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Abstract

Purpose

To predict and compare the hypotensive efficacy of three minimally-invasive glaucoma sur-
gery (MIGS) implants through a numerical model.

Methods

Post-implant hypotensive efficacy was evaluated by using a numerical model and a
computational fluid dynamics simulation. Three different devices were compared: the
XEN 45 stent (tube diameter, 45 um), the XEN 63 stent (63 um) and the PreserFlo micro-
shunt (70 um). The influence of the filtration bleb pressure (Bp) and tube diameter, length,
and position within the anterior chamber (AC) on intraocular pressure (IOP) were
evaluated.

Results

Using baseline IOPs of 25, 30 and 50 mmHg, respectively, the corresponding computed
post-implant IOPs for each device were as follows: XEN 45: 17 mmHg (29% decrease), 19
mmHg (45%) and 20 mmHg (59%) respectively; XEN 63: 13 mmHg (48%), 13 mmHg
(62%), and 13 mmHg (73%); PreserFlo: 12 mmHg (59%), 13 mmHg (73%) and 13 mmHg
(73%). At a baseline IOP of 35 mmHg with an increase in the outflow resistance within the
Bp from 5 to 17 mmHg, the hypotensive efficacy for each device was reduced as follows:
XEN45: 54% 1o 37%; XEN 63: 74% to 46%; and PreserFlo: 75% to 47%. The length and
the position of the tube in the AC had only a minimal (non-significant) effect on IOP (<0.1
mmHg).
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Conclusions

This hydrodynamic/numerical model showed that implant diameter and bleb pressure are
the two most pertinent determinants of hypotensive efficacy. In distinction, tube length and
position in the AC do not significantly influence IOP.

Introduction

Glaucoma is one of the main causes of irreversible vision loss worldwide [1]. The main risk
factor for developing glaucoma is an increased intraocular pressure (IOP), usually caused by
an insufficient outflow of the aqueous humor (AH) [2]. Consequently, the main objective of
glaucoma treatment is to reduce IOP through pharmacological treatment, laser, traditional fil-
tering surgery, or tube implants [3, 4].

Recently, several new surgery implants, known as Minimally-Invasive Glaucoma Surgery
(MIGS) have been developed to improve the efficacy and safety of conventional glaucoma sur-
gery [5]. These implants work by increasing filtration of AH, either through its natural route
(iStent implant), or by rerouting the AH flow into either the subconjunctival space (XEN
implants and PreserFlo microshunt) or the suprachoroid space (CyPass Micro-Stent implant)
[6].

Several studies have assessed the hypotensive efficacy of these MIGS implants, although
with relatively short follow-up periods. Data from clinical studies indicate that the hypotensive
efficacy varies widely depending on the type of the implant [7-12]. Reference values in order
to preoperatively predict the highest likelihood reduction in IOP after implantation of these
MIGS devices are not available, but could be very useful to help select the device.

Despite the good safety profile of MIGS, this surgery is associated with risks of several com-
plications, including the loss of corneal endothelial cells, a severe adverse effect that led to the
withdrawal from the market of the CyPass implant (Alcon, Dallas TX, USA) [13, 14]. In this
case, a direct association was evidenced between the annual loss of endothelial cells and the
position of the implant in the anterior chamber (AC). However, the reasons for endothelial
corneal loss after aqueous shunt implantation are multifactorial and the exact etiology remains
poorly understood [15, 55, 56].

To better understand the pathophysiology of glaucoma, several different numerical models
have been developed to study the hydrodynamics of aqueous humour in the AC. These models
analyze the parameters that potentially influence AH flow from its production site in the ciliary
body to its exit through the trabecular meshwork [16-18] in healthy eyes [19] and after glau-
coma surgery [20, 21]. Since they provide a better understanding of the mechanism underlying
MIGS implants, these mathematical models could help to optimize glaucoma surgery by pre-
dicting the efficacy and safety of this procedure [21, 22].

In this context, the objective of the present study was to predict and compare the efficacy
and safety of three different MIGS devices through a numerical model. To do so, we assessed
the role of various parameters—baseline IOP, the filtrating bleb pressure, and the implant
characteristics [tube length, lumen and position in the AC]—on postoperative IOP.

Material and methods
Glaucoma implants and parameters studied

Three different MIGS implants were evaluated: two XEN implants (respectively, with lumens
of 45 um and 63 um; Allergan Inc. Dublin, Ireland), and the PreserFlo MicroShunt (70 um
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Table 1. Characteristics of the glaucoma implants studied in the numerical model.

Implant Tube lumen (pum) Total length of the implant (mm) Tube thickness (um)
XEN 45 45 6 150
XEN 63 63 6 220
PreserFlo 70 8.5 350

XEN 45: XEN 45 gel stent; XEN 63: XEN 63 gel implant (both from Allergan Inc. Dublin, Ireland); PreserFlo:
PreserFlo MicroShunt, (Santen Pharmaceutical Co., Ltd., Osaka, Japan).

https://doi.org/10.1371/journal.pone.0239324.t001

lumen; Santen Pharmaceutical Co., Osaka, Japan). Table 1 describes the main characteristics
of these devices.

The hypotensive efficacy of the implants was calculated using baseline IOP values of 25, 30,
and 50 mmHg. The influence of various filtration bleb pressures (p, = 2, 5, 10, 17, 25, 34
mmHg) was also assessed. We calculated p;, using the formula given below (Formula 1, analyti-
cal model section), based on data from clinical studies [7-12].

The following simulations were performed: p, = 2 mmHg: one-day after implantation; p, =
5 mmHg, one-week after implantation. Gardiner et al. developed a theoretical model in which
a pp = 17 mmHg was proposed to simulate no scar in the bleb and p;, = 34 mmHg for the pres-
ence of scar formation in the bleb [20].

The influence of tube length on hypotensive efficacy was assessed by comparing the stan-
dard length tube to a tube that had been shorted by 1 mm. We performed the simulation using
three different implant positions in the AC and two different positions in the AC relative to
the iris (200 and 600 um above the anterior iris).

Computational simulation. A three-dimensional (3D) simulation based on computa-
tional fluid dynamics was performed using the Ansys Fluent software (v6.3.26; Ansys, Inc.,
Canonsburg PA, USA). The simulations were run in steady regime with laminar flow, using a
constant flow rate of 2.0 pl/min of AH [23] as an input condition, with a pressure of 15 mmHg
(20 Pa) as an output condition [20]. The fluid was Newtonian and incompressible. The AH
was removed from the trabecular meshwork at the same rate as it was produced. In this simu-
lation, the thermal convection caused by the difference between the surface temperatures of
the cornea (34° C) and the other parts of the AC (iris and crystalline at 37° C) was considered
the main factor for flow in the AC [16]. The buoyancy effects due to temperature gradients
were modelled with the Boussinesq approximation [24]. A grid sensitivity analysis was per-
formed before final calculations. For this purpose, three meshes of large, medium and fine
sized cells were constructed. For the present study, we used only the intermediate mesh (7.5 x
10°) because it had the smallest amount of variations (<1%).

For the elimination of AH, we only considered the trabecular route because this is the main
drainage route (accounting for 90% of elimination of AH) [16]; the uveoscleral route was not
simulated. Variables included in the simulation were based on standard values for an adult
human eye [16, 25-32] (Table 2). The numerical procedure was the same as described by Fer-
nandez-Vigo et al. [33] and Agujetas et al. [34]. However, our simulations incorporated a new
element that was not included in those studies: the flow across both the trabecular meshwork
and the implanted device. The trabecular meshwork was modelled as a saturated two-phase
porous medium [20] whose permeability is calculated as that necessary to obtain the preopera-
tive IOP, p,, for a prescribed pressure p, at the exit of the trabecular meshwork. To calculate
the trabecular meshwork permeability, we performed the simulation without the implanted
device. Once the trabecular meshwork permeability had been calculated, we simulated the
flow with the implanted device by imposing pressure pj, in the filtering bleb. The position of
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Table 2. Parameters used for the simulation with the standard values of an adult human eye used in the computa-
tional simulation.

