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The results on determination of glucose and glycerol diffusion coefficients in myocardium tissue
are presented. The method is based on the measurement and analysis of temporal dependence of
tissue optical collimated transmittance under action of a hyperosmotic agent. This temporal
tissue response is related to the rate of the agent and water diffusion in a tissue. The diffusion
coefficients for tissue fluid fluxes at glucose and glycerol application to the myocardium at 20°C
have been estimated as (4.75 4 3.40) x 10~7 and (7.71 4 4.63) x 107 cm?/s, respectively.
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1. Introduction

Recent technological advancements in the photon-
ics industry have led to a resurgence of interest
in optical imaging and stimulated a real progress
toward the development of noninvasive clinical
functional imaging techniques. Application of the
optical methods for physiological-condition moni-
toring and cancer diagnostics, as well as for treat-
ment, is a growing field due to their simplicity, low
cost and low risk. In clinical dermatology, oncology,

gastroenterology, gynecology, and other medical
fields, optical methods are widely used for vessel
imaging, detection, localization and treatment of
malignant growths using photothermal or photo-
dynamic therapy. Frequently, the optical methods
use dyes and drugs for cell sensitizing and en-
hancement of the local immune status of a tissue,'?
therefore the development of noninvasive measure-
ment techniques for monitoring of exogenous and
endogenous (metabolic) agents in human tissues
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and determination of their diffusivity are very im-
portant for diagnosis and therapy of various human
diseases.”"*

Cardiovascular disease is the cause of numerous
deaths with an estimated 17.3 million deaths world-
wide each year, accounting for some 30% of all
deaths.” The number of people who die from car-
diovascular diseases, mainly from heart disease and
stroke, will increase to reach 23.3 million by 2030.7:
Cardiovascular diseases are projected to remain the
single leading cause of death.® Along with conven-
tional methods, many optical methods are rapidly
developing to be used in nearest future for diag-
nostics and therapeutics in cardiology.” "

However, in spite of numerous benefits in the use
of optical methods in medicine there are some seri-
ous disadvantages. One of the problems is con-
nected with the transport of the light beam through
the turbid tissues to the target region of the search
or treatment. Due to low absorption and much
higher scattering of visible and NIR radiation at
propagation within tissues, there are essential lim-
itations on spatial resolution and light penetration
depth for optical diagnostic and therapeutic meth-
ods to be successfully applied.? Control of the tissue
optical properties is a very appropriate way to
solve the problem. The temporary selective optical
clearing of tissue layers is the key technique for
structural and functional imaging, particularly for
detection of local morphological or physiological
inhomogeneities hidden within a highly scattering
medium.**!1"'7 The optical clearing of biological
tissue is based on partial replacement of tissue in-
terstitial fluid by immersion agent with refractive
index higher than the refractive index of interstitial
fluid and tissue dehydration. These molecular pro-
cesses, related to phenomenon of osmoses, lead to
the matching of refractive indices of the interstitial
fluid and tissue structures (collagen fibers, cell
organelles, etc.), lesser tissue layer thickness, and
better ordering of these structures which cause re-
duction of light scattering efficiency and increase of
scattering anisotropy. Many publications have been
dedicated to the investigation of optical clearing of a
broad variety of tissues in vitro, ex vivo, and in vivo.
Most of them are overviewed in Refs. 3, 4, 11-17 and
recent ones present optical clearing of tissues such as
skin,'®? sclera,**° and skeletal muscle.®"*' We
have found that only in two papers optical clearing
of heart tissues were investigated.*?>** Authors of
Ref. 42 have studied the influence of a highly

concentrated glycerol on the optical clearing, me-
chanical reversibility, and thermal damage sus-
ceptibility of myocardium and epicardium, and
authors of Ref. 43 used a mineral oil/glycerol
mixture for optical clearing of archive-compatible
paraffin embedded mouse tissues of many types,
including heart tissue, with the aim of multiphoton
microscopy.

