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Abstract: Disease of the cornea is the third leading cause of blindness worldwide. Corneal graft surgery is one of the most successful
forms of solid organ transplantations in humans, with ever increasing developments in surgical technique. To date, approximately 4504
corneal transplants are performed in the UK each year. While full thickness transplantation was the most commonly performed
keratoplasty over the last few decades, selective lamellar transplantation of the diseased layers of the cornea has been universally
adopted. This comprehensive review aims to provide an updated synthesis on different types of corneal transplantations, their
treatment outcomes, and the associated complications of each procedure both in adult and pediatric populations. In addition, we
also present an up-to-date summary of the emerging therapeutic approaches that have the potential to reduce the demand for donor-
dependent keratoplasty.
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Pediatric Penetrating Keratoplasty
Corneal transplantation remains the treatment of choice for the management of potentially amblyogenic corneal stromal
opacities, edema or severe ectasia within the pediatric population to ensure adequate visual development. It is, however,
highly challenging due to the high risk of graft failure and vascularization when compared to adult keratoplasty, resulting
in poorer visual outcomes.1,2 The reported reasons for worse visual outcomes include associated comorbidities such as
anterior segment dysgenesis, congenital cataracts, optic nerve insults or hypoplasia, all of which limit visual potential and
result in a guarded preoperative visual prognosis. Increased fibrinous reactions have been reported postoperatively
making it more likely that graft rejection will occur.1,3,4 Furthermore, the amblyogenic potential of preoperative corneal
opacities and postoperative astigmatism can severely hinder visual development, and can lead to disappointing visual
outcomes postoperatively despite a clear corneal graft.2 When considering pediatric keratoplasty, a complete ocular
examination, usually under general anesthesia is required to evaluate for potential comorbidities and visual outcomes for
the patient, usually with concurrent ultrasonography or OCT evaluation. Postoperative management requires adequate
education and “buy-in” of the involved carers in order to optimize long-term visual potential alongside amblyopia
management.1

Indication
Due to the rare indications for pediatric keratoplasty only 5% of all corneal transplants in Australia from 1985 to 2009
and approximately 1 in 24,000 live births in the US.3,5 Indication varies by region – congenital corneal opacities such as
Peters Anomaly are the most common indication for keratoplasty in North America, anterior segment dysgenesis in Asia,
infectious keratitis or corneal scarring in Africa and traumatic corneal scars in Northern Europe.1,6 Other indications for
pediatric corneal transplants include keratoconus, trauma, chemical burns, and nontherapeutic corneal scars, which can
also occur in adulthood.4,6
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Graft Survival and Outcomes by Indication
Keratoconus is one of the main indications for penetrating keratoplasty in childhood.8 The reported outcomes within the
literature are good, with 80–100% graft survival at five years.4,6,7 Graft survival in the large Australian Corneal Graft
Registry Study by Lowe et al showed favorable outcomes in corneal transplants, with 75% of recipients aged between 13
and 19 years old achieving BCVA of 0.5 on logMAR, with survival rates of more than 90% at 10 years postoperatively.4,5

A clinical outcome study in Denmark by Hovlykke et al shows that the best postoperative BCVA was achieved in the
keratoconus subgroup with 86% patients having better BCVA compared to preoperatively.9

Despite the potential difficulties with pediatric corneal transplants, it can be argued that the period gained with visual
stimuli and subsequent visual pathway development can ultimately improve overall perception, growth and development
of a child if the intervention is early enough.9 The reasons for high failure rates are cited as lax corneoscleral tissue, a
more aggressive inflammatory response; intracameral and ocular surface response, robust wound healing and persistent
intraocular inflammation. Other factors also include ocular surface instability, glaucoma, and the risk of amblyopia in
visual rehabilitation.9,10 Hovlykke et al described six primary graft failure cases in their study, where short-term graft
failure was mainly caused by infection (52%; herpes related 25%, corneal ulcer nonherpes related 27%) or vasculariza-
tion (41%). Long-term failure was due to endothelial failure.

