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Skeletal muscle dispersion

and optical clearing (OC)

kinetics were studied

experimentally to prove

the existence of the refrac-

tive index (RI) matching

mechanism of OC. Sample

thickness and collimated

transmittance spectra were measured during treatments with glucose (40%) and

ethylene glycol (EG; 99%) solutions and used to obtain the time dependence of

the RI of tissue fluids based on the proposed theoretical model. Calculated

results demonstrated an increase of RI of tissue fluids and consequently proved

the occurrence of the RI matching mechanism. The RI increase was observed

for the wavelength range between 400 and 1000 nm and for the 2 probing

molecules explored. We found that for 30 min treatment with 40% glucose and

99% EG, RI of sarcoplasm plus interstitial fluid was increased at 800 nm from

1.328 to 1.348 and from 1.328 to 1.369, respectively.
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1 | INTRODUCTION

Soft biological tissues, in general, have a heterogeneous

composition, with cell organelles, proteins and fibers (con-

sidered as scatterers) distributed through a liquid ground

substance, commonly designated by cell cytoplasm and

interstitial fluid (ISF). ISF contains mainly water and some

dissolved salts and organic compounds [1–3]. The scatterers

have a higher refractive index (RI) than ISF, and since no

noticeable physical boundaries between tissue components

are seen on a macroscopic scale, tissues can be described as

a continuous structure with spatial variations in the RI [1].

At 589.6 nm, the RI of ISF usually ranges between 1.35

and 1.37, while scatterers present higher values typically

between 1.39 and 1.47, or even as high as 1.58 for dry mus-

cle proteins [2] or 1.6 for skin melanin [1].

The RI mismatch between tissue components is the

basis of the high light scattering properties that characterize

biological tissues [1, 4–8]. One way to reduce the light scat-

tering is to perform optical clearing (OC) treatment [1]. This

treatment reduces light scattering through 2 main

mechanisms—tissue dehydration and RI matching [9].

When ex vivo tissue samples are immersed in an OC solu-

tion, the osmotic pressure created by the OC agent (OCA)

over the tissue, forces water in the ISF to flow out (dehydra-

tion mechanism) and the scatterers approach each other (tis-

sue shrinkage) leading to a short-time scattering coefficient

(μs) increase. In spite of some elevation of the μs, due to

less sample thickness and better ordering (packing) of the

scatterers, optical transmittance increases. As the water

flows out from the tissue, the OCA in the immersion solu-

tion finds it easier to flow in and it will partially replace the

water in the cytoplasm and ISF, forcing the scatterers to

separate from each other (tissue swelling) once again. Com-

mon OCAs used in these treatments are glucose, glycerol or

dimethyl sulfoxide, which have RI values greater than water
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and more approximated to the high RI values of tissue scat-

terers [10]. As OCAs flow into the cytoplasm and ISF, the RI

matching mechanism occurs, leading to a decrease in light

scattering [9]. Although this mechanism is commonly

accepted, it has never been experimentally proven. However,

an alternative indirect method to evaluate the kinetics of the

RI of the interstitial space of tissues n0 (t) based on the recon-

struction of temporal behavior of the scattering coefficient μs
(t) from measurements of the collimated transmittance (Tc) of

a tissue sample during OC can be proposed [1, 11]. To per-

form a more accurate calculation of n0 (t), temporal measure-

ments of sample thickness should also be provided during OC,

because OCA induces tissue shrinkage or swelling. Therefore,

considering the relation between n0 (t) and μs (t), we have per-

formed thickness and Tc measurements from skeletal muscle

samples during treatments with 40% glucose and 99% ethylene

glycol (EG) to evaluate the kinetics of the RI of the interstitial

space of the muscle. Glucose and EG are 2 different molecules

that were used as independent OCA examples for tissue prob-

ing and method validation. In this study, we are presenting the

calculation method and corresponding algorithm to obtain the

natural dispersion curve of skeletal muscle and its kinetics dur-

ing OC (section 2) and the sequential results from these calcu-

lations for the 2 OCAs studied (section 3).

2 | MATERIALS AND METHODS

2.1 | Method of RI quantification

An indirect method to evaluate the kinetics of the RI of the

interstitial space of tissues during OC is described in the liter-

ature [1]. Considering a simple approximation, where the dif-

fusion of an OCA with low osmotic pressure into the

interstitial space does not affect density or the physical

dimensions of tissue scatterers, it is possible to describe the

change in the μs of the tissue as a function only of the change

of the RI of the interstitial space. Equation (1) shows this

change in μs for a particular time t of treatment [1]:

μs tð Þ= μs t=0ð Þ×

ns
no tð Þ−1
h i2

ns
n0 t=0ð Þ−1
h i2

: ð1Þ

In Eq. (1), μs is calculated at any time t of treatment as a

function of the value of μs from the natural tissue (μs
(t = 0)), the RI of the scatterers (ns), the RI of the interstitial

space for the natural tissue (n0 (t = 0)) and the RI of the

interstitial space at time t (n0 (t)) [1].

