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Abstract: The cornea is the major focusing structure of the human eye

and the corneal endothelium maintains the relatively dehydrated state of

the cornea required for clarity. The endothelial cells respond to disease or

injury by migration and cellular enlargement. Our current understanding

is that there is a very limited degree of proliferative or regenerative

capacity in the human corneal endothelium. Thus, corneal endothelial

diseases may result in corneal edema, significantly impact vision and

quality of life. Contemporary surgical transplantation options for treating

moderate to advanced endothelial dysfunction include penetrating kera-

toplasty (PK), Descemet stripping endothelial keratoplasty (DSEK), and

Descemet membrane endothelial keratoplasty. Advances in surgical

techniques aim to bring faster visual recovery and improve visual out-

comes; however, there is still a significant donor cornea shortage world-

wide and alternative methods for treatment for corneal endothelial disease

are rapidly evolving. Indeed, we are at a pivotal point in corneal

transplantation for endothelial disease and novel surgical strategies

include using 1 donor for multiple recipients, a minimally attached

endothelial graft, and Descemet membrane stripping only. Crucially,

forthcoming approaches include the use of Rho-Kinase (ROCK) inhib-

itors, endothelial cell therapy, tissue engineered grafts, and consideration

of stem cell techniques. Ultimately, the choice of technique will be

dependent on recipient factors such as age, type of endothelial disease,

extent of the disease, and associated ocular disorders. The safety and

efficacy of these rapidly developing treatments warrant further inves-

tigations. In time, some or all of these alternatives for corneal transplan-

tation will alleviate the reliance on limited corneal donor tissue.
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C orneal endothelial cells play a crucial role in regulating

corneal hydration. However, these cells are known to

undergo very little or no proliferation in vivo and typically

respond to reduced density by migration and cellular enlarge-

ment.1 Therefore, disease or injury to these cells may result in

corneal edema and loss of corneal transparency; hence, significant

visual loss, including blindness, may occur.

Corneal endothelial diseases affect all ages, have a signifi-

cant impact on vision and quality of life, and have obvious

economic implications subsequent to visual impairment. The most

common endothelial disorders leading to transplantation, Fuchs’

endothelial corneal dystrophy (FECD) and pseudophakic bullous

keratopathy, predominantly affect older age groups.2 Iridocorneal

endothelial syndrome is usually observed in middle age, typically

affecting only 1 eye and being a much less common indication for

transplantation.3 In contrast, posterior polymorphous dystrophy

and congenital hereditary endothelial dystrophy both affect young

children. As mild endothelial disease is usually asymptomatic,4 the

true incidence of corneal endothelial disease remains unknown.

Treatment of corneal endothelial disease is usually only

necessary once the cornea begins to decompensate and develops

a degree of corneal edema. In early cases of corneal decompensa-

tion, vision may be temporarily maintained by simple strategies to

reduce the hydration of the cornea. These may include the use of 5%

hypertonic saline drops or ointment,5 using a hairdryer held at arm’s

length to blow cool air over the cornea to increase evaporation,6 or

reducing the intraocular pressure (IOP) to decrease fluid flow across

the endothelial barrier.6 However, in moderate to advanced endo-

thelial dysfunction, surgical intervention in the form of corneal

transplantation is typically required to restore vision.
EVOLUTION OF CORNEAL TRANSPLANTATION
The first successful human corneal transplant was performed

by Eduard Zirm (1887–1948) in Louts near Prague in 1905.7

Subsequent developments in antiseptic principles, anesthesiol-

ogy, surgical technique, and immunology led to improved surgi-

cal methodology, technology and instrumentation, postoperative

management, and visual outcomes.8

In the ensuing decades, particularly since the 1960s, the

number of corneal transplants performed each year has increased

globally.9

Until relatively recently, penetrating keratoplasty (PK) has

been the mainstay surgical procedure for the management of

corneal endothelial disease. However, the last 15 years have seen

a renaissance in, and wide acceptance of, posterior lamellar

techniques which selectively replace the corneal endothelium.
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Descemet stripping automated endothelial keratoplasty (DSAEK)

involves transplantation of the Descemet membrane (DM)-endo-

thelial complex with a thin layer of posterior corneal stoma,

and Descemet stripping automated endothelial keratoplasty

(DSAEK), a version of DSEK where donor tissue is cut using

an automatic microkeratome, instead of by hand. Descemet’s

membrane endothelial keratoplasty (DMEK) involves transplan-

tation of the DM-endothelial complex in isolation.

The development of these lamellar techniques has seen the

demand for endothelial grafts increase significantly.2 In New Zea-

land, where keratoconus is by far the leading indication of corneal

transplantation, endothelial keratoplasties comprised 39% of all

procedures in 2018, with 31% DSAEK and 8% DMEK (personal

communication, L. Moffat, New Zealand National Eye Bank,

April 2019). In Australia and the United States, DSAEK and DMEK

together account for more than half of all corneal grafts.10,11 In the

United States, where lamellar corneal surgery overtook penetrating

surgery in 2011, the most common indication of endothelial corneal

transplantation is FECD (49.2%), followed by pseudophakic bullous

keratopathy (17.2%), and repeat transplant (8.8%).12
PK
PK is a very well-established technique and remains the most

