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Abstract

Glaucoma, a leading cause of irreversible vision loss worldwide, is managed by reducing
intraocular pressure (IOP) using medications, lasers, or surgical procedures. While traditional
glaucoma surgeries are highly efficacious, potential complications have led to the search for safer
yet effective alternatives. Over the past decade, minimally invasive or micro-invasive glaucoma
surgery (MIGS) has emerged as a revolutionary strategy to not only reduce I0P, but also
medication burden while minimizing surgical risks. This article provides a comprehensive review
of both approved and investigational MIGS procedures, focusing on their key features and clinical
outcomes. The American Glaucoma Society Classification of MIGS is used as a framework for
analysis. MIGS as both a standalone procedure and in combination with cataract extraction are
reviewed. Only a subset of MIGS procedures have undergone rigorous evaluation in randomized
clinical trials, and prospective data directly comparing different MIGS techniques are limited.
High-quality studies will be essential to guide clinicians in determining the optimal approach to
incorporating MIGS into their surgical paradigm. MIGS is a dynamic, evolving field that will
continue to provide a plethora of surgical options with the goals of safety, efficacy, and rapid
visual recovery for glaucoma patients.

1. Introduction

Reduction of intraocular pressure (IOP) is the sole evidence-based treatment strategy in
preventing the progression of glaucomatous disease.1~® Traditional glaucoma filtration
surgery to reduce 10P includes trabeculectomy and tube shunt surgery. While
trabeculectomy is widely regarded as the most effective method for achieving low 10P,%: 7
tube shunt surgery has been shown by recent randomized clinical trials to be as effective in
eyes with or without previous intraocular surgery.”~2 However, the risk of sight-threatening
complications, potential decrease in quality of life, and prolonged recovery periods
associated with traditional filtering surgery has prompted the search for safer and effective
surgical techniques.® 10
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Minimally invasive or micro-invasive glaucoma surgery (MIGS) represents a paradigm shift
in surgical glaucoma management. While one of its primary goals is IOP reduction, a

major focus is also a reduction in glaucoma medications. These features are in addition to
minimizing surgical risks and complications typically associated with traditional glaucoma
filtration surgeries.1 MIGS procedures tend to focus on enhancing the conventional outflow
pathway instead of bypassing this system. Saheb and Ahmed proposed five essential
properties that should characterize MIGS treatments: an ab /nterno approach via a clear
corneal incision to preserve the conjunctiva, utilization of procedures that minimize damage
to the target tissue, an effective reduction in 0P that validates the approach, a superior
safety profile compared to other glaucoma surgeries, and a swift recovery with minimal
disruption to the patient’s quality of life.12 In 2018, the American Glaucoma Society (AGS)
defined MIGS as procedures “designed to lower IOP by improving aqueous outflow with
minimal disruption to the sclera or conjunctiva with or without an implanted device, or by
reducing aqueous production selectively.”13

The current definition of MIGS encompasses four anatomical categories.1?: 13 The

first involves improving trabecular outflow by targeting trabecular meshwork (TM) and
Schlemm’s canal (SC). The second category focuses on enhancing uveoscleral outflow
through a connection between the anterior chamber and the suprachoroidal space. The
third category involves creating an alternative outflow pathway for aqueous humor to
enter the subconjunctival space. Finally, a cilioablative category may be considered, which
includes procedures that reduce aqueous inflow by selectively ablating the ciliary body (i.e.,
cyclophotocoagulation).14-16 |n addition to these anatomical categories, MIGS can also be
characterized based on the surgical approach, (i.e., ab internovs. ab externo) and their
association with the formation of a subconjunctival bleb (i.e., bleb forming vs. non-bleb
forming).lz' 13,17

The efficacy of MIGS procedures in different stages and types of glaucoma, long-term
outcomes, and comparative efficacy to traditional glaucoma surgeries and medical therapies
are ongoing areas of investigation.3: 14 Clinical studies and real-world data are being
collected to evaluate patient selection criteria, timing of MIGS procedures, and combined
approaches with other treatment modalities. In this review, we present a comprehensive
overview of both currently approved MIGS procedures as well as investigational devices,
focusing on their key features and clinical outcomes (Table 1). We compare the advantages
and potential limitations associated with each approach. To ensure a structured and
comprehensive analysis, we have adhered to the AGS classification of MIGS devices.13

Non-Bleb Forming, Trabecular Meshwork Canal Implants

iStent (First Generation)

The first-generation iStent (Glaukos, Laguna Hills, CA) was approved by the Food and
Drug Administration (FDA) in 2012 for use in patients with mild to moderate open-angle
glaucoma (OAG) or ocular hypertension as well as cataract.18 It consists of an L-shaped
heparin-coated titanium implant, with a snorkel-shaped inlet positioned in the anterior
chamber. It is the smallest implant approved for human use, measuring 1.0 mm in length,
0.33 mm in height, and a diameter of 120 pm.18 19 Implantation typically follows cataract
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surgery, and involves an ab interno approach through a temporal clear corneal incision.
The stent is positioned through the TM and into SC using a preloaded inserter, creating a
pathway for aqueous humor to flow into the conventional outflow pathway.2%: 21 Advances
to the injector technology allowed multiple first generation iStents to be inserted, spaced
approximately 1 to 3 clock hours apart to enhance treatment effect.22 23

The iStent offers the advantage of being highly compatible with cataract surgery in
individuals with mild to moderate glaucoma, resulting in a modest reduction in IOP

and a decrease in glaucoma medications.?2 24-26 This procedure has been appealing

to comprehensive cataract surgeons caring for glaucoma patients, given its relative

ease. The implant offers a safe and effective treatment option for patients with early
disease.22 However, a large decrease in IOP cannot be expected. In a systematic review
and meta-analysis comparing the I0P lowering effect of iStent insertion at the time

of phacoemulsification (phaco/iStent) versus phacoemulsification alone for patients with
glaucoma and cataract, Malvankar-Mehta et al reported a significant decrease in IOP
and topical glaucoma medications in both arms.26 However, phaco/iStent significantly
outperformed phacoemulsification alone with a mean difference in postoperative 10P of
only —0.46mmHg (95%Cl: —0.87, —0.06 mmHg).26

IOP reduction has been shown to increase with the insertion of multiple iStent implants. In a
randomized trial that assessed the efficacy of multiple iStent implants, it was noted that 91%
of patients who were using an average of 1.53 medications preoperatively experienced a
medication-free reduction in IOP >20% at 42 months after receiving three iStent implants.2’
Significant differences in terms of efficacy were found between the one- and three-stent
groups, with a comparable safety profile between groups.

