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Abstract

The surgical reconstruction of severe corneal ulcers is a common and crucial
component of the clinical practice of veterinary ophthalmology. Numerous surgi-
cal techniques are used in dogs for corneal reconstruction, and these techniques
may be categorized by the material used to repair the corneal lesion. The first
part of the present review described procedures that utilize autogenous ocular
tissues, homologous donor tissues, and heterologous donor tissues. In this sec-
ond part of the review, the categories of biomaterials and keratoprosthetics will
be summarized. Biomaterials that are reported for use in dogs include amniotic
membrane, porcine urinary bladder acellular matrix, porcine small intestinal
submucosa, acellular porcine corneal stroma, and other miscellaneous soft tissue
and cartilage grafts (e.g., preserved equine renal capsule, autologous omentum,
autologous buccal mucosa membrane, bovine pericardium, and homologous per-
itoneum). Descriptions of keratoprosthesis surgery in dogs are currently limited,
but the use of artificial corneal transplants hold promise for dogs with severe,
vision-compromising corneal disease that is not amenable to other reconstruc-
tion techniques. This review describes the results of experimental studies evaluat-
ing these graft materials in dogs, and it will summarize the findings and outcomes
of the clinical articles published in each material category. Reporting inconsisten-
cies and areas where additional research is required will be highlighted to help
guide future studies in this area. A major aim of this review is to help identify
potential subjects that could be evaluated in future investigations and that might
lead to refinements in clinical practice.
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1 | INTRODUCTION

This second part of the review of corneal reconstructive
techniques in dogs focuses on the use of biomaterials
and keratoprosthesis for corneal reconstruction in this
species. A literature review was performed to identify
source material using the same search strategy defined
in the first part of this review on corneal reconstructive
techniques in dogs. The aims of the review include to re-
port the findings and outcomes of the articles published
in each category, to identify the potential challenges that
specialists find when writing about corneal reconstruc-
tion so that these may be minimized in future studies,
and to identify knowledge gaps and encourage prospec-
tive studies on these areas.

A search of the peer reviewed veterinary literature
written in English in the last 61years (i.e., start of 1962
to the end of 2023) and that focused on corneal recon-
struction for spontaneous corneal ulcerative disease of
various causes in canine patients was carried out to find
out how many articles existed. The author employed a
commonly used a search engine (i.e., PubMed) and in-
cluded terms such as ‘corneal ulcerative disease’, ‘corneal
reconstruction’, ‘corneal surgery’, ‘corneal graft’, ‘conjunc-
tival pedicle flap’ (and graft), ‘conjunctival patch graft’,
‘corneolimboconjunctival transposition’, ‘corneoconjunc-
tival transposition’, ‘third eyelid graft’, ‘buccal mucosal
graft’, ‘biomaterial’, ‘amnion’, ‘renal capsule’, ‘bovine peri-
cardium’, ‘porcine intestinal submucosa’, ‘Biosist’, ‘porcine
urinary bladder’, ‘keratoplasty’ (lamellar and penetrating),
‘corneal melting’, and/or ‘keratoprosthesis’, combined
with the terms ‘dog’ or ‘canine’. Cross referencing was also
carried out.

2 | BIOMATERIALS

Numerous bioengineered materials have been employed
in veterinary ophthalmology as graft materials for corneal
reconstruction (Figure 1). These materials serve as scaf-
folds for cellular migration, provide tectonic tissue sup-
port, and are variably transparent, biocompatible, and
biodegradable. For the purposes of this review, biomateri-
als have been divided into the following categories: amni-
otic membrane, porcine urinary bladder acellular matrix,
porcine small intestinal submucosa, acellular porcine cor-
neal stroma, and miscellaneous soft tissue and cartilage
grafts (e.g., preserved equine renal capsule, autologous
omentum, autologous buccal mucosa membrane, bovine
pericardium, and homologous peritoneum). These are
covered in this section, while grafts with autologous ocu-
lar materials are covered in a section dedicated to those
tissues.

2.1 | Amniotic membrane
Amniotic membrane (AM) is the inner layer of the fetal
membranes and consists of three distinct layers: a mon-
olayer of epithelium, the basement membrane, and the
stroma. Amniotic membrane contains cytokines, pro-
teoglycans, collagen, laminin, and fibronectin and serves
as a substrate for the growth, migration, and adhesion
of epithelial cells.”> Amniotic membrane in inherently
transparent lacks immunogenicity and possess numer-
ous characteristics which can be exploited during ocular
surface reconstruction including anti-inflammatory, an-
tifibrotic, antiprotease, antiangiogenic, and antimicrobial
properties.z’3

Amniotic membrane grafting materials have been pre-
pared from numerous species including human, equine, ca-
nine, bovine, rabbit, and porcine sources. Cryopreservation
in storage media (such as glycerol) and lyophilization are
frequently used for preservation. Cryopreservation often
requires the use of specialized equipment, such as ultra-
low temperature freezers, for preservation and mainte-
nance of these conditions can be logistically complicated
for shipment and storage. Commercially available prod-
ucts include human (Ambio® and Omnigen®) and bovine
(AmnioVet® and Vetrix® EyeQ) origin graft materials that
are supplied in multiple different forms including sheets
and discs. Some amnion grafts include the chorion layer
for added thickness and structural support. In general, AM
grafts can be applied either epithelial side up (i.e., inlay
technique) to serve as a scaffold for migrating epithelial
cells over the membrane and to facilitate graft integration

