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In Vitro and In Vivo Flow 
Characteristics of Glaucoma 
Drainage Implants 

Joao Antonio Prata, Jr., MD,1,2 Andre Mermoud, MD,l Laurie LaBree, MS,l 
Don S. Minckler, MDI 

Purpose: To determine pressure-flow characteristics at physiologic flow rates in 
vitro and in vivo in rabbits for Ahmed, Baerveldt, Krupin disk, and OptiMed glaucoma 
implants. The Molteno dual-chamber implant also was evaluated in vivo only. 

Methods: Five samples of each glaucoma implant were studied. Baerveldt implants 
were ligated partially for in vitro testing. Opening and closing pressures in air or after 
immersion in balanced salt solution or plasma were evaluated for the valved devices 
(Ahmed and Krupin). Pressures were measured in vitro and in vivo in normal rabbits at 
flow rates preset at between 2 and 25 Ill/minute after the tubes were connected to a 
closed manometric system. In vivo measurements were made 24 hours after implan
tation. Resistance to flow was calculated using Poiseuille's equation after at least three 
separate flow rate readings. 

Resuns: In air, the Ahmed and Krupin valves had opening pressures of 9.2 ± 3.4 and 
7.2 ± 0,6 mmHg and closing pressures of 5.2 ± 0.9 and 3,9 ± 1 mmHg, respectively. 
Neither opening nor closing pressures could be determined when Ahmed and Krupin valves 
were immersed. In vitro, the Ahmed and OptiMed devices had higher pressures than did 
other devices at a 2-lllfminute flow rate of balanced salt solution. During perfusion with 
plasma, only the OptiMed device maintained higher pressures than with balanced salt. With 
all devices, pressures fell rapidly to zero after flow was stopped. The OptiMed device 
demonstrated the highest resistance values. In vivo, the Ahmed device provided pressures 
of 7.5 ± 0.8 mmHg and the OptiMed device gave pressures of 19.6 ± 5.6 mmHg at a 2-
Ill/minute flow rate. After 15 minutes of flow shutdown, the OptiMed implant maintained 
pressures of 7.1 ± 1.1 mmHg. The Baerveldt (nonligatured), Krupin, and Molteno dual
chamber implants had similar resistances and pressures in vivo. Pressures with all devices 
in vivo fell rapidly to zero after conjunctival wound disruption, 

Conclusion: Neither the Ahmed nor Krupin devices had demonstrable opening or 
closing pressures when tested in vitro immersed in balanced salt solution or plasma. 
With all devices, pressures were higher in vivo than in vitro due to tissue-induced re
sistance around the explant. Both Ahmed and Krupin valves functioned as flow-restricting 
devices at the flow rates studied, but did not close after initial perfusion with fluid. 
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Glaucoma drainage devices are used widely to control 
intraocular pressure (lOP) in complicated glaucomas. 1-9 
Currently available devices share many characteristics 
generally modified from the Molteno implant, which re
mains the world's clinical "gold standard." 1-3 Common 
denominators of many available implants include a flex
ible silicone rubber drainage tube and an equatorial ex
plant constructed from materials (polymethylmethacry
late, polypropylene, silicone-rubber) to which fibroblasts 
cannot adhere firmly. 1,10,1 I Differences among currently 
available devices include unique flow regulators, adver
tised as valves. They also have large variations in explant 
surface area, shape, thickness, and flexibility (Table 
1). 1,10, II The pathophysiology of all of these devices is 
presumed to include the development of an aqueous 
pool bounded by a fibrous capsule (bleb) around the ex
plant. I-3,10,11 Over many days after implantation, the bleb 
capsule becomes the primary resistance to passive diffu
sion of aqueous into periocular intercellular spaces, cap
illaries, and lymphatics. 3, II 

Installation of glaucoma drainage implants has always 
been associated with risk of hypotony (overfiltration) and 
its attendant complications, including corneal damage, 
choroidal effusion, and choroidal hemorrhage. I,10,12-14 
Nonvalved devices such as the Molteno and Baerveldt 
implants generally have been installed in two stages, or 
temporarily or partially ligated for many days to permit 
the fibrous capsule to develop before full aqueous flow is 
begun. IS- 18 The presence of valves or flow regulators in 
glaucoma drainage implants should permit installation in 
one stage and eliminate the need for temporary ligatures 
to prevent immediate postoperative hypotony.19-22 

The Ahmed implant (New World Medical, Inc, Rancho 
Cucamonga, CA) is fitted with a protected silicone sleeve 
valve that is calibrated in air and advertised to provide 
opening pressures between 8 and 10 mmHg. The surface 
area (1 side of the plate) is 184 mm2. 

