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Abstract: Minimally invasive glaucoma surgery (MIGS) is a rapidly expanding category of surgical glaucoma treatment options that
offer a superior safety profile compared with traditional approaches for reducing intraocular pressure. However, MIGS may cause
corneal endothelial cell loss; therefore, it has been receiving increasing attention. This systematic review aimed to evaluate and
compare the rate and degree of corneal endothelial loss after MIGS. First, this paper presents an overview of the theoretical
effectiveness of MIGS, the fundamental aspects regarding the roles of endothelial cells, and the effect of cataract surgery on the
quality and count of endothelial cells. Further, we detail the various surgical techniques involved in MIGS, the development of these
techniques over the time, and clinical aspects to consider with respect to the endothelial cell count. We discuss in detail the
COMPASS-XT study, which was based on data collected over 5 years, reported that withdrawal of the CyPass Micro-Stent (Alcon
Laboratories) yielded increased corneal endothelial cell loss. Generally, MIGS procedures are considered safe, with the incidence of
complications ranging from 1% to 20% depending on the surgery type; however, there is still need for studies with longer follow-up.
Thus, an adequate count of endothelial cells in the central cornea portion is recommended as necessary for candidate patients for
MIGS.
Keywords: minimally invasive glaucoma surgery, endothelial cell loss, corneal decompensation, glaucoma surgery

Introduction
Worldwide, glaucoma is a primary cause of irreversible blindness and is treated by decreasing the intraocular pressure
(IOP) to prevent glaucomatous optic neuropathy (GON). Although it remains possible to effectively control IOP with
glaucoma eye drops in many patients, for some of them only effective treatment remains glaucoma surgery. (eg, non-
compliance with medical recommendations, allergy to eye drops treatment costs. However, topical drop therapy often
involves poor adherence (incidence rate: 5–80%), with independent risk factors including lack of education regarding the
risk of irreversible vision loss. Moreover, complex dosing regimens involving one or more medications place high
demands on patients’ daily routines. Furthermore, the chronic use of glaucoma drops, especially those containing
preservative agents, is associated with an increased incidence of meibomian gland dysfunction and ocular surface
toxicity. Additionally, daily use of topical drops can cause symptoms of burning, photophobia, and irritation. Taken
together, these factors promote the discontinuation of or intolerance to the prescribed therapy.1,2 For these reasons,
glaucoma surgery is the only effective treatment alternative for some patients.

Despite considered very effective, classical incision surgical glaucoma procedures, including trabeculectomy, glau-
coma shunt implantation (Ex-PRESS), and glaucoma valve implantation (Ahmed, Molteno, Baerveldt), cannot be used in
place of pharmacotherapy, thus involve a risk of vision-threatening complications. However, these limitations have been
mitigated with the advent of minimally invasive glaucoma surgeries (MIGS).3,4
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MIGS seek to decrease the IOP and number of administered glaucoma eye medications with minimal invasiveness
and maximal safety manner. This can be achieved by avoiding conjunctival incisions; moreover, this procedure is
traditionally performed using an ab interno approach and a clear corneal incision, which results in fewer complications
and a relatively short recovery period. Safety and effectiveness are the critical factors to account for when considering
MIGS. In many cases, MIGS are combined with phacoemulsification, which further reduces the IOP. Since MIGS cannot
extensively reduce the IOP as traditional incisional glaucoma surgery, they are mainly used for patients with mild-to-
moderate glaucoma.5,6 Specifically, MIGS are usually used to treat open-angle glaucoma (OAG), including primary
open-angle glaucoma (POAG), pseudoexfoliation glaucoma (PXG), and pigmentary glaucoma (PG). Additionally, there
have been some papers of MIGS that have been used for primary angle-closure glaucoma (PACG), normal-tension
glaucoma (NTG), and uveitic glaucoma; however, minimally invasive procedures are not routinely considered for these
glaucoma types.6 The incidence of complications depends on the type of surgical technique and ranges from 1% to 20%,
with an approximate average of 3–5%. The most common early postoperative complication is anterior chamber
hemorrhage.12–14 Compared with MIGS, traditional glaucoma surgeries involve a substantially higher rate of complica-
tions. Since MIGS have a moderate effect on the IOP and reduced invasiveness, they are often performed in patients with
less advanced glaucoma, younger age, and patients seeking to discontinue or reduce the burden of pharmacotherapy. In
these patients, anti-glaucoma surgery is not considered a last-choice treatment after other treatments fail; instead, it is
considered as one of the stages in the therapeutic process. Further, the postoperative endothelial quality and activity are
of crucial significance. This study aimed to analyze the long-term effects of different MIGS types on corneal endothelial
cell loss (CECL). We assumed that increased CECL may result from the chronic presence of a titanium foreign body in
the trabecular meshwork, which is rich in phagocytic and antigen-presenting cells;7,15 extensive manipulation within the
anterior chamber during the implantation; and the postoperative contact between the blood and endothelium. Therefore,
there is a need to consider how different MIGS procedures, categorized according to the mechanism of IOP reduction,
affect corneal endothelial cell density.

