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Abstract

The recent increasing interest in the

application of radiology contrasting

agents to create transparency in biologi-

cal tissues implies that the diffusion prop-

erties of those agents need evaluation.

The comparison of those properties with the ones obtained for other optical

clearing agents allows to perform an optimized agent selection to create opti-

mized transparency in clinical applications. In this study, the evaluation and

comparison of the diffusion properties of gadobutrol and glycerol in skeletal

muscle was made, showing that although gadobutrol has a higher molar mass

than glycerol, its low viscosity allows for a faster diffusion in the muscle. The

characterization of the tissue dehydration and refractive index matching mech-

anisms of optical clearing was made in skeletal muscle, namely by the estima-

tion of the diffusion coefficients for water, glycerol and gadobutrol. The

estimated tortuosity values of glycerol (2.2) and of gadobutrol (1.7) showed a

longer path-length for glycerol in the muscle.
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1 | INTRODUCTION

The optical clearing (OC) method has been a subject of
intense research with various biological tissues in the last
30 years [1]. The application of OC treatments is benefi-
cial for clinical practice [2–4], as the reduction of light
scattering is induced inside tissues, leading to the
increase both of tissue transparency and light penetration
depth [1, 5, 6]. Such decrease in light scattering occurs
due to three main mechanisms, commonly designated as
tissue dehydration, refractive index (RI) matching and
protein dissociation [7, 8]. Considering a tissue slab that
is immersed in a solution that contains an optical clear-
ing agent (OCA), the tissue dehydration mechanism
occurs due to the osmotic pressure created by the OCA
over the tissue, which induces a fast flux of the mobile
water in the interstitial fluid out from the tissue [1, 8]. As
the water flows out, the OCA molecules in the immersing
solution diffuse into the interstitial locations to replace
the water that has moved out from the tissue. Since the
OCA has a higher RI than water, closer to the RI of the
other tissue components, such OCA flux into the intersti-
tial locations leads to an increase of the mean RI of the
interstitial fluid, turning it closer to the RI of the other
tissue components [8, 9]. This means that the tissue
dehydration mechanism is directly associated with the
water flux out and the RI matching mechanism is directly
associated with the OCA flux into the tissue [8, 9]. As the
OCA molecules accumulate inside, the dissociation of
proteins can also occur, depending on the amount of pro-
teins that the tissue contains and on the ability of the
OCA used to dissociate those proteins [8]. It has been ver-
ified that all these three mechanisms lead to an increase
in tissue optical transparency and that they are all revers-
ible [1, 8].

The tissue dehydration and the RI matching mecha-
nisms always occur in any OC treatment. Their charac-
terization through the evaluation of the diffusion
properties of the OCA and water is highly important for
the optimization of tissue clearing protocols to be applied
in clinical practice or for cryogenic applications [1]. The
evaluation of such diffusion properties, namely the diffu-
sion time (τ) and the diffusion coefficient (D), can be
made using different techniques, as previously reported
[1]. Two examples of techniques that have been used to
evaluate the D values of OCAs in tissues are the one that
use the Franz diffusion cell setup [10, 11] and the one
based on the time dependence of the optical coherence
tomography (OCT) signal [12, 13]. Considering the tech-
nique that uses the Franz diffusion cell setup, which can
only be used with ex vivo tissue samples, the vertical
crossing of the tissue sample by the OCA is induced by
gravity. By measuring the OCA concentration on the

recipient below the tissue sample as a function of time,
Fick's law of diffusion can be applied to determine the
diffusion properties of the OCA in the tissue [1, 10, 11].
Considering the technique based on the evaluation of the
time dependence of the OCT signal, a decrease of the in-
depth slope of the signal will be observed during the
OCA diffusion in the tissue sample caused by the reduc-
tion of light scattering [12, 13]. By determining the
decrease of in-depth slope of the OCT signal, it is possible
to calculate the OCA permeability rate (P = D/l, where
l is the tissue thickness) in the tissue and consequently
D [12, 13]. Due to the noninvasive nature of the OCT
setup, this method has the advantage of allowing the
determination of D both from ex vivo and in vivo tissues.

Provided that ex vivo slab-form tissue samples are
available, the evaluation of τ and D can be made in a sim-
ple manner, using kinetic spectroscopy measurements
that are acquired from those samples during treatments
with aqueous solutions containing different osmolarities
of an OCA [14]. There are currently various agents that
have proven their capability in creating transparency in
tissues. Due to the nature of these agents, they were clas-
sified as sugars, alcohols and electrolyte contrasting solu-
tions [1, 5, 15–17]. Examples of agents from these three
classes are glucose, fructose or sucrose for sugars, glyc-
erol, sorbitol or propylene glycol for alcohols and
Trazograph™, Hypaque™ or Verografin™ for electrolyte
contrasting solutions [1, 14, 18]. Several studies with
these and other transparency agents were carried out in
different tissues, and no side effects were observed, either
in the in vitro or in the in vivo versions, so their applica-
tion to create transparency is considered safe [1].

