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Abstract in English

Purpose: To evaluate the efficiency of using anterior segment optical coherence tomography
(AS-OCT) (CASIA2) as a non-invasive and sterile screening method in the eye bank to detect
corneal grafts with curvature and/or thickness abnormalities, thus improving the graft

selection for corneal transplantation.

Methods: Two hundred donor corneal tissues mounted in sterile tissue cultivation flasks were
imaged using AS-OCT (CASIA 2). The corneal tissues were preserved at least 24 hours in
medium 2 (6% dextran T-500) before the measurement. All images were grabbed through the
posterior surface of the corneal tissues within a 7 mm central zone to create 3D volume data.
The volume data set was imported to MATLAB and, after preprocessing the data and defining
the region of interest (ROI), the edge of the front and back surfaces of the corneal tissues was
detected. Subsequently, the adaptation of a sphero-cylindrical surface model with raytracing
was carried out. The radii of curvature for the front and back surfaces and the central corneal
thickness were determined according to the method proposed by Maurer S., Eppig T., and

Langenbucher A. at the Institute of Experimental Ophthalmology, Homburg/Saar.

Results: The mean steep/flat front surface radius was 7.5 £ 0.24 (6.6-7.9) / 7.7 + 0.22 (7.1-
8.8) mm, the corresponding values for the back surface being 6.6 £ 0.22 (5.9-7.1) / 6.8 £ 0.21
(6.2-7.5) mm and the mean central thickness was 582 + 45.1 (453-693) um. Abnormalities
(beyond £ 2 SD) were found in 13 corneas (6.5%) for anterior surface curvature, 15 for

corneas (7.5%) for the posterior surface, and five corneas (2.5%) for thickness.

Conclusions: The AS-OCT provides an objective and sterile. In addition, it may allow, in the
future, a semi-automated screening method to identify corneal morphological and refractive
alterations (e.g., keratoconus, status post PRK/LASIK) to further optimize corneal donor

selection in eye banks.



Zusammenfassung in Deutsch

Ziel: Bewertung der Effizienz der optischen Kohédrenztomographie des vorderen
Augenabschnitts (AS-OCT) (CASIA2) als nicht-invasive und sterile Screeningsmethode in
der Hornhautbank zur Erkennung von Hornhauttransplantaten mit Kriimmungs- und/oder
Dickenanomalien, wodurch die Transplantatauswahl fur die Hornhauttransplantation

verbessert werden sollte.

Methoden: 200 Spenderhornhautgewebe wurden im sterilen Gewebekultivierungsbehalter
vermessen. Die Hornhautgewebe wurden mindestens 24 Stunden vor der Messung in Medium
2 (mit 6% Dextran T-500) konserviert. Alle Bilder wurden durch die hintere Oberflache der
Hornhautgewebe innerhalb einer zentralen Zone von 7 mm aufgenommen, um 3D-
Volumendaten zu erstellen. Der Volumendatensatz wurde in MATLAB importiert, und nach
der Vorverarbeitung der Daten und der Definition der “Region of interest (ROI) wurde die
Kante der Vorder- und Rickseite der Hornhautgewebe detektiert. Anschlielend erfolgte die
Anpassung eines spharozylinderférmigen Oberflaichenmodells mittels Raytracing. Die
Kriimmungsradien fur Vorder- und Riickseite sowie die Dicke der zentralen Hornhaut wurden
nach der von Maurer S, Eppig T und Langenbucher A (Institut fir Experimentelle

Ophthalmologie, Homburg/Saar) vorgeschlagenen Methode bestimmt.

Ergebnisse: Der mittlere steile / flache Radius der VVorderflache betrug 7,5 + 0,24 (6,6-7,9) /
7,7 £ 0,22 (7,1-8,8) mm, die entsprechenden Werte fir die Ruckflache betrugen 6,6 + 0,22
(5,9-7,1) / 6,8 £ 0,21 (6,2-7,5) mm und die mittlere zentrale Dicke betrug 582 + 45,1 (453-
693) um. Anomalien (auBerhalb £ 2 SD) wurden bei 13 Hornhduten (6,5%) fir die
Krimmung der Vorderflache, bei 15 Hornh&uten (7,5%) fir die Krimmung der hinteren

Oberflache und bei 5 Hornh&uten (2,5%) fiir die zentrale Dicke gefunden.



Schlussfolgerungen: Das Vorderabschnittes-OCT bietet eine objektive, sterile und zukiinftig
halbautomatisches Screening-Methode zur ldentifizierung morphologischer und refraktiver
Verdnderungen der Hornhaut (z. B. Keratokonus, Status nach PRK/LASIK), um die

Hornhautspenderauswahl in der Hornhautbank weiter zu optimieren.



