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Abstract. The evaluation of the optical clearing mechanisms in tissues
provides information about the efficiency of the clearing treatment. One of
such mechanisms is the refractive index matching, which is created by the
partial replacement of tissue water by an optical clearing agent with higher
refractive index, better matched to the index of tissue scatterers. With the
objective of evaluating the refractive index matching mechanism for a wide
spectral range and comparing its magnitude between treatments with
different clearing agent osmolarities, thickness and collimated transmittance
measurements were obtained from human colorectal muscle samples under
treatment with 20%-, 40% and 60%-glycerol. Such measurements were used
in a calculation model to obtain the refractive index kinetics for the
interstitial fluid and for the whole tissue. The calculation results show that
the refractive index matching has a stronger effect in the ultraviolet and that
such matching is more effective for higher agent concentrations in the
treating solutions. © 2020 Journal of Biomedical Photonics & Engineering.
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1 Introduction and theoretical background
Since its rediscovery about 30 years ago [1], the
research related to the Optical immersion Clearing (OC)
technique has produced a large number of publications
[2], which continues to grow significantly. Some of
those studies were made to evaluate, discriminate and
characterize the mechanisms of OC [2–8], while others
evaluated the diffusion properties of the optical clearing
agents (OCAs) in tissues [9–16], or described such
diffusion as a molecular-based model [17–18].
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The combination of OC treatments with other
optical-based methods in clinical practice provides
significant improvements, since by reducing light
scattering inside tissues, it allows for higher tissue-depth
optical probing and imaging, higher contrast and
resolution in diagnostic images [19–26]. Some imaging
and spectroscopy studies made during OC treatments
have allowed to discriminate between normal and
pathological tissues. One of those spectroscopy studies
was reported by Carvalho et al. [16], where colorectal
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cancer was identified by evaluating the different content
of mobile water in normal and pathological tissues.
Imaging methods have also been applied to identify
tumor locations in tissues after clearing [19, 21–23].
One of such studies was reported by Lagerweijt et al.
[26], where fluorescence confocal imaging, two-photon
imaging,
photoacoustic
imaging
and
image
reconstruction of optically cleared tissues have allowed
to discriminate between normal and infiltrating
glioblastoma brain tumors in rats.
As a result of OC evaluation and characterization
studies, it is known that tissue transparency increases
during treatments as a result of three major mechanisms,
commonly designated as: tissue dehydration, refractive
index (RI) matching and protein dissociation [2, 27–30].
Tissue dehydration occurs when interstitial water flows
out as a result of the osmotic pressure that the OCA
creates inside the tissue. Such water flux leads to a more
compact and better organized distribution of the other
tissue components (scatterers) [2]. As the water flows
out, the OCA, with a higher RI, flows into the
interstitial locations to partially replace the leaving
water and provide the RI matching mechanism [3].
Considering that water, tissue scatterers and OCAs have
a decreasing behavior with increasing wavelength [2,
31–34], it is expected that the RI matching will have a
higher effect on scattering in the ultraviolet (UV) range.
The third OC mechanism, designated as protein
dissociation, has also been observed as a result of the
interaction of the OCA molecules with protein
connections [27]. Since proteins have a strong
absorption band in the deep-UV (200–230 nm) [31, 35–
36], such dissociation also leads to a higher RI matching
in this wavelength range. Such fact was recently
reported by Carneiro et al. [37], where two OC-induced
transparency windows were observed in the UV, with
central peaks at 230 and 300 nm. This study also
demonstrated that the magnitude of these windows
increases with the OCA concentration in the treating
solution [37], which suggests that higher OCA
concentrations provide a higher magnitude RI matching
in the UV range.
It has been demonstrated that all the three OC
mechanisms are completely reversible, provided that the
OCA is later washed out by subsequent tissue
rehydration [2, 27, 38]. Such rehydration occurs
naturally in vivo, since water from adjacent areas of the
tissue flows into the treated area and the OCA is
completely expelled out [2]. For the ex vivo situation,
washing out of the OCA can be provided by immersing
the treated tissue in saline.
Tissue spectroscopy is a powerful tool in the study
of OC treatments, since it provides data for a wide
spectral range. One of the benefits of using sensitive
spectroscopy measurements from tissues during OC
treatments for a range between the UV and the near
infrared (NIR), is that comparison of the induced
variations can be made between the UV, visible and
NIR.
In a previous study by our group [39], we have
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evaluated the RI matching mechanism in the visibleNIR range in skeletal muscle under treatment with
glucose and ethylene glycol solutions, showing that both
the RI of the interstitial fluid (ISF) and of the whole
tissue increase as a result of the applied OC treatments.
With the objective of studying the RI matching
mechanism and compare its magnitude between the UV,
visible and NIR ranges, the present study was conducted
with human colorectal muscle under treatment with
different glycerol osmolarities.