As noted, the iStent implant has an excellent safety profile with minimal side effects. Typical
complications associated with this implant include malposition and obstruction caused by
iris, blood, or vitreous humor, which can occur in 3-20% of cases.28-30 The risks of allergy,
hypersensitivity, and toxicity are minimal, as the implant is made of surgical grade titanium.
However, a recent study reported the presence of metallic intraocular particles on the nasal
iris, possibly originating from the injector or the implant itself.3!

iStent Inject

The iStent inject (second-generation iStent) was approved by the FDA in June 2018. It
consists of two heparin-coated titanium stents, each measuring 230 microns in size and with
a central lumen of 80 microns. These stents are placed ab interno during cataract surgery in
two different regions of the trabecular meshwork.

Numerous studies have demonstrated the efficacy and safety of the iStent inject. Prospective
studies have consistently shown a notable decrease in mean 10P ranging from 2.8 to

7.0 mmHg (17.8-31.0% reduction in IOP compared to baseline) over 1-2 years, with

a significant proportion of patients (54.5-75.8%) achieving >20% IOP reduction after 2
years.32-34 When compared to cataract surgery alone, the combination of phaco/iStent inject
has demonstrated significantly greater IOP reductions, with an additional reduction of 1.6
mmHg, as well as a decrease in the use of glaucoma medications over a 2-year period.32
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The iStent inject has shown greater efficacy compared to the first-generation iStent.35: 36
Shalaby et al found that compared to eyes undergoing phaco/iStent with the first-generation
device, phaco/iStent inject eyes exhibited greater IOP reduction (14.9 £ 3.6 vs. 15.1 £ 3.5
mmHg, p = 0.003) and a higher proportion achieving postoperative IOP < 15 mmHg (70.7%
vs. 49.2%, p = 0.003).37 Similar results were observed by Guedes et al in a longitudinal
retrospective study including 73 eyes (38 eyes phako/iStent first generation, 35 phaco/iStent
inject). After 6 months, phaco/iStent inject eyes demonstrated a significantly greater IOP
reduction (26.6% vs. 15.8%, p = 0.005), with a higher percentage of iStent inject eyes
achieving IOP < 18 mmHg (100% vs. 86.8%).36

While the iStent inject is primarily intended for use with cataract surgery in the United
States, its effectiveness as a standalone procedure has also been evaluated. A significant
reduction in 10P ranging from 10.2 to 12.2 mmHg from a washed out baseline over a
period of 1 to 3 years was noted with standalone insertion, with a substantial percentage
of patients (72.0-94.7%) achieving =20% IOP reduction.38-40 Comparisons with medical
therapy have shown that the iStent inject group exhibited a higher proportion of patients
reaching both >20% and >=50% reduction in IOP compared to the medical therapy group
(fixed combination of latanoprost/timolol).38 Limitations of these studies include a small
sample size, unmasked design, and short follow-up time.

More recently, the safety and effectiveness of iStent infinite, the third generation iStent, have
been evaluated in a 12-month multicenter randomized controlled trial. A total of 72 eyes
with OAG uncontrolled by prior incisional or cilioablative surgeries or maximum tolerated
medical therapy underwent implantation of iStent infinite as a standalone surgical procedure.
The proportion of eyes achieving >20% mean diurnal intraocular pressure reduction from
baseline at month 12 was 76.1%, with 53.0% of eyes achieving =30% reduction. The

safety profile of the intervention was favorable, with no explants, infection, or device-related
interventions or hypotony.

The safety profile of the iStent inject is comparable to cataract surgery alone given its
minimally invasive approach.38 The most frequently reported adverse effects include stent
obstruction, temporary increases in IOP, corneal edema, posterior capsular opacification,
rebound iritis, inflammation, microhyphema, and a slight worsening in visual acuity.38-40 |t
is important to note that hyphemas reported in these studies usually occupied less than 10%
of the anterior chamber. In a small percentage of cases (1.6-5.1%), additional glaucoma
surgery was necessary to effectively manage 10P.38-40