commonly performed type of tissue transplantation worldwide.13

The absence of a tissue interface in the visual axis allows optimum

optical clarity of the transplanted tissue, making 20/20 vision

possible, usually with the aid of spectacles or contact lenses. In

addition, the long-term survival of full thickness corneal grafts has

been reported to be as high as>90% at 10 years in low-risk cases.14

Despite the successes in terms of visual outcomes and survival,

PK has a number of limitations. The “open sky” aspect of the

procedure is associated with intraoperative risks such as expulsive

hemorrhage and iris prolapse, and postoperative complications

such as anterior synechiae and endophthalmitis.15 Common post-

operative complications include raised IOP, loose or broken

sutures, and corneal allograft rejection, each of which has been

reported to occur in approximately 30% of PK.15 The need for

prolonged topical corticosteroids is associated with complications

including raised IOP and cataract.16 Ultimately, corneal astigma-

tism is the most common cause of suboptimal vision in the presence

of a clear graft,17 with approximately one third of eyes having

�5.00 diopters of corneal astigmatism after PK.18
DSEK/DSAEK
Lamellar surgery offers a number of advantages over PK. It

avoids the “open sky” segment of surgery, therefore limiting the

associated complications observed during PK.19

In DSEK/DSAEK, the donor button comprises endothelium,

DM, and a thin layer of deep stroma. This procedure is less

invasive than PK, and requires minimal or no sutures. The

preservation of host corneal structure and shape with minimal

addition of tissue results in a tectonically stronger eye. Postoper-

atively, topical corticosteroids are used for a shorter period,

thereby minimizing corticosteroid-related complications such

as elevated IOP. In 2009, a major review of DSEK/DSAEK in

2,722 eyes published in 34 substantial articles demonstrated the

safety and outcomes of these procedures.20 Importantly, visual

rehabilitation occurs more rapidly, typically over a period of

weeks rather than months, mainly due to lower surgically induced
442 | https://journals.lww.com/apjoo
astigmatism and ametropia. Other advantages include fewer graft

rejection episodes and less intensive patient follow-up.20

The most common adverse events included graft dislocation

in 14% (range 0–82%), primary graft failure in 5% (range 0–

29%), endothelial rejection in 10% (range 0–45%), and iatrogenic

glaucoma in 3% (range 0–15%). Although graft dislocation was

the most common complication after DSEK, if managed appro-

priately, it is not sight threatening compared with PK dislocation/

graft-host junction disruption. It can be treated by injecting air

into the anterior chamber, to form a large bubble that apposes the

donor graft against the host tissue to promote attachment (also

known as a rebubble procedure). Endothelial cell loss at 1 year

was significant and ranged from 24% to 61%, with an average of

41% cell loss. Based on these results, the American Academy of

Ophthalmology (AAO) concluded that DSEK was superior to PK

in terms of earlier visual recovery, refractive stability, refractive

outcomes after surgery, wound and suture-related complications,

and suprachoroidal hemorrhage risk during and after surgery.20

They also concluded that DSAEK was comparable with PK in

terms of surgical risks, complication rates, graft survival (clarity),

visual acuity, and endothelial cell loss.20

A subsequent study of 1223 eyes that underwent DSAEK

between 2012 and 2014 with 5-year follow-up showed late

endothelial graft failure occurred in 1.3% of eyes.21 Interestingly,

endothelial cell density at 6 months postoperatively and intraop-

erative complications were each significantly associated with late

endothelial graft failure.21

Despite the substantial initial endothelial cell loss, the 5-year

graft survival rates of DSAEK have been reported to be compa-

rable to those of PK (95% in Fuchs’ endothelial dystrophy, 76%

for bullous keratopathy).22 Notably, the mean endothelial cell loss

at 5 years postoperatively in this large series was 53%.22 Keane

et al23 reported evidence of the existence of a national surgeon

learning curve for DSEK/DSAEK in Australia. The authors

concluded that once 56 of such grafts had been performed,

subsequent graft survival was not affected by further experience.

DMEK
DMEK involves transplantation of the DM-endothelium

complex and is more surgically challenging than DSAEK. Much

of the challenge relates to difficulties in unrolling the donor scroll

once inserted into the anterior chamber. Although the mean

DMEK rebubble rate to manage graft detachment (mean

28.8%, range 2.4%–82%)24 is typically reported to be much

higher than that for DSAEK (mean 14%, range 0–82%),20 the

ranges are similar and the rebubble rate decreases with increased

surgeon experience performing DMEK.24

DMEK has been demonstrated to offer some advantages over

DSAEK. A report by the AAO reviewing the published literature

on DMEK confirmed faster visual recovery and better visual

outcomes with DMEK compared with DSAEK, with 50% to 55%

achieving best-corrected visual acuity (BCVA) of �20/25

6 months after DMEK compared with 6% to 31% at 6 months

after DSAEK.24 The endothelial rejection rate after DMEK

(1.9%) is also significantly lower than that after DSAEK

(10%). Despite the reported lower rate of allograft rejection,

the 5-year graft survival rate of DMEK (93% in Fuchs’ endothe-

lial dystrophy) is comparable to that reported for DSAEK and

PK25, and this apparent anomaly requires to be further illuminated

by longer-term follow-up.
� 2019 Asia-Pacific Academy of Ophthalmology.
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Endothelial cell loss has been reported to be comparable

between the 2 endothelial procedures over time.24,25 The mean

endothelial cell loss after DMEK being 33% (range, 25%–47%)

at 6 months,24 and 48% at 5 years.25 Perhaps surprisingly, a large

multicenter study of 2485 DMEK eyes reported that visual acuity

outcomes and endothelial cell loss at 6 months did not correlate

with surgeon experience with DMEK.26

Overall, it may be concluded on the basis of contemporary

published data that compared with DSAEK, DMEK provides a

faster visual recovery, better visual outcome, and lower risk of

rejection, but is associated with a higher rebubbling rate.
FUTURE ALTERNATIVES TO CONVENTIONAL
ENDOTHELIAL KERATOPLASTY

Although surgical techniques for corneal transplantation

have evolved and the success of this procedure has improved

substantially over the half-century, there are still significant lim-

itations. In particular, a global major issue is the paucity of donor

tissue (only 1 cornea available for potentially every 70 required).27

Alternative forms of treatment for corneal endothelial disease are

therefore being sought at this pivotal time in the ongoing quest for

improved surgical and medical treatments for corneal diseases.

