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ABSTRACT  
Aim: To evaluate the effect of graft preparation and organ-culture storage on endothelial cell density (ECD) and 
viability of Descemet membrane endothelial keratoplasty (DMEK) grafts. 

Materials and methods: DMEK grafts (n = 27) were prepared at Amnitrans EyeBank Rotterdam from 27 corneas 
(15 donors) that were eligible for transplantation but could not be allocated due to the Covid-19-related 
cancellation of elective surgeries. Cell viability (by Calcein-AM staining) and ECD of five grafts originally 
scheduled for transplantation were evaluated on the originally planned surgery day, whereas 22 grafts from 
paired donor corneas were evaluated either directly post-preparation or after 3–7 days of storage. ECD was 
analyzed by light microscopy (LM ECD) and Calcein-AM staining (Calcein-ECD). 

Results: Light microscopy (LM) evaluation of all grafts showed an unremarkable endothelial cell monolayer 
directly after preparation. However, median Calcein-ECD for the five grafts initially allocated for transplantation 
was 18% (range 9–73%) lower than median LM ECD. For the paired DMEK grafts, Calcein-ECD determined by 
Calcein-AM staining on the day of graft preparation and after 3–7 days of graft storage showed a median 
decrease of 1% and 2%, respectively. Median percentage of central graft area populated by viable cells after 
preparation and after 3–7 days of graft storage was 88% and 92%, respectively. 

Conclusion: Cell viability of most of the grafts will not be affected by preparation and storage. Endothelial cell 
damage may be observed for some grafts within hours after preparation, with insignificant additional ECD 
changes during 3–7 days of graft storage. Implementing an additional post-preparation step in the eye bank to 
evaluate cell density before graft release for transplantation may help to reduce postoperative DMEK 
complications
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INTRODUCTION 
Descemet membrane endothelial keratoplasty (DMEK) is an increasingly popular treatment option for patients 
with corneal endothelial dysfunction, optimizing visual out- comes, recovery time, and rejection risk relative to 
previous generation of corneal transplantation, such as penetrating keratoplasty (PK) and Descemet stripping 
(automated) endothelial keratoplasty (DSAEK). Typical endothelial cell loss rates within the first 6 months after 
DMEK are reported to be 25–40%, followed by a slower decrease thereafter.[1–5] The majority of the observed 
cell loss after DMEK, however, actually occurs within the first week after DMEK.[6] At the same time, it was 
shown that endothelial cell loss after DMEK showed a high degree of variability between patients. Several 
studies tried to identify donor, recipient and surgery-related risk factors for endothelial cell loss after DMEK, 
with no consistent results so far.[5,7–10] 

Next to focusing on the postoperative DMEK outcomes regarding endothelial cell loss, other studies aimed at 
validating graft preparation techniques. Some studies compared different graft preparation techniques[11,12] 
in terms of efficiency and observed endothelial cell loss. It was also evaluated whether, e.g., the speed of 
stripping,[13] type of graft storage,[14,15] other eye bank[16,17] or surgeon-related graft manipulations,[18,19] 
or the use of pre-loaded systems[20–23] would be associated with a reduction in endothelial cell density. 

In a recent study,[6] we speculated that overestimation of endothelial cell viability on the DMEK graft may play 
a role and may result in an unrealistically high ECD drop in the early postoperative phase after DMEK. However, 
there is currently no possibility for eye banks to evaluate the endothelial cell viability of grafts allocated for 
transplantation. Typical graft evaluation in the eye bank is performed by trypan blue staining that fails to 
recognize apoptotic cells[24–26] and stained nuclei in a non-continuous area will not be discerned 
macroscopically.[27] Although in vitro analysis of endothelial integrity, including the analysis of sample 
subpopulations (apoptotic and necrotic), by using Calcein-AM staining was reported to be safe for pre-stained, 
pre-stripped, or pre-loaded DMEK grafts,[16,20–23] this protocol has not yet been approved for eye bank use. 

 

While in vitro studies indicated that the endothelial cell counts provided by eye banks seem to overestimate the 
actual number of viable endothelial cells on a graft,[12,28] the use of research-grade tissue, i.e., corneas not 
eligible for transplantation, may not be directly comparable to surgery-grade tissue as the endothelial quality 
may often be lower to start with. 

As a consequence of the COVID-19-related cancellation of elective surgeries in the Netherlands, we were able 
to analyze the endothelial cell density and viability of DMEK grafts on the day of the planned surgeries and 
additionally evaluated the effect of organ-culture storage on the endothelial cell density and viability of surgery-
grade DMEK grafts. 

 

MATERIALS AND METHODS 
Corneas 

Twenty-seven human corneas were obtained from 15 donors (mean age 70 (±8) years; range 59–85 years), for 
a total of 27 DMEK grafts. Prior to graft preparation, the average storage time was 21 (±6) days (range 9–29 
days) and average ECD was 2588 (±139) cells/mm2 (range 2300–2800 cells/mm2) (Table 1). All corneas would 
have been eligible for transplantation but could either not be sent out after allocation (corneas #1–5) or could 
not be allocated (corneas #6–27) due to the COVID-19 related cancellation of elective surgeries. In all cases, the 
donors had stated to have no objection against transplant-related research and the study adhered to the tenets 
of the Declaration of Helsinki and the Barcelona Principles.[29] No institutional review board approval was 
obtained as under national regulation no approval is required for this research if no extra procedure was 
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performed to obtain the samples and donors had consented to having the samples used for research purposes 
(https://www.ccmo.nl/onderzoekers/aanvullende-informatie-over-bepaalde-soorten-onderzoek/niet-
wmo-onderzoek/onderzoek-met-lichaamsmateriaal). 

