KJO

pISSN: 1011-8942 eISSN: 2092-9382

Korean J Ophthalmol 2019;33(4):371-378
https://doi.org/10.3341/kjo.2019.0027

Original Article

Fluid Dynamics of Small Diameter Tubes Used in Membrane-tube
Type Glaucoma Shunt Devices

Jong Chul Han', Young Hoon Hwang’, Byung Heon Ahn’

'Department of Ophthalmology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea
’Department of Ophthalmology, Myung-Gok Eye Research Institute, Kim’s Eye Hospital, Konyang University College of Medicine,
Seoul, Korea

Purpose: To investigate the outflow characteristics of silicone tubes with intraluminal stents used in mem-

brane-tube (MT) type glaucoma shunt devices.

Methods: The silicone tubes used in MicroMT (internal diameter of 100 um with a 7-0 nylon intraluminal stent)

and Finetube MT (internal diameter of 200 pm with a 5-0 nylon intraluminal stent) were connected to a sy-
ringe-pump that delivered a continuous flow of distilled water at flow rates of 2, 5, 10, and 25 pL/min. The pres-
sures and resistances of tubes were measured at a steady flow rate with full-length, half-length, and absence
of intraluminal stents.

Results: The mean outflow resistance of the two types of tubes ranged from 3.0 + 1.9 to 3.8 = 1.7 mmHg/uL/
min with a full-length intraluminal stent, 1.8 + 1.1 to 2.2 + 1.1 mmHg/uL/min with a half-length intraluminal stent,
and 0.1 £ 0.0 to 0.2 + 0.0 mmHg/uL/min without an intraluminal stent. Theoretically, for a physiologic state with
a flow rate of 2 yL/min and episcleral venous pressure of 6 mmHg, the mean pressures of tubes were expect-
ed to be 13.2 + 3.0, 10.5 + 2.4, and 6.4 + 0.2 mmHg in MicroMT with full-length, half-length, and absence of
intraluminal stents, respectively, and 12.5 + 3.9, 9.6 = 2.4, and 6.2 + 0.2 mmHg in Finetube MT with full-length,
half-length, and absence of intraluminal stents, respectively. The pressure variance also decreased with intra-

luminal stent retraction (p < 0.01).

Conclusions: The small diameter tubes of 100 and 200 pm internal diameters, with 7-0 and 5-0 nylon intralumi-
nal stents, respectively, used in the MT-type glaucoma shunt device showed safe and effective outflow char-

acteristics.
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Glaucoma drainage devices (GDDs) have been intro-
duced to control intraocular pressure (IOP), especially in
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eyes with refractory glaucoma such as neovascular glauco-
ma and uveitic glaucoma, and in eyes that have failed glau-
coma surgery. Theoretically, the amount of aqueous drain-
age through the GDD is determined based on its fluid
dynamics profile. Thus, GDDs have to offer standardized
and predictable control of IOP. However, despite the use of
temporal ligation of the tube, staged operations, and valve-
type GDDs, postoperative ocular hypotony due to exces-
sive aqueous drainage still occurs [1-7].
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To overcome this limitation, we introduced two types of
membrane-tube (MT) type glaucoma shunt devices
(MT-device; MicroMT, using a 100 um internal diameter
tube with a 7-0 nylon intraluminal stent and Finetube MT,
using a 200 um internal diameter tube with a 5-0 nylon in-
traluminal stent) [8,9]. MT-devices consist of 0.1-mm-thick
expanded polytetrafluoroethylene membranes and small
diameter silicone tubes with intraluminal stents. These de-
vices prevent postoperative ocular hypotony and provide
stepwise reduction in IOP after surgery by retracting the
stent [8,9]. During development of the MT-device, various
in vivo and in vitro experiments were performed to deter-
mine the proper fluid dynamics profiles of tubes with safe
(minimal risk of postoperative ocular hypotony) and effec-
tive (sufficient for IOP control) outflow characteristics [10-
15]. For instance, when tubes of conventional GDDs (ex-
ternal diameter, 630 um; internal diameter, 300 um) were
replaced with smaller tubes (external diameter, 300 um;
internal diameter, 200 um), the replacements showed ef-
fective IOP control [10-12]. In animal studies, the materials
used in MT-devices had good biocompatibility [13,14], and
in an experiment using a constant flow setting, the pres-
sure levels of tubes with various diameters and materials
were investigated [15]. In the present study, we report the
pressure and resistance of silicone tubes with intraluminal
stents used in MT-devices at various steady-state flow
rates.

