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Purpose: Based on lessons learned from earlier attempts, a novel miniature glau-
coma implant, Ex-PRESS, was developed in 1998. The current study summarizes the
histopathologic evaluation of this device implanted in the eyes of rabbits.

Methods: The device was implanted into the anterior chamber at the corneoscleral
junction in 1 eye each of 8 white New Zealand rabbits, while the contralateral eye
served as control. Three and 6 months after implantation, the rabbits were killed and
their eyes were enucleated and processed histologically, leaving the device in situ
when sectioning.

Results: Three and 6 months postoperatively, the local tissue reaction typically
consisted of an enveloping, thin, mature, fibrotic capsule (thickness <0.04 mm), devoid
of inflammatory cells. This capsule surrounded approximately 25% of the implant
surface area present in the sections. The lumina of the devices were devoid of inflam-
matory exudates or other obstructions in all specimens examined, suggesting free flow
of fluid.

Conclusions: The implantation of the Ex-PRESS miniature glaucoma shunt re-
sulted in minimal capsular reaction. Considering the high reactivity of the rabbit eye,
it is possible that this implant will induce a smaller cellular inflammatory reaction in

the human eye.
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Glaucoma drainage devices, first introduced almost a
century ago, were designed to control aqueous humor
flow with the intention of eliminating hypotony. Much
experience has been gained with the use of some of these
devices, which has led to many modifications in design,
construction, and implantation technique.' Nevertheless,
the relatively high postoperative complication rates and
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the relatively difficult, traumatic implantation procedure
limit the use of glaucoma drainage devices only to com-
plicated cases after other modes of treatment, both sur-
gical and nonsurgical, have failed.?

Following the lead of pioneers in the design and
manufacture of glaucoma drainage devices®® and using
present-day manufacturing technologies, we developed
the Ex-PRESS (Optonol, Neve Ilan, Israel), a miniature
unvalved glaucoma implant for draining the anterior
chamber into a subconjunctival space. A combination of
design and biomaterial improvements coupled with an
easier, more rapid, and less traumatic implantation tech-
nique will enable a filtering surgery with success rates
comparable to those of conventional trabeculectomy
without resorting to the use of antiproliferative agents.
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Indeed, the short-term efficacy of the Ex-PRESS was
demonstrated in a preliminary clinical study.’
Inflammation and scarring in the eye, which are due in
part to implant bioincompatibility and the degree of
trauma sustained by the eye during implantation, can be
assessed by histologic and clinical parameters. In the
current study, we focused on histopathologic evaluations
of the eyes of rabbits implanted with the Ex-PRESS. The
efficacy of the device in reducing intraocular pressure
and its complications are the subject of another report.

MATERIALS AND METHODS
The Device

The Ex-PRESS, a miniature glaucoma drainage de-
vice, is a 3-mm-long tube, 2.5 mm of which is intraoc-
ular, with a 400-p (27-gauge) external diameter and
50-w inner diameter (Fig. 1). It is made of implantable
stainless steel (316L) approved for medical and ophthal-
mic applications. The device has an outer flange to pre-
vent implantation that is too deep and a spurlike inner
projection to prevent extrusion. The flange and spur are
designed and angled to conform to the anatomy of the
relevant part of the sclera, and the distance between them
corresponds to the length of the scleral track made by the
device. Thus, movement of the implant in relation to the
ocular wall is prevented. The device has 3 side holes near
its distal tip to ensure aqueous humor flow if the iris
should block the main orifice.

Study Protocol

Eight white New Zealand rabbits (1.8-3.0 kg), housed
in the appropriate animal housing, underwent Ex-PRESS
implantation with an intramuscular injection of general

FIG. 1. A diagram of the Ex-PRESS miniature implant (3 mm
long, 400-micron outer diameter). 1—Three orifices at the distal
end, constituting an alternative conduit for aqueous humor drain-
age in case of occlusion of the primary (axial) opening by the iris.
2—Very thin (75p) external flange assures a pre-determined im-
plantation depth. 3—The distance between the flange and the
spur precisely corresponds to the scleral thickness. 4—Spur for
preventing extrusion of device from the eye. 5—Lumen for drain-
ing aqueous humor from the anterior chamber to the subconjunc-
tival space.
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anesthesia (50 mg/kg ketamine and 10 mg/kg xylazine)
given prior to surgery. Topical anesthesia with 0.4%
benoxinate was used as needed. Only 1 eye of each rabbit
was implanted, while the unimplanted eye served for as
a control.