The indications for pediatric corneal transplants vary throughout the literature, and range between 14 and 64% for
congenital reasons, 19 and 80% for acquired nontraumatic reasons and 6 and 29% for acquired traumatic reasons.
Hovlykke et al demonstrates that grafts in patients treated for keratoconus (92%) and stromal dystrophies (100%) have
the highest survival rates at median follow-up times of 15–20 years.9 In contrast, grafts treated for acquired traumatic
corneal opacities have poor survival rates (failure rate of 63%). As expected, regraft procedures have failure rates as high
as 80%.9 A 40-year retrospective cohort study by Majander et al reported all cases of grafts in aniridic patients failed to
remain clear. Only two out of six grafts undertaken for congenital corneal opacities remained clear. Nonetheless, the only
eye grafted for herpetic keratitis-related corneal scarring retained its clarity for at least 25 years postoperatively with
BCVA of 0.3.6 Children requiring a transplant following a herpetic keratitis generally have a good prognosis with graft
survival rates of more than 80% with a median follow-up duration of 2.7 years.7 A multicenter retrospective study
looking at ocular trauma consisting of children aged 12 years and younger by Dana et al, however, showed a favorable
overall success in penetrating keratoplasty in children comparable to adults, with a graft survival rate of 84% at one year
and 70% at two years or more if the injury did not involve the posterior segment. Graft survival falls to less than one-
third in trauma cases involving the posterior segment. In terms of complications, no cases of endophthalmitis have been
reported. 8(36%) eyes experienced at least one rejection episode, three treated successfully. Four (50%) occurred within
the first six months, all within two years of transplantation. Five out of six failed due to graft rejection, and one because
of phthisis. This study shows that if there is only the anterior segment involvement, one can expect a favorable outcome
if penetrating keratoplasty is done in a timely manner, coupled with visually appropriate visual rehabilitation to reduce
the risk of amblyopia.10

Corneal opacities of the cornea due sclerocornea and Peters Anomaly are often managed with penetrating keratoplasty
at an early stage to allow visual development at infancy and childhood to prevent deprivational amblyopia.7,11 Anterior
segment dysgenesis is a congenital disorder arising from the neural crest during and manifest as a spectrum of disorders
during the development of the anterior segment. Both sclerocornea and Peters Anomaly share common clinical features
such as anterior synechiae, posterior embryotoxon, prominent iris process and congenital glaucoma. Peters Anomaly is
different in comparison to sclerocornea in that in some cases the patient has a clear peripheral cornea with scleral tissue
extension and corneal vascularization.11 Most studies have report a poor prognosis in patients with sclerocornea, with
graft survival said to be in the region of 12–30% with a follow-up duration of five years. Peters Anomaly also has a poor
prognosis requiring multiple corneal transplants, which is further complicated by secondary glaucoma.7,11–14 The risk of
graft failure in Peters Anomaly is high, up to 39% at one year, 38% at three years, and 70% at five years.4,15,16 Kim et al
evaluated the survival rates and median survival times of corneal grafts in patients aged five or younger with either
sclerocornea or Peters Anomaly. The results show that only half of the grafts survived at follow-up of 92.7±10 months
and five years postoperatively. Mean survival time was 135.6±17.9 months in patients with Peters Anomaly and 36.4
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±16.1 months in sclerocornea (p=0.014). Survival rate was 87.5% in Peters Anomaly and 25.0% in sclerocornea
(p=0.02). They also found that presence of vascularization and smaller donor corneas were associated with higher risk
of graft failure.11 In terms of visual outcomes, Lin et al looked at patients aged 0 to 7 who has undergone transplant
surgery for a congenital corneal opacity and found that patients with unilateral sclerocornea had the worst visual
outcome. Retransplantation and lensectomy were associated with poorer visual outcomes, however in the presence of
lens-corneal adhesion or lens dysplasia, lensectomy is unavoidable in some cases.17

Another important determining factor appears to be the age of the child at time of surgery. It has been reported that
younger patients tend to have poorer visual outcomes. Lowe et al reported poorer graft survival in infants younger than
five years old, when compared to a group of children aged 5 to 12 years old and teenagers.1,5 In congenital corneal
opacities requiring corneal transplants, 50% corneal grafts survived in those five years old or younger.11 Gulias-Cañizo
et al also found significant association between graft rejection and age (r=0.153; R2=0.023; p=0.048) with mean age of
rejection at 10.84+4.8 years.4

Conclusion
The survival of grafts in the pediatric population is not as promising as that in adult patients and is largely dependent
upon the age of the patient, preexisting ocular comorbidities and the primary indication for corneal transplant.6,7

However, with the advances in surgical techniques and more effective pre- and postoperative management, the survival
rate for pediatric keratoplasty has improved over the years. A multidisciplinary approach in the management of pediatric
keratoplasty and cooperation with parents are extremely important in determining visual outcomes.

