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SUMMARY

Over the past two decades, lamellar keratoplasty has revolutionized the field 

of corneal transplantation and largely replaced penetrating keratoplasty (PK) 

as the preferred surgical treatment option for corneal endothelial disorders.1 

Since its introduction in 1998, endothelial keratoplasty (EK) has evolved 

from Deep lamellar endothelial keratoplasty (DLEK) via Descemet stripping 

(automated) endothelial keratoplasty (DS(A)EK) to Descemet membrane 

endothelial keratoplasty (DMEK).2 Global scarcity of corneal donor tissue 

inspired further refinement of conventional DMEK and led to the development 

of Hemi- and Quarter-DMEK.3,4 These EK-techniques may potentially increase 

the availability of endothelial donor grafts.

For this thesis, donor tissue preparation for DMEK and the feasibility and clini-

cal outcomes of DMEK and modified DMEK-techniques were evaluated in the 

management of corneal endothelial disorders.

Part I - Donor tissue preparation
Adequate knowledge of the currently available DMEK graft harvesting tech-

niques may benefit corneal surgeons and eye banks in choosing the best ap-

proach for each specific user (Chapter 2).5 Current and evolving techniques to 

harvest donor tissue show a trend towards increased utilization of a ‘no-touch’ 

technique, an approach in which there is no direct physical graft handling to 

minimize endothelial cell loss.6 Harvesting techniques may broadly be clas-

sified into those based on manual peeling and those based on air- or liquid-

assisted detachment at the stroma-Descemet membrane interface.5 While 

these techniques are diverse and feature different strengths and weaknesses, 

different approaches may all provide excellent results.5

Part II - Selective, minimally-invasive and potentially tissue-sparing 
surgical treatment modalities for corneal endothelial disorders

DMEK

Since its clinical introduction in 2006, DMEK has emerged as an increasingly 

popular surgical treatment option for corneal endothelial disorders.1,2 Multiple 

studies have substantiated initial reports on excellent clinical outcomes and 

have reliably shown that the first 6 months after DMEK appear to be the most 

critical time period, after which the results mostly stabilize.7-15 Our expand-

ing DMEK-cohort and simultaneously growing dataset allowed us to perform 
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in-depth analyses on subgroups. As such, we did not only evaluate overall 

clinical outcome in our six-month assessment of 1000 DMEKs but also ana-

lyzed how surgical indication (Fuchs endothelial corneal dystrophy (FECD) 

versus bullous keratopathy (BK)) and preoperative lens status (phakic versus 

pseudophakic) in FECD eyes affected the results (Chapter 3).16

Our study showed similar high visual acuity levels for both FECD and BK eyes 

when correcting for preoperative visual acuity and patient age. Hence, it may 

be important to emphasize that most BK eyes without visual acuity-limiting 

comorbidities may also expect a good visual outcome, even early after DMEK. 

While preoperative lens status did not influence DMEK outcomes, preserva-

tion of the crystalline lens may be preferred in a select group of younger 

patients with FECD and a relatively clear lens, as they may still benefit from 

their residual accommodative capacity and a better overall optical quality of 

the eye. In addition, the 5-year rate of visually-significant cataract formation 

after DMEK is relatively low (16%).7

DMEK continued to provide excellent clinical outcomes and high graft survival 

rates up to 5 years postoperatively (Chapter 4).7 In this series of the first 

500 DMEK eyes, eyes with FECD demonstrated better survival probabilities 

at 5 years postoperatively compared to eyes with other surgical indications 

(93% for isolated FECD versus 72% for other indications). A technique learning 

curve may also have been involved in attaining higher graft survival rates. This 

was reflected by the higher survival probability of the second 250 DMEK cases 

(94%) versus the first 250 cases (88%) and substantiated by the significantly 

lower survival probabilities of eyes with a graft detachment of >1/3 of the 

graft surface area (27%) compared to eyes with completely attached grafts 

(95%) or only small detachments (91%). Major graft detachments occurred 

less frequently in the second 250 cases (2.4%) compared to the first 250 cases 

(4.4%). These outcomes support the beneficial effect of an early re-bubbling 

procedure.

