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Abstract: Estimating the scattering coefficient u; and scattering anisotropy factor g of the
corneal tissue is currently limited to methods utilizing double integrating spheres or spectroscopic
techniques, prohibiting such corneal tissue evaluation from being performed in a clinical setting.
This paper presents a new concept of statistical matching between a given corneal optical
coherence tomography (OCT) scan and a set of multi-reference phantom OCT B-scans, suitably
simulated using the Monte Carlo method. The statistical matching that exploits the information
present in the speckle includes an ensemble of distance measures. Using a set of OCT scans
from 11 porcine eyeballs, for which epithelium was removed, it is demonstrated that the proposed
statistical matching approach leads to a precise estimation of the optical properties of corneal
stroma. The group mean of the scattering coefficient and the scattering anisotropy factor for
the porcine stroma were fi; = 0.146 + 0.020 mm~! and g = 0.893 + 0.021, respectively. These
estimates match previously reported values established with other methods. The proposed
approach of utilizing information present in the speckle can be readily extended to in vivo OCT
imaging of human corneal tissue.
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1. Introduction

Knowledge about the optical properties of tissue is fundamental to understand light-tissue
interaction and may, in the future, be used to support medical diagnostics. Optical coherence
tomography (OCT) can be used to determine these properties, particularly the scattering coefficient
U and scattering anisotropy factor g. This can be achieved using various methods that exploit
the depth-dependent decay of the OCT signal [1,2].

In the near-infrared spectral range, the scattering coefficient u; of most tissues, including
cornea, is much larger than the absorption coefficient y,. In this scenario, the total attenuation
coeflicient is approximately equal to w;. Therefore, by analyzing the slope of the OCT signal on
a logarithmic scale, the scattering coefficient u; can be effectively measured but such a method
requires good signal-to-noise ratio (SNR) [3]. On the other hand, the scattering anisotropy factor
g can be measured from an OCT signal by fitting the depth-dependent OCT signal to a theoretical
model, such as one based on the Extended Huygens-Fresnel principle [2,4]. Here, also, a good
SNR is the requirement for such a derivation.

Classical approaches such as the inverse adding doubling, Kubelka—Munk, and inverse Monte
Carlo methods were applied to measure the optical properties of bovine and porcine corneas,
using a double integrating sphere setup [5—7] or using a spectroscopic technique [8]. Both
approaches cannot be applied to in-vivo assessment of optical properties of corneal tissue. Would
OCT offer a solution for this case?
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The coherent nature of light in OCT leads to speckle formation. Speckle poses a significant
challenge in measuring the optical properties of tissues, leading to a significant reduction in
measurement accuracy. The precision of backscatter measurements in OCT signals can be
significantly improved by spatially averaging the speckle [3,9]. However, the determination of
tissue parameters based on raw, unaveraged OCT signals has been so far considered unfeasible
using methods that relay on good SNR. Although often perceived as noise that degrades image
quality, speckle patterns in OCT images can convey valuable information about the sample’s
microstructure [10], and that it particularly appealing when imaging the cornea.

While statistical parameters of OCT speckle have been estimated for corneal tissue and linked
to its integrity [11-13], their direct correlation with fundamental optical properties has been
so far only partially resolved [14]. A significant gap exists in determining whether speckle-
derived metrics can serve as reliable indicators of scattering parameters within the corneal tissue.
Addressing this gap is important, as no current in-vivo methods allow direct quantification of
corneal optical properties. In this study, a look-up map of simulated, via a Monte Carlo method,
multi-reference phantom OCT B-scans is used to estimate via a sample-reference match the
scattering coefficient u; and the scattering anisotropy factor g of an ex-vivo porcine corneal
tissue from the speckle statistics. By bridging the link between corneal OCT speckle statistics
and light-scattering optical properties, this work aims to advance the accuracy and clinical utility
of OCT for corneal tissue characterization.