Pediatric Lamellar Keratoplasty
Lamellar Keratoplasty has gained popularity among the pediatric population due to the inherent advantages over primary
penetrating keratoplasty. Anterior lamellar (superficial anterior lamellar keratoplasty, SALK and DALK) procedures
reduce the risk of graft rejection and help to maintain structural integrity whereas posterior lamellar procedures (DSAEK
and DMEK) are associated with improved safety profile, accelerated wound healing, minimal astigmatism hence could
potentially provide a better visual rehabilitation for the amblyogenic pediatric population. Of all pediatric corneal
transplants, lamellar keratoplasties constitute about 28%, which are performed in conditions such as congenital hereditary
endothelial dystrophy (CHED), congenital glaucoma (CG), keratomalacia, anterior segment developmental anomalies,
iris cyst, rubella syndrome, and corneal trauma.18

Indications
Pediatric SALK has been performed for superficial corneal opacities due to previous keratitis, shield ulcers, congenital
dermoid and Salzmann nodular degeneration, and corneal dystrophies.18,19 DALK has shown to be an effective modality
for conditions such as keratoconus, microbial keratitis, corneal scarring, exposure keratopathy, dermoid, corneal
dystrophies, MPS, SJS, ocular rosacea and chemical injury.20–23 In PLK, DSAEK have been indicated in CHED,
polymorphous posterior corneal dystrophy (PPMD), Peters Anomaly, decompensated corneas, buphthalmos, traumatic
aniridia and rejected PKP grafts.18 DMEK however, have been performed in endothelial dysfunction in PPCD and
Kearns–Sayre syndrome.24,25

Outcomes and Complications
SALK
According to Watts et al, BCVA of ≥6/12 were seen in 86.7% of the cases in 48 pediatric eyes who underwent SALK for
limbal dermoid at 12 months. They noted microperforations in 6.3% of the cases, of which regrafts were indicated in two
patients. Other complications include graft melt (2%), deep vascularization (23%), mild corneal opacification (26%) and
suture granuloma (3.3%).26 Guber et al compared 12-year outcomes of pediatric SALK with adult SALK. Data suggests
good visual outcomes when combined with good amblyopic therapy—mean VA pediatric vs adult (0.45 vs 0.55
logMAR). Nonetheless, pediatric SALK required more intensive follow up due to higher complication rates (56% vs
38%) and need for surgical revisions (43% vs 11%).25,27
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DALK
Ashar et al reported graft clarity in 69.2% pediatric patients (n=26) at 7.8 years follow-up following a DALK indicated
for anterior stromal opacity.21 Arora et al reported graft clarity of 90% at 44.5 months follow-up following a DALK
indicated for advanced keratoconus without hydrops.28 Elbaz et al reported 96% graft clarity at 42.7 months in MPS.
Nonetheless 17.6% had intraoperative microperforation although none of them required conversion to PK.22 DM
detachments were seen in 7.6% (2/26) cases (Ashar et al) vs 0.05% (1/20) cases (Arora et al).21,28 The majority of
these occurred intraoperatively and were managed conservatively. Arora et al reported one case (5%) of stromal rejection
and Elbaz et al reported five cases (9.8%) of stromal rejection following a DALK.22,28 Other complications include
unstable refraction, high astigmatism, suture related complications and Urrets-Zavalia syndrome.18

DSAEK
The rates of graft detachment following a DSAEK can be as high as 21% due to lack of postoperative supine posturing in
children, uncontrolled eye rubbing and anatomically rough retrocorneal surface or retained DM.18,29 ECL post DSAEK
ranges from 19–53%.29–31 Lenticular opacification can be as high as 40% post DSAEK due to intra- and postoperative
insults from lens touch, prolonged air tamponade, repeated surgical interventions and prolonged use of topical steroid.
Other complications include rise of IOP (pupillary block at the immediate postoperative phase and steroid response at the
later stage), graft rejection, persistent stromal haze and progressive anterior segment fibrosis. In terms of visual
outcomes, the optical clarity may not be as good as PK due to interface irregularities. Poor visual gain may be
contributed by residual corneal haze, increased corneal thickness and amblyopia.18

DMEK
It is difficult to ascertain long-term outcomes of DMEK in children due to the limited data available. Ali et al report nine
eyes (mean age 5.8±3.7 years) that underwent DMEK for endothelial dystrophies. Postoperatively, DMEK graft
detachment was seen in five eyes, graft failure related to graft dislocation was seen in two eyes and primary endothelial
failure was seen in one eye. There were no cases of elevated IOP and graft rejection. Mean VA improvement was 0.50
±0.14 from 0.88±0.22 at 12 months. Overall graft survival rate was 66.7%.32 Gonnermann et al also reported a case of
successful DMEK in a 12-year-old child with corneal decompensation, with a resultant decrease in corneal thickness
from 837 to 583 µm at six-month follow-up.33

Conclusion
Although LK has many advantages compared to PK, long term outcomes especially in DSAEK and DMEK grafts in the
pediatric population are difficult to ascertain. Careful considerations should be given to the risks of repeated general
anesthesia for postoperative complications and surgical interventions, unpredictable visual outcomes and long-term
monitoring.

