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 Background: The aim of this study was to investigate the evolution of surgical methods in and leading indications for cor-
neal transplantation from 2005 to 2016.

 Material/Methods: Data from the corneal graft waiting list and from all keratoplasties carried out between 2005 and 2016 at the 
University Eye Hospital Tübingen were retrospectively evaluated.

 Results: A total of 1259 keratoplasties were performed between 2005 and 2016 at the University Eye Hospital Tübingen. 
The most common surgical indications for corneal transplantation were Fuchs endothelial corneal dystrophy 
(45.5%) and keratoconus (14.2%). The mean rate of corneal transplantations almost doubled from 71 kerato-
plasties per year in the first 6-year period to 139 keratoplasties per year in the second 6-year period (P=0.005). 
The number of penetrating keratoplasties remained similar. The number of Descemet membrane endothelial 
keratoplasties (DMEK) increased significantly from 2008 to 2016 (P<0.0001). One DMEK procedure was per-
formed in 2008 (representing 1.4% of all transplantations), while 75 DMEK procedures were performed in 2016 
(representing 60.5% of all transplantations) (P<0.0001). DMEK became the favored surgical method for endo-
thelial disorders, exceeding penetrating keratoplasty in 2013.

 Conclusions: Our study shows evolutionary changes in preferred corneal transplantation techniques and leading indications 
for keratoplasty from 2005 to 2016. Since its introduction a decade ago, DMEK is currently the golden standard 
in the management of corneal endothelial dysfunction.
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Background

Eduard Zirm performed the first successful corneal transplan-
tation in 1905 [1]. It is still the most frequent type of trans-
plantation performed in humans [2]. After Zirm’s milestone in 
1905, only a few improvements were made over the next 100 
years, involving microscopes, sutures, antibiotics, and corti-
costeroids, but there was little change in the surgical tech-
niques used. However, the first decade of the 21st century 
saw an explosion in more selective endothelial replacement 
techniques [3].

In recent years, the improvements in corneal transplantation 
techniques have revolutionized corneal transplant surgery. 
The breakthrough occurred in 2006, when Melles et al. suc-
cessfully introduced a new technique for transplanting isolat-
ed Descemet’s membrane (DM) through a self-sealing tunnel 
incision, which they referred to as DM endothelial keratoplas-
ty (DMEK) [3].

In the years before DMEK was first described, different new 
lamellar keratoplasty techniques have been reported, includ-
ing Descemet stripping endothelial keratoplasty (DSEK) [4] 
and Descemet stripping automated endothelial keratoplasty 
(DSAEK) [5]. These procedures, especially DMEK [3,6], provide 
various benefits over penetrating keratoplasty (PK), based on 
its minimal invasiveness, low rate of rejection, and minimal re-
fractive shift, with very quick visual improvement [7].

In 2006, Darlington et al. performed a review of corneal trans-
plantation, analyzing data from 1980 to 2004 [8]. They found 
that more than 95% of corneal tissues were used for PK, and 
the major indications were pseudophakic bullous keratopa-
thy, keratoconus, Fuchs endothelial dystrophy (Fuchs’ dystro-
phy), and repeat grafts.

Confronted with the new possibilities of lamellar keratoplas-
ty and inspired by the investigation of Darlington et al. [8], 
we decided to investigate the changes in surgical methods, 
the statistics on keratoplasties, and leading indications at the 
University Eye Hospital Tübingen from 2005 to 2016.

Material and Methods

The medical history of all keratoplasties performed between 
January 2005 and December 2016 at the University Eye Hospital 
Tübingen were retrospectively analyzed. The indications for 
transplantation were categorized according to keratoconus, 
Fuchs’ dystrophy, bullous keratopathy, trauma, rejection, and 
others. The number of keratoplasties was determined annual-
ly. The yearly numbers of performed keratoplasties were eval-
uated on the basis of the surgical method [PK, DSAEK, DMEK, 

Deep anterior lamellar keratoplasty (DALK), and Boston kera-
toprosthesis]. Figure 1 shows a schematic overview display-
ing: (A) a virgin cornea and (B–F) different keratoplasty pro-
cedures: (B) PK, (C) Boston keratoprosthesis, (D) DALK, (E) 
DSAEK, and (F) DMEK.

The indications for corneal transplantation were obtained 
from the waiting list at the turn of the respective year. This 
study was approved by the Institutional Review Board of 
the University of Tübingen and adhered to the tenets of the 
Declaration of Helsinki.

Statistical analysis

Statistical analysis of the data was conducted using the 
Statistical Packages for the Social Sciences (SPSS 18.0). 
Quantitative variables are expressed as mean ± standard de-
viation (SD). P<0.05 was considered to be statistically signifi-
cant. Descriptive statistics and graphic representations of the 
trend of transplantation techniques and indications were pre-
pared. Yearly rates of corneal transplantation were compared 
using the t test.

Results

Between 2005 and 2016, 1259 corneal transplantations were 
performed at the University Eye Hospital Tübingen. These in-
cluded 725 (57.6%) PKs and 534 (42.4%) lamellar keratoplasties 
(LKs). The mean rate of keratoplasties almost doubled from 
71 corneal transplantations per year in the first 6-year period 
to 139 corneal transplantations per year in the second 6-year 
period (P=0.005).