Materials and Methods

Preparation of the tubes

Two types of silicone tubes, used in MicroMT [8] and
Finetube MT [9] respectively, were investigated. These de-
vices are still investigational and not yet commercially
available. The tube used in MicroMT has a 200 pm exter-
nal diameter and 100 um internal diameter (Silicone no. 1;
ARAM Micro Tubing, Japan) with a 7-0 nylon thread in-
traluminal stent. The tube used in Finetube MT has a 300-
pm external diameter and a 200-pum internal diameter (Sil-
icone no. 2, ARAM Micro Tubing), with a 5-0 nylon
thread intraluminal stent (Fig. 1). The MT-devices were
designed to induce aqueous drainage from the anterior
chamber to the post-limbal (MicroMT) and post-equatorial
(Finetube MT) subconjunctival spaces, respectively. There-
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fore, the tube lengths used for MicroMT and Finetube MT
were set at 5 and 10 mm, respectively. In this experiment, a
total of 60 tubes (30 MicroMT and 30 Finetube MT) were
used.

Devices for measuring pressure and resistance

Experiments were performed based on the experimental
design described in the previous studies [15,16]. The instru-
ment consisted of three components: a perfusion pump and
syringe, a pressure transducer and detector, and a housing

Fig. 1. A photograph of the perfusion apparatus and tubes (a
black-colored box in the right inferior corner). To compare the
tube diameters, a tube with a 200-um external diameter and 100
um internal diameter with a 7-0 nylon intraluminal stent (left in
the box) and a tube with a 300-pm external diameter and 200-pm
internal diameter with a 5-0 nylon intraluminal stent (middle in
the box) were placed together with a tube with a 630-um external
diameter and 300-pm internal diameter used for the conventional
glaucoma drainage devices (right in the box).
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~ < > T
3-way Pressure
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Fig. 2. Schematic diagram of the perfusion apparatus used in
the present experiment. The instrument consisted of a perfu-
sion pump, syringe, pressure transducer, pressure detector, and
a housing unit where the glaucoma implant was submerged in
fluid. The height of the fluid was fixed at 3 cm (approximately 2.4
mmHg) from the plastic plate. The three-way stopcock was used
to remove the fluid to maintain the baseline pressure during the
experiments.



unit where the glaucoma implant was submerged in dis-
tilled water (Fig. 1, 2). A perfusion pump with a stepper
motor (Model 11; Harvard Apparatus, Holliston, MA,
USA) was used. The perfusion pump was connected to a 1
mL glass syringe (Hamilton, Reno, NV, USA). A three-
way stopcock was connected to the end of the glass sy-
ringe and calibration reservoir. A pressure transducer
(PX260; Edwards Lifesciences, Irvine, CA, USA) and de-
tector (8SP; ADInstruments, Colorado Springs, CO, USA)
were connected to a personal computer, which monitored
the pressure change in units of 0.01 mmHg using the Chart
v5.1 (ADInstruments) software. We verified the pressure
gauges whenever they were calibrated. A hole 1.5 cm from
the base was made in the housing unit, and a 26-gauze
needle sleeve was attached to the hole using silicone glue.
The plastic cylinder, made from half of the plastic syringe
used to fix the silicone tubes, was attached beneath the
hole. The silicone tubes were submerged and connected to
the pump and pressure transducer through the needle
sleeve in the housing unit. The zero reference line was
marked beyond the level of the hole (approximately 3 cm
height from the base), and the pressure was measured as
approximately 2.4 mmHg at that level. The height of this
fluid was maintained by suction to define a zero reference
line. This height was selected because the level was easy to
control in our housing unit (6 cm height for the plastic box)
and the glaucoma implant could be submerged completely
at that level. Resistance was calculated using Poiseuille’s
equation at flow rates of 0, 2, 5, 10, and 25 pL/min. As-
suming ideal fluid flow in a noncollapsible tube, the equa-
tion can be simplified to resistance = (P;, - P )/ rate of
steady flow. P, was measured using the pressure transduc-
er and P, was set constantly submerging the apparatus
under a fluid column at a given height as described above.

Measurement of pressure and resistance of the tubes

In the experiments, the perfusion rate was increased in a
stepwise manner from 0 to 2, to 10, and to 25 pL/min.
Each pressure at each flow rate was recorded (Fig. 3). Since
we assumed the episcleral venous pressure in the human
eye to be 6 mmHg, we corrected the baseline pressure to 6
mmHg. Then, the pressure at each flow rate was corrected
by adjusting the baseline pressure. For example, if the
baseline pressure was 2.5 mmHg, we added 3.5 mmHg and
set the baseline pressure as 6.0 mmHg. After that, we add-

JC Han, et al. Fluid Dynamics of Tube

Flow rate
2 — 2 pL/min

Pressure (mmHg)

Time (min)

Fig. 3. Step function tests performed to measure the pressure
according to each flow rate (2, 5, 10, and 25 pL/min). Flow was
maintained for up to 20 minutes at each step so that resistance
was calculated from steady-state flow and pressure conditions.

ed 3.5 mmHg to the measured pressure at each flow rate
level (2, 5, 10, and 25 pL/min). The flow was maintained
for up to 20 min at each step so that the resistance was cal-
culated from steady-state flow and pressure conditions.
Three-step experiments were performed in each tube: with
a full-length intraluminal stent, after pulling the intralu-
minal stent by a half-length out of the tube, and after com-
plete removal of the stent.

