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Abstract. We propose an algorithm to compensate for the
refractive index error in the optical coherence tomography
(OCT) images of multilayer tissues, such as skin. The per-
formance of the proposed method has been evaluated on
one- and two-layer solid phantoms, as well as the skin of
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1 Introduction

Optical coherence tomography (OCT) is a high-resolution, non-
invasive imaging modality with a large number of applications
in the fields of ophthalmology and dermatology.'™ Light beams
interact with microstructures in a complex tissue based on their
optical properties. The beams entering the tissue, experience
refraction, reflection, scattering, and absorption. The difference
in the refractive indices of regions in a tissue makes the light
beam refract at the boundaries. Thus, knowing the refractive
indices of the layers is important to accurately reconstruct the
image of the tissue.* In practice, for image reconstruction, an
approximated constant refractive index is considered for the
entire tissue. As a result, pixel locations in the image are mis-
placed. This consequently misleads physicians regarding diag-
nostically important morphological features in the OCT image,
e.g., location of different structures and thickness of layers.’
Various methods have been developed to elucidate the refrac-
tive indices.*® Refractometry and ellipsometry are two popular
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methods for the refractive index measurement. Refractometry
only obtains the deflection angle on the surface of the medium and
cannot be used for multilayer tissues. In ellipsometry, the refractive
index is measured based on the change of the light polarization
during transmission and reflection, and compared with a prede-
fined model. Ellipsometry is only used for very thin layers.*’

The refractive indices of a tissue can be obtained using either
hardware modification or postprocessing. Although hardware
modification is considered the most optimum solution for
refractive index correction in multilayer samples, it may
require substantial hardware modification of the OCT system. '’
Consequently, the modified OCT system would need recertifi-
cation; a long regulatory process. This recertification process is
usually not preferred by clinicians or manufacturers of clinical
OCT systems.

Most of the current postprocessing methods are based on
Snell’s law.*® To use the Snell’s law, the beam angles, before
and after deflection, must be known. This methodology works
well for samples with one or two layers. However, when the num-
ber of layers is more than two, e.g., in skin, the technique does not
work efficiently. This is mainly due to the fact that Snell’s law is
a hierarchical process in which the refractive index should be cor-
rected layer by layer. Moreover, this technique is time consuming,
and its performance becomes limited as depth increases. The
inverse refractive index correction algorithm is another postpro-
cessing method used for the correction of refractive indices in
the images of one-layer samples, e.g., bone.*

The ability of OCT to identify skin abnormalities is mainly
based on the tissue morphology. Therefore, refractive index cor-
rection in OCT images of skin becomes of paramount impor-
tance. Considering the refractive index of the epidermis equal to
1.4,"! and the refractive index used in the OCT image recon-
struction equal to 1.3,% the epidermal thickness alters >15%.>
This inaccuracy becomes more important and critical when
it is used for tumor border detection or thickness measurement,
especially at cosmetically sensitive regions, such as the face.

In this paper, we proposed a refractive index correction algo-
rithm that can find and correct the refractive index of all layers in a
multilayer tissue, simultaneously. This algorithm works in paral-
lel and is not hierarchical. As layers are processed simultaneously,
independent of how many tissue layers there are, the speed of
the processing does not change significantly. In addition, speckle
cannot affect the results of refractive index correction so there is
no need for extra preprocessing required for speckle reduction.

2 Materials and Methods

The OCT machine used in this study is a swept-source OCT
(SS-OCT) from Michelson Diagnostic™ (Vivosight, United
Kingdom).

The OCT machine acquired images of one-layer and two-layer
phantoms as well as rat paw skin. The one-layer phantom was
constructed using 0.1% TiO, in the polyurethane (WC-781, BJB
Enterprise Co.). The two-layer phantoms have one layer of 0.05%
TiO, in the polyurethane and one layer of the agar gelatin on
the top. A 26 gage needle (NIPRO HYPODERMIC Dispensing)
was manually inserted into the samples. The prepared OCT
images were used for the evaluation of the proposed refractive
index correction algorithm [see Fig. 1(a) as an example].

In the OCT system, the reflected beams from sample and
reference arms are interfered and recorded at a photodetector
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Fig. 1 (a) OCT image of one-layer polyurethane phantom. Bending
points are where the refractive index/speed of light in tissue is altered.
(b) Schematic of refraction and the impact of inaccurate refractive
index in the reconstruction of a three-layer phantom with an inserted
needle. Yellow solid line: image of the needle, green dashed line:
refractive index corrected image of the needle.

