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ABSTRACT

Optical properties of biological tissues are unique and may be used for tissue identification, tissue discrimination or even
to identify pathologies. Early stage colorectal cancer evolves from adenomatous polyps that arise in the inner layer of the
colorectal tube — the mucosa. The identification of different optical properties between healthy and pathological
colorectal tissues might be used to identify different tissue components and to develop an early stage diagnosis method
using optical technologies. Since most of the biomedical optics techniques use light within the visible and near infrared
wavelength ranges, we used the inverse adding-doubling method to make a fast estimation of the optical properties of
colorectal mucosa and early stage adenocarcinoma between 400 and 1000 nm. The estimated wavelength dependencies
have provided information about higher lipid content in healthy mucosa and higher blood content in pathological tissue.
Such data has also indicated that the wavelength dependence of the scattering coefficient for healthy mucosa is
dominated by Rayleigh scattering and for pathological mucosa it is dominated by Mie scattering. Such difference
indicates smaller scatterer size in healthy mucosa tissue. Such information can now be used to develop new diagnosis or
treatment methods for early cancer detection or removal. One possibility is to use optical clearing technique to improve
tissue transparency and create localized and temporary tissue dehydration for image contrast improvement during
diagnosis or polyp laser removal. Such techniques can now be developed based on the different results that we have
found for healthy and pathological colorectal mucosa.

Keywords: Inverse Adding Doubling method, absorption coefficient, scattering coefficient, reduced scattering
coefficient, scattering anisotropy factor, human colorectal tissues, adenomatous polyps, cancer

1. INTRODUCTION

The development of new diagnostic or treatment methods with application in the various fields of clinical practice is
strongly based on mathematical models that describe light propagation and interaction inside the biological tissues.'”*
Such models can be constructed once the fundamental optical properties of tissues are known.' Optical diagnostic and
treatment methods work at different wavelengths within the optical spectral range,”” meaning that the optical properties
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of tissues need to be known for a wide range of wavelengths. Since cheap and fast indirect methods for estimating the
optical properties of biological tissues were made available,*” several publications have emerged that present the optical
properties of biological tissues for some particular wavelengths®>®* or for some wavelength ranges.'”!" Only more
recently extended wavelength dependence of the optical properties has become a concern amongst researchers. In more
recent papers large wavelength ranges have been considered to present the optical properties of various biological
tissues. Some of the tissues that have already been studied for large spectral ranges are the colon,' brain, breast, skin,
muscle and heart tissues,'” peritoneal tissues,*1* and skin, subcutaneous and mucous tissues."

It has been already demonstrated that the optical properties can also be used to distinguish native from coagulated liver
tissues,'® between healthy and pathological breast'"’ and skin tissues.”’ This possibility of discriminating between
healthy and pathological tissues is highly significant if optical methods are to be developed for diagnosis and treatment
procedures. Considering the uniqueness of the optical properties of healthy and pathological tissues, it is highly
recommended that their evaluation should be made for the various tissues and pathologies to gather knowledge for future
developments.

Biological tissues are heterogeneous materials that contain diverse components such as proteins, cells, water, blood,
lipids, etc. Fortunately, the absorption spectra for the most of these tissue components are known and available.”'
Consequently, by evaluating the absorption coefficient (u,), the scattering coefficient (u;), the reduced scattering
coefficient (u'y) or the anisotropy factor (g) for a particular tissue, one can evaluate the presence of these tissue
components by identifying their bands. The wavelength dependence for the scattering coefficients (i, and u’;) in
biological tissues is described in literature.” > 1> Typically, biological tissues present a combination between Rayleigh
and Mie scattering terms, as described by Eq. (1):"?

