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With the objective to study the variation of optical properties of rat muscle during optical
clearing, we have performed a set of optical measurements from that kind of tissue. The
measurements performed were total transmittance, collimated transmittance, specular re°ec-
tance and total re°ectance. This set of measurements is su±cient to determine di®use re°ectance
and absorbance of the sample, also necessary to estimate the optical properties. All the performed
measurements and calculated quantities will be used later in inverse Monte Carlo (IMC) simu-
lations to determine the evolution of the optical properties of muscle during treatments with
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ethylene glycol and glucose. The results obtained with the measurements already provide some
information about the optical clearing treatments applied to the muscle and translate the
mechanisms of turning the tissue more transparent and sequence of regimes of optical clearing.

Keywords: Tissue optical clearing; optical transmittance; optical re°ectance; optical absorbance;
agent di®usivity.

1. Introduction

The importance of performing optical measure-
ments from biological tissues is very high to evalu-
ate how the tissues respond to light propagation
with the objective of creating and improving optical
based clinical procedures.1,2 Several classes of opti-
cal measurements can be obtained from ex vivo
tissue samples: transmittance, absorbance, re°ec-
tion, etc.3 If those measurements are to be made
while tissues undergo optical clearing treatments,
the optical measurements can be performed in a
manner to evaluate the time-dependence of the
optical response of that tissue samples. The optical
clearing e®ect can also be evaluated with imaging
techniques as some researchers have already obser-
ved and studied.4�7 The optical clearing technique
is performed by immersing the biological tissues in
chemical agents that can be sugars or alcohols
in most cases. When immersing the tissue in such
agents an osmotic pressure is created around the
tissue that originates tissue dehydration which
also precedes agent di®usion into the tissue. Tissue
dehydration and refractive index matching inside the
tissue due to agent inclusion are the mechanisms
involved in optical clearing.8�10 Ultimately, these
two mechanisms will reduce light scattering inside
the tissue. The reduction of light scattering in
the tissue may produce changes in the optical prop-
erties of the tissue, namely the scattering coe±cient,
the absorption coe±cient and anisotropy factor.11

If we desire to characterize the optical clearing
e®ect created by a particular agent and to make a
precise distinction between e®ects created by di®er-
ent agents, we should study the variation produced
in the optical properties of biological tissues by
those agents.

With the objective of studying the time-
dependence of the optical response of muscle to
treatment with ethylene glycol (EG) and glucose
we have performed a set of measurements.

The skeletal muscle can be described as a set
of muscle ¯ber bundles distributed through the

interstitial °uid. The muscle contains approxi-
mately 75% of water12 that is mostly concentrated
in the interstitial space, thus interstitial °uid has
a low refractive index (�1.35). On the other hand
the dried tissue, which is composed by ¯laments of
actin and myosin (from muscle ¯bers), corresponds
to approximately 25% of the muscle and has a
higher refractive index (1.584).13,14 Such distri-
bution creates a step refractive index pro¯le inside
the muscle, even muscle ¯bers normally are hydra-
ted and thus have a lower index of refraction,
�1.46�1.5.14,16 Such magnitude in the step of the
refractive index pro¯le of the muscle can be greatly
reduced with an optical clearing treatment as we
have already studied at collimated transmittance
measurements.13

In the present work we will present and discuss
the measurements of total transmittance (TtÞ, col-
limated transmittance (TcÞ, specular re°ectance
(RsÞ and total re°ectance (RtÞ, measured from
muscle samples under treatment with the above
mentioned optical clearing agents (OCAs). Addi-
tionally we will describe also the calculations of
absorbance and di®use re°ectance that are necess-
ary for the estimations of the optical properties of
the tissues. These measurements and calculations
are to be used later to determine the variation of
the optical properties of the muscle during the
optical clearing treatments applied.

2. Experimental Method

Due to the use (or not) of an integrating sphere in
the di®erent measuring assemblies, we have selected
two designations for the measurements:

A. Integrated measurements — that include total
transmittance and total re°ectance;

B. Non-integrated — that include collimated
transmittance and specular re°ectance.

In all cases we have used a Tungsten Halogen
lamp with a broad spectrum and a spectrometer to
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measure the spectra. The lamp is the HL-2000
model and the spectrometer is the AvaSpec-2048-
USB2 model with UA grating set for 200�1100 nm
and 50�m slit, both from Avantes CorporationTM.

2.1. Tissue samples

The tissue samples used in this experimental study
were obtained from the abdominal wall muscle
of rat (Species Wistar Han). All the eight muscle
samples used in these studies were obtained from a
single animal to guarantee the maximum similarity
in their physiology.

After the animal sacri¯ce, the entire abdominal
wall muscle was dissected from the animal and a
muscle block was available to prepare the eight
samples to use in the experimental studies. All
the samples used in measurements were prepared
with an approximate circular form with approxi-
mately 10mm in diameter and 0.5mm thickness.
The thickness was guaranteed for all samples by
the cryostat used to slice them from the muscle
block.