MIGS reduce IOP through the following four main mechanisms:

Improved Aqueous Humor Outflow Through the Conventional Pathway (Schlemm’s
Canal/Trabecular MIGS)
MIGS mainly improve outflow through the conventional pathway, which is based on the premise that the greatest
resistance to aqueous humor outflow occurs in the juxtacanalicular trabecular meshwork in most patients with OAG.7

Specifically, MIGS seek to remove or bypass the inner wall of the Schlemm’s canal (SC), which allows improved
aqueous humor drainage from the anterior chamber to the collector channels, located in the outer wall of the SC.5,7

Accordingly, these MIGS procedures reduce the resistance of aqueous humor outflow in the juxtacanalicular system
without affecting the outflow resistance at the more distal pathways (ie, episcleral veins). MIGS procedures based on the
aforementioned mechanism of action generally are not recommended for normal tension glaucoma since they will not
reduce IOP below the episcleral venous pressure.

MIGS procedures with the aforementioned mechanisms include Trabectome, Kahook Dual Blade, iStent and iStent inject,
Hydrus microstent, gonioscopy-assisted transluminal trabeculotomy (GATT), and excimer laser trabeculotomy (ELT).4,8

Improving Aqueous Humor Outflow Through the Unconventional Pathway
(Suprachoroidal MIGS)
Improving aqueous humor outflow through unconventional pathways involves increasing uveoscleral outflow via the
suprachoroidal pathway, which accounts for 50% of aqueous humor drainage in the healthy human eye.9 Regarding the
mechanism of action of this outflow pathway, a negative pressure gradient (3–4 mm Hg) between the suprachoroidal
space and anterior chamber, creates a potential driving force for aqueous humor outflow from the chamber into the
suprachoroidal space.10 This pressure gradient is positively correlated with IOP. MIGS procedures for improving the
uveoscleral pathway for aqueous humor outflow involve implantation of suprachoroidal shunts, which allow improved
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outflow of the aqueous humor directly from the anterior chamber into the suprachoroidal space.5 These MIGS procedures
include CyPass microstent and iStent Supra.

Creating the Non-Physiologic Aqueous Humor Outflow Pathway (Subconjunctival
MIGS)
In these MIGS procedures, an alternative non-physiological pathway for aqueous humor outflow from the anterior
chamber into the subconjunctival space is established using an implant that bypasses the conventional outflow pathway.7

These procedures are only possible in eyes with preserved mobile conjunctiva, without any adhesions, caused by
surgeries, inflammation or injuries. These MIGS procedures include the XEN Gel Stent and PRESERFLO Micro Shunt.

Reducing the Production of Aqueous Humor
Reducing the IOP by decreasing the production of aqueous humor is applied in pharmacological interventions for
glaucoma and in procedures for destroying ciliary processes involved in the production of aqueous humor. Traditional
approaches are extrasclerally performed, while the most recent procedure being endocyclophotocoagulation (ECP)
performed with ab interno approach. ECP is recommended for mild-to-moderate glaucoma; contrastingly, transscleral
cyclocryotherapy or photocoagulation are recommended for advanced glaucoma and in cases where other surgical
methods were unsuccessful. ECP can be combined with cataract phacoemulsification or performed in pseudophakic
eyes. In ECP, a curved laser endoscopic probe is introduced into the anterior chamber and then into the sulcus space
through a 2.4-mm temporal incision in the clear cornea.11 Subsequently, the anterior ciliary processes are irradiated using
an 810-nm diode laser, which provides light best absorbable by the ciliary body. During one session, approximately 270–
360° of the ciliary processes is irradiated, which causes tissue fading and shrinking.11

Materials and Methods
Two researchers independently performed a PubMed search for articles published between 2015 and 2022 using the
following search terms: corneal endothelial loss, corneal decompensation, minimally invasive glaucoma surgery,
trabecular microbypass stent, iStent Supra® (Glaukos, San Clemente, California, USA), Schlemm’s canal scaffold,
Hydrus® (Ivantis, Irvine, California, USA), suprachoroidal microstent, CyPass® Micro-Stent (Alcon, Fort Worth,
Texas, USA), XEN® Gel Stent (Allergan, Irvine, California, USA), and PRESERFLO® Micro Shunt (Santen, Osaka,
Japan). The inclusion criteria for the articles were as follows: 1) original research papers, randomized clinical trials,
observational studies, and other methodologies; 2) papers describing both procedures combined with phacoemulsification
and solo procedures; 3) patients undergoing MIGS (irrespective of age, sex, or ethnicity); and 4) papers published in
English until January 2022. The exclusion criteria were review papers, case reports, and articles published in languages
other than English. The reviewers browsed the references of included articles to identify potentially relevant articles.

