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Glaucoma is one of the leading causes of irreversible sight loss worldwide, with a
prevalence of 64.3 million in 2013 and an estimated increase to 111.8 million by 2040 [1]. The
initial treatment for glaucoma usually comprises topical medication, but further procedures
depend on the type of glaucoma, disease stage and severity, and several individual factors,
including age, life expectancy, treatment adherence, quality of life, and both patients” and
clinicians’ personal choices. Irrespective of all these factors, surgical intervention may still
be required in those patients with significant progression and uncontrolled disease despite
maximum medical therapy [2].

Since its inception over 50 years ago, trabeculectomy has been the most common
glaucoma surgery performed globally [3], although studies from the United States have
demonstrated a decreasing trend in trabeculectomy cases in favor of newer surgical tech-
niques such as minimally invasive or less invasive glaucoma surgical devices [4]. These
span a large variety of true microinvasive invasive glaucoma surgeries or MIGS, defined
by an ‘ab interno” intracameral microincisional approach [5-7], and bleb-forming sub-
conjunctival drainage devices such as the PreserFlo™ Microshunt (Santen, Miami, FL,
USA) and Xen-45™ (Abbvie/ Allergan, Irvine, CA, USA). The former can further be subdi-
vided into ‘cutting” MIGSs such as the Kahook Dual Blade™ (KDB, New World Medical,
Rancho Cucamonga, CA, USA) and Trabectome™ (NeoMedix Corp., San Juan Capistrano,
CA, USA), ‘Trabecular Meshwork stent bypass” MIGSs such as the iStent™ (Glaukos,
Aliso Viejo, CA, USA) and HydrusTM (Alcon, Fort Worth, TX, USA), and ‘Canaloplasty’
MIGS techniques such as the OMNI™ (Sight Sciences, Menlo Park, CA, USA) and iTrack
Advance™ (Nova Eye, Lakes Creek, Queensland, Australia) systems. These techniques
have become more popular, particularly in patients who need a reduction in medication
burden and also to potentially avoid some of the postoperative complications attributed to
conventional glaucoma filtration surgery [8,9]. Additionally, and particularly in Europe,
non-penetrating glaucoma surgeries (NPGS), such as deep sclerectomy and canaloplasty,
have been developed to provide safer yet still effective ways of reducing intraocular
pressure (IOP) in patients with more advanced glaucoma where target eye pressures are
significantly lower [10-12]. The use of these procedures is increasing significantly com-
pared to conventional trabeculectomy due to the drawbacks of risk of hypotony, intensive
post-operative management, the need for proper training, and a significant learning curve.
Finally, a further group of glaucoma surgeries, in the form of glaucoma drainage devices
(GDDs) or ‘tubes’, have been around for a while as options for complex disease, including
secondary glaucoma due to neovascularization and uveitis, congenital and juvenile glau-
coma, aphakic glaucoma, etc. [13-15]. Although not that new in concept, new GDDs have
been developed over the last few years, offering different lumen sizes and plate designs,
which can further alter the outcomes we expect from these devices [16-18].

Advances in glaucoma surgery have therefore been happening for over the last five
decades. However, there has never been such an exciting time to work in the field of
glaucoma surgical therapy as the spectrum of options available has become so wide, dense,

J. Clin. Med. 2023, 12, 828. https:/ /doi.org/10.3390/jcm12030828 https:/ /www.mdpi.com/journal /jcm



J. Clin. Med. 2023, 12, 828

and varied. Big Pharma is acquiring more and more start-ups that have developed, tried,
and tested their products with ever-increasing amounts of evidence building over the last
few years. This trend will only increase the drive to seek the best devices and to utilize them
to their best capacity in individualized ways. Ultimately, this can only benefit the patient,
as long as sound evidence, real-life experience, and cost-effectiveness are also available
and considered simultaneously. The evolution of older surgeries such as more modern
and innovative ways of performing trabeculectomy and NPGS, and the dissemination of
more recent techniques and devices, including their use beyond the original indications
for which they were developed, can only boost our chances of effectively lowering IOP
and reducing glaucoma visual disability for our patients. We truly hope that this Special
Issue, entitled “Advances in Glaucoma Surgery”, can truly capture the essence of these
new, exciting, and creative ways of enhancing the effectiveness and safety of our glaucoma
surgical armamentarium.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: (1) Background: The purpose of this study is to investigate the effects of topical steroids
on conjunctiva in patients undergoing filtration surgery (FS) for glaucoma by using confocal mi-
croscopy (CM); (2) Methods: One hundred and four glaucomatous patients were randomized to
fluorometholone or lubricants four weeks before FS. CM was performed before treatments and pre-
operatively. Dendritic and goblet cell densities (DCD, GCD), stromal meshwork reflectivity (SMR),
vascular tortuosity (VT), and intra-ocular pressure (IOP) were the main outcomes. By evaluating
treatments and outcomes (12-month success/failure) as categorical variables, patients were grouped
into Group 1, 2, 3, or 4 (success/failure with fluorometholone, or lubricants); (3) Results: Twelve-
month IOP was reduced in Groups 1 and 3 (p < 0.001). After treatments, DCD and SMR were reduced
in Groups 1 and 2 (p < 0.01), and 1 and 3 (p < 0.05), respectively. Pre-operative DCD was lower in
the steroid compared to lubricant group (p < 0.001), whereas SMR was lower in successful (1 and 3)
compared to failed groups (2 and 4) (p = 0.004). There were no significant differences between the
fluorometholone and lubricant groups for success percentages. The number of bleb management
procedures and IOP lowering medications were lower in Group 1 compared to Groups 2-4 (p < 0.05);
(4) Conclusions: Topical steroids mitigate conjunctival inflammation and lower the stromal density in
patients undergoing FS. These modifications lead to less intensive post-operative management.

Keywords: glaucoma filtration surgery; surgery outcome; steroids; conjunctiva; ocular surface
preparation; in vivo confocal microscopy

1. Introduction

More than fifty years after its introduction, filtration surgery (FS) still represents the
most diffuse surgical procedure to reduce the intra-ocular pressure (IOP) in patients with
medically uncontrolled glaucoma. FS works by creating an intra-scleral fistula that drains
aqueous humor (AH) from the anterior chamber toward the sub-conjunctival space, thus
forming a resorption structure known as a filtration bleb [1-3]. However, the filtration bleb
may fail in its function over time for different reasons.

As widely demonstrated, glaucoma therapy-related conjunctival modifications may
significantly affect the bleb filtration capabilities after FS, since IOP lowering medications
damage, disturb, or stimulate components that are involved in the AH outflow through the
bleb-wall [4-11]. These components include goblet cells (GCs), stromal collagen bundles,
inflammatory dendritic cells (DCs), and blood or lymphatic vessels. In detail, GCs work
as carriers of the AH, whereas stromal collagen hinders AH resorption by increasing the
bleb-wall resistivity to fluids outflow. On the other hand, DCs and blood vessels stimulate

J. Clin. Med. 2022, 11, 3959. https:/ /doi.org/10.3390/jcm11143959
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inflammation, affecting the AH carriers and stimulating collagen deposition [3,8,9,11]. The
progressive alterations of these structures increase the risk of inadequate AH drainage
and surgical failure [4-7,12]. Therefore, the need to manage the ocular surface before FS,
especially by mitigating inflammation, is keenly felt by surgeons [13,14].

To date, very few studies have investigated whether pre-operative strategies aimed
at mitigating ocular surface disease (OSD) can favorably affect the FS outcome. In a
randomized placebo-controlled trial, the use of topical ketorolac or fluorometholone one
month before trabeculectomy reduced the likelihood of post-operative bleb needling or the
need for IOP lowering drugs, with better results in patients receiving steroids compared
to those taking ketorolac [15]. In another study, Lorenz et al. found that a simplified
pre-operative medication regimen, which comprised only a preservative-free (PF) fixed
combination of dorzolamide/timolol, reduced the ocular surface inflammation and was as
effective as topical steroids and systemic acetazolamide in terms of surgical outcomes [16].
Nevertheless, though the reduction of pre-operative conjunctival inflammation is believed
to limit scarring within the bleb-wall after FS, studies evaluating the conjunctival changes
induced by steroids at the site of FS at a cellular level are still lacking.

In vivo confocal microscopy (IVCM) has been widely used to describe the conjunctiva
in patients with glaucoma, either during the medical management of the disease or in
the pre-operative period [7-9,11]. In fact, IVCM is able to evaluate the above-mentioned
components involved in the AH outflow after surgery, which can be considered as potential
indicators of surgical outcomes. This is crucial, because a pre-operative assessment may
guide the clinician in adopting personalized peri-operative strategies.

The aims of the present study were to evaluate, using IVCM, the impact of topical
steroids on conjunctival GCs, DCs, stromal density, and blood vessels on FS outcomes, and
to evaluate whether confocal features could play a role in predicting success or failure in
patients undergoing FS.

2. Materials and Methods
2.1. Study Population

This prospective, placebo-controlled, single center study adhered to the tenets of the
Declaration of Helsinki and was approved by the Institutional Review Board of Department
of Medicine and Aging Sciences, University G. d’Annunzio of Chieti and Pescara, Italy. All
eligible patients who agreed to participate in the study signed an informed consent form
before enrollment, after receiving an explanation of the nature and possible consequences of
the study. Consecutive patients scheduled for first-time FS (trabeculectomy) were enrolled
at the Ophthalmology Clinic, National High-Tech Eye Center (NHEC) of the University G.
d’Annunzio of Chieti and Pescara, Chieti, Italy.

Inclusion criteria were: open angle glaucoma with uncontrolled IOP under maximal
tolerated medical therapy (three active compounds, comprising the short-term use of
systemic oral acetazolamide when required); progression of visual field (VF; Humphrey
Field Analyzer (HFA), Guided Progression Analysis software) damage, as confirmed on
three consecutive reliable tests; and IOP lowering therapy regimen unmodified in the
last three months. Exclusion criteria were: secondary glaucoma; history of concomitant
intra-ocular or ocular surface disease that could potentially contraindicate the use of topical
steroids; known allergy to steroids; bulbar trauma; systemic or topical therapies in the last
6 months, potentially affecting the ocular surface; any previous ocular surgery (excluding
cataract); use of contact lenses; and pregnancy. If both eyes were eligible for the study, only
the eye with the more advanced perimetric stage was included.

2.2. Pre-Operative Treatments and Peri-Operative Considerations

After enrollment, patients were randomized (by a computer-based randomization
program in a double-blinded fashion) to receive fluorometholone 0.1% (Fluaton, Bausch
& Lomb-IOM SpA, Aci Sant’Antonio, Catania, Italy; Group A) or lubricants (Hyalistil
BIO, SIFI, Aci Sant’Antonio, Catania, Italy; Group B). All study medications contained
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benzalkonium chloride (BAK) as a preservative. The labels of the study medication bottles
were concealed from the patient as well as the physician.

In the 4 weeks preceding the date of surgery, patients were instructed to administer
in the eye scheduled for FS one drop of their assigned medication four times daily, and to
continue unmodified their IOP-lowering medical therapy. Two weeks after the initiation of
pre-operative treatment, a safety check with IOP measurement was scheduled.

All patients underwent a 0.02% mitomycin-C (3 min, in soaked sponges) augmented
trabeculectomy, as previously described [17]. All surgical procedures were performed
using a standardized technique, which required the creation of a fornix-based conjunctival
flap and a 4 x 4 mm, 300-um thick scleral flap, which was sutured down with four 10-0
nylon sutures. To limit post-operative inflammation, the conjunctival flap was sutured
down using 10-0 nylon sutures.

As per protocol, the post-surgical therapy required the use of PF dexamethasone
eye drops four times daily (tapered in 12 weeks) and PF levofloxacin four times daily
(discontinued after 2 weeks).

Patients were examined weekly during the first month; then, the frequency of controls
was scheduled in accordance with the post-operative course, considering as clinical indica-
tors the filtration bleb features at slit lamp (Mainz Bleb Appearance Grading System) and
IOP [18]. The last follow-up was planned at 12 months.

Each decision on the timing for additional procedures was made according to post-
operative IOP and bleb morphology. If IOP progressively increased and was not considered
at target for the patient [19], and bleb features tended to become encapsulated or flat,
management strategies including laser suture lysis, bleb needling with 5-fluorouracil,
or bleb revision with mitomycin-C were sequentially adopted. When all management
strategies failed to control IOP, anti-glaucoma therapy was restarted.

At the 12-month visit, surgery was considered successful when baseline IOP was
reduced by at least 30%, with or without anti-glaucoma medications; otherwise, it was
considered to have failed. In case of failure, patients abandoned the study and received
additional glaucoma surgery.

2.3. Examinations

At baseline, before initiating treatments, patients underwent a complete examination,
with the determination of the best corrected visual acuity, slit lamp ocular surface and lid
assessment, IOP measurement (Goldmann applanation tonometry, AT900®, Haag Streit
Diagnostics, Koeniz, Switzerland), anterior and posterior segment evaluation, and VF test
(HFA 24-2 test, SITA-standard). Twenty-four hours later, patients underwent IVCM of the
conjunctiva, which was repeated at the same site after four weeks, i.e., the day before the FS.

2.4. IVCM of the Bulbar Conjunctiva

IVCM (HRT III Rostock Cornea Module, diode-laser 670 nm; Heidelberg Engineering,
Heidelberg, Germany) was performed at the upper bulbar conjunctiva, with particular
attention at the site corresponding to the bleb formation after FS, to evaluate the structures
involved in AH resorption, that is, epithelial GCs and DCs, stroma, and blood vessels.
GCs and stroma can be considered as pre-surgical indicators of further trans bleb-wall AH
flow and resistivity, respectively. DCs and blood vessels can be considered as indicators
of glaucoma therapy-related ocular surface inflammation and can be used to estimate
the post-surgical fibrotic reaction of the conjunctiva [9]. Two masked investigators (LB,
investigator 1; MT, investigator 2) independently calculated the GCD and DCD to assess
the interobserver variability.

2.5. Confocal Parameters

(i)  Goblet cell density (GCD): in accordance with the definition and images provided in
previous confocal studies, GCs had to appear as oval-shaped and hyperreflective cells,
dispersed within the epithelium (or crowded in groups), larger than the surrounding
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epithelial cells, and located at a depth of 10-30 pum [7-9,11]. As documented, GCs act
as carriers of the AH through the bleb-wall epithelium after filtration surgery [8,9,11].
The cell count software (Heidelberg Engineering GmbH) of the confocal microscope
was used to determine the GCD (cells/mm? 4 SD) in manual mode.

(ii) Dendritic cell density (DCD): the definition and features of DCs had to be consis-
tent with those reported in literature [9,11,20]. DCs can appear mature and acti-
vated (hyper-reflective and elongated body, with membrane processes and frequently
crowded in clusters) or immature and silent (large body with rare membrane pro-
cesses, if any). They are located within the epithelium and the basal membrane of
the conjunctiva (10-30 pm to 30-50 um of depth) and act as peripheral effectors
of the immune system, stimulating inflammation and fibrosis in response to toxic
stimuli [20,21]. As for GCD, the cell count software was used to determine the DCD
(cells/mm2 + SD) in manual mode.

(iii) Stromal meshwork reflectivity (SMR): as for GCs and DCs, the characteristics of the
conjunctival stroma at IVCM had to be consistent with those reported in previous
studies [9,22]. This layer (50-150 um of depth) appears loosely arranged with thin
collagen fibers and some blood vessels in the external portion but presents a denser,
fibrous network with bundles of collagen fibers—occasionally hosting blood vessels,
cystic spaces, and inflammatory cells—in the internal portion [22-24]. The tissue
reflectivity represents an indirect confocal indicator of the amount of collagen fibers
contained within the stroma and, thus, is a surrogate measure of the conjunctival
resistivity to fluid movement. SMR was calculated as previously described, i.e., by
determining the average gray value of a selected high-quality image, using the Image
] software (http://imagej.nih.gov/ij/ accessed on 21 September 2021; provided in the
public domain by the National Institutes of Health, Bethesda, MD, USA) [9]. SMR
was graded as follows: normal (Grade 0: average gray value <90), mild (Grade 1: gray
value between 90.01 and 105), moderate (Grade 2: gray value between 105.01 and
125), and high (Grade 3: >125.01), reflectivity; according to this grading scale, grades
0 to 3 corresponded to a loosely, mildly, densely, and very densely arranged stromal
networks, respectively.

(iv) Vessel tortuosity (VT): conjunctival vessels are located in the sub-epithelium or su-
perficial stroma, and less frequently in the deep fibrotic portion of the stroma. They
appear as broad black linear or slightly curved structures with parallel sides, fre-
quently showing hyper-reflective and round-shaped cells within the lumen [22-24].
VT was assessed according to a previously adopted grading scale with four grades:
straight (0), mild (1), moderate (2), and severe (3) [22]. Vessel tortuosity is an indirect
indicator of stromal fibrosis and a direct indicator of chronic local inflammation [25].

2.6. Confocal Microscopy Procedure

The details of the confocal microscopy procedure to analyze the upper bulbar conjunc-
tiva in patients undergoing FS have been previously described [9]. Briefly, with the patient
instructed to direct the gaze downward, the entire upper bulbar conjunctiva (superior nasal,
superior central, and superior temporal portions) was analyzed.

Images were acquired at the epithelium (10-30 pm of depth) to evaluate GCs, at the
sub-epithelium (10-30 um) to evaluate DCs, and from the stroma (50-150 um) to evaluate
the SMR. The automatic brightness mode was selected during all examinations.

Sixty images (20 images per each portion; field of view of 400 x 400 pm) were acquired
in both the pre-and post-treatment sessions; among all the acquired images, 15 randomly
selected, high-quality scans per case (five per portion) without motion blur or compression
lines were selected for the analysis. Two different, experienced IVCM operators performed
the confocal examinations and selected the images (LB and MT); a second experienced
operator evaluated the images (GDO). All the operators were masked regarding the patient
history and group assignment.
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2.7. Outcomes of the Study

Pre- and post-treatment sessions, and 12-month data were considered the time points
for the statistical analyses. The main outcome measures were the modification of GCD,
DCD, SMR, and VT, and the success or failure at 12 months based on the relative IOP
reduction as compared with baseline IOP. Differences among treatments for post-operative
bleb management procedures (laser suture lysis, needling, needling revision) and 10OP
lowering medications, and correlations between post-surgical procedures, IOP lowering
medications, and 12-months IOP and group classification were also evaluated.

2.8. Statistical Analysis

The sample size was determined based on a success rate of 100% in the group treated
with steroids (Group 1) and 76% in the control group (Group 2) [15]. The alpha level was
set to 0.05 and the power to 80%. To minimize the number of patients with the worse
outcome, the enrollment ratio was set to 0.6, i.e., 3 out of every 5 patients were assigned to
the group that would receive steroid therapy prior to surgery. The required sample size
was determined to be 53 patients: 33 in the steroid group and 20 in the non-treated group.
Enrolled patients were assigned to treatment groups using a block (size = 5) design.

The two treatment groups (A, steroid and B, lubricant) and the two possible outcomes
(success or failure at 12 months) were evaluated as categorical variables and further grouped
in the following manner: Group 1 and 2, success or failure after steroid treatment; Group 3
and 4, success or failure without steroid treatment. Patient characteristics for the treatment
groups were evaluated using chi squared and student’s {-test, as appropriate. Variations
from baseline to pre-operative values of IOP, DCD, GCD, and SMR were evaluated using
an ANOVA with post-hoc Tukey HSD test, and VT with a Kruskal-Wallis Test.

Moreover, the canonical discriminant analysis (CDA) was used to discern the four
groups using the percentage variation between baseline and pre-operative clinical and
confocal microscopy parameters, and to estimate the impact of steroid treatment on the
surgical outcomes. Statistical significance for backward selection was determined using an
o = 0.05. Leave-one-out cross-validation was used to validate the predictive model.

Spearman’s non-parametric coefficient was used to investigate the correlations be-
tween post-surgical procedures, IOP lowering medications, and 12-month IOP and group
classification.

Statistical analyses were performed using SPSS software (version 26, International
Business Machines Corp., Armonk, NY, USA). MedCalc Statistical Software version 16
(MedCalc Software Ltd., Ostend, Belgium) was used to determine sample size.

3. Results
3.1. Clinical Results

All patients completed surgery without complications, and none was lost to follow-up.
Table 1 reports the demographic and clinical characteristics of the four groups. Pre-operative
IOP did not significantly change compared to baseline in any of the groups and did not
differ among groups at both time points. Significant differences were found between
baseline and 12 months IOP for Groups 1 and 3 (p < 0.001).

There were no significant differences between groups treated with fluorometholone
(1 and 2) and control groups (3 and 4) with regard to the percentage (%) of patients with
complete success (p = 0.08) or qualified success (p = 0.37). Conversely, the numbers of
post-operative bleb management procedures and IOP lowering medications were lower
in Group 1 compared to Groups 2—4 (p < 0.05). Figure 1 shows the jittered distribution of
overall bleb management procedures among groups.

3.2. IVCM Results

The four treatment groups did not present statistically significant differences in base-
line DCD, GCD, SMR, and VT, or in pre-operative, GCD, and VT. Compared to baseline,
DCD was significantly reduced in Groups 1 and 2 (p < 0.001 and p < 0.01, respectively),
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whereas SMR was slightly reduced in Groups 1 and 3 (p < 0.05). Pre-operative DCD was
significantly lower in Groups 1 and 2 compared to control groups (p < 0.001), whereas
SMR was significantly lower in successful (1 and 3) compared to failed groups (2 and 4)
(p =0.004). VT and GCD did not change between baseline and pre-operative time points in
any of the groups, but pre-operative GCD was significantly higher in Groups 1-3 compared
to Group 4 (p < 0.001) (Table 2). GCD (28.72 4 2.14 and 28.91 + 3.21, respectively), and
DCD (58.22 4 7.32 and 58.97 + 6.99, respectively) estimated by investigator 1 (LB) were
not significantly different (p > 0.05) from that estimated by the investigator 2 (MT).

Table 1. Demographic and clinical data.

. . Post-OP IOP
Gender 8 Time on Baseline Pre-OP 12 Months IOP Post-OP Lowering
(M/F) (Years + SD) Therapy or or (mmHg -+ SD) Procedures  yro fications
(Months + SD)  (mmHg +SD)  (mmHg + SD) 8 (1 + SD) e 2 SD)
Group 1 13/16 68.34 £ 7.97 725432 29.55 + 5.32 28.24 & 457 15.51 + 228 1 1.28 4+ 1.01 % 093 +0.88*
Group 2 10/13 72.65 +£7.23 752 +4.1 31.55 + 7.62 30.22 4+ 5.69 26.11 = 1.76 2.61 +£1.23 1.36 +£1.018
Group 3 15/11 65.54 + 6.24 68.7 +3.1 28.93 + 5.07 27.08 4 4.51 14.10 + 2.49 323 4£2.10 1.92 +0.81
Group 4 12/14 74.76 + 8.47 70.7 +2.9 30.22 + 6.48 28.89 4 5.11 25.67 4 3.16 3.87 £1.71 2154115

IOP: (mmHg =+ SD, standard deviation), intraocular pressure; M: males; F: females. * p < 0.001 vs. Groups 3 and 4;
#p <0.05 vs. Group 2; S p < 0.05 vs. Groups 3 and 4; * p < 0.001 vs. Baseline IOP; ¥ p < 0.01 vs. failure Groups (2
and 4).
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Figure 1. Graphical distribution of jittered data (values are plotted as dots along each axis) among
groups representing post-surgical bleb management procedures. Median value is representing by
squares along axes.

3.3. Canonical Discriminant Analysis

CDA was used to distinguish groups using two discriminant functions, based on
DCD and SMR, which were the highly significative variables found between baseline
and pre-operative time points. Specifically, the standardized CDA was based on the
percentage variation of DCD and SMR, where the coefficients were 0.957 and 0.334 for
function 1 and —0.294 and 0.943 for function 2 (Figure 2). Both functions were able to
discriminate the four groups (Wilks’s lambda < 0.001), while each function alone did not
perform as well (Wilks’s lambda = 0.001). Functions 1 and 2 correctly classified 90.6%
of the original grouped patients. Leave-one-out cross-validation, where each case was
classified by the functions derived from all other cases, correctly classified 86.8% of cases,
thus validating the results of predictive correlation between the modification of DCD and
SMR in the 4 weeks before surgery and the success/failure of trabeculectomy at 12 months.
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The number of post-surgical procedures and the number of post-operative IOP lowering
medications positively correlated with 12-month IOP (p < 0.001, rho = 0.406) and group
classifications (p < 0.001, rho = 0.518). Figure 3 is a mosaic of confocal frames taken from
two representative patients, showing the modification of the confocal parameters between
baseline and the pre-operative time point in successful (Group 1) vs. failed cases (Group 4).

Table 2. Confocal microscopy parameters.

Baseline Baseline Baseline Baseline Pre-OP Pre-OP Pre-OP Pre-OP Pre-OP
DCD GCD SMR VT 0P DCD GCD SMR VT
Gr‘l’“” 57574869 2809+282  104.68+828 1724092  2824+457 3504+ 740% 30634278 9499 +1185% 13840827
G“Z’“P 5926 £ 504 2936+422  100.68 +8.70 155+073  3022+569  41.98+442° 2861407 10429 +9.68¥ 133 +1.12
Grg“P 59354944 2952+412 10321 +£10.65 1544093 2708 +451 5578 +10.655 29154441 9659 + 1057  1.15+088*%
GIZ“P 5827 +478  2839+479  100.72 + 9.31 1554088  2889+511  66.67+4485  2493+443°  109.11+518¥  1.67+071

DCD (cells/mm? + SD), dendritic cell density; GCD (cells/ mm? =+ SD), goblet cell density; SMR, stromal
meshwork reflectivity (arbitrary grading scale); VT, vascular tortuosity (arbitrary grading scale). * p < 0.001 vs.
Baseline; " p < 0.01 vs. Baseline; * p < 0.05 vs. Baseline; $ p < 0.001 vs. steroid Groups (1 and 2); ° p < 0.001 vs.

Groups 1-3; ¥ p = 0.004 vs. successful Groups (1 and 3).
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Figure 2. Scatter plot generated with the two functions obtained with the canonical discriminant
analysis of patients belonging to the four treatment-outcome groups. Function 1: +0.957 (delta
DCD) and +0.334 (delta SMR). Function 2: —0.294 (delta DCD) and +0.943 (delta SMR). These
functions correctly classified 90.6% of the original grouped patients and validation with leave-one-out

cross-validation correctly classified 86.8%.



J. Clin. Med. 2022, 11, 3959

Figure 3. Baseline and post-treatments confocal frames of the conjunctival epithelium and stroma
in representative patients that received topical fluorometholone (A-D,I-L; Group 1) or lubricants
(E-H,M-P, Group 4). Compared to baseline (A), fluorometholone significantly reduced sub-epithelial
DCs (red arrow) four weeks after treatments (B), whereas lubricants did not (E,F). Epithelial GCs
(green arrow) did not change their baseline density neither in patients receiving steroids (IJ) nor in
controls (M,N) with an intra-epithelial conjunctival microcyst surrounded by goblet cells recognizable
(asterisk, M). The baseline vessel tortuosity did not change after steroid (C,D) or lubricant (G,H)
treatments. The stromal meshwork reflectivity presented a mild reduction compared to baseline in
patients receiving fluorometholone (K,L) while this was not observed in patients receiving lubricants
(op).

4. Discussion

The bulk of the literature clearly demonstrates that the pre-operative features of the
ocular surface and the outcomes of glaucoma filtration surgery have a strong mutual
relationship [6,14,26]. Therefore, improving the ocular surface quality plays a critical role
in the management of patients who are candidates for surgery [13,14].

In the present study, IVCM was, for the first time, used to evaluate the effects of
topical steroids on the most crucial conjunctival structures involved in the AH resorption
through the bleb-wall. In detail, we found that unpreserved fluorometholone reduced
pre-operative DCD by 40% and 30%, in successful and failed surgeries (Groups 1 and 2),
respectively. Moreover, fluorometholone slightly reduced (9%) SMR only in patients that
underwent a successful FS (Group 1). Interestingly, these modifications were not associated
with an increase in the success rate of surgery, but showed a significantly reduced need for
post-operative bleb manipulation procedures or the use of IOP lowering eyedrops.

These results are in agreement with previous findings, highlighting that the ocular
surface improvement induced by low-potency steroids such as fluorometholone was asso-
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ciated with less intensive post-operative management [15,27]. The novelty of our study lies
in the fact that we investigated, in vivo and at a microscopic level, the cellular modifications
underlying the clinical effects of topical steroids.

DCs represent a key cellular population in patients with glaucoma; their activation and
proliferation were shown to contribute to ocular surface inflammation and to increase the
risk of bleb dysfunction over time [7,9,20]. Similarly, the presence of a pre-operative, dense
conjunctival stroma was found to exert a negative influence on the surgery outcome [9].
Therefore, the pre-operative reduction of DCD and SMR induced by topical steroids may
positively affect bleb functionality after surgery by mitigating inflammation and limiting
tissue fibrosis.

These results agree with the findings of Baudouin et al., who observed a significant
reduction of a key inflammatory marker, human leukocyte antigen (HLA)-DR, after one
month of therapy with fluorometholone, and with the observation that steroids have signif-
icant anti-proliferative activity on Tenon'’s fibroblast cell line cultures, reducing collagen
deposition [27,28].

As stated above, fluorometholone-related DCD and SMR reductions led to less inten-
sive post-operative management. Specifically, this was documented only in patients who
had the greatest inflammation reduction and a partial improvement of the stromal density
of the conjunctiva (Group 1). In fact, Group 1 presented a 10% higher DCD reduction
compared to Group 2, with a decrease in SMR of almost 10% (SMR did not change in
Group 2). On this basis, one may hypothesize that steroid treatment may influence surgery
outcomes only if the inflammation mitigation surpasses a certain threshold (at least one
third reduction in the tested parameters) and when the inflammation mitigation is coupled
with a slight decrease in tissue fibrosis. These considerations appear to be in line with
a pioneer study in which Broadway and co-workers found that the pre-operative use of
fluorometholone 1% increased success rates by reducing both the density of inflammatory
cells and fibroblasts within the conjunctiva [29].

A critical interpretation of these observations is that the inflammation mitigation
induced by steroids, when under a certain limit, is only useful to reduce the need for
post-operative management, rather than to increase the likelihood of surgical success [15].
It is likely that in order to achieve an increase in the success rate of FS, the reduction of
pre-operative inflammation and of stromal density should be greater than 40% and 10%,
respectively. This could be obtained with longer duration treatments or by using more
potent steroids.

The results observed in Group 3 raise different considerations. This group that received
topical lubricants had the same percentage of successful surgeries compared to Group 1,
without DCD reduction and with mild SMR improvement. On the other hand, Group
3 required a higher number of bleb manipulation procedures and post-operative IOP
lowering medications compared to Group 1 (3 times more).

Based on these findings, one cannot completely rule out a potential impact of sodium
hyaluronate on surgical outcomes. As is known, the use of sodium hyaluronate represents
one potential strategy to prepare patients for FS, since it mitigates dry eye and, thus, may
contribute to reducing inflammation [13,14]. In addition, sodium hyaluronate seems to
stimulate GCs, which play an active role in the aqueous humor resorption through the
bleb-wall after FS [8,9,11]. Nonetheless, in our study, GCD did not increase with the use of
lubricants, probably because of the short duration of treatment.

Finally, as an ancillary part of this study, we also evaluated whether IVCM could be
useful in providing cellular predictive biomarkers of surgical outcome in patients receiving
pre-operative management with steroids.

As expected, because of their importance in bleb functionality, the discriminant analy-
sis found that DCD and SMR, only when considered together, were highly significative
confocal variables which correctly distinguished groups in 90% of cases. In this way, CDA
further confirmed the impact of steroids on FS outcomes, since the analysis showed that
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patients presenting a higher reduction of pre-operative DCD and SMR were part of Groups
1land 2.

The present study presents some limitations. First, we did not consider patients
treated with topical non-steroidal anti-inflammatory drugs (NSAIDs). However, previous
studies documented that the effects of steroids and NSAIDs on FS outcomes are similar,
although a significantly higher efficacy of steroids over NSAIDs was described [14,27,28].
Second, since SMR is an arbitrary index and an indirect indicator of the tissue density, this
parameter could not clearly indicate the collagen amount of the conjunctival stroma. Third,
because we did not consider intermediate follow-up time points between pre-operative
and 12 months, we are unable to describe how conjunctival features progressively changed
during the first year after surgery. Fourth, we did not investigate the relations between
IVCM variables and post-operative bleb features. This may be an additional important
factor that could further clarify the impact of pre-operative steroids on surgical outcomes.
Finally, we did not repeat IVCM at last follow-up to evaluate whether confocal parameters
and 12-month follow up were correlated. However, based on a previous confocal study
which found that the bleb-wall features were better when the ocular surface was less
inflamed, we can hypothesize that steroid-treated patients may develop a more favorable
bleb morphology after surgery [30]. Further studies aimed at investigating whether GCD,
DCD, SMR, and surgical success rate correlate are warranted to clarify this aspect.

Furthermore, considering the potential effects of sodium hyaluronate on AH resorp-
tion through the bleb-wall, a prospective study aimed at investigating the impact of this
treatment on FS outcomes is warranted.

5. Conclusions

In conclusion, the present study confirmed the positive effects of topical, low-potency
steroids in promoting less intensive post-operative management after FS, rather than in
increasing the success rate of surgery. At the same time, this study unraveled, in vivo, the
cellular modifications underlying the mechanism of action of steroids, and preliminarily
found IVCM to be a potentially useful system to predict surgical outcomes.
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Abstract: This prospective randomized controlled trial aimed to compare changes in intraocular
pressure in three different anti-inflammatory regimens following trabeculectomy. Sixty-nine pa-
tients were randomized to receive either postoperative prophylaxis with topical preservative-free
dexamethasone (DEX), diclofenac (DICLO), or their combination (DEX+DICLO). Our main out-
come measure was an intraocular pressure (IOP) change of a minimum 4 mmHg following the
withdrawal of anti-inflammatory prophylaxis 9 weeks after trabeculectomy. We found that the IOP
decreased > 4 mmHg in 18.6% of eyes after cessation of the topical steroid DEX (n = 3/22) and
DEX+DICLO (n = 5/21), whereas a decrease in IOP was not observed in the DICLO group. In conclu-
sion, IOP decreased in nearly 1/5 of patients after cessation of topical steroidal anti-inflammatory
prophylaxis after trabeculectomy. This points toward a steroid-induced increase in IOP even after
trabeculectomy. Thus, increased postoperative IOP may be related to steroid use, and the success
or failure of a trabeculectomy cannot be fully evaluated before anti-inflammatory prophylaxis with
steroids is stopped or changed to non-steroidal eye drops.

Keywords: glaucoma; NSAID; steroid; trabeculectomy

1. Introduction

Increased intraocular pressure (IOP) is a well-documented adverse effect of steroids [1].
Steroid responders are individuals who are susceptible to increased IOP during systemic or
topical steroid therapy. This side effect of corticosteroids is more prevalent in glaucoma
patients and children than in the general population [2-5]. The mechanism by which
steroids cause elevated IOP is not fully known, but morphological changes in the trabecu-
lar meshwork associated with increased resistance of aqueous outflow are considered a
possible site of action [6].

The treatment of choice for medically uncontrolled glaucoma is trabeculectomy, as
elevated IOP remains the major modifiable risk factor for preserving visual function [7]. To
control the inflammation, postoperative topical anti-inflammatory medication is used, most
commonly steroids [8,9]. In a successful trabeculectomy, the aqueous humour leaves the eye
through the bleb; therefore, steroid-induced changes in the trabecular meshwork should
have minimal or no influence on IOP. However, it has been observed that some patients
have elevated IOP during topical treatment with steroids after a trabeculectomy despite a
functional filtering bleb [10,11]. This may lead to reoperations, such as needling or a revision
of the trabeculectomy, due to the impression that the primary surgery was ineffective.

Non-steroidal anti-inflammatory drugs (NSAID) are attractive alternatives as postoper-
ative treatment after a trabeculectomy, as they have not been associated with IOP increase.
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Additionally, previous studies have shown that NSAIDs are comparable with topical steroids
in controlling early inflammation after trabeculectomy and cataract surgery [12-14].

In this randomized controlled clinical trial, we sought to identify if corticosteroid use
is associated with a rise in IOP following trabeculectomy.

2. Materials and Methods

The Steroids and/or Non-steroidal Anti-inflammatory Drugs in the Postoperative
Regime After Trabeculectomy Study (SNAP) is a prospective randomized controlled clinical
trial conducted at the Department of Ophthalmology at Rigshospitalet-Glostrup, Denmark.
Three topical and preservative-free anti-inflammatory regimens, dexamethasone (DEX)
(Monopex 1 mg/mL, Théa), diclofenac (DICLO) (Voltaren Ophtha 1 mg/mL, GSK Con-
sumer Healthcare) or a combination of dexamethasone (Monopex 1 mg/mL, Théa) and
diclofenac (Voltaren Ophtha 1 mg/mL, GSK Consumer Healthcare) (DEX+DICLO) follow-
ing trabeculectomy were compared.

A topical antibiotic (Chloramphenicol 5 mg/mL) was prescribed four times daily for
the first week. Anti-inflammatory prophylaxis was planned to last a minimum nine weeks.
For the first two weeks, the drops were used six times daily, followed by four drops daily
for four weeks. After six weeks, the topical anti-inflammatory medication was reduced
by one daily drop per week, depending on the clinical status of the eye. Preservative-free
topical DEX was used if topical therapy was required for more than 15 weeks following the
filtration operation.

The study was approved by the Danish Committee on Health Research Ethics (Journal
nr.: H-18056701), the Danish Medicines Agency (Journal nr.: 2018082465) and the Danish
Data Protection Agency (VD-2018-477, I-Suite nr.: 6736). The study was registered at
www.clinicaltrials.gov (accessed on 7 December 2022) (NCT04054830) and the European
Union Drug Regulating Authorities Clinical Trials Database (EudraCT, 2018-001855-10),
was conducted in accordance with Good Clinical Practice guidelines, and adhered to the
tenets of the Declaration of Helsinki [15]. All participants provided written informed
consent and received no incentives or compensation for participation. The Consolidated
Standards of Reporting Trials (CONSORT) reporting guideline was followed.

2.1. Study Participants

Participants were recruited from 1 August 2019 to 11 July 2021, from patients sched-
uled for trabeculectomy at the Department of Ophthalmology, Rigshospitalet-Glostrup,
Denmark. Participants had to be older than 50 years, and women had to be postmenopausal.
We included participants with either primary open-angle glaucoma (POAG), pseudoexfoli-
ation syndrome (PEX), pigment dispersion syndrome (PDS) or ocular hypertension (OH).
Participants had to be able to comply with study procedures and consent to participation.

Exclusion criteria were known allergy to any content of the pharmaceuticals used
in the study, previous history of steroid response mentioned in the medical charts (using
the definition of the treating physician or confirmed by questioning study participants),
systemic treatment with NSAIDs or steroids, prior intraocular surgery (except for cataract
surgery), medical history of anterior segment dysgenesis, inflammatory / uveitic glaucoma,
angle closure glaucoma, neovascular glaucoma or traumatic glaucoma.

2.2. Randomization and Blinding

Participants were randomized to one of the three interventional groups (Figure 1).
A computerized algorithm determined which eye to include in the study if both eyes
were eligible. An independent researcher generated a block-randomized list in Sealed
Envelope (https:/ /www.sealedenvelope.com/simple-randomiser/v1/lists (accessed on 7
December 2022)) and uploaded it to Research Electronic Data Capture (REDCap) [16,17],
a randomization instrument hosted at Capital Region, Denmark. The list length was 123,
with block sizes 6 and 9 in random order. The study was designed as single blinded, with
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primary outcome assessors masked to the randomization status. All statistical calculations
were performed in a blinded manner.

= 329 Assessed for eligibility 257 Not included in the study
g 247 Did not meet inclusion
E > o
=9 v = cnterla., excluded before
5 screening
72 Randomized 10 Excluded after screening

Y v v !
% 24 Allocated to DICLO 24 Allocated to DEX 24 Allocated to DEX+DICLO
o Excluded: Excluded: Excluded:
< Surgical complication: 1 Withdrawal: 1 Surgical complication: 1
= Y i i
L]
g) 23 Trabeculectomy 23 Trabeculectomy 23 Trabeculectomy
wv
l i i
(_‘% 18 at 3 months visit 22 at 3 months visit 21 at 3 months visit
= Needling: 4 Needling: 1 Needling: 1

Revision: 1 Revision: 0 Revision: 1

Figure 1. Consort Diagram for IOP analysis.

2.3. Surgical Technique

The trabeculectomies were performed by three experienced surgeons with a standard
limbus-based scleral technique using 0.2 mg/mL Mitomycin (MMC) on sponges subcon-
junctivally for 3 min. The surgery was concluded by injecting 1 mL cefuroxime 2.5 mg/mL
into the anterior chamber and applying 0.5 mL of 4 mg/mL dexamethasone 180° away
from the trabeculectomy subconjunctivally. One operation was performed using general
anesthesia, and all other surgical procedures were performed using peribulbar or topical
anesthesia according to the surgeon’s preference.

2.4. Follow-Up Examinations and Outcome

The primary outcome in the present study was the IOP change from 6 weeks to
3 months postoperatively. IOP was measured using Goldmann applanation tonometry.
Two measurements were taken and averaged to the mean IOP if the two values were within
2 mmHg. A third measurement was taken if the first two deviated >3 mmHg. If so, the
median value was used [18]. Participants were identified as steroid responders if they
experienced a pressure decrease >4 mmHg at 3 months (off topical anti-inflammatory
eye drops) compared to 6 weeks after surgery (on anti-inflammatory eye drops). At
6 weeks, patients received 4 or 8 anti-inflammatory eye drops a day (according to the
randomization), whereas participants had been free of anti-inflammatory eye drops for
4 weeks at the 3 month visit. If a participant required surgical intervention, e.g., needling
or revision, in the first 3 postoperative months, the patient was excluded from the analysis
due to the incomparable postoperative medical prophylaxis with steroids.
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2.5. Statistical Analysis

A one-way ANOVA was used to calculate p-values for the baseline characteristics of
the participants, including gender, age, pre-operative IOP, MD and the number of glaucoma
medications; see Table 1. The dependent variables were tested for normality using Shapiro—
Wilk’s test and for homogeneity of variances using Levene’s test. From the IOP changes
from 6 to 12 weeks, participants who experienced a drop in IOP (steroid responders) were
analyzed using descriptive statistics for inter-group differences.

Table 1. Baseline characteristics.

All Participants DICLO DEX DEX + DICLO p-Value
Participants, n 61 18 22 21
F/M, n (%) 27/34 (44/56) 5/13(27.8/72.2) 12/10 (54.5/45.5) 10/11 (47.6/52.4) 0.40
Age (yrs), mean (SD) 71.5 (8.8) 70.1 (7.3) 73.2 (8.0) 71.0 (10.8) 0.53
Pre-operative IOP (mm Hg), mean (SD) 18.8 (5.8) 18.2 (6.8) 18.4 (5.7) 19.8 (5.2) 0.62
Visual field MD (dB), mean (SD) 15.3 (5.7) 16.0 (5.4) 15.1 (6.6) 15.0 (5.1) 0.86
No. of glaucoma medications, mean (SD) 3.4(0.8) 3.5(0.8) 3.3(0.8) 3.5(0.7) 0.64
Prostaglandin, n (%) 61 (100) 18 (100) 22 (100) 21 (100)
Beta-blocker, n (%) 56 (91.8) 16 (88.9) 20 (90.9) 20 (95.2)
Topical Carbonic Anhydrase Inhibitor, n (%) 56 (91.8) 17 (94.4) 19 (86.4) 20 (95.2)
Alpha agonist, n (%) 37 (60.7) 12 (66.7) 12 (54.5) 13 (61.9)
Systemic Carbonic Anhydrase Inhibitor, n (%) 7 (11.5) 2(11.1) 209.1) 3(14.3)

F/M = female/male; SD = standard deviation; IOP = intraocular pressure; MD = mean deviation; HTG = high
tension glaucoma; NTG = normal tension glaucoma; PXG = pseudoexfoliative glaucoma; PG = pigmentary
glaucoma; OH = ocular hypertension.

3. Results

Between August 2019 and June 2021, 72 participants were randomized and scheduled
for trabeculectomy. One participant withdrew consent, two experienced complications
during surgery, six required needling, and two required revision. A total of 61 eyes
(27 women (44%) and 34 men (56%)) were included in the analyses with a mean age of
71.5 + 8.8 years (range, 51 to 88 years). Figure 1 and Table 1 summarize the demographics
of the study sample.

A reduction >4 mmHg was observed in 18.6% of eyes that received steroids (n = 8/43).
None of the participants in the DICLO group had a reduction >4 mmHg following cessation
of anti-inflammatory prophylaxis. After discontinuation of anti-inflammatory prophylaxis,
8.2% (n = 5/61) of study participants had unchanged IOP, whereas IOP increased in 32.8%
(n=20/61). For those participants who experienced an increase after prophylactic treatment
stopped, the mean IOP reached 11.3 mmHg (6.8 to 15.7 mmHg, 95% CI) in the DICLO
group, compared to 9.5 mmHg (8.2 to 10.8 mmHg, 95% CI, DEX group) and 12.4 mmHg
(10.5 to 14.3 mmHg, 95% CI, DEX+DICLO group) in the steroid groups. The mean IOP at
3 months was 8.8 mmHg for all participants with no significant difference between groups;
see Table 2.

18



J. Clin. Med. 2022, 11, 7365

Table 2. Change in IOP from 6 weeks to 3 months.

All Participants DICLO DEX DEX+DICLO S];FEE)I({ ?{)DI é‘ig))(’

Participants, n 61 18 22 21 43
IOP at 6 w, (mmHg), mean (SD) 9.4 (3.7) 8.6 (3.3) 9.1 (4.0) 10.3 (3.7) 9.7 (3.8)
IOP at 3 m, (mmHg), mean (SD) 8.8 (2.61) 8.6 (2.6) 9.0 (3.3) 8.9 (2.0) 8.9 (2.7)
Increased IOP, n (%) 20 (32.8) 7 (38.9) 6(27.3) 7 (33.3) 13 (30.2)
Increased IOP, (mmHg), mean (SD) *  11.1 (2.9) 11.3 (4.2) 9.5(1.2) 12.4 (2.1) 11.1 (2.3)
Unchanged IOP, n (%) 5(8.2) 2(11.1) 1(4.5) 2(9.5) 3(7.0)
Decreased IOP, n (%)

0to < —2mmHg 14 (23.0) 3(16.7) 8(36.4) 3(14.3) 11 (25.6)

—2to < —4 mmHg 14 (23.0) 6(33.3) 4(18.2) 4 (19.0) 8 (18.6)

—4 to < —6 mmHg 3(4.9) - 2(9.1) 1(4.8) 3(7.0)

—6to < —8 mmHg 4 (6.6) - 11 (4.5) 3(14.3) 4(9.3)

—8 to < —10 mmHg 1(1.6) - - 114.8) 1(2.3)

Table 2 shows changes in IOP from when patients were using topical eye drops (6 weeks) to when topical eye drops
use stopped (3 months). Thus, higher pressure during eye drop treatment was seen as a drop in IOP at 3 months.
IOP = intraocular pressure (mean value); w = week; m = month; * IOP indicates participants who experienced
increased pressure after discontinuation of anti-inflammatory prophylaxis; + indicates two participants who were
suspected to be anti-inflammatory responders and received topical anti-glaucomatous treatment.

4. Discussion

We investigated if an anti-inflammatory regime after trabeculectomy affects IOP by
evaluating the change in IOP after cessation of anti-inflammatory prophylaxis. We used a
cut-off of a 4 mmHg decrease in IOP from 6 weeks (during anti-inflammatory prophylaxis)
to 3 months (4 weeks after withdrawal of anti-inflammatory prophylaxis). We found that
nearly one in five subjects receiving topical dexamethasone (18.6 %, n = 8/43) experienced a
decrease in IOP after cessation of anti-inflammatory prophylaxis, whereas such a reduction
was not observed among those who received non-steroidal anti-inflammatory prophylaxis
alone (n = 0/18). This observation indicates that there is a risk of a steroid-induced increase
in intraocular pressure after trabeculectomy. Notably, patients who were known to be
steroid responders were excluded from the study. Topical steroids (compared to no anti-
inflammatory prophylaxis) generally improves outcomes after trabeculectomy [19,20];
however, our results suggest that apparent surgical failure (increased IOP) during steroid
therapy may be related to steroid use and that a steroid-free period may be warranted
before deciding if needling or a revision of the trabeculectomy should be performed.

The definition of steroid responders in the general population varies among studies.
Yamamoto et al. [21] and Abtahi et al. [22] define steroid responders as individuals with an
IOP rise of 5 mmHg from baseline, whereas Chang et al. describe steroid responsiveness as
an IOP increase of at least 25% when on topical prednisolone, and up to 28 mmHg, followed
by a drop of at least 25%, when the medication is withdrawn [23]. Steroid response may
be divided into three categories: approximately 2/3 are low responders, with a pressure
increase <6 mmHg and an IOP < 20 mmHg; approximately 1/3 are intermediate responders,
with IOPs between 20 and 31 mmHg or a pressure increase of 6-15 mmHg; and 4-6% are
high responders, with an IOP above 31 mm Hg or an increase of more than 15 mm Hg
above baseline [24]. Typically, these steroid responders are young, or have a family history
of glaucoma, myopia or diabetes [2-5].

When using topical steroids, IOP increases three to six weeks after initiation and
usually returns to normal within two weeks after discontinuation [25]. Considering that
our participants had undergone a trabeculectomy (and there should have been no aqueous
outflow resistance at the trabecular meshwork), we set our steroid response cut-off at
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4 mmHg. Although we excluded known steroid responders, we found that 18.6% of
participants experienced a decrease in IOP of >4 mmHg after cessation of topical steroids,
whereas this was not observed in the group that did not receive steroids.

Reports describing the occurrence of steroid response after trabeculectomy are limited.
Thomas et al. studied 87 eyes of 52 participants with POAG and found a significant steroid-
induced increase in 23% of the eyes with a mean pressure of 25.1 mmHg; Wilensky et al.
reported an IOP between 25 to 42 mmHg following trabeculectomy during postoperative
steroid prophylaxis [10,11]. The incidence of steroid response after combined phacoemul-
sification with either Trabectome or iStent is reported to be 12.7% [22]. Several studies
have assessed the efficacy of steroids and NSAIDs in controlling early postoperative in-
flammation. Regarding anterior chamber flare, no significant difference was found among
the different anti-inflammatory treatments [26-28]. Taking the inflammation parameter
into account, no participant in the DICLO group had an IOP decrease > 4 mmHg, com-
pared to eight participants in the DEX and DEX+DICLO groups following their sessions
of anti-inflammatory treatment. Surgical manipulation leading to increased inflammation
may have contributed to this transient postoperative increase in IOP. To ascertain this,
histological testing of the trabecular meshwork would be necessary.

NSAID eye drops may be a good alternative to topical steroids after filtering surgery
as they have an anti-inflammatory effect without an IOP increase during treatment. The
most common complications associated with topical NSAID are irritation when the eye
drop is applied, impaired vision shortly after application, redness and corneal melts that
usually occur in individuals with a cornea weakened due to diabetes, ocular surgery or
systemic immunological disorders, and have only been documented in rare cases [29,30].

The key strengths of our trial were its randomized design, large sample size and
a control group that did not receive steroids. As one group had combination therapy,
the study could not be fully masked. However, the primary outcome assessors and all
statistical analyses were conducted in a blinded manner. Increased IOP was observed in
1/3 of participants between the three-month and six-week visits, likely due to bleb fibrosis.
It would have been informative to compare bleb appearance between treatment groups to
ascertain the effect of the previously administered anti-inflammatory prophylaxis.

5. Conclusions

Nearly 1/5 of individuals undergoing trabeculectomy experienced increased intraocu-
lar pressure during postoperative treatment with topical steroids—an increase that was
not seen after NSAID treatment. It is important to recognize a steroid response following
trabeculectomy since erroneous decisions may be taken, such as initiating a prolonged
pressure lowering treatment or intervening surgically. Steroid treatment should be discon-
tinued before determining if a trabeculectomy is unsuccessful and further measures should
be taken.
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Abstract: (1) Background: To evaluate the efficacy and safety of combined surgery (limited pars
plana vitrectomy, anterior-chamber stabilized phacoemulsification, IOL implantation and posterior
capsulotomy, LPPV + ACSP + IOL + PC) in complex nanophthalmos. (2) Methods: Patients with
complex nanophthalmos were recruited to undergo LPPV + ACSP + IOL + PC from January 2017
to February 2021. Preoperative and post-operative intraocular pressure (IOP), best corrected visual
acuity (BCVA), anterior chamber depth (ACD), and number of glaucoma medications were compared
using the paired t-test or Wilcoxon signed rank sum tests. Surgical success rate was evaluated.
Surgery-associated complications were documented. (3) Results: Forty-five eyes of 37 patients with
complex nanophthalmos were enrolled. The mean follow-up period was 21.7 £ 10.6 months after
surgery. Mean IOP decreased from 32.7 + 8.7 mmHg before surgery to 16.9 & 4.5 mmHg (p < 0.001)
at the final follow-up visit, mean logMAR BCVA improved from 1.28 + 0.64 to 0.96 £ 0.44 (p < 0.001),
mean ACD significantly increased from 1.14 £ 0.51 mm to 3.07 & 0.66 mm (p < 0.001), and the median
number of glaucoma medications dropped from 3 (1, 4) to 2 (0, 4) (p < 0.001). The success rate was
88.9% (40 eyes) at the final follow-up visit. Two eyes had localized choroidal detachments which
resolved with medical treatment. (4) Conclusions: LPPV + ACSP + IOL + PC is a safe and effective
surgical procedure, which can decrease IOP, improve BCVA, deepen the anterior chamber, and reduce
the number of glaucoma medications in patients with complex nanophthalmos. It can be considered
as one of the first treatment in nanophthalmic eyes with complex conditions.

Keywords: nanophthalmos; glaucoma; vitrectomy; phacoemulsification; posterior capsulotomy

1. Introduction

Nanophthalmos is a relatively rare disease characterized by a short axial length (AL,
<20.0 mm), crowded anterior chamber, high lens/eye volume ratio, and axial hyperme-
tropia [1-4]. Angle-closure glaucoma (ACG) is a common complication in eyes with
nanophthalmos, mainly due to pupillary block, displacement of the peripheral iris, and
development of peripheral anterior synechia (PAS) [5,6]. The treatment in nanophthalmic
eyes, especially in complex nanophthalmos with acute angle-closure glaucoma (AACG)
or with failed glaucoma surgery, is difficult and challenging. Usually, the response to
medical treatment is poor in such patients. Prior studies supported performing laser or
surgical peripheral iridectomy to control intraocular pressure (IOP) in the early stages of
nanophthalmos-induced ACG [7-11]. However, surgical intervention is usually required
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in more severe disease with uncontrolled IOP or progressive shallowing of the anterior
chamber. Due to the multiple anatomic abnormalities in nanophthalmos eyes, routine
operations become quite challenging and associated with high incidences of significant
intra- and postoperative complications, such as malignant glaucoma, uveal effusion, and
uveal hemorrhage, as previously reported [12,13].

Phacoemulsification surgery has been shown to be a feasible option for patients who
are diagnosed with microphthalmos or nanophthalmos and cataracts and desire to improve
vision and are willing to accept the risks of surgical complications [14-16]. For nanoph-
thalmic eyes with glaucoma, disproportionately large lenses are thought to contribute
to pupillary or ciliolenticular block in the pathogenesis of glaucoma [5]. Theoretically,
phacoemulsification alone can help to eliminate lens-associated block and reconstruct the
aqueous outflow pathway, thereby treating complex nanophthalmos. Nevertheless, previ-
ous assessments of intraocular surgery in nanophthalmic eyes, such as phacoemulsification
alone, documented high incidences of uveal effusion or intraocular hemorrhage, primarily
due to intraoperative rapid IOP fluctuations and sudden shallows in anterior chamber
depth (ACD) when removing the intraocular instruments (phaco or irrigation-aspiration
(I/A) tips) during an operation [17-19]. Thus, maintenance of IOP and ACD were con-
sidered critical throughout the entire operation. In this study, we describe a combined
surgical technique for stabilizing IOP and anterior chamber during cataract surgery for
complex nanophthalmos. This technique involves limited pars plana vitrectomy, anterior-
chamber stabilized phacoemulsification, IOL implantation and posterior capsulotomy
(LPPV + ACSP + IOL + PC). Moreover, the efficacy and safety profile of this combined
procedure are evaluated.

2. Materials and Methods

This retrospective case series was performed in accordance with the World Medical
Association’s Declaration of Helsinki and was approved by the Ethics Committee of the
Zhongshan Ophthalmic Center, Sun Yat-sen University (2021KYPJ181). Informed consent
was obtained from each subject or their guardians.

2.1. Patients

This study included patients with complex nanophthalmos between January 2017
to February 2021. The inclusion criteria for our study were as follows: (1) diagnoses
of nanophthalmos; (2) at least 12 months of follow-up after surgery; (3) combined with
complex conditions, as evaluated by the attending physician meeting, including at least
one of the following clinical criteria: (i) secondary AACG; (ii) with uncontrolled IOP or
had complications (such as malignant glaucoma and extremely shallow ACD (<1 mm))
following a previous failed glaucoma surgery. The previous failed glaucoma surgeries
included laser or surgical peripheral iridectomy (LPI, SPI), trabeculectomy, or ultrasound
cycloplasty (UCP). Patients with uncontrolled ocular infection and severe systemic dis-
eases were excluded. Nanophthalmos was defined as having a shorter AL (<20.0 mm), a
shallow anterior chamber, high lens/eye volume ratio, moderate to severe hyperopia, and
choroidal-scleral thickening measured by B-scan ultrasonography (Quantel Medical, CF,
Cournon d’Auvergne Cedex, France) and optical coherence tomography (OCT, Heidelberg
Engineering, Heidelberg, Germany) [20-22]. The medical records of the enrolled patients
were recorded.

2.2. Examinations

All patients underwent ophthalmic examinations, involving best-corrected visual
acuity (BCVA) testing with Snellen charts, IOP measurements with Goldmann applanation
tonometry, refraction, slit-lamp biomicroscopy, and ophthalmoscopy. For subjects with
clear cornea, gonioscopy was performed by an experienced glaucoma specialist (X.L.) to
evaluate the degree of angle closure. The ACD was measured by anterior segment of optical
coherence tomography (AS-OCT, CASIA SS-1000TM, Tomey, Aichi, Japan). Ciliary body
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and zonule was evaluated by ultrasound biomicroscopy (UBM, model SW-3200L; Tianjin
Sower Electronic Technology Co., Ltd., Tianjin, China). Axial length (AL) and lens thickness
(LT) were measured by A-scan ultrasound biometry (Quantel Medical, CF, France). B-scan
ultrasonography was performed to assess for retinal detachment or uveal effusion. The
horizontal corneal diameter (HCD) was measured by a keratometer (WAM-5500 Grand
Seiko, Hiroshima, Japan). Visual field (VF) testing was performed by standard automated
perimetry with the SITA standard 30-2 program (Zeiss Humphrey visual field 750i, Carl
Zeiss Meditec Inc., Dublin, CA, USA). Patients with BCVA <20/200 or poor fixation did
not undergo VF testing. Color fundus photography (TRC-NW6S; Topcon, Tokyo, Japan),
scanning laser ophthalmoscopy (Optos PLC, Dunfermline, UK), and OCT were performed
if permissible based on media clarity.

2.3. Surgical Procedure

One hour before surgery, 20% mannitol was intravenously administered to reduce
intraoperative vitreous pressure in all cases. All surgeries were performed under general
anesthesia by two experienced ophthalmologists (X.L, Y.W).

2.3.1. Limited Pars Plana Vitrectomy (LPPV)

A 25-gauge trocar was placed in a transconjunctival and transscleral fashion in the
inferotemporal quadrant 2 mm posterior to the limbus in order to account for the extremely
short AL (Figure 1A,B). With the 25-gauge Constellation system (Alcon Laboratories,
Fort Worth, TX, USA), a limited pars plana vitrectomy was performed via this trocar to
moderately reduce posterior pressure and deepen the anterior chamber. The vitrectomy
cut rate was set at 5000 cpm to minimize vitreous traction.

[/

Figure 1. Surgical view of phacoemulsification combined with pars plana vitrectomy and posterior
capsulotomy. (A) Preoperative view of the anterior segment. (B) Limited pars plana vitrectomy. A
25-gauge trocar was inserted in a transconjunctival and transscleral fashion 2 mm posterior to the
limbus in the inferotemporal quadrant. (C) Deepening of the anterior chamber with a viscoelastic
agent through a temporal clear corneal incision. (D,E) Prior to removal of the intraocular instruments
(phaco or I/A tips), viscoelastic was injected into the anterior chamber from one paracentesis to
prevent sudden change in IOP and ACD. (F) Implantation of a foldable single-piece IOL. (G) Posterior
capsulotomy; (H) Removal of trocar.

2.3.2. Anterior-Chamber Stabilized Phacoemulsification and IOL Implantation
(ACSP +I0OL)

A 3.2 mm temporal clear corneal incision was created, followed by injection of a
viscoelastic agent (Healon 5, Abbott Medical Optics, AMO, Santa Ana, CA, USA) to suf-
ficiently flatten the iris and deepen the anterior chamber (Figure 1C). Two paracenteses
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were made at 12 and 6 o’clock in the left eye and 11 and 1 o’clock in the right eye. Poste-
rior synechiolysis or sphincterotomies were performed as needed to facilitate pupillary
dilation and maximize visualization. A 5.5 mm continuous curvilinear capsulotomy was
completed with Utrata forceps. Phacoemulsification of the nucleus and I/ A of the cortex
were performed. To help prevent IOP fluctuations and stabilize the anterior chamber, prior
to removal of the intraocular instruments (phaco or I/ A tips), the viscoelastic agent was
injected into the anterior chamber from one of the paracenteses (Figure 1D,E). In all patients,
a foldable, single-piece intraocular lens (IOL) (Acrysof SA60AT; Alcon) was implanted in
the capsular bag (Figure 1F).

2.3.3. Posterior Capsulotomy (PC)

A 4-5 mm posterior capsulectomy (capsulotomy) was performed with the 25-gauge
vitrector (Figure 1G). Once completed, the trocar was removed. The incision site was sealed
without suturing (Figure 1H). The remaining viscoelastic agent in the anterior chamber
was then carefully exchanged with balanced salt solution.

Postoperatively, prednisolone acetate 1% (Allergan, Parsippany-Troy Hills, NJ, USA)
and topical antibiotics (Ofloxacin, Santen Pharmaceutical Co., Ltd. Noto Plant, Osaka,
Japan) were administered four times daily for 4 weeks. All patients were followed at
postoperative day 1, week 1, month 1, month 3, and every 3 months thereafter. Glaucoma
eye drops or oral medications were administered for IOP > 21 mmHg.

The occurrence of intraoperative complications, including dropped nucleus, iris pro-
lapse, anterior chamber hemorrhage, choroidal detachment, uveal effusion, or supra-
choroidal hemorrhage, were noted. Postoperative complications were also documented,
including uveal effusion, choroidal detachment, vitreous hemorrhage, malignant glaucoma,
rhegmatogenous or serous retinal detachment, and persistent iritis, as was the need for
additional surgeries during the entire follow-up period.

Surgical success was defined as: (1) postoperative IOP (>5 mmHg and <21 mmHg)
with or without use of glaucoma medications; (2) the absence of severe, vision-threatening
complications, such as suprachoroidal hemorrhage, retinal detachment, endophthalmitis,
or loss of light perception; and (3) not requiring additional glaucoma surgery.

2.4. Statistical Analysis

For statistical analyses, BCVA was converted to logarithm of the minimum angle of
resolution (logMAR) visual acuity. Counting fingers, hand motion, light perception, or
no light perception vision were noted as logMAR values of 2.1, 2.4, 2.7, and 3.0, respec-
tively [23]. Descriptive statistics were reported as means and standard deviations (SD),
medians and interquartile ranges, or numbers and percentages as appropriated. The nor-
mality of continuous variable distributions was examined using the Kolmogorov—Smirnov
test. Paired t-tests and Wilcoxon signed rank sum tests were used to assess differences
between preoperative and postoperative values according to whether variables conformed
to a normal distribution. Statistical significance was defined as p < 0.05. All statistical
analyses were performed using SPSS software, version 22.0 (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Patient Characteristics

LPPV + ACSP + IOL + PC surgery was performed on 45 eyes of 37 patients with
complex nanophthalmos. There were 12 (32.4%) male and 25 (67.6%) female patients. The
mean age was 46.6 £ 12.2 years (range 17-78 years). Thirteen eyes (28.9%) presented
secondary AACG with uncontrolled IOP despite maximum tolerated medical therapy.
Thirty-two eyes (71.1%) had undergone prior glaucoma procedures, including LPI in
12 eyes, SPI in 13 eyes, trabeculectomy in 5 eyes, and UCP in 2 eyes. Of the 32 eyes,
28 eyes had uncontrolled IOP following previous surgery. Among them, 11 eyes developed
malignant glaucoma. The remaining four eyes had extremely shallow ACD (<1 mm) after
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surgery. The clinical parameters at baseline are summarized in Table 1. The mean duration
of follow-up after surgery was 21.7+ 10.6 months (range 15-72 months).

Table 1. Baseline characteristics of 37 patients with complex nanophthalmos (n = 45).

Characteristics Mean + SD/Median (Q1, Q3) Range
I0OP (mmHg) 327 +87 22.0-52.0
BCVA, logMAR 1.28 + 0.64 0.2-2.6
HCD (mm) 10.7 £ 0.6 9.1-11.8
ACD (mm) 1.14 £ 0.51 0-2.22
LT (mm) 5.03 + 0.75 3.08-5.99
AL (mm) 16.68 + 1.18 14.67-19.50
LT/AL ratio (%) 304 +5.1 17.7-38.0
Degrees of angle closure & 330 (210, 360) 0-360
RNFL thickness (um) * 115.1 £52.8 24-237
SFCT (pum) * 472.3 £104.5 243.0-676.0
FRT (um) * 350.7 4+ 130.7 150.0-617.5
Number of medications 3(2,3) 1-4

IOP: intraocular pressure, BCVA: best-corrected visual acuity, HCD: horizontal corneal diameter, ACD: anterior
angle chamber depth, LT: lens thickness, AL: axial length, RNFL: retinal nerve fiber layer, SFCT: subfoveal
choroidal thickness, FRT: foveal retinal the thickness. Q1: 25th percentile, Q3: 75th percentile. &: Ten eyes did not
have gonioscopic exam due to corneal edema. * Three eyes were not able to obtain macular scan.

3.2. Intraocular Pressure (IOP) and Surgical Success Rate

Preoperatively, the mean IOP was 32.7 &+ 8.7 mmHg in our case series. Mean IOPs with
or without glaucoma medications decreased to 17.2 + 6.5 mmHg at 1 week, 18.6 & 7.2 mmHg
at 1 month, 18.4 4+ 7.7 mmHg at 3 months, 19.5 £ 8.0 mmHg at 6 months, 19.1 4+ 6.9 mmHg
at 12 months and 16.9 & 4.5 mmHg at the final follow-up visit postoperatively (Figure 2).
The difference in IOP before and after surgery was statistically significant at all visits (all
p < 0.001).
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Figure 2. Pre- and postoperative intraocular pressure (IOP) changes at week 1 (POW1), month
1 (POM1), month 3 (POM3), month 6 (POM6), month 12 (POM12) and the final visit. The mean
postoperative IOP was significantly reduced at all postoperative follow-up visits compared with
preoperative measurements.
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Surgical success was found in 40 of 45 eyes (88.9%) at the last documented follow-up
visit. Among these, 17 eyes (42.5%) did not require glaucoma medications. Five eyes
(11.1%) were classified as failures because of the need for additional glaucoma procedures
to adequately control IOP. Cyclophotocoagulation was performed in 2 of the 5 eyes, while
the remaining 3 eyes underwent uncomplicated Ahmed glaucoma valve implantation. All
5 eyes achieved IOP control during the postoperative follow-up period (7.0 + 4.6 months),
with a mean final IOP of 11.4 £ 3.2 mmHg.

3.3. Best-Corrected Visual Acuity (BCVA)

At the final follow-up visit, the mean logMAR BCVA (0.96 + 0.44) was significantly
improved from baseline (1.28 4 0.64) (p < 0.001). Of the 45 eyes, the BCVA of 33 eyes
(73.3%) showed improvement, 10 eyes (22.3%) remained unchanged from baseline, and
2 (4.4%) eyes decreased (one eye lost 3 Snellen lines and 1 Snellen line in the other) but
no eye lost vision. The two eyes had a decrease in visual acuity because of perioperative
choroidal detachment.

3.4. Anterior Chamber Depth (ACD) and Degrees of Angle Closure

Preoperatively, the mean ACD was 1.14 £ 0.51 mm. At the final visit after surgery,
the mean ACD was significantly deeper at 3.07 £ 0.66 mm (p < 0.001). Gonioscopy was
performed in 21 patients (25 eyes) before surgery. The median postoperative degree of
angle closure reduced from 330° (range 0-360°) at baseline to 240° (0-360)° at the final visit;
however, the difference was not statistically significant (p = 0.172).

3.5. Number of Glaucoma Medications

The median number of glaucoma medications was 3 (range 1-4) before surgery and
significantly decreased to 2 (range 04, p < 0.001) at the final postoperative visit. A total of
17 eyes (17/40, 42.5%) did not require any glaucoma medication at the final follow-up.

3.6. Surgical Complications

Intra- and postoperative complications were observed in 2 eyes (4.4%). A localized
choroidal detachment was noted intraoperatively in one eye and on the first postopera-
tive day in the other eye. In both, the choroidal detachment resolved with conservative
treatment within 2 weeks. During the postoperative follow-up period, there was no sight-
threatening postoperative complication, such as retinal detachment, uveal hemorrhage,
hypotony, or endophthalmitis.

3.7. Typical Case

A 39-year-old male was referred to the glaucoma division in July 2019 with complaints
of poor vision in both eyes since childhood and aggravation of the right eye (RE) associated
with headaches for the past 6 months. He was subsequently diagnosed with nanophthalmos
and secondary glaucoma in both eyes. Although LPIs had been performed in both eyes,
the IOP in the RE could not be controlled with glaucoma medications.

At his examination in January 2020, BCVA was 20/100 with +12.75 diopters of hy-
peropia RE and 20/125 with +13.00 diopters of hyperopia in the left eye (LE). IOP was
38 mmHg RE and 21 mmHg LE with brinzolamide (S. A. ALCON-COUVREURN. V, UK)
and brimonidine tartrate eye drops (Allergan Pharmaceuticals, Ireland). Slit-lamp biomi-
croscopy showed shallow anterior chambers and mild nuclear sclerotic cataracts in both
eyes (Figure 3A,B). The vertical C/D ratio was 0.5 RE and 0.2 LE (Figure 3C). A-scan
ultrasonography revealed an AL of 16.19 mm RE and 16.48 mm LE. OCT demonstrated
that the average retinal nerve fiber layer thickness was 87 pm RE and 95 pm LE, and the
subfoveal choroidal thickness was 524 um RE and 576 um LE (Figure 3D). AS-OCT showed
a central ACD of 0.75 mm RE and 0.76 mm LE.
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Figure 3. Preoperative images of 39-year-old man with nanophthalmos. (A,B) the preoperative
anterior segment of both eyes showed a shallow anterior chamber (RE: 0.75 mm, LE: 0.76 mm)
with angle closure (red arrow). (C) The fundus photographs of both eyes showed disappearance
of macular fovea reflection. (D) Linear horizontal macular OCT scan revealed absence of a foveal
depression, persistence of inner nuclear layers and thickened choroid. RE: right eye, LE: left eye.

The patient subsequently underwent bilateral LPPV + ACSP + IOL + PC successively.
On the first day after surgery, his uncorrected visual acuity was 20/200 RE and 20/500 LE.
The central ACD significantly increased (RE: 3.71 mm, LE: 3.33 mm) compared to the
preoperative ACD (Figure 4A,B). B-scan ultrasonography and SLO showed flat and at-
tached retinas in both eyes (Figure 4C,D). At the last visit (RE: 6 months after surgery, LE:
3 months after surgery), BCVAs of both eyes were 20/100. IOP was 21 mmHg RE with
glaucoma medications (brinzolamide and brimonidine tartrate eye drops) and 20 mmHg
LE without medication.

A

RE

LE

Figure 4. One-day postoperative images of the patient in Figure 1. (A,B) Postsurgical anterior segment
of both eyes showed significantly increased center ACD (RE: 3.71 mm, LE: 3.33 mm) and open angle
(yellow arrow). (C,D) B-scan ultrasonography and scanning laser ophthalmoscope showed flat retina
in both eyes. RE: right eye, LE: left eye.

4. Discussion

This study showed that limited pars plana vitrectomy, anterior-chamber stabilized pha-
coemulsification, IOL implantation, and posterior capsulotomy (LPPV + ACSP + IOL + PC)
can effectively decrease IOP, deepen the anterior chamber, reduce the number of IOP-
lowering medications, and improve BCVA with few complications in patients with complex
nanophthalmos.

Cataract surgery in nanophthalmic patients has always been technically challenging
due to the limited space in the anterior chamber [14-16]. Previous studies showed that
shorter AL and smaller ACD were associated with higher risks of complications [24,25].
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In our enrolled subjects, the mean ACD was extremely shallow, and the mean AL was
extremely short, even more so than those reported by Day [24] and Ye et al. [25]. Moreover,
eyes with nanophthalmic glaucoma are usually associated with elevated vitreous pressure,
which makes cataract surgery complicated and may lead to several secondary compli-
cations [26]. Therefore, limited PPV combined with phacoemulsification is a reasonable
approach to such a high-risk situation. Sharma et al. [27] described combining PPV with
phacoemulsification to successfully manage malignant glaucoma in phakic eyes. Using
a 25-gauge system, Chalam et al. [26] also reported the advantages of limited vitrectomy
to deepen the anterior chamber and facilitate phacoemulsification in eyes with positive
vitreous pressure and shallow anterior chambers. However, combined PPV and phacoemul-
sification, as was previously performed for nanophthalmic glaucoma, has a few challenges.
First, severe vision-threatening complications such as uveal effusion and uveal hemorrhage
have been reported because of rapid IOP fluctuations and a sudden shallower anterior
chamber during surgery [17-19]. Second, nanophthalmic patients at baseline have a high
incidence of postoperative aqueous misdirection [28].

In this study, we described a combined procedure to manage eyes with complex
nanophthalmos. In our surgical procedure, LPPV was considered the first step to reduce
vitreous pressure and deepen the anterior chamber. A viscoelastic agent was used to
strictly control the IOP and stabilize the anterior chamber throughout the entire surgery.
Finally, a posterior capsulotomy was performed to reduce the risk of postoperative aqueous
misdirection. Our results show that LPPV + ACSP + IOL + PC is effective and safe in
the management of patients with complex nanophthalmos with minimal intra- and post-
operative complications.