As mentioned above, the research in tissue optical
clearing has been intense in the last years. Due to the
kinetic changes that are induced by this technique both on
in vivo or on ex vivo tissues, measurements that are made
over the time of treatment provide the best data to charac-
terize the clearing mechanisms or to describe tissue physi-
ology [1, 8, 14]. Some studies performed with glucose,
glycerol and ethylene glycol in various tissues were able to
characterize the diffusion properties of those OCAs and to
evaluate the mobile water content in the tissues under
treatment [1, 14]. The similar studies were also able to dis-
criminate different mobile water contents and different
protein dissociation rates between healthy and pathologi-
cal tissues and to validate the reduction of light scattering
and the increase in the refractive index of the interstitial
fluid for a broad spectral range [1, 8, 14]. When studying
the optical clearing efficiency of the treatments applied to
certain tissues with solutions containing different OCA
osmolarities, it was also observed the creation of tissue
transparency windows in the ultraviolet, which grow in
magnitude with the increase of the OCA osmolarity in the
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treating solution [1, 8]. Those clearing-induced windows
can be combined with ultraviolet light to develop new
diagnostic/therapeutic methods. The combination of tissue
optical clearing protocols with imaging methods has also
evolved greatly in the last 30 years. Three dimensional
fluorescence microscopy of entire organs and organisms or
the in vivo imaging of cells or blood flow in skin have
become possible with the application of tissue optical
clearing [8]. In vivo imaging of cortical neurons or vascu-
lar structure and function in the brain, contrast enhanced
photoacoustic-fluorescence imaging of internal organs and
vascular system, or enhanced OCT imaging of internal
structures in teeth have become possible with the applica-
tion of clearing protocols to the bone and soft tissues [8].
Spectroscopic or OCT signal kinetic measurements on
healthy and cancerous tissues have also provided differen-
tiated information through the evaluation of distinct per-
meability or diffusion coefficients in both tissues [8]. The
most commonly used OCAs to create tissue transparency
are sugars and alcohols, such as glucose and glycerol [1,
5], but electrolyte contrasting solutions that are used in
radiology have also presented good results when used in
some tissues [5]. CT contrast agent Trazograph has been
successfully used to evaluate the optical clearing effect in
eye sclera tissues [5, 19], and CT contrast agent Omnipa-
que (iohexol) is commonly used to mix with other prod-
ucts to create optical clearing solutions [20, 21]. Since
iohexol has a high RI (1.46), it was combined with urea
and D-sorbitol to evaluate the transparency effect in vari-
ous tissues, showing that such effect is created rapidly
without sample deformation [22]. The interest in using
electrolyte contrasting solutions to create transparency in
biological tissues is now emerging, and a recent study
compared the OC transparency effects created in skin with
MRI contrast agents Gadovist, Magnevist, Dotarem, and
CT contrast agent Visipaque [18], showing for the first
time the efficiency of these products to create transpar-
ency. Due to the high applicability of such products for
OC applications, it becomes necessary to evaluate and
characterize the transparency mechanisms involved in the
OC treatments created with electrolyte contrasting solu-
tions and compare those characteristics with others
obtained from treatments with recognized OCAs. With the
objective of making such characterization and comparison,
the present study consisted on the evaluation of the τ and
the D values both for the OCA and water in skeletal mus-
cle, when treated with glycerol and gadobutrol solutions.

2 | MATERIALS AND METHODS

The present study was based on spectroscopy measure-
ments made from ex vivo skeletal muscle samples from

rabbits. The adopted research procedure follows the Dec-
laration of Helsinki and was approved by the research
review board in biomedical engineering of the Center of
Innovation in Engineering and Industrial Technology, in
Porto, Portugal. Such approval has the number CIETI/
Biomed_Research_2021_01.

2.1 | Tissue samples

Five adult gray rabbits, about 36 months of age, were
obtained from a private acquainted person, who breeds
these animals for consumption. Since the measurements
necessary for the present study were performed in differ-
ent days, one rabbit was sacrificed prior to each day sched-
uled for the measurements, and a leg was preserved at
�20�C for 12 hours overnight. On the following day, the
still frozen leg was transported to the laboratory in the
morning and upon arrival, a fragment of muscle block was
dissected from the rabbit leg to prepare the samples for
measurements. Using a cryostat (model CM1860 UV from
Leica™, Wetzlar, Germany), 10 samples of muscle were
prepared with an approximated circular form (Ф ≈ 1 cm),
and a uniform thickness (d = 0.5 mm). Since the samples
were prepared from rabbit legs that were preserved over-
night at �20�C before the experimental studies, the natu-
ral hydration of the muscle might have changed, a fact
that may alter the diffusion properties of the water going
out and of the OCAs going in during the treatments. To
prevent this from happening, and to obtain the diffusion
properties of water and OCAs in the muscle that better
approach to the in vivo situation, all samples were placed
in saline for about 30 minutes before being used to regain
their natural hydration.

