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Abstract
Purpose: To investigate the out�ow characteristics of silicone tubes with intraluminal stents used in
membrane-tube (MT) type glaucoma shunt devices (MT-device).

Methods: The silicone tubes used in MicroMT (internal diameter of 100 µm with 7-0 nylon intraluminal
stent) and Finetube MT (internal diameter of 200 µm with 5-0 nylon intraluminal stent) were connected to
a syringe-pump that delivered a continuous �ow of distilled water at �ow rates of 2, 5, 10, and 25 µl/min.
The pressures and resistances of tubes were measured at a steady �ow rate with full-length, half-length,
and absence of intraluminal stents.

Results: At �ow rates between 2 and 25 µl/min, the mean out�ow resistance of tubes ranged from 3.0 ±
1.9 to 3.8 ± 1.7 mmHg/µl/min with a full-length intraluminal stent, 1.8 ± 1.1 to 2.2 ± 1.1 mmHg/µl/min
with a half-length intraluminal stent, and 0.1 ± 0 to 0.2 ± 0 mmHg/µl/min without an intraluminal stent.
At a physiologic state with a �ow rate of 2 µl/min and episcleral venous pressure of 6 mmHg, the mean
pressures of tubes were expected 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.
Variance of the pressure decreased according to the intraluminal stent retraction (P < 0.01).

Conclusion: The tubes with intraluminal stents used in the MT-device showed safe (with a minimal risk of
postoperative ocular hypotony) and effective (su�cient for intraocular pressure control) out�ow
characteristics.

Introduction
Glaucoma drainage devices (GDDs) have been introduced to control intraocular pressure (IOP), especially
in eyes with refractory glaucoma, such as neovascular glaucoma, uveitic glaucoma, and previously failed
glaucoma surgery. Theoretically, the amount of aqueous drainage though the GDD is determined based
on the pro�les of GDDs. Thus, GDDs may offer a 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 excessive aqueous drainage still occurs.1-7

To overcome this limitation, we introduced two types of membrane-tube (MT) type glaucoma shunt
devices (MT-device; MicroMT and Finetube MT).8,9 MT-devices consist of thin expanded-
polytetra�uoroethylene membranes and small silicone tubes with intraluminal stents that prevent
postoperative ocular hypotony and provide a stepwise reduction in IOP after the surgery by retracting the
stent.8,9 During the development of the MT-device, various in vivo and in vitro experiments were
performed in order to determine the proper pro�les of tubes with safe (minimal risk of postoperative
ocular hypotony) and effective (su�cient for IOP control) out�ow characteristics.8-15 In the present study,
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we report the pressure and resistance of silicone tubes with intraluminal stents used in MT-devices at
various steady-state �ow rates.

Methods
Preparation of the tubes

The study protocol was waived by the Institutional Review Board of Kim’s Eye Hospital, Seoul, Korea. Two
types of silicone tubes used in MicroMT8 and Finetube MT9 were investigated; these devices are still
investigational and not commercially available yet. The tube used in MicroMT has a 200 µm external
diameter and 100 µm internal diameter (Silicone No. 1, ARAM Micro Tubing, Japan) with a 7-0 nylon
thread intraluminal stent. The tube of Finetube MT has a 300 µm external diameter and 200 µm internal
diameter (Silicone No. 2, ARAM Micro Tubing, Japan) with a 5-0 nylon thread intraluminal stent. The MT-
devices were designed to induce aqueous drainage from the anterior chamber to the post-limbal
(MicroMT) and post-equatorial (Finetube MT) subconjunctival space, respectively. Therefore, the tube
length used for MicroMT and Finetube MT was set as 5 and 10 mm, respectively. In this experiment, a
total of 60 tubes (30 tubes for MicroMT and 30 tubes for Finetube MT) were used.

 

Devices for measuring pressure and resistance

Experiments were performed based on the experimental design described in the previous studies.13,16 The
instrument consisted of three components: (1) a perfusion pump and syringe, (2) a pressure transducer
and detector, and (3) a housing unit where the glaucoma implant was submerged in distilled water (Fig.
1). The perfusion pump with a stepper motor (Model 11; Harvard Apparatus, MA, USA) was adopted. The
perfusion pump was connected to a 1 mL glass syringe (Hamilton Co., Reno, NV, USA). A three-way
stopcock was connected to the end of the glass syringe and calibration reservoir. A pressure transducer
(PX260; Edwards Life Sciences, Irvine, USA) and detector (8SP; ADInstrument, Colorado Springs, CO, USA)
were connected to a personal computer, which monitored the pressure change in units of 0.01 mmHg
using Chart v5.1 software (ADInstrument). We veri�ed the pressure gauges whenever the calibration of
the pressure gauges was performed. A hole 1.5 cm from the base was made in the housing unit and a 26-
gauze needle sleeve was attached to hole using silicone glue. The plastic plate, which was made using
half of the plastic syringe to �x the silicone tubes, was attached beneath the hole. The silicone tubes were
submerged and connected to the pump and pressure gauze through the needle sleeve in the housing unit.
The zero reference line was marked beyond the level of hole (approximately 3 cm height from the base)
and the pressure was measured as approximately 2.4 mmHg at the level. The height of this �uid was
maintained by suction to maintain a zero reference line. This height of �uid level was selected because
the level was easy to handle in our housing unit (6 cm of the height of plastic box) and the glaucoma
implant could be submerged completely at the level. Resistance was calculated using Poiseuille’s
equation and data from the step experiments. Assuming ideal �uid �ow in a noncollapsible tube, the
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equation can be simpli�ed to resistance (R) = (Pin - Pout) / rate of steady �ow (Q). Pin was measured
using the pressure transducer and Pout was set constantly submerging the apparatus under a �uid
column at a given height as described above.

