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Optical immersion clearing is a technique that has been widely studied for more than two
decades and that is used to originate a temporary transparency e®ect in biological tissues. If
applied in cooperation with clinical methods it provides optimization of diagnosis and treatment
procedures. This technique turns biological tissues more transparent through two main
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mechanisms — tissue dehydration and refractive index (RI) matching between tissue compo-
nents. Such matching is obtained by partial replacement of interstitial water by a biocompatible
agent that presents higher RI and it can be completely reversible by natural rehydration in vivo
or by assisted rehydration in ex vivo tissues. Experimental data to characterize and discriminate
between the two mechanisms and to ¯nd new ones are necessary. Using a simple method, based
on collimated transmittance and thickness measurements made from muscle samples under
treatment, we have estimated the di®usion properties of glucose, ethylene glycol (EG) and water
that were used to perform such characterization and discrimination. Comparing these properties
with data from literature that characterize their di®usion in water we have observed that muscle
cell membrane permeability limits agent and water di®usion in the muscle. The same experi-
mental data has allowed to calculate the optical clearing (OC) e±ciency and make an inter-
pretation of the internal changes that occurred in muscle during the treatments. The same
methodology can now be used to perform similar studies with other agents and in other tissues in
order to solve engineering problems at design of inexpensive and robust technologies for a
considerable improvement of optical tomographic techniques with better contrast and in-depth
imaging.

Keywords: Collimated transmittance; agent di®usivity; tissue dehydration; thickness variation;
refractive index matching; glucose; ethylene glycol.

1. Introduction and Basic Concept

Strong light scattering in most biological tissues
limit the application of optical techniques in clinical
practice.1 The refractive index (RI) mismatch be-
tween tissue components originates high scattering
coe±cients in the visible and NIR spectral ran-
ges.1–6 Such high scattering creates power loss in a
light beam and limits depth reaching at the area of
interest. Considering imaging techniques as an ex-
ample, low contrast images, obtained from low tis-
sue depths are produced as a consequence of high
scattering.7,8

The optical immersion clearing technique was
proposed to overcome this biological limitation.9

This technique is currently applied to minimize the
RI mismatch in many biological tissues, since it
provides a decrease in the scattering coe±cient and
an increase in the scattering anisotropy factor,
turning the tissues more transparent. It shows great
potential to be used in clinical applications. The
temporary and reversible tissue transparency allows
for reaching deeper tissue layers with reduced beam
power loss and minimized beam distortion relative
to the natural tissue. Stimulated tissue dehydration
(dehydration mechanism) begins as the tissue is
immersed in an aqueous solution containing a bio-
compatible agent. The water that leaves the inter-
stitial °uid (ISF) of the tissue to the outside is
replaced by the agent that °ows in from the
immersing solution (RI matching mechanism). The

agent has a higher RI, better matched to the RI of
the other tissue components.1,10–15 Recent research
has demonstrated that this technique is completely
reversible and can be used in vivo in cooperation
with imaging methods. Some examples are speckle
methods to monitor blood °ow in dermis or cortical
tissues,16 optical coherence tomography (OCT)17 or
second harmonic generation (SHG) imaging to
improve tissue depth and resolution.18

As already indicated above, the two main
mechanisms of optical clearing (OC) are designated
as tissue dehydration and RI matching.1,6,11,15,19–23

Considering in vitro treatments, as the tissue is
immersed in the clearing solution, the OC agent
(OCA) creates an osmotic pressure over the tissue
and stimulates a water displacement towards out-
side. This dehydration mechanism creates sample
shrinkage (lesser sample thickness) and thus more
compact and better scatter ordering inside.1,6,15 The
scattering and absorption coe±cients are conse-
quently increased, but due to the smaller sample
thickness and constructive interference of the scat-
tered waves in the propagation direction of the
incident beam, the sample becomes more transpar-
ent.6 With the partial loss of water, it turns easier
for the OCA molecules to enter the tissue and place
themselves in the interstitial locations, close to the
scatterers. Since the RI of OCA is higher than the
RI of water, the OCA inclusion in the tissue pro-
vides the RI matching mechanism.15,24 An increase
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in tissue transparency is achieved11 and better
contrast images can be obtained from deeper layers
inside the tissue.7

Many studies with di®erent kinds of tissues and
OCAs like glycerol,25,26 glucose11,27 or dimethyl
sulfoxide14 have been made in the last two decades.
Some of this research had the objective of clarifying
and characterizing the OC mechanisms. The dehy-
dration mechanism in particular, has been widely
investigated using di®erent techniques that involves
mechanical and temperature variation methods to
remove water from tissue area under study.11,28–31

These studies reported that the water loss provides
a greater tissue transparency through the combi-
nation of the smaller sample thickness and the
better ordering of scatterers.

Good results were also obtained in studies of the
RI matching mechanism. Di®erent clearing poten-
tials have been observed for di®erent concentrations
and osmolarities of some particular OCAs tested in
skin.19 Altered permeability of tissues was also
studied to evaluate and optimize the OC mecha-
nism.32 These studies have demonstrated that ar-
ti¯cially enhanced permeability of tissues leads to
di®erent time dependencies for both mechanisms.
Quantitative characterization of the OC mechan-
isms has been tried by measuring optical transmit-
tance and re°ectance from porcine skin samples.29

Similar studies have demonstrated that di®erent
OCA di®usion enhancers (alcohols) provide signi¯-
cant transmittance increase in porcine skin sam-
ples.33 Sample thickness was also measured in these
studies before and after the treatment, showing a
small global variation. Other techniques, such as
multiphoton microscopy, have also been used to
obtain SHG images from ex vivo skin samples under
treatment with glycerol solutions. It was observed
in these studies the occurrence of collagen dissoci-
ation in the extracellular skin matrix.34 It was also
seen that collagen reassembly can be obtained in
post treated samples if rehydrated in saline to wash
out glycerol from skin. Other group has also studied
the reversibility of protein dissociation to evaluate
the OC potential of OCAs such as ethylene glycol
(EG), sorbitol or glycerol.35 This study has dem-
onstrated that the OC potential of an OCA is di-
rectly related to its protein solubility capability.
This group found that hyperosmolarity of an OCA
relative to tissue forces sample dehydration. In
particular, hydrogen bond bridge formation dis-
rupts the collagen hydration layer and facilitates

water replacement by the OCA to perform RI
matching.36In vivo studies were also performed in
dorsal rat skin to evaluate OC, OC mechanisms and
protein dissociation.37 These studies have demon-
strated that no collagen ¯bers were dissociated or
fractured at used OCA concentrations. They have
showed instead that skin thickness and collagen
diameter have decreased as a result of water loss.
Another recent study has used a time-lapse multi-
photon microscopy technique to elucidate about OC
mechanisms.38 Using high concentrated glycerol
solutions this group has observed that collagen
samples have ¯rst su®ered fast dehydration and
shrinkage and that glycerol penetration was slower
than dehydration and accompanied with sample
swelling.