 

DMEK graft preparation techniques 

All DMEK-grafts were prepared at Amnitrans EyeBank Rotterdam by means of hydrodissection[30] and/or no-
touch DMEK graft preparation.[31,32] Briefly, to prepare the DMEK grafts, corneo-scleral rims were placed 
endothelial-side-up on a custom-made holder with a suction cup. The endothelium was then stained with 0.04% 
hypotonic trypan blue solution (Hippocratech, Rotterdam, The Netherlands) for 10 seconds for visualization. A 
30-gauge needle mounted on a 2.5 mL syringe filled with 0.9% NaCl was inserted superficially through the tissue 
just peripheral to the pigmented trabecular meshwork and advanced until the entire bevel was in the cornea 
just past  Schwalbe’s  line.  NaCl  was  injected  slowly  until a peripheral separation “bubble” between the 
stroma and the Descemet membrane (DM) appeared, after which the needle was inserted in the bubble to 
enlarge the bubble until complete separation of the DM. In case of unsuccessful bubble formation, the same 
process was attempted at another site. After complete bubble formation, the peripheral DM was pierced with 
a 30-gauge needle and liquid was drawn from the bubble before an 8.5 mm trephination was performed directly 
on the cornea to complete the DMEK graft preparation. 

In cases that no bubble could be formed, the “no-touch” DMEK graft preparation method was applied.[31,32] 
First, trabecular meshwork was loosened over 360° by pushing a hockey stick blade from the trabecular 
meshwork towards the corneal center. Then, by holding the trabecular meshwork with McPherson forceps and 
making gentle centripetal movements, the DM was carefully peeled from the posterior stroma before 
trephination with an 8.5 mm trephine. 

Endothelial cell density of the corneas used for graft preparation was assessed in the eye bank with an inverted 
light microscope (Zeiss Axiovert 40C, Carl Zeiss International, Zaventem, Belgium) using the fixed frame 
method.[32] Endothelial cell density (ECD) of the DMEK rolls directly after preparation was determined on light 
microscopy (LM) images by averaging the counts performed manually on three fixed frames of 0.01 mm2 per 
graft (reported as LM ECD). Grafts were considered eligible for transplantation if outcome of visual inspection 
after graft preparation was unremarkable (i.e., absence of bare DM areas or other irregularities), an ECD ≥ 2000 
cells/mm2 and negative microbiological testing to exclude possible contamination. For further analysis, grafts 
were transferred into a glass vial for storage in dextran-free organ-culture medium (CorneaMax, Eurobio, 
Cortaboeuf, France) at 31°C until the time of evaluation. 

 

Light microscopy imaging and cell viability assay 

For further analysis, grafts were carefully unfolded endothelial-side-up on a silane-precoated glass (Sigma–
Aldrich Chemistry BV, Zwijndrecht, The Netherlands) by transferring the graft with a glass pipette from the 
storage vial to the glass support, and gently dropping organ-culture medium onto the graft until complete graft 
unfolding (Figure 1a). During the procedure, cellulose sponges were used to guide the movement of the liquid 
in such way that it would force the graft edges to flatten over the glass support. Next, DMEK grafts were stained 
with hypotonic trypan blue 0.04% solution to better visualize the tissue on the glass slide and then 
photographed with an AxioVert.A1 microscope with AxioCam 305 color camera (Zeiss, Oberkochen, Germany) 
(Figure 1b,c). 

After light microscopy imaging, grafts were subjected to cell viability analysis. Each sample was covered with 
100–150 µl of Dulbecco’s phosphate-buffered saline (PBS) (Sigma–Aldrich Chemistry BV, Zwijndrecht, The 
Netherlands) containing Calcein-AM (4 µM) (Sigma–Aldrich Chemistry BV, Zwijndrecht, The Netherlands) and 
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incubated at room temperature (RT) for 45 min. After incubation, samples were washed with PBS and then 
imaged using an inverted fluorescence microscope. Multiple image tiles taken with a 50x magnification were 
combined and stitched together to create the graft panorama using Microsoft PowerPoint program. 

 

 
Figure 1| Representative images for the graft analysis before and after Calcein-AM staining. (a) Collage of light 
microscopy images (×50) to create the graft overview before cell viability investigation. (b) and (c) represent higher 
magnification areas (×100) of the graft displayed in (a), showing the endothelium at the central (b) and peripheral (c) 
regions. (d) Graft viability analysis process includes composite photos (×50) stitched together to create an image panorama 
of the graft stained with Calcein-AM (left). The central graft area (white dashed area in graft overview image) is then 
selected for cell viability analysis and endothelial cell density counting. The central graft viability analysis panel shows 
image segmentation and thresholding, with the viable and non-viable cell areas displayed in red. The cell counting panel 
displays three different frames (200 × 200 µm), selected in the white dashed area, wherein cell counting was performed 
using the multi-point function in ImageJ. Images are from graft #1 (Table 1). Scale bars = 100 µm. 