Since ns is assumed to remain unchanged during treat-

ment, Eq. (1) establishes a relation between μs (t) and n0 (t)

and it can be solved to obtain n0 (t) from μs (t).

In reality, an OCA with a high osmotic pressure will

also interact with tissue components and consequently, tis-

sue shrinkage or swelling might also take place. For slab-

form tissue samples under OC treatment, the superficial area

of the sample is usually much larger than sample thickness.

Consequently, sample volume variations can be calculated

directly from thickness measurements made during

OC. Such variations must be taken into account in Eq. (1)

to perform a correct calculation.

Considering the relation between n0 (t) and μs (t) indi-

cated in Eq. (1), we have performed thickness and Tc mea-

surements from skeletal muscle samples during treatments

with 40% glucose and 99% EG to evaluate the kinetics of

the RI of the interstitial space of the muscle.

2.2 | Experimental studies

Skeletal muscle samples from Wistar Han rats were used to

perform thickness and Tc measurements considered in this

research. All muscle samples used in measurements were pre-

viously sliced with a cryostat (model HM560 from Thermo

Scientific, Waltham, Massachusetts) with 0.5 mm thickness.

The experimental setups used to perform these measure-

ments are presented in Figure 1.

Considering the Tc measuring setup presented in

Figure 1A, a halogen lamp (HL-2000 model from Avantes,

FIGURE 1 (A) Tc measuring setup and (B) thickness measuring setup
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Apeldoorn, The Netherlands) was used to illuminate the tissue

sample. The transmitted spectra were collected by an Avantes

spectrometer (AvaSpec-2048-USB2 model) configured to

measure between 200 and 1000 nm with 1 nm resolution.

Since the halogen lamp power is very low below 400 nm, we

have considered spectra between 400 and 1000 nm in this

research. The black box that contains the sample’s cuvette

was constructed to guarantee a collimated beam with 1 mm in

diameter before and after the sample. This setup was used to

measure spectra from the natural samples and during OC

treatments. We have performed 3 sets of measurements for

treatments with 40% glucose and other 3 for treatments with

99% EG. Although spectra were acquired with a time resolu-

tion of 1 seconds during OC treatments, not all were used in

calculations, as indicated in section 3.

Thickness measurements were made using the setup pre-

sented in Figure 1B. The muscle slices were introduced

between 2 microscope glasses with known thickness (dG).

A micrometer with a measurement precision of 0.001 mm

was used to measure the global thickness of this setup (D),

and the sample thickness was calculated as d = D − 2 ×

dG. After measuring the thickness of the natural sample,

the OC solution (40% glucose or 99% EG) was injected in-

between the 2 microscope glasses and thickness measure-

ments were taken at each 15 seconds until 2 minutes of

treatment and at each min after that. These measurements

were made in a very gentle way to avoid excessive tissue

compression and obtain thickness values as true as possible.

Three sets of measurements were made for treatments with

40% glucose and other 3 were made for treatments with

99% EG [12] to calculate the average time dependence for

sample thickness [9].

2.3 | Muscle’s dispersion between 400 and 1000 nm

Skeletal muscle is a soft fibrous tissue with a heterogene-

ous composition. The skeletal muscle can be described as

a collection of muscle cells that are distributed through the

ISF. The muscle cells contain protein fiber chains (actin

and myosin) that are hydrated by another liquid—the sar-

coplasm. Like the ISF, the sarcoplasm contains mainly

water and a small quantity of dissolved salts, minerals and

proteins [13]. Such composition for the muscle indicates

that a significant RI mismatch exists between the proteins

(RI ~ 1.53) and the muscle fluids (RI ~ 1.35). Such mis-

match is responsible for strong light scattering inside the

muscle in the UV-near infrared (NIR) range [1, 4, 6–8,

14–20], which will originate significant power loss in a

light beam or low contrast images obtained from small tis-

sue depths [21, 22].

A simplistic model can be considered to estimate the

natural dispersion curve of the muscle, where only 2 tissue

components are considered: the scatterers (dried proteins,

salts and minerals) and water. By knowing the wavelength

dependence of the RI of water and scatterers and the

correspondent volume fractions (VFs), the calculation of the

dispersion curve of the muscle can be made using the Glad-

stone and Dale law of mixtures [1, 23–26]:

nsample λð Þ= nwater λð Þfwater + nscatterer λð Þfscatterer,
fwater + fscatterer =1

ð2Þ

In Eq. (2), nwater (λ) represents the wavelength depend-

ence of the RI of water, nscatterer (λ) is the wavelength

dependence of the RI of scatterers and fwater and fscatterer rep-

resent the VFs for water and scatterers, respectively.

The VF of water in the skeletal muscle from rat is

reported in the literature as 0.756 � 0.003 [27]. This value

indicates that the VF for scatterers in our model is

0.244 � 0.003. Reinoso et al. [27] have also indicated other

values for the VF of water that are as low as 0.710 or as

high as 0.761. This means that the water content in muscle

tissues depends on the samples used in study and conditions

of measurements performed. Since we have used skeletal

muscle from the Wistar Han rat in our studies, we need to

estimate the appropriate water content for this muscle.