2.2. Optical clearing agents

The OCAs that were used in this study were EG
and glucose. The solution of EG was prepared with
99% of this agent and 1% of water and for the
glucose solution we have dissolved glucose in water
to produce a solution containing 40% of glucose.

We have measured the refractive index of these
solutions, obtaining 1.4280 for EG and 1.3850 for
glucose 40%.9 These solutions are recognized as
useful OCAs as we have already observed in our
previous studies9,15 and also as veri¯ed by other
researchers.16�19

2.3. Optical measurements

In the present study, instead of measuring only
the collimated transmittance as before,9 we have
selected 4 types of measurements for later use in
the determination of the optical properties of
the muscle and their variation while in optical
clearing. The measurements performed were total
transmittance, total re°ectance, collimated trans-
mittance and specular re°ectance. One muscle
sample was used in each individual measurement.
Additionally, we have also calculated absorbance
and di®use re°ectance for each of the optical
clearing treatments.

2.3.1. Integrated measurements — total
transmittance and total re°ectance

We will now describe the measuring assemblies
necessary to obtain the above designated integrated
measurements. In both assemblies presented in this
sub-section, one integrating sphere was used to
produce total transmitted and total re°ected spec-
tra from the muscle samples. The measured spectra
were used to calculate total transmittance and total
re°ectance for the muscle samples with Eqs. (1) and
(2) below.

To obtain the total transmittance spectra from
the samples, we used the measuring assembly rep-
resented in Fig. 1(a) and to obtain the total re°ec-
tance spectra we used the measuring assembly
represented in Fig. 1(b).

Considering the total transmittance assembly
represented in Fig. 1(a), we ¯rst measured the light
reference spectrum for this assembly, Sttð�Þ by
inserting the light into the integrating sphere by the
sample port entrance and collecting from the exit
port of the sphere to the spectrometer. After that,

(a) (b)

Fig. 1. Integrated measuring assemblies: (a) Total transmittance and (b) Total re°ectance.
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the natural sample was placed at the entrance of
the sample port of the integrating sphere and light
was introduced into the sphere by crossing the
sample. Total transmitted light is collected at the
exit port of the sphere after being integrated inside
the sphere and corresponding spectra were acquired
using the scan mode of the spectrometer. After
measuring the total transmitted spectrum of the
natural sample, the optical clearing agent (EG or
glucose 40%) was added to the sample to start the
treatment and measurements were made sequen-
tially for a 30min period. All the transmitted
spectra measured from natural sample or under
treatment, Tttð�; tÞ were stored for later calculation
of the total transmittance spectra using Eq. (1):

Ttð�; tÞ ¼ 100%� Tttð�; tÞ
Sttð�Þ

: ð1Þ

The representation in Fig. 1(b) is the measuring
assembly used to obtain total re°ectance. Using this
assembly, we started by measuring the corre-
sponding reference spectrum, Srtð�Þ in the same
manner as in the total transmittance assembly.
After that we placed the natural muscle sample at
the entrance port of the sphere and illumination was
then made through the illuminating port of the
sphere at 8� with the normal direction to the sample
(right side of the sphere in Fig. 1(b)). With such
con¯guration, the total re°ected spectrum was
measured from the natural sample, by collecting
from the exit port of the sphere into the spec-
trometer. After measuring from the natural sample,
the agent (EG or glucose 40%) was added to the
natural tissue sample to begin treatment and
measurements were made sequentially for a 30min
period. All the re°ected spectra measured from
natural sample or sample under treatment, Rrtð�; tÞ
were stored for later calculation of the total trans-
mittance spectra using Eq. (2):

Rtð�; tÞ ¼ 100%� Rrtð�; tÞ
Srtð�Þ

: ð2Þ

2.3.2. Nonintegrated measurements —

collimated transmittance

The nonintegrated measurements were made with-
out the use of an integrating sphere. Figure 2 shows
the simple assembly used to measure collimated
transmittance: a collimated beam (� ¼ 6mm) was

directed normally to the sample. Immediately before
and after the sample two pinholes (� ¼ 1mm) were
placed to reduce the beam diameter and to hold the
sample inside the sample holder. The transmitted
beam was measured on the opposite side of the
sample.

Similarly to the previous measuring cases, we
consider Stcð�Þ as the spectrum of the light reference
and Ttcð�; tÞ as the collimated transmitted spectrum
measured from the sample at natural state or at a
time t of the treatment. Considering these spectra,
we can calculate the collimated transmittance
spectra for natural sample and for sample under
treatment using Eq. (3):

Tcð�; tÞ ¼ 100%� Ttcð�; tÞ
Stcð�Þ

: ð3Þ

2.3.3. Nonintegrated measurements —
specular re°ectance

The measurement assembly for specular re°ec-
tance represented in Fig. 3 is accordingly with
the total re°ectance measurement assembly regar-
ding angles and dimensions (Fig. 1(b)). It uses an
incident beam at 8� with the normal direction
to the sample surface and the re°ected beam is
also measured at the same angular magnitude
on the opposite side. A cross-section detail of
the sample holder is represented at the left in
Fig. 3. This sample holder is used in all the
measuring assemblies described to ensure the
same geometry in all measurements. As we can see
from that detail, the sample is placed at the
center of the sample holder and ¯xed laterally.
When the treatments are applied, the agent (EG or
glucose 40%) is distributed above and below the
sample creating sample immersion. The sample
holder is completely sealed laterally by black
walls to prevent the introduction of ambient light

Fig. 2. Collimated transmittance measuring assembly.
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and below by a glass that allows for the entering
of light from the source used in transmittance
measurements.