A significant reduction of IOP and deepening of ACD in eyes with complex nanoph-
thalmos treated with LPPV + ACSP + IOL + PC was detected in the follow-up period,
with an 88.9% success rate. The success rate of antiglaucoma surgery for nanophthalmic
glaucoma varies in previous studies [1,11,29]. Singh et al. [1] reported that of 15 patients
with nanophthalmic glaucoma undergoing filtration surgery, 60.0% failed treatment, and
86.6% suffered a visual loss. Yalvac et al. [11] reported that the total success rate was 85.0,
78.5, and 47.0% at 1, 2, and 5 years after trabeculectomy for patients with nanophthalmic
glaucoma. Zhang et al. [29] reported results of 23-G vitrectomy combined with lensec-
tomy in 21 eyes with nanophthalmic glaucoma. The total success rates were 85.7%, 81.0%,
and 85.7% at the 6-month, 12-month, and final follow-up visits, respectively, consistent
with our results. However, all the eyes in their study underwent lensectomy without IOL
implantation, which resulted in the limited visual outcomes.

Generally, visual impairment in nanophthalmic patients is associated with amblyopia,
macular abnormalities, or other ocular disorders [1]. In our cohort, poor vision before
surgery was further exacerbated by glaucoma-related damage. The preoperative mean
logMAR BCVA noted here (1.28 £ 0.64) was worse than that previously seen [11,30].
Yalvac et al. [11] reported a mean preoperative BCVA of 0.24 + 0.15 in 20 patients (28 eyes)
with nanophthalmic glaucoma, while Steijins et al. [30] described a median preoperative
BCVA of 20/60 (HM to 20/25) or approximately 0.48 logMAR equivalent. Nevertheless,
despite worse vision preoperatively, our results also showed that the mean postoperative
BCVA was significantly better compared to baseline, with 73.3% of eyes exhibiting an
improvement in visual acuity after surgery. This percentage is higher than what has been
found in the literature, where only 40-66% of nanophthalmic eyes without glaucoma
demonstrated improved visual acuity after routine cataract surgery [30,31]. Given the
visual acuity benefit as well as refractive compensation for postoperative hyperopia, we
would recommend primary implantation of IOLs in nanophthalmic glaucoma eyes at the
time of surgery.

Not only does LPPV + ACSP + IOL + PC appear to be effective in lowering IOP and
improving vision, but it is also safe for nanophthalmic glaucoma. Cataract surgery of
nanophthalmic eyes is usually associated with a high risk of severe perioperative complica-
tions, such as choroidal effusions. Uveal effusions often occur following intraocular surgery
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because of sudden change in IOP and ACD and are a major cause of severe vision loss in
nanophthalmic eyes. Yalvac et al. [11] evaluated the surgical results of trabeculectomy in
patients with nanophthalmic glaucoma and found that choroidal detachments occurred in
50% and 25% of patients in the early and late postoperative periods, respectively. How-
ever, in our study, only 2 eyes developed localized choroidal detachments perioperatively,
both of which resolved with conservative therapy. Neither early nor later uveal effusion,
suprachoroidal hemorrhage, retinal detachment, or endophthalmitis was observed in the
follow-up period. One of the most important reasons for the low incidence of complications
was the surgical technique. Control of IOP fluctuations and stabilization of the anterior
chamber were considered critical throughout the entire operation. To achieve this, LPPV
was performed early to moderately decrease vitreous pressure, preventing acute IOP drops.
Moreover, to avoid the dramatic pressure and ACD changes that occur from the sudden
cessation of irrigation, viscoelastic agents were injected into the anterior chamber each
time before the removal of the phacoemulsification or irrigation-aspiration tips from the
eye. This step ensures the maintenance of IOP and ACD and prevents the development of
severe uveal effusions or even expulsive choroidal hemorrhages. Chalam et al. [26] also
demonstrated that anterior chamber maintainer may be another option to achieve anterior
chamber stability during the phacoemulsification phase.

Day et al. [24] found that the occurrence of malignant glaucoma was 9.5% in nanoph-
thalmic patients after cataract surgery; however, there were no cases of malignant glaucoma
in our case series. This is likely because a posterior capsulotomy was performed during
surgery, which is known to be effective for preventing aqueous misdirection [32]. While
some anterior segment surgeons will create a posterior capsulotomy from an anterior
approach through a corneal incision [32,33], we describe here and recommend using the
25-G vitrector through a scleral incision to form the posterior capsulotomy. The advantages
of a posterior approach are manifold: first, the IOL can be kept in its original position
without disturbing any zonules or the capsular bag; second, the surgeon is better able to
control the size of the capsulotomy using the vitrector; and finally, the anterior vitreous
attached to the posterior capsule can be simultaneously removed, decreasing the risk of
postoperative aqueous misdirection.

Studies have reported that the risk for complications after incisional surgery is greater
in eyes with nanophthalmic glaucoma [8,12]. However, in our study, no intra- or post-
operative complications were observed in the 3 eyes that required Ahmed glaucoma valve
implantation for additional IOP control. We suspect this is attributable to the effective
decrease of positive vitreous pressure and increase of ACD achieved as a result of the
modified procedure.

This study has several limitations. First, the retrospective nature may result in potential
bias in our conclusions. Second, because this is a descriptive case series, the study did
not include a control group. Finally, because of the short follow-up period, there may be
long-term complications that are not captured in this study.

In summary, our study showed that altogether, LPPV + ACSP + IOL + PC is an
effective and safe option for patients with complex nanophthalmos with successful IOP
control, deepening of the ACD, improvement in visual acuity, and reduction of glaucoma
medications required. Thus, this procedure may be considered for the treatment of eyes
with complex nanophthalmos.
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Abstract: Aims: To report the outcomes and complications of deep sclerectomy in glaucoma sec-
ondary to Sturge-Weber syndrome (SWS). Methods: The retrospective case series included patients
with SWS and secondary glaucoma who underwent deep sclerectomy at King Abdul Aziz University
Hospital, Riyadh, Saudi Arabia between 2000 and 2021. The main outcome measures included in-
traocular pressure (IOP), the number of antiglaucoma medications, the presence of vision-threatening
complications, and the need for further glaucoma surgery to control the IOP. The surgical outcome of
each eye was based on the main outcome measures. Results: Twelve eyes of eleven patients were
included in the study. The mean follow-up period was 83.00 months (£74.2) (range 1 to 251 months).
The IOP and number of antiglaucoma medications decreased significantly from a mean of 28.75 mm
Hg (£7.4) and 3.17 (40.8) to 15.30 mm Hg (+3.5) and 0.3 (£0.7), and 18.83 (£9.3) and 1.67 (+1.7)
on the 24th month and the last follow-up visit postoperatively, respectively (p < 0.01 for both). The
success rate was 66.6% (8/12), while the failure rate was 33.3% (4/12) because of the uncontrolled IOP
where a single repeat glaucoma surgery achieved controlled IOP. One procedure was complicated by
choroidal detachment and one by choroidal effusion; both complications were resolved by medical
treatments. Conclusions: Deep sclerectomy seems to be an effective treatment modality for controlling
IOP and for decreasing the burden of antiglaucoma medications in patients with SWS and secondary
glaucoma. Further studies are needed to confirm such a conclusion on larger number of patients with
longer follow-up periods.

Keywords: glaucoma; Sturge-Weber syndrome; deep sclerectomy; intraocular pressure; filtering
surgery; glaucoma surgery

1. Introduction

Sturge-Weber syndrome (SWS) is a rare, sporadic, congenital neurocutaneous disor-
der that affects the brain, skin, and eyes. It is considered one of the phacomatoses that
develop because of neural crest anomalies, such as neurofibromatosis, Klippel-Trenaunay
syndrome, tuberous sclerosis, and von Hippel-Lindau syndrome. SWS is characterized by
leptomeningeal hemangioma, facial angiomatosis, or nevus flammeus (port-wine stain) in
the ophthalmic division of the trigeminal nerve, and ocular changes, such as glaucoma and
choroidal hemangioma. The estimated incidence is between 1:20,000 and 1:50,000 infants,
with no significant difference between the sexes [1]. Recently, somatic mosaic mutations in
the GNAQ gene located on the long arm of chromosome 9 have been reported as a part of
the genetic basis of SWS resulting in capillary malformations [2].

The incidence of glaucoma in patients with SWS varies between 30% and 70% [3].
The presentation and pathogenesis of glaucoma can be divided into two main categories:
childhood and adulthood presentation. The early childhood or infancy presentation mainly
develops because of outflow obstructions associated with angle malformations such as
those observed in congenital glaucoma, while the adulthood presentation develops because
of elevated episcleral venous pressure arising from vascular malformations that impede
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outflow and accelerated aging of the angle structures [4,5]. The conventional aqueous
outflow faces the highest resistance in the juxtacanalicular trabecular meshwork. However,
in SWS, the dilated episcleral vessels show a further, abnormal pressure gradient in the
conventional pathway caused by vascular malformation [6]. Medical management seems
to be less effective in SWS, and it cannot guarantee a good long-term control of glaucoma,
especially for the childhood type [7,8]. When medical treatment fails to halt glaucoma pro-
gression, surgical intervention is needed. However, owing to the rare nature of the disease,
few studies are available on the outcome of different surgical modalities; therefore, there is
inconsistency in such interventions. Generally, the decision is based on the angle’s status:
with respect to whether it is open or closed. Trabeculectomy with or without trabeculotomy
has been proposed as a choice for creating a new outflow tract for the aqueous humor, but
it carries a significant risk of vision-threatening complications in patients with SWS which
include massive choroidal detachment and expulsive hemorrhage [9,10]. Deep sclerectomy
is a non-penetrating glaucoma surgery that allows a gradual egress of aqueous through the
trabeculo-descemet’s window (TDW) and, therefore, avoids hypotony and other choroidal-
related complications in trabeculectomy. The efficacy and safety of deep sclerectomy have
been previously described, even in patients with congenital glaucoma [11]. Nevertheless,
there is insufficient evidence regarding the efficacy of deep sclerectomy in treating SWS. To
our knowledge, only one study has reported the outcome of deep sclerectomy in patients
with SWS [12]. Therefore, this study aimed to report the outcomes of deep sclerectomy in
eyes with glaucoma secondary to SWS.

2. Materials and Methods
2.1. Patients

We reviewed the medical records of patients with SWS and secondary glaucoma
who underwent deep sclerectomy at King Abdul Aziz University Hospital, Riyadh, Saudi
Arabia. The study was approved by the Institutional Review Board (E-20-4996) of King
Saud University as a part of a larger study on the outcomes of deep sclerectomy, and all pro-
cedures adhered to the tenets of the Declaration of Helsinki. In early childhood glaucoma,
examinations under general anesthesia were performed, and the following observations
were documented: the intraocular pressure (IOP) (measured using the Perkins applanation
tonometer), horizontal corneal diameter, corneal edema, central corneal thickness, and cup-
to-disc ratio, and dilated fundus examination. Surgery was performed when the patient
was confirmed to have glaucoma. In patients with later presentation adulthood glaucoma,
surgery was performed when the patient had the following: (i) medically uncontrolled IOP
of >21 mmHg (measured using the Goldmann applanation tonometer) despite the maxi-
mum number of tolerated antiglaucoma medications and (ii) the presence of progressive
glaucomatous optic nerve head damage.

2.2. Surgical Methods

One of several staff glaucoma specialists credentialed for the procedure performed the
surgeries in accordance with standard documented techniques under general anesthesia.
First, a fornix-based conjunctival peritomy was performed, and hemostasis of the episclera
was achieved. A 4 x 5 mm superficial scleral flap was dissected toward the cornea, and
0.2 mg/mL of mitomycin C (MMC) soaked in a sponge was applied under the flap and
conjunctiva for 2 min followed by balanced salt solution irrigation. A deeper scleral flap
was dissected approximately 0.5 mm internal to the edges of the superficial flap right
above the choroid, and a TDW was created, followed by deroofing of Schlemm’s canal.
When micro-perforations occurred in the TDW but with a normal depth anterior chamber,
the procedure was completed as planned. When the TDW was perforated along with
iris prolapse, peripheral iridectomy was performed, and the surgery was converted to a
trabeculectomy. Thereafter, the deep flap was excised, and the superficial flap was closed
using two 10.0 monofilament nylon sutures. The conjunctiva was closed using 9.0 vicryl
sutures, and the wound was checked for the presence of leakage. Finally, antibiotics and
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steroids were subconjunctivally injected. After surgery, all patients were treated with
topical ofloxacin and prednisolone acetate 1% drops.

2.3. Data Analysis

Postoperative visits were defined as those made on the first postoperative day; at
2-4 weeks, 3 months, 6 months, and 12 months postoperatively; and yearly thereafter. Pre
and postoperative data were collected whenever available and applicable for the following
variables: age at diagnosis and the time of surgery, sex, IOP, number of antiglaucoma
medications, best-corrected visual acuity converted into logarithm of minimal angle of
resolution format when available, time to failure, postoperative complications, and need
for subsequent pressure-lowering procedures to control the IOP.

The variables were evaluated using Student’s ¢-test and the Wilcoxon rank test and
presented as means and standard deviations (SD). p values of <0.05 were considered signifi-
cant. Surgical success was classified as follows: (i) complete success (IOP reduction of >20%
from the baseline level or IOP between 6 and 21 mmHg without antiglaucoma medications,
no loss of vision due to glaucoma progression, no postoperative vision-threatening com-
plications, and no need for further glaucoma procedures to control the IOP); (ii) qualified
success (IOP reduction of >20% from the baseline level or IOP between 6 and 21 mmHg
with antiglaucoma medications, no loss of vision due to glaucoma progression, no post-
operative vision-threatening complications, and no need for further glaucoma procedures
to control the IOP); and (iii) failure (IOP reduction of <20% from the baseline level or IOP
of >21 mmHg despite a maximum number of tolerated antiglaucoma medications on two
visits, persistent hypotony [IOP of <5 mmHg] on two visits causing hypotony maculopathy,
loss of vision due to glaucoma progression, postoperative vision-threatening complications,
or the need for further glaucoma procedures to control the IOP). The cumulative probabili-
ties of overall success, presented as percentages + standard errors, were determined via a
Kaplan-Meier life table analyses. Statistical analyses were carried out using SPSS version
23 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Patient Characteristics

Eleven patients, including six boys and five girls (12 eyes), underwent deep sclerec-
tomy as the first procedure for glaucoma secondary to SWS. One patient underwent a
bilateral surgery, while the remaining patients underwent a unilateral surgery. The mean
age at the time of surgery was 5.58 (£68.3) years (range, 2 months to 14 years). Three
eyes (25%) had associated choroidal hemangioma. In all patients, there was no history
of any ophthalmic surgery other than deep sclerectomy. The mean follow-up time was
83.00 (+74.2) months (range, 1-251 months). Most eyes had advanced glaucomatous disc
damage (75%) (Table 1).

Table 1. Patient characteristics, complications, and success.

Age at Preoperative No. of Intraoperative  Postoperative Follow-U, No. of
Patient Eye Su% o IPOP Preoperative Complica- Complica- Durationp Status Final IOP Final
sery Medications tions tions Medications
1 oD 2 months 23 4 78years ~ Complete 13 0
success
0s 2 months 39 4 78years ~ Complete 13 0
success
TDW
2 0os 10 months 30 2 perfora_t{on 15.6 years Failed 22 3
with iris
prolapse
3 OD 8.5 years 28 4 1 month Failed 37 2
TDW
perforation Choroidal Qualified
4 08 95 years 3 4 with iris detachment 78 years success 16 4
prolapse
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Table 1. Cont.

Age at Preoperative No. of Intraoperative  Postoperative Follow-U, No. of
Patient Eye Su% o P Preoperative Complica- Complica- Durationp Status Final IOP Final
sery Medications tions tions Medications
5 oD 3 months 32 2 TDW Choroidal 5.1 years Failed 30 3
perforation effusion
6 0s 1.3 years 25 3 4.1 years Failed 32 3
TDW
7 0s 2 years 26 2 perforation 209 years  Qualified u .
with iris success
prolapse
8 OD 8.3 years 20 3 8.8 years Q‘uahfle‘d 18 1
success
9 oD 124 years 30 3 37years ~ Complete 1 0
success
10 OD 13.3 years 20 3 1 year Complete 10 0
success
11 (e} 14.2 years 19 4 1year Complete 9 0

success

OS: left eye; OD: right eye; IOP: intraocular pressure; TDW: trabeculo-descemet window.

3.2. Efficacy

The IOP decreased from a preoperative baseline of 28.75 (+7.4) mmHg to 14.90
(£3.9), 15.30 (£3.5), 15.57 (44.3), 20.00 (£7.6), and 18.83 (£9.3) mmHg, while the number
of antiglaucoma medications decreased from a preoperative baseline of 3.17 (£+0.8) to
0.13 (£0.4), 0.30 (0.7), 0.71 (£1.3), 1.00 (£1.3), and 1.67 (£1.7) on the 12th month, 24th
month, 36th month, 48th month, and the last follow-up visit postoperatively, respectively
(all p < 0.05). The cumulative probabilities of overall success were 75.0% (£12.5%) on the
12th month and 24th month, 66.7% (1+13.6%) on the 36th month and 48th month, and 58.3%
(£14.2%) on the 60th month postoperatively (Figure 1). Over the entire follow-up period,
controlled IOP was achieved in eight eyes (66.6%) after deep sclerectomy: complete success
in five eyes (41.7%) and qualified success in three eyes (25.0%). Meanwhile, the treatment
failed in four eyes (33.3%) because of uncontrolled IOP, despite the maximum number of
tolerated antiglaucoma medications and required additional glaucoma surgery to control
the IOP: Ahmed implantation in two eyes and deep sclerectomy in two eyes. The mean
failure time was 75.0 (+78.9) months (range, 2-187 months). One eye failed within the first
3 months after deep sclerectomy, while the remaining eyes failed after 50 months. All four
eyes achieved IOP control after a single repeat glaucoma surgery.

100 '|

80

60

40

Cumulative Survival (%)

207

T T T T T T
0 12 24 36 48 60

Follow-Up (Months)

Figure 1. Kaplan-Meier survival curves showing the cumulative probability of success.
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3.3. Safety

Intraoperative complications occurred in four eyes: two eyes had TDW perforations,
but without iris prolapse, wherein the procedure was continued while maintaining a formed
anterior chamber; two eyes had TDW perforation with iris prolapse, wherein peripheral
iridectomy and iris repositioning were performed without sclerotomy. The deep flap was
excised, and the procedure was continued. Postoperative choroidal effusions occurred
in one eye with existing choroidal hemangioma, while isolated choroidal detachments
occurred in one eye with no choroidal hemangioma. Both conditions resolved within
1 month after medical treatment including topical steroids and cycloplegic agents.

4. Discussion

Glaucoma that is secondary to SWS is a complex disease. The etiology has been at-
tributed to trabecular meshwork anomalies for early-onset glaucoma and elevated episcleral
venous pressure due to arteriovenous shunts and the premature aging of the trabeculae for
juvenile/adult-onset glaucoma [13,14]. Medical therapy usually fails to achieve long-term
IOP control; therefore, surgery is required to avoid visual loss. The type of surgical inter-
vention usually depends on the pathophysiology of the disease. In SWS, deep sclerectomy
is a preferred option, as it creates a new outflow tract, therefore avoiding episcleral venous
pressure elevation. Furthermore, deep sclerectomy has been reported to be successful in
treating primary congenital glaucoma (PCG). Eyes with PCG and glaucoma secondary to
SWS have been shown to have trabecular meshwork anomalies; however, such anomalies
seem less severe in patients with SWS than in those with PCG [15]. To the best of our
knowledge, only one study has evaluated the outcomes of deep sclerectomy for glaucoma
secondary to SWS [12]. The current study showed that deep sclerectomy is effective as an
initial procedure for glaucoma secondary to SWS.

Herein, the IOP and number of antiglaucoma medications decreased significantly
during the first year and the years thereafter. Complete success was achieved in 41.7% of
the eyes and qualified success in 25.0% of the eyes on the last follow-up visit. Audren et al.
reported a complete success rate of 56%, 28%, and 0% at 6, 13, and 26 months after deep
sclerectomy, respectively. Our study showed a comparable survival rate in the short-term
among the eyes that received Ahmed implants, but the results show better long-term
survival rates. In their study that included 11 eyes, Hamush et al. reported a 2-year success
rate of 79% and a 5-year success rate of 30% after using Ahmed implants. Kaushik et al.
reported a 24-month success rate of 75% in 24 eyes that received Ahmed implants with
a mean follow-up period of 2.12 years [16]. However, long-term survival seems to be
better in the current study compared with both studies. Herein, the IOP increased over
the follow-up period, and some eyes needed more antiglaucoma medications over time to
control the IOP; this case is well known in bleb-dependent filtering surgery, which carries a
high risk for surgical failure. Furthermore, the effect of a higher concentration of MMC is
not expected to contribute to the surgical success and IOP control [17,18]. Other studies
have reported encouraging outcomes of trabeculotomy and goniotomy. Olsen et al. [19]
reported a success rate of 66.7% in 14 patients with early-onset glaucoma secondary to
SWS after a mean follow-up of 5.4 years after one or more procedures, while Wu et al. [15].
reported a 1-year success rate of 86.6% in 32 patients; both results are comparable to our
report. Of the four failed eyes herein, one eye with juvenile-onset glaucoma failed within
the first 3 months and achieved IOP control after Ahmed implants; meanwhile, three eyes
with early-onset glaucoma failed after 50 months and achieved IOP control after repeat
deep sclerectomy (two eyes) and Ahmed implant (one eye).

Postoperative choroidal detachment occurred in one eye with intraoperative TDW per-
foration; choroidal effusion occurred in one eye with intraoperative TDW perforation and
iris prolapse and co-existing choroidal hemangioma, wherein iridectomy was performed.
No expulsive choroidal hemorrhage occurred. Both complications were self-limiting and
responded well to medical treatments in the form of topical atropine and prednisolone
drops. In SWS, the presence of aberrant clusters of capillary—venule-like blood vessels,
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choroidal vessel’s overgrowth and thickening, and overabundant vessels increases not only
the risk of glaucoma but also that of choroidal effusion. Since the mitogen-activated kinase
pathway does not show significantly increased signaling activities in cells with GNAQ, the
-blocker propranolol could not have a crucial role in such cases [20]. Nevertheless, in
intractable choroidal effusion failing to respond to medical treatments, propranolol could
still have a long-term role in resolving such complications [21]. Although bleb-dependent
procedures for SWS are associated with high rates of complications, such as expulsive
hemorrhage and prolonged hypotony, none of these complications were observed in the
current study [6]. However, a major advantage of deep sclerectomy is the higher safety pro-
file and fewer postoperative complications because of the progressive outflow of aqueous
through an intact TDW, which precludes complications, such as sudden hypotony, aqueous
misdirection, and expulsive hemorrhage [22]. Adding a control group that underwent
other surgical modalities in the current study to compare the IOP control and complications
would be ideal. However, this was not possible because of the rare nature of the disease.

5. Conclusions

Although the current retrospective study included a small number of eyes because
of the rare nature of the disease, it showed the efficacy of deep sclerectomy in treating
glaucoma secondary to SWS. All complications were self-limiting and responded to medical
treatments. Further studies are needed to compare the outcomes of deep sclerectomy with
those of other filtering procedures.
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Abstract: Background: The purpose of this study is to evaluate the utility and safety of plasma
rich in growth factors immunosafe eye drops (is-ePRGF) in the postoperative treatment of non-
penetrating deep sclerectomy (NPDS). Methods: This is a case-control study in patients with
open-angle glaucoma. Group one (control) was not treated with is-ePRGF, while group two (is-
ePRGF) was treated (four times a day for four months). Postoperative evaluations were per-
formed at one day, one month, three months and six months. The main outcomes were: intraoc-
ular pressure (IOP), microcysts in blebs with AS-OCT and the number of hypotensive eye drops.
Results: Preoperatively, group one (1 = 48 eyes) and group two (n = 47 eyes) were similar in age
(71.5 +10.7 vs. 70.9 £ 10.0 years; p = 0.68), IOP (20.6 &+ 10.2 vs. 23.0 £ 9.0 mmHg; p = 0.26) and
number of hypotensive drugs (2.7 & 0.8 vs. 2.8 + 0.9; p = 0.40). The IOP at six months dropped
to 15.0 + 8.0 mmHg (IOP reduction: —27.2%) and 10.9 4 4.3 mmHg (IOP reduction: —52.6%) for
group one and group two, respectively (p < 0.01). At six months, blebs with microcysts were 62.5%
(group one) and 76.7% (group two). Postoperative complications were observed in 12 eyes (25%)
for group one and in 5 eyes (11%) for group two (p = 0.06). No specific complications related to the
use of is-ePRGF were identified. Conclusions: Topical is-ePRGF seems to reduce IOP and the rate of
complications in the medium term after NPDS, so it can be considered as a possible safe adjuvant to
achieve surgical success.

Keywords: glaucoma filtration surgery; non-perforating deep sclerectomy; open-angle glaucoma;
plasma rich in growth factors; PRGF; surgery outcome; plasma rich in growth factors; immunosafe
eye drops; is-ePRGF

1. Introduction

Non-penetrating deep sclerectomy (NPDS) is a safe and effective option for intraocular
pressure (IOP) reduction in glaucoma patients with a rapid disease progression, high IOP
values or poor response to medical therapy [1-3]. The long-term success of this filtering
surgery depends, in part, on maintaining adequate bleb morphology. Indeed, one of the
leading causes of failure in this surgical technique is excessive scarring in the subconjuncti-
val area or the intra-scleral space, causing fibrotic adhesions which compromise aqueous
humor drainage and, consequently, increase IOP [1,4,5]. Therefore, prevention and postop-
erative management of fibrosis would determine postoperative outcomes, in terms of IOP
and surgical success rate.

Intraoperative mitomycin C (MMC) and postoperative topical corticosteroids are
widely used to prevent bleb fibrosis. Guedes et al. [4] reported that the use of MMC
increased the success rate by 2.4-fold compared with not using it. Despite applying
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intraoperative MMC, postoperative bleb manipulations are often required to maintain
IOP control [1]. Therefore, it is of interest to explore adjuvant therapeutic approaches
to MMC to preserve bleb morphology and reduce the postoperative scarring response,
aiming to promote long-term IOP control and decrease the incidence of postoperative
bleb manipulations.

Plasma rich in growth factors (PRGF) is a blood derivative product of autologous origin
with important biological features such as antimicrobial, anti-inflammatory and anti-fibrotic
properties. PRGE, in its different therapeutic formulations (eye drops, clot and membrane),
has been effectively used to treat several ocular surface and corneal diseases [6,7] and even
in macular-hole surgery [8,9], demonstrating its role in tissular regeneration, inflammation
control and fibrosis modulation [10,11]. The biological properties of PRGF would theoret-
ically be of great help in reducing fibrosis after NPDS. Rodriguez-Agirretxe et al. [12], in
a pilot study, evaluated a case series of 10 eyes that underwent NPDS with a PRGF clot
inserted in the subconjunctival space. The authors concluded that PRGF might enhance
surgery success rates and reduce the need for postoperative medications. Furthermore,
they also pointed out that postoperative treatment with PRGF eye drops could improve
the results.

The present study aimed to evaluate the potential benefits of the coadjuvant postoper-
ative treatment with PRGF eye drops in patients who underwent NPDS with MMC.

2. Materials and Methods

This study included patients diagnosed with primary open-angle glaucoma (POAG)
with uncontrolled IOP (>22 mm Hg), even with maximal tolerated medical therapy or laser
trabeculoplasty, who underwent NPDS. Exclusion criteria were: age < 18 years, treatment
with PRGF over the 12 months previous to NPDS surgery, previous glaucoma surgery,
severe ocular surface disease, infectious illness (HIV, HBV, HDV, syphilis) and pregnancy or
lactation. The study was approved by the Ethics Committee of the ‘Principado de Asturias’
(Oviedo, Spain) and adhered to the tenets of the Declaration of Helsinki. All the patients
signed a consent form providing their approval for glaucoma surgery and blood extraction
for PRGF elaboration.

The patients were divided into two groups: group 1 (control) corresponded to patients
operated with NPDS who received standard postoperative treatment and did not receive
PRGF eye drops as adjuvant treatment after surgery; these patients were selected retro-
spectively and sequentially immediately before the inclusion of the patients in group 2.
Group 2 corresponded to the prospective cohort of patients who received standard post-
operative treatment associated with PRGF eye drops as adjuvant therapy. Fifty eyes were
included in each treatment group, which had to be followed up to 6 months after surgery.

2.1. Surgical Technique

All procedures were performed under peribulbar anesthesia by the same surgeon
(PPR.-C.). A fornix-based peritomy was performed using a 7-0 silk corneal traction suture
with conjunctival pocket dissection, followed by gentle cautery to achieve hemostasis. A
5 x 5 mm partial thickness superficial scleral flap was dissected (extended 1-2 mm into
clear cornea) and 0.02% mitomycin C (MMC) was applied for 2 min between the sclera
and conjunctiva. Then, the area was irrigated thoroughly with a balanced salt solution.
Resection of a 4 x 4 mm deep scleral flap was performed, followed by trabecular-Descemet
membrane (TDM) dissection and resection of the Schlemm’s canal using Mermoud forceps.
A supraciliary pocket was made with a 45° blade for the incision and a blunt spatula,
2 mm behind the scleral spur, following the technique first described by Mufioz (2009) [13],
and a hema implant (either Esnoper® V-2000 or Esnoper® Clip, AJL Ophthalmic S.A.,
Mifiano, Alava, Spain) was placed inside [14]. The superficial scleral flap was reflected
back without sutures and conjunctiva was closed with interrupted 10-0 nylon sutures. In
the postoperative follow-up, a goniopuncture with Nd-Yag laser was performed when
insufficient filtration was observed through the TDM [15].
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2.2. PRGF Preparation

The PRGF elaboration was developed following the steps already published by our
group elsewhere [16]. Before surgery, during the anesthetic process, blood from pa-
tients was collected into 9 mL tubes. Samples were centrifuged at 580x g for 8 min
at room temperature in an Endoret System centrifuge (BTI Biotechnology Institute, S.L.,
Mifano, Alava, Spain). The whole column of PRGF was collected after centrifugation,
avoiding the buffy coat that contains the leukocytes, using an Endoret ophthalmology kit
(BTI Biotechnology Institute, S.L., Mifiano, Spain). The obtained supernatant was incu-
bated at 37 °C for 1 h and then heat treated at 56 °C for 60 min. The plasma supernatants
were filtered, aliquoted and stored at —20 °C until use.

Highly sterile conditions were followed for all procedures, operating inside a laminar
flow hood. In order to inactivate the complement, the PRGF eye drops were heated to
57 °C; the resulting product is called immunosafe eye drops (is-ePRGF). Patients were
instructed to keep the PRGF eye-drop dispensers at —20 °C; each dispenser was used for
3 consecutive days (the eye drops could be at 8 °C or ambient temperature).

2.3. Postoperative Treatment

Standard postoperative treatment consisted of moxifloxacin eye drops 4 times a day
for one week, and dexamethasone eye drops every 2 h for one week and then in tapering
frequency over the following 10 weeks after surgery: 5 times a day for 2 weeks, 4 times
a day for 2 weeks, 3 times a day for 2 weeks, twice a day for 2 weeks and once a day
for 2 weeks. Group 1 and group 2 patients received standard postoperative treatment.
Patients in group 2 were additionally treated with is-ePRGF 4 times a day for 4 months
(uninterruptedly). The is-ePRGF were prescribed to be used 4 times a day distributed
throughout the day, approximately every 6 h, leaving a 5 min interval among the other
drops. In the hypothetical case of loss or completion, a new blood test was performed at
one of the routine follow-up visits to prevent the patient from running out of treatment.

2.4. Study Variables

Follow-up visits were at 1 day and 1-, 3- and 6 months after NPDS. The variables
analyzed included IOP measurement, bleb height and presence of microcysts in bleb
(Anterior Segment Optical Coherence Tomography; AS-OCT, CASIA2, Tomey, Japan), the
incidence of complications and frequency of bleb manipulations. The measurements and
assessment of AS-OCT parameters were carried out by one observer (PP.R.-C.) masked to
the IOP level and surgical outcome.

Furthermore, the surgical outcomes were stratified into three levels: (1) complete suc-
cess, defined as having an IOP < 21 mmHg without antiglaucoma medications; (2) qualified
success, defined as having an IOP < 21 mmHg with antiglaucoma medications; (3) failure,
defined as having IOP < 6 mmHg in two consecutive visits, additional glaucoma surg-
eries (needling was not considered as secondary glaucoma surgery), or not achieving the
qualification of complete or qualified success.

2.5. Statistical Analisys

Data analysis was performed using SPSS for Windows, version 25.0 (SPSS Inc., Chicago,
IL, USA). Normality was checked by means of the Kolmogorov-Smirnov test. A descriptive
analysis of the sociodemographic variables expresses the mean values with their standard
deviation. The absolute and relative frequencies were determined for categorical variables,
and for continuous variables, the mean, standard deviation, minimum and maximum were
calculated. For comparisons between pre-and post-treatment values, parametric (Student’s
t or ANOVA) or non-parametric (Mann-Whitney or Kruskal-Wallis) tests are used in
the case of continuous variables, and for categorical variables, the chi-square test was
used. Continuous variables were analyzed using repeated-measures analysis of variance
(ANOVA). Bonferroni test was performed to analyze significant differences for the variables
throughout the time within a group, while differences between two groups at each visit
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were analyzed with the independent-sample t-test. Fisher exact test was used to compare
categorical data between both studied groups. Differences were considered statistically
significant when the p value was <0.05.

3. Results

Forty-eight eyes were included in group one (control) and forty-seven in group two
(is-ePRGF). The detailed characteristics of the patients before surgery are shown in Table 1.
Among the 50 selected controls (group one), there were two losses: one died during follow-
up, and one did not attend scheduled appointments. In group two, three withdrawals of
the fifty selected cases that had signed the informed consent were reported: one patient
requested to leave the study by their own decision, and in the other two cases the sample
was not valid to prepare the is-ePRGF. No differences were found in the demographic data
or the preoperative clinical characteristics between the two groups studied (Table 1).

Table 1. Baseline demographics and preoperative clinical characteristics by subgroups.

Group 1 (Control) Group 2 (Is-ePRGF)

Parameter n =48 iy p Value
NPDS NPDS + Phaco NPDS NPDS + Phaco

Eyes (1) 19 29 31 16

Age (years) 72.7 £ 84 70.7 £12.0 69.7 £11.1 69.6 £7.5 0.73
(58-91) (34-88) (51-91) (52-80)

Sex (Female/Male) 10/9 12/17 18/13 6/10 0.46

(52.6%/47.4%) (41.4%/58.6%) (58.1%/41.9%) (37.5%/62.5%)
CDVA (logMAR) 0.39 £ 0.38 0.25 +0.44 0.27 £0.27 0.10 £0.14 0,01+
(1.00-0.00) (1.70-0.00) (1.30-0.00) (0.40-0.00) )
I0OP (mmHg) 219 £12.6 179 +£73 183 £ 6.8 196 £7.1 0.79
(9.0-50.0) (10.0-44.0) (8.0-37.0) (11.0-35.0) ’

Eyes with glaucoma eyedrop treatment 19 (100%) 29 (100%) 31 (100%) 16 (100%)

No. of hypotensive medications 2.6 £0.6 29+08 29+09 28+08 0.44

Visual field mean deviation (dB) —-187+72 —-135+77 —-16.14+9.2 —-15.0+£77 0.21

Glaucoma severity

Early 1(5.3%) 6 (20.7%) 5 (16.1%) 2 (12.5%) 0.42

Moderate 3 (15.8%) 8 (27.6%) 6 (19.4%) 7 (43.8%)

Advanced 14 (73.7%) 12 (41.4%) 15 (48.4%) 7 (43.8%)

Terminal 1(5.3%) 3 (10.3%) 5 (16.1%) -

Type of glaucoma, 1 (%)

POAG 4(21.1) 12 (41.4) 8(25.8) 5(31.3) 0.50

Glaucoma and high myopia 6 (31.6) 3(10.3) 11 (35.5) -

PXFG 5(26.3) 11 (37.9) 9(29.0) 7 (43.8)

uG 1(5.3) 1(3.4) - 1(3.2)

NTG 2(10.5) 1(3.4) 1(3.2) 1(3.2)

TG 1(5.3) - 1(3.2) 1(3.2)

PG - 1(3.4) 1(3.2) 1(3.2)

Data presented as mean £ SD (range) or No. (%). * NPDS group 1 vs. NPDS + Phaco group 2. is-ePRGF: immunosafe
eye drops plasma rich in growth factors; CDVA: corrected distance visual acuity; IOP: intraocular pres-
sure; NPDS: non-penetrating deep sclerectomy; NTG: normal-tension glaucoma; PG: pigmentary glau-
coma; Phaco: Phacoemulsification and intraocular lens implantation; POAG: primary open angle glau-
coma; PXFG: pseudoexfoliative glaucoma; TG: secondary open angle glaucoma due to ocular trauma;
UG: uveitic glaucoma.

NPDS showed a significant reduction in IOP at each postoperative follow-up visit
concerning preoperative values in both groups. In group one (control), there was a significant
IOP increase between 3- and 6-month follow-up visits (p = 0.01). In group two (is-ePRGF), IOP
was maintained from the first month throughout the follow-up period (p = 0.15). At the last
follow-up visit, the IOP was significantly lower in group two than that in group one (p < 0.01)
(Figure 1). The IOP reduction at 6 months compared with that preoperatively was 27.2% and
52.6% in group one and group two, respectively. In a further analysis, each patient’s IOP
reduction was calculated, showing mean values of 11.0 4= 51.5% in group one and 34.5 + 30.9%
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in group two (p < 0.01). The number of hypotensive medications significantly decreased to
0.3 £0.9 and 0.2 + 0.6 in group one and group two, respectively (p < 0.01).

35
= Group 1 (control)
30
25
c3 20 20.6
E 150 " 1
£
= 15
o) 117 1 11.5
91" 1
10 I T
+ l
5 J ¥
0
Preoperative l-day 1-month 3-month 6-month
Follow-up
Figure 1. Measurement of intraocular pressure after surgery. *: Differences between groups at the
follow-up visit. t: Differences with previous visit within the group. is-ePRGF: immunosafe eye drops
plasma rich in growth factors; IOP: intraocular pressure.
Further comparisons according to the surgical technique (Figure 2) showed statistically
significant differences at 6 months between controls that underwent NPDS + Phaco and
NPDS + Phaco in the is-ePRGF group (p = 0.01). IOP was also lower in NPDS with is-ePRGF
compared with that in NPDS in controls (p = 0.26).
300
25.0
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e
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5.0
0.0
Preoperative 1-day 1-month 3-month 6-month
——— Group 1: NPDS 219 7.7 103 9.4 129
= 8 - Group 1: NPDS + Phaco 17.9 85 123 12.7 16.5
—A— Group 2: NPDS 183 48 9.7 9.7 11.6
«++X-++ Group 2: NPDS + Phaco 19.6 75 10.2 114 9.9

Figure 2. Measurement of intraocular pressure after surgery. *: Differences between groups at the follow-up
visit. t: Differences with previous visit within the group. IOP: intraocular pressure; NPDS: non-penetrating
deep sclerectomy; Phaco: phacoemulsification and intraocular lens implantation.
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The percentages of complete and qualified success at the end of the follow-up were
66.7% and 83.3%, respectively, in group one, and 72.3% and 93.6% in group two. A further
analysis by subgroups is shown in Table 2: the subgroup of NPDS + phaco treated with
is-ePRGF presented the lowest failure rate (6.3%), followed by the subgroup of NPDS with
is-ePRGF (6.5%).

Table 2. Success rates at 6 months (intraocular pressure < 21 mm Hg) by subgroups.

Group 1 (Control) Group 2 (Is-ePRGF)

NPDS NPDS + Phaco NPDS NPDS + Phaco
(n=19) (n =29) (n =31) (n=16)
Complete success, 1 (%) 14 (73.7) 18 (62.1) 21 (67.7) 13 (81.3)
Qualified success (complete success + success
with treatment), 1 (%) 16 (84.2) 24 (82.8) 29 (93.5) 15 (93.8)
Failure, 1 (%) 3(15.8) 5(17.2) 2(6.5) 1(6.3)

1500

— Group 1 (control) B

The bleb evaluation with AS-OCT revealed a higher bleb height at all follow-up visits
in group two compared with that in group one. In group two, an increase in bleb height
was observed between 1 day and 1 month, and then it remained stable (Figure 3A). At the
final visit, the percentages of blebs presenting microcysts were 62.5% and 76.7% in group
one and group two, respectively (Figure 3B).
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Figure 3. Measurement of bleb with AS-OCT. (A) Bleb height; (B) frequency of microcysts.
is-ePRGF: immunosafe eye drops plasma rich in growth factors.

Table 3 shows the postoperative complications and frequency of bleb manipulations in
each group. There were no complications related to the use of is-ePRGF. Bleb manipulations
(laser goniopuncture or needling) were performed in 39.6% and 38.3% of the eyes in group
one and group two, respectively. Hypotensive medication was required in 29.2% of the
cases in group one and in 21.3% of group two. Postoperative complications were more
frequent in group one. In group one, 6.3% of the eyes required a secondary glaucoma
surgery, and this was 2.1% in group two.
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Table 3. Comparison of bleb manipulations, hypotensive medication, postoperative complications
and secondary glaucoma surgery between groups.

Parameter Group 1 (Control) Group 2 (Is-ePRGF) p Value
Bleb manipulation 19 (39.6%) 18 (38.3%) 0.58
Laser goniopuncture 14 (29.2%) 10 (21.3%) 0.36
Needling 5 (10.4%) 8 (17.0%) 0.58
Hypotensive medications 14 (25.0%) 10 (21.3%) 0.42
Postoperative complications 12 (25.0%) 5 (10.6%) 0.06
Hyphema 4 (8.3%) 2 (4.3%)
Atalamia 2 (4.2%) 0 (0.0%)
Hypotony 3 (6.3%) 1(2.1%)
Iris incarceration 2 (4.2%) 0 (0.0%)
TDM rupture 1(2.1%) 2 (4.3%)
Secondary glaucoma surgery 3 (6.3%) 1(2.1%) 0.78
Bleb revision 2 (4.2%) 1(2.1%)
GDD implantation 1(2.1%) 0 (0.0%)

GDD: Glaucoma drainage device; TDM: Trabecular-Descemet membrane.

The requirement of hypotensive medications and further glaucoma surgery were
both less frequent in group two, without reaching statistical significance (p = 0.42 and
p = 0.78, respectively).

4. Discussion

NPDS is a filtering glaucoma surgery that emerged as an alternative to trabeculectomy
in patients with open-angle glaucoma [2], providing satisfactory efficacy and a low rate of
complications [3]. However, the surgical success rate (meaning a goal IOP within adequate
limits) tends to decrease over the long-term [1,17]. Postoperative fibrosis is the leading
cause of surgical failure [17,18]. Consequently, huge efforts are performed to find effective
strategies to modulate the healing process. To this extent, the strategies may aim to act
on the four wound-healing pathways, coagulative, inflammatory, proliferative and post-
proliferative remodeling [19], and may be applied at three different stages: pre-, intra- and
postoperatively. In the current study, we evaluated a strategy which consisted of reinforcing
the conventional one (that is, intraoperative MMC [20,21] and postoperative steroids) with
PRGEF at the postoperative stage. PRGF has demonstrated its role in tissular regeneration,
inflammation control and fibrosis modulation. Hence, it could act on the inflammatory,
proliferative and post-proliferative remodeling of the wound-healing pathways.

Our results showed that reinforcing the conventional strategy with postoperative
is-ePRGF yielded a higher IOP reduction at 6 months postoperatively (27.2% vs. 52.6% of
IOP reduction in the control and PRGF groups, respectively) and a lower percentage of
failed surgical outcomes (16.7% vs. 6.4%).

Furthermore, AS-OCT analysis of bleb morphologies showed a higher bleb height as
well as a higher proportion of blebs presenting microcysts in the PRGF group than in the
control group. AS-OCT has been widely used in the postoperative evaluation of conjunc-
tival blebs of several glaucoma filtering techniques [22-25]. Several parameters, such as
bleb thickness, bleb height, bleb wall reflectivity, the presence or absence of microcysts,
etc., have been studied, looking for an association with better IOP control. In general, a
tall bleb with a thick hypo-reflective wall is considered as a feature of a well-functioning
bleb [26]. Hirooka et al. [27] studied trabeculectomy bleb images with time-domain OCT,
looking for an association between morphological features and function. They found that
the so-called cystoid-type blebs (characterized by the presence of multiple small cysts inside
the bleb) were related to a higher probability of success compared with other filtering blebs
presenting less cystic spaces. This is in accordance with other studies [28,29].

In addition, a higher proportion of blebs presenting microcysts as well as taller blebs
were observed in the is-ePRGF group compared with the control group. These facts could
be related with the lower IOP and the higher success rate in the is-ePRGF group at the final
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follow-up visit. Therefore, the better feature appearance of the bleb morphology in the
is-ePRGF group would also support the benefits of using coadjuvant is-ePRGF eye drops
in NPDS.

To the best of our knowledge, this is the first study that evaluated coadjuvant post-
operative treatment with PRGF immunosafe eye drops in patients who underwent NPDS.
However, it is worth noting the study by Rodriguez-Agirretxe et al. [12], who also evaluated
PRFG, although in another therapeutic formulation (fibrin membrane), and in another
stage (intraoperatively). The IOP reduction in our study at the 6-month follow-up visit was
comparable to that reported by Rodriguez-Agirretxe et al. [12] (around 50%); they extended
the follow-up for two years, finding that IOP was stabilized at levels of approximately
15 mmHg. Furthermore, their complete and qualified success percentages were 80 and
90%, respectively, two years after NPDS. These results support the hypothesis of the benefit
of PRGF for enhancing the surgical success rate of NPDS.

The use of amniotic membrane (AM) has also been reported to be a safe and ef-
fective adjuvant treatment in glaucoma filtering surgery [30]. Similarly to the present
study, Sheha et al. [31] reported that the use of single-layer AM under the scleral flap in
trabeculectomy with MMC provided lower IOP, higher success rates and lower compli-
cation rates compared with trabeculectomy with MMC alone. However, the method of
application of AM in filtering surgery (whether above or below the scleral flap) is yet to be
standardized [32].

Despite the positive presented results in our study in terms of IOP control, surgical
success rate and bleb features, it is interesting to note that there were no differences between
groups in the rate of postoperative bleb manipulation, number of required hypotensive
medications and necessity of secondary glaucoma surgery (Table 2). We hypothesized that
depending on the formulation (eye drop or fibrin membrane), PRGF could have a different
effect on NPDS surgery. In eye drops, the percentage of penetration reaching the bleb would
be lower than the fibrin membrane. Consequently, its impact on modulating bleb fibrosis
would be limited, and it would explain the absence of differences between the control
and PRGF groups in postoperative management. By contrast, the use of postoperative
PRGF eye drop formulation, beyond the moderate healing process in the bleb (which could
depend on the degree of PRGF eye drop penetration), could contribute to other properties
to improve IOP control after NPDS. Firstly, the PRGF eye drop itself could decrease the
IOP by modulating the transforming growth factor- (TGF-p) activity [16]. The increased
activity of TGF-f3 may provide an accumulation of deposits in the extracellular matrix of the
trabecular tissue, limiting the aqueous humor flow through the trabecular meshwork and
causing an IOP rise [33,34]. Consequently, the capability of PRGF eye drops to modulate
the TGF-f activity would act as hypotensive and could explain the lower postoperative IOP
in the PRGF group. Secondly, for those patients who required postoperative hypotensive
medication, the anti-inflammatory properties of the PRGF eye drop could contribute to
higher treatment adherence, augmenting the hypotensive effect and increasing the rate of
qualified success (defined as having an IOP < 21 mmHg with antiglaucoma medications).

There were no PRGF-related complications over the follow-up. Of note that in this
study, we evaluated the postoperative PRGF eye drop combined with intraoperative MMC
and postoperative steroids. The absence of potential complications associated with PRGF
eye drops is another crucial aspect owing to be combined with any of the strategies studied
to modulate wound healing of filtering blebs, such as preoperative steroids, intraoperative
antifibrotics, anti-VEGF, PRGF membrane, or amniotic membrane. Furthermore, we ob-
serve a decrease in the rate of postoperative complications in the PRGF group compared
with the control group.

Despite these encouraging outcomes, it should be noted that our study has limitations,
such as the retrospective analysis in the control group and a short follow-up. In addition,
the postoperative AS-OCT evaluation did not include bleb wall reflectivity assessment,
which might be related to bleb functionality [22,25,26]. Finally, the relatively small sample
size within some subgroups might imply that some results need to be analyzed with caution.
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Ideally, in the design of future prospective randomized clinical trials, a larger number of
patients undergoing only one type of surgical technique may be selected in order to reduce
the risk of bias.

5. Conclusions

The results of this study would suggest that PRGF immunosafe eye drops may be
considered as a safe non-invasive adjuvant agent in the postoperative treatment of NPDS.
Further prospective and randomized clinical trials should be performed to confirm the
potential therapeutic efficacy of PRGF eye drops in glaucoma surgery.
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Abstract: Background: A single-center prospective randomized observational study to compare
three types of canaloplasty, i.e., ab externo (ABeC), minicanaloplasty (miniABeC) and ab interno,
(ABiC) combined with cataract surgery in primary open-angle glaucoma (POAG) patients over
12 months. Methods: 48 POAG patients underwent one of three canaloplasty procedures: ABeC
(16 eyes), miniABeC (16 eyes) or ABiC (16 eyes) or combined with phacoemulsification. Patients
were assessed at baseline, at day 0-1-7 and at month 1-3-6-12. Successful treatment was defined as
unmedicated IOP reduction >20%. Complete surgical success was defined as an IOP < 15 mmHg
without medications, and a qualified surgical success as IOP < 15 mmHg with or without medications.
Results: Pre-washout IOP median values (mmHg) were 17 (ABeC), 18 (miniABeC) and 17 (AbiC) and
decreased at 12-month follow up postoperatively to 13 (p = 0.005), 13 (p = 0.004) and 14 (p = 0.008),
respectively—successful treatment was achieved in approximately 100% of patients for ABeC and
in 93.8% for both miniABeC and AbiC groups. Preoperatively, the median number of medications
was 2.0 (range 1-3) (ABeC), 2.0 (1-3) (miniABeC) and 2.0 (0-4) (ABiC); 12-month post-operatively, all
medications were withdrawn except in two patients (followed miniABeC and AbiC). Conclusions:
The three variants of canaloplasty significantly reduced IOP and the number of medications in
patients with mild to moderate POAG and gave no significant complications.

Keywords: MIGS; mini-invasive antiglaucoma surgery; POAG; canaloplasty; minicanaloplasty

1. Introduction

In recent years, surgical methods to restore natural aqueous outflow systems to treat
open angle glaucoma (OAG) have become an alternative to more invasive and risk-carrying
penetrating surgeries. Among this group, canaloplasty and its various modifications
have been of interest since 2005 when they were first introduced [1]. The concept of
canaloplasty was born when adding a flexible microcannula to dilate 360° of Schlemm’s
canal by Kearney [2] during viscocanalostomy pioneered by Stegmann [3]. Since then,
canaloplasty, performed as a single procedure or combined with phacoemulsification [4-8],
has been shown to reduce IOP in patients with OAG in a safe and effective way. In terms of
IOP-lowering potential canaloplasty was even described by some authors as comparable
to trabeculectomy [9,10]. The surgical technique of canaloplasty is designed to address all
aspects of outflow resistance—the trabecular meshwork (TM), Schlemm’s canal and the
distal outflow system beginning with the collector channels [2]

Over the years, canaloplasty has gained popularity and evolved into a group of proce-
dures [1]. Various modifications of canaloplasty have been described, including catheterless
suture placement [11], using various sutures [12], replacing suture with two Stegmann
Canal Expander devices [13] or intubation without viscodilatation with Glaucolight [14].
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In 2015, Sunman et al. described a variant of surgery with a deeper scleral excision facili-
tating the uveoscleral outflow pathway, and thus, intensifying the IOP reducing potential
compared to the traditional method [15].

Growing demand for moving towards more sparing procedures caused a natural
evolution into ab interno canaloplasty (ABiC) [16]. ABiC belongs to minimally invasive
glaucoma surgery and as such requires neither peritomy nor sclerectomy and uses corneal
incision to access the Schlemm’s canal under the gonioscopic view. However, the ab
interno variant makes the placement of a Prolene suture impossible, which imposes severe
limitations on the use of this technique.

Minicanaloplasty, described by Rekas et al. [17], fills the gap between the traditional
procedure, which originated from non-penetrating deep sclerectomy (NPDS), and visco-
canalostomy, with its ab interno method. It allows for Schlemm’s canal cannulation without
meticulous dissection of the trabeculo-Descemet membrane (TDM)—in this procedure,
scleral flaps are only needed for accessing the canal [17]. The initial results proved it to be
as successful as traditional canaloplasty and ABiC in terms of IOP reduction with a similar
safety profile [18]. Following these observations, the aim of this study was to compare
three variants of canaloplasty, i.e., ab externo canaloplasty, minicanaloplasty and ab interno
canaloplastyin, in terms of efficacy and safety after 12 months. The role of the scleral lake
in canaloplasty and its effect on IOP reduction were also of interest to the investigation.

2. Materials and Methods
2.1. Study Design

This is a prospective randomized observational clinical study on canaloplasty. The
study was performed in accordance with the principles of the Declaration of Helsinki
and approved by the Bioethics Committee of the Military Institute of Medicine in Warsaw
(decision no. 76/WIM/2015). All patients were over 18 years old and able to under-
stand and provide informed consent. The study was registered at www.clinicaltrials.gov:
NCT02908633.

A total of 48 eyes of 48 consecutive patients affected by primary open-angle glau-
coma underwent one of three variants of canaloplasty, i.e., ab externo canaloplasty (ABeC),
minicanaloplasty (miniC) or ab interno canaloplasty (ABiC), combined with phacoemul-
sification. Operations were performed at the Ophthalmology Department of the Military
Institute of Medicine in Warsaw, Poland, by one surgeon, M.R., between February 2016 and
July 2019. Patients were randomized into three groups of 16 by a random sorting algorithm
using the maximum allowable 10% deviations in a 1:1 allocation ratio on the day of the
surgery. Baseline examination, randomization and postoperative care were carried out by
the first author (A.K.K.), who had no interest in selecting one procedure in favor of another.
The surgeon was excluded from any evaluation to avoid bias. Study subjects remained
blind to treatment assignment throughout the course of the study. Data from all of the
patients were reviewed over an extended period of time to obtain a comparable sample
size at the 12-month follow-up stage.

All enrollees underwent a full ophthalmic baseline assessment 30 days before surgery
(pre-washout), including: history of glaucoma, medication use, IOP measurement using
Goldmann applanation tonometry, corrected distance visual acuity (CDVA) converted to
the logarithm of the minimum angle of resolution (logMAR), gonioscopy angle grading
according to the Spaeth system, slit-lamp biomicroscopy of the anterior segment and fundus
indirect ophthalmoscopy of the optic nerve head, including cup-to-disc ratio, presence of
a notch or splinter hemorrhage and peripapillary atrophy. In addition, measurements of
central corneal thickness (CCT), axial length (AXL) and keratometric parameters required
for the intraocular lens (IOL) calculation were taken. All patients were washed out from
antiglaucoma medications throughout a minimum 4-week period prior to surgery. On the
day of surgery, IOP was measured and determined as post-washout IOP.

Postoperative follow-up examinations were at days 0, 1 and 7 and months 1, 3, 6 and
12. Postoperative evaluation included IOP measurements, CDVA, slit-lamp examination,
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gonioscopy and ophthalmic medication reporting. Each time, three IOP measurements
were taken and the mean value of the IOP was used for the statistical analysis. Tonometry
was always performed between 8 and 10 am.

All adverse events were reported; those within 90 days following surgery were con-
sidered early, whereas those after 90 days were counted as late.

Surgical success was analyzed in two categories. The definition of qualified success
was based on IOP < 15 mmHg with or without medications, while complete success
was defined as IOP < 15 mmHg with no antiglaucoma medications. Additionally, the
proportion of eyes at 12 months with unmedicated IOP reduction > 20% compared with
post-washout was determined.

2.2. Patient Inclusion and Exclusion Criteria

Indications for surgery were: coexisting visually significant cataract and primary
open-angle glaucoma (POAG) with progression in visual field (VF) loss despite the use
of IOP-lowering medications (one to four active ingredients). Eligible patients presented
with ophthalmoscopically detectable glaucomatous optic neuropathy and mild to moder-
ate visual field (VF) loss according to Hodapp—Anderson—Parrish criteria [19] and were
previously assigned to combined antiglaucoma and cataract surgery. The post-washout
IOP value measured at the day of surgery was required to be 18 mmHg or higher.

Exclusion criteria were: secondary open-angle or narrow-angle glaucoma, history
of ocular trauma or inflammation, previous ocular surgery or laser trabeculoplasty and
clinically significant corneal dystrophy. Another excluding factor was a history of untreated
IOP over 30 mmHg, based on the knowledge that the collector ostia are collapsed at this
level of IOP [20].

Only subjects in whom a full procedure of canaloplasty with 360 degrees catheter-
ization (in ABeC, miniABeC and AbiC) and suture placement (in the case of AbeC and
miniABeC) could be performed were included in the study.

2.3. Surgical Technique
2.3.1. Canaloplasty

The surgeon followed the traditional ab externo canaloplasty technique, which has
been extensively reported in the literature [5,7,8,12,21-26]. Scleral flaps were parabolic in
shape and their size was 5.0 x 5.0 mm and 4.5 x 4 mm. Once the catheterization of the
canal was completed and the distal tip exposed at the ostium, a double 10-0 polypropylene
suture was tied to it. As the microcatheter was being withdrawn, a viscoelastic (Healon
GV) was injected—once every two clock hours. The deep scleral flap was then excised and
the superficial flap was sutured tightly with five 10-0 Nylon sutures in a watertight manner
in order to avoid filtering bleb formation.

2.3.2. Minicanaloplasty

Minicanaloplasty is a method proposed by the co-author (M.R.), in which the sizes of
both the scleral flaps are modified [17]. The superficial flap dimension was 4.0 x 1.5 mm
and the deep flap was 1.0 x 1.0 mm. No TDM was dissected and the deep scleral flap
remained unexcised. Sclerectomy was only performed to access Schlemm’s canal. Catheter-
ization and suture placement were performed in an identical fashion to that in ab ex-
terno canaloplasty.

2.3.3. Ab Interno Canaloplasty

Ab interno canaloplasty is a method belonging to mini-invasive antiglaucoma surgery
(MIGS), and hence, it requires no sclerectomy [27]. This procedure was performed under
gonioscopic view. The iTrack device was advanced through the canal’s whole circumference
and a viscoelastic was injected during its withdrawal as in ABeC. Prolene suture placement
was not possible with this method.

All variants of canaloplasty were combined with cataract phacoemulsification.
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2.4. Statistical Analysis

The mean values of IOP and CDVA in all patient groups did not follow a normal
distribution at specific time stages before and after surgery (Kolmogorov—-Smirnov test;
p < 0.05). Hence, the Wilcoxon signed-rank test was used to test the temporal changes of
values of these parameters in each group. Following Armstrong [28], no correction for
multiple comparisons was applied.

To compare the median values of IOP, CDVA and glaucoma medications between the
three considered groups of patients at each stage before and after surgery, the Kruskal—-
Wallis test was used. Additionally, Kaplan-Meier survival analysis and the log-rank
test were used to compare the cumulative incidence of qualified and complete success
between the considered groups. Fisher's exact independence test was used to compare
dependence between the group factor and the proportion of patients who achieved a 20%
reduction in IOP. Differences in complications between groups were determined using the
Chi-square test.

In all tests, the significance level was set to an « of 0.05. Calculations were performed
using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA).

3. Results

All patients in each group met the study inclusion and exclusion criteria and completed
the follow-ups over the period of 12 months. One patient was excluded from the study
because the post-washout IOP value was below 18 mmHg and one because of incomplete
catheterization of Schlemm’s canal. Table 1 shows the patients” demographic data, and
Table 2 presents the results of temporal changes in IOP values in all patient groups together
with the results of the Wilcoxon signed-rank tests.

Table 1. Patients” demographics. Ab externo canaloplasty (ABeC), minicanaloplasty (miniABeC) and
ab interno canaloplasty (ABiC).

Demographic. ABeC miniABeC ABiC
General
Patients, 1 (%) 16 (33) 16 (33) 16 (33)
Sex, 1 (%)
Female 12 (75) 10 (62.5) 14 (87.5)
Male 4(25) 6 (37.5) 2 (12.5)
Age (y)
Mean + SD 77 +7 74+8 74+7
Range 62-88 61-89 64-81
Eye
Right, 1 (%) 6(37.5) 6(37.5) 7 (43.8)
Left, n (%) 10 (62.5) 10 (62.5) 9 (56.2)
Ethnicity, n (%)
Caucasian 16 (100) 16 (100) 16 (100)
Glaucoma characteristics Glaucoma type
POAG (primary open-angle glaucoma) 16 (100) 16 (100) 16 (100)
MD, Mean + SD 40+25 40+25 40+25
Drugs, median (range) 2.0 (1-3) 2.0 (1-3) 2.0 (1-3)

3.1. Intraocular Pressure Lowering

The washout procedure resulted in a statistically significant increase in the IOP median
values by 5.0 mmHg, 4.0 mmHg and 4.0 mmHg in the ABeC, miniABeC and ABiC groups,
respectively (Wilcoxon test, all p < 0.001). At 12 months after surgery, the IOP median
values decreased statistically significantly, with respect to both pre- and post-washout
stages, in all patient groups (see Table 2 and Figure 1). The same results were observed
from 1 month postoperatively in the ABeC group as well as from 7 days postoperatively in
the miniABeC and ABiC groups.
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Table 2. First quartiles (Q1), medians, third quartiles (Q3) and interquartile ranges (IQRs) of IOP at
each time stage before and after surgery in three groups of patients: ab externo canaloplasty (ABeC),
minicanaloplasty (miniABeC) and ab interno canaloplasty (ABiC). p value * and p value ** correspond
to the results of the Wilcoxon signed-rank tests between particular study stages and the pre-washout
or post-washout stages, respectively. All patients in each group completed a 12-month follow-up.
Italicized values indicate p < 0.05.

ABeC miniABeC ABiC
IOP (intraocular IOP IOP
Time I:::Iljlre)) Value * Value ** (mmHg) Value * Value ** (mmHg) Value * Value **
! o1 Mediai 3 P u P u Q1, Median, P u P u Q1, Median, P u P u
IOR Q3,I0R 03, I0R
pre- 14.0,17.0, 18.0, . 16.0, 18.0, . 16.3,17.0, )
washout 4.0 <0.001 19.8,3.8 0.001 19.8,3.5 0.001
post- 20.0,22.0, 24.0, . 20.3,22.0, ) 19.3,21.0, )
washout 10 <0.001 238,35 0.001 23.0,3.7 0.001
12.0,16.0, 19.0, 12.3,16.5, 12.0, 15.0,
1d 70 0.925 0.008 208, 8.5 0.795 0.031 18.0, 6.0 0.088 0.003
14.3,16.5,18.8, 12.3,14.5, 13.3,15.0,
7d 45 0.705 0.007 170, 4.7 0.007 <0.001 188,55 0.030 <0.001
10.3,11.5,13.8, 11.0,13.5, 12.3,15.0,
1m 35 0.004 <0.001 160, 5.0 0.002 <0.001 170,47 0.003 <0.001
11.3,14.0, 16.8, 12.0, 15.5, 13.3,15.0,
3m 55 0.016 <0.001 168, 4.8 0.006 0.001 170,37 0.001 <0.001
13.0,13.0, 15.0, 11.3,14.0, 13.3,16.5,
6m 20 0.003 <0.001 158,45 0.006 <0.001 178,45 0.006 <0.001
11.3,13.0,16.3, 12.0, 13.0, 13.0, 14.0,
12m 50 0.005 <0.001 170, 5.0 0.004 <0.001 178,48 0.008 <0.001
401 o Groups
Oc
Omc
. dABiC
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Figure 1. Boxplots of IOP median values at each time stage before and after surgery in three groups of
patients: ab externo canaloplasty (ABeC), minicanaloplasty (miniABeC) and ab interno canaloplasty
(ABiC). Asterisks denote statistically significant differences between particular groups (p < 0.05).
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3.2. Comparison between Groups

There were statistically significant differences in the IOP median values between the
ABeC and ABiC groups at the 1-month (p = 0.022) and 6-month (p = 0.014) follow-ups
(Kruskal-Wallis test, all p < 0.05; see Figure 1). Based on the results of log-rank test exam-
ining the difference in the probability of surgical success between groups, there were no
significant differences between the Kaplan-Meier curves of the individual groups (p > 0.05)
for both complete and qualified success. Application of Fisher's exact independence test
showed no significant dependence between the group factor and the proportion of patients
who achieved a 20% reduction in intraocular pressure within one year (df =2, V =0.17,

p = 0.504)

3.3. Change in Glaucoma Medication

The median numbers and ranges of medications at all time stages for all groups are
presented in Table 3. At the 12-month follow up postoperatively, all medications were
withdrawn in in all patients after ABeC and in 15 out of 16 patients in both after miniABeC
and ABiC groups (~94%). One patient required addition of one topical medication after
1 month post miniABeC and further intensification of treatment ending with four topical
medications at 12 months. A second patient following ABiC was using one medication at
the 6-month and three medications at the 12-month follow-up.

Table 3. First quartiles (Q1), medians, third quartiles (Q3) and interquartile ranges (IQRs) of CDVA
and number of medications (1) at each time stage before and after surgery in three groups of patients:
ab externo canaloplasty (ABeC), minicanaloplasty (miniABeC) and ab interno canaloplasty (ABiC).
p value * corresponds to the results of the Wilcoxon signed-rank tests for CDVA between particular
study stages and the pre-washout stage. All patients in each group completed a 12-month follow-up.
Italicized values indicate p < 0.05.

ABeC miniABeC ABiC
Medications CDVA Medications CDVA Medications CDVA
. (n) (logMAR) * (n) (logMAR) . (n) (logMAR) "
Time Median Q1, Median, 7 Value Median Q1, Median, 7 Value Median Q1, Median, ” Value
(Range) Q3,IQ0R (Range) Q3,IQR (Range) Q3,IQR
pre- 20 0.06,0.26, ] 20 0.10,0.19, ] 20 0.10,0.22, ]
washout  (1to3) 0.40,0.34 (1t03) 0.28,0.18 (0 to4) 0.37,027
post- _ _ B _ _ ~
washout 0 0 0
043,081, 0.1, 0.30, 0.17, 0.35,
1d 0 2.05,1.62 0.002 0 0.88,0.77 0.038 0 0.92,0.75 0.069
0.19,0.41, 0.15, 0.26, 0.10, 0.15,
7d 0 0.66,0.47 0.109 0 0.40,0.25 0.272 0 0.30, 0.20 0.691
0.15,0.22, 0.00,0.10, 0.00, 0.00,
Im 0 0.30,0.15 0.637 0 0.22,0.22 0.105 0 0.10,0.10 0-001
0.00, 0.05, 0 0.00,0.02, 0 0.00, 0.00,
3m 0 0.10,0.10 0.001 Oto1) 0.10,0.10 0.001 ©Oto1) 0.10,0.10 0-001
0.00, 0.10, 0 0.00, 0.00, 0 0.00, 0.00,
6m 0 0.16,0.16 0.003 0t02) 0.10,0.10 0.002 ©Oto1) 0.10,0.10 0-001
0.00, 0.00, 0 0.00, 0.00, 0 0.00, 0.00,
12m 0 0.10,0.10 0-004 Oto4) 0.10,0.10 0.006 Ot03) 0.00, 0.00 0-001

3.4. Surgical Success

Kaplan—-Meier cumulative incidence of qualified success was 75.0% (ABeC), 65.6%
(miniABeC) and 59.4% (ABiC) (p = 0.398) after 12 months, while cumulative incidence of
complete success after 12 months of observation was 75.0% (ABeC), 65.6% (miniABeC) and
56.2% (ABIC) (p = 0.269; see Figure 2). At the 12-month follow-up, the unmedicated IOP
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reduction > 20 mmHg was achieved in approximately 100% of patients for ABeC and in
93.8% for miniABeC and ABIC in relation to the post-washout stage.
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Figure 2. Kaplan—-Meier survival analysis: (A) qualified success (IOP < 15 mmHg with or without
medications) and (B) complete success (IOP < 15 mmHg without medications).

3.5. Visual Acuity Results

The median values for CDVA improved statistically significantly from 0.26 to 0.00 log-
MAR in the ABeC group, from 0.19 to 0.00 logMAR in the miniABeC group, and from
0.22 to 0.00 logMAR in the ABiC group, at 12 months after surgery compared to the pre-
washout stage (Wilcoxon test, all p < 0.006). The CDVA differed statistically significantly
between particular groups at 1 day and 1 month postoperatively (Kruskal-Wallis test, all
p < 0.05; see Figure 3).

3.6. Incidence of Postsurgical Complications

The incidence of complications following all three procedures is shown in Table 4. No
intraoperative adverse events were noted. In all variants requiring it, 360° dilation and
insertion of a double suture into the Schlemm’s canal was successful. The most common
complications were microhyphema—defined as erythrocytes without a layer of blood
(gonioscopically confirmed)—and hyphema—defined as layered blood in the anterior
chamber. Only one patient required anterior chamber lavage for this reason, following
ABeC. A raise in IOP of >30 mmHg was noted in all three variants of surgery, and in all
cases, this was resolved within 2 weeks with topical antiglaucoma medications. One case of
intravitreal hemorrhage occurred, following miniABeC; however, it resolved spontaneously.
Two patients suffered from cystic macular edema: one after ABeC and one after miniABeC.
Both were successfully treated with topical nepafenac 0.3% and dexamethasone 0.1%
for 3 weeks. Interestingly, one patient undergoing ABeC developed a filtering bleb. Its
morphology, however, did not resemble filtering blebs post sclerectomy. Additionally,
this was the only case of transient hypotony (IOP of 3 mmHg) with a normal anterior
chamber. Other complications included transient Descemet’s membrane folds related to
the phacoemulsification procedure and corneal erosion.
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Figure 3. Boxplots of CDVA median values at each time stage before and after surgery in three
groups of patients: ab externo canaloplasty (ABeC), minicanaloplasty (miniABeC) and ab interno
canaloplasty (ABiC). Asterisks denote statistically significant differences between particular groups
(p <0.05).

Table 4. Evaluation of surgical and postsurgical complications with the aid of the Chi-square test.
Italicized values indicate p < 0.05.

Complications ABeC miniABeC ABiC p Value

Early postoperative

Elevated IOP (intraocular pressure)

(>30 mmHg) 2/16 1/16 2/16 0.800
Hyphema 8/16 3/16 1/16 0.013
Microhyphema 5/16 5/16 11/16 0.047
Fibrous strands 1/16 0/16 0/16 0.360
Cystic macular edema 1/16 1/16 0/16 0.593
Vitreous hemorrhage 0/16 1/16 0/16 0.360
Descemet folds 2/16 2/16 6/16 0.133
Corneal erosion 0/16 0/16 1/16 0.360

Bleb formation 0/16 1/16 0/16 0.360
Hypotony (IOP < 5 mmHg) 0/0 1/16 0/0 0.360
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4. Discussion

This prospective randomized trial was conducted to make a contribution to the existing
literature on canaloplasty and its various modifications. The trial demonstrated that three
variants of canaloplasty, i.e., ab externo, minicanaloplasty and ab interno, combined with
cataract surgery provide effective reduction in IOP and medications in Caucasian patients
with mild to moderate POAG in a safe way; however, the study was not powered to
detect statistically significant changes in IOP. In that sense, our study has a pilot character.
Twelve months postoperatively, there were no significant differences between the groups
in terms of median IOP reduction and similar rates of effective treatment were observed
in all groups, which suggests that all the procedures are effective and may be performed
interchangeably. The results of this study are consistent with previously published data on
phacocanaloplasty [5,6,10,29], and initial results of minicanaloplasty [17]. This study also
shows promising results for ABiC, which was found to be as effective as other variants,
and, to the authors” knowledge, this is the first trial to compare it to traditional canaloplasty
in a prospective randomized manner. The amount of data on ABiC in the literature are still
insufficient and a longer follow-up can show whether it will be a tissue-sparing alternative
to ABeC or miniABeC. However, in our study, two patients following ABiC required
readministration of antiglaucoma medication.

Restoring natural outflow pathways in canaloplasty is achieved in three ways. The
trabecular tissues are stretched with the use of a tensioning suture in a so-called pilocarpine-
like effect. Another way is viscodilating Schlemm’s canal and keeping it open with a suture,
which increases its diameter, thus lowering the resistance to flow. Finally, injecting viscoelas-
tic material may open herniations and enable aqueous access to collector channel ostia
throughout the whole circumference [21]. Canaloplasty evolved from viscocanalostomy
where TDM functions as a site of controlled aqueous outflow [3]. In viscocanalostomy,
however, viscodilatation was limited to sclerectomy margins only. This limits the IOP re-
ducing potential of this procedure compared to canaloplasty, as shown by Koerber et al [30].
In NPDS, the inner wall of Schlemm’s canal and the juxtacanalicular TM are peeled off
the underlying trabeculum and the superficial flap is loosely attached in order to ease
subconjunctival filtration. The aqueous humor that percolates through the TDM collects in
the intrascleral space and acts as a reservoir. By contrast, the superficial flap in canaloplasty
and viscocanalostomy is sutured tightly to avoid bleb formation and the internal wall of
Schlemm’s canal stays untouched. It remains unknown if and to what extent the intrascleral
lake supports the IOP-lowering effect of canaloplasty; there are, however, alternate routes
of aqueous humor percolation that are theoretically possible, such as transscleral into
subconjunctival space. Grieshaber et al. have reported this type of outflow based on the
migration of fluorescein dye from Schlemm’s canal into episcleral veins. Mastropasqua
et al. [31] supported this thesis by confirming the presence of epithelial microcysts in the
bulbar conjunctiva after canaloplasty, similar to those found in filtering blebs after suc-
cessful trabeculectomy [32-34]. These cysts were larger in number at the site of surgery.
The authors explain this as occurring because of easier aqueous filtration through reduced
scleral thickness after deep flap excision at the site of surgery. This was earlier postulated by
Grieshaber et al. who noticed IOP drop caused by goniopuncture without bleb formation,
suggesting that TDM plays a role in ABeC [7]. In a study by Byszewska et al., ABeC led to a
more effective decrease in IOP than NPDS in a 24-month observation study [29], which, on
the other hand, may suggest that restoring natural outflow pathways eventually wins over
transscleral percolation. The main idea behind minicanaloplasty was to perform a minimal
size sclerectomy only to access Schlemm’s canal and to analyze whether it can compete
with the traditional procedure. The 12-month follow-up period does not entitle us to make
claims on the importance of the scleral lake; further observation might, however, indicate
that its formation is necessary, which implies the need for more invasive procedures. Fur-
ther observation is crucial in this matter, as one of the NPDS'’s long-term mechanisms of
action—the presence of new aqueous vessels in the sclera adjacent to the dissection site and
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suprachoroidal drainage—could also possibly cause traditional canaloplasty to win over
minicanaloplasty [35].

