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Kinetics of Optical Properties of Colorectal Muscle
During Optical Clearing

Isa Carneiro, Sénia Carvalho, Rui Henrique, Luis Oliveira

Abstract—In this paper, we describe a simple and indirect
method to evaluate the kinetics of the optical properties for biologi-
cal tissues under optical clearing treatments. We use the theoretical
formalism in this method to process experimental data obtained
from colorectal muscle samples to evaluate and characterize the
dehydration and refractive index matching mechanisms.

Index Terms—Colorectal muscle, kinetics of optical properties,
optical clearing, refractive index Kinetics.

1. INTRODUCTION

HE optical immersion clearing method is extensively used
T inresearch nowadays to control the optical properties of bi-
ological tissues and cells, improve light propagation and reach
higher tissue depths or increase image contrast and enhance
fluorescence transport [1]-[4]. The method consists of partial
replacement of tissue water by an agent with higher refractive
index (RI), better matched to the RI of the other tissue compo-
nents (designated as scatterers), temporal and reversible tissue
dehydration accompanied by its shrinkage and better ordering
of scatterers, to reduce light scattering [5].

When an ex vivo biological tissue sample is immersed in a
solution containing an osmotic optical clearing agent (OCA),
an osmotic pressure is created over the tissue sample [6]. As a
result of this pressure, the free water in the interstitial locations
of the tissue will flow out, allowing the approach of scatterers
(tissue shrinkage), creating a short-term increase in the scatter-
ing coefficient (). In spite of some elevation of the s, due
to decreased sample thickness and better ordering (packing) of
tissue components, optical transmittance increases [5]. With the
water flux out, the OCA molecules in the immersing solution
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find it easier to diffuse into the interstitial locations of the tis-
sue. They will partially replace the water of the tissue and force
the scatterers to separate again (tissue swelling) [7]. The water
loss by the tissue and the OCA diffusion to the interstitial space
are the driving forces of the optical clearing (OC) mechanisms:
tissue dehydration and RI matching [2], [6], [8]-[15].

Ideally, for the tissue to be completely transparent, the RI
of the intestinal fluid (ISF), nisg, should reach the RI of the
scatterers, ns. In such a case, the relative RI (m), characterizing
scattering efficiency would be 1 [9]:

s

ey

m = ,
nisF
and the reduced (or transport) scattering coefficient, expressed
as [16], [17]:

0.37
py = ps (1= g) = 3.28ma’ p, (W) (m—1)*%,
0

@)
would be equal to zero. This equation is valid in the visible
and NIR range for the system of noninteracting scatterers with
a mean diameter 2a (g > 0.9, 5 < 2mwa/h < 50, 1 < m <
1.1); and where g is the scattering anisotropy factor; py is the
volume density of the scattering centers; A is the irradiating
light wavelength [16].

For short-time OC treatments, such as 30 min, total scat-
tering reduction is not possible. This fact has to do with the
nature of water in the tissues, which have free and bound water.
Free water is able to move when stimulated, but bound water
is strongly connected to the other tissue components and cell
organelles [18]. For bound water to convert into free water and
consequently flow out from the tissue, a strong or long-term
stimulation is necessary [7], [18], [19]. Free water is located
both in the ISF and inside tissue cells, and to move it from
cells to the outside through the ISF a strong osmotic pressure is
necessary. For short-term treatments with low osmotic strength
OCAs, only the free water in the ISF will flow out.

Since OC treatments are not intended to last many hours or
days, itis necessary to evaluate and characterize their magnitude.
One way to do it is to evaluate the RI kinetics of a tissue under
OC treatment [7]. Another way is to evaluate the kinetics of the
optical properties of the tissue or the kinetics of the scattering
efficiency.

The evaluation of tissue RI kinetics can be made based only
on collimated transmittance (7;) and thickness measurements
performed during the treatment, d(¢) [9]. By definition, T;. of
a sample depends both on sample thickness (d) and on light
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attenuation coefficient, y [8]:

T, = e M4, 3)

Since ¢ is the sum of 11 and the absorption coefficient, 1,, and
if we assume that p, remains unchanged during the treatment,
we can estimate s(¢) from T¢.(¢) and d(z). The assumption that
1o Temains unchanged during treatment is reasonable, since in
biological tissues, the order of magnitude of i is significantly
higher than the order of magnitude of 1, [20]-[23]. On the other
hand, since the OC treatment leads to the partial replacement
of interstitial water by an OCA with typically low absorption
but with high refractive properties, the increase in the RI of the
interstitial space will perform the RI matching mechanism, that
ultimately will reduce only the light scattering in the tissue.