2 Materials and methods
The present study consisted only of the calculation of
the RI matching mechanism in human colorectal muscle
for a wide spectral range during treatments with
glycerol in different osmolarities. The samples and
collimated transmittance (Tc) measurements used in
these calculations are the same that were used in a
previous study that reported the discovery of two OCinduced tissue windows in the UV range [37]. Subsection 2.1 presents a resumed description of tissue
collection, sample preparation and measurement
procedure, which were used in that study. The following
sub-sections describe the calculation procedure adopted
to obtain the RI kinetics of colorectal muscle during
treatments.

2.1 Tissue samples and measurement
procedure
The tissue samples used to obtain the measurements
necessary for this study were obtained from surgical
resections of patients under treatment at the Portuguese
Oncology Institute of Porto, Portugal. The collection of
surgical resections and sample preparation were
performed according to the guidelines of the Ethics
Committee of that Institution and after obtaining a
written consent from the patients to use surgical
specimens for diagnostic and research purposes.
The muscle layer of the colorectal wall was retrieved
from the surgical resections and a cryostat (Leica
Biosystems, model CM 1850 UV) was used to prepare
the samples for the study with approximate circular
slab-form, having diameter φ = 1 cm and 0.5 mm
thickness.
Three of these samples were submitted to Tc
measurements during the OC treatments with aqueous
solutions containing 20%-, 40%- or 60%-glycerol (one
sample per treatment) [37]. The setup to perform Tc
measurements is presented in Fig. 1 of Ref. [37], where
an optical fiber cable delivers a collimated beam of
1 mm from a broadband light source into a cuvette that
contains the tissue sample. A similar optical fiber
collects the collimated transmitted beam to deliver it to
the spectrophotometer. For measurements during
treatment, the solution is introduced inside the cuvette
to immerse the sample. The volume of the solution is
about 10× higher than the sample volume to guarantee a
continuous flux of the OCA into the tissue during the
treatment. The samples used in the study of Ref. [37]
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had low blood content, which resulted in low magnitude
for the absorption bands of hemoglobin. To obtain more
realistic results in the present study, ten other muscle
samples, from which we recently measured the native Tc
spectra and presented well-defined Soret and Q-bands,
were used to perform calculations.
Thickness measurements were also made during
treatment with the same glycerol solutions, using a
precision micrometer as described in Fig. 1B of
Ref. [39]. Nine muscle samples were used in these
measurements, three per treatment with each glycerol
osmolarity, to obtain more precise mean thickness
kinetics.

