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Abstract: Along with the lens, the cornea is the only tramspttissue in

the human body. However, the development of an edawolves structural

disturbances increasing light scattering and leadinthe opacification of
the cornea. Several mechanisms of transparencyhigs been studied in
the literature, but the whole phenomenon is complexk the part played by
each scatterer is still unclear.

We propose here to study human corneal grafts adnghimicroscopic

OCT imagery with far-field measurement of the smatt light in the

reflected half-space. We introduce afterwards nisakcalculations based
on electromagnetic equations solved with first oraigproximation to link

the observed microscopic-scale structural modificet with the intensity

level of the scattered light, and to try and gusritie relationship between
them.
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1. Introduction

Along with the crystalline lens, the cornea is thdy transparent tissue in the human body.
This stiff part of the eye, an outer layer allowthg transmission of the light to the retina with
a 90% transmission factor over the visible spectrisnindeed not vascularized, thereby
avoiding haemoglobin-induced light absorption, @mésents a very particular structure, the
stability of which is necessary to preserve itasggarency.

In physiological conditions, the corneal disc isrhim wide and 530 um thick in average.
Its common description is that it consists in tingd@position of 5 layers (Fig. 1) [1].

The epithelium and endothelium are the outermagtrk, respectively on the tear film
side (external part of the eye) and the aqueows(giternal part of the eye). The epithelium is
composed of 5 to 6 rows of cells. Together withtie film, it ensures the smoothness of the
corneal surface. Additionally to a protective ralgainst external aggressions, it contributes to
nourishing the tissue, taking nutrients and oxyfyem the tears. The endothelium is a 8um-
thick cell monolayer whose main role is to act a®amotic pump: this, additionally to minor
vaporization occurring from the epithelium sides@res the cornea to regulate its thickness
and avoiding swelling because of a too high hydrati

The second couple of layers includes the Bowman'd the Descemet's membranes,
respectively in contact with the epithelium and #raothelium. These acellular layers are
principally made of randomly disposed collagen ifbiover a thickness of 10 um, and
contribute to the structure and protection of taetal part of the cornea: the stroma.

This last layer represents 90% of the total thédenof the cornea, and its structure is
responsible for the tissue’s transparency. As arlathe stroma is composed of about 300
piled-up 2 um-thick lamellas. These lamellas amposed of highly uniform collagen fibrils,
with a mean diameter of 31 nm, spaced homogeneautitya 62 nm step, and aligned the
one to the others [2]. Studies focusing on suchadiqular structure enlightened a phase



destructive phenomenon canceling the individualttedag behavior of the fibrils, and
inducing the light to be transmitted along the pgettion direction, as long as the regular
fibrillar lattice is maintained at least at shagtsh range [2-4]. Those fibrils are regularly
renewed by keratocytes, flat cells with a stellaze, up to 50 um large and 1 um thick on
average, counting for up to 17% of the total voluwhéhe stroma.

> - § Epithelium

i = Bowman's membrane

- Q4
Stroma

Descemet’s membrane

T T T 4 Endothelium

Fig. 1. Histological section of a human cornea {seuwww.missionforvisionusa.org).

Disturbances in the general equilibrium of the earsuch as mechanical strains or hydration
troubles may lead to tissue clouding. Edema is aifestation of such disturbances, and may
be consecutive to a wound or an endothelial dys¢fongccausing haziness in the cornea.
Because of a too high hydration level, the tissred$ to swell, disorganizing the fibrillar
structure of the stroma. The required short-terdeoto ensure transparency is broken and
fibril-free spaces appear within the lamellas adiced by Goldman et al., electron
micrography revealing the presence of the so-cdlkdes” [5]. Therefore, structural defects
intervene at different scales, involving in partésunanometric perturbations in the regular
fibrillar lattice and the apparition of large fibfiee areas up to several micrometers large.
Multiwavelength modeling and experimental studigghlighted different behaviors following
the degree of edema [4,6,7]: the wavelength depmadef the scattered light's intensity is
coherent with a major contribution of the fibrillatructure at physiological state (Rayleigh
scattering), and with a larger structures’ contiiiu predominance when the cornea swells
(Mie scattering). In addition, other studies pothtaut an increase in scattering because of
keratocytes, due to a deficiency of the proteingctvimormally ensure the homogenization of
the local refractive index [8, 9However, the loss of transparency is a complex pimemon
which involves different spatial-scaled perturbasipand the role of each potential scatterer
remains unclear.

