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In tissue bank, one of the key steps in the corneal grafts sorting is the analysis of the deepest cell layer of the
cornea, the endothelium. This analysis consists of counting the density of living cells using trypan blue staining.
However, this dye is toxic and the measurement is localized. Then no information is given on the cell’s viability
of the entire cell layer. This preliminary study proposes to track the kinetics of variation of scattered light dur-
ing the deturgescence process. The backscattered light of two different sets of cornea, with and without
endothelial cells, are measured and the decrease of this parameter as a function of the deturgescence time
are different. This noninvasive technique could be used as a criterion for attesting the presence or absence
of endothelial cells. These specificities make it possible to preserve the endothelial layer compared to the tech-
niques. The ultimate objective would be to use this measurement as a sorting criterion characterizing endothe-
lial pump activity.
1. Introduction

Outer layer of the eye, cornea closes the eyeball and separates
it from the external environment. One of the main characteristics
of the cornea is its transparency. This property, which is remark-
able and indispensable for good vision, is the consequence of a
very particular organized structure that allows low absorption
and low scattering of the light that is transmitted through it.
The cornea consists of five main layers (Fig. 1). From the anterior
face to the posterior face there are: the epithelium (50 µm thick),
the Bowman's membrane (12 µm thick), the stroma (500 µm
thick), the Descemet's membrane (3 to 10 µm thick) and the
endothelium (8 µm thick).

In case of pathologies, the cornea can lose its transparency irre-
versibly. In these extreme cases, a transplant must be performed.
The surgery consists of replacing the damaged tissue or part of it with
a healthy graft (Fig. 1(b)).

The grafts are stored by authorized establishments, the corneal
banks, where they are screened to sort the tissues. Hypothermia
(2–8 °C) is the most commonly applied method of storage. But
organ culture is used widely in European eye banks and is the
storage method used for the corneal graft studied in this paper
(Armitage, 2011). This type of conservation implies that the grafts
are kept at a temperature between 31 and 37 °C, in a liquid
derived from traditional cell culture media. This type of medium
preserves the metabolic activities of the different types of corneal
cells for several weeks. This method of preservation induces swel-
ling of the graft due to the natural penetration of fluids into it.
To compensate for this swelling, a deturgescence phase is carried
out 48 h before the graft in order to evacuate them (Schnitzler
et al., 2016).

The quality of the grafts is attested by different criteria (Gareiss‐Lok
et al., 2020):

‐ microbiological, virological and epidemiological control: tests are
carried out during storage in order to eliminate contaminated or
potentially contaminating grafts (Armitage and Easty, 1997);

‐ tissue transparency control: even though different techniques have
been studied in research papers (Ventura et al., 2000, 2005; Weale
and Davies/089200 A1, 2004), in most tissue banks, the assessment
of transparency is only attested qualitatively by the technician
responsible for the control of tissues. The graft is carefully observed
for possible opacifications;
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Fig 1. (a) Cross-section of a human corneal graft measured by Full-Field
Optical Coherence Tomography (1: epithelium, 2: Bowman’s membrane 3:
stroma, 4: Descemet membrane, 5: endothelium). (b) Photography of a human
corneal graft.

G. Georges et al. Results in Optics 4 (2021) 100082
‐ evaluation of the endothelial layer quality: the evaluation of the
endothelium layer in the tissue bank consists of a visual assessment
of this layer under a microscope and a count of the number of
endothelial cells (which must be greater than 2000/mm2 in France
(Laverne‐Acquart, 2013).

This last point is crucial in assessing the quality of the grafts.
Indeed, endothelial cells have an essential role in the corneal tissue
functioning (evacuation of waste, passage of fluids containing nutri-
ents and oxygen, etc.) which is ensured by a pump and barrier activity
that also helps to maintain the hydration rate of the cornea. (Dikstein
and Maurice, 1972). An example of optical microscope observation of
the endothelial layer is shown in Fig. 2 (Maas‐Reijs et al., 1997; Pels
and Schuchard, 1983). Since endothelial cells have low contrast in
optical observation, they can be immersed in 0.9% NaCl solution
(for one to four minutes) to dilate the intercellular spaces and thus
increase the contrast around the cells. This osmotic preparation is
reversible (Sperling, 1986).
Fig 2. Image (0,1 × 0,1 mm2) of the endothelium of a cornea preserved in
organoculture and observed under optical microscope after dilatation of the
intercellular spaces by 0.9% NaCl (scale bar: 100 µm) (Laverne-Acquart,
2013).
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This control step is very frequently combined with a trypan blue
stain to detect dead or dying cells. Indeed, trypan blue enters passively
into all cells but is actively excluded by living cells (Singh et al., 1985).
However, the reproducibility of the technique is frequently questioned
as it only represents an instantaneous and very localized measurement
without prejudging the dynamics of endothelial death during storage
over the entire surface of the endothelium. The mortality rate mea-
sured with this method at the end of storage does not correlate with
cell loss during organoculture (Sperling, 1986) and some non‐viable
cells with an intact membrane remain trypan blue negative. In addi-
tion, studies suggested endothelial toxicity of trypan blue concentrated
at 0.1% after five minutes of incubation (Van Dooren et al., 2004).
However, there are currently no alternative dyes or other methods
to qualify the condition of the endothelium (Van Dooren et al.,
2004; Gain et al., 2002; Wilhelm et al., 1995).