:us(ﬂ’)_ fRﬂ}’[Soo(nm)j +(1 fRuy) (Soo(nm)] ( )

Equation (1) is written to express the wavelength dependence of u,, but same equation is used to model the wavelength
dependence of u’;. The difference between the two wavelength dependencies for the same tissue is the value that
parameters in Eq. (1) assume.'? The usual wavelength dependence for the other basic optical properties of biological
tissues is also known. The absorption coefficient, in particular, does not have a typical equation to describe its
wavelength dependence, but it is known that it decreases strongly between approximately 400 and 500 nm, and it
maintains almost constant low values after that. Usually a peak is seen around 550 nm, due to the presence of blood in
the tissues."” The anisotropy factor usually increases in an exponential manner with wavelength for visible and near-
infrared wavelengths. This is one of the various equations used to describe such behavior:"

g(ﬂ)=a+bx l—e[itcj . ()

A relation between the anisotropy factor and the scattering coefficients (i, and x'y) is also known. The following equation
allows for calculation of ', from g, and g: >"

(A)= p,(2)x (1-g(2)). 3)

If we have means of estimating all the optical properties of a tissue with the exception of one of those in Eq. (3), this
property can be calculated.
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Considering the indirect methods for optical property estimation, the inverse Monte Carlo (IMC)* and the inverse
Adding-Doubling (IAD)’ are the most popular and accurate. Usually, these methods use a combination of three optical
measurements obtained from a tissue sample to estimate a set of three optical properties for that tissue. As referred in
literature,"” the estimation of the optical properties is more precise if we use the IMC technique, but the IAD method
needs less computational time to generate a solution of the inverse problem.

Considering these indirect methods for estimating the optical properties of biological tissues and since we were already
studying human colorectal healthy and pathological tissues for other purposes, we decided to estimate the wavelength
dependence of their optical properties between 400 and 1000 nm.

The third most common cancer and the fourth to cause cancer-related mortality worldwide is colorectal carcinoma, with
a 50% mortality rate of the 1.2 million new cases each year.”” To establish a reliable diagnosis, colorectal endoscopy™ is
necessary and colectomy constitutes the basis of surgical treatment, eventually complemented with chemotherapy and/or
radiotherapy.” To turn diagnosis/treatment procedures easier and less aggressive to the patient, non-invasive optical
methods are desired. For this reason, it is highly important to detect and evaluate differences in the optical properties of
the healthy and pathological colorectal tissues.

Colon and rectum are tube-like structures composed of several layers from the inside to the outside as represented in
Figure 1.

= | Muscularis
propria

Figure 1. Structure of the colorectal wall containing histologically distinct layers — from the inside (lumina) outwards:
mucosa, submucosa and muscularis propria.

Adenomatous polyps, which are the precursor lesions of colorectal adenocarcinoma, originally develop in the innermost
colorectal layer — the mucosa.”> Not removing these polyps at this early stage implies that they will evolve into
adenocarcinoma which intrudes the other layers that compose the colorectal wall, first in the submucosa and eventually
reaching the muscularis propria, the subserosal tissue or even the peritoneal lining or adjacent organs.”® Since the polyps
like the one presented in Figure 2 start developing in the mucosa, endoscopic instrumentation can be inserted into the
lumen to detect them.”

Figure 2. Colorectal polyp viewed in a surgical specimen.
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As can be seen in Figure 2, the adenomatous polyp shows a more intense red color than the surrounding tissue
suggesting that it might have higher blood content. The internal composition of colorectal mucosa and polyps is certainly
different and consequently the optical properties of these tissues will also present different values. Early in 2016, a
research group has demonstrated that colorectal mucosa and dysplastic colorectal tissues present different refractive
index (RI) values at 964 nm.”” To estimate the optical properties of both colorectal tissues in a wide wavelength range,
we also had to measure the wavelength dependencies of their RI.*® We have observed that the wavelength dependence of
the RI is similar for the healthy and pathological colorectal mucosa, but pathological tissue presents higher values.

In addition to the RI measurements, we have also measured the total transmittance (T,), total reflectance (R,) and
collimated transmittance (T.) from healthy and pathological colorectal tissues. Considering all these measurements, we
have performed fast IAD simulations for various wavelengths between 400 and 1000 nm to estimate the wavelength
dependencies of the optical properties and check if they present differences for the two types of tissues.

The methodology and results obtained are presented in sections 2 and 3, respectively. In section 3 we will compare
between the results obtained from healthy and pathological tissues and in section 4 we will present our perspectives for
future research in this filed.

