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Abstract

Aim: To investigate trabeculopuncture (TP) for predicting the outcome of ab interno
trabeculectomy (AIT). AIT is an effective, low-risk procedure for open-angle glaucoma.
It has a high use rate but fails in patients with an unidentified distal outflow resistance.

Methods: We bisected 81 enucleated porcine eyes and perfused them at a constant
rate of 6 ul/min for 72 hours. They were assigned to two groups: trial (n=42) and control
(n=39). Intraocular pressure (IOP) was measured continuously. At 24 hours, 4 YAG-
laser trabeculopunctures on the nasal trabecular meshwork were performed, followed
by a 180° AIT at the same site at 48 hours. Eyes were divided into TP and AIT
responders and non-responders; the proportion of TP responders between both AIT

groups was compared.

Results: Post-TP and post-AlT IOPs were lower than baseline IOP (p=0.015 and
p<0.01, respectively). The success rates of TP and AIT were 69% and 85.7%,
respectively. The proportion of TP responders among AIT responders was greater than
that of AIT non-responders (p<0.01). The sensitivity and specificity of TP as a
predictive test for AIT success were 77.7% and 83.3%, respectively. The positive and
negative predictive values were 96.6% and 38.5%, respectively.

Conclusion: A 10% reduction in IOP after TP can be used to predict the success
(>20% IOP decrease) of nasal 180° AIT in porcine eyes. As porcine eyes share many
similarities with human eyes, our findings may have implications on the validity of this

test as a predictor for surgical outcomes of AITs in humans.



1. Introduction

Epidemiology and Definition of Glaucoma

Glaucoma is a progressive optic nerve neuropathy associated with consecutive
visual field defects and, therefore, potentially results in blindness [1]. A study by
Quigley et al. in 2006 estimates the prevalence of Glaucoma for 2020 is one of the
most quoted ophthalmological studies to date [2]. This fact demonstrates the
consistently high relevance of Glaucoma research and the yet unsaturated need of
expanding the current literature. Glaucoma is the second most common leading cause
of blindness after lens opacification (cataract) and is still on the rise. Quigley et al.
estimated the prevalence in 2020 to be approximately 80 million, representing about
1% of the world’s population. More recent findings by Allison et al. support these
figures and estimate an increase to over 100 million glaucoma patients in 2040 [3]. It is
assumed that almost half of all those people diseased with glaucoma do not know
about their condition [4]. One reason for this is that glaucoma is a slowly progressing
condition that can be asymptomatic until the moderate stages of the disease [5].
Another reason is the lack of adequate screening programs, especially in developing
countries, and regular follow-ups of diagnosed patients [6]. Hence, it is essential to
identify predispositions, drugs, and conditions that increase the likelihood of glaucoma
development [7]. Among identifiable risk factors for glaucoma are advanced age, a
positive family history, diabetes or cardiovascular diseases, and African American,
Asian, or Hispanic descent [8]. All of these risk factors are currently on the rise. The
global population’s continuous growth and average life expectancy are expected to
increase, and thereby the incidence of glaucoma [3,9]. Additionally, diabetes and
cardiovascular diseases are likewise on the rise, potentially contributing to the increase
in glaucoma patients [10-12]. Therefore, the necessity of detection and the demand for
new treatment options are high, and current glaucoma practices are constantly

required. Nevertheless, there is no cure for this disease, despite many research efforts.

Pathophysiology of Glaucoma
The pathophysiology of glaucoma is not fully understood yet; an increased
intraocular pressure (IOP) is regarded as the most critical risk factor [13]. The
physiological IOP ranges from 10-21 mmHg with a mean IOP of 15.5 mmHg [14]
determined by an equilibrium of aqueous humor (AH) in- and outflow in the eye. AH is

formed at approximately 2.5 puL/min by the ciliary body epithelium [15]. AH flows around
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the iris from the eye’s posterior chamber through the pupil into the anterior chamber.
There, AH drains into the outflow tract through the trabecular meshwork (conventional
outflow) and the uveoscleral tissue (unconventional outflow) [15]. Figure 1 depicts the
circulation of AH in the eye. Increased IOP levels lead to irreversible damage of the
ganglion cell axons in the retinal nerve fiber layer (RNFL). All axons run, bundled as
the optic nerve to the optic chiasm where the optic fibers partially cross and are
henceforth named optic tract. The fibers from the optic tract eventually end in the visual
cortex. Nerve fibers of the peripheral retina are located at the outer regions of the optic
nerve; fibers of the central retina are at the inner regions. As the most stress by an
elevated IOP is exerted on the inferotemporal and superotemporal axons,
corresponding superonasal and inferonasal steps in the visual field are the most
common early functional defects [16,17]. The disease progresses most of the time
slowly, and patients do not experience pain unless severely elevated IOP levels arise.

Figure 1 Aqueous Humor Circulation
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Out of both outflow pathways, only the conventional outflow system is pressure-
dependent, permitting more flow with increased IOP. It can be subdivided into proximal
and distal portions [19]. The trabecular meshwork (TM) represents the proximal part of
the conventional outflow tract and can be visualized by gonioscopy during a clinical
examination. Figure 2A depicts a gonioscopic view of an open anterior chamber angle.
It is a porous region that can be subdivided into different cell layers: the uveal
meshwork, corneoscleral meshwork, juxtacanalicular meshwork, and inner wall
endothelium of Schlemm’s canal (SC) (Figure 2B). AH passes through the TM, the

inner wall of SC, and eventually enters SC. From here, the distal outflow starts by the


https://paperpile.com/c/B1WKpC/Dn2I
https://paperpile.com/c/B1WKpC/HgGN+Jyp8
https://paperpile.com/c/B1WKpC/FreU
https://paperpile.com/c/B1WKpC/thCx

AH draining into collector channels through their proximal openings, into the

meandering deep scleral plexus, and finally entering the episcleral veins [20,21].

Figure 2 Structure of the Trabecular Meshwork
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Figure 2A shows the structures of the anterior chamber on a gonioscopic view.[22] The
trabecular meshwork is located between Schwalbe’s line and the scleral spur. On the right side
(2B), the structure of the trabecular meshwork is depicted.[23] The green arrows indicate the
flow of aqueous humor from the anterior chamber into Schlemm’s canal.

AC = anterior chamber; Ant. TM = anterior trabecular meshwork; BM = basement membrane;
CCB = ciliary body band; CSM = corneoscleral meshwork; JCM = juxtacanalicular meshwork;
Post. TM = posterior trabecular meshwork; SL = Schwalbe’s line; UM = uveal meshwork

The uveoscleral outflow system is a pressure-independent outflow system that absorbs
aqueous through the iris, ciliary body, ciliary body band, and other, more posterior parts
of the uvea. Only the conventional outflow system can be surgically modified.
Goldmann’s equation describes the relationship between IOP and the outflow facility
that is reciprocal to the outflow facility [20]. Thus, outflow (A) is equal to the aqueous
formation (F) and can be expressed as the quotient of pressure (P) and outflow

resistance (W).
A=P/W

Given that outflow resistance is the reciprocal of outflow facility (C)
c =1/w

and the gradient that drives outflow is the difference between IOP and episcleral

venous pressure (EVP), one obtains:

F = (IOP—-EVP) * C
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This equation is known as the Goldmann equation. Accordingly, an increase in outflow
facility leads to a reduction of IOP under the assumption that F and P. remain
unchanged. By implication, elevated IOP levels are induced by either an imbalance of
formation and outflow of AH or an increased outflow resistance. As the formation of AH
decreases with age, in the majority of glaucomas the most likely cause of a raised IOP
is increased resistance to outflow [21,24]. Blockage of the TM for instance can occur
through primary and secondary angle-closure by the iris, adhesions (synechiae), or
proliferative membranes. Furthermore, debris, fibrillary material, or pigment can
obstruct the TM and increase the outflow resistance. However, in the absence of these
pathological conditions the main site of physiological outflow resistance lies in the
tightest layers: juxtacanalicular meshwork and the inner wall of SC [21,25]. The distal
outflow facility is determined by the lumen of the vessels as well as the EVP. It has
been shown to contribute to approximately 25-50% of the total outflow resistance [26].
Narrowing of the SC lumen by a transient increase in IOP can lead to herniations at the
ostia of the collector channels, causing a decrease in the outflow facility [27,28]. An
elevated EVP is defined as pressure above 8 mmHg. The condition can be found in
various conditions, ranging from arteriovenous shunts to ocular tumors [20,29]. As a
consequence of an increased EVP, blood reflux into SC occurs which impedes AH

drainage into the outflow tract and subsequently leads to a rise in IOP [30,31].

