
reported mainly through the upregulation of the Akt signaling
pathway (63); however, beneficial effects of PTEN upregulation
through treatment with human PTEN in neuronal survival have also
been reported (64). Analysis of signaling pathway activation using TM
obtained from OAG donors
downregulation of the PTEN pathway, which is thought to

tissues revealed significant
be associated with apoptosis in the TM (65). In addition, the critical
role of PTEN in regulating ECM remodeling in tissues is known and
a decrease in PTEN levels has been reported in many fibrotic diseases
(66). It has been reported that a reduction in PTEN levels in TM cells

contributes to fibrosis of TM by inducing ECM deposition, which may
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lead to dysfunction of AH drainage (67). In this study, PTEN levels
were significantly downregulated in LC samples from patients with
glaucoma, although this was not significant in AH samples. Since the
interactions between PTEN and both miRs-193-5p and —222-3p are
known (24, 68), it can be hypothesized that the upregulation of miRs-
193a and — 222 and subsequent downregulation of PTEN may have a
potential role in OAG. We further validated the differential expression
of these miRNAs and PTEN in the oxidative-injured RGC model, one
of the glaucomatous cell models, and also revealed the regulatory roles
of these miRNAs (miRs-193-5p and —222-3p) on PTEN for the first
time. The exact roles of these miRNAs/PTEN axes in the pathogenesis
of glaucoma needs to be elucidated through experimental validation
in future studies.

In addition to the two miRNAs that were upregulated in both AH
and LC samples, we also identified miRNAs with inconsistent
upregulation in AH and LC in this study. The upregulated miRNAs in
the AH and LC of patients with glaucoma included other 17 miRNAs
(hsa-let-7a-5p, hsa-miR-125a-5p, hsa-miR-1285-3p, hsa-miR-
181d-5p, hsa-miR-185-5p, hsa-miR-192-5p, hsa-miR-194-5p,
hsa-miR-195-5p, hsa-miR-210-3p, hsa-miR-221-3p, hsa-miR-25-3p,
hsa-miR-31-5p, hsa-miR-365-3p, hsa-miR-512-5p, hsa-miR-542-3p,
hsa-miR-9-5p, and hsa-miR-92a-5p), and hsa-let-7e-5p, respectively.
Previous studies have reported the upregulation of hsa-let-7a-5p and
hsa-miR-192-5p in the AH of patients with normal tension glaucoma
(33, 38), hsa-miR-210-3p in the serum of patients with primary open-
angle glaucoma (POAG) (39), hsa-miR-221-3p in the AH of patients
with POAG (32), and hsa-miR-9-5p in the peripheral blood
mononuclear cells of patients with pseudoexfoliation glaucoma (14).
The hsa-miR-125a-5p levels are upregulated in non-glaucomatous
human TM cells in response to cyclic mechanical stretch, and this is
suggested to be correlated with the pathogenesis of glaucoma (69). On
the other hand, the expression of miR-181d-5p in RGC was
downregulated in the glaucomatous mouse model (25), and that of
miR-25 was downregulated in glaucomatous rat retina (70). These
discrepancies can be attributed to differences in the samples used in
different studies (animal models in previous studies vs. AH or LC
samples of patients in this study). The roles of hsa-miR-185-5p,
hsa-miR-194-5p, hsa-miR-195-5p, hsa-miR-31-5p, hsa-miR-92a-5p,
and let-7e-5p in glaucoma have not been reported.

This study has some limitations. First, small numbers of
participants were included in this study and separate samples were
used for each analysis. As the amount of AH was insufficient to
be used simultaneously for miRNA PCR array and qRT-PCR
analyses, separate samples were used for each analysis. In addition,
we initially planned to use the same participants AH and LC
samples for the miRNA PCR array. However, after miRNA extraction
and quality control processes, the AH and LC samples available for
miRNA PCR array were derived from separate subjects.
Consequently, miRNA PCR array was performed using AH and LC
samples collected from separate patient groups. Instead, QqRT-PCR
was performed using AH and LC samples collected from the same
eye of the same subject. Second, further studies using animal models
were not conducted. Therefore, further research is needed to
determine the mechanisms and effects of the identified miRNAs on
glaucoma. Additionally, in vitro studies using TM tissue will
be beneficial to investigate the relationship between these miRNAs
and apoptosis of TM cells that could not be conducted in this study.
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Finally, it was not possible to assess the association between miRNA
expression levels and clinical factors such as the severity of glaucoma
owing to the small number of participants in each miRNA analysis.
Despite these limitations, this is the first study to report the miRNA
profiles of both AH and LC samples in patients with glaucoma. The
miRNA profiles found in this study would reflect the intraocular
status better than those found in previous studies conducted using
only AH of patients with glaucoma. Circulating miRNAs can
be considered good potential biomarkers in many diseases (42).
We analyzed apoptosis-related miRNAs in AH and LC samples and
found two common miRNAs that showed significant differential
expression in both AH and LC and were associated with PTEN. These
miRNAs and PTEN have been shown to be associated with
apoptosis/survival in other diseases. Therefore, although the role of
these miRNAs as biomarkers for glaucoma could not be validated in
this study, we propose that these miRNAs and PTEN, or their
modulation, may represent potential diagnostic biomarkers or
therapeutic strategies in glaucoma.

To the best of our knowledge, this is the first study to elucidate the
expression profiles of apoptosis-related miRNAs in AH and LC
samples of patients with open-angle glaucoma. Two miRNAs,
hsa-miR-193a-5p and hsa-miR-222-3p, were upregulated in both AH
and LC samples of patients with glaucoma, and their common putative
gene was PTEN, which was downregulated in both AH and LC
samples of patients with glaucoma. The functions of these two
miRNAs and PTEN are related to apoptosis and oxidative stress, which
are involved in the pathogenesis of open-angle glaucoma. Therefore,
these miRNAs may serve as novel biomarkers or therapeutic targets
in open-angle glaucoma.
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Background: Glaucoma is a leading cause of blindness strongly associated with
psychiatric disorders, but the causal association between glaucoma and
psychiatric disorders remains uncertain because of the susceptibility of
observational studies to confounding and reverse causation. This study aims
to explore the potential causal association between glaucoma and three highly
related psychiatric disorders (Depression, Insomnia, and Schizophrenia) in the
European and East Asian populations using a two-sample Mendelian
randomization analysis.

Methods: Instrumental variables (IVs) of depression, insomnia, and schizophrenia
in the European population were obtained after strict filtering. Summary-level
data for glaucoma and glaucoma subtypes (primary open-angle glaucoma and
primary closed-angle glaucoma) were obtained as outcomes. The inverse
variance weighting (IVW) method was used as the primary method.
Additionally, the causal effect was evaluated in the East Asian population using
the same methods to validate analysis results. The robustness of these results was
confirmed using heterogeneity, pleiotropy, and Steiger directionality test.

Results: The primary MR results indicated that genetically driven psychiatric
disorders were not causally associated with glaucoma (Depression: odds ratio
(OR): 1.15, 95% confidence interval (Cl): 0.93-1.42, p = 0.20; Insomnia: OR: 1.14,
95% Cl: 0.63-2.05, p = 0.66; Schizophrenia: OR: 1.00, 95% Cl: 0.93-1.08, p =
0.95), either with the risk of glaucoma subtypes in the European population.
Meanwhile, results in the East Asian population were consistent with the results
among the European population (Depression: OR = 1.38, Cl 0.75-2.53, p = 0.30;
Insomnia: OR = 0.99, CI 0.83-1.18, p = 0.93; Schizophrenia: OR = 1.06, ClI
0.94-1.20, p = 0.34) with similar causal estimates in direction. Consistency was
obtained by corroborating with other supporting methods. Besides, the
robustness of the results was proved and the directionality test confirmed our
estimation of potential causal direction (p < 0.001).

Conclusion: This study found a non-causal association between psychiatric
disorders and the risk of glaucoma in the European and East Asian
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populations, which contradicts many existing observational reports, indicating that
increased psychiatric disorders in glaucoma patients were more likely modifiable

rather not inheritable.

mendelian randomization, depression, insomnia, schizophrenia, glaucoma

1 Introduction

Glaucoma is a group of optic neuropathies characterized by
progressive degeneration of retinal ganglion cells, resulting in visual
field defects (Quigley, 2011). It has been estimated that the total
number of patients would up to 111.8 million by 2040, making
glaucoma the most common cause of irreversible blindness
worldwide (Tham et al,, 2014). Based on the anatomy of anterior
chamber angle, glaucoma is categorized as open-angle glaucoma
(OAG) and angle-closure glaucoma (ACG). Its pathogenesis is
related to various genetic mutations and somatic diseases,
indicating that glaucoma is a complicated genetic disorder
(Windell et al, 2022). Specifically, it was found that primary
open-angle glaucoma (POAG) is highly heritable with 70% of the
variation in risk attributed to genetics (Gharahkhani et al., 2023). To
date, clinically, the causing factors contributing to glaucoma
progression are still not well characterized. The most significant
risk factor is elevated intraocular pressure (IOP). However, despite
effective IOP-lowering therapies, visual impairment still progresses
in a significant number of patients. Additionally, the most serious
concern is that less than 50% of the general population has
awareness of their glaucoma status. People who suffer from
asymptomatic glaucoma may be significantly higher (Weinreb
et al,, 2014). Hence, evidence that identifies the risk factors for
glaucoma is required urgently for the prevention of visual loss.

Recently, increasing epidemiological reports have illustrated that
patients diagnosed with the most common psychiatric disorders
such as depression (Jung et al., 2021; Wéndell et al., 2022), insomnia
(Sun et al,, 2022), and schizophrenia (Meer et al., 2022) are more
likely to have a higher risk of glaucoma, compared to the general
population. It has been suggested that there might be a common
underlying pathophysiology between psychiatric disorders and
glaucoma, as both involve changes in vascular structures or
neurological alterations (Liu et al, 2020). In a recent study,
retinal nerve fiber layer thinning and neural cell loss in the
ganglion cell layer were observed in the chronic unpredictable
mild stress mouse model, indicating that psychological stress
could induce glaucoma-like changes (Zhang et al., 2022). While
some other epidemiological findings suggested that there was no
association between depression and glaucoma (Rezapour et al., 2018;
Vidal et al., 2021; Grant et al., 2021), which made this relationship
contentious. Establishing a definitive etiological link may be
challenging due to the presence of confounding factors and the
potential for reverse causation in traditional epidemiological
findings. More studies are needed to confirm the causal role of
psychiatric disorders in glaucoma.

Mendelian randomization (MR) analysis, simulating the design
of randomized control trials, uses genetic instrumental variables
(single-nucleotide polymorphisms, SNPs) to assess the causal
association between risk factors and outcomes, thereby excluding
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potential confounders from interfering (Emdin et al., 2017). So far,
we found that the MR analysis of causality between psychiatric
disorders and glaucoma was still unexplored. Hence, based on the
data of genome-wide association studies (GWAS), this study aimed
to reveal the causal association between three psychiatric disorders
(depression, insomnia, and schizophrenia) and the risk of glaucoma
through the two-sample MR analysis. Meanwhile, two main
subtypes of glaucoma were explored and the causal effects in two
different populations were evaluated respectively (the European and
East Asian populations), aiming to contribute robust and novel
insights to the field of the association between mental disorders
and glaucoma.

2 Methods
2.1 Study design

A flow diagram of the study design is presented in Figure 1. A
two-sample MR analysis considering depression, insomnia, and
schizophrenia as exposures and glaucoma as the outcome in the
European population was conducted in the first step adhering to the
three core assumptions (Burgess et al., 2019). Subgroup analysis of
cases with POAG and primary angle-closure glaucoma (PACG)
were also investigated. Sensitivity analysis was conducted to validate
the robustness of the results. Finally, the analysis of individuals in
East Asia was conducted for generalization and to provide an
additional complement to the conclusion.

In order to adhere to the principle of minimizing duplication
between exposure and outcome samples, we comprehensively
searched the PubMed dataset and large publicly accessible GWAS
data of European and East Asian ancestry samples to select the
sample with rigor.

2.2 Data sources

2.2.1 GWAS summary statistics in the European
population

Summary statistics of depression in the European population
were extracted from the largest European GWAS meta-analysis to
date (170,756 cases and 329,443 controls) (Howard et al., 2019). As
for insomnia, we obtained available summary data from UKB, which
included 462,341 individuals. The GWAS data for schizophrenia
were acquired from a dataset in the Psychiatric Genomics
Consortium  (PGC), which included a
82,315 participants (Ripke et al., 2014).

The European GWAS data for glaucoma were identified from

sample  of

the FinnGen consortium, including three sets of genetic instruments
(210,789 to 218,792 individuals): glaucoma, POAG, and PACG.
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FIGURE 1

Diagram of the study design. The three key assumptions were as follows: (1) The genetic IVs must be associated with exposure (depression,
insomnia, and schizophrenia); (2) IVs should not be associated with confounders; (3) IVs must influence glaucoma only via the exposure. Abbreviations:
GWAS, genome-wide association studies; SNPs, single nucleotide polymorphisms; IVs, instrumental variables; LD, linkage disequilibrium; MR analysis,
Mendelian randomization analysis; POAG, primary open-angle glaucoma; PACG, primary angle-closure glaucoma.

Subtypes were included to further elucidate the causal relationship
between genetically predicted psychiatric disorders and glaucoma.
This study defined glaucoma by the International Classification of
Diseases (ICD)-10: H40/H42.

2.2.2 GWAS summary statistics in the East Asian
population

Summary statistics of depression were derived from the hitherto
most comprehensive and most up-to-date meta-analysis of
GWAS East
individuals cases

depression among Asians,

98,502 (12,588 and 85914
(Giannakopoulou et al., 2021). Data for insomnia published by
UKB in 2020 that included a sample of 63,732 participants from East
Asian populations were obtained from the Open GWAS database
(https://gwas.mrcieu.ac.uk/). The East
schizophrenia were found from a large GWAS meta-analysis

comprising
controls)

Asian  statistics for
including 14,004 cases and 16,757 controls, which were open to
download from the Psychiatric Genomics Consortium (Kurki et al.
, 2023).

The GWAS data for glaucoma in East Asian descent were
derived from BioBank Japan (BB]) (Ishigaki et al., 2020). BBJ is
the largest East Asian biobank and includes more than
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200000 Japanese people ranging in age from 20 to 89 years who
were followed up between 2003 and 2018 (Ishigaki et al., 2020). The
diagnosis of glaucoma was also defined by ICD-10: H40/H42.
Summary-level GWAS data for specific glaucoma subtypes in the
East Asian population was not included in the analysis because data
was not publicly available. Detailed information of the data sources
can be found in Table 1.