2.2 Recovery of Tc kinetics
Since we had previously measured kinetics data for the
Tc spectra during the treatments with various glycerol
osmolarities to use in the study reported in Ref. [37], we
needed to retrieve the time dependence variations
created by those treatments to use in the calculations of
the RI kinetics intended for the present study.
As indicated above, the Tc kinetics reported in
Ref. [37] were obtained from muscle samples with low
blood content. Since we intended to present more
realistic results, for tissues that have some absorption
bands, and to show the effect of such bands in tissue
dispersion and following kinetics, we needed to adjust
the previous Tc kinetics [37] to tissues that had such
spectral signatures.
The recovery of the Tc kinetics and their
recalculation for treatments with more realistic tissues
was made in the following way for each treatment:
I. In the study presented in Ref. [37], the OC
efficiency was calculated as:

( )

OCeff λ,t =

( ) (
) ×100%,
T ( λ,t = 0)

Tc λ,t − Tc λ,t = 0
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This means that the Tc(λ, t) spectra obtained with this
calculation for each treatment contains the same spectral
signatures for hemoglobin as the recent measured
samples and the corresponding kinetics that were
obtained by measurement in the study of Ref. [37]. As a
result, using this data will produce more realistic RI
kinetics data.

2.3 Calculation of optical properties for the
native colorectal muscle
To perform the calculations to obtain the RI kinetics for
each treatment, it was also necessary to obtain the
optical properties of the untreated tissue, namely the
absorption coefficient (µa(λ)), the scattering coefficient
(µs(λ)) and tissue dispersion (nmuscle(λ)).
The calculation of these properties was performed
according to the following procedure:
I. Using the sample thickness (d = 0.5 mm) and the
mean Tc(λ) that was obtained from the recent
measurements, we calculated the attenuation coefficient
(µt(λ) = µa(λ) + µs(λ)) using the Bouguer-Beer-Lambert
equation [40]:

(

)

µ t λ,t = 0 =

( (

− ln Tc λ,t = 0
d

)) .

(3)

II. The wavelength dependence for µs is described in
literature [41] as a combination of Rayleigh and Mie
scattering regimes:
−4
⎛
⎞
⎛
⎞
λ
+
⎜ f Ray × ⎜
⎟
⎟
⎝ 500(nm) ⎠
⎜
⎟ , (4)
µ s λ = a '× ⎜
−bMie ⎟
⎛
⎞
λ
⎜ + 1− f
⎟
×⎜
Ray
⎜⎝
⎟⎠
⎝ 500(nm) ⎟⎠

( )

(1)

(

)

c

where Tc(λ, t = 0) represents the spectrum of the
untreated sample and Tc(λ, t) represents the spectrum
measured at each time of treatment t. The resulting
OCeff (λ, t) contains information about the Tc variations
for colorectal muscle in each treatment, which can be
retrieved to use with other native Tc spectrum from the
same tissue under the same OC treatments.
II. Using recent Tc spectra, which were measured
from similar colorectal muscle samples that had higher
blood content and better-defined hemoglobin bands, we
calculated the mean and standard deviation (SD) for the
native Tc(λ) of the muscle. The calculated mean Tc(λ)
for the native muscle was used in Eq. (2) as a
replacement of Tc(λ, t = 0) to calculate the time
dependence variations in Tc(λ):

( )

Tc λ,t =

( )

(

OCeff λ,t × Tc λ,t = 0
100%

) +T
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c

where a′ is a multiplying factor that establishes the
magnitude of µs at 500 nm, λ is the wavelength (nm),
fRay is the Rayleigh scattering fraction and bMie
represents the decreasing power for the Mie scattering
component [41].
After obtaining the optimal curve for µs(λ) through
Eq. (4), with appropriate estimated values for a′, fRay
and bMie, we subtracted it to µt(λ) to obtain µa(λ).
III. After obtaining the wavelength dependence for
µa, we could calculate the dispersion for the colorectal
muscle. Refs. [42–43] describe a set of transformation
relations to obtain the real and imaginary parts of the RI
from the optical properties of a medium. Such relations
are known as the Kramers-Kronig (K-K) relations. The
relation to calculate the real part of the RI, which is the
one we need, is described as [42–43]:

(λ,t = 0). (2)