Parameter Value
Diameter of AC, mm 12 [25, 26]
AC depth, mm 3.2 [25,26]
Diameter of crystalline, mm 9 [27]
Thickness of crystalline, mm 4 [27]
Iris thickness, mm 0.18 [28]
Distance between iris and crystalline, mm 0.93 [25, 28]
Coefficient of linear expansion of AH, b, K! 0.0003 [16]
Density of AH, p0, kg/m3 998.2 [29]
Dynamic viscosity of AH; y, Pa-s 0.001 [29]
Viscosity of aqueous humor at 37 °C, Pa-s 7x107* [29]
Thermal conductivity K, W/m-K 0.6 [30]
Acceleration by gravity g, m/s2 981 [31]
Specific temperature Cp, J/kg-K 4182 [32]

AC: anterior chamber; mm: millimeter; AH: Aqueous humor; (: microns; po: AH density; b: Coefficient of linear
expansion of AH; K™': 1/Kelvin; Pa: Pascal; °C: Celsius; W/m-K: Watt/meter-Kelvin; J/kg-K: Joule/Kilogram-Kelvin

https://doi.org/10.1371/journal.pone.0239324.t1002

the implant is characterized by the distance I, from the anterior iris and length d, of the
implant in the AC (Fig 1). This simulation allowed us to determine the quasi-uniform pressure
p. in the anterior chamber following glaucoma surgery, and the flow rate Q, filtered by the
implant. The calculated parameters were p, and Q,, obtained both analytically and by the 3D
simulation software. We also calculated the endothelial wall shear stress (WSS) and the iridian
WSS.

Analytical model. The present analytical model aims to provide useful information for
glaucoma surgeons by modelling the MIGS implants in different scenerios in glaucomatous
eyes. This information may be helpful for clinical decision-making and to avoid undesired
complications described in previous clinical studies [5-12]. Additionally, as demonstrated by
previous studies, these analytical models could predict postoperative IOP, similar to the results
found in clinical studies [20, 21].

To validate this model, the parameters were calculated using a computational 3D simula-
tion. The pressure drop across the device obeys the generalized Hagen-Poisuille formula [35]
since the Reynolds number characterizing the flow in the implant takes very small values [36],
and therefore:

128LLuQ,
¢ b nD;

(1)

where p. and p;, are the IOP following glaucoma surgery and in the filtering bleb, respectively;
L is a dimensionless constant that depends on the shape of the implant cross-section, Dk and
Lv are the implant hydraulic diameter and the total length, respectively; y is the AH viscosity,
and Q, is the flow rate evacuated by the implant (Fig 2). The trabecular meshwork and
Schlemm’s canal jointly provide hydraulic resistance [37]. Because of the smallness of the Rey-
nolds number in this region, that resistance does not depend on the flow rate and can be calcu-
lated as the ratio of the pressure drop across this system before surgery to the flow rate Qy =

1.7 Wl/min evacuated by it [38]. This flow rate is calculated as that injected by the ciliary body,
Qcb = 2 pl/min, minus the flow removed by the uveoscleral pathway, Qu, = 0.15Q, [39]. The
dependency of these two flow rates on the IOP can be ignored [17]. Taking into account these
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Py~

Fig 1. Cross section of the eye showing the parameters related to the implant location in the anterior chamber. L,:
distance between the implant and the iris, d,,: length of the implant in the anterior chamber, p,,: pressure in the
trabecular meshwork; p: pressure inside the filtration bleb.

https://doi.org/10.1371/journal.pone.0239324.9001

considerations, the IOP following glaucoma surgery, p, is:

_ TCD;llpb(pg - pev) + 128LvagQOﬂ
PC TcDﬁ(pg - pev) + 128LvagQ0l"’

where p, and p,, are the IOP values before surgery and at the exit of the Schlemm’s canal,
respectively. The flow rate filtered by the implant is:

— ”DﬁQo (pg - pb)
TCD: (pg - pev) + 128LLVQ0/J

Q
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Fig 2. Cross section of the eye showing the parameters calculated by the analytical model. p: Intraocular pressure
(IOP) following glaucoma surgery; p, IOP following in the filtering bleb; p,: IOP before glaucoma surgery; Dh: Implant
lumen diameter; Lv: Implant total length; Q,: Flow rate evacuated by the implant; Q,: Flow rate evacuated by the eye
before glaucoma surgery.

https://doi.org/10.1371/journal.pone.0239324.9002

and coincides with that at which the AH filters from the bleb. The drop of pressure across the
implant can be calculated from Eq (2) and the Hagen-Poiseuille formula (1):

_ ]‘28LL1/(pg - pb):uQO
b nD;(pg _Pev) + 128LLVQ0:u

p—p (4)

In this case, the AH moves out the bleb and into the surrounding sub-conjunctival tissue
where it is absorbed by the subconjunctival capillaries. Both the sclera and conjunctiva are

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 6/17


https://doi.org/10.1371/journal.pone.0239324.g002
https://doi.org/10.1371/journal.pone.0239324

PLOS ONE Numerical model of minimally invasive glaucoma surgery devices

assumed to be impermeable and thus fluid barriers [40, 41]. Gardiner et al. [20] described in
detail the transport and absorption of AH that occurs in the subconjunctival tissue. The flow
rate evacuated by the implant, Q,, under steady conditions verifies the equation:

(b, —p,) =RQ, (5)

where p, is a constant pressure of reference and R, is a property of the subconjunctival tissue,
which provides effective hydraulic resistance. According to the estimates of Gardiner et al.,
pr>=0.

Influence of thermal convection. In the above mathematical analysis, we have ignored
the influence of thermal convection. A simple but accurate way of describing the flow in the
AC s as follows (Fig 3): when the eyelid is closed, the AH injected by the ciliary body flows
radially from the pupil to the trabecular meshwork. This motion occurs at speeds of 10-4 — 10
-3 mm/s [12, 13] at an essentially uniform pressure (the IOP), which ranges from 10-21
mmHg in a healthy eye. By contrast, the IOP usually increases over 21 mmHg and could reach
values greater than 30 or 50 mmHg in an eye affected by glaucoma [42]. When the eyelid is
open and the body is upright, natural convection occurs in the AC driven by differences
between the temperature in the body and the temperature in the posterior cornea. This motion
occurs at velocities ranging from 0.1-1 mm/s [15, 16], with an associated dynamic pressure
field of approximately 10-4 mmHg. Interestingly, the two flows described above do not

Al ¥ a|l v
| F 2] ¥
+] + +] +
+]+ t]+
K T
g, g
|t |t
+|+ 1K
|« v+
¥l a Tl &

Fig 3. Flow of the aqueous humor in the anterior chamber. Sketch to illustrate the superposition of the two flows in the anterior chamber. The black
arrows represent the flow which transports the aqueous humor from the ciliary body to the trabecular meshwork. This flow is driven by a quasi-
homogeneous reduced pressure field whose value is determined by the hydraulic resistance imposed by the trabecular meshwork. The red arrows
represent the natural convection taking place when the eyelid is open. In this case, the pressure field associated with this flow is inhomogeneous and much
smaller than the pressure that is driving the flow across the trabecular meshwork.

https://doi.org/10.1371/journal.pone.0239324.g003
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essentially interfere with each other due to the disparity between the scales of their velocity
and pressure fields. The radial flow does not significantly modify the velocity field of the natu-
ral convection, and this convection does not, as assumed by previous studies, alter the IOP [21,
31, 43-45].