2. MATERIALS AND METHODS

As indicated above, our objective was to study the wavelength dependencies of the optical properties of healthy and
pathological colorectal tissues to evaluate differences. To perform this study, we have performed various measurements
from samples that were surgically removed from patients under treatment at the Portuguese Oncology Institute of Porto,
Portugal. The methodology used in this study is described in detail in the following sub-sections.

2.1 Tissue samples

All the tissue samples used in this study were collected from patients that have signed a written consent previous to
surgical procedures allowing for subsequent use of surgical specimens for diagnostic and research purposes. Such
procedure was approved by the Ethics Committee of the Portuguese Oncology Institute of Porto. These patients were 9
men and 3 women with ages ranging from 43 to 94.

After surgical procedures, healthy and pathological colorectal mucosa samples were separated and preserved frozen at
—80 °C for a period of 12 to 24 hrs. A cryostat from Thermo Scientific™ (Waltham, Massachusetts, USA), model
Microm HM 550 was used to prepare samples with circular form (¢=1 ¢cm) and 0.5 mm thickness. Samples were kept in
saline for 10 min before initiating studies, to mimic natural hydration.

2.2 Measurements

To perform the inverse simulations, several measurements were necessary. We have performed four types of spectral
measurements and RI measurements from the two types of tissues. Considering the spectral measurements, we have
acquired 7., T; and R, spectra from three healthy and three pathological mucosa tissues. All these spectra range from 400
to 1000 nm.

Additionally to the spectral measurements, the RI of healthy and pathological tissues was obtained for several individual
wavelengths between 400 and 1000 nm,*® using the internal reflection method.”*' The RI study of healthy and
pathological colorectal tissues also produced interesting results and we have submitted this study for publication
recently.” In that study, we have also measured from three individual healthy and three individual pathological samples
for each of the following laser wavelengths: 401.4, 532.5, 589.6 (Abbe refractometer), 668.1, 782.1, 820.8 and 850.7 nm.
These measurements were averaged and the two wavelength dependencies for healthy and pathological tissues were
fitted with a curve described by the Cornu equation (Eq. (4)):*'*?
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RI(A)=dA+ 2. (4)

When fitting the mean RI data of both healthy and pathological colorectal mucosa tissues with Eq. (4), different values
for A, B and C were obtained for each case.

All the data collected from the spectral and RI measurements was used in the simulations to estimate the optical
properties of healthy and pathological mucosa tissues.

2.3 TAD simulations

To estimate the wavelength dependencies of the optical properties of healthy and pathological colorectal tissues, we have
used the IAD code available at the Oregon Medical Laser Centre website.”*' Such code is not as accurate as the IMC
code® as referred in literature,'® but it allows for fast estimations of the optical properties with small error. Each
simulation with the IAD code takes approximately 2—3 s to estimate the optical properties. Since the code performs a
simulation that corresponds to an individual wavelength, we had to perform several simulations to estimate the optical
properties for various wavelengths between 400 and 1000 nm. We have selected a wavelength resolution of 25 nm.
Considering that we have made an inverse simulation that corresponds to each 25 nm between 400 and 1000 nm, a total
of 25 simulations were made to obtain complete wavelength dependence for all four optical properties. Since we wanted
to obtain three complete wavelength dependencies for each optical property per tissue type, we performed a total of 150
simulations. Averages of the results from the three simulations for case were calculated.

Considering each individual simulation, the IAD code works by using as input the values of 7}, T, and R,, along with the
RI of the sample and media above and below the sample. Sample thickness is also required. After the simulation ends,
the optical properties y,, s and g are generated. Using Eq. (3) we calculated z from z/s and g.

The generated results from these simulations are presented in section 3, showing the differences between healthy and
pathological colorectal tissues.

3. RESULTS AND DISCUSSION

Since the objective of our study consists on identifying differences between the optical properties of human healthy and
pathological colorectal tissues, we will begin by presenting the wavelength dependencies of the RI of these tissues.

In our previous research,” we have estimated the mean wavelength dependencies for the RI of healthy and pathological
colorectal tissues. As can be seen from Figure 3, pathological mucosa shows higher RI values than healthy mucosa in all
the wavelength range from 400 to 1000 nm.
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Figure 3. Wavelength dependence for the RI of human colorectal healthy and pathological mucosa.