In order to study the long-term biocompatibility of the
device, 3 animals were killed 3 months after implantation
and 5 animals were killed 6 months after implantation by
an intracardiac injection of sodium pentobarbital (50
mg/kg). Eyes were enucleated immediately after death.

All procedures, care, and treatment of rabbits were in
accordance with the principles of humane treatment out-
lined by the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health) and the guide-
lines set by the Association for Research in Vision and
Ophthalmology for the use of animals in ophthalmic and
vision research.® The study was conducted after approval
by the local Committee for Ethical Conduct in the Care
and Use of Laboratory Animals and in compliance with
the rules and regulations set forth.

Implantation Procedure

The implantation procedure required 2 to 5 minutes
and consisted of 3 steps. First, a small snip-incision was
made in the conjunctiva 10 to 15 mm from the limbus.
The device mounted on its introducer was then inserted
through the conjunctival incision and slid, under direct
visualization, between the conjunctiva and the sclera (un-
der Tenon’s capsule) toward the limbus. It was posi-
tioned parallel to the iris and pushed into the anterior
chamber at the corneoscleral junction, at the 10-o’clock
position. Counterpressure was applied to the opposite
side of the eye when the device penetrated the anterior
chamber. Finally, the introducer was withdrawn after the
proper location of the device in the eye was ascertained.
The conjunctiva was not sutured, and no postoperative
medications were administered.

Histological Evaluation

The enucleated eyes were fixed in Davidson solution
for 72 hours and stored in 70% ethanol. Eyes were pro-
cessed histologically, leaving the device in situ when
sectioning. Tissues were trimmed, embedded in methyl-
methacrylate, and routinely processed for light micros-
copy. Sections were stained using the PAS reaction. One
histologic section was generated per eye. The sections
were obtained from a standard location within the eye to
reduce potential variability between the eyes. A board-
certified toxicological pathologist (AN) performed the
histopathologic evaluation.
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Each sample was evaluated and graded for histopath-
ologic changes. The reactive and inflammatory changes
were assigned severity grades of O to 4 representing un-
remarkable, minimal, mild, moderate, and marked
changes, respectively. Evaluated parameters included
presence of the capsule and histologic components of the
capsule (i.e., inflammatory cells including giant cells,
fibroblasts, and mature collagen). The percentage and
location of the device’s surface area that was encapsu-
lated was assessed. The thickest part of the capsule at all
locations along the device, designated as proximal
(external/subconjunctival), middle, and distal (intracam-
eral) areas, was measured with a calibrated lens microm-
eter. The results were compared with the histologic pic-
ture of the contralateral side of the unimplanted eye.

RESULTS

Results of the histopathologic evaluation are summa-
rized in Table 1. No differences in the inflammatory
reaction and capsule thickness or composition were
noted when samples from the 3- and 6-months implant
periods were compared. A photographic representation
of the tissue reaction noted in an exemplary case 3
months after implantation (case # OS-1), with compari-
son to the contralateral side of the unimplanted eye, is
shown in FIG. 2.9. At 3 and 6 months postoperatively,
the local tissue reaction typically consisted of an envel-
oping, thin, mature, fibrotic capsule (thickness <0.04
mm) with modest number of fibroblastic nuclei devoid of
inflammatory cells. The fibrotic capsule surrounded ap-

TABLE 1. Detailed histological evaluation of eyes of
rabbits implanted for 3 and 6 months with Ex-PRESS
miniature glaucoma drainage device

Fibrotic capsule*

Duration

Case # (mo) Thickness (mm) Location

1/0S 3 0.03-0.04 Proximal

2/0D 3 0.01 Distal and middle
0.04 Flange

3/0S 3 0.04 Distal
0.01 Spur
0.02-0.04 Proximal and flange

4/0S 6 0.01 Proximal
0.04 Flange

5/0D 6 0.01 Proximal and middle

6/0D 6 0.02 Distal
0.01-0.02 Middle and proximal
0.08 Flange

7/0S 6 <0.01 Distal

8/0S 6 No capsule

* No evidence of active inflammatory reaction was noted in any of
the samples examined. No pathological changes were present in any
ocular tissue proximal to or distant from the device.