( )

nmuscle λ = 1+
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where Λ represents the integrating variable over a
wavelength spectral range under consideration and λ is
a fixed wavelength in that range that can be tuned for
better adjustment of the calculated dispersion. κ(λ)
represents the imaginary part of the RI, which can also
be calculated by another K-K relation [42–43], or in a
simpler way if we have µa(λ) [42]:

( )

κ λ =

λ
µ λ .
4π a

( )

( )

ndry λ =

( )

Once we have obtained all the necessary optical
properties for the native muscle and the kinetics
measurements for thickness and Tc during the
treatments, we could calculate the RI kinetics for the
colorectal muscle and for its ISF, according to a model
described in literature [39, 44–46].
Such model considers that for short-time treatments
the OCA will only partially replace the interstitial water,
without any interaction with the scatterers, meaning that
the scatterers will keep their hydration, RI and absolute
volume [45]. Due to this fact, the RI of tissue scatterers
(nscat(λ)), which remains unchanged during treatment,
needs to be calculated. Such calculation was previously
made [44], based on experimental RI data obtained at
wavelengths within the visible-NIR range. To get more
realistic data that accounts for the wide spectral range
between 200 and 1000 nm, we performed a simple
calculation. The ISF is known to be composed mainly
by water and some dissolved salts, proteins and
minerals [2, 45, 47–48]. This way, the wavelength
dependence for its RI (nISF(λ)), can be described as a
combination of the dispersions of water (nH2O(λ)) and
dry matter (completely dehydrated muscle, ndry(λ)),
through the Gladstone and Dale equation [39, 44–47,
49–54]:

( )

( )

nISF λ = f H O × nH O λ + f dry × ndry λ ;
2

f H O + f dry = 1.

( ),

nmuscle λ − f H O × nH O λ
2

2

1− f H O

(6)

2.4 Calculation of tissue dispersion kinetics

2

obtain ndry(λ). Assuming that the total water content in
colorectal muscle is 73%, which is a similar value to the
total water in neighbor tissues of the colorectal wall
[46], we used the Gladstone and Dale equation to
calculate ndry(λ):
(8)

2

Since we have already calculated µa(λ), we used it in
Eq. (6) to obtain κ(λ) for the range between 200 and
1000 nm, which was then used in Eq. (5) to calculate
nmuscle(λ) for the same range. To check the accuracy of
this calculation, we compared nmuscle(λ) with the
previous dispersion that we have calculated form direct
RI measurements at different wavelengths in the visibleNIR range [44]. Both curves matched perfectly in the
visible-NIR range, showing differences only in the UV
range, where significant absorption bands occur and
where we had no experimental RI data to use in the
previous estimation. Such agreement indicates that the
dispersion estimation from K-K relations is good and
more precise in the UV range.

( )
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where fH2O was replaced by 0.73, nmuscle(λ) was
calculated by Eq. (5) and nH2O(λ) represents the water
dispersion between 200 and 1000 nm as reported for
20 ºC [55].
Finally, to obtain nscat(λ), the same equation can be
applied for the entire tissue, using the volume fractions
(VFs) for the ISF and scatterers [44]:

( )

nscat λ =

( )

( ),

nmuscle λ − f ISF × nISF λ
1− f ISF

(9)

where fISF is the VF of the ISF, 1 – fISF is the VF of
scatterers (fscat) and nISF(λ) is calculated with Eq. (7).
Since we know from previous study [44] that fISF = 0.6
and fscat = 0.4, all these calculations can be made,
ultimately depending on the values of fH2O and fdry in
Eq. (7), which are unknown. When performing
calculations with Eq. (7) we tried some combinations
for these VFs in Eq. (7) and for the combination with
fH2O = 84% and fdry = 16%, the calculated dispersions for
the ISF and scatterers matched the ones we previously
calculated based on experimental RI data in the visibleNIR range. These graphs are presented in Section 3.
The following step consisted on calculating the
kinetics for the VFs. Since the scatterers keep their
absolute volume unchanged, we started by calculating it
from the untreated sample volume (Vsample(t = 0)) [39]:

(

)

(

)

Vscat = Vsample t = 0 × f scat t = 0 cm 3 ,

(10)

where fscat(t = 0) is 0.4. The untreated sample volume
was calculated considering the sample slab-form radius
(φ = 1 cm) and thickness (d = 0.5 mm) as:

(

) (

)

Vsample t = 0 = π × 0.52 × 0.05 cm 3 .