The wavelength dependence for the RI of water is also

reported in the literature for a few temperatures [28]. Since

we have performed our measurements at 20�C and consid-

ered the wavelength band between 400 and 1000 nm, we

will consider water dispersion in this band as collected from

Ref. [28] for that temperature. The wavelength dependence

for the RI of scatterers is not known.

In our early stage research, we have used a single-

wavelength Abbe refractometer to measure the RI of muscle

at 589.6 nm. Measuring from several samples, we obtained

a mean RI of 1.398 � 0.005. We have also measured from

samples in different stages of dehydration to estimate for

maximally achieved dehydration in the experiment the RI of

the scatterers as 1.584 � 0.025 at this wavelength [2].

Considering the reference wavelength of 589.6 nm, we

can use these values and the RI of water from Ref. [28]

(1.333) in Eq. (2) to estimate the VFs for water and scat-

terers. Performing these calculations, we have estimated

these VFs for the rat skeletal muscle: fwater = 0.741 and

fscatterer = 0.259.

Using these values for λ = 589.6 nm, we have adopted

a particular calculation procedure to estimate the dispersion

curve for the skeletal muscle. Bolin et al. [29] report the RI

values of normal bovine skeletal muscle for some wave-

lengths within the range of 400 to 700 nm. Since bovine

and rat skeletal muscles have the same type of proteins—

actin and myosin, we can combine our experimental RI data

with the data of Ref. [29] to calculate the dispersion curve

for the scatterers in rat muscle as already made for other tis-

sues [30]. However, since the published bovine data [29]

are only for wavelengths between 400 and 700 nm and for

normally hydrated conditions, we need to extrapolate these

data to 1000 nm and to dry state.

To perform such extrapolation, the RI data for bovine

muscle in Ref. [29] should be fitted with a curve described
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by Eq. (3). Such equation is presented in the literature as

adequate to fit RI data of skeletal muscle samples for a

wider spectral range [31]:

nbovine-muscle λð Þ=
A

λB
+C ð3Þ

The parameters A, B and C in Eq. (3) are estimated

when the fitting of bovine muscle data is done. The wave-

length in this equation is to be used in nanometers. By

applying this equation to a spectral range between 400 and

1000 nm, we obtain the dispersion curve for bovine muscle

that will be used in the following calculations.

To obtain the dispersion of the scatterers from bovine

muscle data to use in rat muscle, we need to subtract the

water contribution in bovine muscle to its dispersion curve.

For this calculation, it is necessary to know the water VF in

bovine muscle. Literature reports that bovine muscle can

have water content between 0.709 and 0.741 [32]. Using

Eq. (3) after estimating A, B and C, we calculated the RI of

bovine muscle at 589.6 nm as 1.400. For the same wave-

length, water has an RI of 1.333 [28]. Using these values

and the RI of 1.584 for dry proteins [2] in Eq. (4), we calcu-

lated the VF of water (fbovine-water) in bovine muscle

as 0.734.

nproteins λð Þ=
nbovine-muscle λð Þ− fbovine-water × nwater λð Þ

1− fbovine-water
: ð4Þ

Having obtained the water VF in bovine muscle, we

used Eq. (4) again to subtract the water contribution and

obtain the wavelength dependence of the RI of dry proteins.

Such wavelength dependence for the RI of proteins was

then used in Eq. (2) to reconstruct the wavelength depend-

ence of the RI of rat muscle. The calculated RI value for the

skeletal muscle at 589.6 nm was 1.398, as expected. The

graphs obtained in the sequential steps of these calculations

are presented in section 3 along with the final muscle dis-

persion curve.

2.4 | Muscle’s dispersion kinetics during OC

After estimating the dispersion curve for rat skeletal muscle,

we wanted to know how its time dependence behaves during

OC treatments. We also wanted to evaluate the dispersion

kinetics for the RI of the interstitial space to experimentally

prove the occurrence of the RI matching mechanism during

OC. As indicated in section 2.1, if thickness and Tc measure-

ments are made during OC treatments, it is possible to calcu-

late the time dependence for the RI of the interstitial space.

We have performed those measurements during the treat-

ments with 40% glucose and 99% EG (measurements and

time dependencies presented in Refs. [12, 33, 34]). Such

measurements have already allowed the estimation of the dif-

fusion properties of glucose [34] and EG [12] in the muscle

and can now be used to calculate the RI dispersion kinetics

of the tissue under treatment and demonstrate the predicted

increase in the RI of the ISF plus sarcoplasm and of the tis-

sue as a whole.

The simplistic model used to estimate the dispersion

curve of the natural skeletal muscle is not adequate to esti-

mate its kinetics during OC. In this case, we have to con-

sider a more realistic tissue model that contains free and

bound water. Literature explains the difference between

these types of water in tissues: bound water is tightly con-

nected to the other tissue components and can only turn free

and move inside the tissues if a strong or long-term stimula-

tion is applied [35]. Both the ISF and sarcoplasm in skeletal

muscle contain free and bound water according to Ref. [13].