The reference spectrum, Ssrð�Þ, for the measur-
ing assembly represented in Fig. 3 was acquired by
placing a known re°ecting reference material at the
position of the sample holder and measuring the
re°ected spectrum with the spectrometer using
the scan mode. Illumination was made at 8� with
central axis and the specularly re°ected spectrum
was acquired also at 8� on the other side of the
axis. After acquiring the reference spectrum,
the reference re°ecting material was replaced by the
sample holder. The natural sample was placed
inside the sample holder with its surface perpen-
dicular to the axis of the assembly. Using the
same measuring con¯guration as the one used
when acquiring the reference spectrum the spec-
ularly re°ected spectrum was measured from the
natural sample. After that the agent (EG or glucose
40%) was added to the sample and the immersion
treatment began. Measurements of the specularly
re°ected spectra were made sequentially for a
treatment period of 30min. The specularly re°ected
spectra, Rsrð�; tÞ, measured from the natural
sample and from the sample under treatment
are used in Eq. (4) to calculate the specular re°ec-
tance spectra from the sample in natural state
and at any time of the treatment:

Rsð�; tÞ ¼ 100%� Rsrð�; tÞ
Ssrð�Þ

: ð4Þ

2.3.4. Absorbance

Considering the integrated measurements of total
transmittance and total re°ectance presented in
Eqs. (1) and (2) and assuming that the light

spectrum that is used in the integrated measure-
ments is 100%, the absorbance of the sample can be
determined as the di®erence between 100% of light
used and the integrated measurements.20

Equation (5) shows the calculation of sample's
absorbance ðAÞ spectrum at a time t during the
optical clearing treatment:

Að�; tÞ ¼ 100%� ½Ttð�; tÞ þRtð�; tÞ�: ð5Þ

2.3.5. Di®use re°ectance

Now considering total re°ectance, we know that it
contains both specular and di®use terms. This way,
using the measurements of total and specular
re°ectance (performed in the same conditions), we
can use Eq. (6) to calculate di®use re°ection (Rd) of
the sample at time t:

Rdð�; tÞ ¼ Rtð�; tÞ �Rsð�; tÞ: ð6Þ
The results obtained with these equations are rep-
resented in percentage of the light reference used in
each case. Similarly to the absorbance calculations
described above, the calculations made with Eq. (6)
will also be necessary for latter estimation of the
optical properties of the tissue.

We will now present the results obtained from
the experimental measurements.

3. Experimental Results

In this section, we present the results obtained from
the measurements, regarding the optical clearing
treatments of muscle with the solutions of EG 99%
and glucose 40%. The results from the two studies
will be presented side-by-side in the same ¯gures
for comparison in the following order: Tt, Tc, Rt

and Rs. In each particular case of measurement

Fig. 3. Specular re°ectance measuring assembly.
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and considering each of the two treatments we will
present a ¯gure containing parts (a) and (b):

. Part (a) of the ¯gure corresponds to the treat-
ment with EG. On the upper graph of part (a)
we present the time dependence for the ¯rst
minute with one second resolution for some par-
ticular wavelengths. The selected wavelengths are
400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm
and 1000 nm. At the lower graph we present the
time dependence for a treatment period of 30min
with one minute resolution after the third minute
and for the same wavelengths. For better rep-
resentation at the beginning of the treatment we
have used 1 s resolution during the ¯rst minute,
10 s resolution during the second minute and 30 s
resolution during the third minute.

. Part (b) of the ¯gure contains similar represen-
tations to part (a), but now for the treatment
with glucose 40%.

Such representation in ¯gures allows for immediate
identi¯cation of the time dependence of the sample
spectrum with the optical clearing treatment
applied. The analysis of these ¯gures and compari-
son between the two studies allows identifying
di®erences between the two treatments. Also by
recognizing some particularities for each of the two
treatments we can identify and characterize the
variation of the optical responses of the muscle
sample with that treatment. Additionally, by ana-
lyzing the various ¯gures we can take some con-
clusions regarding the variation of the optical

properties of the tissue, even without making their
estimation.

3.1. Total transmittance

From the total transmittance spectra calculated
from the measurements made with the assembly
represented in Fig. 1(a), we have retrieved the
total transmittance values for each of the selected
wavelengths and made the representations in Fig. 4.