This study confirmed that the excellent visual outcomes achieved at 6 months 

after DMEK may be maintained up to at least 5 years postoperatively. The 

overall postoperative complication rate remained relatively low throughout 

the 5-year study period. Partial graft detachment was the main early postop-

erative complication, whereas allograft rejection and secondary graft failure 

constituted the more severe complications in the later postoperative period. 

Repeat keratoplasty was required at a relatively low rate (8.8%).
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DMEK in challenging cases

With specific surgical modifications, DMEK proved feasible in eyes with a 

glaucoma drainage device (GDD) and provided acceptable clinical outcomes 

(Chapter 5).17,18 Our data show thatthe presence of a GDD may reduce graft 

longevity and pose a risk for more frequent re-grafting, as we noticed that 

DMEK graft survival was lower in eyes with a GDD compared to our standard 

DMEK cohort: the survival probability was 89% at 1 year after DMEK, and 

decreased to 67% at 2 years after DMEK. The presence of a GDD negatively af-

fected donor endothelial cell density (ECD). At 1 year after DMEK, ECD decline 

was 71%, which is almost twice as high as for our standard DMEK cohort. The 

incidence of secondary graft failure (8.7%) was also higher compared to after 

standard DMEK. The underlying cause of the faster drop in graft survival and 

the steeper ECD decline in the presence of a GDD may be multifactorial. It may 

be due to changes in aqueous humor circulation patterns owing to a GDD, 

which may adversely affect endothelial cell viability, and/or the GDD itself that 

may induce a breach in the blood-aqueous barrier caused by heavily rubbing 

or forcefully blinking, resulting in an increase of influx of oxidative, apoptotic, 

and inflammatory proteins, which may potentially damage corneal endothelial 

cells.19-24 In addition, eyes with glaucoma necessitating a GDD may be more 

prone to immune reactions, as glaucomatous ganglion cell damage may be 

related to immune responses as well.25

Graft detachment was the main early postoperative complication, with 22% 

of eyes requiring a re-bubbling procedure. This may reflect that eyes with a 

GDD are more prone to surgical complications, which is possibly related to 

the added difficulty of pressurizing these eyes with air at the conclusion of 

the operation.

Most of the observed postoperative complications seem to be inherent to the 

presence of a GDD, and may partially be mitigated by special surgical consid-

erations.17,18 For this select group of patients it is imperative to do appropriate 

patient counseling.
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Modified DMEK-techniques

Descemet membrane endothelial transfer

In the early years of EK, it was generally believed that, for grafted endothelial 

tissue to restore corneal transparency, a complete apposition between donor 

and host tissue was mandatory; i.e. without a fully, centrally-attached graft, 

corneal clearance could not be obtained and visual rehabilitation would not 

occur. Over the past decade, a growing number of studies have described 

spontaneous corneal clearance in the presence of a detached endothelial 

graft after DS(A)EK or DMEK, or in the absence of an endothelial graft, that 

is ‘descemetorhexis only’, thereby challenging this concept and questioning 

the necessity of grafting after descemetorhexis.26-40 Descemet membrane en-

dothelial transfer (DMET), in which descemetorhexis is followed by insertion 

of an almost completely free-floating Descemet roll (i.e. with the graft fixated 

within a corneoscleral incision to ensure contact with the posterior cornea) 

aims to obtain corneal clearance by endothelial cell migration.41

Our initial evaluation of DMET comprised a cohort of 12 eyes from 12 patients, 

seven operated on for FECD and five for BK, and showed repopulation of the 

denuded recipient stroma and corneal clearance in all eyes operated on for 

FECD, but not in those operated on for BK.41,42 This suggests that the underly-

ing pathology may be the main determinant of the clinical outcome and that 

recipient endothelial cells rather than donor endothelial cells contribute to 

corneal clearance.