The tight closure of the scleral flaps in ABeC is intended to prevent filtering bleb
formation. In our study, only one filtering bleb occurred following ABeC. It was more a
bleb-like elevation of the conjunctiva similar to the ones described in previously published
cases [36]. This was accompanied by IOP drop up to 3 mmHg persisting three months
postoperatively. After this period IOP normalized and the bleb was not detectable in as-
OCT. IOP measured in this individual at 12 months did not differ much from other patients
following ABeC and reached 17 mmHg. The mechanism most probably responsible for
bleb formation was TDM microperforation.

Canaloplasty has been of interest not only as an IOP-reducing procedure but also
prospectively in antiglaucoma gene therapy. Schlemm’s canal was suggested as a promis-
ing site of gene medication delivery which can be reached by catheterization or suture
placement during surgery [37]. MiniABeC could be a faster method than the traditional
procedure to gain access for TM-targeted gene therapeutics.

The safety profile of canaloplasty in the literature is very high [38]. In this study, none
of the serious complications, such as choroidal detachment, retinal detachment, persistent
hypotony or endophthalmitis, were observed. Postsurgical complications did not differ
significantly between groups. None of the patients required additional glaucoma surgery
within the first 12 months postoperatively; however, further observation will bring more
information in this regard. The mean CDVA was significantly improved in the majority
of cases and vision deterioration happened in only three individuals. This was mainly
caused by simultaneous cataract phacoemulsification. The CDVA differed statistically
significantly between particular groups at 1 day and 1 month postoperatively, which
was probably due to differences in the amount of blood in the anterior chamber. The
most frequent and only statistically significant complications in the early postoperative
period were microhyphema/hyphema. Other common complications were Descemet folds,
inflammation and transient IOP spikes. Presence of blood reflux is generally considered a
good prognostic factor [39]; however, the fact that one of the patients after ABeC required
surgical lavage is of note.

Another issue is the effect of phacoemulsification itself on post-surgical drop in IOP
(in our study all eyes underwent a combined phacocanaloplasty procedure). According
to different studies, it is on average: 1.4 mmHg, 1.9 mmHg, 1.55 mmHg, 1.88 mmHg,
2.9 mmHg, 3.1 mmHg and 4.9-5.3 mmHg [40-44]. Depending on the type of glaucoma,
the largest decline in IOP is observed in eyes with angle-closure glaucoma, and in pseu-
doexfoliative glaucoma (this effect is transient and after a year IOP gradually increases).
From an analysis of the published studies, it can be concluded that the largest decrease
in intraocular pressure occurs between the third and sixth month after surgery [45,46].
From our previous studies, this effect remained at a similar level throughout the entire
follow-up period which was 1 year, with the lowest values generally occurring after half a
year of follow-up [47]. Hayashi et al. described an analogous IOP drop of 6.9 mmHg within
12 months after phacoemulsification, and even greater, as much as 7.2 mmHg, during
24 months after surgery. Generally, it can be concluded that this effect is most strongly
expressed during the first year after surgery [48], although there are reports in the literature
that a reduction in IOP was noted even 10 years postoperatively [49].

According to the data from the above-mentioned studies [40-50], the conclusion might
be drawn that the decrease in IOP after surgery shows a strong inverse correlation with the
preoperative depth of the anterior chamber, the width of the anterior chamber angle and
the initial level of IOP.

Despite the promising outcome, the results of this study need to be interpreted with
caution due to certain study limitations: a relatively small sample size and short follow-up
period. Due to relatively small count of patients in the study, we performed a post-hoc
estimation of statistical power. We have conducted our analysis according to Schoenfeld's
formula for hazard ratio 0.7 at a statistical power of 80% a significance level of 5%. The

64



J. Clin. Med. 2022, 11, 6501

References

required group sample should be n = 123. For the aforementioned reasons, it is stressed
that data from this trial are of a preliminary nature. Furthermore, because the surgeon
involved had many years of experience in non-penetrating and mini-invasive glaucoma
surgery preparation in order to perform TDM in ABeC or mini-flaps in miniABeC did not
require a long learning curve.

The main strength of the study is that it is the first to the authors” knowledge to
compare different variants of canaloplasty as a treatment for POAG in a randomized
prospective manner. The study demonstrates that all three variants of canaloplasty: ABeC,
miniABeC and ABiC can be efficient in reducing IOP in mild to moderate POAG and are of
a similar safety profile.

5. Conclusions

The aim of the study was to compare three variants of canaloplasty. All three variants
occurred to result in effective IOP and medications” number reduction with mild complica-
tions. The results also did not differ significantly between groups. The authors conclude
that canaloplasty combined with phacoemulsification is a procedure suitable for mild to
moderate POAG patients with concomitant cataract, no previous damage to iridocorneal
angle and assumed patent outflow system. Novel microsurgical variants of the procedure
are unlikely to replace the conventional one; however, they provide alternatives for patients
with early indication for surgical intervention.

6. Value Statement
What was known:

e  ABeCy is a safe and effective technique to treat POAG with an IOP-reducing potential
comparable with filtering surgeries.

What this paper adds:

e  The study demonstrates that all three variants of canaloplasty, i.e., ABeC, miniABeC
and AbiC, can be efficient in reducing IOP in mild to moderate POAG and are of a
similar safety profile.

e  Avoiding dissection of the TDM, as in miniABeC, may not affect IOP reduction, which
questions the importance of the scleral lake in Schlemm’s canal surgery.
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Abstract: For decades, trabeculectomy (TE) was considered the gold standard for surgical treatment
of open-angle glaucoma owing to its powerful intraocular pressure (IOP)-lowering potency. However,
owing to the invasive nature and high-risk profile of TE, this standard is changing, and minimally
invasive procedures are becoming more preferable. In particular, canaloplasty (CP) has been established
as a much gentler alternative in everyday life and is under development as a full-fledged replacement.
This technique involves probing Schlemm’s canal with a microcatheter and inserting a pouch suture that
places the trabecular meshwork under permanent tension. It aims to restore the natural outflow pathways
of the aqueous humor and is independent of external wound healing. This physiological approach results
in a significantly lower complication rate and allows considerably simplified perioperative management.
There is now extensive evidence that canaloplasty achieves sulfficient pressure reduction as well as a
significant reduction in postoperative glaucoma medications. Unlike MIGS procedures, the indication is
not only mild to moderate glaucoma; today, even advanced glaucoma benefits from the very low hypotony
rate, which largely avoids a wipeout phenomenon. However, approximately half of patients are not
completely medication-free after canaloplasty. As a consequence, a number of canaloplasty modifications
have been developed with the goal of further enhancing the IOP-lowering effect while avoiding the risk
of serious complications. By combining canaloplasty with the newly developed suprachoroidal drainage
procedure, the individual improvements in trabecular facility and uveoscleral outflow facility appear
to have an additive effect. Thus, for the first time, an IOP-lowering effect comparable to a successful
trabeculectomy can be achieved. Other implant modifications also enhance the potential of canaloplasty
or offer additional benefits such as the possibility of telemetric IOP self-measurement by the patient. This
article reviews the modifications of canaloplasty, which has the potential to become a new gold standard
in glaucoma surgery via stepwise refinement.

Keywords: canaloplasty; trabeculectomy; modifications; telemetric self-measurement; suprachoroidal
drainage

1. Introduction

Surgical treatment of glaucoma that cannot be controlled conservatively has undergone
rapid transformation in recent years. Trabeculectomy (TE) has long been considered the
gold standard globally; however, this surgical filtering technique, which dates back to
the 1960s, is increasingly being questioned for several underlying reasons. First, the high
risk of filtering bleb scarring can only be reduced with topical antimetabolites. Another
disadvantage is the high rate of intra- and postoperative complications, ranging from bulbar
hypotony with permanent visual fluctuations [1] and the risk of choroidal hemorrhaging [2],
to an increased cataract rate [3] and the relevant lifelong risk of endophthalmitis [4]. These
vision-threatening complications are largely due to the creation of an open connection
between the anterior chamber and the subconjunctival space (penetrating surgery), which
results in nonphysiologic and difficult-to-control bolus-like filtration instead of the desired
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continuous oozing effect. This is compounded by the time-consuming perioperative
management and stressful follow-up care of the filtering bleb [5,6].

For this reason, there has always been a need for procedures with fewer complications
and a comparable intraocular pressure (IOP)-lowering effect [7,8]. Although nonpenetrating
procedures are, for the most part, significantly less complicating, none of the techniques
investigated thus far appear to lower the IOP as effectively as TE. However, the introduction
of canaloplasty (CP) and its gradual modifications have changed this picture. In the
meantime, modified canaloplasty with additional suprachoroidal drainage (ScD) achieves
IOP values similar to those of TE but without its complications.

2. Development and Rationale of Canaloplasty

Non-penetrating procedures are characterized by avoiding a direct connection be-
tween the anterior chamber and extraocular subconjunctival spaces in order to avoid the
intractable problem of bleb scarring [9]. One of the first non-penetrating procedures was
deep sclerectomy (DS), in which a continuous and controlled oozing of aqueous humor
from the anterior chamber into an intrascleral pocket was achieved via the trabeculo-
descemetic window (TDW) [10]. However, the further outflow remained unclear and was
not sufficiently effective.

In parallel, Stegman developed viscocanalostomy (VC), which dilated Schlemm’s
canal (SC) using a viscoelastic substance [11]. Thus, for the first time, a procedure existed
that conceptually aimed to exclusively improve the natural drainage pathways (via SC and
the adjacent collector channels).

Described in 2005 by Kearney, CP unites these two techniques: the DS approach
allows a continuous ooze to be established using a prepared TDW, and VC is integrated
to permanently—rather than temporarily—improve the physiological outflow by using
microcatheter technology and a tension thread [12].

Thus, the rationale of CP is to activate and improve natural outflow pathways (tra-
becular facility) [12]. The IOP-lowering mechanism relies on several effects in the natural
outflow tract (Figure 1):

1.  The SCis probed using a microcatheter (iTrack 250, Ellex Inc., Eden Prairie, MN, USA)
for dilatation of the ostia and lumen of SC, and the adjacent collector channels using a
viscoelastic. This effect dilates the canal to almost triple its original size, making it
easily visible in the ultrasound biomicroscope (UBM) 50 MHz (Figure 1A).

2. The placement of one or two 10.0 Prolene tensioning sutures results in permanent
stretching and tightening of the trabecular meshwork (i.e., surgical “pilocarpine
effect”) (Figure 1B) [12].

3. Applying tension to the TDW results in the controlled percolation of aqueous humor
into the intrascleral cleft formed after resection of the deep flap, which can be enhanced
by YAG goniopuncture [13].

Figure 1. Rationale and mechanisms of action of canaloplasty. (A) Viscodilatation of the SC with
microcatheter shown in UBM. (B) Prolene tension sutures are visible postoperatively on gonioscopy,
resulting in permanent stretching of the TMW. (C) Controlled percolation of aqueous humor through
the TDW.

70



J. Clin. Med. 2023, 12, 3031

3. Surgical Technique of Conventional Canaloplasty

The detailed surgical technique has been described before [12]. In brief, the conjuncti-
val opening is created superiorly at the limbus. In contrast to TE, cauterization should be
avoided to preserve the episcleral vessels. First, a superficial scleral flap with 1/3 scleral
thickness is dissected, with the incision extending to the clear cornea. The SC is unroofed
after preparation of a second lamellar flap just above the choroidal plane, simultaneously
creating a TDW. The deep scleral lamella is excised, forming an intrascleral lacuna and
exposing the two ostia of the SC. After peeling off the juxtacanalicular TMW, the SC is
probed and dilated using a 250 um microcatheter under the constant administration of
viscoelastic. The exact position of the catheter tip can be easily tracked via an illuminated
laser light fiber located in the catheter, allowing the viscoelastic to be applied with accuracy.
This viscodilation is an essential part of the procedure, as it breaks the adhesions within the
SC, stretches the TMW, and perforates the intracanalicular septa, thus improving outflow
into the collector channels.

After successful circular probing, a non-absorbable suture (Prolene 10.0) is fixed to
the distal end of the microcatheter, inserted circularly by withdrawing the catheter into
the SC, and knotted under tension. If available, a high-resolution UBM (Figure 1) can be
performed at this stage to assess suture tension and dilation of the SC. The superficial flap
is sutured to be watertight. Care is taken to avoid microfistulation under the conjunctiva or
even the formation of a subconjunctival bleb (Figure 2) [12].

Figure 2. Surgical technique of conventional canaloplasty. (A) Unroofing of the SC after the incision
of a second deep flap into the TDW. (B) Peeling of the juxtacanalicular TMW. (C) Probing of the
SC with a microcatheter (Asterisk marks illuminated tip). (D) Insertion of two Prolene 10.0 sutures.
(E) Knotting of the tension sutures. (F) Controlled percolation of aqueous humor through the TDW
into the intrascleral cleft.

4. Spectrum of Severe Glaucomas Treated Using Canaloplasty

The indication for CP now includes all types of open angle glaucoma (OAG), including
secondary OAG such as pigment dispersion, pseudoexfoliation, steroid-induced, uveitic,
and juvenile glaucoma [14-17]. While earlier publications considered mild to moderate
glaucoma as an indication for CP [18], it is increasingly being recognized that especially
difficult, advanced, and preoperated glaucoma eyes are good indications for CP. These
“difficult” glaucomas are characterized by high-grade pathologies with scarred conjunctiva
and very high IOP values, in which all four natural outflow pathways are affected: they
have a muddied TMW; a collapsed, fibrotic SC; narrowed collector vessels; and disrupted
episcleral veins. At first glance, the high-grade pathology characteristic of severe glauco-
mas might argue against an intervention aimed at restoring the natural outflow pathway.
Nevertheless, these eyes in particular often respond better to CP than to revisional filtering
surgery [19,20].
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There are several reasons for this: first, the higher the baseline pressure, the higher the
IOP-lowering potency of CP [21]. In a study of 1000 canaloplasty patients, the IOP of eyes
with a baseline IOP of >30 mmHg was reduced by more than 50% compared with eyes
with a baseline IOP of <20 mmHg, which experienced only a 30% reduction [22].

Second, numerous studies have shown that CP can regulate secondary glaucoma
as well as primary OAG. In particular, pseudoexfoliation glaucoma shows a very good
outcome after CP, even in the long term [17].

Another argument is the very low hypotony rate of CP (<1%). This is particularly
important for the often preterminal papillary situation of many difficult glaucomas and
may help to prevent the wipeout phenomenon. On the other hand, TE has a very high
hypotony rate of more than one-third, of which nearly 20% last longer than 3 months and
carry a high risk of long-term damage to the optic nerve fibers [23] (Table 1).

Table 1. Rates of hypotony for different surgical techniques.

Long-Term Hypotony Rate (<5 mmHg for More than 90 Days)

Canaloplasty <1% [24]
PreserFlo <1% [25]
Tubes 2.8% [26]
Trabeculectomy 18.8% [23]

An important new indication is preoperated eyes after failed TE [27-29]. At first
glance, this indication seems unpromising because the SC integrity has been breached
by TE, making probing difficult. In addition, the SC is known to collapse after filtering
surgery and become dysfunctional from lack of use. Nevertheless, good evidence has shown
that probing is usually possible even after TE, and the results are promising (Figure 3). In
particular, eyes previously subjected to filtering surgery have highly altered conjunctiva, so
they especially benefit from a bleb-independent approach.

Figure 3. Revision canaloplasty after failed TE. (A) Incision and resection of the second deep flap.
Note the atrophy in the superficial flap and the defect in the deep flap caused by the previous TE.
(B) Visualization of the previous TE and iridectomy. (C) Probing of the SC on both sides using the
suture canaloplasty technique. (D) Covering the superficial scleral atrophy with the resected deep
scleral flap.
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5. Results of Conventional Canaloplasty

Several studies have shown that canaloplasty significantly lowers IOP over the long
term with an excellent safety profile [18]. The average IOP reduction is 31-40%, reaching
an average final level of 15.0-15.5 mmHg after 3 years [30-32]. There is a linear relationship
between suture tension and IOP-lowering efficacy (Figure 4). Eyes with strong suture
tension demonstrated in the UBM experienced a 50% greater IOP-lowering effect than eyes
with low suture tension [33]. Interestingly, no difference was apparent between phakic
and pseudophakic eyes, whereas eyes subjected to a combined phaco-CP (PCP) exhibited
significantly lower IOPs with significantly less medication. The combined approach lowers
the IOP by an additional 1.9 mmHg compared with using CP alone [34].

Figure 4. Visible effect of the tension suture stretching the SC. (A) Intraoperative visualization of the
SC with intraoperative OCT. Asterisk marks the catheter tip within the lumen. (B) Postoperative UBM
(50 MHz) clearly shows the dilated and stretched SC with knotted suture in the lumen (asterisk).

However, complete success (<16 mmHg without medication) is achieved in only half
the cases. This is because the number of topical glaucoma medications dropped significantly
to 1.0-1.5, but only about half of all patients are medication-free after 3 years [14].

Comparative studies with TE confirmed that both methods achieved a sufficient IOP-
lowering effect and significant reduction of postoperative glaucoma medications [7,8,23,35].
However, conventional CP (32-39% IOP reduction to 14.5 mmHg) did not reach the IOP
level of successful TE (43-55% IOP reduction to 10.8 mmHg). A higher percentage of
patients treated with CP rather than TE required postoperative medications (36% vs. 20%),
but this did not reach significance [8]. Several meta-analyses confirmed a difference of only
2.3 mmHg between the two procedures at 12 months. However, when an IOP of <18 mmHg
was considered as a criterion for success, no significant difference arose, neither for complete
nor qualified success. On the other hand, the rate of visual-acuity-threatening complications
was significantly increased in the TE group [20].

In summary, the consensus is that TE leads to a slightly greater reduction of IOP with
a higher chance of being medication-free but has a higher risk profile, whereas CP patients
required slightly more medication postoperatively but rarely had relevant complications.

These results can be interpreted in two different ways: on the one hand, the studies
produced clear evidence that standard CP does not quite achieve the effect of TE in terms
of absolute IOP reduction, but on the other hand, it is questionable whether such an
extreme IOP reduction of up to 55% is really necessary or useful to these pre-damaged
eyes [36]. The often-cited Wurzburg TVC study illustrates this dilemma very well. The
authors found a relevantly higher risk profile at 43% IOP reduction after TE, which was
accompanied by vision-threatening complications. The risk profile was lower at “only” 32%
IOP reduction after CP [23]. In particular, eyes with several months of hypotony showed a
high risk for a wipeout effect with permanent visual deterioration. Indeed, in the TE group,
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37.5% experienced transient hypotony of <5 mmHg, and 18.8% had hypotony lasting longer
than 90 days. Other hypotony-related complications of TE were choroidal detachment
(12.5%) and shallow anterior chamber (6.2%). In addition, there were antimetabolite-
associated complications such as corneal erosions and avascular filtering blebs [23].

Incidentally, if one excludes these hypotonic eyes in the TVC study, which cannot
really be considered a success, the final IOP in the TE group is higher (no longer at 10.8,
but at 12.8 mmHg) and does not achieve a better IOP reduction (-9.4 mmHg) than the
CP group (9.3 mmHg) [35]. Since the European Glaucoma Society (EGS) recommends
only a 25% IOP reduction in the initial procedure, with an additional 20% reduction in
the event of progression, merely aiming to maximize the IOP-lowering potential is too
shortsighted [36,37].

This conclusion is also supported by a quality-of-life study that included 327 pa-
tients. The study showed higher patient satisfaction after CP compared to TE, which was
statistically significant. This was due to better vision quality, fewer second procedures,
significantly less stressful follow-up, and less impairment of quality of life [38].

Thus, this study mainly found that CP is not inferior to TE in terms of absolute IOP
lowering, but that TE does offer a higher chance of achieving medication-free IOP lowering
of <18 mmHg; however, this perk comes at the price of a higher complication rate with
longer-term hypotony as well as a more complex follow-up [35].

6. Rationale for Modification of Canaloplasty

Despite the justification given above, it is undisputed that CP would benefit from a
somewhat greater and more reliable IOP reduction. If CP could be modified to achieve a
mean final IOP of, for example, 13 mmHg instead of 15 mmHg (i.e., within the range of
successful TE), CP would likely replace TE as the gold standard owing to its significantly
lower risk profile, easier follow-up, and lower impact on patient quality of life [7,23,38].

The goal of numerous scientific efforts, cited below, has been to modify CP in a manner
such that it achieves IOP values comparable to those obtained after TE. In fact, numerous
approaches have been devised to enhance the IOP-lowering potential of canaloplasty, which
are described below.

7. Canaloplasty Combined with Suprachoroidal Drainage

One of the most promising modifications is to combine canaloplasty with an additional
suprachoroidal drainage outflow (CP + ScD) to achieve an additive IOP-lowering effect by
improving uveoscleral facility [39].

Previous techniques for non-penetrating glaucoma surgery, including conventional CP,
have focused only on improving trabecular outflow. However, in addition to conventional
trabecular outflow of aqueous humor [40], uveoscleral outflow also plays a significant role
and may account for up to 57% of the total aqueous humor outflow under physiologic
conditions [41]. It is important to exploit this potential.

Since conventional CP neglects the uveoscleral outflow pathway, the ScD technique
was introduced in 2012 [39]. With this Sulzbach modification, the IOP-lowering effect of
CP could be significantly enhanced and, for the first time, an IOP reduction comparable to
TE could be achieved.

At first glance, the approach is similar to that of conventional CP. The crucial difference
is that the deep scleral flap is not dissected lamellarly; instead, it is penetrated down to the
choroid. This exposes the ciliary body and completely opens the suprachoroidal space. The
deep flap is then dissected toward the limbus until the scleral spur is reached. The SC is
safely unroofed and opened through a horizontal incision directly adjacent to the scleral
spur (Figure 5). In the following the SC is probed analogously to conventional CP [39].
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Figure 5. Surgical technique of modified canaloplasty with suprachoroidal drainage. (A) Preparation
of a second deep flap with incision down to the choroid and incision anterior to the scleral spur.
(B) Dissection across the scleral spur opens the SC and TDW. (C) Peeling of the juxtacanalicular
TMW. (D) Probing of the SC with a microcatheter. Asterisk marks the laser light of the catheter tip
(E) Insertion and knotting of two Prolene 10.0 sutures. (F) Dilatation of the suprachoroidal space
using viscoelastics.

What is the purpose of the additional exposure of the choroidal window? First, the
SC is much easier to find because blunt detachment to the scleral spur is simple, and the
SC and TDW located directly anterior to the scleral spur can be prepared more reliably
(Figure 5A,B). Second, percolation from the SC and TDW occurs not only into the collector
vessels (trabecular outflow) but directly into the suprachoroidal space (uveoscleral outflow)
via the choroidal window. The choroidal perfusion acts like a powerful water-jet pump
and can reabsorb suprachoroidal fluid within minutes. The uveoscleral drainage effect is
additive to the trabecular effect of conventional CP.

In a pilot study of 78 eyes, IOP was reduced to a mean of 13.5 mmHg after CP with
ScD, with a concomitant reduction of 2.0 medications to 1.0 medication at 12 months. In
addition, 52.6% of patients were completely medication-free [39].

These results were confirmed in a comparative, retrospective, two-arm study of 417
eyes over 12 months [24]. The mean IOP reduction after CP with ScD was significantly
greater at 35.9% (from 20.9 &+ 3.5 mmHg to 13.1 £ 2.5 mmHg) than after conventional
canaloplasty at 31.2% (from 20.8 £ 3.6 mmHg to 14.0 + 2.6 mmHg). The number of medica-
tions required was also lower (0.7 = 1.0). The percentage of patients free of medication after
one year was significantly higher in the combined group (56.9%) than in the conventional
CP group (45.4%) [24].

Thus, the combination of CP with ScD lowered the IOP significantly more than
conventional CP. More importantly, for the first time, the long-term IOP values are close to
the IOP-lowering potential of TE, but free of serious complications.

8. Canaloplasty with ScD and Suprachoroidal Collagen Implant

To keep the outflow into the suprachoroidal space open in the long term, the additional
implantation of a suprachoroidal collagen implant into the choroidal window was proposed
in 2016 [42]. To achieve this, after the usual dissection down to the choroid at the end of
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surgery, the suprachoroidal space was widened with a viscoelastic, and a 10 x 10 x 2 mm
collagen sponge (Ologen, Dahlhausen, Cologne, Germany) was implanted (Figure 6).

Figure 6. Canaloplasty with ScD and suprachoroidal Ologen sponge. (A) Clearly visible choroidal
window, the scleral spur (Asterisk) and the TDW anterior to the scleral spur. (B) 6 mm Ologen sponge.
(C) Suprachoroidal implantation of Ologen through the choroidal window. (D) Positioning of the
Ologen as a placeholder in the suprachoroidal space, keeping the drainage open. (E) UBM imaging
(50 MHz) of the implanted Ologen; note the suprachoroidal fluid around the implant. (F) Schematic
showing the mechanism of ScD fluid circulation (arrows) and suprachoroidal Ologen (asterisk). Also
marked are the scleral spur (star) and the ciliary body (square).

In a prospective study of 65 eyes over 12 months, the IOP-lowering effect was 35.6%
(from 21.0 & 4.3 mmHg to 13.5 & 3.0 mmHg); the number of medications decreased from
3.5 to 0.9 [42]. In a recent study of 1034 eyes, this effect also seemed to be stable in the
long term; after 2 years, the IOP was even slightly lower (12.9 & 1.9 mmHg), suggesting a
sustained effect [own data, unpublished]. This is remarkable because all large studies on
conventional canaloplasty have shown a diminishing effect after 2 or 3 years.

Interestingly, modified CP with ScD and suprachoroidal Ologen also seems to be
effective in treating pseudoexfoliation glaucoma. A retrospective study of 111 patients
showed a stable IOP reduction of 45.8% to 12.7 & 2.2 mmHg, even after 4 years. Again,
there was no diminishing effect over time after Ologen implantation. This is in marked
contrast to conventional CP, which has been judged in several studies to be less suitable for
secondary glaucoma. Presumably, especially for secondary glaucoma, a purely trabecular
facility improvement (standard CP) is insufficient, and the additional effect of uveoscleral
outflow (ScD) is particularly useful [17].

In summary, suprachoroidal implantation of Ologen does not further enhance the
IOP-lowering effect of CP with ScD, but the effect of ScD through a space holder in the
choroidal window seems to be more sustainable and could maintain the achieved IOP level
for at least 4 years.

9. Phacocanaloplasty with ScD

It has been well-acknowledged that combining CP with cataract surgery has an addi-
tive IOP-lowering effect. Comparative studies have shown that phacocanaloplasty (PCP)
lowers the final pressure by an average of 1.3-1.9 mmHg more than CP alone [30,31].
However, this effect was less pronounced in other studies [32].
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This additive effect has also been confirmed in studies employing CP with ScD. In
a retrospective comparative study of 328 eyes, CP with ScD alone achieved a 37.0% re-
duction in IOP at 1 year (from 20.9 £ 3.6 mmHg to 13.2 £+ 2.6 mmHg), whereas PCP
with ScD produced a significantly greater reduction of 47.4% (from 23.2 + 5.1 mmHg to
12.2 + 1.7 mmHg) [43].

This “phaco” effect is independent of axial length and anterior chamber depth, unlike
the IOP-lowering effect of cataract surgery in general. Only the preoperative IOP level has
been shown to be a strong predictive factor: the higher the preoperative IOP, the greater
the postoperative IOP reduction [43].

10. “Filtering” Canaloplasty with Bleb Formation

In CP, the scleral flap should be sutured to be as watertight as possible in order to
avoid subconjunctival drainage with formation of a filtering bleb. Instead, drainage via
Schlemm’s canal alone (and via ScD) is desired. This action makes CP immune to the
scarring stimulus of the conjunctiva [44].

However, in clinical practice, a filtering bleb is sometimes formed after canaloplasty.
Although it is hardly visible clinically, it can be detected by AC-OCT and UBM [45]. This
discrete filtration zone often has no effect on postoperative IOP values but tends to be a
negative prognostic factor.

On the other hand, one might assume that by creating an alternative outflow pathway
for aqueous humor, an additional decrease in IOP can be achieved. To provide an additional
subconjunctival outflow, the superficial scleral flap must be adapted in a dosed manner,
similar to TE, to ensure continuous drainage of aqueous humor under the conjunctiva [46].

Technically, this “filtering” CP is not a non-penetrating surgical technique but rather
a double-covered TE, which reduces the rate of hypotony but has all the disadvantages
of a filtering surgery and so must be managed accordingly [46]. Therefore, to ensure the
sustainability of a controlled filtration effect, the use of antimetabolites such as mitomycin C
(MMQC) as a sponge is reasonable (in analogy to TE). In his study population, Barnebey
achieved an average IOP reduction of 42.7% and a reduction in medication from an average
of 2.2 drugs to 0 at 12 months. The administered concentrations of MMC (0.025% and
0.03%) did not induce avascular areas, but the rate of postoperative hypotony (15%) was
significantly higher than in the control group (1.1%) [46].

MMC can be applied on the superficial sclera, under the scleral flap, or in combina-
tion [47,48]. A meta-analysis showed better IOP reduction with MMC (43.56% at 6 months
and 42.26% at 36 months) compared with surgery without MMC (39.14% at 6 months and
27.59% at 36 months). Complication rates for wound leakage, hypotony, expulsive hem-
orrhage, flattening of the anterior chamber, and cataract induction showed no significant
differences. The authors conclude that CP with adjunctive use of MMC appears to be a way
to improve the efficacy of standard CP [49].

11. Canaloplasty with ScD and Suprachoroidal Eyemate-SC IOP Sensor

In the future, an important modification is the combination of CP with a suprachoroidal
IOP sensor for telemetric self-measurement by the patient. Particularly after glaucoma
surgery, frequent and reliable measurement of the IOP is crucial to verify successful IOP
adjustment in the target range [50,51].

The patented Eyemate-SC (Implandata, Hannover, Germany) is the first available
suprachoroidal sensor for telemetric IOP self-measurement. It is placed in the supra-
choroidal space during non-penetrating glaucoma surgery, where it remains
permanently [52]. The suprachoroidal approach offers several advantages: first, the spatial
separation of the IOP measurement from the site of pathology (chamber angle) prevents
the causative glaucoma from worsening owing to the diagnostic implantation; second, the
procedure can be performed regardless of the lens status and existence of any anterior cham-
ber pathologies; and finally, implantation of the suprachoroidal device can be combined
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well with glaucoma surgery to monitor the therapeutic success and acts as a placeholder
for ScD [50].

Suprachoroidal implantation of the Eyemate-SC IOP sensor (7.5 x 3.5 mm and an
outwardly decreasing thickness of 1.3 mm in the center and 0.9 mm on the periphery)
can be excellently combined with CP (Figure 7). Both procedures can be consecutively
performed using the same access point. This is easiest in CP with ScD, since a choroidal
window is prepared anyway, and the sensor can be used as a placeholder in the same way
as the Ologen implant (https://youtu.be/F_p9ilGxB9U, accessed on 8 December 2018) [52].

Figure 7. Surgical technique of suprachoroidal implantation of the Eyemate-SC sensor. (A) Viscoelas-
tic is injected at the end of the CP with ScD to expand the suprachoroidal space (B) The Eyemate-SC
sensor is grasped carefully with padded implantation forceps. (C) The sensor is implanted into
the suprachoroidal space. (D) The Eyemate-SC sensor serves as a placeholder for suprachoroidal
drainage while allowing continuous IOP monitoring.

Thus, the Eyemate-SC sensor not only serves as a placeholder in the suprachoroidal
space but also allows continuous, postoperative IOP-monitoring simultaneously (Figure 8).
This is particularly useful for glaucoma surgery patients. Patients undergoing glaucoma
surgery usually have advanced visual field defects that require strict control of the mean
IOP and diurnal IOP fluctuations. Although the latter have been shown to decrease us-
ing this approach, they still persist even after successful glaucoma surgery. Particularly
in the postoperative phase (1-3 months), when the IOP fluctuates the most, the valid-
ity of Goldmann applanation tonometry (GAT) is limited owing to the altered corneal
biomechanics [50,51].

The Eyemate-SC IOP sensor delivers a wireless readout of continuous IOP values. The
Mesograph handheld device can store up to 3000 IOP readings. The data can be wirelessly
transferred to a secure, web-based platform accessible to the supervising ophthalmologist.
Since each measurement is stored with a time stamp, patients can automatically create their
individual IOP profile to disclose short- and long-term fluctuations and, if necessary, the
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therapy can be adapted accordingly [53]. Thus, supervising ophthalmologists can base
their therapy decisions on a broad database of many hundreds of measurements instead of
only a few measurements per year.

Figure 8. Eyemate-SC sensor looking at the electronics from (A) the top and (B) the side. (C) Meso-
graph readout device for wireless telemetric IOP measurement. Multimodal imaging 6 months
after suprachoroidal implantation of the Eyemate-SC sensor. (D) An anterior segment (AC)-OCT
visualizes the microelectronics carrier substrate, but not the silicone encapsulation. (E) The UBM
image (50 MHz) depicts the lens-shaped rounded silicone encapsulation smoothly adapting to the
curved scleral shape.

Telemetric self-measurement using an intraocular sensor also has other advantages.
The measured values correspond to the true IOP independently of the corneal biomechanics,
and the active involvement of the patients as well as the direct treatment response are
suitable to improve the poor therapy adherence in glaucoma patients [53,54].

The recently completed European multicenter pivotal study demonstrated excellent
safety and reliably reproducible IOP measurements. Except for the early postoperative
phase, the GAT and telemetric Eyemate-SC measurements were in excellent agreement,
with a mean difference of 0.23 mmHg across all study eyes at 12 months [55].

12. Disadvantages of Modified Canaloplasty

Although one might assume that exposure of the suprachoroidal space could increase
the risk of hemorrhage or hypotony, this was not confirmed in the studies. It could be
shown that modified canaloplasty (with ScD and Ologen) has a comparably low risk profile
as conventional CP. Vision-threatening complications in particular were absent, which
seems advantageous compared to TE [24,42,43,55]. Only cutting the perforating vessels can
cause intraoperative oozing bleeding temporarily obscuring the view, because cauterization
of the choroid should be avoided.
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It should be noted, however, that the combination of different outflow pathways
makes it difficult to assess the contribution of the individual components. Furthermore, the
different outflow pathways influence each other, which becomes most evident in “filtering”
CP: When aqueous humor drains outwards, the influence of the other changes (trans-
trabecular and suprachoroidal) decreases. Filtering CP with MMC also shows, analogously
to TE, a significantly increased rate of postoperative hypotony [46].

Costs also differ significantly, as the microcatheter incurs significant additional costs.
However, this is counterbalanced by the significantly lower preoperative effort, the lack
of costs for MMC, a shorter hospitalization due to the absence of hypotony, and a simpler
follow-up without extensive bleb care or bleb revisions (needling, 5-FU injections).

However, the main limitation is the lower scientific evidence (250 vs. 8000 references in
PubMed). Most importantly, there are only a few comparative studies and no randomized
clinical trials comparing modified CP with TE, so a final weighing of benefits and risks
must await.

13. Conclusions

CP is a safe and effective glaucoma surgical procedure that—through various
modifications—now achieves an IOP-lowering effect comparable to that associated with
successful TE, but without the typical risk profile of TE. The combination of canaloplasty
with the newly developed ScD enhances the IOP-lowering effect by adding a new uveoscle-
ral drainage pathway under the choroid. By creating a choroidal window, percolation from
the SC and TDW occurs not only into the collector vessels (trabecular outflow) but also
directly into the suprachoroidal space (uveoscleral outflow). The choroidal perfusion acts
like a powerful water-jet pump and can reabsorb suprachoroidal fluid within a few minutes.
Therefore, the combination of CP with ScD lowers the IOP to a significantly greater extent
than conventional CP. For the first time, it has been shown that the IOP reduction achieved
by CP with ScD is sufficient for the treatment of severe glaucoma, allowing this combined
approach to be used a primary procedure instead of TE (Figure 9). This shows that modified
CP (+scD+Ologen) is on par with TE in terms of indication spectrum and IOP-lowering
potency, clearly differentiating it from the newly emerged MIGS procedures, which show
a lower effect on IOP and are reserved for mild to moderate glaucoma. Implant-based
modifications implemented using a placeholder in the suprachoroidal space do not further
enhance the IOP-lowering effect, but the effect of ScD seems to be more sustainable and
could maintain treatment success for at least 4 years. In addition, the novel suprachoroidal
IOP sensor allows safe telemetric IOP monitoring after successful canaloplasty.
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Figure 9. Evolution of canaloplasty modifications to improve the IOP-lowering success and the
amount of remaining medication. This continuous refinement, especially the combination with ScD,
allows CP to achieve IOP values comparable to TE (dashed line) and a low number of medications
(dotted line) for the first time, but without the complications of TE [13,16,22,30,31,41].
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Abstract: This article presents three cases of Descemet’s membrane detachment (DMD) occurring
during ‘ab externo’ phacocanaloplasty procedures in three patients with uncontrolled primary open-
angle glaucoma (OAG) and discusses the management of this condition by reviewing the available
literature. Following a successful 360° cannulation of Schlemm’s canal (SC), the microcatheter was
withdrawn while an ophthalmic viscosurgical device (OVD) was injected into the canal. During pas-
sage through the inferonasal quadrant, a spontaneous separation of the posterior layer of the cornea
was observed. Each case was managed differently after diagnosis, with the third case being drained
intraoperatively based on experience gained from the previous cases. On the first postoperative day,
slit-lamp biomicroscopy (BMC) revealed multiple DMDs in case one and a hyphema in the lower
third of a deep anterior chamber. In the other two cases, a single DMD was observed. The second case
developed hemorrhagic Descemet membrane detachment (HDMD), while the other two were non-
hemorrhagic. In all three cases, anterior segment optical coherence tomography (AS-OCT) revealed
the presence of retrocorneal hyperreflective membranes indicative of DMDs. These membranes were
located in the periphery of the cornea and did not impact the visual axis. After evaluation, a small
incision was made in the inferotemporal DMD of the first case. However, for the two remaining cases,
a strategy of watchful waiting was deemed appropriate due to the location and size of the DMDs, as
they did not affect the best-corrected visual acuity (BCVA). Over time, the patients demonstrated
progressive improvement with a gradual reduction in the size of the DMDs.

Keywords: phacocanaloplasty; Descemet’s membrane detachment; open-angle glaucoma; Schlemm’s canal

1. Introduction

Canaloplasty is a well-established surgical technique for nonpenetrating glaucoma
surgery that involves circumferential 360° catheterization and viscodilation of Schlemm’s
canal (SC) to enhance the outflow of aqueous humor through the physiological collector
system [1]. This article delves into the subject of iTrack Canaloplasty, also referred to as ‘ab
externo’. The ab externo canaloplasty technique involves circumferential viscodilation of
Schlemm’s canal, creating internal tension within the canal through the application of a
tension suture. Nevertheless, recent studies have shown that complete 360° viscodilation
without the need for sutures also yields favorable outcomes. These findings lend support
to the significance of implementing the ab interno variation in this technique, utilizing an
angle-based approach that is performed from within the eye [2]. While canaloplasty has
shown a higher safety profile compared to conventional techniques, rare intraoperative
and postoperative complications have been reported [3]. Konopinska et al. [4] recently
reviewed the intraoperative complications of canaloplasty, identifying the most common
complication as the inability to pass the microcatheter through SC, with an incidence rang-
ing from 10 to 26%, and Descemet’s membrane detachment (DMD) occurring in 1.6 to 9.1%
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of patients. Alobeidan et al. [5] reported a 9.5% incidence of DMD in patients undergoing
canaloplasty and phacocanaloplasty, noting that most cases of DMD occurred in combina-
tion with phacocanaloplasty. In this case report, we present three cases of DMD among
a sample of 180 patients who underwent canaloplasty or phacocanaloplasty. These cases
highlight the low incidence of this complication (1.67%) and provide additional evidence
supporting the higher occurrence of DMD during phacocanaloplasty when compared to
standard canaloplasty, particularly in patients with uncontrolled intraocular pressure (IOP)
and open-angle glaucoma (OAG). This encompasses secondary glaucomas that present an
open angle, such as pseudoexfoliative glaucoma. Additionally, we draw attention to the
more frequent manifestation of DMD in the lower quadrants and discuss the management
of this condition, given the absence of a consensus.

2. Case Series
2.1. Surgical Method

A standard ab externo SC surgery, known as canaloplasty ab externo, and phacoemulsi-
fication were performed under peribulbar anesthesia. Topical vasoconstrictive agents were
applied to minimize bleeding. A corneal traction suture (7/0 vicryl) was placed at 12 o’clock
to expose the upper area, followed by a limbal peritomy to expose the sclera. Minimal
cautery was used for hemostasis, ensuring preservation of the episcleral collector chan-
nels. A partial thickness square flap measuring 4 x 4 mm was dissected according to the
standard technique, followed by a deeper scleral flap (3 x 3 mm) created at approximately
95% depth, just above the choroidal tissue. At this stage, a standard phacoemulsification
and a posterior chamber intraocular lens (AcrySof IQ IOL, Alcon®, Geneva, Switzerland)
implantation were performed. The primary corneal incision was sutured using 10/0 nylon.
Subsequently, the dissection of the inner scleral flap was continued until the SC was identi-
fied, crossing the scleral spur. The sides of the deep flap were dissected forward into the
cornea creating a trabeculodescemetic window [6]. An ophthalmic viscosurgical device
(OVD) with viscoadaptative properties (Healon GV; Johnson and Johnson, New Brunswick,
NJ, USA) was injected through the SC opening on both sides. The canal was probed 360°
using a microcatheter (iTrack®; Nova Eye Medical, Adelaide, Australia), with the surgeon
tracking the illuminated tip of the catheter, aided by dimmed microscope lights. During
the retraction of the catheter, OVD was injected at every 2 clock hours to dilate the canal,
as directed by a well-trained assistant surgeon. The injected volume was controlled by a
quarter turn of the syringe provided by the company, equivalent to 0.5 uL. While retracting
the catheter, at the 6 o’clock position, a DMD was observed, accompanied by significant
blood leakage mixed with viscoelastic material in the lower quadrants (inferonasal and
inferotemporal quadrants in case 1, inferotemporal quadrant in cases 2 and 3), resembling
a possible micro-rupture of the trabecular meshwork. In the third case, intraoperative
management involved draining the DMD with a 30-gauge needle and intracameral air
injection. Following that, the deeper scleral flap was excised, while the superficial flap
was positioned and sutured tightly with 10/0 nylon to ensure closure of the trabeculode-
scemetic window. The primary objective was to prevent leakage through the filtering
bleb instead of facilitating the exit of fluid through the collector channels. The anterior
chamber was reformed with a balanced salt solution, and an air bubble was left to occupy
the entire anterior chamber (AC). The conjunctiva was closed using a non-absorbable suture
(870 silk).

All three procedures were performed using the same method and by the same sur-
geons, with no noticeable variations observed.

All the data regarding intraocular pressure provided below have been measured
using Goldmann applanation tonometry, while the best-corrected visual acuity (BCVA)
assessments were conducted using the Snellen chart.
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2.2. Case 1

A 68-year-old woman, who was being monitored by the glaucoma department due to
medically uncontrolled primary OAG, was selected as a candidate for a non-penetrating
glaucoma canaloplasty surgery. Prior to the procedure, her BCVA was 1.0 and 0.3 in the
right and left eyes (RE and LE), respectively. Ophthalmic refraction showed a slightly
hyperopic prescription (+1.50 —0.50 90° in the RE and +0.25 +0.25 180° in the LE). Slit-lamp
biomicroscopy (BMC) examination with a Topcon Slit Lamp Imaging System (SL-D701,
Topcon Healthcare®, Oakland, NJ, USA) revealed the presence of a corticonuclear cataract
in the LE. The IOP measured using Goldmann applanation tonometry while the patient was
on maximum topical antiglaucoma medications ranged from 26 to 28 mmHg in the LE. The
RE only required a single topical antihypertensive drop, and the IOP was well-controlled.
Given the relatively slow progression of the disease and the IOP being below 30 mmHg,
canaloplasty was selected as the treatment option [7].

On the first day after the surgery, slit-lamp BMC showed two transparent DMDs in
the inferonasal and inferotemporal quadrants, measuring approximately 4 x 4 mm and
4 x 5 mm in diameter, respectively. Additionally, a 3 mm hyphema was observed in the
lower region of a well-defined AC, which did not affect the visual axis (Figure 1a). The
transparent appearance of the DMDs confirmed the presence of viscoelastic material and
aqueous humor within them, and they did not contain hematic material.

Figure 1. The BMC examination revealed two DMDs in the inferior quadrants, depicted by the white
lines, along with a hyphema in the anterior chamber. Additionally, an air bubble was observed
in the superior part of the anterior chamber (a). The second image (b) displays a hemorrhagic
Descemet membrane detachment in the inferior temporal quadrant. Finally, the third image (c) shows
anon-HDMD in the inferior temporal quadrant, indicated by the orange line.

2.3. Case 2

A 55-year-old woman diagnosed with uncontrolled primary OAG was chosen as
a candidate for a combined phacocanaloplasty procedure. The patient was receiving
treatment with topical prostaglandin analogs, and the Goldmann applanation tonometry
measured the IOP at 24 mmHg. In terms of her ophthalmological history, the RE had
previously undergone a successful phacoemulsification combined with non-penetrating
deep sclerectomy (NPDS) surgery in 2020. Prior to the surgery, the BCVA was 1.0 in the RE
and 0.3 in the LE. Slit-lamp BMC examination revealed the presence of a nuclear cataract
and mild conjunctival hyperemia.

After a 24-h postoperative assessment, BMC examination showed corneal stromal
edema and hemorrhagic Descemet membrane detachment (HDMD) in the lower temporal
sector, measuring approximately 4 x 4 mm in diameter. The HDMD did not affect the
visual axis, and an air bubble was observed in the upper AC. The IOP measured at this
time was 17 mmHg.
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2.4. Case 3

A 79-year-old woman was diagnosed with open-angle pseudoexfoliative glaucoma
and had a history of trabeculectomy in her RE. Due to progressive glaucoma in her LE with
an IOP of 27 mmHg, despite treatment with prostaglandin analogs and topical beta-blockers,
it was decided to perform phacocanaloplasty. Slit-lamp BMC examination revealed the
presence of a corticonuclear cataract. The BCVA prior to the surgery was 0.6.

On the first day after the surgery, a significant corneal edema was observed, which
hindered the clear visualization of the inferior temporal DMD that was noted during the
intraoperative period. The IOP measured at this time was 12 mmHg.

In all three cases, a treatment regimen consisting of topical antibiotics and corticos-
teroids was initiated, along with anti-edematous medication.

Anterior segment optical coherence tomography (AS-OCT) imaging using the Spec-
tralis System from Heidelberg Engineering®, Heidelberg, Germany, displayed the presence
of a retrocorneal hyperreflective membrane in all three cases. This membrane formed a
pseudo-chamber with sinuous edges and contained a hypointense material corresponding
to a DMD (Figure 2a,c). Additionally, in case 2, AS-OCT showed a hyperintense material
corresponding to an HDMD (Figure 2b).

Figure 2. On the first postoperative day, AS-OCT of the LE revealed the presence of distinct DMDs in
the inferior quadrants. The green lines represent horizontal cross-sections of the cornea, indicating
the precise locations where the OCT scan has been performed.

The peripheral locations of the DMDs observed did not extend to the visual axis.
Following the diagnosis, the DMD in the temporal position of case 1, which was larger
and closer to the visual axis, was drained using a precise cornea blade. However, for the
remaining cases, an initial period of expectant management was deemed suitable since
the location and size of the DMDs did not have an impact on BCVA. In case 2, multiple
follow-up visits were scheduled to closely monitor the hematic collection.

3. Results

The patients demonstrated positive progress during the 3-month follow-up period,
with gradual improvement. In case 1, where the DMD was drained immediately after
surgery, a faster resolution was observed. Follow-up examinations with BMC and SA-
OCT indicated a gradual reduction in the detachment, eventually leading to its complete
reapplication, and the BCVA after 3 months was 0.9 (Figures 3a and 4a). In case 2, the
HDMD underwent oxidation, resulting in a residual pre-Descemetic intracorneal orange
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spot. However, this spot did not have any impact on vision, and the BCVA after 3 months
was 1 (Figures 3b and 4b). In case 3, a minor localized disruption of Descemet’s membrane
was visible, without causing edema or affecting vision, and the BCVA after 3 months was
0.9 (Figures 3c and 4c). Six months post-surgery, the patients achieved a BCVA of 0.9-1,
and their IOPs ranged between 12 and 15 mmHg. There was no evidence of structural or
functional progression in their glaucoma condition (Table 1).

Figure 3. Three months after the surgery, BMC examination shows the progression of the DMDs in
the lower corneal segment.

Figure 4. Three months post-surgery, the SA-OCT of the LE reveals different findings: in (a), there is
a complete reapplication of the Descemet membrane after three months of observation; (b) shows a
remaining intracorneal stain that does not have an impact on vision; in (c), a minor disruption of the
DM is observed, but there is no corneal edema present.
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Table 1. Baseline clinical features and visual outcome of DMDs.

Subject B];ée‘llzle Surgery Type of Dmd  Location of DMD aft]:rcl‘)/:/ID Intervention BSCI\\/II;naé::r Cornea Status
1 0.3 Phacocanaloplasty Non-HDMD Igfem-nasal and 0.5 Postoperative 0.9 Clear
infero-temporal drainage
2 0.4 Phacocanaloplasty HDMD Infero-temporal 0.7 Observation 1 Remnants of HDMD
Intraoperative Disruption of DM
3 0.6 Phacocanaloplasty Non-HDMD Infero-temporal 0.6 surgical drainage and 0.9 rup
with no edema

air injection

4. Discussion

This research paper focuses on three cases of DMD that occurred in our center follow-
ing phacocanaloplasty procedures. It is important to emphasize that this complication was
observed exclusively in cases where combined surgery was performed, and it did not arise
during standard canaloplasty procedures. It is worth highlighting that our center possesses
a wealth of expertise and experience in performing canaloplasty and phacocanaloplasty
procedures, having successfully completed a total of 180 interventions of this nature. This
extensive experience contributes to our understanding and management of complications
such as the DMDs observed in these cases.

Canaloplasty is a minimally invasive surgery for glaucoma that has proven effective
in treating mild-to-moderate OAG and has demonstrated an excellent safety record [7].
Numerous studies have compared outcomes and complication rates between various glau-
coma treatment techniques. In comparison to trabeculectomy, canaloplasty has shown
similar postoperative success rates, lower complication rates, and higher patient satisfac-
tion [3,8-11]. One of the major advantages of canaloplasty is its minimal complications
and their limited clinical significance, particularly when compared to the presence of a
filtering bleb. The secure closure of the superficial scleral flap eliminates patient discomfort,
positive Seidel’s test indicating wound leakage, and intraocular infections [7]. Hyphema,
characterized by the reflux of blood from the SC towards the AC, is a common occurrence
(with reported incidences ranging from 6.1 to 70%) resulting from the difference in intraoc-
ular and intravenous pressure [12-14]. This phenomenon is considered an early sign of the
procedure’s success, as it indicates the patency of natural drainage pathways [12]. DMD is
a rare complication following nonpenetrating glaucoma surgery, including canaloplasty.
Following standard phacoemulsification, recent reports indicate an occurrence of DMD
ranging from 0.044% to 0.52% [15]. The reported incidence of DMD after canaloplasty
varies from 1.6 to 9.1% [5,6,12,16-19], which is comparable to the findings of our study. In
our center, we have conducted a series of 180 interventions over the past few years. The
sample was carefully chosen to ensure comparability, and consisted of a population group
that ensured comparability, with an equal distribution of men and women and similar
average age. All surgeries were performed by the same surgical team, using a standardized
technique and without any reported errors. The learning curve and guidance from the
principal surgeon to the assistant surgeon are crucial, as a rapid withdrawal of the micro-
catheter or excessive pressure during sodium hyaluronate injection in the SC (more than
one click or 1/8 turn every 2-3 clock hours) can lead to this complication [5]. Of the 180
surgeries, we observed DMD in three cases (1.67%). As mentioned earlier, the detachments
in our study occurred after the withdrawal catheter and viscodilation procedure.

During canaloplasty, the occurrence of DMD is more frequent in one of the inferior
quadrants [4], which aligns with our observations. This increased frequency in the inferior
region is believed to be attributed to the higher pressure induced in that specific area.
There are a few explanations for the different causes of this complication. The most
widely supported hypothesis suggests that during the withdrawal of the microcatheter, the
viscoelastic material injected may accumulate to a critical mass in the inferior quadrants
of the SC, where it cannot exit easily through the ostia of the canal as it does in the
upper quadrants. Furthermore, this situation may be exacerbated by a recoil effect in
the viscoelastic material following the actuation of the device. The resistance within the
canal may exceed the durability of the termination of DM at Schwalbe’s line, leading to a
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105

Total

Total

95

90.5%

W/0

Complications.

177

98.33%

w/0

Complications

prolapse of the viscoelastic material and triggering blood reflux between the corneal stroma
and Descemet’s membrane (DM) [4,5,20]. This intraluminal overpressure can occur due to
obstructions or anatomic factors that make the cornea susceptible to weak adherence [13].
Additionally, bilateral DMD has been documented [21].

In our series of cases, all instances of DMDs occurred in the lower quadrants of the
cornea and did not affect the visual axis. This percentage aligns with findings from other
published articles [1,4,5].

Furthermore, based on our experience and from the existing literature [5], we have
observed that this complication is more commonly seen in cases where combined surgery,
specifically phacoemulsification combined with canaloplasty, is performed. This could be
attributed to greater intraoperative hypotonia during these combined procedures. Alobei-
dan et al. [5] reported a 9.5% incidence of DMD in patients undergoing canaloplasty and
phacocanaloplasty. Notably, they found that six out of ten cases occurred in combination
with phacocanaloplasty and most cases of HDMD were observed in this group (Figure 5). It
is worth mentioning that all our cases of DMD were encountered in the context of combined
surgery (Figure 6).

10 @® 3nonHDMD (2.9%)
DMD @ 7HDMD(6.7%)
@® 4 CANALOPLASTY @ % CANALOPLASTY
10 (38%) (1.9%)

3 non HDMD (2.9%)
- @ s PHACOCANALOPLASTY
(5.7%)

@® 6PHACOCANALOPLASTY

i (5.7%) @ 2/7 CANALOPLASTY
7 HOMD (6.7%)

@ 5/7 PHACOCANALOPLASTY
(4.76%)
Figure 5. Incidence of DMD described by Alobeidan et al. [5], classified based on the type of surgery
performed and the specific type of DMD.

A @® 2nonHDMD (1.11%)

. @ 1HDMD (0.56%)

Y 0 CANALOPLASTY

3 (0%)

DMD

@® 3 PHACOCANALOPLASTY
(100%)

Figure 6. Incidence of DMD in our group, classified based on the type of surgery performed and the
specific type of DMD.
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These figures aim to illustrate the low frequency of the complication in various series,
emphasizing the key significance of the type of surgery performed and the subtype of DMD.

DMDs can be classified into two primary categories: hemorrhagic and non-hemorrhagic.
This distinction is crucial in managing this complication. As previously mentioned, DMDs
commonly occur in the lower areas of the cornea after canaloplasty. The lower nasal region
is particularly rich in collector channels, which connect episcleral veins to the SC [22].
This anatomical arrangement can result in the reflux of blood within the space formed by
the DMD.

Another potential factor that can trigger blood reflux from the collector channels and
contribute to HDMD is the aforementioned hypotonia during phacoemulsification in the
same procedure [5,21]. Additional factors that can contribute to HDMD include the use
of anticoagulant medications, anatomical changes in the SC such as changes in diameter
and location [23], as well as preexisting stromal adherence to the Descemet membrane [24].
Collectively, these factors influence the development and severity of HDMD.

The management of the DMD depends primarily on its size, location, and content.
Kumar et al. [25] proposed the HELP algorithm, which utilizes the height, extent, and rela-
tionship to the pupil based on AS-OCT for managing post-phacoemulsification DMD [15].
Non-conservative management is typically required for large detachments, especially those
involving the visual axis or containing hemorrhagic DMD, and it is advisable to evaluate
the risks/benefits and potentially withdraw anticoagulant medication. Various techniques
have been described in the literature, such as neodymium: yttrium-aluminum-garnet
(Nd: YAG) laser Descemet membranotomy, which is used to treat pre-Descemet hemor-
rhage [1,26]. This procedure helps prevent corneal blood staining and preserves corneal
endothelium. It should be performed when the cornea appears free from opacities [27]. A
recent novel treatment for severe cases of HDMD was described by Hamid et al. [28]. They
suggested the use of tissue plasminogen activator (TPA) to quickly resolve the HDMD.

When surgical intervention is required [25], descemetopexy has emerged as the gold
standard approach for managing DMD. This surgical technique involves filling the AC
with an isoexpansile gas, such as perfluoropropane (C3E8) or sulfur hexafluoride (SF6),
using a 26- or 30-gauge needle [29]. It is recommended to perform the paracentesis away
from the DMD where the DM is still attached. The procedure begins with continuous
drainage of aqueous fluid, followed by the injection of the gas [20]. Initially, descemetopexy
was performed with air; however, its rapid absorption led to the adoption of isoexpansile
gases [30].

To avoid postoperative pupillary block, the size of the gas bubble should be reduced
to two-thirds of the AC. If a complete gas-filled chamber is left, it is advisable to perform
an inferior peripheral iridectomy. After the procedure, the patient must maintain a supine
position until the gas bubble is reabsorbed and the DM is reattached.

Considering that this procedure might lead to a raised IOP and pupillary block glau-
coma in 11.6% of patients [29,30], the use of cycloplegic drops and preoperative laser
peripheral iridotomy to prevent this complication could be a prudent approach, especially
in glaucomatous patients [15,31].

Conservative therapy for managing the condition involves the use of topical steroids
to control inflammation and reduce the fibrosis. Additionally, hyperosmotic agents can be
employed to clear corneal edema and improve VA [15].

In our case, due to its broader extension and closer proximity to the central cornea, we
chose the less invasive approach for pre-Descemet drainage using a blade incision on the
inferotemporal region of the DMD [32,33]. The interface was then rinsed with a balanced
saline solution to remove any remaining OVD.

When the type and duration of the OVD used are known, the material gradually
disappears, allowing the Descemet’s membrane to coapt without further manipulation.

Several authors have recommended expectant management for small detachments
with regular edges located in peripheral regions and containing visco-aqueous content, as
these cases have been observed to reattach spontaneously [34].
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5. Conclusions

In conclusion, Descemet’s membrane detachment (DMD) represents a relatively in-
frequent but significant complication, particularly in the context of glaucoma and cataract
surgeries. Despite the advancements in surgical techniques and understanding, the precise
etiology of this complication remains elusive. While suspicions exist regarding the potential
role of micro-ruptures within Schlemm’s canal during viscodilation, further research is
required to establish a definitive cause.

To address the challenge of DMD prevention, meticulous attention and caution during
viscodilation procedures are paramount. Implementing strategies to minimize the risk of
micro-ruptures, such as precise surgical manipulation and controlled pressure application,
could potentially contribute to reducing the incidence of DMD.

Furthermore, it is imperative to recognize the considerable advantages that combined
surgeries offer in terms of convenience and lowered healthcare expenses. Nevertheless, it
is crucial to maintain awareness regarding the potential susceptibility to DMD resulting
from postoperative hypotony.

In cases where DMD extends and impacts the visual axis, prompt intervention through
external drainage techniques becomes imperative. By ensuring the preservation of best-
corrected visual acuity (BCVA) and preventing the progression of visual impairment, these
interventions play a critical role in maintaining patients” ocular health and overall quality
of life.

For smaller cases of DMD that do not encroach upon the visual axis, an approach of
vigilant observation and conservative management is often warranted. Regular monitoring
and periodic assessments are essential in order to promptly detect any changes that might
necessitate intervention.

Continued research efforts are necessary to deepen our understanding of the mech-
anisms underlying DMD and to develop more precise preventive measures and effec-
tive management strategies. Collaborative endeavors between ophthalmologists and re-
searchers are pivotal in advancing our knowledge and refining clinical practices to further
enhance patient outcomes and minimize the impact of Descemet’s membrane detachment
in ophthalmic surgeries.
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Abstract: Background The Italian XEN Glaucoma Treatment Registry (XEN-GTR) was created to
acquire a comprehensive prospective dataset that includes the patient characteristics, intraoperative
variables, and postoperative management of glaucoma patients undergoing the XEN gel stent
implantation. Methods This was a prospective observational, longitudinal clinical study involving
10 centres throughout Italy. The baseline examination included a comprehensive evaluation of
demographic parameters (age, sex, ethnicity, and systemic condition), specific ophthalmological
parameters, and quality of life questionnaire score collection. Results The baseline data of 273 patients
were analysed. The median (IQR) age was 72 (65.0 to 78.0) years. Of the 273 patients, 123 (45%) were
female and 150 (55%) were male. A total of 86% of the patients had open-angle glaucoma with a
mean intraocular pressure of 24 & 6 (range 12.0-60.0) mmHg. The mean number of medications was
2.7 £ 0.9 at baseline for the patients with a prevalence of prostaglandin analogues combined with
a beta-blocker and anhydrase carbonic inhibitor (31.8%). The mean scores of the NEI-VFQ 25 and
GSS questionnaires were 78 £ 18 (range 26.5-100) and 85 + 14 (range 79-93), respectively. Combined
XEN/ cataract surgeries were scheduled in 73.7% of the patients. The preferred place for the XEN
implant was the supero-nasal quadrant (91.6%). Conclusions Observing the baseline characteristics
of the typical Italian candidates for the XEN gel implant shows that they are patients affected by
POAG and cataracts, with moderate to severe glaucoma damage, all of which has an impact on their
quality of life.

Keywords: glaucoma; surgical treatment; XEN gel; outcomes; real-life; registry

1. Introduction

Real-world observational studies have become increasingly important in providing
evidence of treatment effectiveness in clinical practice. While randomized clinical trials
are the gold standard for evaluating the safety and efficacy of new therapeutic strategies,
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necessarily strict inclusion and exclusion criteria mean that trial populations might limit
the generalizability of their results and are often not representative of the target patient
population encountered in clinical practice.

Moreover, real-world studies can provide information on the long-term safety and
effectiveness of treatments in heterogeneous populations [1], as well as information on
utilisation patterns and health and economic outcomes.

It has been well established that glaucoma is associated with a reduction of quality of
life (QoL), and that QoL decreases with advancing disease severity [2]. Increased attention
to QoL has emerged in recent years and new surgical techniques have been designed to
reduce the possible morbidity connected with traditional glaucoma surgery [3,4]. One
promising technique involves the use of the XEN gel implant (XEN, Allergan, Dublin,
Ireland), which is a biocompatible 6 mm gelatine microtube designed to create a channel
from the anterior chamber to the subconjunctival space and to allow aqueous humour
outflow, and it has a minimally invasive procedure when inserted through a small corneal
incision [5-9].

The purpose of the Italian XEN Glaucoma Treatment Registry (XEN-GTR), an observa-
tional, prospective, longitudinal clinical study, is to obtain a comprehensive prospective
dataset that includes patients’ characteristics, intraoperative variables, and postoperative
management patterns for analysis of the effectiveness, safety, quality of life, and cost-
effectiveness outcomes of the treatment.

The baseline characteristics of the first 273 Italian patients enrolled are described herein
and could represent an overview of the typical Italian candidates for the XEN implant.

2. Materials and Methods
2.1. Study Design and Patient Population

This is a prospective, observational study involving 10 centres throughout Italy. Con-
secutive patients diagnosed with glaucoma and deemed to be suitable for the XEN implant,
according to the normal indications and procedures of the attending ophthalmologist, were
considered for inclusion if the following criteria were met: age > 18 years, ability to un-
derstand and sign written informed consent, diagnosis of open-angle glaucoma according
to the diagnostic criteria of the 5th edition of the Guidelines of the European Glaucoma
Society [10], and an indication for treatment with the XEN implant, in the opinion of the
ophthalmologist treating the patient, such as glaucoma progression or uncontrolled IOP
despite medical treatment. Patients who needed cataract surgery in combination with
glaucoma surgery were also included as patients with primary angle closure glaucoma,
with indications for the XEN45 implant, only if it was combined with phacoemulsification.

The exclusion criteria included the following: secondary glaucoma (different from
pseudoexfoliation and pigmentary glaucoma); the presence of conjunctival scarring or
conjunctival pathologies (e.g., pterygium) in the target quadrant; signs of active inflamma-
tion (e.g., blepharitis, conjunctivitis, keratitis, or uveitis); active iris neovascularization or
the presence of iris neo-vessels within 6 months of the date of surgery; intraocular lenses
in the anterior chamber; the presence of intraocular silicone oil; vitreous humor in the
anterior chamber; altered episcleral venous drainage (e.g., Sturge-Weber syndrome or
nanophthalmos); known or suspected allergy or sensitization to drugs required for the
surgical procedure or for some component of the device (e.g., glutaraldehyde or porcine
derivatives); and a history of keloid scars. If a patient needed surgery in both eyes, only the
data of the first eye were included in the register.

The baseline clinical data were collected before surgery (1 to 4 weeks before surgery,
at visit 0) and included the demographic and ophthalmologic variables listed in Table 1.
The data collected on the day of surgery (visit 1) were strictly related to the procedure and
to the surgeon’s habits (Table 1).
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Table 1. Reporting form recording the study visits and variables registered at baseline.

Study Visit Time Variables Registered
Demographic Ophthalmological
e Type of
Glaucoma
e Lens state
Previous
surgery
o Age e BCVA
e  Sex e IOP
Visit 0 1 to 4 weeks e Ethnicity ° Goni.oscgpy
before surgery e  Systemic e  Medications
condition e VF
e  RNFL OCT
e  Indirect ophthal-
moscopy
e ECC
e  NEI-VFQ 25
e GSS
e Type of surgery
e  Surgeon position
e  XEN position
Visit 1 Day of surgery : g};\? features
e  Bleb formation
e  Intra-operative complication
e Post-operative treatment

OP, intraocular pressure; BCVA, best-corrected visual acuity; VF, visual field; RNFL OCT, retinal nerve fibre layer
thickness optical coherence tomography; ECC, endothelial cell count; NEI-VFQ 25, National Eye Institute Visual
Function Questionnaire-25; GSS, Glaucoma Symptoms Scale; OVD, ophthalmic viscosurgical device.

Eligible patients, after signing a written informed consent form, underwent a compre-
hensive eye examination and medical and ocular history evaluation. The eye examination
included a best-corrected visual acuity (BCVA) assessment, a slit lamp evaluation, a go-
nioscopy, an IOP measurement using Goldmann applanation tonometry (the average of
3 measurements was considered for the analysis), and an indirect dilated ophthalmoscopy
with a 90 dioptres lens.

A visual field test (standard white-on-white perimetry), retinal nerve fibre layer thick-
ness optical coherence tomography (OCT), and an endothelial cell count were
also performed.

The endothelial cell count was performed by means of non-contact specular mi-
croscopy, and the average of 5 measurements was considered for the study purposes.

During the visit, patients were also asked to complete the Italian version of two
questionnaires: the NEI-VFQ-25 and the GSS [11,12].

2.2. Statistical Analysis

Continuous data are described as means and standard deviations if normally dis-
tributed or as medians and interquartiles if not normally distributed. Categorical and
nominal data are described as frequencies.

3. Results

Between January 2018 and October 2020, 273 patients were enrolled.

One hundred and fifty patients were male (55%), while one hundred and twenty-three
patients were female (45%). The median (IQR) age was 72.0 (65.0 to 78.0) years, with a
frequency of comorbidities such as hypertension (47.6%, 130/273), diabetes (13.6%, 37/273),
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and autoimmune diseases (5.9%, 16/273). Anticoagulant therapy was being undertaken by
16.5% (45/273) of the patients.

Baseline ophthalmological data are reported in Tables 2 and 3. According to perimetry
classification [13], 105/273 (42.7%) patients were classified as having severe glaucoma
(mean defect of worse than —12 dB), 66/273 (26.8%) as having moderate glaucoma (mean
defect of between -6 to —12 dB), and 58/273 (23.6%) as having early glaucoma (mean defect
of better than —6 dB), respectively. The data of 44 patients (16.12%) were not available.

Table 2. Baseline ophthalmological data in the XEN-GTR.

Parameters Mean Value &+ SD Range
BCVA (decimal) 0.53+0.3 0.1-1
Spherlc'al equivalent 07425 95545
(dioptres)
Anterior chamber depth (mm) 34+08 2-6
Axial length (mm) 243 +24 20-35
Endothelial Cel; count 2108 + 461 600-3076
(cell/mm*=)
127 (46.5%) pseudophakic
Lens status, no. (%) 145 (53.1%) phakic

1 (0.3%) aphakic
EN-GTR, XEN Glaucoma Treatment Registry; BCVA, best-corrected visual acuity; SD, standard deviation.

Table 3. Baseline ophthalmological parameters describing the glaucoma condition of the enrolled
patients in the XEN-GTR.

Parameters Mean Value & SD Range
IOP (mmHg) 24+ 6 12-60
Ophthalmoscopic cup/disc ratio 0.7 +0.14 0.3-1
CCT (um) 523 + 38 424-650
MD (dB) —123+8.6 —33-4
RNFL thickness (pm) 68 + 19 0.63-120

OP, intraocular pressure; CCT, central corneal thickness; MD, mean deviation; RNFL, retinal nerve fibre layer; SD,
standard deviation; XEN-GTR, XEN Glaucoma Treatment Registry.

The patients’ previous ocular surgeries and laser procedures are reported in Table 4.

Table 4. Previous ocular surgeries and laser procedures of the patients enrolled in the XEN-GTR (no. (%)).

Previous Ocular Surgeries and Laser Procedures

None 141 (51.6%)

Cataract surgery 116 (42.5%)
Trabeculectomy 1(0.4%)
Combined surgery (phacotrabeculectomy) 2 (0.7%)
Selective laser trabeculoplasty/argon laser trabeculoplasty 6(2.2%)
Retinal detachment 1 (0.4%)
Other 5(1.8%)
Not answered 1(0.4%)

EN-GTR, XEN Glaucoma Treatment Registry.

The types of glaucoma of the patients enrolled in the study were primary open-
angle glaucoma (87.2%, 238/273), pseudoexfoliative (6.6%, 18/273), primary angle closure
glaucoma (2.6%, 7/273), uveitic (2.1%, 6/273), steroid-induced (1.1%, 3/273), and post-
traumatic (0.4%, 1/273) glaucoma.

The mean number of medications taken by the patients was 2.7 &= 0.9; however, 42.9%
(117/273) of the patients used 3 active compounds, 2.5% (7/273) used 4 active compounds,
and 16.1% (44/273) used 5 active compounds (including systemic carbonic anhydrase
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inhibitors). The patients” drug regimens are represented in Table 5. Thirty-one percent of
patients (85/273) were also using systemic carbonic anhydrase inhibitors.

Table 5. Treatment regimens of the patients enrolled in the XEN-GTR (no. (%)).

Compound N (%)
BBA2 1(0.3)
CAI 2(0.7)
BBCAI preserved 3(1.1)
PGBB preserved 4(1.4)
A2CAI 4(1.4)
PG preserved 5(1.8)
BB 6(2.2)
A2CAI + BBPG 7(2.5)
A2CAI + PG 7(2.5)
PG 15 (5.5)
BBCAI 19 (6.9)
PG + BBA2 23 (8.4)
PGBB 40 (14.6)
PG + BBCAI + A2 44 (16.1)
PG + BBCAI 87 (31.8)
NA 1(0.3)
No medications 5(1.8)

B, beta-blocker; PG, prostaglandin analogues; CAI, carbonic anhydrase inhibitors; A2, alfa2 adrenergic agonists;
XEN-GTR, XEN Glaucoma Treatment Registry.

The mean score of the NEI-VFQ 25 was 78 + 18 (range 26.5-100), while the mean score
of the GSS was 85 & 14 (range 79-93), and only 60 patients competed the questionnaires. Lin-
ear regression analysis was performed at baseline between the baseline NEI-VFQ 25 score
and the MD (Figure 1). The Spearman correlation coefficient was 0.42, with a 95% boot-
strap CI: 0.07-0.60 (1000 bootstrap replications). The regression coefficient was 0.80
(p = 0.002). In our series, the patients with a worse MD value presented a lower
NEI-VFEQ score.
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Figure 1. Preoperative NEI VFQ25 vs. preoperative MD.

All the patients (273/273) underwent implantation preceded by a subconjunctival
injection of 0.1 mL of mitomycin C (0.2 mg/mL), and 39.9% (109/273) of the implantations
were performed in combination with cataract surgeries. The ophthalmic viscosurgical
device used was cohesive in 90.11% of the cases (246/273), dispersive in 6.96% of the cases
(19/273), and Duovisc® (Alcon Laboratoires, Fort Worth, TX, USA) in 3.14% of patients
(8/273). The surgeon’s position was mainly superior (178/273), but in 34.79% of the cases,
it was temporal.
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The implant was in a supero-nasal position in 91.58% of the cases (250/273), nasal
in 4.39% of the cases (12/273), superior in 1.47% of the cases (4/273), supero-temporal
in 1.47% of the cases (4/273), and temporal in 1.09% of the cases (3/273). The estimated
depth was subconjunctival in 89.01% of the cases (243/273). Of the remaining cases, 7.3%
(20/273) of the implants were judged as subtenonian and 3.66% (10/273) were judged as
undeterminable. The XEN subconjunctival course immediately after implantation was
linear in 86.45% (236/273) of the patients, curved in 1.47% (4/273), and undeterminable in
12.09% (33/273).

The implant was visible in the anterior chamber in 90.10% of the patients’ eyes
(246/273). In 4.03% (11/273) of the patients, the XEN was visible in the anterior chamber
only gonioscopically, and in 5.86% (16/273) of the patients, it was not visible at all.

Bleb formation was noted in 87.67% (239/273) of the patients; a flat bleb was observed
in 12.45% (34/273) of the patients.

Intraoperative complications were seen in 39.93% of the cases (109/273), consisting
of microscopic hyphema (73/273), mild hyphema (Grade I; 34/273), and conjunctival
tears (2/273).

One week after surgery, 4/273 patients were treated with an active compound
(3 patients with BB and 1 with PG) and 3/273 with two active compounds (BB and CAI).

4. Discussion

When a new surgical intervention becomes available, questions regarding its effective-
ness and safety in comparison with established techniques and questions regarding the
ideal patient candidate are required to be answered to determine its best placement in the
therapeutic algorithm of a specific disease.

Disease progression, worsening QoL, and poor adherence should guide glaucoma
specialists toward changing from a maximal tolerated medical treatment to selective laser
trabeculoplasty, an MIGS, or a traditional surgery [10].

