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Introduction

One of the main challenges of glaucoma drainage

Purpose: To measure the in vitro flow properties of the PRESERFLO implant for compar-
ison with the theoretical resistance to flow.

Methods: The PRESERFLO was designed to control the flow of aqueous humor accord-
ing to the Hagen-Poiseuille (HP) equation. Scanning electron microscopy (SEM) was
performed to analyze the ultrastructure, and flow measurements were carried out using
a gravity-flow setup.

Results: SEM images of the PRESERFLO showed luminal diameters of 67.73 x 65.95 um
and 63.66 x 70.54 um. The total diameter was 337.2 um, and the wall was 154 um wide.
The theoretical calculation of the resistance to flow (R) for an aqueous humor (AH) viscos-
ity of 0.7185 centipoises (cP) was 1.3 mm Hg/(uL/min). Hence, assuming a constant AH
flow of 2 pL/min, the pressure differential across the device (AP) was estimated to be
2.6 mm Hg. The gravity-flow experiment allowed us to measure the experimental resis-
tance to flow, which was Rg = 1.301 mm Hg/(uL/min), in agreement with the theoretical
resistance to flow R given by the HP equation.

Conclusions: The experimental and theoretical flow testing showed that the pressure
drop across this device would not be large enough to avoid hypotony unless the resis-
tance to outflow of the sub-Tenon space was sufficient to control the intraocular pressure
in the early postoperative period.

Translational Relevance: The fluid properties of glaucoma subconjunctival drainage
devices determine their specific bleb-forming capacity and ability to avoid hypotony
and therefore their safety and efficacy profile.

method, the resistance offered by the tissues that
surround the glaucoma tube plate cannot prevent
hypotony until at least approximately six weeks
after surgery.! In this period, there is a risk of

device surgery is the control of aqueous humor
outflow in the early postoperative phase to prevent
hypotony. In the absence of a flow restrictor
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severe hypotony, choroidal hemorrhage® and anterior
chamber flattening, all of which are vision-threatening
situations.
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In 1969, Anthony Molteno was the first to intro-
duce pioneering concepts regarding the need for a
large surface area to disperse the aqueous humor
(AH) and the advantage of draining the aqueous
away from the limbus.> All the long-tube drainage
devices currently available are based on the concept
of the Molteno implant, which has a tube attached
to a large explant placed 9 to 10 mm away from
the limbus. The original Molteno implant (Molteno
Ophthalmic Limited, Dunedin, New Zealand) has been
modified over the years in two ways: the develop-
ment of valved mechanisms and surgical maneuvers
to improve the control of aqueous humor outflow to
reduce hypotony, and the enlargement of the plate*->
to obtain lower postoperative intraocular pressure
(IOP).

The Ahmed glaucoma valve (AGV; New World
Medical, Rancho Cucamonga, CA, USA) was the first
glaucoma drainage device with a flow resistor made of
folded silicone membranes pretensioned by the plate,
designed to open and close at a certain pressure level
to prevent hypotony.® In 2008, Moss and Trope,’ using
a gravity-driven flow test, found that half of the AGV
valves tested showed a closing pressure below 6 mm
Hg. The Baerveldelt implant (BGI; Abbott Medical
Optics, Santa Ana, CA, USA) was introduced in 1990
without a flow restrictor.” The placement of tempo-
rary sutures around or within the lumen of the tube,?-’
or a two-stage procedure were proposed to control
the outflow. Despite these modifications, the rates
of hypotony reported for both implants were similar
(12% for the Molteno with the modified technique,
14% for the AGV'") and also clinically relevant,
regarding the possible devastating consequences to
the eye.