(11)

Since Vscat does not change during treatment, but
Vsample will change, we calculated the time dependence
for fscat considering the variations in sample thickness
(d(t)) as:

()

f scat t =

(7)

Vscat

( π × 0.5 ) × d (t )
2

.

(12)

2

To perform such calculation, it was first necessary to
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Since from Gladstone and Dale law (Eq. (7)), the
sum of VFs equals 1, we could calculate fISF(t) from
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fscat(t).
The following step was to calculate the kinetics for
the RI of the ISF that occurs due to the partial
replacement of water by glycerol. Such partial
replacement and consequent variations in the VFs will
induce changes in the scatterer density (ρs) inside the
sample. Since µs is the product between the scattering
cross section (σs) and ρs [40], the following equation
must be considered to determine the time dependence
for nISF [2, 39, 44]:

( )

nISF λ,t =
=

( )

nscat λ

( ) ()
(
) ( )

( )
( )

⎛
⎛n λ
⎞ ⎞
µ s λ,t × d t
⎜
× ⎜ scat
−1⎟ + 1⎟
⎜⎝ µ s λ,t = 0 × d t = 0 ⎝ nISF λ
⎠ ⎟⎠

, (13)

where nscat(λ) is the dispersion of scatterers as calculated
by the Gladstone and Dale law (Eq. (9)), nISF(λ) is the
dispersion of the ISF in the untreated tissue (calculated
with Eq. (7)). Sample thickness for the untreated tissue
and during treatment are represented as d(t = 0) and d(t),
respectively, and µs(λ, t = 0) and µs(λ, t) are the
wavelength dependencies for the scattering coefficient
for the untreated tissue and during treatment. The
calculation of µs(λ, t = 0) was made using Eq. (4) and its
kinetics during treatment were obtained by subtracting
the unchanged µa(λ) to the kinetics of µt, which were
calculated from the thickness and Tc kinetics using
Eq. (3). All the results from these calculations are
presented in Section 3.

Fig. 1 Mean Tc spectrum of the human colorectal
muscle.
As we can see from Fig. 1, Tc is very low in the UV
range, and practically null between 200 and 300 nm.
Considering the visible-NIR range, Tc increases almost
linearly with wavelength, showing the absorption bands
at 418 nm (Soret), 540 and 570 nm (Q-bands) and
980 nm (water).
Using the sample thickness of 0.5 mm and the mean
spectrum presented in Fig. 1 in Eq. (3), we calculated
µt(λ). Using the Curve Fitting Tool on MATLABTM, we
recreated µs(λ) that better suits the calculated µt(λ). In
this estimation for µs(λ), we used Eq. (4). Fig. 2
presents the calculated curves for µt(λ) and µs(λ).

3 Results and discussion
Considering the various experimental steps described in
Section 2, we will present sequential results in this
section, starting with the experimental data and
calculation of the optical properties for the untreated
muscle in Sub-section 3.1. The results that correspond
to the OC-induced variations will be presented in Subsection 3.2

3.1 Tc measurements and calculated optical
properties for the natural muscle
As indicated in Section 2, we have recently used 10
colorectal muscle samples to acquire precise Tc spectra
that show well-defined absorption bands for
hemoglobin. Such accuracy and spectral quality
depends on the blood content of the samples, which
sometimes is low. Figure 1 presents the mean Tc
spectrum for the human colorectal muscle that resulted
from these measurements. The error bars in Fig. 1
represent the SD obtained from the 10 measurements.
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Fig. 2 Calculated µt(λ) and estimated µs(λ) for the
native colorectal muscle.
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−4
⎛
⎛
⎞
λ
−5
µ s λ = 84.41× ⎜ 3.371×10 × ⎜
+
⎜⎝
⎝ 500(nm) ⎟⎠

dispersions are presented in Fig. 5, where the smooth
dispersions, previously obtained [44], are also
represented for comparison.