The Krupin Eye Disk (Hood Laboratories, Pembroke, 
MA) includes a slit-valve that protrudes onto the surface 
of the explant inside the boundary ridge. The advertised 
opening and closing pressures in air are 11 and 9 mmHg, 
respectively. The silicone plate of this device has a surface 
area (1 side) of 180 mm2. 

The OptiMed implant (OptiMed, Inc, Santa Barbara, 
CA) contains a "flow restricting" unit that provides con
tinuous resistance to outflow. The explant portion of the 
device includes a 3 X 2 X 2-mm polymethylmethacrylate 
box that contains 180 to 200 microtubules (inside di
ameter, 0.06 mm) through which aqueous humor escapes 
into the periocular space. The box base has two lateral 
extensions for suture fixation and a top surface area of 18 
mm2

• 

The dual-chamber Molteno implant (lOP, Inc, Costa 
Mesa, CA) includes a V-shaped ridge on the explant ad
jacent to the tube-plate junction that subdivides the 
available space inside the explant ridge into a small an
techamber and larger main chamber.23 The volume of the 
small antechamber is approximately 15 Ill. After flow suf
ficient to fill the antechamber, aqueous must percolate 
between overlying Tenon capsule and the ridge to fill the 

larger main chamber of the plate. The surface area (1 
side) is 134 mm2. 

The Baerveldt implant (lovision, Irvine, CA) is non
valved and is implanted in two stages or with a temporary 
ligature to close or restrict the tube lumen, as has been 
recent custom with standard Molteno implants. IS- 18 Al
though previously available in 200- and 500-mm2 ver
sions, it is currently available only in surface areas of250, 
350, and 425 mm2

• 

Postoperative hypotony continues to be a clinical 
problem with glaucoma implants, despite the presence of 
valves or flow regulators.22-28 Possible causes of hypotony 
include valve or ligature failure, leakage around the tube, 
or a decrease in aqueous production.22 Differences in de
vice function in air and after immersion in fluid, or al
terations of function in vivo, also may explain postop
erative hypotony?2-28 

Several innovative methods to provide temporary or 
partial closure of drain tubes have been reported. IS-18,24,2S 
All of the devices studied here use an identical silicone
rubber tube, except the OptiMed implant which has its 
own molded tube. 

The purpose of this study is to compare pressure flow 
characteristics in vitro and in vivo of several currently 
available glaucoma drainage devices at physiologic flow 
rates under controlled conditions. 

Materials and Methods 

Several examples of each of five kinds of glaucoma drain
age implants kindly were provided for this study by the 
respective manufacturers (Fig 1); Table 1 lists the features 
of these implants. The study protocol (#8416) was ap
proved by the Institutional Animal Care and Use Com
mittee of the University of Southern California, and all 
procedures were conducted in accordance with the As
sociation for Research in Vision and Ophthalmology 
Resolution on the Use of Animals in Research. 

Tests were done to determine (1) the opening and clos
ing pressures of valved implants when in air or when im
mersed; (2) the resistance to fluid flow (balanced salt so
lution or plasma) afforded by the valves or flow regulators; 
and (3) the pressure maintained at various flow rates (2-
25 Ill/minute). We chose to use a flow rate of2 Ill/minute 
as our "standard" for comparison among and between 
various devices as a reasonable approximation of physi
ologic aqueous flow rates in human eyes.29 Measurements 
were done in vitro (bench tests) and in vivo (rabbits). All 
measurements were made using the same micromano
metric apparatus, which consisted of a pressure transducer 
(Model P23XL, Spectramed, Inc, Oxnard, CA) connected 
to a pressure monitor and recorder (Models SP 1400 and 
SP2006, Gould, Inc, Oxnard, CA). A mercury manometer 
and an adjustable electronic syringe pump (Model SP200i, 
World Precision Instruments, Sarasota, FL) and a 250-lll 
glass micro syringe (Hamilton Co, Reno, NV) also were 
used (Fig 2). The microsyringe at the electronic syringe 
pump (a) was connected to a 27-gauge cannula (b) via 
polyethylene tubing. The cannula was inserted into the 
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Table 1. Glaucoma Drainage Device Characteristics 