The search for adequate control of aqueous humor
outflow continues today with the design of new
implants based on the Hagen-Poiseuille formula for
flow restriction. The resistance to flow (R) and the
pressure drop (Ap) can be modified by means of the
length and width of a tube according to the Hagen-
Poiseuille equation, which governs the fluid proper-
ties of a cylindrical pipe for noncompressible Newto-
nian fluids.!" The outflow resistance and therefore the
pressure differential increase linearly in relation to the
length of the tube and decrease to the fourth power
of the lumen radius. Thus two new “miniaturized”
tubes have been released, the XEN glaucoma implant
(XEN-GGM; Allergan Plc, Parsippany, NJ, USA) and
the PRESERFLO MicroShunt (Santen Pharmaceu-
tical Co., Osaka, Japan). They are designed to be
implanted either ab interno (XEN) or ab externo
(PRESERFLO) to connect the anterior chamber with
the subconjunctival space without a valved mecha-
nism or a plate located at the end of the tube. They
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differ in their length and luminal diameter and there-
fore in their theoretical resistance to flow and pressure
drop, which should be higher for XEN 45 (6 mm
long, 45 um internal diameter) than for the PRESER-
FLO (8.5 mm long, 70 um internal diameter). The
XEN 45 implant has been reported to be able to
maintain backpressure above hypotony (an experimen-
tal steady-state pressure of 8.9 mm Hg with a calcu-
lated value of 10.98 mm Hg),'”> whereas PRESER-
FLO has not yet been proven to do so. In a laboratory
study performed by the manufacturer,'® the authors
explained that the luminal diameter had to be greater
than the diameter of a sloughed endothelial cell (40—
50 um) and that the empirical data generated by
rabbit studies from Arrieta et al.'* helped to “fine-
tune” the lumen diameter to 70 um. The authors
hypothesized that the Poiseuille equation ‘“breaks
down” at small tube diameters in extremely hydropho-
bic materials such as poly(styrene-block-isobutylene-
block-styrene) (SIBS), which is the material of the
PRESERFLO.

To the best of our knowledge, the real flow through
this implant, as well as its resistance to flow, and
the pressure drop have not been reported. In the
current study, we analyze the ultrastructure of
PRESERFLO with scanning electron microscopy
(SEM) to confirm that the luminal diameter is
consistent with the specifications provided by the
manufacturer. In addition, we calculate the theoret-
ical resistance to flow and pressure differential
for PRESERFLO, XEN 45, and other glaucoma
implants using the de Hagen-Poiseuille equation, and
finally we perform an experimental fluid-flow test
using a gravity-flow setup at different simulated
I0OPs through the PRESERFLO. Thus the aim
of this study is to evaluate the theoretical and
experimental flow properties of the PRESERFLO
implant.

The two different samples of the PRESERFLO
MicroShunt that were used for each of the analyses
(SEM and flow studies) were provided directly by the
manufacturer, they were brand new, without any previ-
ous surgical or experimental use. The manufacturer-
provided dimensions of the device are as follows: total
length: 8.5 mm; external diameter: 350 pm; internal
diameter: 70 pm; and 1 mm’ wings located 4.4 mm
posterior to the beveled tip of the implant designed to
avoid migration from the initial location Figure 1. For
the SEM analysis, the PRESERFLO MicroShunt was
cut transversally with a 45° cataract blade.
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Figure 1.
end is placed in the anterior chamber.

Scanning Electron Microscope Analysis

The PRESERFLO luminal diameter was measured
with a Quanta FEG 250 scanning electron micro-
scope, which is a field-emission SEM (Fig. 2). Different
measures were taken from the lumen, including edge to
edge (vertically and horizontally), and edge to shadow.
Measures from the lumen, wall, and total diameter are
shown in Figure 3.

Figure 2.
scope.

Image of the Quanta FEG 250 scanning electron micro-
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Lumen

The PRESERFLO MicroShunt dimensions (mm) and location. The distal end is placed in the sub-Tenon space, and the proximal

Theoretical Calculation of the Resistance to
Flow

The Hagen-Poiseuille equation'' was used to
calculate the theoretical resistance to flow (R, mm
Hg/[uL/min]) and the pressure differential or pressure
drop (P = Ap = p1 — p2, mm Hg) through PRESER-
FLO for a known volumetric flow rate or AH
production (Q, pL/min) and an AH viscosity of
0.7185 centipoises (cP) at 36°C for primary open-
angle glaucoma.” In our flow experiments, we used
the known dynamic viscosity of water u = 0.9775
centipoises (cP) at 760 mmHg = 1 atm = 101325 Pa.s
(ST) and T = 21°C. Note that the dynamic viscosity of
the AH is only 2% higher than the dynamic viscosity
of water at the same temperature. We used the version
of the Hagen-Poiseuille equation that accounts for
the diameter (d*) and not the radius (r*). In this case,
the proportionality constant number is 128 instead
of 8:

P=0QxR

p_ 128x uxLxQ
- 7 xd*

128x ux L
R=—"——
T xd*
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65.95 ym

Figure 3. SEMimages of the lumen diameter measured with the caliper tool. (a) Luminal diameter 67.73 x 65.95 um. (b) Luminal diameter
63.66 x 70.54 um. (c) Total diameter: 337.2 um. (d) Wall: 154 pm.

P = Ap=p; — p> (pressure drop along the lumen of the Flow Study

tube
iw= dyi amic viscosity The experimental setup followed the main features

L = length of the experiment conducted by Estermann et al.'®

O = volumetric flow rate Figure 4 shows the overall experimental setup.

R = resistance to flow

where R is the resistance to flow of the device, N {=X30]ies

which is expressed in units of mm Hg/(uL/min). From

the geometrical characteristics of the device and the SEM Analysis

dynamic viscosity of the fluid, we can compute the

theoretical resistance to flow through the Hagen- The results from the measurements of two SEM
Poiseuille flow. images are shown in Figure 3.
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Figure 4. Experimental setup. The PRESERFLO is inserted into a
tube with a large diameter (D1 = 1 mm), with both ends immersed
in a physiological saline solution of sodium chloride used to limit
the presence of bubbles in the fluid circuit, connecting two different
containers located at different heights. Once the fluid has crossed
the implant, it continues through the tube until it reaches the
bottom container. The difference in height between the top fluid
reservoir and the bottom container induces the hydrostatic pressure
P. This hydrostatic pressure is the only motor behind the fluid flow in
the circuit according to the Hagen-Poiseuille law. No surface tension
mechanisms (such as droplet formation) should affect the dynamics.

Theoretical Calculation of the Resistance to
Flow

The results from the theoretical calculation of R and
P for each glaucoma implant are shown in Figure 5.

Experimental Flow Study

Figure 6 shows the time evolution of the collected
mass as a function of time. The volumetric flow
measured was Q = 35.22 (uL/min) for a pressure P
of 58.92 mm Hg. From the linear fit (R> = 0.9241),
the estimated resistance to flow was Rg = 1.806 mm
Hg/(uL/min) with a computed confidence interval of
95% [1.571; 2.041] mm Hg/(uL/min). To compare the
results with the parameters present in a physiologi-
cal environment, we estimated the resistance of the
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PRESERFLO MicroShunt to be REpgys = Rg x (
naQHUM/MwaTer ) 1.301 mm Hg/(uL/min), in excellent
agreement with the theoretical predicted value R = 1.3
mm Hg/uL/min, and the pressure drop was estimated
to be 2.6 mm Hg.

With the estimated Reynolds number for the present
fluid experiment for a flow of 60 ul./min and an average
speed of approximately 0.26 (m/s), our experiment
operated for Reynolds numbers in the range between 25
and 60, far below the transition to the turbulent regime.
This meant that even for such a high applied pressure,
the flow was still laminar, and the Hagen-Poiseuille law
was still valid.

Discussion

In recent years, advancements in glaucoma tube
development for flow restriction have brought new
implants to the glaucoma surgery spectrum that aim
not only to prevent hypotony but also to simplify and
standardize the surgical technique, with the goal of a
lower rate of postoperative complications. The objec-
tive is twofold: to reach sufficient flow restriction to
decrease the risk of hypotony without undermining the
drainage efficacy and to maintain the lowest possible
IOP once a filtering bleb has been developed.