 

Measurement of pressure and resistance of the tubes

In the experiments, the perfusion rate increased in a stepwise manner from 0 to 2, to 10, and to 25 µl/min.
Each pressure at each �ow rate was recorded (Fig. 2). Because we hypothesized the episcleral venous
pressure in human eye as 6 mmHg, we corrected the baseline pressure into 6 mmHg. Then, the pressure
at each �ow rate was changed into corrected pressure by adjusting the baseline pressure. Flow was
maintained for up to 20 min at each step so that resistance was calculated from steady-state �ow and
pressure conditions. Three step experiments were performed in each tube; (1) tubes with a full-length
intraluminal stent, (2) after pulling the intraluminal stent by a half-length of the tube, (3) after complete
removal of the stent.

 

Statistical analysis

Friedman’s test with post hoc analysis was used for the comparison of pressure and resistance among
the tubes with a full-length intraluminal stent, with a half-length intraluminal stent, and without the
intraluminal stent. In addition to the mean pressure and resistance level, variance of pressure may
provide information regarding the predictability of pressure; a lower variance may re�ect a greater
predictability. Therefore, to compare the variance of the pressure among the tubes with a full-length
intraluminal stent, with a half-length intraluminal stent, and without an intraluminal stent, a Brown-
Forsythe test was performed. All statistical analyses were performed with SPSS software version 18.0
(SPSS, Inc., Chicago, IL). A P value less than 0.05 was considered statistically signi�cant.

Results
In the tubes of MicroMT, mean corrected pressures 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 �ow rates of 2, 5, 10, and 25 µl/min, respectively. With a
half-length intraluminal stent, mean corrected pressures were 10.5 ± 2.4, 16.7 ± 5.1, 26.4 ± 8.6, and 54.7 ±
21.2 mmHg at �ow rates of 2, 5, 10, and 25 µl/min, respectively. Without the intraluminal stent, mean
corrected pressures were 6.4 ± 0.2, 7.0 ± 0.2, 8.0 ± 0.4, and 10.9 ± 0.9 mmHg at �ow rates of 2, 5, 10, and
25 µl/min, respectively. Mean out�ow resistance ranged from 3.6 ± 1.5 to 3.8 ± 1.7 mmHg/µl/min with a
full-length intraluminal stent, 2.0 ± 0.9 to 2.2 ± 1.1 mmHg/µl/min with a half-length intraluminal stent,
and 0.2 ± 0 mmHg/µl/min without the intraluminal stent (P < 0.001, Table 1).
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In the tubes of Finetube MT, 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 �ow rates of 2, 5, 10, and 25 µl/min, respectively.
With a half-length intraluminal stent, mean corrected pressures were 9.6 ± 2.4, 14.9 ± 5.9, 23.9 ± 11.5, and
49.9 ± 27.5 mmHg at �ow rates of 2, 5, 10, and 25 µl/min, respectively. Without the intraluminal stent,
mean corrected pressures were 6.2 ± 0.2, 6.4 ± 0.2, 6.8 ± 0.2, and 7.9 ± 0.3 mmHg at �ow rates of 2, 5, 10,
and 25 µl/min, respectively. Mean out�ow resistance ranged from 3.0 ± 1.9 to 3.2 ± 1.9 mmHg/µl/min
with a full-length intraluminal stent, 1.8 ± 1.2 mmHg/µl/min with a half-length intraluminal stent, and 0.1
± 0 mmHg/µl/min without intraluminal stent (P < 0.001, Table 2).

Variances of pressure in the tubes of MicroMT and Finetube MT are presented in Figure 3. Variances of
the pressure decreased based on the intraluminal stent retraction; variance was highest with a full-length
intraluminal stent and lowest without an intraluminal stent (P < 0.001 at all �ow rates).

