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Control and
optimisation of fluid
flow in glaucoma
drainage device
surgery

Abstract

Avoidance of hypotony in the early post-
operative phase following glaucoma drainage
device surgery is paramount, if serious
complications are to be avoided. Current
strategies of preventing early hypotony are
either a valve mechanism, as those found in
Ahmed Glaucoma Valve or flow restrictor as
used in Baerveldt or Molteno implants. The
Ahmed glaucoma valve has a pre-tensioned
valve which opens and closes at the pre-
determined level of intra-ocular pressure.
Although the opening and closing pressure
can be slightly inconsistent, coinciding with
the change of material used in the plate
construction, the reliability appears to have
improved in recent years. Flow restrictor
method, such as vicryl tie and Supramid
suture stenting, used in non-valved implants
utilised the Poissuille’s equation in predicting
the pressure gradient across the tube and
thereby avoiding the risk of hypotony. Newer
generations of glaucoma drainage devices
such as Xen, Microshunt, and eyeWatch all
use the same principle. However, most of
these do not address the issue of unnecessary
residual flow resistance once the bleb
resistance has formed around the drainage
tube or plate except for the EyeWatch device.
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One of the biggest challenges of glaucoma
drainage device surgery is the avoidance of
hypotony in the early post-operative phase. The
bleb resistance surrounding glaucoma tube plate
tends to have minimal resistance to outflow to
aqueous drainage until around 6 weeks post-
surgery. Should the flow through the glaucoma
tubes be unrestricted before that time, there is a
real risk of severe hypotony causing vision-
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threatening complications such as choroidal
haernorrhage1 or flat anterior chamber. In UK,
for a long period in the 1980s, glaucoma
drainage devices were rarely used by glaucoma
specialists due to the poor understanding of
controlling flow in the early post-operative
phase and the common occurrence of supra-
choroidal haemorrhage. Over the intervening
decades, the emergence of new glaucoma
devices with flow control mechanisms as well as
better understanding of ways to control the
drainage flow meant that tube surgery became
popular again in UK in the 1990s.

The pioneering works by Tony Molteno? in
the 1960s which led to the introduction of
Molteno tubes has revolutionised glaucoma tube
surgery, particularly in those patients with
refractory glaucoma. Recent tube vs
trabeculectomy study (TVT) data have shown its
superiority compared to traditional
trabeculectomy with Mitomycin C in those
patients which are considered a higher risk
group after both 13 and 5 years follow-up.*
However, the subsequent primary tube vs
trabeculectomy study (PTVT) with 1 year follow-
up data did not re-affirm the superiority of
Baerveldt tube vs trabeculectomy with
Mitomycin C in low risk patients.> Nonetheless,
glaucoma drainage devices are now an
indispensable tool in our management of
patients in the glaucoma service.

Although significant advances in tube design
have been made since Molteno unveiled his
design in the 1960’s," all the current effective
tubes are essentially made of the similar design
first pioneered by Molteno, in that, they all
consist of a plate element which created a bleb or
aqueous reservoir and a tube element which is
inserted into the anterior chamber. The
Baerveldt implant was introduced in 1990° and
has a larger plate than a Molteno device but it
does not have a flow restrictor. While the
Ahmed glaucoma valve, which was introduced
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Table 1 Contemporary glaucoma drainage devices
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GDDs Year of introduction Tube diameter/material Plate size/material Resistance mechanism
Molteno 1979 0.63 mm OD 135 mm? None
0.30 mm ID Polypropylene
Silicone
Baerveldt 1990 0.63 mm OD 250 & 350 mm?* None
0.30 mm ID Silicone
Silicone
Ahmed 1993 0.63 mm OD 185 mm? Venturi Valve
0.30 mm ID Polypropylene with Silicone valve
Silicone

Abbreviations: OD, outside diameter; ID, inside diameter.

in 1993, does have a Venturi-valve system to regulate
flow in the early post-operative period to prevent
hypotony.” The main design features and the material
used are summarised in Table 1. Most of the tubes and
plates are made out of silicone as the primary material,
and differ only by the presence, or otherwise, of a flow
resistor.

The Ahmed glaucoma valve was the first glaucoma
drainage device with a flow resistor made out of folded
over silicone membrane and pre-tensioned by the plate
casting to open and close at a certain level of intraocular
pressure (Figure 1). It also utilises the Venturi effect to
enable the valve to close at a certain pressure level. An
early study on flow control in glaucoma valves by Prata®
appeared to contradict the claim made by the
manufacturer regarding the presence and effectiveness of
the valve mechanism in the Ahmed glaucoma valve
design. However, subsequent studies by Porter, Francis,
and Eisenberg appeared to have confirmed the presence
of a valve system in the Ahmed glaucoma valve.”!!