 

Image analysis 

Composite images were imported into FIJI open software for processing and analysis 
(https://imagej.net/Welcome). For each Calcein-AM-labeled DMEK graft, the graft area was manually defined, 
the background noise was removed, and the image underwent thresholding at different levels of image intensity 
and saturation. The presence of hyperfluorescent folds on some grafts caused some areas populated by viable 
cells to appear hypofluorescent rendering a low viability signal and, thus, underestimating graft viability. For 
this reason, next to analyzing the entire graft surface, also a circular area was selected centrally on the graft and 
with a diameter equal to one third of the entire graft diameter (Figure 1d, white-dashed line area). For both the 
entire graft and the selected central graft area, we were able to estimate the percentage of the area of the graft 
covered by viable cells (=viable cell area/total graft area) and the percentage of the non-viable graft area 
(=apoptotic and/or denuded graft area/total graft area). ECD on Calcein-stained grafts, reported as Calcein-ECD, 
was determined centrally on the graft by using the fixed-frame method like for the LM images taken directly 
after graft preparation. For Calcein-ECD, counting was performed in fixed frames of 0.04 mm2 using the multi-
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point tool to mark all cell centers and counts from three frames per graft were averaged. A half-cell was marked 
only if it could be paired with another unlabeled half- cell (Figure 1d, Cell counting panel). ECD differences were 
reported between the Calcein-AM-labeled DMEK graft (Calcein-ECD) and LM imaged DMEK rolls (LM ECD). 

 

Statistical Analysis 

Paired t-tests were performed to identify significant differences in outcomes between data (ECD and cell 
viability) collected at graft preparation time (day 0) and post-storage time (3 and 7 days). P < .05 was considered 
significant. 

 

RESULTS 
Cell density and viability analysis of DMEK grafts allocated for surgery  

Due to the Covid-19 related cancellation of elective surgeries in the Netherlands in March 2020, 5 DMEK grafts 
from 4 donors that had been allocated and prepared for transplantation became available for research (Table 1, 
corneas #1-5). Endothelial cell density and viability of these grafts were evaluated on the days of the scheduled 
surgeries. Graft preparation by hydrodissection had been uneventful, except for one graft for which bubble 
formation was not successful and the graft had to be harvested using the “no-touch” peeling technique. Directly 
after preparation, standard visual inspection of the DMEK rolls by light microscopy (LM) had shown an 
unremarkable endothelial cell monolayer with a median LM ECD of 2600 cells/mm2 and 2617 cells/mm2 before 
and after preparation, respectively (mean LM ECD 2600 (±122) cells/mm2 before and 2575 (±112) cells/mm2 
after preparation; P = .687). After 6 days of organ-culture storage, i.e., at the time of the scheduled surgery, 
median Calcein-ECD based on analysis of the Calcein-AM images had decreased to 2025 cells/mm2 (mean ECD 
1678 (±687) cells/mm2; P=.058). Analysis of Calcein-AM images revealed that the percentage of central surface 
area covered by viable cells ranged from 57% to 97% (median 85%, mean 84 (±16)%) and for the entire graft 
surface area this ranged from 59% to 92% (median 80%, mean 78 (±13)%) (Table 1 and Figure 2). 

 

 
Figure 2| Example images representing Calcein-AM-stained DMEK grafts that had been allocated for transplantation. (a) 
Graft with a well maintained endothelial cell viability after 6 days in organ culture medium; (b) graft displaying mainly 
peripheral edge damage, probably induced during the trephination step in the graft preparation procedure; Calcein-AM-
labeled cells showing a low level of fluorescence; (c) marked graft showing cell loss of about half of the surface area. Grafts 
were imaged on the planned day of the cancelled surgeries. Displayed grafts are (a) graft #2, (b) graft #4, and (c) graft #5. 
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Effect of organ-culture storage on cell density and viability analysis of paired DMEK grafts  

 

Based on the wide range of cell viability observed for the five grafts initially allocated for transplantation, 
additional tests with 14 DMEK grafts from paired donor corneas (Table 1, corneas #6–19) were performed to 
assess whether freshly prepared grafts would show less variability than grafts after organ-culture storage. 

Median ECD assessed by light microscopy directly after DMEK graft preparation was 2466 cells/mm2 (mean LM 
ECD 2492 (±219) cells/mm2) (n = 14) as compared to 2600 cells/mm2 (mean LM ECD 2608 (±178) cells/mm2; 
P  = .138) (n = 12) (Table 2) before preparation, with pre-preparation LM ECD calculated centrally on the donor 
cornea at the time of cornea preservation. 

For grafts subjected to Calcein-AM staining on the day of the graft preparation (n = 7), median Calcein-ECD was 
2417 cells/mm2 (mean Calcein-ECD 2379 (±372) cells/mm2) as compared to median LM-ECD of 2433 cells/mm2 
(mean LM ECD 2505 (±254) cells/mm2; P = .247) determined directly after preparation. This corresponds to an 
average ECD difference between LM ECD and Calcein-ECD of 5 (±11)% (median decrease of 1%). Cell viability 
analysis performed on the day of graft preparation showed that, on average, 82 (±20)% (median 88%) (n = 7) of 
the central graft surface area and 75 (±15)% (median 81%) of the entire graft surface area was covered by viable 
cells (Table 2). 