With the exception of protein dissociation seen in
some ex vivo studies, it was always observed that
sample dehydration and RI matching mechanisms
cooperate as the main driving forces to create the
OC e®ect. Knowing the main OC mechanisms, it is
important to individualize them by establishing a
quantitative and descriptive characterization for
each one. A particular method described in litera-
ture6 to obtain such individual characterization of
OC mechanisms is based on collimated transmit-
tance (Tc) and thickness measurements from ex vivo
samples under treatment with OCAs.

Using the theory described in literature,6 we have
performed Tc and thickness measurements from
muscle samples under treatment with glucose and
EG and obtained the di®usion properties of these
OCAs and water during OC.15,23 Using the time
dependence of those measurements and additional
data obtained in those studies we develop in this
paper a characterization of the OC mechanisms.

In Sec. 2, we present the materials and methods
used in our experimental studies, including tissue
samples and OCA selection and preparation. Sec-
tion 3 contains the calculations and discussion of
obtained results, the characterization of mechan-
isms and OC e±ciency as a function of time of
treatment. Section 4 presents the conclusions and
future perspectives for continuing this line of
research.

2. Materials and Methods

Since the experimental measuring methodology is
the same that we have followed in our previous
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studies,15,23 we will use this section to make a brief
description about the materials used and to describe
in detail the calculation procedure that was adopted
to obtain the results that characterize the OC
mechanisms and OC e±ciency.

2.1. Muscle samples

Skeletal muscle is a ¯brous tissue that can be
grossly described as a collection of protein ¯ber
chains distributed through the muscle cell cyto-
plasm (named sarcoplasm) and ISF in-between
the muscle cells.39–41 This simpli¯ed internal de-
scription of the muscle indicates that light is
strongly scattered inside due to the RI mismatch
between sarcoplasm, mitochondria and protein
¯bers and between IF and muscle cells.42 For
wavelengths between 600 nm and 800 nm, litera-
ture indicates that the scattering coe±cient of
skeletal muscle can be dozens of times higher
than the absorption coe±cient.39 Considering this
characteristic, we have selected the abdominal
wall muscle from the Wistar Han rat to use in
our studies. By selecting the abdominal wall
muscle, we can retrieve several samples from a
single animal sacri¯ce. In our study, we have
used a population of four animals, all adults with
ages between 12 weeks and 16 weeks and weights
between 450 gm and 500 gm.

In each study, after animal sacri¯ce, the muscle
samples were sliced from the abdominal wall muscle
block with a cryostat (model HM560 from Thermo
Scienti¯cTM, with slicing precision of 50�m for
samples with 500�m). By using all samples from a
single animal in a study, maximum physiological
similarity between samples was guaranteed. All
samples were prepared with circular-slab form with
500�m thickness and a diameter of approximately
10mm.

To perform thickness measurements during OC
treatments with the glucose and EG solutions in
di®erent concentrations, we have used bovine
muscle samples, also from the abdominal wall area.
These samples were prepared with same geometry.
Bovine muscle is similar to rat muscle, but has
di®erent water contents: 0.709–0.741 for bovine
muscle43 and 0.756 for rat muscle.44 The results
obtained for both muscle samples under treatment
with 40% glucose are very similar, indicating same
type of response during OC treatments.

2.2. OCAs

Considering our previous experience,45 we have se-
lected glucose and EG to perform our experimental
studies. We had previously observed that an aque-
ous solution of 40% glucose had good and smooth
di®usion in the muscle for a 30min treatment and
that 99% EG induces a two-stage di®usion and two-
stage saturation regimes in the same time period.45

The fact that 40% glucose shows a smooth di®usion
in a period of 30min indicates an optimized di®u-
sion and consequent equilibrium between tissue
free-water and solution water content. The two-
stage di®usion of EG gives the idea that this OCA
might produce some signi¯cant thickness variations
in the muscle. Since we wanted to discriminate the
two OC mechanisms and identify possible sample
changes, we have selected these two OCAs to use in
our studies. Considering the smooth di®usion of
40% glucose in the muscle, we have selected the
following OCA concentrations for glucose and EG:
20%, 25%, 30%, 35%, 40%, 45%, 50%, 55% and
60%. Due to glucose solubility in water, the glucose-
water solution with the highest glucose concentra-
tion that could be prepared was 54% glucose. To
prepare these various solutions we have used
Eqs. (1) in Ref. 15 and (2) in Refs. 6 and 39 to
calculate the RI of EG and glucose solutions at
20�C and for the wavelength of 589.6 nm (reference
wavelength of the Abbe refractometer):

nEGw ¼ 1:3326þ 0:001� CEG; ð1Þ

nglw ¼ 1:313848þ 6:662

�� 129:2
þ 1:515� 10�6 � Cgl:

ð2Þ
In the above two equations, CEG and Cgl represent
the EG and glucose concentration in the aqueous
solution at 20�C, respectively. EG solutions were
prepared by diluting 99% EG commercially avail-
able in distilled water and controlling solution's RI
in the Abbe refractometer.15 For glucose solutions,
glucose powder was diluted in distilled water and
solution's RI was also controlled with the Abbe
refractometer.

2.3. Experimental methodology and

calculation procedure

The experimental and calculated data in this
study were obtained both from Tc and thickness
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experimental measurements made from natural
samples and during treatments with di®erent solu-
tions of glucose and EG. Optical Tc measurements
were obtained with the experimental assembly
presented in Fig. 1 and the measuring methodology
with this assembly is the same described in our
previous publications.15,23

Considering the setup presented in Fig. 1, a light
beam from a tungsten-halogen lamp is delivered to
the lower part of the assembly by an optical ¯ber
cable and collimating lens (� ¼ 6mm). An aperture
reduces the beam diameter to 3mm, before crossing
the lower supporting glass. Between the lower glass
and the sample there is a pinhole to reduce beam
diameter to 1mm. After crossing the sample, the
transmitted beam enters the collecting optics sup-
port through a central pinhole, also with a diameter
of 1mm. Such transmitted beam is coupled into an
optical ¯ber through a converging lens, to be de-
livered to the spectrometer. Both optical ¯bers have
a core diameter of 600�m. Spectra are produced
between 400 nm and 1000 nm.15

Measurements with the assembly presented in
Fig. 1 were made from natural and under treatment

muscle samples. During treatments, the sample is
kept immersed in the solution, which is maintained
in the sample chamber by the lower glass and lateral
walls (see Fig. 1). Treatment measurements are
initiated as the solution enters the chamber and are
maintained at a constant rate during 30min.