2.3 Hydrus Microstent

The Hydrus Microstent (Alcon, Fort Worth, TX) received FDA approval in August 2018.
Constructed using nitinol (nickel-titanium alloy), this trabecular bypass device was approved
for patients with mild to moderate primary open-angle glaucoma (POAG) undergoing
cataract surgery. The device, which contains three windows over its 8mm length, is inserted
into Schlemm’s canal in the nasal quadrant, spanning approximately 3 clock-hours. A 1mm
portion of the microstent protrudes into the anterior chamber, encouraging aqueous flow into
SC through the stent.
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The efficacy of the Hydrus implant was demonstrated in the pivotal HORIZON study. In
this prospective trial, patients were randomized to receive phaco/Hydrus or cataract surgery
alone. After 5 years, investigators noted a higher proportion of eyes with IOP < 18mmHg
without medications in the phaco/Hydrus group versus cataract surgery alone (49.5% vs.
33.8%), as well as a decrease in the number of medications in the microstent group.4! A
total of 66% of phaco/Hydrus eyes were medication-free compared to 46% in the cataract
surgery alone group. Of note, phaco/Hydrus eyes were less likely to require incisional
glaucoma surgery within 5 years (2.4% vs. 6.2%), a key finding demonstrating efficacy. In
a post hoc analysis, phaco/Hydrus eyes had lower rates of IOP spikes exceeding 40 mmHg
(1.4% vs. 14.4%) and 10OP increases of =10 mmHg (3.0% vs. 22.5%) compared to the
cataract surgery alone group.*2 The average postoperative IOP was also lower in the phaco/
Hydrus group.2 Recently, Montesano et al demonstrated that when evaluating visual field
(VF) data from the HORIZON trial, the phaco/Hydrus procedure exerts a protective effect
in VF preservation compared to cataract surgery alone at 5 years, significantly reducing the
proportion of fast progressors.#3 These key findings demonstrate not only 10P reduction
with the use of this MIGS device, but also stabilization of perimetric loss due to glaucoma.
Such work is a notable contribution to the literature on MIGS, as there is a growing interest
in evaluating the impact of MIGS procedures on VVF outcomes. The HORIZON trial is also
unique among MIGS studies in its 5-year follow-up period.

Insertion of the Hydrus microstent has been evaluated as a standalone procedure as well.
Standalone implantation of the Hydrus microstent was more effective than implantation of
the iStent inject in the COMPARE study, a prospective, multicenter, randomized clinical
trial including enrolling phakic and pseudophakic eyes with a diagnosis of mild to moderate
open-angle glaucoma (primary open-angle glaucoma (POAG), pseudoexfoliative glaucoma
(PXG), or pigmentary glaucoma).2C Patients were randomly assigned to receive either

the Hydrus or the iStent inject.20 After 12 months, the Hydrus group demonstrated

a significantly greater decrease in mean IOP postoperatively (-8.2 mmHg vs. -5.1

mmHg; p = 0.003).20 A total of 46.6% of patients who received the standalone Hydrus
implantation were able to discontinue medications after 12 months.2% Moreover, 39.7% of
patients achieved complete surgical success (IOP reduction of >20% without IOP-lowering
medications).20

Complications that can arise from Hydrus implantation include subconjunctival hematoma,
hyphema (0.5-1.4%), peripheral anterior synechiae (PAS) (up to 18.7%), and episodes

of 1OP spikes.* Persistent iritis requiring steroids for more than 3 months was reported

in 0.5% of cases.14 4 Of note, no significant differences were observed in the rate of
endothelial cell loss (ECL) at 5 years between the phaco/Hydrus and cataract surgery alone
groups (p = 0.261).41

Given the large body of literature regarding the Hydrus microstent, this device is the

sole MIGS product that has received a “moderate quality, strong recommendation”
categorization by the 2020 American Academy of Ophthalmology Preferred Practice Pattern
committee on Primary Open Angle Glaucoma.*® This recommendation was derived from a
Cochrane systematic review, which provided “moderate-certainty” evidence that the Hydrus
microstent, when combined with cataract surgery, is likely to increase the proportion of
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individuals who no longer need IOP lowering medication.*” Additionally, it may lead to
further reductions in 10P during short- and medium-term follow-up.

It is worth noting that non-bleb forming trabecular meshwork canal implants (i.e., iStent
devices and the Hydrus microstent) are technically only approved by the FDA for the
treatment of OAG. Use in the management of other forms of glaucoma (e.g., primary
angle closure glaucoma) would be considered off-label. In contrast, canal cleaving or canal
dilating devices (discussed below) are not restricted to open-angle glaucomas.

3. Non-Bleb Forming, Trabecular Meshwork Canal Cleaving Approaches

3.1 Trabectome

The Trabectome (MicroSurgical Technology, Redmond, WA) was one of the earliest MIGS
devices approved by the FDA in 2004, consisting of an electrocautery system used to

ablate parts of the trabecular meshwork, usually 90°-120°. The Trabectome system consists
of three components: a mobile console with a high frequency generator and irrigation-
aspiration unit, a handpiece that features an electrosurgical ablation tip, and a foot pedal

to guide treatment. Application of a bipolar pulse along with simultaneous irrigation and
aspiration enables the safe ablation and removal of TM and unroofing of SC. Unlike other
TM canal cleaving devices, the Trabectome does not require viscoelastic material in the
anterior chamber due its irrigation system. When combined with cataract surgery, it is
typically completed prior to phacoemulsification.

Several prospective studies have shown that the Trabectome, when used alone, reduces

IOP by an average of 22%-42% from baseline, with >20% reduction observed in nearly
half of OAG eyes up to 3 years.*8: 49 Comparative studies have also demonstrated the
effectiveness of Trabectome as a standalone procedure compared to phaco/Trabectome. In
one prospective study, both Trabectome and phaco/Trabectome led to reductions in IOP and
glaucoma medications over a 1-year period. However, only the Trabectome group showed
statistically significant reductions in both 0P and medications (p < 0.01). A retrospective
analysis of 1,340 eyes found that phaco/Trabectome was surprisingly associated with an
attenuated 10OP reduction of 1.29+0.39 mmHg over 12 months of follow-up.>° Conversely,
a different retrospective analysis indicated that both Trabectome and phaco/Trabectome
groups feature a similar pattern of IOP and medication burden reduction from baseline over
1 year.51 In another study with 5 years of follow-up, phaco/Trabectome resulted in a >20%
reduction in 10P in 67.5% of the eyes.52 Overall, Trabectome appears to perform similarly
to phaco/Trabectome, and surprisingly, the latter may be less effective than a standalone
procedure. No speculation regarding plausible reasons for these results was provided by the
authors,51-53