Baerveldt 
Ahmed Valve Implant 

Plate shape Oval Oval 
plate length (mm)' 16 13 
Plate width (mm)' 13 20 
Plate area (mm2)t 184 200 

Height (mm)'!' 2.0 0.84 

Valve or flow regulating Silicone elastomer None 
device§ sleeve valve 

Opening pressure in air 8-10 
(mmHg) 

Closing pressure in air 5-6 
(mmHg)§ 

Plate material§ Polypropylene Silicone 

Manufacturer New World Medical, Iovision, Inc 
Inc 

ID = internal diameter . 

• Anterior-posterior length/circumferential width on eye (mm). 

t One side flat surface area (provided by manufacturer). 

t Maximal height above scleral surface. 

§ Information provided by the manufacturer. 

anterior end of the implant tube. The pressure transducer 
(c) and the recorder were placed between the microsyringe 
and the cannula. The mercury manometer (e) and the 
fluid reservoir (f) were connected to the system by a "T" 
connection and stopcock (d). A stopcock also was posi
tioned between the fluid reservoir and the stopcock (d) to 
permit isolation of the fluid reservoir. To preclude the 
entrance of air into the system, the mercury transducer 
was connected to· a sealed vacuum bottle partially filled 
with fluid. A valved rubber bulb with valve connected to 
the lateral opening of the vacuum flask allowed presetting 
with increase or decrease of pressure in the system. 

Figure 1. Glaucoma drainage 
devices. From left to right: 
Ahmed valve (New World 
Medical, Inc, Rancho Cuca
monga, CAl; 2oo-mm2 Baer
veldt implant (Iovision, Ir
vine, CAl; Krupin eye disk 
(Hood Laboratories, Pem
broke, MA); Molteno dual
chamber implant (lOP, Inc, 
Costa Mesa, CAl; and 
OptiMed pressure regulator 
{OptiMed, Inc, Santa Bar
bara, CAl. 
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Krupin Molteno Dual 
Eye Disk OptiMed Restrictor Chamber 

Oval Rectangular Circular 

14 3 13 
18 6 13 

180 18 134 
2.2 2 2.2 

Silicone slit Flow restricted by 180- V -shaped ridge 
valve 200 microtubes; ID 

= 0.06 mm§ 
11 Starts flow above 10 

mmHg 
9 

Silicone Polymethylmethacrylate Polypropylene 
Hood OptiMed, Inc lOP, Inc 

Laboratories 

After the system was filled with fluid and air bubbles 
had been flushed, the pressure monitor and recorder were 
calibrated with the mercury manometer. For many mea
surements, a desired pressure was established in the system 
and the stopcock (d) closed. The infusion rate was set at 
the syringe pump and the pump then was started. During 
measurements, only the syringe pump, the pressure 
transducer, and the implant were active. Infusion rates as 
low as 0.03 ~l/minute could be set on the syringe pump 
with a 250-~1 microsyringe. The sensitivity of the pressure 
transducer and strip recorder permitted identification and 
recording of pressure alterations as low as 0.1 mmHg, 
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Mercury manometer 

Vacuum bottle with 
valved rubber bulb d:stopcock b: Cannula connected 

to the implant 

~~==~==~========-

a: Electronic syringe pump 
with • 250 ~I syringe 

with mooitor and recorder 

Figure 2. Closed manometric apparatus. 

with flow changes as small as 0.03 Ill/minute. The closed 
system was demonstrated to be leak proof at pressures 
between 0 and 100 mmHg. 

Bench tests were done either with the device in air 
(valved implants) or while immersed in 1 cm of fluid (all 
devices). Balanced salt solution and fresh human plasma 
were used as perfusants in separate measurements. Flu
orescein was added to the perfusant during attempts to 
measure opening pressures while immersed. Human 
plasma was intended to mimic protein-rich secondary 
aqueous humor. For in vitro experiments, the Baerveldt 
implants were ligated partially with a 5-0 nylon suture 
inside the tube lumen; an 8-0 polyglactin suture was tied 
around the tube before the nylon suture was removed. 
Implants of all types were irrigated with balanced salt so
lution before being tested in air or while immersed in 
fluid in vitro or implanted surgically, as suggested by all 
of the manufacturers. 