Hemi- and Quarter-DMEK
One way of overcoming the problem of shortage of donor

tissue is to use one donor cornea to treat multiple patients. Some

success has been reported on inserting half (hemi-DMEK) or

quarter (quarter-DMEK)-sized DMEK grafts after creating a

circular Descemetorhexis in patients with FECD. 6 months after

hemi-DMEK, 70% of eyes achieved BCVA of �20/40 with a

mean reduction in central corneal thickness of 255 mm.28 6 months

after quarter-DMEK, all eyes achieved BCVA of �20/40 with a

mean reduction in central corneal thickness of 120 mm.29 Inter-

estingly, rebubbling was required in a high percentage of patients

receiving hemi-DMEK (40%) and quarter-DMEK (33%). In both

studies, endothelial cells filled in denuded areas, suggesting that

the corneal endothelium does have some regenerative capacity in

vivo, although it is unclear whether this regeneration originated

from the donor cells or the recipient endothelium.

Descemet Membrane Endothelial Transfer
The results of hemi- and quarter-DMEK raise the question of

how small the donor transplant can be, yet be able to repopulate a

normal-sized descemetorhexis. Notably there have been multiple

reports involving >30 patients who achieved corneal clearing as

early as 2 weeks postoperatively, despite endothelial graft detach-

ment.30–34 These reports suggest that complete graft attachment is

not essential for reendothelialization to occur, leading researchers

to explore the potential of transplanting a “free-floating" Desce-

met roll with the edge of the graft sutured to the corneal incision to

ensure a focal area (bridge) of contact.

When this procedure, termed Descemet membrane endothe-

lial transfer (DMET), was performed in eyes with FECD (n¼ 7),

progressive corneal clearance was observed at 6 months postop-

eratively, with a mean decrease in central corneal thickness of

100 mm and mean endothelial cell density of 797 cells/mm2.35

However, in eyes with bullous keratopathy (n¼ 5), there was no

improvement in any of these parameters and no reendothelializa-

tion after DMET.35 Importantly, eyes with FECD had relatively
� 2019 Asia-Pacific Academy of Ophthalmology.
normal, healthy peripheral corneal endothelium, whereas eyes

with bullous keratopathy eyes did not. These results suggest that

reendothelialization in DMET may be dependent on a relatively

healthy recipient peripheral endothelium, without ruling out the

possible contribution from the donor graft endothelial cells

toward reendothelialization.

There is further evidence for corneal endothelial cell migra-

tion from the recipient periphery. In 2 cases of early DMEK

detachment previously noted, corneal clearing and thinning was

initially observed at the site of graft detachment, progressively

extending to the rest of the cornea, strongly suggesting migration

of peripheral endothelial cells as a wound healing response,

resulting in redistribution and confluence of endothelial cells in

the denuded cornea.31,32 Also, in cases of the DMEK graft being

reversed and the endothelium inserted onto the recipient cornea in the

incorrect orientation, corneas have shown clearance from detached

areas rather than attached areas, suggesting that the upside-down

attachment was a physical obstruction to endothelial migration.36 PK

buttons excised 1 to 30 years after PK showed a mixture of recipient

and donor cells, confirming that migration from the recipient can

definitely occur over a long period of time.37 In multiple cases

wherein a piece of healthy endothelium and DM was accidentally

removed during cataract surgery, the corneas cleared without any

graft; therefore, the source of endothelial cell confluency and subse-

quent corneal clearing can only be endogenous.34

Descemetorhexis Stripping Without Endothelial
Keratoplasty

The results of DMET and the aforementioned studies suggest

that the periphery of the recipient cornea has the ability to repopulate

the denuded corneal stroma after intentional or accidental Desce-

metorhexis, in the absence of a well attached graft (owing to

detachment, upside-down grafts, or lack of donor tissue at the time

of accidental Descemetorhexis). This naturally raises the question of

whether corneal endothelial diseases can be treated by simple

Descemet stripping without endothelial keratoplasty (DWEK).

To date the results of DWEK have been controversial.

Indeed, an early study by Bleyen et al38 reported poor results

using this technique in FECD (n¼ 8), with only 1 eye exhibiting a

clear cornea and improved vision at 18 months postoperatively.

However, the diameter of the descemetorhexis was not reported.

Another case study described reendothelialization within 1 month

in 2 patients undergoing DWEK39: in 1 eye with a large diameter

accidental Descemetorhexis, BCVA improved to 6/6 within 1

month, with central corneal endothelial density of 753 cells/mm2;

in the other eye with FECD and a planned 4- to 5-mm mm diameter

descemetorhexis, BCVA improved from 6/12 to 6/6–1 after 6

weeks, with central corneal endothelial density of 731 cells/mm2 by

6 months.39 In another study, 4-mm diameter DWEK was per-

formed on 13 FECD eyes.40 In 10 eyes, the cornea cleared within

6 months and endothelial densities ranged from 428 to 864 cells/

mm2. Factors that distinguish this study from the first include the

relatively small area of Descemet stripping and the confirmed

intactness of the peripheral endothelium.