Corneal Endothelium – Anatomy, Physiology, and Natural History
The corneal endothelium is a single layer of cubic cells with high metabolic activity. The cells are located on the
posterior corneal surface and anchored to Descemet’s membrane. The endothelium borders the aqueous humor of the
anterior chamber; moreover, its main function is maintaining optimal corneal translucency by preventing water entry
from the anterior chamber to the cornea. This is achieved by an active ion pump system and the carbonic anhydrase
enzyme, which remove both water and ions from the corneal stroma into the anterior chamber. However, since the cornea
lacks vessels, the endothelial cells have to remain permeable to nutrients and the waste products of keratocyte
metabolism.16,17

Endothelial cells cannot divide and proliferate; accordingly, their numbers decrease with age by approximately 0.6%
per year.17 At birth, the endothelial cell density (ECD) in the healthy human eye is approximately 6000–7500 cells/mm2.
In childhood, it fluctuates between 3000 and 4000 cells/mm2, with a gradual decreasing tendency. It reaches approxi-
mately 2500 cells/mm2 at the age of 40 years. In elderly people (aged ≥70 years), who are potential at risk of requiring
glaucoma surgery, the number of endothelial cells roughly ranges from 1500 to 2000 cells/mm2. The exact number of the
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ECD, which ensure the safety of intraocular surgery within the anterior eye segment, specifically in terms of avoiding
postoperative corneal decompensation, remains unclear. Patients with an ECD of 500–800 cells/mm2 are at a high risk of
endothelial decompensation and postoperative corneal edema. Specifically, the critical value is 500 cells/mm2, below
which corneal decompensation certainly occurs. This may cause corneal opacity and edema, bullous keratopathy, and
blindness, which can be solely treated using corneal transplantation.18

Corneal Endothelium in Glaucoma
Compared with healthy individuals, patients with glaucoma have a decreased number of corneal endothelial cells, which
is dependent on the disease type, duration, progression, and stability. The IOP value is considered the most important
determining factor for the extent of CECL in patients with glaucoma.19 Yu et al20 reported that patients with POAG had a
6.8% lower ECD than healthy individuals. Furthermore, patients with POAG without and with previous pharmacological
treatment had a 3.5% and 9.2% lower ECD, respectively, than healthy individuals. This suggests that topical treatment
can also cause changes in the corneal endothelium of patients with glaucoma. Anti-glaucoma medications may have toxic
effects on corneal endothelial cells, which are mainly considered to result from the contained preservatives.
Pseudoexfoliation syndrome (PEX) and PXG are also associated with a decreased ECD. Compared with healthy
individuals, patients with PEX without glaucoma and PXG have 8.2% and 10.4% lower ECD values, respectively.21

Similar to POAG, elevated IOP is considered to be the cause of CECL in patients with PXG. Nonetheless, local
accumulation of pseudoexfoliative material within the anterior chamber, including the cornea, is considered as a crucial
contributing factor.21 This is demonstrated by the large ECD decrease in patients with PEX without glaucoma, where
increased IOP is not a crucial factor. Furthermore, ACG has a significant impact on endothelial status. Compared with
healthy individuals, patients with acute and chronic ACG have a 9.4% and 35.1% smaller number of endothelial cells,
respectively.22 Additionally, these patients have shown increased pleomorphism and polymegathism of the corneal
endothelial cells. Patients with acute ACG have significantly greater corneal thickness than healthy individuals and
patients with chronic glaucoma. The greater CECL in patients with ACG than in patients with OAG could be attributed
to their higher IOP values, which have been mainly associated with acute glaucoma.19 The duration of the acute angle
closure is positively correlated with CECL. When the angle closure duration is >72 h, it causes 62% greater CECL than
that in patients with angle closure duration <72 h.19 Regarding acute angle closure, endothelial damage occurs due to
direct contact between the cornea and iris, as well as impaired aqueous humor outflow. This causes hypoxia and impaired
corneal nutritional status.

As aforementioned, topical glaucoma treatment can affect the corneal endothelial status; however, the detrimental
effects of any single or combined medication on ECD and endothelial morphology remain unclear.17 Yu et al20 suggested
that topical medications have toxic effects on the corneal endothelium after comparing treated and untreated patients with
glaucoma; however, different conclusions can be drawn from the same study. Specifically, patients with untreated POAG
have better endothelial parameters than those treated with pharmacotherapy since they mainly comprise newly diagnosed
glaucoma cases and patients with mild stages of the disease. Other studies have reported a 0.68% and 0.6% annual CECL
rate in pharmacologically treated patients with glaucoma and healthy individuals without any drops, respectively, which
suggests that topical treatment has little effect on the ECD.23

Although pharmacological glaucoma treatment has a probable effect on the corneal endothelial status, the effect of
surgical treatment is certain. The extent of this effect is strongly dependent on the invasiveness of the procedure.
However, when comparing the effects of different surgical techniques related to ECD, it is important to note that more
invasive surgeries are performed in advanced glaucoma stages. Accordingly, the more advanced the glaucoma, the worse
the baseline corneal endothelial status.