Many different optical clearing agents (OCAs)
including the most common, glycerol, glucose,
fructose, mannitol, ethylene glycol, propylene gly-
col, polyethylene glycol, mineral oil, together with
chemical enhancers of OCA permeability, DMSO,
propylene glycol, thiazone and some others, are
used.” ™ As it follows from the cited literature,
glucose and glycerol are the most widely used
solutions for the control of tissue scattering prop-
erties. The range of concentrations of the chemicals
varies from 20% to 54% glucose water solutions and
from 20%-glycerol water solution to 100% glycerol.
However, the optimal for optical clearing concen-
tration of glucose is around 40% and glycerol is
50-70%.

In spite of the more or less intensive studies of
optical clearing efficiency of skeletal muscle***! and
a few studies on cardiovascular muscle tissue,***
diffusion coefficients neither for glucose nor glycerol
in the myocardium have not been measured yet. The
knowledge of diffusion coefficients for OCA—water
fluxes in tissues allows one to understand the optical
clearing mechanisms more precisely, to improve the
mathematical models describing the interaction of
the OCAs with the tissue. From practical point
of view, this gives the possibility to predict the
rate of optical clearing and time period needed to
wash out OCA afterward, as well as to develop
effective optical clearing compositions for medical
application.

In the study, we present for the first time the ex-
perimental data for diffusion coeflicients of glucose-
and glycerol-water fluxes in porcine myocardium.

2. Materials and Methods
2.1. Optical clearing agents

As OCAs, aqueous 40%-glucose solution (“Novo-
sibchempharm”, Novosibirsk, Russia) and aqueous
58%-glycerol solution were used in this investiga-
tion. The 58%-glycerol solution was prepared by
mixing glycerol (“Warehouse of chemical reagents
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No. 1,” Staraya Kupavna, Russia) and distilled
water. The refractive indices of glucose and glycerol
solutions were measured by Abbe refractometer
at 589nm as ny,. = 1.391 and ng,. = 1.414,
respectively.

glyc

2.2. Tissue samples

A total of 20 myocardium samples obtained from
fresh porcine heart were used in these experiments.
Each group of 10 samples was examined during
the administration of the aqueous 40%-glucose and
58%-glycerol solutions. Thin samples with about
15 x 20 mm? area were cut by ceramic knife and their
thickness were measured before and after experi-
ments with a micrometer (precision of + 50 ym) in
five points and averaged. The weight of the samples
was measured before and after experiments using
electronic balance (SCIENTECH, SA210, USA)
with precision of 1 mg.

Myocardium is a special form of striated muscle
tissue of the heart. The cell membrane of muscle
fibers is sarcolemma, it is filled by intracellular fluid
called sarcoplasm that contains myoglobin, which
binds the molecules of oxygen diffused from inter-
stitial fluid into muscle fibers. Myoglobin is the main
absorber in the muscles. The maximum wavelengths
of myoglobin absorption in horses and whales are
435, 560, 434 and 556 nm, respectively. The car-
diac muscle sarcoplasm is comprised of myofibrils
as a skeletal muscle. Myofibrils are 0.5-2 uym in
diameter, the comparable sizes to the visible and
near infrared wavelengths indicate Mie scattering
to be dominant. Myofibrils mainly consist of pro-
tein filaments such as actin and myosin. Sarco-
plasm also contains large amounts of glycosomes
(granules of stored glycogen). The complex fiber
structure causes a strong light scattering of the
myocardium.***Y

Refractive index values measured for human and
bovine myocardium tissue,>”’ porcine’’ > and
human skeletal muscle tissue’® are summarized in
Table 1. Since the values are very close to each
other and weakly dependent on the wavelength in
the range under study (600-900 nm), in this paper
we assume the average value of refractive index of
myocardium tissue as 1.376 +0.007. Refractive
index of sarcoplasm was estimated as 1.350 and
effective refractive index of proteins in muscle tis-
sue — as 1.530.°" Volume fraction of sarcoplasm
was taken as 0.875.57

Glucose and glycerol diffusion in myocardium

Table 1. Refractive indices of muscle tissue.