1. Background and Purpose

The cornea is the clear front surface of the eye. It lies directly in front of the iris and pupil,
and it allows light to enter the eye. It accounts for approximately two-thirds of the eye's total
optical power (1).
Anatomically, the human cornea has five layers (from anterior to posterior) (1):

- The corneal epithelium

- Bowman’s layer

- The corneal stroma

- Descemet’s membrane

- The corneal endothelium
The clarity of the cornea depends on its state of dehydration, the vascularity, and the
uniformity of its structure. If the cornea becomes damaged through disease, infection, or
injury, this can cause scarring, opacification, corneal irregularity, and, subsequently, reduced
vision.
However, the treatment of corneal diseases depends on many factors and has a wide spectrum,
which can lead to corneal transplantation, in which the diseased cornea is replaced with a
healthy donor transplant to restore vision (1).

1.1. History of Corneal Transplantation

The history of corneal transplantation dates to over two centuries with experiments using
allografts and xenografts by inspired individuals. The original concept of corneal surgery
dates to the Greek physician Galen (130-200 AD) (1-2). In 1905, Eduard Konrad Zirm, in
Olmitz near Prague, performed the first successful corneal transplant, which was the

beginning of a long line of corneal transplantation research and techniques (3).

Vladimir Filatov, a Russian ophthalmologist, played an obvious role in developing a new
method for full-thickness keratoplasty in the 1920s and 1930s. He was the first to suggest
using cadaver corneas for penetrating keratoplasty (PKP) in the 1930s (4, 5). This idea was
further developed by the American ophthalmologist Richard Paton (6).



During his research fellowship in the United States, the Spanish ophthalmologist Ramon
Castroviejo developed a double-bladed knife for square grafts and suggested using direct

sutures, which was responsible for popularizing PKP in the United States in the 1930s (7-8).

Many important medical advances, such as the introduction of antibiotics in the 1940s, the
development of microsurgical techniques and instruments in the 1950s, and the use of steroids
in the 1970s, as well as advances in corneal preservation and eye banking led to more
successful corneal surgeries (8). PKP has traditionally been the treatment of choice for
corneal opacifications.

Over the last 20 years, new anterior and posterior lamellar techniques have become available

that selectively replace only the cornea’s diseased layers while retaining healthy layers.

1.2. Transplantation procedures overview (Table 1 1)

1.2.1. Penetrating keratoplasty (PKP)

PKP is a full-thickness transplant procedure, in which a trephine of an appropriate diameter is
used to make a full-thickness resection of the patient's cornea, followed by placement of a
full-thickness donor corneal graft (9). PKP is indicated in keratoconus, full-thickness corneal
scars, graft replacement after prior graft failure, Fuchs’ endothelial dystrophy combined with
longstanding endothelial-epithelial decompensation with stroma scars, pseudophakic or

aphakic bullous keratopathy, infection, and trauma (Table 1) (9-11).

1.2.2. Lamellar corneal transplantation

Selective lamellar keratoplasty describes procedures that selectively replace only diseased

layers, resulting in improved visual outcomes and reduced complications (Table 1) (11-12).

1.2.2.1. Deep anterior lamellar keratoplasty (DALK)

DALK is a partial-thickness corneal transplantation that involves only the donor stroma,
leaving the recipient's own Descemet’s membrane (DM) and endothelium intact. DALK is



most useful for treating corneal pathologies in circumstances of a normally functioning
endothelium (Table 1) (12-14).
Some indications could be treated by anterior lamellar keratoplasty (ALK), mainly deep
anterior lamellar keratoplasty (DALK), including corneal pathologies with intact endothelia
and intact Descemet’s membranes (DMs) (12):

» Keratoconus

« Stromal dystrophies without endothelial involvement (e.g., Schnyder corneal

dystrophy)

 Epithelial-stromal TGFBI dystrophies (e.g., granular and lattice dystrophies),
especially after unsuccessful phototherapeutic keratectomy (PTK) (15).

1.2.2.2 Endothelial keratoplasty (EK)

Posterior lamellar keratoplasty (PLK), which comprises partial corneal transplantation of the
posterior cornea, has developed significantly over the past two decades to become a suitable
alternative to PKP in the management of endothelial dysfunction, but extensive time and

experience was required to develop a reliable surgical PLK technique.

Tillet performed the first PLK in 1956 (16). This is considered to be the first case to depend
on the concept of selective replacement of diseased posterior corneal tissue. In 1964 and
1980, Polack and Jose Barraquer, respectively, described new endokeratoplasty techniques
with some modifications (17-18). Because of the difficulty of the techniques and limited
clinical success, each of these techniques had significant drawbacks until major developments

in the past two decades.

Dr. Gerrit Melles laid the foundation for modern EK (19). In 1998, he was the first to suggest
that a posterior graft could be placed on recipient stroma without sutures, calling it “posterior
lamellar keratoplasty.” In this procedure, the anterior stroma was left intact and a deep
stromal pocket (depth ~50%) was created across the cornea though a superior scleral incision
(20-23). This technique was adopted, modified, and popularized by Price et al. as ‘Descemet
stripping automated endothelial keratoplasty’ (DSAEK) (24). DSAEK has been considered a
reliable surgical PLK technique for a long time, especially in the United States (25).
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Another modification of EK, also suggested by Melles, was to transplant only donor DM and
endothelial cells without stromal tissue (19). This procedure is referred to as Descemet
membrane endothelial keratoplasty (DMEK) (19).

