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Glaucoma is a group of diseases characterized by optic nerve damage that can result in vision
loss and blindness. The major causative risk factor for primary open-angle glaucoma (POAG)
is elevation of intraocular pressure (IOP) caused by dysfunctional aqueous humor drainage.
Although it would be helpful for the glaucoma surgeon to know which part of the outflow pathway
is ”blocked” and then decide which procedure would be the best to remove/restore the blocked
site(s), current imaging techniques are not able to provide the necessary information. Also, POAG
is not one disease but a group of diseases, and the changes that cause increases in outflow
resistance may be located at different sites along the outflow pathway in different patients.

An Overview of the Ocular Outflow

Mechanism

The mechanics of aqueous outflow
are extremely complex; however, it

is important to have at least a basic
understanding of how aqueous humor
circulation is regulated, in order to
facilitate successful management of
glaucoma.

IOP is maintained within a normal

range by a dynamic balance between
aqueous humor production by the ciliary
epithelium and drainage through two
pathways - the conventional outflow
pathway and the uveoscleral pathway.
However, the conventional outflow
pathway is the major aqueous drainage
pathway through which 70-90% of
aqueous humor exits' and consists of

the trabecular meshwork (consisting of
the uveal and corneoscleral meshwork
beams and the juxtacanalicular
connective tissue [JCT] adjacent

to Schlemm’s canal), Schlemm’s

canal (a circular channel comprised

of endothelial cells surrounded by
connective tissue), the collector
channels, and the episcleral veins
(Figure 1).

In the healthy eye, aqueous humor
drains from the anterior chamber
through progressively smaller channels
of the trabecular meshwork into the
circumferentially-oriented Schlemm’s
canal. From this canal, circuitous
channels, known as collector channels,
wind their way toward the surface

of the sclera through the intrascleral

venous plexus system, ultimately
joining the episcleral vasculature, which
drains into the venous system. Flow
through this system is driven by a bulk-
flow pressure gradient. Active transport
is not involved, as neither metabolic
poisons nor temperature affects this
system to any significant degree.?

Perhaps unsurprisingly, aqueous

flow into Schlemm’s canal is not
evenly distributed throughout the
inner wall of Schlemm’s canal and
scleral venous system. Studies using
fluorescent beads show that aqueous
outflow is segmental; only a fraction
of the trabecular meshwork is actively
involved in aqueous humor drainage
at any given time, and increased
levels of beads are observed in the
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Figure 1: Schematic illustrating the major components of the conventional outflow pathway. Aqueous
humor (red dashed line) flows through the initial portion of the trabecular meshwork (TM), juxtacanalicular
connective tissue (JCT) region, inner wall of Schlemm canal (IW), Schlemm canal (SC), collector channel
(CC), and finally reaches the episcleral vein (EV). Multiple TM cells encase the trabecular beams (tan)
within the TM. The JCT is composed of sparse cells and substantial ECM.

Reproduced from J Cataract Refract Surg 2014; 40:1263-1272.

pigmented trabecular meshwork adjacent
to collector channel ostia, which join
Schlemm’s canal. This suggests that
preferential flow pathways are present
near the entrances or ostia of these
collector channels.? However, not all of
the collector channel ostia are involved

in active flow at a given time.3

Sites of OQutflow Resistance

As noted previously, one of the challenges
in glaucoma treatment is that the
location of increased aqueous outflow

resistance in eyes with POAG is
unclear, especially because it remains
uncertain as to the source(s) and
location(s) of the resistance in the
normal eye. While there is general
consensus that the resistance of

the normal eye resides within the
JCT and/or inner wall of Schlemm’s
canal, or some dynamic combination
of both, this does not mean that the
additional resistance found in the
eye with POAG is the result of higher
resistance in the same location(s).

Some of the changes that occur in

POAG eyes have been identified, such

as increasing extracellular matrix in the
JCT®7 decrease in number of pores of the
inner wall of Schlemm’s canal®® a shorter
scleral spur, which is associated with a
higher percentage of Schlemm’s canal
collapse', collapse of Schlemm’s canal
and herniation of trabecular meshwork
into the collector channel ostia blocking
outflow'. However, we cannot identify
the location(s) of increased outflow
resistance in each individual patient.