The bound water in sarcoplasm is bound to the protein fiber

chains (myofibrils), providing their hydration and the bound

water in ISF is bound to the proteins that are dissolved or to

the outside of the muscle cells.

Considering a short-time duration treatment as we did

(30 minutes), the only water involved in the fluid exchange

with the treating solution will be free water [1, 36]. For this

reason, we have to consider hydrated proteins as the scat-

terers and the free water in ISF plus sarcoplasm as the back-

ground fluid that will be able to flow out during treatment.

According to the literature [37], hydrated proteins in

skeletal muscle should have an RI of 1.53 at 589.6 nm.

Equation (2) was used to obtain the VFs of water and dry

proteins that match the reported value of hydrated proteins

at 589.6 nm. After obtaining these VF values, the scatterers’

dispersion was calculated according to Eq. (5):

nscatterers λð Þ=0:785× ndry proteins λð Þ+0:215× nwater λð Þ ð5Þ

Equation (5) describes the dispersion curve of the scat-

terers in the skeletal muscle, which will remain unchanged

during treatment. The next step consists on determining

how the RI of ISF plus sarcoplasm changes during

treatment.

Considering a slab-form tissue sample under treatment

with a particular OCA, the Tc measurement made at a par-

ticular time of the treatment is a function of the sample

thickness and the sample’s attenuation coefficient, as

described by the Lambert-Beer equation: [4]

Tc =
I

I0
= e −μt × dð Þ

: ð6Þ

In Eq. (6), I represents the light intensity measured after

transmission through the slab sample, I0 represents the light

reference intensity, μt = μa + μs is the attenuation coeffi-

cient of the sample and d represents the thickness of the

slab sample. For tissues that have a high μs when compared

with μa (various examples can be found in Table 18 of Ref.

[1]), the variations in μa during OC will be neglectible when

compared to the variations in μs [1]. Note that the explana-

tion for this fact can be found in the nature of the 2 pro-

cesses taking place during the treatment—tissue loses some

water due to the dehydration mechanism and acquires OCA

that provides the RI matching mechanism. Water shows no
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strong absorption bands for visible and NIR wavelengths.

On the other hand, it presents 2 small magnitude absorption

bands at 980 and 1190 nm and a high magnitude absorption

band at 1450 nm [38]. Moreover, OCAs have their own

absorption spectra, but usually they do not have strong

absorption bands for visible and NIR wavelengths [1].

Considering thickness and Tc measurements made dur-

ing the OC treatment and considering that μa remains

unchanged, the time dependence for μs can be calculated

with a rearranged Beer-Lambert equation:

μs tð Þ= −
ln Tc tð Þ½ �

d tð Þ
−μa, ð7Þ

where both Tc and slab thickness are time dependent during

treatment. As indicated in Ref. [1], the significant changes

during the treatment occur in the interstitial space due to the

liquid fluxes between the tissue and the immersion solution.

Such liquid exchange between the tissue and the treating

solution will originate changes in RI of the interstitial space

and in the VFs of tissue components. By changing the VFs,

the scatterer density (ρs) will also change, and since μs is

the product between the scattering cross section (σs) and ρs

[4], the following equation must be considered to determine

the time dependence of the RI of the tissue fluids:

n0 tð Þ=
ns

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μs tð Þ× d tð Þ
μs t=0ð Þ× d t=0ð Þ

q

× ns
n0 t=0ð Þ−1

� �

+1
� � : ð8Þ

Equation (8), which is a rearranged version of Eq. (1), is

a corrected version of the relation between the time depend-

ence of the RI of interstitial space of tissue and the time

dependence of μs of tissue that is presented in Ref. [1],

where the scatterer density change was accounted for. The

sample thickness for the natural tissue (d(t = 0)) and its

time dependence during treatment (d(t)) were introduced in

Eq. (8) to account for the scatterer density change. A

detailed discussion about this correction is presented in Ref.

[39]. In this equation, the RI of the interstitial space of the

natural tissue (n0(t = 0)) represents the RI of water accord-

ing to our model.

Considering that during OC only water and OCA fluxes

will occur between the interstitial space of the tissue and the

immersing solution, we can use thickness and Tc measure-

ments to perform calculations with Eqs. (7) and (8) and

obtain the time dependence for the mean ISF dispersion

curve.

For a particular time of treatment, the dispersion curve

for the muscle tissue can be calculated from the dispersion

curves of the interstitial space (n0 λ, tð Þ) and scatterers (ns(λ))

using Eq. (9):

nsample λ, tð Þ= n0 λ, tð Þf0 tð Þ+ ns λð Þfs tð Þ,
f0 tð Þ+ fs tð Þ=1

ð9Þ

where the appropriate VFs at that particular time of treat-

ment (t) are used. These VFs will also change during

treatment due to water content decrease, OCA content

increase and volume variation for the sample under treat-

ment. The time dependence for the VFs can be calculated

from the mean thickness time dependence measurements

made from the samples under treatment. These calculations

were made for the treatments with each OCA in the follow-

ing manner. From the VFs for natural tissue and knowing

the natural sample volume, we calculated the absolute

volumes for tissue components in natural sample. From

sample thickness time dependence, we calculated the time

dependence for sample volume. Since the absolute volume

of scatterers is kept unchanged during treatment, we calcu-

lated scatterers’ VF for any time of treatment by dividing

the absolute volume by sample volume at different times of

treatment. Since for any time of treatment the sum of VFs

must equal unity (lower expression of Eq. (9)), we calcu-

lated the time dependence for the VF of ISF. Knowing the

time dependence for the VFs in Eq. (9), the dispersion

kinetics of the muscle could be calculated. Section 3 pre-

sents these results.