The XEN-GTR represents a national prospective glaucoma surgery registry in Italy,
and it has been designed to prospectively collect multicentre, real-world data about the
indications and use, alone or in combination with cataract surgery, of the XEN gel implant
across a time-frame of 36 months. The XEN gel implant is a device designed for a minimally
invasive surgical treatment of glaucoma and has been available in Italy since the year 2016.
It represents the first ab-interno device designed for the subconjunctival filtration of the
aqueous humour by acting as a shunt between the anterior chamber and the subconjunctival
space, thus bypassing the outflow resistance of the trabecular meshwork and beyond [5-9].

From the data, is clear that the time of surgical indication may be adjusted based on the
stage of the disease, the glaucoma therapy-related ocular surface disease, and the quality of
life of the patient, and this has already been demonstrated in previous publications [14-17].

Among the potential advantages of the XEN gel implant over other established tech-
niques such as trabeculectomy, there is a significantly reduced surgical time and a lack of
conjunctival incisions, with potential advantages in terms of reduced inflammation and
scarring [8,18-23].

The basal profile of the candidate patient for this kind of surgery within the Italian
XEN-GTR is characterized by an average IOP of 24.0 mmHg with a wide variation spanning
from 12 to 60 mmHg and by an average visual field defect, as expressed by the MD of
—12 dB, and again with a wide variation spanning from —4 dB to —33 dB. Interestingly,
the XEN gel implant in Italy has been proposed not only in patients with early to moderate
glaucoma, but also in patients with severe glaucoma who are traditionally candidates
for trabeculectomy.

Most of the enrolled population was represented by POAG (90%), and a smaller
proportion of patients with secondary glaucoma was also enrolled and included pseudoex-
foliative, uveitic, steroid-induced, and post-traumatic glaucoma. Considering that those
categories of patients do not represent the primary indications of the XEN gel implant, it
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will be of great interest to explore the effectiveness and safety results in such challenging
cases over the 36 months of planned follow-up for the study.

The preservation of QoL at a sustainable cost is the ultimate goal of any glaucoma
treatment [10], and within the XEN-GTR, QoL measures such as the NEI VFQ-25 and
GSS were recorded at baseline and will be monitored over time. It is noteworthy that
collecting QoL data in our clinical practice represents an important limit because it takes
time and our patients did not fully comprehend the significance of that information. Our
preliminary data showed how patients with worse MD values presented lower NEI-VFQ
scores. Therefore, it is fundamental to raise awareness about this topic and to stress the
importance of collecting such data using questionnaires.

It is interesting to highlight that the XEN was implanted as a unique intervention
in 164 (60.1%) patients, of which 10 were phakic, and in which 109 (39.9%) received the
implant in combination with cataract surgery, thus indicating either that the XEN as a solo
procedure in phakic eyes is not a procedure of choice for most surgeons in Italy or that the
coexistence of glaucoma and cataracts is highly prevalent.

Despite the surgical technique for the XEN gel implant being standardized, some
variations were undertaken within the XEN-GTR cohort, mainly regarding the implant
location, in which a minority of cases (8.42%, 23/273) was different from the recommended
supero-nasal quadrant and the type of ophthalmic viscosurgical device used, which was,
in a majority of the cases, cohesive (90.11%).

When the XEN device is implanted, even by an expert surgeon, its depth with respect
to the conjunctival and tenonian planes is known to be hardly predictable, even though
a consistent surgical technique is demanded. Within the XEN-GTR cohort, in 89.01% of
the cases, the depth of the implant was judged as subconjunctival, while in the remaining
cases, it was judged as subtenonian. In 10 cases, it was judged as not determinable.

When the implant is released, its course may be found to be linear or curved under the
tissues again, even if a consistent surgical technique is used. The linearity of the implant
is likely to be related to the presence of subconjunctival tissue at the tip of the implant,
which prevents its distension over the underlying tissue planes. Within the XEN-GTR,
while immediately after implantation, the device was found to be clearly curved under the
tissues in only 1.47% of the cases, in 12.09%, the course was undeterminable, most likely
because of the deep subtenonian position of the implant itself.

Again, despite a consistent implanting technique of a given surgeon, some implants
may result in being clearly and directly visible in the anterior chamber, while other implants
will be visible only gonioscopically or not visible at all.

It is not known thus far whether the observed variations in the surgical technique or
in the device placement within the eye tissues are able to influence the efficacy and safety
outcomes over time, and this will be part of the associative analysis that will be performed
after medium and long-term follow-up data become available

Maximum medical therapy is considered by most authors as the combination of three
hypotensive agents or three drops per day, usually a prostaglandin analogue in association
with a non-prostaglandin fixed combination [10]. In addition, an increased number of
hypotensive topical medications with their preservatives has been shown to be associated
with a reduced success rate of conventional filtering surgery [24].

The baseline results of the XEN-GTR indicate that, in Italy, 62% of the glaucoma
surgical population is treated with three or more hypotensive agents, and thirty-one percent
of patients (85/273) were also using systemic carbonic anhydrase inhibitors, suggesting
a tendency to overtreat before undergoing surgery, with potential consequences on the
outcome, which will be the objective of future investigations.

Indeed, compared to previous prospective studies, our study’s patients were enrolled
without restrictions in terms of the type of glaucoma, baseline IOP value, visual field defect,
or central corneal thickness [20,25-30], reflecting a real-world clinical scenario. This will
allow for the evaluation of the XEN in a broader spectrum of patients with glaucoma, such
as that seen in daily practice.
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Moreover, the design of the XEN-GTR as a surgical registry is aimed at making all
data available for the scientific community with an interest in performing post-hoc analysis
for clinical, economic, or health purposes.

5. Conclusions

In conclusion, based on the preliminary registered evidence, the typical Italian can-
didate for the XEN gel implant is a patient with POAG, on maximum medical therapy,
and with moderate to severe visual field damage with no difference regarding the lens
status. Comparing the Italian candidate with the recommended patients for the XEN gel
implant, we can observe some relevant differences: most of the Italian patients scheduled
for the implant were on a maximum medical therapy, which is different from a maximum
tolerated medical therapy, and, ultimately, only 5% of the patients had a previous glaucoma
surgery but not a MIGS.

One year follow-up results regarding the efficacy and the safety of the implant will be
published shortly, and they will integrate this preliminary evidence.

Author Contributions: Conceptualization, M.F. and F.O.; methodology, M.E, F.O. and C.P,; software,
S.G. and G.R;; validation, M.F,, G.R,, FO., AM.E, L.A,, M.S. and S.G.; formal analysis, S.G. and C.P.;
investigation, G.C., M.N.M., G.G,, PQ.,, TM.E, VP, LM, LA, GS., AP,RA, MU, D.D.and C.C;
data curation, S.G., C.P,, FO. and M.E,; writing—original draft preparation, C.P,; writing—review
and editing, FO., M.F,, L.A. and M.S.; supervision, F.O., M.F. and A.M.E. All authors have read and
agreed to the published version of the manuscript.

Funding: Unrestricted grant by Abbvie.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and obtained Local Ethical Committee approval from the Comitato Etico Area Vasta
Nord Ovest on 15 March 2018, protocol number 17107 (EC register number for 11040_FIGUS). In
accordance with the Declaration of Helsinki, all patients gave written informed consent after having
been fully informed about the details of the study’s purposes.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author after the authorization of the scientific committee of the Italian XEN Glaucoma
Treatment Registry. The data are not publicly available because they are property of members of the
Italian XEN Glaucoma Treatment Registry (XEN-GTR) and the study is still ongoing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fea, AM.; Bron, AM.; Economou, M.A.; Laffi, G.; Martini, E.; Figus, M.; Oddone, F. European Study of the Efficacy of a
Cross-Linked Gel Stent for the Treatment of Glaucoma. J. Cataract. Refract. Surg. 2020, 46, 441-450. [CrossRef]

2. Floriani, I.; Quaranta, L.; Rulli, E.; Katsanos, A.; Varano, L.; Frezzotti, P.; Rossi, G.C.M.; Carmassi, L.; Rolle, T; Ratiglia, R.; et al.
Health-Related Quality of Life in Patients with Primary Open-Angle Glaucoma. An Italian Multicentre Observational Study. Acta
Ophthalmol. 2016, 94, €278-€286. [CrossRef]

3. Kirwan, J.E; Lockwood, A.J.; Shah, P.; Macleod, A.; Broadway, D.C.; King, A.J].; McNaught, A.L; Agrawal, P. Trabeculectomy in
the 21st Century. Ophthalmology 2013, 120, 2532-2539. [CrossRef] [PubMed]

4. Jiang, L.; Eaves, S.; Dhillon, N.; Ranjit, P. Postoperative Outcomes following Trabeculectomy and Nonpenetrating Surgical
Procedures: A 5-Year Longitudinal Study. Clin. Ophthalmol. 2018, 12, 995-1002. [CrossRef] [PubMed]

5. Grover, D.S,; Flynn, W.J.; Bashford, K.P.; Lewis, R.A.; Duh, Y.-].; Nangia, R.S.; Niksch, B. Performance and Safety of a New Ab
Interno Gelatin Stent in Refractory Glaucoma at 12 Months. Am. J. Ophthalmol. 2017, 183, 25-36. [CrossRef] [PubMed]

6. Lewis, R.A. Ab Interno Approach to the Subconjunctival Space Using a Collagen Glaucoma Stent. J. Cataract. Refract. Surg. 2014,
40, 1301-1306. [CrossRef]

7. Sheybani, A.; Dick, H.B.; Ahmed, I.LK. Early Clinical Results of a Novel Ab Interno Gel Stent for the Surgical Treatment of
Open-Angle Glaucoma. J. Glaucoma 2016, 25, €691-e696. [CrossRef]

8.  Chaudhary, A; Salinas, L.; Guidotti, J.; Mermoud, A.; Mansouri, K. XEN Gel Implant: A New Surgical Approach in Glaucoma.
Expert Rev. Med. Devices 2018, 15, 47-59. [CrossRef]

9.  Sheybani, A.; Reitsamer, H.; Ahmed, I.LK. Fluid Dynamics of a Novel Micro-Fistula Implant for the Surgical Treatment of

Glaucoma. Investig. Opthalmol. Vis. Sci. 2015, 56, 4789. [CrossRef]

104



J. Clin. Med. 2022, 11, 5320

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

European Glaucoma Society. Terminology and Guidelines for Glaucoma, 5th Edition. Br. J. Ophthalmol. 2021, 105 (Suppl. S1), 1-169.
[CrossRef]

Lee, B.L. The Glaucoma Symptom Scale. Arch. Ophthalmol. 1998, 116, 861. [CrossRef] [PubMed]

Rossi, G.C.M.; Pasinetti, G.M.; Scudeller, L.; Milano, G.; Mazzone, A.; Raimondi, M.; Bordin, M.; Lanteri, S.; Bianchi, P.E. The
Italian Version of the Glaucoma Symptom Scale Questionnaire. J. Glaucoma 2013, 22, 44-51. [CrossRef] [PubMed]

Mills, R.P; Budenz, D.L.; Lee, P.P; Noecker, R.J.; Walt, ].G.; Siegartel, L.R.; Evans, S.J.; Doyle, ].]. Categorizing the Stage of
Glaucoma from Pre-Diagnosis to End-Stage Disease. Am. ]. Ophthalmol. 2006, 141, 24-30. [CrossRef] [PubMed]

Nijm, L.M.; de Benito-Llopis, L.; Rossi, G.C.; Vajaranant, T.S.; Coroneo, M.T. Understanding the Dual Dilemma of Dry Eye and
Glaucoma: An International Review. Asia-Pac. ]. Ophthalmol. 2020, 9, 481-490. [CrossRef]

Hollo, G.; Katsanos, A.; Boboridis, K.G.; Irkec, M.; Konstas, A.G.P. Preservative-Free Prostaglandin Analogs and
Prostaglandin/Timolol Fixed Combinations in the Treatment of Glaucoma: Efficacy, Safety and Potential Advantages.
Drugs 2018, 78, 39-64. [CrossRef] [PubMed]

Pflugfelder, S.C.; Baudouin, C. Challenges in the Clinical Measurement of Ocular Surface Disease in Glaucoma Patients. Clin.
Ophthalmol. 2011, 5, 1575-1583. [CrossRef] [PubMed]

Baudouin, C.; Aragona, P.; Messmer, E.M.; Tomlinson, A.; Calonge, M.; Boboridis, K.G.; Akova, Y.A.; Geerling, G.; Labetoulle, M.;
Rolando, M. Role of Hyperosmolarity in the Pathogenesis and Management of Dry Eye Disease: Proceedings of the OCEAN
Group Meeting. Ocul. Surf. 2013, 11, 246-258. [CrossRef]

Schlenker, M.B.; Gulamhusein, H.; Conrad-Hengerer, I.; Somers, A.; Lenzhofer, M.; Stalmans, I.; Reitsamer, H.; Hengerer, EH.;
Ahmed, LLK. Efficacy, Safety, and Risk Factors for Failure of Standalone Ab Interno Gelatin Microstent Implantation versus
Standalone Trabeculectomy. Ophthalmology 2017, 124, 1579-1588. [CrossRef]

Galal, A,; Bilgic, A.; Eltanamly, R.; Osman, A. XEN Glaucoma Implant with Mitomycin C 1-Year Follow-Up: Result and
Complications. J. Ophthalmol. 2017, 2017, 5457246. [CrossRef]

Mansouri, K.; Guidotti, J.; Rao, H.L.; Ouabas, A.; D’Alessandro, E.; Roy, S.; Mermoud, A. Prospective Evaluation of Standalone
XEN Gel Implant and Combined Phacoemulsification-XEN Gel Implant Surgery. ]. Glaucoma 2018, 27, 140-147. [CrossRef]
Hohberger, B.; Welge-Liiflen, U.-C.; Limmer, R. MIGS: Therapeutic Success of Combined Xen Gel Stent Implantation with
Cataract Surgery. Graefe’s Arch. Clin. Exp. Ophthalmol. 2018, 256, 621-625. [CrossRef] [PubMed]

Reitsamer, H.; Sng, C.; Vera, V.; Lenzhofer, M.; Barton, K.; Stalmans, I. Two-Year Results of a Multicenter Study of the Ab
Interno Gelatin Implant in Medically Uncontrolled Primary Open-Angle Glaucoma. Graefe’s Arch. Clin. Exp. Ophthalmol. 2019,
257,983-996. [CrossRef] [PubMed]

Schlenker, M.B.; Durr, G.M.; Michaelov, E.; Ahmed, I.LK. Intermediate Outcomes of a Novel Standalone Ab Externo SIBS
Microshunt with Mitomycin C. Am. ]. Ophthalmol. 2020, 215, 141-153. [CrossRef] [PubMed]

Boimer, C.; Birt, C.M. Preservative Exposure and Surgical Outcomes in Glaucoma Patients. ]. Glaucoma 2013, 22, 730-735.
[CrossRef] [PubMed]

Coleman, A.L.; Richter, G. Minimally Invasive Glaucoma Surgery: Current Status and Future Prospects. Clin. Ophthalmol. 2016,
2016, 189-206. [CrossRef]

Ansari, E. An Update on Implants for Minimally Invasive Glaucoma Surgery (MIGS). Ophthalmol. Ther. 2017, 6, 233-241.
[CrossRef]

Gillmann, K.; Bravetti, G.E.; Mermoud, A.; Rao, H.L.; Mansouri, K. XEN Gel Stent in Pseudoexfoliative Glaucoma. J. Glaucoma
2019, 28, 676-684. [CrossRef]

Smith, M.; Charles, R.; Abdel-Hay, A.; Shah, B.; Byles, D.; Lim, L.-A_; Rossiter, J.; Kuo, C.-H.; Chapman, P.; Robertson, S. 1-Year
Outcomes of the Xen45 Glaucoma Implant. Eye 2019, 33, 761-766. [CrossRef]

Ibanez-Mufioz, A.; Soto-Biforcos, V.S.; Rodriguez-Vicente, L.; Ortega-Renedo, I.; Chacon-Gonzalez, M.; Rua-Galisteo, O.; Arrieta-
Los Santos, A.; Lizuain-Abadia, M.E.; del Rio Mayor, J.L. XEN Implant in Primary and Secondary Open-Angle Glaucoma: A
12-Month Retrospective Study. Eur. ]. Ophthalmol. 2020, 30, 1034-1041. [CrossRef] [PubMed]

Karimi, A.; Lindfield, D.; Turnbull, A.; Dimitriou, C.; Bhatia, B.; Radwan, M.; Gouws, P.; Hanifudin, A.; Amerasinghe, N.; Jacob,
A. A Multi-Centre Interventional Case Series of 259 Ab-Interno Xen Gel Implants for Glaucoma, with and without Combined
Cataract Surgery. Eye 2019, 33, 469-477. [CrossRef]

105






Journal of

'

Clinical Medicine

Article

Safety and Efficacy of Ab Interno XEN 45 Gel Stent in Patients
with Glaucoma and High Myopia

Matteo Sacchi "**, Antonio M. Fea 2, Gianluca Monsellato !, Elena Tagliabue 3, Edoardo Villani 4,
Stefano Ranno > and Paolo Nucci ¢

Citation: Sacchi, M.; Fea, AM.;
Monsellato, G.; Tagliabue, E.; Villani,
E.; Ranno, S.; Nucci, P. Safety and
Efficacy of Ab Interno XEN 45 Gel
Stent in Patients with Glaucoma and
High Myopia. ]. Clin. Med. 2023,12,
2477. https://doi.org/10.3390/
jem12072477

Academic Editor: Eun Ji Lee

Received: 5 February 2023
Revised: 20 March 2023
Accepted: 21 March 2023
Published: 24 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

University Eye Clinic, San Giuseppe Hospital, IRCCS Multimedica, University of Milan, 20123 Milan, Italy
Department of Ophthalmology, University of Turin, 10124 Turin, Ttaly

MultiMedica IRCCS, 20099 Milan, Italy

Department of Clinical Sciences and Community Health, University of Milan, 20122 Milan, Italy
Ophthalmology Department, Circolo and Fondazione Macchi Hospital, ASST Sette Laghi, 21100 Varese, Italy
Department of Biomedical, Surgical and Dental Sciences, University of Milan, 20122 Milan, Italy

*  Correspondence: matteosacchi.hsg@gmail.com; Tel.: +39-0285994975; Fax: +39-0229415945

1t These authors contributed equally to this work.

o Ul R W N e

Abstract: This study reports on the safety and efficacy of Xen 45 in patients with glaucoma and high
myopia. It was a retrospective study including patients with high myopia (>6D) who underwent
Xen implant with 2 years of follow-up. The primary outcome was to report the incidence of hy-
potony (IOP < 5 mmHg) and hypotony-related complications. Patients with high myopia treated with
mitomycin-C-augmented trabeculectomy were included as a control group. We included 14 consecu-
tive patients who underwent Xen implant (seven eyes) and trabeculectomy (seven eyes). The mean
myopia was —14.71 = 5.36 and —15.07 =+ 6.11 in the trabeculectomy and Xen groups, respectively
(p > 0.05). The success rate and the mean IOP at 1 and 2 years from the intervention were statisti-
cally comparable between the two groups. The group undergoing trabeculectomy showed a higher
incidence of hypotony (six eyes (85.71%) vs. two eyes (28.57%)) and hypotony maculopathy (three
eyes (42.86%) vs. zero eyes (0%)) and required more postoperative procedures. Patients with high
myopia were at higher risk of hypotony-related complications after trabeculectomy. The Xen implant
can achieve an IOP control comparable to trabeculectomy with a significantly better safety profile and
can be considered as an option for the management of patients with high myopia and glaucoma.

Keywords: glaucoma; glaucoma surgery; stent gel implant; Xen; trabeculectomy; hypotony; hypotony
maculopathy

1. Introduction

The only proven treatment for the management of glaucoma is to decrease intraocular
pressure (IOP). In the glaucoma treatment algorithm, the surgical approach is considered
after the failure of medication and laser. Indications for surgery are uncontrolled IOP, pro-
gressing disease despite apparent IOP control, and intolerance to active agents. Although
several surgical options are available, and mini-invasive glaucoma surgeries are rising in
popularity, trabeculectomy is still the most performed glaucoma surgical technique [1-3].

Although trabeculectomy can effectively lower IOP, significant complications can
occur postoperatively, including hypotony [4].

The term hypotony refers to an IOP value of 5 mmHg or less [5].

In clinical practice, hypotony occurring within 3 months after surgery is defined as
“early,” whereas hypotony still persistent 3 months after surgery is defined as “chronic” [6-8].

Hypotony is one of the most common complications [9], potentially leading to clinically
significant and sigh-threatening conditions such as choroidal effusion, optic nerve edema,
and maculopathy [5]. Since the 1990s, myopia has been associated with the development
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of hypotony maculopathy after filtering surgery [10-12], and a large retrospective study
confirmed that myopia was significantly associated with hypotony maculopathy [5].

In order to improve the predictability and the safety profile of glaucoma surgery,
several minimally invasive glaucoma surgical (MIGS) techniques have been studied and
developed in the last years and are nowadays available [13,14].

The Xen 45 gelatin stent (Allergan, Dublin, Ireland) is a 6 mm device implant with a
45 um internal lumen designed to create a conjunctival filtering bleb [15].

The advantages of this less invasive, bleb-forming technique are a more controlled
aqueous humor outflow; less tissue manipulation; quick recovery; and a lower incidence of
complication, including hypotony, compared to trabeculectomy [16,17].

In this retrospective study, we report the efficacy and safety of Xen 45 in consecutive
patients with uncontrolled glaucoma and concomitant high myopia (>6D). We included
in the analysis consecutive patients with glaucoma and high myopia who underwent
trabeculectomy as a control group.

2. Methods

We conducted a retrospective medical chart review using the hospital’s electronic
database (e4cure, Exprivia, Molfetta, BA, Italy). The search period was between 1 January
2016, and 1 January 2020, and patients referred to the glaucoma service were screened.

Consecutive patients with myopia >6 D, 18 years or older, with available data at the
established post-operative time points and with a follow-up of at least two years who
underwent filtration surgery (Xen implant or trabeculectomy) between 1 January 2016, and
1 January 2020, were included in the study. All the surgeries had to be performed by the
same glaucoma-trained surgeon (MS), and both standalone and combined surgery with
phacoemulsification were considered eligible for the analysis. Patients who underwent
laser trabeculoplasty at least six months before the surgery were also considered eligible.

Patients underwent surgery according to the clinical judgment when meeting one of
the following criteria: (a) unmet target intraocular pressure (IOP) despite maximum toler-
ated medical therapy (including oral acetazolamide) and laser; (b) a significant perimetric
progression confirmed on three consecutive reliable visual fields (VF) (Humphrey field
analyzer II 750-Carl Zeiss Meditec Inc.; Dublin, CA-30-2 test, full-threshold); (c) intolerance
to medical therapy.

Exclusion criteria were previous surgery, except for cataract surgery, if performed
at least 6 months before the Xen implant; anterior chamber intraocular lens; neovascular,
uveitic, angle-closure, and syndromic glaucoma.

We used the threshold of >6D for the definition of high myopia [18], and the threshold
of <5 mmHg for the definition of hypotony [5].

For our analysis, the following demographic and clinical data were collected: age,
gender, diabetes status, refraction, axial length, best-corrected visual acuity (BCVA), lens
status, type of glaucoma, baseline IOP, corneal thickness, number of glaucoma medications,
VF mean deviation.

The primary outcome of the analysis was to report the incidence of hypotony and
hypotony-related complications, including maculopathy in patients with glaucoma and
high myopia after Xen 45 ab interno implant and after trabeculectomy. Secondary outcomes
were to report other major and minor complications, assess the IOP lowering efficacy, and
compare the safety profile and the efficacy of Xen 45 with trabeculectomy.

The success of the procedures was defined as an IOP between 5 and 15 mmHg at any
follow-up visit. As stated by the World Glaucoma Association consensus group, the success
was complete if without medicines and qualified if with drugs [19].

Patients undergoing other IOP lowering procedures were considered failures.

The study was carried out at the Ophthalmic Clinic, San Giuseppe Hospital, IRCCS
Multimedica, University of Milan. This study was approved by the Institutional Review
Board (San Giuseppe Hospital, Milan—IRCCS Multimedica) and adhered to the tenets of
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the Declaration of Helsinki. We informed the patients about processing personal data, and
we obtained consent from all the patients before their data were part of this analysis.

2.1. Surgical Technique
2.1.1. Trabeculectomy

The trabeculectomy technique has been previously described [20].

Briefly, trabeculectomy was performed under a peribulbar block. After a traction
suture was passed through the cornea, a fornix-based conjunctival flap was dissected, and
a partial-thickness scleral flap was fashioned. A total of 0.3 mg/mL mitomycin (MMC) was
applied with sponges left for 2.5 min under the Tenon-conjunctival layer.

After MMC was carefully washed-out with a balanced salt ophthalmic solution, a
punch was used to perform sclerotomy, and peripheral iridectomy was performed in each
patient. The scleral flap was sutured with two-four 10-0 nylon sutures, and the conjunctiva
and Tenon’s layer were closed with polyglactin sutures. A 10-0 nylon suture was used to
close the Tenon-conjunctival layers to the cornea.

2.1.2. Xen Implant

Xen surgeries were performed under topical anesthesia. After 0.1 mL of mitomycin-C
(MMCQ), 0.2 mg/mL was injected within the upper bulbar conjunctiva, the main and the
side port corneal incisions were made, and the anterior chamber was filled with viscoelastic
(Healon GV®PRO, Johnson & Johnson Surgical Vision, Inc. 1700 E. St. Andrew Place Santa
Ana, CA 92705 USA 1-877-266-4543); the Xen was placed in the superior nasal quadrant.
The surgeon’s goal was to obtain the Xen gel implant to be positioned following the “3:2:1
rule”: 3 mm under the conjunctiva, 2 mm intrascleral, and 1 mm left in the anterior chamber.
At the end of the surgery, the proper placement of the Xen in the anterior chamber was
verified using a goniolens and viscoelastic washed-out.

Patients were instructed to withdraw topical and systemic ocular hypotensive medica-
tions on the day of surgery. Postoperative therapy for both groups consisted of a topical
steroid /antibiotic combination for the first two weeks, then switched to a topical steroid,
tapered in 4-6 months. Cyclopentolate was prescribed after trabeculectomy twice a day for
the first two weeks and then according to the physician’s judgment.

2.2. Statistical Analysis

Data were summarized as mean =+ standard deviation, if continuous, or frequencies
and percentages, if categorical. Differences between trabeculectomy and Xen were evaluated
for each variable by the non-parametric Wilcox test, if continuous, or Fisher’s exact test, if
categorical. As efficacy outcomes, IOP values were collected at the following time points
after surgery: 1 day, 1 week, 1 month, 3 months, 6 months, 12 months, and 24 months. Values
were then compared between groups by the non-parametric Wilcoxon test and longitudinally
by mixed models. Kaplan-Meier curves were drawn to graphically represent differences
between groups in the probability of success, defined as IOP values between 5 and 15 mmHg,
and the log-Rank test was used to evaluate the differences between the curves.

3. Results

In total, 18 eyes of 18 patients were identified: 9 eyes received a Xen, and 9 underwent
trabeculectomy. We excluded two patients per group for insufficient follow-up, one patient
in the trabeculectomy group for previous glaucoma surgery, and one patient in the Xen
group for diagnosis of uveitic glaucoma.

A total of 14 eyes, 7 in the Xen and 7 in the trabeculectomy group, were examined.
The follow-up was 2 years. The mean age and mean deviation in the Xen group were lower
compared to the trabeculectomy group (52.96 + 10.15 vs. 63.99 & 13.06, and —10.88 + 5.59
vs. —16.17 & 5.68 in the Xen and trabeculectomy groups, respectively); however, these
differences were not statistically significant. All patients met the diagnostic criteria of
primary open-angle glaucoma. Other baseline characteristics were comparable (Table 1).
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Table 1. Preoperative data.

Trabeculectomy (n =7) XEN Gel Stent (n =7) p Value *
Age (years) 63.9 +13.06 52.96 +10.15 0.1252
Sex (M/F), n (%) 1/6(14.29/85.71%) 3/4 (42.86/57.14%) 0.5594 "
Diabetes status (yes), n 1/7 1/7 ---
Refraction (Sphere, D) —14.71 + 5.36 —15.07 £ 6.11 0.4776
Axial length (mm) 30.28 +2.38 30.85 + 3.00 0.2225
BCVA (logMAR) 0.19+0.13 0.43 +0.36 0.5261
Pseudophakic, n 5/7 4/7 0.5770
Type of glaucoma, n
POAG 7/7 7/7 ---
Intraocular pressure (mmHg) 22.00 + 1.52 22.14 £ 4.88 0.3592
Pachymetry (um) 519.71 + 38.57 535.71 + 26.03 0.5649
Glaucoma medications (N) 3.57 +0.53 3.14 + 0.38 0.1246
Mean deviation (dB) —16.17 £ 5.68 —10.88 £5.59 0.1252
Data are presented as mean =+ standard deviation or frequencies and percentages. * Non-parametric Wilcoxon
test; ~ Fisher’s exact test.

One patient per group received simultaneous glaucoma and cataract surgery. Eyes
treated with trabeculectomy had a lower IOP throughout the follow-up than those treated
with Xen. The difference was statistically significant from 1 week to 6 months after surgery
in favor of trabeculectomy, while it was comparable after 1 and 2 years from interven-
tion (10.00 + 2.83 vs. 12.00 & 1.90, p 0.22, and 12.83 + 4.62 vs. 14.83 +3.97, p 0.8717,
trabeculectomy vs. Xen at 1 and 2 years, respectively; Table 2).

Table 2. Postoperative IOP values.

IOP (mmHg) Trabeculectomy (n = 7) XEN Gel Stent (n =7) p Value

1 day after surgery 543 +2.30 7.00 £+ 1.41 0.1185
1 week after surgery 543 £2.44 8.43 +2.44 0.0440 *
1 month after surgery 543 4+ 251 10.71 +1.25 0.0042 *
3 months after surgery 8.00 & 2.58 13.00 £ 3.61 0.0324 *
6 months after surgery 8.50 £226" 14.50 4+ 2.35 0.0059 *
1 year after surgery 10.00 £2.83" 12.00 £ 1.90 0.2240
2 year after surgery 12.83 £ 4.62 14.83 £3.97 0.8717

p-value <0.0001 # <0.0001 #

IOP = intraocular pressure. * Significant p-value (non-parametric Wilcoxon test). # Compared to baseline. * Fisher’s
exact test.

Xen and trabeculectomy showed an equal probability of success at 2 years of follow-up
(41.31% =+ 1.96 vs. 42.23% =+ 1.96, p 0.3925, log-Rank test; Figure 1).
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Figure 1. Kaplan-Meier curves for success of estimated probability (%).

At the last follow-up, and starting from 1 year after surgery, one patient per group was
using a prostaglandin analogue, and one patient per group was under a fixed combination
of timolol and dorzolamide. The number of hypotony and hypotony-related complica-
tions was significantly higher in the trabeculectomy group. Hypotony maculopathy was
recorded in 42.86% of eyes after trabeculectomy, whereas none of the eyes in the Xen group
experienced this complication (Table 3). All the cases of hypotony maculopathy occurred
in the first month after surgery.

Table 3. Postoperative complications.

Trabeculectomy XEN Gel Stent Total
(n=7) (n=7) (n=14)
Hypotony 6 (85.71%) 2 (28.57%) 8 (57.14%)
Hypotony maculopathy 3 (42.86%) 0 3 (21.43%)
Choroidal detachment 4 (57.14%) 1(14.29%) 5(35.71%)
Flat anterior chamber 2 (28.57%) 0 2 (14.29%)
Hyphema 0 1(14.29%) 1(7.14%)
Bleb leakage 1 (14.29%) 0 1(7.14%)
Endophthalmitis 0 0 0

Patients in the trabeculectomy group required more post-operative procedures (Table 4).
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Table 4. Postoperative management.

Trabeculectomy XEN Gel Stent Total
n=7) n=7) (n=14)
Bleb needling 2 (28.57%) 2 (28.57%) 4 (28.57%)
Intrableb autologous blood injection 3 (42.86%) 0 3 (21.43%)
Laser suture lysis 1(14.29%) 0 1(7.14%)
AC viscoelastic injection 2 (28.57%) 0 2 (14.29%)
Surgical bleb revision 1(14.29%) 1(14.29%) 2 (14.29%)

AC = anterior chamber.

Patients requiring bleb needlings and surgical bleb revision were similar in the two
groups, but more myopic patients undergoing trabeculectomy required intrableb autolo-
gous blood injection and AC refilling with viscoelastic compared to patients who under-
went Xen implant (42.86% vs. 0% and 28.57% vs. 0% in trabeculectomy and Xen groups,
respectively; Table 4).

4. Discussion

To the best of our knowledge, this is the first study reporting a dataset of the safety and
efficacy of ab interno Xen 45 and trabeculectomy in a subset of patients with high myopia.
Recently, we published a retrospective, multicenter study on Xen implant in patients with
high myopia [21]. In the current study, we introduced as a control group consecutive patients
with uncontrolled glaucoma and high myopia (>6D) who underwent trabeculectomy.

The primary outcome of our analysis was to report the incidence of hypotony and
hypotony-related complications.

Overall, throughout 2 years of follow-up, Xen 45 implant showed a lower incidence
of complications compared to trabeculectomy. None of the patients with glaucoma and
high myopia treated with ab interno Xen 45 implant experienced hypotony maculopathy,
in contrast to what we observed in the trabeculectomy group.

The incidence of hypotony after trabeculectomy varies greatly in the literature, and it has
been reported in up to 42% of patients. In a retrospective, 5-year study involving 123 patients,
late hypotony occurred in 42.2% of eyes, hypotony maculopathy in 8.9%, and 14.9% of eyes
had a significant loss of vision (four lines of visual acuity) [22]. A large retrospective study
involving nine centers in the UK and 395 patients followed up for at least 2 years reported the
presence of late hypotony (>6 months) in 7.2% of cases. Patients who experienced hypotony
had a significantly higher risk of losing vision than the whole group (10% vs. 6%) [4]. The
TVT study, a large RCT comparing the safety and efficacy of tubes with trabeculectomy,
showed similar results, reporting persistent hypotony (>3 months) in 12.3% of patients
who underwent trabeculectomy [6]. Different exposure times, concentrations, and areas
of application of MMC and the use of different sutures (adjustable, releasable) can at least
partially explain the wide range of hypotony reported in the literature [4].

Myopia has been recognized as a risk factor for hypotony after glaucoma surgery
since the 1990s [10-12], and more recently, large retrospective studies [5] and reports [23,24]
confirmed the link between the onset of hypotony [5] and hypotony maculopathy [23,24]
after trabeculectomy in patients with glaucoma and myopia.

As described by Gass, hypotony maculopathy is caused by the sclera bending inward,
associated with retinal and choroidal folds over the posterior pole [25]. Both levels of IOP
and biomechanical properties of the sclera are considered crucial in the development of
hypotony maculopathy. Myopic eyes have a thinner sclera, particularly at the posterior
pole, due to the loss of extracellular matrix and the reduction in collagen fibril diameter [26].
These biomechanical changes lead to an overall reduced scleral stiffness in myopic eyes [27].
Due to the lower thickness and rigidity, the myopic eyeball is more likely to collapse, making
myopic patients at higher risk of hypotony maculopathy in cases of hypotony after filtering
surgery [28]. Published studies reported a rate of hypotony maculopathy up to 20% after
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trabeculectomy [29,30]. In our work, we found a rate of 42.86% of hypotony maculopathy
after trabeculectomy in a high-risk population of highly myopic eyes. The populations and
the methods of these studies were different compared to our work as they did not include
patients with high myopia, and they did not use optical coherence tomography (OCT) for
the detection of hypotony maculopathy. As there are no studies having as the first outcome
the rate of hypotony and hypotony-related complications in patients with high myopia
who underwent trabeculectomy, it is hard to compare our finding with published data. We
used OCT as a routine postoperative examination in any patients who underwent glaucoma
surgery. It is likely that the use of OCT has increased our diagnostic power as we were able
to detect even subtle signs of hypotony maculopathy. Taking these considerations together,
we can speculate that the reported rate of hypotony maculopathy up to 20% in non-highly
myopic eyes can be compared with our rate of 42% of hypotony maculopathy detected
by a high-resolution imaging technique in a population at high risk of hypotony-related
complications.

The Xen 45 implant is a less invasive glaucoma surgical technique, leading to a fil-
tering bleb by an ab interno approach. This device was designed to prevent hypotony,
as the length/lumen ratio theoretically controls the aqueous outflow, according to the
Hagen-Poiseuille equation [31]. Xen 45 and trabeculectomy have been compared in 12- and
24-month retrospective studies. Overall, the Xen 45 showed a safer postoperative profile
compared to trabeculectomy. The incidence of hypotony ranged from 0% to 2.4% after Xen
45 and from 6.7% to 10.5% after trabeculectomy. In the retrospective study by Wagner and
coauthors involving 82 cases of XEN implant and 89 cases of trabeculectomy, hypotony
was reported in 6.7% of patients in the trabeculectomy and 2.4% of patients in the Xen
group [32]. In a 24-month retrospective study, patients in the Xen 45 group experienced
a significantly lower incidence of wound leak (0% vs. 15.8%), bleb leak (0% vs. 6%), and
hypotony (1.8% vs. 10.5%) compared to trabeculectomy [17], and a retrospective study
comparing trabeculectomy with Xen implant, both in combination with phacoemulsification,
reported a higher incidence of hypotony after trabeculectomy (7.7% vs. 0%) [33]. In two
retrospective Xen vs. trabeculectomy studies, the incidence of hypotony was not reported;
however, the anterior chamber flattening, a condition commonly related to hypotony, was
greatly more frequent in the trabeculectomy compared to the Xen group (19.6% vs. 1.5% and
14.7% vs. 0%, trabeculectomy vs. Xen, respectively) [34,35]. In one study, no late hypotony
and hypotony maculopathy occurred after the first month of follow-up [36], and one study
reported a similar incidence of choroidal folds and hypotony maculopathy in the two groups
(hypotony maculopathy 1.1% Xen, trabe 0.6%) [16]. In a large, comparative retrospective
study between standalone Xen 45 and standalone trabeculectomy [16], the authors reported
a significantly lower percentage of patients with a vision loss of >2 lines in the Xen group.

The second outcome of our analysis was to report the efficacy of the two techniques.

Xen implant and trabeculectomy achieved a significant IOP reduction at 2 years of
follow-up with a comparable survival curve. Although the IOP lowering efficacy was
superior in the trabeculectomy group, we did not find a statistically significant difference
at 1 and 2 years between the two techniques. The lower mean IOP we observed during the
first 6 months in the trabeculectomy group is likely correlated with the higher proportion
of hypotony that occurred in the trabeculectomy group. The mean IOP in the Xen 45 group
was 12.43 and 15.0 at 1- and 2-year follow-ups. We found 28% and 7% of cases needing a
needling procedure and a surgical revision, respectively. In large retrospective multicen-
ter [37,38] and single-center [39,40] European studies, the mean IOP ranged from 14.6 to
15.5 and from 14.2 to 14.8 throughout the first and the second year of follow-up. The pro-
portion of patients who underwent needling procedures ranged from 36% to 62% [37-40].
As none of these studies reported sub-analysis about patients with myopia or high myopia,
it is hard to compare our results with existing literature.

We recently published a multicenter, retrospective study reporting the effectiveness
and safety of Xen 45 in eyes with open-angle glaucoma (OAG) and high myopia [21].
Overall, the study by Fea et al. and the current study reported a significant reduction of

113



J. Clin. Med. 2023, 12, 2477

IOP compared to baseline and a good safety profile in patients with glaucoma and high
myopia who received a Xen implant. The IOP achieved at 1 year of follow-up and the rate
of hypotony was similar in the two studies (12.6 mmHg vs. 12.0 mmHg, and 28.6% vs.
28.5%, Fea et al. and the current study, respectively).

Compared to the current study, the study by Fea and colleagues is multicentric and
has a larger sample size but lacked a control group.

The baseline characteristics were similar between the studies in terms of mean devia-
tion and number of antiglaucoma drugs (11.8 dB vs.10.88 dB, and 3.0 vs. 3.14, Fea et al. [21]
and the current study, respectively), but patients in the Fea et al. study were older and had a
higher baseline IOP, as well as a lower mean refraction (62.1 years vs. 52.9 years, 24.5 mmHg
vs. 22.1 mmHg, —13.2 D vs. —15.07, Fea et al. [21] and the current study, respectively).

We are aware of the limitations of our study. First, the design of our work carries the
limitations of any retrospective analysis.

The risk of selection bias due to the lack of randomization is counterbalanced by
the lack of significant differences in the baseline characteristics of the two groups. As in
any retrospective work, the rate of complications, specifically choroidal detachment and
hypotony maculopathy, could be underestimated. However, this bias involves both groups
equally. In addition, the threshold of attention in patients with high myopia is exceptionally
high. Patients underwent a dilated funduscopic examination at any postoperative visit and
an optical coherence tomography retina exam in the case of low visual acuity recovery and
complaint of visual changes. Among the limitations, we are aware that the small sample
size reduces the power of the study. However, our preliminary work aimed to explore
the safety and efficacy of the Xen 45 implant in patients with glaucoma and high myopia,
a relatively uncommon condition. As expected, the refractive characteristics we used as
inclusion criteria of our analysis narrowed the sample size.

We also want to point out to be cautious in generalizing the results of this study and
that the interpretation of our findings should be restricted to patients with similar baseline
characteristics and in a similar setting.

Among the strengths, we defined strict inclusion and exclusion criteria using the
hospital’s electronic database, and a single surgeon treated all the patients, thus minimizing
the bias related to the surgical technique. We extended the follow-up to 2 years and included
patients with the same refractive characteristics (high myopia) treated by trabeculectomy
as a control group.

In conclusion, we report for the first time the safety and efficacy of Xen 45 implant in
comparison with trabeculectomy in patients with concomitant glaucoma and high myopia.
Myopic eyes are at higher risk of hypotony maculopathy after glaucoma surgery due to
the sclera’s weakened biomechanical properties, including scleral thinning and reduced
scleral stiffness. Xen implant showed a favorable safety profile, with a lower incidence of
postoperative hypotony maculopathy compared to patients with similar characteristics
treated with trabeculectomy. The safety results of our study after the Xen 45 implant agree
with the available literature. Although the retrospective nature of our work and the limited
sample size, we suggest considering Xen 45 implant in patients with high myopia requiring
glaucoma surgery.

We hope this explorative work can draw attention to the management of patients
with concomitant glaucoma and high myopia and will encourage further, larger works
investigating this topic.
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Abstract: The XEN® gel stent reduces intraocular pressure (IOP) in glaucoma. XEN®-45 is widely
used; the newer XEN®-63 has a larger lumen targeting potentially lower IOP outcomes. We retrospec-
tively compared the first 15 XEN®-63 cases to 15 matched XEN®-45 controls. With a preoperative IOP
of 18.1 + 3.9 mmHg (mean =+ SD) and a final IOP of 9.1 + 2.0 mmHg, XEN®-63 implantation resulted
in an IOP reduction of 44.6 & 16.5%. Similarly, with a preoperative IOP of 18.3 4 4.5 mmHg and a
final IOP of 10.3 + 2.1 mmHg, XEN®-45 implantation resulted in an IOP reduction of 40.1 + 17.2%.
The median follow-up period was 204 days (range 78-338 days) for the XEN®-63 group and 386
days (range 99-1688 days) for the XEN®-45 group. In total, 5/15 eyes of each group underwent open
conjunctival bleb revision within the period of observation. Three eyes of the XEN®-63 group had
secondary glaucoma surgery. One eye in the XEN®-63 group and three eyes in the XEN®-45 group
required a restart of antiglaucomatous medication. In conclusion, both stents effectively lower IOP
and medication. XEN®-63 achieved a slightly lower IOP over a short follow-up. Complication and
revision rates were similar.

Keywords: XEN®-63 gel stent; glaucoma; bleb revision

1. Introduction

A XEN® gel stent is a hollow cylindrical implant made of cross-linked collagen derived
from porcine gelatin. Implanted ab interno through the sclera, the stent drains fluid from
the anterior chamber to the subconjunctival space [1]. The XEN®-45 gel stent has been used
successfully to treat primary open-angle glaucoma [2-7], as well as other forms of glau-
coma [2-7], by reducing intraocular pressure (IOP) and the number of antiglaucomatous
medications required. Compared to classic glaucoma filtration surgery, XEN® implantation
is less invasive and may have a better safety profile [8]. However, most studies show a
high rate of needling [2,7,9-11] or bleb revision [4,12,13] after XEN®-45 implantation. In
the long run, trabeculectomy can achieve lower IOP values [14]. XEN®-45 has a lumen of
45 um and XEN®-63 a lumen of 63 um. Both are 6 mm long and are implanted with a 27G
injector. XEN®-45 has an outer diameter of 150 pm while XEN®-63 has an outer diameter
of 170 um. Real-world data for XEN®-45 implantation after 1-3 years show postoperative
mean IOP levels of 14-16 mmHg [2-4,7,9-11,13,15]. Due to its lower outflow resistance
compared to XEN®-45 (2-3 mmHg for XEN®-63 versus 6-8 mmHg for XEN®-45), XEN®-63
was designed to achieve a lower IOP level. So far, there are few studies on the current
version of XEN®-63. Previously, studies reported on an earlier, non-marketed version
with an inner diameter of 63 pm but an outer diameter of 240 pm, implanted with a 25G
injector [16-18]. Fea et al. were the first to report on the newly marketed XEN®-63 [19,20].
Hussien et al. recently compared the novel 63 um microstent to the conventional 45 um
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microstent [21]. We herein present our data of XEN®-63 compared to XEN®-45 for different
types of glaucoma in a tertiary center in Germany.

2. Materials and Methods

We conducted a retrospective analysis of the first 15 consecutive XEN®-63 implan-
tations at our tertiary Eye Center at the University of Freiburg, Germany, compared to
a matched group of XEN®-45 implantations. This study was performed in accordance
with the principles of the Declaration of Helsinki. Approval was granted by the Ethics
Committee of the University of Freiburg (No 21-1202_02).

Study patients: XEN®-63 gel stent (Allergan, an AbbVie company, Irvine, CA, USA)
was implanted in 15 eyes of 13 patients with medically uncontrolled glaucoma. The control
group consisted of 15 eyes of 15 patients who had received a XEN®-45 gel stent (Allergan,
an AbbVie company, Irvine, CA, USA) implantation. Both groups were matched for age
and type of glaucoma. Eyes with XEN®-45 implantation were selected from a quality
control database using propensity matching based on age and type of glaucoma.

We obtained intraocular pressure using Goldmann applanation tonometry (GAT).

The surgical technique was as follows: Either XEN®-45 or XEN®-63 gel stent was im-
planted ab interno via a clear corneal incision without conjunctival dissection. Prior to the
implantation, a very small amount of balanced salt solution was injected subconjunctivally
in the target quadrant. At the end of the procedure, 4 mg of dexamethasone was adminis-
tered intracamerally, and 0.1 mL of 0.2% mitomycin C was injected subconjunctivally. We
did neither inject subconjunctival viscoelastic for bleb preparation nor leave any viscoelastic
in the anterior chamber to prevent early hypotony. To reduce trauma to the conjunctiva, we
did not perform conjunctival dissection in any of the primary procedures. Primary needling
was performed if the subconjunctival portion of the XEN® stent demonstrated restricted
mobility. Postoperative treatment consisted of glucocorticoid eye drops (usually 1 mg/mL
dexamethasone) 5 times daily, which were gradually reduced depending on the degree
of postoperative conjunctival injection and intraocular inflammation (usually fortnightly
reduction). There were no postoperative subconjunctival 5-fluorouracil injections given
in any of the primary procedure cases. IOP-lowering drugs were stopped on the day
of surgery.

Postoperative needling was performed in the case of a subconjunctivally encapsulated
XEN® stent, which at the discretion of the surgeon, could likely be released by needling
alone. Criteria for bleb revision were signs of a dysfunctional bleb due to fibrotic tissue
inhibiting the outflow through the subconjunctival part of the XEN® stent or (impending)
perforation of the XEN® stent through the conjunctiva. A restart of topical antiglaucoma-
tous treatment was resumed if the postoperative IOP exceeded the target level for that
individual patient and the patient declined additional surgical interventions.

For open conjunctival bleb revision, we started with a conjunctival peritomy at the
limbus followed by careful dissection of fibrotic tissue around the XEN®. After verification
of good flow through the XEN® stent, it was placed underneath Tenon'’s fascia. Finally, the
conjunctiva was closed using 7-0 vicryl sutures, and 0.1 mL of dexamethasone 4 mg/mL
was injected subconjunctivally.

After postoperative needling and after bleb revision, patients received postoperative
subconjunctival 5-fluorouracil injections (1 mL of 1% 5-fluorouracil) for three consecutive
days following surgery and again glucocorticoid eye drops (usually 1 mg/mL dexametha-
sone) 5 times daily tapered fortnightly by one drop.

Analysis: The success of XEN®-63 versus XEN®-45 implantation was determined
using descriptive statistics, including mean values, standard deviation, range, and median
if differing substantially from the mean. Furthermore, we included Kaplan-Meier survival
estimations. Criteria for failure in the Kaplan—Meier analysis were revision surgery with
conjunctival dissection or secondary glaucoma intervention. To compare results between
XEN®-63 and XEN®-45, an unpaired two-tailed t-test was performed.
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We also analyzed IOP success rates according to the following criteria: Success was
defined as a final IOP of <15 mmHg (<12 mmHg) but >6 mmHg and an IOP reduction
of >20% without (complete success) or with ocular hypotensive medications (qualified
success) and without secondary glaucoma surgery. Failure was defined as an IOP level
above the upper limit or below the lower limit or an IOP reduction < 20%. Complete failure
was defined as a necessity for further glaucoma surgical intervention. Needling and bleb
revision in this analysis were not recorded as evidence for failure.

3. Results
3.1. Patient Age and Type of Glaucoma

At the time of XEN® implantation, patients in the XEN®-63 group were between
55 and 86 years old (mean age + standard deviation: 75.3 & 9.4 years), and patients in
the XEN®-45 group were between 54 and 86 years old (mean age + standard deviation:
74.8 £ 8.6 years).

The XEN®-63 group comprised five male patients (38.5%), two of whom received
XEN®-63 implantation in both eyes and eight female patients (61.5%) who underwent
XEN®-63 implantation in one eye. The XEN®-45 group comprised six male (40.0%) and
nine female (60.0%) patients. Only one eye of each patient in this group was included in
the study.

In both groups, 9/15 (60%) eyes had normal-tension glaucoma, 2/15 (13.3%) had pri-
mary open-angle glaucoma, 3/15 (20%) had pseudoexfoliation glaucoma, and 1/15 (6.6%)
had uveitic glaucoma.

3.2. Preoperative IOP, Medications, and Previous Glaucoma Treatment

The mean preoperative IOP was 18.1 & 3.9 mmHg (range 8-34 mmHg) in the XEN®-63
group and 18.3 + 4.5 mmHg (range 10-35 mmHg) in the XEN®-45 group (no statistically
significant difference, t = —0.12; df = 28; p = 0.9). The range of mean preoperative IOP per
eye was 11-25 mmHg in the XEN®-63 group and 13-29.2 mmHg in the XEN®-45 group.

Preoperatively, all eyes in both groups were on topical hypotensive agents. Eyes in
the XEN®-63 group were on an average of 3.3 substances, and eyes in the XEN®-45 group
were on an average of 2.5 substances. In 2/15 cases (13.3%) in the XEN®-63 group and
1/15 cases (0.1%) in the XEN®-45 group, patients received additional oral acetazolamide in
varying dosages.

In the XEN®-63 group, 6/15 eyes (40%) had previous glaucoma surgery, some with
multiple interventions, including 4 Trabectome® surgeries, 2 MINTject® implantations,
2 cyclophotocoagulations, and 3x selective laser trabeculoplasties. The mean number of
glaucoma procedures per eye in this group was 0.9. In case of previous cyclophotocoagula-
tion, this was performed in the inferior quadrants and did not alter the condition of the
superior conjunctiva where the bleb forms after XEN® implantation. There were no cases
of previous conjunctival incisional surgery.

In the XEN®-45 group, 4/15 eyes (27%) had previous glaucoma surgery. Two eyes had
only selective laser trabeculoplasty. Another two eyes had selective laser trabeculoplasty
and Trabectome® surgery prior to XEN®-45 implantation.

In case of previous Trabectome® surgery, gonioscopy showed the absence of the trabec-
ular meshwork in the nasal iridocorneal angle, sometimes replaced by some
scar tissue.

In both groups, 10 eyes were pseudophakic, and 5 eyes were phakic.

3.3. Postoperative Outcomes

The mean IOP within 4 days (mean 2.3 days) after XEN®-63 implantation was
7.7 £ 3.0 mmHg. IOP values within 4 days after XEN®-63 implantation ranged between
1-46 mmHg (range of mean IOP per eye 4.2-12.5 mmHg). XEN®-63 implantation re-
sulted in a mean IOP reduction of 10.4 + 3.8 mmHg (range 3.3-14.8 mmHg), or 56.5%
(range 22.0-77.9%).
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The mean IOP within 4 days (mean 2.6 days) after XEN®-45 implantation was
8.5 & 3.1 mmHg. IOP values within 4 days after XEN®-45 implantation ranged between
1-39 mmHg (range of mean IOP per eye 3.3-13.1 mmHg). XEN®-45 implantation re-
sulted in a mean IOP reduction of 9.7 + 6.0 mmHg (range 0.9-22.6 mmHg), or 50.4%
(range 6.4-86.6%).

Furthermore, immediate postoperative IOP-lowering medication could be discontin-
ued in all eyes in both groups.

In 10/15 eyes (66.7%) in the XEN®-63 group, the postoperative IOP was <6 mmHg
at least once, and in 4 eyes (26.7%), this lasted for over 1 week. In the XEN®-45 group,
8/15 eyes (53.3%) had a postoperative IOP < 6 mmHg, but in only 1 eye (0.07%) did this
last for over 1 week.

There were no cases of choroidal effusion in the XEN®-63-group. In the XEN®-45
group, two cases showed transitional choroidal effusion immediately postoperatively asso-
ciated with an IOP < 6 mmHg. In each group, among the patients with an IOP < 6 mmHg,
there was one case of transient choroidal folds in the macular area.

Postoperative anterior chamber hemorrhage was observed in 8/15 eyes (53.3%) in
the XEN®-63 group and 10/15 eyes (66.7%) in the XEN®-45 group. In most eyes, anterior
chamber hemorrhage resolved within 2-3 weeks. In the XEN®-45 group, one of the
eyes with anterior chamber hemorrhage had a transient IOP spike of 39 mmHg, and in
another eye, resolution of the hyphema took five weeks. In both groups, three eyes with
postoperative anterior chamber hemorrhage later underwent bleb revision. In the XEN®-63
group, one of these eyes also had secondary glaucoma surgery.

One patient in the XEN®-63 group had a suprachoroidal hemorrhage, which occurred
on the first postoperative day. As a result, the IOP increased from 3 mmHg initially to
a maximum of 46 mmHg, and antiglaucomatous treatment was restarted. Twelve days
after surgery, choroidal drainage was performed in this patient. In addition, 40 days after
surgery, the patient received secondary glaucoma intervention in the form of cyclopho-
tocoagulation. Preoperative visual acuity was 20/32 or logMAR 0.22, and visual acuity
at the last follow-up was 20/160 or logMAR 0.92 (133 days postoperatively). At the time
of XEN®-63 implantation, this patient was 86 years old, and the eye undergoing XEN®
implantation had a diagnosis of pseudoexfoliation glaucoma for 18 years with a maximum
IOP of 50 mmHg. The mean IOP on the day before surgery in this eye was 25.0 mmHg.
Immediately postoperative, the IOP was 24 mmHg, but it dropped to 3 mmHg on the first
postoperative day. The eye was pseudophakic and had previous myopia of —7 diopters.
Before XEN® implantation, the eye underwent selective laser trabeculoplasty, Trabectome®
surgery, as well as mild cyclophotocoagulation (inferior quadrants). The patient did not
have other general diseases than a diagnosis of depression. In particular, the patient did
not have arterial hypertension and was not on anticoagulants, antiplatelet drugs, or other
cardiovascular drugs. The risk factors for suprachoroidal hemorrhage in this patient were
the postoperative drop in IOP, resulting in a very low IOP, high myopia, long-term uncon-
trolled ocular hypertension glaucoma, previous intraocular surgeries, and the advanced
age of the patient.

Suprachoroidal hemorrhage did not occur in any of the matched XEN®-45 eyes.

3.4. Follow-Up Period

The mean postoperative follow-up period was 199.1 + 85.5 days (range 78-338 days;
median 204 days) for the XEN®-63 group and 734.7 + 619.8 days (range 99-1688 days;
median 386 days) for the XEN®-45 group.

3.5. Post-XEN® Interventions ( Figure 1)

In the XEN®-63 group, 5/15 eyes (33.3%) underwent open conjunctival bleb revision
an average of 45 days after surgery (range 28-74 days; median 39 days) due to impaired
drainage from occlusion of the stent lumen with Tenon'’s fascia or subconjunctival scarring.
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One of these patients had previous unsuccessful needling 6 days before bleb revision
(50 days after XEN implantation). There was no primary needling in the XEN®-63 group.

-~ XEN®-45 - XEN®-63

Percentage without event
°
3

[ 6 12 12 24 30 36 42 48

Time after surgery (months)
Number at risk

Strata

[ 6 12 18 24 30 36 42 48

Time after surgery (months)

Figure 1. Kaplan-Meier curve for time to bleb revision or secondary glaucoma intervention over
time. Steps indicate events, and ticks indicate eyes lost to follow-up. The follow-up period in this
graphic is limited to 48 months. There was one additional open conjunctival bleb revision around
4.5 years after surgery in the XEN®-45 group. All other interventions occurred within 4 months of
XEN® implantation.

In the XEN®-45 group, the same percentage of eyes (33.3%) underwent open con-
junctival bleb revision an average of 330 days after surgery (range 39-1624 days; median
70 days). Only one of these bleb revisions took place more than four months after XEN®-45
implantation (namely 1624 days or about 4.5 years) and was due to impending perfora-
tion of the conjunctiva by the XEN® stent. In the XEN®-45 group, primary needling was
performed in two eyes at the time of implantation. One of these eyes later underwent
bleb revision 73 days postoperatively. Additionally, one eye in the XEN®-45 group had
successful postoperative needling performed 63 days after implantation.

Apart from the aforementioned patient with suprachoroidal hemorrhage, who sub-
sequently underwent cyclophotocoagulation, two other patients in the XEN®-63 group
underwent PreserFlo® surgery as secondary glaucoma intervention 32 days and 196 days
after XEN® implantation, respectively. Four days before PreserFlo® implantation, one of
these patients underwent XEN® revision for an encapsulated bleb. After this bleb revision,
IOP increased to 45 mmHg due to XEN® obstruction by iris incarceration. The XEN®-63
implant was then replaced with a PreserFlo®. None of the XEN®-45 patients required
secondary glaucoma intervention within the follow-up period.

3.6. Restart of Topical Treatment

No other patient in the XEN®-63 group besides the aforementioned one with supra-
choroidal hemorrhage had antiglaucomatous treatment restarted within the follow-up
period (three topical drugs plus oral acetazolamide).

In the XEN®-45 group, there was one patient who had to restart topical antiglauco-
matous treatment (two agents) 302 days after XEN® implantation or 263 days after bleb
revision. Two other patients in the XEN®-45 group restarted topical antiglaucomatous
treatment without previous bleb-revision 386 days (one agent) and 638 days (initially one
agent, but later extended to four agents) post-surgery, respectively.
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The mean number of topical antiglaucomatous agents at the end of follow-up was
0.2 + 0.8 in the XEN®-63 group and 0.5 + 1.1 in the XEN®-45 group. Compared to the base-
line, the mean number of topical antiglaucomatous agents was reduced by 3.1 & 0.9 agents
(94.0%) in the XEN®-63 group and by 2.1 + 1.8 agents (81.6%) in the XEN®-45 group.

3.7. 1OP at Final Follow-Up

For IOP analysis at the final follow-up, we excluded all eyes with secondary glau-
coma surgery. Eyes that underwent bleb revision but no secondary glaucoma surgery
were included.

In the XEN®-63 group, the mean IOP at the final follow-up was 9.1 mmHg (range
6-12 mmHg). The mean IOP reduction was 7.9 mmHg (range 2.8-13.2 mmHg), or 44.6%
(range 18.9-68.8) in the XEN®-63 group.

In the XEN®-45 group, the mean IOP at the final follow-up was 10.5 mmHg (range
7-15 mmHg). The mean IOP reduction was 7.8 mmHg (range 2.0-16.7 mmHg), or 39.8%
(range 15.4-67.9%).

The following tables provide a summary of the main results for IOP values (Table 1),
topical antiglaucomatous medication (Table 2), postoperative interventions (Table 3), and
success rates (Table 4).

Table 1. IOP values.

e  eyes on topical treatment

e  reduction of topical treatment

—3.140.9 (—93.9%)

XEN®-63 XEN®-45
(15 Eyes of 13 Patients) (15 Eyes of 15 Patients)
At baseline: Mean Range Mean Range
10P 18.1 mmHg 8-34 mmHg 18.3 mmHg 10-35 mmHg
Within 1-4 days
after XEN® implantation:
10P 7.7 mmHg 1-46 mmHg 8.5 mmHg 1-39 mmHg
range of mean IOP per eye: range of mean IOP per eye:
4.2-12.5 mmHg 3.3-13.1 mmHg
IOP reduction 10.4 mmHg 3.3-14.8 mmHg 9.7 mmHg 0.9-22.6 mmHg
56.5% 22.0-77.9% 50.4% 6.43-86.6%
. 199.1 4 85.5 days 734.7 4 619.8 days
Follow-up period (median 204 days) 78-338 days (median 386 days) 99-1688 days
At final follow-up:
(excluding patients with secondary
glaucoma surgery)
10or 9.1 mmHg 6-12 mmHg 10.5 mmHg 7-15 mmHg
IOP reduction 7.9 mmHg 2.8-13.2 mmHg 7.8 mmHg 2-16.7 mmHg
44.6% 18.9-68.8% 39.8% 15.4-67.9%
Table 2. Topical antiglaucomatous medication.
XEN®-63 XEN®-45
(15 Eyes of 13 Patients) (15 Eyes of 15 Patients)
At baseline:
e mean number of topical 3.3 agents 2.5 agents
antiglaucomatous agents
e  eyes on topical treatment 15/15 eyes (100%) 15/15 eyes (100%)
At final follow-up:
e mean number of topical 0.2 agents 0.5 agents
antiglaucomatous agents
1/15 eyes (6.7%) 3/15 eyes (20.0%)

—2.1+1.8(—81.6%)
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Table 3. Postoperative interventions.

XEN®-63 XEN®-45
(15 Eyes of 13 Patients) (15 Eyes of 15 Patients)
e  Postoperative needling 1/15 eyes 6.7% 1/15 eyes 6.7%
e  Bleb revision
e Bleb revision within 6 months 5/15eyes 33:3% 5/15eyes 33:3%
5/15 33.3% 4/15 26.7%
e Interval between XEN® /15 eyes /15 eyes
implantation and bleb revision 45 days (mean) range 28-74 days 330 days (mean) range 39-1624 davs
39 days (median) 5 70 days (median) & ¥
e  Secondary glaucoma surgery
3/15 patient: 20.0% - -
e Interval between XEN® /15 patients
implantation and secondary
glaucoma surgery 89.3 days range 32-196 days - -
Table 4. Success rates at final follow-up.
XEN®-63 XEN®-45
(15 Eyes of 13 Patients) (15 Eyes of 15 Patients)
Complete success 11/15 eyes 73.3% 10/15 eyes 66.7%
(without ocular hypotensive medications,
without secondary glaucoma surgery)
e  Final IOP < 15 mmHg > 6 mmHg 12/15 eyes 80.0% 12/15 eyes 80.0%
. Final IOP < 12 mmHg > 6 mmHg 12/15 eyes 80.0% 10/15 eyes 66.7%
. IOP reduction > 20% 11/15 eyes 73.3% 10/15 eyes 66.7%
Qualified success - - 2/15 eyes 13.3%
(with ocular hypotensive medications,
without secondary glaucoma surgery)
. Final IOP < 15 mmHg - - 3/15 eyes 20.0%
e  Final IOP < 12 mmHg . - 2/15 eyes 13.3%
e  IOP reduction > 20% - - 2/15 eyes 13.3%
Failure 1/15 eyes 6.7% 3/15 eyes 20.0%

(IOP reduction < 20%)
Complete Failure

(Secondary glaucoma surgery)

3/15 eyes 20.0% - -

In the XEN®-63 group, 11/15 eyes (73.3%) showed complete success with a final IOP
of not only <15 mmHg but also <12 mmHg and >6 mmHg as well as an IOP reduction
of >20% without ocular hypotensive medications. One eye in the XEN®-63 group (6.7%)
was censored as a failure despite having a final IOP of 12 mmHg because the IOP reduction
from baseline was <20%. Three other eyes in the XEN®-63 group (20.0%) were censored as
complete failure due to secondary glaucoma surgery.

In the XEN®-45 group, 10/15 eyes (66.7%) showed complete success with a final
IOP of <15 mmHg and >6 mmHg, as well as an IOP reduction of >20% without ocular
hypotensive medications. Only one of these eyes had a final IOP > 12 mmHg but an IOP
reduction of >20%. Two eyes in the XEN®-45 group (13.3%) achieved qualified success with
a final IOP < 12 mmHg and >6 mmHg, as well as an IOP reduction of >20% with ocular
hypotensive medications. Three other eyes in the XEN®-45 group (20.0%) were censored as
a failure because the IOP reduction from baseline was <20%. The final IOP in these eyes
was 15 mmHg, 13 mmHg, and 11 mmHg, respectively.

There was no statistically significant difference in baseline and final IOP or IOP
reduction between the two groups (Table 5). This may be due to the small sample size.
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Table 5. Results of unpaired t-test comparing IOP outcomes between XEN®-63 and XEN®-45.

t df p
e  IOP at baseline —0.12 28 0.90
e IOP within a few days after XEN® implantation —0.74 28 0.47
e IOP reduction within a few days after XEN® 0.35 28 0.72
implantation (total)
e IOP reduction within a few days after XEN® 0.87 28 0.39
implantation (percentage)
e  IOP at final follow-up —1.64 25 0.11
e  JOP reduction at final follow-up (total) 0.06 25 0.95
e IOP reduction at final follow-up (percentage) 0.7 25 0.49

4. Discussion
4.1. Effectivity

Our study shows effective IOP reduction after XEN®-63 implantation with mitomycin
C. Compared to XEN®-45, the percentage IOP reduction at the end of follow-up was more
pronounced (44.6% versus 39.8%), and the absolute IOP at the last visit was slightly lower
(mean IOP of 9.1 mmHg versus 10.5 mmHg). These results are clinically relevant and
favor XEN®-63, but due to the small sample size, they are not statistically significant.
Furthermore, both XEN®-63 and XEN®-45 in our study showed high effectiveness in
reducing medical treatment, with all but one patient off treatment at the end of follow-up
in the XEN®-63 group and three patients having restarted topical treatment at the end of
follow-up in the XEN®-45 group.

However, the follow-up period was short and differed between the two groups, with
a median of 204 days (range 78-338 days) in the XEN®-63 group and a median of 386 days
(range 99-1688 days) in the XEN®-45 group, which may influence the comparability of the
two groups.

When interpreting our study results, it should also be considered that a high percent-
age of patients had normal-tension glaucoma. This distribution may limit how well the
findings generalize to primary open-angle glaucoma populations. However, the fact that in
a majority of cases, we observed substantial IOP reduction of >20% in a cohort dominated
by normal-tension glaucoma suggests efficacy could potentially be even greater in cohorts
comprising only primary open-angle glaucoma patients.

Fea et al. [19], in a retrospective study of XEN®-63 implantation with mitomycin
C (n = 23) for primary open-angle glaucoma, found similar results after 3 months, with a
slightly higher mean IOP (12.2 £ 3.4 mmHg) and slightly lower IOP reduction (40.8 £ 23.5%)
at the end of follow-up (baseline IOP 27.0 £+ 7.8 mmHg). They also found an effective
reduction in the number of hypotensive medications. After 18 months [20], they reported a
mean IOP of 14.1 + 3.4 mmHg without hypotensive medication.

In their recently published retrospective cohort study, Hussien et al. [21] compared out-
comes between XEN®-63 and XEN®-45 (1 = 42 eyes of 41 patients per group) at 12 months
post-surgery. They found a significantly higher complete success rate with XEN®-63 com-
pared to XEN®-45 (59.5% vs. 28.6%, p = 0.009), although the qualified success rate was not
significantly different between groups (66.7% vs. 45.2%, p = 0.08). The XEN®-63 group
demonstrated a lower mean IOP (12.7 & 4.8 vs. 15.5 & 5.1 mmHg, p = 0.001) and required
fewer medication classes (0.6 = 1.1 vs. 1.7 £ 1.6 agents, p = 0.0005) compared to the
XEN®-45 group. While the final IOP was lower in both of our study groups, our follow-up
period was shorter compared to the study by Hussien et al. Additionally, unlike our study,
they utilized both closed and open conjunctival approaches with ab interno XEN® stent
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placement. Their cohort also included eyes with combined cataract surgery and previous
subconjunctival surgery, which differed from our study population.

4.2. Safety

We observed more cases of hypotony < 6 mmHg lasting over one week after XEN®-63
implantation (4/15, 26.7%) compared to XEN®-45 implantation (1/15, 6.7%). Associated
with hypotony, in the XEN®-45 group, 2/15 eyes (13.3%) showed transient choroidal
effusion. In the XEN®-63 group, there was one case of suprachoroidal hemorrhage, a rare
sight-threatening complication after XEN® implantation, for which there are only a few
case reports in the literature following or during XEN®-45 implantation [22-24].

Similarly, Hussien et al. [21] reported more distinct adverse events in the XEN®-63
group compared to XEN®-45 (34 vs. 19 events), though most were early and transient.

Fea et al. [19,20] reported a rate of 17.4% for both transient hypotony and choroidal
detachment after XEN®-63 implantation.

4.3. Needling/Revision/Secondary Surgery

In both of our study groups, one-third of the eyes underwent open conjunctival bleb
revision. In 9/10 eyes, this bleb revision was due to impaired drainage and occurred
2-4 months after XEN® implantation. Therefore, impaired outflow in our study frequently
occurred after implantation of both XEN® types and quite early after XEN® implantation
(within 4 months). Only in one eye of the XEN®-45 group did it occur several years after
implantation and was due to impending conjunctival perforation. Therefore, the short
and differing follow-up periods between the two XEN® groups may not be as relevant in
this regard.

However, the shorter follow-up period for the XEN®-63 may artificially favor its
outcome by providing insufficient time for failures or complications to manifest. The
high rate of bleb revision required in both XEN® groups may limit the success of this
technique and should be considered when comparing XEN® implantation to alternative
glaucoma interventions.

A high revision rate has been reported for XEN®-45 in the literature [2,4,7,9-13].
To reduce postoperative needling and revision rates, open conjunctival or semi-open
techniques have been proposed for XEN® implantation [25-27]. For XEN® implantation,
we prefer an ab interno, closed conjunctiva approach, which it is designed for. In cases
where an ab externo approach with open conjunctival dissection is favorable, we opt to use
the PreserFlo® micro shunt instead.

Secondary glaucoma intervention in this study was more frequent in the XEN®-63
group. However, this was due to rare complications that can also occur after XEN®-45
implantation. Given the small sample size, this difference cannot be considered evidence of
a significant difference between the two XEN® types.

In the study by Fea et al. [20], 17.4% underwent needling after a mean of 42.9 + 11.2 days
(one due to elevated IOP). Furthermore, 17.4% of their study required additional surgery: two
trabeculectomies (8.7%), one XEN® replacement with XEN®-45 (4.3%), one high-intensity
focused ultrasound cyclodestruction (HIFU), and one more patient needed needling or
additional surgery at the final follow-up.

There are several studies reporting promising results for needling or bleb revision
after XEN®-45 implantation [28-32], some favoring bleb revision over needling [31,32], as
we do in the case of bleb fibrosis. Studies on an older, non-marketed version of XEN®-63
after 1-5 years of follow-up reported an IOP reduction of 18-40% and a needling rate of
0-53% [16-18,33].

In the Hussien et al. study [21], the needling rate was 11.9% in each group done as an
in-clinic intervention at the slit-lamp. The number of postoperative interventions (28 vs. 21,
including needlings) and rate of reoperation (9 (21.4%) versus 6 (14.3%)) were higher in the
XEN®-63 group compared to XEN®-45. Reoperations, considered failures in their study,
included in-operating room revision surgeries.
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4.4. Limitations

Our study is limited by its retrospective nature and relatively small sample size. The
follow-up period was short and differed between the two groups. Our study may serve as
an orientation for designing a prospective study comparing XEN®-63 versus XEN®-45.

5. Conclusions

XEN®-63 implantation with mitomycin C may lead to even lower IOP levels com-
pared to XEN®-45 implantation over a short follow-up period. Larger studies with longer
follow-ups are needed to confirm if this difference persists over time. The rates of com-
plications and required revisions appear to be largely comparable. Further research is
needed to evaluate the safety, efficacy, and role of XEN®-63 relative to XEN®-45 and other
glaucoma procedures.
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Abstract: This case report describes the successful use of a XEN gel stent for controlling intraocular
pressure (IOP) in a patient who had previously undergone scleral encircling for rhegmatogenous
retinal detachment. The patient had very limited mobile conjunctiva due to scarring caused by the
earlier surgery, which limited their options for glaucoma surgery. The XEN gel stent, a minimally
invasive glaucoma surgery (MIGS) procedure that does not require opening the conjunctiva, was
implanted in the subconjunctival space using an ab interno approach. Postoperative blebs were
imaged using anterior segment optical coherence tomography, and IOP was monitored over six
months. This study found that the XEN gel stent effectively controlled the IOP, and there were no
complications during or after surgery. This case report may expand the indication for the XEN gel
stent, which could be considered a viable option for patients who have undergone scleral buckling
and have limited mobile conjunctiva.

Keywords: MIGS; XEN gel stent; scleral buckling; blebs

1. Introduction

Minimally invasive glaucoma surgery (MIGS) represents a collection of conjunctival-
sparing, ab interno procedures to control intraocular pressure (IOP) in primary open-angle
glaucoma or pseudoexfoliation glaucoma eyes [1]. In particular, the bleb-forming glaucoma
procedure necessitates the use of conjunctiva; therefore, the more mobile the conjunctiva,
the better the outcome. Rhegmatogenous retinal detachment is the most common retino-
logical emergency threatening vision, with an incidence of 1 in 10,000 persons per year,
which can cause blindness in the affected eye without proper treatment [2,3]. However,
there is no valid justification for refraining from conducting retinal detachment surgery
solely based on the presence of mobile conjunctiva, which may potentially be involved in
glaucoma surgery at a later point in time. In particular, scleral buckling causes scarring
due to damage to the conjunctiva and creates more fibrotic conjunctiva with less mobile
area, which reduces the selection width of glaucoma surgical options.