The goal of this paper is to propose a study efdbrnea at a micrometric scale during
edema development, combining imagery and scattenegsurements to follow the evolution
of internal structures when the cornea swells, asldte it with its transparency. As
aforementioned, studies [4,6,7] pointed out a mi|@ scattering-like contribution when the
cornea reaches non-physiologic thicknesses. Thdydbcuses on scattering differences due
to internal structures whose dimensions are supa&doone micrometer. After a purely
experimental approach, we use an electromagnetitehamlapted for low-scattering media in
an attempt to numerically link microstructure amattering. The idea is to observe how the
structural organization influences the scatteriedpdvior of the tissue, but also to try and
quantify this behavior for corneal graft sortingrpeses and to prepare in-vivo diagnosis in
the future.

2. Experimental investigations

This part is dedicated to an experimental studyhofnan corneal grafts. As mentioned
previously, we aim to follow the microstructural dascattering properties’ evolutions of



samples with their degree of edema. We had a piatimterest in the backscattered field and
in the development of the “lakes” within edematoameas.

2.1 Samples

We obtained 13 human corneal grafts rejected frdra tissue bank of Marseille
(Etablissement Frangais du Sang Alpes-Méditerradé@eseille, France) due to physiological
issues (detected opacity, low endothelial cells sitgn.). The grafts were stored in
CorneaMax® (Eurobio, France) at ambient temperafline samples had a thickness more
important than irin vivo conditions: this was due to the conservation teglenthat induced
the graft to swell (see [10] for more details abongan culture preservation technique).

To study several edema degrees, different grafise véubmitted to refrigeration or
osmotic solution baths (amylum based solution Veh® (Fresenius Kabi, France) - effect on
corneal graft for another colloid (Dextran) is meted in [11]). All the observations were
realized during an average period of one week adiaziving the tissue in our laboratory. The
samples were immersed in a tank filled with balansalt solution (BSS) to prevent them
from dehydrating during the experiments.

2.2 Experimental setups
2.2.1 Imaging technique

Optical Coherence Tomography [12] was chosen tgérthe structure of the cornea. This
technique based on low-coherence interferometigwallthree-dimensional imagery and is
nowadays commonly used for clinical eye investiati

A Full-Field Optical Coherence Tomography setupmporal domain) based on the
Linnik interferometer configuration [13, 14] wasvédoped (Fig. 2). We obtained images with
a micrometric resolution in all three directions sface [15]. The observation area is a
250x190 um?2 window covering the center of the tissThe z-scan along the thickness is
operated using a piezoelectric stage with a rapge 8 mm, so the tissue can be scanned on
its whole depth (from 550 to 1200 pm for the stddsamples). With water immersion
objectives, the sensitivity was estimated over 8wdth a 200-frame accumulation. Each
sample was scanned at a pace of 2.5 seconds/image.

E:I HLAKI HL + KI: Halogen Lamp with

Kohler illumination
[ BS: Beam splitter cube
AL BS 1 M: mirror (45° oriented for

[ M vertical enlightenment of the
CCD }: B EEEEEEEEEEEEE R it - sample)

MO: Microscope objective —

E E — water immersion (x10, O.N.
Mediee u Mo 0.3, Leica)

L PZE: Piezo-electric translation
P % stage (M-174, PI)

c 1 Mo ” Refer AL: Achromatic lens

ornea on sample elference .
holder immersed 7 mirror CCD: Couple Charged Device
in BSS = camera (GC 660, Prosilica)

Fig. 2. Full-Field Optical Coherence Tomographyfeuration.
2.2.2 Scattering measuring device

Additionally, angular-resolved scattered light sy measurements [16] were operated. The
sample was illuminated at normal incidence onetster using a HeNe laser (632.8 nm), and a
detector placed on a rotating arm was able to parfm 360° measurement of the scattering
intensity. The sample was probed by the light whioseraction with the structures it met



(surface defects or bulk heterogeneities) withia thumination surface (1mm-wide spot)
resulted in scattering phenomena.

HeNe
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Fig. 3. Angular-resolved scattering measuring sestipeme (left) and intensity levels for a
cornea and BSS with dynamics measurements (right).

Due to the scattered light repartition, only theidient plane was considered to characterize
the samples. For this study, we focused on theattl half-space (angles between 0 and 90°
where 0 is the sample’s normal direction, but ahly angular range from 6 to 70° is relevant
because of the detector's and the sample holdeaskimg). This experimental configuration
in the reflected half-space was chosen because tité only space accessible in view of
achievingin vivo characterization in the future. The dynamics ef ¢éperiment, delimited by
the intensity levels measured using a lambertiahwithout any sample, was of 6 decades

(Fig.3).