Trabectome is effective in various subtypes and stages of glaucoma, with greater IOP
reduction observed in PXG and steroid-induced glaucoma compared to POAG.50 52 |t has
been found to be effective even in severe glaucoma and after failed trabeculectomy or
tube shunt implantation.4 50. 53.54 |n addition, compared to traditional trabeculectomy,
Trabectome results in better visual recovery, with fewer instances of loss of more than two
Snellen lines of vision (10% versus 1%, respectively).%®
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The most common complication of Trabectome is bleeding, manifesting as hyphema,
microhyphema, or intraoperative blood reflux. Hyphema usually resolves within 1-10
days.1# Some eyes may require subsequent glaucoma surgery, and 10P spikes exceeding

10 mmHg from baseline may occur on rare occasion.® Ap-interno trabeculotomy using the
Trabectome device has been also associated with iatrogenic cyclodialysis cleft due to device
malposition.>’

3.2 Kahook Dual Blade

The Kahook Dual Blade (KDB; New World Medical, Rancho Cucamonga, CA) is a
modified goniotomy blade that was released in 2015 as a method to perform ab interno
goniotomy/trabeculotomy. It was designed to conform to the drainage angle anatomy of the
human eye.58 The sharp tip enables entry through the trabecular meshwork, while the heel
of the instrument fits into SC. By advancing the instrument, two parallel incisions are made
in the trabecular meshwork, resulting in the removal of a strip of TM. A slightly updated
version of the blade, referred to as KDB Glide, received FDA approval in 2020.

The efficacy of KDB goniotomy as a standalone procedure has been extensively
demonstrated in retrospective reviews. These studies have consistently shown significant
reductions in 10P ranging from 4 to 11 mmHg, resulting in an 10P lowering efficacy of
14.5% to 36.0% compared to baseline values. The probability of surgical success has been
described to be greatly influenced by the type of glaucoma being treated.>%-62 For eyes with
OAG, 42-72% achieved >20% IOP reduction, while patients with angle-closure glaucoma
(ACG) achieved 20% reduction almost 100% of the time.52-64 However, when studying
patients with uveitic glaucoma and elevated 10P, only 38% achieved >20% reduction.5!

Although most retrospective studies focused on the KDB as a standalone procedure, it

has also been shown to be similarly effective when combined with cataract surgery. When
using 20% IOP reduction as a measure of surgical success, phaco/KDB had a 72% success
rate, which was not statistically different from KDB alone.52 Overall, phaco/KDB has
shown absolute 10P reductions between 14.5% and 24% in retrospective studies focusing on
open-angle glaucoma patients.53-%° In terms of medication reduction, KDB as a standalone
procedure may reduce medications by 0 to 1 drops, while phaco/KDB may reduce by 0.1 to
2.1 drops in glaucoma patients of various types and severities.61: 63. 66

Comparative studies have been conducted between the KDB and other procedures such

as the first-generation iStent in open-angle glaucoma. In a retrospective study, Dorairaj

et al. showed that the KDB goniotomy procedure combined with cataract surgery (phaco/
KDB) resulted in an additional 1.5 mmHg reduction in IOP compared to phaco/iStent.56
A smaller study by Lee et al. reported a similar IOP-lowering effect between the two
procedures, although a greater reduction in medication burden was observed in the KDB
group.> Common complications associated with the KDB procedure include hyphema (6—
19%), surgical failure requiring further glaucoma surgery (4—25%), 0P spikes (1-18%),
Descemet’s membrane tears (3.8%), and cystoid macular edema (2% to 6%).59-65. 67
Hyphemas tend to be more significant in patients on anticoagulant or antiplatelet therapy.
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After the release of the KDB, similar goniotomy devices or techniques have been developed
by others. Sight Sciences (Menlo Park, CA) unveiled a new bladeless goniotomy tool called
the SION Surgical Instrument in August 2022. This tool aims to excise TM without cutting
or electrocautery techniques. Another alternative is the bent ab /nterno needle goniotomy
(BANG) technique.58 This procedure, introduced by Shute et al. in 2022, involves creating a
specialized goniotome by bending the distal 1 mm of a sterile 25-gauge 5/8 inch hypodermic
needle toward the bevel using a needle driver.58 This needle is then used to excise the

TM.88 According to the authors, the BANG procedure is a cost-effective MIGS option that
demonstrates initial outcomes comparable to more expensive alternatives.®® A prospective
study to analyze the safety and efficacy of the procedure is ongoing.58

3.3 Gonioscopy-assisted transluminal trabeculotomy

The gonioscopy-assisted transluminal trabeculotomy (GATT) technique, as described by
Grover and colleagues, creates a full-360° incision through the TM by cannulating SC using
a direct gonioscopic view.%9 The procedure begins with a nasal goniotomy, followed by the
insertion of a prolene suture or an illuminated microcatheter into a small incision created

in the TM.59-71 The suture or microcatheter is then advanced circumferentially within SC
for 360 degrees. Both ends of the suture or catheter are pulled simultaneously to create a
complete trabeculotomy.89-71