Corneal Endothelial Cell Loss Related to Cataract Phacoemulsification
Cataract surgery affect endothelial cells, with the damage depending on several intraoperative factors, including contact
with lens masses, surgical instruments, intraocular implant (IOL), impact of irrigation solutions, and ultrasound activity,
as well as postoperative factors, such as IOP elevation,24 contact between the endothelium and IOL, vitreous body,
inflammatory reaction, hemorrhage into the anterior chamber, presence of peripheral anterior adhesions, and post-surgical
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alterations in the aqueous humor composition.25–27 Further, the most significant cell loss is observed during the early
perioperative period (up to 1 postoperative month), with the rate of cell loss being greater than the physiological loss
even after 10 postoperative years. Furthermore, the postoperative increase in central corneal thickness (edema) is
positively correlated with subsequent cell loss.

The Effect of Traditional Incisional Glaucoma Surgery on Endothelial Cell
Density
Before the introduction of MIGS, most patients underwent traditional trabeculectomy for glaucoma treatment, which still
remains the gold standard in surgical armamentarium. Moreover, patients with OAG frequently underwent other surgery
methods, including Ex-PRESS implantation, deep sclerectomy and Ahmed valve, Molteno, or Baerveldt implants being
used for more advanced stages. These procedures are relatively invasive and are associated with significant CECL. After
2 postoperative years, the Ahmed valve (New World Medical, Rancho Cucamonga, CA, USA) caused a CECL of 11.5–
18.6%,28–30 which is most extensive in the superior temporal quadrant close to the valve location (22.6%). Two years
after placing Molteno implants (Molteno Ophthalmic Limited, Dunedin, New Zealand), the CECL was 12.37%.30

Additionally, the Baerveldt implant (Johnson and Johnson, New Brunswick, NJ, USA) causes a CECL of 13.7% within
3 postoperative years, with an average annual CECL rate of 4.54% and 6.57% in the corneal center and perimeter,
respectively.31 EX-PRESS shunt implantation and trabeculectomy have slightly fewer adverse effects on corneal density.
Specifically, within a short follow-up period (1–3 postoperative months), EX-PRESS did not affect ECD while
trabeculectomy caused a CECL of 3.5% and 4.2% after 1 and 3 months, respectively.32 After 2 follow-up years, the
ECD loss after EX-PRESS shunt implantation and trabeculectomy was 2.5% and 6.1–9.1%, respectively.33 Within 2
postoperative years, solo EX-PRESS shunt implantation was found to have a generally little effect on ECD; however,
when combined with phacoemulsification, the CECL was 5.3% greater than that after phacoemulsification alone.
Compared with trabeculectomy alone, trabeculectomy combined with phacoemulsification yielded an approximately
5% higher CECL.33 After 2 follow-up years, Tajo et al34 reported that the average CECL after EX-PRESS implantation
was 7%, with this value depending on the shunt position. Specifically, a CECL of 15% and 5.2% was observed upon EX-
PRESS insertion into the cornea and trabecular meshwork, respectively. A 1-year follow-up study on patients after
trabeculectomy alone and trabeculectomy combined with phacoemulsification reported the following respective CECL
values: 9.6% and 12.3% in the central cornea, and 11.9% and 11.8% in the upper quadrants. Similarly, after deep
sclerectomy alone and deep sclerectomy combined with phacoemulsification, the CECL within 1 postoperative year was
4.5% and 7.8% in the central cornea, respectively, and 5.2% and 12.2% in the upper quadrants, respectively.35

The Effect of Minimally Invasive Glaucoma Surgery on Endothelial Cell
Density
Schlemm’s Canal/Trabecular MIGS
Trabectome
Trabectome (NeoMedix Inc, Tustin, California, USA) is an ab interno trabeculectomy procedure approved by the US
Food and Drug Administration (FDA) in 2004.36 It involves ablation of the trabecular meshwork with a 550-kHz bipolar
electrode to facilitate irrigation, aspiration, and electrocauterization. The 19.5-gauge-tip is designed to fit through a 1.6-
mm-or-larger corneal incision. Goniotomy is performed over an area covering 30–180° of the filtration angle, with
simultaneous aspiration of the resulting deposits and tissue debris. Simultaneous irrigation maintains the stability of the
anterior chamber depth. A retrospective observational study on 159 operated eyes reported no significant CECL
throughout the cornea at 3 postoperative years.37 Trabectome combined with phacoemulsification caused ECD loss in
the superior and inferior temporal quadrants by 13.6% and 9.6%, respectively, at 12 postoperative months. Trabectome
did not affect the coefficient of variation (CV) or the percentage of hexagonal cells (%HEX). Similarly, Maeda et al38