Results
Efficacy in IOP reduction depending on the baseline IOP

Table 3 and Fig 4 show the post-operative IOP values in the different scenarios. For baseline
IOP values of 30 and 50 mmHg (with p,, = 10.5 mmHg and p, = 10 mmHg), the IOP (p,) after
implantation of the XEN 45 device decreased to 16 mmHg (46% reduction) and 17 mmHg
(66% reduction), respectively. For the XEN 63 implant, the IOP decreased to 12 mmHg (60%
reduction) and 12 mmHg (76% reduction), respectively. In the PreserFlo implant, the respec-
tive values were 12 mmHg (60% reduction) and 12 mmHg (76% reduction).

The differences between the analytical model and the 3D simulation in terms of efficacy of
IOP reduction were <0.02 mmHg in all cases. S1 Table shows the postoperative IOP values in
the different scenarios studied.

The flow rate of AH (Q,) filtered by the implant calculated by the numerical model for a
baseline IOP of p, 25 mmHg, p., = 10.5mmHg and p;, = 15 mmHg was 7.7 ul/min for the XEN
45, 11.45 pl/min for the XEN 63, and 11.56 pl/min for the PreserFlo implant. No significant
difference was found between the analytical and simulation flow rate across the three implants
in the different positions in the AC (<0.13 ul/min) (S1 Table).

Effect of the filtration bleb pressure on the hypotensive efficacy of the
implants
Table 3 shows the IOP values following implantation of the MIGS devices according to the dif-

ferent py, values (2, 5, 10, 17, 20, and 34 mmHg) to assess their efficacy at different stages of
postoperative scar formation in the bleb.

Table 3. Intraocular pressure (IOP) values following glaucoma surgery calculated by the numerical model according to different preoperative baseline IOP values

and different bleb pressures.

Po
XEN 45-6 mm
Efficacy (%)
XEN 45-5 mm
Efficacy (%)
XEN 63-6mm
Efficacy (%)
XEN 63-5 mm
Efficacy (%)
PreserFlo-8.5mm
Efficacy (%)
PreserFlo-7.5mm
Efficacy (%)

0
12.2
51
11.1
55
5.0
80
4.3
82
4.7
81
4.2
83

5
14.8
40
13.9
44
9.0
64
8.4
66
8.7
65
8.4
66

P, =25 mmHg P, =30 mmHg P, =50 mmHg

10 17 20 34 2 5 10 17 20 34 0 5 10 17 20 34
17.6 | 201 | 224 | 304 | 11.1 | 131 | 1652 | 21.2 | 232 | 326 | 13.06 | 16.7 | 204 | 233 | 27.8 | 37.1
29 19 10 - 63 56 44 29 22 - 73 66 59 53 44 25
16.6 | 198 | 222 | 30.8 | 10.0 | 12.2 157 | 20.7 | 22.8 | 32.8 11.3 152 | 19.1 | 225 | 26.8 | 36.6
33 20 11 — 66 59 47 31 24 - 77 69 61 55 46 26
13.0 | 181 | 21.0 | 326 | 5.1 7.8 12.2 184 | 212 | 335 4.2 8.7 133 | 189 | 225 | 349
48 18 16 - 83 74 59 38 29 - 91 82 73 62 55 30
125 | 179 | 20.8 | 32.8 | 4.6 7.3 11.9 182 | 209 | 33.6 3.5 8.2 12.8 | 186 | 22.1 | 347
50 17 16 - 84 75 60 39 30 - 93 83 74 62 55 30
12.8 | 18.0 | 209 | 32.7 | 49 7.6 12.1 183 | 21.0 | 335 3.9 8.5 13.1 | 188 | 223 | 348
48 18 16 - 83 74 59 39 30 - 92 83 73 62 55 30
125 | 179 | 205 | 32.8 | 4.6 7.3 11.8 182 | 209 | 33.6 3.5 8.1 12.8 | 186 | 22.1 | 347
50 17 18 - 83 74 59 39 30 - 93 83 74 62 55 30

: pressure before the surgery; py: pressure inside the filtration bleb; mm; millimeter; mmHg: millimeter of mercury; %: percentage of pressure reduction over the basal
PP gery; Pu: p 8 ry; %: p geotp

pressure.

https://doi.org/10.1371/journal.pone.0239324.t1003
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P, (mmhg) —¢— XEN 45 = XEN 63 —+— PreserFlo
18,5
18
17,5
17
16,5
16
15,5
15
14,5
14
135
13

12,5

12 P .
11,5

11
10,5

10

18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 Pg (mmhg)

Fig 4. Intraocular pressure after implantation surgery with the three devices. IOP: intraocular pressure; p,: postoperative IOP; p,; preoperative IOP in the anterior
chamber; XEN45 (circles), XEN63 (squares), PreserFlo (triangles). In all cases, p., = 10.5 mm Hg and p, = 10 mmHg.

https://doi.org/10.1371/journal.pone.0239324.9004

For a baseline IOP of 30 mmHg, increasing p, from 5 to 17 mmHg (to simulate the changes
that occur in the bleb from the early to the late postoperative period) reduces the hypotensive
efficacy from 56% to 29% (8.1 mmHg) in the XEN 45, from 74% to 38% (10.4 mmHg) in the
XEN 63, and from 74% to 39% (10.7 mmHg) in the PreserFlo implant.

Interestingly, in cases with a large scar that causes a high p, (34 mmHg) this may cause
inbound pressure towards the AC, thus leading to a postoperative IOP that is higher than the
basal IOP.

Effect of the total length of the implant on hypotensive efficacy

Table 3 shows the IOP values for the shortened implant tubes. A reduction of 1 mm the length
of the XEN 45 (16% of the total length) resulted in a decrease in IOP of an additional 1 mmHg
compared to the normal tube length, with lower p,, (2, 5,10 mmHg) values, while the reduction
was <0.5 mmHg for higher p;, (17, 20, 34 mmHg). In the XEN 63 implant, reducing the length
by 1 mm (16% of the total length), decreased the IOP by only 0.5 mmHg. In the PreserFlo
implant, reducing the length by 1 mm (11%) led to an IOP decrease of 0.3 mmHg.

Effect of implant position and length in the AC on P, and Q, values

The p. and flow rate were not affected by the implant position in the AC given by [, and d,.
The p, values were very similar in the six scenarios evaluated for each implant. The difference
in p, according to tube position was <0.01 mmHg for all implants, with the following
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Table 4. Values of the mean and maximum wall shear stress following glaucoma surgery for p, = 25 mmHg, p,, = 10.5 mmHg and p, = 15 mmHg.

XEN 45
lo (um) 600 200
do (mm) 1 2 3 1 2 3
(TWeornea) (mPa) 0.695 0.696 0.692 0.696 0.689 0.690
(twiys) (mPa) 0.776 0.766 0.762 0.775 0.770 0.767
XEN 63
1, (um) 600 200
do (mm) 1 2 3 1 2 3
(TWeornea) (mPa) 0.690 0.690 0.691 0.694 0.691 0.688
(twiyis) (mPa) 0.766 0.766 0.762 0.770 0.776 0.766
PreserFlo
Io (m) 600 200
do (mm) 1 2 3 1 2 3
(TWeornea) (mPa) 0.692 0.693 0.693 0.695 0.693 0.693
(tw,;s) (mPa) 0.769 0.760 0.768 0.775 0.766 0.764

I, distance between the implant and the iris, d,: length of the implant in the anterior chamber, TW opnea: postoperative wall shear stress (WSS) on the posterior cornea;
TWiris: postoperative WSS following the surgery on the anterior iris; p,: preoperative pressure; p,,: pressure in the trabecular meshwork; p;: pressure inside the filtration
bleb; mPa: Milipascal; pm: microns; mmHg: millimeter of mercury.

https://doi.org/10.1371/journal.pone.0239324.t004

maximum and minimum p, values, respectively: XEN 45: 19.314 and 19.294 mmHg; XEN 63:
16.665 and 16.659 mmHg; and PreserFlo: 16.657 and 16.547 mmHg (S1 Table).