Surgical technique

Between 2005 and 2016, the annual numbers of PK remained 
similar. Between 2005 and 2007, keratoplasty was only carried 
out in the form of PKs. The first endothelial keratoplasty (EK) 
was carried out in 2008 using the DSAEK method. Exclusively, 
20 DSAEK procedures were carried out from 2008 to 2009. 
DMEK quickly replaced DSAEK at the University Eye Hospital 
Tübingen and remained the favored EK technique until now. 
One DMEK procedure was carried out in 2008 (representing 
1.4% of all keratoplasties), while 75 DMEKs were carried out 
in 2016 (representing 60.5% of all keratoplasties) (P<0.0001). 
DMEK became the favored surgical method for endothelial 
disorders, exceeding penetrating keratoplasty in 2013. Boston 
keratoprosthesis, DALK, and DSAEK were performed in small 
numbers during the 12-year period, representing 0.3%, 1.8%, 
and 1.6% of the total keratoplasties, respectively.
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Figure 2 shows the distribution of corneal transplantations by 
technique (PK, DSAEK, DMEK, DALK, and Boston keratoprosthe-
sis) of the 1259 performed keratoplasties from 2005 to 2016.

Indications for corneal transplantation

The indications for corneal transplantation were obtained from 
the waiting list, which increased from 36 patients in 2005 to 246 
patients in 2016. During the study period, the leading surgical 
indications for keratoplasties were Fuchs’ dystrophy (45.5%) 
and keratoconus (14.2%). Other indications for corneal trans-
plantation were bullous keratopathy (10.4%), trauma (4.3%), 
rejection (8.9%), and others such as bacterial, fungal, viral or 
Acanthamoeba keratitis, and penetrating corneal ulcers due to 
trophic disease or chemical and thermal burns of the cornea 
(16.8%). In 2005, keratoconus was the most common indica-
tion (41.7%) for corneal transplantation, but in 2016 it was only 
the third most common (6.5%). Since 2013, the rate of Fuchs’ 
dystrophy as a surgical indication for corneal transplantation 

increased significantly (P<0.0001). Fuchs’ dystrophy was the 
leading surgical indication for keratoplasty from 2010 to 2016. 
In 2005, Fuchs’ dystrophy was only the fourth most common 
indication (8.3%) for corneal transplantation, but in 2016 it 
was the most common (69.5%).

Figure 3 shows the distribution of the corneal graft waiting list 
with indications (Fuchs’ dystrophy, keratoconus, bullous kera-
topathy, trauma, rejection, and others) for corneal transplan-
tation at the turn of the year from 2005 to 2016 in 936 cases.

Discussion

Our study shows the changing trends in corneal transplantation 
methods and leading indications for corneal transplantation 
at the University Eye Hospital in Tübingen from 2005 to 2016.
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Figure 1.  Schematic overview displaying: (A) a virgin cornea and (B–F) different keratoplasty procedures: (B) PK, (C) Boston 
keratoprosthesis, (D) DALK, (E) DSAEK, and (F) DMEK.
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Figure 2.  This figure shows the distribution of corneal transplantations by technique (PK, DSAEK, DMEK, DALK, and Boston 
keratoprosthesis) of the 1259 keratoplasties performed from 2005 to 2016. Between 2005 and 2007, corneal transplantation 
was exclusively performed in the form of PK. The first endothelial keratoplasty (EK) was performed in 2008 using the DSAEK 
technique. DMEK quickly replaced DSAEK at the University Eye Hospital Tübingen and became and remains the preferred 
surgical technique for endothelial diseases, surpassing penetrating keratoplasty in 2013. DMEK increased significantly from 
2008 to 2016 (P<0.0001).
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Figure 3.  This figure shows the distribution of the corneal graft waiting list with indications (Fuchs’ dystrophy, keratoconus, Bullous 
Keratopathy, trauma, rejection, and others) for corneal transplantation at the turn of the year from 2005 to 2016 in 936 
cases. The leading surgical indications for corneal transplantation were Fuchs’ dystrophy (45.5%) and keratoconus (14.2%) 
throughout the study period. Since 2013, the rate of Fuchs’ dystrophy as a surgical indication for corneal transplantation 
increased significantly (P<0.0001).
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The most common surgical indications for corneal transplan-
tation were Fuchs’ dystrophy and keratoconus. These leading 
common surgical indications were almost equal to the main 
indications for corneal transplantation reported in previous 
studies [9–13]. The sequence of indications changes by coun-
try and depends on environmental causes and the surgeon.

Our study documented that the rate of keratoplasties almost 
doubled from 71 corneal transplantations per year in the first 
6-year period to 139 corneal transplantations per year in the 
second 6-year period. The reasons for the increase are demo-
graphic changes, changes in surgical procedures (especially 
endothelial procedures), and the increase of corneal donors, 
at the University Hospital in Tübingen.