Experimental evidence suggests that in
the trabecular meshwork, the majority

of outflow resistance is generated in the
inner wall endothelium of Schlemm’s
canal and its underlying matrix in the
JCT in normal monkey eyes.> Yet, their
contribution to total outflow resistance
remains unknown.”® However, following
complete trabeculotomy, Rosenquist

et al® reported that 49% of outflow
resistance is eliminated at a perfusion
pressure of 7 mmHg (corresponding to
the normal IOP in enucleated human
eyes with no episcleral venous pressure),
while Grant'® reported 71% of outflow
resistance was eliminated at a perfusion
pressure at 25 mmHg. Schuman et al'
reported that 35% of outflow resistance
was eliminated after a 1 o’clock hour
ablation of the tissue from the outer wall
of Schlemm’s canal (and distal by using
the excimer laser at a perfusion pressure
at 10 mmHg). These studies suggest that
one-third to half of the outflow resistance
lies distal to the inner wall of Schlemm’s
canal at normal pressure®'" and that a
portion of outflow resistance is related

to pressure-dependent changes in the
outflow pathway.® Schlemm’s canal
becomes narrower or collapsed with
elevated IOP, which is associated with
decreases in outflow facility and effective
filtration area.''3 Blockages of collector




channel ostia have also been reported,
both clinically and histologically.*

Such structural changes would contribute
to increased distal outflow resistance.

Restoration of the Natural Outflow
System

Clearly, if a glaucoma surgeon were

to remove the site(s) where increased
outflow resistance resides, I0P would fall.
However, if it is not possible to identify
the site(s) of increased outflow resistance
in a specific POAG eye, it is difficult to
determine which parts of the outflow
system are more relevant than others in
terms of lowering I0P. Consequently, it is
important to address all aspects of the
ocular outflow system:

1. TRABECULAR MESHWORK

Recent research by Kaufman’s group has
shown that the trabecular meshwork is
not a passive filter as previously thought
but an active and complex organization of
component tissues that maintain I0P in a
steady state.'

The portion of the trabecular meshwork
with active flow that leads directly into
Schlemm’s canal appears to be the more
darkly pigmented section on gonioscopic
view where the flow of aqueous and the
phagocytosed pigment are greater. Poor
identification of the correct area may

be one of the reasons for the lack of
success in some of the MIGS procedures,
where a stent has to be positioned

in the trabecular meshwork under
gonioscopy. Opening a pathway through
the meshwork, either by removing

tissue or punching a hole and inserting

a stent, encourages flow of aqueous

into Schlemm’s canal. Disruption of the
inner wall of the endothelium by visco-
canalostomy has been shown to permit
communication between the lumen

of the canal and the juxta-canalicular
space®?', Stretching the tissue layers

“Increases in outflow resistance in patients with POAG may
be located at different sites along the outflow pathway.”

“Experimental evidence suggests that in the trabecular
meshwork, the majority of outflow resistance is generated
in the inner wall endothelium of Schlemm’s canal and its
underlying JCT. Approximately one-third to half of the outflow
resistance lies distal to the inner wall of Schlemm’s canal at

normal pressure.”

“One of the challenges of glaucoma treatment is that the
location of increased aqueous outflow resistance and how
this resistance is generated is unclear.”

of the trabecular meshwork, as is
hypothesized during the Canaloplasty
procedure?? may also encourage the
aqueous outflow.

2. SCHLEMM’S CANAL

It is hypothesized that aqueous
passes through the endothelial lining
of Schlemm’s canal from the JCT via
giant vacuoles and pores, which are
fewer in number in glaucomatous
eyes and may explain the increase

in outflow resistance. Increasing IOP
leads to progressive collapse of the
canal, which as it collapses, decreases
active flow area'. Consequently,
outflow resistance and IOP increase
even further. The reduction in the size
of Schlemm’s canal may account for
nearly half of the decrease in outflow
facility observed in POAG eyes.?

Dilating Schlemm’s canal with
viscoelastic material and holding it
open with a suture/stent as described
in Canaloplasty may remove the
resistance to flow by increasing the
size of Schlemm’s canal.??

3. COLLECTOR CHANNELS

The collector channels which connect
to the aqueous veins and the distal part
of the outflow pathways originate in the
outer wall of Schlemm’s canal. Collector
channels are not evenly distributed
around Schlemm’s canal circumferentially
and outflow is segmental, being higher
in areas close to the large collector
channels as shown by accumulation of
pigment in these areas.

Manufacturers of MIGS stents, e.g.
iStent, Hydrus, recommend positioning
the stent(s) close to a patent collector
channel to increase the possibility of
surgical success.