As we can verify by comparing between both
graphs related to the ¯rst minute of treatment
(upper graphs in Fig. 4), the major changes in total
transmittance are seen in the case of the treatment
with EG. For this treatment (see upper graph in
Fig. 4(a)) we see that total transmittance lowers
a little in the ¯rst second of treatment. Such fact
is probably caused by transit e®ects such as EG
interaction with super¯cial layers of tissue in the
course of ¯lling up of the sample holder with the
optical clearing agent (see detail on left of Fig. 3).
After that, total transmittance rises signi¯cantly
until 5 s of treatment, showing that the agent is
already interacting with the super¯cial layers of
the muscle sample and tissue water is going out.
After 5 s, total transmittance rises slower but close
to linear on this short time interval, indicating that
two oppositely directed °uxes-water out and agent
into tissue-are formed. In the case of the treat-
ment with glucose 40%, we can see from the upper
graph in Fig. 4(b) that the changes are much less
signi¯cant than the ones observed in the treatment

(a) (b)

Fig. 4. Total transmittance evolution: (a) Treatment with EG for the ¯rst minute (upper graph) and for 30min (lower graph),
(b) Treatment with glucose 40% for the ¯rst minute (upper graph) and for 30min (lower graph).
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with EG. This fact translates that glucose has
a smaller osmotic pressure than the EG, since
the aqueous solution used only contains 40% of
glucose. Nevertheless the rise of the total trans-
mittance can be observed, since the curves pre-
sented slowly rising behavior during the ¯rst minute
of treatment.

Now considering the long-time variation (lower
graphs in Fig. 4), we can see that the treatment
with EG produces a higher rise in total transmit-
tance than the treatment with glucose 40%. This
is veri¯ed for all the wavelengths selected, but the
major di®erence is veri¯ed for the lower wave-
lengths, which indicates that EG is more powerful
in improving total transmittance closer to ultra-
violet. From the long-time evolution graphs in
Fig. 4 we can identify the beginning of the satur-
ation regime at approximately 10min of treatment
in both cases. In this regime the agent di®usion into
the tissue is less intense than in the ¯rst minutes,
since the tissue contains already a great amount
of agent inside. For continuous agent di®usion into
the tissue, the osmotic pressure that is maintained
by the outside solution forces the tissue to maintain
continuous dehydration so that by the leaving of
water some space is available for the entering of
more agent.

3.2. Collimated transmittance

As in the case of total transmittance, we have used
the collimated transmittance spectra, calculated
from the measurements made with the assembly

represented in Fig. 2 to retrieve the Tc values for
the usual wavelengths. With these values we have
made the representations in Fig. 5 to show the
time evolutions in both treatments.

From the representations made in Fig. 5, we see
higher magnitude variations than in the case of
total transmittance (see Fig. 4). For the case of
the treatment with EG, we observe a strong rise
of collimated transmittance in the ¯rst 3 s (upper
graph in Fig. 5(a)), while in the case of the treat-
ment with glucose 40% that strong rise is observed
in the ¯rst second of treatment (upper graph in
Fig. 5(b)). This means that these two agents
interact di®erently with the super¯cial layers of
tissue. Additionally, we see that even after this
initial strong increase in collimated transmit-
tance, the di®usion of agents causes a gradually
increasing behavior in collimated transmittance
(EG — the rest of the ¯rst minute, and glucose —

after 18 s). Such increasing behavior is stronger
for the treatment with EG. The oscillation seen
in the treatment with glucose for the ¯rst seconds
probably indicates that tissue enters an initial
stage of saturation and is forced to hydrate the
super¯cial layers of the sample because of high
concentration of water (60%) in the solution,
before allowing the di®usion of more agent into the
tissue.

After analyzing the short-time evolution of col-
limated transmittance, we will now study the long-
time variation for the treatments with EG and
glucose 40%. The lower representations in Fig. 5
show the long-time variations for both treatments.

(a) (b)

Fig. 5. Collimated transmittance evolution: (a) Treatment with EG for the ¯rst minute (upper graph) and for 30min (lower
graph), (b) Treatment with glucose 40% for the ¯rst minute (upper graph) and for 30min (lower graph).
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Analyzing these graphs, we can see that collima-
ted transmittance rises in both cases of treat-
ment, turning the tissue more transparent to light.
For the case of EG (lower graph in Fig. 5(a)), we see
that due to the strong di®usion power of this agent,
collimated transmittance presents two stages of
strong rising behavior: (i) strong initial rise in the
¯rst minute and (ii) less intense strong rising
behavior between 1min and 10min. After this in-
itial period of strong rising behavior, collimated
transmittance tends to slow its rising behavior
between 10 and 20min due to saturation of oppo-
sitely directed water and agent °uxes. A slight
tissue \darkening" with time above 20min could
be caused by some impact of the agent on tissue.
For instance, some tissue swelling may occur.16

For the case of the muscle sample treated with
glucose 40% (lower graph in Fig. 5(b)), we observe
that the major increase in collimated transmittance
is con¯ned to the ¯rst few minutes of treatment.
This slowing in the rising behavior of Tc precedes
the saturation regime that starts at approximately
7min.

Additionally, by comparing between lower graphs
of Fig. 5 we can see that EG originates a greater
increase in Tc than glucose, around 8-fold for EG
and only 3-fold for glucose.

3.3. Total re°ectance

The time dependencies represented in Fig. 6 corre-
spond to the total re°ectance variations for the usual

wavelengths. Such values were retrieved from the Rt

spectra calculated from the original measurements
made with the assembly represented in Fig. 1(b).

