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HIGHLIGHTS:

e The anatomy of the porcine eye has been described in detail.
e Porcine eyes may be a useful tool in contact lens research.
e Commercial contact lens may not fit well on a porcine eye.
Porcine eyes represent a reliable/high quality tissue source for studying dry eye.

ABSTRACT

Purpose: To characterise the anatomical parameters of the porcine eye for potentially using it
as a laboratory model of dry eye.

Methods: Anterior chamber depth and angle, corneal curvature, shortest and longest diameter,
endothelial cells density, and pachymetry were measured in sixty freshly enucleated porcine
eyeballs.

Results: Corneal steepest meridian was 7.85 £+ 0.32 mm, corneal flattest meridian was 8.28 +
0.32 mm, shortest corneal diameter was 12.69 £+ 0.58 mm, longest corneal diameter was 14.88
+ 0.66 mm and central corneal ultrasonic pachymetry was 1009 = 1 um. Anterior chamber
angle was 28.83 + 4.16 deg, anterior chamber depth was 1.77 = 0.27 mm, and central corneal
thickness measured using OCT was 1248 + 144 um. Corneal endothelial cells density was 3250
+ 172 cells/mm? .

Conclusions: Combining different clinical techniques produced a pool of reproducible data on
the porcine eye anatomy, which can be used by researchers to assess the viability of using the
porcine eye as an in-vitro/ex-vivo model for dry eye. Due to the similar morphology with the
human eye, porcine eyeballs may represent a useful and cost effective model to individually
study important key factors in the development of dry eye, such as environmental and

mechanical stresses.
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INTRODUCTION

Advances in biomedical technologies are constantly improving reliability and standardisation
of in-vitro/ex-vivo animal models as a replacement for the use of living laboratory animals [1].
In dry eye research, these models may emerge as consistent platforms to effectively study the
causative factors of this disease, as well as to extensively evaluate the effect of new treatments.
Indeed, due to the possibility of efficiently manipulating parameters like temperature, humidity
and blinking rate, different severities of dry eye can be investigated both at macroscopic level
(e.g. fluorescein/lissamine green staining) [2], and at cellular/ultrastructural level (e.g.
live/dead staining, SEM, TEM) [3].

While the mouse remains the most attractive in vivo animal model of dry eye due to the
availability of transgenic strains and specific reagents [4], recently the porcine eye has been
extensively used as an ex-vivo animal model due to its proposed similar morphology and ter
film to the human eye [5-11]. In particular, Choy and colleagues developed a system in which
different levels of severity of dry eye can be mimicked manipulating “blinking rate” and “tear
volume” [2].

Moreover, porcine lacrimal and Meibomian glands have been shown to be similar to humans
[12], and the recently sequenced genome of Suf scrofa indicates that pigs are genetically more
similar to humans than mice, further stressing the validity of this model [13]. In 1997,
Bartholomew and colleagues analysed 25 porcine globes using ultrasound biomicroscopy [14].
Since then, further studies have examined some porcine eye parameters, but, as summarised in
Table 1, their sample size and the parameters investigated have been limited [6, 7, 15-17]. In
addition, in these studies eyes have generally been transported on ice prior to measurement,
which may affect the structural and physiological integrity of the sample. Therefore, a source
of reproducible data concerning the parameters of the porcine eye, including corneal

topography and confocal microscopy, is required.
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Table 1: Key aspects of previous studies analysing the porcine eyeball parameters. ACD:
Anterior chamber depth; HCD: Horizontal corneal diameter; VCD: Vertical corneal diameter;
CCT: Central corneal thickness; Ks: Steepest meridian; Kf: Flattest meridian.

The aim of this study was to provide detailed anatomical parameters of the porcine eye, to help
vision scientists to effectively use the pig eye as a biomedical model in the applied ophthalmic

research such as in dry eye.



MATERIALS AND METHODS

Sixty porcine eyes were enucleated at a local abattoir around 12:00 noon and transferred to the
laboratory in a transport solution at 4°C. The transport solution consisted of Dulbecco’s
Modified Eagle’s Medium (DMEM; Lonza, Berkshire, UK), supplemented with 1% penicillin
(10,000 units/ml) and streptomycin (10,000 mg/ml), 1% v/v L-glutamine (Lonza, Berkshire,
UK), 10% Foetal Bovine Serum (FBS; Sigma-Aldrich, UK) and 20% w/v Dextran
(M,,~250 kDa, Sigma-Aldrich, UK). The latter was added to minimise corneal swelling post
enucleation. Animals were white domestic pigs aged between 12 to 25 weeks, which did not
undertake any scalding process. To avoid tissue deterioration, examinations were performed

within 6 hours after enucleation.