3 | RESULTS AND DISCUSSION

3.1 | Muscle dispersion curve between 400 and

1000 nm

According to the methodology and tissue model that we

described in section 2.3, to estimate muscle dispersion

between 400 and 1000 nm, we need the dispersion of water

and scatterers and corresponding VFs. Considering that all

our measurements were performed at 20�C, we retrieved the

RI data for water at this temperature from Ref. [28]. These

data refer to wavelengths between 200 and 1130 nm and we

have estimated the dispersion curve that fits the data in this

range as:

nwater λð Þ=
p1 × λ5 + p2 × λ4 + p3 × λ3 + p4 × λ2 + p5 × λ+ p6

λ4 + q1 × λ3 + q2 × λ2 + q3 × λ+ q4
,

ð10Þ

where p1 = −2.577 × 10−6, p2 = 1.321, p3 = −176.2,

p4 = 5.969, p5 = 0.4269, p6 = 0.5139, q1 = −138.2,

q2 = −10.15, q3 = 0.1173 and q4 = 0.1223. The wave-

length λ in Eq. (10) is to be used in nanometers. When per-

forming the data fitting, using cftool in MATLAB, we

obtained an R
2 value of 1. With the estimation of Eq. (10),

the RI of water can be calculated for any particular wave-

length to be used in the following calculations.

To calculate the dispersion for the dry proteins in

muscle, we have collected the RI values of bovine muscle

samples from Ref. [29]. These values correspond to wave-

lengths between 400 and 700 nm and are represented in

Table 1:

We fitted the data in Table 1 with a curve described by

Eq. (3) and extrapolated that curve to 1000 nm. When
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performing this fitting, we have obtained the following

parameters in Eq. (3): A = 169.5, B = 1.377 and C = 1.374

(R2 = 0.985). The data points in Table 1 and the fitting

curve are presented in Figure 2.

The RI of bovine muscle at 589.6 nm was calculated

with Eq. (3) as 1.400 and the RI of water was calculated

with Eq. (10) as 1.333. Using these values and the RI of

dry proteins (1.584) at the same wavelength in Eq. (4), we

have calculated the VF for water in bovine muscle as 0.734.

With all these values, we have determined the dispersion of

dry proteins by subtracting the water contribution from the

dispersion of bovine muscle. The resulting dispersion for

the dry proteins is also presented in Figure 2. Using the dis-

persion curves of water (given by Eq. (10)) and dry proteins

(orange curve in Figure 2) along with the corresponding

VFs in rat muscle [27], we calculated the natural dispersion

curve for skeletal muscle with Eq. (2). This curve is also

presented in Figure 2 (red curve).

As indicated by the ovals and arrows, all data in

Figure 2 are referred to the left vertical axis (in blue), with

the exception of the orange curve, which is referred to the

right vertical axis (in orange).

As presented in Figure 2, the RI of rat muscle at

589.6 nm is 1.398, the same as the mean of our previous

measurements [2]. As a consequence of the decreasing

behavior of water and dry proteins (see Eq. (10) and

Figure 2), the RI of rat muscle also presents a decreasing

behavior with wavelength. To compare this dispersion curve

with others from different tissues, we have created Figure 3

with data from several papers.

Figure 3 shows that although different values are seen

for different tissues, all types of muscle present similar

wavelength dependencies.

3.2 | Muscle dispersion kinetics during OC

To calculate muscle dispersion kinetics during OC, we

started by determining the dispersion curve for scatterers

with Eq. (5). This curve, which will remain unchanged dur-

ing OC, is presented in Figure 4.

The data points in Figure 4 represent the calculated data

for specific wavelengths: at each 25 nm between 400 and

1000 nm and for λ = 589.6 nm for calculation control. The

curve and points in Figure 4 were calculated using Eq. (5).

The blue points are the RI values of the hydrated proteins

that will be used in following calculations.

To obtain the dispersion kinetics for the interstitial

space, we performed thickness and Tc measurements during

the treatments with 40% glucose and 99% EG. Several mus-

cle samples were prepared with circular form (ϕ = 1 cm)

and 0.05 cm thickness to use in study. Considering the

treatment with 40% glucose we used 3 samples to acquire

time dependence thickness measurements and other 3 sam-

ples to acquire the Tc measurements during treatments.