Discussion
The present study demonstrated that silicone tubes with intraluminal stents used in MT-devices induced
consistent and predictable pressures and resistances at various �ow rates. In addition, when the
intraluminal stent was partially 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 at the early postoperative
period. To prevent this complication, various methods have been introduced.1-7 For instance, tube ligation
with or without intraluminal or extraluminal stents during the surgery has been introduced.1-4,6,7 However,
tube ligation may not produce predictable pressure; when the ligation is too tight or too loose, unexpected
high or low pressures can occur, respectively. Other procedures, such as fenestrations or slit formations
are performed to prevent postoperative peaks in IOP.4 Rietveld et al.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 �ow rate was di�cult. They suggest that tube ligature to reliably
regulate pressure may only be trustworthy with highly sophisticated microarchitecture under well-
controlled conditions.

Given that an intraluminal stent can induce the entire area of the tube to occlude, it may provide more
predictable pressure control compared to that of focal tube constriction. However, it has not been widely
used. This may be due to the silicone tubes of conventional GDDs, such as the Ahmed Glaucoma Valve
(New World Medical, Rancho Cucamonga, CA, USA) and the Baerveldt Glaucoma Implant (Abbott
Laboratories Inc., Abbott Park, IL, USA) cannot provide the proper pressure to prevent ocular hypotony
with the intraluminal stent. The inner diameter of the silicone tubes of the conventional GDDs are
approximately 300 µm. Therefore, a 3-0 nylon thread with a diameter between 200 and 250 µm can be
used as an intraluminal stent. However, results from a previous study show that the conventional silicone
tube with a 3-0 polypropylene intraluminal stent would not successfully prevent ocular hypotony.18
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Sheybani et al.19 also report that a conventional tube with intraluminal 4-0 and 5-0 suture threads only
provide pressures of 1.16 and 0.3 mmHg, respectively, at the �ow rate of 2.5 µl/min. Therefore,
intraluminal 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 300–350 µm can completely obstruct the lumen
of the tube or may not even be able to be inserted into the lumen. For this reason, pressure control with an
intraluminal stent in GDDs have not been widely used for the prevention of postoperative ocular
hypotony. Therefore, we hypothesized that a smaller tube with intraluminal stent may be a good
alternative to conventional tubes.

The results from the present study demonstrated that at a physiologic �ow rate of 2 µl/min with an
episcleral venous pressure of 6 mmHg, the mean pressure formed by the tubes of MicroMT were 13.2 and
10.5 mmHg with full-length and half-length intraluminal stents, respectively. By using the tubes of
Finetube MT, the mean pressures were 12.5 and 9.6 mmHg with full-length and half-length intraluminal
stents, respectively. These pressure levels may be appropriate for the control of IOP with a minimal risk of
ocular hypotony. When the �ow rate increased, the pressure increased accordingly. However, the
resistance remained consistent irrespective of the �ow rate. In addition, when the intraluminal stents were
partially and completely removed, variance of pressure decreased. These �ndings suggest that the tubes
of MT-devices may confer a consistent 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 33 to 17 mmHg
after Finetube MT implantation without ocular hypotony.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, two-staged pressure control is
available by postoperative removal of the ligation. However, after removal of the ligation, IOP can drop
abruptly, causing ocular hypotony. In contrast, by using small silicone tubes with intraluminal stents,
sudden IOP decreases can be prevented; in the present study, stent retraction induced a stepwise and
gradual decrease in the mean and variance of pressure. After the implantation of the MT-device, the
intraluminal stent can be retracted if the pressure needs to be lowered. Our clinical results show that
retracting the intraluminal stent half the length of the tube after the operation reduced the IOP by an
additional 3–5 mmHg and complete removal of the stent 4 weeks after the operation induced an
additional 40% reduction in IOP without ocular hypotony.8,9

Tubes of MT-devices have smaller diameters than tubes of conventional GDDs, lowering the chance of
conjunctival erosion or tube exposure. Based on the clinical data, no eye showed conjunctival erosion or
tube exposure after the implantation of an MT-device.8,9 The use of a smaller tube may have a higher
possibility of tube occlusion by blood clots, in�ammatory materials, or silicone oil droplets. Our clinical
results showed that there was no tube occlusion after implantation of an MT-device.8,9 Nevertheless,
when using small tubes, the possibility of tube occlusion should be considered.
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In conclusion, the tubes of an MT-device provided pressure and resistance su�cient for control of IOP
with a minimal 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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Figure 1

Schematic diagram of the perfusion apparatus used in the present experiment. The instrument consisted
of a perfusion pump and syringe, a pressure transducer and detector, and a housing unit where the
glaucoma implant was submerged in �uid. The height of the �uid was �xed at 3 cm (approximately 2.4
mmHg) from the plastic plate. The three-way stopcock was used to remove the �uid to maintain the
baseline pressure during the experiments.
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Figure 2

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

Variances of the pressure in the tubes of membrane-tube (MT) type glaucoma shunt devices at each �ow
rate (2, 5, 10, and 25 µl/min). (A) MicroMT, (B), Finetube MT. Variances of the pressure decreased
according to the intraluminal stent retraction (P < 0.001 at all �ow rates, Brown-Forsythe test).