For in vivo studies, the devices were sterilized with gas 
before implantation in normal adult New Zealand albino 
rabbits that weighed 2.2 to 2.7 kg. All surgeries were per
formed by the same surgeon, under microscopic view, 
and under sterile conditions. All surgical procedures and 
the flow-pressure measurements were performed with the 
animals under general anesthesia induced by an intra
muscular injection of ketamine (35 mg/kg) and xylazine 
(5 mg/kg). 

Implants were secured to the sclera 5 to 6 mm super
otemporal from the limbus through a fornix-based con
junctival flap. The tubes were inserted into the anterior 
chamber via a 23-gauge needle track. Balanced salt so
lution was used to reform the anterior chamber. The con
junctiva was closed at the limbus with multiple interrupted 
10-0 nylon sutures to ensure a water-tight closure. The 
suture line was checked for leaks by topical application 
of fluorescein (Seidel test). At the conclusion of surgery, 
all animals received a subconjunctival injection of gen
tamicin (0.1 ml of 50 mg/ml), 1800 from the surgical site. 

Flow tests in vivo were conducted using balanced salt 
solution 24 hours after implantation. The anterior cham-

ber tubes had been left intentionally long in the anterior 
chambers. Cannulation of these drain tubes in the anterior 
chamber was done easily 24 hours after surgery through 
a large paracentral corneal incision which permitted direct 
grasping of the tube by forceps and insertion of the con
necting cannula. The animals were examined preopera
tively and postoperatively with a hand-held slit lamp. The 
lOP in each eye was measured at the same time of the 
day using the Tono-Pen 2 (Bio-Rad, Anaheim, CA). Ver
ification of the accuracy of the Tono-Pen 2 for measuring 
the lOP in rabbit eyes had been accomplished at our in
stitution in a previous, as yet unpublished study. Flow
pressure measurements were done in vivo using meth
odology identical to that for in vitro tests. After testing, 
the animals were killed with an overdose of sodium pen
tobarbital administered intramuscularly. 

The resistance to flow (R) offered by all devices was 
determined using the same methodology. For three dif
ferent variable flow rates (2-25 Ill/minute) set at the sy
ringe pump, the corresponding stabilized pressures were 
recorded. For each device, a flow-pressure line was plot
ted. Resistance to flow (R) was calculated using a simpli
fied version of Poiseuille's equation applicable to non
collapsible tubes. 3Q.31 According to Poiseuille's equation, 
the flow rate of fluid through a tube (Q) = 7rpr4/8111, where 
p is the pressure difference between the ends of the tube; 
ris the tube radius; I is the tube length; and 11 is the viscosity 
of the perfusant fluid. 

Simplified: Q = (P input - P output/R (viscous resis
tance of tube)31 or resistance (R) = change in pressure 
(mmHg)/change in flow (Ill/minute). 

For all devices, the determination of pressures at a 
"standard" flow rate of 2 Ill/minute was done by starting 
the pump with zero pressure in the system and waiting 
for stabilization to occur. 

Statistical analyses included the Student's t test and 
one-way analysis of variance (ANOVA) when appropriate. 
When multiple comparisons were made, the significance 
level (P = 0.05) was adjusted. 

Results 

In Vitro Tests 
In vitro tests were performed with the Ahmed, Baerveldt 
(partially ligated), Krupin, and OptiMed devices. No in 
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Pressure 16 
(mm Hg) 14 
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10 
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6 
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2 

o '--'-------c:-----
Ahmed (n=5) Krupin (n=5) 

Device 

Figure 3. Opening and closing pressures in air. 
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Table 2. In Vitro Tests 

Ahmed Baerveldt* Krupin OptiMed 
(n = 5) (n = 5) (n = 5) (n = 5) 

Parameter Mean ± SD Mean ± SD Mean ± SD Mean ± SD Pt 

Resistancet (mrnHgj ILl/min) 
Balanced salt 0.32 ± 0.D3 0.05 ± 0.008 0.08 ± 0.01 0.9 ± 0.4 <0.0001 
Plasma 0.33 ± 0.D3 0.08 ± 0.007 0.17 ± 0.05 2.1 ± 0.4 <0.0001 
P§ 0.3 0.007 0.02 0.02 

Pressure at a 2 ILl/min flow (mrnHg) 
Balanced salt 2.7 ± 0.8 0.2 ± 0.1 0.4 ± 0.2 1.8 ± 0.9 <0.0001 
Plasma 2.6 ± 0.3 0.3 ± 0.08 0.6 ± 0.2 3.9 ± 0.8 <0.0001 
P§ 0.9 0.18 0.06 0.05 

SD = standard deviation . 