The use of those two setups provides a non-coatattnon-invasive characterization of the
tissue, with on the one hand microscopic repartitbinhomogeneities and on the other hand
a global response of the sample, through the meamant of the light scattered by all the
graft’'s structures being probed by the illuminatiowavelength.

2.3 Micrometric-scale structural evolutions

For each sample, Optical Coherence Tomography wes 10 evaluate the corneal thickness
and to image its microscopic structure evolutiothwwelling.

The setup is able to highlight the different layerf the cornea, and the differences of
homogeneity they present can be obser\dds]. Especially, we noticed the homogeneous
aspect of the Bowman’s and Descemet’'s membraneseYds, we had a particular interest in
the stroma whose structure presents significariatians following the degree of edema in
comparison with the other layers.

For thin preserved donocorneas (thickness between 500 and 700 pm), OCiissca
revealed a homogenous medium with keratocytesdeduwall along the stroma (Fig. 4). We
observed on these images the presence of the leggithger, but epithelium was most of the
time degraded or absent when received in our lagracertainly due to too frequent
manipulations or important storage periods in tbsue bank. Nevertheless, for thin grafts, no
significant change in the structure of the othgeta was observed that could be attributed to
the presence or absence of the epithelium.
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Fig. 4. OCT images from a 670 pum-thick cornea; liegan along the whole depth (left) and
details of the anterior part with epithelium andwBoan’s membrane (upper right) and the
posterior part with stroma, Descemet’s layer arab#relium (lower right).

When the cornea swells, variations are observatfiénstroma. Liquid infiltrations (“lakes”)
appear as darker areas within the stroma. Whemabgeone graft in particular, those lakes
develop first from the endothelium side and theiteasion within the tissue rises with the
thickness and edematous state of the cornea. Suathtien is illustrated in Fig. Svhere
lamellar gaps extend while the tissue swells.

Fig. 5. Depth-scan OCT slices for one cornea aethttifferent edematous states; thicknesses
are from left to right of 730, 795 and 815 um; arsopoint out lakes appearing when the
corneal swells.

We observed a systematic presence of lakes imalsamples whose thickness was over 800
pm. However, the size and density of those lakeieddrom one cornea to another and had
no obvious relation with the thickness or the ietatexpansion (calculated as the ratio
between the thickness of one sample and its irtiiakness when received in our laboratory).
Moreover, additionally to the long and thin infidtions due to lamellar separation, we noticed
the presence of shorter and thicker lakes spadistyibuted in the stroma. Therefore two
general lake distributions were visible depending the graft studied: wide lamellar
interspaces (over 100 um in a plan parallel tostindace of the cornea) with an important
density, or limited-sized lakes (up to 50 um) sebrslisposed (Fig. 6). Each graft presented
preferentially one or the other type of distribatiand no connection with the thickness could
be established.



' Fig. 6. Laes dals: hort and thick lakes (laftjl elongated liquid infiltrations (right).
2.4 Scattering intensity measurements

Scattered light intensity was measured for eacheairgraft (preliminary measurements were
presented if17]). This was preceded and followed by a thiclknegaluation using the OCT
setup, in order to take into account the dynamithef cornea whose thickness may evolve
over the duration of the entire characterizatioocpss (approximately an hour and a half for
scattering measurement and OCT imaging). The tleskmrrelated to the light scattering
measurement was then evaluated with a +25 um pracis

Figure 7(a) presents angular-resolved intensitglkevelated to different thicknesses for
one sample after being treated to modify its hydrastate. The intensity level increases with
the thickness, here directly related to the hydratate of the cornea.

Figure 7(b) represents the same scattering measuts done for a whole series of
corneas, including tissues submitted to the thiskneariation protocol. We observed again a
general increase of the scattering level with theknhess of the graft. While the curves aspect
is rather similar for large angles, we notice difjess for low angles (typically inferior to
20°). As already mentioned in [17], while a majaikoscattering influence is expected for
high angles, surface roughness and bulk effectlmeayore difficult to discriminate for lower
angles. As we studied here different samples, thefiaces were likely to vary from one graft
to another following the manipulations they werebmiited to. Moreover, experimental
configuration artefacts may have intervened, swltha quality of cleanness of the tank in
which they were immersed. Consequently, only angkgond 20° were taken into account
from then on.
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Fig. 7. Angular-resolved measurement in the redigchalf-space for corneas at different
edematous states. Intensity levels are plottedrierunique cornea at different hydration states
after swelling and deswelling protocols (left). Sameasurements are executed for different
grafts with color indications refering to the thigss of the sample (right).