( )

(

+ 1− 3.371×10 −5

)

⎛
⎞
λ
×⎜
⎝ 500(nm) ⎟⎠

−0.5446

⎞
⎟,
⎟⎠
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(14)

As we can see from Fig. 2, µs(λ) was constructed to
be a little lower than µt(λ), so that the difference
between the two represents µa(λ). After calculating such
difference, we obtained µa(λ), which is presented in
Fig. 3.

Fig. 4 Colorectal muscle dispersion curves.

Fig. 3 µa(λ) for the native colorectal muscle.
The calculated µa(λ) presents the typical wavelength
dependence for biological tissues and contains precise
information about the main absorbers in the muscle.
Fig. 3 shows the absorption band of DNA (260 nm), the
Soret band (418 nm), the Q- bands (540 and 570 nm)
and the absorption band of water (980 nm). With such
detail in µa(λ) we see that the calculation through the
BBL equation is precise, in opposition to traditional
estimation methods, such as the inverse AddingDoubling method, which is not able to detect absorption
bands in the spectral range where scattering is strong
(UV range) [31].
Using the data in Fig. 3, the muscle dispersion was
calculated through K-K relations (Eqs. (5) and (6)). The
result of this calculation and the previous smooth
dispersion, which was calculated from experimental RI
measurements in the visible-NIR range [44], are
presented in Fig. 4 for comparison.
Both curves presented in Fig. 4 show good
agreement in the visible-NIR range, but the one
estimated through K-K relations provides more
information, since it contains the spectral signatures of
the major absorbers in the muscle. This curve was
selected for further calculations.
The following step was to calculate the dispersions
for the ISF and scatterers in the muscle. Such
calculation procedure was made using Eqs. (7) to (9)
and as described in Sub-section 2.4. The resulting
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Fig. 5 Dispersion curves for the colorectal muscle and
its components.
We can see from Fig. 5 that for the visible-NIR
range, the dispersions calculated based on K-K relations
have good agreement with their smooth correspondents.
Such agreement indicates that such estimation for the
dispersions of the ISF and scatterers is good and it
provides more information about the spectral signatures
that each dispersion has. As example, the K-K
calculated dispersion for the ISF shows that ISF also
contains some DNA and hemoglobin molecules – peaks
at 260 and 418 nm. The content of these molecules is
much stronger in scatterers, as expected, as seen by the
magnitude of the peaks in the top dispersion in Fig. 5.
After obtaining the wavelength dependence for the
optical properties that are necessary to calculate the
dispersion kinetics, we will now present the results of
such calculations.
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3.2 Calculation of dispersion kinetics
After reconstructing the Tc spectra for all treatments
from the OC efficiency data published in Ref. [37] and
the mean Tc spectrum presented in Fig. 1, we initiated
the calculations to obtain the dispersion kinetics.
The first step of this calculation was to obtain the
kinetics for the VFs in each treatment. To perform such
calculations, we used the mean thickness kinetics (mean
of 3 studies for each treatment), presented in Fig. 6.