• Baerveldt Implant partially ligated. 

t One-way analysis of variance. Comparison among all devices. 

t Resistance (R) = change in pressure (mmHg)/change in flow (Ill/min). 

§ Paired Student's t test. Comparison between balanced salt solution and plasma. 

vitro testing was done with the Molteno dual-chamber 
device, because we had no reason to expect its perfor
mance to differ from that of the Baerveldt implant in 
bench tests. 

Opening and closing pressures of the valved devices 
(Ahmed and Krupin disk) first were determined with the 
valves in air. Five readings of opening and closing pres
sures were done for each valve. To determine opening 
and closing pressures in air, the pump was started at a 
flow rate of 2 jLl/minute with zero pressure. Under mi
croscopic view, the dry valve surface was observed until 
fluid was first seen to escape from the device, at which 
point the pressure was noted. Pressure at the first escape 
of fluid was considered to be the opening pressure. After 
opening, accumulated fluid was removed continually from 
the external surface of the valve using Weck-cell sponges. 
Closing pressures were recorded as the stabilized pressure 
noted when flow through the valve could no longer be 
detected visually after pump flow was stopped and pres
sure in the system was allowed to decrease. After observ
able flow ceased, pressure was monitored for several min
utes to verify stability. 

For the Ahmed and Krupin devices, opening and clos
ing pressures were measurable only with the implant sur
face dry in air. Mean opening pressures of9.2 ± 3.4 mmHg 
and 7.2 ± 0.6 mmHg were observed for Ahmed valves 
and Krupin disks, respectively (Fig 3); closing pressures 
were 5.2 ± 0.9 mmHg for Ahmed valves and 3.9 ± I 
mmHg for Krupin disks (Fig 3). The Student's t test did 
not show any statistically significant differences for open
ing or closing pressures between Ahmed valves or Krupin 
disks in air (P opening = 0.245 and P closing = 0.07). 

To determine the effects of total immersion on valve 
function, the Ahmed and Krupin devices were placed un
der 2 cm of balanced salt solution in a dish with fluorescein 
added to the perfusant. The pump was started (~2 jLl/ 
minute), and rising pressure in the system was monitored 
continuously until stabilized, always at low levels. Flow 
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of perfusant, marked by fluorescein, occurred gradually 
and continuously through the valves while under obser
vation with the dissecting microscope, without a clearly 
detectable first wave. Furthermore, no correlating alter
ations on the strip recorder or the pressure transducer 
monitor that would correspond to valve opening were 
ever noted. After flow was stopped, pressures with the 
Krupin disk fell to 0 mmHg over 10 to 15 seconds. Pres
sure decay to 0 mmHg with the Ahmed device was slower, 
taking approximately I minute. Reverse flow of fluid 
through the Krupin disk valve was noted with gentle 
backward aspiration by a hand-held syringe. Similar reflux 
could not be demonstrated with the Ahmed device. 

Table 2 shows the mean values of the resistance to flow 
(R) observed with the four devices bench tested (Ahmed 
valve, Baerveldt implant, Krupin disk, and OptiMed). 
Figures 4 and 5 illustrate the mean pressure values and 
corresponding flow rates under balanced salt solution and 
human plasma observed with each device, respectively. 
These values were measured using balanced salt solution 
or human plasma as perfusants, with the devices under 1 
cm of the same fluid. Analysis showed statistically signif
icant differences among the groups of devices tested for 
the measurements made with balanced salt solution (P < 
0.0001) and for the tests using human plasma (P < 
0.0001). Multiple comparisons between all devices dem
onstrated that only the OptiMed device had statistically 
significant higher resistance values with both perfusants. 