2.3 Selection of genetic
instrumental variables

In this study, we employed criteria as follows to select the
instrumental variables (IVs) (Burgess et al., 2019): (1) Firstly, all
SNPs selected as instrumental variables were correlated with the
corresponding exposure at a genome-wide significance (p < 5 x
107%). As for IVs in the East Asian population, since the limitation of
sample size, we adopted p < 5 x 107° as the threshold as
recommended in previous research (Burgess et al., 2013). (2) The
clumping process was executed to ensure that all the SNPs were not
in linkage disequilibrium (LD) (r* > 0.001, kb = 10,000) with the
clump data function using the 1000 Genomes Project as the
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TABLE 1 Characteristics of data sources included in the MR analyses.
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Population Consortium Sample size (case/controls) PubMed ID/Open GWAS ID
Exposures
Depression European UKB,PGC 500,199 (170,756/329,443) 30718901
Insomnia European UKB 462,341 (NA/NA) ukb-b-3957
Schizophrenia European PGC 82,315 (35,476/46,839) 25056061
Depression East Asian UKB, CKB, etc. 98,502 (12,588/85,914) 34586374
Insomnia East Asian UKB 63,732 (2654/61,078) ukb-e-1200_EAS
Schizophrenia East Asian PGC 30,761 (14,004/16,757) 35396580
Outcomes
Glaucoma European Finn 218,792 (8,591/210,201) finn-b-H7_GLAUCOMA
POAG European Finn 214,634 (4,433/210,201) finn-b-H7_GLAUCPRIMOPEN
PACG European Finn 210,789 (588/210,201) finn-b-H7_GLAUCPRIERM
Glaucoma East Asian BBJ 212,453 (5,761/206,692) 32514122

Note: POAG, Primary open-angle glaucoma; PACG, Primary angle-closure glaucoma; UK Biobank, the UK Biobank; PGC, Psychiatric Genomics Consortium; Finn, the FinnGen study; CKB,
China Kadoorie Biobank; WHI, Women’s Health Initiative. All data was collected on 15 May 2023.

reference panel (Auton et al., 2015). (3) We used the PhenoScanner
database (http://www.phenoscanner.medschl.cam.ac.uk/, accessed
on 5 July 2023) to rule out SNPs related to confounding factors.
(4) SNPs not available in the outcome dataset would also be
excluded. (5) Genetic variables of palindromic and incompatible
alleles were removed when harmonizing. Finally, F statistics of each
SNP were calculated to avoid bias from weak instruments using the
formula: F = BET A?/SE?, in which BETA represents the estimated
effect size of allele and SE is the estimated standard error of BETA
(Bowden et al., 2016b).

Herein, these SNPs were compliant with the correlation,
independence, and statistical

intensity ~ requirements  of

instrumental variables.

2.4 Two sample MR analysis

For MR analysis, the inverse variance weighted (IVW) model
which assumed all the IVs were valid was adopted as the main causal
evaluation method (Burgess and Thompson, 2017). Different
of IVW were utilized based on the
heterogeneity test. When the heterogeneity was large (p > 0.05),

models results of
a random effects model would be applied to combine the effects. On
the contrary, a fixed effects model would be used. Additionally, we
applied MR-Egger, weighted median, and weighted mode as
complementary methods. The MR-Egger regression method can
also provide robust estimates when horizontal pleiotropy exists
(Bowden et al, 2016b). The weighted median method can
provide consistent effect estimates when up to 50% of the
information comes from invalid instrumental variables (Bowden
et al,, 2016a). The weighted mode method detects a causal effect
smaller compared with the IVW and weighted median methods,
with sample size requirements typically smaller than those available
from GWAS consortia (Hartwig et al., 2017). Scatter plots were used
to visualize analysis results.
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2.5 Robust analysis

To further confirm the robustness of the analysis result,
heterogeneity was assessed through Cochran’s Q test in the IVW
approach. We used funnel plots to visualize potential bias, where a
symmetrical funnel suggests little bias. We settled MR-Egger
regression to examine the existence of horizontal pleiotropy
(Burgess and Thompson, 2017) and adopted the MR-pleiotropy
residual sum and outlier method (MR-PRESSO) test as a
supplement (Verbanck et al., 2018). When the MR PRESSO test
showed outliers, the MR PRESSO test examined whether there was
significant distortion in the results after removing the outliers. On
top of that, a leave-one-out analysis was performed to estimate the
stability of the findings, which successively excluded one SNP at a
time to check whether the result was biased or driven by a single SNP
(Emdin et al.,, 2017). Furthermore, we performed the MR Steiger
directionality test to confirm the causality direction between
psychiatric disorders and glaucoma (Hemani et al., 2017).

All statistical analyses were performed with R software
4.3.0 using the “TwoSampleMR” package (version 0.5.7) and
“MR PRESSO” (version 1.0) package. The Bonferroni-corrected
p-value<0.004 (0.05/12) adjusted for multiple testing was
considered statistically significant.

3 Results
3.1 The SNPs used as instrumental variables

We obtained 80 SNPs in depression, 42 SNPs in insomnia, and
83 SNPs in schizophrenia among the European population, which
met the generally accepted genome-wide significance threshold (p <
5 x 107 r* < 0.001, kb = 10,000) for exposure. Subsequently,
26 SNPs in depression, 9 SNPs in insomnia, and 45 SNPs in
schizophrenia were found available at the significant level (p <
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A

Exposure & Outcomes Used SNPs OR (95% CI) P Value

Depression on Glaucoma 68 i
Inverse variance weighted r‘:-—ﬁ 1.15 (0.93 to 1.42) 0.203
MR Egger : 0.93 (0.22 to 3.86) 0.923
Weighted median H— 1.17 (0.89 to 1.54) 0.256
Weighted mode -—E—-—o 1.28 (0.66 to 2.52) 0.468

Depression on POAG 68 5
Inverse variance weighted —— 1.53 (0.80 to 2.95) 0.199
MR Egger : 0.64 (0.11 to 3.64) 0.619
Weighted median —— 1.05 (0.74 to 1.51) 0.770
Weighted mode -—‘:-—| 1.02 (0.43 to 2.42) 0.962

Depression on PACG 68 E
Inverse variance weighted H— 1.14 (0.89 to 1.48) 0.295
MR Egger : 2.53 (0.03 to 194.40) 0.677
Weighted median —_— 1.25(0.48 to 3.27) 0.643
Weighted mode : 1.09 (0.10t0 11.32) 0.944

051 2 3
B
Exposure & Outcome Used SNPs OR (95% CI) P Value
Depression on Glaucoma 39 i
Inverse variance weighted +-—i 1.38 (0.75t02.53) 0.302
MR Egger L : 6.85 (0.60 to 78.38) 0.140
Weighted median —_—— 1.39(0.57 t0 3.37) 0.466
Weighted mode : 1.68 (0.32t08.81) 0.544
%1 B L
FIGURE 2

Genetic causal associations between depression and the risk of glaucoma in the European (A) and East Asian (B) populations. (A) MR estimates of
genetically predicted risk of depression on glaucoma, primary open-angle glaucoma, and primary angle-closure glaucoma in the European population.
(B) MR estimates of genetically predicted risk of depression on glaucoma in the East Asian population. The inverse variance weighted method is
considered the main method. Abbreviations: SNPs, single nucleotide polymorphisms; OR, odds ratio; 95% Cl, 95% confidence interval.

5x 107 r* < 0.001, kb = 10,000) among East Asian GWAS. Some
SNPs significantly correlated with confounding factors such as
hypertension (Shukla et al., 2020), diabetes (Choi et al., 2020),
body mass index (Leske et al., 1995), waist circumference (Yuan
et al., 2022), platelet count (Ma et al, 2019), basophil cell count
(Song et al.,, 2023), lymphocyte count (Yang et al, 2001) were
eliminated. The detailed information about eliminated SNPs is
listed in Supplementary Table S1. All selected SNPs had
F-statistics larger than threshold 10 (ranging from 16.0 to 199.3),
indicating no weak instrument bias existed. Detailed information
about the used genetic instruments of exposures is presented in
Supplementary Tables S2-S4. Scatter plots of different exposures in
this study are presented in Supplementary Figures S1-S3.

3.2 MR analysis results in the European
population

3.2.1 Depression

In the primary IVW results, depression showed a non-causal
association with the risk of glaucoma (OR: 1.15, 95% CI: 0.93-1.42,
p = 020) and glaucoma subtypes (POAG: OR: 1.53, 95% CI:
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0.80-2.95, p = 0.20; PACG: OR:1.14, 95% CI: 0.89-1.48, p =
0.30). The other methods including MR-Egger, weighted median,
and weighted mode were consistent with IVW results, indicating
that depression had no MR association with the risk of glaucoma
through either glaucoma or specific subtypes (POAG and PACG),
with all p-values greater than 0.05 (Figure 2).

3.2.2 Insomnia

From the MR analyses between insomnia and glaucoma, the
overall causality estimated by the IVW method indicated no
potential causal relationship between insomnia and glaucoma
(OR: 1.14, 95% CI: 0.63-2.05, p = 0.66). Same as POAG and
PACG (OR: 1.08, 95% CI: 0.48-2.42, p = 0.86; OR: 0.49, 95% CI:
0.06-3.91, p = 0.50), no causal relationship between insomnia and
glaucoma was detected. The MR Egger and weighted median results
showed association  between insomnia and

also no

glaucoma (Figure 3).

3.2.3 Schizophrenia

MR analysis results of schizophrenia did not reveal that
schizophrenia could increase the risk of glaucoma (IVW method:
OR: 1.00, 95% CI: 0.93-1.08, p = 0.95). The similar results were
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Populations  Exposures Sample size  Outcomes Methods OR (95% CI) P Value
European Insomnia 386,533 Glaucoma Inverse variance weighted  1.14 (0.63 to 2.05) —r— 0.661

MR Egger 1.01 (0.15 t0 6.79) :* >0.994
Weighted median 1.80 (0.70 to 4.63) 0:—-—) 0.224
Weighted mode 1.96 (0.60 to 6.45) ——————————>0.278
POAG Inverse variance weighted  1.08 (0.48 to 2.42) I—II—C 0.855
MR Egger 0.28 (0.03 to0 3.14) H—:—I 0.313
Weighted median 0.58 (0.16 to 2.09) —— 0.409
Weighted mode 0.45 (0.08 to 2.54) |—n—;—| 0.376
PACG Inverse variance weighted  0.49 (0.06 to 3.91) : 0.503
MR Egger 0.62 (0.00 to 157.28) 5 >0.868
Weighted median 1.16 (0.06 to 22.91) . >0.924
Weighted mode 0.72 (0.01 to 40.36) : >0.873
Schizophrenia 82,315 Glaucoma Inverse variance weighted ~ 1.00 (0.93 to 1.08) ll 0.946
MR Egger 1.09 (0.81 to 1.48) l-:b—i 0.563
Weighted median 1.00 (0.91 to 1.09) * 0.929
Weighted mode 0.98 (0.80 to 1.21) i 0.859
POAG Inverse variance weighted  1.02 (0.94 to 1.12) I- 0.582
MR Egger 1.11 (0.76 to 1.60) i—iﬂ—! 0.601
Weighted median 1.02 (0.89 to 1.16) W 0.817
Weighted mode 1.13 (0.81 to 1.57) |-:-u—| 0.485
PACG Inverse variance weighted  0.84 (0.64 to 1.09) H-:'l 0.189
MR Egger 1.75 (0.59 to 5.16) l—:—n—>0.314
Weighted median 0.88 (0.63 to 1.23) ! 0.463
Weighted mode 0.88 (0.45 to 1.74) ——t 0.716
East Asian Insomnia 63,732 Glaucoma Inverse variance weighted  0.99 (0.83 to 1.18) I+-| 0.928
MR Egger 1.26 (0.73 to 2.19) ——— 0.444
Weighted median 1.04 (0.83 to 1.31) HA 0.705
Weighted mode 1.07 (0.78 to 1.45) — 0.701
Schizophrenia 30,761 Glaucoma Inverse variance weighted  1.04 (0.94 to 1.15) :- 0.456
MR Egger 0.95 (0.65 to 1.40) i 0.808
Weighted median 1.00 (0.88 to 1.13) He 0.994
Weighted mode 0.94 (0.73 to 1.21) H;-l 0.613

051 2 3

FIGURE 3

Genetic causal associations of insomnia and schizophrenia on the risk of glaucoma in the European and East Asian populations. The inverse variance

weighted method is considered the main method. Abbreviations: SNPs, single nucleotide polymorphisms; OR, odds ratio; 95% CI, 95%

confidence interval

found for POAG and PACG (IVW method: OR: 1.02, 95% CI:
0.94-1.12, p = 0.58; OR: 0.84, 95% CI: 0.64-1.09, p = 0.19). These
results were corroborated by other methods, indicating that
schizophrenia had no MR association with the risk of glaucoma
and two subtypes (Figure 3). A brief cartoon describing the result is
shown in Figure 4.

3.2.4 MR analysis results in the East Asian
population

Replicated analyses in the East Asian population validated the
estimation in the European population (all p > 0.05). The primary
IVW results showed that genetically predicted psychiatric disorders
had no causal association with glaucoma (Depression: OR: 1.38, 95%
CI: 0.75-2.53, p = 0.30; Insomnia: OR: 0.99, 95% CI: 0.83-1.18, p =
0.93; Schizophrenia: OR: 1.04, 95% CI: 0.94-1.15, p = 0.46), with
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similar causal estimates in direction in the European population.
Consistency was obtained by corroborating with the other methods
including MR-Egger, weighted median, and weighted mode
(Figures 2, 3).

3.2.5 Robustness of the MR analysis

Potential SNP heterogeneity evaluated by the IVW method was
observed in instrumental variables of depression and
schizophrenia in the European population (Cochran’s Q p <
0.05), in which the random IVW effects model was adopted. In
other exposures we analyzed, no evidence of heterogeneity was
detected as indicated by the results of Cochran’s Q-test (all
p-values>0.05). Additionally, the funnel plots that visualized the
heterogeneity were presented (Supplementary Figures S4-S6).

Regarding pleiotropy, in all analyses we studied in two different
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FIGURE 4
Genetic causal associations between psychiatric disorders
and glaucoma.

populations, the Egger intercept quantified by the MR-Egger
regression method did not differ significantly from zero (p >
0.05), which indicated no evidence of horizontal pleiotropic
effect. Results remained consistent with IVW results after
excluding outliers SNP through the MR-PRESSO distortion test,
reconfirming the absence of horizontal pleiotropy (p > 0.05)
Table S5). The
demonstrated that the exclusion of any single SNP used in the

(Supplementary leave-one-out  plots
analysis had no significant impact on the causal association and so
reliability of the effect

(Supplementary Figures S7-S9). Besides, the results of the MR

draw up the causal estimates
Steiger directionality test supported our hypothesis regarding the
potential causal direction between psychiatric disorders and

glaucoma (p < 0.001) (Supplementary Table S5).

4 Discussion

This study applied a two-sample MR method to study the causal
relationships among three highly related psychiatric disorders and
glaucoma, as well as two glaucoma subtypes (POAG and PACG)
using large publicly available GWAS summary statistics. Our
findings suggested a non-genetic association between depression
and glaucoma utilizing the biggest GWAS to date. Meanwhile, there
was no evidence indicating that genetically predicted insomnia and
schizophrenia were causally related to the risk of glaucoma.
Replicated analyses in the East Asian population showed
consistency with the results among the European population,
with similar causal estimates in amplitude and the same causal
estimates in direction. These findings gave us another vision that
increasing psychiatric disorders in glaucoma patients observed in
previous studies may be more likely to be attributed to modifiable
factors rather than inheritable factors.
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It is widely known that patients with glaucoma who have
irreversible vision impairment often experience continuous
mental stress. The worries of losing independence trigger fear
with secondary consequences such as depression. A meta-
analysis indicated a higher prevalence and severity of
depression, anxiety, and sleep disorders in patients with
glaucoma (Groff et al., 2023). While prolonged mental stress
and psychiatric disorders may not only be a result but also a
possible cause (Sabel and Lehnigk, 2021) and a risk factor of
glaucoma progression (Shin et al., 2021). Recently, increasing
reports from observational studies have found that psychiatric
disorders may likely to associated with a higher risk of glaucoma.
A study screened all living individuals with specified psychiatric
disorders in the years 2010-2019 who resided in Stockholm
County, indicating that the risk of POAG was increased in
2022). A

prospective cohort study in the UK investigated the link

women with depression (Windell P. E. et al,
between sleep behavior and pattern with the risk of glaucoma
and found that individuals with insomnia had an excess risk of
any glaucoma (Hazard ratio:1.13, 95% CI:1.06-1.20) (Sun et al,,
2022). A hospital-based comparative study that comprised
180 patients diagnosed with varying degrees of severity of
POAG found that the glaucoma patients showed evidence of
poor mental health with 39 (21.7%) of them depressed compared
to controls (p < 0.001) (Ubochi et al., 2020). Liu et al. observed
that glaucoma suspect (OR: 1.88, 95% CI: 1.01-3.49) and OAG
(OR: 2.19, 95% CI: 1.13-4.26) showed significant associations
with schizophrenia (Liu et al., 2020). However, a prospective
cohort research revealed that there was no link between
which was inconsistent with
2021). Also, a 3-year
longitudinal study consisting of 30,097 individuals aged

depression and glaucoma,
findings forementioned (Vidal et al,

45-85 years did not find an association between glaucoma and
depression (Grant et al., 2021). These contentious findings may
be influenced by indissoluble or unidentified risk factors in
observational studies.