2. Methods

2.1.  Porcine corneal OCT images of unknown optical properties

A retrospective OCT image dataset recorded with SOCT REVO 80 (Optopol Technology, Poland)
consisted of 11 porcine eyeballs imaged ex-vivo, after epithelial debridement. The eyeballs were
obtained from a registered abattoir and came from animals from the same farm, breed, and were
of approximately the same age. Intact enucleated eyeballs were immersed in a phosphate-buffered
saline (PBS) solution, preserved in a portable refrigerator at 4°, and prepared for experiments
within 3 hours post mortem. They were further mounted on a custom tool to set and maintain an
intraocular pressure of 20 mmHg in the anterior chamber. Additionally each eyeball was kept
moist by continuously soaking it in the PBS solution, facilitating in this way semi-physiological
conditions for OCT image acquisition. The imaging protocol consisted of acquiring three central
horizontal B-scans of 5 mm width and approximately 2 mm depth, without realigning the
instrument. The images were of size 1,538 pixels horizontally and approximately 733 pixels
vertically, corresponding to the estimated pixel size of 3.25 um and 2.70 pum, respectively. A
detailed description of the eyeball measurement can be found in [15,16]. Epithelial debridement
ensured one-layer corneal samples, to exclude epithelial layer influence on the stromal OCT
speckle statistics, as the previous study has shown that epithelium significantly influences the
backscattered signal from the stroma [17]. Figure 1 shows an illustrative example of the corneal
OCT scan with a region of interest (ROI) outlined in white. The central ROI of 308 pixels
(approximately 1000 um) width around the corneal apex was used for deriving the speckle
statistics, as it was already justified in previous study [17] for the same data set of porcine corneas.
Its depth (193 pixels, approximately 520 pm) was limited by the central corneal thickness of the
thinnest sample. The thickest sample in these cohort of eyeballs was 671 pm.

2.2. Look-up map: simulated OCT images of known tissue optical properties

To simulate photon transport through the corneal stroma, a Monte Carlo algorithm for photon
transport through multilayered tissue, originally developed by Prahl [18] and Wang et al. [19],
was implemented. The algorithm is based on the Mie scattering theory and uses tissue optical
properties, i.e., the scattering coefficient g, the absorption coefficient yu,, the scattering anisotropy
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Fig. 1. One of the porcine corneal OCT scans imaged with SOCT REVO 80 device.
The images were of size 1,538 pixels horizontally and approximately 733 pixels vertically,
corresponding to the estimated pixel size of 3.25 um and 2.70 um, respectively. White lines
delineate the ROI chosen for optical parameters estimation. ROI size: 520x1000 pum.

factor g and the refractive index n as input parameters. A detailed description of this Monte Carlo
algorithm can be found in [19]. Here, its general workflow is summarized. The photon packet
is launched at the sample surface and propagated through the tissue. Each step is tracked and
managed with the mentioned set of optical properties until it exits the sample, being transmitted,
backscattered, or absorbed. This operation is repeated — the subsequent photon packets are
launched and traced. The number of packets should be carefully chosen and will be addressed
later. Figure 2 shows illustrative examples of the photon packet paths for two cases: transmitted,
as well as backscattered and detected.
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Fig. 2. An illustrative example of the Monte Carlo simulation of the photon packet transport
through the tissue of depth of 600 um. Grey surfaces indicate tissue borders. Blue circle
indicates the detector of radius 0.2 cm located 100 um above the sample (the justification of
this setup is explained in subsection 2.2). Two cases are shown: photon packet transmitted

(left) and photon packet backscattered & detected (right).

Collecting the pathlength of each photon, its weight and the information if it was backscattered
and hit the detector, allowed to derive the OCT signal (the A-scan) as proposed in [20]. Then,
every B-scan was created with 40 A-scans, corresponding to 40 Monte Carlo runs. The simulated
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OCT images include the carrier frequency and the pixel values oscillate around zero, taking
negative values. For this reason, they cannot be compared with experimental data. As suggested
in [20], for subsequent analysis, the signal envelope was calculated in order to remove the carrier
frequency. This was performed by treating the simulated OCT signal as a sum of phasors of the
same frequency.