The mean values of pressures recorded at a 2-jLl/minute 
flow rate using balanced salt solution and human plasma 
also are shown in Table 2. Analysis of variance detected 
statistically significant differences among devices for tests 
conducted with balanced salt solution (P < 0.0001) and 
human plasma (P < 0.0001). With balanced salt solution, 
the Ahmed valve and the OptiMed device had statistically 
significantly higher pressures than did the other implants. 
No differences were found between the Ahmed and 
OptiMed devices. With human plasma, the OptiMed de-
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vice maintained statistically significantly higher pressures 
than did all of the other implants tested. The differences 
between Ahmed valves and Krupin eye disks and Ahmed 
valves and Baerveldt implants also were statistically sig
nificant. No statistically significant differences were found 
in pressure values observed in vitro comparing partially 
ligated Baerveldt implants and Krupin eye disks. In vivo 
tests were performed with the same four devices previously 
bench tested (Ahmed, Baerveldt, Krupin, and OptiMed) 
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Figure 4. A, pressure versus flow in vitro (balanced salt). B, summary: 
pressure versus flow in vitro (balanced salt).* 

in addition to the Molteno dual-chamber implant. Baer
veldt and Molteno dual-chamber implants were tested in 
vivo without ligatures. Table 3 summarizes the preoper
ative and postoperative mean lOPs, the mean resistance 
to flow (R) observed, and the mean pressures detected at 
2 ILl/minute flow rate and at zero flow rate after at least 
15 minutes of observation. Figure 6 shows the mean 
pressure levels observed for each device at the flow rates 
tested. 
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Comparison of"Rs" calculated for all groups of de

vices in vivo using ANOV A demonstrated statistically 
significant differences (P < 0.000 I). Comparisons also 
indicated that the OptiMed device had statistically 
significantly higher values of resistance than did all 
other implants tested. No statistically significant dif
ferences in Rs were found in vivo between the groups 
of Ahmed, Baerveldt, Krupin, or Molteno dual-cham
ber implants. 
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Figure 5. A, pressure versus flow in vitro (plasma). B, summary: pressure 
versus flow in vitro (plasma): 

Analysis of the pressure levels observed at a flow rate 
of 2 JLl/minute in vivo among all devices using ANOV A 
also demonstrated statistically significant differences (P 
< 0.000 I). Comparison between types of implants showed 
that the OptiMed device maintained statistically signifi
cant higher pressures than did all other devices. 

Neither opening nor closing of the valved implants 
could be detected by our recording devices in vivo, pre
sumably because the valves had remained open after in-
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Table 3. In Vivo Tests (balanced salt solution) 

Ahmed 
(n = 5) 

Mean ± SD 

Preoperative lOP 13.6 ± 1.1 
Postoperative lOP 24 hrs 

(mmHg§) 12.4 ± 1.8 
Resistance (mmHg/ JLl/min) 0.7 ± 0.1 
Pressure at 2 JLl/min (mmHg) 7.5 ± 0.8 
Pressure zero flow (mmHg)11 3.8 ± 1.1 

SD = standard deviation; lOP = intraocular pressure . 

• 200 mm2 Baerveldt partially ligated. 

t Dual-chamber Molteno implant. 

Baerveldt* 
(n = 5) 

Mean ± SD 

13.2 ± 0.8 

11.4 ± 1.1 
0.2 ± 0.1 
4.6 ± 1.5 
3.3 ± 1.1 

t One-way analysis of variance. Comparison among all devices. 

§ Intraocular pressure measured between 9:00 and 9:30 AM. 

II Stable pressure after at least 15 minutes of flow shut-down. 

stallation. After flow was stopped, pressures with all de
vices slowly decreased to lower levels and remained sta
bilized for at least 15 minutes (Table 3). The OptiMed 
device had statistically significant higher residual pressure 
levels after 15 minutes of pump shut-down than did all 
other implants. After conjunctival wound rupture and 
device exposure, pressure decreased rapidly to 0 mmHg 
with all devices. 

Results of preoperative biomicroscopic examinations 
of all eyes were normal. Postoperatively, results of bio
microscopic examination performed just before the 24-
hour experiments did not show shallow or flat anterior 
chambers in any eyes. In all animals, the tube was well 
positioned inside the anterior chamber, and no external 
wound leaks were detected. Fibrin was observed inside 
the anterior chambers of all surgical eyes. Comparison of 
preoperative lOPs using ANOV A did not demonstrate 
any statistically significant differences (P = 0.16) (Table 
3). At 24 hours, lOP analysis showed only marginally 
significant differences among the groups (P = 0.075) (Ta
ble 3). Multiple comparisons between groups of devices 
did not show any statistically significant differences in lOP. 