OS, left eye; OD, right eye.

proximately 25% of the implant outer surface area. In
most cases, this fibrotic capsule enveloped the external
surface of the flange (mean thickness 0.04 mm) and cov-
ered a portion of the proximal and distal regions of the
device (mean thickness <0.01 mm). The lumen was free
of obstruction in all specimens.

No pathologic reaction was noted at 3 or 6 months
postimplantation in any other ocular tissue (e.g., cornea,
limbus, sclera, iris, lens, vitreous body) located in the
proximity of the implanted device. Also, no pathologic
changes were present in any ocular tissue distant from
the device (e.g., retina and choroid). In all specimens
examined, the lumina of the devices were patent and
unobstructed by inflammatory exudates.

DISCUSSION

Histopathologic evaluation of the eyes implanted with
the Ex-PRESS miniature glaucoma implant, performed 3
or 6 months after implantation, revealed no evidence of
any active inflammatory reaction or tissue irritation. The
only reaction noted consisted of the development of a
relatively thin mature capsule, enveloping up to 25% of
the implant outer surface area; there was no evidence of
obstruction of the lumen of the device. Similar investi-
gations of other glaucoma drainage devices revealed
more intensive tissue reactions. Inflammatory cells as
well as blood vessels were found in the outer layers of
the capsular tissue surrounding the Molteno implant in
primates at postimplantation times similar to ours.” A
histologic study of the Molteno implant in human eye,
performed 8 months after implantation, revealed that the
outer wall of the capsule was composed of fibrous tissue
with fibroblasts, inflammatory cells, and macrophages.'®
That these inner linings of the capsule reflect variations
in tissue reactions to foreign substances by diverse spe-
cies or a distinct healing response to different implant
materials was suggested.''

Bleb failure secondary to scar formation, a complica-
tion that may be related to biomaterial-associated inflam-
mation, is the main reason for failure of glaucoma drain-
age devices. A study that examined the inflammation
associated with the Molteno polypropylene device versus
the Baerveldt and Krupin silicon-disc implant empha-
sized this point.'? Likewise, another study demonstrated
that, in the rabbit subconjunctival space, the polypropyl-
ene Ahmed glaucoma valve is more inflammatory than
the silicone Baerveldt shunt.'

The Ex-PRESS implant biocompatibility was demon-
strated by the formation of only a very thin fibrotic cap-
sule with a thickness equal to or less than 0.04 mm. No
pathologic reaction was noted in the ocular tissue within
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FIG. 2. Photographic presentation of histologic sections of the eyes of animal # OS-1, killed 3 months after implantation. Figures 2.2 and
2.4-2.8 are from an Ex-PRESS—implanted eye; Figures 2.3 and 2.9 are from contralateral side of an unimplanted eye. The eyes were
embedded in methylmethacrylate, then routinely processed for light microscopy, and stained with PAS reaction. Figures 2.2 (X20) and
2.3 (X40) show low and intermediate magnifications of the site of implantation and localization of the device (A, anterior chamber; C,
cornea; R, iris; S, sclera). Figures 2.4 (X100) and 2.5 (X200) depict the fibrotic capsule surrounding the external surface of the disc (mean
thickness 0.04 mm). Figure 2.4 shows the unblocked external opening (O) of the device; Figure 2.5 shows the fibrotic capsule with modest
amount of fibroblastic nuclei (arrows), devoid of inflammatory cells, lying over the middle aspect of the external opening (asterisk indicates
the medial aspect of the device). The capsule consists of acidophilic (thick arrow) and paler (thin arrow) layers. The reason for changes
in staining characteristics is unknown; they may be related to more mature collagen present in the acidophilic layer. Figure 2.6 (X200)
reveals the very thin (<0.01 mm) fibrotic capsule covering the proximal part of the device (asterisk) located close to the disc. Figure 2.7
(X200) shows the approximately middle part of the device, surface close to the iris (R). Note the absence of any tissue reaction. Fig 2.8
(X200) shows the patent side holes of the device and demonstrates that the distal tip of the device is in close contact with the iris.
Comparison with the contralateral side of the unimplanted eye (Fig. 2.9) and particularly the lack of any indication of tissue reaction
suggest that the close contact of the device with the iris surface (R) is artifactual, having occurred during tissue processing.
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the proximity of the implant device or any other ocular
tissue distant from the device. The finding that there
were no differences in the nature and thickness of the
capsule 3 and 6 months after implantation suggests that
the remodeling of the capsular reactive layer into a thin
fibrous-tissue capsule occurred less than 3 months from
implantation. No evidence for implant corrosion (e.g.,
granulomatous foreign-body reaction) was noted, sug-
gesting stability, with no leaching of metallic compo-
nents from the device embedded within the ocular tissue
up to 6 months.