(a)

Fig. 6 Mean thickness kinetics during the treatments
with 20%-glycerol, 40%-glycerol and 60%-glycerol.
The curves presented in Fig. 6 are smooth splines
that were adjusted to the discrete experimental thickness
data for each treatment. According to these curves, all
treatments show a strong initial decrease of sample
thickness, which is evidence of the fast dehydration
mechanism. The magnitude of such thickness decrease
rises with the glycerol concentration in the treating
solution. After the initial thickness decrease, we see a
smooth increase in sample thickness that lasts for
different time intervals for each treatment. Such smooth
increase is evidence of the OCA flux into the interstitial
locations of the muscle to perform the RI matching
mechanism. After that smooth increase, thickness
stabilizes, showing that the effective net flux between
the tissue and the treating solution has ended.
The mean data for each treatment in Fig. 6 was used
in Eq. (12) to calculate fscat(t), which through the
Gladstone and Dale law (Eq. (7)) allowed to calculate
fISF(t). The time dependence for the VFs in each
treatment are presented in Fig. 7.
The graphs in Fig. 7 show that the major changes in
the VFs occur within the first 5 min of treatment. The
magnitude of these variations increases with the
concentration of glycerol in the treatment solution and
for the treatment with 60%-glycerol it indicates that
fscat(t) grows above fISF(t).
The calculated kinetics for the Tc spectra in each
treatment also shows increasing behavior, as we can see
from Fig. 8.

J of Biomedical Photonics & Eng 6(2)

(b)

(c)
Fig. 7 Kinetics for the VFs for the treatments with:
20%-glycerol (a), 40%-glycerol (b) and 60%-glycerol
(c).
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To calculate the time dependence for µt(λ) in the
three treatments, we used the thickness kinetics data
from Fig. 6 and the Tc kinetics data from Fig. 8 in the
BBL equation (Eq. (3)). Fig. 9 presents such kinetics
between 200 and 1000 nm.

(a)
(a)

(b)
(b)

(c)
(c)
Fig. 8 Spectral Tc kinetics for colorectal muscle during
treatments with: 20%-glycerol (a), 40%-glycerol (b) and
60%-glycerol (c).

J of Biomedical Photonics & Eng 6(2)

Fig. 9 Kinetics of µt(λ) for the treatments with: 20%glycerol (a), 40%-glycerol (b) and 60%-glycerol (c).
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All graphs in Fig. 9 show a fast increase in µt(λ, t) at
the beginning of the treatment, followed by a smooth
decrease. Such behavior is observed for the entire
spectral range, but with higher magnitude in the UV.
The magnitude of these variations also grows from
treatment to treatment with the increase of glycerol
concentration in the treating solution.

doi: 10.18287/JBPE20.06.020307

By subtracting the unchanged µa(λ) (presented in
Fig. 3) to µt(λ, t), we obtained µs(λ, t). Those graphs are
presented in Fig. 10.

(a)

(a)

(b)

(b)

(c)
Fig. 11 Kinetics of nISF(λ) for the treatments with: 20%glycerol (a), 40%-glycerol (b) and 60%-glycerol (c).