Refractive ~ Wavelength
Tissue index (nm) Reference
Human myocardium 1.38 456-1064 3, 50
Bovine myocardium 1.38 589 3, 50
Porcine skeletal 1.38 £ 0.007 632.8 51
muscle
1.371 632.8 52
1.364 £+ 0.001 632.8 53
1.367 £+ 0.002 632.8 54
1.380 £ 0.002 632.8 55
Human skeletal 1.382 £+ 0.007 1300 56
muscle
Averaged 1.376 + 0.007

Note: + - standard deviation.

2.3. Experimental setup

The measurements of collimated transmittance
spectra of tissue samples were performed using
commercially available spectrometer USB4000-Vis-
NIR (Ocean Optics, USA) in the spectral range
from 400 to 1000 nm. For the measurements, the
5mL glass cuvette with tissue sample, fixed on the
special plastic plate and immersed in the OCA, was
placed between two optical fibers (QP400-1-Vis-
NIR, Ocean Optics, USA; 400 um core diameter)
with collimators 74-ACR (Ocean Optics, USA).
The halogen lamp HIL-2000 (Ocean Optics, USA)
was used as a light source. The spectra were recor-
ded every 2-5 min during 90 min for glucose solution
and during 40-60 min for solution of glycerol. The
measurements were performed at room temperature

about 20°C.

2.4. Estimation of glucose and glycerol
diffusion coefficients

The method of estimation of immersion liquid dif-
fusion coefficient used in this study is based on the
measurement of time dependence of tissue optical
collimated transmittance, which is related to rate of
the chemicals diffusion within a tissue sample.”®
The problem is solved in the framework of
the free diffusion model. Geometrically, the tissue
sample can be presented as an infinite plane-parallel
slab with finite thickness. Since the cross section of
the experimental samples was about 15 x 20 mm,
which is > 10-fold bigger than the thickness of the
samples, the one-dimensional diffusion problem has
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been solved. The one-dimensional diffusion equation
has the form’®:
020 (z,t)

oC(z,t)
ot =D ox? (1)

where C(z,t) is the OCA concentration in myo-
cardium tissue sample, g/mL; D is the diffusion
coefficient, cm®/s; ¢ is time of diffusion, s; z is the
spatial coordinate, cm.

We suppose that penetration of the immersion
liquids into a tissue sample does not change the
immersion liquid concentration in the cuvette. This
requirement has been met in the experiments since
the immersion liquid volume in the cuvette was
about 3000 mm?® and the volume of the myocardium
samples was less than 250 mm®. The corresponding
boundary conditions are:

C(0,t) = C(l,t) = Cy = const, (2)

where C is the concentration of the OCA in the
cuvette, g/mL; [ is the thickness of the sample, cm.

The initial conditions correspond to the absence
of the OCA inside the myocardium tissue before its
incubation in the immersion liquid:

O(x,0) = 0. (3)

The volume-average concentration of immersion
liquid in the myocardium sample is the solution of
Eq. (1) with the boundary Eq. (2) and initial Eq. (3)
conditions®®:

8 X 1
C(t):q’(l_ﬁg(zwl)?

(4)
exp(—(2i + 1)2t7r2D/l2)> .

In a first-order approximation, the Eq. (4) is re-
duced to:

C(t) = Cy(1 — exp(—tx>D/1%))
= Cy(1 — exp(—t/7)), (5)

where 7 =12/(7%D) is the characteristic diffusion
time. This approximation gives results close to
the exact solution Eq. (4) in the limits of exper-
imental errors, but reduces significantly to a cal-
culation time, especially for the inverse problem
solving.

The temporal dependence of the refractive index
of the tissue interstitial fluid (n;) can be found using
the law of Gladstone and Dale,”” which states that

for a multi-component system the resulting value of
the refractive index represents an average of the
refractive indices of the components related to their
volume fractions:

nl(t) = (1 - C(t»nbase + C(t)nocaa (6)

where ny,.. is a refractive index of the interstitial
fluid at ¢ = 0; n,,, is a refractive index of the OCA.