These studies suggest that reendothelialization of the

stripped cornea is dependent on healthy peripheral endothelium

and a sufficiently small diameter descemetorhexis. Based on

anterior segment optical coherence tomography measurements

of healthy adults in Japan, the average area of the posterior surface

of adult corneas was 147 mm2 with an endothelial cell count of
https://journals.lww.com/apjoo | 443
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397,000.41 An 8.5-mm descemetorhexis therefore removes 63.9

mm2 and 172,000 cells (43% of all endothelial cells).41 Assuming

the area is proportional to the radius2, an 8.5-mm diameter (4.25-

mm radius) area is 4.5 times larger than a 4-mm diameter area. By

extrapolation, we estimate that a 4-mm descemetorhexis removes

approximately 14.2 mm2 (63.9/4.5) and 38,222 cells (10% of all

endothelial cells, 172,000/4.5), leaving 90% of cells to migrate or

divide to replenish the 10% lost. In these Fuchs’ dystrophy eyes, it

may mean that it takes a reserve of 9 cells to replenish 1 lost. A

higher number of cells in reserve may be necessary when the

disease is more advanced, as in the nonresponders in the previous

study (3/13 subjects with 4-mm DWEK).40

Indeed, these nonresponders had higher preoperative central

corneal thickness than the responders.40 Alternatively, the number

of cells in reserve could be lower in subjects with healthy

endothelium, such as those that had accidental descemetorhexis

during cataract surgery.

In addition, a collective analysis of outcomes of primary and

iatrogenic descemetorhexis revealed that a significantly higher

proportion of older patients (>60 years) achieved BCVA of

LogMar �0.3 (20/40 Snellen equivalent), compared with those

<60 years.42 Certain genetic variations in FECD are also associ-

ated with worse endothelial recovery and greater disease sever-

ity.42 The applicability of DWEK is therefore limited by the

migratory and/or proliferative capacity of the remaining periph-

eral corneal endothelium, which is dependent on patient age,

presence/absence of disease, and type and severity of endothe-

lial disease. DWEK may be worth considering in selecting

patients with visual degradation from central guttae in FECD

because it does not require donor tissue, cannot induce rejection,

does not require long-term topical corticosteroid, and it is

always possible to perform an endothelial keratoplasty if DWEK

fails.43

ROCK Inhibitors
If the limited capacity of the peripheral corneal endothelium

to proliferate could be stimulated, DWEK could potentially be

performed with a larger diameter and/or in patients with more

advanced disease. This has been achieved via the use of a Rho-

associated, coiled-coil serine/threonine protein kinase (ROCK)

inhibitor in a small study.43 Rho GTPases, including RhoA, play

important roles in the regulation of actin dynamics and actin-

associated cellular processes including cell movement, adhesion,

stiffness, and morphology.44 ROCK is a well-studied downstream

effector of RhoA, and regulates cellular contraction in smooth

muscle tissues mainly through modulating myosin II activity. 44

Much work has been done to investigate the effects of ROCK

inhibitors in corneal endothelial regeneration. In this study, 4 mm

diameter DWEK (without ROCK inhibitor) was performed in 12

FECD eyes, and successful in 9, with corneal clearing and BCVA

improvement from 0.26 to 0.125 (logMAR) at 6 months.43 The 3

remaining subjects received salvage therapy with ROCK inhibitor

eye drops after halting of corneal clearance. ROCK inhibitor

Ripasudil was administered in 2 eyes, 6 times a day for 2 weeks,

starting from 2 to 3 months. The corneas cleared within 10 and 14

days, respectively. ROCK inhibitor Y-27632 was administered in

1 eye from 5 months without success. One of the 9 initial

responders had a small persistent patch of microcystic edema

outside the visual axis; after treatment with Ripasudil from 5

months, the cornea cleared within 2 weeks.43
444 | https://journals.lww.com/apjoo
Netarsudil and ripasudil, recently approved for the treatment

of glaucoma in the USA and Japan respectively, belong to a new

class of drugs known as ROCK inhibitors. They lower intraocular

pressure by reversing myofibroblastic changes in the trabecular

meshwork and Schlemm’s canal cells thereby decreasing outflow

resistance.45 In culture, ROCK inhibitor Y-27632 enhanced cor-

neal endothelial cell proliferation, adhesion, and decreased apo-

ptosis.46–48 In animal models, it enhanced wound healing and

corneal endothelial cell proliferation after corneal endothelial

injury.49,50 The effect of ROCK inhibitor on the human corneal

endothelium has been tested in a clinical trial of 8 patients with

corneal edema. The central endothelial cells were removed by 2-

mm diameter transcorneal freezing. The eyes were treated with Y-

27632 eye drops for 7 days. In 4 patients with central corneal

edema owing to Fuchs’ dystrophy, reduction in central corneal

thickness from a mean of approximately 740 mm to 640 mm was

achieved at 6 months, with no significant improvement in visual

acuity.50 In 4 patients with diffuse corneal edema owing to laser

iridotomy or pseudoexfoliation, no reduction in central corneal

thickness was achieved at all.50 Another pilot clinical study

enrolled 3 patients with accidental endothelial damage after

cataract surgery.51 The peripheral endothelium was otherwise

healthy. These patients received Y-27632 eye drops for 6 months.