Types of Glaucoma

Glaucoma can be subdivided into primary and secondary entities that can
further be subset into different subtypes. Primary glaucomas are classified by the
opening of the anterior chamber angle as primary open-angle glaucoma (POAG) and
primary angle-closure glaucoma. POAG is the most common glaucoma type in the
western hemisphere, with a prevalence of about 2% and 4% in the Caucasian and
African American population, respectively; primary angle-closure glaucoma has its
highest prevalence in Asia with 0.7%. [3,20,32,33]

In POAG, despite a normal appearance of the angle on gonioscopy,
progressive damage to the optic nerve is causing irreversible visual field defects.
Retinal ganglion cells and axons decay and result in pathognomonic cupping of the
optic nerve head. An elevated IOP caused by a decrease in outflow facility is often the
most important risk factor [20]. However, the exact etiology is still unclear and there are
also individuals with an open angle and low IOP showing likewise signs of glaucoma. In

this case, they are referred to low tension glaucoma patients [20].
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Secondary glaucomas include pseudoexfoliation, pigmentary, uveitic, and
neovascular glaucoma. Exfoliation material is fibrillary deposits that accumulate in the
TM and consecutively decrease the outflow facility. In pigmentary glaucoma, pigment
derives through friction from the posterior iris epithelium and likewise obstructs the TM.
Secondary angle-closure by fibrovascular membranes is the pathomechanism of
neovascular glaucoma. These membranes develop on the ground of an underlying
ocular or systemic disease, for instance, retinal vein occlusion or diabetes. In contrast
to POAG, all these conditions share an identifiable mechanism for increased trabecular
meshwork resistance and thus elevated IOP values [20,34].

Treatment of Glaucoma

IOP reduction is currently the only available treatment for glaucoma and falls
into one of two categories: conservative and surgical. First-line therapy consists of
either topical medication or selective laser trabeculoplasty (SLT). [35,36]

Today, the most commonly used anti-glaucomatous eye drops can be classified
into one of 5 categories: beta-blockers, carbonic anhydrase inhibitors, alpha-2
adrenergic agonists, prostaglandin analogs, and Rho kinase inhibitors [20,37]. While
the first three mainly modulate the formation of AH by the ciliary body, the latter two
increase AH outflow through the uveoscleral and trabecular pathways, respectively
[37-39].

Laser Treatments for Glaucoma

Laser trabeculoplasty on the TM can be performed as an alternative treatment
or in addition to topical therapy. SLT was introduced in 1995 and is a minimally
invasive laser treatment intended to increase the conventional AH outflow by cellular
modulation of the TM [36]. A Q-switched neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser at a wavelength of approximately 532 nm is deployed to perform a 90°
— 360° trabeculoplasty in single shots of 0.9 — 1.1 mJ per shot [40]. Melanin located in
the TM absorbs light at a wavelength of 400-700 nm [41]; consequently, thermal
energy is selectively absorbed by these pigmented TM cells at the spot of pulsation
[42]. As the deployed energy level is low, and the spot size is large (400 um), there is
no substantial coagulative damage to the surrounding tissue [43,44]. SLT is presumed
to increase the outflow facility by the biological response of TM cells [44].

While the precise mechanism of action is not completely understood yet, clinical

trials have shown SLT to be equal to drops as an initial treatment for glaucoma [36].
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The I0P lowering effect of SLT is seldom permanent [45]; however, the procedure can
be repeatedly performed [46]. The predecessor of SLT, Argon laser trabeculoplasty
(ALT), was first described in 1979 [42,47]. For ALT, a blue-green laser is deployed [48].
The target of the electromagnetic laser energy is also the melanin localized in the TM.
Similar to SLT, one theory regarding the mechanism of action of ALT assumes a
remodeling of the TM. In contrast to SLT, another theory attributes the IOP lowering
effect of ALT to contraction due to scarring of the treated spots that lead to a dilation of
the adjacent TM regions [49]. Even though ALT and SLT have been shown to be
similar regarding IOP reduction, the better risk profile, a lower amount of energy used,
and easy handling have led to a wider establishment of SLT [36].

Trabeculectomy

Although first-line treatment options (SLT and drops) may achieve desired IOP
levels in some patients, about 50% of glaucoma patients will eventually require at least
one surgery [50]. Traditional glaucoma filtering surgeries are aimed at lowering the IOP
sufficiently by bypassing the TM and creating a secondary outflow tract [51]. However,
these interventions are associated with a high rate of post-surgical complications and
require intensive postoperative care [52,53].

Trabeculectomy is indicated in uncontrolled or progressing glaucoma of patients
on maximal topical therapy and insufficient response to laser therapy. IOP reduction is
achieved by creating an additional outflow tract through a fistula.[37] Figure 3 depicts
the newly created drainage pathway from the anterior chamber into the subconjunctival
space through a scleral flap. A bleb will form on account of this newly created pathway
into the subconjunctival space. Trabeculectomy success depends on intensive
postoperative care and is often hampered by a high complication and failure rate of up
to 60% and 40%, respectively [54,55]. More recent methods of filtering surgery deploy
microshunts [56] or gel stents [57] for a safer approach [58,59]. Nevertheless, even
those modern techniques are still associated with unfavorable postoperative adverse
events such as a flat anterior chamber, choroidal effusion, hypotony, and deterioration
of the visual acuity [56,60]. Due to the high complication rate, intensive postoperative
care is required and furthermore, additional treatment with subconjunctival 5-

Fluorouracil injections within the first postoperative days may also be indicated [53,61].
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Figure 3 New Drainage Pathway after Trabeculectomy
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Figure 3 displays the newly created drainage pathway after trabeculectomy (B). In addition to
the conventional outflow through the trabecular meshwork (A), aqueous humor now also drains
through a scleral flap into the subconjunctival space and forms a bleb. [62]

AC = anterior chamber; PC = posterior chamber; SC = Schlemm’s Canal; TM = trabecular
meshwork

Microinvasive Glaucoma Surgery (MIGS)

To reduce surgical complications and costs, there has been a trend towards
microinvasive glaucoma surgery (MIGS) over the last few decades. MIGS lower the
IOP by removal or bypass of the TM and thereby enhance the aqueous humor outflow
facility. [63,64] Moreover, they can serve as an alternative for glaucoma drops in case
of intolerance or noncompliance and are even more cost-effective than topical
treatment [65].

Trabecular micro-bypass stents are one type of MIGS that can circumvent the
TM by draining the aqueous humor directly into the Schlemm’s canal [64,66]. In 2012,
the first generation of micro-bypass stents (iStent, Glaukos Corporation, San Clemente,
California, United States) was approved by the United States Food and Drug
Administration; in 2018 the second generation (iStent inject) was released. The first
generation stent measured about 1 mm in length and 0.3 mm in height, the iStent inject
presented a different shape and measured approximately 0.2 mm in length and 0.3 mm

in height [67]. Figure 4 illustrates the first and second generations of iStents. The
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implantation of 1-2 stents is usually performed in combination with cataract surgery
[68]. This combined procedure has been shown to lower the IOP and the number of
eye drops [66,69]. Phacoemulsification itself has been shown to be accompanied by a
significant IOP reduction of about 2-3 mmHg [70,71]. Additionally, an increase in the
outflow facility of the conventional pathway by TM bypass is assumed to contribute to
the IOP reduction [66]. A 2020 meta-analysis by Chen et al. supports the effect of

standalone stent implantation in lowering the 10P [72].

Figure 4 Trabecular Micro-Bypass Stent (iStent)
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Figure 4 depicts the first and second generation of iStents. Both aim to enhance the
conventional outflow by bypassing the trabecular meshwork.[73]

Another well-established MIGS is the deployment of various ab interno
trabeculectomy (AIT) devices to either ablate [74], incise [75], or excise [76,77] the TM.
As a conseqguence, the partial removal of the TM as proximal outflow resistance results
in an IOP decrease. Owing to the surgical approach from the patient’s temporal side,
the nasal TM is the treatment area of most AlIT devices [78]. For visualization of the
anterior chamber angle structures, AIT requires the constant use of a surgical
gonioscopy lens intraoperatively [78].