We then introduced another parameter, directly utaled from the intensity angular
measurement: the Total Integrated Scattering (TT$% represents the global scattering
behavior of the graft, and is calculated as follows

TIS= [[ 1(6,¢)sin(6) dodp
0.¢

with (0,¢) the polar coordinates of the locally measurechfpdin order to select only the
relevant portion of the curve, the angular ranfjmterest was limited to angles between 20
and 70° in the incidence plang=0°).

As for anin vivo study, we don’t have access to transmission vdlrethe quantification
of the graft's transparency. Nonetheless, the coispa of the TIS defined above with
macroscopic pictures of the grafts showed cledrht its evolution was coherent with the
transparency degree of the sample (Fig. 8). Froem ton, scattering results were thus
evaluated in term of TIS in the reflective half-spawhich appeared as a convenient
parameter to represent the transparency state afr#fts.

TIS
(20-70°)
Fig. 8. Comparison of visual impression and TISapseter. Corneal grafts are laid on a cross
pattern to help appreciate the transparency andiskeciated TIS values are calculated for
scattering angles between 20 and 70°.

0.0066 0.0098 0.0218 0.0309 0.0312

Plotting the TIS values as a function of thickn@sg. 9) revealed their global joint evolution.
Besides, we observed this relationship was notrspls, with fluctuations, in particular when
the thickness reached 800 pum.
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Fig. 9. Total Integrated Scattering calculatedha teflected half-space as a function of the
thickness measured with OCT.

2.5 Structure and scattering

When considering the samples globally, the analgéiscattering intensity measurements
jointly with OCT imagery did not reveal any simpt®rrelation between structure and
scattering intensity level.



Studying the case of one particular graft usuddlgg to observations that were in
accordance with the intuitively expected behavighen the cornea swells, the TIS value
increases, as does the density of the lakes witén stroma. But an extension to the
comparison of several tissues did not reveal aiqudat structure specific to a particular
scattering level. Of course each cornea possetsesvin physiologic behavior, relatively to
the state of their respective endothelial pump gereral quality of the tissue itself, and this
fact may enlighten the observed disparities.

Nonetheless, some structural trends could be editisuch as a generally deeper lakes’
penetration when the cornea presents a high TI&, fan a given penetration level, a higher
TIS value obtained when lakes were short and thacker than when they were thin and
extended.

Going further in experimental observations to tifgnand validate tendencies would
require many more samples to study and a more @enpataset for each graft to help the
comparison of the different tissues (such as atuatian of the endothelial pump efficiency
for example). Nonetheless, the next part of thjzepas dedicated to the attempt to study and
to numerically evaluate the influence of the diietr structural parameters aforementioned on
the scattered light’s intensity level.

3. Electromagnetic model for numerical simulations

To quantitatively link the structures observed hie samples with their measured scattering
behavior, we used an electromagnetic vectorialrihdeveloped previously for the study of
low-scattering media [18,19]. The cornea, beinggparent and presenting a relatively low
scattering and weak refractive index mismatchepears as a medium for which this theory
may be applied, at least for reasonable edemasst&€T imagery gives access to local
refractive index variations. Those images were tieed as a tissue modelization to calculate
the theoretical related far-field scattering inignsand to compare it with the experimental
measurements in order to explain the variationeesl when the cornea swells.

The following paragraphs present a short recatheftheory we used, before establishing
the limits in within which it was relevant to compaexperimental and calculated data. The
obtained numerical results are then presentedrirdpa

3.1 First-order calculation method

This theory based on Born approximation [20] alldfws calculation of the scattered field in

both reflected and transmitted spaces for a stdd&yers including rough interfaces and/or

bulk heterogeneities. The method aims at solvirgelectromagnetic equations in the stack
with weak inhomogeneity hypotheses:

&D 1and| bD

where R is the quadratic roughness of the considered faterin the case of surface
scattering, and p the relative permittivity hetemogity in the case of bulk scattering (full
theory developments are presented in [19]). Thiarpater p is defined as:

p =
with emeanthe mean permittivity ande the local permittivity variation at every pointside
the considered layer. Consequently, the permitifdt each point M within the layer can be
written as follows:

eM) = emean[1+ m\/l)].

The resolution is carried out in two steps, thstfone consisting in the calculation of the
field as if the stack were perfect (i.e. a totaipmogeneous medium without surface



roughness) when it is illuminated with a monochromglane wave. This ideal field is
supposed to be the only excitation source in thugeed stack, and the scattered field is then
calculated sequentiallysing the admittance method, taking into accoumtRburier transform
of the profile, or of the refractive index distriimn.