* Statistically overview in Germany:
- In 2017, the number of keratoplasties in Germany increased to 8052 (Figure. 1).
- The “German Keratoplasty Registry,” which was established by the Cornea Section of the
German Ophthalmological Society (Deutsche Ophthalmologische Gesellschaft DOG) in 2000,
reported the following proportions for keratoplasty in Germany in 2017 (Figure. 2) (26):

* 38.4% for PKP

* 58.6% for PLK

« 3.0% for ALK
- Further, the number of keratoplasties in Homburg/Saar (542 has increased approximately
eight-fold over the last 12 years and the number of harvested and preserved donor tissues in
our LIONS eye bank has almost tripled (560 in 2017) since its founding in 2000 (Figure. 3)
(26).
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Figure 1: In 2017, the number of keratoplasties in Germany increased to 8062 (A Reportof the DOG-Section Cornea and
its Keratoplasty Registry 2018)
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Table 1: Corneal transplantation procedures, their indications, and major complications (@dapted

and modified (10))

PKP DALK DSAEK DMEK
Surgery The diseased The diseased The diseased The diseased
host cornea is host epithelium | host host
replaced and stroma are | endothelium endothelium
completely replaced and DM are and DM are
replaced replaced
Full-thickness
donor graft Donor cornea Donor Donor
epithelium, endothelium, endothelium
Bowman’s DM, and stroma | and DM
layer, and
corneal stroma
Common Full-thickness Keratoconus, Fuchs’ Fuchs’
indications scar, bullous stromal scar, dystrophy, dystrophy,
keratopathy hereditary bullous bullous
with stromal stromal keratopathy and | keratopathy and
scars, dystrophies graft failure graft failure
keratoconus without with good with good
with rupture of | endothelial curvature and curvature and
Descemet’s involvement unknown unknown
membrane and stromal scars stromal scars
graft failure
Major Graft rejection, | Graft rejection, | Graft Graft
complications | graft failure, intraoperative detachment, detachment,
expulsive DM tear, graft failure, graft failure,
hemorrhage, astigmatism and graft and graft
infection, rejection rejection (1-3%)
astigmatism and
suture
complications

1.3. Eye Banking

Eye banks are the main key to helping surgeons get the best-preserved corneal transplants.
They play an important role in preserving and preparing ocular tissues, which can be used for
surgical purposes. Moreover, they can be used for research goals to develop and discover new

treatment options and methods in corneal transplantation (27).

As mentioned above, the first successful full-thickness corneal transplantation was performed
in 1905 (3, 28) when an 11-year-old donor patient who had a fragment of iron in his eye
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following trauma had undergone therapeutic enucleation. Early corneal transplants relied on
tissue from live donors. Therefore, the enucleated eye was preserved in warm saline at the
temperature of the human body and corneal transplantation was performed with minimum

delay on the same day of harvesting (i.e., within six hours) (29).

It was not until the 1930s that using corneas from deceased donors and the storage of whole
eyes in glass pots (moist chambers) on ice for several days was pioneered (29). The first eye
bank was established in New York in the 1940s (27, 30).

1.3.1. Corneal preservation and storage

After many developments in surgical tools, procedures, and antibiotic and corticosteroid use
in the 1950s, the success rate of corneal transplantation has increased (29). Consequently, the
application of corneal transplantation and the need for donor grafts have increased. Therefore,
besides the possibility of using eyes from human cadavers, many trials were made to improve
and increase the storage time for cadavers’ tissue with preserving the endothelial layer, which
IS important to maintain corneal clarity (29, 31, 32).

In the 1970s, two methods for storage of the excised corneoscleral buttons were introduced in
the USA and are still applied: hypothermic storage (33, 34) and organ culture preservation
(35-37). Cryopreservation was considered one of the approaches to preserve the donor
corneas, but because of its complexity and the risk of damaging the corneal endothelium, its
application was limited in routine eye banking, except for urgent transplants where the main

purpose was to save the eye (38).

1.3.1.1. Hypothermic storage

In hypothermic storage, the cooling of tissues and organs reduces cellular demand for
metabolic energy (39). Corneas are preserved at 4°C in a tissue culture medium that contains
antibiotics and dehydrating agents (dextran, chondroitin sulfate), to prevent corneal swelling (33,
34).

In the early 1970s, hypothermic storage of corneoscleral discs became the method of choice with
the introduction of the McCarey-Kaufman medium (M-K medium) (30). The original M-K
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medium (31) has been supplemented with solutions, such as in “K-sol,” “Dexsol,” and “Likorol,”
potentially allowing for a 10-day preservation period, which was thought to be the maximum for
the M-K medium (40). Hypothermic preservation times have been extended with the
development of the Optisol-GS solution, which contains dextran and chondroitin sulfate, to reach

a preservation time of 14 days (31, 39).

