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Editorial

New Insights into Glaucoma—An Editorial Review on
Broadening Risk Assessment, Refining Surgical Strategy, and
Standardizing Clinical Practice

Su-Ho Lim 1,2,*,† and Daniel Laroche 3,*,†

1 Hamilton Glaucoma Center, Shiley Eye Institute, Viterbi Family Department of Ophthalmology, University of
California San Diego, La Jolla, CA 92037, USA

2 Department of Ophthalmology, Daegu Veterans Health Service Medical Center,
Daegu 42835, Republic of Korea

3 Advanced Eyecare of New York, New York, NY 10027, USA
* Correspondence: mdshlim@gmail.com (S.-H.L.); dlarochemd@aol.com (D.L.); Tel.: +82-53-630-7572 (S.-H.L.);

+1-212-663-0473 (D.L.)
† These authors contributed equally to this work.

Glaucoma remains a major leading cause of irreversible blindness worldwide, with
disease progression influenced by complex interactions, such as intraocular pressure (IOP),
optic nerve head structure, vascular factors, multiple systemic diseases, and long-term
treatment tolerability [1,2]. While lowering IOP remains the only proven strategy to slow
disease progression, effective glaucoma care in practice is affected by various factors includ-
ing accurate IOP measurement, treatment adherence, the management of coexisting ocular
diseases, the appropriate selection of surgical options, and postoperative management [1,2].
In this context, this Special Issue of Journal of Clinical Medicine, “New Insights into Glau-
coma” brings together ten studies that address these challenges across diagnostics, medical
therapy, and surgery, offering pragmatic, clinically relevant evidence to inform and guide
everyday decision-making.

1. Introduction

Glaucoma is a progressive optic neuropathy with highly variable clinical trajectories,
even among patients with similar IOP levels and structural damage [1,2]. Large clinical
trials and population-based studies have clarified the advantage of IOP reduction and
identified risk factors including systemic, vascular, and treatment-related elements beyond
IOP control alone [1,3,4]. The contributions in this Special Issue build on this foundation
by highlighting how the measurement context, ocular surface health, affordability, surgi-
cal technique, lens extraction, affordable microinvasive glaucoma surgery, and systemic
comorbidity can meaningfully influence outcomes over a patient’s lifetime.

2. Measurement Matters: IOP as a Contextualized Parameter

IOP remains the cornerstone of glaucoma management; however, its interpretation
is highly dependent on measurement conditions [2–4]. In routine clinical practice, IOP is
frequently measured after visual field testing without considering the potential short-term
physiological effects. Jang et al. (Special Issue) directly addressed this issue by demon-
strating that automated visual field testing is associated with measurable changes in IOP
when comparing pre- and post-visual field test measurements (DOI: 10.3390/jcm14186356).
This finding is consistent with previous reports showing that perimetric testing itself can
influence short-term IOP behavior [5] and has clear practical implications.
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Measurement challenges are even more pronounced in pediatric glaucoma and eyes
with anterior segment abnormalities. Studer et al. (Special Issue) compared Goldmann
applanation tonometry, iCare PRO, and Tono-Pen measurements under general anesthesia
in young children (DOI: 10.3390/jcm14103338). Their results highlight device-dependent
differences that may affect longitudinal assessments, reinforcing the need for consistency in
tonometry modalities and cautious interpretation of absolute IOP values in pediatric care.

3. Glaucoma Medication, Ocular Surface Health, and Sustainability

Long-term glaucoma medical therapy remains central to glaucoma care. However, its
effectiveness is limited by ocular surface toxicity and poor adherence [6]. Preservatives
such as benzalkonium chloride have been shown to induce inflammation, discomfort,
and reduced quality of life, which in turn compromise treatment persistence and surgical
readiness [1,6].

In this context, Kim et al. (Special Issue) conducted a randomized clinical trial to
compare preserved and preservative-free fixed combinations of brimonidine and timolol
(DOI: 10.3390/jcm14051587). Although the IOP-lowering efficacy was comparable, the
preservative-free formulation demonstrated superior ocular surface outcomes and im-
proved tolerability compared with the preservative-containing formulation in their study.
Clinically, this study supports a shift toward treatment strategies that prioritize long-term
sustainability over short-term pressure reduction alone, while also reminding us of the
importance of surgery in reducing medication burden and the potential lifelong side effects
associated with chronic topical therapy

4. Surgical Accessibility and Equity: Low-Cost but Effective Options

As the global burden of glaucoma has increased, disparities in access to surgical care
have become increasingly evident. Calderon and Laroche et al. (Special Issue) addressed
this challenge by evaluating a low-cost surgical approach, the Sinskey hook goniotomy
combined with cataract surgery, in Black and Afro-Latino patients with glaucoma (DOI:
10.3390/jcm14103266). At one year postoperatively, clinically meaningful IOP lowering
and a significant reduction in medication burden were achieved, with a high proportion
of patients remaining medication-free. This study expands on previous work on angle-
based minimally invasive glaucoma surgery by demonstrating that an effective glaucoma
intervention does not always require expensive disposable devices [7,8]. Its inclusion in this
Special Issue highlights its affordability as a legitimate dimension of surgical innovation
and underscores the importance of aligning technique selection with population-specific
needs, an especially important consideration for patients in resource-poor areas globally.

5. Surgical Outcomes: Techniques, Devices, and Preoperative Evaluation

Surgical success in glaucoma depends not only on the choice of procedures but also on
tissue characteristics and perioperative management [9]. Several studies in this Special Issue
illustrate how incremental refinements can improve outcomes. Yamazaki et al. (Special
Issue) investigated whether preoperative exposure to prostaglandin analogs with differing
potentials for prostaglandin-associated periorbitopathy (PAP) influences outcomes after
trabeculectomy and Ahmed glaucoma valve implantation (DOI: 10.3390/jcm14196940).
Their findings suggest that chronic topical glaucoma medication may affect periocular
tissue response and relative surgical success, reinforcing the need to consider preoperative
glaucoma medication history during surgical planning.

Device-based surgery is addressed in two complementary articles in this Special
Issue. Kim et al. (Special Issue) present two-year outcomes of ab interno XEN45 gel
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stent implantation in open-angle glaucoma (DOI: 10.3390/jcm14134617), demonstrating
sustained IOP reduction despite frequent early hypotony that generally resolved over
time. In pseudoexfoliation glaucoma, Gehrke et al. (Special Issue) showed that temporary
intraluminal nylon stenting during PRESERFLO MicroShunt implantation reduced early
hypotony-related complications (DOI: 10.3390/jcm14176224). These studies highlight how
postoperative safety can be improved through thoughtful modulation of aqueous outflow
rather than wholesale changes in surgical strategy. In addition, a long-term perspective
is essential. Fiore et al. (Special Issue) report five-year outcomes of deep sclerectomy
in pseudoexfoliation versus primary open-angle glaucoma (DOI: 10.3390/jcm13237434),
providing valuable diagnosis-specific data that inform patient counseling and long-term
follow-up strategies.

6. Systemic and Sensory Dimensions of Glaucoma

Growing evidence supports a broader view of glaucoma as a condition influenced by
systemic vascular and cardiometabolic factors rather than an isolated ocular disorder [1–4].
In this context, Lee and Seo et al. (Special Issue) employed a two-sample Mendelian ran-
domization approach to investigate the relationship between atrial fibrillation/flutter and
primary open-angle glaucoma (DOI: 10.3390/jcm13247670). Using genetic variants as in-
strumental variables, this study minimized the residual confounding and reverse causation
inherent in conventional observational analyses and provided evidence supporting a po-
tential causal association between atrial fibrillation/flutter and glaucoma. These findings
extend previous epidemiological observations and underscore the clinical relevance of
cardiovascular risk profiling and interdisciplinary collaboration for glaucoma care, while
highlighting the importance of reinforcing healthy diet and exercise habits in our patients
to maintain optimal cardiovascular health.

Beyond vascular comorbidity, Meliante et al. (Special Issue) explored the re-
lationship between asymmetric glaucoma and ipsilateral hearing impairment (DOI:
10.3390/jcm13216501). Although exploratory, their findings raise clinically relevant ques-
tions regarding multisensory dysfunction and quality-of-life considerations, particularly in
patients with unilateral or asymmetric diseases.

7. Concluding Perspective

The studies featured in this Special Issue collectively advance our understanding of
glaucoma as a multifactorial disease influenced by ocular, systemic, and socioeconomic
variables. Together, they emphasize that individualized care grounded in context-specific
measurement, ocular surface preservation, surgical precision, and affordability can deliver
sustained benefits over a patient’s lifetime. By exploring innovations such as afford-
able microinvasive glaucoma surgery, combined with lens extraction, these contributions
demonstrate that surgical success need not depend on costly instrumentation but rather
on thoughtful adaptation to clinical contexts and patient needs, particularly in resource-
limited regions.

Equally important, the findings underscore that comprehensive glaucoma manage-
ment extends well beyond IOP reduction. The integration of systemic risk assessment,
cardiovascular health promotion through diet and exercise, and a reduction in medication-
related burden through timely surgical intervention represent a truly multidisciplinary
approach. As this body of work shows, sustainable glaucoma care in the modern era relies
on aligning technological innovation, clinical insights, and global health equity to secure
meaningful, lifelong outcomes for patients across diverse populations. By integrating estab-
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lished evidence from prior publications, this Special Issue offers personalized, long-lasting,
and equitable clinically relevant insights into glaucoma management.
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Article

The Effect of Preoperative Use of High- vs.
Low-PAP-Inducing-Potential FP Agonists on the Surgical
Outcomes of Trabeculectomy and AGV Implantation

Iyo Yamazaki 1, Masayo Kimura 1,*,†, Risaki Sakamoto 1, Yukiko Kawai 1, Tomomi Tsukamura 1, Hiroshi Morita 1,

Aki Kato 1, Hironori Ozeki 2, Miho Nozaki 1 and Tsutomu Yasukawa 1

1 Department of Ophthalmology and Visual Science, Nagoya City University Graduate School of Medical
Sciences, Nagoya 467-8601, Aichi, Japan; 14ymym.17@gmail.com (I.Y.); risakit13@gmail.com (R.S.);
ykawai.medical@gmail.com (Y.K.); tomo.jk0629@gmail.com (T.T.); hiroshi1966morita@au.com (H.M.);
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Abstract: Background: Prostanoid FP receptor agonists (FP agonists) are widely used
as first-line therapies for glaucoma but differ in their potential to induce prostaglandin-
associated periorbitopathy (PAP), which may affect surgical outcomes. While several
studies have reported an association between PAP and trabeculectomy failure, the impact of
these agents on tube shunt procedures such as Ahmed glaucoma valve (AGV) implantation
is not well established. Methods: We retrospectively analyzed 298 eyes of 221 patients
who underwent trabeculectomy (n = 162) or AGV implantation (n = 136) between 2018 and
2023. The eyes were stratified by preoperative FP agonist use into the high-PAP-inducing-
potential (bimatoprost or travoprost) and low-PAP-inducing-potential (latanoprost or
tafluprost) groups. The primary outcome was the cumulative 2-year surgical survival rate
under three intraocular pressure (IOP)-based definitions. Results: In the trabeculectomy
group, the high-PAP-potential group had significantly lower 2-year survival rates than the
low-PAP-potential group under all definitions. Cox proportional hazards analysis identified
use of a high-PAP-potential FP agonist as a significant risk factor for surgical failure. In the
AGV group, a difference between groups was seen only under the most lenient definition,
with no differences under stricter criteria. Conclusions: The preoperative use of high-PAP-
potential FP agonists is associated with poorer outcomes after trabeculectomy. Although
the effect on AGV implantation appears limited, it may still influence early postoperative
results. These findings underscore the need to consider PAP risk and medication history
when selecting surgical procedures for glaucoma.

Keywords: glaucoma; trabeculectomy; Ahmed glaucoma valve implantation; prostanoid
FP receptor agonist; prostaglandin-associated periorbitopathy

1. Introduction

Prostanoid FP receptor agonists (FP agonists), including bimatoprost, latanoprost,
tafluprost, and travoprost, are widely used as first-line medications for glaucoma. However,
these agents are known to induce various periorbital tissue changes collectively referred

J. Clin. Med. 2025, 14, 6940 https://doi.org/10.3390/jcm141969406
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to as prostaglandin-associated periorbitopathy (PAP), including deepening of the upper-
eyelid sulcus (DUES), ptosis, enophthalmos, and dermatochalasis [1]. Experimental studies
have shown that these changes result from FP-receptor-mediated inhibition of adipogenesis
and increased expression of type I collagen in orbital tissues, leading to periorbital tissue
remodeling [2,3]. The incidence of PAP varies considerably depending on the specific agent.
Bimatoprost has been associated with a high incidence of PAP (approximately 60–90%) [4–6],
followed by travoprost (50–70%) [5,7], whereas latanoprost (6–41%) [5,6,8–10] and tafluprost
(14–19%) [5,11,12] are associated with lower rates. These structural changes are thought
to affect surgical outcomes, particularly in filtering procedures such as trabeculectomy,
where successful bleb formation and maintenance are critical. For example, Miki et al.
reported reduced trabeculectomy survival in regard to eyes treated with bimatoprost [13].
Moreover, the presence of DUES—more frequent with bimatoprost and travoprost—has
been associated with poorer surgical outcomes [13]. A recent study using the Shimane
University PAP (SU–PAP) Grading System further demonstrated that higher PAP severity
is associated with lower surgical success [14].

In cases refractory to maximally tolerated glaucoma medications and conventional surgi-
cal interventions including trabeculectomy, tube shunt procedures are often considered [15].
Among these, Ahmed glaucoma valve (AGV) implantation is widely used, and its efficacy
has been demonstrated in large clinical trials such as the Tube Versus Trabeculectomy (TVT)
and Primary Tube Versus Trabeculectomy (PTVT) studies [16,17]. AGV implantation involves
the insertion of a drainage tube and the creation of a bleb located approximately 8–10 mm
posterior to the limbus. Due to its distinct anatomical configuration and different mechanism
of aqueous outflow, AGV may be less affected by the structural changes associated with PAP.
In fact, a recent study reported no significant associations between the severity of PAP and
the surgical success rate following AGV implantation [18].

Given the anatomical and functional differences between trabeculectomy and AGV
implantation, we aimed to investigate whether the preoperative use of FP agonists—
particularly those with a high potential to induce PAP and DUES—differentially affects sur-
gical outcomes. Based on previous reports [4–13], patients were stratified into two groups
according to the agents used: the high-PAP/DUES-inducing-potential group (bimatoprost
or travoprost) and the low-PAP/DUES-inducing potential group (latanoprost or tafluprost).
Two-year outcomes were then analyzed separately for each procedure.

2. Materials and Methods

2.1. Study Design and Ethics

In this retrospective study, we reviewed the medical records of patients who un-
derwent trabeculectomy and/or AGV implantation at Nagoya City University Hospital
between January 2018 and September 2023. Only those with a postoperative follow-up
period of at least one year were included in this study. The study was approved by the
Ethics Committee of Nagoya City University (approval number: 60-23-0057) and registered
with the UMIN Clinical Trials Registry (UMIN000057374).

2.2. Patients and Subgroups

The FP agonists used preoperatively included bimatoprost (0.03%) (Lumigan® Oph-
thalmic Solution; Senju Pharmaceutical Co., Ltd., Osaka, Japan), latanoprost (0.005%)
(Xalatan® Eye Drops; Pfizer Inc., Tokyo, Japan), tafluprost (0.0015%) (Tapros® Ophthalmic
Solution; Santen Pharmaceutical Co., Ltd., Osaka, Japan), and travoprost (0.004%) (Tra-
vatan Z® Ophthalmic Solution; Alcon Japan, Ltd., Tokyo, Japan). Eyes were categorized
into two groups according to the type of FP agonist used: the high-PAP-potential group
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(bimatoprost or travoprost) and the low-PAP-potential group (latanoprost or tafluprost).
Eyes were classified according to the type of FP agonist administered immediately prior to
surgery, regardless of prior changes in medication or duration of use.

Trabeculectomy was performed using a standardized technique, which included a fornix-
based conjunctival and Tenon’s capsule incision; the creation of a 3.5 × 3.5 mm single- or
double-layer scleral flap at the surgeon’s discretion; the application of mitomycin C (0.4
mg/mL) for 3 min, followed by thorough irrigation with balanced salt solution; excision of the
trabecular meshwork; peripheral iridectomy; and closure of the scleral flap and conjunctiva
with 10-0 nylon sutures. Postoperative laser suture lysis was performed when necessary.

AGV implantation was performed using the Ahmed FP7 Glaucoma Valve (New World
Medical, Rancho Cucamonga, CA, USA) in all cases. The procedure involved dissection of the
conjunctiva and Tenon’s capsule to accommodate the device, fixation of the endplate to the
sclera 8–10 mm posterior to the limbus, the insertion of a tube into either the ciliary sulcus
or vitreous cavity at the surgeon’s discretion, coverage of the limbal portion of the tube with
either a donor scleral patch or a half-thickness scleral flap, and closure of the conjunctiva.

2.3. Outcome Measurements

Outcome measures included intraocular pressure (IOP), use of anti-glaucomatous med-
ications, and surgical survival rates. Surgical failure was defined as reoperation for glau-
coma or loss of light perception. Reoperation included any additional glaucoma surgery
(e.g., repeat trabeculectomy or tube shunt implantation) or laser procedures such as selec-
tive laser trabeculoplasty (SLT), conventional transscleral cyclophotocoagulation (CPC),
and micropulse laser CPC (MP-CPC). Postoperative procedures such as bleb needling, laser
suture lysis, or Yttrium–Aluminum–Garnet (YAG) laser use for relieving tube occlusion
were not considered reoperations.

Surgical failure was defined based on IOP control, using three increasingly stringent
criteria derived from the TVT and PTVT studies:

• Definition A: IOP > 21 mmHg or <20% reduction from baseline;
• Definition B: IOP > 17 mmHg or <20% reduction from baseline;
• Definition C: IOP > 14 mmHg.

All thresholds had to be met on two consecutive follow-up visits after 3 months. Eyes
that required glaucoma reoperation or experienced loss of light perception were considered
surgical failures regardless of IOP.

The primary outcome was the cumulative surgical survival rates stratified by the
PAP-inducing potential of FP agonists used preoperatively: the high-PAP-potential group
(bimatoprost or travoprost) versus the low-PAP-potential group (latanoprost or tafluprost).

IOP was measured using either a Goldmann applanation tonometer or an iCare
rebound tonometer (iCare; Icare Finland Oy, Vantaa, Finland). IOP was evaluated at 3, 6,
12, 18, and 24 months postoperatively.

The anti-glaucomatous medication score was calculated as follows: 1 point per topical
agent, 2 points for fixed-combination drops, and 1 point for oral carbonic anhydrase
inhibitors, regardless of dosage.

2.4. Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statistics version 30. Univariate
comparisons were performed using the Mann–Whitney U test for continuous variables,
including age, IOP, and medication score, and Pearson’s χ2 test for categorical variables,
including gender, glaucoma type, history of prior glaucoma surgery, lens status (phakic
or pseudophakic/intraocular lens), and preoperative FP agonist use. The Friedman test
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was used to analyze variance for nonparametric data with three or more time points,
while the Wilcoxon signed-rank test was used for paired comparisons between two time
points. Generalized estimating equations (GEEs) were used to analyze longitudinal data.
Cumulative survival rates were calculated using the Kaplan–Meier method and compared
using the log-rank test. Kaplan–Meier survival analyses were performed separately for
Definitions A–C. Factors associated with the survival rate were analyzed using a Cox
proportional hazards model. A p-value of <0.05 was considered statistically significant.

2.5. AI Tools Statement

ChatGPT (OpenAI, GPT-5) was used for English language editing of the manuscript.
No AI tools were used for data analysis, content generation, or interpretation of results.

3. Results

3.1. Baseline Characteristics

A total of 298 eyes from 221 patients were analyzed. Of these, 133 patients (162 eyes) under-
went trabeculectomy, and 110 patients (136 eyes) underwent AGV implantation (Table 1). The
mean age was significantly higher in the AGV group (67.8± 12 years) than in the trabeculectomy
group (65.0 ± 12 years). The mean preoperative IOP was also significantly higher in the AGV
group (27.1 ± 11 mmHg) compared to that in the trabeculectomy group (21.0 ± 9.9 mmHg;
p < 0.001, Mann–Whitney U test). In contrast, no significant difference was observed between
the two groups in terms of the preoperative anti-glaucomatous medication score. The distribu-
tion of FP agonist use was also comparable between the groups. However, there were significant
differences in the distribution of glaucoma types between the two groups, and the number of
prior glaucoma surgeries was significantly higher in the AGV group.

Table 1. Baseline characteristics of patients who underwent trabeculectomy and Ahmed glaucoma
valve implantation.

TLE
n = 162 Eyes

AGV
n = 136 Eyes

p

Gender (n) Male 88 88
0.069 a

Female 74 48
Age (years) 65.0 ± 12 (41~83) 67.8 ± 12 (31~90) 0.002 b

Preoperative IOP (mmHg) 21.0 ± 9.9 (9.0~58) 27.1 ± 11 (10~70) <0.001 b

Preoperative anti-glaucomatous medication score 4.70 ± 1.2 4.68 ± 1.3 0.823 b

Preoperative prostanoid FP receptor agonist (eyes)

0.214 a

bimatoprost 62 56
latanoprost 42 29
tafluprost 39 23
travoprost 13 18
FP (-) 6 10

Preoperative BCVA (logMAR) 0.174 ± 0.34 (−0.177~1.70) 0.446 ± 0.52 (−0.176~2.00) 0.001 b

Preoperative MD (dB) −15.5 ± 7.4
(−0.290~−32.7) (n = 129)

−13.7 ± 7.2
(−0.790~−32.9) (n = 77) 0.074 b

Lens status (eyes) Phakic 98 69
<0.001 a

IOL 64 67
Glaucoma type (eyes) POAG/NTG 97 61

<0.001 a
PXG 21 16
Uveitis 29 15
NVG 3 14
others 12 30

Prior glaucoma surgery (eyes) 65 85 <0.001 a

Values are presented as means ± standard deviations or counts. Statistical comparisons were performed using the
Mann–Whitney U test (continuous variables) and Pearson’s χ2 test (categorical variables). Bold values indicate
statistical significance (p < 0.05). a: the Pearson’s χ2 test, b: the Mann–Whitney U test. AGV, Ahmed glaucoma
valve; BCVA, best-corrected visual acuity; dB, decibels; IOP, intraocular pressure; IOL, intraocular lens; MAR,
minimum angle of resolution; MD, mean deviation; NTG, normal tension glaucoma; NVG, neovascular glaucoma;
PXG, pseudoexfoliation glaucoma; POAG, primary open-angle glaucoma; TLE, trabeculectomy.
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3.2. Baseline Characteristics Stratified by the Type of FP Agonist Used: The High-PAP-Potential
Group and the Low-PAP-Potential Group

Patients were divided into two subgroups based on the type of FP agonist used preop-
eratively: a high-PAP-potential group (bimatoprost or travoprost) and a low-PAP-potential
group (latanoprost or tafluprost). In the trabeculectomy group, 75 and 81 eyes were in the
high- and low-PAP-potential groups, respectively. In the AGV group, 74 and 52 eyes were
in the high- and low-PAP-potential groups, respectively. The baseline characteristics of
patients are summarized in Table 2.

Table 2. Baseline characteristics stratified by the PAP-inducing potential of prostanoid FP recep-
tor agonists: high-PAP-potential group (bimatoprost or travoprost) and low-PAP-potential group
(latanoprost or tafluprost).

TLE

p

AGV

pHigh-PAP-
Potential

n = 75 Eyes

Low-PAP-
Potential

n = 81 Eyes

High-PAP-
Potential

n = 74 Eyes

Low-PAP-
Potential

n = 52 Eyes
Glaucoma type (eyes)

0.788 a 0.305 a

POAG 26 28 36 18
NTG 19 23 2 3
PXG 9 12 9 7
Uveitis 9 16 6 8
NVG 3 0 7 5
Others 9 2 14 11
Preoperative IOP
(mmHg) 22.0 ± 10 19.8 ± 9.9 0.102 b 25.8 ± 11 27.7 ± 10 0.105 b

Preoperative
anti-glaucomatous
medication score

5.07 ± 1.1 4.49 ± 1.1 <0.001 b 4.93 ± 1.1 4.62 ± 1.1 0.079 b

Prior glaucoma
surgery (eyes) *

0.258 a 0.695 a

none 39 55 30 21
SLT 20 15 26 14
MP-CPC, CPC 1 1 5 4
TLO 11 11 8 10
TLE 12 6 25 19
Tube shunt 2 2 6 2

Comparisons between groups were performed using the Mann–Whitney U test for continuous variables and the
Pearson’s χ2 test for categorical variables. Bold values indicate statistical significance (p < 0.05). a: the Pearson’s
χ2 test, b: Mann–Whitney test. *: Prior glaucoma surgery includes overlapping counts when different procedures
were performed on the same eye. AGV, Ahmed glaucoma valve; CPC, continuous-wave cyclophotocoagulation;
IOP, intraocular pressure; MP-CPC, micropulse laser cyclophotocoagulation; NTG, normal tension glaucoma; NVG,
neovascular glaucoma; PAP, prostaglandin-associated periorbitopathy; PXG, pseudoexfoliation glaucoma; POAG,
primary open angle glaucoma; SLT, selective laser trabeculoplasty; TLE, trabeculectomy; TLO, trabeculotomy.

There were no significant differences in the distribution of glaucoma types or the
number of eyes that received prior glaucoma surgeries between the high- and low-PAP-
potential groups in either surgical group. Preoperative IOP was also comparable between
the high- and low-PAP-potential groups within each surgical group.

However, in the trabeculectomy group, the preoperative anti-glaucomatous medica-
tion scores differed significantly between the high- and low-PAP-potential groups, with a
higher score in the high-PAP-potential group (5.07 ± 1.1) relative to the low-PAP-potential
group (4.49 ± 1.1; p < 0.001, Mann–Whitney U test).

3.3. Intraocular Pressure

Changes in IOP stratified by the PAP-inducing potential of FP agonists are shown
in Figure 1. In the trabeculectomy group, both the high-PAP-potential (bimatoprost or
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travoprost) and low-PAP-potential (latanoprost or tafluprost) groups showed significant
postoperative reductions in IOP at all follow-up points compared to the baseline (Friedman
test, all p < 0.001). In the low-PAP-potential group, the IOP reduction was significant at all
time points, with p = 0.001 at 1.5 years and p < 0.001 at all other time points.

Figure 1. Postoperative intraocular pressure changes in groups stratified by the PAP-inducing
potential of prostanoid FP receptor agonists. (Left): TLE group; (Right): AGV group. Eyes were
divided into a high-PAP-potential group (bimatoprost or travoprost) and a low-PAP-potential group
(latanoprost or tafluprost). In both surgical groups, IOP significantly decreased from the baseline
at all follow-up points in both the high- and low-PAP-potential groups (Friedman test, p ≤ 0.001
at all time points). No significant differences in postoperative IOP were observed between the
high- and low-PAP-potential groups in either the TLE or AGV groups (GEE analysis, all p > 0.4).
AGV, Ahmed glaucoma valve; GEE, generalized estimating equation; IOP, intraocular pressure; PAP,
prostaglandin-associated periorbitopathy; TLE, trabeculectomy.

In the AGV group, both the high- and low-PAP-potential groups also exhibited signifi-
cant postoperative IOP reductions at all time points compared to the baseline (Friedman
test, all p < 0.001).

When comparing the postoperative IOP course between the high- and low-PAP-
potential groups, no significant differences were observed in either the trabeculectomy or
AGV groups (GEE analysis, all p > 0.4). There were no significant differences in preopera-
tive or postoperative IOP between the high- and low-PAP-potential groups in either the
trabeculectomy or AGV groups (Table 3).

Table 3. Comparison of preoperative and 24-month postoperative intraocular pressure between
groups stratified by the PAP-inducing potential of FP receptor agonists.

High-PAP-Potential Group Low-PAP-Potential Group p

TLE Pre-surgery IOP (mmHg) 22.0 ± 10 19.8 ± 9.9 0.102
24 months IOP (mmHg) 11.1 ± 3.2 10.2 ± 2.5 0.197

AGV Pre-surgery IOP (mmHg) 25.8 ± 11 27.7 ± 10 0.105
24 months IOP (mmHg) 13.3 ± 3.1 13.6 ± 4.4 0.985

Values are presented as means ± standard deviations. Comparisons were performed using the Mann–Whitney
U test. High-PAP-potential group: bimatoprost or travoprost; low-PAP-potential group: latanoprost or
tafluprost. AGV, Ahmed glaucoma valve; IOP, intraocular pressure; PAP, prostaglandin-associated periorbitopa-
thy; TLE, trabeculectomy.

3.4. Anti-Glaucomatous Medication Scores

Anti-glaucomatous medication scores at baseline and at 24 months postoperatively were
compared between the high-PAP-potential of FP agonists (bimatoprost or travoprost) and
the low-PAP-potential of FP agonists (latanoprost or tafluprost) for both surgical procedures
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(Figure 2). In the trabeculectomy group, both the high- and low-PAP-potential groups showed
significant reductions in medication scores at 24 months compared to the baseline (Wilcoxon
signed-rank test, both p < 0.001). The mean preoperative medication score was significantly
higher in the high-PAP-potential group (5.07 ± 1.1) than in the low-PAP-potential group (4.49
± 1.1; Mann–Whitney U test, p < 0.001). However, at 24 months postoperatively, there was no
significant difference between the groups (Mann–Whitney U test, p = 0.103).

Figure 2. Preoperative (white bar) and 24-month postoperative (gray bar) anti-glaucomatous
medication scores stratified by the PAP-inducing potential of prostanoid FP receptor agonists.
(Left): TLE group; (Right): AGV group. ** p < 0.01 (Wilcoxon signed-rank test), ## p < 0.01 (Mann–
Whitney U test). Eyes were divided into a high-PAP-potential group (bimatoprost or travoprost) and
a low-PAP-potential group (latanoprost or tafluprost). In both surgical groups, anti-glaucomatous
medication scores significantly reduced from the baseline at 24 months postoperatively (Wilcoxon
signed-rank test: TLE, p < 0.001 for both the high- and low-PAP-potential groups; AGV, p < 0.001 for
high-PAP-potential group and p = 0.006 for low-PAP-potential group). The mean preoperative medi-
cation score in the TLE group was significantly higher in the high-PAP-potential group than in the
low-PAP-potential group (Mann–Whitney U test, p < 0.001). Error bars represent standard deviations.
AGV, Ahmed glaucoma valve; PAP, prostaglandin-associated periorbitopathy; TLE, trabeculectomy.

In the AGV group, both the high- and low-PAP-potential groups also showed significant
postoperative reductions in medication scores (Wilcoxon signed-rank test: high-PAP-potential
group, p < 0.001; low-PAP-potential group, p = 0.006). There were no significant differences
between the high- and low-PAP-potential groups in terms of either the preoperative scores
(Mann–Whitney U test, p = 0.079) or the scores at 24 months (Mann–Whitney U test, p = 0.460).

3.5. Two-Year Cumulative Survival Rates and Factors Associated with Surgical Failure in Regard
to Trabeculectomy

Two-year cumulative surgical survival rates following trabeculectomy were analyzed
using Kaplan–Meier survival analysis and stratified by the PAP-inducing potential of FP
agonists (Figure 3). The high-PAP-potential group (bimatoprost or travoprost) showed sig-
nificantly lower survival rates than the low-PAP-potential group (latanoprost or tafluprost)
under all three definitions (log-rank test): Definition A, p = 0.034; Definition B, p = 0.034;
and Definition C, p < 0.001.

Factors associated with surgical failure pertaining to trabeculectomy were assessed
using a Cox proportional hazards model for all three definitions (Table 4). The preoperative
use of high-PAP-potential FP agonists was identified as a significant risk factor for surgical
failure under all three definitions. Additionally, higher preoperative IOP was also a
significant risk factor under Definition C.
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Figure 3. Kaplan–Meier survival curves for the trabeculectomy group stratified by the PAP-inducing
potential of prostanoid FP receptor agonists. Eyes were divided into a high-PAP-potential group
(bimatoprost or travoprost) and a low-PAP-potential group (latanoprost or tafluprost). Surgical failure
was defined using three IOP–based criteria: Definition A, IOP > 21 mmHg or <20% reduction from
the baseline; Definition B, IOP > 17 mmHg or <20% reduction; and Definition C, IOP > 14 mmHg.
All criteria (Definitions (A)–(C)) were required to be met on two consecutive follow-up visits after
3 months postoperatively. The high-PAP-potential group showed significantly lower cumulative
survival rates than the low-PAP-potential group under all three definitions (log-rank test). IOP,
intraocular pressure; PAP, prostaglandin-associated periorbitopathy.

Table 4. Cox proportional hazards analysis of factors associated with surgical failure regarding
trabeculectomy under Definitions A, B, and C.

Definition A Definition B Definition C

Hazard Ratio
(95% CI)

p Hazard Ratio
(95% CI)

p Hazard Ratio
(95% CI)

p

Glaucoma type 1.09
(0.926–1.28) 0.305 1.09

(0.926–1.28) 0.307 1.04
(0.881–1.23) 0.627

Prior glaucoma surgery
(Yes/No)

0.588
(0.301–1.15) 0.121 0.589

(0.301–1.15) 0.121 0.495
(0.231–1.06) 0.071

Preoperative IOP (mmHg) 0.989
(0.953–1.03) 0.556 0.989

(0.953–1.03) 0.559 1.04
(1.01–1.07) 0.005

Preoperative
anti-glaucomatous
medication score

1.07
(0.802–1.41) 0.664 1.06

(0.801–1.41) 0.666 1.08
(0.782–1.50) 0.632

FP agent
(latanoprost or tafluprost/
bimatoprost or travoprost)

0.473
(0.242–0.923) 0.028

0.473
(0.243–0.923) 0.028

0.271
(0.115–0.636) 0.003

Hazard ratios and 95% confidence intervals (CIs) are shown. Bold values indicate statistical significance (p < 0.05).
IOP, intraocular pressure.

13



J. Clin. Med. 2025, 14, 6940

3.6. Two-Year Cumulative Survival Rates and Factors Associated with Surgical Failure in
AGV Implantation

The two-year cumulative surgical survival rates following AGV implantation were
analyzed using Kaplan–Meier survival analysis and stratified by the PAP-inducing potential
of FP agonists (Figure 4). A significant difference was observed under Definition A, with the
high-PAP-potential group (bimatoprost or travoprost) showing a lower survival rate than
the low-PAP-potential group (latanoprost or tafluprost) (log-rank test, p = 0.015). However,
no significant differences were found under Definitions B (log-rank test, p = 0.112) and C
(log-rank test, p = 0.680).

Figure 4. Kaplan–Meier survival curves for the AGV group stratified by the PAP-inducing potential
of prostanoid FP receptor agonists. Eyes were divided into a high-PAP-potential group (bimatoprost
or travoprost) and a low-PAP-potential group (latanoprost or tafluprost). Surgical failure was defined
using three IOP–based criteria: Definition A, IOP > 21 mmHg or <20% reduction from the baseline;
Definition B, IOP > 17 mmHg or <20% reduction; and Definition C, IOP > 14 mmHg. All criteria
(Definitions (A)–(C)) were required to be satisfied on two consecutive follow-up visits after 3 months
postoperatively. The high-PAP-potential group exhibited significantly lower cumulative survival
rates than the low-PAP-potential group under Definition A (log-rank test, p = 0.015), whereas no
significant differences were observed under Definitions B and C. AGV, Ahmed glaucoma valve; IOP,
intraocular pressure; PAP, prostaglandin-associated periorbitopathy.

Factors associated with surgical failure in AGV implantation were assessed using a
Cox proportional hazards model for all three definitions (Table 5). The preoperative use of
high-PAP-potential FP agonists was a significant risk factor only under Definition A. Under
Definition C, higher preoperative IOP was significantly associated with surgical failure.
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Table 5. Cox proportional hazards analysis of factors associated with surgical failure in AGV
implantation under Definitions A, B, and C.

Definition A Definition B Definition C

Hazard Ratio
(95% CI)

p Hazard Ratio
(95% CI)

p Hazard Ratio
(95% CI)

p

Glaucoma type 1.02
(0.895–1.17) 0.755 0.990

(0.877–1.12) 0.869 1.01
(0.906–1.11) 0.931

Prior glaucoma surgery
(Yes/No)

0.592
(0.310–1.13) 0.111 0.625

(0.346–1.13) 0.120 0.729
(0.440–1.21) 0.220

Preoperative IOP (mmHg) 1.00
(0.967–1.03) 0.977 1.01

(0.983–1.04) 0.443 1.03
(1.00–1.05) 0.026

Preoperative
anti-glaucomatous
medication score

0.898
(0.686–1.18) 0.433 0.834

(0.652–1.07) 0.148 1.02
(0.815–1.27) 0.887

FP agent
(latanoprost or tafluprost/
bimatoprost or travoprost)

0.402
(0.189–0.856) 0.018

0.597
(0.315–1.13) 0.120 0.834

(0.500–1.392) 0.487

Hazard ratios and 95% confidence intervals (CIs) are shown. Bold values indicate statistical significance (p < 0.05).
IOP, intraocular pressure.

4. Discussion

FP agonists are widely used as first-line treatments for glaucoma, but they differ
in their propensity to induce periorbital changes, such as PAP including DUES [1]. Bi-
matoprost and travoprost have been reported to promote eyelid stiffening and orbital
fat atrophy by enhancing type I collagen expression and suppressing adipogenesis [2,3].
These histological changes underlie the development of PAP, which has been reported in
50–93% of patients treated with these agents [4–7]. In contrast, latanoprost and tafluprost
are associated with a lower risk of such adverse effects. Although latanoprost also exhibits
lipolytic and fibrotic activity [2,3], its limited accumulation in orbital tissues is thought to
contribute to the lower reported incidence of DUES (6–41%) [5,6,8–10,19]. Tafluprost, a
highly selective FP agonist with lower cytotoxicity and inflammatory potential [20,21], has
been associated with low DUES rates of only 14–19% [5,11,12].

In this study, we stratified preoperative FP agonists into high-PAP-potential (bimato-
prost and travoprost) and low-PAP-potential (latanoprost and tafluprost) categories based
on their known propensity to cause PAP. We then compared the surgical outcomes of
trabeculectomy and AGV implantation between these groups.

In the trabeculectomy group, the high-PAP-potential group exhibited significantly
lower cumulative survival across all definitions of surgical failure. Cox proportional haz-
ards analysis identified the preoperative use of high-PAP-potential FP agonists as a consis-
tent predictor of surgical failure. Among the other tested factors, only higher preoperative
IOP was significantly associated with surgical failure under Definition C, whereas glau-
coma type, prior glaucoma surgery, and preoperative anti-glaucomatous medication score
showed no significant associations. These findings suggest that PAP-associated changes—
including eyelid stiffness, fibrosis, and fat atrophy—may compromise the formation and
long-term viability of filtering blebs. Although this study did not include direct clinical
imaging assessment of PAP or DUES, the observed outcome differences are consistent with
previous reports highlighting the detrimental impact of PAP on trabeculectomy [13,14].

In the AGV group, a significant difference between the high- and low-PAP-potential
groups was observed only under the lenient Definition A, while no significant differences
were found under the stricter Definitions B and C. The Kaplan–Meier curves demonstrated
a noticeable drop in survival rates around six months postoperatively across all groups.
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This timing coincides with the known hypertensive phase, which occurs in 56–82% of
eyes within 3 to 6 months after AGV surgery and is associated with worse long-term
outcomes [22–24]. The early postoperative decline in survival rates may indicate that the
hypertensive phase had a greater impact on surgical outcomes, particularly for eyes with
pre-existing PAP-associated changes, which were more common in the high-PAP-potential
group. Definition A, being more permissive in terms of IOP criteria, may have been more
sensitive in capturing these early failures.