Several factors may interfere the judgment of causality.
Firstly, the causative relationship might be overestimated,
considering that psychiatric disorders could be secondary to
the glaucoma diagnosis even secondary to the wuse of
antiglaucoma medication. Secondly, some antidepressants such
as topiramate (Kocamaz and Karadag, 2019), aripiprazole (Shen
2018), and duloxetine
(Mahmut et al., 2017) have potential eye side effects, such as acute

et al., 2018), milnacipran (Keks et al,
onset angle-closure glaucoma. Chen et al. (2016) found that
patients using selective serotonin reuptake inhibitors (SSRIs)
have a 5.80-fold increased risk of angle-closure glaucoma in a
week. Side effects of antidepressants may affect the accuracy of
the findings. Besides, gender was found to have a significant effect
on the mental health of glaucoma patients. An institution-based
cross-sectional study conducted on 495 glaucoma patients
indicated that the female sex (95% CI: 1.66-8.62) (p = 0.001)
was significantly associated with increased levels of common
mental disorders in glaucoma patients (Tilahun et al., 2021). It is
in harmony with the study of Lim et al. (2016), reporting higher
depression and anxiety in females than in male glaucoma
patients. While it is at variance with the report by Ubochi
et al. (2020) which revealed that males had higher depression

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1349860

Zhang et al.

and anxiety scores than females. As glaucoma and depression are
known to be more common among female individuals, the ratio
of female patients and the differences in methodology may
interfere with the outcome (El-Mogy et al., 2014). In this
study, the ratio of female participants is not noted because the
ratio cannot be obtained directly from GWAS summary statistics
and original articles. Lastly, glaucoma is a group of optic
that different
assessment criteria may misjudge a certain link, and primary

neuropathies contains subtypes, overall
glaucoma and secondary glaucoma should be taken into account
separately in the investigation. Thus, we employed MR analysis
that could exclude the influence of external confounding factors
on this contentious relationship so as more likely to draw a
reliable genetic causal conclusion. To summarize, rather than the
diseases themselves, our non-causal findings indicated that the
link between psychiatric problems and glaucoma may emerge
through other manageable pathways. This non-causal conclusion
has important clinical significance for ophthalmology as further
understanding of psychological mechanisms would have to be
considered more in the treatment of glaucoma than the
development of glaucoma.

This study has several prominent advantages. Firstly, the MR
method is the closest approximation to the randomized controlled
which

Theoretically, the influence of external confounding factors can

trial emulates the random allocation procedure.
be excluded using MR method, making MR study immune to some
limitations of conventional observational studies. Secondly, in our
study, the latest and largest publicly accessible GWAS data and
strict SNP filtering criteria were used to provide solid evidence for
the results. A variety of analytical methods are utilized. Several
sensitivity tests were engaged to ensure the robustness of the
results. The MR-Egger analysis and MR-PRESSO test suggested
no horizontal pleiotropy. Lastly, we performed analysis across two
different ancestries (the European and the East Asian populations)
and explored subgroup effects (POAG and PACG), which
intensified generalizability and validated the adaptation of our
results more comprehensively.

Several limitations should be taken into consideration. First and
foremost, potential pleiotropy could not be completely voided
through the current finite test methods. Secondly, in order to
adhere to the principle of minimizing duplication between
exposure and outcome samples, the data sources we used are
from different institutions. The difference in data collection
criteria and diagnosis coding across institutions might affect the
estimation of results, especially institutions from different
populations. Thirdly, although two different populations had
been enrolled in our analysis, it was restricted in other
populations due to potential inter-ethnic genetic differences.
Additionally, the lack of publicly available GWAS on glaucoma
subtypes and other psychiatric disorders like anxiety, disorder, and
bipolar disorder in the East Asian population precluded us from
exploring the effect in MR analysis. Thus, there is likely to be a need
for big sample GWAS and new loci studies of psychiatric disorders
and glaucoma across different ancestries.
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5 Conclusion

In conclusion, our MR analysis results did not support that
genetically  predicted disorders

depression, insomnia, and schizophrenia) have any causal

psychiatric (including
effect on the risk of glaucoma, indicating that increased
psychiatric disorders in glaucoma patients were more likely
not inheritable but modifiable. The findings address an
importance of keeping an eye on the mental health of eye
disorders and necessitate further research to fully understand
this relationship in the future.
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Quality of life and mental health
status of glaucoma patients
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Dubrovnik, Croatia

Introduction: Glaucoma, a leading cause of irreversible blindness worldwide,
poses significant challenges to patients’ quality of life (QOL) and mental well-
being.

Methods: This study aimed to investigate the complex interplay between
clinical, demographic, and psychological factors and their impact on QOL
among patients diagnosed with glaucoma. A cohort of 201 glaucoma patients,
with a mean age of 70 years, participated in the study.

Results: Descriptive analyses revealed that participants reported living with
a glaucoma diagnosis for an average of 13.38 years, highlighting the chronic
nature of the disease in the cohort. Comorbidity was shown to be in close
relationship with QOL, where with additional health problems have lower QOL
scores (M =34.86, SD=18.25), as well as higher levels of anxiety (M =10.64,
SD =5.38) and depression (M=1342, SD=7.37). Correlation analyses further
unveiled robust associations between clinical characteristics and psychological
outcomes, with lower visual acuity strongly correlated with reduced QOL
(rR=-0.74, pR<0.001; rL=-0.78, pL<0.001) and higher levels of anxiety and
depression. Additionally, longer duration of glaucoma diagnosis was moderately
associated with poorer QOL (r=0.56, p<0.001) and increased psychological
distress, highlighting the cumulative burden of living with the disease over
time. Mediation analyses indicated that duration of diagnosis partially mediated
the relationship between depression and QOL, as well as anxiety and QOL,
suggesting that the prolonged experience of living with glaucoma may
exacerbate the impact of psychological distress on QOL.

Discussion: These findings underscore the importance of holistic patient
care approaches that address both the physical and psychological aspects of
glaucoma to improve patient outcomes and enhance overall well-being.

KEYWORDS

glaucoma, quality of life, mental health, depression, anxiety

1 Introduction

Vision is integral to nearly every aspect of daily life, facilitating essential activities such as
navigation, communication, and personal independence (1, 2). Thus, any impairment to vision
can have profound consequences on an individual’s well-being and quality of life (QOL).
Glaucoma, a group of progressive optic neuropathies characterized by damage to the optic
nerve and visual field loss, represents one such condition that poses significant challenges to
affected individuals (3, 4). Despite its asymptomatic nature in the early stages, glaucoma can
lead to irreversible vision loss if left untreated, highlighting the critical importance of early
detection and intervention in preserving visual function (5). The impact of glaucoma extends
beyond its ocular manifestations, permeating various aspects of everyday living (6). As the
disease progresses, individuals may experience limitations in performing routine activities,
such as driving, reading, and participating in social events (7). These changes can result in
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feelings of frustration, dependence, and diminished QOL (8-10).
Furthermore, the psychosocial consequences of glaucoma are
profound, with vision loss often precipitating emotional distress,
anxiety, and depression (7, 11, 12). Symptoms of depression and
anxiety are often reported in glaucoma patients, and some research
even consider them as potential risk factors for glaucoma development
(13-15). Patients diagnosed with open-angle glaucoma frequently
encounter challenges in identifying facial expressions and have an
increased susceptibility to feelings of depression and anxiety,
commonly linked to the deterioration of their vision (16, 17).
Nevertheless, the temporal pole, a component of the limbic system in
conjunction with the amygdala that is known to be involved in several
functions such as such as emotion and behavior, is also involved in the
processes of facial recognition and memory storage (18, 19).
Understanding the complex interplay between clinical, demographic,
and psychological factors and their impact on QOL among glaucoma
patients is essential for informing targeted interventions aimed at
improving patient outcomes. Previous research has highlighted the
significant associations between comorbidity, disease duration,
psychological distress, and QOL in this population (8-10, 14, 20-22).
However, further investigation is warranted to elucidate the underlying
mechanisms driving these relationships and to identify potential
modifiable factors that can be targeted in clinical practice. Theoretical
framework is provided with biopsychosocial model that is supporting
the notion that certain medical conditions can only be understood
through the examination of the interaction between physiological,
psychological, and sociocultural factors (23, 24). Therefore, the
present study aims to comprehensively examine the multifaceted
relationship between clinical, demographic, and psychological factors
and their impact on QOL among patients diagnosed with glaucoma.
Utilizing a different statistical methods including descriptive analyses,
correlation analyses, independent sample ¢-tests, and mediation
analyses, we seek to address the following objectives:

o Investigate the associations between comorbidity, disease
duration, and psychological distress (anxiety and depression)
with QOL among glaucoma patients.

« Examine the mediating role of disease duration in the relationship
between psychological distress and QOL in glaucoma patients.

By addressing these objectives, our aim is to contribute to a deeper
understanding of the determinants of QOL in glaucoma patients and
to inform targeted interventions aimed at improving patient outcomes
and enhancing overall well-being. Additionally, by elucidating the
complex interplay of factors influencing QOL, this study seeks to
advance our understanding of the biopsychosocial dimensions of
glaucoma and to underscore the importance of holistic approaches to
patient care.

2 Materials and methods
2.1 Participants

Two hundred and one participants enrolled in this cross-sectional
study were individuals undergoing routine ophthalmological

examinations, all of whom had received a diagnosis of primary open-
angle glaucoma from their attending ophthalmologist. Ethical approval
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for this study was obtained by the Ethics Committee at the University
of Zagreb Faculty of Croatian Studies (reference number: 053-01/23-
2/0001), ensuring that the research complied with all relevant ethical
standards and guidelines. These participants were recruited during
their visits to the ophthalmology clinic and were invited to participate
in the research study. Prior to their involvement, each participant
signed informed consent, indicating their understanding of the study’s
purpose, procedures, and their voluntary participation.

Upon obtaining informed consent, participants were guided
through the study protocol by trained research personnel. The
procedure involved the completion of a comprehensive battery of
questionnaires, designed to assess various psychosocial and
demographic factors pertinent to the experience of glaucoma.

2.2 Measures

The battery of questionnaires administered to participants
included:

Glaucoma Quality of Life Questionnaire (GQL-15) (25): The
GQL-15 is a validated instrument tailored to assess the impact of
glaucoma on various aspects of an individual's QOL, covering
domains such as vision-related function, mobility, and emotional
well-being. The GLQ-15 consists of 15 items. Each question has
scores ranging from 0 to 5, where 0 is difficulty to perform the task
due to non-visual problems, 1 is no difficulty, and 5 is severe
difficulty. The highest score is 75 and the lowest is 15, where higher
scores indicate more difficulties with vision-related activities and are
associated with lower quality of life as well. The Cronbach alpha for
the current study indicates good reliability of the GQL-15 (a=0.986).

Generalized Anxiety Disorder-7 Scale (GAD-7) (26): The GAD-7
is a widely used self-report measure consisting of 7 items designed to
assess the severity of anxiety symptoms experienced by individuals
over the past 2 weeks, providing valuable insights into the prevalence
and intensity of anxiety. Each item has scores ranging from 0 to 3,
where 0 is not at all, 1 is several days, and 3 is nearly every day. The
GAD-7 total score ranges from 0 to 21. The Cronbach alpha for the
current study indicates satisfactory reliability of the GAD-7 (ax=0.95).

Patient Health Questionnaire-9 (PHQ-9) (27): The PHQ-9 is a
reliable and validated tool for evaluating the severity of depressive
symptoms. It consists of 9 items exploring the frequency and intensity
of depressive symptoms experienced by participants. Each item
explores presentation of certain experiences over the course of the last
2weeks with scores ranging from 0 to 3, where 0 is not at all, 1 is
several days, and 3 is nearly every day. The PHQ-9 total score ranges
from 0 to 27. The Cronbach alpha for the current study indicates
satisfactory reliability of the PHQ-9 (x=0.968).

Sociodemographic Questionnaire: A structured questionnaire was
administered to collect sociodemographic information from participants,
including age, gender, educational background, employment status,
medical information (duration of diagnosis, visual acuity, comorbidities)
and other relevant demographic variables. This information allows for
the characterization of the study sample and facilitates the exploration of
potential associations between sociodemographic factors and the
psychosocial variables under investigation.

The administration of these questionnaires was conducted in a
standardized manner, ensuring consistency and reliability across
participants. Participants were encouraged to provide accurate and

frontiersin.org


https://doi.org/10.3389/fmed.2024.1402604
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Kopila$ and Kopilas

honest responses to each item, with the assurance of confidentiality
and anonymity maintained throughout the data collection process.

2.3 Data analysis

Data was analyzed with IBM SPSS Statistics program (version 26).
Before conducting statistical analysis, the normality of the continuous
variables was tested. The results of the Shapiro-Wilk test indicated
deviations from the normality for all continuous variables. However, it
should be noted that all the distributions prove to be symmetrical, except
the distribution of quality of life. Descriptive analyses were conducted to
compute means, and standard deviation of continuous variables, as well
as the median and interquartile range for the variable of quality of life.
Additionally, we examined proportions of categorical variables.

In order to examine the differences in observed variables (anxiety,
depression, and quality of life) regarding gender and comorbidity, an
independent sample ¢-test were performed.

To determine the associations between glaucoma related quality
of life, measures of psychological distress (anxiety and depression),
and certain aspects of participants’ health, the values of the Pearson
correlation coefficient were observed. Significance was set at p <0.05.

Mediation analyses were performed to assess whether years of
living with glaucoma were significant mediator of the relationship
between depression and quality of life, as well as anxiety and quality
of life. PROCESS module in SPSS [version 4.0., Model 4, Hayes (28)]
was used to conduct the above-mentioned analysis. Significance of the
indirect effect was tested with bootstrap method, where confidence
interval (CI) was set at 95% and based on 5,000 bootstrap samples.
The indirect effect is considered statistically significant if the 95% CI
does not contain a value of 0.

3 Results
3.1 Descriptive statistics

This study included 201 patients with glaucoma, of which 125
(62.2%), were women, and 76 (37.8%) were men. Participants were
between the ages of 42 and 94, with the average age of 70years
(M=70.4; SD=11.52). Most of them marked high school as the
highest level of education (42.8%), are retired (64.2%), married
(56.7%) and have children (82.6%). On average, our participants live
more than 13years with a diagnosis of glaucoma (M=13.38;
SD=7.73). Regarding visual acuity, most of them have normal sight
on one of the eyes based on the International Classification of Diseases
11 (ICD-11) classification for distance vision impairment (29). Sample
characteristics are presented in Table 1.

The mean total score on the GQL-15 was 34.86 (SD=18.25)
indicating somewhat good quality of life of our glaucoma patients.
Considering that the quality of life has a positively skewed distribution,
it is necessary to consider the values of the median, which is 28
(interquartile range- iqr=30), and deviates from the previously
mentioned mean values. The mean score for depression on PHQ-9
was 13.42 (SD=7.37), while the mean GAD-7 score was 10.64
(SD=5.38). Using a cut-off score of >8 (30, 31), more than two thirds
of the sample (68.3%) would be categorized as depressed, and
approximately 63% (63.8%) would be considered anxious (30, 31).
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TABLE 1 Sociodemographic information of the participants (N =201).