[IMeasurca(£)]- The image intensity at the depth Z, (I), is
equal t0 Iyjegsurea At the time f7 =ty + 12z 4z) T+ +
f(zy+...+2.,):(z) (€.8., in the three-layer example of Fig. 1(b),
if the thickness of layer 1 is z; = 0.3, the thickness of layer
2 is z; = 0.6, and the thickness of layer 3 is z3 = 0.4, t, at
the depth Of 7 = 13 WOuld be [z = t0:0'3 + t0'3:0‘9 —+ t049il.3’
where z; is the thickness of the layer i [Egs. (2) and (3)]

1
Z = =SL.1, @)
2
I; = IMeasured(tZ)v 3)
where SL « % is the speed of the light, and RI is the predefined

refractive index of the corresponding medium, used by the OCT
system. Equations (2) and (3) show that the travel time depends
on the layer thicknesses and the refractive indices. For an accurate
image reconstruction, it is necessary to have the exact value of the
speed of light or the refractive index at each layer of a complex
tissue. In the image reconstruction algorithm of OCT, this
dependency is not considered, and only a constant refractive
index is assigned to the entire tissue. In Fig. 1(b), a scenario is
demonstrated where a needle is inserted into a multilayer tissue
and appears bent at multiple interfaces. In this figure, the cor-
rected image of the needle is also shown. Figure 1(a) shows an
OCT B-scan image of a one-layer phantom with a metal needle
inside. As the refractive index of the air and tissue is different, the
needle appears bent at the interface of the air and tissue. It should
be noted that it is expected to visualize the needle as a straight
object in the image. To this end, the refractive index needs to be
corrected for the tissue layers. The input of the algorithm is a fixed
refractive index used for reconstruction in the OCT system, used
as initial value in the algorithm, as well as the orientation of
the needle in the OCT image. The outputs are the corrected
refractive indices of the layers followed by the updated correct
placement of the pixels and the thickness of the layers.

For refractive index correction of an OCT image of the skin,
a needle penetrated into the skin is used. In the OCT image,
first, the slope of the needle in the air is measured. Based on this,
a hypothetical line is modeled within the tissue. By changing
the refractive index of the layers and finding the new place of
the pixels in each A-scan, the root mean square error (RMSE)
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Table 1 Results of the hypothetical sample scenario shown in
Fig. 1(b). A hypothetical value of refractive index and layer thickness
before correction is assigned to each layer of Fig. 1(b). The correct
refractive index and layer thickness is calculated using the proposed
method. The percentage of the thickness change for each layer can
be seen in the right column.

After refractive
index correction

Before refractive
index correction

% Thickness
Thickness Refractive Thickness Refractive change after

Layer  [mm] index [mm] index  correction (%)
1 0.30 1.3 0.24 1.6 20
2 0.60 1.3 0.41 1.9 32
3 0.40 1.3 0.35 1.5 13

between the hypothetical line and the line of the needle over the
A-scans is calculated. The values of RMSE show the average of
distance (in pixels) between the needle position and its correct
position in all A-scans. A smaller value of RMSE means a more
accurate refractive index of the layers. The calculated refractive
index values that minimize the RMSE are the true refractive
indices of the layers. The corresponding pixel position and
refractive indices related to the minimum RMSE are the final
updated pixel position and refractive indices. This means that
the location of the layers boundaries would be updated as
well as all pixels within the layers. In Fig. 1(b), a scenario is
depicted where the image of the needle in a multilayer synthetic
sample is corrected. Table 1 shows the variations in thicknesses
and refractive indices of different layers before and after
refractive index correction by the proposed algorithm; i.e., a
hypothetical value for refractive index and layer thickness is
assigned to each layer of Fig. 1(b), then the correct refractive
index and layer thickness are calculated using the proposed
method and shown in Table 1. Also, the percentage of the thick-
ness change for each layer can be seen in Table 1. The pseudo-
code of the algorithm is given below (Algorithm 1).

3 Experimental Results and Discussion

The proposed algorithm was implemented in MATLAB 2015 in
a computer with a core™ i7 CPU and 8 GB memory. The per-
formance of the proposed method was evaluated using one- and
two-layer solid phantoms, as well as rat paw skin. For each
sample, 50 OCT B-scan images were acquired from different
transversal locations.