All recovered corneal clarity.51 Although this study lacked no

treatment controls and delivery vehicle only control (eye drop

formula without the active drug), the results are promising. These

two studies suggest that ROCK inhibitor Y-27632 may be effec-

tive in promoting endothelial wound healing when the peripheral

endothelium is spared.

Cell Therapy
Another potential indication for ROCK inhibitors is as an

adjunct to cell therapy, which encompass cultivation of cells, such

as corneal endothelial cells to replenish the depleted native cell

population.52. If cell therapy is successful, cultured human cor-

neal endothelial cells from one donor can supply multiple recip-

ients. However, they suffer from poor attachment to the cornea

when injected, when being continuously removed from the ante-

rior chamber.51 A recent clinical trial enrolled 11 patients with

bullous keratopathy and no detectable corneal endothelial cells.53

After removal of abnormal extracellular matrix in the central

8-mm diameter of DM using a silicon needle, cultured human

corneal endothelial cells were injected in Y-27632 containing

medium.53 Patients were placed in a prone position for 3 hours for

cells to attach. All eyes had a central endothelial cell density of

>500 cells/mm2 at 24 weeks, with a mean endothelial cell density

of 1924 cells/mm2 at 24 weeks and 1534 cells/mm2 at 2 years.

Mean central corneal thickness reduced from 743 mm preopera-

tively to 549 mm at 6 months, which remained steady with a mean

central corneal thickness of 552 mm at 2 years. Improvement in

the BCVA of �2 was achieved in 9 of 11 patients at 24 weeks.53

From a safety perspective, no inflammation or immunogenic

reaction was observed in the eyes; raised IOP was noted in 1

of 11 patients; there were no abnormalities in general health

evaluations or blood tests.53

In patients with no residual peripheral endothelium, DMET,

DWEK, or ROCK inhibitor alone were unlikely to have helped,

because these approaches seem to depend on the presence of

relatively healthy peripheral endothelium. Hemi-DMEK and

quarter-DMEK may help because grafted cells can potentially
� 2019 Asia-Pacific Academy of Ophthalmology.
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migrate off the grafts to repopulate denuded areas, but the

resultant endothelial cell density is likely to be low given the

small area transplanted. The combination of cell injection, ROCK

inhibitor, and prone positioning has shown efficacy in repopulat-

ing the corneal endothelium to a high endothelial cell density;

in fact, the endothelial cell density at 24 months was the highest

of all the endothelial keratoplasty alternatives reported in this

perspective.

Tissue Engineered Grafts
Concurrent to development of cell injection as a technique

for endothelial replacement, consideration may need to be given

as to whether DM really needs to be replaced. Guttae on DM cause

irregularity, which hinders corneal endothelial cell migration,54

and higher-order aberrations, which affect visual acuity.55 There-

fore when treating FECD, DM is perhaps better removed. How-

ever, DWEK alone does not facilitate corneal endothelial cell

migration, as they migrate faster on smooth DM than bare

stroma.56 Therefore, some form of smooth basement membrane

may be required for the optimal treatment of FECD. In bullous

keratopathy, there are no guttae, but DM ruptures (50%), isolated

detachment (70%) or detachment associated with rupture are

frequent.57 Thus removal of DM abnormalities and replacement

with some form of smooth basement membrane may be required

for the optimal treatment of many bullous keratopathy eyes.

Tissue engineered endothelial keratoplasty involves trans-

planting a thin layer (100 mm) of human corneal stroma and DM

seeded with human corneal endothelial cells. This technique in a

rabbit model of endothelial injury has shown promising results.58

Other future alternatives may include artificial DMs, or DMs with

unsatisfactory endothelial cell counts, thereby increasing utiliza-

tion of donor tissue.42

Stem Cells
Although human corneal endothelial cells have demonstrated

potential for cell therapy, reprogramming of stem cells (SCs) from

other sources has been researched by multiple groups. These

efforts include the reprogramming of embryonic SCs,59,60

induced pluripotent SCs,61–63 eyelid derived precursors,64 umbil-

ical cord blood mesenchymal65 and endothelial SCs,66 corneal

stromal SCs,67 bone marrow derived SCs,68 and adipose derived

SCs.69 Adult SCs for the corneal endothelium have been identi-

fied in the extreme periphery of the cornea in an area called the

“transition zone,” and have the potential to become a new viable

source for corneal endothelial cells.70,71
CONCLUSIONS
Surgical treatment options for corneal endothelial diseases

have evolved from full thickness corneal transplantation to partial

thickness techniques, to transplantation of the DM-endothelium

complex only. Each step in the evolution brings faster visual

recovery and improved visual outcomes. However, there is still a

significant donor cornea shortage worldwide, and alternative

forms of treatment to corneal endothelial diseases are rapidly

developing. Studies show that the corneal endothelium is not as

nonregenerative as commonly believed, and some cases of endo-

thelial dystrophies may not require a large, fully attached graft. As

a result, future alternatives to endothelial keratoplasty comprise of

multiple potential techniques. The choice will be dependent on
� 2019 Asia-Pacific Academy of Ophthalmology.
recipient factors such as age, presence/absence of endothelial

disease, type, and extent of the disease. Diseases or injuries that

spare the peripheral corneal endothelium may be treated by hemi-/

quarter- DMEK, DMET, DWEK, ROCK inhibitors, or ROCK

inhibitor in combination with DWEK. Treatment for diseases that

do not spare the peripheral endothelium will be restricted to those

that involve transplantation of cells or tissue such as cell therapy

in conjunction with ROCK inhibitor, or a traditional transplant. It

is hoped that future studies will further demonstrate the safety and

efficacy of these alternatives, and clarify patient selection criteria

for each treatment. At the same time, insights from these studies

will enable us to paint a clearer picture of the limit of regeneration

that the corneal endothelium is capable of, and to develop and

refine treatments for corneal endothelial diseases, reducing the

dependency on the limited donor tissues.
ACKNOWLEDGMENTS
The authors acknowledge Louise Moffat, manager of the