GATT has shown effectiveness in treating various subtypes of glaucoma. In the context of
POAG, a global success rate between 49% and 83.8% has been described.59-7> Grover et

al demonstrated that the procedure resulted in a mean 10P reduction of 7.7 £ 6.2 mmHg
(30% reduction) at 6 months and 11.1 + 6.1 mmHg (39% reduction) at 12 months. The use
of glaucoma medications also decreased significantly, by 0.9 + 1.3 dropsand 1.1 £ 1.8
drops at month 6 and 12, respectively.89 In the 24-month follow-up report, the same authors
described the mean percentage of IOP reduction to be as high as 37.3% and 49.8% in POAG
and secondary open-angle glaucomas, respectively.”t The cumulative proportion of failure at
24 months ranged from 0.18 to 0.48 depending on the group, with the highest rate observed
in pseudophakic POAG eyes, in which GATT was performed as a standalone procedure.” A
lower success rate of 49.2% at 24 months was observed by Sato et al in a prospective study
enrolling 64 eyes.”? The smaller sample size should be taken into account when interpreting
these results. Grover et. al also showed that patients with more advanced glaucoma tend to
have significantly worse outcomes when undergoing GATT compared to those with mild

to moderate glaucoma.”! According to the authors, it is possible that the mean deviation
from preoperative VF may serve as a proxy for the health of the distal outflow system and
potentially predict the likelihood of a successful surgical outcome prior to the procedure.
This hypothesis aligns with the findings reported by Nesterov et al. and Theobald et al., who
demonstrated that in advanced glaucoma, the collector channels and the intrascleral plexus
become sclerotic.”6: 77

The effectiveness of GATT has been explored in the context of other types of glaucoma.

In two separate retrospective studies, Fontana et al.”8 and Chira-Adisai et al.”® found that
combining ab-interno trabeculotomy with sectoral goniosynechiolysis led to significant IOP
reduction in patients with chronic angle closure glaucoma (CACG). Fontana et al. reported a
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decrease in mean IOP from 30.27 = 4.20 mmHg to 15.20 + 2.08 mmHg at 1-year follow-up,
with success rates of 27% and 73% at 6 and 12 months, respectively.”8 Chira-Adisai et

al. observed a decrease in mean I0OP from 21.8 + 5.4 mmHg to 14.5 + 0.8 mmHg at 1-year
follow-up, with a success rate of 71.8% at the last follow-up.”® GATT has also been
described as an effective approach for the management of uveitic glaucoma, steroid induced
glaucoma (IOP reduction up to 63%), PXG, juvenile open angle glaucoma, and primary
congenital glaucoma.80-85

Several studies have demonstrated the strong efficacy of GATT compared to other MIGS.
Yalinbas et al. compared ab-externo trabeculotomy to ab-interno trabeculotomy and reported
similar IOP reduction at 12 months in both groups.88 Qiao et al. demonstrated superior
results for GATT compared to KDB goniotomy in patients with uncontrolled juvenile-onset
open-angle glaucoma.8” The percentage of IOP lowering from baseline reported by the
authors was 44.4% in the GATT group and 14.1% in the KDB group (P = 0.011), with a
mean reduction in the number of medications of 2.6 + 1.7 and 0.8 £+ 1.2 medications in the
GATT and KDB group, respectively.8” Hamze et al. observed greater 0P reduction with
GATT compared to iStent implantation in combined procedures, reporting 86.4% of patients
in the phaco/GATT group met success criteria compared to 35.1% in the phaco/iStent
group.88

Given potential postoperative bleeding after GATT, treatment of only 180° of the
iridocorneal angle, referred to as hemi-GATT, has been explored. Sato et al. conducted a
prospective, single-center, three-arm randomized trial to investigate the surgical outcomes of
upper-180° hemi-GATT, lower-180° hemi-GATT, and full 360° GATT.8° The study revealed
no significant differences between the approaches at the final endpoint in terms of the
number of eyes achieving a post-operative IOP of 21 mmHg or lower and 220% IOP
reduction compared to baseline. However, it was observed that the full-GATT group had a
higher incidence of hyphema compared to the hemi-GATT group.8? Consistent findings have
been reported by Faria et al, indicating that the ocular hypotensive effect of GATT is not
influenced by the amount of goniotomy, although this topic remains highly debated among
glaucoma specialists.0

As noted, the most frequently observed complication of GATT is hyphema, occurring in
23-38% of cases during the first week after surgery, along with Descemet’s membrane
detachment, corneal edema, iridodialysis, hypotony, and panscleritis.14 69 71. 84 Gjven the
extent of the goniotomy (180-360°) in GATT, hyphemas are much more common and
often take longer to clear. Patients are typically advised to minimize vigorous activity and
maintain an upright head position while sleeping to encourage clearance of the blood.
Anticoagulant therapy is typically viewed as a contraindication for GATT; temporary
cessation of the anticoagulant or consideration of alternative surgical procedures may be
required in such cases.
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4. Non-Bleb Forming, Trabecular Meshwork Canal Dilating Approaches

4.1 Ab interno Canaloplasty

Canaloplasty is a surgical procedure that involves dilating SC to improve the flow of
aqueous humaor. There are two approaches to performing canaloplasty: ab-externo (ABeC),
which involves external instrumentation and/or a scleral flap or dissection, and ab-interno
(ABIC), which utilizes a clear corneal incision. The ab-interno technique offers advantages
by avoiding complications associated with the conjunctivoscleral incision, such as hypotony,
endophthalmitis, or scarring.%1: 92

ABIC entails the insertion of a microcatheter into Schlemm’s canal, followed by

the injection of viscoelastic while retracting the microcatheter. This process achieves
viscodilation, or dilation of SC. Several devices have been introduced to perform ABIC,
including the iTrack microcatheter (Nova Eye Medical, Australia), the OMNI Surgical
System (Sight Sciences, Menlo Park, CA), and more recently, the STREAMLINE (New
World Medical, Rancho Cucamonga, CA) and iPrime (Glaukos, Laguna Hills, CA) systems.
Of note, the iTrack and OMNI devices are often used to complete a trabeculotomy/
goniotomy in addition to canaloplasty.

The iTrack 250 system consists of a 200um wide flexible microcatheter, which contains

an optical fiber that provides illumination to guide the surgeon during SC cannulation.