Once ps(t) of the tissue is obtained, the time dependence for
the RI of ISF, nysg(¢), can be calculated as [7]:

nisr (1) =

Ts
( fs (}:;(égijgﬁ):()) x (,”S;Lft:o) n 1) + 1)

4)
where ng represents the RI of tissue scatterers, which remains
unchanged during the treatment; y5(¢ = 0) and d(t = 0) are the
scattering coefficient and sample thickness for the natural tissue,
before treatment is applied. The RI of ISF in natural sample is
represented by ngg (¢t = 0) [7], [9].

The calculation indicated in (4) is made for individual wave-
lengths, but provided that spectral data is available, a specially
designed software can reproduce nysg(A, t).

Once nysg(t) is calculated, the time dependence for the RI of
the entire tissue, nygssue (t), can be calculated through Gladstone
and Dale equation [7], [9], [24]-[27]:

Nissue (t) = frse(t) - nrse(t) + fs(t) - ns.

Jrse(t) + fo(t) =1 5)

If the sample used in the treatment has a slab form with super-
ficial area much larger than its thickness, the volume fractions
(fisr (t)and f; (¢)) in (5) can be determined from the thick-
ness measurements performed during treatment. Once again,
the calculation indicated in (5) can be performed for various
wavelengths to obtain ngsgue (A, t).

Colorectal cancer is a source of major concern since it has
high incidence worldwide [28]. Adenomatous polyps begin their
development in the colorectal mucosa (see Fig. 1). They can
evolve into invasive carcinoma and grow into deeper layers of
the colorectal wall, reaching the submucosa, the muscle layer
or eventually adjacent organs. Because of such development
sequence, and with the objective of guiding future clinical de-
cisions and possible treatments, the colorectal muscle layer is
also of interest to study.

Noninvasive optical technologies to remove colorectal cancer
are desired and significant research has been made recently in
this field [29]-[31]. Due to the distinct tissue layers in colorectal
wall, OC treatments can be used to increase light penetration
depth and allow removal of entire polyp.

To evaluate OC treatments in the muscle layer of colorectal
wall, we have used this tissue to measure d(r) and T¢. (X, t) during
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Fig. 1.  Histology photograph of the colorectal wall showing the various layers
— mucosa, submucosa and muscularis propria.
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Fig. 2.

treatment with 40%-glycerol, and calculate the kinetics for its
RI and optical properties.

II. MATERIALS AND METHODS
A. Tissue Collection and Preparation

All the tissue samples used in this study were surgically re-
sected from 4 adult patients under treatment at the Oncology
Institute of Porto (Portugal), after they signed a written con-
sent, allowing for the use of surgical specimens for research
purposes. The muscle layers were retrieved from the colorec-
tal wall and fractioned into smaller pieces for later preparation.
These smaller pieces were preserved frozen at —80 °C for a
period of 12 to 24 h, before being sliced with a cryostat (Leica
model CM 1850 UV) into a set of 6 circular slab-form samples
(¢ = lem, d = 0.5 mm) to use in our study.

B. Thickness Measurements

Three of the samples were used to evaluate d(f) during
OC treatment with 40%-glycerol solution. Each of these sam-
ples was placed inside two microscope glasses (thickness,
D = 1 mm) and the treating solution was injected in-between
the glasses to immerse the tissue sample (see Fig. 2). Global
thickness of this setup was measured with a precise micrometer
during 30 min treatment.

After completing measurements, the glasses thickness was
subtracted from the registered measurements to obtain d(f).
Mean of d(r) was calculated from the three studies.