FIGURE 2 RI of skeletal muscle: Experimental data points for bovine

(blue) [29], fitting curve (green), dry proteins (orange) and rat muscle (red)

FIGURE 4 Wavelength dependence of the RI of hydrated proteins in rat

skeletal muscle

FIGURE 3 Wavelength dependence for water and tissue RI

TABLE 1 RI data between 400 and 700 nm for bovine muscle [29]

λ (nm) RI λ (nm) RI

400 1.419 560 1.403

420 1.417 580 1.402

440 1.414 600 1.400

460 1.410 620 1.399

480 1.407 640 1.398

500 1.406 660 1.398

520 1.406 680 1.395

540 1.404 700 1.394
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Mean time dependence results were calculated both for sam-

ple thickness and Tc. A similar number of samples and pro-

cedure was used in the study with 99% EG. Mean total

transmittance (Tt) and total reflectance (Rt) spectra of natural

muscle were also calculated from individual measurements

to be used in the kinetics calculations [33].

Considering the natural stage of muscle, we have per-

formed 3 sets of Inverse Monte Carlo (IMC) and 3 sets of

Inverse Adding-Doubling (IAD) simulations for several

wavelengths between 400 and 1000 nm to estimate the opti-

cal properties. The IMC software code was created by our

group, based on the forward Monte Carlo code developed

by Lihong Wang and Steven Jacques and available at the

website of the Oregon Medical Laser Center (http://omlc.

org/software/mc/) [42]. The IAD software is the original

code that was developed by Scott Prahl, also available at

the website of the Oregon Medical Laser Center (http://

omlc.org/software/iad/index.html) [43].

Thickness, optical measurements and the RI data pre-

sented in Figure 2 (red line) were used as input in these

simulations. Since both codes generated similar optical

properties for all wavelengths considered in the simulations,

the mean spectral optical properties of natural muscle were

calculated between 400 and 1000 nm. These spectra are pre-

sented in Figure 5.

The points in graphs of Figure 5 represent the mean

results of estimations using IMC and IAD simulations. The

orange curves were created as interpolation between points

to show that wavelength dependence of the optical proper-

ties are according to the literature—μa decreases with wave-

length but shows an absorption peak around 500 to 550 nm

due to the presence of hemoglobin in tissues; μs decreases

exponentially with wavelength and g increases exponen-

tially with wavelength [7, 16].

Error bars in graphs (A) and (B) of Figure 5 are larger

for smaller wavelengths, probably due to different blood

content in samples used in measurements that were consid-

ered in the various simulations. For the case of anisotropy

(Figure 5C), there is a higher uncertainty for all wave-

lengths considered, although the error bars are larger for

FIGURE 5 Mean optical properties of the skeletal muscle: (A) Absorption coefficient, (B) scattering coefficient and (C) scattering anisotropy factor
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smaller wavelengths. This higher dispersion in estimated

anisotropy values has to do with the low magnitude of the

estimated values, which are smaller than 1.

The thickness time-dependent measurements were also

used in these calculations. Mean results for these measure-

ments obtained for the treatments with 40% glucose and 99%

EG are presented in Figure 6 [9, 44], along with the Tc time

dependence curves for some wavelengths from both studies.

The data presented in both graphs of Figure 6 represent

mean results obtained from the measurements. For the case

of thickness time dependence (Figure 6A), we have

obtained higher uncertainty at the beginning, during the ini-

tial thickness decrease. For the treatment with EG, an uncer-

tainty of 2.5 μm was obtained at 15 and 30 seconds,

decreasing later to a value of 0.5 μm, which is maintained

constant after 5 minutes of treatment. A similar uncertainty

behavior was obtained for the thickness measurements dur-

ing treatment with glucose solution. In this case, an uncer-

tainty of 2.5 μm was observed at 15 and 30 seconds,

decreasing to a value of 0.5 μm at 2 minutes, which is kept

constant until 19 minutes. After 19 minutes of treatment,

the uncertainty decreases to insignificant values. The reason

for the higher uncertainty at the beginning of the treatment

is that sample’s compressibility is higher in natural state

and during the dehydration mechanism. As the tissues lose

water, the solid components approach each other and it is

more difficult to compress the sample. For the Tc measure-

ments made during both treatments, we observed a higher

uncertainty of 0.0011% within the first 3 minutes of treat-

ment. For later treatment, this uncertainty reduces to values

as small as 0.0009%. Similar uncertainty values were

observed in both treatments.

The mean thickness time dependencies for both treat-

ments were used to calculate the VFs of hydrated proteins

and interstitial space at any time of treatment. First, for nat-

ural tissue, we calculated the sample volume according

to Eq. (11):

Vsample = π ×0:52
� �

×0:05= 3:927× 10−2 cm3 ð11Þ

Considering the skeletal muscle and according to Ref.

[13], the VFs for free water are 0.1925 in the ISF and

0.4550 in sarcoplasm. Adding these values, we obtain a

total free water content of 0.6475. Consequently, the VF of

hydrated proteins (scatterers, or dry proteins plus bound

water) is 0.3525. These values are reported in Ref. [13] for

a study where rabbit, rat and frog muscle samples were

used. In our case, we have used only rat skeletal muscle,

meaning that we have to estimate the VFs for free water

and hydrated proteins.