The Trabectome (MicroSurgical Technology, Redmond, WA, United States) is
an anterior chamber maintaining AIT device that utilizes plasma-mediated ionization
and disintegration for TM removal [79]. In Trabectome surgery, the tip of the handpiece
is inserted into the anterior chamber and up to 180° of the nasal TM circumference are
ablated, resulting in a theoretically complete elimination of proximal resistance at the
treated site [78,79]. A footplate at the end of the tip prevents the surgeon from incising
the outer wall of SC. Additionally, the device is equipped with an active irrigation and

aspiration unit to maintain the anterior chamber during the intervention [80].
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Similar to the Trabectome, the TrabEx (MicroSurgical Technology, Redmond,
WA, United States) also allows active anterior chamber management during AIT. This
dual-blade AIT device excises, rather than ablates, the TM [80]. Additionally, it allows
the collection of TM samples [77]. However, the handling of the device is quite similar
to that of the Trabectome. For MIGS devices without irrigation and aspiration, passive
anterior chamber management by viscous substances is required [80]. One example is
the Kahook Dual Blade, a goniotome that excises the TM similarly to the TrabEx [81].
Figure 5 depicts two of the above-mentioned trabeculectomy devices, the Trabectome
and Kahook Dual Blade. They similarly succeed in reducing the proximal outflow
resistance and thus lowering the IOP [82,83]. Additionally, they share a low-risk profile
and quick rehabilitation after surgery. Success is commonly defined as 20% IOP
reduction from baseline IOP and achieved in the majority of patients [84,85]. However,
even after sufficient removal of the trabecular meshwork, approximately 30% of
patients show an insufficient IOP reduction[86,87]. Furthermore, the average I0OP after
AIT in POAG patients is approximately 15 mmHg and not closer to the episcleral
venous pressure of 8-10 mmHg [86,87]. Increased post-trabecular resistance is
suspected to be the underlying reason for this effect, as well as the cause of AIT
failure. Therefore, AIT is generally indicated for patients with mild to moderate

glaucoma and targets IOP levels of around 15 mmHg [88].

Figure 5 Ab Interno Trabeculectomy Devices
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Trabectome Kahook Dual Blade

Figure 5 shows the tips of three different ab interno trabeculectomy devices. The Trabectome
(left) uses plasma-mediated ionization to remove the trabecular meshwork (TM). The Kahook
Dual Blade (middle) and TrabEx+ (right) excise the TM. The tips are inserted through a corneal
incision into the anterior chamber. [80]
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Cost Calculation

After the failure of AIT, a traditional filtering surgery (trabeculectomy) or a
glaucoma drainage device is required. However, both have a significantly higher risk of
serious complications and subsequent surgeries. If the probability of success could be
determined beforehand, the surgical risk can be much reduced and unnecessary
procedures can be avoided. The target IOP at which glaucoma stops progressing
would be achieved sooner and there would be fewer sick days.

There will be decreased costs from fewer procedures, fewer hospitalizations,
and fewer patient visits. In Germany, the annual treatment cost per glaucoma patient
ranges from 918 € - 1194 €, depending on the severity of glaucoma[89]. The
prevalence of OAG in Germany among adults aged 40 to 80 years old is about 2.51%
[32,90]. This implies that the estimated total cost of glaucoma treatment in Germany is
about 875 MM € per year (35 MM Germans between 40 — 80 years of age, prevalence
2.5%, the average cost of 1000 € per patient per year). The average cost for a
standard glaucoma procedure in local anesthesia is about 2800 € according to
Diagnosis Related Groups (C06Z G-DRG). In 2019, over 10,000 AIT or equivalent
procedures were performed [91]. A one-year success rate of 70% leads to 3000
unsuccessful interventions. Consequently, a predictive test could save about 8.5 MM €
annually by avoiding 2800 € for 3000 redundant interventions and their complications.
So far, there is no such test to estimate the post-trabecular resistance and thus, predict
the outcome of AIT. However, a minimally invasive procedure that could potentially aid
in creating this much-needed predictive test might be trabeculopuncture (TP) with a
Nd:YAG laser.

Trabeculopuncture

The idea of creating micropunctures in the TM to enhance the outflow facility
was first introduced in the 1970s by the Russian ophthalmologist Mikhail Krasnov
[92,93]. Before AIT until the early 90s, glaucoma specialists used lasers, such as
argon-ion, ruby, or neodymium-doped yttrium aluminum garnet (Nd:YAG) to create
these small punctures. The idea was to penetrate SC and thereby reduce the outflow
resistance through the anterior portion of the TM. A mechanism, similar to that of
trabecular-bypass stents [92]. Rassow et al. have shown a spot size of about 100 pm in
diameter to create an adequate outflow [94]. Yet, an optimal spot size has not been

established. In general, more than one puncture was performed to reduce the rate of
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failure. Also, the applied laser energy levels differed among surgeons (Table 2). Mostly,
moderate to high-energy levels were used for TP with the Nd:YAG laser.

TP was easy to perform, well-tolerated, had no serious side effects, and
lowered IOP temporarily but fell out of favor because the effect was short-lived, lasting
weeks to months. Table 1 depicts historical IOP outcomes of prior research on TP in
human eyes; Table 2 summarizes the energy levels and laser settings deployed for TP.
In 1973, Krasnov pioneered in using different types of lasers to perform TP in
individuals with therapy-refractive open-angle glaucoma, resulting in a successful albeit
temporary reduction of IOP [92]. In the same year, Worthen and Wickham published
results on determining laser energy levels for safe TP in non-glaucomatous rhesus
monkey eyes with an argon-ion laser [95,96]. Applying this procedure to human eyes
only induced temporary IOP reduction [97]. However, argon laser trabeculotomy only
helped to delay incisional glaucoma surgery from three months to maximal two years
[98]. In 1985 Epstein started to perform TP with a Nd:YAG laser with mixed results;
while the IOP decreased in juvenile open-angle glaucoma, none was seen in POAG
[99]. Subsequent studies showed a more effective reduction of IOP by this laser [100],
however. In angle recession glaucoma, Nd:YAG laser trabeculopuncture was superior
to argon laser trabeculoplasty [101], which in contrast to TP does not fully penetrate
through the TM into SC. Documented side effects from TP were mostly anterior
chamber flare and cells, mild hemorrhage, and IOP spikes [101,102]. However, they

resolved after treatment or even resolved spontaneously.
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Table 1 Historical Outcomes of Trabeculopuncture

Table 1 summarizes the historical intraocular pressure (IOP) outcomes of trabeculopuncture
(TP) with different lasers. Even though a sufficient IOP reduction was quickly achieved in
several cases (Time to Through), the pressure-lowering effect of TP was only transient.
Nd:YAG = neodymium-doped yttrium aluminum garnet laser

Laser Included| Pre TP | Post TP [Reduction| Timeto | Investigator/
Eyes | (mmHg) | (mmHg) | (mmHg) | Trough Year
Q-Switched Krasnov
Ruby 10 32.4 23.8 8.6 1 week 1973 [92]
Wickham &
Argon 45 36 24 12 3 months Worthen
1979 [98]
. Epstein
Nd:YAG 10 25.5 20 5.5 24 hours 1985 [99]
_ Melamed
Nd:YAG 8 25.6 19.1 6.5 1 hour 1987[102]
. Del Priore
Nd:YAG 79 28.9 21.7 7.2 1 month 1988 [100]
_ 1-12 Fukuchi
Nd:YAG 18 31 15 16 months 1993 [101]
. Vogel
Excimer 35 - - 7 - 1997[103]
Toteberg-
Excimer 28 25.3 16.5 8.8 - Harms
2011[104]
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Table 2 Historical Laser Settings for Trabeculopuncture

Table 2 shows the number of spots and laser settings of previous studies. The table highlights
the inconsistent settings used for trabeculopuncture.
Nd:YAG = neodymium-doped yttrium aluminum garnet laser

Laser Spots Spot size Energy Duration | Investigator/ Year
Q-Switched | _ 250-500 ym | 0.2 J ; Krasnov 1973 [92]
Ruby
Argon 50 100 pm 1-3W 0.1s Ticho 1978 [105]
Wickham &
Argon 100-150 50 pum 2-3W 0.1-0.02 s Worthen
1979 [98]
Nd:YAG 4-6 - 2-6 mJ - Epstein 1985 [99]
Nd:YAG 4 20 pm 5-7 mJ 14 ns Melamed 1985
[106]
Melamed 1987
Nd:YAG 4 - 40 mJ - [102]
Del Priore 1988
Nd:YAG 10 - 10 mJ - [100]
Nd:YAG 65 - 1-2.5 mJ - Fukuchi 1993 [101]
Excimer 3-5 0.31 ym 35-55mJ 3s Vogel 1997 [103]
. Toteberg-Harms
Excimer 10 500 pm 1.2mJ 60 ns 2011 [104]

Table 2 shows the number of spots and laser settings of previous studies. The table highlights
the inconsistent settings used for trabeculopuncture.