2.2.1. OCT system setup for simulation

The look-up map was created to estimate the optical properties of corneal stroma imaged with
SOCT REVO 80 device. Therefore, the OCT setup for the simulation was adapted to follow the
particular technical specifications, i.e, the central wavelength was 1o = 850 nm and the bandwidth
was A1 = 50 nm at half maximum (i.e., FWHM). The coherence length of the light source was
calculated from [. = 2 1n(2)/l(2) /(mwAQ) and also used as an input parameter. The axial pixel size of
2.7 um was chosen to follow the vertical resolution of the experimental OCT images described in
subsection 2.1. The beam was assumed to be infinitely thin, so the lateral resolution was not
considered. The resulting image was then of size 223 x 20 pixels, corresponding to 40 A-scans
and approximately 600 um reference depth. Every A-scan was a result of different realization of
the random variable, while input parameters for simulation were constant throughout creating the
whole B-scan. Therefore, the number of A-scans was justified as a trade-off between sufficient
number of pixels and computational cost. Similarly as in the experimental data, the ROI for
subsequent analysis was chosen. Its depth was set to 193 pixels (approximately 520 um) to fit the
thinnest experimental cornea and the width corresponded to the whole B-scan width (40 pixels).

Because the OCT signal only accounts for those photon packets that were backscattered from
the sample and reached the detector after leaving the sample surface, consideration had to be
given to how the detector should be positioned above the sample and its dimensions. In real OCT
systems, the numerical aperture (NA) is low to maintain a larger depth of field, and therefore, the
axial range. The NA can be calculated from NA = V21In2 Ay/(r §x) [21], where the transversal
resolution dx was experimentally determined for SOCT REVO 80 at 20 um, and amounts to
0.0159. Setting the exact OCT detector geometry in the simulated setup would result in an
unrealistically high number of photon packets used in Monte Carlo simulation. Hence, to keep
that number within reason, the NA was normalized leading to a detector with radius of 0.2 cm
located at 100 um above the sample, as shown in Fig. 2.

2.2.2. Choosing optical parameters for the look-up map

In order to examine speckle statistics and optical parameters y, and g of the tissue, a range of
these parameters was considered. According to Yust et al. [6], who indirectly measured scattering
parameters for bovine cornea in infrared region, the scattering coefficient y; of the corneal
stroma for 4 = 850 nm is 0.1466, 0.1347 and 0.1348 mm™! calculated with Kubelka-Munk
(KM), inverse adding doubling (IAD) and inverse Monte Carlo methods, respectively. Regal et
al. [8], on the other hand, applied the same methods to spectroscopy measurements of porcine
eye tissue, including that of cornea. Their average estimates of the scattering coefficient of
cornea for 4 = 810 nm, based on six eyeballs, amounted to y; = 0.126 + 0.049 mm~! and
s = 0.106 + 0.037mm™" for KM and IAD, respectively. Consequently, a range of 0.1 to 0.2
mm~! with step 0.01 mm~! was chosen for s (11 values). Absorption coefficient u, was set to
0, to simplify the analysis, especially since absorption in the cornea at 850 nm is weak (of order
0.01 mm~! [6]). The scattering anisotropy factor g ranged from 0.85 to 0.99 with step of 0.01
(15 values). The chosen values of g were high, because the scattering coefficient in biological
tissues is high in general [22-25] and additionally, in the cornea we observe strong scattering in
the forward direction [6,26]. The refractive index (n) was chosen to simulate the experimental
conditions of the real OCT measurement, so n between the detector and sample surface was set
to 1 (air refractive index), n of the sample was chosen to 1.376 (corneal refractive index) and n
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behind the sample was set to 1.33 (aqueous humor) [27]. The final look-up map was created with
11 % 15 unique pairs of u; and g giving Nspm = 165 multi-reference phantom OCT images.

2.2.3. Number of launched photon packets

A preliminary study was conducted using the detector configuration described above to see how
many photon packets are needed to generate a reliable OCT B-scan. For that, the simulation
was launched for 1 to 30 million of photon packets for only one pair of u, and g. The scattering
coefficient y, was set to the minimal value from the chosen range (0.1 mm™"), as the lower
scattering coefficient corresponds to less scattering events, whereas g was set to the highest value
(0.99) as it corresponds to small scattering angle and domination of transmission in the forward
direction. This choice ensured that for the “worst” case in terms of strength of backscattered
signal, there will be a sufficient number of photon packets. The contrast ratio (CR) of simulated
OCT speckle was examined for the chosen ROI (see subsection 2.3) over a number of photon
packets. The results have shown that for this unique pair of y; and g the mean fraction of
backscattered photon packets is 0.0311% while the mean fraction of those which arrive at the
detector is 0.0306%. Figure 3 shows the CR values against number of photon packets. It is
noticed that CR converges approximately to the value of 0.6 and at 15 million photon packets
the CR values change minimally. This point corresponds to 4595 photon packets caught at the
detector, which was assumed to be the minimal number to receive a reliable B-scan. That is why
for further analysis the number of launched photon packets was set to 15 million.
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Fig. 3. Contrast ratio of the simulated OCT B-scans and number of photon packets launched,
ranging from 1 to 30 million. The plot is generated for one pair of y, and g (0.1 mm-™!
and 0.99), the "worst" case in terms of strength of backscattered signal. The black arrow
indicates the number of photon packets launched (15 million) finally chosen for creating the
look-up map.