2.2 | Preparation of optical clearing
solutions

The OCAs used in the present study were glycerol and
gadobutrol, being the later the active clearing agent in
Gadovist, which is a contrasting agent used in magnetic
resonance imaging. Since the method used in the present
study to evaluate the characteristic τ and D both for glyc-
erol (or gadobutrol) and water in the muscle relies on
kinetic spectral measurements acquired during treatments
with aqueous solutions containing different osmolarities of
the active OCAs, such solutions were prepared by mixing
distilled water and glycerol (or Gadovist) and controlling
the RI of the mixed solution with an Abbe refractometer
(model ORT-1, from Kern, Germany) at 20�C.

Glycerol was acquired from a local drugstore and the
Abbe refractometer was used to confirm its purity. The
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measured RI of 1.4723 indicated a 99% degree of purity
for the acquired glycerol. This alcohol has a molecular
mass of 92.094 g mol�1 and a viscosity of 1.412 Pa s at
20�C [23]. The aqueous solutions of glycerol, containing
this agent in a weight concentration between 20% and
60% were prepared to have the RI values (RI of the
solutions—nsol-glyc) indicated in literature for a tempera-
ture of 20�C [24]. Those values for nsol-glyc are presented
in Table 1.

To prepare the aqueous solutions of gadobutrol no
knowledge was previously available regarding the gado-
butrol concentration in the commercial Gadovist. To
overcome this lack of knowledge, some preliminary stud-
ies were performed to evaluate the RI of gadobutrol and
its content in the Gadovist that was acquired from Bayer
HealthCare Pharmaceuticals (Germany). These prelimi-
nary studies started by measuring the RI of pure Gadovist
(1.0 mmol/mL), which was 1.4260. By mixing the pure
Gadovist with distilled water in some particular propor-
tions and treating muscle samples with those solutions, it
was found that the solution containing 80% of Gadovist
and 20% of water originated a smooth exponential-like
increasing transparency for the entire 30 minutes of treat-
ment. The RI of this mixture was registered as 1.4074 for
future calculations. The kinetic transparency behavior
obtained in muscle with this solution indicates that this
particular mixture contains the same amount (or much
approximated) as the mobile water content in the muscle.
Previous optical clearing studies performed with the skel-
etal muscle [1, 14, 25], showed with a margin of error of
1% that from the total 75% water that this tissue contains
[26], 60% is mobile water. Assuming that the water con-
tent in the Gadovist solution that presented optimized
increase in transparency of the muscle is also 60%, some
additional calculations could be performed. Since such
solution was prepared by mixing 80% of Gadovist with

20% of water, it means that in the 80% volume of Gado-
vist in that solution, 40% is water and the other 40% is
gadobutrol. Furthermore, these results indicate that pure
Gadovist contains 50% (±1%) of gadobutrol in volume. It
is important to notice that these estimations are not per-
fectly accurate, but they provide results with a high level
of accuracy, with an uncertainty of 1%.

After performing these preliminary estimations and
assuming that the accuracy of the results above indicated
is acceptable, the following step consisted in calculating
the RI of pure gadobutrol. To perform such calculation
and assuming a 50% volume of gadobutrol in Gadovist,
the Gladstone and Dale law of mixtures was used to cal-
culate the RI of gadobutrol [5, 27–31]:

nGadovist ¼ fH2O�nH2Oþ f gadobutrol�ngadobutrol, ð1Þ

where nGadovist represents the RI that was measured as
1.4260 from pure Gadovist, fH2O and fgadobutrol are the vol-
ume fractions of water and gadobutrol in pure Gadovist
(0.5 each), nH2O is the RI of water (1.333 [32]) and ngadobu-
trol represents the RI of gadobutrol, which is necessary to
calculate. Performing such calculation with Equation (1),
the RI of gadobutrol was obtained as 1.5190. To obtain a
more complete characterization of gadobutrol, its molar
mass was found to be 604.72 g/mol [33], and its viscosity
at 37�C has been reported as 4.96mPa s [18].

Once the RI of gadobutrol was calculated, it could be
used with the RI of water in a relation similar to
Equation (1) to calculate the RI of the desired gadobutrol-
water solutions, but where nGadovist is now replaced by the
RI of the gadobutrol-water solutions (nsol-gad). Those calcu-
lations were made and the results are presented in
Table 1, along with the RI of the glycerol solutions [34].