The illuminated tip is visible through the sclera and helps identify the distal tip of the
microcatheter.%2 The proximal end is connected to the power source as well as a viscoelastic
reservoir. The surgeon can request the assistant to click the device to release viscoelastic

as the microcatheter is retracted through 360° of SC, resulting in a controlled injection

of up to 100pL as desired.%2 Recently, the iTrack Advance catheter was released, which
features a handpiece that is preloaded with the microcatheter. This new design allows for
single-handed delivery of the microcatheter into SC. The catheter is then withdrawn back
into the handpiece, during which viscoelastic is injected into SC in regular intervals.%3

The Streamline Surgical System is a disposable cannula device designed for precise delivery
of small amounts of viscoelastic fluid into SC. Inserted through a corneal incision, the
Streamline device is used to penetrate the superficial TM, after which viscoelastic is released
through opposing apertures. The device allows up to eight activations with 7 pL of fluid per
activation, leading to a potential of 56uL injected into the SC.%* The iPRIME Viscodelivery
System is another new device that similarly allows for the release the viscoelastic fluid

when triggered (2.7L per activation, no volume limit). The user can adjust the angle of the
cannula for precise delivery of the fluid to different areas within the Schlemm canal.%°

The efficacy of ABIC has been explored for different devices. When ABIC was performed
using the iTrack microcatheter, 95.5% of eyes achieved an 10P of 17mmHg or lower,

and 68.2% of eyes required only one medication at the 36-month follow-up (phaco/iTrack
and iTrack alone eyes grouped together).%6 Additionally, the study found no significant
difference in surgical outcomes between phakic and pseudophakic eyes.?® Outcome data
regarding STREAMLINE and iPrime are currently lacking given their recent release.
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IOP spikes, microhyphema, hyphema, and mild AC inflammation were reported as
complications in a minority of patients who underwent ABIC, irrespective of the devices
used during the procedure.96-98

4.2 OMNI System

The OMNI system (Sight Sciences, Menlo Park, CA) is a non-implantable surgical

device which enables microcatheterization and transluminal viscodilation of SC. With

its predecessor known as TRAB360, the OMNI system consists of a 200 um wide
microcatheter that is inserted through a clear corneal incision.?® The tip of the device is
used to pierce through the TM and enter the SC. An internal reservoir within the system
allows for the controlled injection of 0.5uL of viscoelastic per click when the catheter is
retracted for a total release of approximately 11pL.%9 The OMNI microcatheter is designed
to be advanced and retracted multiple times during the surgical procedure. This process

is completed for one half of the TM, and after the catheter is retracted, it is typically
re-inserted to treat the remaining half. It is important to note that the instrument is designed
to release all viscoelastic during the first two retractions of the device. Trabeculotomy can
then be performed on one or both halves of the iridocorneal angle.

Results from the ROMEO Study suggest the OMNI System to guarantee surgical success
(defined as either a =20% IOP reduction or IOP between 6 and 18 mmHg and no increase
in medication or secondary surgical intervention) in 75% of treated eyes, with no device-
related adverse events up to 2 years.®” In a study conducted by Brown et al., a mean IOP
reduction of 5.6+4.5 mmHg was reported in 41 eyes that underwent phaco/OMNI.100 The
authors of the study also observed a significant correlation between the degree of IOP
reduction and the preoperative IOP levels, (R% = 0.7, P < .001).190 Favorable outcomes of
phaco/OMNI were reported in the GEMINI study, a prospective, multicenter analysis of
patients undergoing OMNI-assisted canaloplasty (360°) and trabeculotomy (180°) alongside
cataract surgery.191 At the 12-month follow-up, 84.2% of eyes achieved 10P reductions
exceeding 20% from baseline, 80% of eyes were no longer reliant on medication, and 76%
of eyes achieved IOP levels ranging between 6-18 mmHg. Based on their findings, the
authors suggest that phaco/OMNI should be considered as a treatment option for eyes with
mild to moderate OAG to effectively lower I0OP and reduce the need for medication.101

Among the complications observed, 4.2% of eyes developed hyphema larger than 1 mm.
Other adverse events included posterior capsule opacification in 10.4% of cases, cystoid
macular edema in 6.3% of cases, and corneal edema in 4.2% of cases. /- 99-101 The

type of approach (i.e., viscodilation only vs. viscodilation and trabeculotomy) and whether
concurrent cataract extraction is performed can significantly influence the occurrence and
nature of complications that may arise during or after the procedure.102

5. Non-bleb Forming, Suprachoroidal Space Approaches

Ab interno MIGS devices designed to target the suprachoroidal space include the iStent
Supra G3 (Glaukos Inc., Laguna Hills, CA) and the MINIject (iStar Medical, Wavre,
Belgium). Neither has received FDA approval as of June 2023. The Cypass suprachoroidal
microstent (Alcon, Fort Worth, TX) was withdrawn in 2018 by the FDA due to concerns
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5.1

regarding ECL, as discovered in an extended follow-up study of patients from the original
clinical trial.103, 104

iStent Supra

The iStent Supra is a third generation iStent made of polyethersulfone with a colored
titanium sleeve. It consists of a 4-mm tube with openings at both ends and is inserted into
the suprachoroidal space through an ab /nterno approach using a clear corneal incision. The
stent aims to create a direct connection between the anterior chamber and the suprachoroidal
space. It incorporates retention rings for stability during implantation.

In a study by Junemann et al, enrolling 42 eyes with advanced POAG, 98% of

eyes implanted with iStent Supra experienced a >20% reduction of IOP from baseline
over a 12-month follow-up period. Additionally, 90% of the eyes met the secondary
endpoint, which aimed for an IOP below 15mmHg and elimination of one medication.
Notably, no complications were observed during the one-year follow-up period.105 A
randomized controlled trial including 505 patients and evaluating the efficacy and safety
of suprachoroidal iStent SUPRA in conjunction with cataract surgery compared to cataract
surgery alone is ongoing (NCT01461278, ClinicalTrials.gov).