For each particular measurement of natural or
under treatment sample, the Tc spectra are calcu-
lated from the reference (Stcð�ÞÞ and collimated
transmitted spectra acquired from the sample
(Ttcð�; tÞÞ:

Tcð�; tÞ ¼
Ttcð�; tÞ
Stcð�Þ

: ð3Þ

Once these calculations were made for the natural
sample state and various times of a particular
treatment, we have calculated the time dependen-
cies of Tc for a collection of wavelengths to evaluate
how Tc evolves during treatment. Mean Tc time
dependencies were calculated from the three sets of
measurements for the treatments with 40% glucose
and 99% EG. For the treatments with other con-
centrations of glucose and EG, Tc time-dependency
was calculated from a single set of measurements.

Fig. 1. Collimated transmittance measuring assembly.
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As we have already indicated above for the skeletal
muscle, the scattering coe±cient is much higher
than the absorption coe±cient between 600 nm and
800 nm. For this reason, we have selected the Tc

time dependencies for individual wavelengths inside
this spectral band to proceed with further
calculations.

In each treatment, we have identi¯ed the begin-
ning of the saturation regime in the selected time
dependencies and neglected the remaining Tc data
from that time until the end of treatment. Such
procedure was adopted, since after the beginning of
the saturation regime no active °ux corresponding
to one of the OC mechanisms remains active. For
each wavelength within a particular treatment, the
time dependency delimited by the beginning of the
saturation regime was ¯rst vertically displaced to
have Tc ¼ 0 at t ¼ 0 (natural tissue). The displaced
data was then normalized to its highest value,
obtaining a set of Tc values for each wavelength that
varies between zero and unity.

Literature1,6,15,39,46–48 indicates that if the vol-
ume of solutions used is 10� higher than sample
volume, OCA di®usion into the sample occurs
through both slab surfaces during treatment and
the averaged OCA concentration Ca(t) that is lo-
cated within the slab sample along a probing light
beam (axis xÞ at a particular time t, is given by:

CaðtÞ ¼
1

d

Z d

0

Caðx; tÞdx ffi Ca0 1� exp � t

�

� �� �
;

ð4Þ
where Ca0 is the OCA concentration in the treating
solution and � is the characteristic di®usion time.

Equation (4) establishes a relation between the
time dependence of OCA concentration inside the
tissue sample and the characteristic di®usion time
of the OCA within the sample.23 It can also be used
to mimic the OCA concentration inside the sample
with the acquired Tc measurements.

The various displaced and normalized datasets
that correspond to each wavelength were then ¯tted
with a curve that is obtained from Eq. (4), but
rearranged as:

Tcð�; tÞ ¼
CaðtÞ
Ca0

ffi 1� exp � t

�

� �� �
: ð5Þ

When performing these ¯ttings, we have obtained
a � value for each wavelength. The mean and
standard deviation (SD) of � were calculated from

the nine values obtained for each treatment. We
have used these mean values to represent them
graphically as a function of OCA concentration in
the immersing solution. The data points in this
graph were ¯tted with a spline to estimate the �
dependency on OCA concentration, and though
identify the values that correspond to the OC
mechanisms.

After estimating the di®usion time of OCAs and
water, the correspondent di®usion coe±cient can
also be calculated for each one. For OCA di®usion
into the tissue through both slab surfaces, litera-
ture6,9,46,47 indicates the relation between the dif-
fusion time � and the di®usion coe±cient Da as:

Da ¼
d2

�2�
: ð6Þ

As we can see from Eq. (6), to calculate the di®usion
coe±cient, sample thickness d is necessary. To
proceed with these calculations, we needed the
thickness values of the sample at some particular
times of treatment. To obtain the necessary sample
thickness values to use in the calculation of the
di®usion coe±cients and also to correlate thickness
variation along the treatments with Tc data to
identify internal changes, we have performed
thickness measurements of the samples during the
treatments with both OCAs.

Thickness measurements during the treatments
were made by inserting the muscle sample in-
between two microscope glasses and measuring the
global thickness of this sandwich. Sample thickness
was obtained by subtracting the glasses thickness to
the global measurements. First, we have measured
natural sample's thickness and after that we have
injected the immersing solution in-between the mi-
croscope glasses to initiate treatment and corre-
sponding measurements. To comply with the Tc

measurements, we have also used a volume for the
solution 10� greater than the sample volume.
Measurements were made very smoothly to avoid
undesirable sample compression and to obtain
thickness values as true as possible. Three thickness
measurement studies were made for each of the
treatments with 40% glucose and 99% EG and
mean values were calculated for a 30min treatment.
For the other treatments, bovine muscle samples
were used and a single set of measurements was
made in each case. All experimental studies re-
garding Tc and thickness measurements were per-
formed at 20�C.
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Both the di®usion time and the di®usion coe±-
cient are characteristic to a particular OCA di®u-
sion inside a speci¯c tissue or/and water di®usion
outside. Their determination allows characterizing
and discriminating between the RI matching/de-
hydration mechanisms for any tissue/OCA treat-
ment combination.

To perform a more complete characterization of
the OC treatments performed, the originally mea-
sured Tc time dependence data was also used to
obtain OC e±ciency. Such calculations were made
using Eq. (7) for wavelengths between 400 nm and
1000 nm:

OCefficiencyð�; tÞ ¼
Tcð�; tÞ � Tcð�; t ¼ 0Þ

Tcð�; t ¼ 0Þ � 100%:

ð7Þ
To ¯nalize our calculations, once the di®usion co-
e±cient is known for glucose, EG and water, we can
calculate the correspondent viscosity values for
these liquids in the muscle. Since the di®usion of
OCAs in muscle tissue can be fairly approximated
to °uid di®usion in another °uid, we can use the
Stokes–Einstein equation to calculate viscosity49:

� ¼ kBT

6�Dr
: ð8Þ

In Eq. (8), � represents the liquid's dynamic vis-
cosity in Kg/(m.s), kB represents Boltzmann's
constant with a value of 1:3807 � 10�23 J/K; T is
the working temperature in K, D is the di®usion
coe±cient of the liquid and r is its Stokes radius.49

The results from our studies and calculations are
presented in Sec. 3.

3. Results and Discussion

In this section, we will present our experimental
results, calculations and discussion. Since we have
obtained various and diverse results from the Tc and
thickness measurements performed along the OC
treatments, we will use the following three sub-
sections to present these results according to each
particular subject. In Sec. 3.1, we will present the
results obtained for the di®usion and viscosity of
glucose, EG and water in the muscle. Section 3.2
will present the results regarding OC e±ciency as a
function of agent concentration in the immersing
solution. Finally, in Sec. 3.3, we will interpret the
OC treatments created in muscle by 40% glucose

and 99% EG, based on the measurements performed
and results obtained.

