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Abstract. To characterize the optical clearing treatments in human colorectal tissues and possibly to differen-
tiate between treatments of normal and pathological tissues, we have used a simple indirect method derived
from Mie scattering theory to estimate the kinetics of the reduced scattering coefficient. A complementary
method to estimate the kinetics of the scattering coefficient is also used so that the kinetics of the anisotropy
factor and of the refractive index are also calculated. Both methods rely only on the thickness and collimated
transmittance measurements made during treatment. The results indicate the expected time dependencies
for the optical properties of both tissues: an increase in the refractive index and anisotropy factor and a decrease
in the scattering coefficients. The similarity in the kinetics obtained for normal and pathological tissues indicates
that optical clearing treatments can be applied also in pathological tissues to produce similar effects. The esti-
mated time dependencies using experimental spectral data in the range from 400 to 1000 nm allowed us to
compare the kinetics of the optical properties between different wavelengths. © 2018 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.12.121620]
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1 Introduction
The authors would like to congratulate Professor Jacques for his
70th jubilee. Professor Jacques was one of the pioneers in tissue
optics and biophotonics, who contributed with many reference
papers in this field. Several of those papers were and still are
used today by many scientists as reference works for their
research. We are some of those researchers who look into
Professor Jacques’s papers when some questions arise.

The relative refractive index (RI) of biological tissues,
which is commonly used to characterize scattering efficiency,
is a parameter that depends on the RI of the interstitial fluid
(ISF) (n̄0) and on the RI of tissue scatterers (ns):

1

EQ-TARGET;temp:intralink-;e001;63;220m ¼ ns
n̄0

: (1)

As most biological tissues have m > 1, high and multiple light
scattering will occur.1 According to the Mie scattering theory,
the reduced scattering coefficient (μ 0

s) can be defined as a func-
tion ofm, n̄0, light wavelength (λ), the mean scatterer radius (a),
and the volume density of the scattering centers (ρs):

2,3

EQ-TARGET;temp:intralink-;e002;326;357μ 0
s ¼ 3.28πa2ρs

�
2πn̄0a

λ

�
0.37

ðm − 1Þ2.09: (2)

Equation (2) was validated by the authors of Ref. 3 for the
visible-near infrared (NIR) spectral range and for a system of
noninteracting spherical particles with a mean diameter of 2a
and when scattering anisotropy factor g > 0.9, 5 < 2πa∕λ < 50,
and 1 < m < 1.1. Testing of Eq. (2) outside these limits has
not been reported.

For a tissue to become completely transparent, m should
reduce to 1 and μ 0

s should decrease to zero. One way to reduce
light scattering in biological tissues is to use the optical clearing
(OC) immersion method, which was proposed two decades
ago.4 Since then, a wide range of techniques has been used
to evaluate its efficiency in various tissues.1,5,6 This method
has high potential to be applied in clinical practice as the tem-
porary transparency effect created by optical clearing agents
(OCAs) increases light transmittance in tissues through the
reduction in light scattering.7 As already demonstrated, the main
mechanisms of OC treatments are tissue dehydration and RI
matching,8 which reduce tissue scattering through the partial
replacement of interstitial water by an OCA with higher RI,
better matched to one or to a few types of tissue scatterers.9

As results of these treatments, increased light penetration depth,
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increased fluorescence transport, or increased image contrast
from deeper tissue layers are obtained.6,10–11

The water flux out of the tissue creates the dehydration
mechanism and the OCA flux into the tissue provides the RI
matching mechanism,8 meaning that it is important to know
the total water content of the tissue and if all water is able to
move out. Biological tissues are known to have four states of
water inside: strongly bound, tightly bound, weakly bound,
and free water; only the last two (designated hereafter as mobile
water) participate in the dehydration mechanism during short-
term OC treatments.12 Such mobile water can be found both
in the ISF and inside tissue cells. To move it through cell
membranes into the ISF, a strong osmotic pressure is
necessary. In short-term OC treatments, total transparency can-
not be obtained as strongly bound water is powerfully connected
to tissue cells, organelles, and other tissue components.13 Recent
research has been presented, where strong OC stimulation was
applied to make entire organs completely transparent.14,15 For
strongly and tightly bound water to convert into mobile water
and flow out of the tissue, a strong long-term stimulation is
also necessary.8 In short-term OC treatments made with low
osmotic strength OCAs, only the mobile water in the ISF will
flow out.9

Considering the skin as an example tissue, the less-concen-
trated water types at all skin depths, for intact and OCA-treated
skin, are the unbound and tightly bound water types (<10%),
while the strongly bound and weakly bound water types
represent the remaining >90%.12,16,17 During OC treatments,
changes in collagen hydration at the dermis depend on the
OCA used. Skin tissues treated with glycerol suffer stronger
effect than when treated with Omnipaque™18 as bound water
converts into free water due to an increased osmotic pressure
caused by glycerol application.19,20 Bound water can also con-
vert into free water due to mechanical pressure,21,22 and both
the osmotic and mechanical pressures can lead to local skin
dehydration.16 During OC treatments, it is also important to
consider the diffusion rate of the OCA into the tissue, which
can be conditioned by the water flowing out. Weight, thickness,
and collimated transmittance (Tc) measurements made during
treatments can be used to evaluate the diffusion properties of
OCAs.19,23–26

