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Abstract

Vascularized composite allotransplantation represents a potential shift in approaches to
reconstruction of complex defects resulting from congenital differences as well as trauma and
other acquired pathology. Given the highly specialized function of the eye and its unique
anatomical components, vascularized composite allotransplantation of the eye is an appealing
method for restoration, replacement, and reconstruction of the nonfunctioning eye. Herein, we
describe conventional treatments for eye restoration and their shortcomings as well as recent
research and events that have brought eye transplantation closer to a potential clinical reality. In
this article, we outline some potential considerations in patient selection, donor facial tissue
procurement, eye tissue implantation, surgical procedure, and potential for functional outcomes.
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Vascularized composite allotransplantation (VCA) is an established approach to
reconstruction of complex defects resulting from trauma and congenital pathology. Face,
abdominal wall, lower extremity, and hand and upper extremity transplants have now
successfully been performed in a combined total of >100 known patients in 5 countries.! As
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this treatment continues to grow in application, so does the scope to which it might be
applied.

Given the highly specialized function of the eye and its unique anatomical components,
VCA of the eye is appealing for restoration, replacement and reconstruction of the
nonfunctioning eye. With the global prevalence of blindness estimated to be nearly 40
million, the potential for such treatment is vast.2 Furthermore, given that at least 3 patients
known to have received face transplants to date have had loss of at least 1 functioning eye,
concomitant eye transplant is an obvious adjunct in the reconstructive armamentarium for
similar clinical scenarios in the future.3

The concept of eye transplant is not entirely novel but dates to 1885 when Chibret
unsuccessfully transplanted a rabbit eye into a blind girl.# In 1977, the advisory council for
the National Eye Institute called for a “‘limited and thoughtful laboratory effort’” in eye
transplantation, concluding that ‘‘at present, any effort to transplant a mammalian eye is
doomed to failure by the ganglion cell axons’ inability to withstand cutting, by the difficulty
of insuring adequate circulation of blood to the transplanted eye.. .and and lastly by immune
rejection of foreign tissue.””* Now with the advances in microsurgery and
immunomodulation that have heralded successful VCA, together with new therapies in
neuroregeneration, strategies for overcoming the challenges previously thought to undermine
the possibility of eye transplantation are emerging.

Herein, we describe conventional treatments for eye restoration and their shortcomings as
well as recent research and events that have brought eye transplantation closer to clinical
reality. We discuss the clinical considerations in patient selection, donor facial tissue
procurement, eye tissue implantation, and a potential surgical procedure for a functional
outcome.

CONVENTIONAL TREATMENTS FOR EYE RESTORATION

Surgical solutions to blindness are lacking. Reported attempts to preserve the eye following
avulsion of the globe lack the return of even light perception.® In such situations successful
management of reimplantation is measured by retrieval of extraoccular muscle function and
an eye that appears cosmetically normal. Return of any visual function is exceedingly rare
and with the associated complications surgical enucleation is most commonly the ultimate
outcome.b

Management goals and outcomes in anophthalmia, congenital or degenerative absence of the
eye, are similarly modest. Typically, for a child, plastic conformers of increasing size are
serially fitted to the orbit to maintain growth with expanders also used to promote any
necessary expansion. At skeletal maturity a painted permanent prosthesis can be fitted.
Furthermore, in microphthlamia, current practice is actually to remove the affected
nonfunctioning eye.”

For composite defects in which there is partial or whole absence of the orbit as well as
surrounding structures, standard care is either free tissue transfer to obliterate or reconstruct
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the orbit to enable the use of an ocular prosthesis or using osseointegrated implant-based
composite prostheses with their inherent cosmetic and functional limitations.8:°

These approaches all compromise the fundamental reconstructive principle of *‘replacing
like with like,”” which VCA could potentially afford.