Using the calculated values presented in Table 1 for
the gadobutrol-water solutions, those solutions could be
prepared.

2.3 | Experimental measurements

Since to estimate the characteristic τ values for each of
the treatments performed with glycerol or gadobutrol
solutions, kinetic spectral measurements of the muscle
tissue samples under treatment with each solution were
necessary, collimated transmittance (Tc) spectra were
acquired with 1 nm resolution between 200 and 1000 nm
from each muscle sample during a treatment period of
30 minutes. The setup used to perform these measure-
ments is represented in Figure 1.

The tissue sample is represented at the center of the
sample cuvette in Figure 1 as an orange bar. The four

TABLE 1 RI values of glycerol-water and gadobutrol-water

solutions at 20�C

OCA
concentration (%)

nsol-glyc

(589.6 nm)
nsol-gad

(589.6 nm)

20% 1.3575 1.3702

25% 1.3640 1.3795

30% 1.3707 1.3888

35% 1.3774 1.3981

40% 1.3841 1.4074

45% 1.3909 1.4167

50% 1.3981 1.4260

55% 1.4055 —

60% 1.4130 —

4 of 12 SILVA ET AL.
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black bars on the sides of the sample represent a mechan-
ical fixing system to avoid the movement of the sample
during measurements. The cuvette was constructed with
black plastic to avoid the contamination of the measured
spectra with undesirable ambient light. There are two
glass windows on the left and right sides of the cuvette to
allow the irradiation beam to get inside and the transmit-
ted beam to exit the cuvette. These windows are made
from a glass with 100% transmittance between 175 and
2500 nm. The blue dots inside the cuvette represent the
treatment solution used to immerse the tissue sample.
The irradiation of the sample is made with a beam from
a broadband deuterium-halogen lamp, with emission also
between 175 and 2500 nm, which is delivered on the left
side of the cuvette through an optical fiber cable, a colli-
mating lens and a 1 mm pinhole. On the right-side of the
cuvette, the unscattered transmitted photons are col-
lected through another 1 mm pinhole, before entering
the detection optical fiber cable through another colli-
mating lens. The spectrometer receives the transmitted
photons from the optical fiber cable to register the Tc

spectrum of the sample [34].
The calculation of the Tc(λ) of the tissue sample is

made by the spectrometer software in the following
way [1]:

Tc λð Þ¼Tcs λð Þ�Tcn λð Þ
Tcl λð Þ�Tcn λð Þ , ð2Þ

where Tcs(λ) represents the spectrum that was transmit-
ted by the sample and collected by the detection optics,
Tcn(λ) is the noise spectrum that was measured with the
setup in the lamp-off position and Tcl(λ) is the reference
spectrum of the lamp that was measured with the setup,
but without the sample inside the cuvette.

To obtain more realistic data for the kinetics of the Tc

spectrum of the muscle during treatment with each of
the glycerol or gadobutrol solutions, three treatments
with each solution were performed on individual sam-
ples. These treatments were applied to the samples for
30 minutes, and the spectra were acquired with a time
resolution of 1 second. The spectra obtained from the

three treatments with each solution were averaged to
obtain the mean kinetics of the muscle Tc spectrum.

To calculate the characteristic D values for water,
glycerol and gadobutrol in the muscle, the estimated τ
values were used in Equation (3) [1, 14, 35]:

DOCA=H2O ¼ d2

π2τ
, ð3Þ

where d is the sample thickness at the same time as τ in
the treatments that originated the characteristic τ values
for water, glycerol and gadobutrol. This means that mea-
surement of tissue thickness kinetics is needed to be
made from muscle samples under treatment with particu-
lar solutions. Those solutions will be identified in
Section 3, but to obtain the tissue thickness kinetics, mea-
surements were as simple as follows. The tissue sample
was introduced inside two thin glasses with known thick-
ness and a significant volume of the treating solution was
injected in-between the two glasses to initiate the treat-
ment. The global thickness was measured with a preci-
sion micrometer over the 30 minutes of treatment [1,
8, 34]. At the end of each study, the thickness of the two
glasses was subtracted from the measurements to obtain
the kinetics of sample thickness. Such procedure was
made three times, using three independent muscle sam-
ples, for each particular treatment to obtain mean thick-
ness kinetics in each case.

2.4 | Data processing and calculations

After performing the spectral measurements that are rel-
ative to all treatments, the mean Tc spectrum of the natu-
ral muscle was calculated using spectra acquired from
10 samples. The mean kinetic spectra for each particular
treatment were also calculated from the three individual
studies performed with each solution on individual sam-
ples. Figure 2 presents the mean Tc spectrum of the natu-
ral muscle and the corresponding standard deviation.