The tissue sample model is presented as a slab
with a thickness [, which consists of scattering
cylinders (myofibrils). The scattering coefficient of
the myocardium sample is estimated as®:

where N = ¢ /(7wa?) is the number of the scattering
particles (myofibrils) per unit area; ¢ is the volume
fraction of the tissue scatterers; a is the radius of
scattering particles; m = n,/n; is the ratio of the
refractive indices of the particle (n,) and sur-
rounding medium (n;), and x = 2wan; /X is the size
parameter, where A is a wavelength, nm.

The time-dependent collimated transmittance of
the sample is defined as:

T.(t) = (L —ry)? exp(—(pa + us(E)D),  (8)

where 7, is the specular reflection coefficient, p, and
1s are the absorption and scattering coefficients,
respectively.

This set of equations represents the direct prob-
lem, i.e., describes the temporal evaluation of the
collimated transmittance of a tissue sample depen-
dent on glucose or glycerol concentration in inter-
stitial fluid. On the basis of measurement of the
temporal evolution of the collimated transmittance,
the reconstruction of the diffusion coefficient of an
OCA in myocardium has been carried out. The in-
verse problem solution has been obtained by mini-
mization of the target function:

m2ax3

Hs =

N
f(D) = (TuD,t;) = T: ()%, (9)

i—1
where T,.(D,t) and T/ (t) are the calculated and
experimental values of the time-dependent colli-
mated transmittance, respectively, and N, is the
sampling number. To minimize the target function,
the Levenberg—Marquardt nonlinear least-squares-
fitting algorithm is described in detail by Press
et al’’ has been wused. Iteration procedure
repeats until experimental and calculated data are
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matched. As a termination condition of the itera-
tion process, we have used the following expression:

7D, ~ T 4]
Z )

< 0.01.

3. Results and Discussion

Collimated transmittance spectra of myocardium
tissue samples were measured concurrently with
administration of glucose or glycerol solutions. The
collimated transmittance spectra of myocardium
sample during interaction with 40%-glucose solu-
tion are shown in Fig. 1. It is seen that the tissue
sample is poorly transparent at first few minutes
of sample immersion in glucose solution. Next 30 min
the transmittance has increased significantly. Myo-
cardium sample becomes more transparent because
of glucose molecules permeation into tissue and water
molecules diffusion from the tissue, that results in
refractive index matching of tissue components and
tissue thickness decrease.

The spectra were used to obtain time-dependence
of collimated transmittance of myocardium tissue
during immersion in 40%-glucose solution. The ex-
perimental and calculated temporal dependences of
collimated transmittance of the myocardium sample
are presented in Fig. 2. Figure 2 shows at the be-
ginning (0—4 min) slow and then faster (4-40min)
increase of collimated transmittance. After 40 min,
optical clearing efficiency is saturated.

0,10 4
0,09 4 29 min
] 24 min
8 0,08 -
= 1 19 min
g 0,07-‘
E .
& 0.06 4 14 min
[ _
S 0,05
=
o ] )
@ 0,04 9 min
© ]
g 0,03
= | .
O 0024 4 min
E 0 min
0,01 -
0,00
T T T T T T T T T T T T T
600 650 700 750 800 850 900
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Fig. 1. The typical spectra of collimated transmittance of the
myocardium sample measured at different time intervals con-
currently with administration of 40%-glucose solution.
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Fig. 2. The experimental (dots) and calculated (lines) time
dependences of collimated transmittance of the myocardium
sample placed in the 40%-glucose solution.

The average value of sample thickness before
immersion in glucose solution was 0.66 + 0.13 mm,
and after immersion was 0.58 + 0.19 mm. However,
the difference in the sample thickness (~ 80 ym) is
comparable with the precision of our thickness
measurements (£ 50 um) and therefore for the cal-
culation of the diffusion coefficients, the tissue
thickness decrease has not been taken into account.
The weight of the samples was also measured before
and after immersion in the glucose solution. On
average, the weight of the samples was reduced
by 7.8%.