Sheybani et al.,!> in an experimental flow test of
the XEN 45, showed that the implant was capable
of maintaining the backpressure above numerical
hypotony (defined as an IOP < 5 mm Hg, after surgery
by the World Glaucoma Association Guidelines'?).
The experimental steady-state pressure reported for
XEN 45 by the authors was 8.9 mm Hg, and the
resistance to flow was 4.393 mm Hg/(uL/min), 3.4-fold
higher than the experimental resistance to flow (Rg =
1.301 mm Hg/JuL/min]) and pressure drop (2.6 mm Hg)
measured for the PRESERFLO with our experimen-
tal setup, suggesting that PRESERFLO would not be
able to avoid hypotony (5 mm Hg) just by means of its
flow restriction properties. Given that the clinical rates
of hypotony reported for PRESERFLO in the litera-
ture are much lower than expected by the results of the
laboratory tests, it is reasonable to believe that there
must be crucial control of the outflow exerted initially
by the Tenon capsule and later by the remodeling of the
subconjunctival tissue.

In a study published by Scheres et al.,”’ the
incidences of hypotony with the PRESERFLO and
the XEN 45 were comparable. In fact, they found that
during the first week after surgery, although the rate of
hypotony was higher with PRESERFLO (39%) than
with XEN 45 (24%), the need for anterior chamber
reformation was lower (2% PRESERFLO, 5% XEN
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PRESERFLO Microshunt:

R= 128x0.7185x1.25x 107 7x 8.5
- 3.1416 x 0.07#

R= 1.3 mmHg/pL/min
P=2x13

P=2.6 mmHg

Ex-Press P-200:

_ 128x0.7185x 1.25x 1077x 2.56
3.1416 x 0.3774
R=0.0004 mmHg/puL/min
P =2x0.0004
P=0.0008 mmHg
Paul Glaucoma Implant:

_ 128x0.7185x1.25x1077x 10
- 3.1416 x 0.1274

R=0.14 mmHg/pL/min
P=2x0.14

P=0.28 mmHg

Figure 5.
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XEN 45:
 128x0.7185x1.25x107x 6
- 3.1416 x 0.045*
R= 5.35 mmHg/uL/min
P=2x5.35
P=10.7 mmHg
Ahmed AGV, Baeverdelt BGIL, Molteno:

R = 128x0.7185x1.25x 107 7x 10
- 3.1416 x 0.3054

R= 0.004 mmHg/uL/min
P =2x0.004

P=0.008 mmHg

According to the different internal diameters and lengths of each glaucoma drainage device (PRESERFLO MicroShunt, 70 um,

8.5 mm; XEN45, 45 um, 6 mm; Ahmed AGV, Baerveldelt BGI, and Molteno 305 pm, 10 mm; Paul glaucoma implant, 127 pm, 10 mm), we
calculated R and P for an aqueous humor flow rate of 2 uL/min (the aqueous humor flow rate has been reported to be 2.75 + 0.63 yL/min
[a range of 1.8 to 4.3 uL/min]"’). For the Ex-PRESS implant (Alcon Laboratories, Inc., Fort Worth, TX, USA), the theoretical calculations of flow
were performed only for the P200 model (377 um, 2.56 mm) and not for the P50, which is more commonly used in clinical practice, because
the P50 model has a 150 um diameter bar placed across its lumen,'® with implications on the fluid properties that prevent the theoretical

calculation of the resistance to flow.

45), with the same rate of choroidal detachment for
both implants (2%). In addition, after PRESERFLO
implantation, Schlenker et al.?! reported three out of
181 cases of anterior chamber reformation and four
out of 181 cases of late choroidal detachment, and
Batlle et al.>* reported 13% shallow anterior chambers
and 8.7% choroidal detachments during the first three
weeks. In a previous study by our group,”® we reported
an 11% rate of hypotony.