Gender Female 125 (62.2)
Male 76 (37.8)
Education Elementary school 47 (23.4)
High school 86 (42.8)
University 68 (33.8)
Work status Full-time work 55 (27.4)
Unemployed 17 (8.5)
Retired 129 (64.2)
Relationship status Married 114 (56.7)
Unmarried 24 (11.9)
Widowed 53(26.4)
Divorced 10 (5.0)
Children Yes 166 (82.6)
No 35(17.4)
Comorbidities Yes 88 (43.8)
No 113 (56.2)
Visual acuity- R Blindness 14.(7.0)
Severe 5(2.5)
Moderate 20 (9.95)
Mild 17 (8.45)
Normal 145 (72.1)
Visual acuity- L Blindness 14 (7.0)
Severe 7 (3.5)
Moderate 19 (9.45)
Mild 20 (9.95)
Normal 141 (70.1)
Age 70.4 (11.5)
Duration of diagnosis 13.38 (7.73)

3.2 Differences in the observed variables

The results of t-test (Table 2) indicated a statistically significant
difference in quality of life, depression and anxiety regarding
comorbidity, but not gender. Glaucoma patients with additional health
problems reported greater difficulties in performing daily activities
(GQL-15), and higher levels of anxiety and depression. Due to the
positively skewed distribution of the quality of life, a Mann Whitney
U test was performed (U=7,143, z=5.31, p<0.001) which confirmed
a significant difference in quality of life with respect to the comorbidity.
In addition, measures of psychological distress (anxiety and
depression) and quality of life differed significantly based on
comorbidity, even after controlling for age. There were no statistically
significant gender differences in observed variables, i.e., the GQL-15
scores, PHQ-9 scores and GAD-7 scores were similar for both groups.
Additionally, observed variables did not differ significantly in regard
to gender, after controlling for the age of participants.
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TABLE 2 Differences in observed variables regarding gender and comorbidity.

10.3389/fmed.2024.1402604

Dependent variable M (SD) t (df) 95% Cl
Gender Female 33.18 (17.35) —1.686 (199) 0.093 [—9.667, 0.756]
Male 37.63 (19.45) ‘
GQL-15
Comorbidity Yes 40.77 (15.95) —4.219 (199) ‘ <0.001 [-15.431, —=5.601]
No 30.26 (18.67) ‘
Gender Female 13.21 (7.38) —0.517 (199) ‘ 0.606 [—2.672, 1.561]
Male 13.76 (7.38) ‘
PHQ-9
Comorbidity Yes 15.60 (6.43) —3.835(199) ‘ <0.001 [-5.883, —1.888]
No 11.72 (7.62) ‘
Female 10.53 (5.4) —0.367 (199) ‘ 0714 [~1.836, 1.260]
Gender
Male 10.82 (5.39) ‘
GAD-7
Yes 12.26 (4.69) —3.907 (199) ‘ <0.001 [—4.348, —1.431]
Comorbidity
No 9.37 (5.56)

Significant values bolded. M, mean; SD, standard deviation; t, t-statistic; df, degrees of freedom; 95% CI, 95% confidence interval; GQL-15, Glaucoma Quality of Life Questionnaire; PHQ-9,

Patient Health Questionnaire-9; GAD-7, Generalized Anxiety Disorder-7 Scale.

PHQ-9 c=2.059* GQL-15
Duration of diagnosis
a=0.529* b=0.453*
PHQ-9 GQL-15
c’=1.819*%

FIGURE 1
Mediation model of depression on quality of life through duration of
diagnosis (unstandardized coefficients); *p < 0.001.

3.3 Correlation analysis

To determine the association between certain aspects of
participants” health (visual acuity, duration of diagnosis), and quality
of life, anxiety and depression, Pearson’s correlation analysis was
conducted. Quality of life was significantly negatively associated with
observed clinical characteristics. Visual acuity in both eyes was
significantly negatively associated with GQL-15 (Pearson’s correlation
coeflicient of the right eye- rz=—0.74, corresponding p-value of the
right eye- pr<0.001; Pearson’s correlation coefficient of the left eye
r,=—0.78, corresponding p-value of the left eye- p;<0.001),
indicating that glaucoma patients with lower visual acuity tend to
experience greater difficulties in performing daily activities.
Furthermore, visual acuity exhibited significant negative correlation
with depression (r;=-0.59, pz<0.001; r,=-0.75, p; <0.001) and
anxiety (rz=—0.6, pr<0.001; r;=—0.71, p;<0.001). Duration of
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glaucoma diagnosis was moderately and positively associated with
GQL-15 (r=0.56, p<0.001), PHQ-9 (r=0.5, p<0.001), and GAD-7
(r=0.48, p<0.001), implying that longer coexistence with glaucoma
is linked to greater perception of difficulties in everyday functioning
and higher levels of depression and anxiety. Additionally, decrease in
performance-related quality of life (GQL-15) was significantly
positively correlated with depression (r=0.83, p <0.001) and anxiety
(r=0.8, p<0.001).

3.4 Mediation analysis

To assess the possible mediating role of duration of diagnosis
in the relationship between anxiety and quality of life, as well as
depression and quality of life, simple mediation analyses were
performed. Regarding the first mediation model (Figure 1), the
path coeflicients from depression to duration of diagnosis (b=0.53,
p<0.001; 95% CI [0.402, 0.655]), and from depression to quality
of life (path c) were significant (b=2.06, p<0.001, 95% CI [1.866,
2.251]). As shown in Table 3, duration of the diagnosis made a
significant contribution to quality of life (b=0.45, p<0.001).
Considering the bootstrap 95% confidence interval, the significant
indirect effect from depression to quality of life through duration
of diagnosis was confirmed (b=0.24, 95% CI [0.112, 0.401]).
Finally, the direct effect of depression on quality of life remained
significant, but the effect value was somewhat lower (b=1.82,
p<0.001).

Regarding the second mediation model (Table 3; Figure 2),
anxiety made significant contribution to duration of the diagnosis
(b=0.69, p<0.001, 95% CI [0.515, 0.866]), and to quality of life (path
¢, b=2.72, p<0.001, 95% CI [2.44, 3.01]). Duration of diagnosis
positively predicted vision related quality of life (b=0.54, p<0.001).
Moreover, the indirect effect of anxiety on quality of life through
duration of diagnosis (b=0.37, p<0.001) was also significant. After
accounting for duration of diagnosis as mediator, the direct effect of
anxiety on quality of life remained significant (b=2.35, p<0.001),
indicating that years living with diagnosis partially mediates the
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TABLE 3 Path estimates of mediation models.

10.3389/fmed.2024.1402604

Outcome Predictors B SE p 95% ClI R? F p-value
GQL-15 PHQ-9 1.82 0.11 0.73 [1.61,2.03] 0.718 251.94 <0.001
DD 0.45 0.1 0.19 [0.25,0.65]
PHQ-9 x DD 0.24 0.07 0.097 [0.11,0.401]
GQL-15 GAD-7 235 0.15 0.69 [2.05,2.65] 0.685 215.18 <0.001
DD 0.54 0.11 023 [0.33,0.75]
GAD-7 x DD 0.37 0.11 0.11 [0.19,0.59]

Significant values bolded; B, unstandardized coefficient; SE, Standard Error; B, standardized (beta) coefficient; 95% CI, 95% confidence interval; R coefficient of determination; F, F- statistic;
DD, duration of diagnosis; GQL-15, Glaucoma Quality of Life Questionnaire; PHQ-9, Patient Health Questionnaire-9; GAD-7, Generalized Anxiety Disorder-7 Scale.

GAD-7 o2722¢ GQL-15
Duration of diagnosis
a=0.69* b=0.539*
GAD-7 GQL-15
c’=2.35*

FIGURE 2

Mediation model of anxiety on quality of life through duration of

diagnosis (unstandardized coefficients); *p <0.001.

relationship between level of anxiety and vision related quality of life
in glaucoma patients.

4 Discussion

Our study employed an analytical approach to investigate the
complex interplay between clinical, demographic, and psychological
factors and their impact on the QOL among patients diagnosed with
glaucoma. Series of analyses was conducted, including descriptive
statistics, correlation analyses, independent sample ¢-tests, and
mediation analyses with specific aim of exploring the underlying
mechanisms behind the observed relationships.

Descriptive analyses revealed important demographic
characteristics of our sample, comprising 201 glaucoma patients,
with 62.2% being women and 37.8% men. The average age of
participants was 70 years, with the majority having completed high
school education (42.8%), being retired (64.2%), married (56.7%),
and having children (82.6%). Furthermore, the participants
reported living with a glaucoma diagnosis for an average of
13.38years, highlighting the chronic nature of the disease in
our cohort.

Our analysis of clinical measures revealed significant associations
between comorbidity and QOL among glaucoma patients. Those with

additional health problems reported significantly lower QOL scores
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(M =34.86, SD=18.25), as well as higher levels of anxiety (M =10.64,
SD=5.38) and depression (M =13.42, SD =7.37). Notably, more than
two-thirds of the sample would be categorized as depressed, and
approximately 63% would be considered anxious, indicating a high
prevalence of mental distress in this population.

While our study did not find statistically significant gender
differences in QOL, anxiety, or depression among glaucoma
patients, both male and female participants exhibited similar scores
on these measures. This suggests that gender may not be a significant
predictor of psychological well-being in this population. Contrary,
previous research found that women with glaucoma were more
likely to experience depression and stress (22). However, research is
not quite clear about the role of gender suggesting that this area has
yet to be explored. Our findings are in line with other research
showing no significant gender difference among glaucoma
patients (32).

Correlation analyses unveiled robust associations between clinical
characteristics and psychological outcomes. Lower visual acuity was
strongly correlated with reduced QOL (rz=-0.74, pz<0.001;
r,=—0.78, p; <0.001) and higher levels of anxiety (rz=—0.6, pz<0.001;
r;=—0.71, p; <0.001) and depression (rz=—0.59, pz<0.001; r,=—0.75,
p1<0.001), emphasizing the profound impact of visual impairment on
psychosocial functioning. This is in line with previous research
confirming significant decrease in social functioning and mental
health due to the lower visual acuity (33, 34). Additionally, longer
duration of glaucoma diagnosis was moderately associated with
poorer QOL (r=0.56, p<0.001) and increased psychological distress,
highlighting the cumulative burden of living with the disease over
time. These results are expected. Progression of glaucoma symptoms
is expected to have an effect on the psychological well-being and
everyday functioning (14, 35). Changes imposed by the lower vision
quality can lead to the higher prevalence of anxious and depressive
symptoms, and then consequently to the lower QOL.

Our mediation analyses provided further insights into the
underlying mechanisms linking anxiety, depression, and QOL in
glaucoma patients. Duration of diagnosis emerged as a significant
mediator, partially mediating the relationship between anxiety and
QOL, as well as depression and QOL. Specifically, the indirect effect
of anxiety on QOL through duration of diagnosis was significant
(b=0.37, p<0.001), suggesting that the prolonged experience of living
with glaucoma may exacerbate the impact of anxiety on QOL. These
findings confirm previous research showing existent triad of factors
impacting QOL (14, 36, 37). As such, it becomes imperative for
healthcare systems to prioritize interventions targeting these areas to
enhance QOL for individuals living with glaucoma. By addressing the
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complex interactions between anxiety, depression, and duration of
diagnosis, healthcare providers can implement more effective
strategies to improve the well-being of glaucoma patients.

Our study has several practical significances. Based on the
empirical evidence, new prevention and curation programs can
be developed in order to improve relationships between clinical,
demographic, and psychological factors in glaucoma patients. By
identifying key determinants of QOL and psychological distress, our
findings underscore the importance of holistic patient care in
managing this complex condition. Future research employing
longitudinal designs and objective assessments could provide further
insights into the dynamic interplay between these factors, ultimately
informing targeted interventions to improve the well-being of
individuals living with glaucoma.

4.1 Limitations

There are certain limitations related to this study. Due to the cross-
sectional design, our findings have to be carefully interpreted. In order
to have more generable conclusions, it would be beneficial to run
longitudinal study looking at how these variables may change over
time, and whether that change is related to the interplay between
observed variables, or some other factors. One of the potential
limitations is definitely gender ratio of our sample, and that majority
of participants were older. Future research should make sure that
sample is fair representative of the population in terms of gender and
age. Finally, differences between various glaucoma types were not
observed. Rather, we were interested if one has diagnosis of glaucoma
or not. In order to see if different glaucoma types differ in the
relationship with observed variables, future studies should incorporate
this in the study design.

5 Conclusion

Our study explored notable impacts of comorbidity on the quality
of life (QOL) among glaucoma patients, accompanied by increased
levels of anxiety and depression. Although gender disparities in QOL
were not notable, strong associations were discovered between clinical
factors such as visual acuity and duration of diagnosis with QOL and
psychological distress. These findings emphasize the significance of
comprehensive patient care and propose the necessity for targeted
interventions to relieve the mental burden experienced by glaucoma
patients. Future exploration employing longitudinal designs could
provide further insights into effective management strategies for this
intricate condition.
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Introduction: To determine the agreement between intraocular pressure (IOP)
measurements using conventional Goldmann applanation tonometry (GA2T)
and SUOER SW-500 Rebound Tonometer.

Methods: This was a retrospective observational study where 205 eyes of
106 glaucoma patients had their IOPs measured by 2 fellowship trained
ophthalmologists. Data were analyzed using the Bland—-Altman method of
differences. Correlation was measured using the Pearson coefficient.

Results: Most of our patients were Chinese (88.7%) and female (51.9%). The
average age was 66.9years. The range of IOPs as measured by GAT was 2 to
58mm Hg. Using the Bland—Altman method to compare GAT and SUOER SW-
500 Rebound Tonometer. The tonometer overestimated the IOP by 0.5mm Hg
in the right eye and underestimated it by 0.1mm Hg in the left eye. Overall, the
tonometer overestimated the IOP by 0.2mmHg. The Tonometer IOP correlated
well with GAT, with a Pearson coefficient of correlation(r) of 0.89 (p<0.001) for
the right eye and 0.86 (p<0.001) for the left eye, respectively. In patients with GAT
IOP > 21mm Hg (n=25), the Tonometer underestimated the IOP by 2.96mm Hg.

Discussion: The |IOP measurements from the SUOER SW-500 Rebound
Tonometer correlates well with the conventional GAT in measuring the IOP
within normal ranges of IOP. SUOER SW-500 Rebound Tonometer may be of
use, especially if the risk of transmission of infection is high considering that the
probes are disposable. It is easy to use and its small size and portability makes it
useful in situations where the patient is unable to be examined at the slit lamp.

KEYWORDS

glaucoma, rebound tonometer, IOP, intraocular pressure, Goldmann applanation
tonometry

Introduction

Goldmann applanation tonometry (GAT) has been the gold standard for measuring
intraocular pressure (IOP) for decades. IOP is the major modifiable risk factor for
glaucoma and its measurement is integral for appropriate management. Treatment of
glaucoma is mainly directed at lowering IOP. However, not all patients are able to
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be examined under a slit lamp and hence may not be suitable
for GAT.

The SUOER Rebound Tonometer (RBT; model SW-500) is a
hand-held, lightweight and contact tonometer that measures IOP with
the help of a disposable probe. The motion parameters of the probe is
recorded through an induction based coil system. The deceleration of
the probe is analysed. The deceleration speed correlates with IOP. For
example, the higher the IOP, the faster the deceleration of the probe
and the shorter is the duration of impact.