We would like to report a case that successfully formed blebs using a XEN gel stent
through the least mobile conjunctiva remaining in the eyes owing to previous scleral
buckling. To the best of our knowledge, this is the first report that describes that a XEN
gel stent implantation using an ab interno approach can control the IOP in an eye with
previous scleral buckling history. This report also offers the morphologic evaluation of the
bleb for six months using anterior segment optical coherence tomography (AS-OCT) and
might help endeavors to expand the indication for the XEN gel stent in eyes with minimally
mobile conjunctiva.
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2. Case Presentation

A 49-year-old female was referred to glaucoma service for IOP control. She first visited
our hospital for further surgical management of the right eye fourteen years ago. Due to
rhegmatogenous retinal detachment, the eye underwent scleral encircling with a 360-degree
conjunctiva peritomy using a 4 mm thick sponge, cryopexy (performed between 10:30
and 1:30 o’clock), and pars plana vitrectomy. After one month, the silicone sponge was
removed due to uncontrolled IOP. IOP normalized after the sponge was removed. After
five years, the patient had undergone cataract surgery in the same eye. The IOP was around
20 mmHg despite maximally tolerated medical treatment, which included preservative-free
dorzolamide and timolol, preservative-free 0.15% brimonidine tartrate, and preservative-
free latanoprost eye drops. At the time of presentation to glaucoma service, which was
thirteen years after the encircling, her best-corrected visual acuity in the right eye remained
20/20, but the IOP was 25 mmHg. The axial length was 26.53 mm, which implies a highly
myopic eye. One year after, the visual field index fell from 79% to 71% in the last year
(Figure 1). Apart from the uncontrolled IOP and progressing visual field deterioration,
surgical intervention was considered, since her eye became allergic and she complained of
eyelid change to brimonidine and bimatoprost eye drops, respectively. As possible surgical
options, an Ahmed glaucoma valve, trabeculectomy, or a XEN gel stent were prepared.
The surgeon had a scrutinized preoperative interview with the patient on the best, most
possible option, which would be decided according to the result of the conjunctival mobility
check using an injection of air, lidocaine, etc.
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Figure 1. Visual field change before XEN gel stent implantation. Note that the visual field index
decreased from 79% (left) to 71% (right) in the last year before the decision for surgery.

Surgical procedures were performed by a skilled surgeon (S.R.) as described else-
where [4]. Briefly, after topical anesthesia, air and ocular viscoelastics were injected into
subconjunctival space to dissect the conjunctiva and the tenon’s capsule to confirm the
presence of the mobile conjunctiva. Almost the entire conjunctiva was immobile due to ad-
hesion (Figure 2A), but fortunately, some spared mobile conjunctiva was noted (Figure 2B)
in the superonasal quadrant. A 0.05 mL mix of 2% lidocaine with epinephrine (1:10,000,
0.1 mL) was injected using a 30 G needle into the superior subconjunctival space located
approximately 6 mm apart from the region that the XEN tip is expected to occupy. After
an injection of viscoelastics to maintain the anterior chamber using a 1 mm side port, the
XEN injector was advanced through a 1.5 mm clear corneal incision at the inferotemporal
limbus toward the opposite superonasal target angle The injector was approached to the
angle into the subconjunctival space 2 mm apart from the limbus. After confirming the
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allocation of the XEN gel stent in the mobile conjunctiva by the dissection described earlier,
the injector was moved backwards and removed gently out of the corneal incision. The
proper location and length (approximately 1 mm) of the stent in the anterior chamber were
checked using a surgical gonioscope, and the mobility and length (approximately 3 mm) of
the subconjunctivally located part of the stent were confirmed (Figure 2C,D). Irrigation and
aspiration were carried out to remove the viscoelastics. The corneal wounds were secured
by hydrosealing using a balanced salt solution. A quantity of 0.05 mL mitomycin C (MMC)
0.4 mg/mL was injected into the superonasal subconjunctival space using a 30 G needle [4].

Figure 2. Intraoperative findings for XEN gel stent under a surgical microscope. (A) Blue arrows
indicate immobile conjunctiva due to adhesion. (B) Blue line indicates spared conjunctiva. (C) Blue
arrows indicate XEN gel stent. (D) Blue arrow indicates XEN gel stent during gonioscopy examination.

On the first day following surgery, the IOP was 10 mmHg, and moxifloxacin, pred-
nisolone, and mydriatic eye drops were administered 4 times a day. On the 4th day after
surgery, the IOP was 14 mmHg, and the vision had fully recovered to the preoperative
level of 20/20. On the 11th day after surgery, the IOP was 21 mmHg, so once-daily use
of preservative-free timolol/dorzolamide eye drops was initiated, and the IOP was main-
tained at 16 — 14 — 12 mmHg (1 — 3 — 6 months after surgery, Figure 3). Using slit-lamp
examination of the bleb morphology, a localized avascular bleb was observed. Checking the
morphology of blebs using OCT, a high, sparse wall was observed during the all follow-ups
(Figure 4). The lengths of the fluid-filled cavity parallel and perpendicular to the section line
at 6 months were 3.065 mm and 3.555 mm. The estimated size of the bleb was 34.21 mm?.

This study adhered to the principles of the Declaration of Helsinki. Written informed
consent for the report and photographs was obtained from the patient. Postoperative blebs
were imaged using slit-lamp photography and a Spectralis OCT (Heidelberg Engineering
GmbH, Heidelberg, Germany) on postoperative day 1, week 1, week 2, and months 1, 2, 3,
and 6, as described elsewhere. Briefly, a total of 41 section scans were aligned along with
the parallel line at the point where the XEN tip was located. Images with quality scores
higher than 25 were included in the final qualitative analysis. The maximum bleb height
was selected and measured within the 41 sections that were obtained at each visit [4].
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Figure 3. The change in intraocular pressure (IOP). Note that the IOP rose to 21 mmHg on postopera-
tive day 11 (white arrow). The IOP was controlled after the readministration of timolol/dorzolamide

eye drops once daily.

Figure 4. Bleb morphology using slit-lamp photos and AS-OCT imaging at postoperative day 1 (A),
day 4 (B), day 14 (C), month 1 (D), month 3 (E), respectively. Note that the bleb morphology observed
using slit-lamp photography exhibits characteristics of a localized avascular nature, while the bleb
morphology observed using anterior segment optical coherence tomography (AS-OCT) demonstrates
characteristics of a high sparse wall type. Please note that blue dashed lines represent the same

location of each OCT section.
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3. Discussion

The XEN gel stent is recognized as a safe and effective MIGS procedure compared
to conventional trabeculectomy [5]. Both filtration surgeries are considered bleb-forming
surgery, which depends on the size of their blebs. A healthy conjunctiva is required for both
bleb-forming glaucoma operations. Watanabe-Kitamura et al. reported that, at 12 months
post-trabeculectomy, the volume ratio correlated with the IOP and the number of eye drops
needed using a 3D investigation of bleb volume after trabeculectomy. [6] Kawana et al.
evaluated that the IOP showed a significant negative correlation with the horizontal and
vertical lengths of the fluid-filled cavity, the height of the cavity, and the volume of the
internal fluid-filled cavity [7]. The mean horizontal and vertical lengths of the cavity of
successful blebs were longer than those of failed blebs (3.86 £ 2.16 mm and 4.23 + 2.06 mm
vs. 1.21 £ 1.05 mm and 1.39 4 1.16 mm, respectively). The length of the internal cavity, in
our case, also lies in this range (3.065 mm), which could imply the existence of a minimum
level of bleb size. Although the IOP control after glaucoma filtration surgery is known
to be influenced by the morphology and the size of the bleb after trabeculectomy [8], the
minimum size of the bleb for the proper IOP control is expected. In this vein, the addition
of our report can offer possible inspiration for further research on this matter.

Other quantitative parameters of the bleb associated with internal bleb morphology
are also related to the IOP control. The IOP showed a negative correlation with the number
of microcysts and with the volume of the hyporeflective area [7]. The bleb vascularity
score at 12 months was related to the volume ratio of the bleb wall [6]. In a previous
study, we compared the mean IOPs according to the bleb classifications in AS-OCT and
slit-lamp images using post hoc analysis. A diffuse avascular bleb showed a lower mean
IOP compared with a localized vascular bleb with statistical significance. Moreover, a
localized avascular bleb showed a relatively lower mean IOP compared with a localized
vascular bleb, although it did not reach statistical significance [5]. The bleb in our study
can be classified as a localized avascular type, which implies that the IOP control could be
better than vascular blebs.

Scleral buckling procedures can challenge IOP control in glaucoma eyes by compress-
ing vortex veins, causing increased episcleral venous pressure [9]. Moreover, dissection
of the conjunctiva inevitably induces conjunctival scarring, which could limit the feasi-
bility of glaucoma filtration surgery. Since trabeculectomy necessitates enough healthy
conjunctiva, glaucoma drainage device implantation has traditionally been preferred over
trabeculectomy in glaucoma eyes with previous scleral buckling history. Therefore, it is
important to preserve mobile conjunctiva as much as possible to minimize conjunctival
scarring for these eyes. Vu and Junk reported that ab externo XEN gel stent implantation
may successfully reduce IOP without interfering with the previous scleral buckle for three
months postoperation [9]. However, the ab externo approach needs additional conjunctival
dissection, which causes more fibrosis, reducing the chance of further manipulation of
the surgical area in the future. In contrast, the ab interno approach method is generally
considered the best way to achieve minimal invasiveness.

Surgical options for managing glaucoma eyes with minimally mobile conjunctiva are
limited and challenging. Due to the previous history of encircling, superotemporal and
superonasal quadrants for conjunctival dissections in both a trabeculectomy and a tube were
not feasible in our cases. The original definition of MIGS tends to encompass any procedure
that avoids conjunctival dissection and is approached using an ab interno clear corneal
incision [1]. If the superonasal bleb created by the first XEN fails, the inferonasal quadrant
can be considered the next target. Moreover, endoscopic cyclophotocoagulation (ECP) is
one of the few MIGS procedures that aim to lower IOP in glaucoma eyes with minimally
mobile conjunctiva where other MIGS procedures are all contraindicated. Rodrigues et al.
reported that ECP can be safely and successfully performed to control IOP in an eye with
severe scleromalacia [10]. However, ECP is not available in the South Korean market.
Ab interno XEN gel stent implantation and endoscopic cyclophotocoagulation have the
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benefit of offering an exit strategy by not precluding any further glaucoma surgery, which
is supposed to be one of the major advantages of MIGS.

4. Conclusions

We reported a case of refractory glaucoma with minimally mobile conjunctiva, which
was successfully managed using one of the widely performed MIGS procedures, XEN
gel stent implantation. A XEN gel stent is a good option for controlling IOP in glaucoma
following scleral buckling surgery, especially using the ab interno approach. This is the first
case in which a XEN gel stent was implanted using an ab interno approach and is feasible
for controlling IOP where there is limited healthy mobile conjunctiva space.
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Abstract: Background: The implantation of a collagen gel micro-stent (XEN45®) as a minimally
invasive form of glaucoma surgery (MIGS) after a failed trabeculectomy (TE) may be an effective
option with few risks. This study investigated the clinical outcome of XEN45® implantation after a
failed TE, with follow-up data of up to 30 months. Materials and Methods: In this paper, we present a
retrospective review of patients undergoing XEN45® implantation after a failed TE at the University
Eye Hospital Bonn, Germany, from 2012 to 2020. Results: In total, 14 eyes from 14 patients were
included. The mean follow-up time was 20.4 months. The mean time duration between the failed TE
and XEN45® implantation was 110 months. The mean intraocular pressure (IOP) decreased from
17.93 mmHg to 12.08 mmHg after one year. This value increased again to 17.63 mmHg at 24 months
and 16.00 mmHg at 30 months. The number of glaucoma medications decreased from 3.2 to 0.71,
2.0, and 2.71 at 12, 24, and 30 months, respectively. Conclusions: XEN45® stent implantation after
a failed TE did not lead to an effective long-term decrease in IOP and glaucoma medications in
many patients in our cohort. Nevertheless, there were cases without the development of a failure
event and complications, and others in whom further, more invasive surgery was delayed. XEN45®
implantation in some failed trabeculectomy cases may, therefore, be a good option, especially in older
patients with multiple comorbidities.

Keywords: glaucoma surgery; MIGS; trabeculectomy; XEN; fibrosis

1. Introduction

Trabeculectomy (TE), a technique that was first developed in 1968, is still considered
by many as the gold standard filtration surgery for glaucoma [1]. Although very effective,
it may become necessary to perform a needling procedure or a formal revision when bleb
filtration fails over the course of time [2-7]. Minimally invasive glaucoma surgeries (MIGS)
were developed as an alternative to more extensive procedures, such as trabeculectomy.
The term encompasses a wide group of less invasive MIGS surgeries, which are more
particularly defined by an ab interno intracameral micro-incisional approach [8-10]. The
XEN45® Gel Stent (Allergan Inc., Irvine, CA, USA) can be considered a type of MIGS
device, albeit with the added invasiveness of sub-conjunctival filtration and the need for
antimetabolite administration [11,12]. This hydrophilic stent has been shown to be quite
effective in IOP reduction while having a lower complication rate compared with more
aggressive surgeries, such as trabeculectomy [13,14].

In cases with failed trabeculectomy, glaucoma drainage devices or revision surgery of
the failed trabeculectomy site can lead to the further lowering of IOP [15-17]. However,
these interventions are associated with risks such as postoperative hypotony, postoperative
wound leakage, and corneal decompensation [18]. A few studies have described the out-
comes of XEN45® gel stent implantation as a therapy modality after a failed trabeculectomy,
showing that it can be an effective option for certain patients [19-21]. However, there are
no current studies showing long-term follow-up data beyond 12 months.
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2. Materials and Methods
2.1. Patients

All the medical records of patients who underwent XEN45®implantation for chronic
open-angle glaucoma, pseudo-exfoliation glaucoma, and neovascular glaucoma at the Depart-
ment of Ophthalmology at the University Hospital of Bonn, Germany, from 2012 until 2020
were reviewed retrospectively. All patients received standalone XEN45® implantation without
combined cataract surgery. Only those patients who had received a XEN45® implantation
after a failed trabeculectomy and with complete follow-up data over 12 months were included
for further analysis. Patients who had undergone surgery without an earlier trabeculectomy
and those with incomplete follow-up data were subsequently excluded.

All patients underwent a full ophthalmic examination upon presentation, including
an assessment of best-corrected visual acuity (BCVA) using Snellen charts (converted to
logMAR for statistical evaluation), IOP measurement via Goldmann applanation tonometry,
slit-lamp biomicroscopy, fundus biomicroscopy, and a visual field test, using the Humphrey
24-2 (Carl Zeiss Meditec, Inc., Dublin, CA, USA) for a visual field test. The documented
data included gender, age, glaucoma type, BCVA, preoperative clinical features (such as
IOP and visual field test results), and detailed follow-up information regarding BCVA,
IOP, visual fields, complications, and postoperative glaucoma medication. Patients were
censored for further analyses from the point of any additional glaucoma surgery. Patients
received an additional glaucoma operation if the IOP was insufficiently controlled after
XEN45®implantation, despite maximal therapy and visual field progression.

The failure of XEN45® implantation surgery was defined as an IOP either below
6 mmHg or over 21 mmHg, measured over two visits paid at least 3 months after surgery;
the need for additional glaucoma surgery was established for persistently raised IOP
and/or in cases resulting in the loss of light perception. All analyses were conducted on a
de-identified data set. A waiver from the local Ethics Committee was granted, due to the
retrospective nature of the study. The study protocol conformed to the ethical guidelines
of the 2000 Declaration of Helsinki, as reflected in the a priori approval granted by the
institution’s Human Research Committee.

2.2. Statistical Analysis

Statistical analysis was performed with SPSS Statistics version 27.0.0 (IBM Corporation,
New York, NY, USA). Time-dependent survival probabilities were estimated with the
Kaplan-Meier method.

3. Results

In total, 14 patients were included in this study. The mean age was 71 years. After
exclusions, 5 women (35.7%) and 9 men (64.3%) were included. The mean BCVA, measured
preoperatively, was 0.47 logMAR. Thirteen patients (92.9%) were pseudophakic. Further
characteristics of our patient cohort are described in Table 1.

The mean follow-up time was 20.4 months, with a maximum follow-up time of
34 months (12-34 months). Eight patients (57.1%) had a diagnosis of primary open-angle
glaucoma (POAG), while 5 patients (35.7%) had pseudo-exfoliative (PEX) glaucoma. The
preoperative mean IOP was 17.93 mmHg, with a maximum of 25 mmHg and a minimum
of 11 mmHg. The mean maximum IOP obtained from each patient’s medical history
was 22.27 mmHg (16-35). Preoperatively, patients were on a mean number of 3.2 topical
glaucoma medications. The majority of patients (7; 50%) were taking 4 pressure-lowering
agents. Almost all patients (13; 92.9%) were not on additional systemic acetazolamide
therapy. The mean vertical cup-to-disc ratio was 0.78. The mean deviation (MD), measured
preoperatively with a Humphrey visual field analysis (24-2), was —13.75 dB and the pattern
standard deviation (PSD) was 8.6 dB.
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Table 1. Demographics and clinical characteristics of patients undergoing XEN stent implantation
after a failed trabeculectomy.

Patient Characteristics n =14 (%)
Gender
Male/Female 9 (64.3)/5 (35.7)
Age
Mean, median (range, SD) 71.14, 74.50 (51-84; 9.51)
Glaucoma type
Primary open-angle glaucoma 8(57.1)
Pseudoexfoliation glaucoma 5(35.7)
Secondary neovascular glaucoma 1(7.1)

Follow-up time (months)

Mean, median (range, SD) 20.36, 20.50 (12-34; 8.43)
Time between TE and XEN (months)

Mean, median (range, SD) 110.54, 100.00 (36-270; 10.33)
Acetazolamide

Yes/no 1(7.1)/13 (92.9)
Number of glaucoma medications

0 0

1 2(14.3)

2 3(21.4)

3 2(14.3)

4 7 (50.0)

5 0

BCVA, measured preoperatively (logMAR)

Mean, median (range, SD) 0.52, 0.35 (0-2.3; 0.62)
IOP preoperatively

Mean, median (range, SD) 17.93,18.00 (11-25; 4.45)
Maximum IOP without drops in the past

Mean, median (range, SD) 22.27,21.00 (16-35; 4.40)
Mean deviation (MD) (Humphrey 24-2)

Mean, median (range, SD) —13.75, —15,50 (—1.96——25.25; 8.13)
Pattern standard deviation (PSD)

Mean, median (range, SD) 8.6,9.53 (3.1-14.54; 3.79)
Cup-to-disc ratio (CDR)

Mean, median (range, SD) 0.78, 0.80 (0.50-0.99; 0.17)

The mean duration between the operative date of the failed trabeculectomy and the
XEN45® implantation surgery was 110 months, with a maximum of 270 months and a
minimum of 36 months. During the postoperative course, 3 patients (21.4%) underwent an
additional glaucoma procedure. Of these 3 patients, one patient underwent trans-scleral
cyclo-diode laser treatment, one patient underwent trabectome surgery, and one patient
underwent PreserFlo® Microshunt implantation. The mean time period between XEN45®
gel implantation and additional glaucoma surgery was 10.33 months (range: 1-22 months;
SD: 10.69).
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Of all 14 patients, 4 patients (28.6%) developed a failure event (Figure 1).
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Figure 1. Kaplan-Meier curve depicting the failure rate after XEN45® implantation surgery.

Failure criteria were applied, as explained above. As aforementioned, 3 patients of
the 4 (75.0%) failed due to additional glaucoma surgery, and 1 patient (25%) failed due to
persistent high IOP levels over 21 mmHg, recorded over two visits (Table 2).

Five patients (35.7%) developed complications during the postoperative course; two
of these had more than one complication. One patient experienced a hyphema immediately
after surgery and one patient exhibited corneal oedema. These complications eventually
resolved without the need for additional interventions.

One patient showed a numerical hypotony during the first days after surgery
(IOP < 6 mmHg, with no sign of choroidal detachment).

Two patients underwent revision surgery of the XEN45® implant, with the repeated
application of Mitomycin C; one patient underwent partial removal of the XEN45® implant
(Table 2). Both patients were revised two weeks after surgery. These patients had an IOP of
5 mmHg and 10 mmHg, respectively, during the week after the revision. These IOP values
went up to 12 and 14 mmHg, respectively, 10 months post revision, and 16 and 17 mmHg,
respectively, 22 months post revision. Both patients were started off with pressure-lowering
drops at 3 months after revision with one and three glaucoma agents, respectively.

On the first day after surgery (n = 14), the IOP decreased to a mean IOP of 9.86 mmHg,
with an IOP drop of 40% in comparison to the preoperative IOP. The number of IOP-
lowering drops was considerably lower than before surgery (0.29). One week after surgery,
the results were comparable to the first day after surgery (1 = 14). The IOP was 10.63 mmHg
and the mean number of pressure-lowering eye drops was 0.5. During both time periods,
the BCVA had decreased.
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Table 2. Complications and failure after XEN45 stent implantation.

Complications
Yes/no 5(35.7)/9 (64.3)
Complications (3 patients with more than 1 complication)
Hyphema 1(7.1)
XEN-Revision + Mitomycin C 2 (14.2)
Needling 1(7.1)
Partial XEN removal 1(7.1)
Corneal oedema 1(7.1)
Numerical hypotony 1(7.1)
Failure yes/no
Yes/no 4(28.6)/10 (71.4)
Failure reason
Loss of visual acuity to levels below light perception 0

Hypotony < 6 mmHg over two consecutive visits

Persistent high pressure > 21 mmHg over two consecutive

visits 1(25.0)
Additional glaucoma surgery needed 3(75.0)
Time interval since XEN operation (months)

Mean (range) 10.33 (1-22)

During the postoperative course, the IOP showed an increase in IOP values between
12 and 17 mmHg. One month after surgery (n = 14), the IOP was 15.41 mmHg; 3 months
after surgery, it was 12.67 mmHg (n = 14), and six months after surgery, it was 12.08 mmHg
(n = 14). One year after surgery, the follow-up data were complete for all 14 patients
and showed a mean IOP of 12.08 mmHg. In comparison to the preoperative value, the
mean IOP had decreased by 4 mmHg. However, the mean IOP had further increased to
17.63 mmHg at 18 months (1 = 9), then changed to 14.25 mmHg at 24 months (n = 7), and
to 16.00 mmHg at 30 months after surgery (n = 7) (Figure 2).

When only the 7 patients with a follow-up time of 24 months were included in the
analysis, the mean preoperative IOP was 19.25 mmHg at month 6, 13.63 mmHg at month
12, 17.63 mmHg at month 24, and 16 mmHg at month 30.

The amount of pressure-lowering eye drops was 1.0 at one month (n = 14), 1.0 at
3 months (n = 14), 0.75 at 6 months (1 = 14), and 0.71 at one year after surgery (n = 14).
Compared with the preoperative amount of 3.2 drops, the number was considerably lower
at one year after surgery (Figure 3).

Nevertheless, the amount increased again, with a mean of 2.0 drops at two years
(n =7) and 2.71 drops at 30 months after surgery (n = 7).

Overall, the BCVA showed some deterioration during the time period after surgery,
from 0.52 logMAR, preoperatively, to 0.84 logMAR one week after surgery (n = 14), 0.69 log-
MAR after 6 months (n = 14), 0.72 logMAR after 12 months (n = 14), 0.82 logMAR after
24 months (1 = 7), and 0.84 logMAR 30 months (1 = 7) after surgery.

The mean preoperative cup-to-disc-ratio (CDR) was 0.78 (0.5-0.99) and showed a
slight deterioration during the postoperative course, with 0.81 (0.5-0.99) after 24 months
(n =7) and 0.81 (0.5-0.99) after 30 months (n = 7).

The visual field test results showed a mean deviation of —15.75 dB at six months
(n=14), —16.92 dB at one year (n = 13), —15.46 dB at two years after surgery (1 = 6) and
—16.43 dB at 30 months (1 = 6). In comparison to a preoperative value of —13.75 dB, these
results showed a slight progression in the visual field tests. However, when comparing
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the pattern standard deviation with a preoperative value of 8.6 dB to 9.5 dB at 6 months
(n=14),7.2dB at 1 year (n =13),9.9 dB at 2 years (n = 6) and 10.1 dB at 30 months (n = 6),
the visual field defects showed only a discrete progression.
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Figure 2. The IOP values (bars represent range with minimum and maximum) over time for all
patients with XEN45® stent implantation after a failed trabeculectomy.
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Figure 3. Number of IOP-lowering agents (bars represent a range with the minimum and maximum)
over time for all patients undergoing XEN45® stent implantation after a failed trabeculectomy.

4. Discussion

To date, trabeculectomy remains the mainstay of surgical treatment for primary open-
angle glaucoma for many glaucoma surgeons worldwide. Although the techniques have
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been refined over time, and scarring can be managed more effectively by the use of mit-
omycin C and 5-fluorouracil, failure is still frequent. Gedde and colleagues described a
probability of failure for trabeculectomy of 28% during the first three years after surgery.
Reasons for failure were inadequate IOP reduction, reoperation for glaucoma, persistent
hypotony, or the loss of light perception [22]. Fontana and colleagues even state that only
half of the cases achieved long-term low IOP after trabeculectomy [23].

The feasibility of using a less invasive glaucoma procedure after a failed trabeculec-
tomy, such as a XEN45® implant, has only been described in a few studies, but, to our
knowledge, these cases have only a limited follow-up.

To the best of our knowledge, our study shows the longest periods of follow-up
results available until now for XEN45® stent implantation after a failed trabeculectomy.
This aspect is especially important because the efficacy of a glaucoma procedure can
only be fully evaluated after a long follow-up period. Our study contained a follow-
up time of 20.4 months (12-34 months). Data were complete for every patient of our
cohort after one year, were still complete for half of the patients after 24 months, and
complete for 7 patients after 30 months. The other half were lost to follow-up or were
censored due to failure events. Karimi and colleagues performed a retrospective study with
17 patients in 2018, but they only included follow-up data for 12 months [19]. Bormann and
colleagues performed examinations of 31 eyes of 28 patients who received a XEN45®after
an insufficient trabeculectomy and included follow-up data for up to twelve months [20].
Diizgiin and colleagues demonstrated a mean follow-up period of 14.2 months [21].

We included 14 patients with a preoperative IOP of 17.93 mmHg, with a range from 11
mmHg to 25 mmHg. One patient had a preoperative IOP of 11 mmHg, which is considered
quite low for listing this patient for surgery. However, this patient had been prescribed an
intake of acetazolamide and the maximum amount of pressure-lowering medication, with
an even lower target IOP.

In our cohort, the IOP was lowered to an IOP of 12.08 mmHg on average (preoperative
measurement: 17.93 mmHg) and the usage of pressure-lowering agents decreased to a
mean of 0.71 (preoperative measurement: 3.2 drops). After a time interval of one year, in
comparison with our study, the aforementioned studies reported effective IOP-lowering
after XEN45® stent implantation. Diizgun et al. described 14 patients who received XEN45®
in the inferonasal quadrant, who showed an IOP-reduction of 49.3% (from 24.14 mmHg to
12.23 mmHg) and a reduction in eyedrops from 3.71 to 1.31, on average [21]. Karimi and
colleagues performed a retrospective study with 17 patients in 2018, showing that XEN45®
reduced the IOP from 21.5 to 13.6 mmHg and the number of pressure-lowering medications
from 2.8 to 1.0 after 12 months [19]. Bormann and colleagues stated that XEN45® reduced
the IOP from 23.5 to 18.0 at 12 months, postoperatively [20]. All these studies, including
our own, demonstrate an efficient reduction in IOP and in the number of pressure-lowering
eyedrops at one year post-XEN45® stent implantation after a failed trabeculectomy, and
concluded that XEN45® could be a good method to overcome failed trabeculectomies with
minimally invasive surgery.

The above-referenced studies did not report further outcomes from other time points.
To the best of our knowledge, there are no other studies presenting data on 2-year results for
XEN45® implantation after a failed trabeculectomy. Karimi and colleagues even conclude
in their list of study limitations that a follow-up beyond 12 months would have been better
to evaluate the procedure’s true efficacy after a failed TE.

In our study, we were able to maintain a connection with half of our patients for
follow-up data after 30 months. The outcome after two years and 30 months showed
that, unfortunately, the IOP-lowering and drug-reducing effect decreased, and, in some
patients, had even reached a similar level as preoperatively. The mean IOP increased from
12.08 mmHg at month 12 to 17.63 mmHg at month 18, 14.25 mmHg at month 24, and
16.00 mmHg at month 30 after surgery. The IOP drop between month 18 (n = 9) and month
24 (n = 7) might be due to the exclusion of one patient who had higher IOP values and was
subsequently excluded from analysis because of a failure event, while the other patient with
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rather high IOP values did not have further follow-up appointments. However, it must be
taken into account that follow-up data at 24 and 30 months after surgery were not available
for every patient and that the results can be affected by selection bias. To rule this out, we
compared the IOP when only including those seven patients with an available follow-up
time of 24 months (preop: 19.25, month 12: 13.63 mmHg, month 24: 17.63 mmHg). This
subgroup analysis showed that these patients had a higher preoperative IOP than the
average group and, thus, the IOP remained lower at month 24 than preoperatively, but was
still considerably higher than after a year. The long-term follow-up data included in our
study shows that XEN45® stent implantation first leads to an IOP reduction during the first
year, with an increasing IOP during the second year. This is most probably due to fibrosis
formation around the subconjunctival portion of the stent.

Since one of the main reasons for failure in TE is bleb fibrosis, and since the XEN45®
follows the same principle of subconjunctival filtration, it seems logical that a XEN45® stent
would suffer from the same problem and, thus, would not be effective after a longer time
period. Furthermore, one assumes that a failed trabeculectomy would mean that that particular
patient would also be at higher risk of subconjunctival scarring and bleb failure, both pre-
trabeculectomy and also even more so after having already undergone a bleb-modifying
operation. In these cases, a glaucoma drainage device (GDD), where a tube drains into the
untouched post-equatorial subconjunctival space, is considered by many to be the preferred
therapy option after a failed TE, especially if post-TE interventions, such as bleb needling
and/or repeated antimetabolite application, have been unsuccessful in restoring bleb function.
However, tube surgeries can also pose certain risks, which a XEN45® stent avoids to a
significant degree. A GDD procedure is usually more complex and time-consuming and will
more often result in major complications, especially with regard to persistent postoperative
hypotony, corneal endothelial cell loss, and transconjunctival erosions. In addition, general
anesthesia is more often necessary for GDD than it is for XEN45%.

In concordance with the other studies described earlier, XEN45® stent implantation
is a safe procedure with mostly minor complications. In our study, 5 patients (35.7%)
developed complications; however, most of these were resolved without the need for
additional interventions. One patient (7.1%) had a hyphema immediately after surgery, one
patient (7.1%) developed numerical hypotony, and one patient (7.1%) exhibited corneal
oedema, all of these complications resolving themselves without further interventions.
Bormann and colleagues reported that 4 eyes (13%) developed choroidal detachment, due
to postoperative hypotony, and 4 eyes (13%) developed a subconjunctival hemorrhage.
Diizgiin and colleagues reported that 5 eyes (35.7%) developed intracameral hemorrhage
and 3 eyes (21.4%) developed postoperative numerical hypotony [21]. Both complications
were resolved without additional procedures. The authors did not report any severe compli-
cations and there were no cases of vision loss, bleb infection, or stent exposure in their study.
The most frequent complication described in the study published by Karimi et al. [19] was
the occurrence of numerical hypotony (IOP < 6 mmHg), which resolved itself, as in our
patients, without intervention within a week. All the above-mentioned studies, including
ours, demonstrate that XEN45® stent implantation is a safe procedure with a small risk of
major complications.

However, XEN45® stent implantation may quite often be followed by small post-
operative interventions and revision procedures to maintain its IOP-lowering effect. In
our study, two patients (14.2%) had to undergo revision surgery of the implant with the
repeated administration of Mitomycin C, one patient (7.1%) underwent needling, and
one patient (7.1%) underwent a partial removal of the XEN45® implant. Bormann and
colleagues reported similar results, with 10% needing an open revision of the conjunctiva,
while 9 eyes (29%) received postoperative needling. Diizgiin and colleagues reported that
six eyes (42.8%) required postoperative bleb needling during the postoperative course.
Karimi et al. reported that postoperative bleb intervention was performed in 9 eyes (52.9%),
with a mean of 2.4 postoperative bleb needling/injections. Most patients required one of
these interventions after one month.
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This relative lack of risk is why XEN45® stent implantation should still be considered
in selected cases after a failed trabeculectomy, especially in older people with multiple co-
morbidities, as it offers a less invasive and quicker approach to lowering IOP for a period of
time, albeit with the risk of an increase during the postoperative course. Additionally, failed
XEN45® rescue surgery does not preclude GDD surgery in the future, which continues to
be a treatment option later in due course.

To the best of our knowledge, our study is the only one that includes data on visual
field progression. Our 2-year results showed a slight progression of the mean deviation.
The visual field test results showed a mean deviation of —13.75 dB, preoperatively, and
—15.46 dB at two years after surgery. The pattern standard deviation showed a similar
development from 8.6 dB, preoperatively, to 9.9 dB at 2 years. One must consider that these
results are partially biased due to the selection bias inherent in the retrospective nature of
this study. On top of that, in the German healthcare system, patients are usually referred to
tertiary care centers in the case of insufficient pressure control or the progression of their
visual fields, whereas adequately controlled patients are followed up by their respective
local ophthalmologists.

The slight progression in visual field results shows that there might be another down-
side to performing a XEN45® implantation after a failed TE. In these patients, after another
rescue operation is performed, an ophthalmologist might feel safer about visual fields and
IOP control and may be rather conservative toward more extensive surgeries in cases where
the XEN45® fails as well. Eventually, ineffective treatment with XEN45® might impede
or delay other, more appropriate, treatment options in the longer term. In addition to
that, patients might be hesitant to have another operation since they have only just been
operated upon and would not be able to comprehend the relative implications of less and
more invasive surgery. It is therefore imperative that after a failed trabeculectomy, one
must consider which patients might truly benefit from XEN45® stent implantation. It seems
that younger patients with a high risk of scarring might benefit more from alternative
procedures, such as GDD surgery.
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Abstract: Background: The purpose of this study is to evaluate the outcome of deep sclerectomy
(DS) as a secondary procedure following failed ab-interno XEN gel stent implantation in patients
with open-angle glaucoma. Methods: Prospective, single-center, non-randomized, interventional
study. Consecutive eyes that underwent mitomycin C (MMC) augmented XEN gel stent surgery, with
uncontrolled intraocular pressure (IOP) or signs of disease progression, were included to undergo
MMC-augmented DS. Primary efficacy outcome was surgical success, defined as complete when
the unmedicated IOP was 12 mmHg or less, or 15 mmHg or less and 20% lower than at the timing
of XEN failure and defined as qualified when the IOP fulfilled the same conditions with fewer
medications than before deep sclerectomy. Secondary measures were mean reduction in IOP and in
the number of medications, and the rates of complications. Results: Seventeen eyes were enrolled
with a mean age of 72.1 4= 8.2 years (66.7% women). The mean follow-up was 20.1 & 4.9 months, with
more than 12-month data available from 15 eyes. Following DS, IOP decreased significantly from
22.6 + 5.3 mmHg to 12.3 £ 5.5 (45.6%; p < 0.001). Antiglaucoma medications dropped from 1.1 4 0.9
to 0.3 £ 0.7. Complete success was obtained in 40% of eyes using the threshold of 12 mmHg or less
and a 20% decrease of IOP, and in 60% using the 15 mmHg or less threshold. Adverse events were
observed in 20% of eyes (bleb leakage (13.3%); hypotony (6.7%)). No cases of choroidal detachment
or hypotony maculopathy were reported. Conclusions: Failed XEN gel stent implantation does not
seem to negatively affect the safety and efficacy of subsequent deep sclerectomy surgery.

Keywords: glaucoma; open-angle glaucoma; minimally invasive glaucoma surgery; MIGS; XEN gel
stent; non-penetrating glaucoma surgery; deep sclerectomy; safety; secondary procedure

1. Introduction

Glaucoma management is currently based on lowering intraocular pressure (IOP)
in order to prevent the progressive loss of retinal ganglion cells [1]. In recent years, the
development of alternative approaches to traditional filtering surgery has caused a shift in
glaucoma management. Minimally invasive glaucoma surgery (MIGS) techniques provide
clinicians with a safe, effective, and minimally-invasive surgical alternative, encouraging
an early transition from topical therapies to surgery, while delaying, or avoiding, more
invasive procedures, such as filtering techniques [2]. The popularity of MIGS is based on
the assumption that these procedures have little or no effect on the outcome of subsequent
glaucoma surgery. Scarce data, however, are available to support this assumption.

The XEN gel stent (Allergan, Dublin, CA, USA) is one of these surgical options that
targets the subconjunctival outflow pathway through an ab-interno placement [3]. It has
demonstrated safety and efficacy in lowering IOP in a wide array of situations: as a stan-
dalone first-line procedure [4], in eyes with failed prior surgery [5], in combination with
cataract surgery [6-8], and in eyes with primary open-angle glaucoma (POAG) and pseudo-
exfoliative glaucoma (PEXG) [9,10]. In view of these findings, the XEN gel stent is being
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increasingly used as a surgical approach in early-to-moderate glaucoma. Nevertheless, as a
bleb-creating procedure, a failure of the procedure may impair the efficacy of subsequent
filtering surgeries that rely on conjunctival integrity. Despite a recent study demonstrat-
ing that mitomycin C (MMC)-augmented trabeculectomy following failed XEN gel stent
surgery is technically feasible, and a case report wherein XEN-augmented Baerveldt surgery
was used to rescue a failed XEN, data on surgeries following failed XEN gel stents remain
scarce [11,12].

The aim of this study was to assess the safety and efficacy of secondary non-penetrating
deep sclerectomy (DS) after failed XEN gel stent implantation.

2. Materials and Methods
2.1. Study Design

This was an investigator-initiated, prospective, interventional study, conducted at a
single tertiary glaucoma center. The study complies with the tenets of the Declaration of
Helsinki and was approved by the local ethical committee (Institutional Review Board).
Written informed consent was obtained from all included patients. The study was registered
in the National Library of Medicine database (ClinicalTrials.gov identifier, NCT04381611).

2.2. Study Population

Consecutive eyes that underwent secondary DS with MMC following failed XEN
gel stent implantation at the same institution (Glaucoma Research Centre, Montchoisi
Clinic, Swiss Visio, Lausanne, Switzerland) between October 2015 and April 2018 were
prospectively enrolled. Every effort was made to enroll all suitable patients as per the
inclusion and exclusion criteria. Inclusion criteria were as follows: a diagnosis of primary
or secondary open-angle glaucoma, previous XEN gel stent implantation carried out at the
investigation center, uncontrolled glaucoma despite needling revisions and medical therapy.
Glaucoma was defined as the association of repeatable visual field defects (persistent
scotoma on at least two consecutive standard automated perimetry tests (Octopus, Haag
Streit, Koeniz, Switzerland) with a test reliability index >15%) and an abnormal optic disc
appearance (presence of neuroretinal rim thinning or localized or diffuse retinal nerve
fiber layer defects) indicative of glaucoma, as observed under slit-lamp examination or
on spectral-domain optical coherence tomography (SD-OCT) imaging (Spectralis OCT,
Heidelberg Engineering AG, Heidelberg, Germany). Systematic gonioscopic examination
was carried out to confirm angle opening. Glaucoma was considered as uncontrolled when
functional and/or structural tests identified persistent signs of progression, or when IOP
was persistently above the eye-specific target set by the treating ophthalmologist. The
choice of the secondary procedure was left at the discretion of the treating surgeon. In
addition, eyes with a post-operative follow-up shorter than 12 months were excluded from
this analysis.

2.3. Primary Procedure: XEN Gel Stent

The XEN gel stent has a length of 6 mm, a 150-pum external diameter, and an inner
lumen of 45 pm that was calculated using Hagen-Poiseuille law in order to avoid post-
operative hypotony and achieve a resistance of 6-8 mmHg under physiological conditions
of an aqueous production rate of 2 to 2.5 uL/min [13,14], The aim of the device is to create
an artificial pathway through the trabecular meshwork and the sclera, allowing aqueous
flow from the anterior chamber (AC) to the subconjunctival space.

All surgeries were conducted at the investigation center by one of two experienced sur-
geons (A.M. and K.M.), as either standalone or combined procedures, using a standardized
ab interno technique previously detailed [7]. In all cases, intraoperative 0.1 mL MMC at a
concentration of 0.02% was injected under Tenon’s capsule and spread with a microsponge
applied to conjunctiva before the implant was injected. The MMC was not washed out.

During the postoperative follow-up, if the treatment target IOP was not achieved
after the first post-operative month, or if disease progression was noted, interventional
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treatment was performed as follows: If obstruction of the AC-tip of XEN Gel Stents was
suspected, it was relieved by YAG fibrinolysis [15]; flat blebs were treated by needling
revision procedures up to three times; and in other cases, IOP-lowering medications were
re-introduced. In cases that were refractory to those measures, non-penetrating DS or
glaucoma drainage device surgery was considered on an individual basis.

2.4. Secondary Procedure: Deep Sclerectomy

Enrolled patients all underwent secondary DS following failed primary XEN gel stent
implantation.

Since the 1990s, DS has been recognized as a safer alternative to trabeculectomy,
offering comparable success rates and minimizing the risk of postoperative complica-
tions [16-20]. The essential difference with trabeculectomy is the non-penetrating nature
of DS, through the creation of a filtration membrane, the trabeculo-Descemet’s membrane
(TDM). Moreover, in DS, the excision of the inner scleral flap creates an intrascleral lake,
potentially increasing aqueous flow through intrascleral and suprachoroidal pathways, in
addition to subconjunctival filtration [21-24].

All the surgical procedures were performed by one of the same glaucoma surgeons
who initially performed XEN gel stent implantation (A.M. or K.M.) [25]. When a different
site could be selected, the XEN gel stent was left in place. Otherwise, when it was not
possible to avoid the old surgical site, the device was removed following conjunctival
opening. Three surgical sponges soaked with 0.2 mg/mL MMC were inserted under the
conjunctiva for 2-3 min before the scleral dissection. After the sponges were removed,
washout was performed. No case had to be converted to a trabeculectomy because of
perforation of the TDM.

Beyond the first post-operative month, when the filtration through the TDM was
considered to be insufficient because of elevated IOP, a laser goniopuncture (LGPT) was
performed with the neodymium (Nd):YAG laser in the anterior thinnest portion of the
TDM. After the LGPT opening of the TDM, if the treatment target IOP was not achieved,
needling revisions were performed. After the needling revision, IOP-lowering medications
were reintroduced postoperatively if the patient’s target IOP was not reached.

2.5. Outcome Measures

Success of the secondary procedure was defined either as complete, if the unmedi-
cated IOP at last follow-up visit was <12 mmHg, <15 mmHg, or <18 mmHg, both with
and without a relative IOP reduction >20% or more, compared to the last IOP prior to
reoperation (DS), or as qualified if the IOP met the same thresholds with fewer medications
than immediately before DS. Loss of light perception, serious irreversible complications,
IOP over 18 mmHg, or any subsequent glaucoma surgical intervention following DS were
considered surgical failures. Further drainage or filtering surgery, surgical revisions, and
cyclodestruction were all considered reoperations, and as such, failure of the procedure.
LGPTs and needling procedures were not considered reoperations. Secondary efficacy and
safety outcome measures included the mean reduction in IOP and topical hypotensive
medications, the number of LGPTs and needling revisions required to maintain IOP within
individual target ranges, and the rate of surgical failure. Safety endpoints included the rate
of intraoperative complications and post-operative AEs during the entire follow-up.

2.6. Statistical Analysis

Descriptive statistics included mean and standard deviation (SD) for normally dis-
tributed variables, and median and interquartile range (IQR) for non-normally distributed
variables. Kaplan-Meier survival curves were used to assess the cumulative probability
of success and failure. Baseline IOP was defined as the mean of the last two preoperative
measures. Associations between failure and demographic or clinical variables such as
age, gender, ethnicity, diagnosis, or number of preoperative treatments or surgeries were
assessed. All tests were two-tailed and a p-value less than 0.05 was considered statistically
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significant. Statistical analyses were performed with commercially available software
(StataCorp, College Station, TX, USA).

3. Results
3.1. Baseline Characteristics of Study Population

Out of a total of 149 eyes that underwent XEN standalone or XEN plus phacoemulsifi-
cation surgery between January 2015 and June 2016, 24 eyes needed subsequent glaucoma
interventions because of clinical evidence of failing bleb with elevated IOP, above the
individual target range. Out of those, 17 (70.8%) were deemed suitable to undergo sec-
ondary MMC-augmented DS and were enrolled in this study. Among the others, 3 eyes
(12.5%) underwent surgical bleb revision, 2 (8.3%) had a second XEN gel stent implanta-
tion, 1 (4.2%) underwent placement of a Baerveldt glaucoma drainage device (Abbot Inc.,
Lake Bluff, IL, USA) augmented with the XEN gel stent, and 1 (4.2%) underwent surgical
reposition of the XEN gel stent. Two patients were lost to follow-up before their 12-month
appointment. Sufficient clinical data were thus available from 15 eyes (62.5%) of 14 patients.
These patients were considered eligible for analysis. As only one subject (7.14% of the
entire cohort population) had both eyes eligible for the analysis, a statistical correction was
not applied for the presence of two eyes from the same patient.

The mean + SD follow-up was 20.1 £ 4.9 months (range 12 to 24). The mean age of
the study population at enrolment was 72.1 £ 8.2 years, 66.7% (1 = 10) were female, and
80% (n = 12) were Caucasians. In all, 33.3% had a diagnosis of POAG, followed by PEXG
(26.6%). The primary XEN gel stent implantation had been a standalone procedure for
5 eyes (33.3%); the remainder were combined with phacoemulsification (10 eyes, 66.7%).
The average time of failure for primary XEN gel stent was 11.1 & 7.6 months (range, 1 to
28 months). Glaucoma severity as per Hodapp—-Parrish—Anderson criteria ranged from
mild-to-moderate, with a mean visual field MD of 5.3 4+ 2.9 dB at enrolment. Baseline
characteristics of the study patients are summarized in Table 1.

Table 1. Baseline demographics and clinical characteristics of study population.

Demographic and Clinical Data Mean =+ SD (%)
Age (years) 721 £82
Range 53-89
Female gender 10 (66.7%)
Study eye
Right 8 (53.3%)
Left 7 (46.6%)
Ethnicity
Caucasian 12 (80%)
Black 2 (13.3%)
Asian 1(6.7%)
Bilateral cases 1
Diagnosis
POAG 5(33.3%)
PEXG 4 (26.6%)
Pigmentary glaucoma 3 (20%)
Other 3 (20%)
Central corneal thickness (um) 540.1 £53.7
pre-XEN Visual field (dBs)
MD 53+29
sLV 39+19
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Table 1. Cont.

Demographic and Clinical Data Mean =+ SD (%)

pre-XEN OCT RNFL thickness (1um) 85.6 + 16.5
pre-XEN BCVA (decimal) 0.8+03
Baseline BCVA (decimal) 09 +0.2
pre-XEN IOP (mmHg) 21.1+37
Baseline IOP (mmHg) 226 £53
pre-XEN Medications 15+1.1
Baseline Medications 1.14+09

BCVA = best-corrected visual acuity; dB = decibels; IOP = intraocular pressure; MD = mean deviation;
POAG = primary open-angle glaucoma; PEXG = pseudoexfoliation glaucoma; RNFL = retinal nerve fiber layer;
SD = standard deviation; sSLV = square of loss of variance.

3.2. Safety

No intraoperative complications were noted among the studied cohort, neither at
time of primary XEN gel stent surgery nor at time of secondary DS. None of the com-
bined procedures were associated with posterior capsule rupture or the need for anterior
vitrectomy.

3.3. Intraocular Pressure, Medication Use and Visual Acuity

Mean medicated IOP before XEN gel stent surgery (pre-XEN), before DS (baseline),
and at last follow-up visit after DS were 21.1 + 3.7 mmHg, 22.6 + 5.3 mmHg, and
12.3 &+ 5.5 mmHg, respectively. Overall, we observed a reduction of 45.6% in IOP between
the time of XEN failure and the last follow-up visit after DS (p < 0.001). The number of
anti-glaucoma medications concomitantly dropped from 1.5 & 1.1 (pre-XEN) and 1.1 £ 0.9
(baseline) to 0.3 £ 0.7, representing a reduction of 72.7% following secondary DS (p = 0.014).
At the last follow-up visit, 13.3% of eyes (n = 2) required antiglaucoma medications to
achieve target IOP. Antiglaucoma medications and IOP progression throughout the follow-
up period are presented in Figures 1 and 2. Mean BCVA at last follow-up visit after DS
remained statistically unchanged compared to BCVA at baseline (0.9 £ 0.2 decimals).
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Figure 1. Graph showing mean intraocular pressure through 24 months of follow-up.
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Figure 2. Graph showing the number of antiglaucoma medications (AGM) through 24 months of
follow-up.

3.4. Primary Outcome: Surgical Success

Complete success at last follow-up visit was achieved in 40% of eyes using the strictest
threshold of 12 mmHg or less with a concomitant 20% IOP reduction from baseline, whereas
60% of eyes achieved an unmedicated IOP of 15 mmHg or less and 66.7% achieved an
unmedicated IOP of 18 mmHg or less. Qualified success was obtained in 46.7% of eyes
using the 12-mmHg or less and 20% IOP reduction from baseline definition, while 66.7%
and 80% of eyes reached a medicated IOP of 15 mmHg or less and 18 mmHg or less,
respectively. The Kaplan-Meier survival curves are presented in Figure 3. Out of 15 eyes,
3 (20%) were classified as complete failure due to an uncontrolled intraocular hypertension
above 18 mmHg, despite medical treatment and needling revisions, which required further
surgical intervention. Among reoperated eyes, 2 underwent surgical bleb revision, and
one underwent implantation of the eyeWatch system (Rheon Medical, Lausanne, Switzer-
land) [26]. The average time of complete failure was 6.3 & 6.1 months after secondary
surgery. Table 2 presents the surgical success and failure rates against all definitions. Asso-
ciation analysis showed no statistically significant association between surgical outcome
and any of the patients’ demographics or recorded clinical data.

3.5. Postoperative Interventions

After DS, needling revisions were performed in 46.7% (n = 7) of eyes; 85.7% of them
(n = 6) required a single intervention to control their IOP, while 14.3% (n = 1) required two
needling interventions over the entire follow-up period. On average, the first needling
intervention was performed 6.6 £ 7.1 months after surgery. The only patient who re-
quired more than one needling treatment underwent the procedure at 6 and 24 months,
postoperatively. Laser goniopuncture was performed in nine eyes (60.0%), including all
eyes that subsequently required a needling intervention. Postoperative interventions are
summarized ion Table 3.
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Figure 3. Cumulative probability of complete (a) and qualified (b) success (Kaplan-Meier curves)
using the 15 mmHg or less intraocular pressure threshold.

Table 2. Surgical success and failure rates against all definitions.

Definition Percentage
Complete success (unmedicated)
Intraocular pressure < 12 mmHg 40
With a reduction of more than 20% from baseline 40
Intraocular pressure < 15 mmHg 60
With a reduction of more than 20% from baseline 60
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Table 2. Cont.

Definition Percentage
Intraocular pressure < 18 mmHg 66.7
With a reduction of more than 20% from baseline 66.7

Qualified success (medicated)

Intraocular pressure < 12 mmHg 46.7

With a reduction of more than 20% from baseline 46.7

Intraocular pressure < 15 mmHg 66.7

With a reduction of more than 20% from baseline 66.7
Intraocular pressure < 18 mmHg 80
With a reduction of more than 20% from baseline 80
Complete failure 20

Table 3. Postoperative interventions during the follow-up.

Postoperative Interventions Percentage
Total of needling revisions 46.7
# 1 needling revision 85.7
# 2 needling revisions 14.3
Laser Goniopuncture 60

3.6. Postoperative Complications

Three eyes (20.0%) experienced refractory intraocular hypertension, requiring further
surgery, two eyes (13.3%) experienced persistent bleb leakage and required conjunctival
sutures. The latter occurred at a mean post-operative time of 1.5 £ 0.5 months. One
eye (6.7%) experienced persistent hypotony, defined as IOP persistently <5 mmHg with-
out evidence of bleb leakage, choroidal detachment, folds, or loss of visual acuity. This
case of hypotony resolved following a 1-month topical treatment of dexamethasone and
bromhydrate scopolamine, three times a day. Postoperative complications are reported in
Table 4.

Table 4. Postoperative complications during the follow-up.

Postoperative Complications Percentage
Refractory intraocular hypertension requiring further surgery 20
Persistent bleb leakage requiring conjunctival sutures 133
Persistent hypotony, defined as IOP persistently <5 mmHg 6.7

4. Discussion

The current study represents, to the best of our knowledge, the first prospective study
describing the outcomes of DS with MMC following failed XEN gel stent with MMC
surgery, with a long-term postoperative follow-up. Its results suggest that failed primary
XEN implantation may not affect the safety or efficacy outcomes of secondary filtering
surgery. Although, in our experience, performing secondary DS was marginally more
challenging than a primary procedure, there was a relatively low rate of postoperative
AEs following the reoperation. Moreover, no serious sight-treating complications were
observed. In terms of efficacy, a good long-term IOP-lowering effect was achieved, with a
mean IOP reduction of 45.6% from the medicated IOP levels at the timing of XEN failure.
Meanwhile, a concomitant and significant decrease (—72.7%) in antiglaucoma medications
was observed. The number of antiglaucoma medications prior to DS seems to be very
low (1.1 £ 0.9). The reason behind that probably reflects the Swiss Medical Care System
and the real-life environment of the present study. Indeed, the time the patient had to
wait from the moment a diagnosis of a failed XEN had been made and the subsequent
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reoperation is very low (sometimes only days or weeks), so in most of the cases it was not
even necessary to give extra antiglaucoma medications to the patient. Furthermore, the
rates of surgical failure due to uncontrolled IOP requiring subsequent glaucoma procedures
within 24 months (20%) was within the reported rates for primary DS [27-29].

In recent years, studies have demonstrated that, although the success rates of XEN
gel stents remain reasonably high at 24 months, its success rates gradually decrease over
time. Mansouri et al. [6,7] observed a complete success rate of 62.4% at 1 year versus 51.9%
at 2 years, using an 18 mmHg IOP threshold. Our group has identified increasing rates
of reoperation (6% at 1 year vs. 11.4% at 2 years) rates that were also observed by other
research groups [4,6,7]. These rates were shown to be even higher in Black and Afro-Latino
populations, with up to 40% requiring secondary glaucoma surgery by 12 months [30].
Moreover, several studies have found that stent-related complications such as blockage of
the internal lumen [15,31], device degradation [32], or device movements [33] can occur
months to years after implantation, with a subsequent need of surgical reintervention.

Despite ample data on the frequency and causes of failure of the XEN gel stent, there
is a paucity of evidence on how to manage glaucoma patients once this technique fails.
Gizzi et al. [11] demonstrated that MMC-augmented trabeculectomy following failed XEN
gel stent surgery is technically feasible and effective in lowering IOP. Nevertheless, they
observed a significant incidence of early-onset bleb leaks (37.5%), a high rate of hypotony
(25%) leading to frequent shallow choroidal detachment (12.5%), and chorioretinal macular
folds (12.5%) with resulting visual loss (50% losing two Snellen lines). In comparison, the
present study suggests that secondary DS is safer than secondary trabeculectomy following
failed XEN gel stent implantation. These conclusions are in keeping with the results of
studies and meta-analyses comparing primary DS and primary trabeculectomy [34,35].
Moreover, the results of the present study are similar in terms of IOP reduction, medication
reduction, and complication rate to the reported outcomes of primary DS, supporting the
assumption that XEN gel stent implantation as a primary procedure has little to no effect
on the outcome of subsequent DS [25,36-39].

However, analyses of secondary procedures are required due to the prolonged and
cumulative tissue exposure to MMC during the XEN implantation and the subsequent
procedures, which might increase the long-term rates of bleb-related complications and
altered ciliary body function. For these reasons, it may be advisable that secondary pro-
cedures use lower MMC concentrations or exposure time, or less potent antimetabolites
such as 5-fluorouracil. Nevertheless, the present study reports low rates of bleb compli-
cations despite the use of intraoperative MMC in similar doses to those generally used in
trabeculectomy. As a result, we hypothesize that the difference in safety lies in the nature
of the two filtering techniques used. Indeed, it has been widely shown that DS is associated
with a lower rate of postoperative complications compared to trabeculectomy [16-20], and
may have some advantages in high-risk-of-failure eyes. The main technical differences are
the non-penetration of the anterior chamber intraoperatively, and the removal of the deeper
scleral flap during the DS. The creation of a filtration membrane, the TDM, is responsible
for the gradual reduction of the IOP, intra- and postoperatively. Excessive flow in the
early postoperative period was suspected to contribute to a number of complications of tra-
beculectomy. The preservation of the TDM in DS acts as a protective mechanism with this
regard. In addition, it was shown that the non-penetrative nature of DS reduces the amount
of intraocular inflammation, which is known to contribute to the failure of filtering surgery
and may compromise bleb survival [40-42]. After primary DS, shallow AC, hypotony
maculopathy, and AC inflammation are infrequent. Furthermore, the excision of the deeper
scleral flap creates an additional outflow pathway by forming an intrascleral lake, which
is believed to potentiate suprachoroidal flow and reduce pressure on the subconjunctival
bleb [21-24]. These mechanisms are thought to further contribute to creating a more diffuse
and posterior bleb morphology compared to that achieved through trabeculectomy. All
those features are probably responsible for the lower rate of bleb leakage found in the
present study (13.3% vs 37.5% after secondary trabeculectomy) [11].
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Previously, Laroche et al. [12] used a Baerveldt tube in order to rescue a failed XEN
gel stent via a technique previously described for refractory glaucoma [43]. In a patient
with a failed XEN gel stent, a 250-Baerveldt tube was inserted in the superonasal quadrant
and positioned to be connected with the present XEN implant. The double lumen was then
sutured to secure the position. The follow-up of this case report reached only one month
postoperatively, reporting an unmedicated IOP of 5 mmHg. Although the XEN-augmented
Baerveldt technique constitutes a new and innovative variation of a standard glaucoma
drainage device (GDD), by lowering the risks of complications traditionally associated with
tube surgeries, such as early postoperative hypotony or long term corneal endothelial cell
loss, its relevance to rescuing failed XEN devices appears less relevant. Indeed, patients
selected for XEN gel stent implantation generally suffer from early-to-moderate glaucoma
and are unlikely to require a device usually reserved for more advanced or refractory
cases for a number of years, which may be beyond the XEN gel stent’s lifespan. Second,
GDD surgery is characterized by a high technical difficulty. In addition, prospective
studies on XEN-augmented Baerveldt implantation have reported a high rate of failure
and reoperation at 12 months, even if in non-refractory eyes [44,45]. On the other hand,
XEN-augmented Baerveldt technique could prove useful to rescue a failed XEN gel stent in
cases where conjunctiva is not deemed adequate for filtering surgery.

Study Limitations

The present study has several limitations. First, it was not a randomized controlled
comparative study and there was no control group. In particular, the absence of a control
group with other filtering or cyclophotoablative surgical procedures seems to be a strong
limitation for the value of the results and can be partially explained by the design of the
study and by the treatment algorithm used by the surgeons, who generally apply a non-
penetrating glaucoma surgery after a failed MIGS. Another limitation was the absence of
a preoperative medication washout. This can be explained by the uncontrollable nature
of glaucoma in the enrolled cohort, associated with the risk of disease progression over
the washout period. Furthermore, the nature of the studied indication implies that only a
relatively small number of patients met the inclusion criteria, leading to a potential size bias.
The fact that all cases were operated by the same two surgeons, in a single tertiary glaucoma
center, may be considered both a limitation and a strength. Finally, another limitation of
our study is that it was conducted in a predominantly homogenous (Caucasian) population.
More research is needed to evaluate the success of secondary procedures in the longer term
and in other ethnicities.

5. Conclusions

The present study suggested that failed MMC-augmented XEN gel stent implantation
does not affect the outcomes of subsequent filtering surgery. Furthermore, it demonstrated
that secondary deep sclerectomy with MMC following failed MMC-augmented XEN gel
stent implantation produced a significant and sustained IOP reduction over 24 months
postoperatively. Moreover, this surgical approach remains relatively safe in high-risk-of-
failure eyes and seems to display higher success rates and lower rates of AEs compared to
MMC-augmented trabeculectomy and XEN-augmented Baerveldt techniques used for the
same indication.
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Abbreviations

DS deep sclerectomy

MMC mitomycin-C

1or intraocular pressure

MIGS minimally invasive glaucoma surgery
POAG primary open angle glaucoma

PEXG pseudoexfoliative glaucoma

SD-OCT  spectral-domain optical coherence tomography
AC anterior chamber

TDM trabeculo-Descemet’s membrane
LGPT laser goniopuncture

SD standard deviation

IRQ interquartile range

MD mean deviation

sLV square of loss of variance

RNFL retinal nerve fiber layer
BCVA best corrected visual acuity

AGM antiglaucoma medications
dB decibel

AE adverse event

GDD glaucoma drainage device
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Abstract: Although topical medical therapy and selective-laser-trabeculoplasty represent the treat-
ments of choice to reduce intraocular pressure, many patients do not achieve adequate glaucoma
control; therefore, they require further options and eventually surgery. Trabeculectomy is still con-
sidered the gold standard, but the surgical management of glaucoma has undergone continuous
advances in recent years, XEN-gel-stent has been introduced as a safer and less traumatic means
of lowering intraocular pressure (IOP) in patients with open-angle glaucoma (OAG). This study
aimed to review the effectiveness and safety of clinical data on XEN-stent in OAG patients with
a Synthesis-Without-Meta-analysis (SWiM) methodology. A total of 339 studies were identified
following a literature search adhering to PRISMA guidelines and, after evaluation, 96 studies are
discussed. XEN63 and XEN45 device data were collected both short and long term. In addition, this
document has evaluated different aspects related to the XEN implant, including: its role compared to
trabeculectomy; the impact of mitomycin-C dose on clinical outcomes; postoperative management of
the device; and the identification of potential factors that might predict its clinical outcomes. Finally,
current challenges and future perspectives of XEN stent, such as its use in fragile or high myopia
patients, were discussed.

Keywords: glaucoma; XEN; microinvasive filtering-surgery; trabeculectomy

1. Introduction

The term open-angle glaucoma covers a wide range of chronic and progressive optic
neuropathies which have the loss of retinal ganglion cells and their axons in common, as
well as the subsequent loss of the visual field [1].

Lowering intraocular pressure (IOP) is currently considered as the main known modi-
fiable risk factor [2]. Topical hypotensive medication and selective laser trabeculoplasty
are currently considered as the first treatment approaches in most patients [3]. However,
some patients do not achieve adequate glaucoma control; therefore, they require further
therapies and eventually surgery [3-5], such as trabeculectomy [6], which unfortunately
may lead to potential vision-threatening complications [7].

Glaucoma surgery has experienced important advances over the last several years.

One of the most important advances in glaucoma surgery in recent years was the
development of the minimally or microinvasive glaucoma surgery (MIGS) devices [8]. They
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have been developed as safer and less traumatic means of lowering IOP in patients with
glaucoma [8,9].

The definition of the term MIGS has been evolving since its introduction [9,10], and
the generally accepted definition of MIGS has been changing over the years [11].

Among the different MIGS devices, XEN gel stents obtained the CE mark in December
2015 and were approved by the Food and Drug Administration (FDA) in November
2016 [12].

According to the classical definition, XEN is not defined as a MIGS because it is a
bleb-forming device [9]; therefore, minimally invasive or micro-incisional filtration surgery
have been suggested as more appropriate terms.

The aim of the current paper is to review the effectiveness and safety clinical data of
XEN stent in open-angle glaucoma (OAG) patients.

XEN Gel Stent

The XEN gel stent (AbbVie Inc., Chicago, IL, USA) was originally developed as an ab
interno procedure that reduces IOP by draining aqueous fluid from the anterior chamber
into the subconjunctival space [13-15]. Unlike other MIGS devices that target Schlemm’s
canal and the supraciliary space to lower IOP, XEN gel stent was the first micro-incisional
filtration surgical procedure to drain aqueous to subconjunctival space [14,15].

The stent is a hydrophilic tube that is 6 mm long, and it is composed of porcine gelatine
crosslinked with glutaraldehyde to prevent degradation when implanted [13,16].

The XEN device is based on the Hagen-Poiseuille law of laminar flow, where the
length and the inner diameter of the tube determine the flow resistance and, consequently,
the flow rate. Three different devices with different inner diameters, namely 45, 63, and
140 um, were investigated [13].

The 140 um XEN device has not been commercialized to date and the evidence is
limited to a single paper [17]. The evidence evaluating the clinical outcomes of the XEN63
device is very limited [18-23] and most studies were performed with an earlier version of
the device injector that was never marketed [18-21]. The new XEN63 device uses the same
needle injector as the XEN45 for preventing early sideflow and hypotony [22].

Although the XEN45 device was originally designed for ab interno implantation [13-15],
surgeons have been gaining experience with the device, and different changes aiming to
provide better clinical outcomes have been introduced in the implantation technique [24-26].

Systematic reviews are currently considered as an essential source of evidence when
making decisions in the clinical management of patients [27]. However, there are some
limitations in relation to the method used (Preferred Reporting Items for Systematic Re-
views and Meta-Analyses [PRISMA]; http:/ /www.prisma-statement.org/, accessed on
1 July 2023) [28,29]. Pooling data is not possible in all cases due to high levels of hetero-
geneity or lack of data [12,29]. In addition, there is a growing clinical demand to respond to
complex questions or situations that incorporate various data sources due to their character-
istics [30,31]. These facts have opened the door to a growing number of narrative syntheses
of quantitative data. However, a major concern about such papers is lack of transparency
and the consequent introduction of bias [32,33].

Synthesis Without Meta-analysis (SWiM) has emerged as a systematic review to
address questions that meta-analysis may not be able to provide an adequate answer
for [34].

This SWiM aims to examine the currently available scientific evidence to answer
different clinical questions about the XEN device.

2. Materials and Methods
2.1. Information Sources and Search Strategy

This SWiM was carried out according to the guidelines of the of the PRISMA state-
ment [35], although the current systematic review was not registered.
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A group of Italian glaucoma specialists convened to review the currently available
evidence about the efficacy and safety of XEN devices in patients with glaucoma. Searches
of MEDLINE, the Cochrane Database, EMBASE, and Google Scholar were conducted
using the search terms “Glaucoma”, “Open-angle glaucoma”, “XEN”, “MIGS”, “Combined
surgery”, and “Gel implant”. References cited in selected articles were also reviewed to
identify additional relevant reports.

In addition, abstracts from the American Glaucoma Society, American Academy of
Ophthalmology, European Glaucoma Society, and Association of Research in Vision and
Ophthalmology were manually searched for relevant publications.

2.2. Study Selection, Data Extraction, and Synthesis Method

The authors independently generated the queries for the literature search and selected
the articles fulfilling the criteria established for each subject and solved any disagreement
through discussion and consensus.

Limits were set for articles written in English, French, Spanish, Portuguese, and Italian
with human subjects. The studies were published between August 2014 and April 2023.

Additionally, the following exclusion criteria were applied: (1) the study did not
examine clinical outcomes or response to treatment of XEN device (any device); (2) the
study was on subjects other than human adults; (3) the publication was a review article, an
editorial, or an opinion piece.

To synthesize the results, we applied the SWiM guidelines [34].

3. Results
3.1. Results of the PRISMA Procedure

The steps of the literature search are summarized in the PRISMA 2009 flow diagram
(Figure 1). A total of 339 records were identified after the initial search. After the removal
of duplicates, 187 scientific papers remained. After careful review, 96 papers met all the
requirements of the inclusion/exclusion criteria and were included for qualitative synthesis
(Figure 1).

Records identified through
database searching and other
sources: 339

< I Duplicate removed: 152

A

y
Records screened : 187

Records excluded because they did
= not meet the inclusion/exclusion
criteria: 91

v
Records included in the
qualitative analysis: 96

Figure 1. PRISMA 2009 flow diagram.
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3.2. XEN63

The currently available scientific evidence evaluating the clinical outcomes of XEN63
is very limited [18-23] (See Table 1), and most of the evidence was generated from a former
device that was never commercialized; therefore, we will not go into detail analysing the
results of those articles [18-21].

Table 1. An overview of currently available scientific evidence with the XEN63 device.

Mean Mean

Study Follow-Up PreopI_IIOP, FlnaI;IOB L IOP. Preoperative = NOHM, Last R Stucc:e;s) 1
mmHg mmHg owering NOHM Visit ates, (%
Fea et al. [22] 3 months 270£78*% 122+3.4* 11,4._89(522.1 23+£09*% 01+£04* 69.6
—12.9(-16.9
Fea et al. [23] 18 months 27.0+78* 141 £34* to —8.9) ** 234+09* 10+£14* 77.8

* Mean (Standard deviation). ** Mean (95% confidence interval). ! Complete success. Preop: preoperative; IOP:
intraocular pressure; NOHM: number of ocular hypotensive medications.

To date, there are two papers evaluating the efficacy and safety of the XEN63 device.
Fea et al. [22] evaluated the new XEN63 device and found a mean (95% confidence interval,
95% CI) IOP lowering effect of —14.8 (—20.1 to —9.5) mmHg, p < 0.0001 at month-3, report-
ing that the mean IOP achieved with XEN63 was consistently lower than that obtained
with XEN45. This may be an important point because the larger calibre of the Xen 63 device
could by clinically meaningful for patients with high preoperative IOP.

Additionally, Fea et al. [23] evaluated the effectiveness and safety of the new XEN63
device over a follow-up period of 18 months in patients with glaucoma in a real clinical
setting. They reported significant IOP lowering and a reduction in the number of ocular
hypotensive drugs during a follow-up period of 18 months. Moreover, the incidence rate
of adverse events was relatively low and most of them were mild in severity [23].

Table 1 summarizes the main outcomes of XEN63 according to the current evidence.

3.3. XEN45
3.3.1. Effect on Intraocular Pressure Lowering and Reduction in the Number of
IOP-Lowering Medications

Multiple studies have evaluated the IOP lowering effect of the XEN device, either alone
or in combination with cataract surgery, in patients with glaucoma [36-101]. Although most
of the studies were performed in patients with primary open-angle glaucoma (POAG), other
studies were performed in patients with pseudoexfoliative glaucoma (PXG) [40,42,54,72,98]
or glaucoma secondary to uveitis [47].

The results of a systematic review and meta-analysis published recently, which used a
pooled analysis with a random effects model, have shown a mean (95% CI) IOP lowering
from baseline of —7.8 (—7.4 to —8.2) mmHg and —8.4 (—6.9 to —9.8) mmHg in the eyes of
patients who underwent XEN-solo and XEN + Phaco, respectively. All patients were treated
and followed up as routine clinical practice between May 2013 and February 2020. The
mean sample size was 79 & 67 and the average follow-up time was 17.0 £ 8.1 months [12].

Similarly, Yang et al. [102] did not find significant differences in IOP lowering between
XEN-solo and XEN + Phaco (standardized mean difference: —0.01, 95% CI —0.09 to 0.08,
p value 0.894). Moreover, Panarelli et al. [103] reported that, on average, successful gel
stent surgery achieved a postoperative IOP of approximately 14.0 mm Hg and reduction to
fewer than 1 ocular hypotensive medication.

Regarding the number of ocular hypotensive medications (See Tables 2-4),
Chen et al. [12] reported a significant reduction in the number of ocular hypotensive
drugs in both XEN-solo procedures (Mean: —1.97 drugs; 95% CIL: —2.19 to —1.75 drugs,
p <0.001) and in the XEN + Phaco ones (Mean: —1.86 drugs; 95% CI: —2.11 to —1.60 drugs,
p < 0.001).
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Table 4. A comparison of the long-term follow-up clinical outcomes of XEN45.

Mean
Type of Length of Preoperative 0P Reduction
Study sytlfl d N Study IOP zan ) Final IOP Lowering in Ocular
y (months) 8 (%) Hypotensive
Medication
Lenzhofer et al. [19] Prospective 34 48 225+42* 134 +3.1* 40.4 1.2
Gﬂh;;r;‘:lzilé [601] Prospective 26 36 200+£74*  129+29* 38.6 21
XEN + Phaco Prospective 76 36 20.0 £6.9 129 £3.4 35.5 14
Nuzzi et al. [80] Retrospective 23 36 249 +6.1* 19.6 £2.1*% 21.3 Not reported
Reitsamer et al. [86] Retrospective 76 36 20.7 £5.1* 139 +43* 329 14
Gabbay et al. [87] Retrospective 205 36 226+70* 14.0+£29* 38.1 2.0
Capelli et al. [93] Retrospective 34 36 23 (19-28) **  Notreported = Notreported  Not reported
Marcos-Parra et al. [100] ~ Retrospective 63 36 19.1 £5.0* 149 +3.8* —424+47*% -19+08*

Abbreviations: IOP: intraocular pressure; N: number of eyes. * Mean + Standard deviation. ** Median (Interquar-
tile range).

Similar results have been published by Yan et al. [102], who found a statistically
significant reduction in ocular hypotensive medications (standardized mean difference:
2.11, 95% CI 1.84 to 2.38, p value< 0.001). Furthermore, after adjusting for different
covariates, the reduction in the number of ocular hypotensive drugs was significantly lower
in the XEN + Phaco group than in the XEN-solo group (Risk ratio: 1.45, 95% CI 1.06 to 1.99,
p value 0.019) [102].

IOP Lowering at 12 Months

Thirty-four studies have evaluated the IOP lowering effect of the XEN device over
12 months of follow-up (see Table 2). On average, the results of the different studies pointed
in the same general direction, mostly indicating that XEN45 provided IOPs below 15 mmHg
after one year of follow-up (Table 2), which is consistent with the most recent meta-analysis
published [12,101,102].

IOP Lowering at 24 Months

Twelve studies have evaluated the IOP lowering effect of XEN45 after 24 months of
follow-up (See Table 3). The results of the different studies included in this SWiM paper
have shown that, after 2 years of follow-up, XEN45 provided a good IOP lowering, with
final IOPs <15 mmHg and an IOP lowering that ranged between —5 and —10 mmHg
(Table 3).

IOP Lowering at 36-Months

Six papers have evaluated the longer-term efficacy of XEN45 in terms of IOP lowering
and reducing the number of ocular hypotensive medications, (See Table 4). With the
exception of one paper (n = 23 eyes), which reported an IOP of 19.6 &+ 2.1 mmHg at
36 months [78], currently available evidence shows good hypotensive effects for XEN45,
with IOPs at 36-48 months in the range of 13-14 mmHg, as well as a significant reduction
in the number of ocular hypotensive medications [45,61,81,87,88,94,101]. In addition,
compared to preoperative values, the reduction in IOP was greater than 30% (Table 4).

Current evidence has demonstrated the efficacy and safety of the XEN45 device in the
short, medium, and long term.
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3.3.2. Can XEN45 Be Safely and Effectively Implanted in Myopic Patients?