Wall shear stress on the endothelium and iris

Table 4 and Fig 5 show the WSS on the corneal endothelium.

For p, = 25 mm Hg, p., = 10.5 mmHg and p;, = 15 mmHg, the mean WSS values were 0.690
mPa for the XEN 63, 0.695 mPa for the XEN 45, and 0.692 mPa for the PreserFlo device (all
positioned 1 mm in the AC and 600 pm above the iris).

The highest maximum WSS on the posterior cornea was 2.847 mPa with the PreserFlo
implant positioned 2 mm in the AC and 600 pum above the iris. Table 4 shows the maximum
WSS values on the posterior cornea. The differences between the highest and lowest maximum

0.000e+000 |z|

Fig 5. Wall shear stress on the central and peripheral cornea after implantation of the different implants. A: XEN 45; B: XEN 63; C: PreserFlo; Pa: pascal.
https:/doi.org/10.1371/journal.pone.0239324.9g005
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1.360e-004

0.000e+000
[Pa]

Fig 6. Wall shear stress on anterior iris after implantation of each drainage device. A: XEN 45; B: XEN 63; C:
PreserFlo; Pa: pascal.

https://doi.org/10.1371/journal.pone.0239324.9006

WSS values for each implant as a function of the position in the AC were 0.189 mPa for the
XEN 63, 0.258 mPa for the XEN 45, and 0.669 mPa for Preserflo.

Fig 6 shows the WSS on the anterior iris. For p, = 25 mm Hg, p., = 10.5mmHg, and p;, =
15mmHg, the mean WSS values were 0.766 mPa for XEN 63, 0.776 mPa for XEN 45, 0.769
mPa for PreserFlo, all positioned 1 mm in the AC and 600 pum above the iris. Table 4 shows the
mean and maximum WSS values on the corneal endothelium. The highest WSS values on the
posterior cornea was 3.369 mPa, observed in the XEN 45 implant positioned 3 mm in the AC
and 600 um above the iris. The lowest maximum WSS value was 2.945 mPa, in the XEN 63
implant positioned 1 mm in the AC and 600 pum above the iris. The differences between the
highest and lowest maximum WSS values for each implant as a function of position in the AC
were as follows: 0.288, 0.400, and 0.267 mPa for the XEN 63, XEN 45, and Preserflo,
respectively.

Discussion

Interest in the assessing the efficacy and safety of MIGS implants has increased due to the large
number of these devices that have been implanted in recent years [7-12]. In the present study,
we applied a hydrodynamic/numerical model to assess the hypotensive efficacy of three com-
mon MIGS devices. Our results show that the device diameter is an important factor for hypo-
tensive efficacy, and the Preserflo microshunt is the device with best hypotensive efficacy (due
to its larger diameter), followed by the XEN 63 and XEN 45 stents. Similarly, the bleb pressure
was found to be a strong determinant of post- implantation IOP.

The clinical studies carried out by Marcos et al. [7] and Ibafiez et al. [8] to evaluate the sur-
gical implantation of the XEN 45 both reported similar baseline IOP values (22.2 + 6.8 mmHg
and 22.3 + 5.4 mmHg, respectively) and a median of 2.5 and 3.4, respectively, hypotensive
glaucoma topical medications per patient, which may reduce IOP between 25 to 40% [3].
Thus, in those studies, the real “untreated” baseline IOP may have been as high as 30 mmHg.
To facilitate comparison between these studies and ours in term of efficacy, we used the higher
baseline IOP estimate. After XEN 45 implantation, those authors reported similar decreases in
IOP versus baseline IOP, as follows: 13.2 mmHg (59% reduction) and 12.8 mmHg (57%),
respectively on the first postoperative day, and 11.4 (51%) and 11.1 mmHG (49%) at one week
post-surgery. Our simulation yielded similar results: in the early postoperative period, IOP
decreased by 44% to 56% when the bleb pressure was between 5 and 10 mmHg, respectively.

The decrease in IOP at one month post-implantation in the studies by Marcos et al. and
Ibaniez et al. was, respectively, 6.5 mmHg (29% reduction) and 6.0 mmHg (26% reduction). At
one year after surgery, when the filtration bleb was formed and stable, the respective decreases
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in those studies were 6.7 mmHg (30% reduction) and 7 mmHg (30% reduction). In most
cases, the pressure inside the bleb in the early postoperative period is minimal, only increasing
over time due to fibrosis [46-48]. In our simulation, the decrease in IOP ranged from 29% to
22%, while the bleb pressure ranged from 17 to 20 mmHg. It is important to consider that, in
routine clinical practice, manoeuvres such as needling of the filtration bleb are usually per-
formed from 6 months to one year after surgery to prevent excessive scar formation, which
could lead to more flow resistance in the bleb [49, 50].

In a sample of patients with baseline IOP of 22.5 + 4.2 mmHg (mean number of glaucoma
medications = 2.4) who received a XEN 63 implant, Lenzhofer et al. [10] reported a mean
decrease in IOP of 38% (to 14 mmHg) and 34% (to 15 mmHg) at 6 and 12 months after the
surgery. Our model yielded a similar decrease in IOP values in the late post-surgery period,
ranging from 38% to 29%. Batelle et al. [12] implanted the PreserFlo microshunt in a series of
patients, with a decrease in IOP from the baseline IOP (22.1 + 4.1 mmHg with a mean of 2.9
glaucoma medications) to 8 mmHg (63% reduction) the first week after the surgery and to
10.7 £ 2.8 (55% reduction) one year after the surgery. In our simulation, the calculated
decrease in IOP ranged from 74% to 59% and 39% to 30% in the early and late postoperative
period, respectively.

Interestingly, Mendrinos et al. measured the length of the Ahmed valve tube in the AC, but
did not observe any correlation between tube length and postoperative IOP at 12 months
(R=0.57, P =0.09) [51]. According to the Poiseuille equation, the lumen and the total tube
length of the implant are key factors in the calculation of AH flow [52]. We found that tubes
with smaller lumens presented greater output resistance and therefore a lower flow of AH
through the tube, which implies a greater postoperative IOP. Thus, in our numerical model,
the PreserFlo implant (70 um) produced the largest decrease in IOP, from 30 mmHg to 12
mmHg (a 60% decrease); by contrast, the XEN 45 um was the least effective of the devices eval-
uated, with the model showing a decrease in postoperative IOP from 30 to 16.5 mmHg (45%
decrease) Mauro et al. [21] in their theoretical numerical study, observed that the insertion of
an Express implant (50 pm) would reduce IOP by 41% (from 25 to 14.7 mmHg).

In our model, a 1 mm decrease in the total tube length would reduce the IOP by less than 1
mmHg, especially when the pressure in the bleb is low. We also found that hypotensive efficacy
in the PreserFlo and XEN 63 devices was similar, despite the 2.5 mm difference in total tube
length.

The most important factors under normal conditions (production of AH constant) for the
calculation of the flow are the lumen and the total length of the tube. Therefore, these two
parameters are crucial for implant design to optimize surgical outcomes to ensure adequate
efficacy with a minimal risk of hypotony.

We found that the location of the tube in the AC (either more anterior or adjacent to the
endothelium, or more posterior and therefore closer to the iris) does not significantly affect
the flow of AH through the tube (the difference in P, according to tube location was <0.01
mmHg for all implants), and therefore, did not affect the postoperative IOP. To our knowl-
edge, in real-life clinical practice no studies have assessed the influence of tube location in the
AC in terms of the efficacy of MIGS implants.