Using the RI of rat muscle that we have measured

(1.398) [2], the RI of hydrated proteins (1.53) [37] and the

RI of water (1.333) [28], all for 589.6 nm, in Eq. (2), we

have estimated the VF for free water as 0.670. Also from

Eq. (1), this value implies a VF of 0.330 for the hydrated

proteins.

Multiplying these values by the sample volume given

by Eq. (11), we calculated the absolute volumes for

hydrated proteins and interstitial space plus sarcoplasm.

Using these values, we calculated the time dependence

for the total volume of the sample from the time dependence

of sample thickness. In these calculations, we considered

Eq. (11), but replacing the natural thickness (0.05 cm) by

the consecutive mean thickness values obtained for each

treatment (presented in Figure 6A). Using the time depend-

ence of sample’s volume, we calculated the time depend-

ence for the VF of hydrated proteins by dividing their

absolute volume by the sample volume at each time of treat-

ment. Since the sum of the partial volumes is always unity

at any time of treatment, the VF of the interstitial space was

obtained as the difference between unity and the VF of

hydrated proteins. The results from these calculations are

presented in Figure 7.

From the graphs in Figure 7, we see that VFs of tissue

components suffer their higher magnitude variations during

FIGURE 6 Mean time dependency measurements from samples under treatment with 40% glucose and 99% EG: (A) Sample thickness variation and (B) Tc

at some wavelengths [12, 33, 34]
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the first 10 minutes of treatment, before saturation regime is

initiated. We also see that these variations are of higher

magnitude for the treatment with EG. In both cases, we see

that the hydrated proteins increase their VF during the first

3 minutes for both treatments. Such variation is related to

the loss of water by the tissue. For the OCA to place itself

near the muscle fibers to perform the RI matching mechan-

ism at a latter stage of treatment, the water content in the

interstitial space has to decrease at an early stage of treat-

ment. Considering that free water exists both in sarcoplasm

and in the ISF and since the OCA has to flow into the

inside of the muscle cells, the free water in sarcoplasm has

to flow into the interstitial space during dehydration. As we

can see from the graph in Figure 7A, between approxi-

mately 6 and 18 minutes of treatment the VF of ISF plus

sarcoplasm increases a little, indicating the inclusion of glu-

cose to perform the RI matching. Such behavior is also seen

for the treatment with EG between 6 minutes and the end of

treatment (Figure 7B). It is important to understand that at

the beginning of the treatment, when the dehydration mech-

anism dominates in OC, the major changes in the global RI

of the muscle will be driven by the variations in VFs pre-

sented in Figure 7. At later treatment, when RI matching

becomes the dominant mechanism, the VFs do not show

significant variations, as we can see from both graphs in

Figure 7. At this later stage of the treatment, the driving

force to produce variations in the sample’s RI will be the

change in the RI of ISF plus sarcoplasm, which is caused

by the impregnation of these fluids with OCA.

To obtain this change in the RI of ISF plus sarcoplasm,

we started by calculating the time dependence of the scatter-

ing coefficient through Eq. (7), from the thickness and Tc

measurements made during treatments with both agents. In

this calculation, we assumed that μa remains constant during

the treatments. Figure 8 presents the graphs for the time

dependencies of μt and μs of the muscle for λ = 650 nm.

Although the graphs in Figure 8 are relative only to

650 nm, similar calculations were performed for other

wavelengths within 400 and 1000 nm. By comparing

between both graphs in Figure 8, we see that EG originates

a higher magnitude decrease in the attenuation and scatter-

ing coefficients than glucose. The first impact of the OCA

FIGURE 7 Time dependence of the VFs of tissue components during treatment with: (A) 40% glucose and (B) 99% EG

FIGURE 8 Time dependence for the attenuation and scattering coefficients of the muscle at 650 nm for the treatments with: (A) 40% glucose and

(B) 99% EG
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in solution is to increase both μt and μs. Due to the osmotic

pressure of the OCA in the immersion solution, the dehy-

dration mechanism is forced to initiate with the immersion

of the sample in the solution. Consequently, as the water

leaves the ISF to the outside, the muscle fiber cells will

approach each other and such approach is translated by the

initial increase in the coefficients that we see in both cases

of Figure 8. In the treatment with EG, we see an initial

decrease in the first 15 seconds of treatment. Such decrease

might be explained by an early interation of EG with super-

ficial layers of the muscle sample. The global results seen in

Figure 8 are a confirmation of our initial suspicion that OC

produces a significant decrease in the scattering coefficient.

Using the time dependence of μs along with thickness

variations in Eq. (8), the time dependence of the RI of ISF

plus sarcoplasm was calculated. Figure 9 presents the results

of this calculation.

The graphs in Figure 9 show that the RI of ISF plus sar-

coplasm increases during the treatments in a smooth man-

ner. Although both OC mechanisms initiate at the beginning

of treatment, the tissue dehydration mechanism dominates

OC operations at the initial stage, while the RI matching

mechanism dominates at longer treatment time. Considering

the diffusion time values for water, glucose and EG in skel-

etal muscle that we have estimated in the diffusion study

[12, 34], we can understand the variations presented in these

graphs. In the diffusion studies, we estimated that the diffu-

sion time in muscle is: 58 seconds for water [12, 34],

303 seconds for glucose [34] and 446 seconds for EG [12].