Evidence surrounding the use of XEN45 in myopic OAG patients is limited [52,64,104-106].
In fact, there are currently only two studies that specifically evaluated the efficacy and
safety of XEN45 in patients with high myopia.

Laborda-Guirao et al. did not find significant differences between OAG eyes with or
without high myopia in intraocular pressure (IOP) lowering, success rate, reduction in the
number of ocular hypotensive medications, or postoperative complications, which clearly
suggested that XEN45 may be safely and effectively used in glaucomatous eyes with high
myopia [52].

Chao et al. [64], have retrospectively evaluated the effectiveness and safety of the
XENA45 in East Asian patients with primary open angle glaucoma (POAG). Although this
study did not specifically evaluate the efficacy and safety of XEN45 in patients with high
myopia, the mean spherical equivalent was —5.13 + 4.44 diopters, with a range of —13.63
to —2.88 diopters and mean axial length of 26.67 & 1.65mm (up to 29.34 mm). According
to the results of this study, axial length was not significantly associated with success, either
complete (odds ratio: 0.082, p = 0.559) or qualified (odds ratio: 0.659; p = 0.186); need of
subsequent intervention (odds ratio: 0.959, p = 0.803); or need of additional surgery (odds
ratio: 1.382, p = 0.382). Additionally, no major complications were observed [64]. These
results suggested that axial length did not have any influence on XEN45 outcomes.

Sacchi et al. [105], in a retrospective study (which included seven eyes followed
for 2 years) evaluated the effectiveness and safety of Xen 45 in patients with medically
uncontrolled glaucoma and concomitant high myopia (>6 Diopters). Preoperative mean
IOP was significantly lowered from 22.14+ 4.9 mmHg to 14.8 &+ 4.0 mmHg at month-24,
p < 0.0001. Regarding safety, two eyes had hypotony (without maculopathy) and one eye
had choroidal detachment [106]. According to the results of this study, the XEN implant
had a better safety profile than trabeculectomy, with a similar hypotensive profile [105].

Additionally, Fea et al. assessed the effectiveness and safety of XEN in 31 glaucomatous
eyes with a refractive error higher than —6 D and an axial length >26 mm [106]. Mean
preoperative IOP (95% CI) was significantly lowered from 23.5 (20.5-26.4) mm Hg to 13.0
(12.2-13.8) mm Hg, p < 0.0001. Regarding safety, hypotony (an IOP <6 mm Hg) was reported
in eight eyes (28.6%) during the first postoperative day and remained for a week [106].

Conversely, one publication described the clinical outcomes of XEN45 in a high
myopic eye. The patient required a XEN removal to control IOP, which resulted in loss of
the remaining visual field in the eye [104].

Currently available scientific evidence suggests that XEN45 may be effectively and
safely implanted in myopic eyes. However, there is a need for a prospective study specifi-
cally evaluating the clinical outcomes of XEN45 in eyes with OAG and high myopia.

3.3.3. XEN-Solo Versus XEN + Phaco: Is There a Difference in Terms of IOP Lowering?

This question has brought an increasing interest among glaucoma specialists.

Fifteen papers have compared the efficacy of XEN45 solo or in combination with
cataract surgery (phacoemulsification). After reviewing the literature, the most plausible
conclusion is that there is no agreement regarding the superiority of the solo procedure
over the combined procedure with cataract surgery (See Table 5).

Table 5. A comparison of the clinical outcomes of XEN45 solo and in combination with cataract
surgery (Phacoemulsification).

. . Mean Mean
Study N l:((::l](;)r:;l[sf)p Pi::f;lOP’ F:::ill ;IOP’ El(::lell_i?lp Preoperative =~ NOHM, Last
8 8 & NOHM Visit
1 * *
Ozal e;];lq (371 9 . 367+41%  1704+42%  —197+42% 3'7§0(2'5 O'SNiO?g
XEN + Phaco 6 352432 155423 197428 estimable estimable
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Table 5. Cont.

. . Mean Mean
Study N 1:((1)111]:1:::)]? P];:EILOR F:Il::r} ;_IOP’ il()ri\arzi?lp Preoperative = NOHM, Last
& 8 & NOHM Visit
LenZhOf;;:g al [19] 35 18 25+65%  1324£52*%  —954+59%  30+09% 0.8+09*
YEN + Phaco 29 2344+63%  127+69* —137+66*  14+06 01404
Rwsam;gg al. [45] 106 o 217 +£38*%  154+42%  —63+40*  27+09*% 124+12*
YEN + Phaco 79 21.0+34%  1494+45*  —61+40* 29+10 14+£13%
Kalina et al. [47]
20 2424£82%  13.0+45* —112+66*
XENX_']-EI;IhaCO 57 12 210 + 6.5 * 13.6 £ 29 * 741 50* Not reported ~ Not reported
67 (~10.4
Parraxe]f:g' (48] 17 1 2224+ 68% NA to —3.0) ** 254+08% 024 06*
48 18.0 £45* S ~35(-50to 21+09* 014+03*
XEN + Phaco
—2.0)*
Laborda-Guirao et al. —14.4 (—-15.7
[52] 40 2184£53%  to—132)* —68+09) ¢
XEN 40 12 201 L 51 % ~149(-158 594 09) s Notreported  Not reported
XEN + Phaco to —14.1) **
Karimi et al. [55] 187 s 81—92.?) 5) % 13.5
XEN 7 18 ’ 18 3' (12.3-14.7)**  Not reported ~ Notreported  Not reported
B t
XEN + Phaco (17.0-19.7) ** 14.0
G‘“mar;(rl‘aﬁ al. [60] 26 2 21.04+74*  129429*  —81+56*  24+15* 03+08*%
YEN + Phaco 66 2004£69*  129+34*  —71+54%*  19+12* 05+09*
Olgur;(‘gNal' [65] 51 o 244 4+43%  142+£22%  —102+35* 34+05*% 224+20%
YEN + Phaco 45 2484+35%  134+14* —114+27%  34+04* 18+17*%
Thelhig\?l' [67] 48 " 244+66* 169+59*  —75+62*  31+12*% 15 + 14*
YEN + Phaco 52 248 +69*  164+42%  -86+53*  28+1.1*% 09+14*
Fea ;tEaIl\I 701 115 - 250t 1581 —88+75%  30x£1.0% 05 %
XEN + Phaco 56 214% 154 F —454+84* 254+10* 057
SCharg;;eI\tTal' 7] 38 o 241+47%  157+30%*  —84+39*  33+08* 12408*%
YEN + Phaco 4 2544+56%  147+32% —107+46% 29+06* 1.04£04*%
Erasm;(‘&al' (811 26 o 287+60*  163+£30* —74+47%  29+07* 1.0+09*
YEN + Phaco 32 2444+72%  164+23*  —80+53*  29+06* 08+08%
Re‘tsam)fgg al. [86] 98 % 204 +47% 1421 s 26+1.0* 114+13*
* t _ t * *
YEN & Phaco 76 204455 13.6 6.7 24410 12+1.1
Marcos-Parra et al.
[100] 37 % 212462*%  145+40*  314+08% 26+07*  04+08*!
XEN 117 184+43*  149+31* _38+04°% 19+08* 024+05%
XEN + Phaco

* Data about standard deviation was not provided. * Mean =+ Standard deviation. ** Mean (95% confidence

interval). ¥ Mean + Standard error of the mean. ! Greater reduction in the XEN-alone than in the XEN + Phaco
group (mean difference: 0.4 drugs; 95% CI: 0.1 to 0.7; p = 0.0134). Abbreviations: IOP: intraocular pressure;
NOHM: number of ocular hypotensive medications.
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According to the results of Chen et al. [12], both XEN alone (mean difference:
—7.8 mmHg; 95% CI: —8.21 to —7.38 mmHg, p < 0.001) and XEN + Phaco (mean dif-
ference: —8.35 mmHg; 95% CI: —9.82 to —6.88 mmHg, p < 0.001) significantly lowered
the IOP.

Similarly, Yang et al. [103], in a systematic review and metanalysis, did not find
significant differences between XEN and phaco-XEN surgery in terms of IOP after surgery
(standardized mean difference: —0.01, 95% CI —0.09 to 0.08, p value 0.894). Nevertheless,
the reduction in the number of ocular hypotensive medications was greater in the XEN
solo group (p = 0.019) [102].

However, another systematic review and meta-analysis published by Wang et al. [107]
has shown different results. They found better results for XEN alone compared to
XEN + Phaco procedures in IOP lowering, but not in reducing ocular hypotensive medica-
tions [107].

In light of the available scientific evidence and based on our own experience, the
XEN45 device, either alone or in combination with cataract surgery (phacoemulsification),
significantly lowers IOP and reduces the number of ocular hypotensive medications. Simi-
lar to trabeculectomy, there are no data to support the superiority of the combined surgery
over the solo surgery, and vice versa.

3.3.4. XEN Versus Trabeculectomy: Is There a Difference in Terms of IOP Lowering?

Due mainly to its well-stablished IOP lowering effect, trabeculectomy is currently
considered as the gold standard in glaucoma surgery [5]. However, it may lead to potential
vision-threatening complications [6].

The Gold-Standard Pathway Study (GPS) [108] was the first multicenter, prospective,
and randomized study comparing the effectiveness and safety of XEN45 versus trabeculec-
tomy in glaucoma that was poorly controlled with topical IOP-lowering therapy. The
results of this study showed that the mean IOP change from baseline was significantly
greater at month 12 in the trabeculectomy group (0.024), although both treatments sig-
nificantly lowered IOP from preoperative values (p < 0.001). XEN and trabeculectomy
significantly reduced the preoperative mean number of ocular hypotensive medications,
without significant differences between them (p = 0.068).

In addition, XEN was noninferior to trabeculectomy, regarding the prespecified pri-
mary endpoint (62.1% and 68.2% achieved the primary endpoint, respectively; p = 0.487),
namely the percentage of patients achieving >20% IOP reduction from baseline at Month
12 without medication increase, clinical hypotony, vision loss to counting fingers, or sec-
ondary surgical intervention. Finally, XEN resulted in less need for in-office postoperative
interventions (p = 0.024 after excluding laser suture lysis), faster visual recovery (p < 0.05),
and greater 6-month improvements in visual function problems (p < 0.022) [108].

Similarly, Marcos-Parra et al. [48] compared the IOP lowering effect and the reduction
in ocular hypotensive medications between the XEN device and trabeculectomy in OAG
patients. They reported a significantly greater IOP lowering in the trabeculectomy group
than in the XEN group (p = 0.001), with a similar reduction in the ocular hypotensive
drugs [48]. However, this difference was mainly due to the combined surgery (glau-
coma + cataract). When comparing the IOP lowering effect between XEN + Phaco and
Trabeculectomy + Phaco, IOP lowering from preoperative values was found to be signifi-
cantly greater in the Trabeculectomy + Phaco group at day 1, week 1, and months 1 and 3.
While comparing XEN alone versus trabeculectomy alone, the only significant differences
were observed in month 6. Moreover, in terms of success rates, there were no differences in
the proportion of eyes who achieved a final IOP >6 and <16 mmHg (p = 0.1317), although
it was slightly lower in the XEN (66.2%) than in the trabeculectomy group (78.6%) [48].

Additionally, Schlenker et al. [109] observed similar rates of complete and qualified
success for both interventions.

Wang et al. [102], in a systematic review and meta-analysis, reported no significant
differences between XEN gel implant and trabeculectomy on lowering IOP, although
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the analysis showed a high heterogeneity (12:60%). However, after a sensitive analysis
that excluded the Schenkler et al. study [109] and reduced the heterogeneity (12:0%), the
results showed that trabeculectomy was more effective in lowering IOP, without significant
differences in terms of the reduction in ocular hypotensive medications [102].

Table 6 shows a comparison of the clinical outcomes of XEN45 and Trabeculectomy.

Table 6. A comparison of the clinical outcomes of XEN45 and trabeculectomy. Adapted from
Chen et al. [12], Wang et al. [107], and Sheybani et al. [108].

XEN Trabeculectomy MD (95% CI) between
Study L1
MD SD MD SD Surgeries

Parra et al. [48] —4.34 9.3 —7.73 8.97 0.37 (0.01 to 0.73)

Teus et al. [58]

Chen et al. [12] —7.2 9.2 —10.5 9.2 —3.30 (—6.08 to —0.52)
Wang et al. [107] —8.8 52 -85 53 —0.06 (—0.86 to 0.75)
Olgun et al. [65] -11 6.4 —16 9.7 0.63 (0.17 to 1.09)

Wagner et al. [72] -85 53 —8.8 5.2 —0.30 (—4.51 to 3.91)
Wanichwecharungruang - B - B B
and Ratprasatporn [84] 7 3.8 10 5 3.0 (—4.65 to —1.35)
Sheybani et al. [108] —8.7* 5 —10.8 47 —2.1(=39to —0.3)
Schlenker et al. [109] —11 0.74 —11 7.29 0.0 (—0.21 to 0.21)
Sacchi et al. [110] —13.38 2.76 —15.17 3.2 0.59 (0.04 to 1.15)
Olgun etal. [111] —11 6.4 —16 9.7 —5.00 (—8.86 to —1.14)

! Random effect model. * Extracted directly from the study. NP: not provided.

Compared to trabeculectomy, XEN45 has been associated with several advantages,
including less conjunctival manipulation, less postoperative inflammation, and lower inci-
dence of postoperative adverse events. Moreover, the rates of postoperative interventions
seem to be lower with XEN45 than with trabeculectomy. Therefore, XEN45 could be
considered as the first-choice surgery in certain types of patients.

3.3.5. XEN Implant: What Dose of Mitomycin-c Is the Most Effective?

Mitomycin-c (MMC) and 5-fluorouracil (5-FU) have been commonly used in traditional
glaucoma filtration surgery, with good evidence suggesting a significant increase in surgery
success; however, there is also an increase in the risk of complications [112].

Although MMC was not initially used in all studies [17,19,21], the use of intraoperative
MMC has become a common practice of the XEN implant surgical technique [36-101].

Regarding XEN45, MMC concentration may influence clinical outcomes. It has been
suggested that the success rate may be related to the MMC dose, although other studies
have shown a lack of correlation between MMC dosage and the surgical outcomes [113]. In
general terms, the use of MMC seemed to increase the therapeutic success rate after XEN45
gel stent implantation, although the ideal dose has not been stablished yet.

Selection of MMC concentration is based on a patient-tailored approach. This may
entail an important bias because surgeons will use higher concentrations of MMC in more
complicated cases in which they anticipate that the possibility of surgical failure is greater.

A study comparing the efficacy and safety of two MMC doses (0.01% versus 0.02%)
in eyes who underwent a XEN45 device implant, either alone or in combination with
phacoemulsification, was recently published [95]. The results of this study found that IOP
lowering, number of hypotensive medication reduction, or incidence of adverse events
were not related to MMC concentration [95]. The lack of significant differences, in terms of
IOP lowering or reducing hypotensive medications, between MMC 0.01% and MMC 0.02%
raises the possibility of using lower doses of MMC. However, it should be mentioned that
MMC 0.01% was not associated with lower incidence rates of adverse events [95].
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So far, there is no evidence to recommend the use of a specific MMC concentration.
It seems that MMC dose does not significantly impact either the IOP lowering or the
reduction in the number of ocular hypotensive medications, so it would seem prudent to
recommend “the lowest dose of MMC that, in the surgeon’s opinion, may be effective in
that patient”. However, new studies will be necessary to clarify this issue.

3.3.6. XEN 45 Device Implant: Postoperative Bleb Management

Bleb fibrosis is a common complication that may occur after a XEN implant, with rates
as high as 45% [114]. Needling is a minimally invasive procedure that is commonly used
for restoring the functionality of failed filtering blebs [115].

The most frequently reported postoperative intervention in eyes who underwent
a XEN device is needling of the conjunctival bleb, which ranges from 5% to 62% [12]
(Tables 2—4 show the needling rates reported in the different studies).

Needling is not currently considered as an additional procedure, but rather as part
of the normal bleb management in XEN implant surgery (similarly to laser suture lysis in
trabeculectomy). In most cases, needling is required within the first month postoperatively.

However, in most studies, needling has been used as a rescue strategy once bleb failure
has occurred.

Primary needling, at the time of ab interno XEN implantation, has been recently proposed
as a technique that may reduce the number of postoperative interventions [96,116].

In a retrospective study, Kerr et al. [116] reported that primary needling at the time
of XEN insertion was associated with a significant reduction in the number of bleb in-
terventions (p = 0.003) and, consequently, the subsequent postoperative visits (p = 0.043).
Additionally, compared to preoperative values, this technique has provided a significant
reduction in both IOP and ocular hypotensive medication [116].

More recently, Buenasmananas-Maeso et al. [96] performed a retrospective study that
assessed the efficacy and safety of primary needling in eyes who underwent a XEN45
implant, either alone or in combination with phacoemulsification. According to the results
of this study, primary needling was associated with fewer postoperative interventions. Nev-
ertheless, these eyes were not associated with greater IOP lowering or a greater reduction
in ocular hypotensive therapy [96].

Regarding the use of primary needling, there is not enough evidence to recommend
its use on a routine basis. Therefore, from a clinical point of view, its use was reserved for
those cases in which the XEN implant was twisted, trapped, or did not appear free and
mobile in the subconjunctival space. Additionally, it may eventually be used in eyes with
previously failed glaucoma surgery or in eyes with pathologies that may be associated with
an increased risk of conjunctival fibrosis.

3.3.7. Can XEN45 Device Be Considered a Safe Procedure?

Although XEN has emerged as a safer and less traumatic approach for lowering IOP
in patients with glaucoma, it is not free of complications.

According to the currently available scientific evidence, transient hypotony (defined as
IOP <6 mmHg) is the most commonly reported complication of XEN45, with an incidence
rate of 9.59%. In the vast majority of patients, hypotony is successfully resolved without
additional surgery interventions and the rate of chronic hypotony is very low [12].

The second most common adverse event is hyphema (5.53%). Most of patients have
grade I hyphema (less than 1/3 of anterior chamber), which had resolved spontaneously
by the first week after surgery [12]. The third most commonly reported adverse event is
the incidence of transient IOP spikes, which have been reported in 2.11% of eyes (in most
cases associated with hyphema) [12].

Figure 2 shows an overview of the incidence of different adverse events reported after
XEN implantation. Regarding the number of corneal endothelial cells, trabeculectomy and
glaucoma drainage device implantation can damage corneal endothelial
cells [117-120]. With regards to the impact of XEN on the corneal endothelial cells’ loss,
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Proportion of eyes (%)

Transient
hypotony

5.53

Hyphema

there were no significant differences between XEN + phacoemulsification and phacoemul-
sification alone [121-123]. Additionally, the corneal endothelial cell density reduction after
XEN implantation as a solo procedure was low [122].
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Figure 2. Incidence rate of adverse events reported after XEN implantation (1 = 4410). Adapted from
Chen et al. [12]. * >2 Snellen lines vison loss lasting >1 month. IOP: intraocular pressure; AC: anterior
chamber; VA: visual acuity.

The results of a prospective, cross-sectional, and non-randomized clinical trial sug-
gested that, in eyes who underwent a XEN standalone procedure, there were no significant
changes in endothelial cell counts over the follow-up period (5 years). However, a statisti-
cally significant reduction in the central endothelial cell count was observed in the eyes
who underwent a combined procedure (XEN + phacoemulsification) at different timepoints.
This clearly suggests that the loss of corneal endothelial cells seems to be related with the
cataract surgery, rather than with the XEN implant [123].

Both the experience of the panel and the scientific evidence have shown an acceptable
safety profile of the XEN implant. The rate of serious complications (endophthalmitis,
hypotonus maculopathy, corneal or macular edema) is low. Moreover, compared to tra-
beculectomy, the XEN implant has provided a better safety profile [93].

3.3.8. XEN45 Device: Is It Possible to Predict Its Clinical Outcomes?

Different studies have evaluated potential predictive factors for failure [19,42,50,70,98]
or for success [52,64,116].

Three studies [42,50,70] found that none of the evaluated factors were significantly
associated with surgery failure, whereas two studies reported that the risk of failure is
greater in men than in women [19,98]. However, Gabbay et al. [87] reported that women
were more likely to fail. Gillmann et al. [98] observed that eyes with a primary OAG
diagnosis and those requiring needling are more likely to fail.

Fea et al. [70] suggested that patients with lower IOP at day 1 and month 1 had a
higher chance of success. The same was true if the difference between month 1 and week 1
IOP was lower than 6 mmHg.

Regarding surgery success, each mmHg increase in preoperative IOP was positively
associated with surgery success (Odds ratio: 1.33; 95% CI: 1.13 to 1.55, p = 0.0004) [52].

Chao et al. [64] reported that surgical success was more likely for eyes with a better
preoperative visual field mean deviation and lower IOP at day 1, week 2, and month 1.

Conversely, Ibafiez-Mufoz et al. [116] found that none of the analysed factors were
statistically associated with success.

The question of whether patient ethnicity impacts the XEN clinical outcomes has not
been fully elucidated. Success rates appear to be lower in Black and Afro-Latino patients

172



J. Clin. Med. 2023, 12, 5339

than in Caucasian populations [12,51,56]. Similarly, it has been observed that the ethnic
Chinese group presents a reoperation rate as high as 45.9% [64]. However, other studies
have suggested that there is no relationship between the ethnic origin of the patients and
the clinical outcomes of XEN [39,62].

4. Discussion

The objective of this article was to address, in the most practical way possible, different
aspects related to the XEN device that may generate doubts, mainly for specialists who are
beginning to use this technique.

Based on currently available evidence, the XEN45 device, either alone or in combi-
nation with cataract surgery, significantly lowers IOP and reduces the number of ocular
hypotensive medications in patients with glaucoma [12,36-101,108,110,111,116]. There are
promising results with the new XENG63, but the evidence is very limited [22,23].

Compared to trabeculectomy [12,48,58,65,72,84,108-111], XEN seems not to be compa-
rable in terms of IOP lowering, although XEN has similar efficacy in reducing the number
of ocular hypotensive medications and provided a better safety profile.

Regarding its implantation technique, XEN has usually been delivered using an ab
interno approach through a corneal incision [36-101]. However, as surgeons have been
gaining experience with the device, different changes that aim to provide better clinical
outcomes have been introduced in the implantation technique [24-26].

High myopia represents a challenging scenario in glaucoma patients who need sur-
gical treatment. There are two studies that assessed the efficacy and safety of XEN in
patients with high myopia. The results of both studies have pointed in the same direction,
clearly indicating that the XEN device is an effective and safe option in patients with high
myopia [105,106].

Trabeculectomy is still considered as the gold standard in glaucoma surgery [5].
It effectively lowers IOP and reduced the need of ocular hypotensive medications [6].
However, it requires a close postoperative follow-up to prevent potential complications
that may lead to severe vision loss [7,124-126].

Nevertheless, XEN has been associated with lower conjunctival manipulation and
incidence of postoperative complications and adverse effects [12,48,93,100].

For precisely this reason, this need for postoperative conjunctival manipulation has
been one of the main points of discussion of XEN. The vast majority of the studies show a
rate of needling which ranges from approximately 20 to 40% (See Tables 2 and 3).

Primary needling (at the time of ab interno XEN implantation) has emerged as a
valuable option to reduce the number of postoperative interventions [96,116].

Regarding the existence of predictive factors of the XEN clinical outcomes, current
evidence does not show conclusive results.

Finally, regarding the impact of the XEN device on the corneal endothelium, current
evidence suggests that XEN does not have a significant impact on corneal endothelial cell
loss [121-123], unlike what occurs with trabeculectomy or other drainage devices [117-120].

5. Conclusions

According to published evidence, the XEN45 device lowers IOP by approximately
35% from preoperative values, obtaining a mean IOP value of <15 mmHg, as far as 4
years after surgery. In addition, XEN significantly reduced the need for ocular hypotensive
medication, with a mean number of postoperative hypotensive medications < 1 drug.

Based on the evidence and panel’s opinion, the XEN device may be considered as the
first surgical option in patients who require a target IOP in the mid to low teens. Even
though trabeculectomy seems to have a better IOP-lowering effect, the XEN device has
been shown to have a better safety profile.

Although XEN device implantation is a relatively new procedure, a large number
of studies have been published in recent years, pointing to its long-term potential in the
treatment of glaucoma.

173



J. Clin. Med. 2023, 12, 5339

Several issues related to XEN clinical outcomes remain to be clarified, such as the
role of ethnicity, factors influencing the outcomes, needling rates and the role of primary
needling, the impact of high myopia, and the use of XEN in different types of glaucoma,
including narrow-angle and angle-closure glaucoma.

Data from randomized and multicentre clinical trials will help surgeons develop
patient-tailored management strategies.
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Abstract: Background: The evaluation of ab interno trabeculectomy, referred to as trabectome®,
among Japanese patients is insufficient. Subjects and methods: Japanese patients who underwent
trabectome® at the University of Yamanashi Hospital were included. The investigated parameters
were intraocular pressure (IOP), best corrected visual acuity, glaucoma medications, visual field, and
corneal endothelial cell density. The success rate and its associated factors were investigated. Results:
A total of 250 eyes from 197 patients were enrolled. The trabectome® significantly reduced IOP and
glaucoma medications up to 48 months. Concomitant cataract extraction enhanced the reduction
in IOP and glaucoma medications up to 42 months. At 36 months postoperatively, 40.8% satisfied
IOP of the same or less than 18 mmHg or more than a 20% IOP reduction with the same or less
use of glaucoma medications as preoperatively. Preoperative IOP and combined cataract extraction
were significantly associated with the success rate. The trabectome® alone did not show a significant
reduction in corneal endothelial cells. Eyes with postoperative transient IOP elevation and removal of
anterior chamber hemorrhage were 11.2% and 1.2%, respectively. Twenty-four eyes (9.6%) underwent
additional glaucoma surgeries. Conclusions: The trabectome® could be considered an effective and
safe surgery. Compared to trabectome® alone, combined cataract surgery was superior in lowering
IOP and reducing glaucoma medications.

Keywords: ab interno trabeculectomy; glaucoma; intraocular pressure

1. Introduction

Glaucoma is a high-ranking cause of blindness with irreversible optic neuropathy.
Although glaucoma eye drops are commonly used to lower intraocular pressure (IOP),
surgical treatment is often required due to inadequate IOP reduction or side effects. Tra-
beculectomy is a major glaucoma surgery. Though it is beneficial for lowering IOP, it is
a procedure with a high risk of postoperative complications such as bleb infection, com-
plications related to low IOP, and expulsive bleeding [1]. Trabectome® is an ab interno
trabeculectomy and is considered a minimally invasive glaucoma surgery (referred to as
MIGS) that is performed through a small corneal incision. Trabectome® was approved by
the FDA in 2004 and by the Japanese Ministry of Health, Labor, and Welfare in 2010.

The purpose of this study was to evaluate the mid-term efficacy and safety of trabectome®.

2. Materials and Methods
2.1. Study Design

All patients who underwent trabectome® at the University of Yamanashi Hospital
between March 2016 and December 2017 and met the following criteria were included in
the retrospective study. The study was approved by the Ethics Committee of the University
of Yamanashi School of Medicine. It was performed in accordance with the Declaration
of Helsinki:

Approval Code: 1974;

Approval Date: 20 March 2019.
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2.2. Entry and Exclusion Criteria

Entry criteria included consecutive patients aged 20 years or older who underwent
trabectome® at the University of Yamanashi Hospital between March 2016 and December
2017. Accurate intraocular pressure measurement by Goldman Applanation Tonometry
(GAT) was possible before and after surgery. Patients who underwent surgery on both eyes
were included in the analysis.

2.3. Surgical Technique and Postoperative Management

Surgery was performed by three surgeons (K.K., M.M., and K.K.) using the trabectome®
system (Neomedix, Inc., Tustin, CA, USA) at the University of Yamanashi Hospital. In
the case of pseudophakic eyes before surgery, Trabectome® alone is indicated. In the case
of phakic eyes before surgery, combined cataract surgery with trabectome® is indicated
when cataracts are recognized. The presence or absence of cataracts was determined by
the surgeon before surgery. A 1.7 mm temporal corneal incision was made, viscoelastic
material was inserted intraocularly, the trabectome® was inserted, and a Swan Jacob Gonio-
prism was used to resect the nasal trabecular meshwork in the 90-120-degree range. In the
trabectome® alone group, the surgery was completed after aspiration and removal of reflux
hemorrhage and residual viscoelastic material using the trabectome®. In the combined
cataract surgery group, conventional lens reconstruction was performed through the same
corneal incision. After surgery, steroid eye drops (Betamethasone Sodium Phosphate Oph-
thalmic Solution 0.1%) and topical antibiotic eye drops (Levofloxacin Ophthalmic Solution
1.5%) were administered four times a day for one month, and 2% pilocarpine hydrochloride
ophthalmic solution was started four times a day and gradually decreased. In the combined
cataract group, NSAID eye drops (Bromfenac Sodium Hydrate Ophthalmic Solution 0.1%)
were used twice a day for 3 months after surgery. All preoperative glaucoma eye drops
and oral medications were discontinued, and additional medications were added at the
discretion of the surgeon when an increase in IOP was observed.

2.4. Outcome Measures and Safety Evaluation

The primary outcome measures in this study were IOP values measured by GAT and
the number of glaucoma medications. Preoperative data were collected based on the last
preoperative visit. Patients used glaucoma medications until the day before surgery, with no
washout period. The number of glaucoma medications was counted as two for combination
eye drops and one for oral carbonic anhydrase inhibitors. Postoperative data were collected
from patients at 1 week, 2 weeks, 1 month, and every 3 months thereafter. Secondary
endpoints included visual acuity tests, visual field tests, and corneal endothelial cell density
before and after surgery. Safety endpoints included surgical complications, adverse events,
and additional glaucoma surgeries. Visual field measurements were performed using a
Humphrey visual field analyzer (HFA) SITA-standard (Carl Zeiss Meditec, Dublin, CA,
USA), and mean deviation (MD) values were included in the analysis.

2.5. Statistical Analyses

Statistical analyses were performed using JMP12.0.1 (SAS Institute, Cary, NC, USA),
and changes in IOP and glaucoma medications before and after surgery were analyzed
using repeated ANOVA. Corneal endothelial cell density before and after surgery was ana-
lyzed using a paired t-test. Changes in visual field defects before and after the surgery were
compared using a paired t-test or repeated ANOVA. Factors related to survival were analyzed
using logistic regression analysis. A p value < 0.05 was considered statistically significant.

3. Results
3.1. Demographics and Preoperative Ocular Parameters

Table 1 shows the preoperative data of the patients studied. The study population con-
sisted of 107 male and 90 female patients with a mean age of 70.7 & 12.6 years (16-93 years).
The postoperative observation period ranged from 1 to 60 months. There were 201 phakic
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eyes and 48 pseudophakic eyes. There were 154 eyes that underwent combined cataract
surgery with trabectome® and 96 eyes that underwent trabectome® alone. The preoperative
IOP was 20.6 £+ 6.8 mmHg.

Table 1. Demographics and Preoperative Ocular Parameters.

. Male/Female:
Eye (Subjects) 250 (197) 107/90
Age (range) 70.7 + 12.6(16-93)
Right eye:Left eye 126:124
Glaucoma subtype POAG 63% (158)
% (n) PXG 16% (41)
SOAG 12% (31)
NVG 1% (2)
Mixed 3% (8)
Others 4% (10)
Pre-operative lens status Phakia (201):IOL (48)
Phaco combi:Single 154:96
IOP (mmHg) (range) 20.6 £ 6.8 (11-58)
BCVA (logMAR) 0.20 + 0.36

Visual field test (HFA24-2)
MD (dB) (range)

Number of medications 41+13

POAG: primary open angle glaucoma, PXG: pseudoexfoliation glaucoma, SOAG: secondary open angle glaucoma,
NVG: neovascular glaucoma, IOP: intraocular pressure, BCVA: best corrected visual acuity, LogMAR: logarithm
of the minimum angle of resolution, HFA: Humphrey Field Analyzer, MD: mean deviation, numbers after =+:
standard deviation.

—10.5+7.0 (1.31-—31.48)

Glaucoma types were primary open-angle glaucoma (POAG) in 158 eyes (63%), pseu-
doexfoliative glaucoma (PXG) in 41 eyes (16%), neovascular glaucoma (NVG) in 2 eyes (1%),
mixed glaucoma in 8 eyes (3%), secondary glaucoma (SG) in 31 eyes (12%), and glaucoma
of undetermined type in 10 eyes (4%). We performed trabectome® for open-angle glaucoma
without extensive peripheral anterior synechia (PAS). In the case of NVG, Trabectome
is performed if there is no active angle neovascularization. Patients with NVG showed
burn-out status of their NGV, and we confirmed that their angle was open without severe
PAS formation. We used topical oxybuprocaine hydrochloride eyedrops for anaesthetizing.
The mean preoperative best corrected visual acuity (BCVA) (logMAR) was 0.20 & 0.36, and
the mean preoperative HFA24-2MD value was —10.5 4= 7.0 dB (1.31 to —31.48). The mean
number of glaucoma medications administered preoperatively was 4.1 + 1.3.

3.2. Changes in I0OP and Medications

Figure 1 shows the mean IOP before and after surgery (Figure 1a) and the rate of IOP
reduction (Figure 1b). The mean IOP decreased from 20.6 & 6.8 mmHg preoperatively
to 15.0 £ 4.1 mmHg at 6 months, 15.6 4+ 4.0 mmHg at 12 months, 15.6 £+ 3.2 mmHg at
24 months, 16.5 £ 5.3 mmHg at 36 months, and 17.5 + 6.2 mmHg at 48 months after surgery,
and the differences in decreases were statistically significant from 6 to 51 months postop-
eratively (p < 0.05). The IOP reduction rate averaged 23.4% for the entire postoperative
period, ranging from 20 to 25%.
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Figure 1. Postoperative changes in IOP and IOP reduction rate: (a) postoperative changes in IOP,
*p <0.05 vs. preoperative value (repeated ANOVA), (b) postoperative IOP reduction rate. Bar = SD.

Figure 2 shows the number of glaucoma medications (Figure 2a) and the percentage
of patients who were medication free (Figure 2b) before and after surgery. The number of
glaucoma medications decreased from 4.1 & 1.3 preoperatively to 1.5 & 1.4 at 6 months,
1.5 £+ 1.6 at 12 months, 1.9 + 1.6 at 24 months, 2.4 + 1.8 at 36 months, and 2.7 + 1.9 at
48 months after surgery. The mean of all postoperative periods was significantly lower
(p < 0.001). The average decrease in the number of glaucoma medications during the entire
postoperative period was 48.0% (—1.96). The number of postoperative glaucoma medica-
tions tended to gradually increase over time (Figure 2a). The percentage of postoperative
glaucoma medication-free patients was up to 38.3% at 9 months and 38.2% at 12 months,
followed by a gradual decrease (Figure 2b).
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Figure 2. Postoperative changes in the number of antiglaucoma medications and the rate of
medication-free eyes: (a) postoperative reduction in the number of antiglaucoma medications,
*p <0.001 vs. preoperative value (repeated ANOVA), (b) postoperative rates of medication-free
eyes. Bar = SD.

3.3. Preoperative IOP and IOP Reduction

Figure 3 shows the results of the postoperative IOP changes after dividing the preop-
erative IOP into three groups: Group A: less than 15 mmHg, Group B: 15-20 mmHg, and
Group C: 21 mmHg or higher. Pre-IOP value means last preoperative visit IOP. Postopera-
tive IOP in Groups B and C significantly decreased for most of the time periods (Group B:
1D-54 M (p < 0.05), Group C: 1D-57 M (p < 0.05)), whereas Group A showed no significant
decrease in all measured time periods. The number of postoperative medications decreased
significantly in all three groups for most of the time periods compared to the preoperative
period (Group A: 1D-39 M, 48 M (p < 0.05); Group B: 1D-45 M (p < 0.05); Group C: 1D-54 M
(p <0.05)).
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Figure 3. Postoperative changes: comparison by pre-IOP values: Group B: 15-20 mmHg and Group
C: 21 mmHg or higher showed a significant decrease in postoperative IOP for the majority of the time
periods (Group B: 1D-54 M (p < 0.05), Group C: 1D-57 M (p < 0.05)), whereas Group A: <15 mmHg
showed no significant descent in all measurement periods (repeated ANOVA).

3.4. Success Rate

Figure 4 shows the results of the success rate study as defined below.

Complete Success was defined as no glaucoma medications, IOP less than 15 mmHg,
and at least a 20% reduction from preoperative IOP.

Qualified success 1 was defined as IOP less than or equal to 15 mmHg and at least a
20% reduction from preoperative IOP. Postoperative glaucoma medications were equal to
or less than preoperative.

Qualified success 2 was defined as IOP less than or equal to 18 mmHg and at least a
20% reduction from preoperative IOP. Postoperative glaucoma medications were equal to
or less than preoperative.

The percentage of patients who achieved complete success was 25.4% at 12 months,
13.1% at 24 months, 6.9% at 36 months, 4.6% at 48 months, and 4.6% at 60 months.

The percentage of patients who achieved qualified success 1 was 39.2% at 12 months,
27.6% at 24 months, 24.6% at 36 months, 16.1% at 48 months, and 10.6% at 60 months.

The percentage of patients who achieved qualified success 2 was 60.6% at 12 months,
49.6% at 24 months, 42.5% at 36 months, 36.0% at 48 months, and 32.2% at 60 months.
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Figure 4. Cont.
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Figure 4. Comparison of survival curves by success definitions. (a) Complete success; (b) qualified
success 1; (c) qualified success 2; Kaplan—Meier analysis.

The percentage of patients who achieved qualified success 2 in the POAG and PXG
groups and for other types of glaucoma was evaluated (Figure 5a).

In the POAG and PXG groups, 74.9% of patients achieved qualified success 2: 61.1%
at 12 months, 49.6% at 24 months, 40.3% at 36 months, 32.9% at 48 months, and 29.3% at
57 months.

In the other glaucoma groups, the rates of qualified success 2 were 58.2% at 12 months,
49.5% at 24 months, 43.1% at 36 months, 39.8% at 48 months, and 39.8% at 57 months.

Comparison using the log-rank test between the POAG and PE groups and the other
glaucoma groups showed no significant difference in survival rates. There were also no
significant differences in survival rates between the POAG and PXG groups (p = 0.35).

Next, the percentage of patients who achieved qualified success 2 in the combined
cataract group and the Trabectome® alone group was examined (Figure 5b).

In the combined cataract group, the percentage of patients who achieved qualified
success 2 was 69.0% at 12 months, 61.0% at 24 months, 51.1% at 36 months, 47.2% at
48 months, and 43.3% at 60 months.

In the Trabectome® alone group, the percentage of patients who achieved qualified
success 2 was 46.9% at 12 months, 31.8% at 24 months, 24.7% at 36 months, 15.2% at
48 months, and 39.8% at 54 months.

When compared using the log-rank test for the combined cataract and trabectome® alone
groups, the combined cataract group had a significantly higher survival rate (p < 0.0001).
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Figure 5. Comparison of survival curves between (a) type of glaucoma and (b) single vs. combination
with cataract surgery in the qualified success 2 definition; Kaplan—Meier method.

3.5. Examination of Factors Related to Success

Factors associated with success in the above definition were examined. Logistic regres-
sion analysis was used to examine factors associated with success at 3 years postoperatively,
including age, sex, glaucoma type, trabectome® alone/combined cataract, preoperative
IOP, number of preoperative medications, and postoperative complications.

There were no significant factors associated with complete success, including age
(p = 0.19), sex (p = 0.09), glaucoma type (p = 0.93), trabectome® alone/combined cataract
(p = 0.41), preoperative IOP (p = 0.36), preoperative medications (p = 0.45), or postoperative
complications (p = 0.96).

Preoperative IOP was significantly associated with qualified success 1 (p = 0.02). No
significant associations were found for other factors, including age (p = 0.65), sex (p = 0.47),
glaucoma type (p = 0.64), trabectome® alone/combined cataract (p = 0.41), number of
preoperative medications (p = 0.72), or postoperative complications (p = 0.62).

The presence of combined cataract surgery was significantly associated with qualified
success 2 (p < 0.01). No significant associations were found for other factors, including age
(p = 0.80), sex (p = 0.98), glaucoma type (p = 0.90), preoperative IOP (p = 0.40), number of
preoperative medications (p = 0.70), or postoperative complications (p = 0.44).
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3.6. Comparison between Combined Cataract Surgery and Trabectome® Alone Surgery

Figure 6 shows the changes in IOP (Figure 6a) and the number of glaucoma medi-
cations (Figure 6b) in the combined cataract group and the trabectome® alone group. In
the combined cataract group, IOP significantly decreased from the day after surgery to
48 months postoperatively, and in the trabectome® alone group, IOP significantly decreased
from the day after surgery to 45 months postoperatively (p < 0.05). The mean postoperative
IOP reduction rate was 22.2% in the combined cataract group and 24.0% in the trabectome®
alone group, with both groups showing greater IOP reductions, significantly more so in the
combined cataract group (p < 0.001).
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Figure 6. Postoperative changes in (a) IOP and (b) the number of medications between single vs.
combination with cataract surgery. (a) IOP significantly decreased from the day after surgery to
48 months postoperatively in the combined cataract group and significantly decreased from the day
after surgery to 45 months postoperatively in the trabectome® alone group (p < 0.05). (b) The number
of glaucoma drugs also significantly decreased from 1 week to 51 months postoperatively in the
combined cataract surgery group and from 1 week to 39 months postoperatively in the trabectome®
alone group (p < 0.05).

The number of glaucoma medications also significantly decreased from 1 week to
51 months postoperatively in the combined cataract group and significantly decreased
from 1 week to 39 months postoperatively in the trabectome® alone group (p < 0.05). The
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mean postoperative reduction in the number of drugs was 55.4% (—2.0) in the combined
cataract group and 37.9% (—1.8) in the trabectome® alone group, which was significantly
higher in the combined cataract group (Figure 6b).

The mean postoperative reduction in IOP was similar in both groups, but the decrease
in the number of glaucoma medications was greater in the combined cataract group. A
comparison of the two groups at each measurement period showed that IOP was signifi-
cantly lower in the combined cataract group than in the trabectome® alone group for most
periods from preoperative to 42 months postoperative (p < 0.05). In addition, the number
of glaucoma medications was significantly lower in the combined cataract group at all time
points from preoperative to 42 months (p < 0.01).

3.7. Changes in BCVA and Visual Field

Figure 7 shows the changes in BCVA in the combined cataract surgery group and
the trabectome® alone group. BCVA significantly improved in the combined cataract
group from 1 to 30 months postoperatively (p < 0.05). The BCVA significantly decreased
in the trabectome® alone group (p < 0.001) during the first postoperative week, but the
significant difference from the preoperative period disappeared from 2 weeks to 57 months
postoperatively (Figure 7).
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Figure 7. Postoperative changes in BCVA (logMAR) between single vs. combined cataract surgery.
Repeated ANOVA; BCVA significantly improved from 1 to 30 months postoperatively in the combined
cataract group (p < 0.05). In the trabectome® alone group, BCVA significantly decreased during
the first postoperative week (p < 0.001), but the significant difference from the preoperative period
disappeared from 2 weeks to 57 months postoperatively.

Overall, HFA24-2MD values were —10.5 & 7.0 dB (1.31-31.48) preoperatively and
—10.3 + 7.0 dB (1.69-28.46) at 12 months postoperatively, with no significant deterioration
in visual field defects (p = 0.81, paired t-test). In the long-term follow-up, HFA24-2MD val-
ues were 10.2 £ 7.1 dB (0.96-27.61) at 24 months postoperatively, 11.4 & 7.4 dB (0.08-29.93)
at 36 months postoperatively, and 11.4 £ 7.8 dB (—0.67-30.77) at 48 months postoperatively,
with no significant deterioration of any visual field defect (repeated ANOVA).

The HFA24-2MD value was —11.7 & 6.5 dB (—0.02-31.48) preoperatively and —11.4 + 6.9 dB
(—1.12-28.46) at 12 months postoperatively in the combined cataract group, with no signifi-
cant deterioration of visual field defects (p = 0.72).

In the trabectome® alone group, the preoperative HFA24-2MD value was —8.77 & 7.2 dB
(1.31-29.79), and the 12-month postoperative value was —8.84 & 7.0 dB (1.69-27.33), show-
ing no significant deterioration of visual field defects (p = 0.95).

3.8. Safety Profile

Surgical complications are shown in Table 2. Postoperative transient elevation of IOP
(>30 mmHg) was observed in 28 eyes (11.2%). The transient elevation of IOP occurred
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from the day after surgery to 1 month after surgery. Transient elevation of IOP occurred
in 4 (2.6%) eyes in the combined cataract group and 24 (25%) eyes in the trabectome®
alone group, with a significantly higher incidence in the trabectome® alone group (p < 0.01).
Severe anterior chamber hemorrhage requiring anterior chamber wash out was observed
in three eyes, all in the trabectome® alone group. No serious complications, such as
endophthalmitis, expulsive bleeding, or choroidal detachment, were observed.

Table 2. Surgical complications and postoperative procedures.

Number %
Endophthalmitis 0 0
Choroidal hemorrhage 0 0
(Icl)gpzeégvri?zﬂg) 28 1
Hypotomy (<5 mmHg) 0 0
Anterior chamber irrigation 3 1
due to severe hyphema
Additional surgery e 10

(trabeculectomy 19, trabectome 3,
trabectome + GSL 1, trabeculotomy 1)

GSL: goniosynechialysis.

Of the 24 eyes that underwent additional glaucoma surgery due to poor postoperative
IOP control, most (19) underwent trabeculectomy, 3 underwent additional trabectome®, 1
underwent trabectome® + goniosynechialysis (GSL), and 1 underwent trabeculotomy. The
average time of additional surgery was 27.8 months postoperatively (2 weeks to 42 months
postoperatively). We excluded the following information from analysis at the time of
additional surgery. Five eyes (2%) underwent additional procedures: yttrium aluminum
garnet (YAG) in one eye, cyclo photo coagulation (CPC) in two eyes, and selective laser
trabeculoplasty (SLT) in two eyes, ranging from 1 month to 21 months postoperatively.

Changes in corneal endothelial cell density are shown in Table 3. In all patients, corneal
endothelial cell density significantly decreased from 2465.6 + 376.3/mm? preoperatively to
2378.6 & 378.2/mm? postoperatively (—3.52%) (p < 0.001). The combined cataract group
significantly decreased from 2518.4 + 333.6/mm? preoperatively to 2381.0 4 359.9/mm?
postoperatively (—5.45%) (p < 0.001), whereas the trabectome® alone group showed no
significant difference, from 2353.4 + 435.5/mm? preoperatively to 2374.6 + 408.2/mm?
postoperatively. Therefore, the decrease in corneal endothelial cell density was considered
to be an effect of cataract surgery.

Table 3. Changes of Corneal endothelial cell density.

Pre-Operation Post-Operation  Reduction Rate (%) p Value

Total 2465.6 + 376.3 2378.6 + 378.2 —3.52 <0.001

Combi. 2518.4 + 333.6 2381.0 # 359.9 —5.45 <0.001
Single. 2353.4 +435.5 2374.6 + 408.2 0.9 0.69

4. Discussion

4.1. Summary of Results: Intraocular Pressure and Number of Medications

This study examined the postoperative results of trabectome® surgery in Japanese

glaucoma patients treated at our hospital up to 60 months postoperatively. IOP and the
number of glaucoma medications were significantly decreased during most of the follow-up
period compared to the preoperative period. It is thought that the reason for which the
significant difference disappeared after 50 months was due to the decrease in the number
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of subjects for analysis. The average IOP reduction was 23.4% for the entire period, ranging
from 20 to 25%, and the reduction in the number of glaucoma medications during the entire
postoperative period was 48.0%. The percentage of patients who were free of glaucoma
medication after surgery was 38.2% at 12 months, which continued to gradually decrease.
IOP reduction was greater in the combined cataract surgery group, and the number of
glaucoma drugs decreased substantially.

In previous reports by Avar M, Minckler D et al., a baseline IOP of approximately
23.0 mmHg was reduced to 16.5-17.2 mmHg (—26 to —28%) [2,3]. Esfandiari et al. and
Bendel et al. reported a decrease in baseline IOP from 18.0~20.0 mmHg to 13.9~15.6 mmHg
(—=19~22%) [4,5]. In a study of Japanese subjects, Kono et al. reported a reduction from a
baseline IOP of 29.2 mmHg to 16.4 mmHg (—43.8%) after 72 months [6]. Tojo et al. also
reported a decrease from a baseline IOP of 23.0 mmHg to 13.6 mmHg after 24 months [7].
In our results, the rate of IOP reduction was somewhat less than that previously reported,
but this may be because the preoperative IOP in our study was somewhat lower than that
in other reports. The postoperative IOP was almost the same as that in a previous report.
In both our study and previous reports, the rate of IOP reduction was lower than that of
trabeculectomy [8]. Trabectome® is a surgical technique that promotes aqueous humor
outflow in the main aqueous humor pathway by resecting the trabecular meshwork, and
the outflow resistance of the outflow tracts (collecting channel and superior scleral vein)
after the trabecular meshwork is constant, which may explain why the lower limit of IOP
reduction was higher than that in trabeculectomy.

In the present study, preoperative IOP was divided into three groups: Group A:
<15 mmHg, Group B: 15-20 mmHg, and Group C: >20 mmHg, and postoperative IOP
changes were examined. The number of glaucoma medications in all three groups decreased
significantly, and IOP also decreased significantly in groups A and B. However, in group
C, there was no significant decrease in all postoperative periods. These results are similar
to those of Tojo et al. and suggest that trabectome® should be indicated in patients with a
preoperative IOP of 16 mmHg or higher [7].

Previous reports have reported higher postoperative success rates in the combined
cataract surgery group than in the trabectome® alone group, similar to our results [6,9,10].
This may be because cataract surgery itself has an IOP-lowering effect, and the increase
in IOP during cataract surgery after trabectome® surgery reduces postoperative anterior
chamber hemorrhage and transient IOP elevation [11].

4.2. Factors Involved in Trabectome® Outcome

In this study, IOP control was considered to be successful at 3 years postoperatively
in 6.9% of patients in the complete success group, 20.6% in qualified success group 1, and
40.8% in qualified success group 2. An analysis of the factors associated with success
showed no significant association in the complete success group, but preoperative IOP was
significantly associated with success in qualified success group 1 (p = 0.02), and the presence
or absence of combined cataract surgery in qualified success group 2 was significantly
associated (p < 0.01). Preoperative IOP may affect the success rate of the trabectome®,
and therefore, patients with high preoperative IOPs should be treated with the possibility
of poor success rates in trabectome® procedures. In addition, the presence or absence of
combined cataract surgery is significantly related to the success rate of trabectome® and
should be actively considered in patients who are eligible for combined cataract surgery.

Kono et al. reported that 26% of their patients had an IOP of 16 mmHg and achieved an
IOP reduction of 20% or greater at 3 years postoperatively, and 46% had an IOP of 18 mmHg
and achieved an IOP reduction of 20% or greater, with our results showing a slightly lower
success rate [6]°. In addition, our results showed no significant differences by glaucoma
type, and the survival rate was significantly higher in the combined cataract group than in
the trabectome® alone group, all of which are similar to previously reported results.
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4.3. Advantages of the Trabectome®

Among the subjects in the current study, up to 38.3% of the patients did not require
postoperative glaucoma medications. Although glaucoma medication has made significant
progress in recent years, problems associated with multiple-medication therapy, such as
poor adherence, dropout from medication therapy, and side effects of eye drops and oral
medications, have become apparent. Therefore, very few medications should be used. In
the present study, a maximum of 38.3% of patients achieved medication-free treatment,
and the number of glaucoma medications was reduced from the preoperative level in most
patients. This is very useful for glaucoma treatment in terms of improving adherence,
preventing dropouts, and reducing the side effects of eye drops and oral medications.

4.4. Summary of Complications and Comparison with Previous Reports

In the present study, transient postoperative IOP elevation (>30 mmHg) was observed
in 28 eyes (11.2%), and severe anterior chamber hemorrhage requiring anterior chamber
wash out was observed in 3 eyes, but there were no cases of serious complications, such
as endophthalmitis or expulsive bleeding, which were similar to those in previous re-
ports [12,13]. Compared to the combined cataract group, the rate of transient postoperative
IOP elevation and severe anterior chamber hemorrhage was higher in the trabectome®
alone group, but this may be because, as mentioned above, the increase in IOP during
cataract surgery can reduce transient IOP elevation by reducing postoperative anterior
chamber hemorrhage. Trabectome® is a safe, low-patient-load technique with low surgical
invasiveness and an infrequent need for postoperative surgical procedures (9.6% of patients
required such procedures).

In addition, corneal endothelial cell density was significantly decreased in all patients
and in the combined cataract group but not in the trabectome® alone group, suggesting
that the effects of cataract surgery were not significant, and that trabectome® caused little
damage to corneal endothelial cells.

4.5. Limitations of the Present Study

Limitations of the current study include the following: the lack of a control group in a
retrospective study. There were three surgeons, and there may be differences in surgical
techniques among the surgeons. Although the results were obtained during a period of
up to 60 months, the follow-up period varied from patient to patient. Multiple types of
disease were entered. There are no criteria for the resumption of glaucoma medication after
surgery, and resumption is at the discretion of the surgeon. The corneal endothelial cell
density was not compared to that in the cataract surgery group.

However, trabectome® is a safe procedure with a short operative time and few intra-
operative and postoperative complications.

Trabectome® is suitable for patients who are unable to continue long-term medication
therapy, who are concerned about side effects or poor adherence to multiple medications,
or who are expected to drop out of treatment. However, since this is a surgical procedure
to promote aqueous humor outflow in the main aqueous humor pathway, and since the
outflow resistance of the outflow tracts (collecting channels and superior scleral vein) after
the trabecular meshwork is constant, there is a lower limit to IOP reduction and a limit to
IOP reduction value, so care should be taken in selecting cases. Trabeculectomy should be
carefully considered for patients whose IOP before surgery is stable at 15 mmHg or lower
but whose visual field is progressing or whose glaucoma is at the end stage and whose
target IOP of approximately 10 mmHg is desired.

In addition, our results showed that trabectome™ was performed in patients who
were using more than four medications before surgery and in patients who were using
multiple types of medications. As the number of glaucoma medications increases, patient
adherence declines, and the side effects of eye drops worsen. In addition, the results of
the present study showed that the combined cataract group had greater IOP reductions

and fewer drugs than the trabectome® alone group. Therefore, the use of trabectome® in

®
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patients who require cataract surgery may be actively considered regardless of glaucoma
type. In the future, we may consider performing trabectome® surgery for a wide range of
indications, from patients with early-stage glaucoma who are receiving single-drug therapy
to patients with end-stage glaucoma who cannot undergo trabeculectomy due to advanced
age or poor general condition. Kashiwagi et al. reported that trabectome® surgery, both in
combined cataract surgery and as a stand-alone procedure, not only lowers IOP but also
improves practical vision by improving ocular surface conditions such as corneal epithelial
damage due to a decrease in the number of medications [14]. We believe that this may
further contribute to the improvement of patient QOV after surgery.

In Japan, following trabectome®, various MIGS, such as iStent®, iStent inject we,
Kahook dual blade®, and u—hook®, are now available.

According to Iwasaki et al., IOP significantly decreased from 19.8 + 7.3 mm Hg
to 13.0 + 3.1 mm Hg, and the mean number of medications significantly decreased from
2.5 4+ 1.4 to 1.6 = 1.6 in the Kahook Dual Blade® procedure. IOP significantly decreased
from 17.8 + 2.9 mmHg to 14.3 & 2.3 mmHg, and the mean number of medications signifi-
cantly decreased from 2.2 - 1.1 to 0.9 £ 1.4. The IOP reduction rate was 26.2% with Kahook
Dual Blade® and 19.0% with iStent® surgery [15], which were comparable to our results.

Nitta et al. reported that the iStent procedure with cataracts reduced IOP by 18% from
16.5 £ 3.4 mmHg preoperatively to 13.6 + 3.0 mmHg and reduced the number of glaucoma
drugs by 81% from 1.96 + 0.98 preoperatively to 0.37 &= 0.74, with 77% of the patients being
glaucoma medication free [16]. Although our results showed a greater IOP reduction, the
percentage of patients who became glaucoma medication free was lower. The reason for
this may be that the number of preoperative glaucoma medications in our study was higher,
and although the number of medications could be significantly reduced, the patients did
not become glaucoma medication free.

iStent inject W® has been available in Japan since 2020. Overseas reports have shown
that iStent inject W® is superior to iStent® in lowering IOP and significantly reducing the
number of glaucoma medications [17,18]. There are also reports that iStent inject W® and
trabectome® are equivalent and others that iStent inject W® is superior to trabectome® [19,20].
In Japan, there are still few reports on iStent injection W®, so further studies are needed,
including comparisons with trabectome®.

Tanito et al. reported that IOP decreased from 25.9 mmHg preoperatively to 14.5 mmHg
at 6 months postoperatively for p-hook surgery alone and from 16.4 + 2.9 mmHg pre-
operatively to 11.8 £ 4.5 mmHg at 9.5 months postoperatively for combined cataract
surgery [21,22]. In addition, Tojo et al. compared surgical outcomes between p-hook and
trabectome® and reported that trabectome® had significantly better surgical outcomes,
although no significant difference was found for postoperative IOP [23].

Although there are differences in the results of IOP reduction and reduction in the
number of glaucoma medications among the various techniques, we believe that the various
MIGS techniques are minimally invasive and useful, resulting in good reductions in IOP
and the number of glaucoma medications and fewer surgical complications.

5. Conclusions

Trabectome® is a minimally invasive and useful procedure that leads to a reduction in

the number of glaucoma medications without serious complications, a significantly lower
IOP, and improved visual acuity compared to preoperative visual acuity. Compared to
trabectome® surgery alone, combined cataract surgery was superior in lowering IOP and
reducing the number of glaucoma medications. However, there is a limit to the amount of
IOP reduction, so the indication for trabectome® surgery should be carefully evaluated in
patients with low target IOP.
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Abstract: The Preserflo MicroShunt represents a novel glaucoma treatment device, necessitating long-
term follow-up data to accurately assess its efficacy. The aim of this study is to report real-world data
of a heterogenous glaucoma cohort who received Preserflo implantation at a specialized glaucoma
clinic. A total of 160 eyes of 160 patients who underwent Preserflo MicroShunt implantation were
retrospectively enrolled in this study. Patient characteristics, as well as success and failure rates,
were assessed. The numbers of adverse events and revision procedures were recorded, along with
any reduction in supplementary medication. The progression of intraocular pressure (IOP) was
assessed over the course of 12 months, and fluctuations were analyzed. The overall success rate
was 61.9% (complete success: 51.3%, qualified success: 10.6%). Revision surgery was performed in
25% of cases. Excessive hypotony occurred postoperatively in 54.4% of patients and regressed after
7 days in 88.8% of all cases. Median IOP decreased from 22 (interquartile range (IQR): 17-27) mmHg
preoperatively to 14 (IQR 12-16) mmHg at 12 months postoperatively (p < 0.01). The median number
of antiglaucomatous agents decreased from three to zero at latest follow-up. The Preserflo MicroShunt
achieved a noticeable reduction in IOP over the course of 12 months in glaucoma patients, irrespective
of disease severity or disease subtype. The frequency of postoperative adverse events and number
for revision surgeries over the course of the follow-up period were low.

Keywords: success; failure; MIGS; microinvasive glaucoma surgery; intraocular pressure; IOP;
real-world; PEX; POAG; secondary

1. Introduction

Glaucoma is a worldwide leading cause of blindness [1]. An increased intraocular
pressure (IOP) is regarded as one of the main risk factors associated with the disease [2],
which is why the majority of treatment options focus on IOP reduction. The latter can be
achieved via the administration of IOP lowering drugs, nonpenetrating approaches, such
as laser procedures, or penetrating surgical intervention. To date, trabeculectomy remains
the gold standard for penetrating glaucoma surgery [3-5], despite requiring intensive
post-surgical follow-up [4,5]. Microinvasive glaucoma surgery (MIGS) treatment options
are intended to provide an acceptable IOP reduction for patients, while reducing intra- and
postoperative care burden [5].

Recent years have seen a number of these MIGS devices being developed. One novel
innovation is the Preserflo MicroShunt (Santen, Miami, FL, USA), an 8.5 mm long tubular
structure with a 350 um outer diameter and 70 pm lumen made from biocompatible
(poly)styrene-block-isobutylene-block-styrene [5,6]. The Preserflo system is placed into the
subconjunctival space and acts as a drainage device, transporting aqueous humor from the
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anterior chamber to the subconjunctival space. The system has been reported to lower IOP
during long-term observation in different types of glaucoma [7-10]. Due to its size, the
Preserflo MicroShunt is expected to be associated with a faster recovery time and fewer
postoperative adverse events in comparison to larger penetrating interventions, such as
trabeculectomy [10].

Although a number of studies have already demonstrated the effectiveness of the
Preserflo system [9-11], further studies are needed to assess long-term efficacy in clinical
settings. This is especially true, as most of the studies available today investigated the
efficacy of the Preserflo system in open-angle glaucoma patients only [8,12,13]. Yet, in
clinical routine, practitioners might want to be able to offer any patient surgical therapy
using the Preserflo system, regardless of the type of glaucoma. Therefore, studies reporting
real-world data for heterogeneous glaucoma populations are required. In this study, we
report real-world outcomes of the Preserflo MicroShunt in a large patient cohort consisting
of patients with various types of glaucoma and disease severity levels.

This study investigates success rates, failure rates, the decrease in intraocular pressure
(IOP), and the clinical development observed in a glaucoma patient group who underwent
Preserflo implantation at a specialized glaucoma clinic in Germany over a 1 year period.

2. Materials and Methods
2.1. Design and Setting

All procedures were performed in accordance with the ethical standards issued by
the ethics committee of the Medical Association of Westfalen-Lippe and the University
of Miinster, as well as the 1964 Helsinki declaration and its later amendments. Informed
consent was waived due to the retrospective nature of this study. Data in this retrospective,
monocentric trial were collected from glaucoma patients visiting the Department of Oph-
thalmology at the University Hospital Miinster, Germany from July 2020 to December 2022.
Data were obtained from electronic patient records in the digital documentation system
FIDUS (Arztservice Wente GmbH, Darmstadt, Germany).

All patients older than 18 years of age, who received implantation of the Preserflo
MicroShunt during this time span, were eligible for study inclusion. In accordance with the
guidelines of the World Glaucoma Association, all fellow eye surgeries were excluded from
the database of this study [14].

2.2. Surgical Procedure

In the preoperative phase, patients at our clinic stop taking any antiglaucomatous
eye drops 4 weeks before Preserflo implantation to ensure the absence of any conjunctival
hyperemia on the day of surgery. Instead, they are given oral azetacolamide for four weeks
and corticoid eye drops 3 days prior to surgery. Then, 2-3 h before the operation, they
receive intravenous acetazolamide and mannitol, in order to lower the pre- to postoperative
pressure gradient. The subsequent surgical procedure of the implantation of the Preserflo
Microshunt has been explained in detail elsewhere [9,10,15]. In short, after dissection of the
conjunctiva and Tenon’s capsule, mitomycin-C (MMC) 0.2 mg/mL is applied to the bare
sclera for 3 min by placing sponges into the conjunctival flap. After subsequent rinsing
with a balanced salt solution, a 2 mm deep scleral tunnel is created using a 1 mm lance.
A 25 gauge needle is then guided through this tract to enter the anterior chamber, thus
forming a tunnel between the anterior chamber and the subconjunctival pocket 3.5-4 mm
from the limbus. The microshunt is inserted ab externo into the tunnel with its tip reaching
approximately 2 mm into the anterior chamber, while its wings are kept inside the scleral
pocket. After confirmation of flow through the device, seen by the formation of drops at
the external end of the tube, Tenon’s capsule and conjunctiva are closed. Figure 1 shows
the correct postoperative placement of the Preserflo MicroShunt.
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Figure 1. Situs after Preserflo Microshunt implantation in a right eye 1 day after surgery.
(A) Macroscopic view: the scleral pocket is partly covered by the upper eyelid. (B) Close-up view:
the shunt reaches into the anterior chamber without touching the iris or cornea. The scleral pocket is
partly covered by the upper eyelid. (C) View of the prominent scleral pocket during downward gaze.

In our clinic, we regularly give 5-fluoruracil injections into the subtenonal space post-
operatively if corkscrew vessels are present, or if the scleral pocket appears encapsulated.

2.3. Data Collection

Data on age, gender, ethnicity, type of glaucoma, and previous ocular surgeries includ-
ing laser treatments were compiled from the electronic patient files. Surgeries were defined
as all interventions used to treat conditions of the eyes, including laser treatment, such
as selective laser-trabeculoplasty and other MIGS procedures, as well as cataract surgery
and other penetrating procedures. Clinical information included results of slit-lamp exami-
nation, best corrected visual acuity, applanatory IOP, perimetric testing results including
mean deviation, lens status, number of postoperative 5-fluoruracil injections, and number
of antiglaucoma medications (topical and oral). Information was assessed preoperatively
and at each of five postoperative timepoints: day 1, month 1, month 3, month 8, and month
12. After discharge, patients were scheduled to revisit 1, 3, 8, and 12 months after surgery.
If patients reconsulted with our clinic more often than they were scheduled to, the IOP
values closest to the whole month mark were drawn into the statistical analysis of IOP
development. However, unscheduled visits were considered in the calculation of success
rates. The occurrence of postoperative adverse events, as well as the necessity for revision
surgeries, were noted. Adverse events were defined as hypotony <5 mmHg at any of the
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given timepoints, postoperative hyphemia, choroidal detachments, vitreous hemorrhage,
or opening of Tenon’s capsule. Revision surgeries were defined as surgical procedures that
succeeded Preserflo implantation and that were conducted in order to achieve therapeutic
success. Trabeculectomy, bleb revision, pars-plana vitrectomy, cyclophotocoagulation,
implantation of another microshunt, and rinsing of the anterior chamber were regarded as
revision procedures. The number of subconjunctival 5-fluoruracil injections was noted, but
not counted as a revision procedure.

Visual field testing was conducted using the automated Humphrey Visual Field
Analyzer II (HFA II, model 750; Carl Zeiss Meditec AG, Jena, Germany) with the standard
program of the 30-2 Swedish interactive threshold algorithm (SITA fast).

2.4. Outcome Measures

The main outcome after 12 months was the overall success rate. Clinical outcome
was classified as complete success (CS), qualified success (QS), or failure in accordance
with the Primary Tube versus Trabeculectomy Study [16]. CS was achieved if, from month
1 onward, a patient’s IOP reached values of 6-21 mmHg on two consecutive follow-up
visits with a reduction of >20% in comparison to mean preoperative IOP in both visits. If
patients fulfilled the abovementioned criteria, but required further supplemental medical
therapy, they were considered as having achieved QS. Overall success rate was defined as
all cases of CS and QS. Failure was defined as IOP >21 mmHg in any of two consecutive
postoperative visits after 1 month postoperatively, an IOP reduction of less than 20% on any
of two consecutive postoperative visits in comparison to baseline 1 month postoperatively, a
necessity for revision surgery, or loss of light perception following microshunt implantation
from day 1 postoperatively.

Additionally, overall IOP reduction (mmHg) at 12 months after surgery was investi-
gated in comparison to preoperative values in the entire patient cohort and in the disease
severity subgroups. The median IOP of the date closest to the predefined intervals was
calculated and drawn into the study. Eyes were allocated to disease severity groups (early,
moderate, or severe) on the basis of the results of perimetric testing (Hodapp—-Parrish—
Anderson classification) [17]. We further report the number of postoperative supplemental
antiglaucoma medications, number of postoperative adverse events, number of postopera-
tive 5-FU injections, and number of revision procedures within 1 year of follow-up.

2.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version
28.0 (IBM Corp.: Armonk, NY, USA). All p-values and confidence limits were two-sided
and intended to be exploratory rather than confirmatory. Therefore, no adjustment for
multiplicity was made. Exploratory two-sided p-values < 0.05 were considered statisti-
cally noticeable.

In descriptive analysis, continuous variables are reported as the median (25% quantile—
75% quantile, interquartile range (IQR)). Categorical variables are presented as absolute and
relative frequencies. Subgroup comparisons for continuous variables were performed using
the Kruskal-Wallis test and Fisher’s exact test for categorical variables. A comparison of
pairwise IOP changes between two timepoints was performed using Wilcoxon signed-rank
tests. Boxplots were used for graphical representation. Missing values were regarded as
missing completely at random.

3. Results
3.1. Baseline Characteristics

A total of 160 eyes of 160 patients from the Department of Ophthalmology, University
of Miinster Medical Center, Germany, were included in this study. Patient characteristics
are summarized in Table 1. The median follow-up time was 9 (IQR 5-12) months.
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Table 1. General patient characteristics. Data are presented as the median (25% quartile-75% quartile)
or as absolute and relative values.

Characteristics Total Cohort
Eyes (1) 160
Patients (1) 160
Age (years)—median (IQR) 69 (62-77)
Gender (M:F) (1,%) 80 (50%):80 (50%)
Study eye (R:L) (1; %) 83 (52%):77 (48%)
Disease severity groups (11; %)
Early 50 (31%)
Moderate 26 (16%)
Severe 84 (53%)
Type of glaucoma (11, %)
POAG 111 (69%)
PEX glaucoma 28 (18%)
Secondary glaucoma 9 (6%)
Pigment-dispersion glaucoma 8 (5%)
Primary angle-closure glaucoma 4 (2%)
Previous surgery (1, %)
None 38 (24%)
Total 122 (76%)
1-2 operations 85 (53%)
>2 operations 37 (23%)

n = number, % = percentage, M = male; F = female, R = right, L = left, POAG = primary open-angle glaucoma,
PEX = pseudo-exfoliation.

3.2. Outcome: Success Rates

The overall success rate for the entire study population was 61.9% (CS: 51.3%, QS:
10.6%). Overall success was highest in patients with early glaucoma, followed by moderate
and severe glaucoma. Overall success rate was lowest for secondary glaucoma patients
(Table 2). The overall success rate differed noticeably among disease severity groups
(p = 0.04) and among glaucoma subtypes (p = 0.02); however, it did not differ noticeably
among eyes grouped according to the number of prior surgical interventions (p = 0.35).

Table 2. Success and failure rates for the entire study population and according to disease severity
groups, type of glaucoma, and number of previous surgeries. Data are presented as absolute and
relative values.

Complete Qualified Failure
Success Success
Total study population, (1, %) 82 (51%) 17 (11%) 61 (38%)
Disease severity groups
early (1, %) 29 (58%) 4 (8%) 17 (34%)
moderate (1, %) 14 (54%) 1 (4%) 11 (42%)
severe (11, %) 39 (46%) 12 (14%) 33 (39%)
Type of glaucoma
POAG (n, %) 65 (59%) 9 (8%) 37 (33%)
PEX glaucoma (1, %) 9 (31%) 5 (18%) 14 (50%)
Secondary glaucoma (11, %) 2 (22%) 0 (0%) 7 (78%)
Pigment-dispersion glaucoma (1, %) 3 (38%) 3 (38%) 2 (25%)
Primary angle-closure glaucoma (11, %) 3 (75%) 0 (0%) 1 (25%)
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Table 2. Cont.

Complete Qualified

Success Success Failure
Previous surgical interventions
None 21 (53%) 5 (13%) 14 (35%)
1-2 24 (49%) 7 (14%) 18 (37%)
>2 37 (52%) 5 (7%) 29 (41%)

n = number, % = percentage, POAG = primary open-angle glaucoma, PEX = pseudo-exfoliation.

3.3. Outcome: IOP Reduction
The median IOP reduction for the entire patient cohort over 1 year was 6 (IQR 2-13)

mmHg with median IOP values of 22 (IQR 17-27) mmHg preoperatively and values of 14
(IQR 12-16) mmHg at 12 months postoperatively (p < 0.001; Figure 2, Table 3).

10P {mmHg)

50
P01

P00t P00t p<001 p=063 p=055
1M 1
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i h}'“’?

n=160 n=160 n=159 n=141 n=55 n=54
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-40
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Figure 2. (A) Boxplots showing IOP from baseline to 12 months postoperatively. p-values for
the difference between individual follow-up timepoints, as well as for the baseline comparison to
12 months, are presented. (B) Boxplots showing the reduction in IOP from baseline at the distinct
follow-up timepoints. p-values are from Wilcoxon signed-rank tests. p-values < 0.05 are highlighted
in bold. Note that distances between the time intervals are not to scale. IOP = intraocular pressure,
mmHg = millimeters of mercury, t = time, A = difference.
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Table 3. IOP reduction at 12 months postoperatively in comparison to baseline for the entire patient
population and according to disease severity groups, type of glaucoma, and number of previous
surgeries. Data are presented as numbers and medians (25-75% quantile). p-values are reported from
the Wilcoxon signed-rank test. p-values < 0.05 are highlighted in bold.

IOP Baseline IOP 12 Months IOP Reduction p-Value
Total study population (mmHg) 2; (:1 71_6207) 14”( 1=2§A;6) 6”(2:_% ) <0.01
Disease severity groups
Early (mmFig) 21n(1=7?(2)6) 1411(12225) 471(1:—%) 0.01
Moderate (mmHg) 19”(1: 6327) 1 471(1: 43(1)9) Z (;_150) 0.02
Severe (mmFHg) 23n(1:8§é8) 14n(1= 1335) 10 (;-2174) 0.01
Type of glaucoma
POAG (mmHg) 21 (?71—1217) 14n(1:2§i6) 6 ?:1%) <0.01
PEX (mmHg) 24n(2=23£2;8) 13 ;(112—914) 9 (Z—=1§.5) <0.01
Secondary (mm#g) * 26 7(121—929) 20 7(11;—424) 11 (;1.3:—%4‘3)
Pigment dispersion (mmHg) * 18 7(11;_822) 14 7(112_21 n 3n(3=_§)
Primary angle closure (mmHg) * 2 ?1?128) 8n(8=—§) 8 (1;:152».8)
Previous surgical interventions
None 23n(220§(2)6) 14n(1:03(;6) 10 (;—110 1) <001
1-2 23n(1=728) 15n(1=3f7) 23 (2—1135) <0.01
>2 2171(1:728) 1411(1:2%}5) 3 5—261) 0.01

mmHg = millimeter mercury, POAG = primary open-angle glaucoma, PEX = pseudo-exfoliation. * p value not
calculated, due to the small sample size.

IOP was noticeably reduced at 12 months postoperatively irrespective of disease
severity group or type of glaucoma (Table 3, Figure 3). The median IOP reduction differed
noticeably among disease severity groups (p < 0.01) and glaucoma subtypes (p = 0.01).

3.4. Postoperative Development
3.4.1. Supplemental Medications

Changes in supplemental medications were analyzed for the 54 patients who were
present at the 12 month follow-up visit. The number of supplemental medications decreased
noticeably from three (IQR 2.8—4) medications at baseline to zero (IQR 0-2) medications at
12 months postoperatively (p < 0.01).