A number of studies have compared the accuracy of different
portable RBT, in particular between the GAT and versions of the Icare
(e.g. IC100, IC200, Care Pro, TA01i) which are similar in design to the
SUOER SW-500 Tonometer. However, these studies have published
rather inconsistent results. Some studies reported under measurement
of IOP by the Icare in comparison to GAT (1, 2). Other studies found
Icare overestimates IOPs when compared to GAT (3-5). While other
studies have also reported no significant differences in mean IOP
measured by Icare compared to GAT when the IOP measured was in
the normal ranges (6, 7) and even at extremes of IOP (8). The cause of
these differences are uncertain, it is likely that there may be a multiple
factors contributing to this difference. This includes the variability in
the patients’ age range, sample size of study, study bias, ethnicity,
previous glaucoma filtration surgery, whether they were healthy
subjects or subjects with pre-existing glaucoma. Moreover, external
factors such as central corneal thickness, corneal astigmatism and
even altitude can affect the reliability of IOP measurement (9, 10).

The advantage of RBT over GAT is its portability and that it does
not require topical anesthetics or fluorescein staining. Its portability
allows IOP measurements in situations that the GAT may be difficult
to use such as in young children, in the operating room, bed-bound
patients. The disposable probes also reduces cross contamination. As
IOP measurements with the RBT does not require topical anesthetics,
it also reduces the risks of damaging the corneal surface while
measuring IOP.

To this date, it is our understanding that there are no published
studies that compares the performance of the SUOER SW-500
Rebound tonometer against the gold standard GAT. As the SUOER
SW-500 rebound tonometer may be a potential portable screening
tool for IOP, we have decided to compare its accuracy in IOP
measurements against the GAT.

Materials and methods
Patient selection

One hundred and six patients that underwent follow-up visits at
the Singapore National Eye Centre Glaucoma Clinic were included in
our study. The principles of the declaration of Helsinki were adhered
to and approval from the Singapore Eye Research Institute’s
Institutional Review Board was obtained for a retrospective review of
these prospectively collected cases. Patients were excluded if they were
under 21 years of age, had corneal abnormalities that might render
IOP measurements inaccurate (severe epithelial/stromal edema, large
central scars), patients with corneal dystrophies, previous corneal
refractive surgery or corneal transplantation, active ocular infection,
poor cooperation, or refused to participate. Prior corneal refractive
surgery as well as corneal transplants affects the overall reliability of
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IOP measurements (11-13). Furthermore, since corneal thickness was
not measured, these patients were excluded.

IOP measurement

After instillation of proparacaine hydrochloride 0.5% and
application of sterile fluorescein 10% strips, IOP was measured on a
slit lamp biomicroscope for both eyes of each participant. The IOP of
the right eye was measured first using conventional GAT followed by
SUOER SW-500 rebound tonometry. Subsequently, the IOP of the left
eye was measured using SUOER SW-500 rebound tonometry followed
by GAT. These measurements were taken at the same clinic setting and
at the same time. IOP measurement was performed by 2 fellowship
trained ophthalmologists. As previous research has reported that
repeat tonometry induces a decrease in IOP and that there is a
consensual decrease in IOP in the other eye (14) our methodology
eliminated this bias by not using GAT readings more than once
per eye.

The study used a separate IOP measurer and reader and by having
the tonometer reset to 10 mm Hg before each reading. One person
adjusted the dial in a masked manner, and a second person recorded
the value.

Statistical analysis

In terms of sample size calculation, a sample of 64 patients was
needed (2=0.05, #=0.80 and S.D. 2.0 mmHg). Sample size was estimated
with the G*Power program (version 3.1.9.6, University Dusseldorf,
Germany). All statistical analyses were performed using Statistical
Package for the Social Sciences version 29.0 (SPSS Inc., Chicago, IL).
Normality check of data was performed with Kolmogorov-Smirnov and
Shapiro-Wilk Tests. Both IOP measured by GAT and SW-500 Rebound
tonometer were not normally distributed (p<0.001). We plotted the
differences between the 2 methods against their average (the Bland-
Altman method of differences). The Pearson coeflicient of correlation
was calculated for each eye.

Results

There were 106 (205 eyes) participants of which 51 were male and
45 were female (Table 1). The race proportion was 88.7% Chinese,
3.8% Malay, 5.7% Indian, 1.9% Other Ethnicities. The average age was
66.9years (range, 26 to 89years).

The mean IOP of the right eye was 15.1 mm Hg (95% CI, 14.0-
16.3 mm Hg) using conventional prisms and 15.6mm Hg (95% CI,
14.8-16.5 mm Hg) with the SUOER SW-500 rebound tonometer. The
mean IOP of the left eye was 16.3 mm Hg (95% CI, 14.9-17.8 mm Hg)
using conventional prisms and 16.2mm Hg (95% CI, 15.2-17.2mm

TABLE 1 Demographics of glaucoma clinic patients.

Female Sex (%) 51.9
Mean age (y) (range) 66.9 (26-89)

Race (% Chinese, % Malay, % Indians, % others) 88.7,3.8,5.7,1.9
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Hg) with the SUOER SW-500 rebound tonometer. The range of IOP
was 2 to 58 mm Hg. Using the Bland-Altman method of differences,
the SW-500 Tonometer overestimated the IOP by 0.5mm Hg in the
right eye (Figure 1) and underestimated it by 0.1 mm Hg in the left eye
(Figure 2). The limits of agreement were from —6.07 to 5.08 for the
right and from —7.41 to 7.65 for the left eye.

The SUOER SW-500 rebound tonometer correlated well with GAT,
with a Pearson coefficient of correlation(r) of 0.89 (p <0.001) for the right
eye (Figure 3) and 0.86 (p<0.001) for the left eye (Figure 4). In our
cohort of 25 eyes with IOP > 21 mm Hg (Figure 5), we found that the
SUOER tonometer underestimated the IOP by 2.96 mm Hg with limits
of agreement being from —9.51 to 15.43. Based on the SW500 product
information page, the precision of this device is +1.5 mmHg for IOPs in
the range of 3 mmHg to 25 mmHg, and + 2.5 mmHg for IOPs in the range
of 25mmHg to 70mmHg. In our study, for patients in the IOP >21
group, 6 out of 10 right eyes fell within a range of +1.5mmHg of the GAT
measurement; while 3 out of 15 left eyes, fell within the range of
+1.5mmHg of the GAT measurement.

Discussion

In our study of 205 eyes of 106 patients who attended glaucoma
subspecialty clinics, we found that the mean difference in GAT- and
SUOER SW-500 Rebound tonometry IOP measurements was between
—0.1 to +0.5 mmHg. IOP correlated well with the GAT-measured IOP
across a wide range of IOPs, however, the results were
not interchangeable.

The SUOER RBT overmeasured IOP compared to GAT in the right
and undermeasured IOP in the left eye. Of note, the right eye was

10.3389/fmed.2024.1269332

measured first with GAT then RBT and then inversed for the left eye.
The mean difference was +0.5 mmHg in the right eye and —0.1 mmHg
in the left eye. The largest difference in IOPs occurred in eyes with IOPs
at extreme ends of the spectrum. The difference in each eye could have
been a result of inaccuracies of the RBT for IOPs that were very high
and IOPs that were very low. For example, in one eye the GAT measured
58mmHg but the RBT measured 33mmHg, underestimating the
IOP. At the other end of the IOP spectrum, the GAT measured 2mmHg
but the RBT measured 9 mmHg, overestimating the IOP in this case.
Additionally, the right-handed operator may find it more difficult to
position the device when measuring the IOP from the right eye and the
patient’s nose may have been in the way resulting in less consistent
measurements in the right eye compared to left eye.

There are various models of Icare in the market. The TA01i, Icare
Pro, Icare ic100 and Icare ic-200 are similar in design to the SUOER
RBT. However, each tonometer have different characteristics and
comparative IOP value measurements. The mean difference in IOP
with the SUOER RBT is smaller than those obtained in earlier studies
with the Icare ic100. In a large study of 1,000 eyes reported by
Subramaniam et al., the Icare consistently underestimated IOP by
—4.2mmHg (SD 4.3) (15). Other studies reported differences in mean
IOP measured. In a study of 45 eyes Nakakura et al. reported a mean
difference of —2.5mmHg (SD 2.8); the same author subsequently did
a larger study of 106 eyes and reported a difference of —4.2 mmHg (SD
3.0) (16, 17). This may suggest that the SUOER RBT may produce IOP
measurements that are more consistent with GAT measurements as
compared to the ICare ic100.

In a study of 65 eyes using the Icare TAOLi by Salim et al., they
reported a mean difference of +2.45 mmHg (SD 4.24). Previous studies
with the Icare TA01i have also shown that it records a higher mean IOP
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The Bland—-Altman test of GAT versus SUOER SW-500 right eye.
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FIGURE 3
Scatter plot of the right eye SUOER SW-500 IOP against the GAT IOP.

Frontiers in Medicine 84 frontiersin.org


https://doi.org/10.3389/fmed.2024.1269332
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Chaung et al.

10.3389/fmed.2024.1269332

60

v
o

5
o

Left Eye SUOER SW-500 IOP [mmHg]

—
o

R = 0.860 (P<0.001)

0 10 20

FIGURE 4
Scatter plot of the left eye SUOER SW-500 IOP against the GAT IOP.

Left Eye GAT IOP [mmHg]

30 40 50 60

than GAT: 3.35+2.28mmHg (18), 1.40+2.19mmHg (19),
0.6+3.27mmHg (20), and 1.49 +2.90 mmHg (21). The ICare Pro is the
updated version of the Icare TAO1i and reportedly gives a mean IOP
that is closer to the GAT value. Previous studies showed that the mean
IOP difference between Icare PRO and GAT was between —0.38 mmHg
to 0.43mmHg (22, 23). As for the newest model of Icare the IC200, the
mean IOP was approximately 3 mmHg lower than that of GAT IOP in
a recent study by Nakamura et al. (24). However, 2 other studies
comparing the IC200 showed that the IC200 measured a higher IOP
than the GAT (18, 25). In a study of 96 Glaucoma and 60 healthy
subjects Badakere et al. reported a mean difference of +1.27 mmHg
(25). Additionally, Perez-Garcia et al. (18) reported that IC200
measured 0.82 mmHg higher than GAT in a study of 40 patients with
congenital glaucoma and 42 healthy subjects. There variations in IOP
measurements between the Icare and GAT in previous studies
described above, could have been a result of the vastly difference
sample size of each study and the extremes of IOP values included.
Additionally, IOP measurements by both devices could have been
affected by biomechanical properties of the cornea, such as corneal
thickness, curvature, underlying corneal pathologies and rigidity which
were not evaluated as it was not the focus of these studies.

The SUOER SW-500 Rebound tonometry seemed more
inconsistent in measuring higher IOP >21 mm Hg. This may limit the
scope of the SUOER RBT in routine glaucoma clinics when higher
IOPs are encountered. The Early Manifest Glaucoma Trial suggested
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that a 1 mm increase in IOP is associated with an 11% increase in the
hazard ratio in the development of glaucoma (26). Similarly, previous
studies on the Icare also suggest poor correlation with GAT at high
IOP ranges (>23 mmHg) (27, 28).

Although the study was conducted in glaucoma clinics, most of
the IOPs measured were within the normal range. Our study cannot
be applied to eyes with corneal disease or where surgery has been
performed (e.g., Fuchs endothelial dystrophy, excimer laser surgery,
lamellar or penetrating keratoplasty), as these patients were
excluded. Additionally, the 2 groups could have been randomized
to have either the right or the left eye measured first with our set
protocol of IOP measurement. Other limitations of this study was
the relatively small sample size of our subgroup of 25 eyes with
IOP > 21 mm Hg. A larger sample size of glaucoma patients with
both low and high IOP values would have been ideal.
We acknowledge that bilateral eyes were included but Bootstrap or
generalized estimating equations were not used to account for
inter-eye correlation this may have led to smaller p-values with eyes
in the same group (29). However, we decided that our study’s
primary focus is on comparing the performance of the SW500
tonometer against the GAT, rather than assessing individual
patient-level variations in IOP and hence decided that the
correlation between eyes of the sample patient is less relevant to our
research question. Ocular parameters such as corneal thickness and
axial length were not included. Additionally, our study did not test
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FIGURE 5
The Bland—Altman test GAT versus SUOER SW-500 (for intraocular pressure >21 mm Hg).

IOP with patients in the supine position which may be relevant to
its future use in bedbound patients. De Bernado et al. evaluated IOP
in sitting, supine, prone, and standing positions and again 5 minutes
after standing, utilizing an Icare Pro (ICP) and a Tono-Pen Avia
(TPA). They reported an agreement between the 2 devices which
both confirmed the increase in IOP in the supine position, and also
an increase after prolonged standing (30). In a study by Avitabile
et al. (28) on the effects of refractive errors on IOP measurements
obtained with RBT and GAT, they reported RBT readings to
be >2mm Hg in 17.9% (emmetropic), 13.3% (hyperopic), 34.5%
(myopic), and 7.6% (astigmatic) eyes. Given our high prevalence of
Myopia in Singapore, underlying myopia and other forms of
refractive efforts may have had an effect on IOP readings by RBT.
The portability and ease of use of the SUOER Rebound tonometer
makes it a potential alternative in mass eye screenings and for patient
that otherwise are unable to be examined on the slit lamp. The
disposable tips may help with the prevention of spread of infectious
organisms. Besides adenovirus, more destructive organisms
commonly implicated in contact lens-related microbial keratitis such
as Pseudomonas, Staphyloccocus, and Acanthamoeba may also
be spread by tonometer tips. Additionally, the SUOER SW-500
Rebound tonometer may be a good potential tool for home screening
of IOP by a patient’s caregiver. Its inbuild software is able to store the
last 999 IOP readings and may provide the reviewing clinician a good
understanding of the IOP trend of the patient across an extended
period. The Bluetooth capability of the tonometer also allows IOP
measurements to be fed to the patient or caregiver’s smart phone.
This may allow the patient to be more present with their management
of glaucoma. In developing countries where more infectious eye
diseases prevail, disposable rebound tonometer tips would confer a
major advantage. The cost is also much lower than the iCare and the
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device is powered by 2A A batteries. In comparison to the iCare, it can
also be used vertically as well as horizontally as it has an electromagnet
that holds the probe in place. Additionally, it also connects to an
infrared pocket printer to make hard copies of measured IOP data.
In conclusion, we have shown that the SUOER SW-500 Rebound
tonometer-measured IOP correlates well with the GAT-measured IOP
especially when IOP is in the normal range, but the results are not
interchangeable during any transition period or from site to site.
We acknowledge the SUOER SW-500 Rebound tonometer is not a
substitute for GAT in the glaucoma clinic where general IOP
measurements may higher. However, the SUOER SW-500 rebound
tonometer presents a viable alternative to GAT in several circumstances
such as where GAT measurements cannot be done, where spread of
ocular infection is of concern or in the setting of mass health screenings.
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Objective: In 2022, several cases of ocular hypertension (OHT) related to EyeCee
One preloaded IOLs were reported. The aim of this study was to determine the
presurgical and surgical variables associated with this response.

Methods and analysis: An analysis was conducted on patients who underwent
isolated cataract surgery between September 2022 and December 2022 at
the Hospital Universitario del Henares. The influence of potential factors was
studied using the Kruskal-Wallis test and multiple regression analysis.

Results: A total of 353 cataract surgeries were included in the study. No significant
differences between the different IOLs were found related to a change in the IOP
on the first postoperative day (p=0.395), but the change in the IOP after Imonth
was higher in the EyeCee One group (p=0.016). Approximately 6.1% of the patients
who received EyeCee One had an IOP increase greater than 10mmHg, compared
to only 0.8% of the patients who received other IOLs. The odds ratio (OR) of
experiencing an IOP increase greater than 10mmHg in the EyeCee One group at
the 1-month visit was 7.99 (1.52-41.99). The multiple regression analysis showed
that receiving the EyeCee One lens was associated with a 2-mmHg increase in
IOP. A previous history of glaucoma or OHT was not associated with greater |OP.
Two patients in the EyeCee One group developed severe visual loss.