New Zealand National Eye Bank, for providing up-to-date data on

corneal transplantations in New Zealand.
REFERENCES

1. Hoppenreijs VP, Pels E, Vrensen GF, Treffers WF. Corneal endothelium

and growth factors. Surv Ophthalmol. 1996;41:155–164.

2. Kim BZ, Meyer JJ, Brookes NH, et al. New Zealand trends in corneal

transplantation over the 25 years 1991–2015. Br J Ophthalmol.

2017;101:834–838.

3. Shields MB. Progressive essential iris atrophy, Chandler’s syndrome, and

the iris nevus (Cogan-Reese) syndrome: a spectrum of disease. Surv

Ophthalmol. 1979;24:3–20.

4. Eghrari AO, Gottsch JD. Fuchs’ corneal dystrophy. Expert Rev Ophthalmol.

2010;5:147–159.

5. Knezovic I, Dekaris I, Gabric N, et al. Therapeutic efficacy of 5% NaCl

hypertonic solution in patients with bullous keratopathy. Coll Antropol.

2006;30:405–408.

6. Costagliola C, Romano V, Forbice E, et al. Corneal oedema and its

medical treatment. Clin Exp Optom. 2013;96:529–535.

7. Zirm EK. Eine erfolgreiche totale keratoplastik (a successful total

keratoplasty). 1906. Refract Corneal Surg. 1989;5:258–261.

8. Crawford AZ, Patel DV, McGhee C. A brief history of corneal

transplantation: from ancient to modern. Oman J Opthalmol. 2013;6:

S12–17.

9. Lambert NG, Chamberlain WD. The structure and evolution of eye

banking: a review on eye banks’ historical, present, and future contribution

to corneal transplantation. J Biorepos Sci Appl Med. 2017;5:23–40.

10. Williams KA, Keane MC, Coffey NE, Jones VJ, Mills RA, Coster DJ. The

Australian Corneal Graft Registry 2018 Report. 2018.

11. Eye banking statistical report. Eye Bank Association of America; 2018.

12. Eye banking statistical report. Eye Bank Association of America; 2016.

13. Ple-Plakon PA, Shtein RM. Trends in corneal transplantation: indications

and techniques. Curr Opin Ophthalmol. 2014;25:300–305.

14. Thompson Jr , Price MO, Bowers PJ, Price Jr . Long-term graft survival

after penetrating keratoplasty. Ophthalmology. 2003;110:1396–1402.

15. Crawford AZ, Krishnan T, Ormonde SE, Patel DV, McGhee CN. Corneal

transplantation in New Zealand 2000 to 2009. Cornea. 2018;37:290–295.
https://journals.lww.com/apjoo | 445

https://journals.lww.com/apjoo


Zhang et al Asia-Pacific Journal of Ophthalmology � Volume 8, Number 6, November/December 2019
16. Fan JC, Chow K, Patel DV, McGhee CN. Corticosteroid-induced

intraocular pressure elevation in keratoconus is common following

uncomplicated penetrating keratoplasty. Eye. 2009;23:2056–2062.

17. Feizi S, Zare M. Current approaches for management of postpenetrating

keratoplasty astigmatism. J Ophthalmol. 2011;2011:708736.

18. Claesson M, Armitage WJ. Ten-year follow-up of graft survival and visual

outcome after penetrating keratoplasty in Sweden. Cornea. 2009;28:1124–

1129.

19. Reinhart WJ, Musch DC, Jacobs DS, Lee WB, Kaufman SC, Shtein RM.

Deep anterior lamellar keratoplasty as an alternative to penetrating

keratoplasty a report by the american academy of ophthalmology.

Ophthalmology. 2011;118:209–218.

20. Lee WB, Jacobs DS, Musch DC, Kaufman SC, Reinhart WJ, Shtein RM.

Descemet’s stripping endothelial keratoplasty: safety and outcomes: a

report by the American Academy of Ophthalmology. Ophthalmology.

2009;116:1818–1830.

21. Patel SV, Lass JH, Benetz BA, et al. Postoperative endothelial cell

density is associated with late endothelial graft failure after descemet

stripping automated endothelial keratoplasty. Ophthalmology. 2019;18:

18.

22. Price MO, Fairchild KM, Price DA, Price Jr . Descemet’s stripping

endothelial keratoplasty five-year graft survival and endothelial cell loss.

Ophthalmology. 2011;118:725–729.

23. Keane MC, Mills RA, Coster DJ, Williams KA. Contributors to the

Australian Corneal Graft R. Is there evidence for a surgeon learning curve

for endothelial keratoplasty in Australia? Clin Experiment Ophthalmol.

2017;45:575–583.

24. Deng SX, Lee WB, Hammersmith KM, et al. Descemet membrane

endothelial keratoplasty: safety and outcomes: a report by the American

Academy of Ophthalmology. Ophthalmology. 2018;125:295–310.