1.3.1.2. Organ culture preservation

The standard organ culture medium (Medium 1) consists of MEM-Earle’s supported with
penicillin/streptomycin/amphotericin B, L-glutamine, HEPES buffer, and NaHCO3. Corneas
are incubated in organ culture media at 28-37°C. This medium allows for a 30-day preservation

period without significant endothelial cell loss (41) (Figure 4).

Figure 4: In organ culture: corneal tissues preserved in medium 1 (arrow) for a maximum of four weeks

However, because of the absence of dehydrating agents, the medium leads to a significant
corneal swelling of up to 1000-1500 pum, which must be reversed during a 1-3 day deswelling
period before transplantation. This is achieved by placing the graft in a "transport medium”
(medium 2) composed of medium 1 plus an additional osmotic agent (typically 6% dextran T-

500)—a hydrophilic macromolecule that produces colloid osmotic pressure and reduces
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corneal thickness by extracting water from the stroma to achieve a corneal graft thickness

similar to that of the recipient's cornea at the time of surgery (27, 42).

According to European Eye Bank Association Directory (EEBAD) (44), in 2010, 70% of
corneas out of the 62 eye banks included in EEBAD were stored by organ culture.

DMEK was introduced in our department in 2012 and it was not clear which transport
medium should be used. According to the guidelines for penetrating keratoplasty, a transport
medium with dextran was used. However, this was changed according to Abdin et al. (44),
who reported on the potential negative effect of dextran in the transport medium for pre-

stripped tissue.

1.3.2. Donor selection and tissue evaluation

Donor selection depends on multiple variables, such as corneal clarity at slit lamp
examination, endothelial cell density (ECD) and vitality, endothelial cell morphology, post-
mortem time, and preservation time. Endothelial cell count (ECC) seems to decrease with
time after corneal transplantation, which causes a risk of graft failure. Therefore, ECC is
considered a key variable in the selection process and for keratoplasty success (45).
Moreover, endothelial examination of donor corneas by light microscopy and ECC estimation
are considered important quality indicators in determining the suitability of corneas for

transplantation (46).

According to Armitage WJ et al., the change in ECD after corneal transplantation suggests a
cornea with an ECD of > 2,200 cells/ mm? should have enough endothelial cells to maintain

corneal transparency for at least 25 years (47, 48) (Figure 5).

% : 1’-1"\“.

Figure 5: Endothelial cells under specular microscopy, which must be minimum 2.000 cellsyfmm? to be
accepted for transplantation (adapted and modified (50))
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Donor corneas should be evaluated by light microscopy in combination with specular
microscopy (49, 50). However, according to the 2016 Eye Bank Association of America’s
report, there are several reasons why tissue intended for surgery may not ultimately be used
for surgery. 42.5% of donor corneas were not transplanted because of tissue suitability
problems (per light microscopy and specular microscopy) and 17.4% of the tissue problems
were because of the cornea stroma (51).

Each high-volume corneal transplant surgeon may have inadvertently grafted donor cornea
with keratoconus or state post refractive surgery, resulting typically in major patient
disadvantages.

Thus, tomographic screening using a clinical optical coherence tomography (OCT) device could

be used to avoid refractive surprises for patients and microsurgeons after keratoplasty (52).

1.4. Anterior segment optical coherence tomography (AS-OCT)

OCT was first developed by Huang et al. (53, 54). It is a noncontact optical signal acquisition
and processing technique that provides magnified, high-resolution, cross-sectional images of
ocular tissues using low-coherence interferometry (55, 56, 57). Currently, there are two
different platforms from the OCT device: time domain (TD-OCT) and spectral domain (SD-
OCT) (58).

AS-OCT was introduced in 1994 and was available for routine clinical use in 2001 (60, 61). It
offers several advantages: it is sterile, noncontact, and generates high-resolution cross-
sectional images of the tissues in a short time (57, 61). Moreover, it is helpful in diagnosing
and managing anterior segment diseases, planning and performing surgery, monitoring

postoperative courses, and research purposes (62, 63):

- Conjunctival diseases: pterygium and pinguecula, melanoma or nevi (64, 65, 66).

- Anterior segment-tumors: SD-OCT shows hyperreflective, thickened epithelium with
abrupt transitions from normal to abnormal epithelium (67). It is helpful in diagnosing
Salzmann nodular degeneration and iris and ciliary tumors (68, 69).

- Corneal diseases: microbial keratitis, acute hydrops (70-72), corneal scars (73).
According to Agarwal A. et al. (74), AS-OCT can be used to detect AC inflammation

in cases of decreased corneal clarity and corneal edema.
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- Dry eye diseases (DED): AS-OCT is a reliable method for diagnosing and following
up on DED by quantitative evaluation of tear film thickness and tear film meniscus
(75-79)

- Anterior segment trauma: it offers a high-resolution image that can be used to
determine the depth of the injury to the cornea or sclera, and the type, size, and
location of foreign bodies (80, 81).