Considering OCA diffusion into the skin, Omnipaque™
presents a much lower diffusion rate in skin than glycerol as
its molar mass is 10 times higher than the molar mass of glycerol
(821 and 92 g/mol, respectively).16 When glycerol molecules
penetrate into the skin, they bound water molecules, leading
to a mixed flux between OCA-bound water going in and
skin’s water going out. We have previously showed27 that the
water content in the treating solutions has a high impact on
the water flux out during treatment. Water flux out is minimal
or even zero when the water in the treating solution matches the
potentially mobile water in the tissue.28 In these balanced con-
ditions, only glycerol or iohexol molecules are flowing into the
skin.16,19 For unique glycerol diffusion into skin (solutions with
60% to 70% glycerol concentrations), glycerol presents the low-
est diffusion coefficient in skin.28 It has been demonstrated that
mobile water [∼55% of total water in the skin (0 to 200 μm)] is
included in the water flux out from the skin during OC. Strongly
bound water [∼44% of total water in the skin (0 to 200 μm)]
may also take part in the dehydration mechanism but with
lower mobility.16 Similar results have been obtained for
skin,28 and slightly higher values were obtained for mucosal

and muscle tissues.19,29 Such difference can be explained by
the skin heterogeneity and different water-bonding properties of
epidermis and dermis in comparison with other tissues.

When an ex vivo slab-form tissue is immersed for a time
period in a solution containing an OCA, treatment
duration, OCA molecular structure, and osmolarity condition
created transparency.8,23 The partial and dynamic exchanges
of the mobile water by the OCA create continuous changes
in tissue’s optical properties according to reported optical
measurements.19,23,24

The literature indicates that during OC treatments, a reduc-
tion in the scattering coefficient (μs) and an increase in the
anisotropy factor (g) are expected.1 To demonstrate that such
variations occur, optical and thickness measurements made
from a tissue under OC treatment can be used to estimate the
time dependencies for the optical properties.

With the objective of testing Eq. (2) outside the limits where
it was validated and to confirm the predictions of decreasing
μs (and μ 0

s) and increasing g during OC treatments, we per-
formed the research presented in the following sections.
We used previous thickness and Tc kinetics measurements,19

performed from human normal and pathological colorectal
mucosa under treatment with glucose–water solutions to esti-
mate the kinetics for the optical properties of these tissues. Such
estimated time dependencies show how the optical properties
evolve during treatment and allow one to identify and select
treatment duration to obtain a desired decrease in μs or increase
in g. By comparing between the time dependencies of the optical
properties of both tissues, we can see if differentiated response
to the OC treatments is obtained for normal and pathological
tissues.

2 Material and Methods
To conduct the present research, we have used normal and
pathological colorectal tissues from human species. Section 2.1
presents tissue OC concept. Section 2.2 describes the collection
and preparation of the biological tissues, and the evaluation of
the total water content is given in Sec. 2.3. Thickness and
Tc measurements were obtained in a previous study,19 during
treatments with glucose–water solutions and a brief descrip-
tion of these measurements is presented in Sec. 2.4. The
reconstruction of natural μ 0

sðλÞ is described in Sec. 2.5, and
the calculation procedure to obtain the kinetics for μsðλÞ,
n̄0ðλÞ, and ntissueðλÞ is presented in Sec. 2.6. Section 2.7
describes the calculation of the time dependencies for μ 0

sðλ; tÞ
and gðλ; tÞ. All the calculations consider a wavelength range
between 400 and 1000 nm.

2.1 Tissue Optical Clearing Concept

During short-time OC treatments, the physical dimensions of
tissue scatterers [scatterer radius a, in Eq. (1)] and their RI
(ns) are not expected to change. Consequently, as the partial
replacement of interstitial water by the OCA will produce
some volume changes in the sample, ρs will suffer a variation.
For a slab-form sample that has a small thickness relative to its
superficial area, the time dependence of ρs [or scatterer volume
fraction–fsðtÞ] can be calculated from the time dependence of
sample thickness [dðtÞ]. By replacing ρs by fsðtÞ in Eq. (1),
the time dependence for μ 0

s can be calculated, provided that
we can obtain the time dependence for n̄0.
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If total and mobile water contents in the natural tissue are
known, the variation of n̄0 can be calculated during treatment
according to Eq. (3):30

EQ-TARGET;temp:intralink-;e003;63;719n̄0ðtÞ ¼
ns� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μsðtÞ×dðtÞ
μsðt¼0Þ×dðt¼0Þ

q
×
�

ns
n0ðt¼0Þ − 1

�
þ 1

� ; (3)

where n0ðt ¼ 0Þ is the RI of the ISF for natural tissue; μsðt ¼ 0Þ
and μsðtÞ are the scattering coefficients of the untreated tissue
and during treatment, respectively; and dðt ¼ 0Þ and dðtÞ are
the sample thicknesses of the untreated tissue and during treat-
ment. If the optical properties of the untreated tissue are known,
and considering that the absorption coefficient (μa) remains
unchanged during treatment, the values of μsðt ¼ 0Þ) and
μsðtÞ can be calculated through Beer–Lambert equation for
a particular wavelength:29,30

EQ-TARGET;temp:intralink-;e004;63;566μsðλ; tÞ ¼ −
ln½Tcðλ; tÞ�

dðtÞ − μaðλÞ: (4)

As μs is in general much higher than μa in biological tissues,
it is reasonable to neglect the variations of μa during OC.
Once the time dependence of n̄0 is obtained, the time depend-
ence of the RI of the total tissue [ntissueðtÞ] can be calculated
with Gladstone and Dale equation:1,29–34

EQ-TARGET;temp:intralink-;e005;63;466

ntissueðtÞ ¼ n̄0ðtÞf0ðtÞ þ nsfsðtÞ
f0ðtÞ þ fsðtÞ ¼ 1; (5)

where f0ðtÞ is the time dependency for the volume fraction of
the ISF. If spectral data are available, Eqs. (1)–(5) can be used to
calculate the time dependencies for a wavelength range.