 

 
Figure 3| Representative images of paired grafts immediately after preparation and organ culture storage. Top row: 
Paired grafts #8 and 9 were imaged at d0 (day of preparation, (a) and after 3 days of organ culture storage (b). Bottom row: 
Paired grafts #18 and 19 were imaged at d0 (c) and after 7 days of organ culture storage (d). Every graft overview image is 
a collage of 50× image tiles stitched together, and two higher magnification images were included for a better visualization 
of endothelium integrity. Dark areas on the graft indicate apoptotic cells (a) or bare areas of DM (c). Scale bars = 100 µm. 

Median Calcein-ECD of DMEK grafts analyzed after 3 to 7 days of graft storage in organ-culture medium (n = 7) 
was 2367 cells/mm2 (mean Calcein-ECD 2058 (±781) cells/mm2) as compared to 2417 cells/mm2 (P = .155) 
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measured directly after preparation of grafts prepared from the contralateral corneas (n = 7) (Table 2). 
Assessment of cell viability following graft storage for 3–7 days showed that the median % central surface area 
populated by viable cells on the grafts was 92% (mean 88 (±14)%) (n = 7) compared to 88% (P = .0.089) measured 
directly after preparation of grafts prepared from the contralateral corneas and for the entire graft surface area 
the median remained at 81% (mean 75 (±23)%) (Table 2 and Figure 3). 

Noteworthy, the graft pair with the lowest area covered by viable cells (Table 1, corneas # 12 and 13), showed 
unremarkable endothelial cells upon LM inspection in the eye bank directly after preparation (Figure 4a,f) and 
both grafts were considered eligible for transplantation. However, about 3 hours later, LM inspection in the lab 
before Calcein-AM staining already showed cells with large nuclei (Figure 4b) and Calcein-AM staining revealed 
large areas of the graft devoid of viable cells (Figure 4c–e). Light microscopy and fluorescence imaging of the 
contralateral graft after 7 days of organ-culture storage showed sparsely distributed elongated endothelial cells 
(Figure 4g–i) that were not contact-inhibited. 

 

 
Figure 4| Paired donor graft analysis before and after Calcein-AM staining. (a–e): Analysis of graft #12 at day 0 after 
preparation in the eye bank; (f–j): Analysis of the contralateral graft (#13) after 7 days of organ culture storage. Displayed 
are representative brightfield images of the graft taken directly after preparation in the eye bank (a, f), taken about 3 hours 
after the preparation in the lab mounted on a glass cover slide (b, g), and fluorescence composite images after staining 
with Calcein-AM (c, h). (d) and (i) represent higher magnification images of the graft endothelium shown in (c) and (h), 
respectively. Especially in (d), the difference in fluorescence intensity between viable cells (higher fluorescence signal) and 
dying cells (low fluorescence signal) is evident. (e) and (j) represent the FIJI segmented images of the viable areas on the 
graft in (c) and (h), respectively. Scale bars = 100 µm. 

 

Intra-donor variability of endothelial cell density and viability 

Of four graft pairs (Table 1, corneas #20-27), grafts of two pairs were assessed directly after preparation and 
grafts of the other two pairs after 3 days of organ-culture storage. Overall, there was no significant difference 
between contralateral grafts in terms of average Calcein-ECD based on fluorescence images (mean Calcein-
ECD 2042 (±349) cells/mm2 vs. 2325 (±252) cells/mm2; median Calcein-ECD 2138 cells/mm2 vs. 2246 
cells/mm2) and central surface area covered by viable cells (mean 69 (±17)% vs. 88 (±5)%) (P = .396 and P = 
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.113, respectively) (Table 2). However, one pair (Table 1; corneas #26 and 27) had comparable LM ECD before 
and directly after preparation, but lower Calcein-ECD and central graft viability for one of the grafts after 3 days 
of graft storage (1558 cells/mm2 vs. 2683 cells/mm2 and 73% vs. 90%, respectively). 

 

DISCUSSION 
In this study, we have shown that vital dye staining of surgery-grade DMEK grafts revealed a high degree of 
variability in endothelial cell loss and in surface area covered by viable cells. 

Overall, LM ECD determined centrally on the donor cornea at the time of cornea preservation and directly after 
DMEK graft preparation by counting in fixed-frames of 0.01 mm2 with trypan blue staining in the eye bank, was 
almost similar in our study. All grafts were considered eligible for transplantation based on post-preparation LM 
ECD and light microscopy inspection of the endothelial cell layer. Mean Calcein-ECD determined centrally on 
the graft based on Calcein-AM analysis performed on the day of graft preparation was comparable to LM-ECD 
within the error margin of the fixed-frame method[33] for the majority of the grafts (8/11 grafts (73%)), while 
2/11 grafts (18%) showed a slightly lower Calcein-ECD and one graft (9%) had a 30% lower Calcein-ECD. Overall, 
there was no significant difference in median Calcein-ECD depending on storage time, but the highest losses in 
Calcein-ECD were observed for grafts stored for 6 or 7 days, respectively.  