The resulting intensity as a function of the sratg angled in the observation space may
then be written as follows:

2

a2 Y kP costo)

' (9) T e — 2 1 -
S |E| lko| co{io)

where S is the illuminated surface of the sampjgndk,the field and the wave vector in the
incident medium,githe incidence anngd andk the field and the wave vector in the medium
where the intensity | is measured. This intenstgalculated with respect to the polarization
of the incident and scattered waves.

As we suppose no interaction between the diffef@terogeneities (simple scattering
regime), the total field results in the additiontbé contributions of the different scattering
sources (originated from all the heterogeneous$aged rough interfaces of the stack).

The calculations are made for stacks whose desmriicludes the number of layers,
their thickness and mean refractive index, at omwelength with a given incidence. The
perturbation can be described in two or three dsiuers for the different interfaces or layers,
giving respectively the profile of the surface be trefractive index distribution within the

layer. The method has the advantage of ensuririgcédsulations without priori thickness
limitation.

3.2 Optical bandwidth

OCT imagery provides a micrometric resolved disttitn of the structure in the cornea. We
aimed to use these images as layer descriptionsndianeric calculations of scattering
intensity, and comparing these with the experimefatafield measurements to observe the
different influences existing.

However, the potentiality of comparison betweeasthtwo intensities (calculated vs.
measured) must be ensured as the scale of thetsleésolved by the different measuring
devices may be different. To do so, we need to klosv frequency domain (or optical
bandwidth) available for each. Comparison is rebéanly if it occurs on a same frequency
bandwidth [21].

Plane wave formalism:
E — Eoeﬂk.ueﬂmt
— Eoefz(otZJrG.r)efm)t

u=(r,z)=(x,v,z)
k=(c,a)

Fig. 10. Wave propagation vectors configuration.

Far-field scattering measurement selects only maipee scattered waves. Using the
notations of Fig. 10, with a wave propagating ia thdirection, all the waves with a real
component will be measured. As=[k? - 02]1/2, with k=2wn/A the wave vector and
o/2n=n.sin@)/A the spatial frequency for the scattering anglassociated to the wave, it

means that all the between 0 and k are eligible. As a consequenedtesing measurement



in the reflected half-space at a wavelengthmplies an optical window in the domain
[2zn.siN@min)/A ; 2nn.SiNPma)/A], Where n is the refractive index of the observatioedium
and Pmin ; Omad IS the measured angular range. With such an angarteye between 20 and
90°, the bandwidth is included in the range [0.Q@B@099] nrit.

On the other hand, OCT imagery gives access tonage whose Fourier transform is
sampled with a sampling rate ofi/R (where L is the physical length of the obsemati
window) to respect the Shannon theorem. As a camseg, supposing N the number of
pixels in the image, we have access to a spatejuéncy bandwidth of [0; n/L].
Considering the device characteristics, we obtaiinaow in the range [0; 0.0083] in

It appears both devices had a common frequency: b@hevant comparison was then
possible for scattering angles inferior to 56°, emppangles corresponding to image
interpolation occurring in the calculation from €T image an@ priori not representative
of the real structure of the sample.

4. Model parameters and effects on scattering level

This part is dedicated to numerical calculatiorultssobtained with first-order approximation.
However, the cornea being a highly complex samplecomparison with the thin-film
multilayer configurations for which the theory waeveloped, we needed to define a
simplified medium to represent it. As already ammuad, OCT images were to be used for the
cornea modelization. This involved that only hegeneeities larger than one micrometer were
to be taken into account in the calculations.

Hypotheses and simplifications adopted in ordemtamel the cornea are first presented,
before testing different parameters and finding their possible influence on the scattering
level.

4.1 Sample modelization

The representation of the cornea for electromagraticulations required to define firstly
how to simplify the structure of the tissue, to [xemly the elements appearing necessary to
study the particular problem of the edema developtriméluence over the scattering behavior.
After introducing these simplifications, we deseriwhich parameters were chosen and how
they were applied to effectively run the simulason

4.1.1 Corneal structural simplifications

For simplification purposes and according to thpesinental observations, the choice was
made to take into account only the stroma for @ileutations: its thickness is predominant in
the cornea and its structure is the most pertublyeelema development.

Furthermore we studied bulk scattering only, amd surface effect was taken into
account. As observed experimentally, only angldsrior to 20° were influenced by the
interface state of the sample so those angles weteconsidered. After introducing the
parameters necessary to run bulk modeling calcuistiwe justify this choice by comparing
the intensity levels related to bulk and surfactscing in section 4.1.4.