Comparison of R values in vitro and in vivo for each 
device, using ANOV A, showed that the resistance in vivo 
was statistically significantly higher for all devices (Ahmed, 
P < 0.0001; Baerveldt, P = 0.0004; Krupin, P = 0.0003; 
and OptiMed, P < 0.0001) (Table 4). The same analysis 
performed for the pressure values at the 2-JLl/minute flow 
rate indicated that pressures also were statistically signif
icantly higher in vivo than they had been in vitro (Ahmed, 
Baerveldt, Krupin, and OptiMed: P < 0.0001) (Table 4). 

Discussion 

Our in vitro bench tests indicate that valved implants be
have differently when tested in air than when tested under 
fluid. In air, the valved devices had detectable opening 

Krupin Moltenot OptiMed 
(n = 5) (n = 5) (n = 5) 

Mean ± SD Mean ± SD Mean ± SD Pt 
12.8 ± 1.3 12.2 ± 1.1 13.8 ± 0.8 0.16 

12.6 ± 3.2 9.2 ± 1.3 11.2 ± 1.3 0.D75 
0.4 ± 0.1 0.1 ± 0.1 8.2 ± 3.1 <0.0001 
3.8 ± 1.4 3.6 ± 1.5 19.6 ± 5.6 <0.0001 
2.0 ± 0.9 2.6 ± 1.3 7.1 ± 1.1 <0.0001 

and closing pressures; when immersed, opening and clos
ing pressures could not be detected with our apparatus. 
Saravitz et al (unpublished data; presented at the 1992 
ARVO Annual Meeting) also reported significant differ
ences between opening and closing pressures in air and 
after immersion with the Krupin-Denver valve, using a 
gravity perfusion system with much higher flow rates than 
in our experiments. 

In vitro, the comparisons of resistance values obtained 
with balanced salt solution were statistically significantly 
lower than those obtained with human plasma for most 
devices. However, when tested using flow rates of 2 JLl/ 
minute, the pressure levels maintained in vitro were rel
atively low with all devices with either purfusant (Ta
ble 2). 

In vivo tests demonstrated higher values ofR and pres
sures at 2-JLl/minute flow rates than did in vitro tests with 
all devices. The highest pressures and Rs were observed 
with the OptiMed device and with the Ahmed valve (Table 
3). However, the Ahmed valve did not provide statistically 
significantly more resistance in vivo than did the other 
devices. In vivo, all devices maintained a stable residual 
pressure after at least 15 minutes after syringe pump shut
down. With conjunctival wound opening, pressures fell 
rapidly to 0 mmHg with all devices. These observations 
suggest that the differences observed between in vitro and 
in vivo tests with specific devices were due to tissue effects 
around the explants. If we assume that virtually no resis
tance is contributed by the nonrestricted tubes in Baerveldt 
implants, the measured resistance R and pressure at a 2-
JLl/minute flow in vivo with the Baerveldt device would 
be due entirely to tissue influences around the explant. 
Considering the apparent magnitude of conjunctival tissue 
contributions to resistance, our results suggest that no ad
ditional resistance was added by the valve in the Krupin 
disk or extra ridge in the Molteno dual-chamber implants. 

The measured Rs of the various devices tested in vivo 
24 hours after installation bore no consistent relation to 
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their surface areas (Table 4). We can speculate that the 
surface area of drainage implants without flow regulators 
should at least transiently correlate inversely with tissue 
resistance after surgical installation, because the larger the 
explant, the larger the potential space available into which 
fluid can flow. In the rabbit eye, which characteristically 
produces large amounts of fibrin immediately after sur-
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Baerveldt and Molteno Dual Chamber 
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Figure 6. A, pressure versus flow in vivo (balanced salt). B, summary: 
pressure versus flow in vivo (balanced salt).* 

gical manipulation, the explant plate is presumed to be 
rapidly covered by coagulation products, perhaps ac
counting for the lack of shallow or flat chambers 24 hours 
after installation.32 In any case, variability of fibrin se
questration or hemorrhage around the explant may have 
confounded measurement of Rs 24 hours after surgery. 
Previous experimental and clinical studies have indicated 
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Table 4. In Vitro Versus In Vivo Tests 

Resistance to flow (mmHgj ~l/min) 
Ahmed (n = 5) (184 mmz) 
Baerveldt (n = 5)t (200 mmz) 
Krupin (n = 5) (180 mmZ) 
Molteno D (n = 5) (134 mmz) 
OptiMed (n = 5) (18 mmZ) 

Pressure at a 2-~l/min flow (mmHg) 
Ahmed 
Baerveldtt 
Krupin 
Molteno D 
OptiMed 

so = standard deviation . 