The main difference in the Prata study compared to the
latter study in terms of their flow rig set-up is the absence

Figure 1 A schematic drawing of the resistance mechanism of
the Ahmed valve. Aqueous flows (black arrow) through the tube
into a chamber within the plate element. This chamber is formed
by a folded over silicone membrane (black line) with its free
edges forming a one-way valve. Manufacturers claim that the
two halves of the polypropylene body of the plate element pre-
tension the valve to open at a specific level of IOP. They also
claim that the venturi effect produced by the tapering trapezoidal
shape of the space enclosed by the folded silicone membrane acts
to improve flow regulation (increasing fluid velocity as the
chamber tapers act to reduce internal pressure proximal to the slit
opening in accordance with the inverse relationship between
fluid velocity and pressure expressed in the Bernoulli’s theorem).

of a reservoir to allow the pressure to develop slowly in
the flow rig system using an open stopcock system. When
the Ahmed glaucoma valve was tested in the Prata’s
closed flow rig system, the pressure built up
instantaneously to a high level, thereby forcing the valves
to open almost instantaneously. This made the Ahmed
glaucoma valve appear not to have any flow resistor.

However, in the late 1990s the design of the Ahmed
glaucoma valve was changed from polypropylene
material to construct the plate to a softer silicone plate
material. Since then, uncertainty regarding the
consistency of the opening and closing pressure of
Ahmed valves again re-surfaced. This theory was tested
by Moss et al in the study published in 2008.'? They use a
gravity driven flow system to test the opening and closing
pressure of Ahmed valve and found that there was
significant variability in the closing pressure. Three out of
the six did not appear to close, even if the pressure is
below 6 mm Hg. This would appear to confirm the
clinical picture of the frequent post-op hypotony
encounter in some Ahmed valve patients after surgery.
Surgeons in that period tend to inject viscoelastic material
into the anterior chamber at the end of Ahmed valve
surgery to prevent hypotony. The reason for the apparent
change in the consistency of the flow mechanism in
Ahmed glaucoma valve may be related to the change in
the plate material used. Polypropylene is a much stiffer
plastic material compared to the newer version of FP7
which uses silicone plate. It is probable that the
polypropylene cast was able to exert a more precise
opening and closing pressure for the Ahmed valve than a
softer silicone casting would have.

Due to this discrepancy, our unit started testing every
single Ahmed glaucoma valve implantation from July
2008 using a gravity driven flow rig similar to those
described by Moss.!3 We use bottles of balanced salt
solution and a giving set with a 26 gauge cannula. All the
Ahmed valves were primed prior to testing on the rig, the
cannula was inserted into the tube opening and the water
bottle was elevated or lowered, according to the testing
requirement. We tested 24 Ahmed glaucoma valves
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between 2008 and 2010 out of which we rejected four
devices; three were due to hypotony, and one had very
high opening pressure. However, in recent years our
rejection rate has been much lower than the initial
reported rate. The reason for this is unknown, but we
speculate that this may be due to more stringent quality
control during the manufacturing process.

Flow control in non-valve device

If constriction of tube diameter is to be used as the flow
resistance element for non-valved glaucoma drainage
devices, the internal dimensions required to provide a
given pressure gradient can be calculated using
Poiseuille’s equation,14 assuming a constant rate of
production of human aqueous, and assuming that flow
through the tube is laminar. Aqueous flow in normal
subjects during waking hours is thought to be
2.75+0.63 ul/min,'>1® but can be as low as 1.4 +0.19 ul/
min while sleeping.!”

Turbulent flow occurs in tubes when the Reynolds
number reaches a certain level. At this point, the pressure
gradient across the tube will increase markedly as more
mechanical energy is lost. It was therefore essential that
flow remains laminar. It is generally agreed that the lower
critical Reynolds number is 2000, above which the
transition from laminar to turbulent flow occurs.
Reynolds numbers can be calculated by using the
following formula:

Re = pdu/p

where Re =Reynolds number, p = density of

aqueous = 1000 kg/m?, d =tube diameter in metre (10-
30 ym), u =average flow velocity, and y = viscosity of the
fluid =0.001 N's/m?.

In Figure 2, Reynolds numbers are plotted against a
range of possible diameters for short cylinders designed
to provide IOP control in the desired range (5-15 mm Hg)
at physiological flow rates. It is clear that the Reynolds
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Figure 2 The relationship between Reynolds number and tube
diameter at physiological human aqueous flow rate.
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Pressure drop = 128. n.1.Q / 136. n.d4

Where

u = aqueous viscosity = 0.001 Nsec/m2

| = length (thickness of polymer disc used in this study) = 0.075 mm
QO = aqueous flow rate = 1.4 ul/min

d = diameter in metre

Figure 3 Simplified Poiseuille’s formula, as applied by
McEwen'* for aqueous outflow. The pressure drop across the
tube is given by: pressure drop = 128u/Q/136nd*, where u=
aqueous viscosity =0.001 N s/m?, =length (thickness of poly-
mer disc used in this study)=0.075mm, Q=aqueous flow
rate=1.4 ul/min, and d =diameter in metre.

numbers for all the various tube sizes used are well
below 2000.

The Poiseuille’s equation (Figure 3) is a function of the
aqueous viscosity, aqueous flow rate, diameter of tube,
and the length of the tube. Aqueous viscosity is usually
assumed to be similar to water and as you can see from
the formula, the diameter change has significant impact
on the pressure gradient due to the relationship shown in
the Poiseuille’s equation.