Despite all efforts, the IOP lowering effect of TP only lasted temporarily. Newly

formed membranes, tissue repair, and scarring are the three main factors that lead to

the failure of TP. The subsequent inflammatory response will lead to scarring or

stimulate corneal endothelial cells to migrate and form a membrane over the TM, which

will cover the puncture. Additionally, blood reflux into the anterior chamber brings along

fibrocytes that induce fibrosis. [106] To prevent fibrosis post-interventional injections of

5-fluorouracil have been applied subconjunctivally, however without success. Attempts

to reduce blood reflux have also not been the answer to the problem. [106] An invasive

form of trabeculopuncture, endoscopic laser trabeculotomy with the excimer laser, is

more successful in lowering IOP in glaucoma [103,104,107,108]. This approach,
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however, is an invasive glaucoma surgery itself and cannot be used to test for distal
outflow resistance before AIT in a meaningful way.

Today, Nd:YAG laser is widely used in ophthalmology and with high frequency,
for instance for a capsulotomy, routinely performed years after cataract surgery[109],
peripheral iridotomy for angle closure [110], and Descemet-puncture in ineffective non-
penetrating deep sclerectomy also referred to as goniopuncture [111]. Goniopuncture
after sclerectomy is performed to bypass TM with poor permeability, thereby converting
it into a penetrating deep sclerectomy and should not be mistaken for
trabeculopuncture [112,113]. Summarizing the previous findings, an IOP reduction
ranging from about 5-16 mmHg was achieved by TP, lasting mostly for up to 1 month
(Table 1). Even though TP has not yielded lasting success in glaucoma treatment, its
temporary impact on the IOP might help to assess the distal outflow tract patency in

humans.

Porcine eyes

Porcine eyes act as an excellent model for ophthalmic research. Despite minor
differences, they share many similarities with human eyes and are therefore commonly
used for ex vivo studies [80,114,115]. The size and shape of both eyeballs are alike
[116]. For human corneas, a diameter of approximately 11.5 mm [117] and central
thickness of about 540 um [118] are considered normal. The cornea of domestic pigs is
slightly larger and significantly thicker than human corneas; it measures approximately
15 mm horizontally and 12.5 mm vertically and is about 1000 um thick [119]. Figure 6
depicts an enucleated porcine eye; the temporal and nasal quadrants can easily be
distinguished, as the temporal curvature is distinctly steeper. Likewise, the superior
curvature is marginally steeper than the inferior one.

The anterior chamber volume is estimated to be 300 pul for both human and
porcine eyes [116]. Moreover, both share comparable AH outflow tracts with a wedge-
shaped TM that is located between the corneal endothelium and scleral sulcus (Figure
7). The size and architecture of TM are also similar to the human TM (Figure 2) [116].
In contrast to a single and continuous SC like in humans, porcine eyes show a
constellation of many smaller channels, referred to as Schlemm’s canal-like segments
or angular aqueous plexus (AAP) [116,120,121]. The AAP is about 5 — 30 pm in depth
and 15-150 pm in length; the human SC measures 10 — 25 pm and 200 — 400 pm in
depth and length, respectively. Similar to the human aqueous outflow tract, the AAP

eventually drains into the episcleral venous plexus via collector channels [116]. The
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equilibrium of AH production and outflow results in a mean I0OP of 15.2 + 1.8 mmHg
[122] in vivo porcine eyes; this number is close to the human IOP. Sharing all these
features as well as their good availability at short postmortem times makes porcine

eyes a suitable model for glaucoma research.

Figure 6 Enucleated Porcine Eye

Figure 6 depicts an enucleated left porcine eye. The temporal and superior curvatures are
steeper than the nasal and inferior ones, respectively. The cornea measures about 15 mm in
length and 12.5 mm in height.

Cj = conjunctiva; | = inferior; M = muscle; N = nasal; S = superior; T = temporal
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Figure 7 Porcine Anterior Chamber Angle

.
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Figure 7 visualizes the porcine anterior chamber angle after blunt removal of the iris and ciliary
body. Pigment deposits can be seen in the trabecular meshwork (TM) and the region of the

scleral spur.

Many previous studies have used porcine eyes to investigate different surgical
approaches such as AIT or trabecular micro-bypass stents [123,124]. Also, different
glaucoma types can be imitated, for instance, angle-closure [125] or pigmentary
glaucoma [121]. Furthermore, drug-induced changes in outflow patterns have been
successfully demonstrated on porcine eyes [126,127]. For a large number of these
studies, porcine anterior segments have served as research models [80,125,128].
These models consist of bisected porcine eyes that can be incubated for up to several
weeks while mounted on perfusion systems [129]. For visualization of the AH outflow
tract, these systems can be perfused with different fluorescent dyes or diluted
microspheres to capture outflow changes [125,130]. The resulting canalograms of the
outflow tract can be analyzed by fluorescence quantification or filling times [124].
Moreover, continuous ex vivo IOP measurement of anterior models is made possible

with the help of pressure transducers directly connected to the perfusion system [129].
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Compared to whole eyes, anterior segments can be incubated for a longer
period, allowing more extensive and accurate measurements [130]. However, due to a
ring that is used to fixate the bisected eye on anterior perfusion models, the episcleral
might be slightly compressed and consequently elevate the EVP. Therefore,
canalograms on anterior perfusion systems show less pronounced filling patterns [130].
Nevertheless, as outflow changes can still be sufficiently visualized, most studies were

conducted using anterior segments on account of their many other advantages.

Hypothesis

To investigate the use of TP as a predictive test for AIT success, we conducted
this pilot study deploying ex vivo porcine anterior segment models [14,15]. The use of
porcine eyes allows drawing conclusions on potential outcomes in human eyes as both
share main anatomical features [16,17]. Therefore, we hypothesized that a successful
TP would be predictive of AIT success. We defined success for TP as 5%, and for AIT
as 10% IOP reduction from baseline, respectively. These specific values were chosen
as a control group of porcine anterior eyes has previously shown an IOP rise of about
5% after 40 hours and 10% after about 80 hours of incubation [129]. Hence, a 5% IOP
decrease after TP truly resembles a 10% IOP reduction and a 10% decrease after AIT
a 20% IOP reduction.

HO: An intraocular pressure reduction after trabeculopuncture is not predictive for the

outcome of subsequent ab interno trabeculectomy.

H1: An intraocular pressure reduction after trabeculopuncture is predictive for the

outcome of subsequent ab interno trabeculectomy.
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2. Methods

Study design

In total, 81 hemisected porcine eyes were mounted on perfusion dishes and
assigned to one of two groups: trial (T) (n = 42) and control (C) (n = 39). Eyes in the
trial group underwent trabeculopuncture 24 hours after incubation using a Nd:YAG
laser, followed by ab-interno trabeculectomy one day later. The IOP was measured
continuously for 72 hours, with baseline values being recorded 24 hours (IOPg.) after
the start of the experiment. The values measured 48 and 72 hours after incubation
were considered to be the post trabeculopuncture (IOPtp) and the post trabeculectomy
(IOPar7) values, respectively.
Eyes in the control group did not undergo any procedures; however, they were likewise
incubated and had their IOPs monitored for 72 hours. IOP values were noted down at
24 hours (IOPgL), 48 hours (I0OP4g), and 72 hours (IOP7,) after incubation.

Perfusion dishes

Custom-made perfusion dishes were deployed to mount and to perfuse porcine
eyes. They consisted of acrylic glass. Figure 8 shows the shape and dimensions of the
dishes, which consist of an acrylic outer rim and ground part. Two metal tubes are
connected to 0.8 mm pipes in the base that function as inflow and outflow. Bisected
anterior segments were fixed in the center using a compression ring, four metal
screws, and nuts (Figure 9). To facilitate handling during incubation, we designed
custom-made perfusion slides and lids (Figure 10) and 3D-printed them from polylactic
acid using a fused deposition modeling 3D printer (Prusa MK3S, Prusa Research a.s.,

Prague, Czech).
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Figure 8 Perfusion Dish

Compression Ring

Figure 8 shows the custom-made perfusion dish and compression ring made from acrylic glass.

Small pipes of 0.8 mm diameter function as in- and outflow for the perfusate.

Figure 9 Mounted and Fixated Anterior Segment

Figure 9 depicts a mounted anterior segment on a perfusion dish. Four metal screws are used
to fixate the compression ring (dotted lines).
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Figure 10 Mounted Anterior Segment and Perfusion Slide

Perfusion Slide '"f'w

Figure 9 depicts the functional unit of the pressure transducer and the mounted anterior
segment in the perfusion dish, which are both placed in the perfusion slide (A). To prevent
contamination, custom-made lit with an airhole was used during incubation (B).

Laminar Flow Hood
Laminar flow hoods are ventilated devices that are used to create an aseptic
work environment. A laminar flow is directed towards the user, which prevents the
intrusion of pathogens into the work area. For this study, a laminar flow hood (MSC-
Advantage, Thermo Fisher Scientific, Waltham, United States) was used for the aseptic
preparation of porcine eyes and mounting them on anterior segments.