25. Price DA, Kelley M, Price Jr , Price MO. Five-year graft survival of

Descemet membrane endothelial keratoplasty (EK) versus Descemet

stripping EK and the effect of donor sex matching. Ophthalmology.

2018;125:1508–1514.

26. Oellerich S, Baydoun L, Peraza-Nieves J, et al. Multicenter study of 6-

month clinical outcomes after Descemet membrane endothelial

keratoplasty. Cornea. 2017;36:1467–1476.

27. Gain P, Jullienne R, He Z, et al. Global survey of corneal transplantation

and eye banking. JAMA Ophthalmol. 2016;134:167–173.

28. Gerber-Hollbach N, Parker J, Baydoun L, et al. Preliminary outcome of

hemi-Descemet membrane endothelial keratoplasty for Fuchs endothelial

dystrophy. Br J Ophthalmol. 2016;100:1564–1568.

29. Zygoura V, Baydoun L, Ham L, et al. Quarter-Descemet membrane

endothelial keratoplasty (Quarter-DMEK) for Fuchs endothelial corneal

dystrophy: 6 months clinical outcome. Br J Ophthalmol. 2018;102:1425–

1430.

30. Ziaei M, Barsam A, Mearza AA. Spontaneous corneal clearance despite

graft removal in Descemet stripping endothelial keratoplasty in Fuchs

endothelial dystrophy. Cornea. 2013;32:e164–e166.

31. Balachandran C, Ham L, Verschoor CA, Ong TS, van der Wees J, Melles

GR. Spontaneous corneal clearance despite graft detachment in

descemet membrane endothelial keratoplasty. Am J Ophthalmol.

2009;148:227–234.

32. Shah RD, Randleman JB, Grossniklaus HE. Spontaneous corneal clearing

after Descemet’s stripping without endothelial replacement. 2012;1:256–

260.
446 | https://journals.lww.com/apjoo
33. Zafirakis P, Kymionis GD, Grentzelos MA, Livir-Rallatos G. Corneal graft

detachment without corneal edema after descemet stripping automated

endothelial keratoplasty. Cornea. 2010;29:456–458.

34. Van den Bogerd B, Dhubhghaill SN, Koppen C, Tassignon MJ, Zakaria N.

A review of the evidence for in vivo corneal endothelial regeneration. Surv

Ophthalmol. 2018;63:149–165.

35. Dirisamer M, Yeh RY, van Dijk K, Ham L, Dapena I, Melles GR.

Recipient endothelium may relate to corneal clearance in descemet

membrane endothelial transfer. Am J Ophthalmol. 2012;154:290–296.

36. Dirisamer M, Dapena I, Ham L, et al. Patterns of corneal endothelialization

and corneal clearance after descemet membrane endothelial keratoplasty

for fuchs endothelial dystrophy. Am J Ophthalmol. 2011;152:543–555.

37. Lagali N, Stenevi U, Claesson M, et al. Donor and recipient endothelial

cell population of the transplanted human cornea: a two-dimensional

imaging study. Invest Ophthalmol Vis Sci. 2010;51:1898–1904.

38. Bleyen I, Saelens IE, van Dooren BT, van Rij G. Spontaneous corneal

clearing after Descemet’s stripping. 2013;1:215.

39. Moloney G, Chan UT, Hamilton A, Zahidin AM, Grigg JR, Devasahayam

RN. Descemetorhexis for Fuchs’ dystrophy. Can J Ophthalmol.

2015;50:68–72.

40. Borkar DS, Veldman P, Colby KA. Treatment of Fuchs endothelial

dystrophy by descemet stripping without endothelial keratoplasty. Cornea.

2016;35:1267–1273.

41. Kitazawa K, Yokota I, Sotozono C, Kinoshita S. Measurement of corneal

endothelial surface area using anterior segment optical coherence

tomography in normal subjects. Cornea. 2016;35:1229–1233.

42. Soh YQ, Peh GS, Mehta JS. Evolving therapies for Fuchs’ endothelial

dystrophy. Regen. 2018;13:97–115.

43. Moloney G, Petsoglou C, Ball M, et al. Descemetorhexis without grafting

for Fuchs endothelial dystrophy-supplementation with topical Ripasudil.

Cornea. 2017;36:642–648.

44. Rao PV, Pattabiraman PP, Kopczynski C. Role of the Rho GTPase/Rho

kinase signaling pathway in pathogenesis and treatment of glaucoma:

Bench to bedside research. Exp Eye Res. 2017;158:23–32.

45. Honjo M, Tanihara H, Inatani M, et al. Effects of rho-associated protein

kinase inhibitor Y-27632 on intraocular pressure and outflow facility.

Invest Ophthalmol Vis Sci. 2001;42:137–144.

46. Okumura N, Ueno M, Koizumi N, et al. Enhancement on primate corneal

endothelial cell survival in vitro by a ROCK inhibitor. Invest Ophthalmol

Vis Sci. 2009;50:3680–3687.

47. Okumura N, Nakano S, Kay EP, et al. Involvement of cyclin D and p27

in cell proliferation mediated by ROCK inhibitors Y-27632 and

Y-39983 during corneal endothelium wound healing. Invest Ophthalmol Vis

Sci. 2014;55:318–329.

48. Peh GS, Adnan K, George BL, et al. The effects of Rho-associated kinase

inhibitor Y-27632 on primary human corneal endothelial cells propagated

using a dual media approach. Sci Rep. 2015;5:9167.