In terms of the safety profile of these implants, the magnitude of the WSS on the corneal
endothelium and iris surface is an important parameter to assess the risk of cell damage and
detachment in these structures. We found that all of these MIGS devices increased the WSS.
However, this increase in endothelial and iris WSS is slight, and did not reach the threshold
values generally considered necessary to damage to these structures. In our study, the highest
WSS values in the central corneal endothelium and iris were 72 and 128 times lower (0.00137
Pa and 0.000775 Pa, respectively) than the values described by Kaji et al. (0.1 Pa) [53] and
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Gerlach et al. (0.51 and 1.53 Pa) [54] at which endothelial corneal cells become detached.
Therefore, the mechanism by which endothelial count decreases after tube implantation in the
AC is not related to the flow of the AH but rather is likely to be multifactorial [55, 56].

The differences between the analytical and simulation values for postoperative IOP were
insignificant (<0.02 mmHg) in all three devices, a finding that validates our model. Addition-
ally, we found no significant differences (<0.13 ul/min) between the analytical and simulation
flow rates in the three implants in six different positions in the AC.

Study strengths and limitations

This study has several limitations, mainly that the numerical and simulation models use cer-
tain variables that are difficult to measure in vivo. First, AH production was set as a constant
value (2.0 pl/min) even though the flow in the human eye varies during the day, from as high
as 2.75 + 0.63 p/min [57, 58] to as low as 1.4 + 0.19 pl/ min during sleep [59]. Second, the bleb
pressure used in this study, which is an important determinant of implant efficacy, was simu-
lated based on data from previous clinical studies using our analytical model [7-12], the exact
pressure in the filtration bleb during the postoperative period is currently unknown, so future
studies with real bleb pressure are needed. Another limitation is that we set AH outflow resis-
tance as a constant in the model, even though this value is not constant in healthy or glauco-
matous eyes since many factors can influence outflow, including IOP and the trabecular
meshwork, among others [59-61]. Finally, the analytical model does not include the estima-
tion of WSS generated by the AH flow.

Conclusion

In this study, an improved numerical model and computational fluid dynamics simulation
were used to predict and compare the hypotensive efficacy of three MIGS implants. This study
shows that the position of the tube in the anterior chamber does not influence IOP. However,
the tube diameter and length are both important determinants of postoperative IOP. Of the
three implants, the PreserFlo implant produced the largest decrease in IOP and the XEN 45
the smallest. All three MIGS implants were safe in terms of possible corneal endothelium and
iris damage.

Supporting information

S1 Table. IOP values after glaucoma surgery and flow rate evacuated by the glaucoma
device calculated analytically and in the simulation for p, = 25 mmHg, p., = 10.5 mmHg
and p;, = 15 mmHg,.

(DOCX)

Author Contributions

Conceptualization: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Jose Maria Montanero,
Jose Angel Ferndndez-Vigo, Julian Garcia-Feijoo.

Data curation: Bachar Kudsieh.
Formal analysis: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Rafael Agujetas.
Funding acquisition: Jose Angel Fernandez-Vigo, Julidn Garcia-Feijdo.

Investigation: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Jose Maria Montanero, Julian
Garcia-Feijoo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239324.s001
https://doi.org/10.1371/journal.pone.0239324

PLOS ONE

Numerical model of minimally invasive glaucoma surgery devices

Methodology: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Jose Maria Montanero, Jose
Maria Ruiz-Moreno, Julian Garcia-Feijoo.

Software: Rafael Agujetas, Jose Maria Montanero.

Supervision: Bachar Kudsieh, Jose Maria Montanero, Jose Angel Ferndndez-Vigo.
Validation: Bachar Kudsieh, Rafael Agujetas, Julian Garcia-Feijoo.

Visualization: Bachar Kudsieh, Rafael Agujetas, Jose Angel Fernandez-Vigo.

Writing - original draft: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Rafael Agujetas, Jose
Maria Montanero, Jose Maria Ruiz-Moreno, Jose Angel Fernandez-Vigo, Julian Garcia-
Feijoo.

Writing - review & editing: Bachar Kudsieh, Jose Ignacio Fernandez-Vigo, Rafael Agujetas,
Jose Maria Montanero, Jose Maria Ruiz-Moreno, Jose Angel Fernandez-Vigo, Julian Gar-
cia-Feijoo.

References

1. Congdon N, O’Colmain B, Klaver CC, Klein R, Munoz B, Friedman DS, et al. Causes and prevalence of
visual impairment among adults in the United States. Arch Ophthalmol. 2004; 122: 477—-485. https://doi.
org/10.1001/archopht.122.4.477 PMID: 15078664

2. Ethier CR, Johnson M, Ruberti J. Ocular biomechanics and biotransport. Annu Rev Biomed Eng. 2004;
6: 249-273. https://doi.org/10.1146/annurev.bioeng.6.040803.140055 PMID: 15255770

3. European Glaucoma Society Terminology and Guidelines for Glaucoma, 4th Edition—Chapter 3: Treat-
ment principles and options. Supported by the EGS Foundation: Part 1: Foreword; Introduction; Glos-
sary; Chapter 3 Treatment principles and options. Br J Ophthalmol. 2017; 101: 130-195. https://doi.org/
10.1136/bjophthalmol-2016-EGSguideline.003 PMID: 28559477

4. Joshi AB, Parrish RK Il, Feuer WF. 2002 survey of the American Glaucoma Society: practice prefer-
ences for glaucoma surgery and antifibrotic use. J Glaucoma. 2005; 14: 172—174. https://doi.org/10.
1097/01.ijg.0000151684.12033.4d PMID: 15741822

5. Saheb H, Ahmed IK. Micro-invasive glaucoma surgery: Current perspectives and future directions. Curr
Opin Ophthalmol. 2012; 23: 96—104. https://doi.org/10.1097/ICU.0b013e32834ff1e7 PMID: 22249233

6. Agrawal P, Bradshaw SE. Systematic Literature Review of Clinical and Economic Outcomes of Micro-
Invasive Glaucoma Surgery (MIGS) in Primary Open-Angle Glaucoma. Ophthalmol Ther. 2018; 7: 49—
73. https://doi.org/10.1007/s40123-018-0131-0 PMID: 29725860

7. Marcos Parra MT, Salinas Lopez JA, Lopez Grau NS, Ceausescu AM, Pérez Santonja JJ. XEN implant
device versus trabeculectomy, either alone or in combination with phacoemulsification, in open-angle
glaucoma patients. Graefes Arch Clin Exp Ophthalmol. 2019; 257: 1741-1750. https://doi.org/10.1007/
s00417-019-04341-y PMID: 31093766

8. Ibafiez-Mufoz A, Soto-Biforcos VS, Rodriguez-Vicente L, Ortega-Renedo |, Chacén-Gonzalez M, Rua-
Galisteo O, et al. XEN implant in primary and secondary open-angle glaucoma: A 12-month retrospec-
tive study. Eur J Ophthalmol. 2019 Apr 25:1120672119845226. https://doi.org/10.1177/
1120672119845226/Eur.JOph.2019.04.25

9. Smith M, Charles R, Abdel-Hay A, Shah B, Byles D, Lim LA, et al. 1-year outcomes of the XEN 45 glau-
coma implant. Eye (Lond). 2019; 33: 761-766. https://doi.org/10.1038/s41433-018-0310-1 PMID:
30552422

10. Lenzhofer M, Kersten-Gomez |, Sheybani A, Gulamhusein H, Strohmaier C, Hohensinn M, et al. Four-
year results of a minimally invasive transscleral glaucoma gel stent implantation in a prospective multi-
centre study. Clin Exp Ophthalmol. 2019; 47: 581-587. https://doi.org/10.1111/ceo.13463 PMID:
30578661