Incubator

An incubator is a device that is used to maintain the desired temperature, O»-
/CO: level, and humidity to culture cells or other organic material. As the environment
in an incubator is almost germ-free, cultures can be bred over a long period with a low
risk of contamination. For this study, a COz-incubator (HeraCell 240, Thermo Scientific
Corp., Waltham, Massachusetts, United States) was used to create an atmosphere of
37.0 °C and 5.0% CO: level to cultivate the anterior segments. This setting has been
shown to resemble the optimal atmosphere for porcine tissue.

Perfusion Pump and Perfusate
Establishing a constant inflow into mounted anterior segments was important in
this study to gain stable IOP levels. A mechanically driven syringe pump (Harvard PHD
ULTRA™ CP Syringe Pump, Harvard Apparatus, Holliston, Massachusetts, United
States) aided in constantly perfusing the anterior segment. This pump was equipped

with eight 50 ml syringes (BD Medical device company, New Jersey, United States)
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filled with 30 ml DMEM to generate a constant inflow into each anterior segment
simultaneously. The flow rate was set to 6 uL/min; the force level to 100%. The use of
30 mL syringes allowed constant perfusion over > 80 hours.

A cell culture medium was used for perfusion. Cell culture media provide
amino acids, ions, and glucose to maintain or grow cells. Dulbecco's Modified Eagle
Medium (DMEM) fortified with Penicillin and streptomycin was used as a perfusate for
this experiment. This medium has been shown to be the ideal solution for TM cultures
[131].

Signal Processing

Pressure transducers are commonly used for continuous, invasive blood
pressure measurement. Physical deformation by air or liquid of an installed silicon
diaphragm in the transducer affects connected strain gauges that lead to a change in
resistance. By this, the physical signal is converted into an analog signal that is
transmitted to a central processing unit. In this research work, the IOP of anterior
segments was measured by deploying disposable pressure transducers equipped with
a Utah connector (Daltren DPT-200, Utah Medical Products Inc., Midvale, United
States). An adapter cable was used to connect each transducer to an amplifier bridge
(Octal Bridge Amp, ADInstruments, Sydney, Australia) combined with a data
acquisition device (PowerLab 8/35, ADInstruments, Sydney, Australia). Before every
run, the transducers were calibrated using a handheld calibration device (Veri-Cal
Pressure Transducer Tester, Utah Medical Products, Inc., Midvale, UT, United States).
Data was processed and IOP in mmHg was continuously recorded as pressure curves
over 72 hours by a physiological data analysis software (LabChart, Version 8.1.16,

ADInstruments, Sydney, Australia).
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Microspheres and Microscope

Microspheres are small spherical polystyrene beads incorporated with a
fluorescent dye that can be visualized when irradiated with light of a certain
wavelength. They provide a wide range of applications such as cell imaging,
investigation of fluid dynamics, or tracking of flow ways. Using the correct concentration
of spheres is essential for adequate imaging, as the fluorescent intensity can be
impaired by a condition called quenching [132]. To prevent quenching, microspheres
can be diluted to a lower concentration.

For this experiment 0.5 um, the Olympus yellow-green fluorescent
microspheres (FluoSpheres 0.5 pm, Thermo Fisher Scientific Inc., Waltham,
Massachusetts, United States) diluted to 1:25 were deployed for outflow imaging of
porcine anterior segments eyes. Phosphate-buffered saline (PBS) was used to dilute
the spheres; the ratio of 1:25 (spheres:PBS) was determined by many trial runs.

A stereomicroscope (Olympus SzZX, Olympus K.K., Tokyo, Japan) equipped
with a 0.5x objective lens, a camera, and LED illuminator (CoolLED pE-300, CoolLED
Limited, London, UK) was deployed for the visualization and capturing of fluorescent
images. To induce fluorescence of the yellow-green spheres, a wavelength of 510 nm
was set. For image analysis, an image processing software (Olympus cellSens

Dimension, Olympus K.K., Tokyo, Japan) was used.

Preparation and Incubation
Freshly enucleated porcine eyes were obtained from a local abattoir

(Landschlachterei Issing, Retzbach, Bavaria, Germany). Eyes were enucleated during
evisceration by a professional abattoir. The eyes were picked up by Raoul Verma-
Fuhring in the early morning hours, placed on ice, and processed within three hours
postmortem. No animals were sacrificed purely to perform this research. All eyes were
stripped of extraocular tissue using blunt forceps and ophthalmic scissors (Figure 11);
then moved into a laminar flow hood. They were then placed in a 2.5% povidone-iodine
solution for 30 seconds and rinsed with PBS. After bisecting them at the equator, the
vitreous body, lens, and uvea were removed in one piece (Figure 12). The eviscerated
eyes were subsequently mounted on our custom-made perfusion dishes and incubated
at 37 °C. A constant inflow of DMEM fortified with Penicillin/Streptomycin was provided
at 6 pl/min using the perfusion pump. Additionally, the eyes were connected to the
pressure transducers for continuous IOP measurement; recorded with LabChart. An

overview of the whole incubation process is depicted in Figure 14.
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Figure 11 Removal of Extraocular Tissue

.

Figure 11 shows the enucleated porcine eye before (A) and after (B) removal of extraocular
tissue (mostly muscles and conjunctiva). Ophthalmic scissors and blunt forceps were used for
this step. The trimmed eyes were then moved to the laminar flow hood for further processing.
Cj = conjunctiva; M = muscle; Sc = sclera

Figure 12 Bisection and Removal of Intraocular Tissue

Figure 12 demonstrates the bisection at the equator (A) and subsequent removal of vitreous
body and uvea (B). The remaining anterior segment was again rinsed with PBS and then
mounted onto the perfusion dish. Both steps were performed under the laminar flow hood.
AS = anterior segment; Ch = choroidea; ON = optic nerve; U = uvea; VB = vitreous body
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Canalograms

Canalogram images at baseline, post TP, and post AIT were acquired. The
outflow of the perfusion dish was temporarily left open until the anterior chamber
collapsed. Eyes were then placed under the Olympus stereomicroscope and baseline
canalograms were obtained using a gravity-driven infusion of diluted fluorescent
microspheres. Therefore, spheres hardly pass through an intact TM. Images were
recorded every 10 seconds for 10 minutes using cellSens Dimension (Version 2.3,
Olympus K.K., Tokyo, Japan). Subsequently, the transmission of fluorescent spheres
into the episcleral veins was visually assessed.

Trabeculopuncture and Ab Interno Trabeculectomy

After 24 hours of incubation, the anterior segments were unmounted and four
evenly spread trabeculopunctures were carried out 180° along the nasal trabecular
meshwork using a Q-switched Nd:YAG laser (VISULAS YAGIII, Zeiss, Oberkochen,
Germany). Radiation of 7-10 mJ per shot was delivered 15 times (total energy: 100-150
mJ) for each puncture.

A 180-degree ab-interno trabeculectomy was performed 24 hours later on the
same region of the TM using a Kahook Dual Blade (New World Medical, Rancho

Cucamonga, California, United States).

Histology
Sagittal specimen sections were obtained from the corneal rim before TP, post-
TP, and post-AIT. These were then fixed with 4% paraformaldehyde in PBS for 24
hours. After rinsing them three times in PBS, they were embedded in paraffin,

sectioned at 6-micron thickness, and stained with hematoxylin and eosin.

Statistical Analysis
A sample size calculation was conducted using G*Power (Version 3.1.9.7.,
Heinrich Heine University, Dusseldorf, Germany). As this was a pilot study, no previous
data was available. Therefore, values for the calculation were only estimated using
prior results (Table 1). We assumed approximately 15-20% IOP reduction and a
standard deviation of 5 mmHg. Deploying these estimates led to an effect size of about
0.5. The sample size calculation resulted in a minimum requirement of 35 eyes per

group to achieve a study power of 0.9.

25



Acquired data was analyzed using SPSS Statistics (Version 26, IBM, New York,
United States). Means and standard deviations were reported as continuous variables
for IOP parameters; TP and AIT success as dichotomous variables (responders/non-
responders). IOP parameters in the experimental group were defined for baseline IOP
(I0PgL), IOP post TP (IOP+p), and IOP post AIT (IOPar). For the control group, baseline
IOP (I0OPsgL), IOP after 48 hours (I0P4g), and IOP after 72 hours (IOP7,) were recorded.
Additionally, the difference from baseline IOP after TP (Diffrp) and AIT (Diffarr) in the
trial, as well as after 48 hours (Diffsg) and 72 (Diff72) hours in the control group.