Since the difference in LM-ECD and Calcein-ECD was within the error margin of the counting technique for most 
of the grafts, it is unlikely that the observed difference in eye bank determined LM ECD and Calcein-ECD based 
on Calcein-AM staining is due to cell damage induced by the graft handling for the Calcein-AM staining. Most 
likely the observed difference is due to the presence of apoptotic cells on the graft after preparation, which 
cannot be detected by trypan blue staining[34] and will be counted as viable endothelial cells in the eye bank. 
The presence of apoptotic cells on the grafts may not necessarily only be related to mechanical strain injury 
during graft preparation but also to stress-induced damage associated with donor death or even cornea 
procurement.[35] An already vulnerable endothelium before graft harvesting may not be able to maintain a 
proper cell repair mechanism after DM stripping, with some cells turning apoptotic and dropping off the DM. 
Another important parameter that could potentially affect the endothelial viability would be the ultrastructure 
of the DM. A DM may show resistance during cornea swelling in organ culture, forming folds that will deepen 
as swelling progresses, thereby compromising the surrounding cells.[36,37] Thus, after graft preparation, cells 
that had surrounded the folds could be shed off allowing the endothelium to heal but clearly resulting in a lower 
ECD compared to pre-preparation ECD. 

Our data showed a median difference of about 2% between Calcein-ECD evaluated on the day of graft 
preparation (2417 cells/mm2) and after 3–7 days of storage (2367 cells/mm2) and suggest that in general the 
apoptotic cell population observed after graft preparation may not increase during graft storage as this would 
in time translate to a loss of Calcein-ECD. This finding is in line with a recent study showing an 11% ECD loss 
caused by the preparation with no further statistically significant Calcein-ECD loss occurring during 5 days of 
culture storage.[38] A series of recent studies, focusing on the effect of short-term storage time on cell viability 
showed that organ-cultured DMEK grafts[16,39] or grafts preloaded and then stored for up to 3 days in cold-
storage[20,21,23,40] did not show a consistent or significant difference in ECD or cell viability when compared 
to uncultured grafts. However, in some cases of grafts with pronounced endothelial cell damage developed 
during the preparation, a further reduction in ECD during storage seems to occur as shown in our study, which 
can probably be caused by the redistribution of viable endothelial cells by migration to the areas where the cells 
were dead and detached. This may then result in a reported reduction of graft surface area covered by viable 
cells of on average 40%.[40] Larger studies with high-quality grafts, however, may be needed to shed more light 
on the overall effect of storage time on endothelial cells as this effect may not only be directly reflected by an 
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ECD loss but could also be more subtle and resulting in an elevated cellular stress level. The latter could lead to 
cells being more susceptible to damage caused by surgical manipulation.[41] 

The large variability in the observed loss of Calcein-ECD after graft preparation may explain the clinical 
observation of a large variability in early endothelial cell loss after DMEK with an ECD decrease of up to 50% in 
some eyes as early as 1 day postoperatively.[6] This variability in postoperative ECD has been shown to persist 
also at longer follow-up times[5,42] and DMEK grafts with a low ECD at 6-month postoperatively have a 
significantly lower graft survival probability at 5-year postoperatively.[43] 

This underlines the clinical importance of developing a better method for post-preparation graft screening in 
the eye bank to avoid transplanting grafts with a low density of viable endothelial cells. Therefore, the use of a 
florescent vital dye, such as Calcein-AM, to clearly visualize live and ideally also apoptotic cells could possibly 
assist eye bankers in the early detection of DMEK tissue of poor quality. Though Bhogal et al.[18,44] 
demonstrated the efficiency and safety of using Calcein-AM for cell evaluation across the entire surface of a 
corneal transplant in vitro, regulatory and safety concerns as well as economic considerations may prevent eye 
banks from implementing such a step in their current protocol. Another less invasive and less time-consuming 
alternative may be an additional graft evaluation by light microscopy within 1 day after graft preparation. Any 
loss in cell density and integrity of the endothelial cell layer could already be recognizable at this time and may 
allow to detect low-quality grafts before sending them out for transplantation. 

One limitation of our analysis is the small number of grafts tested in every group from graft preparation through 
storage in organ-culture, limiting the accuracy of the cell viability analysis. On the other hand, these grafts were 
prepared from surgical-grade corneas that arrived in our eye bank before the cancellation of elective surgeries 
due to the COVID-19 pandemic and would have never been made available for research outside the nationwide 
lockdown context. In addition, our single dye method cannot ascertain whether non-stained areas contain dead 
cells or no cells. However, Calcein-AM is known to recognize cells in both early and late stages of cells death[45] 
and these areas will be accurately identified by the image segmentation software and rendered “non-viable” in 
the analysis. 

 

CONCLUSION 
In conclusion, our findings show that endothelial cell damage may be observed within hours after DMEK graft 
preparation with insignificant additional changes in ECD during 3–7 days of organ-culture storage before use in 
DMEK surgery. Implementing an additional step for checking tissue quality in the eye bank after preparation 
may improve the quality of DMEK grafts released for transplantation and thereby contribute to further reducing 
post-operative DMEK complications.