C. T, Measurements

Three studies were performed to acquire muscle’s 7¢ spec-
tra during 30 min treatment with 40%-glycerol. In each of
these studies an individual muscle sample was immersed in the
treating solution and spectra were collected between 400 and
1000 nm. Fig. 3 presents the setup used in these measurements.
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A Deuterium-Halogen lamp was used to irradiate the sample
through an optical fiber cable and collimating lens. A 1 mm
pinhole is placed below the lower glass (in blue in Fig. 3) rep-
resented in the setup. The sample cuvette maintains the treating
solution above and below the sample to keep it immersed (blue
dots in Fig. 3). After crossing the sample, the beam passes
through another 1 mm pinhole, before it is collected by lens and
optical fiber to deliver to the spectrometer. Spectra are stored on
laptop computer.

At the end of studies, the average for T;,(%, t) was calculated.

D. RI and Optical Properties Kinetics Calculation

We have previously estimated the wavelength dependencies
for the optical properties of colorectal muscle [23] and its free
water content as 60% [32]. Such data was used in calculations
and are presented in section III.

Since the ISF contains both free and bound water, we needed
to estimate the correct dispersions for scatterers, (1) and ISF,
nisr(A). By combining the dispersions of dry proteins and water
[7] in both terms of (5) to match the colorectal dispersion, we
obtained ng(1) and nisg(2).

Considering a particular wavelength, A;, to calculate
nisr(A1,t), we first used T.(11,t) and d(f) in a rearranged
version of (3). This calculation gave y(X1,t). By subtracting
ta(A1,t =0) to p(ry,t), we obtained p5(11,t). Using the es-
timated data for ps(Ay,t = 0), d(t = 0), ps(A1, 1), d(®), ng(A1)
and nysp(A1,t = 0) in (4), we calculated nysg(Ag,t). This pro-
cedure was repeated for several wavelengths between 400 and
1000 nm.

To combine mnysp(A,t) with ng(A) in (5) and obtain
Niissue (A, ©), we needed to calculate fisr (¢) and f; (¢). Since
the scatterers in natural colorectal muscle are a combination
of proteins and bound water, we considered a model that ac-
counts only for free water flux out of the tissue during dehydra-
tion. From the previously estimated free water content of 60%
[32], we considered for natural tissue: fisr(t = 0) = 0.6 and
fs(t=0)=04.

Bearing in mind that the muscle samples had a circular slab
form, we have first calculated their volume as:

Viampie (t =0) = (7 x 0.5%) x 0.05cm?. (6)

Then, we calculated the absolute volume of scatterers in nat-
ural tissue as 40% of the Viample:

V;cat = V;ample (t = 0) x 0.4 Cm?’. (7)
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Fig. 4. Dispersions for colorectal muscle, its ISF and scatterers.

This volume will remain unchanged during treatment, while
its volume fraction (VF) changes accordingly to:

‘/;cat

T x 0.5%) x d(t) ®

fscat (t) = (

Since for any time of treatment, the sum of all VFs must be
1, the VF of ISF is calculated as:

fISF (t) =1~ fsca,t (t) . (9)

After obtaining fy..(t) and fisg(t), we could use (5) to cal-
culate ngsue (A, £).

To calculate the kinetics of the optical properties of the col-
orectal muscle, we started by using a corrected form of (10) to
estimate the mean particle radius, a, of the supposed spherical
particle scatterers [16]:

/ 3.fsca,t (]- - fscn,t) 2.09
s A a3 (m 1) :
(10)
In this calculation, we used data from the natural muscle:
(4 as obtained from IAD simulations and m obtained from (1).
The mean « value for the wavelength range between 400 and
1000 nm was 5 x 1077 m, which was later fixed in (10) to use
with nsr(A, t) and m(A,f) for calculation of (A, t).
Finally, using pl(%,t) and pug(,t) we calculated the time
dependence for the anisotropy-factor, g(X, ?) as:

x 3.287a’ <27mnISF> "

(11)
The results of these calculations are presented in section III.

III. RESULTS AND CALCULATIONS
A. Optical Properties of Natural Muscle

As previously explained, we used (5) to estimate ng(A, t = 0)
and nysp(A, t = 0) in colorectal muscle. Fig. 4 presents these
data, along with the experimental dispersion data for the tissue.
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Fig. 5.  Absorption coefficient 11,(A) for natural colorectal muscle.
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Fig. 6. Reduced scattering coefficient (1) for natural colorectal muscle.