TP and AIT success was defined as a decrease of 5% and 10% from baseline
IOP, respectively. The Kolmogorov-Smirnov test was run to test for the normal
distribution of data. A paired t-test or a Wilcoxon Signed Rank test was used to
compare dependent means; an unpaired t-test or Mann-Whitney U test to compare
independent means. The one-way repeated measures multivariate analysis of
variances (MANOVA) was deployed to compare more than two means. As a
consequence of the small sample size, Fisher’s exact test was used to compare the
proportion of TP responders between AIT responders and non-responders, instead of a
Chi-squared test. Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) were calculated for TP. A receiver operating characteristic
(ROC) curve was plotted for IOP reduction after TP and AIT success. For all tests, a p-
value of 0.05 or less was considered statistically significant. The statistical analysis was

conducted by Raoul Verma-Fuhring.
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Figure 13 Overview of the Whole Incubation Process
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Figure 13 provides an overview of the whole incubation process.
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3. Results

Pilot experiments with whole eyes showed that a transcorneal TP using a Ritch
trabeculoplasty lens could not be accomplished reliably. Therefore, anterior segments
were inverted and the TM to be lasered directly. The TM could be readily identified
(Figure 14, BL1). The procedure resulted in small, well-circumscribed pits of
approximately 500 um in length and 250 pm in depth (Figure 14, TP1). No obvious
damage to adjacent tissue was detected upon inspection with a microscope. AIT
removed the TM extensively, leading to a narrow continuous groove along with the
nasal quadrants (Figure 14, AIT1). The findings on histological sections (Figure 14,
middle row) after both procedures corresponded well to our observations through an
operating microscope. These were further supported by canalograms (Figure 14, BL3)
which illustrated an improved localized outflow after TP (Figure 14, TP3) and further
increased sectoral outflow in the nasal quadrants and adjacent drainage segments
after AIT (Figure 14, AIT3).

A total of 81 eyes were analyzed: 42 trial eyes (T) and 39 controls (C).

An overview of the p-values for the Shapiro-Wilk normality test is provided in Table 3.
All IOP values in the trial group were normally distributed; IOPg. and I0P7, were not
normally distributed in the control group. The IOP difference from baseline IOP after TP
or 48 hours and after AIT or 72 hours were normally distributed in both groups except
for Diffarr.

Table 4 depicts the IOP parameters of both groups, trial and control. The intra-group
and inter-group comparisons of mean IOP values are shown in Table 5 and 6,
respectively. Figure 15 additionally visualizes the intra-group IOP changes as curves.
Mean baseline IOP (I0Pg.) was 16.4 + 4.5 mmHg in T eyes and 15.2 + 3.9 mmHg in C
eyes. There was no statistically significant difference between both parameters (p =
0.37). In the experimental group, mean IOP+p and IOPar values were 14.6 = 4.3 mm
Hg and 11.3 + 3.8 mmHg, respectively. Both values were significantly lower than IOPg_
(p =0.02 and p < 0.001, for IOPtp and I0OPAar, respectively). The 3 IOP measurements
(IOPgL, IOP+1p, and 10PAr) were also found to be significantly different from each other
(p < 0.001). Control eyes showed a statistically significant IOP increase from baseline
at 24 and 48 hours after incubation (p >0.05 for both). A final increase of 2.0 +1.3
mmHg in IOP was noted.

Table 7 depicts the proportion of TP responders in both AIT responders and AIT
non-responders in the trial group. The total number of TP responders was 29 (69%); for

AIT, this value was 36 (85.7%). The proportion of TP responders among AIT
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responders was significantly greater than that among AIT non-responders (66.7% vs
19%, respectively, p = 0.007). The positive and negative predictive values of TP as a
test for predicting AIT success were 96.6% and 38.5%, respectively. Sensitivity and
specificity values were 77.7% and 83.3%, respectively (Table 8). This combination of
values was portrayed in the plotted ROC curve of a 5% post-TP IOP drop predicting
AIT success (Figure 15).

A subanalysis regarding AIT outcome showed a mean IOPg_ of 17.1 £ 4.4
mmHg and 11.9 + 2.7 mmHg for AIT responders and AIT non-responders, respectively
(Table 9); these values differed significantly (p = 0.008). There was no difference in
IOP+p and IOP,ir in both subgroups (p = 0.484 and p = 0.448, Table 3). Out of all 13 TP
non-responders, 76.9% (n = 10) showed an IOP increase after TP of at least 10%.

Canalograms illustrated an improved localized outflow after TP and further
increased sectoral outflow (nasal quadrants) after AIT (Figure 14). No statistical outflow
guantification was performed. Figure 17 depicts the histology section before TP, after
TP, and after AIT. Prior to TP, an intact TM can be seen and SC-like segments in the
deep layers. TP causes deep holes with flat coagulated margins. In contrast to TP,

after AIT a deep excision can be seen with irregular margins.

29



Figure 14 Impact of Trabeculopuncture and Ab Interno Trabeculectomy

surgeon’s view istology canalogram

Figure 14 visualizes the effects of trabeculopuncture (TP) and ab interno trabeculectomy (AIT).
Microscopic images, histology sections, and canalograms at baseline (BL), after
trabeculopuncture (TP), and after ab interno trabeculectomy (AIT). BL1: Microscopic image of
the porcine trabecular meshwork at baseline. BL2: Histological analysis of a section of the intact
porcine TM (red arrow). BL3: Canalogram image of an anterior segment perfused with
fluorescent spheres. No sphere collection can be in the nasal episcleral veins at baseline.
Single beads were detected in the temporal region (gray arrow). TP1: Ex vivo image of a nasal
YAG-TP. TP2: Histological analysis of a section after TP on the TM (red arrow). TP3:
Canalogram image of an anterior segment perfused with fluorescent spheres after TP.
Fluorescent spheres can now be visualized in the nasal episcleral veins (red arrows). Temporal
fluorescence remained unchanged from baseline (gray arrow). AIT1: Image post
trabeculectomy. The red arrows outline the excision in the TM. AIT2: Histological section after
AIT. Trabecular meshwork is excised (red arrow). AIT3: Canalogram image of an anterior
segment perfused with fluorescent spheres. An increased accumulation of spheres along the
nasal circumference can be seen (red arrows). C = cornea; N = nasal; T = temporal; TM =
trabecular meshwork
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Table 3 Probability Distribution of Statistical Parameters

Overview of the probability distribution calculated by the Shapiro-Wilk normality test.

IOPsL = intraocular pressure at baseline; IOPtr = IOP post trabeculopuncture; IOPar = IOP post
ab interno trabeculectomy; IOP4s = IOP after 48 hours; |IOP72 = IOP after 72 hours; Diff =
difference from baseline IOP; * = statistically significant; nd = normally distributed; non-nd = not
normally distributed

Group Parameter P-Value Interpretation
IOPs&L 0.16 nd
IOP+p 0.28 nd

(nTLi 3'2) IOPAr 0.97 nd
Diffrp 0.57 nd
Diffarr 0.02* non-nd
IOPsL 0.01* non-nd
IOP4s 0.23 nd

(Cnozt::,g)' 0P+ 0.04* non-nd
Diffas 0.25 nd
Diff7, 0.27 nd

Table 4 Intraocular Pressure Parameters for Both Groups

Table 4 depicts the average, median, and minimum, and maximum intraocular pressure values
for both groups.

* = statistically significant; Diff = difference from baseline IOP; IOP4g = IOP after 48 hours;
I0OP72 = IOP after 72 hours; IOPair = IOP post ab interno trabeculectomy; IOPsL = intraocular
pressure at baseline; IOPtp = IOP post trabeculopuncture; Min = lowest IOP; Max = highest IOP

Grou Parameter Mean = SD Min - Max Median
P (mmHgQ) (mmHgQ) (mmHgQ)
I0PgL 16.4+45 8.2-297 15.0
IOP1p 146 +4.3 7.2-24.4 11.2
Trial |OParT 11.3+3.8 25-21.2 16.2
(n=42)
Difftp 1.7+3.8 -8.0-123 2.0
Diffarr 51+4.4 -1.6 —18.6 4.1
Control I0PgL 15.2+3.9 8.0-219 15.1
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(n =39)

IOPys 159+4.0 8.9-23.9 17.1
IOP72 17.3+4.6 10.7 - 25.6 14.5
Diffss -0.8+1.5 -4.7-3.7 -0.6
Diff72 -21+22 -6.9-1.7 -1.8

Table 5 Intra-group comparison of Intraocular Pressure Values
Table 5 shows intraocular pressure (IOP) parameters and IOP changes. Trabeculopuncture and
ab interno trabeculectomy led to an IOP decrease.
* = statistically significant; I0OP4s = IOP after 48 hours; IOP72 = IOP after 72 hours; IOParr = IOP
post ab interno trabeculectomy; IOPsL = intraocular pressure at baseline; IOPtp = IOP post

trabeculopuncture.