reported no significant effect of trabectome on the ECD in their study.
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Kahook Dual Blade
The Kahook Dual Blade (KDB, New World Medical Inc., Rancho Cucamonga, California, USA) was introduced in 2015
as an ab interno goniotomy and trabeculectomy method.6 It was designed to allow trabecular meshwork removal with
minimal damage to adjacent tissues. It comprises a handle and sharp blade that allows gentle entrance into Schlemm’s
canal at a 10° angle to the trabecular meshwork plane. Under gonioscope guidance, the blade is inserted ab interno into
the Schlemm’s canal, followed by trabecular meshwork removal within an area of 3–4 clock hours using several
available techniques.8 In a prospective multi-center study, a 3.4% decrease in ECD at 6–29 months after KDB combined
with phacoemulsification. There was no correlation between CECL and the postoperative follow-up duration. KDB did
not significantly affect the size of CV, %HEX, or central corneal thickness (CCT). Further KDB did not cause corneal
edema, corneal decompensation, or other corneal complications.39 Contrastingly, Ventura-Abreu et al40 reported that
KDB combined with phacoemulsification and phacoemulsification alone yielded a CECL of 25.2% and 11.8%, respec-
tively. These varying CECL values could be dependent on differences in the lens nucleus fragmentation technique and
operators. Taken together, although the KDB procedure is safe, it can cause corneal decompensation in patients with low
baseline ECD.

Hydrus Microstent
The Hydrus Microstent (Ivantis, Inc., Irvine, California, USA) is a sickle-shaped implant placed in the Schlemm’s canal,
where it entirely fits given its curvature.41 An 8-mm-long implant comprised of a flexible, biocompatible material, nitinol®,
which is a nickel-titanium alloy, was introduced using an ab interno approach through a clear corneal incision. The implant
is directly placed in Schlemm’s canal from a preloaded dispensing injector. Upon penetration of the proximal implant tip
1 mm deep into the trabecular meshwork, it is circularly injected into the canal lumen. By positioning the implant within the
canal lumen, it is possible to expand the canal at approximately 3 clock hours. The distal end of the implant remains within
the anterior chamber lumen. A 6-month follow-up study on the effect of Hydrus poses on the corneal endothelium reported
a CECL of 11.7% and 17.4% after combined microstent implantation with phacoemulsification and after phacoemulsifica-
tion alone, respectively.42 Taken together, the MIGS (Hydrus) procedure did not significantly affect the postoperative
endothelial status and the CECL is entirely dependent on the cataract surgery. Hydrus microstent implantation did not
influence the CV or %HEX. Ahmed et al43 reported that within the first 3 postoperative months, Hydrus combined with
phacoemulsification yielded a minimally greater CECL than phacoemulsification alone (13 vs 11%, respectively, with no
significant difference). Within 3 postoperative years, CECL increased by 2% in the Hydrus procedure group, reaching 15%,
while it remained unchanged in the cataract surgery alone group (11%), with no significant differences. The ECD in the
central cornea in the combined and phacoemulsification groups increased by 9 and 13 cells/mm2, respectively, between 3
and 12 postoperative months.38 Additionally, both procedures were evaluated with respect to significant endothelial damage
based on an ECD loss of ≥30% as the cut-off threshold. At 3 postoperative months, significant CECL was observed in
17.3% and 9.4% of eyes with implanted Hydrus microstent and phacoemulsification, respectively (p = 0.014). Throughout
the follow-up period, these differences tended to change; additionally, at 3 postoperative years, 14.2% and 10% of patients
in the combined surgery group and phacoemulsification alone group, respectively, had a CECL ≥ 30% (p = 0.239).43 The
authors concluded that additional manipulation associated with stent implantation and further removal of viscoelastic
material yielded a relatively more significant ECD loss after the Hydrus procedure; however, it was not significant
compared with that after cataract surgery alone. In contrast, a 3-year clinical follow-up revealed that the presence of the
device alone did not compromise the corneal endothelium.