The Boston Keratoprosthesis
The introduction of keratoprosthesis (artificial corneal implantation) has brought about a paradigm shift in the future of
corneal transplants. Dohlman et al first described the original collar-button shaped Boston keratoprosthesis (BKPro)
prototype made of polymethyl methacrylate (PMMA) in the 1970s. The outcomes of keratoprosthesis from the first
published paper were mostly unfavorable. Nonetheless, subsequent modification and scientific advancement of kerato-
prosthesis led to the FDA approval of the device in 1992 and 19,000 devices have been implanted as of the year 2019.34–36

The BKPro is available with customized aphakic powers for various axial lengths and also for standard pseudophakic
powers. Parts of the BKPro consist of a front plate, a central stem consisting of a locking interface, and a back plate which is
now available in two materials – the original PMMA and a newer titanium model which has been reported to be superior in
terms of strength, resistance to corrosion and less fibrogenic nature.37–39 The surgical technique of the original type 1
BKPro include preparation of an 8.5 mm–9.0 mm donor corneal button, a 3 mm central trephination before outer diameter
punch for better centration, placing the donor button onto the stem of the front plate and placing the back place onto this
complex.40–42 Lens extraction is necessary at the time of BKPro implantation in a phakic eye. In a pseudophakic eye
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however, depending on the stability of the intraocular lens, the lens can be left in place or explanted. Core anterior
vitrectomy is normally performed in an aphakic eye during BKPro implantation.40

Indication
Traditionally, BKPro was indicated for bilateral severe corneal blindness due to multiple failed corneal transplants and
for eyes that have a poor prognosis for penetrating keratoplasty especially those with ocular surface disease such as
mucous membrane pemphigoid and SJS. Over the years, its use has extended to include other conditions such as
neurotrophic corneas, herpetic keratitis, aniridia, pediatric corneal opacities, autoimmune ocular disorders, extensive
corneal neovascularization, chemical injuries and stem cell deficiency.37,40 Patient selection for BKPro implantation is
important as patients require lifelong follow-up. Those who are known to have poor compliance to medications and
attendance should not be considered for BKPro implantation. Patients with a healthy contralateral eye with reasonable
visual function (20/50 or better) should be dissuaded from keratoprosthesis surgery as the diseased eye should be kept in
reserve if needed in the future. In addition, patients with preexisting conditions like end-stage glaucoma, severe optic
neuropathy, chronic retinal detachment and macular pathology would not benefit from BKPro implantation as the risks
would outweigh the potential visual benefits. It is also important to ensure patients have sufficient tear production in
order to keep the donor corneal component functioning. Certain pathologies such as SJS and MMP that result in an arid
ocular surface do not always do well with BKPro implantation for this reason.40

The visual outcomes of keratoprosthesis however, vary significantly and are related to the indication for implantation
and concurrent pathology. According to a large case series from Yaghouti et al, the most favorable outcomes are in
patients with graft failure in a noncicatrizing conditions (68% have BCVA between 0 and 1.00 logMAR at five years),
reasonable outcomes in those with ocular cicatricial pemphigoid (43% at five years) and chemical burns (64% at five
years) with the worst outcomes being in Steven–Johnson syndrome (SJS, 0% at five years).43

PK vs BKPro for Corneal Graft Failure
Ahmad et al published a systematic review and meta-analysis to evaluate the clinical outcomes of repeat PK vs BKPro
implantation. The pooled data shows that the probability of achieving BCVA 1.0 logMAR or better is higher with a
BKPro compared to a repeat PK at two years (80%; 95%CI: 68–88% vs 42%; 95%CI: 30–56%). Visual prognosis
remains higher with BKPro at 37 months follow-up duration. The retention rate of BKPro was 98.9%, 94% and 75% at
one, two, and five years, respectively (95%CI: 64–84%) compared to 79%, 67%, and 47% (95%CI: 40–54%) survival
rate for clear grafts. Their results also show 25% (95%CI: 10–44%) an incidence of glaucoma requiring intervention after
a repeat PK compared to 30.7% following a BKPro at three years. In cases of repeat PK, intraocular pressure (IOP) rise is
likely due to the closed-angle mechanism and steroid use. In contrast, in patients with a BKPro, conventional and
accurate IOP measurements are difficult due to the prosthetic ocular surface, and can present challenges in the manage-
ment of glaucoma. The rate of infectious keratitis was 18% in PK compared to 2.9% in BKPro at five years. Incidence of
endophthalmitis in BKPro implantation was 5.4% in literature between years 2001 and 2011. This meta-analysis
demonstrates superiority of BKPro implantation in visual outcomes as compared to PK in patients with previously
failed PKs, however this needs to be balanced against the risk of both glaucoma, retinal detachment and endophthalmitis.
It is also important to consider that, if BKPro implantation fails requiring explantation, severe visual loss could be
irreversible.44