3.4.2. Postoperative Complications

Postoperatively, 87 eyes (54%) were affected with hypotony (IOP < 5 mmHg), with
30 eyes (19%) showing a choroidal detachment. Central choroidal detachment was observed
in three eyes (2%). In the majority of cases, hypotony and choroidal detachment resolved
spontaneously or with support of intensified locally applied steroidal therapy in the first
weeks postoperatively. Hypotony persisted after 1 week in 18 eyes (11%) and after 90 days
in four eyes (2%). Hyphemia was observed in 38 eyes (24%) (Table 4).
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Table 4. Number of eye-related postoperative adverse events in the entire study population and
according to disease severity groups, type of glaucoma, and number of previous surgeries within
1 year. Data are presented as absolute and relative values.

Eye-Related Postoperative Adverse Events 1 (%)
Total 106 (66%)
Hypotony (IOP < 5mmHg) 87 (54%)
Hypotony (IOP < 5mmHg) persistent after 1 week 18 (11%)
Hypotony (IOP < 5mmHg) persistent after 3 months 4 (3%)
Choroidal detachment 30 (19%)
Central choroidal detachment 3 (2%)
Peripheral choroidal detachment 27 (17%)
Hyphemia 38 (24%)
Disease severity groups
Early (n = 50) 34 (68%)
Moderate (n = 26) 15 (58%)
Severe (n = 84) 57 (68%)
Type of glaucoma
POAG (n =111) 71 (64%)
PEX (n = 28) 20 (71%)
Secondary (1 =9) 7 (78%)
Pigment dispersion (1 = 8) 6 (75%)
Primary angle closure (1 = 4) 2 (50%)
Previous surgical interventions
None (n = 40) 26 (65%)
1-2 (n=49) 32 (65%)
>2 (n="71) 48 (68%)

n = number, % = percentage, POAG = primary open-angle glaucoma, PEX = pseudo-exfoliation.

The number of eye-related adverse events differed noticeably among disease severity
groups (p = 0.05) and glaucoma subtypes (p = 0.01), but did not differ noticeably among
eyes grouped according to the number of prior surgical interventions (p = 0.72) (Table 4).

We would like to highlight two cases with unusual problems following Preserflo
implantation that happened in our tertiary referral center.

One patient suffered from bleb infection with conjunctival necrosis followed by Pre-
serflo explantation and scleral patch. The patient’s history contained herpetic keratouveitis,
and XEN Implant in the same eye. The conjunctiva was avascular prior to the Preserflo
implantation, which likely predisposed to infection and necrosis.

Another patient with secondary glaucoma after perforating eye injury, aphakia, and
pretreatment with two cyclophotocoagulations developed hypotony and phthisis bulbi
in the further course after Preserflo implantation. The patient required numerous further
procedures, including perforating keratoplasty, Eckhardt prosthesis, and vitrectomy. As
a result, in our opinion, phthisis bulbi should be regarded as a result of the perforating
damage rather than a complication of Preserflo implantation.

3.4.3. 5-FU Injections and Postoperative Interventions

A total of 123 eyes (77%) received at least one subconjunctival injection of 5-FU (range:
0-21; median: 2) (Table 5). We did not count subconjunctival injections of 5-FU as revision
surgery. Furthermore, 73% of all 5-FU injections were given within 1 week after surgery,
88% were given within 14 days after surgery, 97% were given within the first month after
surgery, and 100% were given within the first 3 months after surgery.
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Table 5. Number of postoperative 5-FU injections and revisory operations in the entire study
population within 1 year. Results are reported as numbers and percentages.

Postoperative Interventions within 1 Year n (%)
Subconjunctival injection of 5-FU, total 123 (77%)
None 37 (23%)
1-3 83 (52%)
>4 40 (25%)
Revision surgeries within 1 year 1 (%)
Total 40 (25%)
Anterior chamber surgery 12 (8%) *
Bleb revision surgery 28 (18%) *
Trabeculectomy 5(3%)*
Cyclophotocoagulation 6 (4%) *
Vitrectomy 3(2%)*
Percentage of revision surgeries by disease severity group
Early (n = 50) 9 (18%)
Moderate (n = 26) 8 (31%)
Severe (n = 84) 23 (27%)
Percentage of revision surgeries by type of glaucoma
POAG (n=111) 25 (23%)
PEX glaucoma (1 = 28) 11 (39%)
Secondary glaucoma (1 = 9) 4 (44%)
Pigment-dispersion glaucoma (1 = 8) 0
Primary angle-closure glaucoma (1 = 4) 0
Percentage of revision surgeries by number of previous surgical
interventions
None (1 = 40) 8 (20%)
1-2 (n = 49) 16 (33%)
>2 (n="71) 16 (23%)

n = number, % = percentage, POAG = primary open-angle glaucoma, PEX = pseudo-exfoliation. * Percentage
values reported as the proportion of the entire study population (1 = 160).

Overall, 40 patients (25%) needed ophthalmological revision surgery. Bleb revision
surgery was required in 28 eyes (18%). A total of 12 eyes (8%) underwent anterior chamber
surgery, due to hyphemia or hyperfiltration with shallow anterior chamber. Subsequent
trabeculectomy was performed in five eyes (3%), and cyclophotocoagulation was performed
in six eyes (4%). Postoperative vitrectomy was performed in three eyes, due to vitreous
body prolapse (2%) (Table 5). The percentage of revision surgeries differed noticeably
among disease severity groups (p = 0.01), glaucoma groups (p < 0.01), and eyes with
differences in the number of previous surgical interventions (p = 0.01) (Table 5).

4. Discussion

In this retrospective study, the Preserflo MicroShunt achieved an overall success
rate of 61.9% (CS: 51.3%, QS: 10.6%) in a heterogenous glaucoma cohort. Median IOP
reduction was 6 (IQR 2-13) mmHg after 12 months, and revision surgery was required in
25% of all cases. Postoperative adverse events were noted in almost two-thirds of patients.
Compared to baseline, the number of supplemental glaucoma medications taken 12 months
postoperatively was noticeably lower in the 54 patients who were present at 12 months
follow-up.

Among the first trials to report success rates for this novel concept, Battle et al. achieved
an overall success rate of 100% after 1 year of follow-up, which has since not been repli-
cable [18]. Consisting of only 23 patients, the overall success rate of their Preserflo trial
remains among the highest in the literature, with consistent overall success rates > 91%
throughout a 3 year follow-up period [8]. Meanwhile, the CS rate was high with 91% after
1 year.
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Success rates of later trials with bigger study cohorts ranged 53.9% to 92.3% for CS and
68.3% to0 92.6% for overall success rates [7,9—13]. These numbers are similar to success rates
in this trial. Some of these authors further distinguished among different types of glaucoma.
Nobl et al. reported success rates for both PEX glaucoma patients and POAG glaucoma
patients. Interestingly, both CS and QS were comparable between PEX patients and POAG
patients, which contrasts earlier studies reporting on success rates in penetrating glaucoma
surgery, such as trabeculectomy [19]. The authors attribute this observation to the fact
that the minimally invasive approach does not aggravate the already compromised blood-
aqueous barrier in PEX glaucoma as much as penetrating glaucoma surgery, resulting in
lower inflammatory cytokine levels in the anterior chamber and, as a result, lower rates of
fibrosis and scarring [7,20].

Conversely, in this trial, patients with POAG had higher overall success rates than
PEX glaucoma patients. PEX patients had a noticeably higher proportion of QS and failure
cases than the POAG cohort. It should, however, be noted that comparability among
subpopulations in this trial is limited, as patient characteristics across subgroups were
not matched; thus, parameters, such as age, gender, or disease severity might explain
the differences seen here. Nevertheless, this explorative analysis allows an estimate of
real-world performance of the Preserflo Microshunt system in different glaucoma group
constellations. We observed secondary glaucoma patients to have the lowest overall success
rate, despite featuring the highest median IOP decrease. This is because the rate of revision
surgery in secondary glaucoma eyes was the highest of all with 44%. We assume that, as
glaucoma in these patients developed secondary to another underlying cause, the surgical
procedure oftentimes is more complicated, and the postoperative development is influenced
by factors not present in other types of glaucoma. Success rates for pigment-dispersion and
primary angle-closure glaucoma eyes were high, yet the small population in these cohorts
limits the generalizability of this observation.

The level of IOP reduction after 1 year in this trial is comparable to other trials
[10,11,21,22]. When differentiating among disease severity groups, IOP reduction at
12 months follow-up was greatest in patients with severe glaucoma. This might in part be
explained by the behavior of ophthalmologists during postoperative follow-up visits, as
most experts might tend to prescribe supplemental, IOP-lowering medication in patients
with advanced optical nerve damage rather than in patients with an early form of glaucoma.

Schlenker et al. reported secondary OAG and a lower dose of intraoperative MMC
to be associated with a higher failure rate [9]. This association might in part explain the
comparatively low success rate reported by Baker et al., who used a low dosage of MMC in
their trial (0.2 mg/mL) [12]. Durr et al. investigated the influence of different concentrations
of MMC and found that a lower dosage of MMC was associated with higher rates for
needling [11]. They also found that the association between disease severity and failure
rate was high in mild to moderate disease [11]. This is in line with reports by Tanner et al.,
who described an association between higher mean deviation and failure [10]. However, in
this trial, this association was not as present, as described by previous studies. Although
CS rates were higher in less advanced glaucoma stages, failure rates were comparable
among all severity groups. This deviation from previous reports might be attributable to
the composition of the population in this study, as it was more heterogeneous than in other
trials, which oftentimes only included one type of glaucoma.

The rate of postoperative hypotony in this trial (54%) was high in comparison to
other studies, with highest rates not exceeding 40% [7-9,11,12,18,23]. Likewise, choroidal
detachment also occurred noticeably more often in this trial (19%), compared to most
reports in the literature [8,9,11,18,23], with only Nobl et al. reporting higher choroidal
detachment rates of 30% for PEX glaucoma patients [7]. Central choroidal detachment
occurred in three cases (2%) in this trial, which is comparable to rates reported in other
studies [7,13]. We report real-world data of patients treated at a tertiary care referral center.
Therefore, the number of complicated glaucoma cases, e.g., involving eyes with secondary
glaucoma or with history of previous glaucoma surgery, was naturally high and might at
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least in part explain the large number of cases with postoperative hypotony. The frequent
usage of 5-FU in this study might also have contributed to this observation. Likewise, the
pre-operative administration of acetazolamide and mannitol might have had an influence
on postoperative IOP development. With a half-life of 6-8 h [24], intravenous acetazolamide
might have affected the IOP in our study population within the first days after surgery.
Nonetheless, over the course of 1 week, hypotony resolved in 89% of cases and in 95% of
affected cases after 3 months without any sequelae.

The rates for revision surgery were higher in our study than reported by Nobl et al. [7]
and Durr et al. [11], albeit lower than that described by Baker et al., who reported a rate of
40.8% of patients requiring postoperative interventions [12]. Comparison of postoperative
revision procedures is difficult across studies, as there is a wide variety of what authors
consider a postoperative intervention. Tanner et al. separately reported the rate of bleb
revisions to be 11.5% in their study [10], which is lower than in our study (17.5%). We
included a proportionally large number of patients who had undergone previous ocular
surgery (76%), in comparison to the 66.3% of patients in the trial by Tanner et al. [10]. The
difference in baseline study characteristics might explain the differences in postoperative
bleb revisions seen in this particular case and in other postoperative procedures. Eventually,
the decision to perform surgical revision is not standardizable and is left to the discretion
of the treating surgeon, making comparison with other trials, even with those that apply
the same definitions, difficult.

Limitations

This study had some limitations. Firstly, due to its retrospective design, we are limited
in the possibility to comment on future IOP development. Although we do not expect
IOP and, therefore, success rates to fluctuate strongly in the period after 12 months of
follow-up, recent trials have seen a decrease in success rates over a follow-up period of
5 years [8]. Further longitudinal studies with larger follow-up periods are required for
adequate prognoses.

Secondly, even though we accounted for most of the factors known to exert an influence
on glaucoma surgery results, such as age, sex, severity of glaucoma, type of glaucoma, and
previous surgery, individual factors and individual postoperative behaviour might have
had an influence on IOP development. Future studies are needed to replicate the findings
reported in this trial.

Thirdly, we saw a relatively large dropout rate after the third postoperative month.
In our experience, this very well represents the clinical reality in postoperative care. Pa-
tients with insufficient IOP regulation after surgery will usually attend most, if not all,
prescheduled follow-up visits. However, those patients with an unproblematic postopera-
tive development tend to not keep further appointments from a certain point onward if
they do not see the necessity to revisit. The overall patient compliance should, therefore, be
kept in mind when interpreting the results depicted in this study.

5. Conclusions

To summarize, the Preserflo MicroShunt achieved an overall success rate of 61.9% in a
study cohort consisting of patients with various types and severity stages of glaucoma. It
showed noticeable reductions in both IOP and number of medications. The Preserflo device
is still new to many professionals; therefore, comparison to other established invasive
glaucoma treatments is limited. As surgeons become more experienced in the implantation
of the system, long-term outcomes might change.
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Abstract: This case-control study aims to compare the efficacy, safety, and postoperative burden of
MicroShunt versus trabeculectomy. The first consecutive cohort of MicroShunt procedures (n = 101)
was matched to recent historical trabeculectomy procedures (n = 101) at two London hospital trusts.
Primary endpoints included changes in intraocular pressure (IOP) and glaucoma medications. Sec-
ondary outcome measures included changes in retinal nerve fibre layer (RNFL) thickness, rates
of complications, further theatre interventions, and the number of postoperative visits. From the
baseline to Month-18, the median [interquartile range] IOP decreased from 22 [17-29] mmHg (on
4 [3—4] medications) to 15 [10-17] mmHg (on 0 [0-2] medications) and from 20 [16-28] mmHg (on
4 [3-4] medications) to 11 [10-13] mmHg (on 0 [0-0] medications) in the MicroShunt and trabeculec-
tomy groups, respectively. IOP from Month-3 was significantly higher in the MicroShunt group
(p = 0.006), with an increased number of medications from Month-12 (p = 0.024). There were greater
RNFL thicknesses from Month-6 in the MicroShunt group (p = 0.005). The rates of complications
were similar (p = 0.060) but with fewer interventions (p = 0.031) and postoperative visits (p = 0.001) in
the MicroShunt group. Therefore, MicroShunt has inferior efficacy to trabeculectomy in lowering
IOP and medications but provides a better safety profile and postoperative burden and may delay
RNFL loss.

Keywords: glaucoma; surgical glaucoma treatment; filtration surgery; minimally penetrating glaucoma
surgery

1. Introduction

Glaucoma is a leading cause of blindness worldwide [1]. Lowering the intraocular
pressure (IOP) has long been held to be the only effective strategy to reduce glaucomatous
progression [2]. In patients showing advancing visual field (VF) loss, inadequate IOP
control, or experiencing side effects or non-adherence to medication, surgical intervention
is often advocated to halt the disease progression [3]. Trabeculectomy with intraoperative
mitomycin-C (MMC) has long been regarded as the gold standard surgical modality [4].
Despite well-documented IOP-lowering effectiveness and cost efficiency [5], trabeculec-
tomy may be associated with lengthy postoperative care [4]. There is an increasingly
perceived need for safer alternative surgical techniques, but also the recognition that any
new procedure must be rigorously assessed for efficacy.

Several alternatives have been proposed, such as minimally invasive glaucoma surg-
eries (MIGSs). However, the IOP reductions achieved with MIGSs are modest and largely
targeted at patients with mild-to-moderate glaucoma [6], often in combination with lens
surgery. For more advanced glaucoma, minimally penetrating glaucoma surgeries (MPGSs)
have demonstrated initial efficacy and safety [7], tending to reduce postoperative visits [8].
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Compared to trabeculectomy, MPGSs used in the UK have increased significantly, particu-
larly during the coronavirus pandemic [8]. The ab interno XEN® Gel Stent (Allergan Inc.,
Irvine, CA, USA), although initially popular, is less commonly used due to early failure,
necessitating numerous postoperative manoeuvres [9]. The ab externo PRESERFLO™
MicroShunt (“MicroShunt,” Santen Pharmaceutical) is an alternative MPGS that has shown
early promise [10].

Despite similarities between MicroShunt and trabeculectomy, such as subconjunctival
dissection and MMC usage, MicroShunt implantation does not require scleral flap forma-
tion, sclerostomy, or iridectomy [7]. The posterior placement of the MPGS device may
also influence the bleb position and morphology, which may affect issues such as the risk
of bleb leaks, bleb-related infections, and bleb dysaesthesia; MicroShunts tend to drain
more posteriorly, which may be associated with an improved safety profile. Controlling the
aqueous outflow through flow resistance without relying on the precise suture-tensioning
techniques used in trabeculectomy [11] may mitigate postoperative care and variations in
surgical skill.

However, a paucity of literature compares MicroShunt to trabeculectomy, the gold
standard [3,12,13]. A favourable safety profile was found with the MicroShunt, with
conflicting evidence on its efficacy [3,12,13]. However, these studies had short follow-up
periods of 6 months [3,13] and 12 months [12], with only one study investigating the VF
mean deviation (VF/MD), and this was with 6-month data [3], which is insufficient to
detect meaningful changes [14]. No previous studies have analysed the retinal nerve fibre
layer (RNFL) thickness.

The purpose of this study was to compare MicroShunt to trabeculectomy as the
primary glaucoma surgery in terms of efficacy, safety, and postoperative burden. To the
best of our knowledge, this is the first study to compare a comprehensive set of outcome
measures between both procedures in all glaucoma diagnoses, including RNFL thickness
and number of postoperative visits, with an 18-month follow-up.

2. Materials and Methods
2.1. Study Design

This study adhered to the tenets of the Declaration of Helsinki and was given local
regulatory approval. Consecutive MicroShunt procedures from August 2020 at the Imperial
College Healthcare NHS Trust (ICH) and July 2021 at the Hillingdon Hospitals NHS
Foundation Trust (THH) were identified from Medisoft electronic records and theatre
records, corresponding to the initial procedure performed at each trust. Recent historical
consecutive trabeculectomy procedures were also identified. Lists were then cross-checked
against search-generated data obtained from Medisoft. If both eyes were eligible, the first
operated eye was included [3,13]. Only patients undergoing primary incisional glaucoma
surgery with a minimum 3-month follow-up until May 2022 were included. Patients were
listed for both procedures based on surgeons’ discretion.

Using the case-control matching function in SPSS (IBM, Armonk, NY, USA, version
28.0.0), matching was performed using the variables” age (with a ten-year match tolerance),
sex, ethnic group, glaucoma diagnosis, and the first or second eye undergoing an 10P-
lowering operation (where the first eye was operated before the observed timeframe).
According to the available MicroShunt follow-up, identical follow-up durations were
analysed for the corresponding trabeculectomy match. Patients who underwent post-
procedural secondary IOP-lowering surgeries were analysed up until the point at which
the intervening decision was made since the outcomes after secondary surgery no longer
reflected the initial procedure. Manual data collection from clinic letters was cross-checked
with search-generated data.

2.2. Surgery

All cases were performed by glaucoma consultants or fellows under direct supervision
in both surgical centres. Similar standardised methods were used by all surgeons.
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For trabeculectomy, access was obtained by the creation of a fornix-based conjunctival
flap. Using a soaked sponge, 0.4 mg/mL MMC was applied for 3 min below Tenon’s
capsule, followed by irrigation with 40 mL of sterile saline. After cautery, a rectangular
partial-thickness scleral flap was created. A paracentesis was performed to allow anterior
chamber (AC) refilling as required. The AC was entered with a sharp blade under the
scleral flap, followed by sclerostomy and peripheral iridectomy. The scleral flap was closed
with 2 releasable and 1 fixed 10-0 nylon sutures, and Tenon’s capsule and the conjunctiva
were closed together using 10-0 nylon sutures.

For MicroShunt, following the creation of a fornix-based conjunctival flap, a soaked
sponge with 0.4 mg/mL MMC was applied below Tenon’s capsule for 3 min, followed by
irrigation with 40 mL of sterile saline. After cautery, the sclera was marked 3 mm from
the limbus. A shallow scleral pocket was prepared with a 1 mm-width knife at the distally
marked point. A needle was then used to create a transscleral tunnel from the apex of the
scleral pocket into the AC to insert the MicroShunt, with the MicroShunt fin tucked tightly
into the scleral pocket. Tenon’s and conjunctiva were then closed with 10-0 nylon sutures
after verifying for continuous aqueous flow at the distal MicroShunt end.

The postoperative visits schedule for both procedures was guided by the department
protocol, with modifications by the surgeons according to individuals’ needs. Visits closest
to established time points were chosen to amalgamate heterogeneous data from both
trusts [15]: Day-1, Week-1, Month-1, Month-3, Month-6, Month-12, and Month-18. Due
to the paucity of data for other time points, the time points of 6, 12, and 18 months
were chosen for VF measurements. Postoperative glaucoma medications (medications)
were discontinued post-surgery immediately and reintroduced at surgeons’ discretion for
inadequately controlled IOP.

2.3. Outcome Measures

Baseline demographics were recorded for the visit where patients were listed. Pri-
mary outcome measures included changes in IOP and medications. Secondary outcomes
included: VF/MD, average RNFL thickness, success rates, complications and theatre
interventions, duration of surgery, and the number of postoperative glaucoma visits.

In keeping with current standards [4,12,15], ‘complete success’ criteria were: [1]
IOP < 21 mmHg; [2] no further surgical reintervention for glaucoma; [3] no loss of light
perception vision; [4] no chronic hypotony (IOP < 5 mmHg at two consecutive follow-
ups from Month-3); and [5] no usage of medications to maintain adequate IOP. Surgical
interventions were those performed in an operating room setting, including needling.
Qualified success followed the same ‘complete success’ criteria but allowed for the use
of medications.

Since this study did not use washout IOPs and the baseline IOP was not significantly
high for many patients with medications, defining success with an additional IOP percent-
age reduction was deemed unsuitable [3]. However, to enable comparability with other
studies with differing definitions, ‘strict success” was defined as the ‘complete success’
criterion but with a >20% IOP reduction compared to the baseline [3]. The three success
criteria were also assessed using 18 mmHg and 14 mmHg as the upper limit of the criteria.

2.4. Statistical Methods

Data were entered into Excel (Microsoft Corp.,Washington, DC, USA, version 16.60) and
analysed using GraphPad Prism (LLC, Manhattan, KS, USA, version 9.3.1). Histograms and
Shapiro-Wilk tests confirmed non-normal distributions for every outcome except VF/MD.
Continuous data were reported as median [interquartile range (IQR)] or mean + standard
deviation and categorical variables as proportions. Mann-Whitney U/unpaired f-tests
(group comparisons) and Wilcoxon/paired t-tests (longitudinal samples) were performed
for continuous variables. Fisher’s exact and Chi-squared tests compared categorical data.
Probabilities of success were analysed using Kaplan-Meier survival curves. As matched
patients had identical follow-up duration, loss to follow-up was not a censoring criterion,
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but failure at one visit was a censoring criterion. Two-sided p < 0.050 was considered
statistically significant.

3. Results
3.1. Baseline Characteristics

Included were 202 eyes from 202 patients, with 101 eyes in each group. Table 1 shows
the baseline comparisons between the groups. The MicroShunt group had higher American
Society of Anaesthesiology (ASA) grades than the trabeculectomy group. At months 6,
12, and 18, respectively, 142, 92, and 36 eyes were available for analysis.

Table 1. Baseline demographics and characteristics. Data are expressed as proportions,
means =+ standard deviation, or medians [interquartile range] where appropriate. For the type
of medications, ethnic groups, type of glaucoma, previous procedures, co-morbidities, and lens status,
data represent the number of patients; ‘- denotes matched variables.

Patient Characteristics MicroShunt Trabeculectomy p-Value
Age (years) 69 [57-78] 66 [57-76] 0.250 *
IOP (mmHg) 22 [17-29] 20 [16-28] 0.182*
Number of medications 4[3-4] 4[3-4] 0.273 *
- Prostaglandins 94 (93.1%) 96 (95.0%) 0.767 #
- Beta-blockers 76 (75.2%) 85 (84.2%) 0.161 #
- Alpha-2-agonists 53 (52.5%) 63 (62.4%) 0.200 #
- Carbonic anhydrase inhibitors 91 (90.1%) 92 (91.1%) >0.999 #
- Parasympathomimetics 0 (0.0%) 1(1.0%) >0.999 #
Ethnic group
- White 41 (40.6%) 41 (40.6%)
- Black 17 (16.8%) 17 (16.8%)
- Asian 14 (13.9%) 14 (13.9%) B
- Other 15 (14.9%) 15 (14.9%)
- Not stated 14 (13.9%) 14 (13.9%)
Identify as female 37 (36.6%) 37 (36.6%) -
Identify as male 64 (63.4%) 64 (63.4%) -
Best-corrected visual acuity (logMAR) 0.2 [0.0-0.5] 0.2 [0.0-0.5] 0.814 *
Visual field mean deviation (dB) —13.35 + 8.10 —14.38 £ 8.13 0.546 **
Average RNFL thickness (microns) 57 [47-71] 55 [47-68] 0.670 *
Type of glaucoma
- Primary open-angle glaucoma 74 (73.3%) 74 (73.3%)
- Angle-closure glaucoma 12 (11.9%) 12 (11.9%)
- Secondary open-angle glaucoma 14 (13.9%) 14 (13.9%)
- Normal tension glaucoma 1 (1.0%) 1 (1.0%)
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Table 1. Cont.

Patient Characteristics MicroShunt Trabeculectomy p-Value
Previous laser treatment 37 (36.6%) 29 (28.7%) 0.294 #
- Selective laser trabeculoplasty 13 (12.9%) 7 (6.9%) 0.238 #
- Cyclodiode laser 7 (6.9%) 8 (7.9%) >0.999 #
- Micropulse diode laser 14 (13.9%) 10 (9.9%) 0.515 #
- Laser peripheral iridotomy 8 (7.9%) 6 (5.9%) 0.783 #
) gr;jﬁ)sgﬁstl(c)coagulation 1(1.0%) 0(0.0%) >0.999#
Previous MIGS 12 (11.9%) 10 (9.9%) 0.822#
- iStent 8 (7.9%) 5(5.0%) 0.568 #
- Cypass 4 (4.0%) 6 (5.0%) 0.748 #

First or second eye undergoing glaucoma surgery

- Firsteye 77 (76.2%) 77 (76.2%)

- Second eye 24 (23.8%) 24 (23.8%)

Co-morbidities

- Diabetes 20 (19.8%) 22 (21.8%) 0.863 #

- Hypertension 48 (47.5%) 42 (41.6%) 0.479 #

- Anti-coagulant use 3 (3.0%) 2 (2.0%) >0.999 #
ASA grade

- Grade 1 18 (17.8%) 34 (33.7%)

- Grade 2 69 (68.3%) 53 (52.5%) 0.030 +
- Grade 3 13 (12.9%) 13 (12.9%)

Pseudophakic lens status 51 (50.5%) 41 (40.6%) 0.220 #

* Mann-Whitney U test; ** unpaired t-test; # Fisher’s exact test; * Chi-squared test.

3.2. Primary Outcomes
3.2.1. IOP

IOP was significantly lower than the baseline at all time points (p < 0.001) for both
groups. In the MicroShunt group, IOP decreased from 22 [17-29] mmHg at the baseline
to 15 [10-17] mmHg at Month-18 (Figure 1). In the trabeculectomy group, IOP decreased
from 20 [16-28] at the baseline to 11 [10-13] mmHg. On Day-1, the MicroShunt group had
lower IOPs than the trabeculectomy group (6 [4-8] mmHg vs. 8 [5-12] mmHg, respectively,
p < 0.001). At Month-3 (11 [9-15] mmHg vs. 10 [7-13] mmHg, p = 0.006) and Month-
6 (12 [10-16] mmHg vs. 11 [8-14] mmHg, p = 0.048), the IOP in the MicroShunt group
was higher, although the Month-12 IOP was still higher but not statistically significant
(13 [10-16] mmHg vs. 11 [8-14] mmHg, p = 0.183). Month-18 IOP was also higher in
the MicroShunt group but not statistically significant (p = 0.060). Figure 1 shows a trend
toward a higher median IOP with time in the MicroShunt compared to the trabeculectomy
group. When comparing the cumulative number of eyes undergoing bleb revision as a
proportion of the total number of available eyes for analysis between the groups, this was
only significantly more in the trabeculectomy at Month-6 (p = 0.004).
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Changes in median [IQR] intraocular pressure
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Figure 1. Changes in median IOP during follow-up after MicroShunt and trabeculectomy (* denotes
p < 0.050 between groups; ** denotes p < 0.010 between groups, *** denotes p < 0.001 between
groups, assessed using Mann-Whitney U tests). Error bars represent interquartile ranges. The
cumulative percentage of eyes undergoing bleb revision for each group as the proportion of the total
number of available eyes for analysis is displayed under each time point.

3.2.2. Medications

Both procedures were associated with a significantly lower need for medications
than at the baseline for all time points (p < 0.001). Medications were reduced from four
[3—4] at the baseline to zero [0-0] in both groups immediately post-surgery (Figure 2), with
no significant differences between the groups until Month-12, when the trabeculectomy
group used fewer medications than the MicroShunt group (0 [0-0] vs. 0 [0-1], respectively,
p = 0.024), continued at Month-18 (0 [0-0] vs. 0 [0-2], p = 0.019).

Changes in median [IQR] number of glaucoma medications
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Figure 2. Changes in the median number of glaucoma medications during follow-up after MicroShunt

and trabeculectomy (** denotes p < 0.010 between groups, assessed using Mann-Whitney U tests).

Error bars represent interquartile ranges.
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3.3. Secondary Outcomes
3.3.1. VF/MD

The VF/MD was similar to the baseline at Month-6 and Month-12 in both groups but
worsened at Month-18 compared to the baseline, with no differences between the groups
at any time point (Table 2). A sub-analysis of pseudophakic and non-pseudophakic eyes
showed similar results; however, the VF/MD was similar to the baseline at Month-18 in
the non-pseudophakic MicroShunt eyes.

Table 2. Changes in mean =+ standard deviation VF/MD and median [IQR] RNFL thicknesses
during follow-up after MicroShunt and trabeculectomy (* Mann-Whitney U test; ** unpaired t-test;
# Wilcoxon test, ## paired t-test).

p-Value Trabeculec- p-Value p-Value
MicroShunt (§0mpari§on tomy (('Zomparis.on (Comparison
with Baseline) with Baseline)  between Groups)
Baseline
VF MD (dB) —13.35+8.10 - —14.38 +8.13 - 0.546 **
RNFL (pum) 57 [47-71] - 55 [47-68] N 0.670 *
Day-1
RNFL (um) 59 [46-78] <0.001 # 59 [49-75] 0.002 # 0.795 *
Week-1
RNFL (pm) 64 [52-75] <0.001 # 56 [46-78] 0.011 # 0.151 *
Month-1
RNFL (pum) 56 [49-71] 0.732 # 56 [48-68] 0.181 # 0.947 *
Month-3
RNFL (m) 56 [46-66] 0.012 # 54 [47-65] <0.001 # 0.663 *
Month-6
VEMD (dB)  —13.80 £7.53 0.668 ## —14.47 + 8,56 0.147 ## 0.735 **
RNFL (m) 57 [48-66] 0.072 # 50 [44-55] <0.001 # 0.005 *
Month-12
VEMD (dB)  —14.52 +£8.18 0.348 ## —15.73 £ 7.39 0.192 ## 0.638 **
RNFL (m) 55 [47-69] 0.114 # 50 [43-55] 0.003 # 0.046 *
Month-18
VEMD (dB)  —15.97 £ 8.26 0.009 ## —16.45 + 8.08 0.026 ## 0.882 **
RNFL (tm) 52 [46-63] 0.101 # 51 [46-61] 0.016 # 0.674 *

3.3.2. RNFL Thickness

The average RNFL thicknesses transiently increased postoperatively in both groups
(Table 2) and returned to baseline levels per Month-1. At Month-3, the average thicknesses
were lower than the baseline in both groups. However, thicknesses in the MicroShunt
group were comparable to the baseline from Month-6, whereas thicknesses continued to be
lower than the baseline in the trabeculectomy group. Month-6 and Month-12 thicknesses
were lower in the trabeculectomy group compared to the MicroShunt group.

3.3.3. Success

Using the 21 mmHg upper limit, the probabilities of complete success were 65.3%,
55.1%, and 42.8% for MicroShunt and 63.9%, 58.1%, and 53.9% for trabeculectomy at
Month-6, Month-12, and Month-18, respectively. Figure 3 shows a divergence between the
groups with time, with lower complete success in the MicroShunt group. The probabilities
of qualified success were 72.0%, 68.2%, and 68.2% for MicroShunt and 68.1%, 62.1%,
and 62.1% for trabeculectomy at Month-6, Month-12, and Month-18, respectively. The
probabilities of strict success were 52.9%, 44.5%, and 35.6% for MicroShunt and 46.4%,
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Figure 3. Kaplan-Meier survival curve of both groups during follow-up after MicroShunt and
trabeculectomy: (a) complete success (IOP < 21 mmHg; no theatre reoperation for glaucoma; no
loss of light perception vision; no chronic hypotony (defined as IOP < 5 mmHg on 2 consecutive
follow-up visits from 3 months); and no use of postoperative adjunct medications to maintain
adequate IOP), (b) qualified success (the aforementioned criteria, but with use of postoperative
medications), (c) strict success (‘complete success’ criteria with at least 20% IOP reduction from
baseline), (d) same as ‘(a)” but with IOP < 18 mmHg, (e) same as ‘(b)’ but with IOP < 18 mmHg,
(f) same as ‘(¢)’ but with IOP < 18 mmHg, (g) same as ‘(a)’ but with IOP < 14 mmHg, (h) same as
‘(b)” but with IOP < 14 mmHg, and (i) same as “(c)’ but with IOP < 14 mmHg. Log-rank (Mantel-Cox)
test p-values were (a) p = 0.715, (b) p = 0.595, (c) p = 0.489, (d) p = 0.645, (e) p = 0.828, (f) p = 0.494,
(g) p=0.616, (h) p = 0.464, and (i) p = 0.464.

3.3.4. Complications and Interventions

Although more trabeculectomy than MicroShunt eyes had complications, this was not
statistically significant between the groups (Table 3). The hypotony rates were similar, but
there were more incidences of hypotony in the trabeculectomy group from Month-3 of the
follow-up. Rates of chronic hypotony and maculopathy were higher in the trabeculectomy
group. Ten trabeculectomy eyes required laser suture lysis.
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Table 3. Numbers and proportions of patients with complications and interventions in both groups
(* includes a patient with two occurrences, ** includes one patient with three occurrences, *** includes
two patients with two occurrences, **** includes one patient with 5 occurrences).

Complication/Intervention MicroShunt n (%) Trabeculectomy n (%)  p-Value
Hypotony 46 (45.5%) 51 (50.5%) 0.573
- <3-months 44 (43.6%) 50 (49.5%) 0.890
- >3-months 4 (4.0%) 16 (15.8%) 0.008
Chronic hypotony 0 (0.0%) 10 (9.9%) 0.002
Choroidal effusion 13 (12.9%) 15 (14.9%) 0.839
Choroidal detachment 0 (0.0%) 2 (2.0%) 0.498
Hypotony maculopathy 1 (1.0%) 9 (8.9%) 0.019
Hyphaema 17 (16.8%) 11 (10.9%) 0.309
Malignant glaucoma 1(1.0%) 0 (0.0%) >0.999
Laser suture lysis 0(0.0%) 10 (9.9%) * 0.002
Flat AC 4 (4.0%) 6 (5.9%) 0.748
AC reformation in theatre 0 (0.0%) 4 (4.0%) * 0.121
AC washout in clinic 1(1.0%) 0 (0.0%) >0.999
AC washout in theatre 2 (2.0%) 0 (0.0%) 0.498
AC Avastin injection in theatre 0 (0.0%) 2 (2.0%) 0.498
Bleb revision in clinic 3 (3.0%) * ** 1 (1.0%) 0.621
Bleb revision in theatre 11 (10.9%) * *** 25 (24.8%) * # Hwk whtx 0.016
Secondary Cyclodiode treatment 2 (2.0%) * 0 (0.0%) 0.498
Secondary IOP-lowering surgery 2 (2.0%) 0 (0.0%) 0.498
Laser suture lysis 0 (0.0%) 4 (4.0%) * 0.121
Suture removal in theatre 0 (0.0%) 3 (3.0%) 0.246
Z{‘f:ﬁylgi;‘s;gﬁcyjnons 32 (31.7%) 46 (45.5%) 0.060
- Including hypotony 59 (48.5%) 66 (65.3%) 0.385
Total n with theatre interventions 17 (16.8%) 31 (30.7%) 0.031

Significantly more trabeculectomy eyes had theatre interventions. Bleb revision was
the most common intervention in both groups, with more trabeculectomy eyes requiring
this procedure. Two MicroShunt eyes required further IOP-lowering surgery.

3.3.5. Operation Time and Number of Visits

The MicroShunt group had significantly shorter operation times (50 [44-62] vs. 71 [59-87] minutes,
respectively, p < 0.001) and statistically significant fewer postoperative visits (8 [6-10] vs. 10 [7-13] visits,
p = 0.001) than the trabeculectomy group.

4. Discussion

This study has found that trabeculectomy reduced the IOP and the need for medica-
tions more than MicroShunt. Changes in the VF and success rates were similar, but RNFL's
thickness loss slowed after MicroShunt. While complication rates were comparable, there
were fewer theatre interventions and postoperative visits post-MicroShunt. These findings
have a significant clinical impact, demonstrating that MicroShunt may not be the worthy
successor to trabeculectomy in the treatment paradigm of moderate-to-advanced glaucoma.
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4.1. IOP

Although IOP reaches low values in both groups, this study found that trabeculectomy
had better IOP-lowering efficacy. The greater immediate IOP-lowering efficacy of the
MicroShunt on Day-1, also reported in prior studies [16,17], may be attributable to the
device’s predictable nature against trabeculectomy’s complex suture-tensioning techniques.
There is clinical significance to the noticeable trend towards higher IOPs in the MicroShunt
group over time. The non-significance between groups from Month-12 may be explained
by the smaller sample sizes at each subsequent follow-up visit after Month-3, although
this study’s sample size at Month-18 is comparable to previous retrospective studies with
6-month follow-up [3,13].

Baker etal.’s [12] study with 0.2 mg/mL MMC observed IOP reductions from 21.1 mmHg
to 14.3 mmHg in the MicroShunt group at Month-12. We found a greater reduction at Month-
12 from 22 [17-29] mmHg to 13 [10-16] mmHg. This suggests that 0.2 mg/mL MMC may be
less efficacious for IOP-lowering than the 0.4 mg/mL in this study. Wagner et al.’s [13] study
used 0.2 mg/mL MMC but found a similar IOP reduction as this study, suggesting that MMC
concentration may have a minimal effect on efficacy. These discrepancies necessitate further
investigations into the optimal MMC dose during glaucoma surgery. However, differences in
the cohorts” demographics, such as fewer ethnic heterogeneity [12] and medication use [12,13]
than in this study, decrease scarring risk and subsequent IOP control [12] and thus may
confound MMC comparisons. Nonetheless, the clinical significance of the greater IOPs
from Month-3 and the trend toward greater IOP increases in the MicroShunt group found
in this study constitutes a significant finding, suggesting that trabeculectomy should still
be utilised as the preferred surgery when a lower target pressure is sought, such as those
patients with normal-tension glaucoma. Although this study is the first to present Month-
18 results comparing both procedures, longer-term investigations are required to investigate
whether IOP continues to increase after Month-18 following MicroShunt when compared to
trabeculectomy since trabeculectomy is known to lower IOP effectively over up to 20 years [18].

4.2. Medications

Although both groups significantly reduced medication use, greater medication-
lowering efficacy was observed with trabeculectomy at Month-3, Month-12, and Month-18.
The reductions are higher than in previous studies; for example, Baker et al. [12] reported
reductions from 3.1 to 0.6 medications at Month-12 in their MicroShunt groups, compared
to 4 [3—4] to 0 [0-1] medications in this study. The higher reductions found in this study
may be due to higher baseline medications, enabling the medication-lowering efficacy
of both procedures to be more pronounced. Our findings differ from previous compar-
ative studies [3,12,13] that showed similar medication-lowering efficacy of MicroShunt
and trabeculectomy. Whether this is due to conflicts of interest in previous studies on the
MicroShunt [3,12] or small sample sizes [3,13], future prospective studies are necessitated
to investigate whether the increase in medications following the MicroShunt procedure is a
longer-term effect.

4.3. VF/MD

The VE/MD was not different between the groups at any time point, suggesting similar
effects on the functional preservation effect by both surgeries. In the only previous study
comparing VF between MicroShunt and trabeculectomy, Pillunat et al. [3] also reported
no significant change in either group at Month-6. However, their small sample size of
26 eyes in each group limits the reliability of the conclusions. Furthermore, the inclusion
of solely Caucasian patients invalidates the comparison with the present study, which
included >45.5% non-Caucasians, who have a higher likelihood of subsequent failure after
bleb-forming surgery than Caucasians [12]. Studies evaluating VF post-trabeculectomy
have come to inconsistent conclusions [19,20], necessitating more studies comparing VF
progressions after MicroShunt and trabeculectomy. Furthermore, the VF progression seen
at Month-18 in both groups was likely due to natural glaucomatous progression despite
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IOP-lowering surgery or due to the decreases in the sample size with time. This may
also explain the similarity of the VF/MD at Month-18 compared to the baseline in non-
pseudophakic eyes in the MicroShunt group, suggesting that potential cataract progression
may not have modulated VF/MD progression.

4.4. RNFL Thickness

The RNFL thickness after MicroShunt implantation has not been studied before. This
study shows that MicroShunt may delay RNFL thickness loss compared to trabeculectomy.
Similar to our findings, a previous study showed that RNFL thicknesses increased in
the first postoperative week following trabeculectomy but decreased to baseline levels
in subsequent visits [21]. Potential explanations include the reversal or rebound of the
bowing of the laminar cribrosa by the elevated pre-intervention IOP, which manifests as
a decreased cup area postoperatively [21]. It may also be due to the transient rebound
to the normal shape and size of the retinal ganglion cell axons following dramatic IOP
reductions post-surgery [22]. Additionally, Ch'ng et al. [23] attributed transient RNFL
thickness increases post-trabeculectomy to postoperative inflammation.

The thinner RNFL values in this study’s trabeculectomy cohort from Month-6 may
be explained by the higher hypotony levels from the Month-3 follow-up observed with
significantly more cases of chronic hypotony and maculopathy, where the formation of
retinal folds may have decreased the RNFL thicknesses in the trabeculectomy cohort
compared to the MicroShunt. Furthermore, it may have been difficult to measure RNFL
thinning with a baseline median RNFL thickness of 57 um and 55 um in the MicroShunt
and trabeculectomy groups, respectively, since there may be a ‘floor effect’ at approximately
50 um with Spectralis OCT [24].

4.5. Success Rates

The trend toward lower ‘complete success” in the MicroShunt group is clinically im-
portant, supporting that MicroShunt is clinically less efficacious than trabeculectomy. With
similar definitions, Wagner et al. [13] also found no differences in ‘complete’ and ‘quali-
fied” successes. However, ‘strict success” was significantly higher in their trabeculectomy
group, and they observed higher success rates in both groups compared to the present
study. This may be because of their small sample size and better baseline VF/MD, affecting
comparability. Baker et al. [12] also observed lower ‘strict success’ in their MicroShunt
than trabeculectomy groups (53.9 vs. 72.7%; p < 0.01) at Month-12. The prevention of
medication reintroduction until a predetermined IOP threshold should have resulted in
lower success rates than in the present study, where medications were reintroduced at the
surgeons’ discretion. However, this study observed similar ‘strict success” at Month-12 be-
tween the groups. This may be due to Baker et al.’s [12] baseline IOP inclusion threshold of
>15 mmHg. Therefore, attaining a prespecified 20% IOP reduction may be easier compared
to this study, which included all baseline IOP values. Their failure definition of inadequate
IOP reduction at two consecutive visits compared to one in this study may also favour
higher success. Additionally, their inclusion of solely primary open-angle glaucoma [12]
may not reflect real-world results with differing glaucoma subtypes.

This study’s trabeculectomy ‘strict success’ rate at Month-18 (35.6%) was low compared
to Kirwan et al.’s [25] 65% at Year-2. Many factors contribute to this difference: Patients
had no previous MIGS or diodes, suggesting milder glaucoma, whilst a large proportion
of our cohort had these procedures. Additionally, the inclusion of both eyes from each
patient, where applicable, may have skewed their results in favour of higher success [26]
and violated statistical assumptions [27]; the inclusion of more Caucasians (79% vs. 40.6%
in this study) who have a lower risk of scarring after bleb-forming surgery than black
patients [12]; and the inclusion of solely open-angle glaucoma.
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4.6. Complications and Theatre Interventions

Although the lower complication rate in the MicroShunt group is statistically insignifi-
cant, this is still clinically important, and the lower theatre intervention rate for MicroShunt
confirms the hypothesis of a better safety profile. Additionally, higher ASA grades in the
MicroShunt group, which may have been intentional due to a better-hypothesised speed
and safety, may have skewed safety profiles in favour of trabeculectomy.

The posterior MicroShunt bleb has a broad, diffuse, and low elevation with low
vascularity, whereas the typical trabeculectomy bleb is anterior with a medium-high diffuse
elevation and variable vascularity. Thus, the trabeculectomy bleb is more prone to over-
draining and leakage (increasing the risk of infection and bleb dysaesthesia), resulting
in more observed cases of chronic hypotony compared to the MicroShunt, which has a
controlled lumen size that drains fluid more controllably. This theory makes it plausible that
there were fewer postoperative theatre interventions in the MicroShunt group, as found by
prior studies [3,12]. Indeed, due to the more problematic bleb, more cases of surgical bleb
revision occurred in the trabeculectomy group. Differing definitions of what constituted
a ‘theatre intervention” and heterogeneity in the reporting hindered comparability with
previous studies. Similar to Baker et al.’s [12] findings, laser suture lysis was necessary
following trabeculectomy to allow for flow titration. The controlled flow titration of
the MicroShunt eliminated the requirement for flow-restricting sutures and subsequent
suture lysis.

4.7. Postoperative Visits and Operation Times

As the first study to compare postoperative visits, the findings confirm the hypothesis
that MicroShunt results in less postoperative burden. Additionally, despite the potential
learning curve with the new MicroShunt technique [12], a shorter MicroShunt operation
time was found, contrary to Pillunat et al.’s [3] findings. The larger heterogeneous sample
size supports the increased validity of the present study’s result. In the context of a
significant backlog of glaucoma surgery after the coronavirus pandemic, the reduced
operation time, visits, and reinterventions for the MicroShunt cohort mean that this device
does constitute a favourable option for managing certain glaucoma patients. Furthermore,
these factors may also mitigate the initial MicroShunt acquisition cost compared to the
traditional trabeculectomy approach with minimal material costs and could be more cost-
effective for lower-risk patients to manage glaucoma more safely. However, a recent cost
analysis of Baker et al.’s [12] findings in American healthcare suggests that trabeculectomy
is more cost-effective than MicroShunt [28], necessitating the validation of this finding in
the UK NHS.

5. Conclusions

For the surgical treatment of refractory glaucoma in a clinically heterogeneous popula-
tion, MicroShunt has inferior efficacy to trabeculectomy regarding IOP and medications,
but MicroShunt has a superior safety profile and reduced postoperative burden. This
contributes cautious findings to the paucity of evidence surrounding the MicroShunt’s
potential to replace trabeculectomy as the gold standard operation in the glaucoma treat-
ment paradigm, suggesting that trabeculectomy should still be reserved for higher-risk
or more advanced patients. However, this study has also shown that the MicroShunt can
reduce IOP safely with a potentially lesser burden on already stretched glaucoma services.
Further longer-term studies are needed to corroborate this study’s findings and ascertain
MicroShunt’s position in the surgical treatment of glaucoma.
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Abstract: Background: Recent studies on the PRESERFLO MicroShunt suggest that it may be effective
in lowering intraocular pressure (IOP); however, the number of studies on this device remains limited.
Therefore, we assessed the efficacy of the PRESERFLO MicroShunt in patients with glaucoma and
performed a meta-analysis of published results. Methods: Prospective study including all patients
that underwent PRESERFLO MicroShunt surgery from 2018 onwards. Sub-analyses were performed
for cataract-combined procedures. To compare our results, we performed a systematic review and
meta-analysis. IOP, IOP-lowering medication and surgical complications reported in the retrieved
studies were assessed. Results: A total of 72 eyes underwent PRESERFLO-implant surgery (59 as
standalone procedure and 13 as cataract-combined procedure). No significant differences were
found in IOP and IOP-lowering medication between both groups. The mean =+ standard deviation
IOP and IOP-lowering medications of both groups taken together declined from 21.72 4+ 8.35 to
15.92 £ 8.54 mmHg (p < 0.001, 26.7% reduction) and 3.40 to 0.93 (p < 0.001, 72.6% reduction) at 1 year
follow-up, respectively. Secondary surgeries were required in 19.4% of eyes, the majority (71.4%)
within 6 months. The meta-analysis including 14 studies (totaling 1213 PRESERFLO MicroShunt surg-
eries) from the systematic review showed a mean preoperative IOP and IOP-lowering medication of
22.28 £ 5.38 and 2.97 £ 1.07, respectively. The three-years postoperative pooled mean was (weighted
mean difference, 95% CI) 11.07 (10.27 [8.23-12.32], p < 0.001) mmHg and 0.91 (1.77 [1.26-2.28],
p <0.001) for IOP and IOP-lowering medication, respectively. The most common reported compli-
cation was hypotony (2-39%). Conclusion: The PRESERFLO MicroShunt is effective and safe in
lowering IOP and the number of IOP-lowering medications.

Keywords: PRESERFLO; MicroShunt SIBS polymer; ab externo surgery; MIGS; glaucoma; intraocular
pressure (IOP)

1. Introduction

Glaucoma is an optic neuropathy which is often caused by a rapid increase and/or
prolonged periods of elevated intraocular pressure (IOP) [1]. Treatment of glaucoma is
mainly focused on lowering of the IOP [2]. The first-line treatment of glaucoma usually
consists of IOP-lowering medication [3]. If the target IOP is not achieved using IOP-lowering
medication, laser treatment or incisional surgery is introduced [1]. Trabeculectomy is gener-
ally regarded as the gold standard among surgical glaucoma treatments for many years and
has shown to drastically reduce IOP; however, postoperative interventions are frequently re-
quired because of the high risk of complications [4,5]. Therefore, there has been an increased
demand for safer and less invasive surgical treatment options. These are the so-called
minimally invasive glaucoma surgeries (MIGS) and aim to reduce the IOP whilst lowering
the risk of complications [6,7]. One of these new implants is the PRESERFLO MicroShunt
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(Santen Inc., Miami, FL; formerly known as the InnFocus MicroShunt). The PRESERFLO
MicroShunt is an 8.5 mm long tube with a 70 um lumen composed of poly(styrene-block-
isobutylene-block-styrene), or SIBS. This device is implanted via an ab externo approach in
the anterior chamber-angle, allowing outflow of aqueous humor from the anterior chamber
to a posterior subconjunctival bleb [8]. Implantation of the PRESERFLO MicroShunt could
be performed standalone or in combination with cataract surgery and is augmented with
mitomycin-C to prevent postoperative scarring [9,10]. Recent studies on the PRESERFLO
MicroShunt suggest that it is effective in lowering IOP and the number of IOP-lowering
medications; however, the number of studies on this device remains limited. The aim of this
study is to assess the efficacy and safety of the PRESERFLO MicroShunt as a standalone
and a cataract-combined procedure in patients with glaucoma. Furthermore, a systematic
review with meta-analysis was conducted to see whether the results of the current study are
in line with the available literature and to give an overall view of its performance across
multiple studies.

2. Materials and Methods
2.1. Study Design

The current study was conducted in a subset of the Erasmus Glaucoma Cohort [11].
For the current analyses, a prospective single-center study was conducted. All patients who
underwent PRESERFLO MicroShunt implantation at the department of ophthalmology
of the Erasmus Medical Center, Rotterdam, The Netherlands, from July 2019 till June 2021
were included in the current study.

All patients underwent extensive ophthalmologic examination including best cor-
rected visual acuity, autorefraction, gonioscopy, and applanation tonometry. Data (IOP
and number of IOP-lowering medications) on 1 day, 1 week, 1 month, 3 months, 6 months,
1 year, and the last postoperative visit were collected. The Medical Ethics Committee of the
Erasmus University had approved the study. Formal consent was not required, because
patients did not undergo non-clinically related interventions.

2.2. Surgical Procedure

All surgeries were either performed by one of the two surgeons (RCWW and WDR).
First, local or general anesthesia was administered. A 6 to 8 mm incision was made through
the conjunctiva at the limbus and the Tenon’s capsule was dissected from the sclera using
blunt tipped scissors. Three LASIK sponges with 0.2 mg/mL mitomycin-C were then
placed beneath the conjunctiva flap for 3 min. The flap was then washed with a sterile
saline solution. Bipolar diathermy was used to avoid bleeding (if required). An inked
marker was then used to mark a point on the sclera 3 mm posterior from the limbus.
Next, a shallow 2 mm scleral pocket was formed using a 1 mm slit knife. A needle tract
was made into the anterior chamber using a 25-gauge needle through the scleral pocket,
bisecting the iridocorneal angle. The MicroShunt was then inserted through the needle
tract using forceps with the bevel up, until the wedge fins of the MicroShunt locked into
the scleral pocket to avoid migration. Flow of aqueous humor was confirmed by priming
and observing drop formation at the distal end of the MicroShunt. Once the flow was
confirmed, the distal end of the MicroShunt was tucked under the Tenon’s capsule and the
Tenon’s capsule was then pulled up and over the MicroShunt. Lastly, the conjunctiva was
closed using Vicryl 8-0 sutures.

The main indication for cataract surgery was a narrow anterior chamber or significant
cataract. In case of a combined procedure, cataract surgery was performed directly after
administrating mitomycin-C and before the needle tract was created.

A secondary surgery was indicated if the MicroShunt failed to achieve the desired
reduction in IOP. Secondary surgery was performed as follows: the conjunctiva of the bleb
area was opened, and all the tissue adhesions were removed. Mitomycin-C was not used.
Next, the PRESERFLO MicroShunt was primed. Lastly, the conjunctiva was closed with
Vicryl 8-0 sutures.
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2.3. Assessment of Main Outcomes

IOP was assessed using Goldman applanation tonometry (Haag-Streit, Kéniz, Switzerland),
which had been calibrated according to manufacturer’s recommendations. IOP-lowering
medications were divided into several categories which included: prostaglandins, beta-blockers,
carbonic anhydrase inhibitors, oral acetazolamide, and alfa-2 agonists. Fixed combinations of
eye drops were calculated as two separate drugs. The number of IOP-lowering medications
was then calculated by adding the number of categories to one another [12]. Hypotony was
defined as an IOP < 5 mmHg at two or more consecutive postoperative visits (excluding
one day postoperative).

2.4. Search Strategy, Study Eligibility and Quality Assessment

For the second part of the study, a systematic review and meta-analysis of the literature
was conducted in which the Embase, Medline ALL Ovid (Pubmed), Web of science (SCI-
EXPANDED & SSCI, 1975) and Cochrane CENTRAL register of Trials were searched up
to 24 May 2022 (date last searched). Reporting of the systematic review was achieved
by adhering to the Preferred Reporting Items for Systematic review and Meta-Analyses
(PRISMA) and the Meta-analysis Of Observational Studies in Epidemiology (MOOSE)
guidelines [13,14]. Firstly, studies with an available abstract, with human participants,
and studies of which a full text was available in English were independently screened
by two researchers (SSMP and NDP). Secondly, the full text was read to assess whether
an article was eligible for inclusion and the reference list was scanned to find additional
eligible studies. Finally, the results were compared, and discrepancies were discussed. If
the two researchers could not reach consensus, a third researcher (WDR) was involved
to clarify. Studies had to report on pre- and post-operative IOP and/or IOP-lowering
medication. Exclusion criteria were case reports or a follow-up of less than 6 months. If
the same study population was used in multiple studies, only one study was included.
Next, relevant data was extracted from the articles which included author, sample size,
publication year, diagnosis, study design, follow-up, number of secondary surgeries,
occurrence of complications, pre- and post-operative IOP and IOP-lowering medications,
and proportion of patients without any IOP-lowering medication at follow-up. To assess the
methodological quality of the individual studies, the Newcastle-Ottawa Scale for assessing
the quality of comparative non-randomized studies was used [15].

2.5. Statistical Analysis

Baseline characteristics were analyzed using the independent t-test for continuous data
and the chi-square test (or Fisher’s exact test if applicable) for categorical data. The paired
samples t-test was used for within subgroup analysis (e.g., pre- and post-operative IOP).

Differences in IOP and IOP-lowering medication over time were assessed using linear
mixed models. Two models were created both assuming an unstructured correlation matrix,
in which one of the variables was fitted as the dependent variable with visit (fixed) as
a factor. The models were adjusted for age and gender (both fixed) and accounted for
using both eyes from the same individual. Kaplan-Meier analyses were performed in
which failure was defined as requiring secondary surgery (i.e., bleb revision or placement
of another glaucoma drainage device). Follow-up was counted as the date of first surgery
until the date of requiring secondary surgery. If an eye did not require secondary surgery,
follow-up was counted as the date of first surgery until the date of the last postoperative
visit. A separate Kaplan—-Meier analysis was performed in which failure was defined
according to the criteria by the World Glaucoma Association (WGA) [16]. Surgery was
considered a failure if a patient had <20% reduction in IOP from baseline or if the IOP was
out of target range (5-18 mmHg, inclusive) for two consecutive visits. Both counted after
the first month postoperative onwards. If an eye met the failure criteria as defined by the
WGA, follow-up was counted as the day of surgery until the first day failure was noted. The
log-rank test was used to assess statistically significant differences between PRESERFLO as
a standalone procedure and PRESERFLO as a cataract-combined procedure.
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Statistical analyses were performed using SPSS v.25 for Windows (SPSS Inc., Chicago,
IL, USA). Statistical significance was considered if p < 0.05.

Meta-analyses were performed using Revman (RevMan 5.3 for Windows and Mac;
The Cochrane Collaboration, Oxford, UK). The mean and standard deviations were ex-
tracted to calculate the weighted mean difference (WMD) with corresponding 95% CI and
the pooled mean with standard deviation for the specified time intervals. For the meta-
analyses, fixed-effect models were used to pool the results. 12 statistics were calculated to
assess heterogeneity.

3. Results

A total of 72 eyes (of 60 patients) underwent PRESERFLO MicroShunt implantation
of whom 59 underwent a standalone procedure. The median (interquartile range) follow-
up was 0.72 (0.33-1.12) and 1.15 (0.65-1.66) years for the standalone procedure and the
cataract-combined procedure, respectively. One patient in the standalone procedure group
was lost to follow-up at 1 month. Patients who underwent a standalone procedure had
a significantly higher central corneal thickness compared to patients who underwent
a cataract-combined procedure (p = 0.025; Table 1).

Table 1. Baseline preoperative characteristics of the population presented as the mean =+ standard
deviation unless stated otherwise.

PRESERFLO MicroShunt PRESERFLO MicroShunt Combined

(n =59 Eyes) with Cataract Extraction (1 = 13 Eyes) p-Value
Age (years) 67.11 +£10.4 70.32 +£13.4 0.343
Gender, female (11,%) 24 (40.6) 3(23) 0.346
Caucasian descent (1,%) 30 (50.8) 7 (53.8) 0.384
Untreated IOP at diagnosis (mmHg) 25.0 +10.7 249 £85 0.957
I0OP (mmHg) 214488 234458 0.311
Number of IOP-lowering medication 35+14 29+14 0.106
Visual acuity 0.75 £ 0.41 0.75 +0.23 0.942
Central corneal thickness (ium) 542.3 + 36.3 514.3 £+ 45 0.025
Previous intraocular surgery (n,%) * 14 (23.7) 0 (0) 0.059
Follow-up (median [IQR]) 0.72 (0.33-1.12) 1.15 (0.65-1.66) 0.111

* = cataract surgery (24 of 59 eyes) not counted; IOP = intraocular pressure; IQR = interquartile range.

The IOP-levels and number of IOP-lowering medications for the PRESERFLO Mi-
croShunt as a standalone procedure and as a cataract-combined procedure are presented in
Figure 1A. The differences in IOP for PRESERFLO MicroShunt as a standalone procedure
and as a cataract-combined procedure are graphically presented in Figure S1. The mean
reduction in preoperative IOP and IOP-lowering medication for the standalone and com-
bined procedures were similar 5.07 mmHg (23.6%) and 8.92 mmHg (38.2%; p = 0.234), and
2.67 (75.5%) and 1.62 (56.8%; p = 0.830), respectively, at the last postoperative visit. More-
over, the linear mixed model showed no significant differences in IOP and IOP-lowering
medication if the whole follow-up period was taken into account (p = 0.176 and p = 0.548,
respectively). Figure 2A shows a Kaplan-Meier curve in which cumulative failure is
defined as requiring secondary surgery. Secondary surgeries were required in 12 eyes
(20.3%) with PRESERFLO MicroShunt as a standalone procedure and in 2 eyes (15.4%) with
PRESERFLO as a cataract-combined procedure, respectively (p = 1.000). Of the 14 (19.4%)
eyes that required secondary surgery, 10 (71.4%) underwent surgery within 6 months after
primary surgery. Figure 2B shows the cumulative failure rate as defined by the WGA-
criteria. Of all operated eyes, 66.7% did not require any IOP-lowering medication at the
last follow-up. Hypotony was observed in 3 eyes (5.1%) with PRESERFLO MicroShunt as
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a standalone procedure and in 2 eyes (15.4%) with PRESERFLO as a cataract-combined
procedure (p = 0.219). All hypotony cases resolved spontaneously. There were no signifi-
cant differences in visual acuity pre- and post-operative within/between both groups. We
observed no serious complications (i.e., endophthalmitis or blebitis).

As there were no significant differences between the standalone and the cataract-
combined procedure, we merged both groups (n = 72) for further analysis. Figure 1B
shows the IOP levels and IOP-lowering medication for the total study population and
separately for the eyes that underwent secondary surgery (n = 14 of 72 eyes). Eyes that
required secondary surgery had a similar preoperative IOP-level but a significantly lower
number of IOP-lowering medications (mean =+ standard deviation: 26.17 + 11.73 mmHg
and 21.72 £ 8.35 mmHg (p = 0.67) and 3.40 &= 1.37 vs. 1.61 & 1.54 (p < 0.001), respectively)
compared to eyes that did not require secondary surgery.
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Figure 1. (A,B) Mean intraocular pressure (IOP, lines) and mean number of IOP-lowering medication
(bars) for PRESERFLO as a standalone procedure vs. as a cataract-combined procedure (A) and
all Preserflo surgeries (including combined procedures) vs. secondary surgeries (all revised Pre-
serflo implants) (B). The “last” time interval had a median (interquartile range) follow-up of
1.02 (0.68-1.46) years. The vertical lines represent the standard deviation (SD). IOP = intraocular
pressure; CE = cataract extraction.
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Figure 2. (A,B) Kaplan—Meier cumulative incidence curve for failure defined as requiring secondary
surgery (A) and according to the WGA criteria (B) for PRESERFLO MicroShunt as a standalone
procedure and as a cataract-combined procedure. Censored patients are represented by vertical tick
marks. CE = cataractextraction, WGA = World Glaucoma Association.

The literature search yielded a total of 311 articles of which 14 studies (including
1213 PRESERFLO MicroShunt surgeries) were included in the current study and considered el-
igible for the meta-analysis (Table S1, Figure S2) [9,17-30]. Follow-up ranged from 12 months
to 72 months. The median quality score (range) according to the Newcastle-Ottawa scale
was 8 (7-8) on a scale from 0-9 (Table S2). Most studies included a mixture of different
types of glaucoma with a majority having primary open-angle glaucoma (similar to our
dataset). Table 2 shows the prevalence of complications across all included studies. The
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most common complications were hypotony (1.7-39%) and choroidal effusion/detachment
(2.0-12.9%). Figure 3A,B show a summary of the meta-analysis for the performance of the
PRESERFLO MicroShunt on the IOP and the IOP-lowering medication for all specified
time intervals (for the full meta-analyses see Figures S3 and S4).

After 3 years of follow-up, the WMD (95%, CI; 12) IOP and IOP-lowering medication
was 10.27 mmHg (8.23-12.32; 91%) and 1.77 (1.26-2.28; 0%), respectively. However, as only
a few studies had such a long follow-up and to make the results more comparable to our
data, we also report the 1 year WMD (95% CI; 12) for the IOP and IOP-lowering medication:

9.04 mmHg (8.46-9.63; 88%) and 2.67 (2.65-2.70; 89%) at 1 year, respectively.

Table 2. Prevalence of complications according to the systematic review.

Complications Median (%) Range(%)
Incorrect location/positioning 19 1.0-8.6
Choroidal effusion/detachment 8.9 2.0-12.9
Corneal dellen 1.2 1-1.2
Corneal edema 12 1-1.2
Hyphaema 6.8 2.5-22.7
Hypotony 11.1 1.7-39
Hypotonic maculopathy 1.1 0.8-6.9
Implant blocking /fracture /migration 2 143
Macula edema 1 0.6-3.6
Ptosis 1.2-2.4
Shallow /flat anterior chamber 5.7 2.5-13
Wound leak/seidel 49 0.6-8.9
Vitrious hemorrhage 1.2 0.6-4.3
Needling 12.2 1.6-62.5
Surgical revision 6.5 1.2-15.6
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Figure 3. (A,B) Meta-analyses for the change in intraocular pressure (IOP; grey) and number of
IOP-lowering medications (black) after PRESERFLO MicroShunt surgery. Presented as the pooled
mean with standard deviation (A) and weighted mean difference (WMD) with corresponding 95%
confidence intervals (B). Table below gives the number of eyes.

The mean =+ standard deviation preoperative IOP and IOP-lowering medication
were 22.28 4+ 5.38 mmHg and 2.97 £ 1.07, which declined to 14.09 + 4.09 mmHg and
0.63 + 1.00 at 1 year follow-up, respectively. Approximately 57% of eyes were free of
any IOP-lowering medication after MicroShunt implantation. In our study population,
eyes that underwent PRESERFLO MicroShunt surgery had a mean difference (95% CI) of
5.75 (3.19-8.30) mmHg and 2.47 (2.00-2.93) in IOP and IOP-lowering medication at the last
postoperative visit, respectively.

4. Discussion

The PRESERFLO MicroShunt was found to significantly reduce IOP and number of
IOP-lowering medications with 26.5% and 72.7%, respectively. At the end of follow-up,
66.7% of eyes did not require any IOP-lowering medication. As far as we know, the current
study presents the first meta-analysis on the efficacy of the PRESERFLO MicroShunt. The
total sample size included over one thousand PRESERFLO MicroShunt surgeries.

The preoperative IOP in the meta-analysis was higher than in the current study
(22.28 vs. 21.70 mmHg). The preoperative number of medications were lower in the
meta-analysis than in the current study (2.96 vs. 3.40). This may explain the finding
that the absolute reduction in IOP was greater in the meta-analysis (11.21 mmHg vs.
5.75 mmHg) while the reduction in IOP-lowering medication was larger in our study
population (2.47 vs. 2.06). The meta-analysis showed a WMD (95% CI; 12) for IOP of
9.04 mmHg (8.46-9.63; 88%) at 1 year, which is greater than the mean difference found in
our study (5.56 mmHg [3.12-7.99]). The higher WMD in the meta-analysis is caused by
a high WMD in four individual studies [18,20-22]. Additionally, the meta-analysis showed
an interesting finding, namely that there was a decrease in IOP whilst also a slight increase
of IOP-lowering medication use at 3 years postoperative. A possible explanation for this
finding could be that only two studies reported on IOP and IOP-lowering medication at
3 years follow-up, of which one study reported a decrease in IOP whilst also reporting
an increase in the number of IOP-lowering medications [18]. However, the authors of the
study did not further discuss this finding.
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The proportion of eyes requiring secondary surgery related to the PRESERFLO Mi-
croShunt in our study population (19.4%) was higher than other studies reporting 1.2-15.6%
(Table 2). It is important to note that studies used different surgical approaches when per-
forming secondary surgery; some dissected the conjunctiva to remove overlying scar tissue
with the Tenon’s capsule and the PRESERFLO MicroShunt was replaced if needed, while
others used needling with or without 5-fluorouracil (5FU) behind the slit lamp. An interesting
finding was that if a patient required a secondary surgery, the surgery was usually performed
within 6 months (71.4%; Figure 2A), which is comparable to the XEN-implants (63% within
6 months), another MIGS procedure [11]. Hypotony observed in our study (5 of 72 eyes (6.7%))
was in line with the literature; however, it is important to note that the reported range was
wide (1.7-39%). There was an increase in number of IOP-lowering medications up to the “last”
time interval (with a median [interquartile range] follow-up of 1.02 [0.68-1.46]); however, only
the increases between 3 and 6 months and 6 months and 1 year were statistically significant.
Similar to our study population, the meta-analysis also found a slight increase in the number
of IOP-lowering medications at 2-3 years postoperative (p = 0.41).

A previously published study comparing trabeculectomy to the PRESERFLO Mi-
croShunt found the MicroShunt to be inferior to trabeculectomy in regard to the proportion
of eyes that met the criteria for surgical success (53.9% vs. 72.7%, respectively) [28]. Their
study confirmed the favorable safety profile of the PRESERFLO MicroShunt, with patients
in the MicroShunt group having a significantly lower incidence of hypotony compared
to patients that underwent trabeculectomy (28.9% vs. 49.6%, respectively). Furthermore,
fewer patients in the MicroShunt group required postoperative interventions compared
to the trabeculectomy group (40.8% vs. 67.8%, respectively) [28]. Another study found
that the XEN-implant did not show any significant differences between XEN-implant with
or without a cataract-combined procedure for failure as requiring secondary surgery [11].
Similarly to its equivalent, we found that the PRESERFLO MicroShunt did not show sig-
nificant differences between PRESERFLO MicroShunt as a standalone procedure and as
a cataract-combined procedure for cumulative failure, defined as requiring secondary
surgery (Figure 2A; log-rank p = 0.524) [11]. Nonetheless, it should be noted that it is
difficult to compare the results of different (non-comparative) studies, because of different
populations, surgery indications, and outcome criteria.

Our study has several limitations. Firstly, the surgeon may have a certain preference
for a specific procedure in a particular situation (e.g., difference between standalone and
combined procedure), which may result in selection bias. Secondly, the results of the
cataract-combined procedures should be taken with caution, as the size of this subgroup
was low and the indication to combine the surgery with cataract-extraction might be
driven by the status of the anterior chamber angle. Thirdly, surgery was performed by
two surgeons, which could contribute to variability in outcomes. However, no significant
differences in outcomes were found for postoperative IOP and number of IOP-lowering
medications between both surgeons. Moreover, the rates of secondary surgery between
both surgeons were similar 16.1% and 22.0% (p = 0.537).

The arising question is: Will the PRESERFLO MicroShunt be able to replace trabeculec-
tomy and glaucoma drainage devices (GDDs) in the near future? The answer is probably
“no”. The IOP decreasing efficacy seems less than, for example, the Ahmed or Baerveldt
implant or a trabeculectomy. A recent study showed a 39.1% and 38% IOP reduction
for the Baerveldt implant and trabeculectomy, respectively [31]. The safety profile of the
PRESERFLO MicroShunt in terms of complications, however, seems better than traditional
GDDs [32]. Therefore, MIGS might be a good first choice if a surgical intervention is
required to lower IOP.

5. Conclusions

The PRESERFLO MicroShunt is effective in lowering IOP in patients with glaucoma.
The IOP-lowering performance seems less than traditional surgical procedures; however,
the MicroShunt seems to have a better risk profile than conventional glaucoma surgeries.
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Future studies in the form of randomized controlled clinical trials with long follow-ups
are needed to confirm the current results and to establish the place of the PRESERFLO
MicroShunt within glaucoma treatment paradigm.
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Abstract: Our purpose is to evaluate long-term changes in corneal endothelial cells after Ex-PRESS
shunt implantation for the treatment of glaucoma in Chinese patients by comparison with the
contralateral eye. In this retrospective observational study, glaucoma patients with a single eye
undergoing Ex-PRESS shunt implantation surgery were consecutively enrolled. For each patient,
the clinical assessment, including corneal endothelial cell density (CECD) before surgery and at 6,
12 months, and at last follow-up (2.43 £ 0.63 years) after surgery was reviewed. The operated eyes
were in the study group and the unoperated contralateral eyes were used as the control group to
compare the CECD change. A total of 48 subjects (age, 51.02 £ 17.96 years) were included. The
follow-up period was 2.08~3.17 years, with an average of 2.43 + 0.63 years. At the last follow-up after
the surgery, the CECD decrease in the operated eyes (5.0%) was similar to that in the contralateral
eyes (3.2%) (p = 0.130). There were no significant differences in CECD reduction between the two
groups at baseline and each postoperative follow-up (6 months, 12 months and at the last follow-up)
(all p > 0.05). The average IOP reduction after the surgery was 50.8%, and the number of IOP-lowering
medications was significantly reduced (p < 0.05). In addition, visual acuity showed no significant
differences during follow-up (p > 0.05). In this study, we found that the CECD reduction of Ex-PRESS
shunt-implanted Chinese eyes was similar to that of contralateral eyes without surgery.

Keywords: corneal endothelial cell density (CECD); contralateral eyes; Ex-PRESS; glaucoma; intraocular
pressure (IOP); long-term

1. Introduction

Glaucoma is a group of heterogeneous diseases characterized by the gradual loss of
retinal ganglion cells, cupping of the optic disc, and thinning of the retinal nerve fiber
layer [1]. Epidemiological research data have shown that glaucoma is the main cause of
irreversible vision loss worldwide [2]. Glaucoma has a worldwide prevalence of 3.5% of
the population aged over 40 years, and 2.6% in China [2,3].

From a pathophysiological and therapeutic point of view, reducing IOP to reach the
target IOP is the only evidence-based treatment, which can be achieved by the combination
with drug, laser therapy, and surgical procedures [1]. Glaucoma filtration surgery is
performed to reduce IOP and prevent further optic nerve damage or deterioration of the
visual field when maximum tolerated drug and laser therapy does not adequately reduce
IOP.

Filtration surgery is the most frequently used technique for surgical glaucoma treat-
ment. At present, trabeculectomy is still the main operation [4]. In terms of safety, although
significant progress has been made in trabeculectomy, complications such as hypotony,
choroidal detachment, and anterior chamber collapse are still possible and problematic [5].
In addition, the loss of corneal endothelial cells has also gradually received attention.
Corneal decompensation was reported as a late postoperative complication after trabeculec-
tomy [6-8]. Furthermore, some shunt implantation surgery such as Baerveldt tube or
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Ahmed glaucoma valve implantation also has been paid attention to for the corneal en-
dothelium loss [6]. Corneal complication rates of 8-29% after aqueous shunt implantation
were reported [6].