4.1.2 OCT images processing

OCT images were used as heterogeneity distributomescribe the layers’ bulk properties.
Only those presenting no artefacts or parasitel siscdust floating within the immersion
liquid (BSS) were chosen. Moreover, to ensaraninima comparison between different
samples’ images, the greyscale of each was diviedhe integration time used for the
acquisition, and grey level values correspondintheoBSS on both side of the sample were
adjusted to minimize the depth-induced signal thssto the system.
The calculation requires a layer description imrm® of relative permittivity

inhomogeneity cartography. However, OCT images idmveflectance distributions, and are



quantitatively related to the local refractive irdmismatch strictly speaking. We made the
choice to interpret those images only as structaebgraphies of the stroma, and a refractive
index scale we specify in the next paragraph wadiegh Finally, once the stromal image is
converted in a refractive index distribution n(x)y,given thate=n2, we can convert it in
relative permittivity inhomogeneity layer using tredation p=2An/nye.n WhereAn is the local
refractive index mismatch relatively to the meafmagtive index Reanin the layer. The other
parameters needed for computation are relativeh®o ihcident light (incidence angle,
wavelength and polarization).

4.1.3 Refractive index parameters

As previously mentioned, the layer must be defimederm of refractive index distribution
and it is also necessary to indicate its averafjaatéve index. This one was set with the value
Nmea=1.376, corresponding to the mean refractive indéxthe cornea in physiological
conditions [22]. As the properties of BSS are closdhe ones of the aqueous humor, we
supposed this value remains realistic at leasthiorcorneas. We applied to the OCT images
refractive index values scaled within the rangga.gAn, with An an amplitude to be
determined.

We chose to consider as a reference the cas@afigparent thin corneal graft (620 um),
such tissue being likely to complete conditionsfitathe first-order hypothesis. Figure 11
presents the results obtained for different vahfesn, and the curves are compared with the
experimental scattered intensity level measuredtliat cornea. The value @n=0.0025
allowed both curves to match over the angular rarfigeterest.
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Fig. 11. Stroma OCT image used as a layer desumik:ft) and refractive index amplitude
effect over scattering intensity from 620um-thidmmple (right) (simulations foAn=0.001,
0.0025, 0.005, 0.0075).

Having fixed this value\n of refractive index amplitude, we tested theuafice of the fuan
value over the calculated scattering intensityebd when the cornea swells, this supposes
higher hydration and involves a modification of tleverage refractive index [23].
Nonetheless, we observe on Fig. 12 that this pamfeefluctuation is negligible in
comparison to thén variation, as we obtained equivalent intensityele whatever the value

of Nmean between 1.33 and 1.4. As a consequence, the vdlle876 was kept for the next
simulations. For the same reason, the refractidexrgradient within the stroma, inducing a
higher average refractive index in the anteriot pathe stroma rather than in the posterior
part [22], was also neglected.
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Fig. 12. mean influence over scattering level for the fixed eefive index amplitude
An=0.0025. The TIS variation depending on the value @ffrom 1.33 to 1.4 is inferior to
2%.

4.1.4 Minor surface influence confirmation

We present here the calculations made to justifglida’t take into account the surface effect.
We extracted two profiles from the OCT images, esponding to the surfaces first of the
epithelium, then of the Bowman’s membrane (Fig. 13)

Fig. 13. Surface profiles extraction: Epitheliunp@nd Bowman’s membrane (down).

The calculated quadratic roughnesses were respbctif’ 2.7 um and. 0.35 pm. These values
did not fit with the first-order approximation, see solved the electromagnetic equations
rigorously using a differential method based orSamatrix algorithm [24, 25].
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Fig. 14. Surface effect simulations for epitheliand Bowman’s membrane surfaces and

comparison with purely bulk scattered intensityelefor a 620um thick sample.

Figure 14 presents the superimposition of bothaserfcalculations with the intensity level
obtained for a 620 pm-thick sample consideringfiiactive index perturbation as described in



the previous paragraph. We observe a major bulkente, except in the low angles where
surface effect has a greater impact. Nonethelessetinfluences appear outside of the angular
range of interest.

4.2 Structural influences

Having defined how the corneal grafts were to bedelized for calculations, several
structural parameters were tested in order to pnéerthe experimental results. As observed
experimentally, scattering level increases rougtity the thickness. Besides, both parameters
do not present a simple relationship between théfhoreover, different structural
organizations have been imaged while the edemala@®eThis paragraph aims at studying
separately the influences of the thickness antefstructure over the scattering intensity.