Analyzing the mean Tc spectrum of the natural muscle
presented in Figure 2, it was observed that the spectral

FIGURE 1 Setup to measure the Tc

spectra of skeletal muscle samples

under treatment

SILVA ET AL. 5 of 12
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range between 600 and 800 nm presents an almost linear
increasing behavior with the wavelength, without the
presence of any absorption bands. Such characteristic Tc
spectrum was previously observed for the skeletal muscle
[25, 35]. For this reason, such spectral range was selected
to represent the mean Tc kinetics at discrete wavelengths,
which were separated by 20 nm from 600 to 800 nm. The
mean kinetic datasets obtained for each of these wave-
lengths were used to estimate the characteristic τ for each
treatment. The procedure used for such estimation in each
treatment was the following [1]:

a. identification of the time of treatment where all the
individual Tc kinetics reach a maximum after the ini-
tial smooth exponential increase, which corresponds
to an effective net flux between the treating solution
and the tissue that contributes to the increase of tissue
transparency,

b. disregard the data points beyond the time identified
in (a),

c. displacement of the restricted datasets to have
Tc = 0 at t = 0 second,

d. normalization of the displaced datasets to their high-
est values,

e. fitting of the rearranged datasets with curves
described by Eq. (4),

Tc λi, tð Þffi 1� exp � t
τi

� �� �
: ð4Þ

When performing such fittings on the individual data-
sets, the particular τ (τi) value for each wavelength (λi)
was estimated. Although the estimated τi values corre-
spond to the same treatment, they are expected to be a

little different one from the other due to random and sys-
tematic experimental errors that occur. To minimize these
errors and to improve the estimation model, an average of
the τi values that are retrieved from the Tc kinetics at dif-
ferent wavelengths must be considered. Averaging the var-
ious τi values, the characteristic diffusion time for that
treatment was obtained. After performing this procedure
for all treatments, a representation of the mean τ values as
a function of the OCA concentration in solution allowed
to estimate the characteristic τ values for water, glycerol
and gadobutrol in the muscle [1, 25, 35].

To obtain the characteristic D values for water, glyc-
erol and gadobutrol, Equation (3) was used to calculate
them from the estimated τ values of these fluids, along
with the corresponding sample thickness values [1,
25, 35]. Once those values were calculated for glycerol
and gadobutrol, they could be compared with the corre-
sponding D values for free diffusion. Such comparison
provides information on how the internal muscle archi-
tecture influences the diffusion of such molecules [36].
The diffusion of molecules in tissues is a process hin-
dered by cells and extracellular components, such as
fibrous structures like the muscle fiber cords in skeletal
muscle [18, 36]. Such hindered diffusion can be charac-
terized by a parameter called tissue tortuosity [36], which
relates the real diffusion coefficient of the agent in the tis-
sue with the one for the free diffusion situation, as in
water or in a very diluted gel, such as the tissue intersti-
tial fluid [18]. Tissue tortuosity, which is usually
described as a combination of (a) an increased path
length for molecules as they are compelled to diffuse
around tissue obstructions [37, 38], (b) a transient trap-
ping in dead-space micro-domains [39, 40], and
(c) extracellular matrix interactions [41, 42], is calculated
according to the following relation [18]:

ld
L
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Dfree

a

Dtissue
a

s
, ð5Þ

where ld is the real pathlength of the hindered molecular
flow between two points, L is the direct distance between
those two points, Dfree

a is the diffusion coefficient of an
agent in nonobstructed space and Dtissue

a is the effective
diffusion coefficient accounting for the elongated diffu-
sion path [18]. These calculations were made both for
glycerol and gadobutrol in the muscle and the results are
presented in Section 3.

3 | RESULTS AND DISCUSSION

The mean spectrum of the natural muscle that is pre-
sented in Figure 2 shows a typical increasing Tc with the

FIGURE 2 Mean Tc spectrum of the skeletal muscle from

rabbit
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wavelength, where only the Soret band is observed at
409 nm. The Tc of the muscle is practically null between
200 and 300 nm due to the presence of several absorption
bands that overlap each other: amino acid connections of
tyrosine and tryptophan in proteins at 230 nm [43, 44],
DNA/RNA at 260 nm and hemoglobin at 274 nm [45].
Due to the lack of absorption bands between 600 and
800 nm seen in Figure 2, we see that this spectral range is
a good selection to evaluate the Tc kinetics for all treat-
ments studied.

Considering the treatments applied to the muscle
samples with glycerol and gadobutrol solutions, the Tc

kinetics at discrete wavelengths between 600 and 800 nm
were prepared as described in Section 2. Figure 3 presents
some of those Tc kinetics for the treatments with solu-
tions containing glycerol and gadobutrol in the concen-
trations of 20%, 40%, and 50%.