We have shown in both bovine eyes'
and in human eyes'® that an increase
in pressure causes the TM to herniate
into the ostia of the collector channels,
blocking the passage of aqueous. We
have shown that these changes are
reversible in normal eyes when the
pressure is lowered back to normal
level but some of these herniations
may become permanent in the eyes
with POAG. Cannulating the whole of




Schlemm’s canal, as in Canaloplasty,
and injecting viscoelastic material

may “pop” open these herniations and
enable 360° access to collector channel
ostia for the egressing aqueous.

4. EPISCLERAL VENOUS SYSTEM

The pressure in the episcleral venous
system — known as EVP —is very
variable from one patient to another.
An ARVO 2014 poster from Kazemi and
colleagues at the Mayo Clinic showed
that EVP can vary from 3 mmHg to 14
mmHg, and it would seem that if the
pressure gradient differential is low and
resistance is also located distally in the
episcleral venous system, restorative
outflow surgery has less chance of
being effective than if the pressure
gradient differential is high."

The next major step to be taken in
research is to understand and locate,
in vivo, the blocked sites along

the aqueous outflow pathway in

REFERENCES

glaucomatous patients and to be able
to address all of the sites of increased
outflow resistance. In the meantime,
one of options that glaucoma surgeons
can choose in lowering I0P in glaucoma

found that outflow pathways from
Schlemm’s canal to the superficial
vasculature can be identified and

tracked using this method.®

In my own laboratory, we have

patients is canaloplasty,

specifically designed to address sites

of blockage and restore

aqueous outflow distal to the inner
wall of Schlemm’s canal.

Future Directions
As noted previously, an i

developed a novel fluorophore-guided
method of studying the structure and
function of the aqueous outflow system.
This unique method uses the effective
filtration area as a new parameter

in examining the structural changes
responsible for the reduced outflow in
glaucomatous eyes.

which is

natural

maging

technique that can visualize the

blocked sites along the aqueous

outflow pathway in vivo

aid the treatment of glaucoma.
Kagemann and colleagues at the
University of Pittsburgh School of
Medicine have used spectral-domain
optical coherence tomographic

systems for the purpose

the aqueous outflow system in three
dimensions in healthy subjects. They

12

1. Goel M, Picciani RG, Lee RK and Bhattachary SK. Aqueous humor dynamics: a review. The Open Ophthaimology Journal, 13.

2010; 4:52-59 iy
2. Gong H and Francis A: Schlemm’s Canal and Collector Channels as Therapeutic Targets. In Innovations in Glaucoma Surgery, ’

Samples JR and Ahmed | eds. Chapter 1, page 3-25, Springer New York, 2014. "
3. Cha ED, Xu J, Gong H. Variations in active areas of aqueous humor outflow through the trabecular outflow pathway. ’

Presented at ARVO 2015. 16.
4, Yang C-Y, Liu Y, Lu Z, Ren R and Gong H. Effects of Y27632 on aqueous humor outflow facility with changes in hydrodynamic

pattern and morphology in human eyes. Invest Ophthalmol Vis Sci. 2013;54(8):5859-70. 17.
5. Rohen JW, Liltjen-Drecoll E, Fliigel C, Meyer M, Grierson I. Ultrastructure of the trabecular meshwork in untreated cases of

primary open-angle glaucoma (POAG). Exp Eye Res. 1993;56(6):683-92. 18.
6. Rohen JW, Linnér E, Witmer R. Electron microscopic studies on the trabecular meshwork in two cases of corticosteroid-

glaucoma. Exp Eye Res. 1973;17(1):19-31. 19.
7. Liitjen-Drecoll E, Shimizu T, Rohrbach M, Rohen JW. Quantitative analysis of ‘plaque material’ between ciliary muscle tips in

normaland glaucomatous eyes. Exp Eye Res. 1986;42(5):457-65. 20.
8. Johnson M, Chan D, Read AT, Christensen C, Sit A, Ethier CR. The pore density in the inner wall endothelium of Schlemm’s 21.

canal of glaucomatous eyes. Invest Ophthalmol Vis Sci 2002;43:2950-2955.
9. Allingham RR, de Kater AW, Ethier CR, Anderson PJ, Hertzmark E, Epstein DL. The relationship between pore density and 22.

outflow facility in human eyes. Invest Ophthalmol Vis Sci 1992;33:1661-1669.
10. Swain DL, Ho J, Lai J, Gong H. Shorter scleral spur in eyes with primary open-angle glaucoma. Invest Ophthalmol Vis Sci.

2015;56:1638-1648, 23.
11. Battista SA, Lu Z, Hofmann S, Freddo TF, Overby DR, Gong H. Reduction of the available area for Aqueous humor outflow and 24.

increase in meshwork herniations into collector channels following acute I0P elevation in bovine eyes. Invest. Ophthalmol

Vis Sci 2008; 49:5346-5352.