FIGURE 1 Examples of dehydrated biomaterial products

used for corneal reconstruction in veterinary ophthalmology: (A)
15mm amniotic membrane disc (Vetrix® EyeQ), (B) 15mm porcine
urinary bladder acellular matrix disc (ACell® Vet), (C) 15mm
porcine small intestinal submucosa disc (Vetrix® BioSIS), (D)
10mm acellular porcine corneal stroma disc (BioCorneaVet™).
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into the corneal tissues, or stromal side up (i.e., overlay
technique) as a biological patch to cover lesions with-
out integration of the graft, protect the corneal surface,
and to act as a barrier to prevent tear film leukocytes and
other components from accessing the cornea.’ The “inlay
technique” may be used with a single layer of AM that is
typically sutured to the edge of the ulcer, or in an “inlay-
stacked technique” of multiple layers, where only the last
layer is typically sutured onto the edge of the ulcer.*™!
The “inlay” and “overlay” techniques may be also used to-
gether in a combined technique, and surgeons may choose
to suture the inlay onto the wound's edge or not. The AM
in the “overlay” technique is usually sutured onto the lim-
bus or perilimbal conjunctiva.*™!

Several studies have evaluated the use of AM transplan-
tation in dogs with experimentally created lamellar and
full-thickness corneal wounds and investigated a range of
parameters from the clinical healing response to histologic
changes found over time. Glycerin-preserved equine AM
grafting was evaluated following experimental superficial
anterior lamellar keratectomy in dogs.* A 5.0mm trephine
was used to create a superficial keratectomy, and an AM
graft was suture to the defect. Graft orientation (i.e., inlay
or overlay technique) was not described. Clinical and histo-
pathologic evaluation of the eyes was performed between
postoperative Days 2 and 60. Acutely, corneal edema was
present adjacent to the graft, and progressive corneal vas-
cularization was observed and then slowly regressed. At
60days, postoperative, corneal fibrosis was clinically evi-
dent at the surgical site. Histologically, the grafts were well
integrated into the corneal tissue.*

Glycerin-preserved porcine AM transplantation was
evaluated in dogs for the repair of experimental, 0.4 mm
deep corneal defects created in the axial cornea using an
8-mm radial vacuum trephine.’ The AM was placed epi-
thelial side up into the corneal defect and sutured to the
adjacent cornea. Another piece of AM was then placed
over the entire cornea and sutured to the conjunctiva.
Dogs were clinically evaluated, and samples collected for
transmission electron microscopy evaluation of corneal
microstructure and analysis of the relative ratio of glycos-
aminoglycans, at intervals for up to 40days after surgery.’
Severe corneal opacification and vascularization were
noted in the first 20 postoperative days, but near com-
plete corneal clarity was restored by postoperative Day
40. On postoperative Day 40, only a small amount of AM
remained in the corneal stroma and corneal thickness,
parenchymal cell number, mean collagen fibril diameter,
collagen fibril content, and glycosaminoglycans ratio had
largely normalized.’

The effects of bovine freeze-dried AM transplanta-
tion were evaluated in eight normal Shih-tzu dogs with
experimentally-created superficial corneal erosions.® An

8.0mm trephine was used to a make a 62.5pm deep cor-
neal incision, and 100% ethanol was applied to the area to
remove the epithelium. Amniotic membrane grafts were
sutured to the bulbar conjunctiva (graft orientation was
not described) and compared to dogs treated with nictitat-
ing membrane flaps, contact lens placement, or no further
treatment. Corneal healing and a proliferation cell nuclear
antigen assay were evaluated after 48 h. Healing rates and
epithelial cell proliferation were found to be highest in the
AM group compared to the other treatment regimes.®

An experimental study evaluated the use of glycerol-
preserved equine AM for the repair of full-thickness ca-
nine corneal defects.” Perilimbal, full-thickness, 5.0mm
square corneal defects were created using a scalpel blade,
and similar-sized grafts of AM were sutured into the de-
fect (graft orientation was not described). Clinical and
histopathologic evaluation of the eyes was performed be-
tween postoperative Days 2 and 180. No aqueous humor
leakage was detected around the bulging grafts acutely.
Extensive fibrovascular tissue begins to infiltrate the graft
region after 7days and then was noted to be regressing by
postoperative Day 30.7 At study conclusion on postoper-
ative Day 180, dense corneal fibrosis and vascularization
were present in the graft area. During histopathologic
evaluation of the corneas, there was an acute inflamma-
tory phase followed by vascularization and fibroblast pro-
liferation development around the graft site that persisted
for several weeks. By postoperative Day 180, normal cor-
neal architecture was histologically restored at the site of
the implant and remnants of the implanted AM remained
visible.”

A total of 196 clinical canine eyes from patients with
a variety of ophthalmic diseases, including multiple cor-
neal ulcers and perforations, as well as reconstruction
after seven dermoid removals, two epithelial inclusion
cysts, and a single case each of ligneous conjunctivitis,
corneoscleral fibrous histiocytoma, and a corneal burn,
were treated with AM and included in the veterinary
literature.5 ™