An important issue is to propose non‐invasive and non‐contact sort-
ing method to qualify the endothelium. In this preliminary study, the
potential of a technique to dissociate grafts with and without endothe-
lial cells is demonstrated. This method is based on the sensitivity of the
light backscattered to very fine changes in corneal graft bulk (Gil et al.,
2019). The protocol consists of monitoring the evolution of the inten-
sity scattered by two groups of grafts during deswelling process. One
group is made up of samples with endothelial cells, the other is devoid
of endothelial cells. The comparison of the behaviors demonstrates the
effectiveness of this technique in the qualification of post‐mortem
corneas.
2. Protocol

Measurements are performed using a scatterometer for angularly
resolved measurement of backscattered light by the corneal graft
(Gil et al., 2019; Casadessus et al., 2012). The principle of the setup
is presented on Fig. 3.

The samples are illuminated by a laser diode with a wavelength of
680 nm at normal incidence in the center of the cornea. The diameter
of the beam is about 3 mm. Photodiodes measure the scattered inten-
sity as a function of the scattering angles. From these angular measure-
ments, an integrated parameter, TIS: “Total Integrated Scattering”, can
be deduce. It is defined as:

TIS ¼
ZZ φ

θ

BRDF: cos θ;φð Þ: sin θð Þdθdφ

where (θ,φ) are spherical coordinates of the considered point of mea-
surement and BRDF is Bidirectional Reflectance Distribution Function.
As the scattered intensity by the cornea is isotropic, the measurements
are made only in the incidence plan (φ= 0) (Mar et al., 2009). In order
to limit surface effects in the scattering measurement and due to our
Fig 3. Definition of the measurement configuration.



Table 1
Endothelial density of the corneal grafts in the group ECD > 0.

Corneal grafts with endothelial cells (ECD > 0) Endothelial density (cells/mm2)

1 1300
2 1060
3 1140
4 1120
5 1000
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experimental configuration, the TIS will be calculated over an angular
range between 35° and 70° (Gil et al., 2019). The experimental errors
on the TIS measurements of a same corneal graft is less than 1%. To
limit this errors, the measuring time don’t exceed 2 min.

Previous studies have shown the link between corneal edemas and
backscattered light (Gil et al., 2019; Casadessus et al., 2012). A same
corneal graft is stored in BSS (Balanced Salt Solution) and in Voluven
solution (deturgescence media) to control its edema state. The
backscattered intensity is measured as a function of the scattered angle
and the TIS is extracted. The results are presented in Fig. 4. This figure
illustrates the link and the correlation between the edema, the thick-
ness of the corneal graft and the backscattered light.

In this paper, this technique is used in order to test the endothelial
cells activity in the deturgescence process.

This study was performed on ten human corneal grafts rejected
from the transplant circuit due to insufficient endothelial density, their
endothelial cell density (ECD) is less than 2000 cells/mm2.

The grafts were placed in deturgescence for seven hours after hav-
ing spent a variable time in the first organoculture medium (nine to
twenty days). The presence of graft cells is checked every hour.
Endothelial cells are revealed by complete soaking of the graft in saline
solution for about three minutes. Trypan blue is not used here. The
area analyzed is 100 × 100 µm2.

These ten human corneal grafts are classified in two categories:
presence or absence of endothelial cells (respectively noted ECD > 0
or ECD = 0). Each category includes five grafts. Those qualified as
having endothelial cells, correspond to those having a density of
endothelial cells not zero throughout the experiment. The value of
the endothelial density of the group with ECD > 0 are given in
Table 1.

Scattering measurements are performed every hour during the
deturgescence process and the first measurement, considered as initial
data, is obtained just before being placed in Corneajet. The time of
exposure to air to obtain these data does not exceed one minute.

3. Results and discussions

Fig. 3 presents the experimental results obtained of the ten corneal
grafts. Graph 5(a) shows the evolution of the TIS (calculated for scat-
tering angles between 35° and 70°) as a function of the time spent by
the grafts in deturgencence medium. The red gradient points corre-
spond to the group rated ECD = 0 and the blue gradient points corre-
spond to the other graft that have endothelial cells (ECD > 0.

The first notable observation is that with or without cells, the evo-
lution of light scattered by grafts during deturgescence process goes
through two phases. A first phase on which the scattered light progres-
sively decreases until reaching a minimum. And a second phase on
which the TIS is almost constant.
Fig 4. Scattered intensity (left) and TIS (right) of a corneal graft a
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The major difference between the two groups is the time taken to
reach this stabilization phase. In the presence of endothelial cells,
the decrease of the TIS is more rapid. Less than two hours are enough
to reach a minimum and stable level of scattering, against 4 h when
the graft has so few cells that they are not visible on the microscope
probed area.