While DMET initially showed promising results for FECD cases, our study on 

the long-term outcome of these 16 DMET cases showed that, regardless of 

the etiology of endothelial dysfunction, all corneas ultimately decompensated 

and required repeat EK (Chapter 6).43 Hence, the regenerative capacity of 

endothelial cells in eyes with FECD may not be sufficient to ensure complete 

and durable corneal deturgescence after DMET. In order to obtain complete 

and lasting corneal rehabilitation, a (nearly) fully, centrally-attached Descemet 

graft may be mandatory.

Hemi-DMEK

In 2014, Hemi-DMEK was introduced. This technique allowed for the utiliza-

tion of a single donor cornea for two endothelial keratoplasty procedures in 

two recipient eyes with FECD, thereby potentially doubling the availability of 

endothelial donor tissue.44
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Our initial cohort of ten Hemi-DMEK eyes showed that the same level of visual 

rehabilitation may be acquired with Hemi-DMEK as with conventional DMEK 

(Chapter 7).45-49 While delayed corneal clearance may occur in the periphery 

of the cornea due to bare stromal areas resulting from the mismatch of the 

circular descemetorhexis and the semicircular shape of the Hemi-DMEK graft, 

the central cornea was not negatively affected as the Hemi-DMEK graft was 

positioned to cover the central cornea, thereby resulting in fast visual clear-

ance.

In the first 6 months after surgery, a higher decline in ECD was observed than 

after conventional DMEK (65% vs 34%). This may be explained by different 

patterns of endothelial cell redistribution and migration after Hemi-DMEK 

compared to conventional DMEK that may be due to larger denuded stromal 

areas. In addition, ECD measurements at different graft areas (centrally for 

conventional DMEK and more peripheral or at the graft edge for Hemi-DMEK) 

may produce this difference in the ECD decrease. After the initial drop in ECD, 

an annual decline of 6-7% was observed, which is comparable to that after 

conventional DMEK. Hence, the ECD decrease after this early drop may be 

caused by similar mechanisms in both techniques. As with conventional DMEK, 

the main complication after Hemi-DMEK was graft detachment (40%), which 

may be associated with the learning curve for this modified DMEK technique; 

another factor may be the different graft shape, as the Hemi-DMEK graft has 

one shorter axis. A higher number of re-bubbling procedures was performed 

for graft detachments after Hemi-DMEK, as minor graft detachments more 

often affected the visual axis.

Quarter-DMEK

Given the initial success of Hemi-DMEK and our goal to utilize corneal donor 

tissue even more efficiently, Quarter-DMEK was introduced.50 Quarter-DMEK 

offers the theoretical benefit of reduced donor antigen load and of potentially 

quadrupling the amount of donor tissue available for transplantation as four 

endothelial grafts may be obtained from one donor cornea and transplanted 

into four recipient eyes.50

In our initial series of 19 Quarter-DMEK eyes, BCVA values equaled BCVA 

outcomes after conventional and Hemi-DMEK (Chapter 8).51,52 Quarter-DMEK 

provided fast visual rehabilitation, but corneal deturgescence was slower than 

after conventional DMEK and, in particular, lagged behind along the round lim-

bal edge of the Quarter-DMEK graft and in the adjacent bare stromal areas.51,52
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In vitro evaluation of organ-cultured Quarter-DMEK grafts revealed that endo-

thelial cell migration is asymmetrical and primarily occurs along the radial cut 

edges of the graft, and not at the round edge of the graft, i.e. the far, limbal 

periphery of the graft.53 This asymmetrical migration of corneal endothelial 

cells may be attributed to the different molecular structure of the peripheral 

DM.53 With (initial) corneal clearance and endothelial cell migration primarily 

occurring along the radial cut edges, it may be worthwhile to position the 

graft eccentrically, with its radial cut edges near the pupillary area and the 

peripheral round edge near the corneal periphery, to avoid slowly-resolving 

corneal edema in the visual axis.