A multicenter retrospective study of cryopreserved
AM transplantation used for the treatment of complicated
corneal ulcers in 111 dogs (114 eyes) is the largest canine
study to date and included eyes with keratomalacia (n =51
eyes), stromal ulcers (n=33), descemetoceles (n=17), and
corneal perforations (n=13).% Brachycephalic breeds ac-
counted for 74/111 (66.6%) of the dogs. Cryopreserved
human (n=32 eyes) or bovine (n=82) AM was applied
using a monolayer (n=31), bilayer (n=44), or multilayer
(n=39) technique. The AM grafts were performed as a
sole surgical technique and were anchored to the limbus
(n=52 eyes), the corneal defect (n=48), or both (n=14).
In all the reported cases, the AM graft was placed epithe-
lial side up (inlay technique). Microbiologic assessment of
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corneal samples was not reported. Mean epithelial heal-
ing time for all cases was 25.6days (range 15-45days),
and mean case follow-up times was 98.7days (range
21-400days).® Graft failure occurred in five (4.4%) cases.
Other reported complications included graft pigmen-
tation (n=10 eyes), suture dehiscence (n=2), phthisis
bulbi (n=2), keratoconus (n=1), epithelial inclusion cyst
(n=1), and anterior synechia (n=1). Postsurgical compli-
cations were statistically associated with descemetoceles/
perforations, use of human AM graft material, concurrent
ocular diseases, and larger corneal defects. Good cosmetic
and visual outcomes were achieved in 113 (99.1%) and 111
(97.4%) of cases, respectively. The size of corneal defect
was statistically associated with poor or absent vision,
with a median defect diameter of 5mm in visual eyes and
9mm in eyes with poor or absent vision.®

A case series of 40 dogs (41 eyes) and 5 cats (5 eyes) de-
scribed the use of a low-temperature vacuum-dehydrated
human AMproduct(i.e.,Omnigen®, NuVision Biotherapies
Ltd., Nottingham, UK).9 The AM graft was utilized as a
sole procedure in five eyes (epithelial side facing up), as a
supplementary graft combined with another biomaterial
graft in 29 eyes (epithelial side facing up), and as a “patch”
(epithelial side facing down) sole procedure or overlying
another graft in 12 eyes. When the AM was used as a sup-
plementary graft or patch, the additional graft materials
included porcine urinary bladder submucosa in 33 eyes
and frozen donor cornea in 7 eyes.” Reported case details
were not presented by animal species, but treated ocular
lesions included 25 corneal stromal ulcers (i.e., mid- and
deep stromal ulcerations), 14 corneal perforations, 5 de-
scemetoceles, 1 corneal laceration, and 1 corneal seques-
trum. Brachycephalic breeds accounted for 37/45 (82.2%)
of the cases. Bacterial cultures were performed in 19 eyes,
and culture results were described for 8 eyes. Bacteria
isolated included Pseudomonas aeruginosa (n=2 iso-
lates), Pasteurella spp. (n=1), Streptococcus canis (n=1),
Staphylococcus pseudintermedius (n=1), and Escherichia
coli (n=1). There was no growth from 4/8 (50%) of the
samples. Fungi were identified by corneal histopathology
in a single case. Case outcomes were not divided by spe-
cies, but median epithelial healing time was reported as
19days (range 8-67days) and median clinical follow-up
time was 84 days (range 2-1026 days).” Successful anatom-
ical healing and globe retention occurred in 43/46 (93.5%)
eyes, but some required additional surgical intervention.
Graft failure occurred in 10/46 (21.7%) eyes and were
attributed to complete graft dehiscence (n=3 eyes), pro-
gressive keratomalacia (n=3), corneal perforation under
the graft (n=3), and persistent aqueous humor leakage
(n=1). Graft failure requiring enucleation occurred in
three eyes and was the result of persistent keratomalacia
in two eyes where the AM was used as a supplementary

graft and corneal perforation in one eye where the AM
graft was performed as a sole procedure.” Minor graft com-
plications occurred in 10 of 46 operated eyes and included
partial graft retraction (n=4 eyes), corneal degeneration
(n=2), anterior synechiae (n=2), secondary glaucoma
due to extensive anterior synechiae (n=1), and devel-
opment of an inclusion cyst within the graft site (n=1).
Thirty-one of 33 (93.9%) operated eyes were visual at the
final re-examination, but this number excluded 3 enucle-
ated eyes and 10 eyes with unknown visual status in the
medical record. Blindness was attributed to extensive cor-
neal vascularization and retinal degeneration in the two
nonvisual cases. Successful anatomical healing occurred
in 43/46 (93.5%) eyes.’

The clinical outcomes of 21 dogs with complicated
corneal defects repaired with cryopreserved canine AM
and the impact of age of the donor from which the pla-
centa was harvested and the duration of cryopreservation
was evaluated.'’ Storage period was defined as short-
term (2-50days), middle-term (92-210days), and long-
term (256-357days). Corneal perforations (n=11 eyes),
descemetoceles (n=38), and deep stromal corneal ulcers
(n=2) were included. Brachycephalic breeds accounted
for 15/21 (71.4%) of the dogs. Microbiologic assessment of
corneal samples was not reported. One to three layers of
AM were applied. Amniotic membrane was placed with
the epithelial side facing up when a single layer of AM
was used. In the cases where two AM layers were used,
the first layer was placed with the epithelium face down
and the second layer was applied with the epithelial side
facing up. In corneas treated with three layers of AM, the
first and the second layers were secured with the epithelial
side facing down and the third layer was applied with the
epithelium face up. Mean corneal epithelization time in
all dogs was 12 (+/— 3.9) days.'® Corneal defects repaired
with AM stored for a shorter period healed sooner than
the defects repaired with AM stored for middle and lon-
ger periods. Vision was present in 18/21 cases (85.7%),
and the presence of vision did not correlate with the stor-
age time of the AM used. The grafted area of the cornea
was subjectively considered mildly opaque (n=2 eyes),
moderately opaque (n=7), and severely opaque (n=11)
at postoperative Day 60. Corneal opacification scores did
not differ significantly between the storage period groups.
Biochemical evaluation of the stored amnion determined
that tissue inhibitor of matrix metalloproteinase-1 con-
centrations significantly decreased over a year of storage
time, but total protein and hyaluronic acid concentrations
did not change.'