According to the graphs presented in Figure 3, we see
that both the treatments with glycerol and gadobutrol
solutions present a smooth increasing behavior for Tc,

FIGURE 3 Tc kinetics of the muscle samples under treatment with aqueous solutions containing 20% (A), 40% (B) and 50% (C) of

glycerol and containing 20% (D), 40% (E) and 50% (F) of gadobutrol

SILVA ET AL. 7 of 12
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which is limited at different times of treatment, depend-
ing on the OCA concentration in the treating solution.
The treatments with 40% of glycerol and with 40% of
gadobutrol present such smooth increasing behavior for
all the 30 minutes of treatment. According to previous
studies [25, 35], such behavior for these particular solu-
tions is obtained through the unique diffusion of the
OCA into the tissue, since the mobile water in the muscle
is balanced with the water in the treating solution.

According to the data processing described in
Section 2.4, the identification of the time limit for the
smooth increasing behavior of the Tc kinetics was made
from graphs like the ones in Figure 3. After identifying
those time limits in all treatments, the datasets were
restricted to those time values, and then displaced and
normalized as described in Section 2.4. Once this rearran-
gement of data was made for each treatment, each data-
set was fitted with a curve described by Equation (4). To
perform such fitting, the curve fitting tool of Matlab was
used, which allowed to estimate the individual τ values
for each dataset. The estimated τ values are presented in
Table 2 for the treatments with the glycerol solutions and
in Table 3 for the treatments with the gadobutrol
solutions.

Considering the mean and standard-deviation values
in Table 2 and in Table 3, a graphical representation of
the mean τ as a function of the OCA concentration in the

treating solution was made to obtain further information.
A spline was added to each dataset to establish a continu-
ous dependence between τ and the OCA concentration in
solution. Figure 4 contains such representations for the
treatments with glycerol and gadobutrol solutions.

From the graphs in Figure 4, we see that both datasets
present similar dependence on the OCA concentration.
The characteristic τ value for the unique glycerol and
gadobutrol diffusion into the muscle is obtained from the
peaks of the curves in Figure 4. In the case of glycerol,
such value is 231.1 seconds and it occurs for a concentra-
tion of 40.3%. In the case of gadobutrol, the characteristic
τ value is 198.6 and it occurs for a concentration of 40%,
exactly.

The difference in concentrations from where the
characteristic τ values of glycerol and gadobutrol occur
might be related with different mobile water contents in
muscle from different animals that were used in the stud-
ies. It might also be related to different times of freezing
of the samples, since the studies were performed in five
different days. Comparing the characteristic τ values
obtained for glycerol and gadobutrol, we see that this sec-
ond agent presents a faster diffusion time. Since the
molar mass of gadobutrol (604.72 g/mol [33]) is higher
than the one of glycerol (92.094 g/mol [23]), the reason
for a faster diffusion time of gadobutrol is related to its
viscosity. Glycerol presents a viscosity of 1.412 Pa s at

TABLE 2 τ values obtained from the treatments with glycerol-water solutions at 20�C

Glycerol (%) λ nmð Þ 600 620 640 660 680 700 720 740 760 780 800

20 τ (seconds) 71.3 70.9 70.5 69.8 69.4 69.0 68.2 67.7 67.4 67.0 66.7

<τ> ± SD (seconds) 68.9 ± 1.5

25 τ (seconds) 77.8 76.1 74.3 72.2 71.0 68.9 67.88 66.3 65.2 63.2 62.1

<τ> ± SD (seconds) 69.5 ± 5.0

30 τ (seconds) 89.1 88.0 87.9 85.5 83.4 79.2 76.4 73.2 72.1 71.0 70.3

<τ> ± SD (seconds) 79.6 ± 7.1

35 τ (seconds) 157.1 153.4 148.8 145.0 142.3 139.2 135.8 132.1 130.2 128.4 126.2

<τ> ± SD (seconds) 139.9 ± 9.9

40 τ (seconds) 257.5 253.1 247.6 241.1 235.4 228.8 225.6 218.7 215.3 210.6 201.4

<τ> ± SD (seconds) 230.5 ± 17.3

45 τ (seconds) 169.4 167.3 166.8 167 168.1 168.7 168.4 168.4 169.8 170.7 170.5

<τ> ± SD (seconds) 168.6 ± 1.3

50 τ (seconds) 120.1 118.4 117.5 116.8 103.0 102.1 99.9 97.9 97.1 96.4 95.7

<τ> ± SD (seconds) 105.9 ± 9.6

55 τ (seconds) 76.1 75.4 74.8 74.2 73.6 73.1 72.5 72.0 71.4 71.0 70.7

<τ> ± SD (seconds) 73.2 ± 1.7

60 τ (seconds) 62.4 61.7 60.9 60.3 59.7 59.2 58.5 57.8 57.1 56.7 56.2

<τ> ± SD (seconds) 59.1 ± 2.0
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20�C [23], while Gadovist (gadobutrol) presents a viscos-
ity of 4.96 mPa s at 37�C [18].