iStent
The iStent (Glaukos Corporation, Laguna Hills, California, USA) is a first-generation trabecular microbypass that
directly connects the anterior chamber to Schlemm’s canal. It was approved by the FDA for use in 2012. It has an
L-shaped design, with a pipe-shaped inlet located in the anterior chamber and a truncated tip mounted in the trabecular
meshwork. Given its dimensions (1 mm long, 0.33 mm wide, 0.25 mm pipe length), it is the smallest implant used in
humans. Separate iStent orientations are available for the right (OD) and left eye (OS). The iStent is made using heparin-
coated biocompatible titanium. To achieve better results, it is possible to apply several stents.44 The iStent is inserted into
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the anterior chamber through an incision in the clear cornea using a dispensing injector, which locates the implant in the
trabecular meshwork after pulling the trigger. The iStent is typically inserted in the inferior nasal quadrants, which have
the largest number of collector channels, bypassing the resistance within this area and directing the aqueous humor flow
from the anterior chamber into the Schlemm’s canal.45,46 Early studies on the effect of iStent implantation on the corneal
endothelium reported a CECL of 13.2% after combining with phacoemulsification. However, the lack of a control group
impedes making conclusions regarding the effect of iStent implantation and cataract surgery alone on the ECD.47 A
retrospective study with a mean follow-up period of 18.2 months reported a CECL of 9% within 6–29 months after the
iStent procedure combined with phacoemulsification. This is consistent with a reported 3.4% of CECL after KDB
combined with phacoemulsification. CECL is not correlated with the postoperative follow-up duration. Another study
found that iStent implantation did not significantly affect the magnitude of CV and CCT; however, it decreased the %
HEX.39 A further retrospective study reported a CECL of approximately 7.2% within one year after the phacoemulsifica-
tion procedure combined with iStent implantation.48 A Japanese study reported a CECL of only 3.6%49 at 2 years after
iStent implantation combined with phacoemulsification. Konopińska et al50 reported that within 18–24 postoperative
months, there was no significant difference in CECL between MIGS combined with surgery and phacoemulsification
alone; further, iStent implantation decreased the ECD by only 2.5%.

iStent Inject
The iStent inject (Glaukos Corporation, Laguna Hills, California, USA) is a second-generation iStent model, which was
approved by the FDA in 2018.51 It involves the implantation of two stents, which are smaller than the first-generation
stents. Similar to the first-generation iStent, iStent inject is made using heparin-coated biocompatible titanium. The
system included an injector with two loaded stents with a central entry and four peripheral openings, which allowed
aqueous humor outflow in different directions. The iStent is implanted using an ab interno approach in two distant parts
of the trabecular meshwork, which theoretically allows a relatively more significant decrease in IOP.52 A 1-year follow-
up study of iStent inject outcomes revealed a similar CECL between cataract surgery alone (14.4%) and phaco-iStent
inject combined with surgery (14.6%).53 A mean decrease in ECD of 9.8% and 16.3% in eyes was reported where two
devices and only one iStent were visible, respectively, with no significant between-group differences. There was no
significant difference in CCT between before and 12 months after implantation of the iStent inject. Additionally, there
was no correlation between the device position in the eye and the CECL value. Contrastingly, a 2-year follow-up study
reported a CECL of 13.1% and 12.3% of phacoemulsification alone and combined with iStent inject-phaco surgery,
respectively.54 There were no significant differences in CCT and number of eyes with CECL ≥ 30% (9.5% and 10.4%)
between phacoemulsification alone and combined with surgery. In both groups, the most significant decrease in corneal
density was observed within the first 3 postoperative months (12.5% and 11.6% in the iStent inject and phacoemulsifica-
tion groups, respectively). Taken together, second-generation iStents have a minimal effect on the corneal endothelium,
with an effect being observed after combining iStent implantation with phacoemulsification.

MINIject Supraciliary Drainage System
A 2-year follow-up study by Ahmed et al55,56 reported promising results with respect to the efficacy and safety of a new
supraciliary drainage system. This implant targets the uveoscleral aqueous outflow, which accounts for up to 60% of the
drainage system and decreases with age. The implant is made using biocompatible porous silicone material. Its
dimensions are a length tube of 5 mm and a diameter of 1.1×0.6 mm. A green ring positioned at 0.5 mm from the
device tip allows for accurate positioning in the anterior chamber. A mean reduction of 40.7% in IOP was reported at 24
postoperative months compared with the baseline values. The most common adverse events were anterior chamber
reaction (30.8%), reduced visual acuity (30.8%), visual field defects (26.9%), IOP spikes (19.2), and lenticular opacities
(19.2), with most resolving spontaneously or after cataract removal. All cases of IOP elevations resolved spontaneously.
One patient developed mild, transient hypotony on postoperative day 2, which resolved within 7 days. No suprachoroidal
hemorrhages were observed and no additional glaucoma surgeries were required.
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Gonioscopy-Assisted Transluminal Trabeculotomy
GATT is a technique of ab interno trabeculotomy introduced in 2014.57 This procedure involves paracenteses in the
temporal region and in the superonasal or inferonasal quadrants. An illuminated microcatheter (iTrack, Ellex, Adelaide,
Australia) is inserted through nasal paracentesis. A 1–2 mm goniotomy is performed in the nasal part of the trabecular
meshwork, with a microsurgical knife under gonioscopic visualization. The microcatheter is introduced into the goniotomy-
guided incision using microsurgical forceps inserted into the anterior chamber through temporal paracentesis. The catheter
must reach a circumference of 360°, with its position and movement being tracked using the illuminated tip.4