Long-term exposure to bimatoprost or travoprost may result in advanced periorbital
fibrosis and fat atrophy, potentially contributing to fibrous encapsulation of the AGV
endplate and unstable postoperative IOP control during the hypertensive phase. In con-
trast, eyes treated with low-PAP-potential agents (latanoprost or tafluprost) may have had
less pre-existing fibrosis, enabling them to maintain acceptable IOP control under a more
permissive failure definition. However, under stricter criteria, the results did not reach
statistical significance (Definition B: HR = 0.597, 95% CI 0.315–1.13, p = 0.120; Definition
C: HR = 0.834, 95% CI 0.500–1.392, p = 0.487). The lack of significance under Definition B
was most likely due to the limited number of events in the AGV subgroup, whereas under
Definition C, the stringent cutoff (>14 mmHg) markedly reduced discriminatory ability,
with approximately half of the cases classified as failures regardless of medication history.
Although this threshold may indeed be overly demanding for tube shunt procedures that
generally aim for relatively higher target pressures, we adopted it in line with previous
landmark studies, such as the TVT and PTVT trials [16,17], to ensure comparability with
prior research. Among the other tested factors, only higher preoperative IOP was signifi-
cantly associated with surgical failure under Definition C, whereas glaucoma type, prior
glaucoma surgery, and preoperative anti-glaucomatous medication score showed no signif-
icant associations. Although postoperative medication scores decreased significantly after
AGV implantation, the absolute magnitude of this reduction was modest (approximately
one medication), and thus its clinical significance should be interpreted with caution. These
observations suggest that, while the influence of PAP is less prominent in AGV implan-
tation compared to trabeculectomy, it should still be considered, particularly in the early
postoperative period and for patients with a history of high-PAP-potential FP agonist use.

In trabeculectomy, bleb morphology is influenced by anterior periorbital tissues, and
the SU-PAP grading system may be useful for predicting surgical outcomes [14]. In contrast,
AGV implantation results in bleb formation approximately 8–10 mm posterior to the limbus.
This deeper and more posterior anatomical configuration likely reduces the mechanical
influence of PAP-related changes such as eyelid stiffness or orbital fibrosis, and thus the
effects of PAP on AGV outcomes may be minimal. Although Harano et al. found no
association between SU-PAP grades and AGV outcomes [18], this may have been due to
the system’s reliance on external periorbital appearance, which may not fully reflect the
condition of deeper orbital tissues surrounding the AGV bleb. Therefore, when evaluating
indications for AGV and predicting surgical outcomes, a comprehensive assessment—
including the severity of PAP and particularly the history of high-PAP-inducing FP agonist
use—may be necessary.

This study has several limitations. First, as a retrospective study, direct clinical imaging
assessment of PAP, including DUES, was not possible due to insufficient documentation
in most medical records. Second, the classification into high- and low-PAP-potential
groups was based solely on the final preoperative medication, without accounting for
prior exposure, drug switching, or cumulative duration of use. Third, postoperative bleb
morphology or anterior segment optical coherence tomography data were not available,
which precluded analysis of their correlation with preoperative medication history. Fourth,
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because AGV is generally reserved for refractory cases, baseline disease severity and prior
surgical history may have influenced the outcomes. Fifth, the relatively small sample size,
particularly in the AGV group, may limit the applicability of our findings. Finally, as this
is a single-center study, the results may not be fully generalizable to other populations or
clinical settings.

5. Conclusions

This study demonstrates that preoperative use of high-PAP-inducing-potential agents
was significantly associated with poorer surgical outcomes of trabeculectomy, while the
impact was more limited in regard to AGV implantation. These findings underscore
the importance of considering not only observable signs of PAP but also the patient’s
medication history when selecting a surgical approach for glaucoma. Future prospective
studies with larger sample sizes, longer follow-up periods, and direct assessment of PAP
including DUES are warranted to further elucidate these associations and support evidence-
based surgical decision-making.
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AGV Ahmed glaucoma valve
ANOVA analysis of variance
BCVA best-corrected visual acuity
BGI Baerveldt glaucoma implant
CI confidence interval
CPC cyclophotocoagulation
dB decibels

DUES deepening of upper-eyelid sulcus
GEE Generalized estimating equation
IOL intraocular lens
IOP intraocular pressure
MAR minimum angle of resolution
MD mean deviation
MP-CPC micropulse laser cyclophotocoagulation
NTG normal tension glaucoma
NVG neovascular glaucoma
PAP prostaglandin-associated periorbitopathy
PXG pseudoexfoliation glaucoma
POAG primary open-angle glaucoma
PTVT Primary Tube Versus Trabeculectomy
SLT selective laser trabeculoplasty
SU Shimane University
TLE trabeculectomy
TLO trabeculotomy
TVT Tube Versus Trabeculectomy

References

1. Alm, A.; Grierson, I.; Shields, M.B. Side effects associated with prostaglandin analog therapy. Surv. Ophthalmol. 2008,
53 (Suppl. 1), S93–S105. [CrossRef]

2. Taketani, Y.; Yamagishi, R.; Fujishiro, T.; Igarashi, M.; Sakata, R.; Aihara, M. Activation of the prostanoid FP receptor inhibits
adipogenesis leading to deepening of the upper eyelid sulcus in prostaglandin-associated periorbitopathy. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 1269–1276. [CrossRef]

3. Itoh, K.; Ida, Y.; Ohguro, H.; Hikage, F. Prostaglandin F2α agonists induced enhancement in collagen1 expression is involved in
the pathogenesis of the deepening of upper eyelid sulcus. Sci. Rep. 2021, 11, 9002. [CrossRef] [PubMed]

4. Aihara, M.; Shirato, S.; Sakata, R. Incidence of deepening of the upper eyelid sulcus after switching from latanoprost to
bimatoprost. Jpn. J. Ophthalmol. 2011, 55, 600–604. [CrossRef] [PubMed]

5. Inoue, K.; Shiokawa, M.; Wakakura, M.; Tomita, G. Deepening of the upper eyelid sulcus caused by 5 types of prostaglandin
analogs. J. Glaucoma 2013, 22, 626–631. [CrossRef] [PubMed]

6. Kucukevcilioglu, M.; Bayer, A.; Uysal, Y.; Altinsoy, H.I. Prostaglandin associated periorbitopathy in patients using bimatoprost,
latanoprost and travoprost. Clin. Exp. Ophthalmol. 2014, 42, 126–131. [CrossRef]

7. Maruyama, K.; Shirato, S.; Tsuchisaka, A. Incidence of deepening of the upper eyelid sulcus after topical use of travoprost
ophthalmic solution in Japanese. J. Glaucoma 2014, 23, 160–163. [CrossRef]

8. Sakata, R.; Shirato, S.; Miyata, K.; Aihara, M. Incidence of deepening of the upper eyelid sulcus in prostaglandin-associated
periorbitopathy with a latanoprost ophthalmic solution. Eye 2014, 28, 1446–1451. [CrossRef]

9. Nakakura, S.; Yamamoto, M.; Terao, E.; Nagatomi, N.; Matsuo, N.; Fujisawa, Y.; Fujio, Y.; Tabuchi, H.; Kiuchi, Y. Prostaglandin-
associated periorbitopathy in latanoprost users. Clin. Ophthalmol. 2014, 30, 51–56. [CrossRef]

10. Alm, A. Latanoprost in the treatment of glaucoma. Clin. Ophthalmol. 2014, 26, 1967–1985. [CrossRef]
11. Maruyama, K.; Tsuchisaka, A.; Sakamoto, J.; Shirato, S.; Goto, H. Incidence of deepening of upper eyelid sulcus after topical use

of tafluprost ophthalmic solution in Japanese patients. Clin. Ophthalmol. 2013, 7, 1441–1446. [CrossRef] [PubMed]
12. Sakata, R.; Shirato, S.; Miyata, K.; Aihara, M. Incidence of deepening of the upper eyelid sulcus on treatment with a tafluprost

ophthalmic solution. Jpn. J. Ophthalmol. 2014, 58, 212–217. [CrossRef] [PubMed]
13. Miki, T.; Naito, T.; Fujiwara, M.; Araki, R.; Kiyoi, R.; Shiode, Y.; Fujiwara, A.; Morizane, Y.; Shiraga, F. Effects of pre-surgical

administration of prostaglandin analogs on the outcome of trabeculectomy. PLoS ONE 2017, 12, e0181550. [CrossRef] [PubMed]

18



J. Clin. Med. 2025, 14, 6940

14. Ishida, A.; Miki, T.; Naito, T.; Ichioka, S.; Takayanagi, Y.; Tanito, M. Surgical Results of Trabeculectomy among Groups Stratified
by Prostaglandin-Associated Periorbitopathy Severity. Ophthalmology 2023, 130, 297–303. [CrossRef]

15. Kiuchi, Y.; Inoue, T.; Shoji, N.; Nakamura, M.; Tanito, M.; Glaucoma Guideline Preparation Committee, Japan Glaucoma Society.
The Japan Glaucoma Society guidelines for glaucoma, 5th edition. Jpn. J. Ophthalmol. 2023, 67, 189–254. [CrossRef]

16. Gedde, S.J.; Schiffman, J.C.; Feuer, W.J.; Herndon, L.W.; Brandt, J.D.; Budenz, D.L.; Tube versus Trabeculectomy Study Group.
Treatment outcomes in the Tube Versus Trabeculectomy (TVT) study after five years of follow-up. Am. J. Ophthalmol. 2012, 153,
789–803.e2. [CrossRef]

17. Gedde, S.J.; Feuer, W.J.; Lim, K.S.; Barton, K.; Goyal, S.; Ahmed, I.I.; Brandt, J.D.; Primary Tube Versus Trabeculectomy Study
Group. Treatment Outcomes in the Primary Tube Versus Trabeculectomy Study after 5 Years of Follow-up. Ophthalmology 2022,
129, 1344–1356. [CrossRef]

18. Harano, A.; Ichioka, S.; Murakami, K.; Iida, M.; Tanito, M. The Severity of Prostaglandin-Associated Periorbitopathy Did Not
Affect the Surgical Effectiveness of the Ahmed Glaucoma Valve. J. Clin. Med. 2024, 14, 42. [CrossRef]

19. Shen, J.; Moats, R.A.; Pollack, H.A.; Robinson, M.R.; Attar, M. Distribution of 14C-Latanoprost Following a Single Intracameral
Administration Versus Repeated Topical Administration. Ophthalmol. Ther. 2020, 9, 929–940. [CrossRef]

20. Pérez-Roca, F.; Rodrigo-Morales, E.; Garzón, I.; Oliveira, A.C.; Martín-Piedra, M.; Carriel, V.; Ortiz-Pérez, A.I.; Sánchez-
Montesinos, I.; Campos, A.; Alaminos, M. Effects of Four Formulations of Prostaglandin Analogs on Eye Surface Cells.
A Comparative Study. PLoS ONE 2015, 10, e0129419. [CrossRef]

21. Esaki, Y.; Shimazaki, A.; Pellinen, P. Ocular Tolerability of Preservative-Free Tafluprost and Latanoprost: In vitro and in vivo
Comparative Study. Open Ophthalmol. J. 2016, 10, 146–153. [CrossRef]

22. Ayyala, R.S.; Zurakowski, D.; Smith, J.A.; Monshizadeh, R.; Netland, P.A.; Richards, D.W.; Layden, W.E. A clinical study of the
Ahmed glaucoma valve implant in advanced glaucoma. Ophthalmology 1998, 105, 1968–1976. [CrossRef] [PubMed]

23. Nouri-Mahdavi, K.; Caprioli, J. Evaluation of the hypertensive phase after insertion of the Ahmed Glaucoma Valve. Am. J.
Ophthalmol. 2003, 136, 1001–1008. [CrossRef] [PubMed]

24. Jeong, H.J.; Park, H.Y.L.; Park, C.K. Effects of Early Postoperative Intraocular Pressure after Ahmed Glaucoma Valve Implantation
on Long-term Surgical Outcomes. Korean J. Ophthalmol. 2018, 32, 391–399. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

19



Article

Effect of Visual Field Test on Intraocular Pressure in
Glaucoma Patients

Weon Jin Jang 1, Han Jun Chung 2, Min Woo Lee 2, Jung Tae Kim 2, Hyung-Bin Lim 3 and Kee Sup Park 4,5,*

1 Department of Public Health, Graduate School of Konyang University, Daejeon 35365, Republic of Korea;
jwj7677@naver.com

2 Department of Ophthalmology, Konyang University College of Medicine, Daejeon 35365, Republic of Korea;
hanjuncyayo@gmail.com (H.J.C.); bogus1105@gmail.com (M.W.L.); 200679@kyuh.ac.kr (J.T.K.)

3 1.0 Eye Clinic, Daejeon 34946, Republic of Korea; cromfans@hanmail.net
4 Department of Ophthalmology, Chungnam National University College of Medicine,

Daejeon 35015, Republic of Korea
5 Myunggok Medical Research Institute, Konyang University, Daejeon 35365, Republic of Korea
* Correspondence: red-mirr@hanmail.net; Tel.: +82-42-280-8433; Fax: +82-42-255-3745

Abstract: Objectives: To evaluate changes in intraocular pressure (IOP) before versus after
a visual field test in glaucoma patients. Methods: A total of 132 patients with glaucoma
and 103 control subjects who visited Konyang University Hospital between August 2024
and May 2025 were included in the study. the right eye of each patient was selected
for analysis. Visual field tests were conducted using the Humphrey Visual Field (HVF)
analyzer (Zeiss Humphrey, San Leandro, CA, USA) with the SITA standard program
(Central 24-2). Intraocular pressure was measured by two ophthalmologists at five time
points: before the test and immediately, 10 min, 30 min, and 60 min after the test. Results:

The average intraocular pressure decreased from 15.09 mmHg before the test to 14.29
mmHg immediately afterward; it declined further to 13.59 mmHg at 10 min in glaucoma
patients. It then gradually increased to 15.01 mmHg at 60 min, returning to pre-test levels.
Participants were divided into three age groups (40s, 50s, and 60s) for analysis. Across all
groups, the IOP followed a similar pattern: a significant decrease for up to 10 min, followed
by recovery at 60 min. Although a reduction in IOP was also observed in the control
group after visual field testing, the magnitude of the decrease was smaller compared to the
glaucoma patients. Conclusions: IOP declined immediately after the visual field test and
remained lower for up to 10 min. It subsequently returned to baseline by 60 min. Therefore,
when measuring the IOP after a visual field test, there is no need to adjust for temporary
fluctuations if the measurement is performed 60 min after the test.

Keywords: glaucoma; intraocular pressure; visual field test

1. Introduction

Glaucoma comprises a group of progressive optic neuropathies characterized by
structural damage to the optic nerve accompanied by corresponding visual field loss.
Elevated intraocular pressure (IOP) is the most significant risk factor, and lowering IOP
remains the primary therapeutic strategy [1].

IOP is regulated by the continuous flow of aqueous humor and plays a key role in
maintaining the eye’s structural integrity and visual function. Normal IOP ranges from 10
to 21 mmHg, with an average of 15 mmHg [2]. Elevated IOP is the strongest risk factor
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for glaucoma; lowering the IOP is the only proven treatment for slowing or preventing
optic nerve damage [3]. Various factors influence IOP, including age, sex, ethnicity, diurnal
fluctuations, systemic hemodynamics, exercise, positional changes, refractive errors, and
medications [4–7]. Although a high IOP contributes to glaucoma by damaging the optic
nerve, the precise mechanisms underlying IOP elevation remain unclear [8–11].

The visual field test is a crucial diagnostic tool for assessing glaucoma progression
by measuring the extent of visual field defects. It is particularly important in early-stage
glaucoma when the visual field may only be partially affected [12,13].

However, there is ongoing debate regarding the relationship between the visual field
test and IOP. Previous studies have yielded conflicting results. Bertaud et al. [14] and
Adhikari et al. [15] found no significant difference in IOP values before and after the exam,
suggesting the minimal physiological influence of the test. In contrast, Lee et al. [16]
reported a temporary increase 10 min after the exam, which normalized within 20 min.
Similarly, Sawada et al. [17] observed a significant decrease in IOP after the exam. Other
studies have reported transient elevations; for instance, Ni et al. [18] found that the IOP
increased after testing 22.9% of glaucoma patients, with a more than 20% change in some
cases. Li et al. [19] and Recupero et al. [20] also described short-term IOP elevations that
returned to baseline within an hour. Moreover, Asrani et al. [21] emphasized that the IOP
can fluctuate widely in glaucoma patients, even when the mean values remain within
the normal range. Liu et al. [22] further demonstrated that IOP fluctuations were more
pronounced in glaucomatous eyes than in healthy eyes, highlighting the importance of
understanding dynamic IOP behavior during visual field testing.

Given the lack of conclusive evidence regarding IOP fluctuations and influencing
factors, we investigated fluctuations in the IOP in relation to the test and identified specific
factors that may drive these changes.

2. Methods

2.1. Patients

We examined the right eyes of 132 outpatients with open-angle glaucoma and 103 in a
control group who visited Konyang University Hospital between August 2024 and May
2025. All glaucoma patients had an open angle confirmed by gonioscopy, glaucomatous
optic nerve damage with corresponding visual field defects, and maintained normal IOP
while using anti-glaucoma eye drops. The control group consisted of normal patients who
visited a glaucoma clinic. Visual field tests meeting reliability criteria (gaze loss ≤ 20%,
false-negative responses ≤ 15%, and false-positive responses ≤ 15%) were included in
the analysis. Patients with corneal disease, post-cataract surgery status, or post-glaucoma
surgery status were excluded. This prospective study was approved by the Institutional
Review Board of Konyang University Hospital in the Republic of Korea (IRB number:
2024-05-023-001). It was conducted in accordance with all relevant requirements of the
Declaration of Helsinki. Informed consent was acquired from all participants.

2.2. Humphrey Visual Field (HVF)

Humphrey Visual Field (HVF) testing (Zeiss Humphrey, San Leandro, CA, USA—SITA
standard program, Central 24-2) was used as a quantitative visual field assessment. Patients
with dilated pupils were excluded, and myopia was corrected prior to testing.

2.3. Intraocular Pressure (IOP)

IOP measurements were obtained from patients attending the glaucoma clinic by two
experienced ophthalmologists using the Goldmann applanation tonometer (GAT) (model
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AT 900, Haag-Streit International, Köniz, Switzerland) at five time points: before the visual
field test and immediately, 10 min, 30 min, and 60 min after the test. All measurements
were performed under standardized conditions using consistent techniques. Both exam-
iners were glaucoma specialists trained in GAT measurement protocols, and the same
equipment was used throughout the study. For staining, 0.5% paracaine (Hanmi Medicine,
Seoul, Republic of Korea) and fluorescein strips were applied. For each examination, the
average of two consecutive IOP measurements was used for statistical analysis. To assess
inter-observer reliability, the intraclass correlation coefficient (ICC) was calculated for base-
line IOP measurements. The results demonstrated excellent agreement between the two
examiners, with an ICC of 0.982 in the glaucoma group and 0.977 in the control group,
indicating high consistency and reliability in the measurement process.

2.4. Optical Coherence Tomography (OCT)

An experienced examiner performed OCT measurements using a Cirrus HD OCT 6000
(Carl Zeiss Meditec, Dublin, CA, USA; version 10.0). The 200 × 200 optic disk cube scanning
protocol was applied to assess RNFL thickness. We focused on RNFL thickness rather
than the ganglion cell layer (GCL) because RNFL is a widely accepted and reproducible
marker for detecting early glaucomatous damage. It shows strong correlation with disease
progression and is less affected by macular pathology compared to GCL analysis. Moreover,
RNFL thinning often appears earlier than ganglion cell loss in the disease course [23].

2.5. Statistical Analysis

Statistical analyses were conducted using PASW software, version 27.0 (SPSS Inc.,
Chicago, IL, USA); demographic characteristics were compared between the two groups
using Student’s t-test and chi-square test. Changes in IOP were analyzed with repeated-
measures analysis of variance along with univariate and multivariate linear mixed models.
A p-value < 0.05 was considered statistically significant. In the univariate model, age,
sex, and a history of diabetes mellitus and hypertension were assessed to determine their
influence on changes in IOP. The multivariate model examined variables identified in
univariate analysis, while also incorporating additional independent factors to assess their
unique effects.

3. Results

3.1. Demographics

The study included a total of 132 eyes from glaucoma patients and 103 from a control
group. The mean age was 58.66 ± 1.36 years for glaucoma patients and 59.26 ± 1.85 years for
the control group (p = 0.620). There were no significant differences between the two groups in
hypertension, DM, sex, axial length, baseline IOP, CCT, BCVA, spherical equivalent, and axial
length (all Ps > 0.05; Table 1). Glaucoma patients used an average of 1.52 ± 0.11 anti-glaucoma
eye drops. The mean RNFL thickness was thinner in the glaucoma patients than in the control
group (80.58 ± 1.41 μm vs. 97.80 ± 7.61 μm, p < 0.001).

HVF testing was performed, and the average testing time was significantly longer in
glaucoma patients than in the control group (5.71 ± 0.13 min vs. 4.81 ± 0.15 min, p < 0.001).
The MD measures overall visual field sensitivity loss and is categorized into three stages:
early (–2 to –6 dB), moderate (–6 to –12 dB), and advanced (<–12 dB) [24]. Our glaucoma
patients had an average MD of –3.02 ± 0.59 dB, consistent with early-stage glaucoma. The
pattern for standard deviation was significantly higher in the glaucoma patients compared
with the control group (4.56 ± 0.42 dB, 1.98 ± 0.93 dB, and p < 0.001). The VFI was lower in
glaucoma patients than in the control group (91.88 ± 1.63%. vs. 97.69 ± 2.02%, p < 0.001).
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Table 1. Demographic characteristics of patients.

Glaucoma Patients Control Group p-Value *

Number of patients 132 103
Age (year, mean ±SD) 58.66 ± 1.36 59.26 ± 1.85 0.432

Sex (male, %) 64 (48.4) 53 (51.5) 0.537 †
Hypertension (%) 19 (14.3) 16 (15.5) 0.795 †

DM (%) 12 (9.1) 11 (10.7) 0.852 †
IOP-lowering medication (n) 1.52 ± 0.11 0 0.001

Baseline IOP 15.09 ± 2.24 15.04 ± 2.14 0.844
CCT (mean ± SD) 521.79 ± 5.93 519 ± 4.38 0.580

BCVA (logMAR, mean ± SD) 0.027 ± 0.01 0.023 ± 0.01 0.549
Spherical equivalent (diopter, mean ± SD) −1.14 ± 0.32 −1.09 ± 0.34 0.534

Axial length (mm, mean ± SD) 23.15 ± 0.11 23.30 ± 0.21 0.155
Mean RNFL thickness (μm, mean ± SD) 80.58 ± 1.41 97.80 ± 7.61 0.001

Humphrey visual field
Mean deviation (dB) −3.02 ± 0.59 −0.93 ± 0.36 0.001

Pattern standard deviation (dB) 4.56 ± 0.42 1.98 ± 0.93 0.001
Visual field index (%) 91.88 ± 1.63 97.69 ± 2.02 0.001

VF testing time (min, mean ± SD) 5.71 ± 0.13 4.81 ± 0.15 0.001

* p-value from Student’s t-test, † p-value from the chi-squared test.

3.2. Relationship Between IOP Before Versus After the Visual Field Test

Table 2 and Figure 1 show changes in the IOP according to time point after the exam.
The mean IOP was 15.09 ± 2.24 mmHg. Although IOP in the glaucoma patients and control
group significantly decreased immediately after the exam, as well as at 10 min and 30 min,
it returned to baseline by 60 min. As shown in Figure 1, the difference in IOP before and
after the test were statistically significant (p < 0.001); the lowest pressure was observed
10 min after the exam. Changes in IOP over time were statistically significant (p < 0.001)
for both glaucoma patients and the control group. Overall, changes in IOP over time
were statistically significant (p < 0.001) in both groups. The maximum IOP difference in
glaucoma patients and the control group was −1.5 mmHg and −0.53 mmHg, respectively,
indicating that the change in IOP was greater in glaucoma patients.

Figure 1. Changes in intraocular pressure in glaucoma patients and the control group over time after
visual field test. In glaucoma patients, p-value < 0.05, † post hoc test between the baseline IOP and 0 min.
‡ Post hoc test between the baseline IOP and 10 min. § Post hoc test between the baseline IOP and 30 min.
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Table 2. Comparison of IOP variations between before (baseline) and after (0, 10, 30, and 60 min)
visual field testing.

Baseline IOP 0 min 10 min 30 min 60 min p-Value *

Glaucoma patients (n = 132) 15.09 ± 2.24 14.29 ± 2.25 13.59 ± 2.11 14.62 ± 2.43 15.01 ± 2.18 <0.001
Control group (n = 103) 15.04 ± 2.14 14.79 ± 2.06 14.51 ± 2.01 14.85 ± 2.34 15.02 ± 2.19 <0.001

<0.001

* p-value from the repeated-measures ANOVA (analysis of variation). Significant p-values are bolded.

3.3. Relationship Between IOP Before Versus After the Visual Field Test, According to Age

A total of 18 eyes from patients in their 40s, 20 eyes from those in their 50s, and 28 eyes
from those in their 60s were analyzed. Table 3 and Figure 2 show age-related fluctuations
in IOP over time.

Table 3. Comparison of IOP variation between before (baseline) and after (0, 10, 30, and 60 min)
visual field testing by ages.

Time Baseline IOP 0 min 10 min 30 min 60 min p-Value *

Age groups
40 s (n = 38) 14.83 ± 2.28 14.16 ± 2.19 13.33 ± 2.24 14.50 ± 2.29 14.78 ± 2.28 <0.001
50 s (n = 40) 15.15 ± 1.81 14.15 ± 1.95 13.50 ± 1.88 14.45 ± 1.90 15.05 ± 1.85 <0.001
60 s (n = 54) 15.21 ± 2.54 14.46 ± 2.49 13.82 ± 2.17 14.82 ± 2.54 15.11 ± 2.36 <0.001

* p-value from the repeated-measures ANOVA (analysis of variation). Significant p-values are bolded.

Figure 2. Changes in intraocular pressure over time after visual field test by age group.

In summary, the average IOP of patients in their 60s (15.21 ± 2.54 mmHg) was
significantly higher than that of those in their 40s (14.83 ± 2.28 mmHg). Additionally, the
decrease in IOP 10 min after the exam was greater among patients in their 40s (–8.98%)
than among those in their 60s (–9.08%). Finally, in every age group, the post-exam IOP was
significantly lower than the pre-exam value (p < 0.001; Table 3).

3.4. Factors Influencing Changes in IOP

According to univariate and multivariate linear mixed models, the patient’s age, sex,
diabetes, hypertension, use of glaucoma eye drops, average corneal thickness, axial length,
spherical equivalent, VFI, MD, and average retinal nerve fiber layer (RNFL) thickness
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significantly affected changes in IOP (Table 4). In the univariate model, age, hypertension,
and average RNFL thickness were significant factors at p ≤ 0.1. In the multivariate model,
female patients, those with hypertension, and those with thicker RNFLs had lower average
IOPs (Table 4).

Table 4. Univariate and multivariate linear mixed-effect model determination of factors associated
with changes in the IOP.

Univariate Multivariate

Factors Estimate (95% CI) p-Value Estimate (95% CI) p-Value

Age −0.003 (−0.05 to 0.06) 0.119
Sex (1 = male, 2 = female) −1.375 (−2.47 to −0.29) 0.014 −1.415 (−2.45 to −0.38) 0.008

DM 0.114 (−1.63 to 1.86) 0.897
HTN −1.079 (−2.26 to 0.10) 0.073 −1.231 (−2.34 to −0.12) 0.030

IOP-lowering medication 0.281 (−0.37 to 0.93) 0.390
Central cornea thickness −0.005 (−0.02 to 0.01) 0.415

Axial length −0.333 (−1.07 to 0.40) 0.368
BCVA(LogMAR) −4.504 (−12.75 to 3.74) 0.279

Spherical equivalent 0.069 (−0.16 to 0.29) 0.599
Visual field index 0.012 (−0.03 to 0.06) 0.583
Mean deviation 0.071 (−0.05 to 0.19) 0.259

Pattern standard deviation −0.107 (−0.28 to 0.07) 0.229
Average RNFL −0.046 (−0.09 to 0.003) 0.069 −0.057 (−0.10 to −0.01) 0.017

IOP = intraocular pressure, BCVA = best corrected visual acuity, logMAR = logarithm of the minimum angle of
resolution, RNFL = retinal nerve fiber layer, and Significant p-values are bolded (p < 0.1).

4. Discussion

In glaucoma, elevated IOP can impair ocular blood circulation and cause optic nerve
damage, potentially resulting in complete blindness. The global prevalence of glaucoma
continues to rise. Previous studies have shown that patients with glaucoma have an im-
paired autoregulation of ocular blood flow in response to changes in blood pressure or
IOP compared with healthy individuals [25,26]. The measurement of IOP and visual field
testing is essential for monitoring disease progression and guiding treatment decisions.
Visual field testing is typically performed before the clinical consultation to allow for
comparison with previous results.

IOP changes following visual field testing warrant careful consideration. In this study,
we measured the IOP at multiple time points (0, 10, 30, and 60 min after the test) and found
that it decreased after testing but returned to baseline by 60 min. Table 2 and Figure 1 present
the changes in IOP in both glaucoma patients and controls. Both groups demonstrated
a transient reduction in the IOP immediately after visual field testing, with statistically
significant differences (p < 0.001). In the glaucoma group, the maximum reduction occurred at
10 min post-test, with a mean decrease of approximately −1.5 mmHg, followed by a gradual
return to near-baseline levels by 60 min. In contrast, the control group exhibited a smaller
maximum decrease of about −0.5 mmHg. The more pronounced IOP fluctuation observed in
glaucoma patients may reflect impaired ocular blood flow autoregulation. Previous studies
have reported that patients with glaucoma show compromised autoregulatory responses to
changes in ocular perfusion pressure or IOP [25–27]. This reduced capacity for autoregulation
may render them more susceptible to physiological stress induced by visual field testing.
Although statistically significant IOP changes were also observed in the control group, the
absolute magnitude was minimal and recovered rapidly. This suggests that homeostatic
mechanisms involving the autonomic nervous system and trabecular meshwork function are
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better preserved in healthy eyes, resulting in superior IOP recovery compared with glaucoma
patients. These findings are relevant not only for the diagnosis and monitoring of glaucoma,
but also for patient counseling. Patients can be reassured that post-test IOP fluctuations are
transient, decrease within a short period, and eventually return to baseline.

Our findings differ from previous studies that reported increases in IOP after the test.
For example, Li et al. [19] found that the IOPs of 31 open-angle glaucoma patients (62 eyes)
significantly increased by 12.7% immediately after the test. Similar findings were reported
by Recupero et al. [20], who studied 49 primary open-angle glaucoma patients (94 eyes).
The mean IOP change was 2.38 ± 3.49 mmHg. However, in both studies, the IOP returned
to baseline within 1 h after the exam, as observed in our study. Additionally, Recupero
et al. [20] reported higher IOPs in younger patients, which is consistent with our findings.

Our findings are consistent with those of Sawada et al. [17], who also observed a
decrease in the IOP after visual field testing in patients with open-angle glaucoma. In
their study, the IOP of the right eye decreased from 12.8 ± 2.9 mmHg to 12.3 ± 2.6 mmHg,
whereas the left eye remained relatively stable (12.6 ± 2.8 mmHg to 12.5 ± 2.6 mmHg).
This difference may be attributable to the right eye being tested first. The reduction in IOP
may result from near focusing, which induces ciliary muscle contraction and subsequently
enhances aqueous humor outflow [7,24,28]. Similarly, Cassidy et al. [29] reported that in
glaucoma patients, engaging in near work for 10 min produced a significant decrease in
the IOP compared with looking at a distance for the same duration, a finding in agreement
with our results.

As shown in Table 3 and Figure 2, we also found that the IOP was higher in older
patients: 14.83 ± 2.28 mmHg among patients in their 40s versus 15.21 ± 2.54 mmHg
among those in their 60s. Caprioli et al. [30] reported a relationship between older age
and various physiological and structural changes that can increase the IOP. They found
that trabecular meshwork dysfunction, changes in lens size, biodynamic alterations in the
posterior eye, decreases in retinal ganglion cells, and reduced intracranial pressure were
major factors contributing to an elevated IOP. This increase may be due to reduced aqueous
humor drainage caused by accommodation dysfunction [20,24]. Psychological stress and
nervousness during the test may also contribute due to its demanding nature [31]. The IOP
could decrease when the patient relaxes after the exam. Lee et al. [16] reported a significant
decrease in IOP 10 min after the exam, followed by a quick recovery within 20 min. This
may be attributed to the lower average age of their patients (57.4 ± 11.3 years) relative to
ours (58.66 ± 1.36 years).

In this study, we used a univariate model to discover that sex, hypertension, and
average RNFL thickness (p-value < 0.1)) affect IOP and then used a multivariate model for
additional analysis. We found that age, hypertension, and average RNFL thickness were
significantly associated with IOP changes (p-value < 0.05). Several previous studies have
suggested that postmenopausal hormonal therapy in women may contribute to reduced
IOP levels [32–34]. While our study did not collect specific data regarding hormonal
status or therapy, the age distribution of our female participants (predominantly in their
40s to 60s) overlaps with the age group commonly undergoing menopausal transition.
Thus, hormonal influences may be one of several factors contributing to IOP differences
in this population, though further investigation is required. We also observed that the
average IOP of hypertensive patients (14.82 ± 2.04 mmHg) was lower than that of non-
hypertensive patients (15.23 ± 2.35 mmHg). This difference may be related to the effects
of systemic anti-hypertensive medications, which have been reported to lower ocular
perfusion pressure and IOP in some prior studies [26]. However, as detailed information
on medication use and blood pressure control was not collected, the interpretation of these
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findings should be approached with caution. The assessment of RNFL thickness is valuable
in evaluating glaucoma progression. A thicker RNFL generally reflects a healthier retina,
whereas thinning is an early marker of disease progression [35–37]. In our study, patients
with a greater average RNFL thickness exhibited less fluctuation in IOP [38].

This study focused on patients with early-stage glaucoma. According to the Early
Manifest Glaucoma Trial (EMGT) [39], the risk of glaucoma progression can be reduced by
approximately 10% with each 1 mmHg decrease in IOP. In our study, no increase in IOP
was observed following visual field testing. These findings may help reassure patients by
alleviating concerns about IOP fluctuations after visual field examinations.

This study has several limitations. First, it included only patients with early-stage,
open-angle glaucoma; therefore, the findings may not be generalizable to individuals with
advanced glaucoma, angle-closure glaucoma, or secondary glaucoma. Second, although
we assessed IOP fluctuations after visual field testing, we did not investigate concurrent
biometric changes in anterior segment structures, such as anterior chamber depth, lens
thickness, or lens position. Third, the follow-up duration was limited to 60 min, which
may have missed delayed IOP responses. Fourth, we did not include measurements of
the ganglion cell layer (GCL) or assess correlations with other imaging modalities such as
optical coherence tomography angiography (OCT-A), which may have provided additional
structural insights. Lastly, potential influences such as psychological stress or fatigue
during the test—which could affect IOP—were not evaluated.

Despite these limitations, this study has several strengths. Repeated IOP measure-
ments at multiple time points allowed for a robust assessment of temporal changes fol-
lowing visual field testing. Moreover, the inclusion of a control group enabled direct
comparisons, highlighting the distinct IOP responses observed in glaucoma patients.

In conclusion, our study indicated that the IOP did not increase before or after visual
field testing, eliminating concerns about such effects. Although there was a significant
decrease 10 min after the exam, the IOP returned to baseline by 60 min. Therefore, measur-
ing a patient’s IOP 60 min after a visual field test allows for a more accurate assessment.
However, patients with mid- to late-stage glaucoma will require further follow-up.
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Abstract: Background/Objectives: Early postoperative hypotony and complications like
choroidal detachment can occur after Preserflo MicroShunt (MS) implantation in patients
with pseudoexfoliation glaucoma (PEXG). To prevent these risks, outflow from the mi-
croshunt tube can be reduced by implementing a nylon stent. This study aims to evaluate
the impact of intraluminal stenting of the MS during the first four months after surgery.
Methods: This retrospective study of 43 eyes investigated the incidence of intraocular
hypotony in PEXG patients undergoing MS implantation with (n = 23) or without (n = 20)
intraluminal stenting using a 10.0 nylon suture. The follow-up period was four months
after surgery. Results: Our results demonstrated that intraluminal stenting significantly
reduced the incidence of postoperative complications related to hypotony. Notably, no
cases of choroidal detachment occurred in the nylon-stenting group (nsMS) compared to
30% (6 eyes) in the MS-only group (p = 0.0064). The hypotony rates between the nsMS
(21.74%, 5 eyes) and the MS-only group (40%, 8 eyes) did not significantly differ (p =
0.3184). Both groups experienced significant reductions in intraocular pressure (p < 0.001)
and a decrease in the number of antiglaucomatous medications (p < 0.001) up to four
months after surgery. Conclusions: The use of an intraluminal stent (10.0 nylon suture)
during MS implantation may be a promising strategy to reduce the risk of hypotony-related
complications, particularly choroidal detachment, in patients with PEXG.

Keywords: glaucoma; pseudoexfoliation; MicroShunt; nylon stenting; hypotony

1. Introduction

PRESERFLO™ MicroShunt (MS) (Santen, Osaka, Japan) is a filtering procedure that is
increasingly used to treat primary open-angle glaucoma (POAG). It is an 8.5 mm long syn-
thetic polymer (SIBS—poly(styrene-block-isobutylene-block-styrene)) tube with a 70 μm
diameter lumen, which after implantation allows fluid to flow directly from the anterior
chamber of the eye to a filtering bleb underneath the conjunctiva [1]. It has been shown
that MicroShunt (MS) effectively achieves low target intraocular pressure (IOP) levels in
moderate to severe glaucoma, while reducing or eliminating the need for multiple glau-
coma medications [1–4]. Compared to traditional filtering surgeries like trabeculectomy
or glaucoma drainage devices (Ahmed Glaucoma Valve or Baerveldt Glaucoma Implant),
MicroShunt (MS) is less invasive, poses a lower risk of complications, and has faster visual
rehabilitation [1–3].
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However, managing patients with pseudoexfoliation glaucoma (PEXG) presents con-
siderable challenges. PEXG, characterized by the deposition of amyloid on the lens, iris, and
trabecular meshwork, is often more aggressive and tends to progress rapidly. The extent of
anatomical changes due to PEX can be assessed based on slit-lamp findings, like exfoliation
load, angle involvement, and zonular instability [5–7]., whereas the severity of PEXG is
commonly assessed using mean deviation (MD) from visual field testing. These anatomical
changes are clinically relevant, as they could potentially influence surgical outcomes. Un-
fortunately, detailed grading of PEX severity was not available in our retrospective dataset.
Due to these changes, PEXG patients are known to be more susceptible to postoperative
complications, particularly intraocular hypotony [3,5]. This can subsequently result in
severe conditions such as choroidal detachment, hypotony maculopathy, bleeding, and,
in some cases, irreversible vision loss [3]. MicroShunt (MS) has been shown to be equally
effective in lowering IOP and reducing glaucoma medication in patients with PEXG, with
outcomes comparable to those in primary open-angle glaucoma (POAG) [8]. Furthermore,
MicroShunt (MS) has been found to be non-inferior to trabeculectomy surgery (TET) in
PEXG patients [3].

To minimize the risk of early postoperative hypotony and its complications, non-
resorbable sutures can be used as intraluminal stents to ensure controlled drainage of
aqueous humor and thus reduce the risk of excessively low IOP and complications such
as choroidal detachment [9,10]. Beyond stabilizing IOP, intraluminal stenting also offers
several additional benefits. By ensuring a steady, controlled flow of aqueous humor, it
promotes proper healing around the shunt and reduces inflammation. Moreover, suture
stents are easy to manage during surgery and can be removed at the slit lamp without the
need for additional surgery [9,11,12].

This study aims to evaluate the impact of intraluminal stenting with a 10-0 nylon
suture in patients with PEXG undergoing MicroShunt (MS) surgery.

The primary goal is to determine whether this technique reduces the incidence of
postoperative hypotony and its complications, such as choroidal detachment and vision-
threatening hypotony maculopathy. In addition, the study will assess the effect of in-
traluminal stenting on IOP control, IOP-lowering medication use, time to stent removal,
treatment failure, visual acuity, visual field progression, and adverse events during the first
four months after surgery.