It is important to stress that apart from the peaks observed around 825 nm, the two wavelength dependencies in Figure 3
are described by a Cornu equation (Eq. (4)). When performing the fitting of mean experimental data, for healthy (4m)
and for pathological mucosa (pm) we obtained the following values:

16.73
RI(),, =1.315+———, )
() +(z—38.84)
19.25
RI(2),, =1315+——""_. (6)
(@), +(,1—46.83)

To create the curves presented in Figure 3, we have used our experimental data measured for wavelengths between 400
and 850 nm. The remaining of the curves between 850 and 1000 nm were calculated based on the fact that colorectal
mucosa obeys the same decreasing behaviour for wavelengths above 900 nm as for lower wavelengths, as indicated in
literature.”” The non-monotonic behaviour observed for the two tissues around 825 nm is evidence that both types of
tissues contain lipids. As we can see from Figure 4, lipids present some absorption peaks in the same spectral range:

1000000 T T T T T T
—Lipids
100000 Hemoglobin
10.000 ¢ water
1.000 ¢
E 100 ¢
g " w
=]
= 1k 1
"
= 041 3
0.01
0.001
0.0001 : ' ! : ! ! ' ! : ' :
400 450 500 550 600 650 700 750 800 850 900 950 1000

A (nm)

Figure 4. Absorption coefficient spectra of water, hemoglobin and lipids (data taken from the Oregon Medical Laser Centre
website?!).
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In figure 4 we see the wavelength dependencies for the absorption coefficient spectra of haemoglobin,” water’* and
lipids.* Considering the spectra for lipids (blue line in figure 4), we see three absorption peaks: the first at 762 nm, the
second at 830 nm and the third at 930 nm. The peak at 830 nm is very close to the 825 nm that we observe in Figure 3.
Authors of Ref. 35 have used pig lard in their studies to obtain the absorption coefficient spectrum presented in Figure 4.
In our case, we studied human colorectal tissues freshly collected from patients. Pig lard is pure fat for this reason we see
three absorption peaks in Figure 4. Human colorectal tissues contain different components and consequently we could
see only the peak at 825 nm in Figure 3.

Using the RI data presented for both tissues in Figure 3 along with spectral measurements of 7;, 7. and R, that we have
acquired, we performed three complete simulations for healthy mucosa and other three for pathological mucosa.
Averaging the results, we have obtained the mean wavelength dependencies for the four optical properties of healthy and
pathological mucosa. The mean and standard deviation bars for the absorption coefficient spectra of healthy and
pathological mucosa are presented in Figure 5:
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Figure 5. Absorption coefficient spectra of healthy (a) and pathological (b) human colorectal mucosa.

Considering the wavelength dependence for healthy mucosa presented in Figure 5(a), we see that it shows the same
behaviour and levels of values as the data reported in Ref. 1. Pathological mucosa shows same type of wavelength
dependence, but for wavelengths lower than 650 nm, it presents values a little higher than healthy mucosa. Another
difference that we can see when comparing the two graphs in Figure 5 concerns the peak at 550 nm that corresponds to
haemoglobin absorption — pathological mucosa shows a more intense peak than healthy mucosa, indicating that
pathological tissues have more blood content. To compare between the data obtained for the two types of tissues we have
represented the smooth curves in both graphs of Figure 5 in a single graph in Figure 6.
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Figure 6. Mean smooth wavelength dependence of the absorption coefficient for healthy and pathological mucosa.

Figure 6 shows that for wavelengths below 700 nm, the pathological mucosa shows higher absorption than healthy
mucosa. Above 700 nm pathological mucosa shows lower values, but very approximated to the ones estimated for
healthy mucosa, indicating that for this range the absorption coefficient tends to be constant and with very low values.

Regarding the reduced scattering coefficient, Figure 7 contains the mean estimated data, the standard deviation bars, the
smooth curve that fits the mean data (green line) and the theoretical line (in orange) that describes the wavelength
dependence according to literature (Eq. (1)):'

gg Healthy mucosa 27 Pathological mucosa

I X Mean of 3 estimations | | 35r *  Mean of 3 estimations | 7
301 ——Smooth average ] 337 —— Smooth average 1
281 According to literature | 7 31 According to literature |
26 | B 29+ 1
T 24¢ AR ]
§ 22y 1 8 ]
. »20r 1 NI |
T o181 . < q9f i
16} 1 17 I 1
- - 5 [ 7
14 13} ]
121 ] 1"r 1

10 . . . . . . | | . . . . ! 9 | | | | | I | | | | I | ?