5.2 MiINlject drainage system

The MINIject glaucoma drainage device, developed by iISTAR Medical (Wavre, Belgium),
is an innovative supraciliary implant designed for targeted placement in the suprachoroidal
space. It features a soft, flexible silicone stent structure measuring 5mm in length and

is demarcated with a green ring approximately 0.5mm from the device tip. This marker
facilitates positioning by indicating the appropriate depth of implantation. The device

is constructed using a biocompatible and porous silicone material called STAR, which
minimizes tissue reaction and reduces the potential for fibrosis. The micropores are arranged
in a network of interconnected hollow spheres, enhancing its functionality.

Denis et al published 24-month surgical outcomes of MINIject implantation in 21
patients.198 They observed a significant decrease in IOP (23.2+2.9 to 13.8+3.5 mmHg)

and medications (2.0+1.1 to 1.0+1.3 medications) postoperatively.196 The qualified and
complete success rates were 100% and 47% respectively.196 Given concerns regarding ECL
and MIGS procedures, the authors reported endothelial cell counts, demonstrating a slight
reduction in mean endothelial cell density from 2,411 cellss/mm? preoperatively to 2,341
cells/mm? at the 2-year follow-up, representing a 5% decrease among matched patients.106

6. Non-Bleb Forming, Inflow Reducing Approaches

6.1 Endoscopic Cyclophotocoagulation

Endoscopic cyclophotocoagulation (ECP) is a cyclodestructive procedure that was
developed in the early 1990s.197. 108 The |aser endoscope consists of the image guide,
light guide, and semiconductor diode laser operating at a wavelength of 810 nm. 197 The
Endoptiks ECP Laser Probe (Endo Optiks, Little Silver, NJ) delivers a maximum power
output of 2.0 W and is available in both straight and curved designs, providing a field of
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view up to 110°.107 The device is inserted through a clear corneal incision and directed
to the ciliary sulcus in order to visualize the ciliary body. Surgeons rely on the endoscope
video monitor to evaluate probe position and laser application instead of the operating
microscope.107

Previously used in refractory glaucoma, ECP is now utilized earlier in disease due to

the advent of M1GS.109 Yap et al. assessed the three-year outcomes of phaco/ECP in

POAG eyes.110 They reported success rates of 70%, 54%, and 45% at years 1, 2, and 3,
respectively, with statistically significant reductions in mean 1OP and number of topical
medications from preoperative levels (p < 0.0001). Similarly, a study by Lindfield et

al. showed that phaco/ECP resulted in a statistically significant reduction in IOP at all
postoperative time points up to 24 months, with a mean decrease of 7.1 mmHg.111 Yang et
al. conducted a retrospective multicenter study using data from the IRIS Registry, involving
79,363 eyes, to analyze the efficacy of phaco/ECP compared to cataract surgery alone.112
The rate of reoperation for glaucoma was significantly lower when ECP was performed

in combination with phacoemulsification.112 Approximately one-sixth of patients who
underwent standalone ECP required reoperation within two years.112 The study also showed
statistically significant differences in the percentage of IOP reduction between phaco/ECP
and cataract surgery alone (16.6 mmHg (=17%) vs. 15.7 mmHg (-11%), p < 0.001).112

Clinicians often combine inflow-reducing ECP with other outflow-enhancing canal-based
MIGS, complementary approaches in reducing 10P. Deitz et al. conducted a comparative
analysis of 349 eyes that underwent phaco/iStent. phaco/ECP, or phaco/iStent/ECP.113 The
success rate was higher for phaco/iStent compared to phaco/ECP (75.3% vs. 54.4%), while
adding iStent to phaco/ECP led to higher success rates in the early postoperative period.113
However, it’s important to consider the larger proportion of severe glaucoma cases in the
phaco/ECP group when interpreting the results.1 Ferguson et al. observed that combining
phacoemulsification, ECP, and iStent (phaco/ECP/iStent) resulted in significantly greater
IOP reduction compared to phacoemulsification with only iStent implantation for mild to
moderate glaucoma patients.114 At the one-year follow-up, the mean 1OP reduction in the
phaco/iStent/ECP group was 7.14 mmHg, while it was 4.48 mmHg in the phaco/iStent
group (p = 0.01).2 Similar findings were reported by Pantalon et al., showing greater IOP
reduction (35% vs. 21%, p = 0.03) and reduced use of IOP-lowering medications in the
phaco/iStent/ECP group compared to phaco/iStent alone.115

Several adverse events have been commonly reported following ECP. Retained viscoelastic
leading to postoperative I0OP spikes affects approximately 14.5% of patients, while
subsequent cataract formation occurred in around 24.5% of phakic cases. Hyphema was
observed in 3.8% of cases. Choroidal detachment, corneal edema, cystoid macular edema,
retinal detachment, hypotony and vision loss of more than 2 lines are rare occurrences,
observed in less than 1% of patients.116

Int Ophthalmol Clin. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Afflitto and Swaminathan Page 14

7. Bleb-Forming, Ab Interno Implants

7.1 Xen Gel Stent

The XEN Gel Stent (XGS; AbbVie, North Chicago, IL) is a subconjunctival MIGS stent
designed to improve the predictability and safety profile of bleb-forming procedures,
approved by the FDA in 2016.117 It consists of a 6mm porcine collagen implant cross-
linked with glutaraldehyde.17 The XGS is traditionally placed ab interno (without opening
conjunctiva) to drain fluid into the subconjunctival space through a 45um lumen.117 After
its release, many surgeons began implanting the XGS ab externo, involving a conjunctival
incision. It should be noted that, according to the AGS, only the ab interno approach should
be classified as a MIGS procedure, while the ab externo approach is to be considered as a
traditional glaucoma filtration surgery.13

In the ab interno technique, the XEN Gel Stent is inserted into the front chamber of the
eye through a clear corneal incision located inferotemporally. This incision is created using
a sharp beveled 27-gauge needle. The needle tip is carefully introduced at the TM and

then advanced through the sclera until it exits about 2.5-3 mm behind the limbus, entering
the subconjunctival space. Verification of the internal and external positions of the stent is
performed, and to ensure proper flow and the formation of a bleb, the anterior chamber is
irrigated.