2.3. Estimation of optical properties of porcine corneas from OCT images

The ROI data was normalized as follows: the simulated data was divided by the maximum value
and then divided by the root mean square value (RMS), the experimental data was divided by 255,
further divided by the RMS value and then inverse transformed using the power function, i.e.,
y = 10%, where x is the normalized pixel value in the original image. To compare the simulated
and experimental data, speckle statistics for every ROI were calculated including the contrast ratio
(CR) and the kernel density estimator. Further, an ensemble of three distances were considered:

Dcr(k) = |CRgxp — CRg smls ()

Dross (k) = \/ [ {0 = ) ax.and @
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Dk (k) = log m——— 3
KL (k) Zx:fEXP(X) og Fosmo) 3

as functions of the index of the simulated reference k € {1,2, ..., Nsm}, where f(x) is the
kernel density estimator of the speckle statistics. Dcg is the difference between the contrast
ratios of the simulated (SIM) and experimental (EXP) ROI data, Drys is the root-mean-square
(RMS) error between kernel density estimators and Dk, corresponds to the Kullback—Leibler
divergence. To statistically match the ROI from a porcine stroma to one of the Ngp = 165
simulated multi-references from the look-up map, the minima of Dcg(k), Drms(k), and Dy (k)
were calculated, leading to three y; and g pairs. Finally, the estimated optical properties ({; and
8) were taken as the ensemble averages across the results for the three distances. Figure 4 shows
the flowchart of the described estimation method. By choosing three distances for the task of
matching one is able to overcome the problem of biases present in each of the measures.
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Fig. 4. The schematic of the algorithm for estimating the scattering coefficient yg and the
scattering anisotropy factor g.
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Fig. 5. a): Mean number of photon packets (counts) caught at the detector, calculated
from whole B-scan (40 A-scans). x and y axes indicate g and y input parameters for the
simulated images. The green and blue square indicate the cases shown in b) and c). b) and

¢): Ilustrative examples of the simulated B-scan, for 2 pairs of parameters: [1s = 0.2 mm™!,

g =0.85] and [us = 0.1 mm_l, g = 0.99], respectively. The images are shown after log10
transformation, as it is conventionally visualized in OCT devices.
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Fig. 6. Three distance measures calculated for illustrative porcine OCT image and look-up
map of 165 simulated OCT images. x and y axes indicate g and ; input parameters for the
simulated images. The next step of the methodology proposed in this paper is calculating
the global minimum, min(-) for each of the measures (see the flowchart, presented in Fig. 4).

3. Results

Figure 5(a) shows the mean number of photons that hit the detector (calculated from 40 A-scans
that constitute the B-scan) depending on the chosen y, and g. The observed tendencies have a
straightforward physical explanation. The increase in yu; follows the increase in the number of
scattering particles, and if more scattering events occur, the more photons will be backscattered
to the detector. The increase in g is understood as the decrease in the angle of scattering (more
photons are scattered in the forward direction), so less of them will reach the detector. Exemplary
log10-transformed B-scans, can be observed in Fig. 5(b) and (c). High values in the last line of
pixels result from internal reflection at the tissue-medium interface (in this case it is the interface
between corneal stroma and aqueous humor). Possibly, when considering absorption coefficient
U, for cornea greater than 0, then the flash would be smaller. However, these pixels were excluded
from further statistical analysis, as the chosen ROI depth was 193 pixels that corresponds to
521 um. Figure 6 shows the calculated distances between the speckle statistics of B-scans from
simulated multi-reference look-up map and the exemplary OCT image of the porcine cornea.
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Running the Monte Carlo simulation is computationally intensive but it is an one-off task.
Here, the range of uy: [0.1:0.01:0.2] mm~! (11 values) and the range of g: [0.85:0.01:0.99] (15
values) resulted in 165 B-scans in the multi-reference look-up map, where every B-scan was
created with unique pair of y; and g. Table 1 shows the minimum values of Dcr, Drms and Dk,
achieved for each corneal OCT acquisition of each eyeball and corresponding to them pair of
and g read from the multi-reference look-up map. The last two columns of Table 1 show the
final (mean) estimates of [i; and g acquired from the three considered distance measures. The