The curves presented in Fig. 4 are described by:

19.48
Nmuscle ()\.) = 13346 —+ m, (12)
17.42
Nscatterers ()\) = 1.3512 + m7 (13)
26.3
A) =1.321 + ———. 14
nise () = 132 + 5= 19

As aresult of 10 IAD simulations [23], [33], the mean wave-
length dependencies for u,(A,t = 0) and u;(A, ¢ = 0) are pre-
sented in Fig. 5 and Fig. 6. Data in Fig. 8 was calculated with
(3) from T, (%, ¢ = 0) and d(t = 0) measurements — mean of 3
sets of measurements. Data for g in Fig. 7 was calculated using
(1.

The bars in these graphs represent the standard deviation
obtained from the various simulations or calculations at each
wavelength. All optical properties show a wavelength depen-
dence accordingly to literature [34]-[37].

The curve in Fig. 5 has no equation to describe it, and presents
two absorption bands near 425 and 550 nm, which correspond
to a mixture of oxy- and deoxy-hemoglobin bands of the blood
in the muscle samples used [23], [38], [39].
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Fig. 8.  Scattering coefficient ju5(2) for natural colorectal muscle.

For 4, we have calculated the curve in Fig. 6 with an R? =
0.9995 as:

A —4
() =13.01 . S
[ (1) =13.01 x <03859x<500(nm)>

A —0.4927

The curve in Fig. 7 was obtained with an R? = 0.9993 as:
g () = 0.3432 + 0.6003 x (1 - e—%) . (6)

The curve in Fig. 8 was estimated with an R? = 0.9995 as:
Y —4
s (A) =104.4 0.2059 —_—
s (1) 8 ( 8 (500(nm)>

A 0.123
0.7941 x [ 2 :
N * (500(nm)> )

Literature [37], [40] presents these equations as adequate to
fit g(1), ps(A) and ps(A). A mixed combination of Rayleigh and
Mie scattering terms is accounted in (15) and (17) [40].

a7
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Fig. 10. Mean Tc time dependence of colorectal muscle at some wavelengths
during treatment with 40%-glycerol.

B. Thickness and Tc Measurements During Treatment

The mean d(¢), calculated from the three sets of measure-
ments, is presented in Fig. 9, showing a considerable decrease
within the first 2 min of treatment. This initial decrease indicates
the dehydration of the sample.

After 2 min of treatment, d increases in a smooth manner,
translating the diffusion of glycerol molecules into the sample.
Such behavior tends to become stable after 16 min, meaning
that no effective flux occurs after that time.

The higher magnitude error bars at the beginning of treat-
ment in Fig. 9 indicate a more compressible sample and more
favorable for errors to occur in measurements.

The mean 7; time dependence is presented in Fig. 10 for
some wavelengths:

Similar uncertainty for all the curves presented in Fig. 10 was
~49% of the represented values within the first 4 min and ~2.4%
after that time. The smooth behavior in these curves translates
the diffusion of glycerol molecules with a good accuracy. For
this particular solution, a balance is established between the free
water in the tissue and the water in the solution. As a result, no
effective water flux occurs during treatment [6], [15], [32], [41].
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Fig. 12.  Time dependency for the mean RI of ISF.

C. Calculation of the RI Kinetics

To determine nsg(A,t) for colorectal muscle, we started by
calculating 14 (2, t) with (3). From 14 (%, t) we calculated 5(2, t)
by subtracting yi,(A, t = 0). This calculation was performed for
various wavelengths between 400 and 1000 nm. Fig. 11 presents
1 (t) and pg(t) at 650 nm, where we see an overall decrease for
both coefficients as a result of the treatment.

The small initial increase in pg and p at the beginning of
treatment is evidence of the dehydration mechanism — scatterers
approach each-other as a result of the water loss, leading to the
observed momentary increase. The smooth overall decrease seen
in Fig. 11 for both coefficients is driven mainly by the 7; data.

The following calculation step was to obtain nysg(X, t) with
(4). The resultant time dependence is presented in Fig. 12.