11. Riss|, Batlle J, Pinchuk L, Kato YP, Weber BA, Parel JM. One-year results on the safety and efficacy of
the InnFocus MicroShunt™ depending on placement and concentration of mitomycin C. J Fr Ophtalmol.
2015; 38: 855-860. https://doi.org/10.1016/j.jfo.2015.05.005 PMID: 26363923

12. Batlle JF, Fantes F, Riss I, Pinchuk L, Alburquerque R, Kato YP, et al. Three-year follow-up of a novel
aqueous humor microShunt. J Glaucoma. 2016; 25: 58—65. https://doi.org/10.1097/1JG.
0000000000000368 PMID: 26766400

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 14/17


https://doi.org/10.1001/archopht.122.4.477
https://doi.org/10.1001/archopht.122.4.477
http://www.ncbi.nlm.nih.gov/pubmed/15078664
https://doi.org/10.1146/annurev.bioeng.6.040803.140055
http://www.ncbi.nlm.nih.gov/pubmed/15255770
https://doi.org/10.1136/bjophthalmol-2016-EGSguideline.003
https://doi.org/10.1136/bjophthalmol-2016-EGSguideline.003
http://www.ncbi.nlm.nih.gov/pubmed/28559477
https://doi.org/10.1097/01.ijg.0000151684.12033.4d
https://doi.org/10.1097/01.ijg.0000151684.12033.4d
http://www.ncbi.nlm.nih.gov/pubmed/15741822
https://doi.org/10.1097/ICU.0b013e32834ff1e7
http://www.ncbi.nlm.nih.gov/pubmed/22249233
https://doi.org/10.1007/s40123-018-0131-0
http://www.ncbi.nlm.nih.gov/pubmed/29725860
https://doi.org/10.1007/s00417-019-04341-y
https://doi.org/10.1007/s00417-019-04341-y
http://www.ncbi.nlm.nih.gov/pubmed/31093766
https://doi.org/10.1177/1120672119845226/Eur.JOph.2019.04.25
https://doi.org/10.1177/1120672119845226/Eur.JOph.2019.04.25
https://doi.org/10.1038/s41433-018-0310-1
http://www.ncbi.nlm.nih.gov/pubmed/30552422
https://doi.org/10.1111/ceo.13463
http://www.ncbi.nlm.nih.gov/pubmed/30578661
https://doi.org/10.1016/j.jfo.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26363923
https://doi.org/10.1097/IJG.0000000000000368
https://doi.org/10.1097/IJG.0000000000000368
http://www.ncbi.nlm.nih.gov/pubmed/26766400
https://doi.org/10.1371/journal.pone.0239324

PLOS ONE

Numerical model of minimally invasive glaucoma surgery devices

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Garcia-Feijoo J. CyPass Stent Withdrawal: The End of Suprachoroidal MIGS?. Arch Soc Esp Oftalmol.
2019; 94: 1-3. https://doi.org/10.1016/j.0ftal.2018.10.016 PMID: 30522701

Alcon.com [Internet]. Basel: Alcon announces voluntary global market withdrawal of CyPass Micro-
Stent for surgical glaucoma; C2018 [2018 Aug 29]. Available from: https://www.alcon.com/media-
release/alcon-announces-voluntary-global-market-withdrawal-cypass-micro-stent-surgical.

Koo EB, Hou J, Keenan JD, Stamper RL, Jeng BH, Han Y. Effects of Glaucoma Tube Surgery on Cor-
neal Endothelial Cells: A Review. Eye Contact Lens. 2016; 42: 221-224. https://doi.org/10.1097/ICL.
0000000000000171 PMID: 26222096

Canning CR, Greaney MJ, Dewynne JN, Fitt AD. Fluid flow in the anterior chamber of a human eye.
IMA J Math Appl Med Biol. 2002; 19: 31-60. PMID: 12408223

Ethier CR, Kamm RD, Palaszewski BA, Johnson MC, Richardson TM. Calculations of flow resistance in
the juxtacanalicular meshwork. Invest Ophthalmol Vis Sci. 1986; 27: 1741-1750. PMID: 3793404

Heys JJ, Barocas VH. A Boussinesq model of natural convection in the human eye and the formation of
Krukenberg’s spindle. Ann Biomed Eng. 2002; 30: 392—401. https://doi.org/10.1114/1.1477447 PMID:
12051623

Villamarin A, Roy S, Hasballa R, Vardoulis O, Reymond P, Stergiopulos N. 3D simulation of the aque-
ous flow in the human eye. Med Eng Phys. 2012; 34: 1462—1470. https://doi.org/10.1016/j.medengphy.
2012.02.007 PMID: 22417975

Gardiner BS, Smith DW, Coote M, Crowston JG. Computational modeling of fluid flow and intra-ocular
pressure following glaucoma surgery. PLoS One. 2010; 5: e13178. https://doi.org/10.1371/journal.
pone.0013178 PMID: 20957178

Mauro A, Massarotti N, Mohamed S, Uia IR, Romano MR, Romano V. A novel patient-oriented numeri-
cal procedure for glaucoma drainage devices. Int J Numer Method Biomed Eng. 2018; 34: €3141.
https://doi.org/10.1002/cnm.3141 PMID: 30101520

Lee RMH, Bouremel Y, Eames |, Brocchini S, Khaw PT. Translating Minimally Invasive Glaucoma Sur-
gery Devices. Clin Transl Sci. 2020; 13: 14-25. https://doi.org/10.1111/cts.12660 PMID: 31568666

Maus TL, Brubaker RF. Measurement of aqueous flow by fluorophotometry in the presence of a dilated
pupil. Invest Ophthalmol Vis Sci. 1999; 40: 542—-546. PMID: 9950618

Fernandes P, Gonzalez-Meijome JM, Madrid-Costa D, Ferrer- Blasco T, Jorge J, Montes-Mico R.
Implantable collamer posterior chamber intraocular lenses: a review of potential complications. J
Refract Surg. 2011; 27: 765-776. https://doi.org/10.3928/1081597X-20110617-01 PMID: 21710954

Fernandez-Vigo JI, Fernandez-Vigo JA, Macarro-Merino A, Fernandez-Pérez C, Martinez-de-la-Casa
JM, Garcia-Feijo6 J. Determinants of anterior chamber depth in a large Caucasian population and
agreement between intra-ocular lens Master and Pentacam measurements of this variable. Acta
Ophthalmol. 2016; 94: e150—e155. https://doi.org/10.1111/a0s.12824 PMID: 26303627

LengL, YuanY, Chen Q, Shen M, Ma Q, Lin B, et al. Biometry of Anterior Segment of Human Eye on
Both Horizontal and Vertical Meridians During Accommodation Imaged With Extended Scan Depth
Optical Coherence Tomography. PLoS One. 2014; 9: e104775. https://doi.org/10.1371/journal.pone.
0104775 PMID: 25117696

Richdale K, Bullimore MA, Zadnik K. Lens Thickness with Age and Accommodation by Optical Coher-
ence Tomography. Ophthalmic Physiol Opt. 2008; 28: 441—-447. https://doi.org/10.1111/j.1475-1313.
2008.00594.x PMID: 18761481

Invernizzi A, Cigada M, Savoldi L, Cavuto S, Fontana L, Cimino L. In vivo analysis of the iris thickness
by spectral domain optical coherence tomography. Br J Ophthalmol. 2014; 98: 1245-1249. https://doi.
org/10.1136/bjophthalmol-2013-304481 PMID: 24735773

Waite L, Fine JM. Applied biofluid mechanics. McGraw-Hill, Inc; 2007.