ADVANCES POTENTIATING VASCULARIZED COMPOSITE
ALLOTRANSPLANTATION OF THE EYE

Microsurgery and Vascularized Composite Allotransplantion

Since Carrel’s Nobel Prize winning description of vascular anastomaosis techniques, there
has been an explosion in our ability to revascularize and reinnervate tissue; first with
replantation, organ transplantation, and free tissue transfer, then more recently with
vascularized composite allotrasplantation.10.11

Specifically, transplantation of the eye necessitates revascularization of the ocular and
nonocular, or orbital structures of the eye, supplied through their respective branches of the
ophthalmic artery.12 Using fluorescein angiography Sher demonstrated revascularization of
the retina after microsurgical anastamosis of autotransplanted ovine eyes and in canine eyes
following anastomosis of the ciliary artery of dogs to the femoral artery in rats.13.14
Ultimately, the technical success of vascularized eye allotransplantation demands full
understanding of ophthalmic circulatory patterns and this likely necessitates cadaveric
studies similar to those conducted ahead of face transplantation.1®

Evolution of Immunomodulation Therapy

Since its inception, skepticism for VCA has been centered around the long-term burden
related to immunosuppression and the shift in the risk-to-benefit ratio from the acceptable in
lifesaving solid organ transplantation to the questionable in VCA.16 Rather than having to
answer the question of whether the benefit of vision is worth the current risk, which is
clearly a subjective matter for debate, a better answer lies in recent advances in
understanding of transplant immunology that mitigate immunosuppressive risk.

Chimerism-induced tolerance is a promising strategy for reducing or eliminating the need
for long-term immunosuppression as well as overcoming chronic rejection. 16:17
Establishing chimerism through bone marrow transplantation is particularly appealing given
its safety in producing mixed chimerism, a mixture of recipient and donor hematopoietic
cells, limiting the reduction of immunocompetence and risk of graft-versus-host disease as
seen with myeloablative methodologies.1” =22 In ongoing investigations, T regulatory cells,
dendritic cells and mesenchymal stem cells are emerging as potential adjuncts to bone
marrow transplantation for tolerance induction.23 30

Paralleling attempts to reduce the risk of immunosuppression through induction of tolerance
are attempts to limit the systemic effects of immunosuppressive therapy by mechanisms
directed at more specific local delivery of agents.31:32 Biomimetic sustained release
formulations for suppressing composite tissue transplant rejection are particularly appealing
for eye transplantation given the precedent for successful similar practices in clinical
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ophthalmology using dexamethasone intravitreal implants in the treatment of vitreoretinal
eye disease.33

A further interesting twist in the complexity of transplant immunology pertaining to VCA of
the eye is the existence of immune privilege in the eye. Discovered by Peter Medawar3*
when he studied the fates of allogeneic skin grafts placed heterotopically in the anterior
chamber of the eye and found that they survived, immune privilege and its mechanisms are
still not fully understood. Nonetheless, the ocular compartments as well as the cornea,
retinal pigment epithelium, and neuronal retina function as immune privileged sites that
resist immune rejection when implanted as allografts.3® The potential clinical ramifications
for this phenomenon in highlights the need for further research in this arena.

Neuroregeneration

Arguably, the greatest impediment to VCA of the eye is the ability to ensure maintenance of
donor eye viability, optic nerve regeneration, and restoration of topographic organization
that are fundamental to recovery of visual function.

Animal models studies of ocular viability after enucleation with or without reanastomosis
have demonstrated at least partial maintenance of donor ocular viability in cold-blooded
vertebrates and mammals to varying degrees.436

Strategies for nerve regeneration encompass an overwhelming body of emerging research far
beyond the scope of the present article but include the modulation of phosphatase and tensin
homolog pathway, peripheral nerve grafts, intravitreal growth factor injection, and inhibition
of glial scarring. The task remains of streamlining of these possibilities into a workable
framework to optimize outcomes in VCA of the eye.3” ~45 The most promising treatment
modality specifically targeting optic nerve regeneration with implications for eye
transplantation is that of de Lima et al*6. The ability to regenerate the full length of the optic
nerve into the brain visual centers has been demonstrated in a small animal model. With
adequate stimulation, using a coninjection of an inflammatory stimulator, cyclic adenosine
monophosphate analogue and targeted gene deletion, retinal ganglion cells are able to
regenerate axons the full length of the visual pathway and on into the lateral geniculate
nucleus, superior colliculus, and other visual centers following a crush injury to the optic
nerve in mice. They were also able to demonstrate partial restoration of the optomotor
response, depth perception and circadian entrainment, and partial restoration of pupillary
light reflex.