This means that with the immersion of the tissue in the

treating solution, both the OC mechanisms begin immedi-

ately. Water begins to flow out of the tissue and OCA

begins to flow in from the treating solution into the ISF and

sarcoplasm. Considering the glucose treatment, graph in

Figure 9A shows that the initial RI increase tends to saturate

at approximately 6 minutes. For the treatment with EG, we

see from graph in Figure 9B that the initial RI increase

tends to saturate at approximately 10 minutes. This extra

time in the increase of the RI of the muscle fluids for the

treatment with EG indicates that this OCA continues to flow

into the sample for a longer time than glucose, but at the

expense of sample thickness slight increase, as we have

observed in Figure 6A.

From Figure 6A, we saw that both treatments produce

strong decrease in tissue thickness at the early beginning of

treatment, when tissue dehydration mechanism dominates

over the RI matching. During the rest of the treatment, we

see that RI follows the Tc behavior presented in

Figure 6B. As usual, EG produces the higher magnitude

variations in the RI of ISF plus sarcoplasm.

To finalize the study of muscle RI under treatment, we

now present the results of the dispersion kinetics for the

whole muscle, as calculated with Eq. (9) for each time of

treatment. In these calculations, we added the contributions

of tissue scatterers and fluids. The appropriate VFs for both

treatments that are represented in the graphs of Figure 7

were used in these calculations. The dispersion kinetics of

muscle during both treatments is presented in Figure 10.

Both graphs in Figure 10 show an initial strong increase

in muscle’s RI, although EG produces the higher magnitude

increase. As indicated in the color bars of the graphs in

Figure 10, this initial increase in RI corresponds to the treat-

ment time period where the dehydration mechanism domi-

nates OC operations. After the initial increase, there is a

transition period where both OC mechanisms occur simulta-

neously. Later, during treatment, the sample’s RI tends

smoothly to become stable. During this period, the RI

matching mechanism dominates OC operations.

This behavior is an evidence of the 2 OC mechanisms:

tissue dehydration at the beginning and RI matching later

FIGURE 9 Time dependence for the RI of sarcoplasm plus ISF for the treatments with: (A) 40% glucose and (B) 99% EG
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on. Comparing between the graphs in Figure 10, we see that

the final values of muscle RI are higher for the treatment

with EG. Such difference is seen for the entire spectral

range.

The second difference is that the sample treated with EG

presents a rising behavior for the RI that lasts longer than in

the treatment with glucose. Such differences are related to

the different OCA concentrations used in both treatments.

At the end of the treatment with EG, we see a little decrease

in the RI values, just as we saw from the Tc time depend-

ence for that treatment (Figure 6B) [33]. Such differences in

the time dependence of the sample’s RI correlate well to the

experimental measurements that have originated them:

thickness and Tc time dependencies; and these measure-

ments are sensitive enough to evaluate RI changes in the

interstitial space according to the theoretical model we used.

Such theoretical model, which is based only on thick-

ness and Tc experimental measurements demonstrates the

occurrence of the RI matching mechanism. The calculations

made with the proposed algorithm were only possible

assuming that μa is much smaller than μs. Fortunately, not

only the skeletal muscle, but the great majority of soft tis-

sues also has this characteristic and the model used is ade-

quate to perform such calculations. By performing these

measurements during OC treatments, we were able to

observe an increase in the spectral RI of the muscle fluids

(Figure 9), meaning that the RI mismatch decreased its

magnitude during treatments. Such decrease corresponds to

a decrease in tissue scattering. By evaluating the RI time

dependence for a spectral range between UV and NIR

wavelengths, it was verified that the partial replacement of

tissue water by the OCAs produces similar efficiency in the

entire range, provided that no strong absorption bands exist.

Comparing between the results obtained from the treat-

ments with the 2 OCAs (the graphs of Figures 9 and 10),

we see that EG produces a higher magnitude RI matching

between tissue components, meaning that the method used

in our research is sensitive enough to be used in different

OC treatments and with different OCAs. Further processing

of the time dependencies obtained in this study can be used

to establish quantification parameters for the RI matching

mechanism and OC efficiency. Such information is of great

importance if the optimization of OC treatments in clinical

practice is an objective.

4 | CONCLUSIONS

We have observed that the proposed indirect method is very

sensitive to the time dependence of n0. The results of the

calculations made for various wavelengths between 400 and

1000 nm show indeed that the RI of the interstitial space

increases during treatment. These results prove the occur-

rence of the RI matching mechanism and the simple calcula-

tion method, which is based only on Tc and thickness

measurements, can now be used to perform similar evalua-

tions on other tissues and OC treatments.

Once the dispersion kinetics are calculated for the skele-

tal muscle with these OCAs, the kinetics of the optical prop-

erties can also be estimated through IMC simulations,

provided that integrated optical transmittance and reflect-

ance measurements are made on similar conditions. The

evaluation of the time dependency of the optical properties

will allow the evaluation of OC efficiency. We plan to per-

form these studies briefly.
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