A case series described the use of cryopreserved
equine AM grafts in eight dogs with variety of types of
corneal ulcerations, including indolent corneal ulcers
and corneal ulcers associated with keratoconjunctivitis

85UB017 SUOLIIOD BAE8I 3(gedlidde 8y Ag peussnob afe sejole VO ‘88N JO S8|ni 1oy Afeiq1T8UlUQ A8]1/W UO (SUOTPUD-PUE-SULBY WO A8 | 1M AlR1q | U [UO//SANY) SUORIPUOD PUe SWs 1 8y} 89S *[rZ0z/TT/TZ] Uo ARiqiTauliuo A|im ‘(-ouleAnde) sqnopesy Aq Z82€T doA/TTTT 0T/I0p/wWo A8 |im Areiqiul|uoy/sdny Wouy papeojumod ‘0 “¥Z2Se9rT



LEDBETTER ET AL.

Wi LEYJ—S

sicca.!* Microbiologic assessment of corneal samples
was not reported. Several different surgical approaches
were employed in the cases. Grafts were maintained for
at least 12days in nine eyes (in one case the graft was
missing after 5days)."’ The clinical results associated
with the grafts were subjectively described as good in
most cases with corneal healing by postoperative Day
15. In one case where the entire corneal surface was cov-
ered by a single layer of AM after keratectomy, the au-
thors noted no subjective benefit of the AM and corneal
granulation tissue developed resulting in a worsened
clinical situation.™

Additional smaller case series and case reports de-
scribe the use of AM grafts in the treatment of 12 cases of
canine ocular surface disease. Frozen canine AM grafts
(oriented with the epithelial side facing up) were placed
over the entire cornea concurrent with a third eyelid flap
after limbal dermoid removal by keratoconjunctivectomy
in seven dogs.'? Epithelization of the keratectomy sites
was complete between 7 and 14 days in all operated dogs
and what was described as normal corneal transparency
was reestablished between 3 and 8 weeks in all described
cases.'? Cryopreserved or glycerin-preserved canine AM
grafts (graft orientation was not described) were used in
the successful surgical treatment of severe keratomala-
cia in a dog and during the surgical excision of a canine
corneoscleral fibrous histiocytoma.'” Cryopreserved
equine AM and an undescribed type of AM were used
during the repair of superficial lamellar keratectomy
wounds (AM graft orientation was not described) per-
formed to remove corneal epithelial inclusion cysts in
two dogs.'*'® Transplantation of cryopreserved equine
AM (overlay technique) was used to repair the ocular
surface after pseudomembrane excision in a Doberman
Pinscher with ligneous conjunctivitis.'®

Generally, the clinical success of AM grafting in the
summarized veterinary literature was reported to be an-
atomically acceptable, achieving a good cosmesis, or was
implied in less well-defined terms, in 93%-100% of the
eyes, while vision, when applicable, was reported to be
maintained or restored in 85%-93% of cases.® ' The indi-
cations, types of AM, surgical techniques used, postoper-
ative follow-up periods, and reporting styles varied widely
between publications, precluding further analyses of clin-
ical outcomes.

2.2 | Porcine urinary bladder acellular
matrix (ACell®)

Porcine urinary bladder acellular matrix (UBM) is a lyo-
philized and dehydrated extracellular matrix product de-
rived from the lamina propria and basement membrane

of the porcine urinary bladder. It is comprised of collagen
and growth factors. It serves as a scaffolding that promotes
cellular proliferation, integration, and tissue regeneration
and is ultimately degraded and replaced by host tissue.'’
It is supplied as 15 mm corneal discs and sheets of various
sizes (ACell® Vet, Integra LifeSciences Corp, Princeton,
NJ). There is not an up or down side orientation for these
materials.

A total of 87 eyes from dogs with a variety of ophthal-
mic diseases, including corneal ulcers and perforations,
that were treated with porcine UBM are included in the
veterinary literature. In addition, there are reports of 36
conjunctival pedicle grafts and 10 CLCTs that were used
in combination with porcine UBM.

A retrospective study of 38 eyes from 37 dogs evalu-
ated the use of porcine UBM alone for corneal reconstruc-
tion."® A lamellar keratectomy was performed to remove
the diseased area of cornea, and a single layer of ACell®
was sutured into the defect. Treated corneal lesions in-
cluded corneal perforations (n=21 eyes), deep corneal
ulcerations without keratomalacia (n=6), deep corneal
ulcerations with keratomalacia (n=4), and descemeto-
celes (n=7). Brachycephalic breeds accounted for 32/37
(86.5%) of the dogs. Microbiologic assessment of corneal
samples was not reported. Graft dehiscence or sloughing
occurred in eight dogs.'® Vision was maintained in 22/30
(73%) eyes, but these numbers excluded eyes that devel-
oped glaucoma, phthisis bulbi, were lost to follow-up or
were enucleated. All dogs developed moderate-to-severe
corneal scarring after surgery, and eight eyes had scar-
ring that prevented visualization of the anterior chamber
through the grafted area."®

A retrospective study evaluated the comparative suc-
cess rates of conjunctival pedicle flaps with or without
a concurrent underlying UBM graft in dogs.'® The study
population consisted of 73 eyes from 69 dogs, including
37 eyes receiving conjunctival pedicle flaps alone and
36 eyes receiving a conjunctival pedicle flap with an
ACell® or porcine small intestinal submucosa (described
later) graft. Operated corneal lesions included corneal
perforations (n=36 eyes), descemetoceles (n=19),
deep stromal ulcers (n=17), and unrecorded (n=1)."
Brachycephalic breeds accounted for 55/69 (79.7%) of
the dogs. Microbiologic assessment of corneal samples
was not reported. The overall success rate for eyes that
received a conjunctival pedicle flap was 36/37 (97%) and
32/36 (89%) for eyes that received a conjunctival pedicle
flap with an ACell® or porcine small intestinal submu-
cosa graft. These outcome results were not significantly
different.'