49. Okumura N, Koizumi N, Ueno M, et al. Enhancement of corneal

endothelium wound healing by Rho-associated kinase (ROCK) inhibitor

eye drops. Br J Ophthalmol. 2011;95:1006–1009.

50. Okumura N, Koizumi N, Kay EP, et al. The ROCK inhibitor eye drop

accelerates corneal endothelium wound healing. Invest Ophthalmol Vis Sci.

2013;54:2493–2502.

51. Okumura N, Kinoshita S, Koizumi N. The role of Rho kinase inhibitors in

corneal endothelial dysfunction. Curr Pharm Des. 2017;23:660–666.
� 2019 Asia-Pacific Academy of Ophthalmology.

https://journals.lww.com/apjoo


Asia-Pacific Journal of Ophthalmology � Volume 8, Number 6, November/December 2019 The Rapid Transformation of Transplantation for Corneal Endothelial Diseases
52. Mehta JS, Kocaba V, Soh YQ. The future of keratoplasty: cell-based

therapy, regenerative medicine, bioengineering keratoplasty, gene therapy.

Curr Opin Ophthalmol. 2019;30:286–291.

53. Kinoshita S, Koizumi N, Ueno M, et al. Injection of cultured cells with a

ROCK inhibitor for bullous keratopathy. 2018;1:995–1003.

54. Rizwan M, Peh GS, Adnan K, et al. In vitro topographical model of Fuchs

dystrophy for evaluation of corneal endothelial cell monolayer formation.

Adv Healthc Mater. 2016;5:2896–2910.

55. Wacker K, McLaren JW, Amin SR, Baratz KH, Patel SV. Corneal high-

order aberrations and backscatter in fuchs’ endothelial corneal dystrophy.

Ophthalmology. 2015;122:1645–1652.

56. Soh YQ, Peh G, George BL, et al. Predicative factors for corneal

endothelial cell migration. Invest Ophthalmol Vis Sci. 2016;57:338–

348.

57. Ximenes KF, Silva JV, Vasconcelos KFX, Monte FQ. The role of

Descemet’s membrane in the pathogeny of corneal edema following

anterior segment surgery. Rev Brasil Oftalmol. 2014;73:262–268.

58. Soh YQ, Peh GSL, Mehta JS. Translational issues for human corneal

endothelial tissue engineering. J Tissue Eng Regen Med. 2017;11:2425–

2442.

59. Lovatt M, Yam GH, Peh GS, Colman A, Dunn NR, Mehta JS. Directed

differentiation of periocular mesenchyme from human embryonic stem

cells. Differentiation. 2018;99:62–69.

60. Song Q, Yuan S, An Q, et al. Directed differentiation of human embryonic

stem cells to corneal endothelial cell-like cells: a transcriptomic analysis.

Exp Eye Res. 2016;151:107–114.

61. Ali M, Khan SY, Vasanth S, et al. Generation and proteome profiling of

PBMC-originated, iPSC-derived corneal endothelial cells. Invest

Ophthalmol Vis Sci. 2018;59:2437–2444.
� 2019 Asia-Pacific Academy of Ophthalmology.
62. Wagoner MD, Bohrer LR, Aldrich BT, et al. Feeder-free differentiation of

cells exhibiting characteristics of corneal endothelium from human induced

pluripotent stem cells. Biol Open. 2018;7:pii: bio032102.

63. Zhao JJ, Afshari NA. Generation of human corneal endothelial cells via in

vitro ocular lineage restriction of pluripotent stem cells. Invest Ophthalmol

Vis Sci. 2016;57:6878–6884.

64. Inagaki E, Hatou S, Higa K, et al. Skin-derived precursors as a source of

progenitors for corneal endothelial regeneration. Stem Cells Transl Med.

2017;6:788–798.

65. Joyce NC, Harris DL, Markov V, Zhang Z, Saitta B. Potential of human

umbilical cord blood mesenchymal stem cells to heal damaged corneal

endothelium. Mol Vision. 2012;18:547–564.

66. Shao C, Chen J, Chen P, et al. Targeted transplantation of human umbilical

cord blood endothelial progenitor cells with immunomagnetic nanoparticles

to repair corneal endothelium defect. Stem Cells Dev. 2015;24:756–767.

67. Hatou S, Yoshida S, Higa K, et al. Functional corneal endothelium derived

from corneal stroma stem cells of neural crest origin by retinoic acid and

Wnt/beta-catenin signaling. Stem Cells Dev. 2013;22:828–839.

68. Shao C, Fu Y, Lu W, Fan X. Bone marrow-derived endothelial progenitor

cells: a promising therapeutic alternative for corneal endothelial

dysfunction. Cells Tissues Organs. 2011;193:253–263.

69. Dai Y, Guo Y, Wang C, et al. Non-genetic direct reprogramming and

biomimetic platforms in a preliminary study for adipose-derived stem cells

into corneal endothelia-like cells. PLoS One. 2014;9:e109856.

70. McGowan SL, Edelhauser HF, Pfister RR, Whikehart DR. Stem cell

markers in the human posterior limbus and corneal endothelium of

unwounded and wounded corneas. Mol Vision. 2007;13:1984–2000.

71. Braunger BM, Ademoglu B, Koschade SE, et al. Identification of adult

stem cells in Schwalbe’s line region of the primate eye. Invest Ophthalmol

Vis Sci. 2014;55:7499–7507.
https://journals.lww.com/apjoo | 447

https://journals.lww.com/apjoo

	Outline placeholder
	REFERENCES