Endothelial cell viability after DMEK graft preparation 
 

55 
 

REFERENCES 
1. Birbal RS, Baydoun L, Ham L, Miron A, van Dijk K, Dapena I, et al. Effect of surgical indication and preoperative lens 

status on Descemet membrane endothelial keratoplasty outcomes. Am J Ophthalmol. 2020 Apr;212:79-87. 
https://doi.org/10.1016/j.ajo.2019.12.011 PMID: 31863726 

2. Schrittenlocher S, Schaub F, Hos D, Siebelmann S, Cursiefen C, Bachmann B. Evolution of consecutive Descemet 
membrane endothelial keratoplasty outcomes throughout a 5-year period performed by two experienced surgeons. 
Am J Ophthalmol. 2018 Jun;190:171-178. https://doi.org/10.1016/j.ajo.2018.03.036 PMID: 29621512  

3. Hamzaoglu EC, Straiko MD, Mayko ZM, Sáles CS, Terry MA. The First 100 eyes of standardized Descemet stripping 
automated endothelial keratoplasty versus standardized Descemet membrane endothelial keratoplasty. 
Ophthalmology. 2015 Nov;122(11):2193-9. https://doi.org/10.1016/j.ophtha.2015.07.003 PMID: 26271841 

4. Deng SX, Lee WB, Hammersmith KM, Kuo AN, Li JY, Shen JF, et al. Descemet membrane endothelial keratoplasty: 
safety and outcomes: a report by the American Academy of Ophthalmology. Ophthalmology. 2018 Feb;125(2):295-
310. https://doi.org/10.1016/j.ophtha.2017.08.015 PMID: 28923499 

5. Oellerich S, Ham L, Frank LE, Gorges S, Bourgonje VJA, Baydoun L, et al. Parameters associated with endothelial cell 
density variability after Descemet membrane endothelial keratoplasty. Am J Ophthalmol. 2020 Mar;211:22-30. 
https://doi.org/10.1016/j.ajo.2019.10.017 PMID: 31647928 

6. Miron A, Bruinsma M, Ham L, Schaal SC, Baydoun L, Dapena I, et al. %endothelial cell density decline in the early 
postoperative phase after Descemet membrane endothelial keratoplasty. Cornea. 2018 Jun;37(6):673-677. 
https://doi.org/10.1097/ICO.0000000000001484 PMID: 29737973 

7. Hayashi T, Schrittenlocher S, Siebelmann S, Le VNH, Matthaei M, Franklin J, et al. Risk factors for endothelial cell loss 
after Descemet membrane endothelial keratoplasty (DMEK). Sci Rep. 2020 Jul 6;10(1):11086. 
https://doi.org/10.1038/s41598-020-68023-0 PMID: 32632151 

8. Peraza-Nieves J, Baydoun L, Dapena I, Ilyas A, Frank LE, Luceri S, et al. Two-year clinical outcome of 500 consecutive 
cases undergoing Descemet membrane endothelial keratoplasty. Cornea. 2017 Jun;36(6):655-660. 
https://doi.org/10.1097/ICO.0000000000001176 PMID: 28410548 

9. Brockmann T, Pilger D, Brockmann C, Maier AB, Bertelmann E, Torun N. Predictive factors for clinical outcomes after 
primary Descemet's membrane endothelial keratoplasty for Fuchs' endothelial dystrophy. Curr Eye Res. 2019 
Feb;44(2):147-153. https://doi.org/10.1080/02713683.2018.1538459 PMID: 30339062 

10. Price MO, Lisek M, Feng MT, Price FW Jr. Effect of donor and recipient diabetes status on Descemet membrane 
endothelial keratoplasty adherence and survival. Cornea. 2017 Oct;36(10):1184-1188. 
https://doi.org/10.1097/ICO.0000000000001305 PMID: 28749899. 

11. Parekh M, Borroni D, Ruzza A, Levis HJ, Ferrari S, Ponzin D, et al. A comparative study on different Descemet 
membrane endothelial keratoplasty graft preparation techniques. Acta Ophthalmol. 2018 Sep;96(6):e718-e726. 
https://doi.org/10.1111/aos.13746 PMID: 29520992 

12. Bhogal M, Balda MS, Matter K, Allan BD. Global cell-by-cell evaluation of endothelial viability after two methods of 
graft preparation in Descemet membrane endothelial keratoplasty. Br J Ophthalmol. 2016 Apr;100(4):572-8. 
https://doi.org/10.1136/bjophthalmol-2015-307534 PMID: 26740609 

13. Borroni D, Gadhvi K, Wojcik G, Pennisi F, Vallabh NA, Galeone A, et al. The influence of speed during stripping in 
Descemet membrane endothelial keratoplasty tissue preparation. Cornea. 2020 Sep;39(9):1086-1090. 
https://doi.org/10.1097/ICO.0000000000002338 PMID: 32301812 

14. Garcin T, Gauthier AS, Crouzet E, He Z, Herbepin P, Perrache C, et al. Three-month storage of human corneas in an active 
storage machine. Transplantation. 2020 Jun;104(6):1159-1165. https://doi.org/10.1097/TP.0000000000003109 PMID: 
31895867 

15. Romano V, Parekh M, Ruzza A, Willoughby CE, Ferrari S, Ponzin D, et al. Comparison of preservation and 
transportation protocols for preloaded Descemet membrane endothelial keratoplasty. Br J Ophthalmol. 2018 
Apr;102(4):549-555. https://doi.org/10.1136/bjophthalmol-2017-310906 PMID: 29133296 