The minimum level of scattering reached for the grafts of the group
ECD = 0 is higher than in the presence of endothelial cells (group
ECD > 0), the difference is about 30%.

The number of endothelial cells is an important parameter in the
qualification of grafts. It is therefore essential that characterization
techniques affect this density as little as possible.

In order to quantify this kinetics of decrease in scattered intensity
during the deturgescence phase, we modeled the data by the following
exponential law:

TIS ¼ ae�bt þ c

It allows to consider the decrease phase in scattering through the
term b, as well as the final asymptote through the term c.

The average trends of the measured behaviors as a function of
deturgescence time for the two groups are shown in Fig. 5(b) as a
red solid line for the group without cells and a blue solid line for the
group with cells. The colored zones represent the 95% confidence
interval.

Table 2 shows the mean values (as well as the limits of the 95%
confidence interval) of these different parameters for the two groups,
EDC = 0 and EDC > 0.

As noted in previous comments, the interest parameter is b which
characterize the deturgescence kinetics. A sufficient number of cells
(>1000 cells / mm2) accelerates the decrease in the scattered inten-
sity by the graft by a factor equal to 2 between the two groups.

Measure the decay kinetics of the scattered intensity of the graft
during the deturgescence phase could therefore be a non‐invasive
characterisation method to test the presence or absence of enough
endothelial cells. Such a conclusion requires making sure that other
parameters cannot influence this parameter b. Those whose outcome
we know are:
s a function of the scattering angle for different edema states.



Fig 5. Evolution of TIS as a function of the deturgescence time for the 10
grafts studied (a) and trend curves of the evolution of TIS of the group of grafts
without endothelial cells (ECD = 0) and of the group of grafts with cells
(ECD > 0) (b).

Table 2
Mean coefficients and associated 95% confidence interval used for the
adjustment of the TIS curves as a function of deturgescence time of the different
grafts groups.

Parameters ECD > 0 ECD = 0

a (without unit) (7.0 ± 0.6)·10−2 (5.9 ± 0.7)·10−2

b (min−1) (3.7 ± 1.2)·10−2 (1.4 ± 0.4)·10−2

c (without unit) (2.1 ± 0.2)·10−2 (2.5 ± 0.3)·10−2

Table 3
Pearson’s coefficient (%) of correlation tests between b coefficients and time
spent in Corneamax® before deturgescence process, initial scattering measure-
ment, maximum relative scattering variation and donor age.

Parameters Time spent in the
Corneamax®

Initial scattering
measurement TISinitial

Maximum relative
variation in scattering

b coefficients −0.06 0.35 0.39
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‐ the time spent in the first preservative liquid before being placed in
the detergescence medium that is between 9 and 20 days in this
study;

‐ the initial scattering level (TISinitial) that varies here between 0.04 à
0.10;

‐ the maximum relative variation of scattering: this is the relative
variation of scattering between the initial TIS and the scattering
measured during the stable phase. This parameter vary here
between 56% à 81%.
4

Four Pearson correlation tests were performed to identify the linear
correlation degree between the b deturgescence kinetics within each
group and each of these parameters. The different Pearson coefficients
obtained are shown in Table 3.

The results obtained on this small number of samples show no sig-
nificant correlation between deturgescence kinetics and the different
parameters specific to each graft. Considering these results, the param-
eter presence or absence of endothelial cells seems to be relevant to
explain this difference in kinetics between the two groups. Thus, the
monitoring of the scattered intensity during this first phase of
deturgescence allows to differentiate the group with and without
endothelial cells.

As the medium used in the deturgescence process alter the quality
of the graft, it is important to reduce this soaking time as much as pos-
sible. The scattered intensity is directly related to the quality of trans-
parency of the graft. Monitoring its decrease during the phase could
also make it possible to optimize the soaking time and thus reduce
the negative impact of the deturgescence medium (CorneaJet® in this
study) on the quality of the graft.

4. Conclusion

First results, obtained on ten human corneal grafts rejected from
the transplant circuit due to insufficient endothelial cell density
(ECD less than 2000 cells/mm2), show that monitoring the intensity
backscattered by the grafts during deturgescence process makes it pos-
sible to highlight the presence or absence of endothelial cells via an
analysis of deturgescence kinetics. This is an encouraging first step that
validates the backscattering as a qualification tool of the quality of the
endothelium. This measurement technique has the advantage of being
non‐invasive and can be performed without contact and without sam-
ple invasive preparation. These specificities make it possible to pre-
serve the endothelial layer compared to the techniques used today
(particularly the trypan blue staining).

The next step will be to continue this study with one group of grafts
suitable and one group rejected for graft in order to verify that the
analysis of the scattered intensity allows the two groups to be
separated.
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