3.1. Di®usion and viscosity properties
of °uids in the muscle

Using the Tc measuring assembly presented in
Fig. 1, we have acquired Tc spectra from several
natural samples and during the treatments with
glucose and EG solutions. Figure 2 presents the
mean spectrum of 15 natural muscle samples for
visible and near infrared wavelengths:

The increasing behavior of SD with wavelength
presented in Fig. 2 is a result of measurements
obtained from muscle samples that were collected
from di®erent animals and due to di®erent physi-
ology could be more or less transparent at longer
wavelengths.

Considering the various treatments performed
with glucose and EG solutions, similar measure-
ments were made from the samples along a treat-
ment period of 30min. For the treatments with 40%
glucose and 99% EG, three sets of measurements
were made, while for the other treatments a single
set of measurements was made. For each particular
treatment, we have considered the spectra mea-
sured in natural state and during treatment and
calculated the time dependence of Tc for several
wavelengths as a result of the immersion treatment.
Figure 3 presents some time dependencies obtained
from treatments with glucose solutions:

The wavelengths considered in graphs of Fig. 3
belong to the band between 600 nm and 800 nm.
This band was considered since it is the one

Wavelength ( )

350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

M
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0.7
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0.9
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Fig. 2. Collimated transmittance spectrum of rat skeletal
muscle (mean of 15 samples; sample thickness ¼ 500 � 50�m).
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where the muscle presents more light scattering in
comparison to absorption as we have already
mentioned.3,4

Figure 3 shows that for treatments with glucose
concentrations below 40%, the initial increase in Tc,
before occurrence of saturation is strong and fast.
These treatments show a slight decrease in Tc after
saturation regime is achieved. This fact indicates
that both mechanisms occur during the initial stage
of OC. We also see from graphs (a) and (b) of Fig. 3
that saturation is reached earlier for the treatment
with 20% glucose, meaning that higher concentrated
solutions induce a longer-period of glucose di®usion
into the muscle. The magnitude of the decrease in Tc

observed during saturation is also stronger in the
treatment with 20% glucose than in the treatment
with 30% glucose. The decrease in Tc observed at
later treatment with low concentrated solutions
indicates that some water back °ux may occur at
this later stage of treatment due to the unbalance
between solution water and tissue free water.

For the treatment with 40% glucose, we do not
see any decrease in Tc. In e®ect, after approximately
15min of treatment, Tc is increasing very slowly.
This means that for this particular treatment, glu-
cose continues to di®use into the muscle until the
end of treatment.

The treatment with 54% glucose also shows an
initial and fast increase in Tc but with signi¯cantly
smaller magnitude than previous cases, indicating
that the dehydration mechanism of OC dominates
for such high concentrations. For this treatment, we
see a very stable saturation regime, which indicates
no e®ective water or OCA °ux at this later stage of
treatment.

Similar results for low, intermediate and high
OCA concentrations in the immersing solution were
obtained in the study with EG.15

As part of the di®usion study, by analyzing the
graphs of Fig. 3 and others similar for the additional
treatments with glucose and EG solutions, we have
identi¯ed the beginning of the saturation regime for

(a) (b)

(c) (d)

Fig. 3. Processed raw data from Ref. 23 rescaled to have Tc ¼ 0 at t ¼ 0. Treatments with glucose: 20% (a), 30% (b), 40% (c) and
54% (d).
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each particular case. For each treatment and con-
sidering the individual datasets delimited by the
beginning of the saturation regime, we have dis-
placed them to have Tc ¼ 0 at t ¼ 0 (natural tissue),
as already represented in Fig. 3. After this vertical
displacement, each dataset was normalized to its
highest value and ¯tted with a line described by
Eq. (5). From the various ¯ttings made to each
dataset of a speci¯c treatment, we have obtained
several values for � - one for each wavelength. From
these values, we have calculated a mean di®usion
time for that particular treatment. Such procedure
was repeated for all treatments with glucose and EG
solutions and the mean di®usion time values
obtained are presented in Table 1.

A graphical representation of the data presented
in Table 1 was made for each OCA and ¯tted with a
natural spline to evaluate tendency. For both
curves, a maximum was observed for an OCA con-
centration of 40.5% in the immersing solution.15

The con¯rmation of this OCA concentration by the
two studies for di®erent agents is very important,
since maximum agent di®usion is imposed by the
equilibrium established between free water in the
tissue and water in the solution. The free water
content in the skeletal muscle of Wistar Han rat was
previously unknown, and from these results we
could calculate it as 59.5% (100% �40.5%).15 Using
this value, we can also calculate the bound water
content for the muscle. Since the total water con-
tent is reported in literature44 as 75.6%, the bound
water content is calculated as 16.1%.

The data in Table 1 also gives information about
the true di®usion time of glucose and EG molecules
and an estimation for the true di®usion time of
water in the muscle. For the optimal di®usion

concentration (40.5%), we obtain the maximal
value as the true di®usion time of glucose and EG
as: 302.9 s and 446.0 s, respectively. Maximal �
corresponds to minimal inclusion of fast water °ux
into measured value. For the treatment with 54%
glucose, we see a di®usion time of 58.4 s, which is
representative of the water di®usion time, since at
this high glucose concentration, agent di®usion is
negligible or even inexistent. Similarly, from the EG
data of Table 1, we consider the di®usion time that
corresponds to the treatment with 60% EG as the
water di®usion time in the dehydration mechanism.
Such value is 57.9 s and it is a little smaller than the
one observed for the treatment with glucose solu-
tions. These values are individualized for each
treatment, but they are very similar. Such similarity
suggests that independently of the OCA used to
create an OC e®ect on in vitro muscle samples, the
dehydration mechanism is mainly contained within
the ¯rst minute of treatment.

The di®usion coe±cients that characterize the
dehydration and RI matching mechanisms can now
be calculated from the di®usion time values pre-
sented in Table 1. To perform these calculations
using Eq. (6) we need to know the sample thickness
values at the corresponding times of each treat-
ment, so we will introduce here the thickness mea-
surements that we have performed.

Using the experimental arrangement described in
Sec. 2.3, we have made thickness measurements
from rat muscle samples under treatment with 40%
glucose and 99% EG (three sets of measurements for
each of these treatments). Similar measurements
were made once for each other treatment with bo-
vine muscle samples. Figure 4 presents these results.

The measurements made from bovine muscle
samples were performed only once to obtain a
comparison between treatments with di®erent con-
centrations of glucose and EG in solution and es-
tablish a relation between the thickness variations
observed in rat and bovine muscle.