16. He Z, Gueudry J, Toubeau D, Gain P, Thuret G, Muraine M. Endothelial quality of eye bank-prestripped DMEK 
prepared form organ-cultured corneas with the Muraine technique. Cell Tissue Bank. 2018 Dec;19(4):705-716. 
https://doi.org/10.1007/s10561-018-9723-0 PMID: 30171415 

17. Mayko ZM, Benetz BA, Menegay H, Donovan CP, Stoeger CG, Terry MA, et al. Donor endothelial cell density 
measurements do not change immediately after DMEK preparation. Cornea. 2016 Dec;35(12):1556-1561. 
https://doi.org/10.1097/ICO.0000000000001044 PMID: 27741015 

3 



Chapter 3 
 

56 
 

18. Bhogal M, Lwin CN, Seah XY, Murugan E, Adnan K, Lin SJ, et al. Real-time assessment of corneal endothelial cell 
damage following graft preparation and donor insertion for DMEK. PLoS One. 2017 Oct 4;12(10):e0184824. 
https://doi.org/10.1371/journal.pone.0184824 PMID: 28977017 

19. Tran KD, Alabi RO, Odell K, Dye PK, Downes K, Sales CS. Measuring endothelial cell loss on DMEK grafts after 
transplantation in human cadaveric whole eyes: description of the technique and pilot study. Cornea. 2018 
Aug;37(8):1075-1080. https://doi.org/10.1097/ICO.0000000000001602 PMID: 29634671 

20. Barnes K, Chiang E, Chen C, Lohmeier J, Christy J, Chaurasia A, et al. Comparison of tri-folded and scroll-based graft 
viability in preloaded Descemet membrane endothelial keratoplasty. Cornea. 2019 Mar;38(3):392-396. 
https://doi.org/10.1097/ICO.0000000000001831 PMID: 30550395 

21. Wolle MA, DeMill DL, Johnson L, Lentz SI, Woodward MA, Mian SI. Quantitative analysis of endothelial cell loss in 
preloaded Descemet membrane endothelial keratoplasty grafts. Cornea. 2017 Nov;36(11):1295-1301. 
https://doi.org/10.1097/ICO.0000000000001301 PMID: 28991851 

22. Tran KD, Dye PK, Odell K, Galloway J, Stoeger CG, Straiko MD, et al. Evaluation and quality assessment of prestripped, 
preloaded Descemet membrane endothelial keratoplasty grafts. Cornea. 2017 Apr;36(4):484-490. 
https://doi.org/10.1097/ICO.0000000000001150 PMID: 28129302 

23. Zeidenweber DA, Tran KD, Sales CS, Wehrer SW, Straiko MD, Terry MA. Prestained and preloaded DMEK 
Grafts: an evaluation of tissue quality and stain retention. Cornea. 2017 Nov;36(11):1402-1407. 
https://doi.org/10.1097/ICO.0000000000001329 PMID: 28837527 

24. Sgonc R, Gruber J. Apoptosis detection: an overview. Exp Gerontol. 1998 Sep;33(6):525-33. 
https://doi.org/10.1016/s0531-5565(98)00031-x. PMID: 9789730 

25. Fischer S, Maclean AA, Liu M, Cardella JA, Slutsky AS, Suga M, et al. Dynamic changes in apoptotic and necrotic cell 
death correlate with severity of ischemia-reperfusion injury in lung transplantation. Am J Respir Crit Care Med. 2000 
Nov;162(5):1932-9. https://doi.org/10.1164/ajrccm.162.5.9910064 PMID: 11069837 

26. Gain P, Thuret G, Chiquet C, Dumollard JM, Mosnier JF, Burillon C, et al. Value of two mortality assessment 
techniques for organ cultured corneal endothelium: trypan blue versus TUNEL technique. Br J Ophthalmol. 2002 
Mar;86(3):306-10. https://doi.org/10.1136/bjo.86.3.306 PMID: 11864889 

27. Sperling S. Early morphological changes in organ cultured human corneal endothelium. Acta Ophthalmol (Copenh). 
1978 Oct;56(5):785-92. https://doi.org/10.1111/j.1755-3768.1978.tb06643.x PMID: 80914 

28. Pipparelli A, Thuret G, Toubeau D, He Z, Piselli S, Lefèvre S, et al. Pan-corneal endothelial viability assessment: 
application to endothelial grafts predissected by eye banks. Invest Ophthalmol Vis Sci. 2011 Jul 29;52(8):6018-25. 
https://doi.org/10.1167/iovs.10-6641 PMID: 21666243 

29. The Barcelona Principles: An agreement on the use of human donated tissue for ocular transplantation, research, 
and future technologies©. Cornea. 2018 Oct;37(10):1213-1217. https://doi.org/10.1097/ICO.0000000000001675 
PMID: 30198942 

30. Szurman P, Januschowski K, Rickmann A, Damm LJ, Boden KT, Opitz N. Novel liquid bubble dissection technique 
for DMEK lenticule preparation. Graefes Arch Clin Exp Ophthalmol. 2016 Sep;254(9):1819-23. 
https://doi.org/10.1007/s00417-016-3377-z PMID: 27207467 