2. Materials and Methods

2.1. Study Design

This was a single-center retrospective case-control study including all consecutive
patients who underwent MicroShunt (MS) implantation with or without intraluminal
stenting at the Department of Ophthalmology, LMU University Hospital, for uncontrolled
PEXG between July 2019 and February 2020, and December 2023 and July 2024.

Clinical data was collected according to the principles of the Declaration of Helsinki
and approved by the local regulatory ethics committee (Nr. 25-0296). Written informed
consent was obtained from all patients.

2.2. Study Population

All participants were diagnosed with PEXG that was not adequately controlled with
maximum tolerated medical therapy or was progressing despite treatment. Patients who
were candidates for glaucoma surgery were eligible for inclusion.

Due to the occurrence of low postoperative IOP following MicroShunt (MS) surgery in
patients with PEXG, intraluminal stenting of the MicroShunt (MS) using a 10-0 nylon suture
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was introduced as a modification. This retrospective analysis included patients who were
divided into two groups based on the surgical technique: those who received MicroShunt
(MS) implantation with a 10-0 nylon stent (nsMS group) and those who received MicroShunt
(MS) without the stent (MS-only group). Due to the retrospective design of the study, there
is a potential risk of selection bias, as the decision to use a stent was not randomized but
based on individual clinical judgment. Only standalone procedures were performed.

2.3. Study Measurements

Postoperative visits followed a standardized regimen. Patients remained in the hospi-
tal for two days after surgery, with subsequent follow-up visits at intervals of one week to
four weeks, six to eight weeks, and three to four months after surgery.

Before surgery, Visual Field 30-2 testing (Humphrey Field Analyzer 3; Carl Zeiss AG,
Oberkochen, Germany) was conducted. Baseline demographic data (age, sex, lens status,
spherical refraction, glaucoma medications) were also recorded. For each visit, the patients
underwent a comprehensive ophthalmic evaluation, including slit lamp biomicroscopy,
fundoscopy, and Goldmann applanation tonometry.

2.4. Surgical Success and Failure

In accordance with the World Glaucoma Association’s Guidelines on the Design
and Reporting of Glaucoma Surgical Trials [13], failure was defined by any of the
following criteria:

1. IOP greater than 17 mmHg or less than 5 mmHg on two consecutive visits.
2. Less than 20% reduction in IOP from baseline on two consecutive visits.
3. The need for surgical revision or reoperation.
4. Loss of light perception.

The first and second postoperative days were excluded from the assessment of surgical
success. Needling was not classified as a failure. Complete success was defined as meeting
no failure criteria at four months without medication, while qualified success was defined
as meeting no failure criteria at four months with medication.

2.5. PRESERFLO™ MicroShunt Implantation

MicroShunt (MS) implantation with or without stenting with a 10.0 suture was per-
formed. Initially, a corneal traction suture was placed with 6-0 silk. A conjunctival limbal
incision was made in the superonasal or superotemporal quadrant of the eye, Tenon’s
capsule and conjunctiva were dissected, and episcleral tissue was removed. Three sponges
soaked in Mitomycin C 0.02% (0.2 mg/mL) were applied to the subtenon space for 2 min,
then thoroughly rinsed with balanced salt solution. Afterwards, a 1 mm lance was used to
create a scleral tunnel 3 mm from the limbus. A 25-gauge needle was then used to create a
path between the iris and cornea, through which the MicroShunt (MS) was inserted in the
anterior chamber. The MicroShunt (MS) was irrigated with balanced salt solution (BSS) to
verify its function. Nylon stenting was carried out similarly to what has previously been
described by Luke et al. [14]: One end of the nylon thread was inserted into the lumen
of the MicroShunt (MS). An intrastromal corneal incision was made close to the limbus
using a 15-degree knife. The other end of the nylon thread was then embedded in this
corneal incision (Figure 1). This step was skipped in the control group. The conjunctiva
and Tenon’s capsule were finally placed over the shunt and attached to the limbus with
9-0 Vicryl sutures. A peribulbar injection of 4 mg dexamethasone was applied to reduce
postoperative inflammation, followed by topical dexagentamicin ointment, and placement

32



J. Clin. Med. 2025, 14, 6224

of an eye patch. The procedure was performed under local anesthesia (retrobulbar block)
or general anesthesia.

 

Figure 1. Postoperative (1 day) images showing the position of the 10.0 nylon suture inside the
PreserFlo MicroShunt tube. (A) Schematic drawing of the placement of the 10.0 nylon suture inside
the lumen and intracorneally (U-loop) (in red). (B) After implantation of the MicroShunt (MS) tube, a
10-0 nylon suture is advanced to the inner end of the tube (black arrow). (C) Then, a 10.0 nylon suture
U-loop is embedded subepithelially in the area of the limbal cornea (white arrow), which enables
easy postoperative access.

2.6. Post-Operative Management
2.6.1. Medication

Following surgery, a comprehensive care plan was implemented to ensure optimal
healing and vision recovery. The specific treatment plan for each patient may vary based
on individual factors such as IOP and bleb failure.

In general, postoperative management involved the following:
After surgery, the patients discontinued their previous glaucoma medications. To

reduce inflammation and promote healing, a topical anti-inflammatory medication regimen
(Prednisolone acetate 1% (10 mg/mL) eyedrops) was initiated. While first applied every
hour, the dosage was then gradually tapered off every week. To prevent infection, a topical
antibiotic (Levofloxacin eyedrops) was administered for a week.

The healing process, the state of the filtering bleb, and IOP were continuously moni-
tored after surgery.

In case of low IOP (<5 mmHG) after surgery, atropine 0.5% eyedrops were started and
continued until IOP was above 5 mmHG. IOP-lowering medications may be reintroduced
or continued as necessary to maintain target IOP levels. The decision to adjust or discon-
tinue these medications was made by the treating ophthalmologist based on the patient’s
individual needs and response to surgery.

2.6.2. Intraluminal Stent Removal

The criterion for stent removal was an IOP of over 15 mmHg. This criterion was based
on the surgeons’ clinical experience, aiming to balance the risk of early hypotony and high
IOP values. The intraluminal stent removal was performed at the slit lamp under topical
anesthesia by grasping the corneal end of the 10-0 nylon suture at the level of the cornea
with forceps and pulling it out of the lumen.
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2.6.3. Needling and Bleb Revision

Depending on the scarring of the bleb and IOP, 5-Fluorouracil (5-FU) was injected
subconjunctivally near the bleb at the examiner’s discretion. If bleb failure or other compli-
cations occurred, additional surgical interventions like needling or surgical revision were
required. Needling and surgical revision were performed under sterile conditions in the
operating room.

Needling was performed in cases of elevated IOP with a scarred and flat bleb. After
topical anesthesia, lidocaine was injected under the conjunctiva near the bleb. A 30- or
27-gauge needle was then used to gently break down adhesions in the subconjunctival
space both above and below the MicroShunt (MS) with controlled sweeping movements.
Finally, 0.1 mL of 5-Fluorouracil (5-FU) was injected into the subconjunctival space, close to
the bleb.

If needling failed to lower IOP or scarring in the bleb reappeared, surgical revision was
performed. Tenon and conjunctiva were carefully dissected and scar tissue surrounding
the implant was removed. Mitomycin C (0.02%; 0.2 mg/mL) was applied using a soaked
sponge, which was left in place for two minutes. After removing the sponge, the eye and
implant were thoroughly rinsed with BSS. The conjunctiva and Tenon’s capsule were finally
placed over the shunt and attached to the limbus with 9-0 Vicryl sutures. The procedure
concluded with a peribulbar injection of 4 mg dexamethasone, topical dexagentamicin
eyedrops, and an eye patch. Postoperative treatment followed the same protocol as after
the initial implantation.

2.6.4. Outcome Measures

The primary outcome measure of the study is IOP and assessment of hypotony-
related postoperative complications up to four months after surgery. Secondary outcome
measures include the number of IOP-lowering medications and visual acuity, measured as
best corrected visual acuity (BCVA) in Snellen. Snellen visual acuity measurements were
converted to logMAR equivalents for analysis. Additional measures include the incidence
of severe adverse events such as blebitis, endophthalmitis, corneal decompensation, retinal
detachment, suprachoroidal hemorrhage, and wipe-out with complete vision loss.

2.6.5. Statistical Analysis

To evaluate potential associations between baseline demographic parameters and
intraluminal stent use, multivariable regression analysis was performed with Bonferroni
correction. Normal distribution of data was assessed using the Shapiro–Wilk test. Cate-
gorical variables like clinical and demographic data were presented as absolute numbers
and percentages. Fisher’s exact test was used for categorical variables, as appropriate. To
compare means and proportions between the groups, Mann–Whitney U test was used as
data was non-normally distributed. For a comparison of more than two groups, repeated
measures ANOVA was used. Log-rank test was used to compare survival distributions.
A post hoc power analysis was conducted to determine the minimum detectable effect
size at a power of 0.8. A p-value of less than 0.05 was considered statistically significant.
Confidence intervals (CIs) were calculated using a two-tailed method at a 95% confidence
level. Statistical analyses and graph plotting were performed using Graphpad Prism for
Windows (version 10.4.1; USA).
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3. Results

3.1. Baseline Characteristics

This study included a total of 43 eyes, with 23 eyes in the MicroShunt with nylon stent-
ing (nsMS) group and 20 eyes in the MicroShunt (MS-only) group. Baseline demographic
data of both groups are presented in Table 1.

The patients ranged from 60 to 93 years old, with a median age of 75.7 ± 8.2 years. Both
groups had similar age (p = 0.98, Mann–Whitney U test) and gender (p = 0.07, Fisher’s exact
test). Preoperative intraocular pressure (p = 0.3289, ANOVA) and BCVA (p = 0.3129, Mann–
Whitney U test) were comparable between the two groups. The nsMS group showed greater
visual field loss (mean deviation (MD) of the nsMS group was −14.66 decibel (dB) ± 9.28
dB, whereas mean MD of MS-only group was −7.65 dB ± 5.76 dB (p = 0.01, Mann–Whitney
U test)).

Table 1. Summary of demographic characteristics of study patients at baseline in the MS-only and
nsMS groups.

nsMS (10.0) (n = 23) MS-Only (n = 20) p

Age (y, mean ± SD) 75.54 ± 7.79 75.95 ± 8.85 0.98 a

Female [n (%)] 8 (34.8%) 13 (65%) 0.0690 b

Pseudophakic [n (%)] 14 (60.9%) 15 (75%) 0.3528 b

Bilateral cases [(%)] 2 (9%) 2 (9%) >0.9999 b

Combined surgery [(%)] 0 (0%) 1 (5%) 0.4651 b

Baseline IOP (mmHG) 23.54 ± 7.81 21.4 ± 5.76 0.3289 c

Baseline MD (mean ± SD) −14.54 ± 9.38 −7.65 ± 5.76 0.01 a

Baseline BCVA (logmar, mean ± SD) 0.30 ± 0.22 0.18 ± 0.22 0.3129 c

Baseline medications (n, mean ± SD) 2.88 ± 1.19 2.75 ± 1.29 0.7919 a

CCT (μm, mean ± SD) 532.18 ± 37.17 544.7 ± 52.76 0.18 a

a Mann–Whitney U test; b Fisher’s exact test; c repeated measures ANOVA; CCT = central cornea thickness;
BCVA = best corrected visual acuity; MD = mean deviation, SD = standard deviation.

The same number and types of intraocular pressure-lowering medications were used
by both groups preoperatively (p = 0.79, Mann–Whitney U test). Meanwhile, lens status
(p = 0.35, Fisher’s exact test), corneal thickness (p = 0.18, Mann–Whitney U test), spherical
refraction (p = 0.91, Mann–Whitney U test), and the history of prior glaucoma surgeries
(p ≥ 0.9999 Fisher’s exact test) were comparable.

Multivariable regression analysis found that among demographic factors, visual field
loss, expressed as MD, was significantly associated with stent use (p = 0.007, Bonferroni-
corrected multivariable regression analysis). Other factors, including age, sex, pseu-
dophakia, baseline visual acuity, IOP, and number of medications, did not show statistically
significant associations.

3.2. Primary Outcome Measures

At all measured timepoints up to 4 months (Figure 2), intraocular pressure (IOP)
decreased significantly in the MS-only group from a preoperative mean of 21.4 mmHg
(±5.76) [CI 95%: 18.70 to 24.10 mmHg] to postoperative means at each timepoint: 1 day
(7.4 mmHg ± 3.8) [CI 95%: 5.64 to 9.16 mmHg], 2 days (7.05 mmHg ± 3.2) [CI 95%:
5.57 to 8.53 mmHg], 1–4 weeks (7.8 mmHg ± 3.4) [CI 95%: 6.18 to 9.35 mmHg], 6–8 weeks
(9.6 mmHg ± 2.7) [CI 95%: 8.33 to 10.87 mmHg], and 3–4 months (10.81 mmHg ± 2.28) [CI
95%: 9.74 to 11.88 mmHg] (p < 0.001, Mann–Whitney U test).

Also, in the nsMS group, IOP declined from a preoperative mean of 23.54 mmHg
(±7.81 mmHg) [CI 95%: 20.16 to 26.92 mmHg] to postoperative means at 1 day
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(8.8 mmHg ± 3.8 mmHg) [CI 95%: 7.18 to 10.49 mmHg], 2 days (8.0 mmHg ± 3.5) [CI 95%:
6.50 to 9.50 mmHg], 1–4 weeks (10.6 mmHg ± 5.3) [CI 95%: 8.32 to 12.88 mmHg], 6–8 weeks
(13.0 mmHg ± 8.5) [CI 95%: 9.28 to 16.62 mmHg], and 3–4 months (11.90 mmHg ± 5.01)
[CI 95%: 9.74 to 14.07 mmHg]. This reduction was also statistically significant (p < 0.001,
Mann–Whitney U test) (Figure 2).

After 4 months postoperatively, there was a reduction in the IOP of 49.45% in the nsMS
group versus 49.49% in the MS-only group. The IOP reduction to preoperative values did
not differ between the groups at all measured timepoints up to 4 months postoperatively.
Significance levels are depicted in Figure 2. The achieved powers were calculated to be
0.23 (minimum effect size: 112) at day 1, 0.151 (minimum effect size: 192) at day 2, 0.546
(minimum effect size: 40) at week 1–4, 0.407 (minimum effect size: 58) at week 4–6, and
0.483 (minimum effect size: 47) at month 3–4.

Figure 2. Development of IOP (mmHg) in the MS-only and nsMS groups from preoperative levels
to the four-month follow-up visit (mean ± SD). IOP decreased significantly in both the MS-only
and the nsMS group from before surgery to 4 months postoperatively (p < 0.001, Mann–Whitney U
test). The reduction in IOP did not differ between the groups at all measured times up to 4 months
postoperatively (d = day; w = week; m = month; ns = not significant).

The lowest recorded IOP was 0 mmHG in the MS-only group and 2 mmHg in the
nsMS group. The rate of hypotony was higher in the MS-only group (40%) compared to
the nsMS group (21.74%), though this difference did not show to be statistically significant
(p = 0.3184, Mann–Whitney U test). Achieved power was 0.162 (minimum effect size: 110)
(Figure 2).

3.3. Medical Therapy

In both groups, the average number of IOP-lowering medications significantly de-
creased in the nsMS group from 2.88 ± 1.19 to 0 (p < 0.0001; Fisher’s exact test) and in the
MS-only group from 2.75 ± 1.2 to 0.25 (p < 0.0001; Fisher’s exact test) after 3 to 4 months.
As illustrated in Figure 3, after 3 months, a single eye (4.3%) in the nsMS group needed
three IOP-lowering drugs within 4 to 8 weeks. This eye received needling after a week and
bleb revision after 2 weeks post-surgery due to bleb failure. IOP-lowering medication was
no longer indicated after these procedures.
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Figure 3. Histogram showing the number of IOP-lowering medications used preoperatively from day
1 to the 4-month follow-up visit (mean ± SD). In both groups, the average number of IOP-lowering
medications significantly decreased after 3 to 4 months. (A) In the nsMS group antiglaucomatous
medication decreased from 2.88 ± 1.19 to 0 (p < 0.0001; Fisher’s exact test) (B) In the MS-only group
antiglaucomatous medication decreased from 2.75 ± 1.2 to 0.25 (p < 0.0001; Fisher’s exact test)
(Pre = preoperatively; d = day; w = week; m = month; * p ≤ 0.0001)).

In the MS-only group, one eye (5%) needed 4 IOP-lowering eyedrops after 4 months,
because of progressive visual field defects despite an IOP of 13 mmHG.

There was no significant difference in reduction of medication between the two groups
(p ≥ 0.9999; Fisher’s exact test). The calculated power for this comparison was 0.062
(minimum effect size: 156).

3.4. Intraluminal Stenting

In 14 eyes (60.87%), the intraluminal stent was removed, with an average removal time
of 52.72 ± 40.45 days [CI 95%: 29.35 to 76.09 days] (Figure 4) and a mean IOP reduction
of 4.19 ± 3.6 mmHg [CI 95%: 2.11 to 6.27 mmHg] after removal. Pre-removal IOP was
18.86 ± 5.72 mmHg [CI 95%: 15.56 to 22.16 mmHg], dropping to 14.67 ± 9.31 mmHg [CI
95%: 9.29 to 20.05 mmHg] (p = 0.038, Mann–Whitney U test) (Figure 4).

Figure 4. Time of stent removal and effect on IOP. (A) Average removal time of intraluminal stent
(average removal time of 52.72 ± 40.45 days); (B) IOP before and after stent removal. Pre-removal
IOP was 18.86 ± 5.72 mmHg, dropping to 14.67 ± 9.31 mmHg (p = 0.03836, Mann–Whitney U test).

3.5. Postoperative Complications

Table 2 provides an overview of the postoperative complications in each group. The
most prevalent complication was hypotony. Hypotony occurred in 21.74% eyes in the
nsMS group (5 eyes) and 40% in the MS-only group (8 eyes), with no statistically significant
difference (p = 0.3184; Fisher’s exact test). The power reached was calculated to be 0.162
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(minimum effect size: 110). All cases of hypotony in the MS-only group occurred early after
surgery and resolved within the first 6 weeks. In six eyes in the MS-only group and in one
case in the nsMS group, hypotony resolved spontaneously. Others required conservative
treatment with topical atropine and/or therapeutic contact lenses (four eyes (80%) in the
nsMS group and two eyes (10%) in the MS-only group). In total, 2 cases (10%) in the
MS-only group and 0 cases (0%) in the nsMS group required stabilization of the anterior
chamber with viscoelastic.

However, the MS-only group experienced significantly more complications related
to excessively low IOP. Specifically, 6 eyes (30%) in the MS group without nylon stenting
developed choroidal detachment. In contrast, none (0%) of the patients in the nsMS group
experienced these complications (p = 0.0064, Fisher’s exact test). Achieved power was 0.752
(minimum effect size: 24). Interestingly, five days after removal of the intraluminal stent,
one patient experienced intraocular hypotony with choroidal detachment; however, the
intraocular hypotony and choroidal detachment resolved spontaneously after the use of
topical atropine 1%.

Both groups experienced complications such as Seidel-positive leakage (one in the
MS-only group and two in the nsMS group (p ≥ 0.9999, Fisher’s exact test)) and a flat
anterior chamber (three in the MS-only group and one in the nsMS group (p = 0.3235,
Fisher’s exact test)). Hyphema was seen in the MS-only group in 4 cases, but nsMS did not
experience hyphema (p = 0.0393, Fisher’s exact test)

Table 2. Postoperative complications after MS-only and nsMS surgery.

nsMS (n = 23) MS-Only (n = 20) p

Hypotony (in%) 5 (21.74%) 8 (40%) 0.3184
Choroidal detachment (in%) (0) 0% (6) 30% 0.0064
Flat anterior chamber (n (%)) (1) 4% (3) 15% 0.3235

Macular folds (0) 0% (0) 0%
Hyphema (0) 0% (4) 20% 0.0393

Corneal complications (n (%)) (1) 4% (3) 15% 0.3235
Corneal dellen (n (%)) (0) 0% (0) 0% >0.9999

Corneal erosion (n (%)) (0) 0% (2) 10% 0.2104
Corneal edema (n (%)) (1) 4% (1) 5% >0.9999
Seidel positive (n (%)) (2; Seidel I + Seidel II) 9% (1; Seidel I) 5% >0.9999

Implant extrusion (n (%)) 0% (0) 0% >0.9999
Blebitis (n (%)) 0% (0) 0% >0.9999

Loss of light perception (n (%)) 0% (0) 0% >0.9999
Data are presented as numbers and percentages of the total number for the respective treatment group (MS-only
or nsMS). The nsMS group had significantly lower number of choroidal detachment (p = 0.0064, Fisher’s exact
test) and hyphema (p = 0.0393, Fisher’s exact test). Other complications were similar.

Corneal erosion could be observed in two patients in the MS-only group, whereas it
was absent in the nsMS group (p = 0.2104, Fisher’s exact test). Both groups experienced
one case of corneal edema (p ≥ 0.9999, Fisher’s exact test). In none of the groups, macular
folds, corneal dellen, implant extrusion, blebitis, or loss of light perception was recorded.

Importantly, no serious adverse events were reported in either group.
The resulting power was calculated to be 0.51 (minimum effect size: 676) for Seidel-

positive leakage, 0.111 (minimum effect size: 121) for flat anterior chamber, 0.458 for
hyphema (minimum effect size: 37), 0.135 (minimum effect size: 76) for corneal erosion,
and 0.093 (minimum effect size: 692) for corneal edema.
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3.6. Subconjunctival Injection of 5-FU, Needling, and Surgical Revision

In the MS-only group, subconjunctival 5-FU injections were administered 24 times
(1.2 injections per case) compared to 40 times (1.74 injections per case) in the nsMS group
(p = 0.1004, Fisher’s exact test). The number of 5-FU injections did not differ significantly
(p = 0.117, Fisher’s exact test) between the two groups. The statistical power obtained was
0.170 (minimum effect size: 50).

A single 5-FU injection was sufficient in 11 cases (55%) in the MS-only group and
8 cases (34.78%) in the nsMS group. Two injections were required in 6 cases (30%) in the
MS-only group and 12 cases (52.2%) in the nsMS group. Three injections were necessary
in 3 cases (13.04%) in the nsMS group. Notably, 3 eyes (15%) in the MS group did not
require any postoperative 5-FU injections, whereas every eye in the nsMS group received
at least one.

On the second day and the 4- to 8-week mark, the total number of eyes requiring 5-FU
injections differed significantly between the groups (p = 0.0387 and p = 0.050, Fisher’s exact
test), with the nsMS group receiving more injections. No significant differences could be
observed at other timepoints (p ≥ 0.9999, Fisher’s exact test).

Needling was performed when a flat bleb, elevated IOP, or a Tenon’s cyst were
present. The total number of eyes requiring needling did not differ significantly between
the two groups (p > 0.9999, Fisher’s exact test). The calculated power was 0.067 (minimum
effect size: 801). At all times, there was no significant difference in needling rates (p > 0.9999,
Fisher’s exact test).

Early bleb encapsulation requiring needling occurred in 2 cases (10%) in the MS-only
group and 2 cases (8.7%) in the nsMS group. In the MS-only group, needling was performed
at either day 1 or between 4 and 8 weeks postoperatively. In the nsMS group, needling was
performed between 4 and 8 weeks and 3 and 4 months postoperatively.

Within the first week after surgery, two patients in the MS-only group required three
interventions (three anterior chamber reformations with Healon (hyaluronic acid sodium
8.5 mg/0.85 mL)), while one patient in the nsMS group required a single intervention
(re-suturing of the conjunctiva) (p = 0.3475, Fisher’s exact test).

During the four-month follow-up, surgical revision was not needed in the MS-only
group (0%), whereas it was necessary in three cases in the nsMS group (13%) (p = 0.2464,
Fisher’s exact test). Besides, one patient in the MS-only group required rescue surgery with
repositioning and suture-fixation of the implant, along with occlusion of the tube using an
8.0 Ethilon suture. Whereas no such procedure was needed in the nsMS group (p = 0.4773,
Fisher’s exact test).

Further glaucoma surgery was required for one patient in the MS-only group. Four
months after initial, complicated surgery and the above-mentioned rescue surgery on the
fourth postoperative day as well as unsuccessful needling, cyclophotocoagulation was
performed due to scarring of the bleb and conjunctiva as well as underlying systemic
comorbitities that limited the feasibility of further glaucoma-valve surgery. Up to the
four-month follow-up, no patients in the nsMS group required further surgery (p = 0.4773,
Fisher’s exact test).

3.7. Success Rates

In the MS-only group, 85% (17/20) achieved complete success compared to 65.3%
(15/23) in the nsMS group (p = 0.1396; Log-rank test). Qualified success was achieved
in 90% (18/20) of the MS-only group and 82.6% (19/23) of the nsMS group (p = 0.1396;
log-rank test). Kaplan–Meier survival curves for complete success are shown in Figure 5.
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Figure 5. Kaplan–Meier survival curve of cumulative surgical success through four months
of follow-up.

In the nsMS group, three patients (13.0%) experienced an IOP outside the 5–17 mmHg
range on two consecutive visits—two after 3–4 months and one after 6 weeks. Moreover,
another patient (4.3%) experienced an IOP reduction of less than 20% from baseline to
3–4 months compared to none in the MS-only group.

After four or five days, two patients (10%) in the MS-only group developed postoper-
ative hypotony, requiring AC reformation with Healon. Another patient needed further
glaucoma surgery (cyclophotokoagulation) after 4 months. In the nsMS group, one patient
required surgery after 2 days (re-suturing of the conjunctiva) due to a Seidel I-positive
filtering bleb and three patients required open revision surgery for a scarred bleb after two,
four, and seven weeks (13.0%).

4. Discussion

Postoperative hypotony is a recognized risk for MicroShunt (MS) surgery. Unlike the
Ahmed valve, which regulates aqueous outflow through a built-in resistance mechanism,
MicroShunt (MS) is based on the principles of the Hagen–Poiseuille law and the grad-
ual development of outflow resistance caused by fibrosis in the conjunctiva and Tenon’s
capsule [15,16]. This risk, along with the potential for sight-threatening complications
such as choroidal detachment, macular folds, and suprachoroidal hemorrhage, is further
heightened in PEXG patients undergoing MicroShunt (MS) surgery [3,16,17], as in PEXG
patients, conjunctival and scleral healing can be impaired by oxidative stress and chronic
inflammation due to exfoliative material [17,18]. Additionally, a higher incidence of com-
plications such as zonular dialysis and vitreous loss may further disrupt drainage through
the MicroShunt (MS) tube [5,19]. Consequently, to prevent hypotony in PEXG patients,
measures like reducing outflow from the MicroShunt (MS) tube using a nylon stent should
be considered during surgery.

This retrospective study of 43 eyes investigated the incidence of intraocular hypotony
in patients with PEX glaucoma undergoing MicroShunt (MS) implantation with (n = 23) or
without (n = 20) intraluminal stenting with a 10.0 nylon suture. The follow-up period was
4 months after surgery. Although the use of a 10.0 nylon stent for outflow restriction as a
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treatment for prolonged postoperative hypotony has been described previously [10–12],
this, to our knowledge, is the first study to evaluate the efficacy of MicroShunt (MS) flow
restriction in PEX glaucoma eyes and its preventive impact on early hypotony rates and
associated complications. The two groups were demographically comparable, except for
significantly more advanced visual field defects (expressed as mean deviation (MD)) in
the nsMS group (p = 0.01). Moreover, MD significantly predicted the likelihood of stent
implantation (p = 0.007). This may be attributed to consistent clinical outcomes with
MicroShunt (MS) implantation in PEXG cases, which has encouraged its use in more
advanced stages of PEXG. However, it also suggests a potential treatment bias, whereby
surgeons may have been more inclined to select patients with more severe disease for
intraluminal stenting.

Previously, it was demonstrated that MicroShunt (MS) implantation is effective for
PEXG, showing non-inferiority compared to trabeculectomy (TET) [3]. However, PEXG
patients experienced a higher incidence of hypotony, particularly with anterior chamber
shallowing, compared to MicroShunt (MS) surgery performed in patients with primary
open-angle glaucoma (POAG) [8,20]. As a preventive measure, intraluminal stents may
be used—similar to Baerveldt or Paul glaucoma drainage devices, where such stents are
routinely placed and typically removed after 4 to 6 weeks.

Nylon stenting with a 10.0 nylon suture (20 μm diameter) reduces the lumen of the
MS (70 μm diameter) by 29% and consequently decreases outflow. That is why lower rates
of hypotony were hypothesized in the nsMS group, as demonstrated previously in other
cohorts [10–12,14].

However, in the present study, no significant difference in early postoperative hy-
potony rates between the MS-only and nsMS groups could be found. Although the hy-
potony rate was higher in the MS-only group (40%, 8 eyes) compared to the nsMS group
(21.74%, 5 eyes), the difference was not statistically significant (p = 0.3184). This lack of
difference may be attributed to factors such as the extent of MicroShunt (MS) occlusion
or the small sample size, causing this study to be underpowered to rule out a clinically
meaningful difference. Moreover, in contrast to Luke et al., Lupardi et al., Miura et al.,
and Verma-Fuehring et al. [10–12,14], our patient population consisted solely of PEXG
patients, who might respond differently to intraluminal stenting. PEXG is known to exhibit
fluctuating IOP values and is generally more aggressive, with a higher risk of postop-
erative hypotony [17]. As mentioned before, the size of the suture could play a role in
IOP control. Here, we used a 10.0 nylon suture, which is about 20 μm in diameter and
occludes approximately 29% of the MicroShunt (MS) (lumen: 70 μm diameter). In contrast,
Luke et al. [14] used a thicker 8-0 polyamide suture, which has a larger diameter (40 μm)
and occludes up to 50% of the MicroShunt (MS) lumen. The thicker suture may be more
effective in reducing postoperative hypotony. However, it is important to distinguish un-
complicated hypotony—which typically resolves spontaneously within 4–6 weeks—from
clinical hypotony associated with complications such as choroidal detachment and anterior
chamber shallowing.

Although the overall difference in the rate of hypotony did not reach statistical signifi-
cance, clinical hypotony was significantly lower in the nsMS group. Notably, no cases of
choroidal detachment, a serious sight-threatening complication, occurred in the stenting
group compared to 30% (6 eyes) in the MS-only group (p = 0.0064). Interestingly, hyphema
occurred less frequently in the nsMS group (p = 0.0393), possibly due to a lower incidence
of clinical hypotony, as reflux bleeding is associated with excessively low postoperative IOP
levels. Other complications, such as corneal edema (p > 0.9999), corneal erosion (p = 0.2104),
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and shallow anterior chamber (p = 0.3235), remained comparable between the groups. This
could suggest that nylon stenting does not cause additional trauma.

While the intraluminal stent provided fewer hypotony-related complications, it did
not significantly affect long-term IOP control or the need for glaucoma medications. Both
groups had comparable reductions in anti-glaucoma eyedrop usage (p = 0.999), and surgical
success (p = 0.1396) was similar. Needling rates in our study were the same in both
groups (Needling: MS-only group 10% and nsMS-group 8.7%) and in line with previously
published studies. Thus, needling rates of 5% to 19% were reported after one year of
follow-up [14,21]. Additionally, the number of eyes (p = 0.117) needing 5-FU injections and
total number of 5-FU injections did not differ significantly (p = 0.10). These findings suggest
that the 10.0 intraluminal stent appears to effectively stabilize IOP without compromising
MicroShunt (MS) filtration efficacy at up to 4 months.

However, four patients in the nsMS group experienced IOP levels greater than
17 mmHg or a reduction of less than 20%. This could be attributed to the intralumi-
nal stent not yet being removed; therefore, optimal timing for stent removal is essential to
achieve better long-term IOP control. Nevertheless, to avoid hypotony after early suture
removal, we recommend pulling out the nylon suture no earlier than 4 weeks, once the
drainage bleb has formed. If necessary, in the case of rising IOP, topical anti-glaucoma
medications, preferably beta-blockers or carbonic anhydrase inhibitors, should be used
during this period. In cases where IOP remains consistently below 15 mmHg, the intra-
luminal stent is retained long-term. This approach is based on findings from previous
studies [10–12,14], which have not demonstrated any disadvantages associated with stent
retention. Maintaining the stent could help reduce the risk of delayed-onset hypotony,
which can occur even after initially stable postoperative outcomes. However, a longer
follow-up period would be required to thoroughly assess the long-term safety and efficacy
of this approach.

However, patients with nylon stenting may be at an increased risk of complications,
such as endophthalmitis. This risk is thought to arise from the stent serving as a conduit
between the anterior chamber and the subconjunctival space [12,22]. None of our patients
experienced this complication, and moreover, previous studies have reported no cases
of infection following intraluminal stent placement [10–12,14]. To minimize the risk of
infection, we adopted a technique first described by Luke et al. [14], in which the nylon
suture is embedded into the cornea (Figure 1). Burying the external end of the suture in a
corneal groove simplifies postoperative management, lowers the risk of bacterial invasion,
reduces the need for invasive removal procedures, minimizes accidental suture pullout,
and improves patient comfort.

In conclusion, this study provides preliminary evidence that intraluminal stenting
with a 10.0 nylon suture during MicroShunt (MS) implantation may be a promising strategy
to reduce the risk of hypotony-related complications in PEXG patients. The technique is
minimally invasive and technically straightforward and integrates seamlessly into existing
surgical workflows. However, this study has several limitations. Its retrospective design
may introduce selection bias and limit control over data collection, as the decision to use a
stent may have been influenced by clinical judgment, potentially favoring stent placement
in higher-risk cases. Indeed, glaucoma severity, as measured by mean MD, was significantly
associated with stent implantation (p = 0.007), suggesting a possible treatment bias in
which surgeons preferentially selected patients with more advanced PEXG for intraluminal
stenting. This bias may confound interpretation of treatment outcomes, as more severe
baseline disease could lead to different postoperative trajectories. Glaucoma severity was
assessed using visual field MD as recommended by the World Glaucoma Association’s
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Guidelines on the Design and Reporting of Glaucoma Surgical Trials. However, we did not
apply a PEX-specific grading system that considers factors such as exfoliation load, angle
involvement, or zonular instability. This limits our ability to address disease heterogeneity
within the PEXG population. Prospective studies with standardized criteria for stent
selection are needed to reduce bias and more accurately assess the efficacy of stenting
across varying disease severities.

Lastly, the relatively small sample size (n = 43) limits the statistical power and gener-
alizability of our findings. Several comparisons did not reach statistical significance and
should therefore be interpreted with caution. Post hoc power analysis indicated insufficient
power to detect small to moderate effect sizes, meaning that the study may not have been
adequately powered to rule out clinically relevant differences. Larger, well-powered studies
are warranted to validate and expand upon these results.
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Abstract: Background/Objectives: This study aims to evaluate the long-term efficacy
and safety of ab interno techniques using minimally invasive glaucoma surgery (MIGS),
specifically XEN gel stent implantation, by evaluating its 2-year outcomes in patients with
primary open-angle glaucoma (POAG) and pseudoexfoliation glaucoma (PXG). Methods:
This retrospective single-center study consecutively included 31 eyes of 31 patients with
POAG or PXG who underwent XEN gel stent implantation. Patients were followed for 24
months, with assessments at multiple time points. Success was defined as achieving an IOP
of less than 14 mmHg and a reduction of more than 20% from preoperative IOP without
additional glaucoma surgery. Bleb morphology was evaluated using anterior segment
optical coherence tomography (AS-OCT) and slit-lamp photographs. Postoperative inter-
ventions and complications were also recorded. Results: At 24 months, complete success
and qualified success rates were 35.5% (11/31) and 51.6% (16/31), respectively. There was
no difference in surgical success rates at 2 years based on the tip location (intraconjunctiva,
intratenon, and uviform) on the 1st postoperative day. Patients with high sparse wall on
AS-OCT imaging or avascular bleb morphology via slit-lamp photography at 6 months
postoperatively had higher complete success rates at 2 years than those without (p = 0.007,
p = 0.009, respectively). Patients with avascular bleb types at 6 months postoperatively
had higher qualified success rates at 2 years compared with the vascular types (p = 0.038).
Needling was performed in 32.3% of eyes, with secondary surgical procedures required
in 16.1% of eyes. The most common adverse event was hypotony, occurring in 67.7% of
eyes on the 1st postoperative day but resolving within 6 months. Conclusions: The ab
interno XEN gel stent is an effective and minimally invasive option for managing POAG
and PXG, with long-term success predicted by the AS-OCT assessment of bleb morphology
at 6 months. Proactive postoperative management, emphasizing early intervention and
monitoring, is crucial for maintaining optimal outcomes.

Keywords: ab interno; bleb; intraocular pressure; MIGS; minimally invasive glaucoma
surgery; open-angle glaucoma; XEN gel stent

1. Introduction

Ab interno techniques in minimally invasive glaucoma surgery (MIGS) have trans-
formed the landscape of glaucoma management by offering less invasive alternatives to
traditional filtration surgeries like trabeculectomy and glaucoma drainage devices (GDDs)
for patients with early to moderate glaucoma [1,2]. These traditional surgeries are associ-
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ated with high complication rates, prompting the widespread adoption of MIGS procedures
in recent years, particularly in the United States from 2013 to 2018 [3].

Among the array of MIGS procedures available, the XEN gel stent (Allergan, Dublin,
CA, USA) has emerged as a notable option. Designed for ab interno placement, the XEN gel
stent acts as a subconjunctival drainage device, effectively lowering intraocular pressure (IOP)
while demonstrating safety and efficacy profiles comparable to trabeculectomy [4,5]. The ab
interno approach minimizes surgical trauma, reduces postoperative complications such as
hyphema, and preserves corneal endothelial integrity [6–8]. By sparing the conjunctiva from
extensive manipulation, this technique aims to prevent subconjunctival bleeding and enhance
the physiological absorption of aqueous humor through preserved conjunctival lymphatics.

Studies have shown that the XEN gel stent effectively reduces IOP and medication
burden in patients with primary open-angle glaucoma (POAG) and pseudoexfoliation
glaucoma (PXG) [9–11]. Comparable outcomes have been reported for both standalone
XEN procedures and those combined with cataract surgery in several studies [12–14].
Compared with traditional filtering surgeries such as trabeculectomy, the XEN gel stent
offers a favorable safety profile with a lower incidence of complications [15,16]. In addition,
bleb morphology evaluated by anterior segment OCT has been proposed as a meaningful
predictor of long-term surgical success [17,18].

In our previous study, we conducted a 6-month follow-up on patients who underwent
XEN gel stent implantation and identified key predictors of surgical success by evaluating
clinical parameters and bleb morphology using anterior segment optical coherence tomog-
raphy (AS-OCT) and slit-lamp photographs [17]. The short-term outcomes demonstrated
promising reductions in IOP and medication dependency, validating the efficacy and safety
of the XEN gel stent in a conjunctiva-sparing approach.

Based on previous research findings, this study extended the follow-up period to
24 months for the same patient cohort to examine the long-term efficacy, safety, and stability
of the XEN gel stent. By analyzing the evolution of bleb morphology and clinical outcomes
using AS-OCT images and slit-lamp examinations, our goal is to identify reliable predictors
of sustained surgical success. This research aims to significantly advance the understanding
of MIGS, particularly the ab interno approach with the XEN gel stent, providing crucial
insights for optimizing glaucoma management strategies.

2. Materials and Methods

2.1. Study Enrollment

In this retrospective single-center study, the electronic medical records of all patients
who underwent XEN gel stent surgery for medically uncontrolled POAG or PXG at the
CHA Bundang Medical Center between November 2018 and June 2019 were reviewed
and consecutively enrolled. This study was approved by the Institutional Review Board
of the CHA Bundang Medical Center and conducted at the CHA Glaucoma Clinic of the
CHA Bundang Medical Center in accordance with the tenets of the Declaration of Helsinki.
Written informed consent was obtained from all patients without a waiver.