The results of the refractive index correction for one- and
two-layer phantoms and rat skin are shown in Fig. 2. The needle
bends in the original images [Figs. 2(a), 2(c), and 2(e)] were
corrected after applying the proposed algorithm [Figs. 2(b),
2(d), and 2(f)]. The value of the refractive index (before and
after correction), RMSE, and the processing time for the correc-
tions are listed in Table 2. The presented result for each sample
is the average of values obtained from 50 images. An equiva-
lence test was applied to each pair of images and p values were
calculated for all pairs in each dataset to evaluate the similarity
between the RIs of each layer. The calculated p value for
the measurement of the refractive index of each layer is <0.05
with A = 0.03 for the phantoms and real tissue. It means that
the probability of the difference between the refractive indices of
the corresponding layers of each pair of images of a dataset is
>0.03, is <0.05, indicating that there is no significant difference
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Algorithm 1 Pseudo code of the proposed method.

Initializing

¢ number of pixels over each column of image

SL, speed of light at layer i of sample

RI; refractive index at layer i of sample

z; thickness of layer i.

n the number of pixels in the image that need replacement,

Prhypo @ vector of hypothetic location of the needle along its slope
in the air.

Pri—corr @ Vector of refractive index corrected pixel locations.
SL constant speed of light used by OCT imaging system
Z, original depth calculated by OCT system using incorrect SL
1. Layer segmentation*
1.1. In each A-scan, find the boundary between air and sample.
1.2. In each A-scan, find the boundaries between layers of sample.
2. Find refractive index of layers

2.1. The slope of the needle in air is calculated. The needle in air is
assumed to be continued into the tissue with the same slope

[Fig. 1(b)].

2.2. Each A-scan in the image is temporally modified for each
depth, Zy =z + 2, +... + z;, k = 1: ¢ such as below:

2.2.1. Initialize: Rly = Rlp = ... = Rl; = 1.35,

2.2.2. For each pixel, find the time of detecting the intensity value
at depth Z,, (), using the following equation:

tk:(sz—L+sz_L22+"'+SLL;>X2’ (4)

where w is a constant coefficient.

2.2.3. Find the correct intensity value of depth Z, (Iz, ), from the
original image with below equations:

tz =1 (6)

Iz, = 1(Z,) (7)

2.2.4. Goto 2.2.1 and do steps 2.2.1 to 2.2.3 for all A-scans and
reconstruct the needle with its new placement.

Z,=1SLty,

2.2.5. Measure the Euclidean distance between the hypothetical
needle and the Rl corrected needle in the image by
considering RMSE criteria.

RMSE = %Z [Phypo(l) - F,F(I—corr(l)]2 8)
=

2.2.6. Change RI;s and repeat steps 2.2.2 to 2.2.5 to minimize the
RMSE.

3. Update the position of pixels and reconstruct the OCT image with
the new RIs. Each pixel locates in its correct position when the
RMSE is minimized.

* for the segmentation of the layers, the method proposed in Ref. 5 is
used.
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0.3 mm

1.25 mm

Fig. 2 Refractive index correction results. The yellow value at the top
of each image shows the thickness of that image. (a) The original OCT
image of one-layer polyurethane phantom, (b) refractive index corrected
OCT image of one-layer polyurethane phantom, (c) original OCT image
of two-layer polyurethane phantom, (d) refractive index-corrected OCT
image of two-layer polyurethane phantom, (e) original OCT image of rat
paw skin, and (f) refractive index corrected OCT image of rat paw skin.
In (e) and (f), the yellow line indicates the hypothetical needle and the
red line shows the place of the needle in the tissue.

Table 2 Results of refractive index correction for images of phantom
and rat skin in Fig. 2.

RMSE (pixel)

Refractive Processing ——

Sample index time (S) Before After

One-layer phantom 1.30 = 0.03' 0.41 42.9 3.3

Two-layer layer1 1.16 + 0.03 0.66 44.6 5.4
phantom

layer2  1.32 + 0.04
Rat skin SC 1.30 = 0.04° 1.70 40.1 4.9

EP 1.39 + 0.04

DEJ 1.25 + 0.03
DE 1.13 + 0.05

Deeper 1.19 + 0.07

layers

Note: SC, stratum corneum; EP, epidermis; DE, dermis; DEJ,
dermoepidermal junction.
p < 0.05.

between the RI of the same layers in these 50 locations/images
of the rat paw skin as well as two phantom datasets. According
to Eq. (2) in Ref. 13, the refractive index of rat paw skin
obtained from the proposed method is calculated correctly.
Figure 2 shows that the imaging depth is decreased about
15% after the refractive index correction.