The ¯rst result from Fig. 4 is that bovine and rat
muscle show very similar thickness variations when
treated with same solution. If we compare data from
treatments with 40% glucose from Fig. 4(a) with
data from Fig. 4(c) we see very similar values and
time-dependency. On the other hand, comparing
between various datasets in Fig. 4(c) we see that as
glucose concentration increases in solution, we ob-
tain a higher magnitude decrease in thickness at the
beginning of treatment. Such fact indicates that

Table 1. Di®usion time values obtained
for glucose and EG treatments.15,23

Glucose/EG < �glw >, s < �EGw >, s

20% 65.9 � 1.8 64.9 � 4.6
25% 72.0 � 2.0 76.5 � 5.0
30% 77.3 � 2.2 85.3 � 5.4
35% 138.3 � 4.3 179.3 � 7.9
40% 300.0 � 4.9 442.4 � 6.4
40.5% (¯tted) 302.9 446.0
45% 209.4 � 7.4 283.0 � 8.0
50% 103.6 � 7.0 128.7 � 6.8
54/55% 58.4 � 8.0 81.8 � 6.3
EG 60% — 57.9 � 5.2

OC mechanisms characterization in muscle
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higher concentrated immersing solutions provide
stronger tissue dehydration.

For the mean thickness variations presented in
Figs. 4(a) and 4(b), we have also calculated the SD
and observed that this parameter decreases with the
time of treatment. For the treatment with 40%
glucose, 3�m SD was observed at 15 s and 30 s of
treatment, decreasing after that to 1�m and
remaining constant until 19min. After that time, it
is practically null. A similar behavior was observed
for the SD in the treatment with 99% EG. At the
beginning of that treatment (15 s and 30 s), SD was
3�m. After that and until 5min, it decreases to
1�m, maintaining this value for the rest of the
treatment. The SD values are higher at the begin-
ning of treatments because of tissue compressibility
and its variation due to the OC mechanisms. As we
know, sample dehydration occurs within the ¯rst
minutes of treatment as a result of the osmotic

pressure created by the OCA in the immersing
solution.45

The graphs in Figs. 4(a) and 4(b) also indicate
the occurrence of sample dehydration at the be-
ginning of treatments. In both cases, we see that
sample thickness decreases considerably within the
¯rst two minutes. During sample dehydration, if
some excessive pressure is made over the sample
with the micrometer used in the thickness measur-
ing assembly, it will create extra sample compres-
sion that ultimately will lead to an additional
amount of water leaving the sample to the outside.
Even though we were very careful while performing
these measurements, we might have used di®erent
compression forces between studies, leading to a
high SD during the early treatment stage.

Since thickness is much smaller than super¯cial
area dimensions of the sample, the initial strong
thickness decrease seen in graphs of Figs. 4(a) and

(a) (b)

(c) (d)

Fig. 4. Thickness time dependence for: (a) rat muscle treated with 40% glucose (mean of three studies); (b) rat muscle treated with
99% EG (mean of three studies); (c) bovine muscle treated with di®erent concentrations of glucose; (d) bovine muscle treated with
di®erent concentrations of EG.
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4(b) presents considerable magnitude. In both
cases, we see that the initial decrease in sample
thickness is contained within the ¯rst minute of
treatment. This fact correlates well with the water
di®usion time values that we have estimated for the
treatments with glucose and EG from data in
Table 1.15,23 The initial strong thickness decrease
observed in both treatments indicates that due to
water loss during early stage treatment, a more
densely packed organization is obtained by muscle
¯bers (scatterers), which can eventually lead to a
temporary slight increase of scattering coe±cient
(competitive to major reduction of scattering coef-
¯cient due to RI matching).

From the graph in Fig. 4(a), we see that the
treatment with 40% glucose induces a turning point
in sample thickness at approximately 2.5min. After
that we see some increase in thickness until ap-
proximately 8min, indicating that glucose con-
tinues to °ow into the interstitial space of the
muscle tissue during this time interval. The di®u-
sion time of 302.9 s that we have obtained for glu-
cose is contained within this 8min interval. After
8min, thickness becomes stable and unchanged,
indicating the occurrence of the saturation regime
for the rest of the treatment.

For the treatment with 99% EG, we see from
Fig. 4(b) that the turning point in thickness varia-
tion occurs at 3min. Since this solution of EG is
almost pure, it is expected that the dehydration
mechanism takes more time to be completed than in
the case of the treatment with 40% glucose. Be-
tween approximately 3min and 8min of the 99%
EG treatment, thickness increases, indicating that
EG is placing itself in the interstitial locations of the
muscle. After 8min, the observed thickness behav-
ior is di®erent from the one seen for the treatment
with 40% glucose. For the treatment with 99% EG
we see a linear increase in sample thickness, which is
evidence that EG continues to °ow into the muscle
during the remaining of the treatment, but at the
expense of some sample swelling.

Using the di®usion time values and correspond-
ing sample thickness for the various treatments in
Eq. (2), we can now calculate the di®usion coe±-
cients for glucose, EG and water in the muscle. To
calculate the di®usion coe±cients of glucose and
EG, we need the thickness values measured from
muscle samples treated with 40.5% of OCA con-
centration in the immersing solution at the times
corresponding to the di®usion time values

previously obtained. Since we have not performed
treatments with solutions containing 40.5% of OCA
and due to the great proximity of this value to 40%,
we will use thickness values obtained from treat-
ments with 40% glucose and 40% EG. For the
case of glucose, we have used in Eq. (6) the
sample thickness of 0.042 cm retrieved from graph
in Fig. 4(a) and the di®usion time of 302.9 s from
Table 1 to obtain the di®usion coe±cient value of
5:9 � 10�7 cm2/s (or 5:9 � 10�11m2/s).

A similar calculation was made to obtain the
di®usion coe±cient of EG in muscle. In that calcu-
lation, we have used a thickness value of 0.045 cm
that was retrieved from the treatment with 40%
EG presented in the graph in Fig. 4(d) and the
di®usion time of 446 s presented in Table 1. The
resulting di®usion coe±cient for EG in muscle is
4:6 � 10�7 cm2/s (or 4:6 � 10�11m2/s).

Comparing both di®usion coe±cients obtained
for glucose and EG, we see that tissue matrix limits
EG di®usion into the muscle more than it limits
glucose. Such di®erence might also be connected
with the di®erence in viscosity for 40% glucose and
40% EG.