Statistical analysis

Friedman’s test with post hoc analysis was used to com-
pare the pressure and resistance among the tubes with a
full-length intraluminal stent, with a half-length intralu-
minal stent, and without the intraluminal stent. In addition
to the mean pressure and resistance level, the variance of
pressure may provide information regarding the predict-
ability of pressure; a lower variance may reflect a greater
predictability. Therefore, to compare the pressure variance
between the tubes with a full-length intraluminal stent,
with a half-length intraluminal stent, and without an intra-
luminal stent, a Brown-Forsythe test was performed. All
statistical analyses were performed using the PASW Sta-
tistics ver. 18.0 (SPSS Inc., Chicago, IL, USA). A p-value
less than 0.05 was considered statistically significant.
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Results

In the tubes with MicroMT, the mean corrected pres-
sures with a full-length intraluminal stent were 13.2 = 3.0,
24.6 + 8.1, 43.8 + 16.5, and 98.1 + 40.8 mmHg at flow rates
of 2, 5, 10, and 25 pL/min, respectively. With a half-length
intraluminal stent, the mean corrected pressures were 10.5
+24,167 £5.1,264 £ 8.6, and 54.7 £ 21.2 mmHg at flow
rates of 2, 5, 10, and 25 puL/min, respectively. Without the
intraluminal stent, the mean corrected pressures were 6.4
+0.2,70 +£ 0.2, 8.0 + 0.4, and 10.9 = 0.9 mmHg at flow
rates of 2, 5, 10, and 25 pL/min, respectively. The mean
outflow resistance ranged from 3.6 £ 1.5 to 3.8 = 1.7
mmHg/ulL/min with a full-length intraluminal stent, from
2.0+ 09 to 2.2 £ 1.1 mmHg/uL/min with a half-length in-
traluminal stent, and was 0.2 = 0.0 mmHg/uL/min without
the intraluminal stent (p < 0.001, with full-length stent >
with half-length stent > without stent by post hoc analysis)
(Table 1).

For Finetube MT, the mean corrected pressures with a
full-length intraluminal stent were 12.5 + 3.9, 21.8 + 9.6,
37.6 £ 19.1, and 82.0 = 46.5 mmHg at flow rates of 2, 5, 10,
and 25 pL/min, respectively. With a half-length intralumi-
nal stent, the mean corrected pressures were 9.6 + 2.4, 14.9
+5.9,239 £ 11.5, and 499 + 27.5 mmHg at flow rates of 2,
5, 10, and 25 pL/min, respectively. Without the intralumi-
nal stent, the mean corrected pressures were 6.2 + 0.2, 6.4
+ 0.2, 6.8 +£ 0.2, and 7.9 + 0.3 mmHg at flow rates of 2, 5,
10, and 25 pL/min, respectively. The mean outflow resis-
tance ranged from 3.0 £ 1.9 to 3.2 + 1.9 mmHg/uL/min
with a full-length intraluminal stent, 1.8 = 1.2 mmHg/uL/
min with a half-length intraluminal stent, and 0.1 + 0.0
mmHg/uL/min without an intraluminal stent (p < 0.001,
with full-length stent > with half-length stent > without
stent by post hoc analysis) (Table 2).

The pressure variances in the MicroMT and Finetube
MT tubes are presented in Fig. 4A and 4B. The pressure
variances decreased based on the intraluminal stent retrac-
tion; the variance was highest with a full-length intralumi-
nal stent and lowest without an intraluminal stent (p <
0.001 at all flow rates).
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Discussion

The present study demonstrated that silicone tubes with
intraluminal stents used in MT-devices induced consistent
and predictable pressures and resistances at various flow
rates. In addition, when the intraluminal stent was partial-
ly and completely removed, the pressure and resistance
gradually decreased. Therefore, GDDs using these tubes
may contribute to safe and effective control of IOP with
stepwise reduction.

Ocular hypotony is an important complication of GDD
implantation, especially during the early postoperative pe-
riod. To prevent this complication, various procedures have
been introduced [1-7]. One of these involves tube ligation
with or without intraluminal or extraluminal stents during
the surgery [1-4,6,7]. However, tube ligation may not pro-
duce a predictable pressure level; when the ligation is too
tight or too loose, unexpected high or low pressure levels
can occur, respectively. Other procedures, such as fenes-
trations or slit formations, are performed to prevent post-
operative peaks in IOP after tube ligation [4]. However,
Rietveld and van der Veen [17] showed that adjustable
pressure regulation by focal tube constriction, similar to
tube ligation, was disappointing because the maintenance
of steady pressure levels at a given flow rate was difficult.
They suggested that tube ligature to regulate pressure is
trustworthy only with a highly sophisticated microarchi-
tecture under well-controlled conditions.