When spectral data are available for μ 0
s [μ 0

sðλÞ] [from inverse
adding doubling (IAD) method applied to integrating sphere
measurements of tissue sample optical properties], for the RI
of scatterers [nsðλÞ] and for the RI of ISF [n0ðλÞ], it is possible
to try some a values in Eq. (2) to match data for μ 0

s.
9 Once the

correct a value that allows such matching is obtained, the same
equation can be used to calculate the time dependence for μ 0

s,
provided that independent determination of the time dependen-
cies for n̄0 and fs was made. If fsðt ¼ 0Þ, f0ðt ¼ 0Þ and the
sample volume of natural tissue are known, fsðtÞ, f0ðtÞ can
be calculated from dðtÞ. n̄0ðtÞ, on the other hand, can be
calculated with Eqs. (3) and (4). Once μ 0

sðtÞ is calculated
with Eq. (2) and μsðtÞ is calculated with Eq. (4), they can be
used in Eq. (6) to obtain gðtÞ:9

EQ-TARGET;temp:intralink-;e006;63;229gðtÞ ¼ 1 −
μ 0
sðtÞ

μsðtÞ
: (6)

By estimating the time dependencies for the optical properties of
biological tissues, treatment efficiency evaluation as a function
of time or even pathology discrimination may be possible.

2.2 Tissue Samples

Due to the high incidence in human populations worldwide,
colorectal cancer is a major health concern.35 At an early stage
of development, adenomatous polyps are formed in the inner
layer of the colorectal wall, the mucosa—see Fig. 1.

If not removed at an early stage, these polyps will evolve into
adenocarcinoma that intrudes the other colorectal wall layers,
first the submucosa, followed by the muscularis propria, and
eventually reaching the peritoneal lining or adjacent organs.36

Early stage detection and removal of colorectal polyps is very
important and since they start developing in the mucosa,
noninvasive endoscopic optical techniques are highly desired.
Due to the distinct tissue layers in the colorectal wall, which
have different optical properties, OC treatments might be a
strong option to improve the development of such techniques
for early or later stage polyp removal.

All normal and pathological tissue samples used in the
present study were obtained from adult patients undergoing
colorectal surgery at Portuguese Oncology Institute of Porto,
Portugal. A signed consent allowing for the subsequent use
of surgical specimens for diagnostic and research purposes
was obtained previously to surgical procedures from all patients.
This procedure has been approved by the Ethics Committee of
Portuguese Oncology Institute of Porto.

After collecting the samples from surgical resection speci-
mens, normal and pathological colorectal mucosa samples
were separated and preserved frozen at −80°C for a period
of 12 h. A cryostat from Thermo Scientific™ (Waltham,
Massachusetts), model Micron HM 550 was used to prepare
samples to use in study with a circular form (φ ¼ 1 cm) and
0.5-mm thickness. To mimic natural hydration in tissue samples,
they were kept in saline for 10 min before initiating studies.
Both types of tissues were prepared and processed according
to this standard protocol, meaning that any discrepancy related
to the freezing procedure should be minimal.

A total of 16 normal and 16 pathological samples were used
in measurements described in Secs. 2.3 and 2.4.

Fig. 1 (a) Histological cross section of human colorectal wall
showing distinct layers and (b) the gross features of invasive colo-
rectal adenocarcinoma (left) and adjacent mucosa viewed in a surgi-
cal specimen.
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2.3 Total Water Content Evaluation

To obtain the total water content in normal and pathological
tissues, we have performed a dehydration study, where 10 sam-
ples of each type were used. At the beginning of this study, all
samples were weighted, before being placed inside a Memmert
drying oven, model ULM 500 (Schwaback, Germany) for 24 h
at a temperature of 103°C� 2°C. The weight scale used was
a Kern, model ALJ 220-4NM (Balingen, Germany) with
a precision of �0.0001g. After total dehydration, the samples
were placed inside a desiccator for 15 min to remove any
residual humidity at room temperature. Finally, the samples
were weighted again. The average temperature for weight
measurements before and after dehydration was 22°C� 2°C.

As the initial volume of the samples was known before dehy-
dration (V ¼ π × 0.52 × 0.05 cm3), and considering that water
has a density of 1 g∕cm3 at room temperature, the weight differ-
ence for each sample allowed us to calculate total water content.
After averaging data from 10 normal and from 10 pathological
tissue samples, we obtained a total water content of 73.96%�
0.02% for normal mucosa and 73.33%� 0.10% for pathologi-
cal mucosa.