Analyzing and comparing between both upper
graphs in Fig. 6, we see similar time dependence of
Rt in the ¯rst minute of treatment. For the treat-
ment with EG (upper graph in Fig. 6(a)) there is a
considerable decrease of Rt in the ¯rst four seconds
and after that a slow decreasing behavior. This
behavior is also observed in the case of the sample
treated with glucose 40% (upper graph in Fig. 6(b)).
Since the resolution in the upper graphs presented in
Fig. 6 is 1 s, we can see various oscillations, especially
for the extreme wavelengths (400 nm and 1000 nm).

Considering the long-time variation of Rt (pre-
sented in both lower graphs of Fig. 6), we can see
similarity of behavior between treatments. We can
observe for both cases a major decrease in the ¯rst
minute of treatment and after that Rt tends to
remain constant for the remaining of the treatment
time. Although this similarity in behavior is
observed in both treatments, di®erent levels of Rt

are observed between cases.

3.4. Specular re°ectance

As in the previous cases, we have retrieved the
specular re°ectance values for the usual wave-
lengths from the Rs spectra calculated from the
measurements obtained with the assembly rep-
resented in Fig. 3. The time evolutions for both
treatments are represented in Fig. 7.

(a) (b)

Fig. 6. Total re°ectance evolution: (a) Treatment with EG for the ¯rst minute (upper graph) and for 30min (lower graph),
(b) Treatment with glucose 40% for the ¯rst minute (upper graph) and for 30min (lower graph).

L. Oliveira et al.

1350012-8

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
 9

5.
92

.2
30

.2
09

 o
n 

03
/2

0/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



In this case we observe di®erent behavior
between the treatments, both for short-time and for
long-time representations. We will begin compari-
son between treatments considering the short-time
evolutions of Rs. For the sample treated with EG
(upper graph in Fig. 7(a)), we see an initial rise of
Rs in the ¯rst second, which is certainly related to
the transit processes within the interfaces between
tissue surface and OCA in the course of ¯lling up
the sample holder by the agent. At the beginning,
when the solution is introduced in the sample holder
an osmotic pressure is created over the tissue orig-
inating immediate water loss from the super¯cial
layers. Additionally, when the agent is added to the
tissue, it will ¯ll up eventual tissue surface inho-
mogeneities providing the diminishing of tissue
surface roughness. Both these e®ects might in°u-
ence the initial increase of specular re°ectance
seen in upper graph of Fig. 7(a). After this initial
rise, Rs decreases strongly between 1 and 2 s of
treatment. This means that during the short initial
period of the treatment a large quantity of EG
inserts into super¯cial layers of tissue sample. After
that, a slow decreasing behavior can be observed
after 6 s, indicating that the lower tissue layers have
a much lesser in°uence on the measured specular
re°ectance.

For the case of the treatment with glucose 40%
(upper graph in Fig. 7(b)), we observe more or
less similar behavior, besides a small decrease in Rs

in the ¯rst second of treatment, which can be
related to above described transit processes at
the initial interaction of OCA with tissue surface.
Between 1 and 2 s, Rs rises, indicating less rough-
ness of tissue and its super¯cial layers dehydration.
Between 2 and 3 s, Rs remains almost unchanged.
Between 3 and 4 s we see a major decrease in Rs,
which indicates the entrance of considerable amount
of glucose and possibly accompanied with tissue de-
hydration of upper layers. After this major decrease,
we see a more stable behavior in Rs, between 4 and
14 s, followed up by an increase observed between
14 and 20 s. After that, the Rs values tend to remain
unchanged for the rest of the ¯rst minute.

Considering now the long time variation of Rs

represented in the lower graphs of Fig. 7, we can see
some di®erent behaviors between the two treat-
ments: for the treatment with EG (lower graph in
Fig. 7(a)), we see a major decrease in Rs within the
¯rst minute. After the ¯rst minute, the saturation
regime is observed with an increasing behavior,
which indicates that the upper layers of the sample
are losing some of the agent. However for that
treatment, the ¯nal values of Rs are still signi¯-
cantly lower than in natural state of the muscle
sample. In the treatment with glucose 40% (lower
graph in Fig. 7(b)), we see a decreasing behavior
for Rs that occurs in stages. First, we observe a
major decrease within the ¯rst minute of treatment.
Then, after the ¯rst minute and until the sixth

(a) (b)