Regarding trabeculectomy, Abbas et al.** reported a
hypotony rate of 47% at any time during follow-up and
11% of persistent hypotony in two consecutive follow-
up visits. In the Tube Versus Trabeculectomy study,>

24

the rate of persistent hypotony after trabeculectomy
was 23% at three years, increasing to 31% at 5 years.
The Ahmed versus Baerveldt study'® reported a
similar rate of hypotony after one year of follow-up
(14%) for both implants. The AGV and the Baerveldt
implants share the same resistance to flow (R = 0.004
mm Hg/uL/min) but differ in the pressure drop across
the tube (0.008 mm Hg for Baerveldt, 13.6 mm Hg,
and 6.1 mm Hg opening and closing pressures for
AGV?®) because of the valved mechanism of the AGV.
In vitro testing of the AGV model FP7 showed signifi-
cant variability in the closing pressure, with half closing
at IOPs considered potentially problematic in clinical
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Figure 6. Time evolution of the collected mass as a function of
time. (a) Results obtained by moving the upper fluid reservoir and
therefore modifying the applied pressure P. According to the Hagen-
Poiseuille law, a constant applied pressure difference induces a
constant flow, the flow is measured in terms of the collected mass,
and the linear growth of the mass as a function of time allows
us to determine the flow. The initial difference in height between
the top container and the bottom container was 80.1 cm. Assum-
ing that the physiological solution used in our experiment had the
same density as water, it was converted into a pressure difference
of P =58.92 mm Hg. The linear fit (R? = 0.9988) of the collected data
was approximated by w(t) = 50.72 t + wy, where w(t) is the weight
in grams and t is the time expressed in a fraction of the 24-hour
period. For the fixed pressure, the observed mass flow was given by
Q = 50.72 g/(24 h) with a 95% confidence interval of [50.71; 50.74]
g/(24 h). The linear fit was excellent; indeed, the confidence inter-
val for the estimated mass flow was very narrow and only affected
the fourth significant digit. The volumetric flow was also expressed
in more conventional units as Q = 35.22 (uL/min) for a pressure P
of 58.92 mm Hg. b) At five different heights, the flow rate (Q) was
expressed as a function of the applied pressure (P) through a linear
fit (R? = 0.9241). From the data, the resistance to flow was estimated
to be Re = 1.806 mm Hg/(uL/min) with a computed confidence inter-
val at 95% of (1.571; 2.041) mm Hg/(uL/min). Note that error bars are
not shown on the data because they are very small (less than the
diamond symbol size).

situations (1.4, 3.2, 3.5 mm Hg).” The FP7 AGV is
made of silicone, which is much less stiff than the
previous polypropylene, and may probably have a less
precise opening pressure.’

Compared to the new short tubes (XEN 45,
PRESERFLO), only a randomized control trial that
included a significant number of patients would show
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the real clinical differences between them, but the clini-
cal results reported so far suggest that the rates of
hypotony expected for them are not higher than those
reported for the long-tube drainage devices. The Paul
glaucoma implant?® is an example of the progressive
tendency to narrow the luminal diameter of the tube
to search for the ideal size to control the outflow in
long tubes. This implant does not have a valved mecha-
nism to restrict the flow of aqueous. According to
the Hagen-Poiseuille equation, the theoretical pressure
drop of this implant would be 0.28 mm Hg, far below
5 mm Hg. Nevertheless the hypotony rates reported
are quite similar to those of the Ahmed and Baerveldt
drainage devices (14.9% rate of self-limiting shallow
anterior chamber and 9.5% hypotony requiring inter-
vention).”’