Between 2005 and 2007, keratoplasty was only carried out in 
the form of PK. However, EK has evolved dramatically into an 
alternative to PK in cases of compromised endothelial cell lay-
er without irreversible stromal damage. Consequently, EK has 
replaced PK in the treatment of endothelial dysfunctions to a 
great extent all over the world. The first EK was performed in 
our center in 2008 using the DSAEK method. Only 20 DSAEK 
procedures were carried out from 2008 to 2009. DMEK quick-
ly replaced DSAEK at the University Eye Hospital Tübingen 
and remains the favored EK technique to manage endothe-
lial cell disorders. DMEK is well-established and was first re-
ported in 2006 by Melles [3,6], providing various advantages 
over PK based on its minimal invasiveness, lower intraoper-
ative risks, and minimal refractive shift with very fast visual 
recovery [10,14,15]. One DMEK procedure was carried out in 
2008 (representing 1.4% of all keratoplasties), while 75 DMEK 
procedures were performed in 2016 (representing 60.5% of 
all transplantations) (P<0.0001). DMEK surgery is very compli-
cated, presenting the challenges of stripping the donor graft 
and then manipulating it. Implementing and processing the 
stripped 15-μm-thin Descemet membrane is a huge challenge. 
The stripped Descemet membrane rolls in automatically, show-
ing the endothelial layer on the outside. After injection into the 
anterior chamber, the main challenges are rolling it out, identi-
fying which side shows the endothelial layer, and positioning 
it centrally without folds. All these difficult procedures have 
to be carried out without touching the Descemet membrane.

Improvements in microsurgical techniques like the EK proce-
dure and the enormous success of the DMEK have allowed 
many more patients with endothelial disorders to undergo ker-
atoplasties earlier than before. Corneas that had been consid-
ered to be too early for PK are now qualified for DMEK. This is 
in contrast to 2006, when Afshari et al. reported that almost 
no eyes with Fuchs’ dystrophy and a visual acuity more excel-
lent than 0.5 qualified for a keratoplasty [16].

However, the surgical center needs a specialist surgeon who 
feels comfortable with the DMEK procedure, which requires 
a sophisticated technique. There is the possibility that sur-
geons are afraid to change, for example from DSAEK to DMEK, 
when graft reserve is lacking, due to the higher hazard of graft 
preparation failure and consequent graft waste when starting 
to use this novel method. Fortunately, this has not been the 
case in our hospital due to our own in-house eye bank and 
excellent surgeons. One more obstacle and main intraopera-
tive complication, especially for novice DMEK surgeons, is dif-
ficulty in graft unfolding.

Maier et al. and our study group reported in 2015 that an im-
portant factor for the outcome of the DMEK surgery for pa-
tients with endothelial disorders is not waiting too long for 
surgery [17,18]. Our study group showed a relationship be-
tween the outcome of the DMEK surgery with disease sever-
ity [18]. With the advances in EK, the patients receive and 
also require the corneal transplantation surgery earlier, if cor-
neal tissue is available. Better visual acuity also corresponds 
to a higher quality of life. For these reasons, pressure on eye 
banks to procure more suitable corneal grafts has been grow-
ing enormously in recent years.

Although DALK was already described in 2002 [19], it was car-
ried out in our hospital in small numbers during the 12-year 
study period, representing 1.8% of the total corneal grafts. The 
moderate introduction of DALK is probably due to its longer 
surgical time with the big bubble technique, a higher technical 
challenge, the introduction of collagen crosslinking in patients 
with progressive keratoconus [20], a lower number of patients 
with the indication for DALK, and, consequently, a slower and 
more difficult learning curve for the surgeon.

Corneal graft scarcity is a common dilemma over most of the 
world. As already mentioned above, it consists of a growing 
need for corneal grafts as a result of demographic changes 
on the one hand, and the growing number of surgical proce-
dures, especially endothelial ones, on the other hand [6]. In 
Germany, recent years have been challenging regarding cor-
neal donors after publicity about various transplantation scan-
dals [21,22]. The public has suffered a massive lack of con-
fidence in the transplantation system. The loss of trust has 
influenced the donation rate significantly [22]. Furthermore, 
the acquisition of donor corneas is based on sufficient staff 
levels of the eye bank team [23], increasing public education 
of people about corneal donation [24], and a working system 
of connections between intensive care units and the respon-
sible eye bank colleagues [25].

Furthermore, the knowledge and awareness of corneal dona-
tion through education is important to meet the corneal scar-
city and gain more corneal donors to help our visually impaired 
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patients in sufficient numbers with corneal transplantations. 
For these reasons, researchers are concerned and try to com-
bat the scarcity of corneal tissue. Yoeruek et Bartz-Schmidt de-
scribed a novel approach to decrease the shortage of corneal 
tissue. A solution for the future could be to split the stripped 
Descemet membrane lamellae (split-DMEK) for 2 recipients and 
use the denuded anterior part for DALK of a third recipient [26]. 
This technique could help 3 recipients to have restored vision.

Conclusions

Our study showed evolutionary changes in preferred corne-
al transplantation techniques and leading indications for ker-
atoplasty from 2005 to 2016. Since its introduction a decade 
ago, DMEK is currently the golden standard in the manage-
ment of corneal endothelial dysfunction.
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