2.2. Surgical Success Definitions

Success was defined as achieving an IOP of less than 14 mmHg and more than
20% reduction in preoperative IOP, with no additional glaucoma surgery or findings of
vision-threatening complications. This includes qualified success, with or without any
ocular hypotensive medications, and complete success, without any ocular hypotensive
medications. Needling was not considered as glaucoma surgery. Hypotony was defined as
having an IOP of less than 6 mm Hg at any visit.
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2.3. Surgical Procedures

All surgical procedures were performed by a skilled surgeon (S.R.) after obtaining informed
consent from all patients, following procedures outlined in previous studies [17]. Briefly, after
topical anesthesia, 0.05 mL of 2% lidocaine with epinephrine was injected into the superior
subconjunctival space, 6 mm from the XEN tip site. Viscoelastics were injected via a 1 mm side
port to maintain the anterior chamber. The XEN injector, through a 1.5 mm corneal incision,
placed the XEN implant 2 mm from the limbus at the superonasal angle. Confirmation via
surgical gonioscopy was followed by viscoelastic removal, corneal wound sealing with balanced
salt solution hydrosealing, and subconjunctival MMC injection (0.05 mL, 0.2–0.4 mg/mL).

2.4. Follow-Up and Outcome Measures

Patients were followed up on postoperative day 1, week 1, month 1, month 3, month 6,
month 12, month 18, and month 24. During each visit, IOP measurement, best-corrected
visual acuity (BCVA) assessment, slit-lamp examination, corneal endothelial cell count
examination, and AS-OCT were performed. The primary outcome evaluated the surgical
success rate by assessing the reduction in IOP and the change in the number of medications
compared with baseline in the 2-year follow-up after XEN gel stent surgery. Secondary
outcome measures included evaluating long-term surgical outcomes at 2 years based on
bleb morphology classified early postoperatively by AS-OCT or slit-lamp examination after
surgery. The tip location of the XEN stent was categorized into three groups based on its
anatomical position: intraconjunctival, when the tip was located beneath the conjunctiva;
intratenon, when the tip was positioned along the interface between the conjunctiva and
Tenon’s capsule; and uviform, when the tip was obscured by multiple protuberances within
a poorly hydrated bleb, making precise localization difficult.

2.5. Statistical Analysis

All data were analyzed using SPSS software version 29.0 (IBM Corp., Armonk, NY,
USA). Descriptive statistics were used to summarize the baseline characteristics of the study
population. Continuous variables were represented as mean ± standard deviation (SD),
while categorical variables were represented as frequencies and percentages. All statistical
tests were two-tailed, and a p-value < 0.05 was considered statistically significant. The
baseline characteristics were compared between the success and failure groups. Independent
t-tests were used for continuous variables such as age, axial length, central corneal thickness
(CCT), preoperative visual field index (VFI), preoperative IOP, the number of preoperative
medications, and postoperative 1 week IOP. For categorical variables such as sex, the presence
of POAG, and PXG, Fisher’s exact test was employed to assess the association between these
variables and surgical outcomes. The Kruskal–Wallis test was conducted to compare the
means among three independent groups due to the small sample size in each group. To
evaluate the postoperative course of IOP, number of medications, and ECC changes over
time, repeated measures ANOVA was employed to compare the mean values at multiple time
points (preoperative, 1 month, 6 months, 12 months, 18 months, and 24 months) within each
group (complete success and qualified success). A post hoc test was conducted to identify
specific time points where significant differences occurred between the groups. For the non-
parametric data related to the number of medications, the Wilcoxon signed-rank test was used
to calculate statistical significance. For the analysis of success or failure at 2 years based on
bleb morphology via AS-OCT imaging and slit-lamp photography, Fisher’s exact test was
used due to the relatively small sample sizes in some of the bleb morphology categories.
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3. Results

3.1. Demographics of Success and Failure Groups

A standard ab interno XEN implantation was performed in 31 eyes of 31 patients who
were followed for at least 2 years. According to the definition of success, as described
in the Methods section, the demographic features of the groups that achieved complete
success versus failure and qualified success versus failure are summarized in Table 1. No
statistically significant difference was observed between the complete success and failure
groups, as well as the qualified success and failure groups, regarding age, sex, axial length,
CCT, preoperative VFI, preoperative IOP, preoperative medications, the concentration of
MMC (0.02% or 0.04%) used, and proportion of POAG and PXG.

Table 1. Clinical characteristics of patients treated with XEN gel stent.

Qualified Success Complete Success

No
(n = 15)

Yes
(n = 16)

p-Value
No

(n = 20)
Yes

(n = 11)
p-Value

Age 64.20 ± 15.51 69.13 ± 15.03 0.874 66.40 ± 14.57 67.36 ± 17.04 0.408
Sex (female, %) 8 (57.1%) 6 (42.9%) 1.000 6 (46.2%) 7 (53.8%) 0.449
Axial length (mm) 25.39 24.69 0.260 25.06 24.98 0.820
CCT (um) 513.33 528.44 0.066 519.10 524. 0.322
Preoperative VFI (%) 44.33 55.13 0.329 45.45 58.3 0.291
Preoperative IOP (mmHg) 29.67 29.0 0.905 28.65 30.6 0.576
Preoperative medications (n) 3.13 ± 1.13 3.06 ± 1.24 0.965 2.95 ± 1.23 3.36 ± 1.03 0.576
MMC 0.504 0.273

0.02% MMC 60.0% 43.7% 60.0% 36.4%
0.04% MMC 40.0% 56.3% 40.0% 63.6%

POAG (%) 53.3 81.3 0.135 55.0 90.9 0.055
PXG (%) 46.7 18.7 0.135 45.0 9.1 0.055

sCCT, central corneal thickness; VFI, visual field index; IOP, intraocular pressure; MMC, mitomycin C; POAG,
primary open-angle glaucoma; PXG, pseudoexfoliative glaucoma. Values are presented as mean ± standard
deviation unless otherwise indicated.

3.2. Surgical Success

Based on the tip location on postoperative day 1, the success rates at 2 years postop-
eratively were assessed. For complete success, the rates were 33.3% for intraconjunctiva,
38.9% for intratenon, and 28.6% for uviform tip locations (Figure 1a). For qualified success,
the rates were 50.0% for intraconjunctiva, 50.0% for intratenon, and 57.1% for uviform tip
locations (Figure 1b). The Kruskal–Wallis test indicated that the differences in success rates
among the intraconjunctiva, intratenon, and uviform groups were not statistically signifi-
cant for both complete success and qualified success (p = 0.268 and p = 0.637, respectively).

In the complete success group, IOP was significantly lower at 1, 6, 12, 18, and 24 months
postoperatively compared with the failure group (Figure 2a). In the qualified success group,
IOP remained consistently lower than in the failure group after 6 months postoperatively
(Figure 2b). The number of intraocular pressure-lowering medications was not significantly
different between the success groups (qualified and complete success) and the two failure
groups preoperatively. However, the complete success group required consistently fewer
medications than the failure group after 6 months postoperatively (Figure 2c). The qualified
success group did not show a statistically significant difference in the number of medications
at any time point except at 18 months postoperatively (Figure 2d). The change in endothelial
cell count (ECC) showed a significant difference between the complete success and failure
groups at 2 years, but no statistically significant differences were observed between the success
groups (qualified and complete success) and the two failure groups at other times.
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Figure 1. Success or failure at the 2 years of complete success (a) and qualified success (b) rates by
the number of patients in relation to the intraconjunctiva, intratenon, and uviform tip locations based
on the tip location on the 1st postoperative day. (a) p = 0.268, (b) p = 0.637 (Kruskal–Wallis test).

Figure 2. Mean IOP changes (a,b), number of medications (c,d), and change in ECC (e,f) over time in
the complete success group (a,c,e) and qualified success group (b,d,f) compared with the failure group
preoperatively and at 1 month, 6 months, 12 months, 18 months, and 24 months postoperatively. IOP,
intraocular pressure (mmHg); ECC, endothelial cell count (*, p < 0.05; **, p < 0.01).

Based on the analysis of bleb morphology using AS-OCT at 6 months postoperatively,
the surgical success at 2 years postoperatively was evaluated. In the complete success group,
the high sparse wall group at 6 months postoperatively had a statistically significantly higher
success rate compared with other morphologies (p = 0.007) (Figure 3a). In the qualified success
group, there was no statistically significant difference in success rate at 2 years based on
bleb morphology (Figure 3b). Based on the classification of bleb morphology groups using
slit-lamp photography at 6 months postoperatively, the surgical success rate at 2 years was
significantly higher in the avascular group than in the vascular group for both complete
success (p = 0.009) (Figure 3c) and qualified success groups (p = 0.038) (Figure 3d).
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Figure 3. Success or failure at the 2 years of complete success (a) or qualified success (b) according to
bleb morphology via AS-OCT imaging and complete success (c) or qualified success (d) according to
bleb morphology via slit-lamp photography at 6 months postoperatively (*, p = 0.007; **, p = 0.009;
***, p = 0.038).

At 2 years postoperatively, complete success was most observed in the high sparse
wall type (p = 0.038) as classified by AS-OCT (Figure 4a), while there was no difference
in success rates among bleb morphologies for qualified success (Figure 4b). Additionally,
based on slit-lamp photography at 2 years postoperatively, the avascular type demonstrated
a higher surgical success rate compared with the vascular type (p = 0.044) (Figure 4c), with
no difference observed based on bleb morphology for qualified success (Figure 4d).

Figure 4. Success or failure at 2 years of complete success (a) or qualified success (b) according to
bleb morphology via AS-OCT imaging and complete success (c) or qualified success (d) according to
bleb morphology via slit-lamp photography at 2 years postoperatively (*, p = 0.038; **, p = 0.044).
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3.3. Postoperative Interventions

Needling was performed in 10 eyes (32.3%) out of 31, and a total of 18 needling
procedures were performed. Among the eyes that received needling, the proportion
of those requiring one and two procedures was the same (12.9%), while 2 eyes (6.5%)
underwent three needling procedures. A secondary surgical procedure was performed in
a total of 5 eyes (16.1%), with 3 eyes undergoing trabeculectomy and 3 eyes (9.7%) and 2
eyes (6.5%) undergoing XEN revision (Table 2).

Table 2. Postoperative interventions and secondary surgical procedure.

Interventions Number of Eyes (%) (n = 31)

Needling 10 (32.3)
1× 4 (12.9)
2× 4 (12.9)
3× 2 (6.5)

Secondary surgical procedure 5 (16.1)
Trabeculectomy 3 (9.7)
XEN revision 2 (6.5)

3.4. Safety

Regarding the safety profile, hypotony was the most common complication. It oc-
curred in 21 eyes (67.7%) on the 1st postoperative day, 7 eyes (22.6%) at 1 week postop-
eratively, and 1 eye (3.2%) at 1 month postoperatively. There were no cases of hypotony
at 6 months, 1 year, or 2 years postoperatively. The incidence of ocular adverse events,
excluding hypotony, was observed in 10 eyes (32.3%). Hyphema was the most common,
occurring in 4 eyes (12.9%) and resolved spontaneously within 14 days postoperatively.
Choroidal detachment occurred in 3 eyes (9.5%). Vitreous hemorrhage and tube bending
each occurred in 2 eyes (6.5%), while tube migration occurred in 1 eye (3.2%) (Table 3).

Table 3. Adverse events reported throughout the 2-year follow-up. * Intraocular pressure < 6 mmHg.

Adverse Events Number of Eyes (%) (n = 31)

Hypotony *
POD 1d 21 (67.7)
POD 1w 7 (22.6)
POD 1m 1 (3.2)
POD 6m 0 (0.0)
POD 12m 0 (0.0)
POD 24m 0 (0.0)

Hyphema 4 (12.9)
Vitreous hemorrhage 2 (6.5)
Tube bending 2 (6.5)
Tube migration 1 (3.2)
Choroidal detachment 1 (3.2)

4. Discussion

One of the most notable observations in this study is the association between bleb
morphology observed through slit-lamp examination and AS-OCT imaging at 6 months
postoperatively and surgical success at 2 years. While this finding suggests a potential
predictive value, further validation in larger prospective studies is warranted. Notably,
patients with high sparse wall or avascular bleb morphology at 6 months tended to main-
tain higher surgical success rates at 2 years. Using AS-OCT, known for its high reliability
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in evaluating intraocular structures and providing accurate repeated measurements [19],
Lenzhofer et al. reported that the XEN gel stent resulted in a higher proportion of uniform
blebs (48%) compared with trabeculectomy, with significantly greater bleb height and
internal cavity presence at 6 months (p = 0.031, p < 0.001) and 1 year (p = 0.039, p = 0.001),
and lower postoperative IOP in the internal cavity group at both time points (p = 0.024,
p = 0.040) [20]. These findings align with Seoyoung Wy’s observations that blebs with an
internal cavity, or diffuse subconjunctival cysts, had lower postoperative IOP and better
regulated aqueous humor outflow due to the cavity height [18]. These bleb morphologies
suggest that AS-OCT imaging can serve as an important indicator for predicting long-term
surgical success, along with more stable IOP reduction. Our previous study on the 6-month
follow-up data revealed that postoperative IOP at 1 week and female gender were signifi-
cantly associated with higher success rates [17]. This suggested that early postoperative IOP
and gender could be potential predictors of surgical success in the short term. However, in
the current study’s long-term follow-up at 2 years, we observed that neither postoperative
IOP at 1 week nor gender had a significant impact on the success rates. This discrepancy
between the short-term and long-term predictors highlights the dynamic nature of surgical
outcomes and suggests that early indicators might not necessarily translate into long-term
success. This discrepancy may be due to the progressive remodeling of the bleb and sur-
rounding tissues over time, which cannot be fully predicted by early IOP alone. Initial IOP
reduction may reflect immediate surgical success but not necessarily indicate sustained
outflow function. These findings underscore the importance of mid-term assessments, such
as AS-OCT imaging at 6 months, as more reliable indicators of long-term outcomes, and
highlight the need for continued postoperative monitoring beyond the early postoperative
period. They also emphasize the importance of evaluating multiple factors over an ex-
tended period to accurately predict surgical outcomes. Additionally, it is important to note
that bleb morphology can change over time with follow-up, potentially affecting long-term
success rates. This shift in predictive factors from short-term to long-term outcomes is an
intriguing aspect of our study, shedding light on the complex and evolving nature of bleb
morphology and its influence on surgical success.

In a large-scale retrospective multicenter observational study involving 646 eyes,
the complete success (6 ≤ IOP ≤ 18 mmHg, no medication) and qualified success
(6 ≤ IOP ≤ 18 mmHg, with medication) rates at 2 years postoperatively were 26% and
48%, respectively [21]. Reitsamer et al. reported a clinical success rate (≥20% IOP reduc-
tion, same or fewer medications without secondary surgical intervention) of 67.6% at 12
months and 65.8% at 24 months [22]. Grover et al. evaluated the 12-month outcomes of
standalone XEN implantation in 65 patients with refractory glaucoma, finding that 75.4%
of eyes achieved more than a 20% reduction in IOP while using a similar or fewer number
of medications [23]. In a cohort of 129 eyes, 54.2% achieved more than a 20% reduction
in IOP and maintained an IOP of less than 18 mmHg for 24 months following standalone
XEN surgery [24]. Using the 16 mmHg threshold, 51.4% (POAG) versus 57.1% (PXG) eyes
achieved complete success (p = 0.70) at 2 years [25]. This shows that the notable advantage
of the PXG group over the POAG cohort during the first 12 months is no longer statistically
significant, as observed by the same authors. We defined the success criterion for IOP as
being less than 14 mmHg, which is even more strict than in other study designs. In our
study, the complete success rate at 2 years was 35.5% (11/31), and the qualified success rate
was 51.6% (16/31), which seems to have lower success rates compared with other studies.
Rauchegger et al. reported that complete surgical success was achieved in 39% of patients
at 12 months and 34% at 24 months, with qualified success in 29% at 12 months and 27%
at 24 months, while 13 eyes (16%) were classified as complete surgical failure [9]. The
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minimal change in success rates from 12 months to 24 months postoperatively highlights
the long-term stability of the XEN gel stent. Thus, the XEN gel stent can be considered a
safe and effective long-term treatment option for glaucoma.

In our study, needling was performed in 10 out of 31 eyes (32.3%), with a total of
18 needling procedures conducted. Patrica et al. reported a needling rate of 19% in
94 patients who underwent a standardized needling technique over 1 year [26], while
Grover et al. evaluated 65 patients with refractory glaucoma who received XEN45 with
mitomycin C 0.2 mg/mL and disclosed needling rates of 32% [23]. A study performed in
Portugal involving 15 eyes undergoing XEN with MMC 0.2 mg/mL had a 33% needling rate
3 months after surgery [26]. A recent study published by Midha et al. reported an overall
needling rate of 45% over 24 months [27]. Reitsamer et al. and Gabbay et al. reported
needling rates of 41.1% and 37.7%, respectively, after 2 years of follow-up [22,28], while
Tan et al. reported a needling rate of 51.3% after 1 year [10]. High needling rate could be
attributed to our proactive approach to managing bleb function early in the postoperative
period. Ensuring optimal bleb function is crucial in the early months following surgery to
prevent fibrosis and scarring, which can lead to surgical failure.

The use of intraoperative MMC during XEN implant surgery has become standard
practice [1,2,5,7,9,17,18,20–23,26]. Natalia et al. investigated the efficacy and safety of
two MMC doses (0.01% vs. 0.02%) in eyes undergoing XEN45 implantation, either alone or
with phacoemulsification, and found no significant differences in IOP reduction, hypoten-
sive medication use, or adverse events between the doses [29]. The results suggest that
lower doses might be feasible, although MMC 0.01% did not reduce adverse events [29]. A
study on standalone XEN45 gel stent implantation reported a therapeutic success rate of
39% without MMC and 55% with MMC at 1 year, while the failure rates were 61% without
MMC and 45% with MMC, indicating that MMC use appeared to increase the therapeutic
success rate, though it did not reach statistical significance [30].

Regarding XEN45, the concentration of MMC could potentially affect clinical outcomes.
Some research suggests that the success rate might be linked to the MMC dose, although
other studies have found no correlation between MMC dosage and surgical results [31].
In our study, we used MMC at concentrations of 0.02% and 0.04%, but no significant
difference in success rates was observed between these concentrations, suggesting that
the concentration of MMC may not be a critical factor in determining the success of the
procedure. Additionally, there is a report of severe complication where MMC toxicity led
to significant eye pain and a large avascular bleb [32].

Currently, there is no definitive evidence to support the use of a particular MMC
concentration. Therefore, it might be advisable to use the lowest effective dose of MMC
as judged by the surgeon for the specific patient. Nonetheless, further research is needed
to provide clearer guidance on this matter. In particular, identifying the optimal and least
hazardous concentration of MMC should be a key focus of future investigations.

XEN has emerged as a safe and less invasive method for lowering IOP in glaucoma
patients, but it is still not free from complications. Hypotony (IOP < 6 mmHg) is the
most common complication, occurring in approximately 4.0–27.0% of cases [21,22,33,34].
Nicolaou et al. reported that numerical hypotony (IOP ≤ 6 mmHg) occurred at any
point in 75 of 186 cases (40%), and no significant visual acuity deficit remained 4 weeks
after surgery [12]. In our study, we observed a hypotony rate of 67.6% (10 eyes) on the
1st postoperative day. The higher rate of hypotony in our study compared with that in
other studies may be attributed to the fact that we included measurements taken on the
1st postoperative day, whereas most other studies measured the incidence at 1 month or
6 months postoperatively. However, the hypotony rate in our study decreased to 3.2%
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(1 eye) by the 1st month postoperatively and was not observed again. Notably, all cases of
hypotony resolved within 2 to 3 months without long-term adverse effects, highlighting
the transient nature of this complication when managed properly.

Secondary glaucoma surgeries following XEN implantation have been reported to
occur in 10.4–41.5% of cases [9,21,22,34–36]. Our study observed that secondary surgical
procedures were necessary in 5 out of 31 eyes (16.1%) within the 1st 2 years, with 3 eyes
undergoing trabeculectomy and 2 eyes undergoing XEN revision. This finding aligns with
that of Rauchegger et al., who reported a 16% (n = 13) rate of secondary interventions,
including trabeculectomy (11%, n = 9) and repeat XEN implantation (5%, n = 4) [9]. This
indicates that, despite the initial success of the XEN gel stent, some patients still required
additional surgical intervention to maintain adequate IOP control regarding stent occlusion
or bleb fibrosis.

This study, despite its small sample size, followed up all 31 patients from a previously
reported study for a period of 2 years after surgery, providing long-term outcome data.
This comprehensive follow-up underscores that our findings reflect real-world data. Ad-
ditionally, this study focused on naïve patients with no prior glaucoma surgery, which
limits direct comparisons with the outcomes of XEN implantation in patients with sec-
ondary glaucoma. Lastly, the criteria for needling were based on AS-OCT morphology
and the absence of tube occlusion, with YAG laser being used for cases of tube occlusion.
Therefore, the needling procedures and their timing were not standardized and were left
to the discretion of the experienced surgeon (S.R.). This variability could influence the
outcomes and makes it challenging to draw definitive conclusions about the efficacy of
needling in managing bleb function. Standardized protocols for needling interventions
should be established and evaluated in future studies to determine the optimal timing
and technique for improving surgical outcomes. In addition, comparative studies with
other MIGS, such as iStent, Hydrus, or Preserflo, would provide further insights on the
relative efficacy and safety of the XEN gel stent and help clarify its clinical role among
current surgical options. Furthermore, long-term follow-up beyond 2 years is warranted
to evaluate the sustained effectiveness and safety of the XEN gel stent and to determine
whether the favorable outcomes observed in this study are maintained over time.

5. Conclusions

In conclusion, the ab interno XEN gel stent showed favorable 2-year outcomes in
patients with POAG and PXG. High sparse wall and avascular bleb types at 6 months were
associated with greater long-term success, highlighting the prognostic value of mid-term
AS-OCT imaging. These findings support the importance of structured postoperative
monitoring in sustaining surgical efficacy.
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Abstract: Background: In young patients with suspected elevated intraocular pressure
(IOP), examinations under general anesthesia remain the gold standard. This study aimed
to compare the reliability of Goldmann applanation tonometry (Perkins), iCare rebound
tonometry, and the Tono-Pen in young children under general anesthesia in a clinical
setting. Methods: This retrospective study included patients under six years of age
requiring an ophthalmic examination under general anesthesia. IOP measurements were
performed using all three devices, and central corneal thickness (CCT) was recorded for
each patient. Results: A total of 38 eyes of 19 children (mean age, 1.8 ± 2.1 years) were
included. IOP values of all three devices ranged from 5 to 43 mmHg, with a mean CCT of
645.6 ± 135 μm. The Tono-Pen recorded significantly higher IOP values than the Perkins
tonometer (15.2 ± 5.5 mmHg vs. 11.1 ± 4.8 mmHg; p = 0.002), while no significant
differences were observed between Perkins and iCare. CCT was significantly correlated
with iCare (r = 0.344, p = 0.032) and the Tono-Pen (r = 0.519, p = 0.001) but not with Perkins
(r = 0.247, p = 0.129). Bland–Altman analysis showed a significant slope for inter-device
differences, but when excluding IOP values >25 mmHg, the slope was no longer significant.
Conclusions: Among the devices tested, the Perkins tonometer was the least affected by
other parameters such as CCT and IOP values in young patients under general anesthesia,
particularly when IOP exceeded 25 mmHg or corneal thickness was increased. In patients
with normal corneas and IOP below 25 mmHg, iCare provided comparable accuracy to
Perkins, while the Tono-Pen consistently overestimated IOP compared to both devices.

Keywords: intraocular pressure; childhood glaucoma; rebound tonometer

1. Introduction

The accurate measurement of intraocular pressure (IOP) is essential for the diagnosis
and management of glaucoma and other ocular conditions [1,2]. Goldmann applanation
tonometry (GAT) is widely regarded as the gold standard for IOP measurement in adults
due to its high accuracy and reliability [1]. However, IOP measurement in children presents
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unique challenges, particularly in cases where patient cooperation is limited. Young children,
especially those with congenital or developmental eye conditions, often require general
anesthesia for precise IOP assessment, making it necessary to use handheld tonometers
that can function effectively in this setting [3]. Congenital glaucoma, a rare but serious
disease with an incidence of 1 per 10,000 to 20,000 live births, is one of the key conditions
that necessitates IOP measurement in young children [4]. Left undiagnosed or untreated,
congenital glaucoma can lead to irreversible visual impairment due to optic nerve damage
caused by sustained elevated IOP [5]. Monitoring IOP in children with this condition is crucial
for timely intervention, including surgical procedures such as trabeculotomy or goniotomy. In
cases of anterior segment abnormalities or post-surgical follow-up, repeated IOP assessments
under general anesthesia may be required [6]. Traditionally, GAT remains the gold standard
for IOP measurement, but it has practical limitations in pediatric patients [7]. Since it requires
a slit lamp setup and patient cooperation, its use in young children is often impractical.
Therefore, the portable version of GAT, the Perkins tonometer, has been developed and has
been used as a gold standard device to measure IOP in lying patients for many years [8].
It has been shown that GAT and Perkins have a very good accordance [3]. But Perkins
needs a skilled examiner and is sometime difficult to perform in irregular corneas [9]. As a
result, handheld tonometers such as the Tono-Pen and iCare PRO have been developed to
facilitate IOP measurement in children, including those under general anesthesia [10]. Such
measurements are feasible even in very young infants [11]. These devices offer portability,
ease of use, and the ability to obtain measurements in supine or non-cooperative patients,
making them valuable alternatives to GAT in pediatric settings.

The Tono-Pen (Tono-Pen® XL, Reichert Technologies, Depew, NY, USA) was intro-
duced in 1987 and has been widely used for pediatric IOP assessment. This device operates
on strain gauge technology, where a microsensor detects changes in corneal resistance
during applanation [12]. The Tono-Pen is particularly useful for bedridden patients and
those under general anesthesia, as it allows for easy one-handed operation while the patient
remains in a supine position. Despite its advantages, concerns have been raised about its
accuracy in comparison to GAT, with some studies indicating a tendency for the Tono-Pen
to slightly overestimate or underestimate IOP depending on corneal properties [13,14].

More recently, rebound tonometry has gained popularity with the introduction of the
iCare PRO and other, similar devices. Unlike applanation-based methods, rebound tonometry
measures IOP by analyzing the deceleration of a small probe that makes brief contact with
the cornea. This method eliminates the need for topical anesthesia [15] and is well-tolerated
by children. The iCare PRO and iCare ic200 models are specifically designed for use in
supine patients, making them suitable for IOP measurement under general anesthesia. The
inbuilt sensor records the movement of a propelled probe and calculates the IOP by the
deceleration of the probe after contact with the cornea [10,16]. It is the iCare PRO that is used
most frequently in published studies and that demonstrates good concordance with GAT in
healthy individuals and in patients with glaucomatous disease [17,18]. Studies have shown
that the iCare PRO demonstrates good agreement with GAT in both healthy individuals and
glaucoma patients, although differences in corneal biomechanics can affect the readings [19].
A key challenge in device comparisons for pediatric IOP measurement is the influence of
the biomechanical properties of the cornea, especially in young children with congenital
glaucoma or anterior segment anomalies [20]. In addition to corneal biomechanics, central
corneal thickness (CCT) and other factors have been shown to affect IOP readings obtained
with different tonometers [19]. Perkins, the Tono-Pen, and iCare all measure IOP differently,
and their readings can vary depending on corneal rigidity and thickness [13]. For instance,
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the Tono-Pen and iCare seem to be more influenced by corneal biomechanics compared to
Perkins, which can lead to slight variations in measurements [17].

The purpose of this study is to compare three clinically used devices—Perkins, the
Tono-Pen, and the iCare PRO—for measuring IOP in young children under general anes-
thesia in a routine clinical setting, to assess the agreement between these tonometers and to
identify potential systematic differences. This will help ophthalmologists make informed
decisions when selecting a tonometer for use in children, particularly those undergoing
surgery or requiring frequent IOP monitoring under anesthesia.

2. Materials and Methods

2.1. Study Population

In this retrospective study, data were collected from pediatric patients that under-
went intraocular pressure measurements under general anesthesia at the Department of
Ophthalmology, Bern University Hospital, Bern, Switzerland. The inclusion criteria were
age ≤6 years, the indication for ophthalmological examination and IOP measurement
under general anesthesia, and clear corneas without scars or evident leucoma. Haab’s
Striae were not an exclusion criterion. The decision to perform general anesthesia was
made by the pediatric ophthalmologist based on clinical necessity—for example, to obtain
accurate refraction or reliable IOP measurements in non-cooperative children, or when
other diagnostic procedures could not be performed adequately in an awake state. Patients
underwent general anesthesia with sevoflurane. Induction of anesthesia was carried out
under propofol with sevoflurane 8% in 100% oxygen carrier gas, with maintenance under
spontaneous ventilation. Airway maintenance devices were inserted. Afterwards, a drop
of oxybuprocaine 0.4% was applied, and IOP measurements were performed as soon as
the anesthesia was effective. IOP measurements were initiated within the first minute
after topical anesthesia became effective and were completed within five minutes. All IOP
measurements were consistently performed by the same examiner.

2.2. Devices and Measurement Methods

The first device used was the iCARE PRO (iCare Finland Oy, Vantaa, Finland). Six
consecutive measurements were taken in the right eye. In the case of an acceptable reading
(deviation within normal limits as indicated by the device), the same procedure was
performed in the left eye. In the case of a larger deviation (deviation outside normal limits
as indicated by the device (<15% deviation)) in readings, six new measurements were taken
until an acceptable reading was obtained.

The second device used was the Tono-Pen (Reichert Technologies, Depew, NY, USA).
First, it had to be calibrated. Four consecutive measurements were taken in the right eye.
In the case of a good reliability (deviation < 5%), the same procedure was performed in
the left eye. In the case of a high deviation in the readings, the measurement was repeated
until a good reliability was obtained.

The third device used was the Perkins tonometer (Haag Streit, Köniz, Switzerland).
Fluorescein (BioGlo Fluorescein Sodium strips, HUB Pharmaceuticals, Rancho Cucamonga,
Canada) was applied on the tear film and IOP measurement was performed first on the
right, and then on the left eye (corresponding to a Goldmann applanation tonometry
reading). Care was taken on the proper lubrication of the eyes.

The reason for this sequential testing was to minimize the trauma to the corneal epithelium
(for example, after the application of fluorescein and (repeated) applanation with the Perkins
tonometer) and its influence on the following exams. The probe of the iCare Pro instrument is
the smallest of all three devices, and the physical stress to the cornea is the lowest.
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After the IOP readings, central corneal thickness (CCT), corneal diameter, and axial
length were measured with an Ultrasonic B scanner UD-8000 (TOMEY, Nagoya, Japan),
objective refraction was obtained (Heine Beta 200 Skiaskop, HEINE Optotechnik GmbH,
Herrsching, Germany) and gonioscopy and handheld slit-lamp examination (Kowa SL-17,
portable slit lamp, Torrance, CA, USA) were performed.

2.3. Statistical Analysis

The comparison of IOP measurements with the three devices was analyzed using the
Kruskal–Wallis test followed by the Dunn’s post hoc test. A Williams-T-Test was performed
to analyze dependent correlations between devices and pachymetry. The Bland–Altmann
test was performed to visualize the dependence of two methods and the dependence of
readings from pachymetry. This analysis was made for all existing IOP measurements.

In a second step, the analysis was performed a second time by excluding measure-
ments above 25 mmHg in order to evaluate the effect of high IOP readings on the accuracy
of the methods. Lines indicate the mean of the differences and +/− two standard deviations
(lower, upper limits of agreement). A critical difference indicates two standard deviations.
Regression results were reported as slopes with 95% confidence intervals and p-values.
Slopes were calculated using a linear mixed-effects model. Data analysis was performed
using GraphPad Prism Software (version 9.5.1) and the statistical software R (version 3.5.0).

This study was approved by the ethical committee of Bern, Switzerland (BASEC No.
2020-00635) and written informed consent was obtained from all children’s parents.

3. Results

A total of 19 children (38 eyes) were included in this study (female n = 11, 58%).
Patients were between one month and six years old (mean age 1.8 ± 2.1 years). A total of
18 eyes were aphakic, 10 eyes had a congenital cataract, 7 eyes had congenital glaucoma
(1 of them was also aphakic), 3 had a nystagmus and/or hyperopia, and 2 fellow eyes
were normal (Table 1). IOP ranged between 5 mmHg and 43 mmHg (iCare: 6–43 mmHg;
Tono-Pen: 5–37 mmHg; Perkins: 5–34 mmHg).

Pachymetry was 646μm± 135. The corneal diameter measured 10.6± 1.4 mm horizontally
and 10.1 ± 1.5 mm vertically. Comparing the three devices, the only statistically significant
difference between groups was the Tono-Pen compared with the Perkins tonometer, i.e., the
Tono-Pen results were higher than the Perkins results (15.2 ± 5.5 mmHg vs. 11.1 ± 4.8 mmHg;
p = 0.02). The iCare values were slightly higher than those measured with Perkins as well, but
this finding was not statistically significant (11.6 mmHg ± 4.4 vs. 11.1 ± 4.8 mmHg; p > 0.05).

The best correspondence was between iCare and Perkins. As the measures strongly
deviated from normal distributions as evaluated in Q-Q plots, Spearman correlations
were calculated. Pachymetric measures were significantly correlated with iCare (r = 0.344,
p = 0.032) and the Tono-Pen (r = 0.519, p = 0.001) but not Perkins (r = 0.247, p = 0.129).

There was a significant correlation between the difference between Perkins and the
Tono-Pen and pachymetry (p = 0.022). The thicker the cornea, the larger the difference
between the Tono-Pen and Perkins.

A Williams-T-Test for comparing dependent correlations revealed that the correlation
between pachymetry and the Tono-Pen was not significantly stronger than the one between
pachymetry and iCare (t(36) = −1.40, p = 0.170), but it was significantly stronger than the
correlation between pachymetry and Perkins (t(36) = −2.30, p = 0.027).

The Bland–Altmann test showed that the regression of the difference against the mean
of the two methods had a significant slope, as can be seen in the comparison of iCare to
Perkins (Figure 1a), the Tono-Pen to Perkins (Figure 1b), and iCare to the Tono-Pen (Figure 1c).
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However, when excluding IOP values over 25 mmHg, the regression of the difference against
the mean of the two methods did not show a significant slope (Figure 2a,b). This relationship
is also illustrated by scatterplots showing the IOP readings from two devices for each study
eye separately (Supplementary Figure S1a–c). Table 2 summarizes these findings.

Table 1. Demographic and clinical characteristics of the study population.

children (n) 19
female (n) 11
male (n) 8

age (years) 1.8 ± 2.08

eyes (n) 38
aphakia (n) 18

congenital cataract 10
congenital glaucoma 7

nystagmus and/or hyperopia 3

corneal diameter (mean ± SD; mm)
horizontal: 10.6 ± 1.4

vertical: 10.1 ± 1.5

corneal thickness (mean ± SD; μm)

all eyes: 645 ± 135
aphakic eyes: 733 ± 267
phakic eyes: 604 ± 351

eyes with glaucoma: 744 ± 224

IOP, all devices [mean ± SD, (range); mmHg]
14.1 ± 7.4

(5–43)
Perkins 11.1 ± 4.8

(5–34)
iCare 11.6 ± 4.4

(6.4–36.4)
Tono-Pen 15.2 ± 5.5

(7–37)

IOP measurements (mmHg) for all eyes  

(a) (b) 

(c) 

Figure 1. (a–c): Bland–Altmann analysis of intraocular pressure readings comparing different devices.
All values are described in mmHg. (a): Bland–Altmann analysis comparing iCare and Perkins
readings. The slope is positive (0.42). The result is highly significant (p < 0.005). (b): Analysis
comparing Tono-Pen and Perkins readings. The slope is positive (0.2). The result is significant
(p = 0.04). (c): Bland–Altmann analysis comparing iCare and Tono-Pen readings. The slope is positive
(0.25). The p value is 0.02.
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IOP measurements (mmHg) for eyes with IOP 25 

(a) (b) 

Figure 2. (a,b): Bland–Altmann analysis of intraocular pressure readings comparing different devices
excluding measurements above 25 mmHg. All values are described in mmHg. (a): Bland–Altmann
analysis comparing iCare and Perkins readings excluding measurements above 25 mmHg. When
excluding readings above 25 mmHg, no significant difference between the two methods was found
(regression slope = −0.12, p = 0.39). (b): Analysis comparing Tono-Pen and Perkins readings excluding
measurements above 25 mmHg. When excluding readings above 25 mmHg, no significant difference
was found between the two devices (regression slope = 0.2, p = 0.24).

Table 2. Bland–Altman regression analysis of the difference versus the mean for comparisons between
Perkins, the Tono-Pen, and iCare. A significant positive slope indicates increasing disagreement with
higher intraocular pressure (IOP). Results on the right show regressions after excluding IOP values
>25 mmHg; none were statistically significant (p > 0.05).

Comparison Pair Slope (All Values) p-Value Slope (IOP ≤ 25 mmHg) p-Value

iCare vs. Perkins 0.42 <0.005 –0.12 0.39

Tono-Pen vs. Perkins 0.20 0.04 0.20 0.24

iCare vs. Tono-Pen 0.25 0.02 –0.30 0.15

4. Discussion

Measurement of the intraocular pressure with GAT is considered the gold standard.
The iCare tonometer is based on the method of “rebound tonometry”. The iCare tonometer
enables non-invasive and well-tolerated IOP measurements in children without the need
for topical anesthesia, making it particularly suitable for non-cooperative pediatric patients.
Its implementation has substantially reduced the frequency of examinations under general
anesthesia, especially for routine screening. These findings are in agreement with the
study by Grigorian et al., which demonstrated a significant reduction in the number of
examinations under anesthesia following the introduction of iCare [18].

The current study showed a good correlation between the rebound tonometer iCare
and Perkins applanation handheld tonometer. This finding aligns with other studies re-
porting a good correlation between iCare and Perkins in children [21]. Borrego Sanz et al.
reported a difference between these two tonometers in children with primary congeni-
tal glaucoma of 0.42 ± 3.69 mmHg, with higher iCare readings [22]. In another study
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of Martinez-de-la-Casa et al., the comparison between Perkins and iCare in congenital
glaucoma also showed a good correlation with significantly higher readings in iCare (mean
of 3.1 mmHg) [23].

In pediatric glaucoma with different corneal pathologies, Angmo et al. found a mean
difference of 0.82 mmHg [24], and Umfress et al. found a mean difference of 1.2 mmHg [25].
Stoddard-Bennett et al. described in healthy children a mean difference of 0.72 mmHg with
no influence of central corneal thickness [26].

Lambert et al. described in a review a good correlation between rebound tonometry
and Goldman applanation tonometry with a higher reading in rebound tonometry of 2 to
3 mmHg higher in the 2 level II studies performed in a clinic setting and in 1 level III study
performed on children under general anesthesia [21].

In our study, which included a variety of diagnoses and a higher number of apha-
kic eyes, no significant difference was observed between the iCare and the Perkins de-
vice (11.6 mmHg ± 4.4 vs. 11.1 ± 4.8 mmHg). This is noteworthy, as the mean corneal
pachymetry in our cohort (mean 645.6 μm ± 135.4) was higher than in other studies, such
as that by Martinez-de-la-Casa et al. (556.5 ± 56.1 μm) [23]. Higher IOP readings with
iCare in thicker corneas have been documented in the literature [27], a finding confirmed
in our study. Nevertheless, the difference between iCare and Perkins was small in this
study. Esmael et al. reported a small but statistically significant difference of −0.59 ±
2.59 mmHg between rebound and applanation tonometry in children [28]. In our study,
the mean difference was of similar magnitude (−0.5 mmHg), although it did not reach
statistical significance. This may be attributed to the smaller sample size in our cohort.
Moreover, while Esmael et al. observed declining agreement above 15 mmHg, our data
indicate a more pronounced divergence above 25 mmHg, supporting the recommendation
to confirm elevated IOP with Perkins applanation tonometry in clinical practice.

The thicker central corneal thickness in this study might be explained by the fact that
a large number of patients with anterior segment abnormalities, notably aphakia, have
been included. It has been shown that patients with aphakia and small cornea diameters
have thicker corneas and therefore have a greater-than-normal measured IOP [29].