Fig. 7. Specular re°ectance evolution: (a) Treatment with EG for the ¯rst minute (upper graph) and for 30min (lower graph),
(b) Treatment with glucose 40% for the ¯rst minute (upper graph) and for 30min (lower graph).
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minute, Rs slows its decreasing behavior and tends
to stabilize, indicating that the upper layers of
tissue are almost saturated with agent. We see
another decreasing behavior between the sixth and
the tenth minutes of treatment. This indicates that
the osmotic pressure of glucose has risen to di®use
some more agent into the super¯cial tissue layers.
After the tenth minute of treatment, we observe the
¯nal saturation regime by the stability of the Rs

levels in all curves.
The decreasing behavior seen from the lower

graphs in Fig. 7 can be justi¯ed if we consider the
various interfaces crossed by light in measuring Rs

and the refractive index mismatch at the interfaces.
From the detail presented at the left side of Fig. 3,
we see that when performing these measurements,
light crosses several interfaces between media
(air-OCA-tissue-OCA-air). During optical clearing,
agent enters the tissue, causing an increase in the
refractive index of the tissue and also a decrease in
tissue surface roughness. On the other hand tissue
dehydrates, causing a decrease in the refractive
index of the surrounding media: outside OCA
dilutes in water that leaves the tissue. Both these
mechanisms should give a tendency of specular
re°ectance increase. Due to sample surface rough-
ness and light beam penetration into scattering
tissue, scattering plays a signi¯cant role when
measuring specular re°ectance. At ¯rst minutes
of agent di®usion into top layers of tissue and its
dehydration, partial refractive index matching is
obtained near the interface between tissue and
OCA and tissue surface roughness is reduced. As
a consequence, scattering at the interface and top
layers of tissue reduces leading to a signi¯cant
decrease in Rs measurements during the ¯rst min-
utes of optical clearing as we can see from lower
graphs in Fig. 7. However, refractive index mis-
match still exists at the interface between tissue
and OCA and it will increase at optical clearing.
This fact can be veri¯ed by the slight increase in
Rs graph for EG treatment (lower graph in Fig. 7
(a)) after the ¯rst minute.17,21 For the case of glu-
cose, due to the presence of 60% of water in the
solution, which is approximated to tissue water
content (75.6%), the above described e®ects cannot
be very signi¯cant, as we observe by lower graph
in Fig. 7(b).

It should be noted that in spite of some di®er-
ences in EG and glucose interaction with the muscle
tissue, the general behavior of the specular

re°ectance is similar, because it depends mostly on
Fresnel re°ection from OCA/tissue interface and
scattering by tissue rough surface and by super-
¯cial and upper layers of the tissue. Thus we have
found a very fast re°ectance decay (2-fold) for EG
during �1.5 s and for glucose during �5 s, caused by
a fast permeability of tissue for a smaller depth,16

� ¼ d2

Da

; ð7Þ

where � is the characteristic di®usion time through
a tissue layer of thickness d for an OCA di®using
through one surface of the sample with the di®usion
coe±cient Da in the particular kind of tissue and

Da ¼ const:�M�S; ð8Þ
where M is the molecular mass of OCA, and par-
ameter S depends on molecular form and size.
For di®usion in water, S is approximately 0.5 for
spherical small molecules and approximately 0.3 for
bigger protein molecules.

If we suppose that glucose di®usion coe±cient in
dermis is close to its value in muscle tissue, we can
take experimental data for DG ¼ 2:5� 10�6 cm 2/s,
thus for experimental value of �G ffi 5 s (upper
graph of Fig. 7(b)), we can use Eq. (7) to ¯nd tissue
thickness of super¯cial tissue layer, which has a
strong impact on initial specular re°ectance as
d ffi 35:4�m.

In the case of EG interaction with muscle tissue,
we can suppose that the water °ux directed at
tissue dominates in the initial stage due to the
osmotic stress caused by highly concentrated EG
and its high viscosity. This way in accordance with
Eq. (8), DH2O is expected as

DH2O ffi DGðMG=MH2OÞ1=2: ð9Þ
Thus, because of molecular mass for glucose

is 180 and for H2O is only 18, we will have 3.2-
fold bigger di®usivity of water molecules then glu-
cose molecules. For experimental value of �EG ffi
1.5 s (upper graph in Fig. 7(a)), d ffi 34:6�m, i.e.
excellent ¯t to above estimations for glucose
di®usion.

From the experimental data obtained from
Tc measurements for each of the wavelengths rep-
resented in the lower graphs of Fig. 5, we can per-
form a similar analysis to obtain the di®usion
time (�Þ and di®usion coe±cients of both agents
(DaÞ, EG and glucose.16 Considering the 30min of
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treatment and the values of Tc measurements made in
the treatment with EG (lower graph in Fig. 5(a)),
we have ¯tted the experimental data to curves with
equations like the one in Eq. (10), which is valid for
agent di®usion from the both surfaces of the sample16:

Tcð�; tÞ ¼ að�Þ � 1� exp � t

�ð�Þ
� �� �

; ð10Þ

� ¼ d2

�2 �Da

: ð11Þ

For the case of EG, we have obtained the following
¯tting curves (Fig. 8) for each of the usual
wavelengths.

Considering the adjustments made for each
wavelength represented in Fig. 8, we have obtained
the average � ¼ 445:0 s and corresponding standard
deviation (74.9) for the treatment with EG. With
this value for the di®usion time and with the
thickness value that we have measured for this time
of treatment from a muscle sample treated with EG,
we have used Eq. (11) to determine the di®usion
coe±cient of EG into muscle. This calculation is
presented in Eq. (12):

DEG ¼ d2
EG

�2 � �EG
¼ 0:052

�2 � 445:0

¼ 5:6� 10�7 cm2=s: ð12Þ
Using a similar procedure, we have made ¯ttings to
the Tc measurements for the treatment with glucose

40% (lower graph in Fig. 5(b)) to calculate the
mean � value for that treatment.16 The ¯tting
curves for glucose treatment are presented in Fig. 9
for each of the usual wavelengths according to
Eq. (10).