2.4 Thickness and T c Measurements

From our previous studies,19 we have estimated the mobile water
content in normal and pathological colorectal mucosa as 59.4%
and 64.4%, respectively. Comparing between the total and
mobile water contents of normal and pathological mucosa tis-
sues, we see a decrease of 0.63% in total water and an increase
of 5% in mobile water from normal to pathological. According
to the literature,37 bound water can be converted into mobile
water when cancer cells invade the tissue. The significant
increase in mobile water and some total water loss from normal
to pathological mucosa was already seen for other tissues, as
demonstrated by Fig. 7 of Ref. 38. The 5% difference in mobile
water of mucosa tissues means that a glucose–water solution
that will produce a smooth Tc time dependence during a
30 min OC treatment needs to have a glucose concentration
of ∼35% (for pathological mucosa) and ∼40% (for normal
mucosa). Thickness and Tc measurements were previously per-
formed for these particular treatments at a mean temperature of
20°C� 0.5°C,19 and the mean time dependencies resulting from
those measurements were used in calculations performed in
the present study. For thickness measurements, we used three
normal and three pathological samples and for the Tc measure-
ments the same number of samples was used to average final
results. Figure 2(a) shows the setup used to measure sample
thickness and Fig. 2(b) presents the Tc setup.

Considering the thickness measurements, the sample is
placed inside two microscope glasses (thickness dG ¼ 1 mm)
and a digital micrometer from Mitutoyo™ (Japan), model 293
MDC-MX lite with a precision of 0.001 mm, measures the
global thickness (D).19 The OC solution is injected in-between
the glasses to begin treatment, and measurements are taken at
every 15 s within the first 2 min and at every min after that.
As the solution presents some viscosity, it stays within the
glasses during all treatment, leading to a constant glucose
flow into the tissue. At the end, the time dependence for
sample thickness is obtained as the difference between the
measurements and the fixed thickness of the glasses: dðtÞ ¼
DðtÞ − ð2 × dGÞ. Three studies were made for the treatment
of pathological tissues with 35% of glucose and the other

three for the treatment of normal tissues with 40% of glucose.
Mean thickness time dependence was calculated for each case.
These results are presented in Ref. 19.

Considering Tc measurements, an Avalight-D(H)-S lamp
from Avantes™ (The Netherlands) was used to irradiate the sam-
ple through an optical fiber cable and collimating lens. Light
enters the sample cuvette [rectangular-box in Fig. 2(b)] through
a glass at the bottom. The sample is fixed at the center of the
cuvette by some wires, which are shown in Fig. 2(b) as black
bars. A set of pinholes [not represented in Fig. 2(b)] guarantees a
beam diameter of 1 mm between the illuminating and collecting
optics. At the top of the cuvette, a second optical fiber cable and
collimating lens collect the transmitted beam for delivery to the
spectrometer. The Tc spectrum of the natural sample is measured
first. Then, the OC solution [represented as small dots in the
cuvette of Fig. 2(b)] is injected into the cuvette by a syringe
through a lateral hole. Spectra are measured during treatment
at every 5 s for a period of 30 min. Three sets of Tc studies
were made for the treatment of pathological mucosa with
35% of glucose and the other three were made for the treatment
of normal mucosa with 40% of glucose. Mean time dependen-
cies for Tc spectra were calculated in each case and can be found
in Ref. 19.

2.5 Reconstruction of μ 0
s for Natural Tissue

To obtain the time dependencies for the optical properties of nor-
mal and pathological colorectal mucosa with accuracy, a complete
study with different types of measurements should be made
during treatments. Such study is complex and it involves a large
number of tissue samples (normal and pathological) to be studied
under different measurement procedures. As explained above
when we introduced Eq. (2), such an equation was validated
only for specific conditions and for samples whose scatterers
are spherical. This is definitely not the case for the tissues we
used in this study as it has been reported that normal and patho-
logical colorectal mucosa contains scatterers–like collagen fibrils

Fig. 2 Measurement setups for (a) thickness and (b) T c.

Journal of Biomedical Optics 121620-4 December 2018 • Vol. 23(12)

Carneiro et al.: Kinetics of optical properties of human colorectal tissues during optical clearing: a comparative. . .



and myofibroblasts in stroma,39 and different types of proteins,40

such as glycoproteins.41As we wanted to test Eq. (2) outside the
limits where it was validated, to confirm the theoretical predic-
tions of scattering coefficients decrease and anisotropy increase
and possibly differentiate between treatment response of normal
and pathological tissues, we had to select an estimation method.
In the absence of a more accurate model and to avoid a complex
experimental study to estimate the time dependencies for the
optical properties of human colorectal mucosa, we selected to
perform the calculations based on Eq. (2).

The first calculation consisted of reconstructing the wave-
length dependence for μ 0

s through Eq. (2) with the objective of
estimating a for each tissue. In this calculation, we are able to
determine also the correct n̄0ðλÞ and nsðλÞ for the natural tissues,
which are necessary for further calculations. The following
reconstruction procedure was used for both tissues.

Considering as reference the μ 0
sðλÞ data that were previously

estimated via IAD simulations42 for natural tissues (presented in
Ref. 43), we performed the following steps:

I. Calculation of the dispersion for dry matter by
subtracting the contribution of total water from the
dispersion of the tissue that we have estimated in
a previous study.44 This calculation was made for
both tissues according to Eqs. (7) and (8):

EQ-TARGET;temp:intralink-;e007;63;476ndry-nðλÞ ¼
ntissue-nðλÞ − 0.7396 × nH2O

ðλÞ
1 − 0.7396

; (7)

EQ-TARGET;temp:intralink-;e008;63;434ndry-pðλÞ ¼
ntissue-pðλÞ − 0.7333 × nH2O

ðλÞ
1 − 0.7333

(8)

where nH2OðλÞ is the dispersion of water at 20°C
(average temperature during our experimental mea-
surements), as retrieved from literature,45ntissue-nðλÞ
is the dispersion of normal mucosa, ntissue-pðλÞ is
the dispersion of pathological mucosa, ndry-nðλÞ is
the dispersion of scatterers in normal mucosa, and
ndry-pðλÞ is the dispersion of scatterers in pathological
mucosa.