Quantification of glucose diffusion rate for the 10
tissue samples was performed by calculating the
temporal dependences for collimated transmittance
by using the algorithm described above in the
Sec. 2.4. The obtained average value of glucose
diffusion coefficient for myocardium tissue is (4.75
3.40)x 1077 cm?/s.

The temporal dependences for collimated trans-
mittance of the myocardium sample at its immersion
in 58%-glycerol solution obtained from measured
and calculated spectra of the sample using de-
scribed algorithm are shown in Fig. 3. The rather
fast increase of the collimated transmittance is
observed during the first 10 min of glycerol solution
action. From 10 to 15 min, slow increase of colli-
mated transmittance takes place, and after 15 min
optical clearing efficiency is saturated. As a result,
the myocardium sample became more optically
transparent.

The average value of myocardium sample thick-
ness before immersion in glycerol solution was 0.53
+ 0.06 mm and after 40-60 min — 0.47 £ 0.03 mm;
that suggests tissue dehydration in response to the
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Fig. 3. The experimental (dots) and calculated (lines) time
dependences of collimated transmittance of the myocardium
sample placed in the 58%-glycerol solution.

action of glycerol solution. However, thickness
change of ~ 60 ym is comparable with precision of
our thickness measurements and therefore for the
calculation of the diffusion coefficients, the decrease
of the tissue thickness has not been taken into ac-
count. On average, at glycerol application the
weight of the samples was reduced by 14%.

Estimated values for diffusion and permeation
coefficients of glycerol in myocardium tissue are
presented in Table 2.

Behavior of the temporal dependence of colli-
mated transmittance of myocardium samples under
action of the 40%-glucose and 58%-glycerol solu-
tions is similar, i.e., the tissue transmittance is in-
creasing gradually and then saturated. However,
increase of collimated transmittance of myocardium
tissue is faster for glycerol administration, it takes
about 15 min to reach saturation of optical clearing,
whereas in the case of application of 40%-glucose
solution the optical clearing saturation is observed
after 40-50 min only. Thus, we can see that glycerol
molecules penetrate into myocardium faster than
glucose. The differences can be connected with dif-
ferences in viscosity of the solutions and interaction
ability of diffusing molecules with tissue components.
As it has been presented in Ref. 62, viscosity of

40%-aqueous glucose solution is 63.0 +1.1 cen-
tipoises, whereas viscosity of 60%-aqueous glycerol
solution is of 11 centipoises only.®® Since diffusion
coefficient is directly proportional to viscosity of a
penetrating agent, the glycerol solution should have
a bigger penetration rate in comparison with the
glucose solution.

As it can be seen in Figs. 2 and 3, action of the
glucose solution increases myocardium transmit-
tance to 6—7 times, whereas action of the glycerol
solution increases the tissue transmittance to 3—4
times only. However, taking into account mean
thickness of the samples, we obtain approximately
similar decreasing of the tissue scattering coefficient

(L (t=0)
s (final)

= 1.64 +0.09 at application of the glucose

solution and l‘f f"((é:fl)) = 1.56 + 0.01 at application of

glycerol solution) in the wavelength range. This is
an expected result, since refractive indices of these
used OCAs are close enough to each other.

The distinction in weight loss of the samples
(AW = 7.8% at application of the glucose solution
and 14% at application of the glycerol solution) is
connected with the difference in osmotic properties
of the glucose and glycerol solutions. Since osmo-
larity of the glycerol solution is ~ 3-fold larger than
osmolarity of the glucose solution, the glycerol so-
lution provided more intensive dehydration effect in
comparison with the glucose solution.