The plasticity of the visual cortex to topographically reorganize sensory input from a
transplanted eye remains to be tested. The effect on the processing axis from the optic nerve
through optic chiasm, optic tract, lateral geniculate nucleus, and optic radiation to the cortex
is also unknown. Neuronal circuits in the brain are not static, however, and connectivity can
change after altered sensory input or following specific experiences, thereby providing
neurons with new response properties, tailored to the new environment.#’ Although it is
established that the thalamocortical projection is physically rearranged as a consequence of
monocular deprivation, the extent to which it is again rearranged in the event of restoration
of binocular vision is uncertain.*8 Work in rodents has revealed residual potential for
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restoration of vision despite the existence of amblyopia or ‘‘permanent’” vision loss after the
critical period of development; resetting excitatory-inhibitory balance or removing
molecular “*brakes’” on structural plasticity may unmask the potential for recovery of
function in adulthood.*?

Integration of these 3 aspects of neuroregeneration—maintenance of donor eye viability,
optic nerve regeneration, and restoration of topographic organization—demands further
exploration in the context of allotransplantation.

Animal Models of Eye Transplantation

Optimization of surgical revascularization technique, immunomodulation, and
neuroregeneration therapies, as described above requires the genesis of reliable animal
models that most closely recapitulate true physiology and anatomy.

Polat et al® have described a rat model for heterotopic transplantation of orbit, globe,
periorbital soft tissues, and optic nerve, based on the carotid artery and jugular vein,
heterotopically to the anterior neck of recipients. This model has utility in demonstrating
viability of tissue but is limited by failing to not recapitulate true anatomy.

Our group has established the first viable orthotopic model for vascularized eye
transplantation in the rat. Maintenance of structural integrity and viability were confirmed
by slit lamp examination, optical coherence tomography, and histology. This model is ideal
for examining viability, functional return and immunology in whole eye transplantation (Fig.
1)_51

PATIENT CONSIDERATIONS

Identifying those patients optimally suited to receiving vascularized eye transplantation is a
challenge. Practical considerations include defining goals of treatment. If primarily the goal
is restoration of vision, then this renders only those with bilateral nonfunctioning eyes as
candidates. Given the likely difficulties of achieving synchrony of muscle balancing, this
might further suggest only unilateral transplants should be performed. Realizing the full
potential of VCA of the eye extends the indications for the treatment to include cosmesis.
This then renders the need to pursue possibilities to explore the use of VCA of the eye
bilaterally in cases of bilateral functional eye deficiencies and unilateral VCA in cases of
unilateral functional eye deficiency. This in turn raises the surgical challenge of achieving
functional synchrony.

Itis likely VCA of the eye will take the form of globe only, globe and soft tissue (eg,
eyelids), and globe and orbit (with or without soft tissue) transplants as well as those
concomitantly with more expansive facial transplant procedures. The latter, as previously
stated, is a clear choice to first offer eye transplantation given the limited extra risk of
including the eye if already planning for a face transplant.

Identifying the optimal candidates requires development of an effective tool for objective
evaluation of the ocular deficit for the allocation of limited donor eyes, analogous to the
functional status, aesthetic deficit, comorbidities, exposed tissue, surgical history (FACES)
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score assessment tool for identifying the optimal face transplant candidate as well as the
model for end-stage liver disease score in liver transplantation, for example.>2 Similar to the
FACES score, the assessment tool for identifying the optimal eye transplant candidate would
assign numerical score stratified in categories conceptualized to be relevant in evaluating
patients including functional status, aesthetic deficit, comorbidities, exposed tissue, and
surgical history/recipient vessel status.

DONOR PROCUREMENT AND TISSUE TRANSFER

Principles of donor tissue procurement and tissue handling during transportation and transfer
are largely shared by other transplantation practices, namely appropriate donor screening,
rapid harvest from a donor with a beating heart, restoration of donor appearance, cooling of
the graft, and expeditious transfer.53 ~57

Donor selection criteria, as with facial transplantation, should include ABO compatibility,
suitable human leukocyte antigen typing and negative cross-match. The near-universal
proportions of the globe potentially obviate the need for sex- and age-match as well as any
anthropometric analysis.>8 Skin-, and potentially, age-match do become relevant if the eye
transplant is to include soft tissue that is, eyelids in combination with the globe.