A last parameter that can be retrieved from the
graphs in Figure 4 is the characteristic τ for water. In pre-
vious studies made with muscle tissue [25, 35], it was
observed that the solutions containing an OCA concen-
tration of 60% provide the necessary osmotic stress over
the tissue to induce mostly the dehydration mechanism
at the beginning of the treatment. In face of those previ-
ous results, the treatments of muscle tissue samples with
60% of glycerol would be adequate to retrieve the charac-
teristic τ for water in the present study. Since the gadobu-
trol solutions were limited to a maximum concentration
of 50%, such τ value can only be obtained from the data
collected from the glycerol treatments. Considering the
treatment with a solution containing 60% of glycerol, the

TABLE 3 τ values obtained from the treatments with gadobutrol-water solutions at 20�C

Gadobutrol (%) λ nmð Þ 600 620 640 660 680 700 720 740 760 780 800

20 τ (seconds) 70.1 68.7 67.0 65.5 64.2 63.0 61.6 60.2 59.6 59.2 58.2

<τ> ± SD (seconds) 63.4 ± 3.9

25 τ (seconds) 71.3 69.9 68.1 65.5 65.3 64.1 62.7 61.3 60.7 60.2 59.1

<τ> ± SD (seconds) 64.4 ± 3.9

30 τ (seconds) 84.8 83.4 81.7 80.1 78.9 77.8 76.3 74.8 74.2 73.7 72.3

<τ> ± SD (seconds) 78.0 ± 4.0

35 τ (seconds) 126.2 125.3 123.9 122.7 122.1 121.3 120.1 119.0 118.5 118.1 116.5

<τ> ± SD (seconds) 121.3 ± 3.0

40 τ (seconds) 198.0 198.3 198.1 198.1 198.8 199.1 198.9 199.2 199.2 199.1 197.9

<τ> ± SD (seconds) 198.6 ± 0.5

45 τ (seconds) 134.9 133.9 132.4 131.0 130.3 129.5 128.1 126.9 126.3 125.9 124.1

<τ> ± SD (seconds) 129.4 ± 3.3

50 τ (seconds) 98.2 97.0 95.3 93.8 92.9 91.8 90.4 89.1 88.5 88.0 86.5

<τ> ± SD (seconds) 92.0 ± 3.7

FIGURE 4 Mean diffusion time vs OCA concentration in the

solution, for the treatments with glycerol and gadobutrol solutions

FIGURE 5 Mean thickness variations of samples treated with

glycerol (A) and gadobutrol (B) solutions
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corresponding τ is 59.1 seconds. Using the various τ
values retrieved from the graphs in Figure 4, it is now
possible to calculate the corresponding characteristic
D values for water, glycerol and gadobutrol, and though
characterize the clearing mechanisms of tissue dehydra-
tion and RI matching for muscle treatments with these
agents. Those calculations were made with Equation (3),
using the thickness values retrieved from graphs in
Figure 5.

In Figure 5A, the continuous lines represent a spline
that was added to fit the discrete mean thickness mea-
surements obtained from the studies with each of the two
glycerol solutions and the vertical bars represent the stan-
dard deviation for those discrete time measurements. In
Figure 5B the oscillating line represents the interpolation
between the mean thickness measurements obtained
from the three studies performed with a solution contain-
ing 40% of gadobutrol. The standard deviation of those
experimental discrete time measurements is represented
as vertical bars in Figure 5B and the straight horizontal
line represents the mean thickness measurements over
the time scale of 30 minutes. The treatment with 40%-
gadobutrol (Figure 5B) shows sample thickness variations
that are within the measuring error of the setup used.
The mean thickness kinetics over the time of treatment,
represented by the straight horizontal line in Figure 5B,
keeps unchanged at 0.5 mm, indicating that this agent,
which is iso-osmolar, does not induce sample thickness
variations, as seen in the case of glycerol. Similar results
with no sample thickness variations were previously
obtained for treatments with Gadovist [18].