The ability to the identify site(s) of
outflow resistance in patients with
glaucoma will be very important, and
we are on our way towards achieving
this. However, in the absence of this
information, canaloplasy is one of the
choices currently available for glaucoma
specialists to provide their patients with
a comprehensive glaucoma treatment
designed to restore the eye’s natural
outflow system. @

could further

of visualizing

Maepea 0, Bill A. The pressures in the episcleral veins, Schiemm’s canal and the trabecular meshwork in monkeys: effects of
changes in intraocular pressure. Exp Eye Res 1989;49:645-663.

Maepea 0, Bill A. Pressures in the juxtacanalicular tissue and Schlemm'’s canal in monkeys. Exp Eye Res 1992;54:879-883.

Rosenquist R, Epstein D, Melamed S, et al. Outflow resistance of enucleated human eyes at two different perfusion pressures
and different extents of trabeculotomy. Curr Eye Res. 1989; 8:1233-1240.

Grant WM. Experimental aqueous perfusion in enucleated human eyes. Arch Ophthalmol. 1963; 69:783-801.

Schuman JS, Chang W, Wang N, de Kater AW, Allingham RR. Excimer laser effects on outflow facility and outflow pathway
morphology. Invest Ophthalmol Vis Sci. 1999;40(8):1676-80.

Allingham RR, de Kater AW, Ethier CR: Schlemm’s canal and primary open angle glaucoma: correlation between Schlemm’s
canal dimensions and outflow facility. Exp. Eye Res. 1996;62:101-109.

Grieshaber MC, Pienaar A, Olivier J, Stegmann R. Clinical evaluation of the aqueous outflow system in primary open-angle
glaucoma for canaloplasty. Invest Ophthalmol Vis Sci. 2010;51(3):1498-504.

Rasmussen CA, Kaufman PL. The trabecular meshwork in normal eyes and in exfoliation glaucoma. J Glaucoma. 2014;23(8
Suppl 1):515-9.

Tamm ER, Carassa RG, Albert DM, et al. Viscocanalostomy in rhesus monkeys. Arch Ophthalmol. 2004;122:1826-1838

Smit BA, Johnstone MA. Effects of viscoelastic injection into Schlemm’s canal in primate and human eyes: potential relevance
to viscocanalostomy. Ophthalmology. 2002;109: 786—792

Lewis RA, von Wolff K, Tetz M, et al. C and ing of Schlemm’s canal using a
flexible microcatheter for the treatment of open-angle glaucoma in adults: mtenm clinical study analysis. J Cataract Refract
Surg. 2007;33:1217-1226.

Kazemi A, McLaren JW, Sit AJ. Repeatability of episcleral venous pressure measurement. Presented at ARVO 2014.

Kagemann L, Wollstein G, Ishikawa H, et al. Visualization of the conventional outflow pathway in the living human eye.
Ophthalmology 2012;119(8):1563-68.

ABOUT THE AUTHOR Haiyan Gong, MD, PhD, is a Professor of Ophthalmology, Anatomy and Neurobiology at Boston
University School of Medicine. Dr. Gong’s research is focused on understanding the mechanisms that regulate aqueous

humor outflow resistance in normal eyes and how this resistance is increased in the eyes with POAG, in order to provide
new insights for developing new therapeutic strategies to treat this disease.

Whitepaper published by Ellex. © Ellex Medical Pty Ltd 2017

Head Office
3 Second Avenue
Mawson Lakes, SA, 5095 AUSTRALIA

+61 8 7074 8200 800 824 7444

=

ellex.com

Registered Office Ellex iTrack
82 Gilbert Street
Adelaide, SA, 5000 AUSTRALIA

+61 8 7074 8200 800 391 2316

Ellex Inc. (USA)
7138 Shady Oak Road
Minneapolis, MN, 55344 USA

41316 Christy Street
Fremont, CA, 94538 USA

Ellex Inc. (Japan)

3F, 3-2-22 Harumi Chuo-ku
Tokyo 104-0053 JAPAN
+81 3 5859 0470

Ellex France SARL

La Chaufferie - 555 chemin du bois
69140 Rillieux la Pape FRANCE
+33 4 8291 0460

Ellex Deutschland GmbH
ZPO floor 1, Carl-Scheele-Str.16
12489 Berlin GERMANY

+49 30 6392896 00

Ellex Australia

3 Second Avenue

Mawson Lakes, SA, 5095 AUSTRALIA
+61 8 7074 8200