Consistent with the findings of Yulia et al. [30], our study confirms that rebound
tonometry is a valuable tool for IOP screening in pediatric populations. Both studies
reported an increasing discrepancy between rebound and applanation tonometry at higher
IOP levels—above 25 mmHg in our cohort and above 19 mmHg in theirs. However, unlike
Yulia et al. [30] who observed a tendency of rebound tonometry to overestimate IOP in
children with congenital corneal opacities, we cannot evaluate this effect, as corneal opacity
was an exclusion criterion in our study.

When we excluded IOP readings above 25 mmHg, the differences between the meth-
ods decreased. The slope of regression of the differences was no longer significant. The
same applied to the regression of differences against pachymetry. A substantially higher
deviation between devices in IOP readings above 22 mmHg has also been shown by
others [31].

In this study, IOP readings were obtained under general anesthesia. It is known that
anesthetic agents can alter IOP readings in a time-dependent manner [32,33]. However,
this should not have a relevant influence on our results, primarily because the focus of this
study focused on the difference between devices rather than absolute IO values, Moreover,
all measurements were taken under the same conditions once sedation was effective within
five minutes—an interval during which IOP is generally stable between minutes two and
eight after anesthesia induction [33].
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Study Limitations

Despite its strengths, this study has several limitations that should be considered.
First, the relatively small sample size and the retrospective design may limit the gener-
alizability of the findings. A larger cohort would increase statistical power and allow
for more robust conclusions. Second, the inclusion of both eyes from individual patients
may have introduced bias by duplicating anatomical or physiological characteristics that
could influence IOP measurements in a similar way across both eyes. Third, the lack of
randomization in both the order of eye measurements (always starting with the right eye)
and the sequence of tonometer use may have introduced order-related bias. Fourth, as all
measurements were performed by the same examiner, masking was not possible. These
limitations should be taken into account when interpreting the results and underline the
need for future prospective studies with randomized protocols and larger, controlled popu-
lations. Another limitation is the lack of blinding during the measurement process. In this
study, the investigator had access to prior IOP readings from different devices, which could
have introduced observer bias. Future studies should implement blinded measurement
protocols, where examiners are unaware of previous results, to ensure greater objectivity
and eliminate potential bias in data collection.

The diversity of diagnoses among the included patients also presents a challenge.
While the variability of diagnosis reflects real-world clinical practice, it also complicates
direct comparisons between different tonometry methods. Future research could benefit
from more uniform patient selection criteria, focusing on specific subgroups to improve
the accuracy of device comparisons.

Additionally, since all IOP measurements were conducted under general anesthesia,
the potential effects of anesthetic agents on IOP values must be considered. Although the
study standardized the timing of IOP measurements to minimize these effects, it remains
possible that anesthesia altered the IOP readings to some extent. Nevertheless, further
investigation is needed to assess the potential impact of different anesthetic agents on
IOP readings obtained with various tonometry devices [34,35]. Another factor that may
have influenced the findings is corneal thickness variability among the study participants.
The mean corneal pachymetry in this study was higher than in previous research, and
it has been established in the literature that iCare tonometry tends to overestimate IOP
in thicker corneas [36]. Since this study included patients with a higher-than-average
corneal thickness, the degree of overestimation by iCare could have been more pronounced
compared to other studies with thinner corneas. This should be taken into account when
interpreting the results and when selecting a tonometer for pediatric patients with variable
corneal properties.

Given these limitations, future research should focus on larger, prospective, multi-
center studies including matched controls to improve statistical reliability and ensure a
more diverse and representative patient population. Implementing blinded measurement
protocols and ensuring a more homogeneous study cohort would further enhance the
accuracy of findings. By addressing these limitations, future studies can provide a clearer
and more definitive understanding of the performance of different tonometers in pediatric
patients under general anesthesia.

5. Conclusions

This study aimed to compare Goldmann applanation tonometry (Perkins), iCare
rebound tonometry, and the Tono-Pen in young children undergoing examination under
general anesthesia. All patients were suspected of elevated IOP, making this a rare and
clinically important study population.
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Our findings suggest that the Perkins tonometer remains the preferred device in young
patients under general anesthesia, particularly when IOP exceeds 25 mmHg or corneal
thickness is abnormally high. For children with normal corneal thickness and IOP values
equal or below 25 mmHg, the iCare tonometer proved to be a reliable alternative, offering
ease of use and less operator dependency.

The Tono-Pen exhibited significant deviations, consistently overestimating IOP com-
pared to Perkins, thus limiting its reliability in pediatric glaucoma evaluation under general
anesthesia.

Overall, this study highlights the importance of selecting the most appropriate tonome-
try device for pediatric patients, particularly those requiring examination under anesthesia.
Future research should aim to validate these findings in larger, multicenter trials, ensuring
greater statistical power and improved generalizability.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcm14103338/s1. Figure S1. Scatterplots showing intraocular
pressure (IOP) measurements of two tonometry devices for each study eye. Each point pair on the
x-axis represents one study eye, with corresponding IOP values from the two compared devices
plotted on the y-axis. As demonstrated by Bland-Altman analysis (Figures 1 and 2), best agreement is
observed between iCare and Perkins after excluding IOP values above 25 mmHg.
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Abstract: Background/Objectives: This study aimed to evaluate the effectiveness of
early phacoemulsification cataract surgery combined with goniotomy using a Sinskey
hook in patients with glaucoma. Methods: This was a retrospective study conducted
at Advanced Eye Care of New York; a private practice located in New York City. Most
patients carried diagnoses of mild to moderate glaucoma and were mainly Black and
Afro-Latino in origin. The patients included in this study were those who underwent early
phacoemulsification cataract surgery combined with goniotomy performed with a reusable
Sinskey hook (Ambler 200 μm tip) between January 2022 and August 2023 and completed
1 year of follow-up. The primary outcome measures were intraocular pressure, number of
medications used, visual acuity, visual field indices, pre-/post-operative spherical refractive
error, and adverse events. Results: A total of 121 eyes were identified with a 1-year follow-
up that underwent this combined surgery. The mean age was 65. The mean medically
treated pre-operative intraocular pressure ± standard deviation (SD) was lowered from
16.40 ± 4.5 mmHg at baseline to 14.66 ± 3.1 mmHg at 1 year, a statistically significant
reduction of 10.6%. There was an 82% reduction in the mean ± SD number of intraocular
pressure-lowering medications used, from 1.67 ± 1.2 at baseline to 0.30 ± 0.8 at 1 year.
Out of the 121 eyes, 83% (103 eyes) remained medication-free at 1-year post-operation.
Post-operatively, there were five IOP spikes (IOP ≥ 30 mmHg) and eight hyphemas that
were noted, addressed, and resolved. Conclusions: Early cataract surgery combined with
Sinskey hook goniotomy microinvasive surgery effectively reduced intraocular pressure
and medication burden in this cohort of predominantly Black and Afro-Latino patients
diagnosed with glaucoma with 1-year follow-up.

Keywords: Sinskey hook; goniotomy; MIGS; glaucoma

1. Introduction

Glaucoma is the leading cause of preventable blindness globally and disproportionally
affects Black and Afro-Latino populations [1]. A 2024 meta-analysis estimates that glaucoma
affects over 4 million people in the US and is 2–3 times more prevalent in Black adults
than their White counterparts [1]. Other studies approximate the rate is closer to 3–4 times
greater [2]. Increased intraocular pressure (IOP) is the primary risk factor for glaucoma
and the main target in treatment [3]. Though the mean IOP in the general population
is estimated to be approximately 15 mm Hg, prior studies have found mean pressures
in untreated glaucomatous eyes often range from 18 mm Hg to mid-low 20 s [2,3]. The
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current therapeutic options to reduce IOP include medications, laser surgery, and incisional
procedures. Though eye pressure-lowering medications are an effective way to reduce
eye pressure and slow the progression of the disease, they can be limited in their ability to
completely halt progression [4,5]. Factors such as suboptimal medication adherence (missed
doses) and diminished persistence (continued use of medication over time) are associated
with worsening visual field (VF) progression and are problems that disproportionately
affect high-risk sociodemographic groups [4–6]. Health disparities like these are more
likely to affect Black and Afro-Latino communities, as these populations often face greater
barriers and inequities related to socioeconomic status, education, language fluency, health
literacy, insurance coverage, and access to care, and are a byproduct of a greater historical
context and systemic issues [6–11].

Early cataract surgery combined with trabecular bypass surgery represents a viable
alternative intervention that effectively lowers intraocular pressure (IOP) and reduces
reliance on medications. This approach merits consideration as a first-line strategy for
patients aged 50 and above diagnosed with glaucoma- and age-related lens enlargement,
particularly when performed by skilled surgeons [9]. Cataract and age-related increases
in lens size and thickness can play a major role in glaucoma through mechanisms such as
pupillary block and by contributing to pigment liberation through iridolenticular contact
and the obstruction of the trabecular meshwork [9]. Cataract surgery has been proven to
safely and effectively lower IOP by 13–71% in patients with comorbid open- or closed-
angle glaucoma [9,12–15]. The EAGLE study [14] found early lens extraction to be more
effective than laser iridotomy in treating angle closure glaucoma and recommended it as
a first-line treatment. Early cataract surgery and goniotomy have also been shown to be
efficacious in patients with open-angle glaucoma [16–19]. As glaucoma within the Black
population has been shown to present at earlier ages and with more advanced disease
and complications [7,8,18], early surgical intervention could help prevent vision loss and
circumvent challenges related to medication adherence.

In recent years, minimally invasive glaucoma surgery (MIGS) has emerged as a
widely adopted alternative for treating mild to moderate glaucoma, though the high
cost of these devices remains a challenge. However, the high cost associated with using
these devices [19,20] can limit their access and use in lower resource areas around the
world. Several studies have attempted to shed light on more affordable MIGS options: one
reported the Kahook Dual Blade as the most cost-effective device [20] and other studies
have reported on more affordable surgical alternatives that use comparable techniques,
such as goniotomy with a Tanito hook [19–21].

Previously, we reported our preliminary data using another inexpensive device to per-
form MIGS in conjunction with cataract surgery, the Sinskey hook [19]. We commented on
the advantage of the Sinskey hook’s 200-μm tip size and smoothness, which corresponded
well with the size of the trabecular meshwork and reduced the potential of bleeding from
injury to the ciliary body or the back wall of Schlemm’s canal. Our preliminary findings
suggested that cataract extraction paired with goniotomy using the Sinskey hook was
an affordable and effective method to lower IOP and medication burden in Black and
Afro-Latino patients diagnosed with glaucoma. This report aims to provide one-year
surgical outcomes of patients who underwent cataract surgery with goniotomy using the
Sinskey hook.

2. Materials and Methods

This retrospective single-center analysis examines surgical outcomes in a predom-
inantly Black and Afro-Latino (self-identified) patient population with glaucoma who
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received combined phacoemulsification cataract surgery and goniotomy utilizing a 200 μm
tip Sinskey hook (Ambler Surgical, Exton, PA, USA). Patients of all races who carried a
diagnosis of mild to moderate open-angle or narrow-angle glaucoma and who underwent
this procedure between January 2022 and August 2023 and had completed 1-year follow-up
were included in this study. Patients with severe glaucoma and/or synechial angle closure
were not offered this procedure and were, thus, excluded. Retrospective patient data were
collected from a private practice located in Harlem, New York City, USA, and Queens
Village, NY, USA. Glaucoma subtypes were noted.

Informed consent was waived due to the retrospective nature of the study, as approved
by the Icahn School of Medicine of Mount Sinai Institutional Review Board (IRB). The study
was conducted in accordance with the Declaration of Helsinki.

Data were obtained throughout the clinical course of each patient, at their pre-
operative visit and their post-operative visits at one day, one month, six months, and
one year following surgery. The goal was to significantly reduce intraocular pressure and
the amount of medication needed in all the included patients, as compared to baseline.
However, the medical needs, target intraocular pressure, and baseline pressure measure-
ments were varied and specific to each individual patient. As such, the decision to restart
or eliminate medication was assessed during patient follow-up visits and then performed
as clinically indicated.

A reusable, straight Sinskey hook, an instrument commonly used in cataract surgery,
was utilized to open the trabecular meshwork and the inner wall of Schlemm’s canal. This
ophthalmic tool leaves a 200 μm wide opening and reduces bleeding risk, due to the blunt
tip and smooth back end of the device. The device was reused several times without any
noted difference in efficacy. If the device were to become damaged during sterilization or
other handling, then a new one would be used. A total of four devices were used between
four operating rooms, with one replaced due to damage to the tip during sterilization.

The study’s primary outcome measures included intraocular pressure, amount of
medication used, best corrected visual acuity (BCVA) pre-/post-operatively, visual field,
pre-/post-operative spherical refractive error, and adverse events. Humphrey Visual Field
Analyzer (Zeiss Humphrey Systems, San Leandro, CA, USA) 24-2 results were reviewed
before the surgery and at 1 year post-operation. Target post-operative refraction was
between 0 to −0.5 diopters by ocular biometry.

Procedure

The patients were administered a pre-operative regimen of prednisolone acetate 1%
(Allergan, Dublin, Ireland) four times daily (QID), ofloxacin (Rising, Saddle Brook, NJ, USA)
QID, and Ketorolac 0.4% (Allergan, Dublin, Ireland) three times daily (TID), starting 3 days
prior to surgery. Preparations for the eye on the day of surgery included betadine and
draping, and the application of topical anesthesia. Phacoemulsification cataract surgery was
performed through a clear cornea, and an intraocular lens was implanted. To deepen the
angle, EndoCoat (Abbott, Chicago, IL, USA) was injected into the anterior chamber and on
the cornea. To optimize visualization, adjustments were then made to tilt the patient’s head
to approximately 45◦ away from the surgeon, while the microscope was tilted toward the
surgeon at the same angle. Structures in the nasal angle were visualized after focusing the
microscope through a direct gonio lens (Katena, Troy Hills, NJ, USA) that was positioned
on top of the eye. A Microvitreoretinal (MVR) blade was then utilized to penetrate the
trabecular meshwork and create an opening in Schlemm’s canal. Following this, a Sinskey
hook was introduced into Schlemm’s canal and passed approximately 2–3 clock hours to
the left and then to the right to unroof the canal (Figure 1). After completing this step, the
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Sinskey hook was withdrawn and balanced salt solution was injected via paracentesis,
and the wound was hydrated and closed pressurizing the eye to about 20 mmHG. At the
conclusion of the procedure, an intracameral injection of diluted Vigamox (Alcon, Geneva,
Switzerland) mixed in a 50/50 ratio with a balanced saline solution was administered
via paracentesis. It was observed that in all the patients, the nasal angle remained open
following cataract surgery. The corneal incisions were hydrated and sealed effectively
to ensure no leakage. Post-operatively, the patients were immediately placed in a seated
position to keep their heads elevated above waist level to reduce episcleral venous pressure.

 
Figure 1. Goniotomy using a Sinskey hook.

The patients received instructions to sleep in an elevated position for four nights
post-operatively to facilitate the settling and clearing of any potential heme reflux that
could cause visual obstruction. They were advised to continue using ofloxacin QID for
seven days. Prednisolone acetate 1% was tapered over four weeks (QID to TID to BID
to daily—each dose taken for seven days) before discontinuation. Ketorolac 0.4% was
continued TID for four weeks before being discontinued. The patients were also instructed
to discontinue all glaucoma medications in the operated eye immediately after surgery.
This comprehensive protocol ensured proper healing while optimizing surgical outcomes
and maintaining intraocular pressure control.

3. Results

Of the participants who underwent phacoemulsification cataract extraction combined
with a Sinskey hook goniotomy procedure and completed a 1-year follow-up, there were
121 eyes identified and enrolled in the study. The mean age of the participants was
65 ± 10 years, and 70% were female and 30% were male (Table 1). The self-described
race and ethnicity demographics of our study population were 87% Black or Latino, 4%
Non-Hispanic White, and 9% Asian (Table 2). Fifty (41%) participants were diagnosed with
primary open-angle glaucoma, twenty-eight (23%) with ocular hypertension, twenty-four
(20%) with angle-closure glaucoma, nine (7%) were glaucoma suspects, seven (6%) had
narrow angles, and three (2%) had pigmentary glaucoma. All the baseline characteristics
and calculations were collected on medically treated eyes, and included IOP, number
of ocular hypertensive medications used, BCVA, and visual field index (VFI) and mean
deviation (MD) on visual field test (VFT) (Table 1).

A statistically significant decrease in mean IOP for all the eyes was achieved following
the phacoemulsification cataract surgery with Sinskey hook goniotomy at one-year follow-
up (Table 3). The baseline mean pre-operative IOP and standard deviation for all the
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eyes was 16.40 ± 4.5 mmHg. As our study did not conduct a pre-operative washout of
medications, our population started at a relatively lower baseline IOP. Nevertheless, on
post-operative day 1, the mean IOP and standard deviation for all eyes were significantly
lowered to 14.31 ± 6.2. This statistically significant reduction in IOP remained at one year,
with the mean IOP and standard deviation for all the eyes at 14.66 ± 3.1 mmHg. This is a
10.6% reduction from baseline.

Table 1. Baseline characteristics of participants.

Variable Category Statistics, n Total = 121

Age (years) Mean ± SD 65 ± 10.4
Gender, n (%) Female 85 (71%)

Male 36 (30%)
Eye, n (%) Right 66 (55%)

Left 55 (45%)
Baseline IOP (mmHg) Mean ± SD 16.40 ± 4.5

Ocular hypertensive medications Mean ± SD 1.67 ± 1.2
Number of ocular hypertensive

medications used, (%) 0 17 (14%)

1 57 (47%)
2 8 (7%)
3 27 (22%)
≥4 12 (10%)

Visual acuity (logMar) Mean ± SD 0.37 ± 0.3
MD on VFT Mean ± SD −6.63 ± 7.0
VFI on VFT Mean ± SD 86.2% ± 20.2

Table 2. Race and ethnic origin of participants.

N Total = 121

Black, n (%) 103 (85%)
White, n (%) 7 (6%)
Asian, n (%) 11 (9%)
Hispanic, total, n (%) 15 (12%)
Hispanic, Black, n (%) 13 (11%)
Hispanic, White, n (%) 2 (2%)
Non-Hispanic, White only, n (%) 5 (4%)

Table 3. Post-operative data for all patients who underwent phacoemulsification cataract surgery
with Sinskey hook goniotomy.

Timepoint
Intraocular Pressure

(IOP) mmHG,
Mean ± SD

Ocular
Hypertensive
Medications,
Mean ± SD

BCVA logMAR,
Mean ± SD

Visual Field Test,
Mean

Deviation ± SD

Baseline 16.40 ± 4.5 1.67 ± 1.2 0.37 ± 0.3 −6.63 ± 7.0

Post-operative day 1 14.31 * ± 6.2 0 * -

1 month 15.96 ± 4.8 0.18 * ± 0.7 0.13 ± 0.3

3 months 13.87 * ± 4.4 0.27 * ± 0.8 0.11 ± 0.2

6 months 14.27 * ± 3.2 0.30 * ± 0.8 0.11 ± 0.3

1 year 14.66 * ± 3.1 0.30 * ± 0.8 0.12 ± 0.3 −5.48 ± 6.1
* Statistically significant reduction from baseline.
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At baseline, 86% (104 out of 121 eyes) were taking intraocular pressure-lowering
medications. The mean ± standard deviation number of pressure-lowering medications
used for all the eyes at baseline was 1.67 ± 1.2. At 1-year, we observed a statistically
significant decrease to 0.30 ± 0.8, an 82% reduction. Out of the 121 eyes, 83% (103 eyes)
remained medication-free at 1 year post-operation.

There was an improvement in the visual acuity and visual field measurements in
mean totals from the baseline to the one-year follow-up. The mean BCVA (logMAR) and
standard deviation in all the eyes improved from 0.37 ± 0.3 at baseline to 0.12 ± 0.3 at
one year post-operation. There was a slight decrease in the mean spherical equivalent in all
the eyes (Table 4) due to several outliers in the baseline data, which is reflected in the wider
standard deviation. The mean pre-operative VFI% and MD in all the eyes were 86.2% and
−6.63, respectively. The mean post-operative VFI% and MD in all the eyes were 89.0%
and −5.48, respectively. Post-operatively, there were five IOP spikes (IOP ≥ 30 mmHg)
that were treated and eight hyphemas that were noted, addressed, and resolved. All
the complications were treated in the usual manner and resolved within a few days to
two weeks.

Table 4. Mean spherical equivalents (SEs) for all eyes included.

Mean Spherical Equivalent ± SD

Pre-operative SE for all eyes −0.19 ± 3.51
Post-operative SE for all eyes −0.53 ± 0.90

4. Discussion

This study shows that our surgical approach of early cataract surgery combined with
Sinskey hook goniotomy was effective in improving visual acuity, reducing intraocular
pressure, and decreasing medication burden one year following surgery. We found that
our technique demonstrated a relatively favorable safety profile, with only a few minor
adverse effects, all of which resolved without sequelae.

Cataract surgery paired with goniotomy should be considered at earlier stages of mild-
to-moderate glaucoma and as an initial intervention for patients aged 50+ with glaucoma
related to lens enlargement. Though IOP-lowering drops are effective in slowing disease
progression, their effects are limited by the patient’s ability to adhere to the medication
regimen consistently over time. With studies estimating that at least 50% of the patients
in the US are missing doses [4], it is important to explore alternative treatment options
that can provide stable IOP reduction without facing the same vulnerabilities to external
variables (such as medication costs, side effects, and confusion about regimen). The recent
focus on MIGS provides a path for just that, with many studies demonstrating these new
approaches and devices to be effective in the reduction in IOP and in the management of
glaucoma, especially when paired with cataract surgery [13,22–24].

Consistent with this growing body of literature, our surgical approach was able to
achieve and sustain similar levels of IOP control as other MIGS devices. One recent sys-
tematic review analyzed the clinical outcomes of MIGS devices with and without cataract
surgery in 74 studies and reported that mean IOP at 12 months ranged between 11.4 and
18.1 mmHg [24], which is aligned with our result of 14.7 mmHg. Our results are also con-
sistent with several studies that reported the 12-month outcomes of the Kahook Dual Blade
with cataract surgery and showed mean IOPs ranging between 12.4 and 15.4 mmHg [25–27].
Although the 10.6% IOP reduction in our study is modest, this statistically significant reduc-
tion also holds clinical significance in that the lower IOP and decreased diurnal fluctuation
reduce the risk of glaucoma progression in this population. Additionally, recent clinical
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trials have demonstrated that these reductions in IOP with MIGS can be sustainable in even
longer terms. The largest prospective randomized clinical trial in MIGS, the HORIZON
trial, has published the results for the Hydrus Microstent showing that IOP reduction was
improved with combined surgery and maintained over 5 years, with many not requiring
additional pharmacological therapy [22].

Similarly, the outcomes of our study demonstrated that combined cataract surgery
with Sinskey hook goniotomy reduced medication burden by 82%, with 83% of the patients
remaining medication free at one year. Glaucoma medication adherence and persistence
rates in the US are suboptimal and can be influenced by factors such as medication costs,
side effects, limited health literacy, access to care, and interference with quality of life,
among many others [4,5,28]. Since lower adherence rates are associated with increased
visual field progression [4,5], offering an early surgical treatment alternative in populations
that are disproportionately affected by these challenges could help address some of these
disparities, reduce disease burden, and help preserve vision. Our findings reinforce this
argument and align with the other MIGS literature [24], in that we observed no deterio-
ration in the post-operative visual field of our patients, suggesting a reduction in visual
field progression.

One of the frequently reported advantages of MIGS devices is that they generally
have better safety profiles than trabeculectomy and require less invasive surgery [13,22–24].
The added benefit of performing a goniotomy with the Sinskey hook is that it does not
carry the same potential risk of complications that can occur with permanently implanted
MIGS devices, such as malposition, migration, and obstruction [29]. Furthermore, the
smooth tip of the Sinskey hook protects the back wall of Schlemm’s canal and the 200 μm
width fits nicely within the canal, allowing one to open it bluntly and in a circumferential
manner. Only four clock hours are needed to open the canal to obtain efficacy and reduce
complications of bleeding that can occur from sharper devices, such as a bent cystotome or
needle goniotomy.

Further distinguishing the Sinskey hook is that it is a more affordable option that
offers results comparable to other excisional goniotomy devices and MIGS. In a study
conducted by Sood and Chen [20], a cost analysis was performed comparing the afford-
ability of different MIGS in relation to their efficacy in reducing IOP (cost per mmHg of
intraocular pressure reduction). The devices all performed similarly in efficacy; however,
they found that cost-effectiveness was best in the Kahook Dual Blade, followed by the
Hydrus Microstent, Trabectome, and then iStent Inject [20]. The Sinskey hook has shown
similar results in regard to efficacy, but is even less expensive than the Kahook Dual Blade
and Tanito hook. Since the direct costs of glaucoma care correlate strongly with disease
severity, the Sinskey hook provides a cost-effective treatment option [30].

As an affordable alternative to other microinvasive surgical techniques, this approach
carries important implications for patients in resource-poor areas in that it reduces barriers
to care and increases accessibility to glaucoma surgical treatment. Low-resource regions of
the world with a significant glaucoma burden, such as sub-Saharan Africa, Southeast Asia,
and the Caribbean, often face increased rates of blindness from glaucoma [31,32]. This can
be due to factors such as lack of access to care, challenges with medication adherence, and
costs of treatment [31,32]. A recent cross-sectional study collected data from 10 sub-Saharan
African countries and found that the most common reasons for patients to decline surgical
intervention were fear and the cost of treatment [32]. The Sinskey hook is easily accessible,
often coming in cataract surgical sets, and its reusability also makes it an ideal surgical
alternative that could lower financial barriers to treatment for these patients. With its
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enhanced safety profile, this procedure provides hesitant patients an alternative means to
avoid more invasive interventions, such as trabeculectomy.

Comparable outcomes may be observed with earlier manual small-incision cataract
surgery (MSICS), where lens removal is performed in glaucoma patients. A study
conducted in the Congo reported a 37.39% reduction in intraocular pressure (IOP)
following MSICS in glaucomatous patients, with pre-operative IOP decreasing from
23.16 ± 5.68 mmHg to 14.5 ± 2.7 mmHg post-operatively. Further research should as-
sess whether early MSICS alone or combined with Sinskey hook goniotomy offers greater
efficacy for mild to moderate glaucoma cases [33]. Offering earlier, safer, more afford-
able surgery that reduces the need for long-term topical treatment would help address
many of the barriers mentioned in this article and decrease the risk of disease progression.
This should be performed by experienced surgeons. According to the 2023 data from the
Association of American Medical Colleges (AAMC), there are approximately 19,000 oph-
thalmologists practicing in the US [34]. Of those, only about 10,000 ophthalmologists
perform cataract surgery, with even fewer performing cataract surgery and goniotomy [35].
The surgeon in this report has over 25 years of experience in cataract and glaucoma surgery
and in preventing and managing complications to ensure optimal outcomes. We need to
train more surgeons to be highly skilled with uncomplicated surgery to ensure excellent
outcomes globally.

This study is limited by its retrospective design and absence of a control group. This
makes it challenging to infer conclusions of causality between our procedure and the
observed outcomes. Though these results are promising and show consistency with those
demonstrated in larger clinical trials of other MIGS, utilizing a prospective design with a
comparison group as a control arm (e.g., standard cataract surgery alone or other MIGS
techniques) in future studies would strengthen the internal validity. Though we did not
measure lens thickness in this study, future interventional studies should incorporate this
variable to gain a deeper understanding of how lens removal and MIGS can contribute to
IOP reduction in different types of glaucoma.

5. Conclusions

Early cataract surgery combined with goniotomy using a Sinskey hook serves as an
effective microinvasive surgical alternative, demonstrating reduced intraocular pressure
and decreased reliance on ocular hypertensive medications in a cohort primarily composed
of Black and Afro-Latino patients with glaucoma, with the outcomes tracked over a 1-year
follow-up period. Further research and increased levels of participation from patients of
diverse backgrounds are needed to gain a true assessment of the safety and efficacy of
glaucoma treatments and interventions in these populations. Longer-term prospective
studies that assess the clinical outcomes and economic impact of this combined surgery are
necessary to have a better representation of its effects on this chronic, life-long disease.
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Abstract: The objectives of the study were to compare the efficacy and safety using oc-
ular surface assessment between preserved and preservative-free brimonidine/timolol
fixed-combination eye drops in glaucoma or ocular hypertension patients. Methods: This
study was designed as a prospective, multicenter (three institutions), investigator-masked,
parallel-grouped randomized clinical trial. The primary outcomes were corneal and con-
junctival staining score, ocular surface disease index (OSDI) score, drug tolerance, and
adherence rates at 12-week visits. The secondary outcomes were corneal and conjunctival
staining score, OSDI score at 4-week visits and intraocular pressure (IOP), tear-film break-
up time (TBUT), and bulbar/limbal hyperemia score at the 4- and 12-week visits. For safety
assessment, best-corrected visual acuity (BCVA), systolic blood pressure (SBP), diastolic
blood pressure (DBP), heart rate (HR), and physical examination at 4 and 12 weeks and
adverse events during the whole study period were analyzed. Results: Overall, 59 patients
were enrolled and randomized into each group (29 preserved and 30 preservative-free). At
the endpoint, 5 patients in the preserved group and 2 patients in the preservative-free group
dropped out, leaving 24 and 28 patients in the preserved and preservative-free groups,
respectively. Baseline characteristics showed no significant difference between the groups
including age and sex. At the 12-week visit, intra-group change of OSDI scores did not
change significantly compared to the baseline scores in both preserved and preservative-
free groups (p = 0.791, 0.478, respectively). On the contrary, the corneal staining score and
the conjunctival staining score showed a significant increase compared to the baseline score
in the preserved group (p = 0.015, 0.009, respectively). Regarding drug satisfaction, higher
proportions of patients in the preservative-free group reported convenience of installation
(p = 0.002). Also, stinging and burning sensations in drug tolerance showed better results
in the preservative-free group with a significant difference (p = 0.011). Safety assessment
regarding systemic side effects such as SBP, DBP, and HR showed similar results between
the preserved and preservative-free groups (p = 0.711, 0.232, 0.666, respectively). Con-

clusions: Preservative-free brimonidine/timolol showed comparable efficacy and safety,
better corneal and conjunctival staining score with convenience of installation, and lower
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stinging and burning sensation. It is expected to be a proper treatment option for patients
with glaucoma or ocular hypertension.

Keywords: preservative-free; brimonidine/timolol; glaucoma; ocular hypertension; effi-
cacy; safety; corneal staining score; conjunctival staining score; ocular surface disease index;
drug tolerance; adherence

1. Introduction

Medication adherence is crucial for achieving optimal treatment outcomes regardless of
a wide range of diseases. By identifying and addressing the drivers and barriers to adherence,
physicians can better support their patients in adhering to their medication regimens, ulti-
mately leading to improved treatment outcomes. However, a review spanning three decades
found that between 30% and 50% of patients exhibit poor compliance with their prescribed
treatments, regardless of disease type, prognosis, or care setting [1]. Glaucoma, which is
characterized by chronic progressive damage to the optic nerve, is often asymptomatic until
the advanced stage, making it more prone to poor patient adherence and persistence [2–5].

Previous studies have shown that factors such as younger age, male, poor general
health status, and psychiatric conditions like depression negatively impact adherence to
glaucoma medications [6–8]. In addition to these patient factors, the adherence rate may be
dependent on the medication itself. As eyedrops contain not only active pharmaceutical
ingredients but also excipients (non-active pharmaceutical ingredients) and preservatives,
it is essential to thoroughly consider the potential impact of all these components when
assessing their influence on adherence.

When administering eyedrops, several routes of absorption are possible and excessive
amounts of active ingredients may cause unwanted systemic side effects. For example,
brimonidine can lead to systemic adverse reactions, including dry mouth, dizziness, fatigue,
and drowsiness, especially in predisposed bradycardic patients [9,10]. Eye drops with
timolol also can have a strong and prolonged systemic effect such as decreased heart rate
or cardiac output, and syncope especially in older age groups [10–12].

In addition to systemic effects, preservatives in the eye drops have been demon-
strated to increase the patients’ discomfort associated with the therapy, contributing to
the development of ocular surface disease (OSD) [13]. Benzalkonium chloride (BAK),
a common preservative in ophthalmic solutions, is effective at preventing bacterial and
fungal growth [14]. However, this cytotoxic property can also harm ocular surface cells,
and studies indicate a correlation between the number of BAK-preserved drops used and
the occurrence of adverse ocular surface signs and symptoms [15–20]. This association
is further supported by observed improvements in ocular surface signs and symptoms
followed by a discontinuation of the preserved drops and switch to preservative-free
drops [18,21]. The occurrence of OSD in glaucoma patients is a considerable problem as it
could be associated with reduced patients’ adherence to glaucoma eyedrop which leads to
treatment failure [15–17,21–24]. Thus, the use of preservative-free eye drops becomes more
popular, as they are likely to reduce or eliminate ocular side effects of preservatives.

Recently, a preservative-free brimonidine/timolol fixed-combination eyedrop has been
developed in South Korea. The main purpose of this study was to prospectively compare the
efficacy and safety of preservative-free brimonidine/timolol (Bridin plus®, Hanlim Pharm,
Seoul, Republic of Korea) to preserved brimonidine/timolol (Combigan™, Allergan Inc.,
Irvine, CA, USA) in aspects of ocular surface assessment and adherence rates in patients
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with open-angle glaucoma or ocular hypertension. This study is a serial investigation fol-
lowing our prior research, which prospectively compared preserved and preservative-free
latanoprost, and preserved and preservative-free brimonidine tartrate [25,26]. Moreover, to
evaluate the potential benefits of preservative-free brimonidine/timolol, systemic parameters,
questionnaire-based patient satisfaction, and drug tolerance scores were analyzed.

2. Materials and Methods

2.1. Study Design and Subject Enrollment

This prospective, multicenter (three institutions), investigator-masked, parallel-
grouped randomized clinical trial aimed to assess the efficacy and safety of preserved
and preservative-free brimonidine/timolol in patients with open-angle glaucoma or oc-
ular hypertension. The study was approved by the institutional review boards of CHA
Bundang Medical Center, Pusan National University Yangsan Hospital, and Ulsan Uni-
versity Hospital, adhered to the tenets of the Declaration of Helsinki, and was registered
on clinicaltrials.gov on 8 October 2021 (NCT06078592). All subjects were enrolled from
October 2021 to December 2022.

Glaucomatous changes in the eye were confirmed by consistent glaucomatous visual
field defects that corresponded with characteristic optic disc and retinal nerve fiber layer
abnormalities, as assessed by glaucoma specialists [27,28]. Each participant underwent a
comprehensive ophthalmologic examination, which included best-corrected visual acuity
(BCVA) measured using Snellen chart [29], intraocular pressure (IOP) assessment via
Goldmann applanation tonometry by masked examiners in each institution [30,31], central
corneal thickness (CCT) [30,32], gonioscopy [33,34], visual field test with a Humphrey
Field Analyzer (Carl Zeiss Meditec, Dublin, CA, USA) [35], fundus photography (Carl
Zeiss Meditec, Dublin, CA, USA) [36], red-free photography (Carl Zeiss Meditec, Dublin,
CA, USA) [36], and spectral-domain optical coherence tomography (Carl Zeiss Meditec,
Dublin, CA, USA) [37–39]. Additionally, baseline physical characteristics such as height and
weight, were recorded using a standardized stadiometer and digital scale, with participants
wearing light clothing and no shoes.

To be included in the study, patients needed to have an IOP between 15 and 40 mmHg
in at least one eye during the screening visit, following the appropriate washout period.
Exclusion criteria included BCVA worse than Snellen 20/80 (decimal 0.25), CCT outside the
range of 470 to 591 μm, and any ocular condition (e.g., ischemic optic neuropathy, proliferative
diabetic retinopathy, age-related macular degeneration) that could significantly affect visual
field results. Patients with active ocular inflammatory conditions, a history of lacrimal
punctal occlusion procedures within the past three months, or a need for eyedrops containing
hyaluronic acid, cyclosporine, or diquafosol for severe dry eye disease were also excluded.
Also, pregnant or currently nursing individuals were not eligible for participation.

All participants receiving IOP-lowering treatment underwent a washout period of four
weeks, except for those using cholinergic eye drops and carbonic anhydrase inhibitors, who
had a shorter washout period of five days. After the washout phase, they were randomly
assigned to one of two groups: one receiving multi-dose preserved brimonidine/timolol
(Combigan™, Allergan Inc., Irvine, CA, USA) and the other receiving unit-dose preservative-
free brimonidine/timolol (Bridin plus®, Hanlim Pharm, Seoul, Republic of Korea).

Randomization was conducted centrally and automatically using an interactive web-
based randomization system (IWRS, TnW software Ltd., Seoul, Republic of Korea), which
operated 24/7 throughout the study period. All patient data and study variables were
recorded in a web-based electronic case report form (ver 1.0, http://www.ecrf.kr (accessed on
31 December 2022), TnW software Ltd., Seoul, Republic of Korea). To ensure masking, both
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treatment groups received their respective study medications in identical external packaging.
While patients were aware of their assigned treatment, investigators remained blinded to the
treatment allocation throughout the study period. The patients were instructed to instill either
preserved or preservative-free brimonidine/timolol twice daily from day 0 and to visit the
clinic at 4 and 12 weeks (Figure 1A). At both 4- and 12-week visits, the patients underwent
follow-up measurements at 10 AM ± 1 h and instilled the eyedrops thereafter.

Figure 1. Flow chart of the study: (A) follow-up schedule; (B) subjects’ enrollment.

2.2. Outcome Measurements

The investigators performed evaluations at both the 4-week and 12-week visits (at
10 AM ± 1 h), ensuring consistency in capturing time-sensitive signs and symptoms. The
primary endpoints were the difference in the corneal staining grade assessed by the Oxford
grading system (0–5) and conjunctival staining score assessed by the National Eye Insti-
tute scale (0–3) [40,41] with FLUO 900 fluorescein strip (Haag-Streit, Köniz, Switzerland)
staining under the slit lamp examination using a cobalt blue light. The ocular surface
disease index (OSDI) score [42], drug tolerance, and adherence rates at 12-week visits were
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obtained. The drug tolerance data were acquired using a questionnaire sheet to evaluate
the frequency and severity of the symptoms associated with using eye drops, including
stinging/burning, sticky sensation, itching, blurring, sandiness/grittiness, dryness, light
sensitivity, and pain/soreness. The level of each symptom was graded as 0 (none) to
3 (severe, immensely interfering with the subject’s daily life), and the duration of each
symptom as 0 (prompt: <5 min) or 1 (continuous:≥5 min). Adherence rates (0–100%) were
assessed at 4 and 12 weeks using a self-report sheet [25,26].

The secondary efficacy endpoints were corneal and conjunctival staining score, and
OSDI score at 4-week visits and IOP measured by Goldmann applanation, tear break-up
time (TBUT) with FLUO 900 fluorescein strip staining under the slit lamp examination
using a cobalt blue light, and bulbar and limbal hyperemia score assessed by Efron grading
scale (0–4) [43] at the 4- and 12–week visits. For safety assessment, BCVA, systolic blood
pressure (SBP), diastolic blood pressure (DBP), heart rate (HR) at 4 and 12 weeks, and
adverse events (AEs) during the whole study period were analyzed.

2.3. Statistical Analysis

This study aimed to evaluate the superiority of preservative-free brimonidine/timolol over
preserved brimonidine/timolol in terms of ocular surface. Superiority was concluded if the
difference in the hyperemia score was 0.82 or more according to a study that evaluated the differ-
ence in eye redness before and after switching the subjects using preserved and preservative-free
eyedrops [25,26,44,45]. Assuming a dropout rate of 25% and a standard deviation of 1.0 for
the hyperemia score, a total of 60 patients (30 in each group) were required to achieve 90%
power for the superiority calculation, resulting in a minimal sample size of 21 per group after
accounting for dropouts [25,26,44,45]. To maximize the accuracy of the assessment among all
investigators, a blinded person created a validation image set of conjunctival hyperemia, which
was used to check the agreement between each investigator [25,26,44,45].