Using the data indicated in Figure 5 in these final cal-
culations, the characteristic D values for water, glycerol
and gadobutrol in the muscle were obtained as follows:
DH2O = 1.61� 10�6 cm2/s, Dglycerol = 4.75� 10�7 cm2/s
and Dgadobutrol = 1.28� 10�6 cm2/s. Comparing the diffu-
sion properties estimated for water and glycerol in the
rabbit skeletal muscle with others previously published
for rat skeletal muscle and human colorectal muscle, we
see some similarity between the τ values, but some differ-
ences between the D values, which might be related to
different tissue compressibility under treatment. In rat
skeletal muscle, water had a τ value equal to 57.9 seconds
[35], while glycerol had a τ value in human colorectal
muscle equal to 231.6 seconds [1], values that are very
similar to the ones obtained in the present study. Per-
forming a similar comparison between the D values
obtained in the present study with others, we see that
DH2O in rat skeletal muscle (3.12� 10�6 cm2/s [35]) is
about 2� higher, while the Dglycerol in human colorectal
muscle (3.30� 10�7 cm2/s [1]) is a little lower. Compar-
ing between the D values obtained in the present study
for glycerol and gadobutrol, the later is 2.7� higher than

the first. The reason for this difference is the lower viscos-
ity that gadobutrol presents relative to the viscosity of
glycerol.

Considering also the estimated D values for glycerol and
gadobutrol in the muscle, the corresponding tortuosity
values can now be calculated. To perform such calculations,
and considering that the results obtained in the present
study report to a temperature of 20�C, the corresponding
values for the free diffusion coefficients of glycerol and
gadobutrol are necessary. The free diffusion coefficient of
glycerol was retrieved from graphical data presented in Ref.
[46] for a glycerol-water solution containing 40% of glycerol
that diffuses in water at 20�C: Dfree

glycerol=2.3� 10�6 cm2/s.
For gadobutrol, no data is available for the free diffusion
coefficient at 20�C, but it has been reported for a temper-
ature of 37�C [47], as: Dfree

gadobutrol=3.9� 10�6 cm2/s. Due
to this difference in temperatures between the data col-
lected in the present study and the data from the study in
Ref. [47], only an approximated estimation can be made
for the tortuosity value of gadobutrol in muscle. Using
these Dfree

a values in Equation (5), along with the Dtissue
a

values obtained in the present study, the estimated tortu-
osity values for glycerol and gadobutrol are 2.2 and 1.7,
respectively. If we consider the mechanisms involved in
tissue tortuosity, the higher value obtained for glycerol,
confirms that the higher glycerol viscosity assumes a sig-
nificant role in the extracellular matrix interactions [41,
42], delaying their diffusion. Although the present study
was not made at 37�C, the tortuosity value obtained for
gadobutrol is very similar to the one obtained for brain
tissue (1.6) [36], showing that the diffusion of these mole-
cules is similar in the two tissues.

4 | CONCLUSION

Using a well-referenced method to evaluate the diffusion
properties of OCAs and water in tissues, the present
study consisted on the evaluation of those properties for
glycerol and gadobutrol in muscle, for comparison. Gado-
butrol is the active clearing agent in Gadovist, a commer-
cial contrasting agent used in radiology, and although it
has previously presented good clearing potential, its dif-
fusion properties had not been evaluated before along
with other recognized OCAs for comparison. In the pre-
sent study, such evaluation and comparison was made
between gadobutrol and glycerol in the skeletal muscle,
showing that these agents diffuse differently in the mus-
cle. Gadobutrol showed to have a faster diffusion in mus-
cle than glycerol due to its low viscosity. This result
shows that the diffusion of OCAs in tissues are not condi-
tioned only by the size of the OCA's molecule, but also by
its viscosity, which seems to have a major role in this
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case. By estimating the tortuosity of glycerol (2.2) and of
gadobutrol (1.7) in the muscle, it was verified that the
molecules of glycerol have a longer path length in the
muscle than the molecules of gadobutrol, which presents
a similar tortuosity to the one obtained in brain tissues
(1.6). Due to the recent interest in the OC effects created
by radiology contrasting agents, similar studies should be
performed with other contrasting agents, so that their dif-
fusion properties can be evaluated and compared with
the ones already evaluated for other OCAs, such as glyc-
erol, glucose, ethylene glycol or dimethilsulfoxide. Since
radiology contrasting agents present low viscosity when
compared to other OCAs such as glycerol, their diffusion
in biological tissues tends to be faster as obtained for
gadobutrol in the present study. The inability of gadobu-
trol to change the tissue thickness significantly, that was
observed in the present study, is also beneficial to allow
in vivo diagnosis of localized malformations or tumors
inside a tissue volume without strong mechanical stress
induced by osmotic pressure. By evaluating the diffusion
properties of gadobutrol and other radiology contrasting
agents in various tissues using optical method it will be
possible from one hand to optimize the optical transpar-
ency effect in terms of its magnitude and time to reach it,
and from another hand to provide simple and low cost
measurements of their molecular diffusion parameters,
including tissue tortuosity.
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