Visually-significant graft detachment requiring re-bubbling procedures (42%) 

occurred at a rate comparable for Hemi-DMEK (40%), but at a slightly higher 

rate compared with the first 25 cases of the initial conventional DMEK case se-

ries (36%). This may be related to more difficult graft handling during surgery, 

to curvature incongruence, considering the central recipient cornea is aligned 

with the paracentral donor cornea, and/or the fact that graft detachments in 

Quarter-DMEK almost always involve the visual axis, prompting re-bubbling 

procedures more quickly. As with Hemi-DMEK, a steep initial decline in ECD 

was observed in the first 6 months postoperatively (68%), which was followed 

by a slower decline thereafter. This may be explained by increased surgical 

manipulation and endothelial cell migration as the mismatch between the 

larger descemetorhexis and the smaller triangular-shaped Quarter-DMEK 

graft may contribute to larger areas of bare stroma that need to be colonized 

by migrating donor cells.

Quarter-DMEK may benefit from a smaller descemetorhexis (diameter) aiming 

to reduce the surface of the bare areas that need to be repopulated by endo-

thelial cells, adapted graft preparation protocols to reduce the endothelial cell 

loss along the radial cut edges of the graft and/or by eliminating the round 

peripheral edge of the Quarter-DMEK graft to promote cell migration toward 

the adjacent bare area in the corneal periphery. While Quarter-DMEK may 

induce sufficient corneal deturgescence, topical administration of Rho-asso-

ciated kinase (ROCK)-inhibitors, as also applied in ‘Descemet stripping only’ 

and endothelial cell injection therapy, may potentially enhance endothelial cell 

migration and corneal clearance.54,55
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CoNCLUDING REMARKS

DMEK graft dissection techniques are diverse and feature different strengths 

and weaknesses. While the type of utilized DMEK-graft dissection technique 

may influence clinical outcomes after DMEK, a single technique does not need 

to be universally adopted. It is, however, imperative for those preparing DMEK 

tissue to know the different techniques available, so they can choose the best 

approach for them individually and for their given setting.

DMEK has shown to provide excellent short- as well as mid-term clinical 

outcomes for various surgical indications such as FECD and BK. In addition, 

DMEK proved feasible in challenging cases such as glaucomatous eyes with 

a glaucoma drainage device. While DMET initially showed promising results 

for FECD cases, it ultimately failed to provide complete and durable corneal 

rehabilitation, highlighting the importance of a well-attached endothelial graft 

to achieve durable corneal clearance. Therefore, conventional DMEK may 

remain the preferred treatment option for long-term management of corneal 

endothelial disorders.

Hemi-DMEK and Quarter-DMEK may be encouraging because the procedures 

may allow for clinical outcomes similar to conventional DMEK and may po-

tentially increase the availability of endothelial donor tissue. If longer-term 

studies show that outcomes remain stable, these techniques may become an 

alternative to conventional DMEK. Quarter-DMEK, however, may benefit from 

some further modifications in order to obtain improved clinical outcomes in 

terms of cell density decrease and additional studies are warranted to further 

evaluate this.
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FUTURE DIRECTIoNS

Modern lamellar keratoplasty techniques have significantly improved clinical 

outcomes of corneal transplantation and reduced the rates of postoperative 

complications such as graft rejection and graft failure. Nonetheless, postop-

erative complications remain a major cause of repeat transplantation, while 

at the same time, global shortage of corneal donor tissue persists. Evolution 

in the field of corneal endothelial regeneration is therefore targeted towards 

overcoming these obstacles.

In recent years, Descemet stripping without endothelial keratoplasty (DWEK), 

also known as Descemet stripping only (DSO), bioengineered corneal endo-

thelium, pharmaceutical agents such as Rho kinase (ROCK)-inhibitors, and 

gene therapy have been proposed as alternative or complementary treatment 

options in the management of corneal endothelial dysfunction.