. P-Value for
IOP-Value Difference
Group Parameter IOP
(mmHg) (mmHg) Difference
I0PgsL 16.4+45 - -
Urel IOP+p 146+43 21.7+3.8 0.015*
(n = 42) 6 x4 7 +3. .
IOPAI 11.3+3.8 -51+44 < 0.001*
I0PgL 15.2+ 3.9 - -
Control N
(n = 39) IOP4g 15.9+4.0 0.8+1.6 0.01
IOP7, 17.3+4.6 20+1.3 < 0.001*
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Table 6 Inter-group comparison of Mean Intraocular Pressure Readings

Table 6 shows the comparison of mean IOP values between the trial and control groups.

* = statistically significant; I0P4s = IOP after 48 hours; IOP72 = IOP after 72 hours; IOPar = IOP
post ab interno trabeculectomy; IOPsL = intraocular pressure at baseline; IOPtp = IOP post
trabeculopuncture.

Trial Control
Parameter (n = 42) (n = 39) P-Value
[OPsL 16.4+45 152+ 39 0.37
IOP1p/ IOP4s 146 +4.3 159+4.0 0.16
IOPAir/ 10P7, 11.3+3.8 17.3+4.6 < 0.001*
Figure 15 Intraocular Pressure Curves for Both Groups
18 17.2
m =3
= Control
=
£
=
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o 14
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Figure 15 depicts the average intraocular pressure (IOP) readings for both groups.
Trabeculopuncture and ab interno trabeculectomy resulted in an IOP decrease. The control
group experienced an approximately 1 mmHg IOP increase over 72 hours of incubation.
IOPair = IOP post ab interno trabeculectomy; IOPsL = intraocular pressure at baseline; IOPtp =
IOP post trabeculopuncture.
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Table 7 Distribution Responders and Non-Responders in the Trial Group

Table 7 represents a cross table showing the proportion of TP responders in both AIT

responders and AIT non-responders in the trial group.

AIT = ab interno trabeculectomy. TP = trabeculopuncture

Outcome

AIT responders

AIT non-responders

Total (n, %)

(n, %) (n, %)
TP responders 0 0 0
(n, %) 28 (66.7%) 1(2.4%) 29 (69.0%)
TP non-
responders 8 (19.0%) 5 (11.9%) 13 (31.0%)
(n, %)
Total (n) 36 (85.7%) 6 (14.3%) 42 (100%)

Table 8 Sensitivity, Specificity, and Positive and Negative Predictive Values

Table 8 depicts the sensitivity and specificity in predicting the success of ab interno
trabeculectomy for a 5% intraocular pressure reduction after trabeculopuncture (TP). The
positive predictive value (PPV) and negative predictive value (NPV) are also shown. Even

though TP has a high PPV, the NPV is rather poor.

Value

Parameter Value (in %)
Sensitivity 77.7
Specificity 38.3
Positive Predictive
Value 96.6
Negative Predictive 385
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Table 9 Subanalysis of the Trial Group

Table 9 represents a subanalysis of the trial group. Eyes are subdivided into AIT responders
and non-responders. Negative values represent an increase in intraocular pressure (IOP).
AIT = ab interno trabeculectomy; IOPar = IOP 24 hours after ab interno trabeculectomy; IOPsL =

baseline IOP; IOPtp = IOP 24 hours after trabeculopuncture

IOP p-value for
Group Parameter reduction I?rs;r\]/SIu)e IOPsL
(mmHgQ) g reduction
IOPBL 171+£44
AT IOP1e 2.3 148+ 4.5 0.002+
responders
IOPAIT 6.0 11.1+3.9 <0.001*
IOPBL 11.9+2.7
AlT non- IOP+e “15 13.5 + 3.4 0.53
responders
IOPaAIT -0.4 124 +26 1.0
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Figure 16 Receiver Operating Characteristics Curve
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Figure 16 depicts the receiver operating characteristics (ROC) curve for post trabeculopuncture
intraocular pressure (IOP) reduction in detecting ab interno trabeculectomy responders. Point A
corresponds to a 5% IOP drop (resembling a 10% IOP reduction) after trabeculopuncture,
representing sensitivity and specificity of 76.4% and 83.3%, respectively.

Figure 17 Histological Sections

Figure 17 visualizes the histological sections before trabeculopuncture (TP) (A), after TP (B),
and after ab interno trabeculectomy. The red arrows indicate the region of interest. All sections
were stained with hematoxylin and eosin. The intact trabecular meshwork (TM) can be seen
with Schlemm’s canal-like segments in A. TP causes deep holes with flat coagulated margins
(B) whereas AIT results in a deep excision with irregular margins (C).

C = cornea; Sc = sclera; SCLS = Schlemm’s canal-like segments; TM = trabecular meshwork.
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4. Discussion

The lack of good predictive tests combined with the relatively high rate (30%) of
canal-based surgeries and implants led us to explore simple options to avoid
unnecessary surgeries. Porcine eyes have been used as a model to study glaucoma
extensively and were used here as well for that reason. [116,120] We used a porcine
anterior segment model to assess the utility of TP in predicting the success of AlIT.

We expected TP to cause an IOP drop in our porcine anterior segment
perfusion model, similar to that reported in human eyes. TP is not unlike trabecular
bypass stents, which also cause a focal opening in the TM, and increase outflow in a
previous porcine model.[133] In human eyes, the stent placement in the TM is
independent of the exact clock hour due to the continuous course of SC. Contrary to
this, the angular aqueous plexus (AAP) in porcine eyes consists of several functional
units that are not (or only minorly) connected to each other. Additionally, the blood
reflux of in-vivo implantation indicates the right location of the micro-bypass stent;
porcine anterior models lack this feedback. One TP in the porcine nasal TM
circumference might not be equal to that in a human eye, and consequently would not
be enough to increase the AH outflow sufficiently. On that account, we decided to
perform 4 nasal TP on our porcine anterior segments (2 TP on each quarter of the
nasal TM) to diminish the risk of missing a functional drainage unit. Furthermore, the
amount of total energy (100-150 mJ) used was higher than what is normally required in
humans due to at least three times thicker TM compared to human eyes.[116] This
increased energy did not damage the surrounding tissue, as could be demonstrated
microscopically and histologically. Even though the TP was performed adequately, and
extensively, some eyes did not show post-interventional increased fluorescent outflow.
We assumed that in these cases the AAP was missed, and no enhanced drainage
could be established. However, we decided 2 TP on each quadrant to be sufficient, as
the observed IOP decrease indicated an increased outflow facility.

After AIT, a further decrease in IOP was observed because of the
comprehensive excision of the nasal TM using the Kahook Dual Blade. This device has
previously been shown to achieve complete removal of the TM in porcine eyes [81].
The AIT was performed by only two experienced researchers over the whole course of
the study to maintain the quality of the procedure. Both researchers practiced the AIT
more than 20-30 porcine eyes beforehand to familiarize themselves with the handling
and movement. As shown by Dang et al., this figure resembles the approximate

number of eyes needed to master the procedure. [134] Fluorescent canalograms
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showed surgical success by an increased outflow facility after excision of the TM,
indicated by spheres entering the distal outflow tract (Figure 15).

Compared to another study by Dang et al., which tested outflow enhancement
of three different AIT devices on porcine eyes, we found similar baseline IOP values
(16.35 + 4.52 mmHg vs 15.93 £ 2.08 mmHg) [135] but observed a post-AlT IOP
decreased by only 31%, in contrast to 48% as reported in that study [135]. However,
that research team performed the KDB-mediated AIT on only 8 eyes, which is less than
a quarter of the eyes included in this study. This circumstance is most likely to account
for the discrepancy in post-AlT IOP levels.

The control group in our cohort experienced a small IOP increase of
approximately 13% over 72 hours. This is in line with Dang et al. who observed a 10%
IOP increase in control eyes during 72 hours of incubation [129]. To adjust for this, we
chose 5% and 10% to be satisfactory post-TP and post-AIT IOP reduction,
respectively. These values correspond to a 10% and 20% IOP reduction after each of
these procedures. Clinically, a 20% post-AlT IOP reduction is often regarded as
sufficient for mild to moderate glaucoma.[87] Being able to predict this outcome will
help avoid unnecessary procedures and decrease the burden on the healthcare
system.