Baseline characteristics were compared between the preserved and preservative-free
groups using independent t-tests or Wilcoxon rank-sum tests for continuous variables and
chi-square or Fisher’s exact tests for categorical variables. Prior to selecting statistical tests,
the normality of data distributions was assessed using the Shapiro–Wilk test. Variables
that followed a normal distribution were analyzed using parametric tests, while non-
parametric methods were used for non-normally distributed data. Inter-group comparisons
of continuous outcome measurements at 4- and 12-week visits were performed using
analysis of covariance (ANCOVA) after adjusting baseline values and covariates, if needed.
Intra-group comparisons of serial measurements compared to baseline data were performed
using paired t-test or Wilcoxon signed-rank tests. Assessments were performed using
intention-to-treat (ITT) and per-protocol (PP) sets. Only patients who did not violate the
protocol with an adherence rate of more than 80% were included in the PP set. Statistical
analyses were performed using the Statistical Package for the Social Sciences for Windows
(version 18.0; IBM Corp., Armonk, NY, USA), and statistical significance was set at p < 0.05.

3. Results

Overall, 59 patients were randomized into each group (29 preserved and 30 preservative-
free group) which comprised an ITT set. During the study, five patients (three withdrawal of
consent, one adverse event, one protocol violation) were excluded from the preserved group
and two patients (one withdrawal of consent, one adverse event) from the preservative-free
group. Consequently, 24 and 28 patients were included in the PP set of preserved and
preservative-free groups, respectively (Figure 1B). There were no significant differences
in the demographic and baseline features including age and sex, between the groups,
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minimizing potential confounding effects on variables such as BCVA, SBP, DBP, and HR
(Table 1).

Table 1. Demographic and baseline characteristics between the preserved and preservative-free
brimonidine/timolol groups (ITT set). SBP, systolic blood pressure; DBP, diastolic blood pressure;
HR, heart rate; BCVA, best-corrected visual acuity; IOP, intraocular pressure; CCT, central corneal
thickness; OSDI, ocular surface disease index.

Preserved
(n = 29)

Preservative-Free
(n = 30)

p

Age, years 59.21 ± 11.47 57.27 ± 12.42 0.480

Male, n (%) 18 (62.1) 18 (60.0) 0.871

Duration of disease, years 0.45 ± 2.17 1.19 ± 3.52 0.834

Height, cm 166.07 ± 8.21 165.12 ± 7.33 0.640

Weight, kg 67.43 ± 10.89 67.23 ± 10.34 0.945

SBP, mmHg 129.21 ± 12.68 131.83 ± 14.01 0.454

DBP, mmHg 76.72 ± 9.34 78.10 ± 10.51 0.597

HR, beat per minute 75.69 ± 9.01 78.57 ± 9.08 0.249

BCVA (decimal) 0.88 ± 0.26 0.92 ± 0.22 0.512

IOP, mmHg 19.21 ± 2.84 18.71 ± 3.31 0.309

CCT, μm 546.76 ± 34.20 544.03 ± 27.24 0.499

Bulbar hyperemia 1.11 ± 0.69 0.83 ± 0.71 0.136

Limbal hyperemia 0.86 ± 0.71 0.79 ± 0.68 0.746

Corneal staining score 0.57 ± 0.69 0.79 ± 0.68 0.192

Conjunctival staining score 0.68 ± 0.62 0.90 ± 0.61 0.152

Tear film break up time 7.50 ± 6.26 7.69 ± 6.36 0.924

OSDI score 7.86 ± 6.41 7.37 ± 6.10 0.789

3.1. Primary Outcomes

The corneal and conjunctival staining scores, OSDI scores, drug tolerance, and patient
satisfaction at 12-week visits were compared between the groups (Table 2). Although
the corneal and conjunctival staining scores and OSDI scores did not differ significantly
between the preserved and preservative-free groups at 12-week visits (Table 2), comparing
intra-group changes of the corneal and conjunctival staining scores at 12-week visits from
the baseline score for each group, preserved group showed increased corneal score in ITT
set and increased conjunctival score in both the ITT and PP set, which means an increased
ocular surface defect of cornea and conjunctiva in the preserved brimonidine/timolol
group (Figures 2 and 3).

Regarding drug tolerance, a stinging/burning sensation was more often associated
with the preserved group in both ITT and PP sets with statistical significance (p = 0.011,
0.010, respectively; Table 2). Pain/soreness sensation was also higher in the preserved
group in the PP set with statistical significance (p = 0.033; Table 2). In the patient satisfaction
score, the preservative-free group reported that the unit-dose container was easier for
installation in both ITT and PP set with statistical significance (p = 0.004, 0.002, respectively;
Table 2), and easier for storage in the PP set with statistical significance (p = 0.030; Table 2).
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Table 2. Primary outcome measurements at 12-week visit. OSDI ocular surface disease index.
a Statistical analyses were conducted using ANCOVA after adjusting baseline data. b Statistical
analyses were conducted using independent t-test or Wilcoxon’s rank sum test. Significant values
with p < 0.05 are indicated in bold.

Intention-to-Treat Set Per-Protocol Set

Preserved
(n = 29)

Preservative-
Free (n = 30)

p Preserved
(n = 24)

Preservative-
Free (n = 28)

p

Corneal staining score (V4) 1.08 ± 0.15 0.75 ± 0.15 0.125 a 0.91 ± 0.16 0.81 ± 0.14 0.630 a

Corneal staining score difference
from baseline
(V4-baseline)

0.46 ± 0.88 0.00 ± 0.89 0.060 0.33 ± 0.80 0.07 ± 0.87 0.310 b

Conjunctival staining score (V4) 1.02 ± 0.09 0.85 ± 0.09 0.211 a 1.00 ± 0.11 0.84 ± 0.10 0.325 a

Conjunctival staining score
difference
from baseline
(V4-baseline)

0.28 ± 0.53 0.00 ± 0.62 0.073 0.31 ± 0.57 −0.01 ± 0.64 0.084 b

OSDI score (V4) 7.65 ± 1.36 6.27 ± 1.34 0.473 a 9.49 ± 1.62 6.36 ± 1.43 0.153 a

OSDI score difference
from baseline
(V4-baseline)

0.11 ± 7.92 −1.38 ± 8.02 0.835 1.76 ± 8.09 −1.11 ± 8.02 0.423 b

Drug tolerance score

Stinging/burning 0.82 ± 0.67 0.38 ± 0.49 0.011 0.86 ± 0.65 0.37 ± 0.49 0.010 b

Sticky 0.29 ± 0.53 0.10 ± 0.41 0.076 0.29 ± 0.46 0.11 ± 0.42 0.070 b

Itching 0.29 ± 0.53 0.28 ± 0.65 0.727 0.29 ± 0.56 0.30 ± 0.67 0.910 b

Blurred vision 0.54 ± 0.64 0.38 ± 0.56 0.341 0.62 ± 0.67 0.37 ± 0.56 0.173 b

Sandiness/grittiness 0.36 ± 0.56 0.17 ± 0.38 0.182 0.38 ± 0.50 0.19 ± 0.40 0.138 b

Dryness 0.43 ± 0.74 0.28 ± 0.45 0.603 0.48 ± 0.75 0.30 ± 0.47 0.486 b

Light sensitivity 0.17 ± 0.47 0.43 ± 0.69 0.100 0.19 ± 0.48 0.52 ± 0.75 0.064 b

Pain/soreness 0.36 ± 0.49 0.17 ± 0.38 0.120 0.43 ± 0.51 0.15 ± 0.36 0.033 b

Patient satisfaction score

Easy to open 1.61 ± 0.74 1.31 ± 0.54 0.109 1.71 ± 0.78 1.33 ± 0.55 0.075 b

Easy for installation 1.89 ± 0.74 1.38 ± 0.68 0.004 2.05 ± 0.74 1.41 ± 0.69 0.002 b

Easy for storage 1.61 ± 0.69 1.38 ± 0.62 0.163 1.81 ± 0.68 1.41 ± 0.64 0.030 b

Easy for drug management 1.39 ± 0.74 1.17 ± 0.47 0.251 1.52 ± 0.81 1.19 ± 0.48 0.110 b

Figure 2. Intra-group change of corneal staining scores in preserved and preservative-free brimoni-
dine/timolol groups at 4-week (V3) and 12-week (V4) visits from the baseline score. (* represents
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statistical significance by paired t-test). ITT, intention-to-treat set; PP, per-protocol set. (A) ITT,
intention-to-treat set; (B) PP, per-protocol set.

Figure 3. Intra-group change of conjunctival staining score in preserved and preservative-free bri-
monidine/timolol groups at 4-week (V3) and 12-week (V4) visits from the baseline score (* represents
statistical significance by paired t-test). ITT, intention-to-treat set; PP, per-protocol set. (A) ITT,
intention-to-treat set; (B) PP, per-protocol set.

Adherence rates differed with statistical significance between the groups (Figure 4).
At 4-week visits, the preserved group reported an adherence rate of 95.42%, while the
preservative-free group reported 98.86% (p = 0.003). At 12-week visits, the adherence rate
of the preserved group decreased to 90.44%, while the preservative-free group increased to
98.86% (p = 0.036).

Figure 4. Adherence rate (%) between preserved and preservative-free brimonidine/timolol groups.
(* represents statistical significance by independent t-test).

3.2. Secondary Outcomes

There were no statistically significant differences between the groups in corneal and
conjunctival staining score and OSDI score at 4-week visits. Also, the TBUT score and bul-
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bar/limbal hyperemic score did not differ significantly between the groups at 4-week and
12-week (Table 3) visits. However, intra-group differences of the OSDI score were observed
in the preservative-free group at 4-week visits in the ITT set, and in both preserved and
preservative-free groups at 4-week visits in the PP set (Figure 5). In addition, although both
groups showed decreased OSDI scores compared with the baseline at 4-week visits, the
OSDI score change showed a different tendency at 12-week visits in both groups. The pre-
served group showed increased OSDI scores compared with the baseline at 12-week visits,
while the preservative-free group showed consistently decreased OSDI scores (Figure 5).
Other variables including bulbar and limbal hyperemic score and IOP at 4 and 12 weeks
showed no statistically significant differences between the groups. Both groups showed
significantly lower IOPs at both 4 and 12 weeks compared to those at baseline, with no
significant differences between the groups throughout the study period.

Table 3. Secondary outcome measurements at 4-week visits (V3) and 12-week visits (V4). OSDI,
ocular surface disease index; TBUT, tear-film break up time; IOP, intraocular pressure. a Statistical
analyses were conducted using ANCOVA after adjusting baseline data. b Statistical analyses were
conducted using independent t-test or Wilcoxon’s rank sum test.

Intention-to-Treat Set Per-Protocol Set

Preserved
(n = 29)

Preservative-
Free (n = 30)

p Preserved
(n = 24)

Preservative-
Free (n = 28)

p

Corneal staining score (V3) 0.72 ± 0.13 0.79 ± 0.13 0.702 0.66 ± 0.16 0.78 ± 0.14 0.560 a

Corneal staining score difference
from baseline
(V3-baseline)

0.11 ± 0.83 0.03 ± 0.78 0.619 0.10 ± 0.94 0.04 ± 0.81 0.722 b

Conjunctival staining score (V3) 0.71 ± 0.12 0.95 ± 0.12 0.162 0.69 ± 0.14 0.91 ± 0.13 0.264 a

Conjunctival staining score
difference
from baseline
(V3-baseline)

−0.04 ± 0.57 0.11 ± 0.77 0.735 −0.01 ± 0.60 0.07 ± 0.76 0.478 b

OSDI score (V3) 5.72 ± 0.82 4.52 ± 0.80 0.298 5.81 ± 0.97 4.26 ± 0.85 0.236 a

OSDI score difference
from baseline
(V3-baseline)

−1.82 ± 4.36 −3.14 ± 6.89 0.195 −1.95 ± 4.01 −3.19 ± 7.11 0.452 b

TBUT (V3), sec 6.34 ± 0.44 6.55 ± 0.43 0.728 6.24 ± 0.53 6.52 ± 0.47 0.699 a

TBUT difference
from baseline
(V3-baseline)

−0.16 ± 2.57 0.22 ± 2.62 0.892 −0.33 ± 2.90 0.09 ± 2.61 0.604 b

TBUT (V4), sec 6.43 ± 0.46 6.69 ± 0.46 0.689 6.54 ± 0.57 6.75 ± 0.51 0.781 a

TBUT difference
from baseline
(V4-baseline)

−0.08 ± 3.05 0.36 ± 2.38 0.550 −0.03 ± 3.30 0.31 ± 2.45 0.683 b

Hyperemic score

Bulbar (V3) 0.55 ± 0.10 0.64 ± 0.10 0.510 0.38 ± 0.11 0.63 ± 0.10 0.101 a

Bulbar hyperemic score difference
from baseline
(V3-baseline)

−0.50 ± 0.69 −0.24 ± 0.64 0.281 −0.67 ± 0.76 −0.26 ± 0.66 0.094 b

Bulbar (V4) 0.70 ± 0.10 0.64 ± 0.10 0.659 0.62 ± 0.12 0.63 ± 0.10 0.982 a

Bulbar hyperemic score difference
from baseline
(V4-baseline)

−0.36 ± 0.68 −0.24 ± 0.69 0.774 −0.43 ± 0.75 −0.26 ± 0.71 0.632 b

Limbal (V3) 0.56 ± 0.11 0.60 ± 0.11 0.818 0.38 ± 0.13 0.59 ± 0.11 0.221 a

Limbal hyperemic score difference
from baseline
(V3-baseline)

−0.29 ± 0.66 −0.21 ± 0.82 0.956 −0.43 ± 0.68 −0.22 ± 0.85 0.556 b

Limbal (V4) 0.81 ± 0.10 0.70 ± 0.10 0.467 0.76 ± 0.13 0.70 ± 0.11 0.721 a

Limbal hyperemic score difference
from baseline
(V4-baseline)

−0.04 ± 0.51 −0.10 ± 0.82 0.507 −0.05 ± 0.59 −0.11 ± 0.80 0.593 b
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Table 3. Cont.

Intention-to-Treat Set Per-Protocol Set

Preserved
(n = 29)

Preservative-
Free (n = 30)

p Preserved
(n = 24)

Preservative-
Free (n = 28)

p

IOP (V3), mmHg 13.89 ± 0.43 13.32 ± 0.42 0.348 13.16 ± 0.38 13.19 ± 0.33 0.949 a

IOP difference
from baseline
(V3-baseline)

−5.20 ± 2.92 −5.52 ± 2.52 0.785 −6.24 ± 2.19 −5.78 ± 2.35 0.186 b

IOP (V4), mmHg 13.71 ± 2.80 12.34 ± 2.45 0.054 13.27 ± 0.48 12.57 ± 0.42 0.280 a

IOP difference
from baseline
(V4-baseline)

−5.50 ± 2.94 −6.36 ± 2.78 0.260 −6.14 ± 2.51 −6.39 ± 2.83 0.755 b

Figure 5. Intra-group change of OSDI score in preserved and preservative-free brimonidine/timolol
groups at 4-week (V3) and 12-week (V4) visits from the baseline score. (* represents statistical
significance by paired t-test). (A) ITT, intention-to-treat set; (B) PP, per-protocol set.

3.3. Safety Assessments

The BCVA, SBP, DBP, and HR did not differ between the groups throughout the study
period, with all variables in the normal range (Table 4). The total incidence of AEs was
25.42% (15/59 patients, 16 cases), which was 24.14% (7/29 patients, 8 cases) in the preserved
group and 26.67% (8/30 patients, 8 cases) in the preservative-free group. The AEs that
caused the drop-out in the study were palpitations in the preserved group and dizziness in
the preservative-free group. However, severe AEs were not reported, and all participants
recovered to a normal state after discontinuing the eyedrops.

Table 4. Safety assessment at 4- and 12-week visits using per-protocol set. BCVA, best-corrected
visual acuity; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate. Comparative
analyses were performed using ANCOVA after adjusting age, gender, and baseline data, except for
BCVA. For BCVA, the Wilcoxon rank-sum test was used.

4-Week Visit 12-Week Visit

Preserved (n = 29) Preservative-Free (n = 30) p Preserved (n = 24) Preservative-Free (n = 28) p

BCVA (decimal) 0.90 ± 0.24 0.94 ± 0.25 0.438 0.88 ± 0.24 0.96 ± 0.24 0.145

SBP, mmHg 127.58 ± 9.23 128.39 ± 13.58 0.806 126.18 ± 11.25 128.00 ± 8.02 0.313
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Table 4. Cont.

4-Week Visit 12-Week Visit

Preserved (n = 29) Preservative-Free (n = 30) p Preserved (n = 24) Preservative-Free (n = 28) p

SBP-baseline, mmHg −1.50 ± 10.88 −2.89 ± 14.04 0.6947 −2.71 ± 11.26 −3.90 ± 12.60 0.7105

DBP, mmHg 76.72 ± 9.34 78.10 ± 10.51 0.598 71.46 ± 6.06 72.34 ± 5.30 0.249

DBP-baseline, mmHg 1.75 ± 9.52 −1.18 ± 9.71 0.2792 1.46 ± 10.96 −1.83 ± 9.59 0.2322

HR, bpm 73.29 ± 7.84 72.07 ± 9.25 0.406 72.34 ± 5.30 71.46 ± 6.06 0.453

4. Discussion

Ocular surface can be affected not only by preservatives like BAK, but also by active
pharmaceutical ingredients or other excipients with which BAK is combined. Several
in vitro and ex vivo studies have shown that BAK alone, at concentrations commonly
found in commercial formulation, and BAK combined with timolol, have more deleterious
effects on conjunctival cells compared to BAK used with prostaglandin analogues [46–49].
Similarly, the fact that conjunctiva staining score showed differences between the groups at
4 weeks in our study implies that the active pharmaceutical ingredient should also be under
consideration for the cause of OSD. Sherwood et al. [50] demonstrated that in the 12-month
clinical trial, the most frequent treatment-related AEs by brimonidine/timolol recipients
(n = 385) were conjunctival hyperemia (14.5%), followed by ocular stinging (6.2%), eye
pruritus (5.5%), and allergic conjunctivitis (5.2%). Interestingly, ocular stinging was more
frequent with brimonidine/timolol therapy than with brimonidine alone (p = 0.03), though
other adverse events were less common with brimonidine/timolol (p < 0.02). These results
support the fact that the impact on the ocular surface or ocular side effects can vary depend-
ing on the composition of active ingredients as well. On the contrary, our results showed
that both bulbar and limbal hyperemic scores rather decreased at 12 weeks compared
to baseline scores in both preserved and preservative-free brimonidine/timolol groups,
although they did not show statistical differences. The impact of brimonidine/timolol
on hyperemia seems to manifest between 3-month and 12-month intervals, highlighting
the need for increased attention to conjunctival hyperemia during this period which may
be due to allergic reaction. We also evaluated stinging/burning sensation to assess drug
tolerance. There were statistically significant differences in the stinging/burning sensation
between the preserved and preservative-free groups in both ITT and PP sets. Thus, starting
with preservative-free brimonidine/timolol could be beneficial to improve ocular comfort
and tolerance from the outset, avoiding potential issues related to hyperemia and ocular
discomfort. Also, switching from preserved brimonidine/timolol to preservative-free
brimonidine/timolol would be another treatment option for patients experiencing ocular a
stinging sensation.

Even with topical administration, brimonidine and timolol can enter systemic circula-
tion, potentially causing cardiovascular (brimonidine, timolol) and pulmonary (timolol)
effects [51–54]. Stewart et al. [54], reported that the use of concomitant timolol maleate and
brimonidine, given as separate agents, was related with ventricular premature contractions
during exercise, and atrial premature contractions during recovery in treatment groups.
On the contrary, in our study in which brimonidine and timolol were given in a fixed-
combination formula, there were no significant systemic AEs in the safety assessment. The
components used in formulating fixed combinations of brimonidine and timolol appear
to possess the potential to mitigate these cardiovascular and pulmonary effects associated
with each individual use of brimonidine or timolol. Meanwhile, our previous study [26]
reported lower SBP and DBP at 4 and 12 weeks compared to baseline measures when using
preserved brimonidine, but not in the preservative-free brimonidine group. The important
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factor could be the extent of individual drug consumption. Since bottle-type dispensers are
not transparent, patients may have inadvertently instilled multiple drops at one session,
resulting in overconsumption. In contrast, no such association was identified for unit-dose
pipettes [55]. Furthermore, the difference in total amount of brimonidine derived from
the different frequency of use and the concentration would have influenced the results.
In our previous study [26], the brimonidine was required to be instilled three times a
day, whereas in the current study, brimonidine/timolol was required to be instilled twice
daily. Brimonidin (Alphagan P®, Allergan Inc., Irvine, CA, USA) is typically prescribed as
0.15% administered three times daily, totaling 0.45% per day, whereas brimonidine/timolol
(Combigan™, Allergan Inc., Irvine, CA, USA) is usually prescribed as 0.2% administered
twice daily, totaling 0.4% per day.

Along with several previous studies demonstrating that chronic use of preserved eye
drops causes significant damage to the ocular surface [13,17,21,24–26,56–58], we found that
intra-group changes of the corneal and conjunctival staining scores at 12-week visits from
the baseline score for each group showed different tendencies. The preserved group showed
an increased corneal score in the ITT set and increased conjunctival score in both ITT and
PP sets, which means an increased ocular surface defect of cornea and conjunctiva in the
preserved brimonidine/timolol group. Also, we found that the TBUT was improved in the
preservative-free group compared to preserved group, and the preserved group showed an
increased OSDI score compared with the baseline at 12 weeks, while the preservative-free
group showed consistently a decreased OSDI score which means better ocular surface
status. These results imply that preservative-free brimonidine/timolol may reduce adverse
effects of BAK on ocular surface. The higher patient adherence rate in the preservative-free
group may be attributed to reduced BAK-related adverse effects, supported by the prior
findings showing self-reported nonadherence rates of 32.0% for the preserved eye drops
and 12.5% for the preservative-free eye drops [3].

Although inter-group change of the corneal and conjunctival staining and OSDI
scores did not differ significantly between the preservative-free and preserved groups at
12-week visits, it does not mean the minimized adverse effect of BAK. A previous study
comparing BAK-preserved latanoprost to BAK-free travoprost found that in the overall
cohort of patients, mean OSDI scores at the 12-week time point were not statistically
different, but significant improvement was seen in the subsets of patients with mild OSDI
scores at baseline and patients who had long-term (more than 24 months) exposure to
BAK-preserved latanoprost before entry into the study [24]. The latter finding suggests
a cumulative effect of BAK, consistent with its persistence in ocular tissues [13]. On the
contrary, the acute detrimental effect of BAK does not last long if the exposure time is a fairly
short term. A recent study described that preserved latanoprost caused an acute decrease
in the corneal epithelium at 1 min after the first instillation [56]. However, the decrease
disappeared at 24 h after a once-daily application of the preserved latanoprost, which was
also verified by scanning electron microscopy analyses [56]. This regenerative power in
response to daily exposures to BAK may explain the lack of significant differences between
the groups in ocular surface findings and OSDI scores during 4- and 12-week follow-up
periods in this study. Alternatively, chronic changes from cumulative BAK toxicity might
have been pronounced, potentially revealing a more significant detrimental effect on the
corneal surface, if the follow-up period were longer [59]. On the other hands, intra-group
changes of the corneal and conjunctival staining scores showed differences between the
groups. In the preserved group, the corneal staining score continuously increased at 4 and
12 weeks compared to the baseline score, but in the preservative-free group, the scores were
similar or showed decreasing tendency compared to the baseline score. This could possibly
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be related to the timing of the loss of corneal regenerative power due to the accumulation of
BAK in the twice-daily use. Additionally, concerning the conjunctival staining score, there
was a different trend between the groups. The preservative-free group showed no change
at 4 and 12 weeks, while the preserved group showed an increased score at 12 weeks.

Ensuring patient adherence is a major concern for glaucoma treatment, as it sig-
nificantly impacts patients’ life-long medication use and influences the overall disease
progression. In our study, adherence rates were consistently higher in the preservative-free
group compared to the preserved group throughout the study period. Key differences
between the two groups were differences in stinging/burning sensation and pain/soreness
scores of drug tolerance, and easiness for instillation and storage of patient satisfaction
scores. Participants using preservative-free brimonidine/timolol reported a lower sting-
ing/burning sensation or pain/soreness score which could be related to ingredients in
eye drop itself as mentioned above. Higher levels of patient satisfaction suggest that the
single-dose container was both easy to use and convenient for storage. Although there is
ongoing debate about whether elderly patients may struggle with opening rigid plastic
containers of singe-dose units [60,61], this issue was not considered a significant hurdle for
the newly developed preservative-free formulation. Moreover, patients can easily count the
number of used or unused doses with the single-dose container system or keep the drug in
desired locations, leading to better drug accessibility, resulting in convenient drug storage,
another advantage of the preservative-free formulation in this study. Similar results were
also reported in the previous study [26].

Since glaucoma is a chronic progressive disease property, long-term use of a glaucoma
agent is often required. Initial treatment typically involves a single topical agent (monother-
apy), but additional agents (combination therapy) are frequently needed to reach the target
IOP [62–64]. Meanwhile, modern adjunctive therapy combines a β-receptor antagonists
with another class of drug [65], and one of them is fixed-combination brimonidine/timolol
which consists of brimonidine 0.2% and timolol 0.5%. In the Ocular Hypertension Treat-
ment Study, 40% of treated subjects required more than one medication to achieve the
therapeutic goal of 20% IOP reduction from baseline [62,64]. More than 75% of subjects in
the medical treatment arm of the Collaborative Initial Glaucoma Treatment Study required
at least two medications after 2 years [63]. Unfortunately, anti-glaucomatous eye drops
often have significant adverse effects including OSD, which when combined with the silent
nature of glaucoma leads to a high risk of low adherence if patients do not understand their
disease and the importance of treatment [66]. Erb et al. [67] reported that the prevalence of
dry eye disease in glaucoma was 52.6% and increased with age, the duration of glaucoma,
and the number of eye drops used (1 eye drop 50.9%, 5 eye drops 66.7%). Therefore, use of
fixed-combined drugs as treatment strategy to reduce the number of ophthalmic solutions
may be reasonable while maintaining the comparable IOP-lowering effect and enhancing
patient adherence.

This study has several limitations that should be considered when interpreting the
findings. First, the relatively short follow-up period of 12 weeks may not fully capture
the long-term effects of preservative-free versus preserved brimonidine/timolol on ocular
surface health. Extended observation periods could provide a more comprehensive under-
standing of the chronic impacts on the ocular surface and adherence. Second, the dropout
rate, although accounted for in the power calculation, led to a slightly uneven sample
size between the groups, which may affect the statistical power in subgroup analyses.
Additionally, the study was conducted across three institutions in South Korea, which
may limit the generalizability of the results to populations with different demographic
or environmental characteristics. Lastly, objective measures of inflammation, such as
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MMP-9 levels, were not included. Future studies incorporating biomarkers for ocular
surface inflammation may yield further insights into the differential effects of preserved
and preservative-free formulations.

In sum, subjects with preservative-free brimonidine/timolol fixed-combination eye-
drops showed better ocular surface status and higher patient adherence compared to the
preserved formulation, especially in corneal/conjunctival staining scores and OSDI scores.
Through serial investigations comparing patients’ ocular surface status and adherence
rate between the preserved and preservative-free eye drops [25,26], this study clearly
demonstrates superiority of preservative-free eye drops on glaucoma patients in clinical
application. Additionally, we discussed the influence of active pharmaceutical ingredients
on ocular surface health, emphasizing the importance of considering both preservatives
and active ingredients. Overall, our findings suggest that starting with preservative-free
brimonidine/timolol rather than preserved formulation could be beneficial to improve
the glaucoma drug adherence. Further studies with patients having different corneal
properties and longer follow-up may be required to investigate the long-term effect of
preservative-free and preserved medications in diverse settings.
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Abstract: Background: A few studies have reported controversial relationships between atrial fibril-
lation/flutter (AF/L) and primary open-angle glaucoma (POAG). This study aimed to investigate
the potential causal relationship between AF/L and POAG. Methods: Single-nucleotide polymor-
phisms associated with exposure to AF/L were selected as instrumental variables with significance
(p < 5.0 × 10−8) from a genome-wide association study (GWAS) by FinnGen. The GWAS summary of
POAG from the UK Biobank was used as the outcome dataset. A two-sample Mendelian randomisa-
tion (MR) study was performed to assess the causal effects of AF/L on POAG. In addition, potential
confounders, including hypertension, autoimmune hyperthyroidism, sleep apnoea, and alcohol use
disorder, were assessed using multivariable MR analysis. Results: There was a significant causal
association of AF/L with POAG (odds ratio [OR] = 1.26, 95% confidence interval [CI] = 1.07–1.48,
p = 0.005 using inverse-variance weighting [IVW]). Multivariable MR analysis confirmed a causal
association of AF/L with POAG (OR = 1.24, 95% CI = 1.02–1.51, p = 0.034 using IVW), but hyper-
tension, hyperthyroidism, sleep apnoea and alcohol use disorder did not show significant causal
associations with POAG (all p > 0.05). Conclusions: This established causal relationship between
AF/L and POAG supports the need for further investigation into the role of AF/L as a possible risk
factor for POAG. Further research is required to confirm these findings.

Keywords: primary open-angle glaucoma; mendelian randomisation; atrial fibrillation; atrial flutter;
sleep apnoea; single-nucleotide polymorphisms

1. Introduction

Primary open-angle glaucoma (POAG), a major cause of permanent vision loss, is a
progressive optic neuropathy characterised by the degeneration of retinal ganglion cells and
their axons [1]. Its pathogenesis remains unclear, despite the established roles of multiple
factors in its pathophysiology. Elevated intraocular pressure (IOP) is a major risk factor for
POAG [2], although the precise mechanisms underlying glaucomatous optic neuropathy
and the associated visual field loss remain unclear [1]. However, reports indicate that
lowering IOP with long-acting drug delivery reduces the risk of glaucoma progression,
highlighting that IOP is a critical factor in glaucoma [3]. Studies identifying the causal risk
factors for POAG may enable the early detection and prevention of glaucoma; consequently,
they form the foundation for research in ophthalmology. Several risk factors, such as ageing,
hypoxia, neuroprotection, and environmental factors, have been suggested as contributing
to the pathogenesis of POAG [1,4–9]. Minor injuries from repeated reperfusion, such as
fluctuating IOP or disrupted autoregulation, may eventually cause oxidative stress and
glaucomatous damage [10]. Cardiovascular disorders, including vasospasm, hypertension,
and hypotension, are also potential risk factors for glaucoma [11].
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Atrial fibrillation (AF) and atrial flutter (AFL) are disorders of significant importance
to public health, especially when considering their associations with ischaemic stroke
and heart failure [12,13]. AF is the most prevalent type of cardiac arrhythmia, caused
by aberrant electrical activity within the atria of the heart, leading to fibrillation. AFL is
similar to AF, but the rapid upper-chamber cardiac arrhythmias encountered in clinical
practice are often more regular [14]. Additionally, many patients with AFL develop AF
over time [15]. Recent advances in the understanding of the unique electrophysiological
processes underlying AF and AFL have led to anatomy-based treatment approaches. Ow-
ing to their mechanistic similarities, AF and AFL (AF/L) are often classified and studied
together. AF prevalence ranges from 2% in the general population to 10–12% in those
aged ≥80 years. AF/L presents as an erratic heartbeat that may cause instability in ocular
perfusion pressure. AF/L plays a significant role in heart failure, stroke, cardiovascu-
lar morbidity, and sudden death. However, the associations between AF/L, as a major
cardiovascular disease, and ophthalmological diseases have not been intensively exam-
ined. A recent analysis from the Ural Eye and Medical Study showed that AF/L was
not associated with major ocular diseases, including glaucoma (p = 0.90) [16]. However,
Flammer et al. suggested that ischaemia and reperfusion damage caused by unstable ocular
perfusion may play a role in the vascular pathophysiology of POAG [17]. An observational
study also revealed that patients with normal-tension glaucoma had a higher AF incidence
than controls (p = 0.022) [18]. Another recent longitudinal study evaluating the association
of AF and glaucoma using Korean National Health Insurance data determined that AF
increased the risk of developing glaucoma (hazard ratio = 1.31; 95% confidence interval
[CI] = 1.15–1.48) [19]. Evidently, research on the relationship between AF and glaucoma is
not enough.

Mendelian randomisation (MR) is a genetic epidemiological technique that uses ge-
netic variants associated with potential risk factors (exposures) as instrumental variables
(IVs) to assess their causal effects on disease outcomes [20,21]. Several studies have used
MR to investigate glaucoma and its potential risk factors [22–24]. However, no MR studies
have assessed the association between AF/L and POAG. Therefore, this study aimed to
analyse the association between AF/L and POAG using univariate MR analysis and to
conduct multivariate MR analysis to account for potential confounding factors, such as
hypertension, hyperthyroidism, sleep apnoea, and alcohol use disorder. To achieve this
goal, a two-sample MR technique was used to examine the causal effects of AF/L on POAG,
utilising summary statistics from FinnGen [25] for exposures and from the UK Biobank
(UKB) for outcomes [26].

2. Materials and Methods

2.1. Study Design

The study protocol was approved by the Institutional Review Board of the Veterans
Health Service Medical Center (approval number. 2023-12-030), and owing to the retro-
spective study design, the requirement for informed consent was waived. This study was
conducted in accordance with the principles of the Declaration of Helsinki.

2.2. Data Sources

The analytical study design used to investigate the causal relationship between AF/L
and POAG is presented in Figure 1. The following summary datasets were used: exposure
data from the FinnGen genome-wide association study (GWAS) for AF/L, which included
237,690 participants (45,766 cases vs. 191,924 controls), and outcome data from the UKB
POAG GWAS, which included 456,351 participants (654 cases vs. 455,697 controls). To
assess the causal relationship between AF/L and glaucoma, additional FinnGen data from
the following participant types were incorporated in the multivariable MR analysis to
assess potential confounders: 377,209 participants with hypertension (111,581 cases vs.
265,626 controls), 281,683 participants with autoimmune hyperthyroidism (1828 cases vs.
279,855 controls), 375,657 participants with sleep apnoea (38,998 cases vs. 336,659 controls)
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and 377,277 participants with alcohol use disorder (15,715 cases vs. 361,562 controls).
Detailed sources of the summary data are presented in Table 1.

Figure 1. Diagram of two-sample Mendelian randomisation analysis. Solid lines indicate an associa-
tion, while dashed lines indicate none. Abbreviation: SNP, single-nucleotide polymorphism.

Table 1. Summary statistics of data sources.

Traits Data Source No. of Participants Population No. of Variants Reference

Atrial fibrillation and flutter FinnGen 237,690 (45,766 cases + 191,924 controls) European (Finland) 20,164,886 [27]
Hypertension FinnGen 377,209 (111,581 cases + 265,626 controls) European (Finland) 20,170,234

Autoimmune hyperthyroidism FinnGen 281,683 (1828 cases + 279,855 controls) European (Finland) 20,167,370
Sleep apnoea FinnGen 375,657 (38,998 cases + 336,659 controls) European (Finland) 20,170,208

Alcohol use disorder, ICD-based FinnGen 377,277 (15,715 cases + 361,562 controls) European (Finland) 20,170,236

Primary open-angle glaucoma UKB 456,351 (654 cases + 455,697 controls) European (UK) 11,831,932 [28]

Abbreviations: ICD, International Classification of Diseases; UK, United Kingdom; UKB, UK Biobank.

2.3. Selection of the Genetic IVs

The study used single-nucleotide polymorphisms (SNPs) associated with exposure at
the GWAS significance threshold (p < 5.0 × 10−8) as IVs. To maintain the independence of
each IV, SNPs were selected after pruning for linkage disequilibrium (R2 < 0.001, clumping
distance = 10,000 kb). Data from the 1000 Genomes Phase III European database were
used as a reference to calculate linkage disequilibrium during the clumping process. The
F-statistic was calculated using the formula

F = R2(n − 2)/(1 − R2)

where n represents the sample size, and R2 is the proportion of variance in the exposure
explained by the genetic variants [29]. An F-statistic >10 suggests no indication of weak
instrument bias [30]. For the multivariable MR analysis, the strength of the IVs was
evaluated using conditional F-statistics, with values of >10 indicating sufficient instrument
strength for the analysis [31].

2.4. MR Analysis

In this study, a two-sample MR approach with SNPs was used as IVs to investigate
the causal effect of AF/L on POAG. For valid causal inference, IVs were required to
meet the following three assumptions: (1) SNPs should be strongly associated with AF/L;
(2) SNPs should not be associated with confounders of the AF/L–POAG relationship; and
(3) SNPs should influence POAG exclusively through AF/L, with no evidence of directional
horizontal pleiotropy. Our primary analytical method was inverse-variance weighting
(IVW) with a multiplicative random effects model [30,32,33]. The IVW approach is most
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efficient when all genetic variations satisfy the three IV assumptions [34]. Recognising
the potential bias that may arise from invalid IVs if the assumptions were not fully met,
sensitivity analyses were conducted using the weighted median method [35] and MR-
Egger regression [36,37]. The weighted median method can provide a consistent estimate
even if more than 50% of the IVs are invalid [35]. MR-Egger regression, which is less
sensitive to pleiotropy, estimates the average horizontal pleiotropy through its intercept,
providing an unbiased estimate of the causal effect [36]. Further, MR-Egger analysis with
simulation extrapolation (SIMEX) was employed as it allows bias correction in scenarios
where the ‘no measurement error’ assumption is violated, such as when the I2 value is
<90% [37]. To assess heterogeneity and potential pleiotropy, we used Cochran’s Q statistics
from the IVW method and Rücker’s Q statistics from the MR-Egger analysis [32,38]. We
also employed the MR pleiotropy residual sum and outlier (MR-PRESSO) [39] test and
conducted a ‘leave-one-SNP-out’ analysis to identify the influence of potentially pleiotropic
SNPs on our estimates. Considering that hypertension, autoimmune hyperthyroidism,
sleep apnoea, and alcohol use disorder are common risk factors for POAG, multivariable
MR IVW [20] and MR-Egger [40] approaches were used to adjust for these factors and
isolate the effects of AF/L on POAG. The QA statistic, a modification of Cochran’s Q,
was used to assess the heterogeneity and potential pleiotropy among IVs [31]. When
the conditional F-statistic or QA statistics indicated the presence of weak instruments or
potential pleiotropy, the Q-minimisation approach (Q-het) was applied to estimate robust
causal associations, supplementing the MVMR-IVW approach. The standard errors were
calculated using the bootstrap method [31]. For exposures with overlapping samples,
covariances for the effect of each SNP on each exposure were required to calculate the
conditional F-statistic and QA statistics [31]. One approach to obtain these covariances is to
use a phenotypic correlation matrix [31], which can be derived from the intercept of the
bivariate LD score regression [41–43]. Causal effects are expressed as odds ratios (ORs)
with 95% CIs. Statistical significance was established at a two-tailed p-value of <0.05. All
MR analyses were performed using the TwoSampleMR, MVMR, Mendelian randomisation,
and SIMEX packages in R version 3.6.3 (R Core Team, Vienna, Austria).

3. Results

3.1. Genetic IVs in Univariable MR

In the MR study, 85 SNPs that were significant at the GWAS level and were independent
of each other were selected to serve as IVs. The F-statistic values for all the selected SNPs
exceeded 10, with a mean value of 114.53, confirming that they were strong instruments.
Detailed information on the IVs is provided in Supplementary Table S1. According to the
results, the assumption of no measurement error was satisfied, with an I2 value of 97.93%
(Table 2). Heterogeneity among the IVs was evaluated using Cochran’s Q test from the
IVW method and Rücker’s Q’ test from the MR-Egger analysis and found no significant
heterogeneity (p = 0.338 for Cochran’s Q and p = 0.312 for Rücker’s Q’; Table 2). Horizontal
pleiotropy was assessed using the MR-PRESSO global test and MR-Egger regression, both
with and without SIMEX adjustments; the MR-PRESSO global test indicated no significant
pleiotropic effects (p = 0.338), and the MR-Egger intercepts showed no evidence of horizontal
pleiotropy (intercept = 0.004, p = 0.797 without SIMEX; Intercept = 0.004, p = 0.848 with SIMEX),
as shown in Table 2. Given that the F-statistic indicated no evidence of weak instrument
bias, the I2 statistic exceeded 90, and Cochran’s Q test was not significant, the IVW method
was selected for primary analysis because of its superior statistical power when core MR
assumptions were satisfied [44].
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Table 2. Heterogeneity and horizontal pleiotropy of instrumental variables.