BKPro as Primary Penetrating Corneal Procedure
A retrospective interventional comparative study compared patients with BKPro as a primary procedure (group 1) with
patients who had PK prior to BKPro (group 2). A single surgeon based in Canada carried out all procedures. The results
show that 87% patients from group 1 and 63% from group 2 have BCVA of 1.0 logMAR at 12 months (p=0.03). Eight-
seven percent of eyes from group 1 and 80% from group 2 have an improvement of two lines or more during the follow-
up period. Four (13%) eyes from group 1 and 15 (38%) eyes from group 2 failed to achieve vision of 1.0 logMAR at 12
months due to preoperative comorbidities like glaucoma and postoperative complications such as, corneal melt (3.3% vs
5.0% p=1.00), endophthalmitis (3.3% vs 2.5% p=1.00), retinal detachment (20.0% vs 37.5% p=0.19) and choroidal
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hemorrhage (13.3 vs 7.5%, p=0.45). More common postoperative complications include postoperative glaucoma (66.7%
vs 75% p=0.59), retroprosthetic membrane (RPM) formation (33.3% vs 37.5% p=0.80), and persistent inflammation
(30.0% vs 37.5% p=0.61) in both groups.45 RPM formation is a fairly common complication occurring up to 25–65%
cases within a year of BKPro implant, of which 45% would eventually require treatment in the form of YAG
membranotomy and 11% requiring surgical revision.46 The manufacturer’s use of a titanium back plate was intended
to reduce the risk of RPM formation.47 There was no significant difference in complications or retention rates in both
groups. 28 (93%) eyes from group 1 and 36 (90%) from group 2 had at least one postoperative complication. There were
no intraoperative complications in both groups. This study reported favorable outcomes at 12 months postoperatively in
respect to visual outcomes, complications and retention rates. BKPro have shown to be effective in cases especially
where PKs are expected to fail, for example, severe limbal stem cell deficiency, neurotrophic keratopathy and aniridia.45

BKPro in Challenging Cases
De la Paz et al presented an interesting study describing the outcome of patients with BKPro in challenging cases
(chemical or thermal burn vs autoimmune vs other diagnoses) in regard to anatomical and visual outcomes. They
included 12 eyes with chemical and thermal burns, 16 eyes with autoimmune diseases (SJS, Lyell's syndrome, graft
versus host disease (GVHD), ocular cicatricial pemphigoid and immunotactoid keratopathy), six eyes with bullous
keratopathy, five eyes with congenital aniridia keratopathy, seven eyes with leukoma following keratitis, four eyes with
ocular trauma, three eyes with congenital opacities, three eyes with corneal ectatic disease, one eye with calcific
keratopathy and one eye with limbal stem cell deficiency due to contact lens overuse, one eye with cicatricial trachoma
and one eye with congenital glaucoma. Patients younger than 12 years old were excluded from data analysis. In terms of
anatomical survival rates, the outcome of the autoimmune cases was better than those with chemical or thermal burns,
but was similar to those in the ”other diagnoses”. From three years onwards, there was a tendency for the chemical or
thermal burn group to worsen but the other two groups remained stable (p=0.26). In terms of visual acuity, the chemical
or thermal burn and the autoimmune groups had better BCVA results one year postoperatively. At three years, BCVA
tends to worsen in the autoimmune and ”other diagnoses” group. Their results show very good anatomical and visual
outcomes at three years postoperatively in the chemical or thermal burn group. In their paper, they reported ocular
cicatricial pemphigoid as an absolute contraindication for BKPro as the presence of severe dry eye disease, symblepharon
and ocular fibrosis would make bandage contact lens nonadaptable Instead of BKPro, a suitable alternative would be
biological keratoprosthesis like osteo-odonto-keratoprosthesis (OOKP) or tibial bone KPro.48 A prospective study by
Magalhães et al also supports the use of BKPro in managing bilateral limbal stem cell deficiency secondary to ocular
injury with good anatomical and functional results. They also suggested BKPro as an alternative for visual rehabilitation
in patients with severe ocular surface disease as the majority (90%) of patients have significant improvement in BCVA up
to two years postoperatively. Care should be taken as persistent epithelial defects are common complications post-
operatively and carry an increased risk of sterile stromal necrosis.49