In the context of ab interno XGS implantation approach, studies reported a >20% 0P
reduction over 1-2 years in 44.6-97.4% of eyes with mild to moderate POAG. One
retrospective study found significant reductions in IOP and medication burden for both XGS
alone and phaco/XGS groups at 2 years.118 Of note, these studies excluded patients with
prior incisional surgery. De Gregorio et al. reported that 80% and 98% of phaco/XGS treated
eyes achieved complete success (defined as postoperative IOP =6 and <17 mm Hg without
glaucoma medications) and qualified success (defined as postoperative IOP =6 and <17 mm
Hg with medication), respectively, over a 12-month follow-up.119 Reitsamer et al. reported
similar results between the XGS alone and phaco/XGS groups in terms of IOP reduction
and medication usage throughout the 24-month follow-up period.120 The overall absolute
reduction in IOP from baseline at 12 months was 29.3%, similar to the 31% reduction at 12
months identified by Mansouri et al.12! These authors noted a greater IOP-lowering effect in
the XGS alone group compared to the phaco/XGS group.121

The effectiveness of the XGS has been compared to other MIGS. Olgun et al.
retrospectively compared the efficacy of the XGS ab internoto GATT with or without
cataract surgery among patients with open-angle glaucoma.1!® Both the XGS and GATT
groups demonstrated significant IOP reductions at 2 years compared to baseline (p <

0.001). However, throughout postoperative follow-up, the XGS group consistently showed
significantly lower mean IOP values compared to the GATT group (p < 0.001). The study
reported a low number of adverse events in all groups, suggesting that both XGS and

GATT are safe procedures for patients with open-angle glaucoma.118 However, based on the
findings, XGS may be more favorable for patients who require lower target IOP values.118
XGS has been compared to trabeculectomy in the Gold-Standard Pathway Study (GPS), a
prospective, randomized clinical trial. Investigators demonstrated that XGS was non-inferior
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to trabeculectomy in terms of =20% IOP reduction, although mean IOP was still lower in the
trabeculectomy arm.122

Hyphema (27.9% to 45.5), hypotony (20.2% to 24.6%), wound leak (9.2%), and

problems related to implant positioning (1.8% to 4.7%) are complications described in
association with XGS implantation.18. 123 Bleb needling is often required in up to 23—
36% of cases.124 125 | ess frequently observed complications include corneal edema,
subconjunctival hemorrhage, endophthalmitis, and iridodialysis, each occurring in <1.5%
of cases. 118,120,121, 123 Qyerall, within a follow-up period of 1 to 2 years, approximately
1.5-13.8% of patients who received XGS required additional glaucoma surgery to achieve
adequate IOP control.118. 120,121,123

8. Anticoagulant therapy and MIGS

The impact of anticoagulant therapy on MIGS outcomes remains uncertain. The
management approach for patients on anticoagulant therapy may vary depending on the
specific procedure being performed, the individual patient’s condition, and the surgeon’s
preference.126. 127 gpecific devices used in canal-based MIGS procedures, such as the
iStent and Hydrus Microstent, have been associated with varying risks of hyphema, neither
vision-threatening nor associated with surgical failure.3 33. 128 On the other hand, TM

canal cleaving approaches are associated with significant hyphema rates. As mentioned,
anticoagulant therapy is typically seen as a contraindication to larger goniotomy procedures
due to persistent bleeding, either due to reflux from episcleral veins or from iatrogenic
trauma to the iris root. Interrupting anticoagulant therapy may be indicated to minimize the
risk of adverse, prolonged hemorrhagic complications.®”: 101 Surgeons should coordinate
any temporary cessation of anticoagulant therapy with the patient’s primary care provider or
other clinicians involved in managing their anticoagulant therapy.

Future prospective studies are needed to compare the outcomes of MIGS procedures,
especially in the context of anticoagulant therapy. It is recommended that studies focusing
on MIGS outcomes report the usage of anticoagulant agents. In addition, detailed
information regarding hyphema events would be valuable — size, visual acuity at time of
diagnosis, and time to resolution with visual acuity measurements. The MIGS research
community would greatly benefit from the establishment of a standardized definition for
clinically significant hyphema for effective comparative analyses.126. 127

9. Conclusions

MIGS encompasses a constantly evolving range of devices and procedures that aim to safely
reduce 10P while improving quality of life for patients by minimizing medication burden.
Compared to traditional glaucoma surgeries, MIGS have demonstrated a lower incidence

of sight-threatening complications, though the degree of 10P reduction is typically not as
impressive.3 13 Nonetheless, patients with milder disease are often the target population

for MIGS, for whom IOP reduction is not the only goal. While some of these patients

may ultimately require traditional glaucoma surgery, MIGS procedures often delay these
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intensive procedures. The MIGS space is poised to only grow further in the coming years,
with a greater range and number of devices awaiting approval.

However, the comparison of the efficacy of various MIGS approaches remains a significant
challenge.2 Major obstacles exist in comparative MIGS studies, primarily due to difficulties
in standardizing surgical technique and the amount of tissue treated, particularly in SC-based
procedures. There is also greater interest in demonstrating that MIGS slows the progression
of glaucomatous disease using VF testing as an endpoint. MIGS procedures will continue to
serve as first-line surgical procedures for most patients with glaucoma, highlighting the need
for further well-designed studies to support evidence-based care.
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