It is intuitive that premorbid donor visual acuity be uncompromised to confer the optimal
restoration of vision possible though the effect of acuity being compromised on transplant
outcomes is unclear. Iris color match to a contralateral native eye in unilateral transplant,
though admittedly a relatively low priority, could be matched using the Martin-Schulz
classification.>® An alternative option is the use of colored contact lenses to achieve a match
artificially. The natural history of iris color, and any potential for this to morph, is unknown.

The need for expeditious harvest and transfer to reduce ischemia time remains true in this
transplant modality as with others. Retinal function of an enucleated eye is greatly decreased
or absent within 5 minutes. Maintenance and restoration of retinal function as measured by
electroretinogram has been demonstrated ex vivo in isolated perfused eyes for up to 10
hours. In these studies, eyes were enucleated, and perfusion was initiated shortly thereafter.
The eyes were perfused under positive pressure with various buffered perfusates.36.60 - 63
The ideal perfusion fluid for the eye remains to be identified.

The actual surgical procedure for donor procurement is still to undergo cadaveric testing but
one can hypothesize the following based on our animal studies and the work of others.51.64
Essentially, donor tissue harvest involves performing an exenteration to include globe,
muscles, fat, suspensory ligaments, and trochlea within the periosteum of the orbit. Superior
and inferior ophthalmic veins would also be dissected with this approach (Fig. 2). An
endonasal endoscopic approach would be used to clip the ophthalmic artery at the
suprasellar cistern, for transection of the optic nerve at the optic chiasm and for transection
of occulomotor, trochlear, and abducens nerves at the cavernous sinus (Fig. 3). Superior
ophthalmic vein and inferior ophthalmic vein branch would also be harvested endoscopically
at the cavernous sinus, with the inferior branch having been ligated at the inferior orbital
fissure and harvested during exenteration.
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To approach the optic chiasm, suprasellar cistern and cavernous sinus, endonasal optic nerve
decompression would be performed in conjunction with an endonasal transplanum approach
with lateral extension to allow for the harvest of the entire optic nerve and the maximum
length of the ophthalmic artery as well as occulomotor, trochlear and abducens nerves.

Using standard endoscopic surgical techniques, the ipsilateral middle turbinate is partially
resected and a complete ipsilateral sphenoethmoidectomy is performed. The skull base and
lamina papyracea are then skeletonized in a posterior to anterior manner. A maxillary
antrostomy is performed to aid in identification of the orbital floor. Key landmarks within
the sphenoid sinus are then identified including the carotid artery and optic nerve
prominence, the lateral opticocarotid recess, and sella turcica. A medial orbital
decompression can then be performed while maintaining intact periorbita. The medial
inferior orbital floor can also be decompressed if necessary. The thicker bone surrounding
the orbital apex is drilled thin enough to be dissected free. Drilling of bone overlying the
optic canal and orbital apex is then undertaken. The bone overlying the optic canal is thinned
and carefully dissected free up to the tuberculum and carotid artery. The dissection can then
proceed medially to identify the ophthalmic artery and the optic chiasm.

An endoscopic endonasal transplanum approach is undertaken to identify the ophthalmic
artery and optic chiasm in the suprasellar cistern (Fig. 4). In brief, a binarial technique is
used by performing a wide sphenoidotomy on the contralateral side in conjunction with a
small posterior septectomy. The intervening bony septations and sphenoid rostrum are
removed. The sella tursica is decompressed while preserving the dura overlying the pituitary
gland. Osteotomies are created superior to the bilateral optic nerves and anteriorly on the
planum sphenoidale. The bone of the planum and tuberculum are decompressed, exposing
the suprasellar dura. Dural incisions are created in the suprasellar dura and carefully
extended laterally to expose both the intracisternal segment of the optic nerve and the takeoff
of the ophthalmic artery from the internal carotid artery (Fig. 5). By expanding the exposure
lateral to the sella, the anterior wall of the cavernous sinus is exposed and removed to access
the lateral cavernous sinus and the occulomotor, trochlear, and abducens nerves (Fig. 6).