The use of porcine UBM for the surgical reconstruc-
tion of the cornea in 28 eyes from 27 dogs with corneal
ulcers was described.?® Brachycephalic breeds accounted
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for 23/27 (85.2%) of the dogs. Circular lamellar keratec-
tomy was preformed to remove collagenolytic tissue,
and one or two layers of ACell® graft were sutured into
the defect.® Corneal bacterial cultures were positive in
nine dogs (e.g., Streptococcus spp., Escherichia coli, and
Pseudomonas aeruginosa cultured from the cases) and
negative in 16 dogs. The overall success rate for globe
and vision retention was 100% at 90days after surgery.
One case required an additional corneal graft after the
first surgery due to progression of keratomalacia. The
degree of corneal opacity was scored as severe in 3/28
eyes (11%), moderate in 21/28 eyes (75%), and mild in
4/28 eyes (14%).%°

A retrospective study described the use of porcine
UBM concurrent with corneoconjunctival transposition
(CCT) surgery (n=10 eyes) for the treatment of deep cor-
neal ulcers and compared outcomes to cases treated with
CTT alone (n=9).?! A single layer of ACell® was sutured
into the ulcer bed and covered by the CCT for the com-
bined treatment cases. Corneal lesions treated included
corneal perforations (n=12 eyes) and deep corneal ul-
cers including descemetoceles (n=7). Brachycephalic
breeds accounted for 13/18 (72.2%) of the dogs. All cases
had bacterial and fungal cultures performed. Eight bac-
terial cultures were positive. Bacterial isolates included
Staphylococcus spp. (n=35), Streptococcus spp. (n=3),
Pseudomonas aeruginosa (n=2), and Klebsiella pneu-
moniae (n=1), but the isolates belonging to cases that
received ACell® concurrent with CTT were not speci-
fied.”! Short-term postoperative complications included
cornea granulation tissue formation (n=19 eyes), se-
vere corneal edema (n=4), graft retraction (n=4), and
anterior synechia (n=1). Vision was present in 17 of
19 eyes (89.5%) at the final evaluation and 2 eyes were
blind due to cataract formation. There were no statisti-
cal differences detected in the frequency of short-term
or long-term postoperative complications between eyes
that received ACell® and eyes that did not.*!

Generally, success for reconstructions using porcine
UBM alone were reported as globe retention, healed or
in less well-defined terms, ranging from 89% to 100% of
the eyes, while vision, when applicable, was reported to
be present/retained in 69%-98% of cases.'®*' Despite
the high success rate, some studies reported a relatively
low percentage of cases having only mild opacification.
The indications, surgical techniques used, postoperative
follow-up periods, and reporting styles varied widely be-
tween publications, precluding further analyses of clinical
outcomes. It is noteworthy that the reported success rates
of the reconstructions with either CCT or pedicle grafts
that were combined with porcine UBM were not statisti-
cally different to the reconstructions made without por-
cine UBM.*!

2.3 | Porcine small intestinal submucosa
Porcine small intestinal submucosa (SIS) is a biodegrada-
ble, collagen-based material derived from the submucosal
layer of porcine jejunum. It is composed of three layers:
tunica muscularis mucosa, tunica submucosa, and the
stratum compactum layer of the tunica mucosa. Porcine
SIS is acellular, nonimmunogenic, and acts as a three-
dimensional scaffold for tissue repair and remodeling. It is
available as both sheets and discs of various sizes (Vetrix®
BioSIS, Cumming, GA). The mucosal side of the graft is
smooth and the serosal side is rough, but there is currently
no evidence that orientation plays a role in the migration
of cells across or into the material.

A total of 88 eyes from dogs with a variety of ophthal-
mic diseases, including multiple types of corneal ulcers
and perforations, and surgical reconstructions of 3 eyes
with limbal melanocytomas and 2 eyes with epithelial in-
clusion cysts, that were treated with porcine SIS are in-
cluded in the veterinary literature.

The largest retrospective study published to date evalu-
ating porcine SIS for corneal repair described the efficacy
of SIS in corneal reconstructive surgery in 60 dogs (60
eyes).”? The dogs had keratomalacia (n=42 eyes), severe
corneal injury (n=17), and limbal melanocytoma (n=1),
including 16 eyes with corneal perforations and 7 eyes
with descemetoceles. Brachycephalic breeds accounted
for 40/60 (66.7%) of the dogs. One to six layers of porcine
SIS were used in each case with the mean number of SIS
layers being 3.62 for all cases. Microbiologic assessment
of corneal samples was not reported. Cases were followed
for >3 months after surgery.** Postoperative complications
3months after surgery included corneal pigmentation in
19 dogs (31.6%). All cases were visual at 3months after
surgery. Corneal scarring at 3months after surgery was
described as transparent or mild in 54/60 (90%) eyes and
marked in six eyes. A subset of cases was followed for a
period greater than 3 months and severe, vision-impairing
corneal pigmentation developed in five eyes.*

The efficacy of a four-layer porcine SIS graft (Vetrix
BioSIS plus+) graft for the treatment of deep cor-
neal lesions in 10 dogs with corneal perforations (n=4
eyes), descemetoceles (n=3), limbal melanocytomas
(n=2), and a deep corneal ulcer (n=1) is described.?®
Brachycephalic breeds accounted for 6/10 (60%) of the
dogs. All corneal ulcers had bacterial and fungal cul-
tures performed. Bacterial cultures were positive in each
case and Pseudomonas aeruginosa, Staphylococcus spp.,
Streptococcous spp., and Enterobacter spp. were isolated.
Mean postsurgical follow-up length was 86 days.”* Mild
postoperative complications include partial keratomala-
cia (n=3 cases), mild corneal pigmentation (n=1), and
anterior synechia (n=1). Twelve of 13 eyes (92.3%) were
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visual at the final evaluation, and one case developed se-
vere keratomalacia requiring enucleation 21days after
surgery.”