Table 1. The results of us and g estimated using three distance measures between the given
sample speckle statistics and the ones from the simulated look-up map.

Dcr Drwms Dx1, final estimates

eyeball ~meas.  min(-) s g min(-) s g min(+) Hs g [ 2
1 00200 018 085 00403 010 091 00027 0.10 091 0127 0890

1 2 00167 018 085 00380 014 093 00023 010 091 0.140 0.897
3 00151 018 085 00379 014 093 00023 010 091 0.140 0.897

1 00437 0.8 085 00609 018 085 00078 0.19 089 0.183 0.863

2 2 00407 018 085 00626 018 085 00082 019 089 0183 0.863
3 00439 018 085 00605 018 085 00077 019 089 0183 0.863

I 00076 0.8 085 00314 010 091 00022 012 092 0133 0893

3 2 00194 018 085 00346 017 092 00024 012 092 0.157 0.897
300177 018 085 00360 017 092 00025 012 092 0157 0897

I 00264 0.8 085 00649 010 091 00080 0.0 091 0127 0.890

4 2 00275 018 085 00668 0.0 091 00081 010 091 0.127 0.890
3 0021 018 085 00633 010 091 00071 010 091 0.127 0.890

1 00005 010 096 00349 010 091 00044 0.4 097 0113 0947

5 2 00000 012 095 00353 010 091 00043 014 097 0120 0943
300000 012 097 00322 010 091 00040 014 097 0.120 0950

1 00431 0.8 085 00488 018 085 00040 017 092 0177 0873

6 2 00349 018 085 00434 018 085 00032 017 092 0177 0873
3 0038 018 085 00461 018 085 00037 017 092 0177 0873

I 00256 0.8 085 00419 014 093 00030 012 092 0.147 0900

7 2 00192 018 085 00398 017 092 00032 012 092 0157 0897
3 00189 018 085 00377 010 091 00027 012 092 0133 0.893

I 00455 0.8 085 00577 018 085 00054 012 092 0160 0873

8 0.0467 018 085 00565 0.8 085 00051 012 092 0.160 0873

00453 0.8 085 00545 0.8 085 00051 012 092 0160 0873
00409 0.18 085 00572 014 093 00054 012 092 0.147 0900

9 0.0413 0.8 085 00577 0.4 093 00054 012 092 0.147 0.900
00352 0.8 085 00528 0.4 093 00047 012 092 0.147 0.900
00140 0.8 085 00405 0.0 091 00034 012 092 0.133 0.893
10 0.0147 0.8 085 00416 010 091 00032 012 092 0133 0.893

00156 0.8 085 00438 0.0 091 00034 012 092 0133 0.893
00034 018 085 00299 0.0 091 00021 012 092 0.133 0.893
0.0021 0.8 085 00204 0.0 091 00023 0.2 092 0133 0.893
0.0019 0.8 085 00254 010 091 00018 0.2 092 0.143 0.893

11

W[ =W || = W[N|=]WwW]|N




Research Article Vol. 17, No. 2/1 Feb 2026 / Biomedical Optics Express 552 |

Biomedical Optics EXPRESS A

1

group means of these parameters for the 11 eyeballs amounted to s = 0.146 + 0.020 mm™" and

g =0.893 £0.021.

4. Discussion

Estimating the optical characteristic of the corneal tissue in-vivo is challenging. OCT technology
appears to be the most suitable technique for this task but estimating such characteristics from the
OCT signal requires good SNR and sufficiently strong decay of the OCT signal amplitude into the
tissue depth. That is why, till now, the OCT-based techniques for determining tissue parameters
were not applied to cornea. The proposed statistical approach of matching the sample speckle
statics of tissue to those of the look-up map of simulated multi-reference phantom OCT B-scans
overcomes these barriers because it requires neither of the conditions mentioned above. Moreover,
it allows such matching using a single non-averaged corneal OCT scan. Although the proposed
technique was applied here to ex-vivo porcine eyes, its extension to in-vivo measurements is
feasible. In principle, this can be achieved by simulating multi-reference surfaces (such as
proposed here with Dcr, Drms and Dy ), taking into account the two main layers of the cornea
and the influence of the epithelium on the stromal backscatter statistics [17].