(c)
Fig. 10 Kinetics of µs(λ) for the treatments with: 20%glycerol (a), 40%-glycerol (b) and 60%-glycerol (c).
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Similarly to what was observed in the kinetics of
µt(λ), µs(λ,t) also shows a fast increase at the beginning
of the treatment, which indicates the approach of tissue
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scatterers as a result of dehydration. Such increase is
followed by a smooth decrease as a result of the RI
matching mechanism. Once again the magnitude of
these variations grows with the glycerol concentration
in the treating solution. For the treatments with 40%and 60%-glycerol we see that these variations also occur
for the wavelengths that correspond to the hemoglobin
bands, with the later treatment showing the highest
magnitude for these variations. Due to the presence of
the absorption bands of proteins (200–230 nm) and
DNA (260 nm), if we consider a particular time of
treatment, no smooth decay is observed for the µs(λ).
Using the dispersion of scatterers (top curve in
Fig. 5), the thickness kinetics data in Fig. 6 and the
kinetics for µs(λ) in graphs of Fig. 10 in Eq. (13), the
time dependence for nISF(λ) was calculated for the three
treatments. Fig. 11 presents the results of this
calculation.
As a result of the partial replacement of water by
glycerol in the interstitial locations, the average RI of
the ISF increases during treatment. According to all
graphs in Fig. 11, such RI matching is stronger in the
UV range, as expected, especially for wavelengths
between 200 and 320 nm (red and orange areas). A
comparison between the graphs in Fig. 11 shows that
such RI matching in the UV presents a growing
magnitude with increasing glycerol concentration in the
treating solution. Such information is important for the
development of future diagnostic/treatment procedures
that will work at UV wavelengths.
Finally, combining the scatterers dispersion in Fig. 5
with the data in the three graphs of Fig. 11 in the
Gladstone and Dale law (Eq. (7)), we have calculated
the RI kinetics for the whole muscle. The resulting
graphs of this calculation are presented in Fig. 12.
The kinetics presented in graphs of Fig. 12 are
similar to the ones presented in graphs of Fig. 11, but
now showing three clear stages: the dehydration
mechanism is observed with the strong increase within
the first min; a transition between the dehydration and
RI matching mechanisms is observed in the following 3
min; and the RI matching mechanism dominates in the
remaining 26 min. These graphs are clearer in showing
that the magnitude in the RI increase is higher in the UV
range and that such magnitude grows with increasing
glycerol concentration in the treating solutions. Similar
kinetics is seen for the absorption bands of proteins
(200 nm), DNA (260 nm) and hemoglobin (418, 540,
and 570 nm), meaning that the fraction of these
biological molecules that were dissolved in the ISF are
also subject of clearing.

glycerol, where the water content was higher (20%glycerol), equal (40%-glycerol) or smaller (60%glycerol) than the mobile water content in the muscle.
As part of the calculations, the kinetics for µs(λ) were
also obtained, showing a decrease over the time of
treatment as a result of the RI matching mechanism (see
Fig. 11).

(a)

(b)

4 Conclusion

(c)

The RI kinetics of human colorectal muscle were
calculated based only on thickness and Tc measurements
made during OC treatments with different glycerol
osmolarities. To evaluate the RI matching mechanism
between 200 and 1000 nm, the three treatments used in
this study were performed with aqueous solutions of
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Fig. 12 Kinetics of nmuscle(λ) for the treatments with:
20%-glycerol (a), 40%-glycerol (b) and 60%-glycerol
(c).
It was observed that the smooth decreasing
wavelength dependence was kept unchanged in all
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treatments for s, nISF and nmuscle between ~270 and
1000 nm. For shorter wavelengths, no smooth decrease
wavelength dependence was observed during treatments
due to the presence of the absorption bands of proteins
and DNA. The kinetics observed in this wavelength
range for s and nISF are also slightly different than what
was observed for higher wavelengths, which indicates
that glycerol has dissolved protein and DNA molecules
located in the ISF. Increase in nISF and nmuscle at 418,
540, and 570 nm, especially for the treatments with
40%-glycerol and 60%-glycerol, shows that some
hemoglobin in the ISF might also be cleared.
Considering the visible-NIR range and the treatment
with 40%-glycerol, the kinetics of nISF presented the
expected smooth-increasing time dependence, which
indicates the unique glycerol flux into the interstitial
locations as a result of the water balance between the
solution and the mobile water in the muscle. For the
other treatments, such time dependence also shows a
global increase, but not with smooth kinetics due to the
water unbalance between tissue and treating solution.
A comparison between the UV and visible-NIR
ranges shows that the magnitude of the RI matching is

doi: 10.18287/JBPE20.06.020307

higher in the UV and that such magnitude rises with the
increase of glycerol in the treating solution.
Such results proof that native tissues have stronger
light scattering properties in the UV range and that OC
treatments through the RI matching mechanism are an
effective way to reduce such scattering. Such
information in conjunction with the discovery of two
OC-induced windows in the UV range [37], opens the
possibility to develop new diagnostic and treatment
procedures with the use of UV light.
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