The relationship between tube diameter and length,
calculated from the Poiseuille formula, for a pressure
drop across the tube of 5 mm Hg at a flow rate of 0.7 ul/
min (plain line), 1.4 ul/min (dotted line), and 2.8 yl/min
(dashed line) are shown in Figure 4. Therefore, in order to
prevent hypotony, the diameter of the tube must be

70
60 -
50 4

40 4

30 -

Diameter of Tube (um)

20 4

10 T T T T T T 1
0 1 2 3 4 5 6

Length of Tube (mm)

Figure 4 The relationship between tube diameter and length,
calculated from the Poiseuille formula, for a pressure drop
(gradient) across the tube of 5 mm Hg at a flow rate of 0.7 ul/min
(plain line), 1.4 ul/min (dotted line), and 2.8 xl/min (dashed line).
Pressure drop = 12811Q/136nd* where n=aqueous viscosity
=0.001 Ns/m? I= length =0.075 mm in this study, Q=aqueous
flow rate, and d = diameter in metres.



smaller or the length of the tube must be longer that those
shown in the graph.!®

As the standard tube diameter is too big as in the case
of a Baerveldt tube or Molteno tube, the early post-
operative flow has to be limited by either a vicryl suture
tie!® and/or internal suture stenting.?’ The vicryl tie
technique usually uses a 7.0 vicryl suture and completely
ties off the tube at the end of the surgery. In general, the
vicryl sutures tend to loosen and dissolve around week 6
and 8, around the same time when the resistance to flow
surrounding the plate has become significant, thereby
bringing the pressure down to within a reasonable range
without hypotony. However, these effects are not always
predictable, as shown by the regular occurrence of early
post-operative hypotony in the tube vs trabeculectomy
study,?! despite the fact that all the tubes were tied with
7.0 vicryl suture at the end of the procedure.

Internal suture stenting technique was first described
by Egbert and Liebert.”’ We have described a technique
similar to those described by Egbert and Liebert in a video
presentation in 2005 at an American Academy of
Ophthalmology meeting. Using this technique, we
inserted the Supramid suture for the whole length of the
tube including the portion protruding into the anterior
chamber. This technique utilises a tight scleral tunnel
which provides extra constriction around the Supramid
tube and thereby eliminates all flow through the tube in
the early operative period. The Supramid can then be
removed in stages postoperatively, depending on the
pressure level of the eye. Obviously the length of the
Supramid in the tube will determine the pressure gradient
in the eye, again following the Poiseuille’s formula to a
certain extent.

New generations of glaucoma tube implant

More recently, various advancements have been made in
glaucoma tube development in particular three implants
utilising the Poiseuille’s formula for flow restriction.
These include the XEN implant (Allergan Inc, CA, USA),
MicroShunt (Senten, CA, USA), and eyeWatch implant
(Rheon Medical, Switzerland).

The XEN implant is 6 mm in length, initially launched
with two diameters of either 140 or 45 ym. Using the
estimation as illustrated in Figure 4, one would assume
that a 6 mm tube will require around 50 ym diameter to
prevent hypotony. This prediction was confirmed by the
early hypotony rate in the preliminary study which
showed that the XEN with 145 ym diameter encountered
54% of hypotony while the XEN 45 micron only had 13%
hypotony rate on day 1.2 MicroShunt also utilise similar
formula and its tube has a lumen of 70 ym with a length
of 8.5 mm. A laboratory study performed by the designer
have shown that this combination will provide significant
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amount of outflow resistance to prevent hypotony in the
early post-operative phase as predicted by using the
Poiseuille’s equation as stated earlier in Figure 4.2
However, none of these two implants address the
problem of resistor in series. In theory, once the bleb
resistance has occurred the flow restrictor within the tube
actually becomes redundant. In fact, the residual
resistance provided by the tube might be detrimental in
achieving lowest possible IOP once the bleb resistance
have formed surrounding the plate. This issue of residual
resistance can potentially be tackled by the eyeWatch
implant,?* the eyeWatch implant utilises a magnetic
compression mechanism onto the external portion of the
tube. The amount of squeeze on the tube can be adjusted
postoperatively in the clinic using a magnetic device. It is
therefore easier to control the amount of resistance
provided by the tube at any time point and one can
potentially remove all resistance through the tube once
the bleb resistance has formed in the post-operative
period using the magnetic device in the out-patient,
thereby achieving the lowest possible intraocular
pressure level.

Conclusion

In conclusion, the Ahmed glaucoma valve does have a
flow control mechanism that utilises the Venturi principle
to regulate flow but can be inconsistent in some implants,
although this issue appears to have been addressed by the
manufacturer in recent years. Non-valve devices all utilise
the Poiseuille’s equation as a principle of flow restriction.
These include new generations of glaucoma implants
such as XEN, eyeWatch, and MicroShunt. However,
issues with residual resistance remains in most of these
implants once the bleb has developed a significant
amount of outflow resistance. Currently, only the
eyeWatch implant provides an easily reversible flow
restrictor mechanism in their tube and this could
potentially transform the management of glaucoma in the
future.
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