II. Calculation of scatterers dispersion, nsðλÞ, in the tissue
by combining the dispersions of dry matter and water
through Gladstone and Dale law [Eq. (5)].

III. Again, using Gladstone and Dale law, we calculated
ISF dispersion, n̄0ðλÞ, by subtracting the scatterer con-
tribution from tissue dispersion with appropriate VFs.

IV. Calculation of the wavelength dependence for the
relative index, mðλÞ, through Eq. (1).

V. Using n̄0ðλÞ, mðλÞ, and fs that were estimated in pre-
vious steps, we reconstructed μ 0

sðλÞ with a particular
value of a, in a new form of Eq. (2):9

EQ-TARGET;temp:intralink-;e009;63;154μ 0
sðλÞ ¼

3fsð1 − fsÞ
4πa3

× 3.28πa2
�
2πn̄0ðλÞa

λ

�
0.37

½mðλÞ − 1�2.09:
(9)

The above-described procedure was made by trial and
error until the reconstruction of μ 0

sðλÞ was obtained correctly.
In the first trials, the calculated μ 0

sðλÞ was too far from the
values estimated through IAD simulations. To correct this,
we had to adjust the VFs in the calculation of the dispersions
for scatterers and ISF (steps II and III above). These adjust-
ments also produce a change in mðλÞ. When the calculated
μ 0
s (λ) was approaching the IAD estimated data, we changed

a for a better matching.
The estimated μ 0

sðλÞ, n̄0ðλÞ, nsðλÞ, corresponding VFs for
scatterers and ISF in natural tissue and the a value were
considered in further calculations described in the following
subsections.

2.6 Calculation of Kinetics for μs, n̄0, and ntissue

To calculate the kinetics for μs, we needed the wavelength
dependence for μa, which is presented in Ref. 43 for both
tissues. Considering this data and the Tc measurements made
from natural tissues and during treatments, we used Eq. (4) to
obtain μsðλ; tÞ.

Once these data were calculated, we have used Eq. (3) to
calculate n̄0ðλ; tÞ. In this calculation, the mean dðtÞ measure-
ments obtained for each tissue/treatment were also used.

To calculate the time dependence for the RI of the whole
tissue [ntissueðλ; tÞ] with Eq. (5), we needed fsðtÞ and f0ðtÞ
in each tissue. Considering the thickness measurements made
from normal and pathological tissues during corresponding
treatments, these time dependencies were obtained as follows:

I. Considering form and dimensions of natural samples,
their total volume was calculated as

EQ-TARGET;temp:intralink-;e010;326;404V tissueðt ¼ 0Þ ¼ ðπ × 0.52Þ × 0.05 cm3 (10)

II. The absolute volume for scatterers in the tissue was
calculated considering their appropriate VFs in each
tissue:

EQ-TARGET;temp:intralink-;e011;326;334Vscat ¼ V tissueðt ¼ 0Þ × fsðt ¼ 0Þ cm3 (11)

where fsðt ¼ 0Þ ¼ 0.4 for normal mucosa, and
fsðt ¼ 0Þ ¼ 0.35 for pathological mucosa.19

III. This volume remains unchanged during treatment,
whereas fs changes according to

EQ-TARGET;temp:intralink-;e012;326;251fsðtÞ ¼
Vscat

ðπ × 0.52Þ × dðtÞ (12)

where dðtÞ is the time dependence of sample thickness
for normal or pathological mucosa.

IV. As, according to Gladstone and Dale law, f0ðtÞ þ
fsðtÞ ¼ 1, we could calculate ntissueðλ; tÞ with Eq. (5).

2.7 Calculation of Kinetics for μ 0
s and g

To calculate the kinetics for μ 0
s, we used Eq. (9), but now con-

sidering the time dependence for the VF of scatterers, fsðtÞ,
instead of its value for natural tissue. Furthermore, instead of
using n̄0ðλÞ and mðλÞ for the natural tissues, we used their
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time dependencies, n̄0ðλ; tÞ and mðλ; tÞ, as calculated with the
procedure described in Sec. 2.6.

Once the kinetics of μ 0
s was obtained, we used Eq. (6) to

calculate the kinetics for gðλÞ.
All the results of these calculations for normal and pathologi-

cal tissues are presented in Sec. 3.

3 Results and Discussion

3.1 Data Estimation for Natural Tissue

To calculate the kinetics for the optical properties of tissues
under study, we needed to start by estimating the spectral data
for the RI of scatterers and ISF and the mean scatterer radius.
To obtain these data, we have initiated our calculations by
reconstructing μ 0

sðλÞ, as indicated in Sec. 2.5. Such reconstruc-
tion was made by adjusting nsðλÞ, n̄0ðλÞ, and a. The dispersions
that provided the best reconstruction of μ 0

sðλÞ for both tissues
are shown in Fig. 3.