Kumar S, Acharya S, Beuerman R, Palkama A. Numerical solution of ocular fluid dynamics in a rabbit
eye: parametric effects. Ann Biomed Eng. 2006; 34: 530-544. https://doi.org/10.1007/s10439-005-
9048-6 PMID: 16450187

Fitt AD, Gonzalez G. Fluid Mechanics of the Human Eye: Aqueous Humour Flow in the Anterior Cham-
ber. Bull Math Biol. 2006; 68: 53—71. https://doi.org/10.1007/s11538-005-9015-2 PMID: 16794921

Emery AF, Kramar PO, Guy AW, Lin JC. Microwave induced temperature rises in rabbit eyes in cataract
research. Journal of Heat Transfer.1975; 97: 123—128.

Fernandez-Vigo JI, Marcos AC, Agujetas R, Montanero JM, Sanchez-Guillén |, Garcia-Feijéo J, et al.
Computational simulation of aqueous humour dynamics in the presence of a posterior-chamber versus
iris-fixed phakic intraocular lens. PLoS One. 2018; 13: e0202128. https://doi.org/10.1371/journal.pone.
0202128 PMID: 30102728

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 15/17


https://doi.org/10.1016/j.oftal.2018.10.016
http://www.ncbi.nlm.nih.gov/pubmed/30522701
https://www.alcon.com/media-release/alcon-announces-voluntary-global-market-withdrawal-cypass-micro-stent-surgical
https://www.alcon.com/media-release/alcon-announces-voluntary-global-market-withdrawal-cypass-micro-stent-surgical
https://doi.org/10.1097/ICL.0000000000000171
https://doi.org/10.1097/ICL.0000000000000171
http://www.ncbi.nlm.nih.gov/pubmed/26222096
http://www.ncbi.nlm.nih.gov/pubmed/12408223
http://www.ncbi.nlm.nih.gov/pubmed/3793404
https://doi.org/10.1114/1.1477447
http://www.ncbi.nlm.nih.gov/pubmed/12051623
https://doi.org/10.1016/j.medengphy.2012.02.007
https://doi.org/10.1016/j.medengphy.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22417975
https://doi.org/10.1371/journal.pone.0013178
https://doi.org/10.1371/journal.pone.0013178
http://www.ncbi.nlm.nih.gov/pubmed/20957178
https://doi.org/10.1002/cnm.3141
http://www.ncbi.nlm.nih.gov/pubmed/30101520
https://doi.org/10.1111/cts.12660
http://www.ncbi.nlm.nih.gov/pubmed/31568666
http://www.ncbi.nlm.nih.gov/pubmed/9950618
https://doi.org/10.3928/1081597X-20110617-01
http://www.ncbi.nlm.nih.gov/pubmed/21710954
https://doi.org/10.1111/aos.12824
http://www.ncbi.nlm.nih.gov/pubmed/26303627
https://doi.org/10.1371/journal.pone.0104775
https://doi.org/10.1371/journal.pone.0104775
http://www.ncbi.nlm.nih.gov/pubmed/25117696
https://doi.org/10.1111/j.1475-1313.2008.00594.x
https://doi.org/10.1111/j.1475-1313.2008.00594.x
http://www.ncbi.nlm.nih.gov/pubmed/18761481
https://doi.org/10.1136/bjophthalmol-2013-304481
https://doi.org/10.1136/bjophthalmol-2013-304481
http://www.ncbi.nlm.nih.gov/pubmed/24735773
https://doi.org/10.1007/s10439-005-9048-6
https://doi.org/10.1007/s10439-005-9048-6
http://www.ncbi.nlm.nih.gov/pubmed/16450187
https://doi.org/10.1007/s11538-005-9015-2
http://www.ncbi.nlm.nih.gov/pubmed/16794921
https://doi.org/10.1371/journal.pone.0202128
https://doi.org/10.1371/journal.pone.0202128
http://www.ncbi.nlm.nih.gov/pubmed/30102728
https://doi.org/10.1371/journal.pone.0239324

PLOS ONE

Numerical model of minimally invasive glaucoma surgery devices

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Agujetas R, Marcos AC, Fernandez-Vigo JI, Montanero JM. Influence of an iris-fixed phakic intraocular
lens on the transport of nutrients by the aqueous humor. Biomechanics and Modeling in Mechanobiol-
ogy. 2019: 18: 491-502. https://doi.org/10.1007/s10237-018-1099-3 PMID: 30488355

McEWEN WK. Application of Poiseuille’s law to aqueous outflow. AMA Arch Ophthalmol. 1958; 60:
290-294. https://doi.org/10.1001/archopht.1958.00940080306017 PMID: 13558800

AGFID project team. Experimental flow studies in glaucoma drainage device development. Br J
Ophthalmol. 2001; 85:1231-1236. https://doi.org/10.1136/bjo.85.10.1231 PMID: 11567970

Stamer WD, Acott TS. Current understanding of conventional outflow dysfunction in glaucoma. Curr
Opin Ophthalmol. 2012; 23: 135-143. https://doi.org/10.1097/ICU.0b013e32834{f23e PMID: 22262082

Camras LJ, Stamer WD, Epstein D, Gonzalez P, Yuan F. Differential effects of trabecular meshwork
stiffness on outflow facility in normal human and porcine eyes. Invest Ophthalmol Vis Sci. 2012; 53:
5242-5250. https://doi.org/10.1167/iovs.12-9825 PMID: 22786899

Gabelt BT, Kaufman PL. Changes in aqueous humor dynamics with age and glaucoma. Prog Retin Eye
Res. 2005; 24: 612—637. https://doi.org/10.1016/j.preteyeres.2004.10.003 PMID: 15919228

Guyton AC, Scheel K, Murphree D. Interstitial fluid pressure. 3. Its effect on resistance to tissue fluid
mobility. Circ Res. 1966; 19: 412—419. https://doi.org/10.1161/01.res.19.2.412 PMID: 5914853

Levick JR. Flow through interstitium and other fibrous matrices. Q J Exp Physiol. 1987; 72: 409-437.
https://doi.org/10.1113/expphysiol.1987.sp003085 PMID: 3321140

Wang YX, Xu L, Wei WB, Jonas JB. Intraocular pressure and its normal range adjusted for ocular and
systemic parameters. The Beijing Eye Study 2011. PLoS One. 2018; 13: e€0196926. https://doi.org/10.
1371/journal.pone.0196926 PMID: 29771944

Wang W, Qian X, Song H, Zhang M, Liu Z. Fluid and structure coupling analysis of the interaction
between aqueous humor and iris. Biomed Eng Online. 2016; 15: 133. https://doi.org/10.1186/s12938-
016-0261-3 PMID: 28155692

Millar JC, Phan TN, Pang IH. Assessment of Aqueous Humor Dynamics in the Rodent by Constant
Flow Infusion. Methods Mol Biol. 2018; 1695: 109—120. https://doi.org/10.1007/978-1-4939-7407-8_11
PMID: 29190023

Yang H, Song H, Mei X, LiL, Fu X, Zhang M, et al. Experimental research on intraocular aqueous flow
by PIV method. Biomed Eng Online. 2013; 12: 108. https://doi.org/10.1186/1475-925X-12-108 PMID:
24138704

Pérez-Torregrosa VT, Olate-Pérez A, Cerda-lbafiez M, Gargallo-Benedicto A, Osorio-Alayo V, Bar-
reiro-Rego A, et al. Combined phacoemulsification and XEN surgery from a temporal approach and 2
incisions. Arch Ophthalmol. 2016; 91: 415-421.