Sequential transection of occulomotor, trochlear, abducens nerves, optic nerve, ophthalmic
artery, and veins is then performed.

RECIPIENT SURGICAL PROCEDURE

A tentative surgical flight plan for the recipient surgery follows. Prior to introduction of this
in to the clinical realm, this would first need to be tested, validated, and optimized through
cadaveric studies. This work is ongoing at our institution. Given the challenge of an
anastomosis to the recipient ophthalmic vessels due to limited exposure and need to escape
the zone of injury or pathology, the angular or internal maxillary artery would be ideal
recipient vessels. The former could be achieved through a Lynch incision. The latter would
probably be preferred given the larger caliber of the vessel. The internal maxillary artery
could be exposed by a bicoronal incision with turndown of the temporalis muscle and
extended lateral orbitotomy approach as in middle cerebral artery bypass (Fig. 7).6° The
superficial temporal artery if patent is a further alternative recipient artery. Options for
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venous recipient vessels include the superficial temporal vein if intact, the facial vein or
contralateral superior ophthalmic vein, all of which would require interposition vein grafting
(Fig. 8). Coaptation of oculomotor, trochlear, and abducens nerves at the cavernous sinus
and optic nerve at the optic chiasm would be achieved endoscopically (via the same
approach to the donor procedure described above) using adhesive fibrin glue with or without
nerve guidance conduits.

POSTOPERATIVE CONSIDERATIONS

Vision therapy or vision training is already practiced to improve vision skills such as eye
movement control and eye coordination in numerous conditions of ocular pathology
including problems of eye strain, visually induced headaches, strabismus, and diplopia.
Orthoptic vision therapy addresses eye movements with exercises such as near point of
convergence exercises, base-out prism reading, stereogram cards, computerized training
programs are used to improve fusional vergence, and the wearing of convex/concave lenses.
Behavioral vision therapy aims to treat problems including difficulties of visual attention and
concentration.®8 Secondary adjunctive procedures in the form of strabismus surgery may
also be necessary in some cases.

Clinical ophthalmological examination in conjunction with optical coherence tomography
and electroretinography would form the foundation of an integrated tool for outcome
measures.

CONCLUSIONS

Ushering in the era of vascularized composite allotransplantion of the eye necessitates the
amalgamation of recent advances in transplant immunology medicine and neuroregenerative
solutions with new animal models of eye transplantation as well as testing in cadaveric
studies to address optimal adjunctive therapies and practical surgical protocols. For the first
time the component parts necessary for such an endeavor are being realized and the
possibility of clinical vascularized transplantation of the eye now looms large.
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FIGURE 1.
The orthotopic model for vascularized eye transplantation in the rat.

J Craniofac Surg. Author manuscript; available in PMC 2017 October 01.

Page 12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Davidson et al.

Page 13

FIGURE 2.
Preliminary donor cadaveric dissection demonstrating orbital exenteration including globe,

muscles, fat, suspensory ligaments, and trochlea within the periosteum of the orbit. Superior
and inferior ophthalmic veins.
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FIGURE 3.
Schematic illustration of endonasal approach to decompress orbital apex and access the

cavernous sinus.
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FIGURE 4.
Preliminary donor cadaveric dissection demonstrating endonasal approach to decompress

orbital apex and access the cavernous sinus.
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Optic nerve

Ophthalmic
artery

FIGURE 5.
Preliminary donor cadaveric dissection demonstrating exposure of optic nerve (ON) and

ophthalmic artery (OA) after endoscopic optic nerve decompression.

J Craniofac Surg. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Davidson et al.

Page 17

Roof of orbit removed

FIGURE 6.
Schematic illustration of superior view of cavernous sinus demonstrating inferior access

window created endonasally.
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FIGURE 7.
Preliminary recipient cadaveric dissection demonstrating the internal maxillary artery via

bicoronal incision (A), temporalis turndown (B), and extended lateral orbitotomy (C).
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RECIPIENT BLOOD SUPPLY OPTIONS
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FIGURE 8.
Schematic illustration of candidate recipient vessels with vein grafted superficial temporal

vessels as an example.
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