The dispersions obtained for normal mucosa that is shown
in Fig. 3(a) are described by the following equations [whole
tissue—Eq. (13), ISF—Eq. (14), and scatterers—Eq. (15)]:

EQ-TARGET;temp:intralink-;e013;326;752nn-tissueðλÞ ¼ 1.315 þ 16.73

λ − 38.84
; (13)

EQ-TARGET;temp:intralink-;e014;326;721n0ðλÞ ¼ 1.309þ 16.58

λ − 9.636
; (14)

EQ-TARGET;temp:intralink-;e015;326;685nsðλÞ ¼ 1.325þ 17.32

λ − 68.94
: (15)

For the case of pathological mucosa, the following equations
describe the curves presented in Fig. 3(b) [whole tissue—
Eq. (16), ISF—Eq. (17), and scatterers—Eq. (18)]:

EQ-TARGET;temp:intralink-;e016;326;616nn-tissueðλÞ ¼ 1.315 þ 19.25

λ − 46.83
; (16)

EQ-TARGET;temp:intralink-;e017;326;575n0ðλÞ ¼ 1.307þ 19.52

λþ 4.278
; (17)

EQ-TARGET;temp:intralink-;e018;326;539nsðλÞ ¼ 1.329þ 20.22

λ − 98.00
: (18)

Using the dispersions for scatterers and ISF presented in Fig. 3
for both tissues, we calculated the relative indices of natural
tissues, which are shown in Fig. 4.

Fig. 3 Dispersions for water,45 colorectal mucosa, its scatterers and
ISF at 20°C. (a) Normal mucosa and (b) pathological mucosa.

Fig. 4 Relative index for natural tissue. (a) Normal mucosa and
(b) pathological mucosa.
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Using all the calculated dispersions for scatterers and ISF
and the VF of scatterers in Eq. (9), we obtained a good
reconstruction for μ 0

sðλÞ data of both tissues, by considering
the correspondent scatterer radius, a, as: 46-nm (normal
mucosa) and 158-nm (pathological mucosa).

Considering that collagen fibrils are the main scatterers in
colorectal mucosa stroma underlying the epithelium,46 we per-
formed a simple calculation to check the accuracy of these
results. Collagen fibrils have a cylinder-shape, and making
length and diameter measurements from electronic micrographs
of normal mucosa tissue in Ref. 47, we estimated the mean
fibril length as 0.119 μm and the mean radius as 0.039 μm.
Considering these values, the mean volume can be calculated:

EQ-TARGET;temp:intralink-;e019;63;609Vfibril ¼ ðπr2Þ × h ¼ 5.69 × 10−4 μm3: (19)

Using this volume, we can calculate the mean radius for
an equivalent sphere model as

EQ-TARGET;temp:intralink-;e020;63;556Rsphere ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5.69 × 10−4

π
×
3

4

3

r
¼ 0.0514 μm ¼ 51.4 nm

(20)

Comparing this value with the mean estimated radius for
normal mucosa (46 nm), we see that calculations using Eq. (2)

are not precise, but they show that the spherical scatterer model
is not too bad to approximate real fibril scatterers in tissues.
The values measured from Ref. 47 refer to collagen fibrils in
oral mucosa, but smaller collagen diameters can be found in
other tissues like in Fig. 3 of Ref. 48 for the eye sclera.

Regarding pathological tissues, we could not compare our
estimated sizing data with real data from the literature, but as
indicated by some authors,49–51 when cancer invades mucosal
stroma, collagen fibrils increase in the length, diameter, and
density. This means that the estimations we made with Eq. (2)
are sensitive to the mean scatterer size increase from normal to
pathological tissue.

Previously estimated μaðλÞ and μ 0
sðλÞ data and reconstructed

μ 0
sðλÞ curves with Eq. (9) are shown in Fig. 5.
From Fig. 5, we see similar wavelength dependencies for

normal and pathological tissues but with pathological tissues
showing more blood content. From graphs in Figs. 5(c) and
5(d), we see that the calculated curves provide good fittings
of the data previously estimated with IAD simulations. For
the case of pathological mucosa, some estimated points between
500 and 600 nm are not in agreement with the calculated curve,
meaning that some cross talk between absorption and scattering
near hemoglobin bands changes the smooth decreasing behavior
as calculated with Eq. (9). We do not see significant evidence of
such behavior in normal mucosa, indicating that pathological
tissues have higher blood content, which is accordingly to

(a) (b) 

(c) (d) 

Fig. 5 Estimated μaðλÞ data for (a) normal mucosa and (b) pathological mucosa. Estimated and
calculated μ 0

sðλÞ data for (c) normal mucosa and (d) pathological mucosa.
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the reddish color seen in Fig. 1(b) for the adenocarcinoma.
A different equation that accounts for the Rayleigh and Mie
scattering terms can be used to describe the curves shown in
graphs of Figs. 5(c) and 5(d), respectively. Such equation is
described by Steven Jacques in his paper from 2013,52 and if
we fit the calculated data (curves) in graphs of Figs. 5(c) and
5(d) with that equation, we obtain optimized fitting (R2 ¼ 1)
for both types of tissues:

EQ-TARGET;temp:intralink-;e021;63;664

μ 0
s-normalðλÞ ¼ 22.32 ×

�
0.2318 ×

�
λ

500

�
−4

þ ð1 − 0.2318Þ

×
�

λ

500

�
−0.6874

�
; (21)

EQ-TARGET;temp:intralink-;e022;63;593

μ 0
s−patholðλÞ ¼ 22.73 ×

�
0.3423 ×

�
λ

500

�
−4

þ ð1 − 0.3423Þ

×
�

λ

500

�
−0.703

�
: (22)

Now that we have estimated the mean scatterer radius for normal
and pathological tissues, we need to calculate the kinetics of the
RI of ISF to proceed with calculation for the kinetics of μ 0

s. The
following subsection presents the results for the kinetics of RI.