Conclusion: Patients who received the EyeCee One IOL experienced significant
increases in IOP at the 1-month visit. A small number of patients might suffer
visual loss secondary to the rise in IOP.

KEYWORDS

cataract surgery, EyeCee One, intraocular lens, glaucoma, intraocular pressure

1 Introduction

During the last months of 2022, a number of cases of ocular hypertension (OHT) following
uncomplicated cataract surgery were reported in Spain and other countries (1). These cases of
unexplained postoperative OHT were later associated with the EyeCee One preloaded and the
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EyeCee One Crystal preloaded IOLs, manufactured by NIDEK and
distributed by Bausch&Lomb. An internal investigation at NIDEK
identified the coating agent used in the nozzle portion of the injector,
polyvinylpyrrolidone (PVP), as the reason why the drainage pathway
of aqueous humor was obstructed, leading to an increased intraocular
pressure (IOP). These cases prompted the laboratory to halt
distribution and issue a recall of these lenses (1). The EyeCee One
IOLs used in our study were confirmed to be part of the affected batch
identified by NIDEK (NIDEK, July 2023).

Various risk factors for acute OHT on the first day after cataract
surgery have been suggested, such as incomplete removal of
viscoelastic material, surgery performed by a resident, male patients,
a prior history of glaucoma or pseudoexfoliation, axial length greater
than 25 mm, poor pupillary dilation, tamsulosin use, or corticosteroid
response (2, 3). However, to date, only one study has linked one model
of intraocular lens (IOL) to changes in postoperative IOP values (1, 4).

Very few articles have been published on this topic, as these cases
constitute a recently discovered condition (1). OHT is often
asymptomatic and not always accompanied by pain, ocular
inflammation, or significant corneal edema. While elevated IOP can
sometimes lead to symptoms such as pain or visual disturbances, it
may be detected during routine eye exams without any obvious
clinical signs.

In the ophthalmology department of the Hospital Universitario
del Henares, six different models of IOLs were implanted in 2022.
We analyzed the postoperative IOP of the entire cohort of patients
undergoing cataract surgery at our center during the 3 months prior
to the withdrawal of the lens. The objective of this study is to
determine whether the observed increase in IOP is an idiosyncratic
response or if the entire cohort of patients receiving the EyeCee One
lens experienced higher IOP after surgery. Additionally, the study aims
to identify preoperative characteristics of patients and intraoperative
variables that could be related to this atypical outcome.

2 Materials and methods

This study was conducted with the entire cohort of patients
undergoing cataract surgery at the Ophthalmology Department of
the Hospital Universitario del Henares from 1 September 2022 to
12 December 2022. This timeframe coincided with the period of
higher incidence of this side effect in Spain, just before
Bausch&Lomb and NIDEK decided
commercialization of the IOL and to withdraw supplies from

to discontinue the

hospitals. The sample was created using convenience sampling,
focusing on November, when the first cases were detected in our
center. The Hospital Universitario del Henares is a level 1 hospital
serving a population of approximately 200,000 inhabitants. Eleven
experienced surgeons and two residents performed cataract surgery
during the study period. Only isolated cataract surgery was
considered in the study. Combined cataract surgery with vitrectomy
or glaucoma was considered an exclusion criterion. Rupture of the
posterior capsule with sulcus IOL implantation was also an
exclusion criterion, as it involves the implantation of a different IOL
model. Other complications, including the rupture of the posterior
capsule, were not considered exclusion criteria, provided one of the
usual in-the-bag-IOLs was implanted.
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In our center, patients undergoing uncomplicated cataract surgery
are typically seen the day after surgery and between 4 and 6 weeks later
(I-month post-cataract surgery visit). If deemed necessary, the
surgeon schedules intermediate visits. The first visit includes a slit
lamp examination and IOP measurement using an air tonometer. The
patient follows a treatment regime combining topical ofloxacin every
4h during the daytime for the first week and topical dexamethasone,
1 drop every 4h for the first week, gradually decreasing over 5 weeks.
Additional medications, such as bromfenac, anti-edema ointment, or
ocular hypotensives, may be added at the surgeon’s discretion. The
1-month visit, prior to discharge, includes IOP measurement, patient
visual acuity, automated refraction, and a fundus examination.
Goldman tonometry is only performed in cases where IOP is high, or
the patient has a history of glaucoma.

To conduct the study, information from the digital surgical
formularies was transferred into an Excel database. These surgical
questionnaires capture all intraoperative information minutes after
the surgical procedure has been completed, including
epidemiological variables (age and gender), clinical variables (alpha-
adrenergic blockers intake, drug allergies, and comorbidities), and
variables related to the surgical procedure (type of anesthesia,
surgical complications, use of trypan blue, intracameral use of
phenylephrine or acetylcholine, type of intracameral antibiotic, IOL
power, axial length, and anterior chamber depth). To complete the
database, the electronic clinical charts of the patients were reviewed
to add information regarding the presence of glaucoma, the number
of antiglaucoma drugs, presurgical visual acuity, and postsurgical
visual acuity in the previous month. Since most patients are not
refracted before or after cataract surgery (if the visual result has been
optimal), pinhole visual acuity was used as an approximate measure
of the best-corrected distance visual acuity. IOP at the pre-cataract
surgery appointment was considered baseline IOP. If this
information was not available on the last visit before surgery, it was
obtained from the nearest visit that included it. IOP was also
measured on the first day and at the 1-month post-cataract surgery
visit. Since IOP after cataract surgery in our center is usually
measured using air tonometry, air tonometry data were preferred if
both air tonometry and applanation tonometry records were
available. Nuclear cataract grade (assessed using the LOCS III
classification) was also recorded and considered a surrogate variable
of cataract severity.

During the study period, in addition to the EyeCee One, other five
models of IOL were implanted: PhysIOL® 123 Micropure IOL, J&J®
Tecnis Eyhance DIB00, the Alcon® ACU00TO0, Alcon® SN6CWS, and
Alcon® AcrySof Toric SN6ATXx.

The information, along with data obtained from surgical
protocols, was entered into an Excel database and analyzed using
SPSS (SPSS 22, IBM Corporation). The main variables were the
change in IOP on the first day after surgery (first day IOP - baseline
IOP) and the change of IOP at the 1-month visit (1-month visit
IOP - baseline IOP). The normality of the variables was assessed
using the Kolmogorov-Smirnov test. The three IOLs marketed by
Alcon (ACU00TO, SN6CWS Alcon®, and AcrySof Toric SN6ATx
Alcon®), which share the same platform and material, were grouped
for statistical analysis and optimization. There were two main
dependent variables: the change in IOP compared to preoperative
IOP on the first postoperative day and at the 1-month visit. The
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Kolmogorov-Smirnov test showed that neither of the two variables
followed a normal distribution, so a non-parametric approach was
carried out.

Demographic variables were expressed in terms of means and
standard deviations, except for visual acuity, which, as measured using
a decimal scale, is non-parametric and therefore was expressed as
median and interquartile range. Changes in IOP were expressed both
ways. The Kruskal-Wallis test was used to initially compare the four
IOL models. In a second approach to increase statistical power, the
change in pressure experienced by the eyes that received the EyeCee
One implant was compared to a group containing eyes that received
any of the other IOLs.

The influence of potential confounding variables in the association
between the studied IOL model and IOP was studied using multiple
regression analysis. The possible association of the change in IOP with
the IOL model was also graphically analyzed using box plots. The
number of patients that experienced IOP elevations exceeding 5 and
10 mmHg from baseline was determined, and tables were created to
assess the risk of peak IOP exceeding 5 and 10 mmHg associated with
the EyeCee One implant.

The study was conducted in accordance with the Declaration of
Helsinki after obtaining approval from the clinical research committee
of the University Hospital of La Princesa. (Study Number: 5237).

3 Results

During the 15 weeks of the study, 355 cataract surgeries were
performed on 349 patients. Only six patients underwent cataract
surgery on both eyes during the period of study. In these six
cases, cataract surgery was performed on different days. Two eyes
were excluded from the study due to posterior capsule rupture
that required the implantation of a three-piece IOL in the sulcus
and thus the final number of patients included in the analysis was
353. Table 1
intraoperative variables of the eyes included in the study. The

shows the presurgical characteristics and

average age of the patients was lower in the group that received
the J&J® Tecnis Eyhance DIB00 and PhysIOL® Micropure 123
IOLs. Preoperative visual acuity, nuclear cataract grade, and
biometric values were similar in all four groups. All patients,
except 8, underwent surgery with topical anesthesia and 1%
intracameral lidocaine (Table 1). The proportion of patients on
whom trypan blue, intracameral phenylephrine, or intracameral
acetylcholine were used was also similar in the four groups
(Table 1). Cefuroxime was predominantly used as an intracameral
antibiotic in all four groups (Table 1). The proportion of patients
experiencing zonular dehiscence and intraoperative floppy iris
syndrome (IFIS) was similar in all four groups (Table 1). The
proportion of patients with glaucoma or OHT before surgery
ranged between 8 and 9% in three of the groups, but it was lower
for the Tecnis Eyhance IOL. These patients were younger, with
glaucoma present in only 3.8% of the cases. Consequently, the
number of antiglaucoma drugs used in this group was lower than
in the other three groups.

No significant differences were found in the change in IOP
associated with the use of the four IOLs on the first postoperative
day (p=0.395), but differences were observed in the change in IOP
after I month (p=0.016). Contrasts between pairs of IOLs in the IOP
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change after 1 month showed statistically significant differences
between the EyeCee One and the Eyhance IOL (p=0.03) and
between the EyeCee One IOL and the Alcon IOL group (ACU00TO
or SN6CWS Alcon® or AcrySof Toric SN6ATx) (p=0.017). However,
after applying the Bonferroni correction for multiple comparisons,
only the first comparison remained statistically significant
(p=0.016).

To achieve greater statistical power, the EyeCee One IOL was
compared to the rest of the IOLs. In this analysis, no differences were
found on the first postoperative day between the group receiving the
EyeCee One implant and those receiving other IOLs. However,
differences were observed after 1 month of surgery (p=0.005).

These groups include patients with higher values of IOP at both
postoperative visits (Figures 1, 2). The distribution of IOPS was not
symmetrical. The box plot showed the median IOP is higher, the
interquartile range is asymmetrical, skewed toward higher values of
IOP, and there were several outliers. There was a small group of
patients who exhibited a very noticeable hypertensive response, which
mostly accounted for the observed differences. (Figures 1, 2). The OR
of having at the 1-month visit an IOP elevation higher than 5mmHg
in the EyeCee One patients was 4.44 (1.92-10.22), and the OR of
having an IOP elevation higher than 10 mmHg was 7.99 (1.52-41.99)
(Table 2).

The increase in IOP on the first day does not predict the rise in
IOP after 1 month; a total of 57 patients had an IOP greater than
10 mmHg the day after surgery; of these, only 2 presented an IOP
increase greater than 10 mmHg after 1 month. The OR of showing
an increase in IOP greater than 10 mmHg on the first postoperative
day and after 1 month was 1.91 (0.36-10.11). Therefore, in our
sample, the hypertensive peak on the first postoperative day did not
have predictive value for the presence of an elevated IOP after
1 month.

A total of 14 preoperative and intraoperative variables,
potentially related to the increase in IOP, were included in a
multiple regression model using the backward method, with
significance levels of 0.05 for variable inclusion in the model and
0.1 for variable exclusion from the model. The variables included in
the model were: age, gender, medical history of glaucoma or
intraocular hypertension, nuclear cataract degree, axial length,
anterior chamber depth, IOL power, subjective perception of the
surgeon of complicated surgery, intraoperative complications,
occurrence of IFIS, use of trypan blue, phenylephrine, or
acetylcholine, and the use of antibiotic prophylaxis other than the
usual (intracameral cefuroxime). The final model included only two
variables: the type of IOL (EyeCee One vs. non-EyeCee One), which
would be responsible for an increase in IOP between 2 and 3 mmHg;
and axial length, which was also associated with higher
postoperative IOPs (Table 3).

Patients who experienced this IOL-related hypertensive response
did not show intraocular inflammation or corneal edema, and
gonioscopy revealed no abnormalities. However, two patients suffered
severe visual loss among the patients of the EyeCee One group who
developed high postoperative IOP. One suffered post-cataract surgery
non-arteritic ischemic optic neuropathy (PCSNAION). In the other
case, no optic disk swelling was identified, although severe visual loss
and severe thinning of the retina’s fiber layer took place over the
course of 2months. No similar cases were observed among the
patients who received any of the other IOLs.
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TABLE 1 Presurgical characteristics and intraoperative variables of the eyes included in the study.

Preoperative characteristics

B&L® EyeCee
One (n =88)

ACUOOTO or
SN6CWS
Alcon® or

AcrySof Toric
SN6ATX
(n =113)

J&JI® Tecnis
Eyhance
DIBOO
(n =106)

10.3389/fmed.2024.1402606

PhysIOL®

Micropure 123

(n = 46)

Total (n = 353)

Mean age (SD) 74.7 years (6.6 years) 74.5years (8.6 years) 68.7 years (9.1 years) 69.6 years (8.7 years) 72.5years (8.7 years)
Male percentage 44 (50%) 35 (31%) 56 (53%) 17 (37%) 152 (43.2%)
Glaucoma/OHT 8(9.1%) 9 (8%) 4(3.8%) 4 (8.7%) 25 (7.1%)
Type of glaucoma
OHT 1(1.1%) 3(2.7%) 1(0.9%) 0 5(1.4%)
POAG 5(5.7%) 1 (0.9%) 1 (0.9%) 1(2.2%) 8(2.3%)
PG 0 2 (1.8%) 0 1(2.2%) 3 (0.8%)
PEXG 0 2 (1.8%) 1 (0.9%) 0 3(0.8%)
Other 2(2.3%) 1 (0.9%) 1 (0.9%) 2 (4.3%) 6 (1.8%)
No 80 (90.9%) 104 (92%) 102 (96.2%) 42 (91.3%) 327 (92.9%)
Number of glaucoma 0.11 (0.03) 0.13 (0.05) 0.05 (0.02) 0.2 (0.1) 0.11 (0.02)
drugs (SD)
IOL power (SD) 22.56 D (2.83 D) 21.45D (3.98 D) 21.01 D (4.58 D) 20.37 D (7.46 D) 21.46 D (4.58 D)
Axial length (SD) 23.13 mm (0.96 mm) 2341 mm (1.47 mm) | 23.65mm (1.52 mm) 23.95mm (2.75mm) | 23.48 mm (1.63 mm)
Anterior chamber Depth 3.11 mm (0.38 mm) 3.10 mm (0.34 mm) 3.21 mm (0.34 mm) 3.12 mm (0.37 mm) 3.14 mm (0.36 mm)
(SD)
Presurgical VA (median 0.5 (0.33-0.60) 0.33 (0.33-0.50) 0.50 (0.33-0.67) 0.50 (0.33-0.51) 0.46 (0.33-0.6)
(IQR))
VA 1month after cataract 0.67 (0.5-1) 0.67 (0.60-0.9) 0.67 (0.6-1) 0.67 (0.5-1) 0.67 (0.5-1)
surgery (median (IQR))
Nuclear cataract grade 3(3-4) 3(2.5-3.5) 3(2.1-3.5) 3(3-3.5) 3(2.5-3.5)
[median (IQR)]
Surgical variables:
Anesthesia General 1(1.1%) 2 (1.8%) 3(0.9%)
Subtenon 1(1.1%) 1 (0.9%) 1 (0.9%) 3(0.9%)
Topical 86 (98%) 110 (97.3%) 105 (99.1%) 46 (100%) 347 (98.2%)
Trypan blue 12 (13.6%) 18 (16.1%) 15 (14.2%) 2 (43%) 47 (13.4%)
Intracameral 39 (44%) 39 (35%) 32 (30%) 19 (41%) 129 (36.7%)
phenylephrine
Intracameral 4 (4.5%) 5 (4.5%) 4(3.8%) 2 (4.3%) 15 (4.3%)
acetylcholine
Antibiotic prophylaxis Cefuroxime 80 (91%) 109 (97%) 99 (93%) 43 (97%) 331 (94%)
Moxifloxacin 8 (9%) 2(2%) 6 (6%) 3(7%) 19 (5.4%)
Vancomycin - 1(1%) 1(1%) 2(0.6%)
Zonular disinsertion 2 (2%) 0 1(1%) 1(2%) 4 (1.1%)
IFIS 8 (9%) 10 (9%) 5 (4.7%) 3 (6.5%) 26 (7.4%)
Postoperative change in IOP:
First day Mean (SD) 7.57 mmHg(8.59 mmHg) 5.13mmHg 5.47mmHg 5.58 mmHg 5.83mmHg
(6.28 mmHg) (6.15mmHg) (6.53 mmHg) (6.87mmHg)
Median (IQR) 5mmHg (2-8.5 mmHg) 4mmHg (1.75- 5mmHg 5mmHg (0- 5mmHg (2-
8 mmHg) (2-9 mmHg) 10 mmHg) 8.5mmHg)
(Continued)
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TABLE 1 (Continued)