Several factors including material composition, im-
plant design, physicochemical surface properties, condi-
tion of the host bed, surgical technique, and mechanical
properties have been suggested to influence the inflam-
matory response to the devices and their outcome.'*'?
The Ex-PRESS, which is made of stainless steel, offers
better biocompatibility characteristics than polymers.
The oxide layer of 316L stainless steel has conductive
electrochemical properties. The conductivity of the oxide
and the corresponding electric field that develops adja-
cent the implant have been proposed as possible deter-
minants of the biologic response to the presence of such
an implant.'® Unlike normal healing, the presence of this
material has a persistent inhibitory effect on the inflam-
matory process.'”'® When a chronic inflammatory re-
sponse or the development of fibrous granulation tissue
follows implantation, collagen synthesis increases as the
fibers become oriented parallel to the concentric layers
of the surface-forming capsule around the implant. This
process is minimized with a stainless steel implant.

The results presented in this report were obtained in a
rabbit’s eye, and may not be directly applicable to hu-
mans; however, the rabbit is the common model for glau-
coma filtration surgery as well as implantation of drain-
age devices.'? Furthermore, the much more rapid and
intense fibrin formation and cellular proliferation in rab-
bit render the rabbit eye a preferable model for studying
the effects of an implanted device on the scarring reac-
tion. The low-grade inflammatory and scarring reactions
that have been observed in the rabbit eye are encouraging
when application of the device to the human eye is con-
templated.

Failure in filtering surgeries often occurs because of
early fibroblastic proliferation of episcleral cells in the
subconjunctival space'® and emphasizes the importance
of a surgical procedure that is minimally irritating. In-
deed, the conjunctival opening and consequent suturing
10 to 15 mm away from the limbal penetration site, the
short implantation procedure duration of less than 5 min-
utes with minimal tissue manipulation; no extensive
trauma to the conjunctiva, Tenon capsule, sclera, or lim-

bus; no usage of cautery; and no performance of iridec-
tomy contributed to the minimal inflammatory and fi-
brotic reactions, even without the use of antiproliferative
agents.

The major determinant of long-term intraocular pres-
sure levels after glaucoma filtering surgery is the healing
response. Therefore, antiproliferative agents such as
fluorouracil and Mitomycin C are often used to improve
the prognosis of filtration surgery.?*~? The use of anti-
proliferative agents raises the associated question of risk
versus benefit. Although population surveys show a
higher success rate after filtering surgery when antipro-
liferative agents are used, the risk of complications be-
comes higher. Therefore, a technique that does not re-
quire the use of antiproliferative agents offers, from a
safety perspective, an advantage over other techniques in
which these agents are used.

In summary, implantation of the Ex-PRESS miniature
glaucoma shunt resulted in minimal inflammatory and
scarring reactions in rabbit eyes. These results are en-
couraging because fibrin formation and cellular prolif-
eration are much more rapid and intense in rabbits than
in humans; therefore, it is possible that in the human eye
the tissue response will be less extensive.

Acknowledgment: The authors thank Ms. JoAnne Johnson
(NIEHS) for her critical review of the manuscript.

REFERENCES

1. Lim KS, Allan BDS, Lloyd AW, et al. Glaucoma drainage devices;
past, present, and future. Br J Ophthalmol. 1998;82:1083-1089.