Balanced Salt Solution 
(in vitro) 

Mean ± SD 

0.32 ± 0.03 
0.05 ± 0.008 
0.08 ± 0.01 

0.9 ± 0.4 

2.7 ± 0.8 
0.2 ± 0.1 
0.4 ± 0.2 

1.8 ± 0.9 

• One-way analysis of variance. Comparison among all readings. 

t Baerveldt (200 mm2
) partially ligated for in vitro testing. 

that with maturation of the capsule around the explant 
over time, there is a correlation between explant surface 
area and flow. 3,9 Explant surface area would at least be 
one plausible common denominator of differences in 
measured resistance between various devices in vivo at 
24 hours, considering that the "valves" studied in these 
experiments behaved only as flow restriction devices and 
that there was clearly a conjunctival tissue contribution 
to resistance to flow. 

The technique used to partially ligate the Baerveldt 
implants during in vitro experiments provided relatively 
low resistance and pressure values (Tables 2 and 4). The 
application of a partial ligature, as described, would be 
expected to provide variable occlusion of the tube, so we 
were surprised at the relatively small standard deviation 
noted (Table 2). Neither Baerveldt implants nor dual
chamber Molteno implants were ligated in vivo so as not 
to confuse the analysis of conjunctival tissue influence on 
device function. 

Anecdotal and published clinical studies continue to 
report significant postoperative hypotony, even with 
valved devices.22 In addition to possible improper function 
of a valve or ligature in glaucoma drainage devices, leakage 
of aqueous around the tube at the anterior chamber or 
pars plana insertion site can occur. Additionally, ciliary 
body function may fail or decrease after surgery in the 
complicated cases in which such devices are used com
monly.22 

These studies did not include a "pulse" generator in 
the manometric system, and all tests were conducted at 
room temperature. Furthermore, we did not attempt to 
measure "endurance" ofthe flow restrictor or valves over 
time. Previous studies of hydrocephalus shunt valves, 
which generally function at much higher flow rates and 
with much larger pressure fluctuations than expected in 
eyes, have noted the importance of pulsatile flow, tem
perature, and time-in-service for valve performance. 33,34 

Plasma 
(in vitro) 

Mean ± SD 

0.33 ± 0.03 
0.08 ± 0.007 
0.17 ± 0.05 

2.1 ± 0.4 

2.6 ± 0.3 
0.3 ± 0.08 
0.6 ± 0.2 

3.9 ± 0.8 

Balanced Salt Solution 
(in vivo) 

Mean ± SD 

0.7 ± 0.1 
0.2 ± 0.1 
0.4 ± 0.1 
0.1 ± 0.1 
8.2 ± 3.1 

7.5 ± 0.8 
4.6 ± 1.5 
3.8 ± 1.4 
3.6 ± 1.5 

19.6 ± 5.6 

p. 

<0.0001 
00.d004 
00.0003 

<0.0001 

<0.0001 
<0.0001 
<0.0001 

<0.0001 

Our results demonstrated that none of the implants 
tested maintained advertised pressure levels during in vitro 
tests while immersed and while being perfused at flow 
rates close to those expected in normal human eyes. The 
valves in the Ahmed and Krupin implants functioned as 
flow restriction devices or regulators rather than as valves 
that truly open and close in response to pressure change 
after immersion in fluid. We are skeptical that the valves 
in the Ahmed and Krupin devices ever close once perfused 
and maintained in a fluid environment. In vivo, our results 
indicate that the conjunctival tissue reaction surrounding 
the explant portion of the devices contributes substantially 
to the measurable resistance to flow. Because of obvious 
differences in the typical postoperative reaction between 
human and rabbit eyes, we cannot directly extrapolate 
this information to the use of these devices clinically in 
humans. Specifically, this study provides no basis for 
choosing "valved" over "non valved" glaucoma drainage 
devices currently available for clinical use. We encourage 
the development of uniform standards for the manufac
ture and testing of glaucoma drainage devices, and hope 
these experiments will stimulate continued innovation 
and evolution of their applications to glaucoma therapy. 
Prospective clinical studies are necessary to evaluate the 
proper clinical roles and efficacy of valved and nonvalved 
glaucoma drainage systems. IO,28 
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