Exposure Heterogeneity Horizontal Pleiotropy

MR-Egger MR-Egger (SIMEX)

N F I2 (%) p-Value * p-Value # p-Value † Intercept,
β (SE)

p-Value
Intercept,
β (SE)

p-Value

Atrial
fibrillation
and flutter

85 114.53 97.93 0.338 0.312 0.338 0.004
(0.017) 0.797 0.004

(0.018) 0.848

Abbreviations: β, beta coefficient; F, mean F-statistic; MR, Mendelian randomisation; N, number of instruments;
PRESSO, pleiotropy residual sum and outlier; SE, standard error; SIMEX, simulation extrapolation. * Cochran’s Q
test from the inverse-variance weighting. # Rücker’s Q’ test from MR-Egger. † MR-PRESSO global test.

3.2. Univariable MR for the Causal Effects of AF/L on POAG

We explored the potential causal relationship between AF/L and POAG by employing
85 SNPs as IVs in a univariable MR analysis. The results, displayed in Figure 2, indicate
that AF/L increases the risk of POAG according to the IVW method (OR =1.26, 95%
CI = 1.07–1.48, p = 0.005). The weighted median approach revealed a similar trend, though
it did not achieve statistical significance (OR = 1.25, 95% CI = 0.98–1.60, p = 0.068). No
significant causal relationship was observed with the MR-Egger method, with or without
SIMEX adjustment (OR = 1.20, 95% CI = 0.84–1.74, p = 0.323 without SIMEX; OR = 1.22,
95% CI = 0.82–1.81, p = 0.329 with SIMEX). Figure 3 displays a scatter plot of the effects
of SNPs on AF/L and their corresponding effects on POAG. The leave-one-out analysis
corroborated the primary IVW MR findings, as depicted in Figure 4.

Figure 2. Forest plot of causal association of AF/L with POAG. The plot presents causal effect esti-
mates from various MR methods, including IVW, MR-Egger, and MR-Egger with SIMEX correction.
Each method is represented with its corresponding causal estimate and 95% CI. The x-axis indicates
the OR for POAG associated with the presence of AF/L. Odds ratios greater than 1 suggest that
AF/L increases the risk of POAG. Abbreviations: AF/L, atrial fibrillation and flutter; CI, confidence
interval; OR, odds ratio; SNP, single-nucleotide polymorphism; IVW, inverse-variance weighting; MR,
Mendelian randomisation; POAG, primary open-angle glaucoma; SIMEX, simulation extrapolation.

100



J. Clin. Med. 2024, 13, 7670

Figure 3. Scatterplot of MR tests showing the effect of AF/L on POAG. Each dot corresponds to an
SNP, with the x-axis representing the association between the SNP and the exposure and the y-axis
representing the association between the SNP and the outcome. The regression lines are colour-coded:
light blue for IVW, dark blue for MR-Egger, light green for MR-Egger (SIMEX), and dark green for the
Weighted Median method. The slope of each line indicates the causal effect estimate obtained through
the respective method. Abbreviations: MR, Mendelian randomisation; AF/L, atrial fibrillation and
flutter; IVW, inverse-variance weighting; SIMEX, simulation extrapolation; SNP, single-nucleotide
polymorphism; POAG, primary open-angle glaucoma.

3.3. Multivariable MR for the Causal Effects of AF/L on POAG

In the multivariable MR analysis (controlled for hypertension, autoimmune hyper-
thyroidism, sleep apnoea, and alcohol use disorder), the association between AF/L and
POAG remained significant (IVW OR = 1.24, 95% CI = 1.02–1.51, p = 0.034), as presented
in Table 3 (Model 1). Hypertension, autoimmune hyperthyroidism, sleep apnoea, and
alcohol use disorder were not significantly associated with POAG in Model 1. The causal
effects estimated from the multivariate MR-Egger results were consistent with those of the
IVW analysis (Table 3). The QA statistic for Model 1 was 211.99, with a p-value of 0.192,
indicating no substantial heterogeneity among the IVs. The conditional F-statistics for
autoimmune hyperthyroidism, sleep apnoea, and alcohol use disorder were below the
conventional threshold of 10 (F = 4.08, 3.19, and 3.21, respectively), indicating potentially
weak instruments for these exposures. In contrast, the conditional F-statistics for AF/L
and hypertension were above 10 (F = 22.48 and 14.16, respectively), suggesting sufficient
instrument strength for these variables. Given the potential bias introduced by weak instru-
ments, we performed an additional multivariate MR analysis (Model 2) that included only
AF/L and hypertension, which had conditional F-statistics above the threshold of 10. In
Model 2, the association between AF/L and POAG remained significant (IVW OR = 1.24,
95% CI = 1.02–1.52, p = 0.032), consistent with the findings from Model 1. Hypertension
continued to show no significant association with POAG in Model 2 (IVW OR = 0.90, 95%
CI = 0.69–1.18, p = 0.449). The QA statistic for Model 2 was 212.86, with a p-value of 0.133,
indicating no evidence of heterogeneity. To address potentially weak instruments, we also
performed an IVW analysis with Q-minimisation (Q-het) for Model 1. The results of this
analysis are presented in Supplementary Table S2 and are consistent with the standard
IVW results for AF/L (OR = 1.38, 95% CI = 1.02–2.05).
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Figure 4. Leave-one-out plot in univariable MR analysis for the effect of AF/L on POAG. Each black
dot represents the OR estimate of the causal effect after excluding a specific SNP, with the horizontal
line around each dot indicating the corresponding 95% CI. The red dot and horizontal line represent
the overall causal estimate (OR and CI) calculated using all SNPs. The x-axis represents ORs, where
values greater than 1 suggest that AF/L increases the risk of POAG. Abbreviations: MR, Mendelian
randomisation; AF/L, atrial fibrillation and flutter; POAG, primary open-angle glaucoma; OR, odds
ratio; CI, confidence interval.
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Table 3. Multivariable MR analysis.

IVW MR-Egger

Exposures Conditional F OR (95% CI) p-Value OR (95% CI) p-Value

Model 1
Atrial fibrillation and flutter 22.48 1.24 (1.02, 1.51) 0.034 1.24 (1.02, 1.51) 0.034

Hypertension 14.16 1.00 (0.74, 1.34) 0.984 1.00 (0.74, 1.34) 0.983
Autoimmune hyperthyroidism 4.08 1.03 (0.91, 1.17) 0.617 1.04 (0.90, 1.20) 0.607

Sleep apnoea 3.19 0.60 (0.33, 1.09) 0.092 0.60 (0.33, 1.09) 0.094
Alcohol use disorder, ICD-based 3.21 1.09 (0.80, 1.48) 0.596 1.09 (0.80, 1.48) 0.595

Model 2
Atrial fibrillation and flutter 20.75 1.24 (1.02, 1.52) 0.032 1.28 (1.04, 1.57) 0.019

Hypertension 25.84 0.90 (0.69, 1.18) 0.449 1.12 (0.69, 1.83) 0.637

Abbreviations: MR, Mendelian randomisation; F, F-statistic; IVW, inverse-variance weighting; OR, odds ratio; CI,
confidence interval; ICD, International Classification of Diseases.

4. Discussion

The findings suggest a potential causal relationship between AF/L and POAG. More-
over, after controlling for the risk factors for AF/L and POAG, including hypertension,
autoimmune hyperthyroidism, sleep apnoea, and alcohol use disorders, AF/L demon-
strated a causal association with POAG. However, studies on the relationship between
AF/L and glaucoma are limited. Potential risk factors for cardiovascular disorders include
systemic hypertension, hypotension, vasospasm, elevated blood viscosity, and diabetes,
particularly in the absence of elevated IOP [45]. Considering that vascular dysfunction is
one of the known mechanisms of glaucoma, AF/L may be considered a cause of glaucoma.
According to a longitudinal study on the association between AF and risk of glaucoma [19],
AF leads to an increased risk of glaucoma (hazard ratio = 1.31, 95% CI = 1.15–1.48) with
variable adjustment. In the sequence of AF onset, conditions are amenable to the formation
of an intracardiac thrombus or embolus [46]. According to the literature, AF/L remains one
of the main contributors to stroke, unexpected death, and cardiovascular morbidity [13,47].
AF is independently linked to a 1.5-fold higher risk of all-cause mortality in men and
a 2-fold higher risk in women [48]. In clinical ophthalmological practice, microembolic
complications may remain unreported [49,50]. Reperfusion injury is caused by repeated
microemboli occlusion of the central retinal artery, branched posterior ciliary artery, or
ophthalmic artery at any level followed by reperfusion, resulting in unstable ocular perfu-
sion of the retina or choroid [18]. Recurrent transient ischaemic episodes can cause retinal
ganglion cell death and perfusion disruption, and subsequently glaucoma. Considering
that migraine and orthostatic hypotension are risk factors for POAG [51], the presence of
AF/L is potentially associated with POAG.

AF/L is characterised by a highly irregular heart rate, which may contribute to
unstable ocular perfusion. Given that high IOP is the primary risk factor for POAG,
researchers may be curious about the effects of AF/L on IOP as a mechanism of POAG.
To address these concerns, the effect of AF/L on IOP through MR analysis indicated
that there was no effect on IOP changes (Supplementary Tables S3–S5). These results
support the vascular theory of POAG aetiology, and AF/L may cause POAG because of
unstable perfusion pressure rather than IOP. Several studies have suggested a potential
association between glaucoma and AF [17]. One study identified correlations between
cardiac arrhythmias, particularly AF, with visual field abnormalities and a decline in
visual acuity in older patients with glaucoma. AF was also significantly more common in
patients with glaucoma than in control participants [52]. Another hospital-based study of
Polish patients found that AF, independent of other established cardiovascular risk factors,
was associated with an increased risk of normal-tension glaucoma [18]. Normal-tension
glaucoma may be influenced by factors other than IOP; however, it is included in the
POAG spectrum. Recently, a study using Korean National Health Insurance Service data
determined via cross-sectional analysis showed that the AF group had higher incidence
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rates of diabetes, hypertension, glaucoma, and chronic nephropathy [19]. In addition, a
longitudinal analysis showed that patients with AF had a significantly higher cumulative
incidence of glaucoma at 11 years (4.37% in the control group vs. 6.42% in the AF group) [19].
In addition, a reduced retinal capillary plexus precedes retinal ganglion cell loss in ocular
hypertension [53], and macular microvascular damage is highly associated with visual
field defects in POAG [54]. Considering these studies and our results simultaneously, it
can be concluded that AF/L and vascular dysregulation can independently cause POAG.
Although the primary focus of this study was POAG, angle-closure glaucoma should be
considered when interpreting the results. Nevertheless, because this study analysed a large
dataset for the risk of glaucoma compared with the severity of AF, its results are expected
to be meaningful if interpreted in comparison with the study results.

Hypertension has been suggested as a risk factor for glaucoma, with a higher incidence
in patients with POAG (OR = 1.55, p < 0.001) [55]. In addition, a Cox regression study
found that untreated hypertension led to a greater risk of POAG [56]. AF/L and systemic
hypertension frequently coexist with AF because arterial hypertension increases the risk
of developing new-onset AF, and because both conditions share common risk factors
and underlying pathophysiological mechanisms that contribute to their incidence [57]. A
recent MR study indicated that hyperthyroidism is associated with AF, reporting that a
genetically elevated FT3:FT4 ratio and hyperthyroidism, rather than FT4 levels within the
reference range, are associated with an increased risk of developing AF [58]. Additionally,
one study reported that individuals with thyroid eye disease in the All-of-Us Research
Program were significantly more likely to be diagnosed with glaucoma [59]. Sleep apnoea
is associated with POAG [60], and obstructive sleep apnoea is considered a complex and
dynamic substrate for AF [61,62]. Moreover, alcohol consumption is a common trigger
for AF/L, especially habitual alcohol intake [63]. A meta-analysis suggested a harmful
association between alcohol use and OAG, with IOP elevation [64]. These variables are
relevant confounders in studies of the association between AF/L and glaucoma. However,
incorporating additional covariates, such as hypertension, autoimmune hyperthyroidism,
sleep apnoea, and alcohol use disorder, into our multivariable MR analysis did not alter
the significant association between AF/L and POAG. This suggests that the observed
relationship between AF/L and POAG was not confounded by these factors, further
supporting the causality of the association.

The primary strength of our study lies in the use of a relatively large cohort dataset,
which provided evidence suggesting a causal effect of AF/L on POAG. While the study
provides robust evidence for a causal relationship between these conditions, it is essential
to consider limitations such as the generalisability of the findings to non-European popula-
tions, as the dataset was predominantly derived from European cohorts (Finland and the
UK). Further research is required to determine whether these results can be generalised to
other ethnic groups. Additionally, potential residual confounding factors cannot be ruled
out despite multivariable adjustments. This study lacked access to individual-level data,
which limited our ability to account for various confounding factors because our analysis
relied on summary statistics derived from two-sample MR methods. We were also unable to
assess the potential interactions between AF/L and other risk factors, such as hypertension,
diabetes, or sleep apnoea, owing to the aggregated nature of the GWAS summary statistics
used in our study. Future studies with access to individual-level data are warranted to
explore these interactions and their impact on causal pathways. However, the methods
employed to validate the MR hypotheses did not provide absolute confirmation. Violations
of underlying MR assumptions may lead to erroneous conclusions, necessitating a cautious
interpretation of the findings. The conditional F-statistics for the confounders included
in the multivariable MR analysis were below the conventional threshold of 10 (F = 4.08
for autoimmune hyperthyroidism; F = 3.19 for sleep apnoea; and F = 3.21 for alcohol use
disorder), indicating the presence of potentially weak instruments. To address this issue,
we performed an IVW analysis with Q-minimisation (Q-het), which is robust against weak
instruments and heterogeneity, to validate our findings. Even with the application of robust
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methods, the non-significant results for certain confounders require cautious interpretation
as they may reflect limited statistical power due to weak instruments. Finally, because
the prevalence rates of AF/L and POAG were not high (2% and 3%, respectively), GWAS
of rare diseases using biobank data may face a severe imbalance in the number of cases
and controls [65], which may produce false-positive GWAS hits [66]. When these hits are
selected as IVs, they can bias the MR estimates. However, the GWAS summary statistics
used in this study employed methods designed to address case-control imbalances, such as
SAIGE and the firth test [65,67]. These approaches have been shown to efficiently control
false-positive associations and enhance the reliability of selected IVs. Future studies could
benefit from the inclusion of larger and more diverse cohorts, as well as the investigation
of the specific pathways through which AF/L influences POAG risk.

5. Conclusions

The findings contribute to the understanding of the relationship between AF/L and
POAG and suggest that AF/L may increase the risk of POAG. This has potential clinical
implications as it highlights the importance of monitoring glaucoma risk in patients with
AF/L. In addition, the value of this study lies in the recommendation that, in cases where
AF/L is diagnosed in a clinical setting, ophthalmological screening should be advised
to monitor the development of glaucoma. Conversely, when glaucoma is diagnosed,
AF/L should be included in the medical history questionnaire for further evaluation.
Further research should explore the biological mechanisms underlying this association
and determine whether the effective management of AF/L could reduce the incidence of
POAG.
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Abstract: Objectives: This study aimed to investigate the five-year outcomes of deep sclerectomy
(DS) in patients with pseudoexfoliation glaucoma (PEXG) and primary open-angle glaucoma (POAG).
Methods: This retrospective, observational, unicentric study analyzed POAG and PEXG patients.
Intraocular pressure (IOP), the number of IOP-lowering medications, peripapillary retinal nerve
fiber layer (RNFL) thickness, the number of postoperative interventions, surgical success rates, and
secondary surgery rates were evaluated at baseline and during follow-up appointments. Results: A
total of 109 POAG and 153 PEXG eyes were included. Over the 5-year follow-up, IOP decreased in
both groups (p = 0.17), from 22.8 ± 0.7 to 13.3 ± 0.6 mmHg (p < 0.001; POAG) and from 24.3 ± 0.8 to
16.6 ± 1.2 mmHg (p < 0.001; PEXG). The number of IOP-lowering medications decreased comparably
(p = 0.99), from 3.1 ± 0.1 to 1.7 ± 0.3 (p = 0.001; POAG) and from 3.4 ± 0.1 to 1.7 ± 0.2 (p < 0.001; PEXG).
Peripapillary RNFL thickness decreased in both groups (p = 0.31), from 60.6 ± 1.9 to 54.2 ± 2.4 μm
(p < 0.001; POAG) and from 63.1 ± 1.7 to 58.0 ± 2.3 μm (p < 0.001; PEXG). The 5-year complete success
rates were 33% and 12% for the POAG and PEXG groups, respectively (p = 0.01). The qualified
success rates were 63% and 40% (p = 0.03). Secondary glaucoma surgery was required in 8% of
POAG eyes and 21% of PEXG eyes (p = 0.04). Conclusions: DS resulted in comparable results for IOP,
medications, and RNFL development in the PEXG and POAG groups but in less favorable outcomes
concerning surgical success and further necessary repeated glaucoma surgery in patients with PEXG
over the 5-year follow-up period.

Keywords: glaucoma; deep sclerectomy; primary open-angle glaucoma; pseudoexfoliation glaucoma;
glaucoma surgery outcomes; retinal nerve fiber layer

1. Introduction

Glaucoma is a cluster of medical conditions with diverse pathophysiological processes,
sharing progressive optic disc cupping with retinal ganglion cell loss and consequent visual
field defects [1]. These changes are strongly related but apparently not exclusively due to
intraocular pressure (IOP) [2]. Primary open-angle glaucoma (POAG) is characterized by
an open anterior chamber angle without any secondary disease etiology and is the most
frequent type of glaucoma in Europe and Northern America, with a prevalence in people
aged 40–80 years of 2.51% and 3.29%, respectively [3,4]. Pseudoexfoliation glaucoma
(PEXG) is due to pseudoexfoliation syndrome (PEX), a systemic disorder that leads to
abnormal deposits composed predominantly of fibrillary material [5]. The prevalence of
PEX has been reported to vary widely between regions, ranging from 4% to 21% in different
European countries [6]. These deposits can result in the degeneration of Schlemm’s canal
and aqueous humor outflow obstruction in the trabecular meshwork, increasing IOP and
inducing glaucoma [7]. A number of topical and systemic medications, as well as laser and
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surgical procedures, can help reduce IOP [8], which as of today, is the only proven effective
treatment to decelerate or, at best, stop disease progression [2]. Usually, conservative
approaches are preferred initially. Though multiple classes of medications exist, failure
to meet IOP targets and disease progression despite maximally tolerated conservative
treatment can indicate the need for interventional surgical therapy [8].

One of the first choices is trabeculectomy (TE) [9], a technique which functions through
the creation of a direct transscleral fistula for the aqueous humor to reach the subconjuncti-
val space [10]. This approach has been observed to be prone to complications [11], leading
to the search for less invasive and safer techniques leading to similar results. Deep sclerec-
tomy (DS) is a surgical procedure developed with this intent. It increases aqueous humor
outflow from the anterior chamber into the subconjunctival space under a scleral flap [12].
Its aim is to provide substantial IOP reduction with fewer complications than TE [13].

PEXG is associated with faster progression compared to POAG [14]. The amount
of deposited pseudoexfoliation material in the aqueous humor outflow system has been
observed to be related to disease severity [15]. Considering this and the pathomechanism
behind PEXG, non-penetrating filtering surgery such as DS may not be the perfect option
in the long term, since the trabecular meshwork is left in place and congestion by pseu-
doexfoliation material is proceeding. As of today, DS has only been observed to be effective
for PEXG patients in trials that either had smaller groups, shorter observation times, or
both compared to our herein presented study [16–22].

The aim of this study was to investigate the five-year outcomes of DS for PEXG
compared to POAG cases. This information could help provide targeted surgical care
for these patient populations. Therefore, we retrospectively investigated the course of
functional and anatomical parameters, as well as the development of complete and qualified
success rates, in a comparative group of POAG and PEXG cases followed-up over the first
5 years after surgery.

2. Materials and Methods

This retrospective, observational, unicentric study is a sub-analysis of previously
collected data from the Bern Glaucoma Registry Study (BGRS). The BGRS is a retrospective
medical records review study conducted at the Department of Ophthalmology, Inselspital,
Bern University Hospital. Consecutive medical records of patients over 18 years old who
underwent glaucoma surgery between 2012 and 2023 were reviewed for eligibility. The
BGRS was approved by the Ethics Committee of the Canton of Bern (BASEC-ID: 2022-01046)
and adhered to the tenets of the Declaration of Helsinki. Informed consent for participants
was waived due to the retrospective nature of this study.

Patients diagnosed with POAG or PEXG who underwent DS between July 2012
and November 2023 were included. The minimum sample size required to detect a 20%
difference in surgical success rates (expected to lie at 60% and 40% for complete and
qualified success for each group, respectively) with a 95% confidence interval and power
of 0.80 was calculated to be 107 eyes for each cohort. Indications for glaucoma surgery
were disease progression, above-target IOP on maximum tolerable medical therapy, or
the inability to escalate medical therapy further due to existing allergies or other medical
conditions. Disease progression was defined as a worsening of the visual field mean
defect (MD) on three consecutive tests with an increase of at least −2.00 dB within one
year. The decision to perform DS and not any of the other available surgical options was
usually made at the discretion of the treating physician during outpatient examination.
Medical records were reviewed, and clinical data were added to the BGRS database and
subsequently analyzed. Eyes/patients with co-existing ocular or central nervous system
diseases that could affect the ophthalmic tests performed (i.e., excessive myopia, macular
degeneration, multiple sclerosis, etc.) were excluded. If both eyes of a single patient were
eligible, only the first eye undergoing surgery was included to reduce the effect of data
compounding due to bilateral eyes [23].
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2.1. Surgical Procedures

Surgeries were performed by 4 experienced ophthalmic surgeons following standard
surgical procedures described in previous studies [24,25]. The minimum and maximum
number of years of experience with which a surgeon operated on the patients in the study
was 7 and 20 years, respectively. These were defined as the time between their first year
as an attending surgeon and the first or last year in which they operated on the patients
included in the study. In summary, a fornix-based conjunctival flap was created. Mitomycin
C (0.2 mg/mL) was applied for 2 min and meticulously rinsed thereafter with balanced salt
solution. A 5 × 5 mm scleral flap was dissected, and another 2 × 2 mm deeper flap was
excised to gain access to Schlemm’s canal and expose the trabeculo-Descemet window. The
scleral flap was then re-approximated with two non-absorbable 10/0 interrupted sutures
that were adapted according to resulting IOP. An ocular viscoelastic device (OVD) was
injected beneath the scleral flap to prevent its collapse onto the scleral bed. Tenon’s capsule
and conjunctiva were re-approximated to the limbus with two to four absorbable inter-
rupted sutures. Non-absorbable mattress sutures were used to guarantee water tightness
and left in situ for three weeks postoperatively. The postoperative medical plan consisted
of topical tobramycin four times a day for three weeks and atropine at 0.5% twice a day
for one week or equivalents. Topical prednisolone acetate or equivalent was administered
four times a day for three weeks and subsequently tapered according to clinical evaluation.
The follow-up plan usually included weekly examinations during the first postoperative
month, with subsequent visits at 3 and 6 months and annually until 5 years postoperatively.
Indications for corrective procedures were determined by the treating physician after an
assessment of clinical presentation, disease course, and the resulting IOP.

2.2. Follow-Up Treatments and Data Collection

Data were collected from the hospital’s electronic medical records in the documentation
system FIDUS (version 21.42.2, Arztservice Wente GmbH, Darmstadt, Germany). Outcomes
for each case were assessed preoperatively and at the following postoperative timepoints:
1 day, 1 month, 3 months, 6 months, 1 year, 2 years, 3 years, and 5 years. Not every case was
examined at each timepoint. Collected data included the diagnosis of either POAG or PEXG,
patient age at surgery, sex, laterality of the treated eye, history of previous glaucoma surgeries,
IOP measurements, the number of IOP-lowering medications, best corrected visual acuity
(BCVA), visual field MD, peripapillary retinal nerve fiber layer (RNFL) thickness, postoper-
ative interventions, and secondary major glaucoma surgeries after DS. IOP was measured
using Goldmann applanation tonometry (Haag-Streit, Köniz, Switzerland). Both topical and
systemic IOP-lowering medications were documented. For combination drugs, each active in-
gredient was documented as a separate medication. BCVA was measured with Snellen charts
and values were converted into logMAR units. The MD of visual field tests were assessed
with standard automated perimetry (SAP) using Octopus 900 (Haag-Streit, Köniz, Switzer-
land). Peripapillary RNFL thickness was evaluated by spectral domain optical coherence
tomography (OCT) using the Spectralis OCT machine (Heidelberg Engineering, Heidelberg,
Germany). Postoperative interventions included iridoplasties, bleb needlings, Nd:YAG-laser
goniopunctures, 5-fluorouracil (5-FU) injections (0.1 mL subconjunctival, 50 mg/mL), and
open surgical revisions. Secondary major glaucoma surgeries were defined as subsequent
interventions performed to alter glaucoma progression or symptoms. These were not directly
related to the management of consequences resulting from the original DS and included
the following procedures: cyclophotocoagulation, evisceration, TE, insertion of a Baerveldt
Glaucoma Implant, PreserFlo MicroShunt, and XEN Gel Stent. Cataract surgeries were not
included in this category of procedures. Subsequent interventions, including secondary major
glaucoma surgeries, were performed after thorough examination by a specialized glaucoma
surgeon, deciding on the necessity for an additional surgical intervention. Resulting IOP, the
number of given IOP-lowering medication hinting towards surgical failure of DS, and further
functional worsening in SAP were taken into account, leading to the decision for additional
glaucoma surgery (usually trabeculectomy or cyclophotocoagulation).
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Surgical success was evaluated at 1, 3, and 5 years after DS surgery. Qualified success
had to meet each of the following three criteria: IOP reduction equal to or greater than 20%
from preoperative values, a resulting IOP lower than 21 mmHg, and no secondary major
glaucoma surgery performed from the time of the DS until the evaluated timepoint. Com-
plete success had to meet each of the three aforementioned criteria without the application
of additional IOP-lowering medication.

2.3. Data Analysis

Clinical data were gathered and plotted using the spreadsheet applications Microsoft
Excel (Version 16.83, Microsoft Corporation, Redmond, WA, USA) and Numbers (Ver-
sion 13.0, Apple Inc., Cupertino, CA, USA). The software IBM SPSS Statistics (Version
29.0.2.0, IBM, Armonk, NY, USA) was used to perform the statistical analysis and to plot
clinical data. Continuous variables were expressed as mean values and standard error of
the mean. Categorical variables were expressed as percentages. The data were collected and
analyzed by one of the operating surgeons (J.D.U.) together with a medical student (C.F.).

The primary outcomes were changes in IOP, the number of IOP-lowering medications, the
number of postoperative interventions, complete and qualified surgical success rates, and the
number of secondary glaucoma surgeries over the course of 5 years after surgery. Secondary
outcomes were BCVA, the MD, and peripapillary RNFL thickness at each timepoint. The
following statistical tests were conducted: the chi-square test to compare categorical variables,
the Wilcoxon signed-rank test to compare continuous non-parametric paired variables between
different timepoints in the same group, the Mann–Whitney U test to compare continuous
non-parametric unpaired variables at same timepoints between groups, and the two-tailed
test for the Pearson and point biserial correlation coefficients. A p value less than 0.05 was
considered statistically significant and is shown bolded in the tables.

3. Results

A total of 262 eyes (109 POAG eyes, 153 PEXG eyes) that underwent DS were included
in the final analysis. Baseline demographic and clinical characteristics are shown in Table 1.
The POAG group was younger than the PEXG group in this study (68.8 ± 1.0 years vs.
74.2 ± 0.6 years, p < 0.001). There was no statistically significant difference in laterality
(p = 0.23) and the percentage of eyes with previous glaucoma surgery (p = 0.67). Differences
in the mean IOP (mmHg), the number of IOP-lowering medications, BCVA (logMAR),
visual field MD (dB), and RNFL thickness (μm) were not statistically significant between
the POAG and PEXG groups. In the POAG cohort, two TEs and one DS were performed
before the DS was analyzed. In contrast, three TEs were performed prior to DS in the PEXG
cohort. The percentage of males was 56% in the POAG group and 36% in the PEXG group,
and a statistically significant difference was present (p = 0.001).

Table 1. Baseline demographic and clinical characteristics of the study participants.

POAG PEXG p
(n = 109) (n = 153)

Age, yrs 68.8 ± 1.0 74.2 ± 0.6 <0.001 a

Male sex, % 56% 36% 0.001 b

Right eye, % 44% 52% 0.23 b

Eyes with history of previous glaucoma surgery, % 2.8% 2.0% 0.67 b

Mean IOP, mmHg 22.8 ± 0.7 24.3 ± 0.8 0.10 a

Mean number of IOP-lowering medications, n 3.1 ± 0.1 3.4 ± 0.1 0.11 a

Mean BCVA, LogMAR 0.25 ± 0.02 0.37 ± 0.04 0.06 a

Mean MD, dB 11.1 ± 1.1 11.0 ± 1.1 0.74 a

Mean peripapillary RNFL thickness, μm 60.6 ± 1.9 63.1 ± 1.7 0.21 a

POAG, primary open-angle glaucoma; PEXG, pseudoexfoliation glaucoma; IOP, intraocular pressure; BCVA,
best corrected visual acuity; MD, mean defect; RNFL, retinal nerve fiber layer. p values less than 0.05 are in bold.
a Mann–Whitney U test; b chi-square test.
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3.1. Intraocular Pressure

At 1 day after surgery, the mean IOP decreased to 4.9 ± 0.4 mmHg in the POAG group
and to 6.1 ± 0.6 mmHg in the PEXG group (Table 2; Figure 1). In the POAG cohort, mean
IOP values increased until 3 months, while in the PEXG group, they increased until 1 year
after DS surgery. Using the Wilcoxon signed-rank test, no significant differences in the
mean IOP were found in the POAG cohort between 3 months and 5 years postoperatively
(p = 0.50) and between 1 and 5 years postoperatively in the PEXG cohort (p = 0.50). Mean
IOP values at 5 years reached 13.3 ± 0.6 mmHg and 16.6 ± 1.2 mmHg in the POAG and
PEXG groups. Within groups, every difference in follow-up measurements compared to
baseline was of statistical significance (p < 0.001), but no statistically significant differences
between the POAG and PEXG cohorts were assessed at any of the analyzed timepoints.
Five years after surgery, the mean IOP decrease was 41% ± 4% in the POAG group and
31% ± 6% in the PEXG group compared to baseline.

Table 2. Development of mean intraocular pressure and number of glaucoma medications during
5 years of follow-up after deep sclerectomy, including patients who underwent secondary glau-
coma surgeries.

Timepoint
IOP, mmHg Number of Medications, n

POAG PEXG p a POAG PEXG p a

Preoperative 22.8 ± 0.7 24.3 ± 0.8 0.10 3.1 ± 0.1 3.4 ± 0.1 0.11
1 day 4.9 ± 0.4 6.1 ± 0.6 0.46 0.1 ± 0.04 0.1 ± 0.05 0.91

1 month 10.5 ± 0.5 11.4 ± 0.5 0.12 0.02 ± 0.02 0.04 ± 0.02 0.31
3 months 13.3 ± 0.8 13.6 ± 0.7 0.54 0.1 ± 0.1 0.1 ± 0.1 0.75
6 months 13.3 ± 0.6 13.2 ± 0.8 0.96 0.3 ± 0.1 0.5 ± 0.1 0.14

1 year 13.9 ± 1.0 16.2 ± 1.0 0.05 0.7 ± 0.2 0.8 ± 0.2 0.41
2 years 13.7 ± 0.6 15.2 ± 1.0 0.54 1.0 ± 0.2 1.1 ± 0.2 0.58
3 years 13.6 ± 0.7 16.8 ± 1.4 0.19 1.6 ± 0.3 1.4 ± 0.2 0.68
5 years 13.3 ± 0.6 16.6 ± 1.2 0.17 1.7 ± 0.3 1.7 ± 0.2 0.99

IOP, intraocular pressure; POAG, primary open-angle glaucoma; PEXG, pseudoexfoliation glaucoma. a Compari-
son between two groups was performed using Mann–Whitney U test.

Figure 1. Development of mean intraocular pressure and number of glaucoma medications during
5 years of follow-up after deep sclerectomy in primary open-angle glaucoma and pseudoexfoliation
glaucoma groups. IOP, intraocular pressure; POAG, primary open-angle glaucoma; PEXG, pseu-
doexfoliation glaucoma; Meds, number of glaucoma medications; Preop, preoperative. * indicates
p ≤ 0.001 (Wilcoxon signed-rank test compared to preoperative values within groups).
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3.2. Number of Intraocular Pressure-Lowering Medications

At 1 day after DS, the mean number of applied IOP-lowering medications decreased
to 0.1 ± 0.1 in the POAG group and to 0.1 ± 0.1 in the PEXG group (Table 2; Figure 1).
Afterwards, increases in the mean number of applied IOP-lowering medications were found
in both treatment groups. At 5 years after surgery, it reached 1.7 ± 0.3 and 1.7 ± 0.2 mmHg
in the POAG and PEXG cohorts, respectively. Results for each follow-up visit compared to
baseline values showed differences in statistical significance (p ≤ 0.001), but no significant
difference was found between cohorts for any of the analyzed timepoints. After 5 years,
the mean number of IOP-lowering medications applied was reduced by 47% ± 9% in the
POAG group and 51% ± 7% in the PEXG group compared to baseline before DS.

3.3. Postoperative Interventions

The number of postoperative interventions in the POAG and PEXG cohorts during
5 years of follow-up after DS is shown in Table 3. As was the case for each individual
procedure, no statistically significant difference between groups was observed for the
total number of interventions (p = 0.35). Some eyes underwent a single type of corrective
procedure more than once. A total of 51% of POAG eyes underwent at least one of these
procedures compared to 61% of the PEXG eyes, with no significant difference between the
two cohorts (chi-square test: p = 0.11).

Table 3. Number of postoperative interventions during 5 years of follow-up after deep sclerectomy.

Postoperative Intervention
POAG PEXG p

Number of Eyes % Number of Eyes %

Iridoplasties 4 4 16 7 0.55
Bleb needlings 11 9 24 11 0.75

Goniopunctures 34 28 63 37 0.24
5-FU injections 78 32 115 35 0.97

Open surgical revisions 6 6 15 10 0.21
Total 133 51 233 61 0.35

POAG, primary open-angle glaucoma; PEXG, pseudoexfoliation glaucoma; 5-FU, 5-fluorouracil. Comparison
between two groups were performed using chi-square test.

3.4. Surgical Success Rates

The percentage of eyes with complete surgical success at 1 year was 54% for POAG
and 39% for PEXG, with no significant difference (p = 0.11). At 3 years, success rates
dropped to 29% for POAG and 28% for PEXG, which is still not significantly different
(p = 0.89). By 5 years, 33% of POAG eyes and 12% of PEXG eyes achieved complete surgical
success, with a significant difference (p = 0.01). At 1 year, 72% of POAG eyes and 55% of
PEXG eyes achieved qualified surgical success, with no significant difference between the
groups (p = 0.06). At 3 years, the success rates were 55% for POAG and 59% for PEXG, also
not significantly different (p = 0.69). By 5 years, 63% of POAG eyes and 40% of PEXG eyes
had qualified success, showing a statistically significant difference (p = 0.03). IOP changes
comparing baseline to follow-up results measured 5 years after DS are visualized in two
scatter plots in Figure 2.

3.5. Secondary Glaucoma Surgeries

In the POAG group, three cyclophotocoagulations, five TEs, one PreserFlo MicroShunt
implantation, and two Baerveldt Glaucoma valve implantations were performed during
the 5 years following DS. Meanwhile, nine cyclophotocoagulations, nineteen TEs, four
PreserFlo MicroShunt implantations, one Baerveldt Glaucoma valve implantation, and
seven XEN Gel Stent implantations were observed in the PEXG group after DS during the
5 years of follow-up. Some eyes underwent more than one of these procedures during the
5 years after DS. These cumulated to a total number of 12 secondary glaucoma surgeries
in the POAG cohort and 40 in the PEXG cohort during the 5 years of follow-up, with a
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statistically significant difference between groups (p = 0.04). A total of 8% of POAG eyes
underwent at least one of these procedures compared to 21% of the PEXG eyes, and a
significant difference between the two cohorts was found (chi-square test: p = 0.01).

Figure 2. Scatter plots of IOP (mmHg) preoperatively and 5 years after deep sclerectomy in primary
open-angle glaucoma (a) and pseudoexfoliation glaucoma (b) groups, including patients who un-
derwent secondary glaucoma surgeries. Cases that achieved an IOP reduction equal to or greater
than 20% from baseline values and cases that had a resulting IOP lower than 21 mmHg after 5 years
are visualized under the respective lines. IOP, intraocular pressure; POAG, primary open-angle
glaucoma; PEXG, pseudoexfoliation glaucoma.

3.6. Best Corrected Visual Acuity and Visual Field Mean Defect

The mean BCVA was 0.25 ± 0.02 logMAR and 0.37 ± 0.04 logMAR in the POAG
and PEXG cohorts at baseline before surgery (Figure 3). At 1 day, the mean BCVA wors-
ened to 0.83 ± 0.05 logMAR in the POAG group and 0.91 ± 0.05 logMAR in the PEXG
group, and the inter-group difference was not of statistical significance (p = 0.29). Both
cohorts experienced improvements afterwards, but more moderately in the PEXG group;
at 3 months, BCVA reached 0.28 ± 0.04 logMAR and 0.49 ± 0.06 logMAR, respectively,
with a significant difference between the two cohorts (p = 0.02). The BCVA worsened again
in both groups later and diverged significantly at 5 years (p = 0.04), with the mean values
reaching 0.34 ± 0.08 logMAR and 0.60 ± 0.09 logMAR in the POAG and PEXG groups.
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The development of visual field mean defects is shown in Figure 4. At 5 years,
MDs remained stable compared to the preoperative values at baseline in the POAG
group (12.9 ± 1.6 dB, p = 0.08), while values significantly worsened in the PEXG group
(15.0 ± 1.4 dB, p = 0.02). A statistically significant difference between cohorts was absent at
all the analyzed post-surgical timepoints.

Figure 3. Development of best corrected visual acuity during 5 years of follow-up after deep
sclerectomy in primary open-angle glaucoma and pseudoexfoliation glaucoma groups. BCVA, best
corrected visual acuity; POAG, primary open-angle glaucoma; PEXG, pseudoexfoliation glaucoma;
Preop, preoperative; SEM, standard mean error. Comparison between baseline and follow-ups within
groups was performed using Wilcoxon signed-rank test (* indicates p < 0.05). Comparison between
groups was performed using Mann–Whitney U test (p values of less than 0.05 are in bold).

3.7. Peripapillary Retinal Nerve Fiber Layer Thickness

Mean peripapillary RNFL thickness was 60.6 ± 1.9 μm in the POAG and 63.1 ± 1.7 μm
in the PEXG cohort at baseline (Figure 4). At 1 year after surgery, the mean peripapillary
RNFL thickness decreased significantly in both POAG (p = 0.02) and PEXG (p = 0.03)
groups compared to baseline, reaching 57.3 ± 2.9 μm and 60.0 ± 2.3 μm, respectively.
Afterwards, it remained stable in both cohorts, with no statistically significant difference
found using the Wilcoxon signed-rank test between measured values at 1 and 2 years
(POAG: p = 0.46, PEXG: p = 0.68), at 2 and 3 years (POAG: p = 0.40, PEXG: p = 0.14),
and at 3 and 5 years postoperatively (POAG: p = 0.98, PEXG: p = 0.13). Overall, after
5 years, the mean peripapillary RNFL thickness had a reduction of 11% ± 5% in the POAG
cohort (p < 0.001) and 8% ± 5% in the PEXG cohort (p < 0.001) compared to preoperative
values. Nevertheless, a statistically significant difference between groups was absent at
every timepoint. Furthermore, a correlation analysis indicated no significant association
between changes in IOP and changes in peripapillary RNFL thickness after 5 years (Pearson
correlation coefficient: 0.23, p = 0.05).
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Figure 4. Development of visual field mean defects (a) and peripapillary retinal nerve fiber layer
thickness (b) during 5 years of follow-up after deep sclerectomy in primary open-angle glaucoma and
pseudoexfoliation glaucoma groups. MD, mean defect; RNFLT, retinal nerve fiber layer thickness;
POAG, primary open-angle glaucoma; PEXG, pseudoexfoliation glaucoma; Preop, preoperative; SEM,
standard mean error. Comparison between baseline and follow-ups within groups was performed
using Wilcoxon signed-rank test (* indicates p < 0.05). Comparison between groups was performed
using Mann–Whitney U test; p values are reported in last row.