In recent years, some new microinvasive shunting devices as an alternative to tra-
beculectomy have been offered, such as Ex-PRESS implant, Xen Gel stent. The damage
to corneal endothelium of these implants has always been concerned, even though Xen
Gel stent caused little endothelial cell damage in some studies [9,10]. The Ex-PRESS
shunt is a non-valved stainless steel tube that is inserted under a partial-thickness scleral
flap to connect the anterior chamber (AC) to the subconjunctival space [11,12], which is
prevalent worldwide and was approved in Japan in December 2011 [13], and used widely
in China since 2012. Compared with trabeculectomy, it has the advantages of reduced
trauma, simple operation, and improved safety. Most studies proved that the Ex-PRESS
implantation had an equivalent curative effect to trabeculectomy [14-20], even with more
complete success [21,22]; however, some literature argued that it was less effective than tra-
beculectomy [23-25]. Regarding corneal endothelial cells, some studies have proven their
safety [12,13,26-28]. Previous studies reported no significantly faster loss in endothelial
cell counts after Ex-PRESS implantation compared with trabeculectomy [14,17,29]. While
other studies reported that corneal endothelial cell density (CECD) was significantly de-
creased after Ex-PRESS implantation [29-33]. However, these studies mainly done on the
Japanese [28-30] and some on Korean [14], Italian [34] and American [18] populations.
In addition, few studies reported longer assessments for CECD loss after Ex-PRESS im-
plantation and no study compared with the contralateral eyes. Therefore, the aim of this
study was to evaluate long-term changes in corneal endothelial cells after Ex-PRESS shunt
implantation in Chinese patients by comparison with the contralateral eye.

2. Patients and Methods
2.1. Patients

In this retrospective observational study, patients with glaucoma and a single eye un-
dergoing Ex-PRESS shunt implantation treatments at the Peking University Third Hospital
Eye Center from October 2015 to June 2020 were included. The study was approved by
the Ethics Committee of Peking University Third Hospital and adhered to the tenets of the
Declaration of Helsinki. Unoperated contralateral eyes were used as controls to compare
CECD changes.

All patients had unsatisfactory IOP control despite maximally tolerating topical med-
ication before the surgery. We included patients who were over 18 years of age and
completed regular postoperative follow-up for at least 2 years. Exclusion criteria include:
(a) congenital glaucoma; (b) previous keratoplasty, preoperative corneal decompensation,
corneal endothelial cell disease, and any other corneal epithelial or stromal disorders in
either the operated eye or the contralateral eye; (c) patients who were performed glau-
coma filtration surgery or other ocular surgery on the contralateral eye during follow-up;
(d) patients with aphakic or pseudophakic eyes or other ocular disorders that would affect
the corneal endothelium (including fellow eyes).

2.2. Surgical Procedure

All operations were performed by the same doctor (WLL, an experienced Chief Oph-
thalmologist). All eyes were administered retrobulbar anesthesia with lidocaine 2%. After
a fornix-based conjunctival flap creation, a 0.2 mg/mL solution of mitomycin C (MMC)
was applied for 3 min, followed by copious irrigation with a balanced salt solution. A
rectangle scleral flap was developed, and the Ex-PRESS (model P50, Alcon Laboratories,
Fort Worth, TX, USA) was introduced into the AC at the base of the scleral flap, midway
between the iris periphery and the cornea. Finally, the flap was closed by 10-0 Nylon
sutures combined with releasable sutures, and the conjunctiva was approximated sutured
to the limbus also using 10-0 Nylon sutures. We used the balanced salt solution to reform
the anterior chamber, and checked for wound leaks. A sterile eye shield was placed over
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the eye following the corticosteroid /antibiotic ointment. Postoperatively, topical antibiotics
and steroid treatment were administered for approximately 4-6 weeks. The releasable
sutures were removed within one week.

2.3. Preoperative and Postoperative Examinations

Age, sex, preoperative IOP, the number of IOP-lowering medications (a fixed com-
bination agent was counted as two medications), and the diagnosis were reviewed for
all patients. Apart from routine preoperative and postoperative examinations, specular
microscopic examination of corneal endothelial cells was routinely performed by an experi-
enced examiner using a noncontact specular microscope (Robo SP-8000; Konan Medical,
Nishinomiya, Japan) immediately before surgery and at 6 months, 1 year and at the last
follow-up (>2 years) after surgery. This instrument automatically captures images of the
endothelium once the subject fixates on a target. Then, the CECD (cells/mm?) and at least
50 contiguous endothelial cells centered on the screen were hand-marked, and a computer
algorithm was used to calculate the values. The results on the central area of the cornea
were analyzed.

The preoperative and postoperative IOPs were measured by Goldmann applanation
tonometry (Haag-Streit AG, Bern, Switzerland). Types of IOP-lowering medications were
recorded.

Complete success was defined as an IOP between 5 and 21 mm Hg without additional
medications or/and procedures to reduce IOP, while the definition of qualified success was
the same criteria mentioned above but with medications.

2.4. Statistical Analysis

SPSS software version 22 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
The Kolmogorov-Smirnov test was applied to determine data normality. The descriptive
data are presented as the mean and standard deviation (SD). The mixed linear model was
used to compare differences pre- and post-operate. To analyze repeated measurements,
the eye was selected as the subject, and the time point was set as the repeated factor.
For comparisons of the two groups, the paired t-test was used for normally continuous
variables, and the Wilcoxon nonparametric test was applied for ordinal variables. p values
less than 0.05 were considered statistically significant.

The sample size was estimated according to the standard formula for mean comparison.
a and 3 were set as 0.05 and 0.1 respectively. Change rate of corneal endothelial cell
density was selected as main outcome for sample size estimation. According to a previous
study [31], it was estimated that 30 pairs of eyes were needed.

3. Results

A total of 48 subjects were eligible for the study. All patients were over 18 years of
age, and the average age was 51.02 &= 17.96 years old. There were 36 males and 12 females.
The general information of the patients is shown in Table 1. The follow-up period was
2.08~3.17 years, with an average of 2.43 4 0.63 years.

3.1. Change in Clinical Parameters after Ex-PRESS Implantation

As shown in Table 2, compared with preoperative baseline, the average IOP and
the number of IOP-lowering medications were significantly reduced at each follow-up
time point (all p = 0.000). However, visual acuity (logMAR, BCVA) showed no significant
differences (all p > 0.05).
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Table 1. Patients’ general information.

Characteristics Number
Sex (M/F) 36/12
Age at surgery (years) 51.02 4 17.96
Diagnosis, Number of eyes (rate)
Primary open-angle glaucoma 42 (87.5%)
Secondary glaucoma 6 (12.5%)
pigmentary glaucoma 1(2.1%)
angle-recession glaucoma 5 (10.4%)
Preoperative IOP (mm Hg) 2742 +9.73
Number of preoperative IOP-lowering medications 2.79 £1.10
Preoperative corneal endothelial cell density (cells/ mm?) 2427.69 £ 473.82
The follow up period (years) 243 + 0.63
Complete success eyes (rate) * 35 (73.1%)
Qualified success eyes (rate) * 44 (91.7%)

Data are presented as numbers or means + standard deviations. M: male; F: female; IOP = intraocular pressure.
*: at the final follow-up (>2 years). Complete success was defined as IOP between 5 and 21 mm Hg without
additional medications or/and procedures to reduce IOP, while the definition of qualified success was the same
criteria mentioned above with or without medications. During the follow-up, 4 patients were undergone bleb

needling for IOP elevation.

Table 2. Changes in clinical parameters after Ex-PRESS implantation.

Clinical Parameters Baseline 6 Months 12 Months Final Follow up (>2 Years)
N (eyes) 48 42 32 48

LogMAR BCVA 0.45 £ 0.45 0.44 £ 0.39 0.42 £ 0.41 0.39 £+ 0.36
p 0.564 0.577 0.169

I0P (mm Hg) 2742 +£9.73 14.31 +3.43 14.16 +2.98 13.49 +2.62
0.000 0.000 0.000

medications 279 +1.10 0.67 +1.00 0.71 +0.92 0.47 + 0.69
p 0.000 0.000 0.000

Data are shown as the mean =+ standard deviation. logMAR = logarithm of minimum angle of resolution;
BCVA = best corrected visual acuity; IOP = intraocular pressure; medications: Number of preoperative IOP-
lowering medications. p-valve: Compared to baseline (paired ¢ test with Bonferroni correction). p values of less
than 0.05 were considered statistically significant.

3.2. Comparison of CECD in Ex-PRESS-Implanted Eyes and Contralateral Eyes

At preoperative baseline, the CECD in the operated eyes were similar to that in the
contralateral eyes. Compared with preoperative baseline, no significant difference existed
in CECD at postoperative 6 and 12 months either in operated eyes or in contralateral eyes
(Table 3). While at the last follow-up, CECD was significantly decreased both in operated
eyes and in contralateral eyes compared with preoperative CECD (p = 0.017, p = 0.012).
However, no statistically significant difference in the CECD decrease percentage was found
between the two groups (5.0% vs. 3.2%, p = 0.130). Four patients underwent bleb needling
for IOP elevation. Apart from that, neither patient had apparent tube-corneal contact nor
required additional intraocular surgery, including the contralateral eyes.
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Table 3. Comparison of CECD (cells/mm?) in Ex-PRESS implanted eyes and contralateral eyes.

Follow-Up N Operated a Contralateral b c
Period Eyes v Eyes P P

Baseline 48 2427.69 + 473.82 2536.16 £ 435.36 0.879
6 months 31 2407.70 £ 593.91 0.384 2475.94 £ 292.94 0.978 0.523
reduction (%) 1.6 +12.6 1.0+9.0 0.631
12 months 42 2364.28 4 554.44 0.255 2417.18 £ 381.16 0.272 0.623
reduction (%) 22+81 1.8 £5.0 0.572
Final 48 2316.70 £ 534.77 0.017 2401.47 £ 410.31 0.012 0.178
reduction (%) 50+122 32+78 0.130

Data are shown as the mean =+ standard deviation. Operated eyes: Ex-Press implantation eyes; Final: final follow
up (>2 years); reduction (%): Percentage decrease in CECD from baseline. p 2, p b, Compared to baseline (paired
t test with Bonferroni correction). p ©: Operation eyes vs. contralateral eyes (paired t test with Bonferroni
correction). p values of less than 0.05 were considered statistically significant.

4. Discussion

This long-term follow-up study of more than 2 years showed that the CECD reduction
of Ex-PRESS shunt-implanted eyes was similar to that of the contralateral eyes without
surgery. To our knowledge, this was the first study to compare CECD reduction after
Ex-PRESS shunt implantation between both eyes of patients. The mean CECD value is
approximately 3000 cells/ mm? in young adults and is reduced by 0.5 4= 0.6% due to aging
every year [6]. POAG patients showed a reduction of 0.68-12.3% in CECD per year (the
data include multiple treatment methods) [6,35]. Our study showed that the decrease was
2.2% in shunt-implanted eyes and 1.8% in contralateral eyes at the 12-month follow-up. At
the last follow-up time point (>2 years), the decreases were 5.0% and 3.2%, respectively.
We speculated that it was related to glaucoma itself but had little connection with Ex-
PRESS shunt implantation, even though both groups had significant CECD loss at the last
follow-up time point compared with the preoperative baseline.

This study showed that at 6 and 12 months postoperatively, the reduction in CECD in
the operated eyes was not significant. This was a coincidence to a short-term prospective
study in Italians [34], in which none of the endothelial cell parameters changed 1 and
3 months after Ex-PRESS implantation. Our results also showed that in shunt-implanted
eyes, CECD loss (5.0%) was significant at the last follow-up (>2 years). This was consis-
tent with some Japanese studies showing a 2.5~4% mean CECD decrease 2 years after
surgery, [30,31] even though these studies did not compare it with the contralateral eyes.
However, other Japanese studies showed that the mean CECD decrease reached 18.0%
at 2 years [31] and 10.3~30.0% at 2~5 years after Ex-PRESS implantation [32]. One of the
factors influencing the reduction in CECD after Ex-PRESS surgery might be the shunt
inserted position. Tojo et al. found that the trabecular meshwork insertion group had a
5.2% decrease, while the corneal insertion group had a 15.1% reduction at 2 years after
implantation [36]. A reported case of partial decompensation of the corneal endothelium
adjacent to the filtering bleb pointed out that the Ex-PRESS was inserted from the cornea,
not the trabecular meshwork [33]. Therefore, Ex-PRESS shunt insertion into the cornea was
considered a risk factor for rapid CECD loss [36]. Other than the shunt inserted position,
some factors may also contribute to CECD loss after implantation, such as iris-cornea con-
tact, contact between the corneal endothelium and the Ex-PRESS, high IOP, cytotoxicity of
IOP-lowering medications, inflammation, and glaucoma itself [6,14,26,33,36-38]. Ex-PRESS
is a medical-grade stainless steel device that has the advantage of position stability, and
it has been suggested to be suitable for patients with low corneal endothelium [14]. The
Ahmed valve was reported to have more CECD reduction, which maybe because of its
material [34,39]. The Xen Gel Stent is a hydrophilic tube and possessed no foreign body
reaction [9], which may account for less CECD loss. In our study, no patient had apparent
tube-corneal contact, required additional surgery for the IOP to be excessively increased or
required other intraocular surgery, which helped us to better study the natural course.
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The current study found that the average IOP had a dramatic decline after Ex-PRESS
implantation, even though there was a reduction of 50.8% at the last follow-up after surgery.
In addition, the use of IOP-lowering medications significantly decreased postoperatively.
This was similar to previous studies by others [12,26,27], yet our IOP drop seemed even
higher. Perhaps patient selection, the operation of different surgeons, and the control
for target IOP caused the difference. In addition, visual acuity showed no significant
differences during the follow-up, which was in accord with the research by Beatriz Puerto
et al. [40].

There were several limitations of the study. First, it was a retrospective study, whose
sample size was relatively small, and the time of follow-up was limited. However, our
research was sulfficiently innovative to compare shunt-implanted eyes with contralateral
eyes, which made up for it to some extent. Second, the measurement records of corneal
endothelial cells did not cover the coefficient of variation (CV) or the incidence of hexagonal
cells (6A). Most previous studies focused on corneal endothelial cell density count, which
has been considered the most important factor. However, further study is necessary to
measure CV and 6A. Third, multiple directions or o’clock positions, especially the area
of the shunt, were inserted where the CECD decreased significantly faster than other
areas [31]. We did not measure CECD from multiple areas, and we determined that it
was more comparable to select the same position compared with the contralateral eyes.
Finally, data from several types of glaucoma were combined, which might have different
pathogeneses (both primary and secondary glaucoma), so it may introduce potential bias
to some extent.

In summary, the CECD reduction of Ex-PRESS shunt implanted eyes was similar to
that of the contralateral eyes without surgery in this long-term follow-up study, which
implied that there might be no obvious connection between CECD loss and Ex-PRESS shunt
implantation. Further study would benefit from an enlarged sample size, a sufficiently
long period, more rigorous inclusion standards, other additional examinations, and more
parameter comparisons.
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Abstract: The most significant factor for endothelial cell loss should be readily identified, since
prevention is the most crucial treatment. Here, we investigate risk factors for corneal endothelial
cell density (ECD) decline following Ahmed glaucoma valve (AGV) implantation and determine the
optimal cut-off values. This study included 103 eyes (95 patients) with glaucoma that underwent
AGYV implantation between January 2006 and January 2021 at a single medical center (Severance
Hospital). We conducted consecutive -tests between two groups separated by the ECD change rate to
determine the survival state of the enrolled patients. Associations were evaluated using univariable
and multivariable linear regressions. Optimal cut-off values for identified risk factors were analyzed
using a Cox proportional hazards model and a receiver operating characteristic (ROC) curve based on
logistic regression. Mean follow-up duration was 4.09 & 2.20 years. After implementing consecutive
t-tests, only patients with an ECD change rate greater than —6.1%/year were considered to have
survived. Tube-iris distance (TID) was the only statistically significant factor identified in both the
univariable and multivariable linear regressions. The cut-off value determined from the consecutive
Cox regression method was 0.33 mm (smallest p-value of 0.0087), and the cut-off value determined
from the ROC method was 0.371 mm (area under the receiver operating characteristic curve [AUC],
0.662). Patients with short TIDs showed a better ECD prognosis following AGV surgery; we suggest
optimal TID cut-off values of 0.33 mm and 0.371 mm based on the implemented Cox regression and
ROC methodology, respectively.

Keywords: glaucoma; endothelial cell density; Ahmed glaucoma valve

1. Introduction

Glaucoma drainage device (GDD) implantation is the preferred therapeutic choice for
recalcitrant glaucoma patients who fail antiglaucoma medications or trabeculectomies [1-3].
The landmark Tube Versus Trabeculectomy Study demonstrated the superiority of GDD
surgery over trabeculectomy with mitomycin C in terms of low failure and revision rates,
while the ability to control intraocular pressure (IOP) as well as the number of necessary
medications were comparable [2]. Consequently, the use of GDD surgeries has increased
over the past two decades, and that of trabeculectomies with mitomycin C has decreased [3].

Endothelial cell density (ECD) damage is a long-term complication of GDD surgery
observed at high rates in glaucoma patients [4-7]. The risks of consequent corneal edema
and decompensation due to GDD implantation were twice as high as those associated with
trabeculectomy, emphasizing the importance of identifying mediating mechanisms and
preventing ECD damage [2,8,9].

Efforts with regard to ECD preservation include GDD insertion into the pars plana (PP)
or ciliary sulcus (CS), in contrast to the conventional method of inserting it into the anterior
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chamber [10-13]. However, PP insertion requires vitrectomy and can cause additional
complications in the posterior chamber [14]. Implantation in the CS also presents few
limitations, including difficulty in localizing the tube during surgery (which requires the
presence of pseudophakic or aphakic eyes) and the risk of incurring iris pigmentation due
to friction [15].

Because of these constraints, most GDDs are inserted into the anterior chamber. Many
studies have examined the optimal angle, depth, or location of tube insertion leading to
the best surgical outcome [7,16-18]. Mendrinos et al. inspected the effects of intracameral
tube length (TL), tube—corneal distance (TCD), and tube-iris distance (TID) on peripheral
ECD reduction and did not find any significant correlations [7]. In contrast, later studies
have consistently detected an association between a longer TCD and lower ECD change
rates [16,17]. However, a recent study presented a strong association with the tube—corneal
angle (TCA) but not with the TCD [18]. Another study did not target the change in ECD
over time but instead determined that the existence of peripheral anterior synechiae (PAS)
was associated with a lower ECD at a fixed time point [19].

Although many studies have attempted to discover the mechanisms mediating changes
in ECD, to date, no research has comprehensively evaluated all tube and ocular parameters.
Hence, we conducted the current study, which evaluated TL, TCA, TCD, TID, insertion—
iris distance (IID), and other ocular parameters (such as PAS and angle parameters) and
determined the optimal cut-off values for the identified risk factors when implanting an
Ahmed glaucoma valve (AGV).

2. Materials and Methods
2.1. Study Population

This single-center retrospective case series study was approved by the Institutional
Review Board of Severance Hospital (Seoul, Korea; IRB No. 4-2022-0043) and conducted
in accordance with the requirements of the Declaration of Helsinki. The requirement for
informed consent was waived due to its retrospective nature.

Patients with recalcitrant glaucoma unresponsive to maximal medical doses and who
underwent AGV implantation (Model FP-7, New World Medical, Inc., Rancho Cucamonga,
CA, USA) were reviewed from a prospectively maintained database at the Severance Hos-
pital. A total of 692 patients underwent AGV implantation between January 2006 and
January 2021 and at least one examination via specular microscopy before and after surgery.
We excluded patients with a history of Descemet membrane endothelial keratoplasty, pene-
trating keratoplasty or any other baseline corneal disease affecting the corneal endothelium,
cataract surgery, or any kind of vitrectomy. We also excluded patients in whom the AGV
was not implanted into the anterior chamber (e.g., sulcus, pars plana). A total of 103 eyes
were eligible.

These patients were followed up for more than 1 year. All patients had specular mi-
croscopy and anterior segment optical coherence tomography (AS-OCT) imaging findings
of adequate quality. If additional intraocular surgery, including repositioning or removal of
the valve, was required, follow-up was stopped to exclude possible effects on the corneal
endothelium from the analysis.

2.2. Surgical Techniques

All surgeries were performed by glaucoma specialists. The tip of the AGV was placed
in the anterior chamber, following its implantation which was performed as previously
reported [20]. Briefly, a fornix-based conjunctival incision was made under sub-Tenon
anesthesia, and the Tenon capsule was dissected using spring scissors. Two flaps, a
4 x 4 mm right-angled triangular-shaped partial-thickness scleral flap and a continuous
2 mm wide x 6 mm long bridge-shaped partial-thickness scleral flap, were constructed at
the superotemporal or superonasal quadrant. Tube priming was performed using balanced
salt solution irrigation, and the AGV body was placed 8-10 mm posterior to the limbus
(between the rectus muscles). The tube tip was cut to an adequate length and placed in a
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bevel-up manner. Viscoelastic was injected to maintain the anterior chamber depth before
tube insertion. Using a 23-gauge needle, a sclerotomy was created 1-2 mm posterior to the
limbus under the scleral flap, entering the anterior chamber where the tube was inserted
parallel to the iris plane. The scleral flap was adjusted over the tube and sutured using
a 10-0 nylon suture, and the conjunctiva and Tenon’s capsule were then secured at the
limbus with interrupted 8-0 Vicryl sutures. Topical steroids and antibiotic eye drops were
prescribed for eight weeks.

2.3. Examinations

Medical records were reviewed for preoperative clinical factors, including age at
surgery, sex, laterality of the operated eye, past medical history (including hypertension
[HTN], diabetes mellitus [DM], tuberculosis [TB], hepatitis, and cerebrovascular accidents
[CVA]), glaucoma diagnosis, axial length (AXL), anterior chamber depth (ACD), IOP,
postoperative data, and uveitis incidence. Other postoperative data, including ECD and
ocular and tube parameters, were obtained as follows. Specular microscopic examination
was performed by experienced examiners using a noncontact specular microscope (Topcon
SP-3000P; Topcon Corp., Tokyo, Japan). The central area of the cornea was imaged while
the patient gazed at the target. The manual center-dot method was used to evaluate central
corneal ECD, marking at least 50 contiguous endothelial cells.

2.4. Anterior Segment Optical Coherence Tomography (AS-OCT)

The AS-OCT image (Casia S5-1000; Tomey, Nagoya, Japan) closest in time after the
operation was used to measure ocular and tube parameters. Because the cross-sectional
plane including the tube is not always parallel to the radial section of the eye, variables
were evaluated in different cross-sections.

The TCD and TID were measured when the plane was positioned to involve the tube
tip. TCD is defined as the distance between the anterior tip of the tube and the cornea
(perpendicular to it). TID is defined as the distance between the posterior tip of the tube
and the iris (perpendicular to it). The TCA and the IID were measured when the plane
was placed to involve the insertion of the tube. The TCA is defined as the angle between
the anterior surface of the tube and the posterior corneal surface. The IID is defined as the
distance between the anterior insertion site of the tube and the iris (perpendicular to it). The
intracameral length of the tube was not measured directly due to concerns regarding cross-
sections and was instead computed by calculating the TCD/tan (TCA) ratio, assuming a
right triangle (where TCD represents the length of the opposite side and TL represents
the length of the hypotenuse). TCA was measured in degrees and then converted to a
radian scale before applying tangent functions. The hypothesis is that the curvature of the
posterior corneal surface in this triangle can be neglected (Figure 1). We also measured
a range of other parameters, including the angle opening distance (AOD), angle recess
area (ARA), trabecular iris space area (TISA), trabecular iris angle (TIA) from both the
temporal and nasal sides, iris trabecular meshwork contact (ITC), and anterior chamber
width (ACW). The central corneal thickness (CCT) was also determined by AS-OCT since
the examination results of some patients were omitted from their medical records.
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Insertion-iris

distance

Figure 1. Measurement of tube parameters using anterior segment optical coherence tomography
(AS-OCT). Two cross-sections either including depictions of the tube tip (red) or the tube insertion
(blue), respectively, are shown in this 3D view. The red arrow indicates the tube tip, and the blue
arrowhead shows the insertion site of the tube (A). Tube—corneal distance (TCD), tube—iris distance
(TID), tube—corneal angle (TCA), and insertion—iris distance (IID) were measured directly, and tube
length (TL) was computed as follows: TCD/tan (TCA). The cross-section in this figure was selected
from a patient, wherein the tube tip and the insertion site could be seen in the same cross-section
plane (B).

2.5. Statistical Analyses

Python (version 3.8.8 ; Fredericksburg, VA, USA) and statistical software package R
(version 3.6.2; The R Project for Statistical Computing, Vienna, Austria) were employed for
data manipulation, visualization, and conducting linear regressions.

Linear regression evaluating the association between ECD and time (years) was per-
formed to derive the coefficient (i.e., the slope of ECD change, cells/mm? x year) for the
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examined patients. This slope was then divided by the preoperative ECD to derive the
ECD change rate (%/year). If a patient had only two data points, the crude slope between
them was used instead. ECD change rates were then separated into two groups using a
single cut-off value, and f-tests were conducted to compare the means. The optimal cut-off
value (i.e., the value associated with the smallest p-value) was determined from these t-tests.
Groups A and B were defined as patients with small ECD change rates (less than 6.1%
decrease) and with large ECD change rates (more than 6.1% decrease), respectively.

Continuous variables are presented as means + standard deviations and categorical
variables as numbers (percentages). We also compared baseline characteristics between
Groups A and B using formal statistical tests. More specifically, continuous variables were
subjected to Levene’s test to examine the assumption of variance equality, and the associated
p-values were derived using Student’s t-test or Welch's t-test. Categorical variables were
compared using either the chi-square test or Fisher’s exact test. The tube parameters were
compared in the same manner.

Univariable linear regressions evaluating associations between the ECD change rate
(%/year) and each variable were performed. Selected factors were combined with data on
TCD, TCA, and ITC, which were asserted to be significant with regard to ECD change based
on previous results [16-19], in order to conduct a multivariable-adjusted linear regression
analysis. A heatmap matrix evaluating Pearson’s r correlations between independent
variables was used to interpret collinearity. We prioritized achieving a lean model by
excluding variables that showed a high correlation (r > 0.7) [21]. Accordingly, either TCD
or TCA were always excluded from multivariable analysis models.

We used two different methods to determine the optimal cut-off value for the TID.
First, to predict survival, hazard ratios (HRs, with a referent group defined as TID values
less than the cut-off) and p-values were compared after running univariable Cox regression
analyses over every potential cut-off value between 0.01 mm and 1.25 mm at 0.01 mm
intervals (Figure 2A). Event state (y = 1) for this model was defined according to the
patient’s categorization into Group B (ECD change rate < —6.1%/year), survival state
(y = 0) was defined according to the patient’s categorization into Group A (ECD change
rate > —6.1%/year), and follow-up years were used as the time variable.

A Consecutive Cox regression analyses B ROC curve of logistic regression model
- - ” & 1.0 -,
|: ) ‘/. ) Ha:lrt:) r;:)lm ‘2 )
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Figure 2. Determination of the optimal cut-off value regarding the tube-iris distance (TID). Consec-
utive Cox regression analyses were conducted for every potential cut-off value between 0.01 mm
and 1.25 mm at 0.01 mm intervals. The x-axis indicates the evaluated TID cut-off values, the y-axis
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indicates the —In (p) of the p-value for each cut-off (and is demarcated by a red horizontal line
showing the value of —In (0.05)), and the circle size of the determined data points mark the values of
the associated hazard ratios (HR) (A). A receiver operating characteristic (ROC) curve was plotted
using an univariable logistic regression model employing TID as the independent variable, and the
area under the ROC curve (AUC) was calculated (B).

Second, a receiver operating characteristic (ROC) curve was plotted and the area under
the curve (AUC) was then calculated (Figure 2B). The model used to draw the curve was a
univariable logistic regression model employing TID as the independent variable. Based
on these cut-offs, patients were divided into two groups for constructing Kaplan-Meier
(KM) curves, followed by a log-rank test (Figure 3A,B). Finally, we compared postoperative
IOP and uveitis incidence between patients with short and long TID using Student’s t-test
and Fisher’s exact test, respectively. Additionally, other combinations of variables were
evaluated in univariable linear regression to support our interpretation of the results.

A Kaplan Meier curves of different tube-iris distances
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Figure 3. Kaplan—Meier curves of different tube—iris distances. Kaplan-Meier curves and log-rank
tests were conducted for comparing patients with short or long tube-iris distances (TIDs), divided by
the cut-off value determined from evaluations presented in Figure 2. Survival curves show significant
difference with p-value of 0.00682 when 0.33 mm is used as the cut-off (A). When 0.371 mm is used as
the cut-off, survival curves also show significant difference with p-value of 0.0459 (B).
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3. Results
3.1. Patient Characteristics

Altogether, 103 eyes of 95 patients (mean age, 64.20 + 13.85 years; 62% male) were
included, 54% of the evaluated eyes were right eyes, none of the patients had complica-
tions such as tube—corneal touch or collapse of the anterior chamber, and patients were
followed up for a mean of 4.09 & 2.20 years. Primary open-angle glaucoma (POAG) was
diagnosed in 55% of the glaucoma patients. The mean preoperative central ECD was
2183.42 + 527.69 (cells/ mmz), the mean final ECD was 1765.49 + 663.50 (cells/ mm?), and
the mean ECD change rate was —4.26 & 9.49 (%/year). Among 11 cases of neovascular glau-
coma, diabetic retinopathy was the primary cause (four proliferative diabetic retinopathies
and four non-proliferative diabetic retinopathies), while other three cases were caused by
retinal vein occlusions. Additional treatments include panretinal photocoagulation and
intravitreal anti-VEGF injections.

3.2. Comparison between Patients Separated by Low and High ECD Change Rates

We classified patients into two groups under the assumption that ECD does not
decrease in all patients and conducted consecutive t-tests to determine the optimal cut-off
value regarding the ECD change rate (Figure S1). The p-value continuously decreased as
the cut-off increased, reaching a minimum point of 7.720 x 1071¢; the p-value continued
to increase thereafter. Hence, we considered an ECD change rate of —6.1 (%/year) (i.e.,
where the p-value was the smallest) as the optimal cut-off value, and we thereby separated
patients into Group A (with an ECD change rate of >—6.1%/year) and Group B (with
an ECD change rate of <—6.1%/year). There were no significant differences in baseline
characteristics between Groups A and B in terms of age, sex, laterality, follow-up years, or
medical history of HTN, TB, DM, hepatitis, and CVA (Table 1). When tube parameters were
compared, we found that TL was shorter, TID was shorter, and TCA was larger in Group A
thanin B (1.09 + 0.37 mm vs. 1.27 & 0.53 mm, p = 0.044; 0.23 &= 0.25 mm vs. 0.47 &+ 0.46 mm,
p =0.004; 33.67 £ 11.24° vs. 28.73 £ 11.62°, p = 0.036, respectively; Table 2). In total, 51
out of 103 (50%) patients underwent hypertensive phase (HP), defined as IOP > 21 mmHg
during the first 3 months after surgery, which was not associated with tube obstruction,
retraction, or valve malfunction [22]. When IOP was above 21 mmHg during HP, glaucoma
medications were added and we examined a significant decrease in final IOPs compared
to preoperative IOPs (14.17 £ 4.51 vs. 26.02 & 8.56 mmHg in overall patients, p < 0.001
from t-test).

Table 1. Patient medical and demographic characteristics (n = 103).

Patients without an Patients with an

Baseline Overall ECD Decline ECD Decline p-Value
(Group A, n = 65) (Group B, n = 38)
Age 64.20 +13.85 63.95 4+ 13.79 64.63 - 14.12 0.812
Sex (M/F) 64/39 40/25 24/14 0.963 *
Laterality (R/L) 56/47 38/27 18/20 0.376 *
AXL (mm) 24.80 +1.89 24.78 +1.86 24.82 +1.96 0.919
CCT (um) 521.37 £ 51.27 518.60 & 51.91 526.11 £ 50.49 0.476
Follow-up (years) 4.09 £2.20 4.02+£232 4224201 0.663
Preoperative IOP (mmHg) 26.02 + 8.56 25.56 + 8.68 26.82 + 8.41 0.475
Final IOP (mmHg) 14.17 £ 4.51 14.68 + 4.56 13.30 £ 4.36 0.135
Preoperative ECD (cells/mm?) 2183.42 + 527.69 2215.87 + 473.24 2127.90 £+ 612.57 0.417
Final ECD (cells/mm?) 1765.49 + 663.50 2119.09 £ 494.94 1160.66 + 441.07 <0.001
ECD change rate (%/year) —4.26 £9.49 0.72 £ 5.42 —12.78 = 8.9 <0.001
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Table 1. Cont.

Patients without an Patients with an

Baseline Overall ECD Decline ECD Decline p-Value
(Group A, n = 65) (Group B, n = 38)

Systemic disease
Hypertension 43 (41.75) 30 (46.15) 13 (34.21) 0.328 *
Tuberculosis 5 (4.85) 3(4.62) 2 (5.26) 1.000 t
Diabetes mellitus 38 (36.89) 29 (44.62) 9 (23.68) 0.056 *
Hepatitis 2 (1.94) 2 (3.08) 0(0.0) 0.530 t
Cerebrovascular accident 5 (4.85) 4 (6.15) 1(2.63) 0.649 t

Glaucoma

POAG 57 (55.34) 37 (56.92) 20 (52.63) 0.828 *
Chronic angle-closure glaucoma 3(2.91) 2 (3.08) 1(2.63) 1.000 t
Neovascular glaucoma 11 (10.68) 8 (12.31) 3(7.89) 0.742 +
Pigmentary glaucoma 1(0.97) 1(1.54) 0(0.0) 1.000 t
Pseudoexfoliation glaucoma 3(2.91) 2 (3.08) 1(2.63) 1.000 t
Secondary (d/t uveitis) 12 (11.65) 6(9.23) 6 (15.79) 0.495 *
Secondary other 16 (15.53) 9 (13.85) 7 (18.42) 0.736 *

AXL, axial length; CCT, central corneal thickness; IOP, intraocular pressure; ECD, endothelial cell density; POAG,
primary open angle glaucoma. * x2 test; T Fisher’s exact test; otherwise f-test.

Table 2. Comparison of tube parameters between the patients enrolled in Group A and Group B.

Patients without an Patients with an

Tube Parameters Overall ECD Decline ECD Decline p-Value
(Group A, n = 65) (Group B, n = 38)

Tube length (mm) 1.15 4+ 0.44 1.09 + 0.37 1.27 +0.53 0.044 *
Tube—corneal distance (mm) 0.77 + 0.47 0.77 £ 0.40 0.76 £ 0.57 0.932
Tube-iris distance (mm) 0.32 +0.36 0.23 +0.25 0.47 + 0.46 0.004 *
Tube—corneal angle (°) 31.85 + 11.58 33.67 £ 11.24 28.73 + 11.62 0.036 *
Insertion—iris distance (mm) 0.68 +0.27 0.66 + 0.24 0.71 £ 0.32 0.372
Tube location (ST/SN) t 101/2 63/2 38/0 0.530

ECD, endothelial cell density; t Fisher’s exact test; * p < 0.05 from #-test.

3.3. Tube-Iris Distance Was the Only Statistically Significant Factor Predicting the ECD
Change Rate

Univariable linear regressions evaluating the association between the ECD change rate
and independent factors revealed three statistically significant factors (Table 3): the final
ECD (B =8.70 x 1075 p <0.001), the TL (p = —0.0422, p = 0.047), and the TID ( = —0.0722,
p = 0.005). We included the latter two parameters in the multivariable regression analysis
but excluded the final ECD, since final values cannot be used to predict survival. We
also included the parameters found to be statistically significant in previous reports (TCD,
TCA, and ITC). The correlation matrix between independent variables showed a high
correlation between TCD and TCA (r = 0.78 via the Pearson method), which was above our
predetermined cut-off value of 0.7 (Figure S2). It was difficult to identify which variable
to include when comparing TCD and TCA because both showed moderate correlations
with TL (r = 0.55) and TID (r = —0.54), respectively. Hence, multivariable analyses were
performed twice after excluding either of them. In both regressions, TID was the only factor
that showed statistical significance regarding the ECD change rate (3 = —0.0684, p = 0.025
when TCD was excluded; = —0.0743, p = 0.015 when TCA was excluded; Table 4).
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Table 3. Univariable linear regressions regarding associations with ECD change rates.

Univariable Analysis

Variables B 95% Confidence Interval p-Value
Age (years) 1.10 x 107> [-1.34 x 1073,1.36 x 1073] 0.987
Sex (M/F) —4.30 x 1073 [—4.27 x 1072,3.41 x 1072] 0.825
Laterality (R/L) 3.40 x 1073 [-3.74 x 1072,3.74 x 1072] 0.999
AXL (mm) 1.70 x 10~* [-9.74 x 1073,1.01 x 1072] 0.973
CCT (um) —7.70 x 107> [—4.42 x 1074,2.88 x 107%] 0.676
Follow-up (years) —3.26 x 1073 [-1.17 x 1072,5.21 x 1073] 0.447
Preoperative IOP (mmHg) —2.52 x 10~* [—2.44 x 1073,1.93 x 1073] 0.819
Final IOP (mmHg) 2.89 x 1073 [-1.22 x 1073,7.00 x 1073] 0.166
Preoperative ECD(cells/mm?) —2.10 x 1073 [-5.70 x 1072, 1.40 x 1079] 0.232
Final ECD (cells/mm?) 8.70 x 10~ [6.40 x 1075,1.09 x 10~4] <0.001 *

Systemic disease

Hypertension 2.01 x 1072 [-1.75 x 1072,5.77 x 1072] 0.292
Tuberculosis —6.50 x 1073 [9.32 x 1072,8.02 x 1072] 0.882
Diabetes mellitus 2.64 x 1072 [-1.19 x 1072, 6.47 x 1072] 0.174
Hepatitis 9.97 x 1072 [-3.39 x 1072,2.33 x 107 1] 0.142
Cerebrovascular accident 5.60 x 1072 [-3.00 x 1072,1.42 x 1071] 0.199

Glaucoma
POAG 7.25 x 1073 [—3.02 x 1072, 4.47 x 1072] 0.702
Chronic angle-closure glaucoma 9.86 x 1073 [-1.01 x 1071, 1.21 x 1071] 0.860
Neovascular glaucoma 2.99 x 1072 [-3.02 x 1072, 8.99 x 1072] 0.326
Pigmentary glaucoma 7.35 x 1072 [-1.16 x 1071,2.63 x 107] 0.443
Pseudoexfoliation glaucoma —3.57 x 1072 [—1.46 x 1071,7.49 x 1072] 0.524
Secondary (d/t uveitis) —2.87 x 1072 [-8.65 x 102,291 x 1072] 0.326
Secondary other —1.27 x 1072 [—6.40 x 1072,3.87 x 1072] 0.626

Tube parameters
Tube length (mm) —4.22 x 1072 [—8.38 x 1072, —5.64 x 1074] 0.047 *
Tube—corneal distance (mm) —4.04 x 1073 [—4.41 x 1072,3.60 x 1072] 0.842
Tube-iris distance (mm) —7.22 x 1072 [-1.22 x 1071, —2.23 x 102] 0.005 *
Tube-corneal angle (°) 1.11 x 1073 [—4.94 x 1074,2.71 x 1073] 0.173
Insertion—iris distance (mm) —6.73 x 1072 [-1.35 x 1071, 5.87 x 1074] 0.052
Tube location (ST/SN) —6.53 x 1072 [-2.00 x 107 1,6.91 x 1072] 0.337
Anterior chamber parameters

ACD (mm) —2.37 x 1072 [—4.87 x 1072,1.33 x 1073] 0.063
ITC (%) —9.30 x 1072 [-7.19 x 1074,5.34 x 1074] 0.770
ACW (mm) 1.82 x 1072 [-2.27 x 1072,5.91 x 1072] 0.379
nasal AOD500 (um) 3.00 x 1073 [—4.10 x 107°,1.01 x 10%] 0.405
nasal AOD750 (um) 1.20 x 107> [—4.10 x 1072, 6.60 x 107°] 0.650
nasal ARA500 (m) 470 x 1075 [-1.20 x 107%,2.15 x 1074] 0.576
nasal ARA750 (um) 2.90 x 1075 [-7.20 x 1075,1.30 x 10%] 0.575
nasal TISA500 (um) 7.00 x 107> [-1.18 x 1074, 2.59 x 10~4] 0.461
nasal TISA750 (um) 3.60 x 107> [-7.20 x 107°,1.44 x 1074] 0.510
nasal TIA500 (°) 3.25 x 1074 [—7.94 x 1074,1.45 x 1073] 0.565
nasal TIA750 (°) 226 x 107 [-1.02 x 1073, 1.47 x 1073] 0.719
temporal AOD500 (pm) 3.10 x 1075 [-3.50 x 1072,9.80 x 10~7] 0.350
temporal AOD750 (pm) 1.50 x 107> [—3.40 x 1073, 6.50 x 107°] 0.540
temporal ARA500 (ptm) 9.70 x 1073 [-5.00 x 105,243 x 1074] 0.194
temporal ARA750 (m) 460 x 1075 [—4.50 x 10°,1.37 x 1074] 0.317
temporal TISA500 (pm) 9.50 x 1073 [—7.30 x 1075,2.62 x 104] 0.264
temp_TISA_750 (um) 4.70 x 1075 [-5.00 x 1075, 1.45 x 1074] 0.337
temp_TIA_500 (°) 3.73 x 10~* [—6.68 x 10~4,1.41 x 1073] 0.479
temp_TIA_750 (°) 402 x 1074 [—7.94 x 107%,1.60 x 1073] 0.506

AXL axial length, CCT central corneal thickness, IOP intraocular pressure, ECD endothelial cell density, POAG
primary open angle glaucoma, ACD anterior chamber depth, ITC iris trabecular meshwork contact, ACW anterior
chamber width, AOD angle opening distance, ARA angle recess area, TISA trabecular iris space area, TIA
trabecular iris angle, * p < 0.05
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Table 4. Multivariable linear regressions regarding associations with endothelial cell density change
rates. Due to the high collinearity between TCD and TCA, one or the other of these variables was
excluded when conducting multivariable analyses.

Multivariable Analysis (TCD Excluded) Multivariable Analysis (TCA Excluded)
Variables
B 95% CI p-Value B 95% CI p-Value
Tube parameters
B o [-780x1072, B o [-840x1072,
Tube length (mm) 3.71 x 10 400 x 10-7] 0.076 3.00 x 10 240 x 10-2] 0.269
. : B _,  [-6.60 x 1072,
Tube—corneal distance (mm) 1.13 x 10 440 x 10-2] 0.683
o B ,  [-128x 107, . B ,  [-134x107%, .
Tube-iris distance (mm) 6.84 x 10 ~9.00 x 10-3] 0.025 7.43 x 10 ~1.50 x 10-2] 0.015
~ o 3 5 [-2.00x 1073,
Tube—corneal angle (°) 3.52 x 10 2,00 x 10-3] 0.970
Anterior chamber parameters
0 B 5 [-100x 1073, B 5 [-100x 1073,
ITC (%) 6.25 x 10 1.00 x 10-3] 0.838 7.03 x 10 1.00 x 10-3] 0.818

CI, confidence interval; ITC, iris trabecular meshwork contact; * p < 0.05.

3.4. Determination of the Optimal Cut-Off Value for TID

In our first approach, implemented to inspect the optimal cut-off values for TID,
consecutive Cox proportional hazard analyses were conducted over every potential cut-off
value between 0.01 mm and 1.25 mm at 0.01 mm intervals (Figure 2A). All cut-off values
between 0.28 mm and 0.65 mm showed statistical significance regarding predicting survival
(p <0.05), while a TID of >0.33 mm showed the smallest p-value (p = 0.0087) and the largest
impact (HR = 2.39). In our second approach, a univariable logistic regression model using
TID as the independent variable showed an AUC of 0.662. An optimal cut-off value of
0.371 mm was determined by finding the point of contact of a line with a slope of 1 on the
ROC curve. The sensitivity and specificity associated with this value were 0.553 and 0.769,
respectively (Figure 2B).

3.5. Comparison between Patients with Short and Long TID

We also divided patients into two groups to draw KM curves based on TID val-
ues, with 0.33 mm and 0.371 mm as the respective cut-off values (Figure 3). The me-
dian survival times of patients with a TID of <0.33 mm, a TID of <0.371 mm, a TID of
>0.33 mm, and a TID of >0.371 mm were 8.66 years (95% CI, 4.82-inf), 7.44 years (95% CI,
4.68-inf), 4.28 years (95% CI, 3.73-6.78), and 4.39 years (95% CI, 3.73-6.90), respectively.
KM survival curves of short and long TID showed statistically significant differences re-
garding either cut-off value (cut-off, 0.33 mm, p = 0.00682 by the log-rank test; cut-off,
0.371 mm, p = 0.0459 by the log-rank test). Postoperative final IOP values were also
compared via t-tests and did not show any differences between short and long TIDs (cut-
off, 0.33 mm, 14.36 £ 4.01 mmHg vs. 13.83 + 5.34 mmHg, p = 0.569; cut-off, 0.371 mm,
14.33 & 4.03 mmHg vs. 13.84 + 5.45 mmHg, p = 0.612; Table S1).

We also thoroughly reviewed medical records to examine uveitis onset after AGV
implantation. Of those not initially diagnosed with secondary glaucoma due to uveitis,
only one patient had postoperative uveitis, with a TID of 0.05 mm (Table S2). No significant
differences in uveitis incidence between patients with short and long TID were identified
(p = 1.00).

3.6. IID/TCA Was Significantly Associated with ECD Change Rate

We additionally conducted several univariable linear regressions to inspect associa-
tions between variables related to the tube—corneal angle or distance and the ECD change
rate. Only IID/TCA was significantly associated with the ECD change rate, with a negative
coefficient (3 = —1.2467, p = 0.021, Table S2).
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4. Discussion

In our study the mean ECD change rate after tube insertion was —4.26 4= 9.49 (%/year),
showing similar or less ECD change rate with some minimally invasive glaucoma surgeries.
For instance, Oddone et al. conducted a study regarding XEN implants and reported a
mean ECD reduction of —5.6% per year and Ibarz-Barbera et al. reported —7.4% ECD loss
after PRESERFLO implantation [23,24].

However, our study adopted the hypothesis that not all glaucoma patients show ECD
decline after AGV implantation [18]. The proportion of patients classified into the ECD re-
duction group was 36.9%, comparable to that reported by Lee et al. (32.3%). The mean ECD
change rate in those patients without ECD reduction was 0.72 &+ 5.42 (%/year), which is sim-
ilar to that of patients receiving glaucoma medication without undergoing surgery reported
by previous studies from South Korea (—3.7 & 5.2%/year and —0.1 + 2.4%/year) [6,9]. This
supported our a priori hypothesis. In agreement with a previous study [16], univariable
linear regression showed no significant associations between the ECD change rate and
glaucoma type, including uveitic glaucoma.

Several variables (TCD, TCA, ITC) that had a statistically significant effect on ECD
loss in previous studies were found to be non-significant. A low TCD was correlated with
increased ECD loss in a multivariable analysis performed by Koo et al. [17]. However,
collinearity between independent variables was not checked in that study, although this
is encouraged before applying linear regression analyses, especially when the purpose
is to obtain a lean and operationalized model [25]. In our study, TCD and TCA showed
a high correlation (r = 0.78), which surpassed our prespecified cut-off of 0.7 (adopted
from Donath et al.) [21]. Thus, either variable was excluded from our multivariable-
adjusted models, which might account for the differences between the study by Koo et al.
and this one. Different TCD distributions could also underlie these contrasting findings.
Secondly, unlike a recent study by Lee et al. in which TCA was found to be a strong
factor for predicting ECD loss, our study did not find the significance of TCA in linear
regressions. Only the statistical significance of TCA in a comparative f-test evaluating
differences between Groups A and B demonstrated the same tendency. This discrepancy
might arise from differences in the sample distribution. Our population showed a wider
TCA distribution, with a standard deviation twice as large as that detected by Lee et al.
Lastly, a higher PAS was previously reported to correlate with a smaller central ECD [19].
Therefore, we subjected the ITC variable to multivariable linear regression, but the results
were non-significant. This implies that the ITC might show significance in cross-sectional
but not in time-series data, but this should be confirmed in future research.

We used two different methods to determine the optimal cut-off value for TID for
predicting endothelial cell damage. Both methods provided a similar value and the log-rank
tests using either of them were significant. The median survival time of the short TID group
showed an infinite upper limit for the 95% confidence interval (CI). However, we believe
that this finding was due to only a few patients showing large ECD losses in the short TID
group, and therefore spurious.

To the best of our knowledge, this study is the first to consider the AGV insertion site
as a tube parameter. In a fixed ocular structure, the insertion—iris distance, tube—corneal
angle, and tube length are the only variables necessary to calculate the distance from the
tube tip to the iris. Therefore, we assert that the TID is an important endpoint variable that
can be expressed as a function of eye structure, IID, TCA, and TL values. The fact that TCA
does not show statistical significance regarding the ECD change rate can be understood in
this context. With a fixed TCA, the TID increases or decreases with the IID. We investigated
this issue by conducting univariable linear regressions using combinations of variables
(Table S2). AXL and ACW were included as representations of the eye structure. Only
the IID/TCA ratio showed a significant correlation with the ECD change rate. A negative
coefficient regarding the ITD/TCA ratio implies that, for the purpose of ECD preservation,
when the IID is fixed, it is better to have a larger TCA, and when the TCA is fixed, it is
better to have a smaller IID.
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Our study has additional limitations. First, the sample enrolled comprised a relatively
homogenous group of patients who were conservatively selected. However, the study was
not pre-planned and selection bias could not be avoided due to its retrospective nature.
Moreover, we did not include control groups but instead classified patients according to
ECD change rates, which might have affected our result. This limitation was compensated
by comparing the ratio of patient numbers and the mean ECD change rate in each group
with findings from previous studies. Second, the frequencies and intervals of specular
microscopic examinations differed among patients. Therefore, we calculated the slope of
the ECD change over time using linear regression to compare the most appropriate ECD
change rate between patients. Third, it has been reported that tube parameters in AS-OCT
images can present differences over time [26]. Although we did not measure multiple
AS-OCT images from each patient, further studies should consider this possibility. Lastly,
we evaluated only the central region of the cornea for ECD calculation, but it has been
shown that the peripheral area, especially the superotemporal area, is susceptible to greater
ECD loss [6,17,18]. A plausible mechanism for this finding is that progenitor cells from
the peripheral endothelium are more affected by jet flow or turbulence when the tube
is inserted [27]. Additional prospective studies evaluating ECD in the entire cornea and
considering the tube parameters evaluated here will provide more comprehensive insights.

Despite these limitations, the long follow-up duration, which is essential for observing
ECD changes over time, is a substantial strength of our study. The mean follow-up time was
4.09 £ 2.20 years, which is higher than that from several previous studies (3 years, Tan et al.;
29.30 & 14.67 months, Lee et al.; 2.5 £ 2.6 years, Koo et al.; 2 years, Lee et al.) [6,16-18].

5. Conclusions

In conclusion, our study suggests that TID is a feasible surrogate marker for surgeons
to monitor during AGV implantations. We have shown that the TID can be determined
as a function of the eye structure, the IID, the TCA, and the intracameral TL. The optimal
cut-off value for the TID was found to be either 0.33 mm or 0.371 mm (depending on
the methodology). Thus, our findings suggest that the tube should be inserted close
enough to the iris to make the TID shorter than the cut-off value. Our findings guide
future research directions and inform medical guidelines regarding surgical planning and
follow-up protocols.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11175057 /s1, Figure S1: Results of consecutive t-tests determin-
ing the optimal cut-off value for the endothelial cell density (ECD) change rate; Figure S2: Correlation
heatmap matrix between a range of independent variables; Table S1: Comparison of postoperative
IOP and uveitis incidence between patients with short TID and long TID; Table S2: Combinations of
variables related to tube-corneal angle were used for additional univariable linear regression analyses.
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Abstract: Aims: To evaluate the outcomes of ultrasound cyclo plasty (UCP) for primary open-angle
glaucoma (POAG) and identify the predictors of failure. Methods: This retrospective cohort study
included patients with POAG who underwent UCP at King Abdul Aziz University Hospital, Riyadh,
Saudi Arabia, between 2016 and 2021. The main outcome measures were the intraocular pressure
(IOP), the number of antiglaucoma medications, and the presence of vision-threatening complications.
The surgical outcome of each eye was based on the main outcome measures. Cox proportional
hazard regression analysis was performed to identify the possible predictors of UCP failure. Results:
Sixty-six eyes of fifty-five patients were included herein. The mean follow-up period was 28.95 (£16.9)
months. The mean IOP decreased significantly from 23.02 (46.1) to 18.22 (£7.0) and 16.44 (45.3)
mm Hg on the 12th and 24th months, respectively; the mean number of antiglaucoma medications
decreased significantly from 3.23 (£0.9) to 2.15 (£1.5) and 2.09 (£1.6), respectively. The cumulative
probabilities of overall success were 71.2 £ 5.6% and 40.9 + 6.1% on the 12th and 24th months,
respectively. High baseline IOP and the number of antiglaucoma medications were associated with
a higher risk of failure (hazard ratio = 1.10 and 3.01, p = 0.04 and p < 0.01, respectively). The most
common complications were cataract development or progression (30.8%) and prolonged or rebound
anterior chamber reaction (10.6%). Conclusions: UCP reasonably controls the IOP and reduces the
antiglaucoma medication burden in eyes with POAG. Nevertheless, the success rate is modest, with
a high baseline IOP and number of medications.

Keywords: glaucoma; ciliary body; ultrasound cyclo plasty; primary open-angle glaucoma

1. Introduction

Glaucoma is a group of ocular disorders characterised by progressive damage of retinal
ganglion cells and the optic nerve. It is the leading cause of irreversible blindness, affecting
nearly 80 million people worldwide, and this number is expected to reach 111.8 million
by 2040 [1]. The significant morbidity of glaucoma presents remarkable health, societal,
and economic burden [2]. Primary open-angle glaucoma (POAG) is the most common type
of glaucoma, accounting for 60-90% of glaucoma cases across different ethnic groups but
far less in the Saudi population (12.8%) [1,3,4]. Several studies have demonstrated that
lowering the intraocular pressure (IOP) is the principal factor for reducing the glaucoma
progression rate and for preserving sight. The traditional treatment algorithm aims to
achieve a balance between aqueous humour inflow and outflow by decreasing production
and/or increasing drainage and, therefore, IOP control. When topical medications or laser
therapy do not achieve adequate IOP control, incisional surgery should be considered.
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However, the postoperative complications should be taken into consideration before pro-
ceeding with such an option. Another option to reduce aqueous humour production is by
destroying the ciliary body using different physical methods, such as laser therapy and
cryotherapy [5,6]. However, the non-selective action of such cyclodestructive procedures
over the target tissues and the arbitrary dose—effect relationship have resulted in significant
risks of chronic hypotony, phthisis, uveal inflammation, macular oedema, and retinal
detachment [7-9].

Ultrasound cyclo plasty (UCP) has been developed to achieve selective and controlled
thermal effects on the ciliary body using high-intensity focused ultrasound. This procedure
enables good tissue targeting and precise temperature control, resulting in the remod-
elling of the ciliary body by removing the epithelium and preserving the blood-aqueous
barrier [10]. Both the miniaturised transducers and the circular-shaped probe matching
the three-dimensional anatomy of the ciliary body allow correct focusing on the target
tissue. Several studies reported encouraging results regarding the safety and efficacy of
UCP [11-17]. Nevertheless, reports on the outcome of such a procedure in a major glau-
coma type, such as POAG, which is a leading cause of blindness worldwide, are limited.
We have previously described the outcomes of UCP in patients with different glaucoma
types [16]. Since the literature lacks studies focusing on the outcomes of UCP in a major
glaucoma type such as POAG, we were interested in evaluating the outcomes of UCP for
uncontrolled POAG.

2. Materials and Methods

This retrospective study was approved by the institutional review board of King Saud
University (E-22-6738), which is a part of a larger study on the outcomes of UCP, and all
procedures adhered to the tenets of the Declaration of Helsinki. We reviewed the medical
records of patients with POAG who underwent UCP between May 2016 and May 2021 at
King Abdul Aziz University Hospital, Riyadh, Saudi Arabia. The inclusion criteria were as
follows: medically uncontrolled IOP of > 21 mm Hg despite maximum tolerated antiglau-
coma medications; glaucomatous optic nerve head damage and open angle on gonioscopy;
and a minimum follow-up period of 6 months. Meanwhile, the exclusion criteria were as
follows: normal-tension glaucoma; secondary open-angle glaucoma; pregnancy; use of
systemic medications that could affect the IOP; history of either refractive surgery, retinal
detachment, or ocular tumour; and ocular infection 2 weeks prior to UCP. We followed the
previous methods described by Almobarak et al. [16].

2.1. Surgical Methods

All procedures were performed using the EyeOP1 device (Eye Tech Care, Rillieux-la-
Pape, France). The device consists of a single-use sterile pack, including a coupling cone
and treatment probe of three sizes based on the biometric eye readings to best adapt to the
eye, and a compact operator console. The surgeon’s name and the patient’s demographic
data were registered, followed by the connection of the selected probe to the console.
Thereafter, the machine automatically detected the probe, and the suction test began after
clumping the suction probe. One of several staff glaucoma specialists credentialed for
the procedure performed the surgery under peribulbar anaesthesia. The coupling cone
was placed and adjusted on the centre of the patient’s eye by visualising an equal white
scleral ring surrounding the cornea. The coupling cone was kept in place via vacuum
suction activated using a foot pedal and was then filled with a balanced salt solution to
allow ultrasound transmission. A second-generation probe, consisting of six piezoelectric
transducers, was used for all patients. The transducers were automatically activated at a
frequency of 21 MHz and an acoustic power of 2.45 W, with an 8-s duration for each sector
and a 20-s pause between each treatment to allow complete evacuation of heat. The UCP
procedures were performed by authors FA, EO, and SA. Postoperatively, all patients were
treated with topical prednisolone drops four times a day for 1 week, with the frequency
tapered gradually on a weekly basis. Antiglaucoma drops were resumed postoperatively
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based on the surgeon’s preference according to the case severity and IOP. The IOP was
measured using the Goldmann applanation tonometer. The postoperative visits considered
for this study were those conducted on the first postoperative day and at 2 to 4 weeks, 3
months, 6 months, 9 months, 12 months, 18 months, and 24 months.

2.2. Data Analysis

Pre- and postoperative data were collected for the following variables: age, sex,
IOP, number of antiglaucoma medications, best-corrected visual acuity converted into
logarithm of minimal angle of resolution (logMAR) format, time to failure, postoperative
complications, and the need for subsequent pressure-lowering procedures to control the
IOP. The variables were evaluated using Student’s {-test and the Wilcoxon rank test. Kaplan—
Meier life table analysis was performed to estimate the success rate over the postoperative
period and is presented as percentages + standard errors. Success was classified as follows:
(i) overall success (IOP reduction of >20% from the baseline level and IOP between 6 and
21 mm Hg with or without antiglaucoma medications); (ii) complete success (IOP reduction
of >20% from the baseline level and IOP between 6 and 21 mm Hg without antiglaucoma
medications); (iii) qualified success (the same as absolute success but with antiglaucoma
medications); and (iv) failure (when any of the following develops: IOP reduction of <20%
from the baseline level and IOP of >21 mm Hg despite maximum tolerated antiglaucoma
medications on two visits, persistent hypotony (IOP of <5 mm Hg) on two visits causing
hypotony maculopathy, the need for a higher number of glaucoma medications compared
with the preoperative baseline, loss of vision due to glaucoma progression, postoperative
vision-threatening complications, or the need for further glaucoma procedures to control
the IOP, including a repeat UCP). IOP spikes were considered when the IOP was more than
30 mm Hg or increased by >10 mm Hg compared with the preoperative baseline. Hazards
ratios (HRs) and confidence intervals (CIs) were calculated using the Cox proportional
hazard regression analysis to evaluate the impact of the baseline characteristics on survival.
The variables were presented as means and standard deviations, and p-values of <0.05
were considered statistically significant. Statistical analyses were performed using SPSS
version 23 (IBM Corp., Armonk, NY, USA).

3. Results

The study included 66 eyes of 55 patients. A flow chart is displayed in Figure 1.
Twenty-nine eyes received previous glaucoma surgery, while 31 eyes received previ-
ous non-glaucoma surgery, mostly cataract surgery. The mean follow-up period was
28.95 (+16.9) months. Thirty-nine eyes were pseudophakic, while the remaining eyes were
phakic and aphakic (Table 1). Among the 26 phakic eyes, 21 showed cataractous changes
before surgery.

[66 eyes with POAG underwent UCP }

N =10 lost follow-up

N = 6 needed repeat glaucoma
surgery

N =3 had IOP > 21 mmHg despite
maximum medications

{ 47 eyes at 12 months after UCP }

N =13 lost follow-up
N =7 needed repeat glaucoma
surgery

[ 27 eyes at 24 months after UCP }

Figure 1. Flow chart of the study. UCP: Ultrasound cyclo plasty.
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Table 1. Characteristics and ocular history *.

Variable (N = 66)
Age at the time of surgery, year ** 60.77 (+£12.8)
Sex **
Male 31 (53.0%)
Female 24 (47.0%)
Previous glaucoma surgery
Yes 29 (43.9%)
No 37 (56.1%)
Frequency of glaucoma surgery
27 (40.9%)
2 2 (3.0%)
Type of previous glaucoma surgery +
Trabeculectomy + MMC = Phaco + PCIOL 11
Deep sclerectomy + MMC =+ Phaco + PCIOL 11
Cyclophotocoagulation 4 Phaco + PCIOL 5
Ahmed implant 2
Canaloplasty + MMC =+ Phaco + PCIOL 1
Previous non-glaucoma surgery
Yes 31 (47.0%)
No 35 (53.0%)
Type of previous non-glaucoma surgery *
Phaco + PCIOL 28
Pars plana vitrectomy 3
Lens status
Phakic 26 (39.4%)
Pseudophakic 39 (59.1%)
Aphakic 1(1.5%)
Axial length, mm 24.50 (£2.5)
White-to-white, mm 11.84 (+£0.5)
Cone size used
11 3 (4.5%)
12 32 (48.5%)
13 31 (47.0%)

* Data are presented as means (£SDs) and frequencies (%). Numbers are per eye. ** Numbers are per patient.
+ Number represents the frequency of overall surgeries, including repeat surgeries. MMC: Mitomycin C. Phaco:
Phacoemulsification. PCIOL: Posterior chamber intraocular lens implantation.

The mean IOP decreased significantly from 23.02 (£6.1) to 18.22 (£7.0), 16.39 (+4.4),
and 16.44 (£5.3) mm Hg on the 12th, 18th, and 24th months, respectively; the mean number
of antiglaucoma medications decreased significantly from 3.23 (£0.9) to 2.15 (£+1.5), 2.00
(£1.6), and 2.09 (£1.6), respectively; both parameters decreased throughout the follow-up
period (p < 0.01) (Figure 2). There was a significant change in the mean logMAR during the
first day and the third month postoperatively (Table 2). The most common postoperative
complications were cataract development or progression in 8 eyes out of 26 phakic eyes
(30.8%), of which 6 eyes (23.1%) required cataract surgery; prolonged or rebound anterior
chamber reaction in 7 eyes (10.6%); hypotony with choroidal detachment in 2 eyes (3.0%);
and macular oedema in 2 eyes (3.0%) (Table 3).
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Table 2. IOP, number of antiglaucoma medications, and logMAR.

Preoperative Baseline p-Value
IOP, mm Hg 23.02 (+£6.1) -
No. of medications 3.23 (£0.9) -
LogMAR 0.67 (£0.7) -
No. of eyes - -
1 day postoperative
IOP, mm Hg 15.10 (£6.1) <0.01
IOP reduction (%) 34.82% -
No. of medications 1.25 (£1.3) <0.01
LogMAR 0.73 (£0.8) 0.02
No. of eyes 66 -
1 month postoperative
IOP, mm Hg 16.54 (£5.5) <0.01
IOP reduction (%) 28.84% -
No. of medications 1.67 (£1.4) <0.01
LogMAR 0.83 (+0.9) 0.12
No. of eyes 66 -
3 months postoperative
I0P, mm Hg 17.20 (£6.7) <0.01
IOP reduction (%) 32.36% -
No. of medications 1.82 (£1.4) <0.01
LogMAR 0.90 (£1.0) 0.03
No. of eyes 64 -
6 months postoperative
IOP, mm Hg 17.04 (£5.5) <0.01
IOP reduction (%) 41.07% -
No. of medications 1.83 (£1.5) <0.01
LogMAR 0.78 (£0.9) 0.16
No. of eyes 64 -
9 months postoperative
IOP, mm Hg 15.60 (£4.8) <0.01
IOP reduction (%) 42.03% -
No. of medications 1.90 (£1.5) <0.01
LogMAR 0.78 (£0.9) 0.18
No. of eyes 58 -
12 months postoperative
IOP, mm Hg 18.22 (£7.0) <0.01
IOP reduction (%) 35.51% -
No. of medications 2.15 (£1.5) <0.01
LogMAR 0.64 (+0.7) 0.55
No. of eyes 47 -
18 months postoperative
IOF, mm Hg 16.39 (+£4.4) <0.01
IOP reduction (%) 39.57% -
No. of medications 2.00 (£1.6) <0.01
LogMAR 0.63 (£0.9) 0.37
No. of eyes 38 -
24 months postoperative
IOF, mm Hg 16.44 (£5.3) <0.01
IOP reduction (%) 38.04% -
No. of medications 2.09 (£1.6) <0.01
LogMAR 0.64 (+1.0) 0.7
No. of eyes 27 -

Data are presented as means (+SDs). P-values are calculated using the Wilcoxon test and Student’s t-test. IOP:
Intraoculr pressure, logMAR: logarithm of minimal angle of resolution.
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Figure 2. Changes in IOP and antiglaucoma medications.

Table 3. Postoperative complications following ultrasound cyclo plasty *.

Complication Number (%)
Cataract development or progression # 8(30.8)
Prolonged or rebound anterior chamber reaction 7 (10.6)
Hypotony or choroidal detachment 2(3.0)
Macular oedema 2 (3.0
1OP spike of >30 mm Hg 1(1.5)
Corneal abrasion 1(1.5)

* Numbers are per eye. + Percentage out of phakic eyes.

The cumulative probabilities of overall success were 71.2 & 5.6%, 57.6 & 6.1%, and
40.9 £ 6.1% on the 12th, 18th, and 24th months, respectively (Figure 3). The complete
success rates were 78.6 &= 11.0%, 64.3 & 12.8%, and 57.1 £ 13.2%, while the qualified success
rates were 79.4 £ 6.9%, 67.6 + 8.0%, and 50.0 =+ 8.6% on the 12th, 18th, and 24th months,
respectively. The Cox proportional hazard analyses of survival showed that the baseline
IOP (HR = 1.10, 95% CI = 1.00-1.12, p = 0.04) and number of antiglaucoma medications
(HR =3.01, 95% CI = 1.61-5.60, p < 0.01) were both significant risk factors for failure. Age,
sex, axial length, white-to-white diameter, history of old glaucoma surgery, and history of
old non-glaucoma surgery were not significant risk factors for failure (Table 4).
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Figure 3. Kaplan-Meier survival curve showing the cumulative probability of success.

Table 4. Cox proportional hazard regression analysis.

Predictor HR 95% CI p-Value
Age 0.99 0.97-1.01 0.62
Sex 1.16 0.69-1.97 0.58
Baseline IOP 1.10 1.00-1.12 0.04
Baseline no. of medications 3.01 1.61-5.60 <0.01
Old glaucoma surgery 1.18 0.70-1.98 0.54
Old non-glaucoma surgery 0.64 0.37-1.10 0.11
Axial length 0.99 0.85-1.15 0.92
White-to-white-diameter 0.78 0.40-1.50 0.78

HR: Hazard ratio; CI: Confidence interval; IOP: Intraocular pressure.

In total, 16 eyes (24.2%) failed because of the following: 13 eyes (19.7%) had an uncon-
trolled IOP requiring further glaucoma surgery (3 eyes required a second glaucoma surgery
to control the IOP), and 3 eyes (4.5%) had glaucoma progression with an uncontrolled IOP
(1 eye had complete loss of vision) (Table 5). The mean time to failure was 11.73 (£6.2;
range = 2.10-23.98) months. Most failures occurred 6 months after UCP.
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Table 5. Eyes needing repeat glaucoma surgery.

First Repeat Surgery 1;;2::121:: é&ii:ﬁt Second Repeat Surgery Tim;rsoi?:;:?: (l;j[rj;gle)peat
Ahmed implant 19.3
Phaco + PCIOL * + ECP ** 8.8 Cydothiftro"C%‘;gsla ton 12
Ahmed implant 19.3
Deep sclerectomy + MMC # 11.5
Trabeculectomy + MMC 7.8
Ahmed implant 19.3
Deep sclerectomy + MMC 12.7
Deep sclerectomy + MMC 12.2 Ahmed implant 24
trabzk;ii(e)c:oIr;c;E—)IiA-'i\d C 6.2 Trabeculectomy + MMC 6
Micropulse ) 8.8
cyclophotocoagulation
Express shunt + MMC 12.3
Express shunt + MMC 10.1
Cyclophotocoagulation 239

* Phacoemulsification with posterior chamber intraocular lens implantation; ** Endoscopic cyclophotocoagulation;
+ Mitomycin C.

4. Discussion

The current study showed that UCP was safe and effective for significantly reducing
the IOP in patients with POAG. There were significant differences in the IOP and antiglau-
coma medication burden on the 6th, 12th, 18th, and 24th months after a single UCP. The rate
of IOP reduction ranged between 28.8% and 42.0% throughout the follow-up period, and
the IOP was <18 mm Hg. Although the number of antiglaucoma medications decreased
significantly after UCP, a gradual increment was needed to maintain a controlled IOP.
We have previously described the outcomes of UCP in patients with different glaucoma
types [16]. However, we were interested in evaluating the outcomes in POAG, a major
and leading type of blindness worldwide. Certain variations in the IOP reduction and
success rates might exist among different glaucoma entities. Giannaccare et al. reported a
37.8% IOP reduction in eyes with angle-closure glaucoma compared with 20.0% in eyes
with POAG and 26.2% in eyes with neovascular glaucoma (NVG) after 6 months [15].
Meanwhile, Hu et al. reported higher IOP reduction and success rates in eyes with primary
angle-closure glaucoma (PACG) (36.1% reduction and 80.0% success) than in eyes with
POAG (17.7% reduction and 55.6% success), NVG (18.6% reduction and 29.2% success),
and traumatic glaucoma (21.6% reduction and 50.0% success) after 3 months [18]. Our
3rd- and 6th-month IOP reduction and success rates are higher than those in both of these
studies. Nevertheless, both studies included eyes with refractory glaucoma, and such
differences in the IOP reduction and success rates might be attributed to the differences
in the ultrasound exposure, number of treated sectors, and baseline IOP. On the contrary,
Torky et al. reported a 100% success rate of UCP as a primary intervention for both PACG
(10 eyes) and POAG (13 eyes) after 12 months in a group subjected to the same treatment
conditions; this rate was lower than that for NVG and uveitic glaucoma, suggesting that
secondary glaucoma would have less IOP control [13]. The reduction in aqueous produc-
tion in secondary glaucoma seems insufficient to compensate for the impaired trabecular
drainage pathway. However, the outcomes of UCP seem to be comparable with those of
interventions for heterogeneous groups of glaucoma entities. Moreover, the differences in
success rates between eyes with POAG and our study is attributed to the big difference
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in sample size. In their study that included 52 eyes, Denis et al. reported comparable
12-month IOP reduction and success rates of the entire group (36.0% reduction and 48.0%
success) compared with those for eyes with POAG (33.9% reduction and 45.0% success)
at a 6-s exposure time [12]. Rouland et al. compared the IOP reduction rate between their
overall study population and POAG groups, including patients with eyes with refractory
glaucoma; they showed 31.0% and 29.0% 12-month IOP reduction rates and a 33.0% 24-
month IOP reduction rate in both groups [19]. The IOP reduction rate in our study is
comparable with that in previous studies; nevertheless, both studies maintained the same
protocol of antiglaucoma medications, and there was no significant change in the burden
of medications. The IOP reduction rate in our study is also comparable with that in other
studies that included patients with POAG as the majority of their study population. In their
study that included 26 patients with POAG, Aptel et al. reported a 30% IOP reduction at 12
months, where the IOP decreased from 28.8 to 19.6 mm Hg, while the number of antiglau-
coma medications decreased from 3.6 to 3.1 [11]. Sarmento et al. reported a 12-month IOP
reduction rate of 45.6% and an overall success rate of 100% in 14 eyes, where UCP was
repeated for better IOP control [20]. Indeed, the IOP control and success rates vary among
different studies, which is understandable owing to the differences in the study protocols,
success criteria, glaucoma types included, baseline IOP and maintenance of antiglaucoma
medications, and acceptance of repeat UCP as an enhancement rather than a failure of
the initial UCP procedure. However, UCP seems to yield favourable outcomes for POAG.
Notably, eyes with higher baseline IOP and antiglaucoma medication burdens are more
prone to failure than their counterparts. Indeed, most previous studies have shown a high
IOP reduction rate, reaching 30-40%, while almost maintaining the same antiglaucoma
medications. However, such reductions might not be sufficient to reduce the IOP to a
level deemed safe to prevent further glaucomatous progression and disc damage in the
case of a high baseline IOP, even while maintaining antiglaucoma medications. It is not
clearly known if subjecting more ciliary epithelium to ultrasound exposure would result in
better IOP control. Hu et al. reported an initial better IOP reduction when exposing the
ciliary epithelium to eight sectors of ultrasound than to six sectors; however, such an effect
disappeared immediately thereafter and became insignificant [18]. Exposing more ciliary
epithelium to coagulative necrosis would further decrease aqueous production, but such an
effect is temporary, and the remaining epithelium would compensate for such production.
Interestingly, most failures occurred after 6 months because of the high IOP. An explanation
is that UCP might yield better initial coagulation of the ciliary body, while inflammatory
mediator release would stimulate the uveoscleral pathway; therefore, UCP better reduced
the IOP and burden of medications. Nevertheless, re-epithelisation and gradual narrowing
of the stimulated uveoscleral pathway will contribute to failure in the future [10,11,21,22].

The most common postoperative complications in our study were cataract develop-
ment or progression, prolonged or rebound anterior chamber reaction, hypotony with
choroidal detachment, and macular oedema. All these complications were non-vision-
threatening complications and shared a common predisposing factor, which is the release
of inflammatory mediators after the disruption of the blood—aqueous barrier induced by
ciliary epithelium coagulative necrosis. Such inflammatory mediators will spread to the
anterior chamber and result in inflammation and cataract development or progression,
stimulate the uveoscleral pathway and result in choroidal detachment with hypotony, or
spread to the vitreous humour and result in the development or aggravation of macular
oedema [16,17].

5. Conclusions

Although the current study had the limitations inherent in any retrospective study, it
is the first to evaluate the outcomes of UCP for a major glaucoma entity, such as POAG.
A significant IOP control and reduction of the antiglaucoma medication burden can be
achieved with UCP. However, such effects could be less in cases of higher baseline IOP and
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antiglaucoma medication burden. Therefore, counselling patients with such conditions
regarding the need for enhancement or other surgical modalities is recommended.
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