Using Eq. (8), we can calculate OCA viscosity
within the muscle as:

�G ¼ kBT

6�DGrG

¼ ð1:3807� 10�23J=KÞ � ð293KÞ
6�� ð5:9� 10�11m2=sÞ � ð0:365� 10�9mÞ

ffi 1:0� 10�2J=ðm3=sÞ ¼ 1:0� 10�2kg=ðm:sÞ

:

ð9Þ

�EG ¼ kBT

6�DEGrEG

¼ ð1:3807� 10�23J=KÞ � ð293KÞ
6�� ð4:6� 10�11m2=sÞ � ð0:33� 10�9mÞ

ffi 1:4� 10�2J=ðm3=sÞ ¼ 1:4� 10�2kg=ðm:sÞ

:

ð10Þ
In calculations made with Eqs. (9) and (10), we
have used for the Stokes radius of glucose and EG
the values of 0.365 nm50 and 0.33 nm,51 respectively.
The results obtained in these calculations show that
EG presents higher viscosity than glucose in muscle.
To interpret these results, we can compare the cal-
culated viscosity values for glucose and EG in
muscle with the correspondent values of their vis-
cosity in their own media and in water, since water

OC mechanisms characterization in muscle
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is a good comparison model for muscle. It has been
reported that pure EG has a viscosity of 1:61�
10�2 kg/(m�s) at 25�C as it di®uses in its own
media.52 The viscosity of 40% EG in water has been
reported with the values of 3:1 � 10�3 kg/(m�s) at
15�C53 and 2:15 � 10�3 kg/(m�s) at 25�C.54 Glu-
cose, on the other hand has a dynamic viscosity of
(4.3–6.8)�10�3 kg/(m�s) for temperatures of 25�C–
30�C.55 40% glucose, in particular, has a viscosity in
water of 7:2 � 10�3 kg/(m�s) at 15�C53 and a vis-
cosity of 5:19 � 10�3 kg/(m�s) at 25�C.54

Neglecting the temperature di®erences between
our calculated and the reported values, we see that
40% EG has a dynamic viscosity in muscle a little
smaller than the one presented for pure EG di®us-
ing in its own medium and up to seven-fold higher
than for EG di®usion in water. 40% glucose also
presents a dynamic viscosity in muscle that is ap-
proximately two times higher than values reported
for glucose di®using in water solutions.

The di®usion time, di®usion coe±cient and dy-
namic viscosity values that we have calculated
characterize the RI matching and dehydration
mechanisms (see Fig. 4) that occur in muscle when
treated by glucose and EG solutions, respectively.

To obtain a better characterization of the dehy-
dration mechanism, we can perform similar calcu-
lation to obtain the di®usion coe±cient of water in
the muscle. Since we have already seen that water
presents di®erent (although approximated) di®u-
sion time values between the treatments with the
two OCAs, we have to make calculations individu-
ally for each case. Glucose and EG are two di®erent
agents that certainly induce individual and char-
acteristic dehydration mechanisms in muscle tissue.

From the treatment with 54% glucose we have
obtained a di®usion time of 58.4 s for water. The
sample thickness for this treatment and this time
(see Fig. 4(c)) is 0.043 cm. Using these values in
Eq. (6) we have calculated the di®usion coe±cient
of water in muscle for glucose treatments as
3:21 � 10�6 cm2/s.

On the other hand, for the treatment with 60%
EG, we have obtained a di®usion time of 57.9 s.
Considering this value and the sample thickness of
0.042 cm obtained at this time for the same treat-
ment (extrapolated from Fig. 4(d)), we have cal-
culated the di®usion time of water for EG
treatments as 3:09 � 10�6 cm2/s.

The two di®usion coe±cients of water obtained
for glucose and EG treatments are also very similar.

To get an idea about the magnitude of the dif-
fusion coe±cients of water that we have calculated,
we can compare them with data from literature.
First, we see that both the values are approximately
three times smaller than the di®usion coe±cient of
water in water at 20�C, i.e.,Dw=w ¼ 8:9� 10�6 cm2/
s.56 The di®usion of water in water is a good model
for comparison if we consider that skeletal muscle
contains 75.6% of water.44 Since we have obtained a
di®usion rate for water three times smaller in mus-
cle than in water, we can assume that muscle cell
membrane permeability limits water di®usion.

A similar situation might occur for glucose and
EG di®usion in muscle, if we compare our calculated
values with data presented in literature. For in-
stance, the di®usion coe±cient of EG in water was
reported as 1:16 � 10�5 cm2/s at 25�C.57 Ignoring
the temperature di®erence, the di®usion coe±cient
of EG in muscle that we have calculated is approx-
imately 25 times smaller than the reported value for
EG di®usion in water. Such fact suggests that
muscle cell membrane permeability slows down EG
di®usion signi¯cantly inside the muscle. In addition,
we might consider that water also di®uses in EG.
Literature indicates the di®usion coe±cient of water
in EG as 1:8 � 10�6 cm2/s at 27�C.57 When per-
forming the OC treatment of muscle with EG, the
water that °ows out of the tissue will certainly °ow
through the EG that is °owing in and this water °ux
out will slow down EG di®usion into the muscle.

To perform a similar analysis for the treatment
with glucose, we can consider the reported di®usion
coe±cient of glucose in water as 5:7 � 10�6 cm2/s
at 20�C.57 This value is 10 times higher than the
5:9 � 10�7 cm2/s that we have calculated for glu-
cose in muscle at the same temperature. These
results show that glucose di®usion (as well as EG
di®usion) is limited by muscle cell membrane per-
meability and possibly by water °owing out
through these agents.

Such analysis is very important to understand
and characterize the dehydration and the RI
matching mechanisms involved in the OC treat-
ments of the skeletal muscle. Such characterization
will be presented in Sec. 3.3.

3.2. OC e±ciency of glucose and EG

solution in muscle

After determining the parameters that characterize
the OC mechanisms for water, glucose and EG

L. Oliveira et al.
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treatments, we will now discuss the OC e±ciency as
a function of glucose concentration in the immersing
solution. Considering each of the glucose treatments
studied, we have used Eq. (7) to calculate OC

e±ciency for various wavelengths at di®erent times
of treatment. Figure 5 presents these results.

All graphs in Fig. 5 have the OC e±ciency for 5 s,
1min, 2min, 5min, 20min and 30min of treatment.

(a) (b)

(c) (d)

(e) (f)

Fig. 5. OC e±ciency for the treatments with glucose: 20% (a), 30% (b), 40% (c), 45% (d), 50% (e), and 54% (f).

OC mechanisms characterization in muscle

1650035-13

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 F

A
C

U
L

D
A

D
E

 D
E

 E
N

G
E

N
H

A
R

IA
 D

A
 U

N
IV

E
R

SI
D

A
D

E
 D

O
 P

O
R

T
O

 L
IB

R
A

R
Y

 o
n 

04
/2

2/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.



A better analysis of the OC e±ciency can be made
by presenting results for these particular times.