Management of BKPro
Postoperatively, a soft bandage contact lens will be placed over the keratoprosthesis indefinitely and replaced regularly.
This allows for better hydration of exposed tissue, enhancing the device retention and such to reduce the risk of dellen
formation, epithelial defects and corneal melt. Patients will also require a topical regimen of steroids tapered according to
the levels of inflammation. Use of broad-spectrum topical antibiotics prophylactically which include topical fluoroqui-
nolone drops with an addition of 1.4% vancomycin have significantly reduced the incidence of endophthalmitis.34,37,40,50

Osteo-odonto-keratoprosthesis (OOKP)
OOKP was first described in Rome by Professor Benedetto Strampelli, where a support for an artificial cornea from the
patient’s own tooth root and surrounding alveolar bone are used to provide support for an artificial corneal device to
restore cornea related visual loss not amenable to other forms of surgery. It is based on the principle using a patient’s own
tooth as a biological frame to support an acrylic optic in patients with end-stage ocular surface disease.51,52 Falcinelli
further improved the pioneering work by Strampelli in a stepwise fashion. This is to ensure long-term visual outcome and
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retention.53,54 The indications of OOKP include bilateral blindness due to SJS, ocular cicatricial pemphigoid, Lyell's
syndrome/TENS, epidermolysis bullosa acquisita, trachoma, chemical injury and physical injury, lid loss (Crouzon
disease), vascularized corneas with complete limbal stem cell deficiency, multiple failed penetrating keratoplasty and
corneal decompensation following vitrectomy with silicone oil filling that cannot be removed safely. On the contrary,
patients younger than 17 years old, eyes with no perception of light (NPL), phthisis, and those with posterior segment
pathologies that severely affect visual potential are all absolute contraindications to OOKP. Flash-VEP and flash-ERG are
useful to identify retinal function but may not be reliable to predict visual outcomes due to masking of amplitudes due to
significant anterior segment scarring. It is also important to discuss, the acceptance of cosmetic appearance, potential
complications, follow-up, compliance and patient expectations postoperatively.4,55

Outcomes
OOKP has demonstrated to be dependable with an anatomical retention of above 80% over a period of 20 years. It has
proven to be rewarding to many patients with end stage blindness, with more than half of patients achieving BCVA of
better than 0.3 logMAR.56,57 A 100% survival rate was seen in series published by Tan et al, Marchi et al, and Hille et al
at five-year follow-up.57–59 In all studies reviewed in the case series by Tan et al, the anatomical survival was 87.8%
(range 67–100%; SD 0.15) at five years in all studies and 81.0% (range 65–98%; SD 0.16) in three studies at 20 years. In
terms of visual outcomes, 52% (range 46–72%; SD 0.22) of patients achieved BCVA better than 0.48 logMAR. Eyes
requiring regrafts where the entire optical cylinder and lamina had to be removed and replaced with either another OOKP
or a tectonic graft occurred in 1–5 patients across studies reviewed. 4–11 patients throughout the studies had mucosal
repeat grafts for lamina extrusion or mucous membrane ulceration. One to twelve patients had a repeat mucosal clearance
for overgrowth over the optical cylinder. Three to ten patients required glaucoma surgery and three to four patients
required a vitrectomy.57

Complications
The most common complication occurring up to 50% include buccal mucosal graft issues such as mucous membrane
overgrowth occluding the optical cylinder, ulceration, or exposure of lamina.60,61 Mucosal overgrowth can be managed
by trimming and cautery. Mitomycin C can be used in recurrent cases, but as an off-label application. Mucosal
ulcerations, however, are managed according to their severity and underlying cause, that is, ischemia, dryness, or
infection. For small ulcers, extensive lubrication may be adequate, however for larger ulcers, patients may require
surgical intervention with tarsal pedicle, mucosal rotation, buckle handle flaps and free patch grafts. Glaucoma is an
important risk factor for poor visual outcome despite a good anatomical result for OOKP. Difficulties in measuring the
patient’s IOP further complicate the monitoring of glaucoma and this relies on manual digital palpation. Furthermore,
anti-glaucoma medications are often not absorbed through the thick mucosal membrane graft.60 A paper published by
Falcinelli et al reported the prevalence of preexisting glaucoma of 36.4% in 181 patients, whereas Zarei-Ghanavati et al
reported prevalence of de novo glaucoma of 15% and preexisting glaucoma of 40%.60,62 Intracapsular lens extraction
during OOKP may decrease the incidence of glaucoma, allowing optic nerve assessments to take place using optical
coherence tomography and visual field testing. Management would include systemic acetazolamide, sublingual timolol or
off-label beta-blockers. Surgical intervention may be required to reduce IOP. In terms of retinal and choroidal complica-
tions, vitreous hemorrhage and choroidal detachments are usually self-resolving in the early postoperative period.60 Only
one-third of patients require vitreoretinal input for either diagnosis or management of complications.63 Nonetheless,
retinal detachment repair has a low success rate of only 20% thus it is important to educate patients regarding signs and
symptoms of conditions such as retinal detachment and endophthalmitis where timely treatment improves outcomes.64