DWEK was introduced for the treatment of early FECD stages following 

numerous observations of spontaneous corneal clearance in eyes with an 

endothelial defect in the absence of an endothelial graft.26,27,36 As the name 

suggests, this technique entails removal of the diseased central DM and endo-

thelium without insertion of an endothelial donor graft.29-35,37-40 DWEK intends 

to stimulate centripetal migration of healthy, peripheral endothelial cells to 

replace the central endothelium. Early case series on the clinical outcomes of 

DWEK generated mixed results, with better clearance rates reported in cases 

where a smaller 3-4 diameter descemetorhexis was employed.54 This may be 

explained by the limited and transitory capacity of recipient endothelium to 

self-repair in eyes with FECD, as observed after DMET. Drawbacks of DWEK 

include unpredictability of corneal clearance and suboptimal vision despite 

corneal clearance.54 Fast, slow and non-responders have been described. As 

no donor tissue is used, outcomes are most likely determined by either patient 

or surgical factors. While no patient factors of significance have yet been de-

scribed, the presence of posterior stromal scarring, related to stromal scoring, 

is more often observed in slow to non-responders.54 Consequently, recom-

mendations have been made to strip DM without scoring it, thereby aiming to 

maximize cell preservation and migration. Further recommendations included 

placing emphasis on symmetry and centration of the descemetorhexis during 

surgery to minimize ghosting and irregular astigmatism. Pharmacological ad-

juncts such as ROCK-inhibitors have been described to significantly speed up 

visual recovery and induce higher central endothelial cell counts. In addition, 
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ROCK-inhibitors have been described as salvage therapy in initially unsuccess-

ful DWEK cases.56,57 If DWEK does not induce corneal clearance, subsequent 

EK may still be performed with favorable outcomes. Although DWEK may 

represent a cost-effective and time-efficient procedure, worldwide adoption 

has been reasonably limited by its inconsistent outcomes. Larger studies with 

longer follow-up are required to further determine the potential of this tech-

nique.

Expanding on the concept of DWEK, primary descemetorhexis followed by 

acellular Descemet membrane transplantation (DMT) was introduced after 

in vitro tests showed that endothelial cell migration after descemetorhexis 

might be facilitated by the presence of a Descemet membrane.58,59 A first in 

vivo human study demonstrated the potential of this technique in achieving 

repopulation of the transplanted acellular DM graft with healthy, peripheral 

host endothelial cells and corneal clearance.60 Further series are warranted to 

determine the clinical (additional) merit of this technique.

Human corneal endothelial cells can enlarge and migrate but are believed not 

to proliferate in vivo, whereas they do proliferate in vitro.61-64 Currently, the only 

way to replace diseased corneal endothelial cells (CECs) is by EK. The global 

shortage of endothelial grafts inspired the development of ‘tissue-engineered 

endothelial grafts’ that can subsequently be transplanted into humans. Usage 

of bioengineered corneal endothelium basically comprises two primary ap-

proaches: scaffold-based and cell-based. The concept of transplanting CECs 

was first suggested by Jumblatt and associates in 1978.65 In an animal study 

on rabbit eyes, full-thickness transplantation of a rabbit cornea seeded with 

cultured endothelial rabbit cells was shown to restore corneal transparency.66 

Since then, several studies have demonstrated the feasibility of transplanting 

CECs to restore corneal clarity not only in vitro but also in vivo with both 

non-human and human CECs.67-70 All initially reported procedures, however, 

required the use of a human donor cornea as a carrier for the CECs, which 

hampered the merits of cultured CEC transplantation as the same number of 

donor corneas would still be required to treat patients.71 The introduction and 

success of lamellar keratoplasty techniques such as DS(A)EK and DMEK, in-

spired scientists to develop bioengineered corneal endothelial cell sheets that 

could subsequently be implanted like a DS(A)EK/DMEK graft by a DSAEK/

DMEK procedure. Previous in vitro studies have evaluated the use of denuded 

DM, human anterior lens capsules (HALC) and bioengineered matrices con-

sisting of silk-fibroin, collagen, gelatin or a combination of biopolymers, as 
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potential carriers for cultured CECs.68,72-80 Subsequent in vivo animal studies 

tested the use of (cross-linked) collagen sheets, plastic compressed collagen 

type I ‘REAL architecture for 3D tissues’ (RAFT), and biological carriers such 

as DM, HALC and amniotic membrane.72,78,79,81-84 However, none of the carriers 

reported in the literature to date have been an adequate replacement of stan-

dard endothelial grafts and therefore, bioengineered cell-carrier constructs 

have not yet progressed into clinical practice.