A case series described the use of porcine SIS grafts
in five brachycephalic dogs with deep melting corneal
ulcers.** Corneal bacterial cultures were performed for
all dogs and were positive for bacterial growth in a sin-
gle case (Pseudomonas aeruginosa and Staphylococcus
pseudintermedius isolated). All cases had >6 months of
follow-up time.** At 15days post-surgery, all corneas were
re-epithelialized and superficial intense corneal vascular-
ization surrounded the graft. After 4 weeks, the SIS graft
was opaque in all cases with associated corneal vascu-
larization that progressively decreased after 45days. No
significant postoperative complication were described. At
6months after surgery, four of five eyes (80%) had com-
plete corneal transparency restored and vision was pre-
served in all five cases.”*

A retrospective study was performed to evaluate the ef-
ficacy of porcine SIS grafting covered by a conjunctival flap
for the surgical repair of full-thickness corneal wounds in
several species including six dogs.” Dog operated included
corneal perforations (n=>5 dogs) and a limbal melanocy-
toma (n=1). Brachycephalic breeds accounted for 4/6
(66.7%) of the dogs. All corneal perforations had bacterial
cultures performed, and these were positive for growth
in three eyes. Cultured bacteria included Pseudomonas
aeruginosa (listed as “Pasteurella aeruginosa” in the
manuscript), Staphylococcus spp., Streptococcus spp., and
Escherichia coli. Cases had at least 2-5months follow-up
time.*® Partial graft dehiscence and aqueous humor leak-
age requiring a second surgery were reported as short-term
complications in one dog. All cases were visual at the final
follow-up examination, except a single dog that developed
severe corneal pigmentation.*

Several additional smaller case series and case reports
describe the successful use of porcine SIS grafts in the
treatment of canine ocular surface disease. These cases
include corneal reconstruction following keratectomy for
corneal epithelial inclusion cysts and in conjunction with
a conjunctival graft for repair of a full-thickness corneo-
scleral defect resulting from limbal melanoma excision
in a dog.">*® Four dogs with deep corneal ulcers were
successfully treated with suture-less porcine SIS grafts
performed in combination with a nictitating membrane
flap.”’

In general terms, surgical success was reported in 80%—
100% of the eyes, while vision, when applicable, was main-
tained or restored in 80%-100% of cases, though some
studies that reported good transparency in as few as 70% of
cases reported vision in 100% of cases, demonstrating the
intrinsic difficulties and crudeness of vision assessment in
veterinary ophthalmology.”**” The variety of indications,

surgical techniques used, postoperative follow-up periods,
and reporting styles varied widely between publications,
precluding further analyses of clinical outcomes.

2.4 | Acellular porcine corneal stroma
(BioCorneaVet™)

Acellular porcine corneal stroma (APCS) is a rela-
tively new biomaterial available under the trade-
name BioCorneaVet™ (Xeno Surgical, Beijing, China).
BioCorneaVet™ is a processed and lyophilized porcine
stroma that is produced in 10mm and 12mm diameter
discs, available in multiple graft thicknesses (150-600 pm),
and it possess a relatively long shelf life. The APCS graft
material is thicker and stiffer than many other biomateri-
als used for corneal reconstruction and possess improved
handling characteristics for some surgical applications.
Similar bioartificial porcine corneas when evaluated in
dogs without ocular disease after experimental lamellar
keratectomy displayed rapid corneal re-epithelialization
and the restoration of corneal transparency and normal
histologic characteristics over several months.***

A total of 45 canine eyes with deep or perforating
corneal ulcers that were treated with APCS grafts are in-
cluded in the veterinary literature.

A prospective pilot study evaluated the use of APCS
in dogs undergoing penetrating keratoplasty for the re-
pair of deep corneal ulcers included three descemetoceles
and two corneal perforations.*® Brachycephalic breeds ac-
counted for 4/5 (80%) of the dogs. Microbiologic assess-
ment of corneal samples was not reported. All cases had
a minimum of 10months postoperative follow-up time.
Corneal re-epithelialization was complete in the majority
of grafts after 1 month. Focal graft dehiscence and retrac-
tion occurred in a single case 2weeks after surgery, but
it did not require additional surgical intervention.*® All
grafts survived until final examination with a stable ante-
rior chamber. Most APCS grafts became diffusely vascular-
ized between 2 and 4 weeks after surgery; then, the vessels
started to regress. By 4-6 months after surgery, two dogs
had minimal-to-mild graft opacification, two dogs had
moderate graft opacification, and one dog had severe graft
opacification. During re-examinations at 4-6 months, cor-
neal opacification continued to progressively improve in
all but one of the dogs.*