Measurements of glucose and glycerol penetration
rate into biological tissues (skin dermis, esophagus,
breast tissue, etc.) have been performed earlier with
the following results: 40%-glucose permeation coeffi-
cient for skin is (1.78 £0.04) x 10 %cm/s,*® for
breast tissue it is (5.76 &+ 0.89) x 1076 ¢cm/s,%* and for
esophagus is (1.74 4+ 0.04) x 107° cm/s. The glu-
cose diffusion coefficient in skeletal muscle and mam-
malian dermis was estimated as 8.3 x 10~7 cm?/s"
and 2.6 x 10~7 cm?/s,% respectively. In this study, we
found that glucose diffusion coefficient in myocardium
is (4.75 4 3.40) x 10~7 cm?/s (see Table 2) which is
twice less than in skeletal muscle, 8.3x 10~7 cm?/s.*

Table 2. The diffusion and permeation coefficients of glucose and glycerol in myocardium.

Thickness (mm) Diffusion coefficient (cm?/s)  Permeation coefficient (cm/s)®

Solution
40%-glucose solution 0.66 + 0.13
58%-glycerol solution 0.52 £+ 0.06

(4.75 + 3.40) x 107
(7.71 + 4.63) x 107

(8.78 + 7.22) x 106
(1.59 + 0.99) x 10~

Note: £+ - standard deviation.

2The permeation coefficients have been calculated using the relation P = D/1.%*
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This difference could be associated with more dense
structure of myocardium.

The 60%-glycerol solution permeation coefficient
was presented for breast tissues as (0.89 + 0.02)x
1075 cm/s.5” For human skin, permeation coeffi-
cient of 40%-glycerol solution has been estimated as
(1.67 +0.04) x 10~% cm/s.%

The difference between the diffusion (perme-
ation) coefficients obtained in this study and the
ones presented by the other authors is explained
mostly by the differences of structural properties of
the investigated tissues. For example, skin and
esophagus are more dense tissues than breast, and
so, have smaller permeation and diffusion coeffi-
cients for both glucose and glycerol. The measured
permeation coefficients of myocardium for glucose
((8.78 £7.22) x 10 %cm/s) and glycerol ((1.59 +
0.99)x 107° cm/s) solutions are close to measured
ones for breast tissue that can be explained by some
similarity of their structure, associated with fibrous
nature. Some difference can be also due to distinc-
tions in experimental and calculation methods used
for estimation of the diffusion and permeation
coefficients.

4. Conclusion

It can be concluded that such hyperosmotic im-
mersion liquids such as aqueous glucose and glycerol
solutions can be used for effective control of optical
properties of myocardium tissue. Due to the inter-
action of glucose and glycerol molecules with myo-
cardium, a considerable increase of collimated
transmittance (6—7 times for glucose and 3—4 times
for glycerol) caused by reduction of tissue scattering
coefficient are observed.

The optical clearing effect can be used to improve
various optical imaging technologies, including lin-
ear and multi-photon microscopy, optical coherence
tomography, and microscopy, due to increase of
probing depth and enhancement of spatial resolu-
tion of the techniques.®®

The collimated transmittance increase happened
faster for glycerol administration (~ 15min) than
for 40%-glucose solution (40-50 min). Such a dif-
ference indicates that involvement of the water flux,
that is faster than diffusion rate of glycerol and
glucose molecules, could be different for application
of these two OCAs. For 40%-glucose solution, we
are expecting much less involvement of the water
flux, because there is a balance between free water

Glucose and glycerol diffusion in myocardium

content in tissues (around 60%) and in applied
solution.*!

The average values of glucose and glycerol dif-
fusion coefficients in myocardium tissue were esti-
mated as (4.75+3.40) x 1077 and (7.71 £ 4.63)x
10-7 cm2/s, respectively. The obtained results can
be used for optimization of tissue optical clearing
technique and improvement of biophysical and
mathematical models describing interactions be-
tween tissues components and chemicals.

Important to note that glycerol/water mixtures
have cryoprotective properties for various types of
cells, tissues, and organs due to their ability to in-
hibit ice crystallization that is linked to the con-
centration of glycerol and the hydrogen bonding
patterns formed by these solutions.’” Therefore,
studies of interaction of glycerol-water solution
with myocardium done in this paper could also be
valuable for the field of cryobiology.
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