- Anterior segment surgery: cataract surgery for preoperative calculation of lens power,
especially in patients with a history of refractive surgery, evaluation of AC, and risk
factors for postoperative complications (82, 83). It is used in corneal transplantation
for preoperative and postoperative graft evaluation (84, 85) and for refractive surgery
by enabling an accurate measurement laser in situ keratomileusis (LASIK) flap
thickness and residual stroma thickness preoperative to avoid postoperative ectasia
(86, 87, 88).

- Assessment of anterior segment biometry: for example, corneal thickness changes

caused by contact lens wear, evaluation of AC dimensions (89, 90).

1.5. Study Purpose

To evaluate the efficiency of using anterior segment optical coherence tomography (AS-OCT)
(CASIA2) as a non-invasive and sterile screening method to detect corneal grafts with

curvature and/or thickness abnormalities before corneal transplantation.
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2. Patients and Methods
2.1. Methods

Two hundred donor corneal tissues mounted in sterile tissue cultivation flasks were imaged

using AS-OCT CASIA 2 (Tomey Corp., Nagoya, Japan) in this prospective study.

The 200 corneal donor tissues were preserved in the LIONS eye bank (Department of
Ophthalmology, Saarland University Medical Center) according the standard guidelines of the
European Eye Bank Association (EEBA).

The measurement was carried out 24 to 30 hours after being transferred to the deswelling
medium, which contained 6% dextran T-500 (medium 2) at room temperature. Each
measurement lasted for about two minutes. The culture flask was positioned in a holder on the
chin rest of the OCT device using a 3D printer (Ultimaker 2 Go, Ultimaker B.V.,
Geldermalsen, The Netherlands) to fixate the cornea during the measurement (91) (Figure 6).

Figure 6: a) The corneal donor tissue contained in the culture flask and fixed by the holder; b) The culture
flask placed in a special holder to stabilize the donor cornea during the measurement

Subsequently, the donor corneas were imaged from different angles through the back surface
of the donor cornea and then the raw data was imported into MATLAB (The MathWorks Inc.,

Natick, USA) to be analyzed and to create a 3D volume set.

In this study, we used an ss-SD-OCT system (swept-source OCT), CASIA 2, with a central
wavelength of A = 1310 nm that allows for a penetration depth of up to 13 mm in vivo (23),
which is sufficient to represent the donor cornea within the bottle (92) (Figure 7).
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Figure 7: The CASIA anterior segment-optical coherence tomography (AS-OCT) device
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2.2. Data Analysis

We proposed the data analysis in a previous published article (Méurer S, Asi F, Rawer A,
Damian A, Seitz B, Langenbucher A, Timo Eppig. [Concept for 3D measurement of corneal
donor tissue using a clinical OCT]. Ophthalmologe 2019;116:640-646 (53).

After imaging the donor corneas from the posterior surface, the raw data was imported into
MATLAB (The MathWorks Inc., Natick, USA) and analyzed according to the scheme shown
in Figure 8. First, the image data was preprocessed. The basics of image preprocessing have
already been presented by Damian et al. (52). Subsequently, a sphero-cylindrical surface
model was adapted to the segmented surfaces and, finally, the central corneal thickness was

determined.

Figure 8: Schematic data analysis (2dapted and modified (53)). CCT: central corneal thickness; D: diameter

The preprocessing step consists of removing artifacts created by the holder by defining a
region of interest (ROI) that would hide artifacts. Subsequently, filters were used to remove
the images of small particles and background noise and to detect the edge of the leading and

trailing edges of the cornea (Figure 9) (90).
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Figure 9: Region of interest (ROI) marked to eliminate the artifacts (2dapted and modified (53))

After the preprocessing, the adaptation of a sphero-cylindrical surface model (Figure 10) with

raytracing was completed (53).

Figure 10: Adaptation of a spherocylindrical surface model (arrow) (2dapted and modified (53))



As the storage and position of the donor tissues in the cell culture flasks is not identical for
each sample, the sample translation was first taken by considering the displacement of the

apex from the zero point of the coordinate system in space (53).

3D volume data of the donor corneoscleral button within a 7.0 mm central zone were grabbed using a

raster scan through the cornea’s posterior surface (Figure 11) (53).

By creating two surface models for the front and back surfaces, geometric characteristics of
the donor cornea, such as the radii of curvature, the surface refractive indices, and the
keratometer value were calculated (53). The central corneal thickness was determined from

the distance of the anterior and posterior surfaces of the apex (53).