Central corneal curvature was measured with E300 Corneal Topographer (Medmont,
Melbourne, Australia). Corneal thickness (central and at Smm and 9mm eccentricity), anterior
chamber depth and angle were measured with a Visante OCT system (Carl Zeiss Meditec, Inc,
Oberkochen, Germany). Corneal thickness was also evaluated using an ultrasonic pachymeter
(UP-1000, Nidek, Gamagori, Aichi, Japan). Eyeballs images were taken with a digital slit-
lamp (CSO, Firenze, Italy) and both the longest and shortest corneal diameter were evaluated

using Imagel] software (https://imagej.nih.gov/ij/). Corneal endothelial cells are high

specialised cells, which do not divide in vivo. ECD is, therefore, a commonly reported indicator
of corneal health, as values below ~500 lead to oedema, corneal clouding and eventually
vision loss in humans [18].

Endothelial cell density (ECD) was obtained using a scanning slit confocal microscope
(ConfoScan 3, Nidek Technologies, Padova, Italy). Different eyeball holders were specially
designed to securely position samples during imaging and measurements without distorting the
natural structure. To prevent dehydration, samples were regularly irrigated with saline solution

during the experimental procedure. Experiments were performed at room temperature.

Statistical analysis was performed using Matlab software (The Mathworks, Inc., Natick, MA).
Kolmogrov— Smirnov test was used to determine whether the data were normally distributed.

Data were found to be normally distributed (p > 0.05).

RESULTS

Corneal curvature

Corneal curvature data are illustrated in Figure 1.
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[Please place Figure 1 here]

The average corneal steepest and flattest meridian were 7.85 + 0.32 mm and 8.28 + 0.32 mm,
respectively, with associated shape factor (p-value) of 0.38 +£0.25 and 0.51 + 0.30 [19], and a
mean curvature difference (AK) of 0.43 + 0.18 mm.

Corneal thickness

Central corneal thickness, measured with the Visante OCT system and the ultrasonic
pachymeter, were 1009 = 1 um and 1248 + 144 um, respectively. OCT data distribution is

presented in Figure 2.

[Please place Figure 2 here]
The porcine corneal thickness was relatively constant in the centre and slightly thickened
towards the limbus. In particular, the corneal thickness was found to be 2% and 8% thicker at
5 mm and 9 mm from the centre, respectively, in a sample of twenty eyeballs that guaranteed

the best alignment with the instrument (Figure 3).

[Please place Figure 3 here]

Anterior chamber angle and depth
Anterior chamber depth was measured from the posterior corneal surface to the anterior lens,
Figure 4.
[Please place Figure 4 here]
Data distributions relative to anterior chamber angle and depth are shown in Figure 5.
[Please place Figure 5 here]
The average anterior chamber angle was 28.83 + 4.16 deg, while the mean anterior chamber

depth was 1.72 + 0.26 mm. It has to be noted that the OCT obtains the geometrical path measure

dividing the optical path length by the refractive index value of 1.376. Taking into account that



the anterior chamber is filled with aqueous humour, whose refractive index is 1.333, correcting

for this discrepancy the mean anterior chamber depth was 1.77 + 0.27 mm [20].

Corneal diameters

Data related with corneal diameters are reported in Figure 6.
[Please place Figure 6 here]

The average shortest corneal diameter was 12.69 + 0.58 mm, while the mean longest corneal

diameter was 14.88 + 0.66 mm.

Endothelial cell density (ECD)
A small sample of ten porcine eyes that guaranteed the best corneal transparency were used for
the determination of ECD. The average ECD was 3250 + 172 cells/mm?, and an exemplary

confocal image of the porcine corneal endothelial layer is shown in Figure 7.

[Please place Figure 7 here]

DISCUSSION

Ex-vivo eye models provide economic and logistical advantages for animal alternatives, as they
allow faster safety and risk assessment of chemicals/pharmaceuticals, with a potential greater
predictive relevance for human and environmental safety compared to cumbersome animal-
based approaches [21]. In vision science research, the porcine eye is one of the most commonly
used models, as its morphology has been widely investigated [22, 23]. However, experimental
evaluations of the main parameters of the porcine eyeball are scarce in the academic literature,
especially with regard to corneal topography and endothelial imaging. This study investigated
several anatomical parameters of the porcine eye, combining optical mapping, confocal
microscopy, ultrasonic pachymetry and OCT.