Because of the statistically significant difference in mean age at surgery between the
POAG and PEXG groups (p < 0.001), a correlation analysis was conducted to understand if
this factor affected any difference in outcomes. The results of this analysis are shown in
Table 4. The Pearson correlation coefficient was calculated for the age at surgery and each of
the following differences in outcomes after 5 years: the mean IOP, the mean number of IOP-
lowering medications, the total number of postoperative interventions, the total number of
secondary major glaucoma surgeries, the mean BCVA, MDs, and the mean peripapillary
RNFL thickness. The point biserial correlation coefficient was calculated between the age
at surgery and the achievement of qualified and complete surgical success at 5 years. Only
the difference in the MD after 5 years was found to be weakly [26] positively associated
with patient age (0.49, p = 0.02). No other factor showed any significant correlation.

Table 4. Analysis of correlation between age at surgery and 5-year outcomes.

Outcome Correlation Coefficient p *

Δ mean IOP, mmHg 0.009 a 0.93
Δ mean number of IOP-lowering medications, n −0.12 a 0.26

Δ mean BCVA, LogMAR 0.14 a 0.19
Δ mean MD, dB 0.49 a 0.02

Δ mean RNFL thickness, μm −0.07 a 0.52
Total number of postoperative interventions, n −0.06 a 0.38

Total number of secondary glaucoma surgeries, n −0.05 a 0.42
Number of eyes that achieved complete success 0.009 b 0.93
Number of eyes that achieved qualified success 0.13 b 0.22

IOP, intraocular pressure; BCVA, best corrected visual acuity; MD, mean defect; RNFL, retinal nerve fiber layer. p
values of less than 0.05 are in bold. a Pearson; b point biserial; * two-tailed test.
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4. Discussion

Our analysis demonstrated that in the short term after surgery, DS is equally effective
in decreasing IOP and the number of IOP-lowering medications in POAG and PEXG cases.
This led to comparable results for complete and qualified success at 1 and 3 years after
surgery while stabilizing BCVA and visual field MD in both groups. However, in the
medium term, the percentage of PEXG cases meeting success criteria decreased strongly
and the difference to the POAG group became statistically significant at 5 years after
surgery. Also, the number of eyes needing secondary glaucoma surgery was larger in
the PEXG group compared to the POAG group (p = 0.01). Additionally, RNFL decrease
continued until 1 year after DS in both groups, stabilizing thereafter in both POAG and
PEXG eyes.

These results are similar to previous findings by Ollikainen et al. [17], suggesting no
significant difference in IOP values between 31 POAG and 37 PEXG eyes 3 years after
DS. Another study by Studeny et al. [18] found a significant IOP reduction in 10 PEXG
patients 2 years after DS performed with a T-flux implant, with mean values decreasing
from 36.8 ± 8.7 mmHg to 14.8 ± 2.4 mmHg (median values, ±standard deviation (SD),
p < 0.001). The change in IOP was larger than our observed reduction at the same timepoint,
which accounted for a decrease from 24.3 ± 0.8 mmHg to 15.2 ± 1.0 mmHg (p < 0.001). In
both cohorts, the postoperative phase of scarring activity induced a delayed increase in IOP
after an initial period of rapid IOP reduction [27]. The strong IOP reduction in the early
postoperative period may be due to the surgical strategy used in our clinic. During surgery,
strong filtration is allowed from the beginning, aiming at borderline hypotensive IOP levels
at the end of the procedure. Usually, only a few scleral flap sutures are used with very low
tension to minimize interference with aqueous humor flow. Excessive hypotension is not
common and manageable if present. Nevertheless, laser suture lysis and 5-FU injections
are a common part of the postoperative regimen in our clinic.

Our results concerning the necessity for the application of IOP-lowering medications
after surgery were similar to a previous study by Ollikainen et al. [19], which also found
no difference regarding the reduction in the number of glaucoma medications between
31 POAG and 37 PEXG eyes up to 1 year after DS. The change in the PEXG group at 5 years
after DS (medication reduction from 3.4 ± 0.1 to 1.7 ± 0.2, p < 0.001) was more moderate
compared to a study by Mendrinos et al. [20], where 22 PEXG eyes had a reduction from
2.4 ± 0.67 to 0.59 ± 0.85 after a follow-up of 48.5 ± 12.2 months (mean values, ±SD,
p < 0.0001).

The percentage of eyes undergoing postoperative interventions was comparable in
both groups. This was similar to a previous study by Drolsum [21] that reported a non-
significant difference in cases which underwent goniopuncture in 27 POAG (30%; mean
follow-up of 43 months) and 28 PEXG eyes (32%; mean follow-up of 45 months). In
comparison, our observed percentage of cases with goniopunctures was 28% and 37% in
the POAG and PEXG cohorts, respectively, which also lacked a difference in statistical
significance between both groups (chi-square test: p = 0.10).

However, our observations regarding differences in re-operation rates showed that
8% of POAG eyes and 21% of PEXG eyes (p = 0.01) underwent secondary major glaucoma
surgery during the 5 years of follow-up after DS, which suggests an overall worse post-
operative course in the PEXG cohort. In comparison, Rekonen et al. [22] reported a 10%
rate in POAG eyes and 18% rate in PEXG eyes during a follow-up of 18 months after DS
(no statistically significant difference between groups). Interestingly, at 18 months after
DS, the different rate of necessary major secondary glaucoma surgery between our POAG
and PEXG cohorts was also not of statistical significance (4% POAG; 6% PEXG; chi-square
test: p = 0.42). Only analysis of longer follow-up results in our study showed diverging
re-operation rates between POAG and PEXG cohorts with differences in statistical sig-
nificance. Drolsum [21] and Mendrinos et al. [20], who analyzed longer postoperative
follow-up periods, did not report detailed information concerning re-operation rates.
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The analysis regarding the progression of visual field defects was affected by the
statistically significant older mean age at surgery of the PEXG cohort. Studies by Konstas
et al. [28] and Nakano et al. [29] have reported that PEXG patients tend to be older than
POAG patients, indicating that this age difference may be an epidemiological difference
rather than an inclusion bias. Age did not influence other outcomes. Although the cor-
relation between this factor and the changes in SAP results after 5 years was weak, it
may have nonetheless played a role in shaping the observed findings, contributing to the
assessed worsened visual field defects among PEXG patients 5 years after DS compared
to preoperative values. Nevertheless, after 5 years, no statistically significant difference
was found between groups for this outcome, which is relevant in the overall analysis,
as a less compromised visual field is directly correlated with a higher quality of life [30].
A comparable reduction in peripapillary RNFL thickness was recorded for both cohorts,
which stabilized approximately after the first postoperative year and was not associated
with the resulting IOP changes after surgery. The absence of this correlation has already
been described in the literature [31]. In a prospective trial by Rebolleda et al. [32], visual
field global indices and peripapillary RNFL thickness were found to be comparable to
preoperative values 6 months after DS in 34 patients with unspecified glaucoma. Our
initial observations for these outcomes in PEXG eyes were similar, with no significant
postoperative changes at 6 months in peripapillary RNFL thickness (p = 0.19) but with later
worsening courses for peripapillary RNFL thickness (p < 0.001) and for the mean defect
values of SAP (p = 0.02) after 5 years.

Similarly, the performed analysis showed worse outcomes for success levels among
PEXG patients 5 years after DS, as POAG patients tended to achieve higher rates for both
qualified and complete success. These outcomes may underestimate existing results due
to the large rate of dropouts during follow-up. This assumes that patients with more
favorable outcomes may be less likely to attend control examinations, as has already been
described for other ophthalmic procedures before, such as strabismus surgery [33]. It
also assumes that patients who experience worse subjective symptoms may indeed have
less favorable objective outcomes, as Viswanathan et al. have observed for visual field
deterioration in particular [34], and might therefore worsen observed results if they are
more likely to attend follow-up. The aforementioned study by Studeny et al. [18] indicated
complete and qualified success rates of 85% and 100%, respectively, in 20 PEXG eyes 1 year
after DS, which were noticeably higher than ours at the same timepoint (39% for complete
success and 55% for qualified success). Furthermore, Ollikainen et al. [17] reported no
significant difference for both complete and qualified success rates between 31 POAG eyes
(74% and 74%, respectively) and 37 PEXG eyes (73% and 73%) 3 years after surgery. These
values are higher than our findings at the same timepoint but are in line with our results
concerning a comparison between both groups, as we also could not find differences in
statistical significance between groups 3 years after DS. A longer trial by Drolsum [21]
showed the absence of statistically significant differences concerning the achievement of
complete success after a mean follow-up time of approximately 4 years, with 50.0% in
PEXG eyes compared to 33.3% in POAG eyes respecting the criteria.

The inferior success rates, together with worse BCVA, ultimately led to overall worse
results of DS in the PEXG cohort compared to the POAG cohort at 5 years after surgery,
even though other clinical outcomes were indeed similar between both groups. Other
studies indicated before that DS may be safe and useful for PEXG eyes in the medium
term [17–22]. The herein presented results lightly hint towards DS being more beneficial
in POAG eyes compared to PEXG over a longer follow-up period. Other surgical options
for PEXG patients include TE. However, there are also conflicting results regarding the
efficacy of TE in PEXG eyes [35–37], suggesting that PEXG may be more difficult to treat
than POAG, regardless of therapeutic approach.

Our herein presented analysis provides detailed information about the development
of anatomical (peripapillary RNFL thickness) and functional parameters (SAP indices)
after DS, as well as a large quantity of other clinical data that are frequently reported
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in similar but mostly smaller cohorts. Moreover, we followed patients over a longer
period of time, which is essential given the chronic nature of glaucoma. We also analyzed
a sizeable number of patients with data originating from only one eye per participant
included in the analysis, which was useful to provide statistically significant and higher
quality information. Weaknesses of the study include the lack of analysis of postoperative
complications, the retrospective, non-randomized, unblinded, and unicentric design, the
number of patients lost to follow-up, and the multiple number of surgeons performing
surgery. DS is a procedure that has been frequently performed by many surgeons at the
Bern University Hospital over the years. This may lead to variations in the procedure
performed. However, we did not find a high variability of postoperative outcomes in
terms of IOP, medications, and success rate. Performing the herein described analyses in
a larger cohort coming from multiple centers in a prospective manner could be a goal of
future studies.

5. Conclusions

DS has been proven to provide comparable outcomes in PEXG and POAG eyes regard-
ing IOP, the number of IOP-lowering medications, visual field defects, and peripapillary
RNFL thickness 5 years after surgery. However, PEXG eyes were significantly more likely to
require subsequent major surgical glaucoma interventions, and the complete and qualified
success rates were lower after 5 years of follow-up compared to POAG eyes. Based on the
results of our study, it can be argued that the long-term success of DS in eyes suffering
from PEXG is lower than in those suffering from POAG. In our case, this will influence
our strategy when planning surgical interventions for the treatment of glaucoma (POAG
and PEXG) in the future. The presented results may help surgeons and patients make
more informed choices about their treatment options. Nevertheless, more studies with
larger patient cohorts are needed to evaluate this procedure and other treatment options to
provide better targeted surgical care for PEXG patients.
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Abstract: Background/Objectives: This study aims to explore the potential relationship between
unilateral or asymmetric glaucoma and ipsilateral hearing impairment. Methods: In this retrospective
study, visual and hearing functions were assessed in patients with unilateral or asymmetric glaucoma.
Correlations between retinal nerve fiber layer (RNFL) thickness, visual field mean deviation (MD)
values, and pure tone audiometry (PTA) measurements across various frequencies were analyzed to
explore potential associations between visual and ipsilateral hearing functions. Differences in PTA
values between ears ipsilateral to the more affected glaucomatous eyes and the contralateral ears
were studied for statistical significance. Results: Twenty-six patients with unilateral or asymmetric
glaucoma were included in the study. Significant differences in hearing thresholds between the ears
corresponding to the more severely glaucomatous eyes and the contralateral ears were found at 0.7,
1, 1.5, and 3 kHz (p < 0.05). Additionally, a statistically significant difference was observed in the
speech frequencies (0.5, 0.7, 1, 1.5, 2, 3, and 4 kHz) between ears corresponding to glaucomatous or
more affected glaucomatous eyes and the contralateral ears (p = 0.016). Furthermore, a moderately
positive correlation was found between differences in MD and PTA values at 0.125 kHz (r = 0.50;
p = 0.01). Conclusions: This study highlights a potential association between unilateral or asymmetric
glaucoma and ipsilateral hearing impairment, particularly at speech-relevant frequencies. These
findings underscore the importance of integrated sensory assessment in the management of glaucoma
patients, suggesting that early detection and intervention for concurrent hearing loss could enhance
overall quality of life.

Keywords: glaucoma; unilateral glaucoma; asymmetric glaucoma; hearing loss; hearing impairment

1. Introduction

Glaucoma, a leading cause of irreversible blindness worldwide, primarily affects the
optic nerve, leading to progressive vision loss [1]. A few studies and reviews have examined
the potential association of glaucoma and hearing impairment [2]. This relationship could
be explained by several potential mechanisms. Glaucoma and hearing loss share common
pathogenic factors, including vascular impairment and neurodegeneration [2]. Glaucoma
is characterized by the degeneration of the optic nerve, the thinning of retinal nerve fibers,
and the loss of retinal ganglion cells, frequently associated with vascular abnormalities such
as diminished perfusion pressure and impaired vascular autoregulation [3–7]. Similarly,
sensorineural hearing loss (SNHL) results from cochlear and auditory nerve damage,
influenced by microvascular alterations causing ischemic injury to inner ear structures [8,9].

Understanding the broader implications of glaucoma is crucial for developing com-
prehensive management strategies that address all aspects of patients’ quality of life (QoL).
Although most affected patients do not report any specific symptoms or vision loss ini-
tially, glaucoma can adversely affect patients’ QoL and ability to perform visually related
activities, even when they are unaware of their diagnosis [10].

J. Clin. Med. 2024, 13, 6501. https://doi.org/10.3390/jcm13216501 https://www.mdpi.com/journal/jcm123



J. Clin. Med. 2024, 13, 6501

Hearing loss (HL), like vision loss, is a major public health concern that significantly
affects daily functioning and social interactions. Effective communication relies heavily
on auditory perception, and any impairment can lead to social isolation, depression, and
diminished overall well-being [10]. Unlike vision impairment, which primarily affects
spatial navigation and interaction with the physical environment, hearing loss hinders
social engagement and the ability to participate in conversations [10]. When both vision
and hearing impairments co-occur, the negative impact on physical and mental health is
compounded, leading to a greater overall decline in QoL than when either impairment
occurs alone [10].

Previous studies have identified associations between glaucoma and various forms
of HL, particularly in conditions such as pseudoexfoliation syndrome. However, the
relationship between primary open-angle glaucoma, pigmentary glaucoma, and auditory
deficits has received limited attention [2]. The potential association between unilateral
glaucoma and ipsilateral HL remains underexplored. Additionally, the correlations between
retinal nerve fiber layer (RNFL) thickness and pure tone audiometry (PTA) values have not
been thoroughly investigated. Exploring these relationships is essential for understanding
whether the ear ipsilateral to the glaucomatous eye or the one affected by more severe
glaucoma exhibits poorer hearing, and for elucidating the potential connections between
ophthalmic and auditory health.

This study aims to fill these gaps by evaluating the potential relationship between
unilateral or asymmetric glaucoma and hearing impairment ipsilateral to the more affected
eye. Additionally, we aimed to investigate whether the presence of glaucoma more no-
ticeably affects auditory performance at speech-relevant frequencies, potentially further
impacting patients’ QoL.

2. Materials and Methods

In this retrospective study, visual and hearing functions were assessed in patients
followed in the Glaucoma Unit at Policlinico Tor Vergata in Rome.

2.1. Inclusion and Exclusion Criteria

Patients were included if they had either a diagnosis of unilateral glaucoma or a
strongly asymmetric glaucoma. Unilateral glaucoma was defined by the presence in only
one eye of (i) glaucomatous defects in the Humphrey 24-2, 30-2, or 10-2 computerized
visual field (VF), defined as three or more contiguous points with p < 0.05 or two or
more contiguous points with p < 0.01, or a difference of 10 dB across the nasal horizontal
midline in two or more adjacent points, or mean deviation (MD) worse than −5 dB;
(ii) ophthalmoscopic diagnosis of glaucoma based on the detection of a glaucomatous optic
disc at the fundus examination performed by a glaucoma specialist; (iii) positive Hood
glaucoma report at the optical coherence tomography (OCT) for glaucoma. When both
eyes met the diagnostic criteria for glaucoma, strongly asymmetric glaucoma was defined
in case of: (i) MD difference ≥ 3 dB between the two eyes; (ii) cup-to-disc ratio (C/D)
difference ≥ 0.2 between the two eyes; and (iii) peripapillary retinal nerve fiber layer-global
(RNFL-g) thickness difference ≥ 20 μm between the two eyes, measured on OCT.

Additional inclusion criteria were the availability of data regarding VF examination,
fundus examination, Hood glaucoma report, and PTA at 0.125, 0.250, 0.500, 0.700, 1, 1.5, 2,
3, 4, 6, and 8 kHz, all performed within one year.

Exclusion criteria were applied for both ophthalmological and ear, nose, and throat
(ENT) reasons. Ophthalmological exclusion criteria included the presence of unilateral
glaucoma secondary to trauma, surgical procedures, ocular inflammation, and/or infec-
tions, and patients with angle-closure glaucoma. ENT exclusion criteria included a history
of ear or vestibular disorders, any previous ear surgeries, prolonged occupational expo-
sure to high noise levels, a history of ear trauma or chronic ear infections, and the use of
medications known to have ototoxic effects.
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2.2. Ocular Examination and Glaucoma Diagnosis

All participants underwent full ophthalmological examination by a glaucoma spe-
cialist, including best corrected visual acuity (BCVA), Goldman applanation tonometry
measurements, as well as anterior slit-lamp biomicroscopy and fundus examination. Vi-
sual field assessments were conducted using a Humphrey Field Analyzer HFAII-740i and
HFAIII (Carl Zeiss Meditec, Inc., Dublin, CA, USA), employing a 24-2 threshold program
with the Swedish Interactive Threshold Algorithm (SITA) standard testing strategy. Op-
tical coherence tomography (OCT) was performed using the Spectralis OCT (Heidelberg
Engineering, Heidelberg, Germany) and the Hood glaucoma report was generated.

2.3. Otolaryngologic Examination and Audiometric Assessment

Hearing thresholds for both ears were assessed using the pure-tone audiometry (PTA)
at the following frequencies: 0.125, 0.250, 0.500, 0.700, 1, 1.5, 2, 3, 4, 6, and 8 kHz. A
comprehensive otological evaluation and otoscopy were conducted by an experienced
otolaryngologist.

2.4. Statistical Analysis

The Shapiro–Wilk test was used to determine the normality of PTA, mean deviation
(MD), and RNFL values. Depending on the data distribution, either Pearson’s or Spear-
man’s correlation coefficients were used to assess the relationship between PTA values at
the tested frequencies and RNFL values and PTA and MD values. Correlations of inter-eye
differences in MD and RNFL and inter-ear differences in PTA were also analyzed to further
explore potential associations. Paired t-tests and Wilcoxon’s matched-pair signed-rank
tests were used to compare PTA values between ears ipsilateral to the glaucomatous eye,
or the most damaged one in asymmetrical cases, and the contralateral ears. All statistical
analyses were performed with the software R (version 4.4.0 GUI 1.80 Big Sur ARM build
released on 24 April 2024) and a two-sided p-value of 0.05 was considered for statistical
significance.

The study followed the tenets of the Declaration of Helsinki and was approved by the
local ethical committee.

3. Results

Twenty-six patients were included in the study. Twenty-three had primary open-
angle glaucoma (POAG), two had pigmentary glaucoma, and one had pseudoexfoliative
glaucoma (PXG). The mean age was 71.69 ± 9.54 and 18 of the patients were male (69.2%).

All patients had unilateral (n = 21) or asymmetric glaucoma (n = 5), affecting the right
eye in 11 cases and the left eye in 15 cases. All 26 patients included in this study were
Italian and of Caucasian ethnicity.

3.1. Ophthalmological Characteristics

The glaucomatous or more severely glaucomatous eyes and the contralateral eyes
showed significant differences in several key parameters, as outlined in Table 1. The mean
number of hypotensive drops administered was 1.19 ± 1.06 for the glaucomatous or more
severely affected eye and 1.35 ± 1.06 for the less glaucomatous eye. Additionally, the
mean number of active pharmaceutical ingredients used was 1.42 ± 1.30 for the more
glaucomatous eyes, compared to 1.69 ± 1.43 for the contralateral eyes. In terms of sur-
gical interventions, 12 out of 26 eyes in the more glaucomatous group had undergone
trabeculectomy or trabeculectomy combined with phacoemulsification. Among these,
2 patients required revision surgery following trabeculectomy, and 1 patient underwent
re-trabeculectomy. In contrast, none of the eyes in the non-glaucomatous or less affected
glaucomatous group had undergone any surgical interventions for glaucoma.
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Table 1. Mean values of baseline ophthalmological parameters in glaucomatous or more severely
glaucomatous eyes and the contralateral eyes.

More Severely/
Glaucomatous Eyes

Less Severely/
Non-Glaucomatous Eyes

p-Value

RNFL (micron) 55.88 ± 12.87 93.66 ± 8.93 0.00 p

BCVA (logMAR) 0.17 ± 0.19 0.08 ± 0.18 0.02 w

MD (dB) −12.8 ± 10.58 −0.38 ± 1.83 0.06 p

IOP (mmHg) 14 ± 6.3 14 ± 3.1 0.45 w

BCVA: best corrected visual acuity; MD: mean deviation; IOP: intraocular pressure; p: paired t-test; RNFL: retinal
nerve fiber layer thickness; w: Wilcoxon’s signed-rank test.

3.2. Pure Tone Audiometry (PTA)

The average PTA values, expressed in dB across various frequencies, are illustrated in
Figure 1.

 
Figure 1. Average of PTA values at different frequencies. Green bars represent PTA values (kHz) for
ears corresponding to glaucomatous or more affected glaucomatous eyes, while blue bars represent
PTA values for ears corresponding to non-glaucomatous or less affected glaucomatous eyes. The PTA
frequencies range from 0.125 kHz to 8 kHz.

These values compare the ears corresponding to glaucomatous or more affected glaucoma-
tous eyes with the contralateral ears, providing a visual representation of hearing thresholds.

3.3. Paired t-Tests and Wilcoxon’s Signed-Rank Tests

A Wilcoxon signed-rank test was performed for non-normally distributed data (PTA
0.125, 0.250, 0.7, 1, 2, 3, 6, 8 kHz). Although no statistically significant differences were
found at 0.125 kHz or 0.250 kHz (mean differences of 0.96 dB and 1.73 dB, respectively,
with small effect sizes of 0.10 and 0.17), statistically significant differences were found at
0.7 kHz (p = 0.02), 1 kHz (p = 0.03), and 3 kHz (p = 0.02); at these frequencies, the mean
differences were 2.88 dB, 2.31 dB, and 4.42 dB, respectively, with confidence intervals
indicating moderate effect sizes (Cohen’s d = 0.22, 0.18, and 0.20) suggesting that patients
with unilateral or asymmetric glaucoma may have hypoacusis in the corresponding ear at
these frequencies, thus identifying a potential specific frequency range where glaucoma
may impact auditory function. A paired t-test was performed for normally distributed
data (PTA 0.5, 1.5, 4 kHz). The result of the paired t-test at the frequency of 1.5 kHz
shows a p-value of 0.04, which is statistically significant, with a mean difference of 2.69 dB
(95% CI [0.18, 5.20]) and a small effect size (Cohen’s d = 0.18), indicating that hearing
thresholds are likely to be affected by glaucoma at this frequency. This result further
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supports the hypothesis that there may be specific frequencies where glaucoma affects
hearing thresholds more noticeably. At higher frequencies, such as 2 kHz and 4 kHz,
while there were notable mean differences of 2.69 dB and 5.19 dB, the clinical relevance is
less clear due to wider confidence intervals and smaller effect sizes, particularly at 4 kHz
(Cohen’s d = 0.23). Similarly, at 6 kHz and 8 kHz, neither the statistical tests nor the effect
sizes (Cohen’s d = 0.14 and 0.07, respectively) suggest any significant difference in auditory
function between glaucomatous and non-glaucomatous ears. The results of the paired
t-tests and Wilcoxon’s signed-rank tests, summarized in Table 2, provide detailed insights
into the differences in hearing thresholds between glaucomatous and non-glaucomatous
ears across various frequencies. The table includes the mean PTA values (±SD) for both
groups at each tested frequency, along with the mean differences of PTA between the two
groups, 95% confidence intervals, and Cohen’s d as a measure of effect size.

Table 2. Paired t-test and Wilcoxon’s signed-rank test results.

PTA Frequency
[kHz]

PTA G
(Mean ± SD)
[dB]

PTA NG
(Mean ± SD)
[dB]

Mean Difference (PTA
G-PTA NG) ± SD [dB]

95% CI
Effect Size
(Cohen’s d)

p-Value

0.125 w 22.5 ± 9.08 21.54 ± 9.77 0.96 ± 8.25 [−2.37; 4.29] 0.10 0.56

0.250 w 23.27 ± 9.79 21.54 ± 10.93 1.73 ± 7.47 [−1.28; 4.75] 10.37 0.24

0.5 p 27.1 ± 11.85 24.23 ± 11.02 2.88 ± 7.50 [−1.47; 5.91] 11.44 0.06

0.7 w 27.71 ± 13.75 24.58 ± 12.24 2.88 ± 6.02 [0.44; 5.31] 13.03 0.02 *

1 w 28.08 ± 12.66 25.77 ± 13.09 2.31 ± 6.14 [0.23; 4.38] 12.88 0.03 *

1.5 p 29.79 ± 15.29 26.88 ± 14.36 2.69 ± 6.20 [0.18; 5.20] 14.83 0.04 *

2 w 30.96 ± 16.79 28.27 ± 15.29 2.69 ± 6.51 [0.06; 5.32] 16.06 0.06 *

3 w 39.23 ± 23.01 34.81 ± 21.14 4.42 ± 8.64 [0.93; 7.91] 22.08 0.02 *

4 p 45.38 ± 25.57 40.19 ± 20.02 5.19 ± 18.35 [−2.22; 12.60] 23.03 0.16

6 w 52.90 ± 28.36 49.04 ± 27.24 3.85 ± 18.12 [−3.47; 11.17] 27.80 0.31

8 w 57.86 ± 33.11 55.7 ± 29.86 2.11 ± 16.44 [−4.53; 8.76] 31.54 0.49

* p < 0.05; p = paired t-test; w =Wilcoxon signed-rank test; G: more glaucomatous eyes or more affected glaucoma-
tous eyes; NG: non glaucomatous eyes or less affected glaucomatous eyes; CI: confidence interval.

3.4. Paired t-Tests for Speech Frequencies

The differences in combined speech frequencies (0.5, 0.7, 1, 1.5, 2, 3, and 4 kHz)
between ears corresponding to glaucomatous or more affected glaucomatous eyes and
contralateral ears were evaluated [11]. Given that the combined speech frequencies for
ears corresponding to non-glaucomatous or less glaucomatous eyes did not follow a
normal distribution (Shapiro–Wilk p = 0.042), the Wilcoxon signed-rank test was used.
The test results of this non-parametric test indicated a statistically significant difference
in the combined speech frequencies between the ears corresponding to the glaucomatous
or more affected glaucomatous eyes and the contralateral ears (p = 0.022). The mean
difference in hearing thresholds was 2.40 dB, with a bootstrapped 95% confidence interval
ranging from 0.67 to 4.13 dB. Despite the effect size (Cohen’s d = 0.21) indicating a modest
clinical impact, these findings imply that glaucoma may still affect auditory function,
particularly across these combined speech frequencies. This supports the hypothesis that
patients with unilateral or more severe glaucoma could experience worse hearing in the
ear corresponding to the glaucomatous or more affected eye.

3.5. Correlation Analysis

The correlation analysis between RNFL and MD values for glaucomatous or more
affected glaucomatous eyes and PTA of the corresponding ears was performed. The
Shapiro–Wilk Test for normality indicated that most PTA values were normally distributed
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(p-value > 0.05), allowing for Pearson’s correlation analysis, except for PTA at 0.125 and
6 kHz frequencies and g-RNFL for glaucomatous eyes (p-value ≤ 0.05), thus requiring
Spearman’s correlation analysis.

3.5.1. Normality Testing

The Shapiro–Wilk Test for normality indicated that most PTA values were normally
distributed (p-value > 0.05), allowing for Pearson’s correlation analysis, except for PTA
at 0.125 and 6 kHz frequencies and g-RNFL for glaucomatous eyes (p-value ≤ 0.05), thus
requiring Spearman’s correlation analysis.

3.5.2. RNFL and PTA

Pearson’s correlation coefficients ranged from −0.21 to 0.04, indicating very weak
correlations (mostly negative) between PTA values at various frequencies and RNFL.
Spearman’s correlation coefficients at non-normally distributed frequencies also showed
very weak correlations. None of the p-values were below 0.05, indicating that none of these
correlations are statistically significant.

3.5.3. MD and PTA

Pearson’s correlation coefficients ranged from −0.19 to −0.38, indicating weak to
moderate negative correlations between PTA values at various frequencies and MD of
glaucomatous or more affected eyes. The closest to statistical significance was at 4 kHz
(p = 0.0568).

Although the Pearson and the Spearman correlation analyses between RNFL and
PTA values were weak, the negative direction of most correlations suggests a potential
trend where thinner RNFL may be associated with worse hearing thresholds. Similarly, the
Pearson correlation coefficients between MD values and PTA ranged from −0.12 to −0.38,
indicating weak to moderate negative correlations. These negative correlations imply that
as the severity of visual field loss (as measured by MD) increases, hearing thresholds tend
to worsen. The correlation at 4 kHz was the closest to significance (p-value = 0.0568),
suggesting a potential trend that warrants further investigation.

3.5.4. Difference Analysis

The results of the correlation analysis are detailed in Table 3. The correlation anal-
ysis between the difference in RNFL and MD values for glaucomatous or more affected
glaucomatous eyes and the difference in PTA of the corresponding ears was performed.
The correlation between differences in MD and PTA at 0.125 kHz showed a moderately
positive correlation, with a Pearson’s correlation coefficient equal to 0.5002284 (p = 0.009).
The correlations generally show that as the difference in PTA between ears corresponding
to glaucomatous and non-glaucomatous eyes increases, there tends to be a corresponding
increase in the difference in MD values, thus implying that the degree of hearing loss in
the ear corresponding to the glaucomatous eye may be related to the severity of visual
field loss. However, the strength of these correlations varies across different frequencies,
with some frequencies showing moderate positive correlations (e.g., PTA 0.125 and PTA 8),
while others show weaker correlations or no correlation at all (e.g., PTA 1, PTA 3, PTA 4).
The correlation between differences in RNFL and PTA at 0.125 kHz showed a moderately
positive correlation (r = 0.373; p = 0.06), indicating that as PTA differences increase, RNFL
differences tend to increase moderately, while the correlation between differences in RNFL
and PTA at the other frequencies were weak, suggesting that this relationship may be more
pronounced at lower frequencies. The results of the difference analysis are detailed in
Table 4.
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Table 3. Correlation analysis between RNFL and PTA and MD and PTA at the studied frequencies.

PTA Frequency (kHz)
RNFL and PTA MD and PTA

Pearson’s Correlation Coefficient p-Value Pearson’s Correlation Coefficient p-Value

0.125 0.08 0.71 −0.23 0.26

0.250 −0.17 0.40 −0.19 0.34

0.5 −0.12 0.56 −0.22 0.27

0.7 −0.17 0.43 −0.34 0.10

1 −0.11 0.58 −0.30 0.13

1.5 −0.11 0.59 −0.28 0.19

2 −0.21 0.30 −0.34 0.09

3 −0.17 0.40 −0.32 0.10

4 −0.17 0.40 −0.38 0.06

6 −0.02 0.90 −0.32 0.11

8 0.04 0.85 −0.28 0.16

Table 4. Correlation analysis between difference in RNFL and difference in PTA; difference in MD
and difference in PTA at the studied frequencies. Δ: difference.

PTA Frequency (kHz)
ΔRNFL and ΔPTA ΔMD and ΔPTA

Pearson’s Correlation Coefficient p-Value Pearson’s Correlation Coefficient p-Value

0.125 0.37 0.06 0.50 0.01

0.250 −0.11 0.59 0.23 0.25

0.5 −0.13 0.54 0.24 0.24

0.7 0.03 0.90 0.27 0.21

1 −0.06 0.77 0.13 0.51

1.5 −0.01 0.96 0.18 0.41

2 0.06 0.76 0.23 0.26

3 −0.36 0.07 -0.03 0.89

4 −0.24 0.24 0.03 0.89

6 −0.27 0.18 0.10 0.64

8 −0.07 0.73 0.30 0.14

4. Discussion

The present study explores the potential link between unilateral or asymmetric glau-
coma and ipsilateral hearing impairment, with a specific focus on correlations between
RNFL thickness, visual field MD values, and PTA measurements at various frequencies.
Our findings underscore the importance of integrated sensory assessments in the compre-
hensive management of glaucoma patients, given the emerging evidence of a relationship
between ophthalmic and auditory health.

In our study, the correlation analysis between MD and PTA values suggested a moder-
ate negative correlation, implying that as the severity of visual field loss increases, hearing
thresholds tend to worsen. Furthermore, the correlation between differences in MD and
PTA exhibited a moderate positive correlation, indicating that as the difference in PTA
between the glaucomatous and non-glaucomatous eyes increases, there tends to be a corre-
sponding increase in the difference in MD values. This finding suggests that the degree
of hearing loss in the ear corresponding to the glaucomatous eye may be related to the
severity of visual field loss, particularly at lower (0.125 kHz) and higher (8 kHz) frequencies.
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These findings corroborate the observations made by Neacsu et al., who examined the
relationship between MD and PTA and identified an indirect association between visual
field examination parameters and audiometry results [12].

The analysis revealed a moderately positive correlation between differences in RNFL
thickness and PTA values at the 0.125 kHz frequency. This suggests that as the difference
in hearing thresholds between the glaucomatous and non-glaucomatous ears increases,
the corresponding difference in RNFL thickness tends to increase moderately. This finding
implies that the relationship between ophthalmic and auditory parameters may be more
pronounced at lower sound frequencies. This observation corroborates the previous finding
that linked the difference in MD to the difference in PTA at 0.125 kHz, further underscoring
the importance of examining lower frequencies when investigating the potential connection
between glaucoma and hearing impairment.

In this we observed statistically significant differences in speech-relevant frequencies—
specifically at 0.7, 1, 1.5, and 3 kHz—between ears corresponding to glaucomatous or
more affected glaucomatous eyes and their contralateral ears. This suggests that glaucoma
may particularly impact auditory function at these speech-relevant frequencies, which
could have profound implications for patient’s quality of life. The paired t-tests and
Wilcoxon’s signed-rank tests confirmed the statistical significance of these differences,
further supporting the hypothesis of a frequency-specific auditory deficit associated with
glaucoma. The central, speech-related frequencies appear to be more correlated with
glaucoma, potentially because presbycusis typically affects higher frequencies [13]. This
age-related HL might reduce the observable difference in hearing thresholds between both
sides at higher frequencies. The central frequencies are critical for speech comprehension,
and deficits in these ranges can severely impact social interactions and communication.
Consequently, the identification of HL at these frequencies underscores the importance
of considering hearing rehabilitation options, such as hearing aids, to improve patient’s
QoL [14].

Hearing impairments primarily impact social functioning, as hearing is crucial for
understanding and participating in conversations, which are central to everyday social
interactions. In contrast, vision impairment predominantly affects a person’s ability to
navigate and interact with their physical and spatial environment [10]. Research has shown
that individuals with both vision and hearing impairments experience more significant
declines in physical and mental health, as evidenced by lower scores on health-related
quality of life surveys compared to those with only vision or hearing impairment. This
compounded effect occurs because vision and hearing influence different aspects of life,
and losing both senses results in a greater overall negative impact than losing either one
alone [10]. Moreover, glaucoma itself can significantly impact a patient’s QoL in several
ways. First, simply receiving a diagnosis of this chronic, irreversible, and potentially
blinding disease can cause anxiety and negatively affect well-being [15]. Second, the
progressive vision loss associated with glaucoma can lead to difficulties in daily life,
affecting activities like reading, driving, and even recognizing faces. This can lead to a
loss of independence and social isolation. Finally, the burden of treatment, including the
side effects of medications, the inconvenience of drop regimens, and the potential need for
surgery, can also negatively impact QoL [15].

The identification of specific frequencies where glaucoma more significantly appears
to impact hearing thresholds suggests several broader implications. These findings could
influence clinical practices by prompting more comprehensive audiometric evaluations
in patients with glaucoma, focusing on the frequencies critical for speech comprehension
and communication. This could lead to earlier detection and the management of hear-
ing impairment in this patient population, potentially improving patients’ quality of life
through timely interventions such as hearing aids. Furthermore, the pronounced impact
of glaucoma on hearing at these speech-relevant frequencies suggests a need to explore
potential shared mechanisms or pathways between ocular and auditory health, such as
vascular or neurodegenerative processes [6–8,16]. Understanding these connections could
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provide valuable insights into the systemic effects of glaucoma and guide future research
and treatment strategies.

The observed association between glaucoma and hearing impairment underscores the
need for a holistic approach to patient management. Clinicians should consider routine
auditory evaluations in glaucoma patients to identify and address concurrent hearing
loss, which can significantly impact patients’ daily functioning and social interactions; a
multidisciplinary approach involving ophthalmologists and audiologists could enhance
patient care, addressing both aspects of sensory impairment.

The primary limitation of this study was its small sample size. Further research with
larger participant groups is necessary to confirm the observed trends and could also help
to clarify which specific sound frequencies are most affected by the presence of glaucoma.
Another limitation of our study was the lack of assessment of patient’s QoL through the use
of specific questionnaires. The retrospective nature of the study precludes causal inferences.
Longitudinal studies are necessary to establish the temporal relationship between glaucoma
progression and auditory decline. Additionally, larger studies could help elucidate the un-
derlying mechanisms linking visual and hearing impairments in this condition. Although
we applied strict inclusion and exclusion criteria, potential confounders such as systemic
diseases (e.g., diabetes, hypertension) could influence the results. Future research should
aim to control for these variables to isolate the specific impact of glaucoma on hearing
function. Future studies should aim to uncover the mechanisms connecting glaucoma with
auditory impairment, particularly at the specific frequencies identified in this research. A
deeper understanding of these mechanisms could provide valuable insights into the patho-
physiology of glaucoma and its broader systemic effects. Exploring the clinical implications
of these findings could lead to more comprehensive management strategies, addressing
both visual and auditory health for patients with glaucoma.

5. Conclusions

This study highlights a potential association between unilateral or asymmetric glau-
coma and ipsilateral hearing impairment, particularly at specific speech-relevant frequen-
cies. The findings emphasize the importance of integrated sensory assessments in the
management of glaucoma patients, with implications for improving overall QoL through
early detection and intervention for concurrent HL. Such research has the potential to lead
to improved diagnostic and therapeutic approaches, ultimately enhancing the quality of
life for individuals with glaucoma by comprehensively addressing both their visual and
auditory needs.
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