350 400 450 500 550 600 650 700 750 800 850 900 95010001050 350 400 450 500 550 600 650 700 750 800 850 900 950 10001050
A (nm) A (nm)
(a) (b)

Figure 7. Reduced scattering coefficient spectra of healthy (a) and pathological (b) human colorectal mucosa.

Comparing our data for the healthy mucosa with the data presented in Ref. 1, we see that our estimations originated
smaller values for ;. The reason for this discrepancy can be the origin of the samples used in the two studies, since the
samples used in the study of Ref. 1 were collected from Russian patients. Another reason is related to the fact that we
have used only IAD simulations to estimate the optical properties and the authors of Ref. 1 have used IAD as a first
estimation and then used the IMC code to obtain more accurate results.! Nevertheless, since we have estimated all data
for the optical properties of healthy and pathological colorectal mucosa using the IAD code, the same level of precision
is observed for the two tissues and a comparison can be made. Analysing the data of graphs of Figure 7, we see that for
both tissues the mean generated data have a peak at 550 nm. Once again this peak is evidence of blood content in the
tissues, since haemoglobin presents absorption bands in this range (see Figure 4). Figure 7 indicates once again that
pathological mucosa has more blood content than healthy mucosa, since the peak at 550 nm is more intense in Figure 7
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(b). Additionally to the peak observed at 550 nm, we see another peak around 750 nm for both tissues. This peak is
evidence of the lipid content in mucosa tissues and it seems from graphs in Figure 7 that healthy mucosa has more lipid
content than pathological mucosa. To calculate the theoretical curves that fit u'(4) for both tissues (orange curves of
graphs of Figure 7), we have neglected the data of the peaks that correspond to blood and lipids. For healthy mucosa the
mean data fitting with a curve described by Eq. (1) has obtained by using MATLAB’s CFTOOL and the parameters for
that fitting are the ones presented in:

’ ) ) ) p) -4 ) ) 2 -0.4752 ' ;
u . (1)=20.7 (0.287 (SOO(Hm)] +(1-0.287) (SOO(nm)J ] (7

The R-square value obtained for this fitting was 0.9996. A similar fitting was made for the mean u'; data of the
pathological mucosa. The resulting equation for this fitting is:

l -4 ﬂ, —0.5752
‘ _ A _ A 8
M () 21.73{0.3325x(500(nm)J +(1 0'3325)X(500(nm)J J (8)

The R-square value obtained in this fitting was 0.9982. To have an idea how the wavelength dependencies obtained for
u's of both tissues differ one from the other we created the graph in Figure 8§ with both theoretical curves described by
Egs. (7) and (8).
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Figure 8. Wavelength dependence for u’; of healthy and pathological mucosa.

From Figure 8 we see that both tissues show similar levels of x/;. At lower wavelengths than 625 nm, pathological
mucosa presents higher values than healthy mucosa and for longer wavelengths the opposite is observed. Nevertheless,
both curves are much approximated in this spectral range, meaning that ' does not allow for pathology discrimination.

The third optical property generated by the IAD simulations was g. Similarly to the graphs presented in Figure 7 for u;,
we have represented in Figure 9 the mean estimated data for g, the standard deviation bars, the smooth curve that fits the
mean data points (green line) and the theoretical line (in orange) that describes the wavelength dependence according to
literature. "
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Figure 9. Anisotropy factor spectra of healthy (a) and pathological (b) human colorectal mucosa.