In Fig. 3, the changes in the thickness of the rat paw skin
layers resulting from the correction algorithm are shown with
more detail. We analyzed the changes in 50 images of rat skin,
and the results of two sample images are shown in Fig. 3. The
results are as follows: 16% thickness reduction in the epidermal
thickness (ET) and 20% reduction for the entire tissue thickness.
The other observation was needle curvature in deeper levels of
skin tissue [see Fig. 2(e)], this is due to the assumption that the
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Fig. 3 (a) and (b) Two OCT B-scan images of a rat paw skin, (c) and
(d) corresponding B-scan images of the corrected refractive index.
The yellow arrows show the thickness of the epidermis and the entire
tissue before and after the refractive index correction. ET, epidermal
thickness; TT, total skin thickness. All the values in this figure are in
micrometer.

refractive index is constant in the entire image, when it is not.
Compared with the methods that are based on Snell’s law, our
proposed method is more feasible for OCT images of multilayer
tissues [see Fig. 2(f)]. For single-layer and two-layer phantoms,
where the correction methods that work based on Snell’s law
perform effectively, the results of the proposed method and
Snell’s law methods are comparable for one-layer phantom,
the refractive index obtained 1.19 while it is 1.17 using Snell's
law. For two-layer phantom, the refractive index of layer one
and layer two are obtained 1.16 and 1.32 respectively, while
they are 1.14 and 1.29 using Snell's law. We expect this because
Snell’s law has a good performance in simple one- and two-
layer samples. It should be noted that for finding the RI using
Snell’s law, it is necessary to know the angle of each deflection.
Thus, with additional layers of tissue, applicability of Snell’s
law decreases while the proposed method can apply to the
tissues independent of how many layers there are.

The processing time for the correction of the refractive indi-
ces in the proposed method is also calculated. In most cases,
it is less than one second, which indicates the feasibility of
implementation of this method in OCT software. In this way,
when the OCT image is acquired, the refractive index correction
is automatically applied, and a refractive index corrected image
is shown on the screen. As diagnosis via OCT is based on layer
detection and skin layer thickness measurement in dermatology,
such a correction is of importance. One requirement of the
proposed method is knowing a particular reference structure,
for which a needle inserted into the skin is used.

The proposed method is specifically designed for OCT im-
aging of skin where other refractive index correction methods
cannot be easily applied. Requiring the insertion of a needle
into the skin does add a slightly invasive component to the
imaging procedure. However, the main application of the intro-
duced technique is to improve the accuracy of the skin thick-
ness/depth measurement. Measurement accuracy is of critical
importance when diagnosing or planning procedures to treat
skin tumors or abnormalities. Needle insertion to induce anal-
gesia in the skin is a necessary step prior to any diagnostic or
therapeutic procedure. Therefore, the needle insertion can serve
two purposes: refractive index correction and preprocedure
analgesia. This will not actually contribute any additional pain
or risk to the procedure overall. One important application of
our method is accurate measurement of the Breslow depth in
melanoma, which is used to stage the tumor and acts as the
single most important determinant of the prognosis and treat-
ment plan. The proposed method corrects the thickness in
each A-scan separately. Therefore, in the case of having 3-D
OCT volume instead of 2-D image, the proposed method is
also applicable (using voxels instead of pixels).
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4 Conclusion

In this study, we proposed a method for refractive index correc-
tion in OCT images of skin. This method uses the location of
the pixels and modifies them over each A-scan. In addition, the
pixel intensities are not used in the proposed method. Therefore,
the presence of speckles in the OCT image does not affect the
performance of the algorithm. The algorithm is computationally
inexpensive and can be applied to heterogeneous tissues with an
anisotropic nature. The proposed method does not need any
prior information, such as the deflection angles or boundary
layer location. The results show that the refractive index correc-
tion has significantly improved the accuracy of the geometric
features of the needle, indicating that the anatomical features of
the skin are more accurate. The statistical analysis of the results
demonstrates that the refractive indices obtained for the skin
layers can be used for the nearby skin. The method has many
potential benefits in dermatology.
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