2. Melamed S. Molteno implant surgery in refractory glaucoma. Surv
Ophthalmol. 1990;34:441-448.

3. Molteno ACB. New implant for drainage in glaucoma. Animal
trial. Br J Ophthalmol. 1969;53:161-168.

4. Krupin T, Podos SM, Becker B, Newkirk JB. Valve implants in
filtering surgery. Am J Ophthalmol. 1976;81:232-235.

5. Krupin T, Kaufman P, Mandell A, et al. Filtering valve implant
surgery for eyes with neovascular glaucoma. Am J Ophthalmol.
1980;89:338-343.

6. Van der Veen G, Jongebloed WL, Worst JG. The Gonioseton, a
surgical treatment for chronic glaucoma. Doc Ophthalmol. 1990;
75:365-375.

7. Kaplan-Messas A, Traverso CE, Glovinski Y, et al, and the Inter-
national EXPRESS Study Group. The ExPRESS miniature glau-
coma implant: Intermediate results of a prospective multi-center
study. Invest Ophthalmol Vis Sci. 2001;42:S552.

8. Grossblatt N, ed. Guide for the Care and Use of Lab Animals.
Washington, DC: National Academy Press; 1996.

9. Minckler DS, Shammas A, Wilcox M, et al. Experimental studies
of aqueous filtering using the Molteno implant. Trans Am Oph-
thalmol Soc. 1987;85:368-392.

10. Loeffler KU, Jay JL. Tissue response to aqueous drainage in a
functioning Molteno implant. Br J Ophthalmol. 1988;72:29-35.

11. Lloyd MA, Baerveldt G, Nguyen QH, et al. Long-term histologic
studies of the Baerveldt implant in the rabbit model. J Glaucoma.
1996;5:334-339.

12. Ayyala RS, Michelini-Norris FB, Flores A, et al. Comparison of

J Glaucoma, Vol. 12, No. 3, 2003

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



280

13.

14.

15.

16.

17.

different biomaterials for glaucoma drainage devices. Arch Oph-
thalmol. 2000;118:1081-1084.

Ayyala RS, Harman LE, Michelini-Norris B, et al. Comparison of
different biomaterials for glaucoma drainage devices. Arch Oph-
thalmol. 1999;117:233-236.

Rosengren A, Danielsen N, Bjursten LM. Inflammatory reaction
dependence on implant location in the rat soft tissue. Biomaterials.
1997;18:979-987.

Anderson JM. Inflammatory response to implants. Trans Am Soc
Artif Intern Organs. 1988;34:101-107.

Healy KE, Ducheyne P. The mechanisms of passive dissolution of
titanium in a model of physiochemical environment. J Biomed
Mater Res. 1992;26:319-338.

Shannon C, Thull R, Von Recum. Types I and III collagen in the
tissue capsules of titanium and stainless-steel implants. J Biomed
Mater Res. 1997;34:401-8.

J Glaucoma, Vol. 12, No. 3, 2003

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

—_

8

19.

20.

21.

22.

A. NYSKA ET AL

. Woodward ST, Salthouse TN. The tissue response to implants and
its evaluation by light microscopy. In: von Recum A, ed. Hand-
book of Biomaterials Evaluation. New York: Macmillan;
1986:364-378.

Jallet V, Gautier SE, Parel JM. Novel synthetic meshwork for
glaucoma treatment. I. Design and preliminary in vitro and in vivo
evaluation of various expanded poly(tetrafluoroethyene) materials.
J Biomed Mater Res. 1999;47:260-269.

Heuer DK, Parrish RKI, Gressel MG. 5-fluorouracil and glaucoma
filtering surgery. II. A pilot study. Ophthalmology. 1984;91:384—
394.

Chen CW, Huang HT, Bair JS, et al. Trabeculectomy with simul-
taneous topical application of mitomycine-C in refractory glau-
coma. J Ocul Pharmacol. 1990;6:175-182.

Spaeth G, Mutlukan E. The use of antimetabolites with trabecu-
lectomy: a critical appraisal. J Glaucoma. 2001;10:145-151.