Excimer Laser Trabeculotomy
ELT is a laser technology that partly ablates the trabecular meshwork and the inner wall of the Schlemm’s canal.3 A laser
probe is inserted into the anterior chamber through a temporal or nasal incision. The laser tip was directly applied to the
trabecular meshwork under gonioscopic visualization to 8–10 laser spots, with an even, 500 µm, spacing between each
spot. It seeks to create small openings in the anterior part of the trabecular meshwork. ELT applies a 308 nm laser with a
spot size of 200 µm and a pulse energy of 1.2 mJ/80 ns.58

The effect of GATT and ELT on ECD remains unclear. There is lack of any data in the literature of its influence of
these devices on the cornea. Based on the surgical technique, these MIGS procedures are supposed to have a slight effect
on the corneal endothelial status.

Suprachoroidal MIGS
CyPass Microstent
The CyPass supraciliary microstent (Alcon Laboratories, Fort Worth, TX) was initially introduced in 200859 but was
withdrawn in August 2018 due to adverse effects on corneal endothelial status. These adverse effects were reported by
Lass et al,59 where a CECL of 10.1% and 20.4% at 5 years after phacoemulsification alone and combined with CyPass
microstent implantation, respectively, was found. Presumably, the CECL value is influenced by the device position and
the number of CyPass rings visible in the anterior chamber, which are indicative of the depth of CyPass implantation, as
well as possible migration of the implant into the anterior chamber. Furthermore, the number of visible rings (more
anterior CyPass placement) is positively correlated with the CECL. This could be attributed to a mechanical effect related
to intermittent device-cornea touching. Moreover, there is unclear evidence regarding temporal device migration. A 5-
year follow-up study reported no significant differences in terms of CV and %HEX between phacoemulsification alone
and combined with CyPass implantation. After the withdrawal of CyPass, the American Society of Cataract and
Refractive Surgery has recommended CECL monitoring in patients with this device implanted.60 For patients with
corneal decompensation and edema, who have at least one ring visible, repositioning or entirely removing the CyPass
implant is recommended. Fili et al61 reported that among patients who underwent CyPass removal and were treated using
topical steroids and 5% sodium chloride, one patient underwent a posterior lamellar grafting procedure. Further, among
patients with CyPass stent implantations affected by corneal complications, it is recommended to trim the stent until the
scleral spur. Microsurgical trimming of the CyPass stent is safe and involves a small number of complications, including
self-limiting bleeding, iris defects, and iridodialysis.62 Medra et al62 reported that 65 CyPass stents in 64 eyes have been
trimmed using this method. His study confirmed, that the procedure of CyPasss shortening is associated with few
complications, with a markedly reduced risk of intraoperative expulsive bleeding or postoperative fistulation.