10.3389/fmed.2024.1402606

B&L® EyeCee ACUOOTO or J&JI® Tecnis PhysIOL® Total (n = 353)
One (n =88) SN6CWS Eyhance Micropure 123
Alcon® or DIB0OO (n = 46)
AcrySof Toric (n =106)
SN6ATxX
(n =113)
Eyes with TOP 42 (48.3%) 43 (39.8%) 39 (37.5%) 23 (50%) 147 (42.6%)
rise>5mmHg
Eyes with IOP 18 (20.7%) 15 (13.9%) 15 (14.4%) 11 (23.9%) 59 (17.1%)
rise>10 mmHg
1month Mean (SD) 1.56 mmHg (5.88 mmHg) —0.53mmHg —1.16 mmHg —0.24mmHg —0.18 mmHg
(3.89mmHg) (3.66 mmHg) (3.53mmHg) (4.48 mmHg)
Median (IQR) 0mmHg (—2-3.5mmHg) —1mmHg (-3- —1mmHg (-3- 0mmHg (-3- 0 (—3-2)mmHg
2mmHg) 1mmHg) 2mmHg)
Eyes with 14 (17.1%) 7 (6.7%) 3 (3%) 1(2.2%) 25 (7.6%)
IOP>5mmHg
Eyes with 5(6.1%) 2 (1.9%) 0 0 7 (2.1%)
IOP>10mmHg
Cases of NAION 2 0 0 2
SD, standard deviation; IQR, interquartile range; OHT, ocular hypertension, VA, visual acuity. AV was measured using a decimal scale.
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FIGURE 1
Box plot represents the change in IOP on the first day after the cataract surgery.

4 Discussion

In our sample, the implantation of the B&L® EyeCee One IOL
was associated with a higher IOP in the postoperative period
compared to the other IOLs, both on the first postoperative day
and after 1month. While these differences did not reach
statistical significance on the first postoperative day, it is possible
that the effect was not observed due to a required incubation
period or because the IOLs effect may have been diluted by
various intraoperative factors. These factors include incomplete
removal of viscoelastic, surgeries performed by residents, male
gender, a history of glaucoma or pseudoexfoliation, axial length
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greater than 25mm, poor pupil dilation, and the use of
tamsulosin. In the case of the change in IOP at the 1-month visit,
the association was statistically significant, although IOP
elevation was mild in most cases and the change in IOP was
severe in only a few patients. As can be appreciated in the box
plots, the majority of patients who received the B&L® EyeCee
One IOL exhibited pressure changes similar to those who
received other prostheses, with the observed differences being
attributed to a small group of patients who displayed an
anomalous response. It is challenging to determine whether this
variability is due to a true idiosyncratic response or if some
unidentified variable is involved.
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TABLE 2 Association between IOP rise greater than 5 mmHg and 10 mmHg in the EyeCee One at the first-month visit.

Change in |OP first day

<5mmHg

>5mmHg

IOL model Non-B&L® EyeCee 11 (4.4%) 248 4.44 (1.92-10.22)
237 (95.6%)
One
B&L® EyeCee One 68 (82.9%) 14 (17.1%) 82
305 (92.4%) 25 (7.6%) 330
Change in IOP first month
<10mmHg >10mmHg
IOL model Non-B&L* EyeCee 2(0.8%) 248 7.99 (1.52-41.99)
246 (99.2%)
One
B&L® EyeCee One 77 (93.9%) 5(6.1%) 82
323 (97.9%) 7 (2.1%) 330

TABLE 3 Multiple regression model.

Factor

Coefficient (95% ClI)

Axial length

0.55(0.21-0.89)

0.002

IOL model (EyeCee One vs. non-EyeCee One)

2.39 (1.28-3.50)

0.00006

The most significant variable was the type of intraocular lens.

To determine the type of interaction responsible for this
association, preoperative and intraoperative variables were
introduced into a multiple regression equation. Two variables
were significant: EyeCee One IOL and the axial length. In the
logistic regression equation, assuming a linear behavior, each
Imm increase in axial length would be responsible for a
0.55mmHg increase in IOP; therefore, it is a small effect from a
biological standpoint. This would mean that, after 1 month, an eye
with a length of 30mm would have an IOP approximately
5.5 mmHg higher than an eye with an AL of 20 mm. This effect
could be explained by a greater steroid response in myopic
patients. Implanting the EyeCee One IOL would result in an
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increase of almost 2.5 mmHg in IOP, assuming linear behavior,
compared to the implantation of other IOLs.

It is interesting to note that neither the perceived subjective
complexity of cataract surgery by the surgeon nor the four other
variables that could be considered surrogated variables for complexity
(nuclear cataract degree, use of trypan blue, phenylephrine, or
acetylcholine) were associated with a greater hypertensive response.
Furthermore, the hypertensive response does not appear to be related
to the use of an intraocular antibiotic other than cefuroxime.
Contrary to what was recently published by Jones et al. (1) in our
sample, the previous diagnosis of glaucoma or OHT was not
associated with a higher risk of developing OHT.
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TABLE 4 Summary of the two patients that suffered severe visual loss.

10.3389/fmed.2024.1402606

Patient 1 ( ) Patient 2 ( )
Male, 72 years old, right eye Female, 71 years old, left eye
Past medical history Psoriasis, HBP HBP
Glaucoma or family history of glaucoma No No
Uneventful. Ultrasound time: 2.35s. Uneventful. Ultrasound time: 4.01s.
Intracameral lidocaine, no intracameral mydriatics, no capsular Intracameral lidocaine, no intracameral mydriatics, no
staining. capsular staining.
Surgery IOL power 23 (EyeCee One preloaded) IOL power 23.5 (EyeCee One preloaded)
Presurgical: 0.15 Presurgical: 0.65
VA Postsrugical: 0.66 Postsurgical: 0.95

Cataract grade NO2

C3NO4

Postsurgical evolution Optic disk atrophy 2 months later.

Visual loss 7 days after surgery. IOP 42 and optic disk edema.

Intense pain did not make possible IOP measurement on
the first day visit. Anterior chamber aqueous tap was
performed. After aqueous tap IOP was 25. In the first

month visit, she referred to visual field loss.

Presurgical: 1589

Endothelial count Postsurgical: 1552

Presurgical: 2660
Postsurgical: 2043

Postsurgical gonioscopy meshwork. No synechiae.

Shaffer grade IV, minimum pigmentation of the trabecular

Shaffer grade IV, minimum pigmentation of the trabecular

meshwork. No synechiae.

HBP-High blood pressure; RE-right eye; LE-left eye.

Two patients developed severe visual loss among the group that
received the EyeCee One IOL (Table 4). One of them was a clear case
of PCSNAION (Figure 3). In the other case (Figure 4), the diagnosis
was not so clear (it may have been PCSNAION or just a post-cataract
surgery acute glaucoma). It is not possible to test the statistical
significance of this finding since, among the 264 patients who
received other IOLs, no cases of PCSNAION were detected. However,
it is possible to compare these figures with historical data from our
center and with data from the literature (5). Prior to these cases,
we had only diagnosed four cases of PCSNAION, two of which were
reported in a previous article on the morphology of disk at-risk
patients (6). Considering that cataract surgery has been performed at
our center since 2008 and that we operate 1,500 cataracts each year,
the previous incidence of PCSNAION among our patients would
be 16.7 PCSNAION per 100,000 cataract surgeries.

The incidence of PCSNAION among the 88 patients who were
implanted with the EyeCee One would be 2,272 cases in 100,000
(considering both cases as true PCSNAION) or 1,136 in 100,000
(considering only the first case as a true PCSNAION). These incidences
are several times higher than the estimated incidence of PCSNAION
in our hospital in previous years (16,7 in 100,000), the incidence of
PCSNAION in the general population (51.8 in 100,000), and the
reported incidence of PCSNAION (7.8 in 100,000) (5) or (10.9 in
100,000) (7). The causal relationship between the IOL and this ischemic
event seems plausible, given that the most accepted theories consider
that PCSNAION is caused by increased intraoperative or
perioperative IOP.

It is notable that the examination of patients who experienced
this complication was otherwise normal. Patients who experienced
this IOL-related hypertensive response did not show intraocular
inflammation or corneal edema, and gonioscopy revealed no
abnormalities. Thus, a better understanding of this new form of OHT
may be useful in the future in two ways. First, the injection of a high
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dose of PVP or a related molecule in the anterior chamber may allow
for the development of better animal models of glaucoma. Second, it
may be useful for the treatment of ocular hypotony.

Animal models of glaucoma are based on genetic selection of
individuals with the condition, transgenic animals, obstruction of the
trabecular meshwork with particles, or destruction of the trabecular
meshwork or episcleral veins (8). Although these models have
evolved in recent years, they remain imperfect and unpredictable (8).

Currently, we have an arsenal of drugs and surgical techniques
that, with limitations, allow for the treatment of OHT. However, the
management of ocular hypotony remains an unresolved issue (9, 10).
Serendipity is a very important part of many scientific discoveries. In
the history of pharmacology, situations where the identification of a
side effect has led to the development of a new drug, potentially
useful for treating the opposite condition, are not uncommon. The
most well-known case is that of sildenafil in the 1980s (11) but the
history of pharmacology is full of similar examples. For instance, the
anti-abuse effect of disulfiram was also identified by chance as a side
effect when this substance was being researched in the 1940s as a
drug (12).
corticosteroids, ibopamine (13) is the only available drug to treat

potential anti-scabies At present, apart from
ocular hypotony, with a very limited effect. A better understanding
of the dose-response effect of the substance involved in these
increases in IOP may contribute to filling in this gap.

The value of this study is based on the detailed information
available for each operated patient and the inclusion of eyes with four
different IOL models. The limitations of this study stem from its
observational design and the small sample size. In the sample, the
distribution of independent variables was similar in all four IOL
models (except for age, which was lower in the Tecnis Eyhance DIB00
IOL). However, the choice of IOL could be related to certain clinical
or surgical variables that we have not been able to identify and which
might be responsible for this atypical evolution. Nevertheless,
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FIGURE 3
Peripapillary retinal nerve fiber layer OCT and 24-2 Visual field of patient 1 (upper scan at onset, middle evolution over the follow-up time; down: final
visual field).
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Peripapillary retinal nerve fiber layer OCT and 24-2 Visual field of patient 2 (upper scan at onset, middle evolution over the follow-up time; down: final
visual field).
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intraoperative variables are usually associated more with IOP levels
on the first postoperative day, and it is more challenging to
understand their relationship with IOP levels in the longer term.
Studies using larger samples offering greater statistical power are
needed to help understand this perplexing response.

In summary, we can conclude that some of the patients who
received the B&L® EyeCee One IOL exhibited a more frequent
hypertensive response than those who received other IOLs. At this
moment, this response could be considered idiosyncratic, as we have
not been able to correlate any of the studied variables with this outcome.
In our sample, glaucoma patients did not experience greater IOP change.

In the long run, it would be very interesting to identify the
mechanism by which the molecule induces OHT and to determine
the dose-response curve of this side effect, which in the future could
become a therapeutic effect in certain clinical situations.

State of the question

EyeCee One preloaded IOL-induced ocular hypertension (OHT)
in some patients.

There are many drugs and surgical techniques available to reduce
intraocular pressure; however, the therapeutic options for treating
ocular hypotony are very limited.

How this study might affect research,
practice, or policy

The identification of polyvinylpyrrolidone (PVP) as a contributing
factor to increased IOP underscores the need for thorough material
evaluation and monitoring in IOL manufacturing.

A better understanding of polyvinylpyrrolidone (PVP) induced
ocular hypertension could be useful for developing new animal
models of glaucoma and new drugs for treating ocular hypotony.
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Background: Glaucoma, a leading cause of global blindness, is characterized
by optic nerve damage and visual field loss. Previous studies have suggested
a potential association between glaucoma and anxiety disorders. However, the
causal relationship between these two conditions remains unclear.

Methods: In this study, we conducted a Mendelian Randomization analysis to
investigate the causal relationship between glaucoma and anxiety disorders.
We sourced Genome-Wide Association Study (GWAS) datasets for glaucoma
and anxiety with the largest sample sizes from the Integrative Epidemiology
Unit OpenGWAS (IEU OpenGWAS) project website. Instrumental variables were
selected based on specific criteria, and statistical analyses were performed using
the R programming language.

Results: After filtering and merging the datasets, a total of 60 Single Nucleotide
Polymorphisms (SNPs) were obtained for analysis. Regression models were
applied to assess the causal relationship between glaucoma and anxiety
disorders. The results from all four methods indicated that glaucoma does not
cause anxiety disorders (p > 0.05).

Conclusion: Through rigorous Mendelian Randomization analysis, our findings
indicate that glaucoma is not a causative factor for anxiety, with minimal
influence from confounding factors in this study. These findings enhance our
understanding of the relationship between glaucoma and anxiety.

KEYWORDS

glaucoma, anxiety disorders, causal relationship, Mendelian Randomization, GWAS
datasets

1 Background

Glaucoma, a leading cause of global blindness, is characterized by optic nerve damage
and visual field loss, often culminating in blindness (1). With multifactorial etiology, it
affects approximately 5.2 million individuals worldwide, constituting 15% of the global
burden of blindness (2). Moreover, due to population aging, its prevalence is expected to
rise, projected to affect approximately 112 million people by 2040 (3).
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The causal relationship between Glaucoma and anxiety can be
further confirmed by Mendelian Randomization studies and the
effect of confounding factors can be excluded.

Anxiety disorders represent the most prevalent mental
health globally, significantly individuals’
quality of life, work productivity, and societal well-being.

issues impacting
Despite being distinct diagnostic entities, anxiety often coexist
clinically, demonstrating high comorbidity (4). Globally,
estimated that 3.7% of individuals will experience
Generalized Anxiety Disorder (GAD) at some point in
their lives (5). The impact of GAD on functioning and

it is

quality of life is comparable to, or even greater than, the
effects associated with severe depression and substance abuse
disorders (6).