A retrospective study described the outcome of cor-
neal grafting with BioCorneaVet™ in dogs with deep
corneal ulcerations.* Forty dogs were evaluated, in-
cluding 25 corneal perforations, 8 descemetoceles, and 8
deep stromal defects. Brachycephalic breeds accounted
for 34/40 (85%) of the dogs. Bacterial culture was per-
formed 13/40 cases (32.5%) with negative results in
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6/13 cases (46.15%) and positive in results in 7/13 cases
(53.84%). The isolated bacteria were Pseudomonas spp.
(n=2 cases), Escherichia coli (n=2), Chryseobacterium
spp. (n=1), Streptococcus canis (n=1), and a single
mixed infection of an Enterococcus spp. and Escherichia
coli. Cases had a mean follow-up time of 233 days (range:
28-797 days).*' Corneal APCS graft re-epithelialization
was complete in a median of 10days (range 4-19 days).
Postoperative complications included mild-to-severe
corneal vascularization in all cases, partial graft dehis-
cence in three cases (7.5%), graft infection and kerato-
malacia in two cases (5%), and glaucoma in two cases
(5%). Ocular integrity was maintained in 37 cases
(92.5%), and vision was preserved in 36 cases (90%).
Three eyes (7.5%) ultimately required enucleation for
glaucoma or subsequent corneal perforation, and a sin-
gle eye was nonvisual from development of severe cor-
neal pigmentation.*!

The main reported clinical indications for
BioCorneaVet™ reported to date include deep or perfo-
rated corneal ulcers in dogs.’”*! Generally, surgical suc-
cess was reported in 92%-100% of the eyes, while vision,
when applicable, was maintained or restored in 90%-100%
of cases.

2.5 | Miscellaneous soft tissue and
cartilage grafts

Several additional biological grafts are reported for cor-
neal reconstruction in dogs, including preserved equine
renal capsule, autologous omentum, autologous buccal
mucosa membrane, bovine pericardium, and homologous
peritoneum.

An experimental study was performed to evaluate the
use of equine renal capsule preserved in 98% glycerine
to repair lamellar corneal lesions in normal dogs.** A
5.0mm diameter corneal trephine was used to create a
half-thickness defect in the cornea, and the renal cap-
sule was sutured into the defect. Clinical and histolog-
ical evaluations were performed between 1 and 60 days
after surgery. Corneal re-epithelialization was com-
plete by 4 days after surgery in all dogs. Marked corneal
edema developed immediately after surgery and then
gradually reduced.’” Corneal vascularization was noted
on postoperative Day 7 and persisted until study conclu-
sion. Histopathologic findings included inflammatory
cell accumulation at the junction of the graft and host
tissue. Dense corneal fibrosis developed in the region
of the grafts but became semitransparent by the study's
conclusion.*?

An experimental study evaluated the effects of omen-
tal grafting in dogs with corneal alkali injuries.*> Omental

elongation and pedicle transposition through a subcu-
taneous tunnel was performed, with preservation of the
vascular supply, immediately following induction of an
ocular surface alkaline burn. Dogs with omental grafting
were compared to dogs that received medical treatment
only, and they were followed for 6 months after surgery.*
At 6 months after surgery, corneal opacification and vas-
cularization were significantly reduced in dogs that re-
ceived omental grafts. Histopathologic evaluation of the
corneas revealed restoration of the corneal epithelium and
stroma in dogs with the omental grafts with relatively few
vessels noted, while the control groups exhibited corneal
conjunctivalization and marked stromal vascularization.*®

A total of 20 canine eyes that were clinically treated
with an either autologous buccal mucous membrane, bo-
vine pericardium, or homologous peritoneum grafts are
included in the veterinary literature.

A retrospective study evaluated the efficacy, outcomes,
and complications of autologous buccal mucous mem-
brane grafts for the repairs of severe corneal ulcers in 14
dogs.* The study included corneal perforations (n=11
eyes), descemetoceles (n=2), and a deep stromal corneal
ulcer (n=1). Brachycephalic breeds accounted for 12/14
(85.7%) of the dogs. Buccal mucous membrane grafts
were harvested from the unpigmented superior labial
mucosa using a biopsy punch and secured to the cornea.
The grafts were then covered with a conjunctival pedi-
cle graft in most eyes, and all eyes received a third eye-
lid flap. Microbiologic assessment of corneal samples was
not reported. The median follow-up period was 549.2 days
(range 14-2691 days), but these numbers also included re-
sults for a group of cats that were described in the study.*
Globe retention was achieved in 12 of 14 eyes (85.7%) with
vision present in all 11 eyes (78.6%). Two canine cases
were enucleated (one for endophthalmitis and one for
glaucoma), and one dog developed phthisis bulbi subse-
quent to endophthalmitis.**

The use of bovine pericardium grafts is described for
the treatment of deep corneal ulcers with keratomalacia
in three dogs.” Keratectomy was performed to remove
malacic corneal tissue, a corneal trephine was then used
to prepare the pericardium graft (Tutopatch®; Tutogen
Medical Inc., Metz, France), and the graft was sutured
over the keratectomy bed. Bacterial corneal culture was
performed for all cases, and Pseudomonas aeruginosa
was isolated from two dogs and results were negative for
the other dog. Dogs were followed for up to 6 months
after surgery.”® Prominent corneal vascularization was
present around the graft in all eyes at 1week after sur-
gery. All eyes were re-epithelialized by 2 weeks after sur-
gery. Two months after the surgery, two of three corneas
had healed with focal corneal scarring. The remaining
dog had progression of the keratomalacia that required
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additional surgery but became blind due to corneal
opacification.*

A small case series described the use of bovine peri-
cardium to repair ocular surface lesions in two dogs, in-
cluding a penetrating surgical defect created by limbal
melanoma excision and a traumatic full-thickness corneal
laceration.*® Both cases were considered successful by
the authors with maintenance of vision. Residual corneal
opacification at the graft site was present during the final
examination (i.e., 4 to 18 months, respectively) in both
cases.*®

A preserved homologous peritoneum graft was used to
repair a congenital scleral staphyloma in a dog.”” A sheet
of homologous peritoneum preserved in glycerol was su-
tured over the bulging scleral tissue and covered with a
conjunctival flap. At 3months after surgery, the graft was
well integrated into the ocular surface and the size of the
staphyloma was reduced.”’