4.2.1 Thickness

When studying the behavior of one graft, it appedhat the scattering level increased with
the thickness. But although the trend was globidléysame when comparing several tissues,
the relationship was rougher. To study numerictily influence of the thickness, we firstly
artificially increased the thickness of the refeersample, keeping the same density of
heterogeneities all along its depth (that wouldeheivalent to artificially adding extra tissue
mass). Figure 15(a) shows the scattering leveimdxd for thicknesses from 620 to 1200 um,
and we observe a limited increase, clearly inferiothe one obtained experimentallfywe
calculate the TIS values over the angular range $20] and consider the ratio between the
620 um and 1200 um-thick samples, it is more thacetinferior to the same ratio calculated
from the experimental measurements.

If the sample is now extended in the z directibanfogeneous dilation along the depth
axis of the graft), the increase with thicknessiiech more significant as shown on Fig. 15(b).
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Fig. 15. Scattering intensity levels for differéhicknesses with preserved (a) and z-dilated (b)
microstructure repartitions within the layer. Theage transformations are illustrated in (c)
with zoom on equivalent areas on each image fompenison (false-color representation is used
to highlight the structure’s density differences).



Furthermore, if the TIS are calculated, we obserparallel evolution of TIS and thickness in
good agreement with the one obtained with experialemeasurements for a cornea at
different swelling states (Fig. 16). Although didat following the z axis is a simplistic way to
describe how a sample swells, it enlightens theoimamce of the structure’s microscopic
distribution, as thickness in itself does not tgtakplain the observed evolution of scattering.
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Fig. 16. TIS values plotted relatively to thickneSsmparison between experimental values for
one cornea at different hydration states and twaeric simulations (thickness influence only
and dilation effect).

4.2.2 Lakes distribution

We then tried to evaluate the influence of the #$aldistribution in the stroma. We could
observe on the OCT images two distinct lake distiims, the first one including densely
disposed thin wide lakes, and the second one with &xtended thicker lakes, less numerous
and sparsely distributed, as shown previously ¢n i

To take into account the lakes’ distribution onke used a binary representation of the
stroma, assuming a refractive index of 1.33 for lddees, and 1.376 for the surrounding
matrix. This induced a higher scattering level lseaof a more important refractive index
mismatch. As a consequence, no direct comparisamdvoe possible with the previous
calculations and measurements.

OCT images were used to extract one lake’s shapel@calize the lakes’ positions,
considering the case of two grafts with similackmiesses and equivalent lakes’ penetration in
the depth of the tissue. For both configurations,calculated the TIS values, and compared
the ratio of results relative to each distributiovith the ratio of the corresponding
experimental measurements.

S0pm ‘
gy .
Distribution 1 — DtributiuZ
TIS (20-50°) Measurement Calculus
Distribution 1  (D1) 0.02103 0.0519
Distribution 2 (D2) 0.01609 0.0412
D1/D2 13 1.26

Fig. 17. Binary models for lakes’ distributions ardS calculations compared with
experimental values for 780 um-thick corneas.



As summed up in Fig. 17, both experimental and migaleresults enlightened a major
scattering with the distribution involving short darthick lakes. Moreover, we obtained
through measurements and calculations similar gakighlighting the importance of the
heterogeneity distribution’s influence over thetsaring intensity.

To conclude this paragraph, we have seen thatrtbgkinfluence (extra-mass addition) on
the scattering level of the layer is weak in congmar with the role of the structural
repartition. But although structural evolution dapé reduced to a simple dilation, it appears
that homogeneously spreading the heterogeneitygathe depth of the sample leads to
behaviors close to the experimental ones. Moreother, shape and repartition of those
heterogeneities is of great influence, and simaitetigive results in agreement with what has
been experimentally observed.

4.3 Multi-sample study: consideration of higherckriesses and scattering levels

While we previously considered the case of a timid tansparent cornea as a basis to study
structural parameters, we then ran calculationsotbver samples, whose properties may
guestion the use of the first-order approximation.

We considered several OCT images correspondindifferent grafts, with different
thicknesses and transparency states. We calcullagedcattering intensity levels using the
values of An=0.0025 and ®.=1.376. We observed that the simulated levels Hi t
experimental curves while the graft remains thirthwéa clear appearance, but for higher
thicknesses and cloudy states, the intensity isoolly under-evaluated in comparison with
the experimental measurements (Fig. 18).
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Fig. 18. Scattering levels calculated from OCT immgof different grafts with several
thicknesses and transparency states, applyimg0.0025 and f.+1.376; the experimental
level for the thickest cornea is also indicated.