In recent years, increasing attention has been directed toward
the high prevalence of anxiety among individuals with glaucoma.
These studies suggest that glaucoma is not solely a visually
impairing ocular condition but may also be linked to patients’
psychological well-being, indicating a close interplay between the
two (7-10).

In our research, we employed the two-sample Mendelian
Randomization (MR) approach, leveraging Single Nucleotide
Polymorphisms (SNPs) as instrumental variables
from Genome-Wide Association Study (GWAS)
statistics.

derived
summary
This methodology was utilized to explore the
potential causal linkage between Glaucoma and Anxiety. By
conducting this gene-centric analysis, our goal was to surpass the
constraints associated with conventional research methodologies,
thereby furnishing more robust evidence in favor of a causal
connection between Glaucoma and anxiety, as depicted in
Figure 1.

2 Materials and methods

We conducted a Mendelian Randomization investigation
to elucidate the potential causal association between Glaucoma
and the susceptibility to anxiety. The MR methodology employs
genetic variants as instrumental variables to estimate the causal
impact of the exposure (Glaucoma) on the outcome (risk
of anxiety), while mitigating the influence of confounding
factors. All statistical analyses were executed using the R
programming language, employing specialized  software
packages tailored for MR studies such as TwoSampleMR and

Mendelian Randomization.
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2.1 Data source

We sourced GWAS datasets for Glaucoma (Pubmed ID:
GCST90011766) and anxiety (Pubmed ID: GCST007710) with
the largest sample sizes from the Integrative Epidemiology Unit
OpenGWAS (IEU OpenGWAS) project website.! Raw data can
be accessed via the respective publications on the Pubmed
website. Data retrieval occurred on March 21, 2024. Both datasets
comprised European populations without gender restrictions. The
Glaucoma dataset encompassed 14,219,919 SNPs, while the anxiety
dataset comprised 18,485,882 SNPs.

2.2 Instrumental variable criteria

Criteria for selecting SNPs as instrumental variables were as
follows:

(1) The instrumental variables exhibited high correlation with
the exposure, with an F-statistic exceeding 10 indicating
substantial correlation (11).

(2) Instrumental variables were not directly associated with
the outcome but influenced it solely through the exposure,
indicating absence of genetic pleiotropy. A pleiotropy test
was conducted, with a result of P > 0.05 signifying no
genetic pleiotropy.

(3) Instrumental variables were unrelated to unmeasured
confounding factors. Since MR-selected SNPs adhere
to the genetic principle of random allele allocation

their

environmental and postnatal factors is minimal. Thus,

from parents to offspring, susceptibility to
it was theoretically assumed that instrumental variables
remained independent of environmental factors such as

socioeconomic and cultural influences (12).

2.3 SNP selection

Meaningful SNPs were selected from the GWAS summary data
of Glaucoma based on a screening criterion of P < 5 x 1078,
Each SNP’s independence was ensured by setting a linkage
disequilibrium coefficient (r?) of 0.001 and a linkage disequilibrium
region width of 10,000 kb, thereby mitigating the potential
influence of genetic pleiotropy (13). Glaucoma-associated SNPs
were then extracted from the anxiety GWAS summary data, with
a minimum r? > 0.8 to ensure result accuracy. Missing SNPs were
directly excluded. The datasets were integrated, and SNPs directly
associated with anxiety (P < 5 x 10~8) were filtered out.

2.4 Causal relationship verification

To verify the causal relationship between Glaucoma exposure
and anxiety outcome using SNPs as instrumental variables, we

1 https://gwas.mrcieu.ac.uk
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TABLE1 Summary of the selected SNP information.

Number SNP CHR BP Beta

10.3389/fmed.2024.1410607

. SE |

1 1510151220 34715465 T —0.0019 0.0015
2 1510230941 7 117636111 C 0.0013 0.0015
3 rs10248136 7 39077397 T —0.0022 0.0015
4 rs10517281 4 54027595 A 9.00E—04 0.0015
5 1510739689 9 129914147 C 6.00E—04 0.0015
6 rs111439095 13 76254433 A 0.0014 0.0015
7 rs1139795 22 19867771 T 0.0013 0.0016
8 rs11658334 17 58830188 A 6.00E—04 0.0017
9 1511968883 6 158971411 T 0.0022 0.0015
10 1512208086 6 36586070 A —0.0026 0.0015
11 rs12540035 7 116159526 A —0.004 0.0015
12 rs1336980 9 129377855 C 3.00E—04 0.0015
13 151649068 10 60304864 A 0.0036 0.0015
14 rs17125973 14 53415359 A 0.0014 0.0015
15 rs17527016 4 111963719 T —4.00E—04 0.0015
16 rs1972459 7 83287607 A —0.0021 0.0015
17 152113818 2 12890860 T —0.0016 0.0015
18 rs2472494 9 107695539 T —0.0022 0.0015
19 rs2514885 8 108277130 T 0.0014 0.0015
20 15257336 16 65055840 T 0.0054 0.0015
21 152579989 6 51460154 T 0 0.0015
22 1s2627761 2 55933014 T 8.00E—04 0.0016
23 1rs2667477 12 84023388 T 0.0022 0.0015
24 152735114 6 29910034 A 0.001 0.0015
25 152745572 6 1548369 A 0.0018 0.0015
26 rs2790049 1 165743523 A 0.0018 0.0015
27 rs2811688 6 134372150 C —6.00E—04 0.0015
28 1s31916 5 14814883 A 0.0024 0.0015
29 rs33912345 14 60976537 A 9.00E—04 0.0016
30 rs36039219 7 11704538 A 2.00E—04 0.0015
31 rs3753841 1 103379918 A 0.0031 0.0015
32 153825942 15 74219582 A —0.0026 0.0016
33 rs41283694 10 60156574 A 0.0029 0.0016
34 rs41543317 17 44087500 A —8.00E—04 0.0015
35 154414666 2 66537344 T 0 0.0015
36 154577906 7 82955177 C 0.0035 0.0015
37 rs4652964 1 38078300 A 0.0012 0.0015
38 rs4653159 1 36579215 A 0.0022 0.0015
39 154819641 22 18353630 C 0.0014 0.0015
40 rs55882252 2 153361700 T 0 0.0015
41 1rs56233426 3 186128816 A —0.0028 0.0015
42 rs58073046 11 120248493 A —0.0011 0.0015
43 1s581796 11 86355565 T 0.003 0.0015
44 rs6117318 20 6507717 A —9.00E—04 0.0015
(Continued)
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TABLE1 (Continued)

Number SNP CHR BP Al Beta SE

45 1562283809 3 171820211 T —0.0015 0.0017
46 16475604 9 22052734 T 8.00E—04 0.0015
47 156490697 13 22679011 T —0.0017 0.0016
48 156602453 10 10840849 A —1.00E—04 0.0015
49 1s676015 6 2064648 T —7.00E—04 0.0015
50 156845653 4 7899379 T 0.0032 0.0015
51 157137828 12 111932800 T —0.0064 0.0015
52 1572482850 1 101117684 A 4.00E—04 0.0015
53 17275118 20 18010447 T —5,00E—04 0.0015
54 157284245 22 29613441 T —4.00E—04 0.0016
55 157946009 11 128387422 T —0.0037 0.0015
56 157972874 12 28203245 A —3.00E—04 0.0015
57 15935328 15 57538801 A —0.0022 0.0015
58 159494457 6 136474794 A —4.00E—04 0.0015
59 159819278 3 85144350 A —0.0052 0.0015
60 19913911 17 10031183 A 1.00E—04 0.0015

SNP, SNP number; CHR, chromosome number; BP: location, Al: effector allele.

employed four regression models: MR-Egger regression, weighted =~ TABLE 2 Regression model results of the four methods.
median estimator (WME), inverse-variance weighted (IVW)

random-effects model, and simple model. The IVW method Four methods MR regression model results

se | OR(95%C) | P

directly calculates causal effect estimates using summary data,

without the need for individual-level data. MR-Egger regression MR-Egger 0.003 0.006 1.004(0.991~1.016) 0.563
fits a linear function by assessing the correlation between each WME 0.000 0.003 1.000(0.995~1.005) 1000
SNP and anxiety (Y) and between each SNP and Glaucoma (X). w

e L 0.002 0.003 0.998 (0.993~1.004 0.556
Sensitivity analysis utilized the leave-one-out method. All analyses ( )
were conducted using the TwoSampleMR package (version 0.5.11) Simple mode 0.002 0.006 1.002 (0.992~1.013) 0.725

in R Studio software (VeI'SiOI’l 4.3.3), with a signiﬁcance level of WME, weighted median estimator; IVW, inverse-variance weighted.

o =0.05.
regression model, p = 0.56, IVW regression model, p = 0.56, both
of which are greater than 0.05, suggesting that glaucoma does not
3 Results cause anxiety disorder.

3.1 SNP information screening results
3.2 Causal relationship verification

A total of 14,219,919 SNP information was obtained
for Glaucoma. After filtering based on a criterion of
P-value < 5 x 1078, 4358 SNPs remained. The file

“exposure_GLA.csv” was exported

The regression results of the four methods are shown in Table 2.

And all the calculation result of the regression models are greater

and  placed in  the than 0.05. So this Mendelian randomization study tells us that

TwoSampleMR folder. - After .renammg the sequf:nce rllames, glaucoma patients do not have a higher incidence of anxiety. The
SNPs were selected to ensure independence by setting a linkage
disequilibrium coefficient (r?) of 0.001 and a linkage disequilibrium

region width of 10,000 kb, excluding the influence of genetic

scatter plot is shown in Figure 2.

pleiotropy. This resulted in the removal of 4,297 SNPs, leaving 61

SNP data. At this time, the SNP database of anxiety was imported,
and the number of SNPs obtained was 18,485,882. Then, the
anxiety data and Glaucoma data which just screened were merged,
and 60 SNPs were finally obtained (Table 1). Heterogeneity test
was carried out on these 60 SNP data, and three sets of outlier data
were found, namely data No. 17, 45, and 49. No significant changes
were found when they were removed. According to MR Egger

Frontiers in Medicine

3.3 Sensitivity analysis

The sensitivity analysis was performed using the leave-one-
out method, and the results showed that regardless of which SNP
was removed, the conclusions have not changed. This suggests that
removing any individual SNP would not have a significant impact
on the results, indicating the robustness of the MR findings in this
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Four Scatter plots of regression models are shown in the figure. Apart from the MR Egger regression line, all other regression lines pass through the
origin, and the intercept of the MR Egger regression line with the y-axis has an absolute value of less than 0.001. This indicates that there is virtually

no apparent confounding in this study.

study. The funnel plot and detailed sensitivity analysis results can
be found in Figures 3, 4, respectively.

4 Discussion

Glaucoma is characterized by optic neuropathy with a hallmark
of progressive loss of retinal ganglion cells (14). Currently, there
are no effective treatments for the degeneration of these cells,
and the primary goal of glaucoma management is to reduce the
intraocular pressure (15) and prevent progression (16). Particularly
since intraocular pressure is the only treatable risk factor (17) in
clinical practice, both doctors and patients give it special attention,
making it a chronic condition that requires lifelong care (18).
However, chronic illnesses are often associated with psychological
disorders such as anxiety (19, 20). Agorastos et al. (21) found that
among glaucoma patients, the prevalence of anxiety in those with
visual field defects was 44.8%, compared to 24.3% in those without
visual field defects (21). However, DY Shin et al. found that patients
with anxiety showed faster rates of Retinal Nerve Fiber Layer
(RNFL) decline, as measured by Optical Coherence Tomography
(OCT) (10).

There is a substantial body of research indicating high
prevalence rates of anxiety among glaucoma patients (22, 23).
These studies suggest that the heightened incidence of anxiety

Frontiers in Medicine

may stem from the diagnosis of glaucoma itself, driven by
concerns over potential blindness, the financial burdens of
treatment, and impaired daily activities (24, 25). Anxiety, as stress
responses, are thought to originate in the amygdala (26), eliciting
neurotransmitter release and stimulating the autonomic nervous
system (ANS), which impacts multiple organs (27). The ANS’s
response to emotional stress may play a significant role in the
development or progression of glaucoma (28, 29). Furthermore,
excessive retinal oxidative stress in glaucoma, leading to widespread
loss of melanopsin-expressing retinal ganglion cells, plays a critical
role in non-visual phototransduction, affecting circadian rhythm
changes and melatonin production indirectly (30, 31). Additionally,
some glaucoma medications may alter patients’ mood (32).
Despite the abundance of studies indicating a link between
glaucoma and increased rates of anxiety, contrasting research
from various global scholars suggests that glaucoma patients
do not exhibit a heightened probability of suffering from these
mental health conditions (33-35). All these clinical investigations
have yet to definitively establish the causal relationship between
glaucoma and anxiety.
studies are hindered by
confounding factors and reverse causality, complicating the

Traditional epidemiological

determination of the true causal relationship between glaucoma

and mental health issues. In this context, MR offers a unique
approach, utilizing genetic variants as instrumental variables to
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Funnel plot distribution of 44 SNP information. The funnel plot displays good symmetry, suggesting that the SNP variations included in this study are
consistent regarding the effect size and direction on the exposure factor, thus indicating low heterogeneity. This supports the reliability of the study

results.

estimate the causal effect of one factor on another, circumventing
the limitations inherent in the aforementioned study designs (36).
Therefore, we decided to further explore the relationship
between glaucoma and anxiety disorders using MR studies. Our
findings across various models, including MR Egger regression,
Inverse Variance Weighted (IVW) regression, and Weighted
Median regression models, indicate that glaucoma does not cause
anxiety disorders, with p-values of 0.56 for both MR Egger and
IVW models, exceeding the threshold of 0.05. Even after excluding
three outliers, the conclusion remained unchanged, and sensitivity
analyses confirmed the stability of this conclusion. Pleiotropy
analysis yielded a p-value of 0.38, suggesting that the trial results
are reliable and not overly influenced by confounding factors.
Additionally, the intercept of the MR-Egger regression line with
the y-axis being less than 0.001 in Figure 2 also indicates a low
likelihood of confounding factors. These MR study results suggest
that there is no direct causal link between glaucoma and anxiety,
and there are no significant confounding factors at the genetic
level. It should be noted that even among Asians, studies have
shown significant variability in the prevalence of anxiety among
patients with glaucoma. Specifically, the prevalence of anxiety in
Japanese glaucoma patients is 13.0% (8), while in Chinese patients,
it is 22.9% (37). Notably, the prevalence in Singaporean glaucoma
patients reaches as high as 64% (38). Scholars have found that

Frontiers in Medicine

these studies differ in terms of research design, sample size, and
demographic characteristics (24). These findings contribute to a
better understanding of the relationship between glaucoma and
anxiety.

The availability of GWAS data for East Asian and African
populations is limited. Although we found an East Asian Glaucoma
SNP database through the IEU OpenGWAS project website
(PubMed ID: GCST005388), a reliable database related to anxiety
in the East Asian population was not found. To ensure the accuracy
of our experimental results, we ultimately opted to use a European
database. This decision also facilitates future comparisons with
research conducted by other scholars. Finally, while this study
explored the genetic association between glaucoma and anxiety
within a European population database, it holds implications for
the prevention and treatment of anxiety caused by glaucoma in
other populations and nations. However, we must acknowledge that
the lack of analysis of other ethnic groups represents a significant
limitation of our research.

It is important to note that this study does not completely
exclude the relationship between elevated intraocular pressure and
anxiety. This indeed presents an interesting direction for research,
which could further elucidate the interpretation of our results. We
hope that our team can present findings in this area shortly.
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Sensitivity analysis results of the 44 SNP information. All markers observed span the coordinate zero, and excluding any single marker does not alter
the conclusions. This demonstrates the robustness of the study findings.
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Through rigorous Mendelian Randomization analysis, our
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