Considering the adjustments represented in
Fig. 9 for the various wavelengths, we have calcu-
lated the mean � ¼ 303:0 s and corresponding
standard deviation (17.4). For this value of the
di®usion time of glucose and considering the sample
thickness measured at this time of treatment from
a muscle sample under treatment with glucose 40%,
we have used Eq. (11) to determine the di®usion
coe±cient of glucose into muscle. This calculation is
presented in Eq. (13):

DG ¼ d2
G

�2 � �G
¼ 0:052

�2 � 303:0

¼ 8:3� 10�7 cm2=s: ð13Þ
Considering the di®usion coe±cient in skeletal
muscle obtained for the case of glucose 40%,
we must say that it is in good agreement to the
one obtained for glucose in skin dermis (DG ¼
2:5� 10�6 cm2/s).16 On the other hand, we can
see that EG presents a lower di®usion coe±cient
than glucose 40% in skeletal muscle. Considering
that the EG solution is almost pure (99% of EG
and 1% of water), we can understand and justify
this fact. First, it has been veri¯ed by other

Fig. 8. EG Tc experimental data ¯tting using Eq. (10).
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authors19 that glucose di®uses faster into biological
tissues than for instance glycerol, even its molecular
mass is a few times lower than for glucose. In this
study, Cicchi et al. have used glycerol in anhydrous
form and glucose in aqueous solution 5M. The
molecular mass of glycerol is 92 g/mol. These
authors also have observed that in spite of di®using
faster, it creates a less e±cient optical clearing e®ect
than glycerol, which is also our case when compar-
ing the magnitude of the optical clearing e®ects of
EG and glucose (compare between both lower
graphs of Fig. 5— higher increase in Tc for EG than
for glucose 40%). Such high di®usion speed and less
e±cient optical clearing e®ect created by glucose
than glycerol is certainly imposed by the di®erence
in viscosity of the two agents. In our case and for
25�C, we have for the glucose solution a viscosity
coe±cient of 1� 10�3 N.s.m�2 (Ref. 22), and for
EG the viscosity coe±cient is 1:61� 10�2 N.s.m�2

(Ref. 23) (16.1-fold of glucose). Due to these values
of viscosity coe±cients, we can understand why EG
shows a smaller value for the di®usion coe±cient
and a higher di®usion time than glucose — EG has
more di±culty in entering the muscle and so takes
more time to do so.

In the case of EG treatment, since the solution
has a high concentration of EG, we verify an initial
and strong osmotic pressure caused by EG onto the
upper layers of skeletal muscle (see lower graph of

Fig. (5(a)) and tissue upper layers are forced to
dehydrate fast. We can see such fast dehydration
by the fast decrease seen in Rs measurements (top
graph in Fig. 7(a)). After dehydration of the tissue
upper layers, and due to its considerable high
viscosity, EG has more di±culty in di®using into
tissue and so it di®uses slower. This indicates that
EG di®usion is done in two stages with di®erent
velocities for EG in skeletal muscle.

On the other hand for the treatment with glucose
40%, the e®ect of viscosity is not so perceptible,
since this solution has a considerable smaller vis-
cosity coe±cient. Also, the solution contains 40%
of glucose and 60% of water, which is similar to
the content of water in the tissue (75.6%).12 Such
similar values of water content in tissue and sol-
ution are impeditive to observe a fast dehydration
of the skeletal muscle, which is veri¯ed by the slow
decrease in Rs measurements for this treatment
(see upper graph of Fig. 7(b)). The initial di®usion
of glucose into the top layers of the muscle is done
in a smaller time period than the di®usion of EG,
and for glucose no two-stage di®usion is seen (lower
graph on Fig. 5(b)).

4. Discussion of Results

As we could observe from the various represen-
tations in Sec. 3, the non-integrated measurements

Fig. 9. Glucose Tc experimental data ¯tting using Eq. (10).
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are preferable to detect the variations caused by
the optical clearing treatments applied than the
integrated measurements — greater magnitude
variations are observed. Considering all the results
presented and the wavelengths selected for the
representations, we could see bigger clearing e±-
ciency for shorter wavelengths, where scattering
dominates in the natural tissue.

From the collimated transmittance variations,
we could see that EG creates a higher magnitude
optical clearing e®ect than glucose, but it takes
more time to achieve the saturation regime. It was
also possible to verify that the strong initial rising
behavior of collimated transmittance is organized
in two stages for EG, while in the case of the
treatment with glucose 40% it has only one initial
stage of strong rising. These strong rising behaviors
seen in collimated transmittance translate the two
mechanisms of optical clearing: tissue dehydration
and agent inclusion inside the tissue. For the case
of glucose we do not see a decreasing behavior
during the saturation regime, but in the case of EG
such decreasing is seen, which translates impact of
EG on tissue and the occurrence of some tissue
swelling. Apart from these details in the behavior,
the collimated transmittance values seen at the
end of the treatments is signi¯cantly higher than
the values observed for the natural tissues. Such
fact indicates a great loss of light scattering during
the treatments. A better organized structure inside
the tissue must be achieved during the 30min
period of the treatments applied. The loss of
scattering is due to the refractive index matching
that occurred due to the loss of water and con-
secutive tissue impregnation by the agent (EG or
glucose).