The various graphs in Fig. 5 show e±ciency de-
crease with wavelength for a particular time of
treatment. Such fact is imposed by the spectral form
of Tc for natural tissue (see Fig. 3) — since lower
wavelengths present smaller Tc values than longer
wavelengths for natural tissue, it is expectable to
observe a higher percentage increase for lower
wavelengths. This wavelength dependence of the
e±ciency becomes more evident for longer times of
treatment and for highly concentrated solutions. A
comparison between all graphs in Fig. 5 shows that
the best compromise between increasing e±ciency
throughout the treatment time and magnitude of
the e±ciency is seen for the treatment with 20%
glucose. In that case, glucose °ows together with
water into the tissue during at least the ¯rst 5min of
treatment and provides a fast increase of OC e±-
ciency up to 500% in the wavelength range 500–
700 nm. However, at latter treatment time OC ef-
¯ciency decreases due to extra water °ux entering
the tissue. Nevertheless, it is still high at 30min
(around 300%). For 30% glucose treatment, OC
e±ciency continuously increases, reaching maximal
e±ciency of 450% at 30min. In the treatment with
40% glucose, we see a continuous increase during
30min, up to 300% for 600–1000 nm wavelengths.
For higher glucose concentrations, the increase in
OC e±ciency is always maintained during all
treatment, but with very much lower levels.

An interesting case is seen for the treatment with
54% glucose, where for 5 s of treatment we see
negative e±ciency for longer wavelengths. Such
negative e±ciency seems to indicate the occurrence
of some tissue darkening at early treatment. Since
54% glucose is a highly concentrated solution, the
osmotic stress created by the glucose in the solution
over the sample stimulates fast sample dehydration
as we have already seen from thickness measure-
ments presented in Fig. 4. As we have already
mentioned, such early signi¯cant water loss leads to
a more dense packing of tissue scatterers and con-
sequent increase in the absorption and scattering
coe±cients. In a short time as 5 s, glucose may be
already interacting with the outer layers of the tis-
sue, but it does not penetrate much into the sample
to initiate the RI matching mechanism. For a longer
time of treatment, such as 1min, glucose has al-
ready penetrated in some extent into the tissue and
the RI matching mechanism is already occurring,

leading to a decrease in the scattering coe±cient.
Such decrease in scattering is con¯rmed by the
positive e±ciency observed at 1min of treatment.

Considering still the possible tissue darkening
seen at 5 s for the treatment with 54% glucose, we
observe from Fig. 5(f) that only longer wavelengths
(above 600 nm) present a negative e±ciency. A
possible explanation for this di®erence between
shorter and longer wavelengths might be connected
with much bigger photon path lengths in the far red
and near infrared than in the shorter wavelengths.
For this reason, this wavelength range is more
sensitive to increase in scattering and absorption
coe±cient.

Figure 6 presents a similar OC e±ciency graph
that we have calculated for the treatment with 99%
EG.

In this case, we see no tissue darkening at 5 s as
we did see for the treatment with 54% glucose,
meaning that EG is already performing the RI
matching mechanism at this early stage of treat-
ment. Within the ¯rst 5min of treatment OC e±-
ciency presents an almost linear increase. At a late
stage of treatment (20min and 30min), 99% EG
produces a mean OC e±ciency of 650%. Such late
treatment increase was not observed for the treat-
ments with glucose and indicates that EG di®uses
for a longer time into muscle than glucose, even
though with the expense of some tissue swelling as
we have observed in Fig. 4(b). Between 20min and
30min we see a small decrease in OC e±ciency,
possibly due to a second-stage dehydration within
the muscle cells. In this treatment, we see that ef-
¯ciency is a little increasing with wavelength for a
particular time of treatment. An exception to this

Time (min)

5s 1 2 5 20 30
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Fig. 6. OC e±ciency for the treatment with 99% EG.

L. Oliveira et al.

1650035-14

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 F

A
C

U
L

D
A

D
E

 D
E

 E
N

G
E

N
H

A
R

IA
 D

A
 U

N
IV

E
R

SI
D

A
D

E
 D

O
 P

O
R

T
O

 L
IB

R
A

R
Y

 o
n 

04
/2

2/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.



fact is seen at 20min and 30min, where we ¯nally
see a decrease with wavelength as we saw for highly
concentrated glucose solutions in Fig. 5. Comparing
the levels of OC e±ciency between the various
glucose treatments presented in Fig. 5 and the
treatment with 99% EG in Fig. 6, we see that EG
originates a signi¯cantly higher e±ciency. Such
higher variation might be related not only to the
di®erent chemical properties of glucose and EG, but
also with the much higher concentration used for
the EG solution.

3.3. Interpretation of muscle OC

treatments with 40% glucose and
99% EG

We will now consider all previously presented data
to analyze and interpret the treatments with 40%
glucose and 99% EG. To perform this analysis, we
will consider the thickness time dependencies pre-
sented in Figs. 4(a) and 4(b) and the Tc time de-
pendencies presented on Fig. 7:

Both graphs in Fig. 7 present the mean time
dependence of Tc for some wavelengths and corre-
sponding SD bars at some times of treatment. When
calculating these mean graphs, it was observed in
both cases that SD is higher at early time of
treatment.

For the treatment with 40% glucose, we have
typical SD values of 0.11 at the beginning of
treatment, which decrease to 0.09 at the end of
treatment. For the treatment with 99% EG, we
have observed typical SD values of 0.16 at the be-
ginning, which decrease to 0.08 at the end of
treatment.

As we can see from graph in Fig. 7(a), 40% glu-
cose creates a very smooth Tc increase in the muscle
due to the water equilibrium between the immersing
solution and the free water in the muscle. For this
treatment, Fig. 4(a) has showed a fast initial de-
hydration of the sample as a result of the osmotic
stress of the glucose in solution. This does not mean
that glucose is not yet di®using into the muscle at
early treatment, but as we have estimated in the
di®usion studies, the characteristic di®usion time of
glucose in muscle is approximately 5 times greater
than the characteristic di®usion time of water.
Glucose begins to di®use as the immersion begins,
but at early stage of treatment, glucose molecules
interact only with the outer super¯cial layers of

the sample. Consequently, the main OC mechanism
at early treatment is sample dehydration as a
consequence of the osmotic pressure created by
outside glucose over the sample. We have already
seen that during tissue dehydration, the loss of part
of the free water by the tissue, leads to the ap-
proximation of muscle ¯bers between each other.
Such approximation originates a more dense and
organized distribution inside the muscle, which
creates an increase in the scattering coe±cient �s

and in the scattering anisotropy factor g, providing
decrease of the reduced scattering coe±cient
�s

0 ¼ �s � ð1� gÞ.
As water °ows out of the sample, glucose di®u-

sion into the muscle becomes easier. Glucose mole-
cules °ow through muscle cell membrane into the
sarcoplasm and breach into the middle of the group
of ¯bers inside the cell. These ¯bers, which have
previously approached each other as water partially
left sarcoplasm, are now forced to separate from

(a)

(b)

Fig. 7. Mean time dependence (mean of three studies) of Tc

for some wavelengths for the treatments with: (a) 40% glucose;
(b) 99% EG.
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each other, and the OCA inclusion provides a
matching of refractive indices between ¯bers and
surrounding cytoplasm. Such stage of the treatment
cannot be identi¯ed from the Tc graph in Fig. 7, but
it is seen in the thickness graph of Fig. 4(a), between
approximately 2min and 8min of treatment. After
8min, thickness increase slows signi¯cantly and
only after 30min it is fully stabilized. This indicates
that saturation begins and the glucose °ux into the
muscle stops.