Interestingly, our subanalysis revealed that AIT responders had a higher
baseline IOP compared to non-responders. This is perhaps to be expected, as AIT
generally caused a greater decrease in eyes with higher baseline IOPs in clinical
studies [136]. AIT non-responders also had a higher mean IOP after TP, which did not
reach significance with the number examined here. It is possible that the collapse of
laser-induced trabeculopunctures temporarily decreases outflow facility as described
before, [94,105] which could similarly affect our non-TP responders if their TM was
compromised in the area of TP and AIT. Additionally, there was no difference between
baseline and post-AIT IOP levels in non-responders, which is indicative of a post-
trabecular meshwork resistance in these eyes. These were not glaucomatous eyes,
however. Ocular hypertension can be induced experimentally in pig eyes [121] but
does not occur in pigs naturally. We suspect that inadvertent compression of key
elements of the distal outflow tract in the nasal quadrants by the compression ring of
the perfusion mount is responsible for this. This would not necessarily lead to an
increased IOP because at least 75% of the outflow tract has to be compromised [125],

but it can explain the failure to respond to TP and AIT. One has to be careful
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interpreting the results of this subanalysis, however, as there were only six AIT non-
responders in our study.

A simple and noninvasive predictive test for canal-based surgeries that ablate,
excise, disrupt or bypass the TM is urgently needed because of the rapidly increasing
demand for these procedures. The implementation of Nd:YAG laser-TP for such a test
is straightforward, as this device is ubiquitously available in ophthalmology practices
and clinics and most ophthalmologists are familiar with its use [137]. Although the
effect of TP is too short-lived to be useful for glaucoma treatment [100,102], it is
precisely this benign nature that may afford a low-risk test of distal outflow resistance.

The positive predictive value (PPV) of 96.6% for TP as a test for AIT success is
promising. Moreover, our sensitivity and specificity values of 77% and 83%,
respectively, are sufficient for a clinical test. Our data did not show a high negative
predictive value (NPV, 38.5%) in porcine eyes, however, because these are non-
glaucomatous eyes. The NPV in human eyes should be higher, matching the AIT
failure rate caused by a presumed higher rate of post-trabecular resistance than in
pigs.

One limitation of our study is the ex-vivo setting. Hence, wound healing of the
TM and its effect on IOP cannot be observed. Another limitation is the anatomical
difference between porcine eyes and human eyes. In porcine eyes, the outflow tract
consists of an angular aqueous plexus, whereas humans have a Schlemm’s canal
often with a single lumen. [114,138] We used four evenly spaced TPs over the nasal
angle not only to cover the extent of an AIT but also because of the decreased
circumferential flow compared to a human Schlemm’s canal. Clinically, reflux of blood
from SC can normally be seen after a TP, a useful indicator of completion that is
absent in an ex vivo model. We had to use the IOP decrease and an increased outflow

of fluorescent beads as an indicator instead.
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5. Conclusion

AlT is an important surgical intervention to treat mild to moderate glaucoma.
However, it fails in approximately 30% of operated eyes, likely due to an unidentified
post-trabecular outflow resistance. We conducted this study to investigate the
applicability of TP in predicting the outcome of AIT. Since this was a pilot study, our
experiments were performed ex vivo on enucleated porcine eyes, as they are easily
available and share many features with human eyes. In particular, the aqueous humor
outflow system is quite similar to the human outflow tract. IOP values and changes
were continuously monitored and served as evaluation parameters for our statistical
analysis. Although TP has been performed since the 1970s for glaucoma treatment, it
has never been considered to be utilized as a potential predictive test. We found that
TP has a high PPV in predicting AIT success in porcine eyes; however, the NPV was
rather poor. The use of hon-glaucomatous porcine eyes is likely to be the underlying
reason for the low NPV as their post-trabecular outflow resistance is not increased.
Human glaucoma patients probably show better results concerning the NPV and will
therefore benefit from this test. In conclusion, a 10% IOP reduction after TP can be
used to predict a successful AIT in porcine eyes. Whether this holds true for human
individuals ought to be investigated in future clinical trials. We are confident in our
results and consider the potential of TP in preventing unnecessary surgeries in

glaucoma patients to be high.

Conclusion in German

Die AIT ist heutzutage ein wichtiger chirurgischer Eingriff zur Behandlung des leichten
bis mittelschweren Glaukoms. Sie scheitert jedoch in etwa 30 % der operierten Félle,
was vermutlich auf einen vorher nicht identifizierten posttrabekularen
Abflusswiderstand zurickzufihren ist. Wir haben diese Studie durchgefihrt, um die
Anwendbarkeit der TP zur Vorhersage des Ergebnisses einer AIT zu untersuchen. Da
es sich um eine Pilotstudie handelte, wurden unsere Experimente ex vivo an
enukleierten Schweineaugen durchgefiihrt. Diese sind leicht verfigbar und teilen viele
Gemeinsamkeiten mit menschlichen Augen. Insbesondere das Kammerwasser-
Abflusssystem ist dem menschlichen Ausflusstrakt sehr ahnlich. Die kontinuierlich
erhobenen IOP-Werte und -Veranderungen dienten als Bewertungsparameter fur

unsere statistische Analyse. Obwohl die TP bereits seit den 1970er-Jahren zur
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Glaukombehandlung durchgefiihrt wird, wurde sie nie als potenzieller pradiktiver Test
in Betracht gezogen. Wir fanden heraus, dass die TP einen hohen PPV fir die
Vorhersage des AIT-Erfolgs bei Schweineaugen hat; der NPV war jedoch eher gering.
Die Verwendung von nicht glaukomatdsen Schweineaugen ist wahrscheinlich der
Grund fir diesen niedrigen NPV, da sie keinen erhdhten posttrabekularen
Abflusswiderstand aufweisen. Menschliche Glaukompatienten zeigen vermutlich ein
besseres Ansprechen auf diesen Test sowie besseren NPV. Zusammenfassend lasst
sich sagen, dass eine 10-prozentige Senkung des Augeninnendrucks nach TP bei
Schweineaugen eine erfolgreiche AIT vorhersagen kann. Ob dies auch fir Menschen
zutrifft, sollte in zukinftigen klinischen Studien untersucht werden. Wir sind
zuversichtlich und schéatzen das Potenzial der TP zur Vermeidung unnétiger
Operationen bei unseren Glaukompatienten als hoch ein.
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Appendix

I. List of Abbreviations

AH
AIT
ALT

DMEM
EVP
IOP
KDB
MIGS
Nd:YAG
NPV
PBS
POAG
PPV
RNFL
ROC
SC

SL
SLT

KDB

Angular Aqueous Plexus

Aqueous Humor

Ab Interno Trabeculectomy

Argon Laser Trabeculoplasty
Control Group

Dulbecco's Modified Eagle Medium
Episcleral Venous Pressure
Intraocular Pressure

Kahook Dual Blade

Microinvasive Glaucoma Surgery
Neodymium-Doped Yttrium Aluminum Garnet
Negative Predictive Value
Phosphate-Buffered Saline
Primary Open-Angle Glaucoma
Positive Predictive Value

Retinal Nerve Fiber Layer
Receiver Operating Characteristics
Schlemm's Canal

Schwalbe's Line

Selective Laser Trabeculoplasty
Trial Group

Kahook Dual Blade

II. Figures
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Figure 1 Aqueous Humor Circulation (License CC BY-NC 4.0)

Figure 2 Structure of the Trabecular Meshwork (License CC BY-NC-ND 4.0)
Figure 3 New Drainage Pathway after Trabeculectomy (License CC BY 4.0)
Figure 4 Trabecular Micro-Bypass Stent (iStent) (License CC BY 4.0)
Figure 5 Ab Interno Trabeculectomy Devices (License CC BY 4.0)

Figure 6 Enucleated Porcine Eye (personal photo)

Figure 7 Porcine Anterior Chamber Angle (personal photo)

Figure 8 Perfusion Dish (personal photo)

Figure 9 Mounted and Fixated Anterior Segment (personal photo)

Figure 10 Mounted Anterior Segment and Perfusion Slide (personal photo)
Figure 11 Removal of Extraocular Tissue (personal photo)

Figure 12 Bisection and Removal of Intraocular Tissue (personal photo)
Figure 13 Overview of the Whole Incubation Process (personal photo)
Figure 14 Impact of Trabeculopuncture and Ab Interno Trabeculectomy
(personal photo)

Figure 15 Intraocular Pressure Curves for Both Groups (personal figure)
Figure 16 Receiver Operating Characteristics Curve (personal figure)
Figure 17 Histological Sections (personal photo)



Tables
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Table 1 Historical Outcomes of Trabeculopuncutre

Table 2 Historical Laser Settings for Trabeculopuncutre

Table 3 Probability Distribution of Statistical Parameters

Table 4 Intraocular Pressure Parameters for Both Groups

Table 5 Intra-group comparison of Intraocular Pressure Values

Table 6 Inter-group comparison of Mean Intraocular Pressure Readings
Table 7 Distribution Responders and Non-Responders in the Trial Group
Table 8 Sensitivity, Specificity, and Positive and Negative Predictive Values
Table 9 Subanalysis of the Trial Group
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