Fig. 12 shows a smooth increase in nysgp, very similar to
the behavior observed for 7 in Fig. 10, indicating that the 7
measurements are sensitive to the changes in nsg. At the end of
treatment, njsp does not match ng (see Fig. 4), indicating that
the pressure created by glycerol was not strong enough to move
the free water inside the cells to the outside through the ISF.

Fig. 13 presents the time dependence for m(A, t), as calculated
from nysp(A, t) and ng(A) using (1).

We see from Fig. 13 that although reduction in m is not total,
it occurs in a smooth way for all wavelengths.
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Fig. 14. Time dependence for the volume fractions of colorectal muscle’s
components during treatment with 40%-glycerol.

With this data, we can calculate ngsge (2, t) for the colorec-
tal muscle. To perform this calculation with (5), we have first
calculated fy(t) and fisp(t) with (8) and (9). These time de-
pendencies are presented in Fig. 14, where a significant and fast
variation in VFs is seen within the first 2 min. This means that
tissue dehydration dominates at this early stage of treatment (see
Fig. 9). After 3 min, smooth and low magnitude variations are
observed for the VFs, meaning that they are now driven by the
RI matching mechanism in the ISF. In other words, the two OC
mechanisms can be detected in Fig. 14.

To finalize calculations, we used (4) to calculate 7gsye (A, t).
The result of this calculation is presented in Fig. 15.

In Fig. 15 we see three stages: within the first min, a strong
increase in nsgye corresponds to the dehydration mechanism; the
following 3 min correspond to a transition between mechanisms;
and following 26 min correspond uniquely to the RI matching
mechanism.

The data in Fig. 15 shows that since glycerol has no strong
absorption bands in this wavelength range, it produces similar
efficiency in the entire spectral range.

D. Calculation of Kinetics of the Optical Properties

We now present the kinetics of the optical properties for
colorectal muscle.
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Fig. 16. Time dependence for the ps(A, ¢) of colorectal muscle between 400
and 1000 nm during treatment with 40%-glycerol.

The calculations performed in the previous section have also
produced data for p(2,t), as already presented in Fig. 11 for
650 nm. The entire 3-D map is presented in Fig. 16.

Fig. 16 shows a small increase in j at the beginning of the
treatment, but the overall effect is a smooth major decrease in
s for all wavelengths. The initial increase is due to scatterers
approaching each-other as water flows out during dehydration.
We have not seen this effect in Fig. 10 due to the fact that d also
decreases at the early stage of treatment, leading to an increase
in 7.

Using (10) for the various times of treatment, we have also
calculated (A, t). Fig. 17 presents its 3-D map, where
presents similar time dependence to m (see Fig. 14) — it de-
creases smoothly for all wavelengths.

Finally, we used (11) to calculate g(%, 7) from the data in
Fig. 16 and Fig. 17. As expected, we see an increase in g over
time for all wavelengths — Fig. 18.

At the beginning of treatment, the increase is strong and fast
and, indicating that the water loss leads to a better packing inside
the tissue. Therefore, forward scattering increases.

We see a small decrease in g after 2 min due to the transition
between the dehydration and RI matching mechanisms, since
OCA molecules start to force the scatterers to separate from
each-other (see Fig. 14).
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Fig. 18.  Time dependence for the g-factor of colorectal muscle between 400
and 1000 nm during treatment with 40%-glycerol.

IV. CONCLUSION

A simple indirect method based on thickness and 7; measure-
ments was used to evaluate the kinetics of the optical properties
for colorectal muscle under treatment with 40%-glycerol. The
results from this study show that this method is very sensitive
to the two main OC mechanisms — tissue dehydration and RI
matching. We have also observed that although the increase in
the RI of the ISF of the tissue was not too high, it occurs in the
same manner for the entire wavelength range of 400-1000 nm.
Similar behavior was also observed for the other optical
properties.

The 3-D maps for ps, pl show a decrease and g shows an
increase over the time of treatment, as expected. The evaluation
of the magnitudes in these variations, or the time dependence of
m are very valuable to characterize the treatment.

This method can be used to study other treatments of the col-
orectal muscle with different glycerol concentrations for com-
parison of for evaluating other OCAs in different tissues.
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