Grover DS, Flynn WJ, Brashford KP, Lewis Richard A, Yi-Jing Duh, Nangia Rupali S, et al. Performance
and safety of a new ab interno gelatin stent in refractory glaucoma at 12 months. Am J Ophthalmol.
2017; 183: 25-36. https://doi.org/10.1016/}.aj0.2017.07.023 PMID: 28784554

Galal A, Bligic A, Eltanamly R, Osman A. XEN glaucoma implant with Mitomycin C 1-year follow-up:
results and complications. J Ophthalmol 2017; 2017:5457246. https://doi.org/10.1155/2017/5457246
PMID: 28348884

Del Noce C, Vagge A, Traverso CE. Bleb Needling with Mitomycin C as Adjunctive Therapy in Failing
Blebs: A Retrospective Study. Ophthalmic Res. 2019; 62: 55-60. https://doi.org/10.1159/000499129
PMID: 31071708

Laspas P, Culmann PD, Grus FH, Prokosch-Willing V, Poplawksi A, Pfeiffer N, et al. Revision of encap-
sulated blebs after trabeculectomy: Long-term comparison of standard bleb needling and modified nee-
dling procedure combined with transconjunctival scleral flap sutures. PLoS One. 2017; 12: e0178099.
https://doi.org/10.1371/journal.pone.0178099 PMID: 28542372

Mendrinos E, Dosso A, Sommerhalder J. Coupling of HRT Il and AS-OCT to evaluate corneal endothe-
lial cell loss and in vivo visualization of the Ahmed glaucoma valve implant. Eye (Lond). 2009; 23: 1836—
1844. https://doi.org/10.1038/eye.2008.321 PMID: 18949003

Batchelor GK. Measured values of some physical properties of common fluids. In: Batchelor GK. An
introduction to fluid dynamics. Cambridge, UK: Cambridge University Press; 1967. pp 596-603.

Kaji Y, Oshika T, Usui T, Sakakibara J. Effect of shear stress on attachment of corneal endothelial cells
in association with corneal endothelial cell loss after laser iridotomy. Cornea. 2005; 24: 55-58.

Gerlach JC, Hentschel F, Spatkowski G, Zeilinger K, Smith MD, Neuhaus P. Cell detachment during
sinusoidal reperfusion after liver preservation: an in vitro model. Transplantation. 1997; 64: 907—912.
https://doi.org/10.1097/00007890-199709270-00020 PMID: 9326419

Kim KN, Lee SB, Lee YH, Lee JJ, Lim HB, Kim CS. Changes in corneal endothelial cell density and the

cumulative risk of corneal decompensation after Ahmed glaucoma valve implantation. Br J Ophthalmol.
2016; 100: 933-938. https://doi.org/10.1136/bjophthalmol-2015-306894 PMID: 26508781

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 16/17


https://doi.org/10.1007/s10237-018-1099-3
http://www.ncbi.nlm.nih.gov/pubmed/30488355
https://doi.org/10.1001/archopht.1958.00940080306017
http://www.ncbi.nlm.nih.gov/pubmed/13558800
https://doi.org/10.1136/bjo.85.10.1231
http://www.ncbi.nlm.nih.gov/pubmed/11567970
https://doi.org/10.1097/ICU.0b013e32834ff23e
http://www.ncbi.nlm.nih.gov/pubmed/22262082
https://doi.org/10.1167/iovs.12-9825
http://www.ncbi.nlm.nih.gov/pubmed/22786899
https://doi.org/10.1016/j.preteyeres.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15919228
https://doi.org/10.1161/01.res.19.2.412
http://www.ncbi.nlm.nih.gov/pubmed/5914853
https://doi.org/10.1113/expphysiol.1987.sp003085
http://www.ncbi.nlm.nih.gov/pubmed/3321140
https://doi.org/10.1371/journal.pone.0196926
https://doi.org/10.1371/journal.pone.0196926
http://www.ncbi.nlm.nih.gov/pubmed/29771944
https://doi.org/10.1186/s12938-016-0261-3
https://doi.org/10.1186/s12938-016-0261-3
http://www.ncbi.nlm.nih.gov/pubmed/28155692
https://doi.org/10.1007/978-1-4939-7407-8%5F11
http://www.ncbi.nlm.nih.gov/pubmed/29190023
https://doi.org/10.1186/1475-925X-12-108
http://www.ncbi.nlm.nih.gov/pubmed/24138704
https://doi.org/10.1016/j.ajo.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28784554
https://doi.org/10.1155/2017/5457246
http://www.ncbi.nlm.nih.gov/pubmed/28348884
https://doi.org/10.1159/000499129
http://www.ncbi.nlm.nih.gov/pubmed/31071708
https://doi.org/10.1371/journal.pone.0178099
http://www.ncbi.nlm.nih.gov/pubmed/28542372
https://doi.org/10.1038/eye.2008.321
http://www.ncbi.nlm.nih.gov/pubmed/18949003
https://doi.org/10.1097/00007890-199709270-00020
http://www.ncbi.nlm.nih.gov/pubmed/9326419
https://doi.org/10.1136/bjophthalmol-2015-306894
http://www.ncbi.nlm.nih.gov/pubmed/26508781
https://doi.org/10.1371/journal.pone.0239324

PLOS ONE

Numerical model of minimally invasive glaucoma surgery devices

56.

57.

58.

59.

60.

61.

Repetto R, Pralits JO, Siggers JH, Soleri P. Phakic iris-fixated intraocular lens placement in the anterior
chamber: Effects on aqueous flow. Invest Ophthalmol Vis Sci. 2015; 56: 3061-3068. https://doi.org/10.
1167/iovs.14-16118 PMID: 26024090

Brubaker RF. Flow of aqueous-humor in humans. The Friedenwald Lecture. Invest Ophthalmol Vis Sci.
1991; 32: 3145-3166. PMID: 1748546

Beltran-Agullo L, Alaghband P, Rashid S, Gosselin J, Obi A, Husain R, et al. Comparative human aque-
ous dynamics study between black and white subjects with glaucoma. Invest Ophthalmol Vis Sci. 2011;
52: 9425-9430. https://doi.org/10.1167/iovs.10-7130 PMID: 21980001

Reiss GR, Lee DA, Topper JE, Brubaker RF. Aqueous humor flow during sleep. Invest Ophthalmol Vis
Sci. 1984; 25: 776. PMID: 6724850

Stamer WD, Braakman ST, Zhou EH, Ethier CR, Fredberg JJ, Overby DR, et al. Biomechanics of
Schlemm’s canal endothelium and intraocular pressure reduction. Prog Retin Eye Res. 2015; 44: 86—
98. https://doi.org/10.1016/j.preteyeres.2014.08.002 PMID: 25223880

Zhou EH, Krishnan R, Stamer WD, Perkumas KM, Rajendran K, Nabhan JF, et al. Mechanical respon-
siveness of the endothelial cell of Schlemm’s canal: scope, variability and its potential role in controlling
aqueous humour outflow. J R Soc Interface. 2012; 9: 1144—1155. https://doi.org/10.1098/rsif.2011.
0733 PMID: 22171066

PLOS ONE | https://doi.org/10.1371/journal.pone.0239324  September 29, 2020 17/17


https://doi.org/10.1167/iovs.14-16118
https://doi.org/10.1167/iovs.14-16118
http://www.ncbi.nlm.nih.gov/pubmed/26024090
http://www.ncbi.nlm.nih.gov/pubmed/1748546
https://doi.org/10.1167/iovs.10-7130
http://www.ncbi.nlm.nih.gov/pubmed/21980001
http://www.ncbi.nlm.nih.gov/pubmed/6724850
https://doi.org/10.1016/j.preteyeres.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25223880
https://doi.org/10.1098/rsif.2011.0733
https://doi.org/10.1098/rsif.2011.0733
http://www.ncbi.nlm.nih.gov/pubmed/22171066
https://doi.org/10.1371/journal.pone.0239324