The tissue response to the flow rate of aqueous
humor and the formation of a characteristic type
of filtering bleb could explain the low incidence of
hypotony reported for the PRESERFLO implant.
In a study published by our group,” we analyzed
the morphology and geometry of the blebs formed
after the implantation of PRESERFLO with anterior
segment optical coherence tomography (AS-OCT).
From the early postoperative period to the third
month, the aqueous humor displaces the tissues to
form fluid cavities underneath the Tenon, that showed
a measurable horizontal and vertical expansion and a
multilayered appearance of the overlying conjunctival
stroma in the majority of the cases. The morphology
of the blebs in the early postoperative period resem-
bled that of classic trabeculectomy blebs. A longer
follow-up of the same patients up to one year showed
that the bleb maturation process led to the forma-
tion of thick hypo reflective walls, as happened in
the maturation process after trabeculectomy (Fig. 7).
In contrast, the AS-OCT morphology of the filter-
ing blebs associated with XEN has been described
as low-lying, diffuse,”® or a “filtering conjunctiva,”?’
without a conventional bleb, suggesting that the lower
flow through the XEN vs the PRESERFLO probably
accelerates the subconjunctival fibrotic response, thus
increasing the number of needlings required (43%—71%
XEN vs. 8.5% PRESERFLO?"). The location of the
distal end of the implant and the surgical technique
(“ab interno” vs. “ab externo”) may also determine the
ability of a tube to form functioning filtering blebs.
Lenzhofer et al.”’ showed with AS-OCT that the XEN
gel stents located in deeper locations (the Tenon layer
above the outer stent lumen) achieved higher IOP
reductions and lower secondary needling rates (68%
sub-Tenon, 80% intraconjunctival). The “ab interno”
technique used to implant the XEN device has been
reported to be less prone to bleb formation because of
a higher resistance to flow of the tissues.** Most likely,
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Hyporeflective bleb wall and discrete fluid cavity

6 months

Comea Cross Line

Rght /00

6 months

Figure 7.
year.

the “ab interno” approach makes it difficult to identify
the layers of the conjunctiva-Tenon complex to place
the tip of the implant underneath the Tenon capsule.
One of the key aspects of PRESERFLO is the “ab
externo” dissection of the virtual space located between
the conjunctiva and the Tenon capsule®! to create a
wide pocket where the bleb forming process initiates.
Narita et al.>> suggested the necessity to leave the
Tenon capsule as it is during trabeculectomy to facil-
itate the formation of thick and hypo reflective bleb
walls, the same principle followed during the surgical
technique used to implant a PRESERFLO. Maintain-
ing the anatomy of the Tenon capsule seems to be an
important factor in controlling the outflow in the early
postoperative period with this device. The sequence
of AH outflow control by the subconjunctival tissue
response might well be as follows: the mere presence
of the fluid,*® as well as the presence of inflamma-

AS-OCT image of the hyporeflective bleb wall and discrete fluid cavity of a PRESERFLO bleb. Evolution from six months to one

tory mediators (cytokines) in the AH of primary open-
angle glaucoma patients® that initiates the fibrovas-
cular response of the tissues to form the filtering bleb
that ultimately modulates AH absorption, takes a few
weeks to occur.! In the very early postoperative period
when the fibrovascular response has not yet been initi-
ated, the resistance to flow offered by the Tenon capsule
against the amount of AH delivered by the implant
(directly proportional to the preoperative intraocular
pressure but restricted by its length and diameter)
might be the main factor involved in the prevention of
hypotony.

When the AH is released in the sub-Tenon space
at a certain flow rate, lower than the capillary
pressure of the surrounding tissues, a fibrovascular
response is initiated at the capsule toward the forma-
tion of a bleb wall,! whose porosity and therefore
hydraulic conductivity are sufficient to maintain a
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constant flow of AH from the anterior chamber, tube,
bleb wall and finally the episcleral venous system.
According to a study published by Gardiner et al.,®
the diameter of the tube becomes irrelevant when
the pressure between the anterior chamber and the
bleb reaches equilibrium. Lim® dissents somehow
from Gardiner’s et al. hypothesis, advocating that
neither the XEN 45 nor the PRESERFLO address
the problem of “resistor in series,” meaning that
once bleb resistance has occurred, the flow restric-
tor within the tube actually becomes redundant and
even detrimental to achieving the lowest possible
IOP.

Based on the outcomes of the current experiment,
which operates at Reynolds numbers in the range of 25
to 60 (far below the transition to the turbulent regime),
even for such a high applied pressure, the flow is still
laminar, and the Hagen-Poiseuille law is still valid for
measuring the resistance to flow through the PRESER-
FLO MicroShunt.

In conclusion, despite the theoretical and experi-
mental inability of the PRESERFLO MicroShunt to
protect against hypotony, the clinical results reported
suggest that the tissue response to the particular flow
rate of the aqueous humor provided by this implant
provides enough resistance to flow to maintain the
intraocular pressure above hypotony in most cases.
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