Figure 11: 3D volume data of the donor corneoscleral button within a 7.0 mm central zone (3dapted and modified
(91))
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3. Results

To validate the MATLAB program, a polymethyl methacrylate (PMMA) Phantom was used
in form of a cornea (Figure 12) with the OCT (54). In Figure 12, the central frame of the
volume data set for the phantom is shown. This was subsequently evaluated with the program
described above. The deviant refractive index of PMMA (a polymethyl methacrylate) (n =
1.4820 (93)) was considered (91).

Rv: radius of curvature of the front surface, RH:
radius of curvature of the posterior surface, D:
S thickness of the phantom, @ diameter of the
Rv=8,49 mm phantom without holder edge, @A: diameter of
2 the phantom with holder edge
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N //I /
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Figure 12: a) A drawing of the polymethyl methacrylate (PMMA) phantom; b) Central B-scan from a
volumetric data set of the polymethyl methacrylate (PMMA) phantom (adapted and modified (91))

Table 2: Manufacturer's instructions of the polymethyl methacrylate (PMMA) phantom and
measurement results for the phantom contained in a culture medium flagk (dapted and modified (53))

(Ra = anterior surface radius of curvature, Rp = posterior surface radius of curvature, Rs = the steep radius of curvature, Rf = the fkat radius of curvature, CCT = central
corneal thickness)

Manufacturer’s instructions | Measurement results for the phantom

of the PMMA phantom

contained in a culture medium flask

The steep radius of | The flat radius of
curvature (Rs) curvature (Rf)

Anterior surface radius | 8.49 8.13 8.13

of curvature (Ra) (mm)

Posterior surface 7.5 7.44 7.39

radius of curvature

(Rp) (mm)

Ra: Rp 1.13 11 1.1

CCT (um) 490 499
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It is possible to measure and image the PMMA phantom and the donor cornea with AS-OCT
as shown in Figure 12. The phantom is made from of an optical homogeneous material and,
therefore, only the edges are sharp, and the phantom appears empty inside. On the other hand,
the cornea has fewer sharp edges and the stroma appears in the image as a uniform structure
(53).

Figure 12 shows the similarity between the phantom and the cornea. Taking the phantom
into consideration, the refractive index of PMMA (n=1.4820) appeared suitable for

calibrating the program (91).

Different geometric characteristics using MATLAB could be calculated. In this study, we
present the following values: the steep radius of curvature (s) and the flat radius of curvature
(F) for the anterior surface (Ra) (Ra_ s/f) in mm, the steep radius of curvature (s) and the flat
radius of curvature (f) for the posterior surface (Rp) (Rp_ s/f) in mm, central corneal thickness
(CCT) in um, the steep surface and flat surface power for the anterior surface (Pa_ s/f) in dpt,
the steep surface and flat surface power for the posterior surface (Pp_ s/f) in dpt, the
keratometer (nC=1.3375) value for the steep surface (Ks) in dpt, the keratometer (nC=1.3375)
value for the flat surface (Kf) in dpt.

All variables in this study were presented by the following values: mean (M), standard
deviation (SD), maximum value (Max), minimum value (Min), and the coefficient of
variation (CV).

Table 3: The mean (M), standard deviation (SD), maximum (Max), minimum (Min), and coefficient of
variation (CV) for each measurement

Ra_s/f Rp_s/f CCT Pa_s/f (dpt) Pp_s/f (dpt) | Ks Kf (dpt)
(mm) (mm) (um) (dpt)
M 7.46/7.67 6.57/6.76 582.0 50.46/49.07 -6.09/-5.92 4529 | 44.05
SD 0.24/0.22 0.22/0.21 45.1 1.64/1.35 0.21/0.18 1.47 121
Max 7.95/8.80 7.06/7.47 693.9 57.07/53.02 -5.66/-5.35 51.22 47.59
Min 6.59/7.09 5.91/6.18 452.5 47.28/42.74 -6.77/-6.47 42.44 38.36
CV % 3.22/2.87 3.35/3.11 7.75 3.25/2.75 3.45/3.04 3.24 2.75
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In our previous published study (53), the data resulted from the analysis of only 74 donor

corneas that were compared with the standard eye values according to Gullstrand’s model eye

in the literature. However, in this study, the average measurements of 200 donor corneas are

presented (Table 4).

Table 4: Comparison between the standard eye values according Gullstrand’s model eye in literature to
the average measurements of the 200 donor corneas (we presented the same comparison in a previous
published study, but with a smaller sample size of 74 corneas (2dapted and modified (53))

Gullstrand’s model of the eye | Average measurements of 200 donor

corneas
Rs Rf

Ra (mm) 7.7 7.46+0.24 7.67+£0.22

Rp (mm) 6.8 6.57 + 0.22 6.76 + 0.21

Pa (dpt) 48.83 50.46 + 1.64 49.07 £1.35

Pp (dpt) -5.88 -6.09 + 0.21 -5.92+0.18

K (nC=1.3375) (dpt) | 42.85 45.29 + 1.47 44,05+ 1.21

CCT (um) 500 582.0 +45.1

Table 5: Different variables with their confidence interval, the number of values outside the confidence
interval, and their percentage of data sample (N) (N=200)