The variations observed for specular re°ectance
and di®use re°ectance complement these obser-
vations, although some transient e®ects were
observed due to the deposition of agent at the
super¯cial layers of the tissues and consequent
elimination of super¯cial inhomogeneities.

An interesting case was observed in the
measurements of specular re°ectance for the treat-
ment of glucose 40%, where some initial oscillations
were detected. Such oscillations indicate the im-
mediate impact of glucose on the upper layers of
the tissue. The osmotic pressure created by the
outside solution induces the loss of water from
the outermost layers of the tissue followed by
some agent °ux into these layers and consecutive

hydration of the layers from the inside to compen-
sate for the unbalanced water content between
outside layers of tissue and surrounding solution.
Such oscillations are only seen in the treatment
with the solution of glucose. For the case of EG
they are not seen because of the high concentration
that EG presents in solution (99%).

Due to the experimental assembly used to
measure specular re°ectance (Fig. 3), we see that
in this measuring procedure light traverses the
interface between OCA and tissue to interact with
the top layer of tissue. Due to tissue surface
roughness, refractive index mismatch at the inter-
face and light beam penetration into tissue, there
is a great contribution of light scattering in the
specular re°ected spectra. During tissue treatment,
there are two leading mechanisms involved— agent
di®usion into the tissue and tissue dehydration.
The ¯rst mechanism causes refractive index mat-
ching at top layers of the tissue and reduction in
tissue surface roughness. The second mechanism
leads to refractive index matching of upper tissue
layers and eliminate inclusion of tissue bulk scat-
tering into specular re°ection. It also can induce
a slight decrease of the refractive index of the
solution around the tissue. As a consequence the
measured specular re°ectance decreases greatly
in the ¯rst minute of the treatment, as we can
see in the lower graph of Fig. 7(a) for the case of
EG and then slowly goes up. In the case of the
treatment with glucose, the phenomenon is the
same, but due to a lower concentration of glucose
in solution and also to a similar content of water
in outside solution and natural tissue, the initial
decrease in specular re°ectance (lower graph in
Fig. 7(b)) is not so intense and so fast as in the
case of the treatment with EG. Such scattering
contamination in the specular re°ectance measure-
ments is important at the ¯rst minute of treat-
ment with EG and at the ¯rst 12min of the
treatment with glucose, but later on, scattering
can be neglected. This way, we are able to see
the specular re°ectance behavior after 1min (EG)
or 12min (glucose). We observe that due to high
concentration of EG in solution, specular re°ec-
tance increases linearly (slowly) after 1min of
treatment. For the case of glucose and since the
concentration of glucose in solution is considerably
lower than the one for EG, specular re°ectance
remains almost unchanged since 12min of treat-
ment elapsed.
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5. Conclusion

From the variations observed in the di®erent
measurements and calculations made for the treat-
ments with EG and glucose, we were able to identify
that the optical clearing e®ects reduce light scat-
tering inside the muscle. From the analysis of the
collimated transmittance variations, we could esti-
mate the characteristic di®usion times and di®usion
coe±cients of EG and glucose in the muscle, which
are necessary to calculate the variation of the
refractive index pro¯le of the tissue during treat-
ment. Such variation of the refractive index pro¯le
of the muscle is necessary to the inverse Monte
Carlo simulations to estimate the variation of
the optical properties of the tissue during the
treatments.

By comparing the several representations in
Sec. 3, we can say that collimated transmittance
is the optimal measurement procedure to demon-
strate the optical clearing e±cacy of the tissue. As
a complement to the information retrieved from
these measurements, some characteristics and in-
formation could be retrieved from the measure-
ments of specular re°ectance. In particular the
identi¯cation of transient e®ects was retrieved from
these representations. Additionally, we could ident-
ify some scattering contamination in the re°ection
measurements and calculations due to changing
of agent concentration in outside solution as a con-
sequence of tissue dehydration and Fresnel re°ec-
tions at interfaces existent in the measurements of
total re°ectance and specular re°ectance.

To proceed with our research and use the
measurements presented above in the estimations of
the variation of the optical properties of the muscle
under treatment, we must ¯rst perform some cor-
rections to eliminate this scattering contamination
in the measurements of specular re°ectance.

We will use the corrected results later to estimate
the variations of the optical properties of muscle
under treatment with these solutions. From the
increase in collimated transmittance and decrease in
specular re°ectance that we have observed in both
cases we can estimate that the scattering coe±cient
will decrease with the applied treatments. From the
observations made with the measurements of colli-
mated transmittance, we saw that the treatments
induce an increase in transmittance. Such increase
is caused by a reduction in the scattering coe±cient
and due to an increase in the g factor.
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