The viability of using optical mapping systems such as the Medmont E300 Corneal
Topographer was assessed in evaluating porcine corneal topography ex-vivo. An average

corneal steepest and flattest meridian of 7.85 + 0.32 mm and 8.28 + 0.32 mm were respectively
found, with associated eccentricity (¢ = /1 — p) of 0.79 £ 0.17 and 0.70 + 0.20, and with a

mean AK of 0.43 £ 0.18 mm. These values are slightly smaller than those reported by Sanchez
et al. (8.19 mm and 8.69 mm, AK = 0.50 mm) [16] and Heichel et al. (8.52 mm and 8.77 mm,
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AK = 0.25 mm) [17], but more closely centred in the range of human anterior corneal curvature
(7.06 to 8.66 mm) [24]. This is the first time the shape factor (or rate of flattening of the cornea
from the centre to the periphery) of porcine eyes has been reported. Being greater than humans
(0.41 £0.11), it reflects that the porcine corneal surface is flatter, but both corneal geometries
are elliptical in shape [19]. These interesting findings suggest that porcine eyes may also be
used as a valuable tool in the research and development on new contact lens materials.

With regards to corneal thickness, it is worth noting that the porcine cornea is characterised by
a thicker epithelium and stroma than the human, and lacks Bowman’s layer [16]. Using
ultrasonic pachymetry and OCT, a mean central corneal thickness of 1009 + 1 pm and 1248 +
144 um were respectively obtained. The former value is comparable to both the one obtained
ex-vivo by Jay et al. [25] using laser scanning microscopy (1013 + 10 um), and the one obtained
ex-vivo by Asejczyk-Widlicka et al. [15] using a Visante OCT (960 £ 50 pm). In addition, all
in-vitro/ex-vivo study findings are considerably higher than in vivo findings (666 um) [26].
This difference may be related with the different ages and types of pig used, together with
potential corneal swelling occurring due to the time after enucleation ex-vivo measurements
are taken. The corneal thickness only increased slightly in the periphery (1.02x at 5mm
eccentricity and 1.08x at 9mm eccentricity) so was more similar to the human peripheral cornea
[27].

Furthermore, anterior chamber OCT was used to measure anterior chamber angle and depth,
revealing an average anterior chamber angle of 28.83 + 4.16 deg, and a mean (refractive index
corrected) anterior chamber depth of 1.77 £ 0.27 mm. These values are smaller than the ones
reported in previous studies [14, 15], which may be accounted for by the mounting or
transportation methods.

Corneal diameters were digital assessed using ImageJ software. The mean shortest and longest
diameter of 12.69 mm and 14.88 mm found in this study are in accordance with previous
findings in vivo (12.4 mm and 14.9 mm, respectively) and ex-vivo (14.00 mm and 16.61 mm,
respectively) [14, 26]. These data outline the asymmetrically oval shape of the porcine cornea,
also indicating that standard diameter commercial contact lenses, which have a diameter of
approximately 14mm, would not fit well on a porcine eye.

Finally, a scanning slit confocal system (ConfoScan3, Nidek Technologies, Padova, Italy) was
used to evaluate porcine ECD ex-vivo. A mean ECD of 3250 + 172 cell/mm? was found,
which is lower than the ones reported in previous studies (4411 + 280 cell/mm? ) [26, 27]. The
discrepancy may be due to the different technique used, especially because ConfoScan3 data

on porcine eyes has not been found in the literature. The findings of this study are, however,
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within the human normal range (2496.9 — 4049.5 cell/mm?) assessed using scanning slit
confocal systems [30].
The differences between the porcine eye data obtained in this study and corresponding human

anterior segment parameters [24, 27, 31-34] are summarised in Table 2.

Parameter Porcine eye Human eye
Corneal steepest meridian 7.85 mm 7.65 mm "’
Corneal flattest meridian 8.28 mm 7.79 mm "°
Corneal astigmatism (AK) 0.43 mm 0.14 mm "
Central corneal pachymetry 1009 pm 523 um %’
Peripheral corneal thickness (7-9 mm) 1240 pm 564 um %’
Anterior chamber depth (OCT) 1.77 mm 3.11 mm %
Anterior chamber angle (OCT) 28.83 deg 38.1 deg %’
Shortest corneal diameter 12.69 mm 11.71 mm 233132
Longest corneal diameter 14.88 mm 12.00 mm 233132
Endothelial cell density (ECD) 3250 cell/mm?  2496.9 — 4049.5 cell/mm? %

Table 2: Comparison of mean porcine eye parameters obtained in this study and estimated
average human eye parameters according to the scientific literature.

Therefore, due to the similarities with the human eye, the porcine eye can be a more valuable
in-vitro model of dry eye compared to mouse or rabbit eyes, allowing reproducible studies on

contact lenses and solution cytotoxicity.

CONCLUSIONS

The cost and availability of high quality human donor eyes are obstacles to vision science
research. Porcine eyes represent a reliable and high quality tissue source with similar glands
producing the tear film that may be combined with bioengineering technologies to provide new
useful tools and models in applied ophthalmic research, in particular in dry eye research [9,
35]. The findings of this study represent a further source of reproducible data that should be

considered when using porcine eyes as ex-vivo model for experimental research.
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