Variable name Confidence interval Number of values outside the
confidence interval /%

The flat radius of curvature for | (7.24-8.09) 6 (3.0%)

the anterior surface (Raf)

The steep radius of curvature | (6.99-7.92) 7 (3.5%)

for the anterior surface (Ras)

The flat radius of curvature for | (6.35-7.16) 11 (5.5%)

the posterior surface (Rpf)

The steep radius of curvature | (6.14-7.01) 4 (2.0%)

for the posterior surface (Rsf)

Corneal thickness (CCT) (494.21-670.93) 5 (2.5%)

Abnormalities (beyond + 2 SD) were found in 13 corneas (6.5%) for anterior surface

curvature, 15 for corneas (7.5%) for the posterior surface, and five corneas (2.5%) for

thickness (Table 5).

27



Eleven (5.5%) corneas were not measurable and in seven (3.5%), the brightness of the image

captured was high and thus the image could not be analyzed.
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4. Discussion

4.1. Modern Eye Banking

The corneal donation process starts usually with obtaining consent from the donor or his/her
family. Before the excision of the donor cornea (either the entire globe or just a 15-mm
corneoscleral piece of tissue), a detailed past medical and surgical history must be gathered
from the family or the donor medical charts to exclude any contraindications such as active
meningitis, active hepatitis infection, fungal sepsis, Creutzfeldt-Jakob disease, leukemia, and
active disseminated lymphoma. However, medical charts often lack any mention of the
donor’s ophthalmic history (93, 94).

After excision and placing the donor tissue in an appropriate culture medium, called the
“transport medium,” a slit lamp examination, microbiological tests, as well as the
determination of the endothelial cell density are performed routinely under laboratory
conditions in the eye bank (95). However, previous ocular surgeries, such as intrastromal
corneal refractive surgery (SMILE), laser photoablation surgery (laser in-situ keratomileusis
(LASIK), and photorefractive keratectomy (PRK)), or morphological changes such as
subclinical keratoconus, superficial scars, or corneal dystrophies, may be misidentified (96-
98).

The increasing popularity of refractive surgery raises concerns about the quality of donor
cornea within the eye banking system. Unfortunately, light microscopy and specular
microscopy (ECC) alone are inadequate to recognize the history of refractive surgery, e.g.,
LASIK/ PRK or keratoconus, which causes intraoperative complications and difficulties, such
as the LASIK flap coming loose and impairing the visual outcome (99).

Corneas from donors with keratoconus or that had undergone any laser refractive surgery
should not be used for PKP because of the diseased corneal stroma layer and, therefore, the
unpredictable postoperative refractive result. However, these donors may be eligible for
posterior lamellar keratoplasty, such as DMEK (Descemet membrane endothelial
keratoplasty) (99).

LASIK and PRK alter the normal anterior corneal architecture through flap creation, tissue
ablation, or both. However, these changes may have been beneficial for living patients. Such a
donor cornea with a history of prior refractive procedure has the risk of irregular astigmatism,

induced hyperopia, and possible flap dehiscence in the recipient (100, 101). There are a few
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cases in the literature in which donor corneas with different types of refractive surgery have
been unintentionally transplanted into patients undetected (102,103). Kang et al. (98) showed
that up to 10% of corneas in eye banks may have undergone an unidentified LASIK

procedure.

Clear cornea cataract wounds, astigmatic keratotomy scars, and arcus senilis changes can
mimic a LASIK flap to an inexperienced slit-lamp observer (104). Moreover, the reliability is
limited by postmortem changes, such as severe epithelial edema, corneal erosion with stromal
edema, and hypotonia. Therefore, new screening methods with increasing specificity and

sensitivity are required to avoid any unwanted intraoperative or postoperative results (105).

4.2. Detection of curvature abnormalities in the donor

Placido disk videokeratography has been proposed as an evaluation method to detect
curvature abnormalities in donors (106). Hereby, curvature deviation of the front surface can
be recognized. However, this method does not allow for further analysis of the stromal tissue
or the corneal thickness. Moreover, this method requires artificially increasing the intraocular
pressure for good topographic reading and is, therefore, limited to whole eyes rather than
corneoscleral discs and is highly sensitive to the corneal epithelium’s quality (Figure 13)
(107).
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Figure 13: A videokeratoscope presented by Stoiber et al. as an evaluation method to screen the donor
tissues (adapted and modified (107))

Terry et al. (97) presented an evaluation method to examine the donor corneas (Orbscan,
Bausch & Lomb, Rochester, NY, USA). Herein, the curvature and the pachymetry could be
assessed. However, eye banks perform mostly the corneoscleral technique, which makes this

method limited and thus not being suitable for all eye banks.

In addition, both techniques require mounting the cornea in the air, which comes with
increased risk of contamination, impaired sterility conditions, and risk of damage to the
epithelium, including drying and sloughing of cells (97, 106).