3.2 Kinetics for μsðλÞ, n̄0, and ntissue

Using the procedure outlined in Sec. 2.6, we started by calcu-
lating the time dependence for the VFs of ISF and scatterers.
Figure 6 presents these variations for both tissues.

Graphs in Fig. 6 show a fast and strong variation in VFs for
both tissues within the first two minutes, indicating the occur-
rence of the dehydration mechanism, which dominates at early
stage treatment. After 3 min, VFs show smooth and low-
magnitude variations, meaning that they are now driven by the
RI matching mechanism that occurs in the interstitial locations.
Figure 6 shows evidence of the two OC mechanisms and
give an idea of their duration. Similar behavior is observed
for both mucosa tissues, but the magnitude of the variations
that correspond to the dehydration mechanism is higher for
pathological mucosa.

Using μaðλ; t ¼ 0Þ, Tcðλ; tÞ, and dðtÞ data in Eq. (4), we
calculated the time dependencies for μsðλÞ in both tissues.
Those graphs are shown in Fig. 7.

In this case, we see that both tissues present a decreasing
behavior over the time of treatment as expected for OC treat-
ments. There is some transient decreasing behavior within
the first seconds of treatment for long wavelengths in both tis-
sues, possibly due to interaction of OCAwith superficial layers
of tissues. After that and within the first 2 min, both tissues show
an increase in μs, which indicates the approximation of scatter-
ers due to the loss of water in the interstitial locations. Such
increase seems to have higher magnitude near the absorption
bands of hemoglobin and in particular for pathological mucosa.

Fig. 6 Time dependence for the VFs of colorectal mucosa during
treatment. (a) Normal mucosa treated with 40% of glucose and
(b) pathological mucosa treated with 35% of glucose.

Fig. 7 Kinetics of μs for (a) normal mucosa and (b) pathological
mucosa.
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The water and blood contents in natural tissues originate these
differences between normal and pathological tissues for the
kinetics of μs: natural pathological mucosa has less water con-
tent than normal mucosa (see Fig. 3) and higher blood content
than normal mucosa (see Fig. 5).

Regarding the subsequent smooth decrease, both types of tis-
sues present similar behavior, where the longer wavelengths
show high magnitude decrease. For smaller wavelengths, the
decrease in μs is modest due to the presence of the absorption
bands of blood. The data shown in graphs of Fig. 7 indicate that
the simple model we used confirms the expectation of a global
decreasing in μs during OC treatments. It shows also that normal
and pathological tissues have similar variations in μs during
treatment.

Using the obtained μs data in Eq. (3), we calculated the
kinetics of n̄0 for both tissues and combining that data with
the dispersion of scatterers in Eq. (5), we calculated the kinetics
for tissue RI for both tissues. Figure 8 shows these graphs.

As expected, the RI of ISF increases with treatment, showing
the evidence of the RI matching mechanism. For the case of
normal mucosa, we see a smooth behavior for all wavelengths
and during all treatment. For pathological mucosa, the overall
effect and magnitude of the increase are similar to normal
mucosa, but a significant change of form in dispersion is
seen for lower wavelengths at the beginning of treatment.

The graphs for ntissue in Figs. 8(c) and 8(d) present three
stages: within the first min, a strong increase in ntissue corre-
sponds to the dehydration mechanism; a transition between
mechanisms is seen in the following 3 min; and the RI matching

mechanism dominates over the following 26 min. Although the
overall behavior is similar between tissues, for the case of
pathological mucosa we see a higher magnitude increase at
the beginning, which is conditioned by the water content in
natural pathological mucosa. As the water content in untreated
pathological mucosa is smaller than in untreated normal mucosa
(see Fig. 3), it takes less time for the dehydration mechanism to
occur in pathological tissues.

3.3 Kinetics for μ 0
sðλÞ and g

According to the procedure described in Sec. 2.7, we first cal-
culated the time dependencies for the relative index of refraction
for both tissues. Then using these data and Eq. (9), we calculated
the time dependencies for μ 0

sðλÞ. Combining these data with the
data in Fig. 7 by using Eq. (6), we calculated the time depend-
encies for g-factor for both tissues. Figure 9 shows all these
graphs for both tissues.

Considering graphs (a) and (b) of Fig. 9, we see that the rel-
ative index of refraction shows similar decreasing behavior for
both tissues and a higher magnitude decrease is observed for
pathological mucosa. The kinetics of μ 0

sðλÞ presented in graphs
(c) and (d) of Fig. 9 show a smoother behavior than the one
observed for μsðλÞ (see Fig. 7), more similar to the kinetics
of m, and no significant differences are seen between normal
and pathological mucosa in this case. To show this decreasing
behavior over the time of treatment, we had to select the pre-
sented perspective in graphs (c) and (d) of Fig. 9, which
does not show a slight increase in μ 0

sðλÞ from t ¼ 0 to t ¼ 15 s.