To avoid carrier-related challenges, alternative methods to transplant cultured 

CECs were trialed, such as injecting free-floating corneal endothelial cells into 

the anterior chamber. In 2018, a proof-of-concept clinical study by Kinoshita 

and associates demonstrated that injection of human CECs restored the 

corneal endothelium in 11 human eyes with BK.55 After removal of an approxi-

mately 8 mm diameter portion of the diseased corneal endothelium with a 

silicon tip needle, ex vivo cultured CECs, supplemented with a ROCK-inhibitor, 

were injected into the recipients anterior chamber. All eyes demonstrated 

regeneration of a monolayer sheet-like structure and achieved restoration of 

corneal transparency. At 24 weeks after cell injection, ECD was more than 500 

cells/mm2 (range, 947 to 2833 cells/mm2).

While injecting cultured CECs into the anterior chamber is a minimally in-

vasive approach that shows great promise, larger, prospective, randomized 

controlled trials are required to refine this technique and to ensure long term 

efficacy and safety. These might include studies to evaluate potential adverse 

effects (for example, unattached donor cells entering the systemic circula-

tion and their effect), host immune response (or lack thereof) to cultivated 

injected endothelial cells, the role of HLA matching, and the potential role of 

ROCK-inhibitors.85 Finally, it is possible that adoption of this technique may 

be slow, despite successful results, as the protocols need to be carefully stan-

dardized and need to comply with high regulatory demands including good 

manufacturing practice (GMP) for cell production, which currently results in 

very high costs as compared to standard endothelial grafts.

The use of Rho kinase or rho-associated protein kinase (ROCK)-inhibitors, as 

pharmaceutical therapeutic agents or adjuncts for the treatment of corneal 

endothelial dysfunction, has been a topic of great interest. ROCK is a serine/

threonine kinase that serves as an essential downstream effector of Rho-GT-

Pase, and ultimately affects cell adhesion, motility, proliferation, differentiation 

and apoptosis.86-89 While the most commonly known ROCK-inhibitor ‘Y-27632’ 
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has shown promising results in promoting corneal endothelial regeneration 

in in vitro experiments and in in vivo animal models, it may be premature to 

assume that all the beneficial effects of ROCK inhibitors observed in animal 

models will be similarly reproduced in humans since animal CECs possess 

stronger regenerative potential.89-98 ROCK-inhibitors have also been described 

as salvage therapy after DWEK and as complementary therapy in DWEK and 

cell-based therapies.54,84,97 While ROCK-inhibitors show potential, their efficacy 

and safety on corneal regeneration in vivo needs to be further determined in 

adequately powered human clinical trials.

Gene therapy is also being explored as a potential avenue for management 

of corneal endothelial diseases. Although FECD is genetically heterogeneous, 

many cases are associated with expanded trinucleotide cytosine-thymine-

guanin (CTG) repeats in the TCF4 gene.99 Emerging therapies utilizing anti-

sense oligonucleotides (AON) and prokaryotic clustered regularly interspaced 

palindromic repeat (CRISPR) endonucleases aim to target this sequence and 

functionally knock down its gene expression.100 While ex vivo human stud-

ies have shown that gene therapy is a potentially viable treatment option in 

the management of FECD, further research has yet to show whether this also 

holds true for in vivo human clinical trials.101-105

Exciting novel treatment modalities such as regenerative therapy, bio-

engineered corneal grafts, cell therapy and gene therapy have emerged and 

show promising preliminary results. Further research is warranted to refine 

the current techniques and to investigate the therapeutic relevance of each of 

them. Until then, endothelial keratoplasty will remain the standard of care for 

the management of corneal endothelial dysfunction.
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