Given that an intraluminal stent can induce occlusion in
the entire area of the tube, it may provide more predictable
pressure control compared to that of focal tube constric-
tion. However, intraluminal stents have not been widely
used. This may be because the silicone tubes of conven-
tional GDDs, such as the Ahmed Glaucoma Valve (New
World Medical, Rancho Cucamonga, CA, USA) and the
Baerveldt Glaucoma Implant (Abbott Laboratories, Abbott
Park, IL, USA), cannot provide the proper pressure to pre-
vent ocular hypotony with the intraluminal stent because
their internal diameters are too large. The inner diameters
of the silicone tubes of the conventional GDDs are approx-
imately 300 um. Therefore, a 3-0 nylon thread with a di-
ameter between 200 and 250 um can be used as an intralu-
minal stent. However, results from a previous study show
that the conventional silicone tube with a 3-0 polypropyl-
ene intraluminal stent do not successfully prevent ocular
hypotony [18]. Sheybani et al. [19] also reported that a con-
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Fig. 4. Pressure variances in the tubes of membrane-tube (MT) type glaucoma shunt devices at each flow rate (2, 5, 10, and 25 puL/min).
(A) MicroMT and (B) Finetube MT. The pressure variances decreased according to the intraluminal stent retraction (p < 0.001 at all flow

rates, Brown-Forsythe test).

ventional tube with intraluminal 4-0 and 5-0 suture
threads only provides pressures of 1.16 and 0.3 mmHg, re-
spectively, at the flow rate of 2.5 uL/min. Therefore, intra-
luminal stenting of conventional tubes by using 3-0, 4-0,
and 5-0 suture materials may not prevent ocular hypotony.
The 2-0 nylon thread with a diameter of 300 to 350 um
may completely obstruct the lumen of the tube, but it is not
easily inserted or may not be insertable into the lumen. For
this reason, GDDs with an intraluminal stent have not
been widely used for the prevention of postoperative ocu-
lar hypotony. Therefore, we hypothesized that a smaller
tube with an intraluminal stent is a good alternative to
conventional tubes.

The results from the present study demonstrated that for
a physiologic flow rate of 2 uL/min with an episcleral ve-
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nous pressure of 6 mmHg, the mean pressures formed by
the tubes of MicroMT were 13.2 and 10.5 mmHg with full-
length and half-length intraluminal stents, respectively.
With the tubes of Finetube MT, the mean pressures were
12.5 and 9.6 mmHg with full-length and half-length intra-
luminal stents, respectively. These pressure levels may be
appropriate for the control of IOP with a minimal risk of
ocular hypotony. When the flow rate increased, the pres-
sure increased accordingly. However, the resistance re-
mained consistent irrespective of the flow rate. In addition,
when the intraluminal stents were partially and completely
removed, the variance of pressure also decreased. This
finding may be explained by the level of pressure; a higher
level may tend to have a higher variance. These results
suggest that the tubes of MT-devices may confer a consis-



tent and predictable IOP level. To validate these in vitro
experimental results, we analyzed the clinical data of
MT-devices and found that 1 year after the surgery, mean
IOP decreased from a preoperative value of 23 to 15
mmHg after MicroMT implantation and from 33 to 17
mmHg after Finetube MT implantation without ocular hy-
potony [8,9].

An additional advantage to using an intraluminal stent is
that it can allow stepwise IOP control through retraction of
the stent. When the tube is focally constricted by ligation,
only two-staged pressure control is available through post-
operative removal of the ligation. However, after ligation
removal, IOP can drop abruptly, causing ocular hypotony.
In contrast, by using small silicone tubes with intraluminal
stents, sudden decreases in IOP can be prevented because
the stent can be retracted in a stepwise manner while mon-
itoring the IOP; in the present study, stent retraction in-
duced a stepwise and gradual decrease in the mean and
variance of pressure. After the implantation of the MT-de-
vice, the intraluminal stent can be retracted if the pressure
needs to be lowered. Our clinical results show that retract-
ing the intraluminal stent half the length of the tube after
the operation reduced the IOP by an additional 3 to 5
mmHg, and complete removal of the stent 4 weeks after
the operation induced an additional 40% reduction in IOP
without ocular hypotony [8,9].

In conclusion, the tubes of an MT-device provided pres-
sure and resistance sufficient for IOP control with a mini-
mal risk of ocular hypotony. Furthermore, it could provide
stepwise reduction of IOP by retraction of the intraluminal
stent. Therefore, these tubes may be a useful option for
safe and effective control of IOP.
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