31. Lie JT, Birbal R, Ham L, van der Wees J, Melles GR. Donor tissue preparation for Descemet membrane endothelial 
keratoplasty. J Cataract Refract Surg. 2008 Sep;34(9):1578-83. https://doi.org/10.1016/j.jcrs.2008.05.036 PMID: 
18721723 

32. Groeneveld-van Beek EA, Lie JT, van der Wees J, Bruinsma M, Melles GR. Standardized 'no-touch' donor tissue 
preparation for DALK and DMEK: harvesting undamaged anterior and posterior transplants from the same donor 
cornea. Acta Ophthalmol. 2013 Mar;91(2):145-50. https://doi.org/10.1111/j.1755-3768.2012.02462.x PMID: 
22672202 

33. Campolmi N, Acquart S, He Z, Gavet Y, Jullienne R, Naigeon N, et al. Inherent errors of the fixed-frame counting 
method for corneal endothelial cell density in eye banks. Cell Tissue Bank. 2014 Sep;15(3):451-9. 
https://doi.org/10.1007/s10561-013-9411-z PMID: 24292237 

34. Leite M, Quinta-Costa M, Leite PS, Guimarães JE. Critical evaluation of techniques to detect and measure cell death-
-study in a model of UV radiation of the leukaemic cell line HL60. Anal Cell Pathol. 1999;19(3-4):139-51. 
https://doi.org/10.1155/1999/176515 PMID: 10866276 

35. Doughman DJ. Prolonged donor cornea preservation in organ culture: long-term clinical evaluation. Trans Am 
Ophthalmol Soc. 1980;78:567-628. PMID: 7020215 



Endothelial cell viability after DMEK graft preparation 
 

57 
 

36. Albon J, Tullo AB, Aktar S, Boulton ME. Apoptosis in the endothelium of human corneas for transplantation. Invest 
Ophthalmol Vis Sci. 2000 Sep;41(10):2887-93. PMID: 10967041 

37. Nejepinska J, Juklova K, Jirsova K. Organ culture, but not hypothermic storage, facilitates the repair of the 
corneal endothelium following mechanical damage. Acta Ophthalmol. 2010 Jun;88(4):413-9. 
https://doi.org/10.1111/j.1755-3768.2008.01490.x PMID: 19604163 

38. Safi T, Seitz B, Berg K, Schulz K, Langenbucher A, Daas L. Reproducibility of non-invasive endothelial cell loss 
assessment of the prestripped DMEK roll after preparation and storage. Am J Ophthalmol. 2021 Jan;221:17-26. 
https://doi.org/10.1016/j.ajo.2020.08.001 PMID: 32795433 

39. GamalElDin SA, Salama MM, ElShazly MI. Seven-day storage of pneumatically dissected Descemet's endothelial 
grafts with and without Dua's layer. Acta Ophthalmol. 2016 Mar;94(2):e130-4. https://doi.org/10.1111/aos.12823 
PMID: 26310820 

40. Català P, Vermeulen W, Rademakers T, van den Bogaerdt A, Kruijt PJ, Nuijts RMMA, et al. Transport and preservation 
comparison of preloaded and prestripped-only DMEK grafts. Cornea. 2020 Nov;39(11):1407-1414. 
https://doi.org/10.1097/ICO.0000000000002391 PMID: 32467448 

41. Patel SV, Lass JH, Benetz BA, Szczotka-Flynn LB, Cohen NJ, Ayala AR, et al. Postoperative endothelial cell density is 
associated with late endothelial graft failure after Descemet stripping automated endothelial keratoplasty. 
Ophthalmology. 2019 Aug;126(8):1076-1083. https://doi.org/10.1016/j.ophtha.2019.02.011 PMID: 30790587 

42. Musayeva A, Livny E, Dragnea DC, Ham L, Vasiliauskaitė I, Ní Dhubhghaill S, et al. Endothelial cell density changes in 
the corneal center versus paracentral areas after Descemet membrane endothelial keratoplasty. Cornea. 2020 
Sep;39(9):1091-1095. https://doi.org/10.1097/ICO.0000000000002326 PMID: 32282357 

43. Vasiliauskaitė I, Quilendrino R, Baydoun L, van Dijk K, Melles GRJ, Oellerich S. Effect of six-month postoperative 
endothelial cell density on graft survival after Descemet membrane endothelial keratoplasty. Ophthalmology. 2021 
Dec;128(12):1689-1698. https://doi.org/10.1016/j.ophtha.2021.05.022 PMID: 34033824 

44. Bhogal M, Matter K, Balda MS, Allan BD. Organ culture storage of pre-prepared corneal donor material for 
Descemet's membrane endothelial keratoplasty. Br J Ophthalmol. 2016 Nov;100(11):1576-1583. 
https://doi.org/10.1136/bjophthalmol-2016-308855 PMID: 27543290 

45. Méry B, Guy JB, Vallard A, Espenel S, Ardail D, Rodriguez-Lafrasse C, et al. In vitro cell death determination for drug 
discovery: a landscape review of real issues. J Cell Death. 2017 Feb 24;10:1179670717691251. 
https://doi.org/10.1177/1179670717691251 PMID: 28469473  

3 