OCT has been proposed as a suitable method for donor cornea screening because of its high
resolution and because it allows for sterile, direct, noncontact tomographic imaging of corneal
donor tissue with the donor tissue placed within the culture flask (52, 105).

First attempts have been proposed by Neubauer and Priglinger using a time-domain OCT

(107). Lin (108) developed a laboratory system to perform corneal screening in a viewing
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chamber using a custom-made high-resolution laser source and monitoring refractive index
distributions to differentiate between normal corneas and LASIK-operated corneas. In a
different study, Lin et al. (109) presented a technique for defining LASIK-operated corneas by
measuring the anterior curvature and the anterior/posterior stromal reflectivity ratio with OCT

Scans.

Keratoconus and post-refractive surgery corneas could be detected by analyzing the anterior
and posterior radii of curvature and the corneal thickness profile or by detecting structural
changes in the corneal tissue (105). Therefore, OCT use as a screening method has been
improved with different devices and methods by Janunts et al. (110), who presented the use of
swept-source OCT (CASIA SS-1000, Tomey Corp., Nagoya, Japan), and Damian et al. (52),
who presented the use of spectral-domain OCT (Spectralis Anterior Segment Module,

Heidelberg Engineering GmbH, Heidelberg, Germany).

In our study, a swept-source AS-OCT was used (CASIA 2 (Tomey Corp., Nagoya, Japan)).
CASIA 2 has advantages over the previous OCT devices in different aspects including the
range of measurement and the resolution. The time-domain OCT has a smaller range of

measurement and a lower resolution (108).

Damian et al. (52) used the spectral 2 OCT (Heidelberg Engineering, Heidelberg, Germany)
and reached by an image pickup of a maximum lateral diameter of 8.3 mm and 1.9 mm axial,
a measuring range of 5 mm x 5 mm at a lateral resolution of about 11 um, and an axial
resolution of 3.9 um. However, with AS-OCT CASIA 2, which was used in this study, a
lateral diameter of up to 16 mm can be recorded at a depth of up to 13 mm, thus allowing a
larger measurement range of the cornea of 7 mm x 7 mm. The large depth measurement range
of up to 13 mm allows for complete uptake of the donor corneas within the culture flask and,

in the end, after processing the collected data using a special program (MATLAB), a 3D
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volume of the donor cornea can be achieved. Therefore, CASIA 2 shows significant
improvement in measuring range and the sterility conditions during measurement (53).
Moreover, the position of the printed holder during the measurement makes it simpler to use

the OCT as a routine screening method for everyday use (26).

In the present study, abnormalities were found in 13 corneas for the anterior surface, 15
corneas for the posterior surface, and five corneas for thickness, which indicates the ability to
identify corneas with thickness or refractive abnormalities, which cannot be used for
penetrating keratoplasty but are still eligible for DMEK or DSAEK. Therefore, the corneal
donor selection can be optimized under the everyday eye bank condition. In the future, this
technique may allow for the ‘harmonization’ of donor and host tomography to improve

corneal astigmatism after keratoplasty.
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4.3. Limitations of the present study

1) The measurement was carried out about 24 hours after placing the donor corneas in
medium 2, which includes 6% dextran T-500. Schnitzler et al. suggested that the minimum
corneal thickness was reached after 24 hours (111). However, the culture medium in their
study differed somewhat from what we used in our study. Therefore, the actual time between
placing the corneas in the culture medium and the measurement can be one of this study’s
limitations. In a new study of our group, donor corneas are examined with AS-OCT hourly for
24 hours to determine the time required for deswelling (112). At this time, it seems that a

superficial deswelling is reached even after 12 hours in medium 2.

2) Another limitation of our study is that the true values of the corneal curvature and thickness
of donor corneas are not known and donor corneas were measured in a flask fixed in a holder,
which means there was a risk to cause a slight defect in the donor cornea before the
measurement. However, there was no comparison with the in-situ geometry available.

Therefore, we could only refer to literature values for comparison (53) (Table 4).

3) Moreover, regardless of the highly qualified team we had in this study, we cannot exclude
the risk of human error in the harvesting and storage process. However, further studies are

required to be able to exclude any specific pathologies or human error in the process.

4) AS-OCT provides a new sterile screening method to identify corneal morphological and
refractive alterations. However, further studies with a larger sample size in the future are
required to identify a specific diagnosis or a specific pathology. Nevertheless, many
morphological pathologies can already be detected by the experienced routine use of slit

lamps in the eye bank.
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4.3. Conclusions

The AS-OCT provides an objective, sterile and may allow in the future a semi-automated
screening method to identify corneal morphological and refractive alterations (e.g.,
keratoconus, status post PRK/LASIK) to optimize corneal donor selection in eye banks. To
surely avoid refractive surprises after corneal transplantation, abnormal donor corneas can

easily be used for DMEK or DSAEK instead of penetrating keratoplasty or DMEK.
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