Comparing our data for the healthy mucosa in figure 9 (a) with the data presented by authors of Ref. 1, we see once
again that our estimations have produced lower values for g. Despite the difference in values, the wavelength
dependence is the same — increasing g with wavelength. Similarly to the analysis that we have made for u', we see that
the wavelength dependencies represented in both graphs of figure 9 show some bands that correspond to haemoglobin
(around 550 nm) and lipids (around 750 nm). Both tissues show these evidences. The band for haemoglobin is more
intense in pathological mucosa, showing that pathological tissue has more blood content than healthy tissue. The
evidence of lipids, on the other hand, seems to be a little stronger in healthy mucosa tissue, confirming the information
retrieved from graphs of /s (Figure 7).

To calculate the curves that describe the increasing behaviour of g with wavelength that is described in literature''
(orange curves in graphs of Figure 9), we had to neglect the estimated points that correspond to the bands of
haemoglobin and lipids. The calculated curves that provide the best fittings of the mean g data are presented in Egs. (9)
and (10) for healthy and pathological mucosa, respectively:

g, (ﬂ,) —0.8311x 66.494x10*54 —2.634 x e—8.628><10’3/1 ’ )

2, (2)=0.9088 x >0 4 _ 2 189 5 g 06171074 (10)

The R-square values obtained when fitting the mean g data in graphs of Figure 9 with Egs. (9) and (10), was 1 for
healthy mucosa and 0.9984 for pathological mucosa.

To compare between both types of tissue, we have represented the curves described by Egs. (9) and (10) in Figure 10.
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Figure 10. Anisotropy factor spectra of healthy and pathological mucosa.

Figure 10 shows that the wavelength dependence for the anisotropy factor is very similar for the two types of tissues,
with much approximated levels in this spectral range. We see also that anisotropy is higher for healthy mucosa at
wavelengths smaller that approximately 500 nm and for wavelengths above this value pathological mucosa shows higher
values.

Finally, and considering the estimated values for u'; and g, we have used Eq. (3) to calculate the wavelength dependence
for p,. This calculation was made for three sets of 1/, and g data for healthy mucosa and for three sets of s and g data for
pathological mucosa. Figure 11 presents the mean wavelength dependencies for y; obtained in these calculations for
healthy and pathological mucosa.

Healthy mucosa Pathological mucosa

140 T T T T T T T T 145 T T T T T T
135+ X Mean of 3 estimations | | 1421 x  Mean of 3 estimations ||
——Smooth average 137+ Smooth average 4
130 - According to literature | - 1321 According to literature| |
~ 1357 ~ 121f ]

g 120f 17

E 5 122+ -
) 115 R 17 |
TS . 112k |
105 1 107 - J
100 - 7 102 N

95 . . I I I . . . . . ! 97 I 1 I 1 I I | I | I | I |

350 400 450 500 550 600 650 700 750 800 850 900 950 10001050 350 400 450 500 550 600 650 700 750 800 850 900 950 10001050
A (nm) A (nm)
(a) (b)

Figure 11. Scattering coefficient spectra of healthy (a) and pathological (b) human colorectal mucosa.

The two graphs in Figure 11 contain the mean calculated data, the standard deviation bars, the smooth curve that
connects the data (green line) and the theoretical curve described in literature'? and according to Eq. (1) (orange line).

Comparing the data for healthy mucosa presented in graph of figure 11(a) with the data from Ref. 1, we observe once
again that our estimated data is low, but shows the correct wavelength dependence. Even more, our data shows a dip at
lower wavelengths as it is seen in data on Ref. 1 for x,. Comparing between healthy and pathological mucosa we see that
pathological mucosa shows clear evidence of blood content, since the graph in figure 11(b) contains a peak around 550
nm. This peak corresponds to haemoglobin absorption band (see Figure 4) and it is not seen in graph of Figure 11(a).
Such data confirms the assumption that we made when visualizing Figure 2 — adenomatous polyps contain more blood.
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The curves that are presented in literature'? to fit the decreasing wavelength dependence of x, (orange curves in graphs of
Figure 11) were calculated according to Eq. (1). To calculate these curves, we had to neglect the dip observed at 400 —
425 nm for both tissues and the data that corresponds to haemoglobin absorption in the case of pathological mucosa. The
orange curves in graphs of Figure 11 are described by Egs. (11) and (12), for healthy and pathological mucosa,
respectively:

ﬂ 4 ﬂ, —0.08636
_ 4 - A : 11
iy (1) 115.2{0.1161{500(%)] +(1 0.1161){500(”’")} ] (11)
ﬂ, —4 ﬂ, —0.3479
=130.3x| 0. - —0. L : (12)
H,_,(4)=130 3x[001654x(500(nm)J +(1 001654){500(%)] J

The R-square values obtained when fitting the mean g data in graphs of Figure 11 with Egs. (11) and (12) was 0.9941
for healthy mucosa and 0.9988 for pathological mucosa. To make a comparison between the two types of tissues for the
Its we have created the graph in Figure 12 with the two theoretical curves described by Egs. (11) and (12).
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Figure 12. Scattering coefficient spectra of healthy and pathological mucosa.

Figure 12 shows that g, is higher for pathological mucosa all the way between 400 and 1000 nm. Although the levels of
values are not strongly different for the two types of tissues, pathological mucosa shows higher level of values and a
more linear behaviour than healthy mucosa. Such difference in behaviour can be justified by comparing between Egs.
(11) and (12). Analysing these equations we see that in both cases Mie term dominates, but if for healthy tissue Rayleigh
term has 11.6% of inclusion and Mie term increment is — 0.086, for diseased tissue we have only 1.6% of Rayleigh term
inclusion and Mie term increment is — 0.35. Such information suggests that bigger sized particles are present in
pathological tissue. This argumentation makes sense if we think that cancer cells are complex and big sized structures
that were created by mutations.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

After analysing and comparing between the estimated data for healthy and pathological colorectal mucosa, we can now
evaluate the differences in their optical properties.
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From the RI data presented in Figure 3 we saw similar wavelength dependence for healthy and pathological tissue, but
higher RI values for pathological tissue. We saw also from the RI data that both tissues present evidence of lipids inside.

Considering the other optical properties and their wavelength dependencies, we have observed similar wavelength
dependence for healthy and pathological tissues in almost all cases, with similar levels of values for 1, ¢ and g. In the
particular cases of u'; and g, we have observed that healthy tissue gives spectral evidence of more lipid content than
pathological tissue (see Figure 7). In opposition, pathological tissue has demonstrated spectral evidence in w,, 1’y and g of
more blood content than healthy tissue. In opposition to the similar levels and wavelength dependence between healthy
and pathological tissues observed for u,, #';and g, i, shows some differences. Comparing the wavelength dependence for
this optical property between the two types of tissues (Figure 12) we observe that pathological tissue has higher levels of
I than healthy tissue and more linear wavelength dependence. Such fact can be more accurately interpreted if we
observe the Rayleigh and Mie scattering terms in Eqs. (11) and (12). The estimated values seen in these equations
demonstrate that healthy mucosa has a higher Rayleigh scattering term inclusion than pathological mucosa, suggesting
that diseased tissue contains bigger sized scatterers. Such fact is in agreement with the complex and big-sized structures
that are originated in normal cell mutations and culminate in uncontrolled proliferation that gives rise to tumour
formation.

Regardless of the somehow poor discriminating information obtained for healthy and pathological colorectal mucosa
tissues, the optical properties and their wavelength dependencies are individual for each tissue and the differences, small
or high, must be considered when theoretical models are to be developed for treating or diagnosing colorectal cancer.

Our study was based only on IAD simulations and according to literature' IMC simulations provide more accurate
results in the estimations. Comparing between our results and the data from Ref. 1 for healthy colorectal mucosa, we see
indeed that our estimations have provided lower values than the ones estimated with IMC simulations. For the near
future, we plan to perform IMC simulations with our measured data to check if our estimations for healthy mucosa
approach the values presented in Ref. 1. If such is not verified, we can assume that the nature between our samples
(Portugal) and the ones used in study of Ref. 1 (Russia) is different.

In face of the results obtained with this study, we plan to use same methodology with tissues from other anatomical areas
to check if values of the optical properties or their wavelength dependence are somehow different and allow for
pathology discrimination. Considering that we have observed different lipid and blood content in colorectal healthy and
pathological tissues and also significantly different spectra for x of these two tissues, we plan to develop a method for
isolating spectra of the optical properties of colorectal tissue components. That way we might identify the spectra for the
optical properties of cancer cells.
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