The estimated group mean values of the scattering coefficient and scattering anisotropy factor
correspond well to those reported previously for porcine corneas [8] and bovine corneas [6]. The
repeatability of the estimates using the proposed statistical matching method is noteworthy. It can
be concluded that, although the speckle is a random variable, its statistics depend on the specific
optical parameters of the tissue and its microstructure and carry physical useful information. The
high repeatability of the estimated optical parameters confirms the high power of the developed
estimation method. The obtained high repeatability was expected, as the porcine eyes sampled
for the experiment came from the same registered abattoir and were of the same breed and age.

Although the direct clinical utility and translational significance of the study remain to be
determined, it is important to remember that it is more convenient to model corneal backscatter
using well-defined physical parameters, as in this study, than using a set of statistical models
fitted to the data (e.g., Gamma, Burr, and others), whose parameters are difficult to interpret
[11-14,16,28].

The study has several limitations. The Monte Carlo simulation algorithm employed here makes
several simplifications. The light source beam is assumed to be infinitely thin, and the next step
is to apply a Gaussian beam with a defined radius. This would introduce lateral resolution into
the simulated OCT images. Furthermore, including a non-zero absorption coefficient could alter
the intensity profile of the A-scan and affect the internal reflection on the last two lines of the
simulated image. Corneal curvature was also omitted at this stage, and the digital sample was
assumed flat, which certainly affects the number of photons reaching the detector and their path.
These simplifications can be considered a limitation, but they also allow for the separation of
the number of factors influencing the signal. This allows for future refinement of the algorithm,
ensuring strict control of their impact on speckle statistics.

Also, one may debate whether the Mie scattering theory, which is involved in the Monte Carlo
algorithm is adequate for simulating the photon transport through corneal tissue. According to
Meek et al. [26], the corneal stroma consists of collagen fibers, keratocytes, which constitute
up to 17% of the substance and of extracellular matrix. Due to this composition, as in most of
the tissues, two types of scattering are present in the photon transport: the Mie and Rayleigh
scattering [26,29]. Since the Rayleigh scattering can be considered as a simplification of the Mie
theory, the latter appears to be still applicable [22,30]. One could also consider, whether the
simulation is suitable for generating OCT speckle pattern. The photon packet backscattered to the
detector is specified with total path traveled, which is equivalent here to the path of the sample
beam in the interferometer. The equation proposed by Kirillin et al. [20], utilized for OCT signal
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calculation, incorporates the difference in the paths between the reference and sample beams,
directly transformable via expression 277/ A to the difference in phases. Hence, the speckle pattern
is included by multiplication of the signal by the cosine of the phase difference. This key feature
of speckle modeling approach is described in detail in [20].

Further, when matching the sample statistics to those of the multi-reference look-up map
three measures were considered. Their individual performances and potential biases were not
examined because the available sample of data is relatively small. It is important to note that
they do not exhaust the possibility of a better or even optimal (in some sense) measure that could
support or replace them. One may consider measures based on the speckle distribution function
or speckle characteristic function as they were considered in [13]. A commonly used Monte
Carlo algorithm was adapted here for ophthalmic OCT and corneal imaging, with validated OCT
system parameters and optical tissue parameters based on the literature. The results indicate that
this algorithm adequately simulate OCT synthetic data, which can serve as digital phantoms,
with close to reality speckle statistics.

The method for generating OCT phantoms adopted in this study does not exhaust the possibilities
of digital simulation of OCT speckle patterns [31,32]. Further comparative studies are needed to
determine whether any of them can be considered optimal for generating corneal phantoms.

In summary, the proposed approach of matching the speckle statistics of a sample to those of a
specific digital phantom with known optical light transport characteristics opens the possibility
of using OCT technology in the assessment of biological tissues, which otherwise could not be
performed in an in vivo clinical setting.
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