iStent Supra
The iStent Supra is a third-generation stent that improves aqueous humor outflow through unconventional rather than
conventional pathways. It is made of polyethersulfone and a colored titanium sleeve. It is comprised of a 4-mm tube with
a hole at each end and is placed in the suprachoroidal space using an ab interno approach. It was designed to establish a
new outflow pathway from the anterior chamber into the suprachoroidal space and is equipped with retention rings to
ensure implantation site stability.63 This MIGS type is not yet commercially available; therefore, there are insufficient
clinical data regarding its safety and impact on the corneal endothelium.
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Subconjunctival MIGS
XEN Gel Stent
The FDA approved XEN GEL Stent (Allergan INC, Dublin, Ireland) for use in 2016. The implant is made of non-
resorbable soft cross-linked collagen, which has a tubular shape, is 6 mm long, and is available in the following sizes:
140, 63, or 45 µm. These stents can be implanted using both ab interno and ab externo approaches. In the ab interno
approach, the implant is inserted into the anterior chamber through a corneal incision in the inferotemporal quadrant
made using a bent 27 G needle blade. The sharp end of the implant is inserted through the trabecular meshwork and
sclera into the subconjunctival space, which is approximately 2.5–3 mm posterior to the corneal limbus. This allows the
connection of the anterior chamber to the subconjunctival space. Subsequently, the tube is irrigated to confirm the proper
placement and formation of the filter cushion. Regarding the corneal endothelial status, a short follow-up study reported a
CECL value of 2.1% at 3 months after XEN Gel Stent implantation.64 Another 6-month follow-up study reported CECL
values of 5.6%, 11.3%, and 13% in eyes with only XEN Gel Stent implantation, the XEN-phaco combined procedure,
and phacoemulsification alone, respectively.65 A comparison of CECL outcomes following combined surgery and
phacoemulsification alone suggested that the cataract extraction procedure is the most important cause of CECL.
Furthermore, the implantation itself had a small influence on the endothelial status. However, the 5.6% CECL value in
the XEN-solo group is inconsistent with the aforementioned claim. However, 72% of patients who underwent XEN Gel
Stent implantation alone had already undergone previous cataract surgery; moreover, they showed the poorest baseline
corneal endothelium status. Patients in the XEN-phaco and phaco alone groups had higher baseline ECD values by
approximately 300 cells/mm2. Consequently, this may yield greater CECL in individuals with a “weaker” endothelium at
baseline after cataract surgery. There were no significant differences in CCT in patients after XEN Gel implantation,
combined XEN-phaco surgery, and phacoemulsification alone. A 2-year follow-up study by Gillmann et al66 reported a
similar CECL value between XEN Gel Stent surgery combined with phacoemulsification (14.3%) and phacoemulsifica-
tion surgery alone (14.5%). In the combined XEN surgery group, the CECL of patients who required and did not require
mitomycin-C (MMC)-enhanced needling revision was 13.1% and 15.4%, respectively. This suggested that using MMC
during the revision procedure improves the endothelial safety; moreover, CECL is only caused by the direct contact
between the antimetabolite and corneal endothelium. Additionally, it was suggested that the amount of MMC that
penetrates the anterior chamber during needling revision is minimal and does not affect the endothelial status. Similar to
the negative experience related to CyPass, which results from implant migration into the anterior chamber, XEN Gel
Stent dislocation into the anterior chamber has been reported, which causes local corneal damage and a 2.1% ECD
reduction within 30 days.53 However, there was not effect on the CCT during the monthly follow-up.

PRESERFLO Microshunt
The PRESEFFLO microshunt (Santen Pharmaceutical Co. Ltd, Osaka, Japan), which is formerly known as the InnFocus
microshunt, is designed to increase posterior aqueous humor outflow, which allows the formation of a perfect vesicle with
walls thinner than those observed in conventional filtration surgery as well as a more posterior location.67 Although it is
implanted ab externo, it meets all the MIGS criteria proposed by the American Glaucoma Society and US FDA. Similar to
filtration procedures, it does not require the preparation of the scleral flap. However, it only involves the formation of an
intrascleral tunnel with a 27 G needle, which is used to introduce the shunt tip into the anterior chamber, while the distal end
remains within the space under Tenon’s capsule. A study reported no changes in the ECD and %HEX at 6 months after
PRESEFFLO microshunt implantation; however, there was a significant change in the CV (p = 0.003).68 A large multi-
center study reported a CECL of 5.2% at 1 year after PRESERFLOMicroshunt implantation. In one case, the CECL value
was higher (9.4%), which was attributed to the close proximity of the microshunt to the cornea.69,70

Discussion
This review demonstrated that the safety of individual MIGS procedures with respect to the corneal endothelium remains
unclear due to insufficient clinical data. However, MIGS treatments appear to have little effect on the ECD, do not cause
corneal decompensation or edema, and do not compromise vision. Since most cases of MIGS are performed in
combination with phacoemulsification, post-operative CECL may mainly result from cataract surgery itself.
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The patient characteristics should be considered when analyzing clinical data regarding the impact of MIGS
procedures on the corneal endothelium. This includes age, which directly influences the corneal endothelial status.
Furthermore, patients with glaucoma have a significantly decreased ECD compared with healthy individuals. The
influence of topical anti-glaucoma treatment on endothelial status remains unclear. However, the effect of cytostatics,
including MMC, which are used during the intraoperative and postoperative periods, should be considered. Candidate
eyes for MIGS that have previously removed cataracts presented with a weakened endothelium at baseline. However,
further studies comparing combined surgeries with stand-alone procedures are warranted to confirm the reliability of their
results, which acknowledges the numerous factors to consider when interpreting and comparing different clinical trials.

Several factors influence the surgery outcomes, including postoperative IOP and visual acuity. Moreover, it is
important to ensure proper suitability of surgery. Regarding perioperative safety, patients qualified for the MIGS
procedure require an adequate number of endothelial cells in the central part. It is important to ensure that the number
of endothelial cells allows approximately 10% acute surgical cell loss and a subsequent gradual annual CECL of 2%,
with the ECD at 72 years being ≥1000 cells/mm2.67

Currently, the safety of all MIGS procedures, except for the withdrawn CyPass microstent implantation procedure,
should be considered with respect to their effects on the corneal endothelium. However, most of the discussed studies
only reported short-term outcomes regarding the corneal endothelium status. Further research, especially long-term
follow-up outcomes, is warranted.
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