CorNeat KPro
The CorNeat KPro is a novel device using nanoscale chemical engineering technology that creates a scaffold that
stimulates cellular growth and subsequent invasion of native cells. It comprises a central PMMA optical member and an
external integrating skirt consisting of carbonated polyurethane fibers and is placed under the conjunctiva. Its unique
features allow short- and long-term integration, and animal (rabbit) studies have shown high (87.5%) retention rate with
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diffuse infiltration of fibroblast with collagen deposition among the fibrils composing the kPro implant. This resolves the
issues of tissue availability seen in BKPro. The results of the study are promising, as all implants were retained with no
hypotony at one month postoperatively. Nonetheless, lenticular opacities were noted in five out of eight implanted eyes
likely due to lens touch perioperatively. This can be explained by the different ocular anatomy where the anterior
chamber is narrower in rabbit eyes. Subacute bacterial endophthalmitis was reported in one case seven weeks
postoperatively.65 A prospective, open label, single arm study is currently recruiting human patients to assess the safety
and efficacy of CorNeat KPro for the treatment of corneal blindness.66

Future Perspectives
Application of Femtosecond-lasers in Corneal Transplantation Surgery
Currently the most well-known ophthalmic application of femtosecond-lasers is corneal flap creation during laser
refractive surgery such as laser-assisted in-situ keratomileusis. Recent advances in the use of femtosecond-laser assisted
keratoplasty (FLAK) has been an exciting development in corneal transplantation methods. The precise computer-guided
cutting in FLAK enables incisions of different configurations, such as zig-zag, top hat, mushroom, and decagonal
shapes.67 The increased surface area and interlocking surfaces between graft and host tissues allows for faster wound
healing. Various studies have reported that FLAK has improved visual outcome with better BCVA and lower astigmatism
compared with conventional PK.68–70

There are many theoretical advantages of the femtosecond laser-assisted DALK (FSDALK) over its manual version.
Computer-guided placement of femtosecond-lasers can induce incisions in the cornea at precise location and depth. In
DALK, separation of DM from host stroma is notoriously the most difficult and crucial step. If unsuccessful, DM
perforation may occur and lead to conversion to PK, even in experienced hands. Creating a trephination and a deep
lamellar incision with femtosecond-laser were shown to increase the chance of complete removal of the overlying stroma
and the baring of the host DM.71,72 Multiple studies have demonstrated that FSDALK provides superior conformation of
the donor tissue to the host bed, allowing faster healing, earlier suture removal,73,74 lower rejection rate,75 and enhanced
visual outcomes.69,73 One safety concern of FSDALK is femtosecond-laser induced endothelial cell death if the incision
is placed too close to the DM. Although very few studies have specifically investigated endothelial cell loss after
FSDALK, Li et al reported no difference in 12-month ECD loss between eyes that underwent FSDALK and DALK.73