Fig. 8 Kinetics of n̄0 for (a) normal mucosa and (b) pathological mucosa, and kinetics of ntissue for
(c) normal mucosa and (d) pathological mucosa.
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Graphs (e) and (f) of Fig. 9 plot a change in the form of gðλÞ
at the beginning of treatment for both tissues, where longer
wavelengths show a significant decrease for normal mucosa.
We have seen similar transient behavior for μs in Fig. 7, and
it is possibly related to the early interaction of glucose molecules
with superficial tissue layers. Immediately after, we see a strong
and fast increase. As water loss leads to a better packing inside
the tissue, forward scattering increases.

Due to the transition between dehydration and RI matching
mechanisms, we see a small decrease in g after 2 min for
both tissues. Such decrease is originated by the separation of

scatterers as glucose molecules place themselves in the intersti-
tial locations.9

Using confocal microscopy, a group from the Department of
Dermatology of the Oregon Health and Science University has
reported in 2010 the increase in g during optical clearing of
skin,53 which accords with our calculations. In that same
study, no significant changes in μs were observed. This study
regards the treatment of skin samples with 80% of DMSO,
and pure glycerin solutions and measurements were made
only before and after 1 h treatment. Considering their results
and the ones from the present study, we must consider that

Fig. 9 Kinetics of m for (a) normal mucosa and (b) pathological mucosa; kinetics of μ 0
s for (c) normal

mucosa and (d) pathological mucosa; kinetics of g for (e) normal mucosa and (f) pathological mucosa.
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skin is a multilayered tissue with a set of optical properties per
layer, whereas colorectal mucosa has only a set of optical prop-
erties. Another major difference that might lead to insignificant
change in μs in their study is that they used oversaturated sol-
utions. As we have demonstrated in a previous study,24 when
the water in the treating solution matches the mobile water in
the tissue (intermediate OCA concentrations in solution), only
the RI matching mechanism occurs, as minimal or no water flux
is observed. This is approximately the case for the treatments
presented here—normal mucosa treated with 40% of glucose
and pathological mucosa treated with 35% of glucose.19

Under these conditions, the unique OCA flux into the interstitial
locations of the tissue is smooth and continuous. Such process
leads to a reduction of μs, through the RI matching mechanism
and an increase in the g-factor as our calculations demonstrate.
When oversaturated solutions are used, as in the case of the
study presented in Ref. 53, the dehydration mechanism will
dominate OC during early stage treatment, as we have also pre-
viously demonstrated.24 During this early stage dehydration, the
water loss by the tissue forces scatterers to approach each other
and to form better packing (scatterers change their random
orientations into the same direction). Such scatterer alignment
leads to an increase in the g-factor. When treating normal
and pathological colorectal mucosa samples with 54% of
glucose,19 we observed an initial Tc increase, followed by a
decrease. These Tc variations indicate that the glucose mole-
cules initially diffuse into the interstitial space of the tissues
and then into the tissue cells. OCA diffusion into tissue cells
increases μs due to scatterer size increase. For a long treatment
with oversaturated solutions, as in the case of Ref. 53, it is
expected that the overall variations are some increase in g-factor
(due to better alignment of scatterers) and minimal change in
μs (due to mutual compensation of RI matching effect and
increased scattering efficiency caused by scatterer density
elevation).

4 Conclusions
The kinetics of the optical properties of human normal and
pathological colorectal mucosa were evaluated with a simple
and indirect method based on thickness and Tc measurements
during treatments with glucose–water solutions (35% for patho-
logical and 40% for normal mucosa). The first calculations made
with this model have estimated that the mean scatterer radius in
normal mucosa is 46 nm and in pathological mucosa is 158 nm.
Although this method is not precise, we demonstrated that the
estimated mean scatterer size is not bad and that Eq. (2) is sen-
sitive to scatterer size increase from normal to pathological tis-
sues, as expected. We also verified that this equation can be used
outside the limits where it was initially validated. The results
presented in this study show the expected kinetics for the optical
properties of tissues during OC treatments and indicate that the
method is sensitive to the two OC mechanisms—tissue dehydra-
tion and RI matching. No significant differences were observed
between the kinetics of the optical properties for normal and
pathological tissues, meaning that both tissues respond in the
same manner to the treatments—decrease in the scattering coef-
ficients and increase in g-factor. The evaluation of those kinetics
for wavelengths between 400 and 1000 nm allowed to see that
the water and blood contents in untreated normal and pathologi-
cal tissues conditions time dependencies result from the applied
treatments. Such spectral data are also valuable for kinetics
comparison between different wavelengths. Some initial OCA

impact on the tissue was detected for both tissues in the kinetics
of μs and g, where a fast decrease in these properties was
followed by an increase in the first seconds of treatment. The
increase in μs and g-factor indicates the better packing of tissue
scatterers that is momentarily created by tissue dehydration.
After these initial variations, we see that glucose diffusion into
the tissues produces a reduction in the scattering coefficients
through the RI matching mechanism.

By obtaining the time dependencies for the optical properties
of both tissues, we acquired valuable information. For instance,
a specific treatment duration can be selected to obtain a particu-
lar set of optical properties that correspond to a desired tissue
transparency. Such information can be very useful in future
planning of diagnosis or treatment procedures of colorectal
cancer where OC treatments are used. The calculation procedure
used in this research can be applied to other tissues/treatments to
estimate the time dependence of the optical properties and char-
acterize those treatments. Before those calculations can be made
for real biological tissues, the model based on Eq. (2) must be
corrected and we plan to work on a more realistic version of
that equation.
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