To explain these differences, it is necessary fméehe limitations of the modeling. We do
not come back here on the choice of the refradiidex scale, but try to point out the
hypothesis explaining why a combination of thiclsxeand structure repartition is not
sufficient to match experimental behaviors.

First of all, the numerical representation of tagers was limited to an enlightenment
surface of 250x190 pumz, which is little in comparisvith the 1mm radius of the laser beam
used to probe the graft experimentally. Therefaikthe existing structures were not taken
into account and the numerical calculation does Ienefit from the averaging effect
occurring during the measure. Secondly, OCT imalgesot resolve structures smaller than
less than one micrometer large. Finally, the choitéhe An value was made considering a
clear cornea, inducing low scattering. It is notpsising this parameter is underestimated
when scattering increases, as the hypothesis ahglesscattering regime may not be



reasonable anymore, while first-order approximatiprecisely does not take into
consideration multi-scattering regimes.

To go further, we then calculated the valueg\wfhecessary to match experimental and
calculated intensity levels for the different saegppreviously considered. We obtained that
this parameter evolves with the experimental TI®ieaivided by the graft's thickness (we
will note TIS/e this quantity from now on) (Fig.)19

TIS/e may be understood as a linear scatteringnpiat of the sample, analogically with
the scattering coefficientspalthough we consider here a global behavior énréflected half-
space but the specular directions. Tre parameter therefore appears as a corrective value
related to TIS/e, figuring out the offset existingtween the sample behavior and a first-order
scattering reference behavior, quantifying theaffelue to multi-scattering in particular.

0.0045
0.004
0.0035 - A A
& 0.003 -
0.0025 A
0.002 - A
0.0015 : ‘ ‘ ‘
5 10 15 20 25 30

TiSle
Fig. 19. Calculation of th&n parameter matching experimental and calculataetiesing levels
in function of the parameter $0IS/e where e is the graft thickness and TIS isutated on the
range 20-50° from the experimental data.

5. Conclusion

This paper presents results obtained as a prinpgmpach to achieve a characterization of the
cornea in terms of transparency and scatteringgotie@s when an edema develops, with the
possibility to extend it tan vivo diagnosis, which supposes a limitation to theeiVe half-
space. The study presented here focuses on hunmmaeatarafts and their behavior when
swelling, through the combination of the observatif their microscopic structure using OCT
imagery, and of the far-field backscattered intignsieasurement. First-order approximation
modeling was then used to numerically link botheasp.

The experimental part of this study highlights twain aspects:

- The first one is related to scattering measuremantthe reflective half-space, which
enlighten preferential angular domains where a targin appears as predominant for
scattering. This allows the consideration of théal integration Scattering to quantify the
scattering behavior of the sample, whose evolutiorrelates with the evolution of the
thickness and transparency appearance. Its pdtastraetric should be confirmed through
further studies including measurements in the trétted half-space.

- Secondly, the microscopic imagery of the edematpafts permits the observation within
the stroma of the “lakes”, which adopt two main afpions depending on the graft
considered, without any evident link with its thiglss or opacity. Some grafts present
preferentially long and thin lakes with an impottdensity while more compact lakes are
sparsely distributed in other tissues, leadingitihér scattering intensity levels than in the
first case. This highlights the role of micrometsituctures over the scattering when the
cornea swells.

The use of electromagnetic modeling based ondndér approximation, with respect to a
simplified representation of the samples, givesiltesn accordance with the experimental



behavior observed when considering the importaricne structural repartition inside the
bulk. Furthermore, the modeling enables a numelioklbetween the grafts’ structural and
scattering properties through the relationship ketwthe parameteran and TIS/e, as
presented on Fig. 19.

To conclude, a characterization of the edemattaie sf a corneal graft therefore appears
already achievable, although a simple representatdd the tissue which requires
improvements: a more complete description of tlesug in the modeling, the correct
determination of the refractive index repartitioithin the tissue, and also a calibration of the
method, studying on the one hand phantoms withrolbed properties -to be able to
determine representative parameters of the layerdgeneity from the scattering level-, and
on the other hand more corneal grafts, in partictissues eligible for transplant, with the
view to offer a new tool for graft sorting.

Acknowledgments

The authors thank Dr. Nouaille de Gorce and thsuéisbank service of the Etablissement
Francais du Sang de Marseille for providing thdtgmaecessary for the study, and Pr. Patrick
Fournier for English correction.