Generally, success was reported as maintenance of
the globe in 83%-89% of the eyes, while vision, when
applicable, was reported as maintained or restored in
approximately 81%-83% of cases.**” This group of bio-
materials contained the lowest number of eyes treated
and, therefore, the results must be interpreted with
caution.

2.6 | Keratoprosthesis

Keratoprosthesis (KP) surgery, or artificial corneal trans-
plant, is indicated in human patients for severe, vision-
compromising corneal disease that is not amenable to
other keratoplasty techniques.®® Although KP provides
an opportunity to restore vision in cases where no other
options exist, these procedures are considered technically
demanding, require intensive and long-term postoperative
care, and are associated with relatively high complication
rates (e.g., infection, glaucoma, and implant extrusion).38
Numerous types of KP implants are describe for use in
human patients.*

Publications describing KP surgery in veterinary oph-
thalmology are currently limited.**** A total of 28 canine
eyes with near or complete corneal blindness treated by
KP surgery are included in three separate publications in
the veterinary literature.

A case series described the use of a novel, one-piece,
silicone KP prototype in seven nonbrachycephalic dogs
with corneal blindness.* Operated dogs were affected
by severe endothelial disease (n=5 dogs) or chronic su-
perficial keratitis (n=2). Surgical implantation of the
prosthesis was performed just anterior to Descemet's
membrane in a stromal pocket. An intraoperative cor-
neal perforation occurred during implantation in one

dog, but the other surgeries were regarded as unevent-
ful. All described eyes regained limited vision immedi-
ately after surgery. Serious postoperative complications
developed in 5/7 (71.4%) eyes including one KP implant
extrusion after 8 weeks and purulent keratitis in 4/6
(66.7%) of the remaining eyes between 3 and 6 months
postoperatively, necessitating implant removal with
associated vision loss.** Bacterial and fungal cultures
were negative in all cases, but at the time of implant ex-
traction it was noted that the implant was not integrated
into the adjacent corneal stroma and was accumulating
debris.* The remaining two cases with intact KP im-
plant had presented with chronic superficial keratitis
and maintained vision for >12 months.*’

A retrospective clinical study that evaluated a pene-
trating KP procedure using a posterior fixation implant
made of polymethylmethacrylate and polytetrafluoro-
ethylene that was designed to be maintained against
the posterior corneal surface by the intraocular pressure
(PCL5® Corneal S.A., Paris, France) is the largest ca-
nine KP series published.*! Twenty eyes, from 19 dogs,
with total corneal opacification resulting from chronic
superficial keratitis (n=11 eyes), keratoconjunctivitis
sicca (n=35), endothelial dystrophy (n=3), and chem-
ical keratitis (n=1) were operated. Brachycephalic
breeds accounted for 5/19 (26.3%) of the dogs. A suc-
cessful outcome with maintenance of vision and no sub-
stantial postoperative complications occurred in 6/20
(30%) eyes. All successful KP cases had a minimum of
8 months postoperative follow-up time. Enucleation was
performed between 1 and 8 weeks after surgery in 5/20
eyes (25%) for prosthesis extrusion (three eyes also devel-
oped bacterial endophthalmitis).41 Other complications
included development of a retroprosthetic membrane
{5/20 eyes (25%)} in the first 30days after surgery that
limited vision and required surgical excision, and over-
growth of granulation tissue the progressively covered
the KP optic {4/20 eyes (20%)} in the first 4-12 weeks fol-
lowing the surgery requiring surgical removal to restore
vision.*!

An additional case report described the use of a poly-
methylmethacrylate KP for blinding chronic immune-
mediated superficial keratitis in a single dog.** The
short-term outcome of the surgery appeared good, but the
report only included 30days of postoperative follow-up
time.**

The overall reported success with KP implants in dogs
is low with a total of 19/28 (48.3%) of the eyes included
having implant failure.**~** All the eyes were blinded due
to extensive ocular surface disease prior to surgery and ap-
proximately half of the eyes had partial or complete resto-
ration of vision for the follow-up times included. Despite
this, the number of patients is too low to draw significant
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conclusions and additional investigation of KP implant
and surgical techniques for dogs is warranted.

3 | CONCLUDING COMMENTS

Animal, disease, and surgical factors impacting graft sur-
vival and ultimate corneal clarity following corneal recon-
structive surgery remain poorly understood in veterinary
ophthalmology. As described in the present review, in-
consistent study design and data reporting make direct
comparison between studies, publications, and graft types
challenging. Variables potentially affecting surgical out-
comes extend beyond the choice of graft type and surgical
technique and could include other factors such as animal
signalment, concurrent ocular or systemic diseases, mi-
crobiologic details, suture material utilized, and postop-
erative medication selection.

Future studies that are designed and executed to spe-
cifically compare corneal reconstructive techniques are
needed to improve surgical results. These studies could
utilize advanced anterior segment ocular imaging tech-
niques (e.g., in vivo confocal microscopy, optical coherence
tomography, Scheimpflug corneal tomography, specular
microscopy, and ultrasound biomicroscopy) and newer
clinical microbiologic technologies (e.g., next-generation
sequencing) to improve the understanding of these ele-
ments and how they can be manipulated to enhance out-
comes. Surgical outcome variables that have received little
attention in previous studies, such as the restoration of
normal corneal thickness, corneal refractive state, preser-
vation of the corneal endothelium, and maintenance of
corneal sensitivity, could be evaluated in future investiga-
tions and might lead to refinements in clinical practice.
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