Considering now the 99% EG treatment, we see
that at early stage of treatment it shows similar
behavior in thickness and Tc to the treatment with
40% glucose. However, after the ¯rst minute of
treatment the di®erences are signi¯cant in both
measurements. From the graph in Fig. 7(b), we see
that 99% EG creates a two-stage increase in sam-
ple's Tc. As we have calculated above, EG presents a
di®usion time of 446 s, meaning that the EG °ux
into the tissue is contained within the ¯rst 10min of
treatment and is signi¯cantly responsible for the
extension of the second-stage rising behavior seen in
Fig. 7(b). Nevertheless, this second-stage rising is
obtained at the expense of some tissue swelling, as
we can see from graph in Fig. 4(b). Figure 7(b)
shows that saturation is achieved at approximately
20min of treatment and after that Tc slightly
decreases. Such Tc decrease obtained at later-stage
treatment may indicate the establishment of a sec-
ond-stage of dehydration within the tissue. Due to a
high concentration of EG inside the interstitial
locations of the muscle, osmotic pressure created
over the muscle cells can induce a consequent con-
version of bound water into free water,58 leading to
dehydration of ¯bers inside cells. The water that
was previously bound is collected in sarcoplasm and
gives a slight RI mismatch between more dry ¯bers
and cytoplasm, which leads to scattering increase
and some slight drop of transmittance.

Finally, comparing the two graphs in Fig. 7, we
see that EG causes a greater increase in Tc than
glucose. Such increases are approximately of eight-
fold for the treatment with EG and three-fold for
the treatment with glucose. We should bear in mind
that the greater increase created by EG is only
obtained at the expense of signi¯cant changes in the
internal structure of the muscle and the choice of
highly concentrated solutions should be made after
a thorough consideration and analysis.

Based on the results obtained and discussion
presented above, we can summarize mechanisms

and steps of skeletal muscle tissue OC as the
following:

. The dehydration mechanism provides the loss of
water from the muscle cell cytoplasm, thus the
muscle ¯bers inside cells approach each other,
leading to a more dense and organized ¯ber dis-
tribution. From one hand, that causes some in-
crease of the scattering and absorption
coe±cients but, from another hand, gives con-
structive interference of the scattered waves in
the direction of propagation of the incident beam.

. The water loss is also consistent with the thick-
ness decrease that we have observed. Such
thickness decrease is signi¯cant (up to 20%) and
together with ¯ber spatial ordering it is respon-
sible for the continuous increase in Tc, in spite of
the slight increase in the scattering coe±cient
that the dense distribution of ¯bers originates.
We see a continuous increase in Tc, since Tc

depends on the product of the attenuation coef-
¯cient by sample thickness, which decreases as
thickness decreases.

. For further increase of OC after 3–5min of OCA
application, RI matching is the leading mecha-
nism, providing a considerable decrease of the
scattering coe±cient, and correspondingly a fur-
ther increase of the collimated transmittance.

It was clear in our analysis of the experimental data
that some tissue swelling (on the background of the
overall tissue sample shrinkage) occurs in such
treatments and possibly the conversion of bound to
free water that leads to a second and later-stage of
tissue dehydration. Such second-stage dehydration
occurs within the muscle cells, meaning that muscle
¯bers become dryer, i.e., a little higher RI mismatch
between ¯bers and sarcoplasm is created, and Tc

slightly decreases for longer time of application of
highly concentrated OCAs.

4. Conclusion

The present study allowed us to perform a quanti-
tative and qualitative characterization of the
mechanisms involved in the OC of skeletal muscle.
We have used Tc measurements made from samples
under treatment with solutions containing di®erent
concentrations of glucose and EG to estimate the
di®usion time values of these agents in the muscle
tissue and characterize the RI matching mechanism
of OC. Similar calculations were made to obtain the
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characteristic di®usion time of water in the muscle
and characterize the dehydration mechanism. From
these values and from the sample's thickness vari-
ation data, we can say that both mechanisms of OC
begin as the ex vivo sample is immersed in the
clearing solution, but each individual mechanism
dominates OC at di®erent stages of the treatment.
In both cases studied, we have seen that the dehy-
dration mechanism is con¯ned within the ¯rst
minute of treatment and it is originated as a con-
sequence of the osmotic pressure created by the
agent in the immersion solution. We have also
found evidence that the internal structure of muscle
changes during the treatments.

From the di®usion studies that we have made, we
have discovered that the free water content in the
skeletal muscle of rat is 59.5%, a value that was
previously unknown. We have also found that for
immersing solutions containing this amount of
water (like 40% glucose), OCA di®usion into the
muscle is optimized as a consequence of water
equilibrium between immersing solution and free
water in tissue. In opposition, for immersing solu-
tions containing high OCA concentrations (like 99%
EG), we obtain higher magnitude OC e®ects, but at
the expense of signi¯cant changes in the internal
structure of the tissue.

The method used in our studies is simple and it
has proven adequate to characterize the OC
mechanisms of sample dehydration and RI match-
ing. Such method was also productive to obtain
additional information about natural (free and
bound) water content in soft tissues and about
changes that occur in the internal structure due to
treatments with particular OCA concentrations.
The calculated data of OC e±ciency allows the se-
lection of a particular OCA concentration to use in
a desired application if we know upfront which in-
crease in Tc we want and how much time we have to
obtain such increase.

It is important to note that many of OCAs, such
as glucose and EG, are used as solutions for tissue
and organ preservation for a short (days) or a long
(years) time periods to keep living cells, tissues and
organs in condition to be used as future implants.59

Therefore, collection of experimental data on di®u-
sivity of molecules, containing in preservation
solutions, in various tissues is of great importance
for this branch of medical science and technology.60

Since we have demonstrated that this simple
method provides such results, similar studies can

now be performed in other biological tissues or with
di®erent OCAs to obtain the necessary di®usion
properties for the clinical or low temperature pres-
ervation applications.
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