DM Stripping-Only without Endothelial Keratoplasty (DWEK)
Over the past decade, different types of endothelial keratoplasties had largely succeeded PK as the mainstream technique
to manage FECD. These techniques are associated with issues inherent to corneal transplantations, such as graft rejection,
postkeratoplasty complications (eg glaucoma, graft detachment, primary graft failure), and tissue availability. Inspired by
the observation of corneal clearance after iatrogenic trauma,76–79 “descemetorhexis without endothelial keratoplasty”
(DWEK) is a procedure that involves the removal of a small area of the failed central endothelium and DM without
transplantation of a donor corneal graft, thus reducing the reliance on the limited donor pool.80 The procedure has also
been termed “descemetorhexis without graft placement/grafting”, “DM stripping-only without endothelial keratoplasty
(DSO)”.81,82 Earlier observations on DWEK reported mixed results after stripping DM with a diameter of 6–9 mm in
clearing corneal edema (0–66.7%),83–85 while smaller descemetorhexis of 3–4 mm appeared to provide superior
clearance rates (63.2–100%).81,86–88 Persistent non-clearing corneal edema may need to undergo endothelial
keratoplasty.83,84 Potential complications associated with DWEK include posterior stromal scarring possibly due to
unpredictable healing responses initiated by intraoperative trauma to the stroma,89 DM detachment (which may require
re-bubbling),81 and irregular astigmatism.82 Regarding postoperative visual outcomes, the reported BCVA ranged from
−0.12 to 0.13 logMAR with variable follow-up time (4–36 months).81,86 Huang et al reported no significant difference
between postoperative BCVA in DWEK and DMEK cases (0.16 vs 0.13 logMAR), although the DWEK cases took
longer to reach 0.3 logMAR vision (7.1 weeks vs DMEK 2.2 weeks).87
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Tissue Engineered Corneas
Due to the worldwide mismatch between demand and supply of human corneal tissue, bioengineered cornea is an
exciting prospect to help overcome the problems associated with insufficient donor supply. The corneal tissue-equivalent
should ideally mimic native tissue both structurally and functionally.90 The construct needs to support the growth of a
functional corneal epithelial sheet for protection of intraocular contents from pathogenic invasion; the mechanical
strength of the scaffold should be comparable to the stiffness of native corneal stroma; the microscopic collagen fibrillar
structure of the construct needs to be parallel as in natural stroma in order to achieve optical transparency.90 To create
tissue-equivalent with these properties, attempts have been made on decellularized xenogeneic tissues91,92 and natural or
synthetic polymers93–95 with various level of success. More evidence is required to confirm the efficacy of these
approaches.

Emerging Therapies for Endothelial Dysfunction
As mentioned above, the shortage of corneal grafts is a significant limitation on corneal transplantations. This is a
particularly challenging problem in a society with aging populations and an increased prevalence of corneal endothelial
diseases like FCED. Rho-kinase (ROCK) signalling is an important cellular pathway that plays a role in a wide spectrum
of pathological conditions.96 ROCK inhibitor (Y-27632) was found to enhance corneal endothelial cell proliferation,
promote cell adhesion, and suppressed apoptosis.97 In vivo studying using ROCK inhibitor eye drops on animal models
with a damaged corneal endothelium demonstrated the promotion of wound healing.98,99 Early clinical studies investi-
gating the effect of ROCK inhibitors on patients with FCED revealed various levels of success.99,100 Topical adminis-
tration of ROCK-inhibitor has been found to be able to promote endothelial cell migration and salvage failing DWEK
cases.81 More recently, Macsai et al compared the outcomes of patients who underwent DWEK with topical use of
ROCK-inhibitor postoperatively against those who underwent DWEK alone, and they found that the ROCK-inhibitor-
treated group experienced a significantly faster visual recovery (4.6 vs 6.5 weeks) and had higher central endothelial cell
counts (1086 vs 736 cells/mm2).88 Further clinical trials with larger sample sizes are required to confirm the efficacy of
ROCK inhibitor eye drops.

Cell therapy appears to have the potential to replace deficient tissues. Researchers have managed to directly expand
corneal endothelial cells in vitro from cells extracted from human corneal grafts.101 Recently, the simultaneous injections
of cultured human CECs and ROCK-inhibitor after DSO has also demonstrated improved CEC density (mean final CEC
density 1257 cells/mm2) and visual acuity (mean final BCVA 0.05 logMAR) in 10 of 11 treated eyes after five-year
follow-up.102 Another strategy is autologous stem cell-based therapies, which use adult stem cells such as skin-derived
precursors, mesenchymal stem cells, and induced pluripotent stem cells for the expansion of corneal endothelial cells.103

Bioengineered materials have also been developed to aid the expansion of endothelial cells and eventual delivery of
cultured cell sheet by intracameral injection.104

Preclinical studies investigating gene-based approaches that utilize antisense oligonucleotides (ASO) have yielded
promising effects on ameliorating the cellular toxicity mediated by the trinucleotide repeat expansion on the gene TCF4,
a gene that is known to cause FECD, in patient-derived CEC models.105,106 These efforts have culminated in first-in-man
clinical trials.107,108 Further clinical trials is required to determine to safety and efficacy of ASO as a gene-based therapy
for FECD.

Conclusion
A century has passed since the first corneal transplant was performed, and the evolution within the field of corneal
transplantation has been extraordinary. While full thickness replacement has been the most popular form of corneal
transplantation for decades, lamellar keratoplasties only targeting affected layers of tissues have quickly gained
popularity owing to their superior visual outcome and enhanced graft survival rate. Technological and scientific
advancements continue to foster developments in laser-assisted keratoplasty, tissue engineered cornea and cell therapies,
which further drive the evolution in treatment of corneal diseases. Exciting emerging therapies have the potential to offer
specific cellular replacement of the affected areas, and could eventually replace conventional keratoplasty in certain
conditions.
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