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Abstract⎯The effect of 40%-glucose solution and 60%-glycerol solution on the weight and geometric
parameters of the myocardium was studied in vitro in order to improve the accuracy of estimating the glucose
and glycerol diffusion coefficients in the myocardium by including changes in the geometry and water content
of a tissue sample in a mathematical algorithm. The temporal kinetics of the weight, thickness, area, and volume were measured using porcine myocardium samples during their immersion in 60%-glycerol solution or
40%-glucose solution in vitro. All parameters started to decrease immediately after placing myocardium samples in immersion agents (tissue shrinkage). The weight and geometric parameters of the sample then
increased gradually (tissue swelling), leading to tissue saturation in almost all cases. By approximating the
temporal kinetics, the degree of dehydration and the characteristic times of transverse and longitudinal
shrinkage and swelling of the myocardium were determined. More significant and rapid dehydration of myocardial tissue was observed case of using 60%-glycerol solution, while a stronger and faster swelling of the
myocardium was observed when 40%-glucose solution was applied.
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INTRODUCTION
Cardiovascular disorders are the main cause of
mortality throughout the world, according to the
World Health Organization. In addition to conventional methods of treatment and diagnostics of cardiovascular disorders, optical methods are developed rapidly and are highly likely will be employed in treatment
and diagnosis of cardiovascular disorders in the nearest future [1–4]. However, despite of numerous
advantages optical methods have certain limitations.
One of the problems arises because radiation of the
visible and near infrared spectral ranges is greatly scattered in biological tissues and the penetration depth of
light is consequently limited. In the case of muscle tissue, this is due to its heterogeneity, i.e., the tissue consists of fiber structures surrounded by an amorphous
basal substance and the components have different
refraction indices [5]. A means to solve this problem is
provided by optical clearing of biological tissues, that
is, their optical properties are regulated by exposing
tissues to hyperosmotic immersion agents [5]. In result
of such interaction the intercellular fluid is partly
replaced by the immersion agent with refraction index

of the agent which is higher than that of the intercellular fluid and close to that of the structural components
of the tissue. The procedure equalizes the refraction
indices of the intercellular fluid and tissue structures
(collagen fibers, cell organelles, etc.), thus decreasing
light scattering in the tissue and increasing the lightpenetration depth. Optical clearing of biological tissues is a complex process. The interaction of an
immersion agent with biological tissue leads to diffusion of agent molecules into the tissue and causes tissue dehydration, which changes the packaging of tissue structures and affects the dimensions of the tissue
sample [5, 6]. The changes that arise in tissue geometry upon optical clearing must be considered in order
to more accurately determine the diffusion rate of the
immersion agent and the light distribution within the
tissue upon optical diagnosis or phototherapy of various disorders. Glucose and glycerol solutions of various concentrations are broadly used as immersion
agents, along with other substances [6–10] because
they are biologically compatible and have the necessary osmolality and sufficiently high refraction indices. As an example, dehydration and longitudinal and
transversal shrinkage of the skin have been studied on
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Table 1. The refraction index n, viscosity η, osmolality Osm, molecular weight Mr, molecular hydrodynamic radius RM,
and pH of the immersion agents
Immersion
RM, Å
n589 nm
η, cP
Osm, osmol/L
Mr, Da
pH
agent
60%-glycerol
solution
40%-glucose
solution

1.414

11 (20°C) [13, 14]

1.391

63 (60°C) [15]

12.48

exposure to glucose and glycerol solutions, which
proved to be highly efficient in optical clearing of biological tissues [11, 12].
The objective of this work was to study how 40%glucose solution and 60%-glycerol solution used as
immersion agents affect the weight and geometric
parameters of myocardial tissue. The changes make it
possible to infer the extent of tissue dehydration and
transversal and longitudinal shrinkage and swelling of
the myocardium exposed to the immersion agents.
MATERIALS AND METHODS
Aqueous solutions of 40% glucose (NovosibKhimFarm, Novosibirsk, Russia) and 60% glycerol were
used as immersion agents. To obtain an aqueous solution of 60% glycerol, dehydrated glycerol (Baza no. 1
khimreaktivov, Staraya Kupavna, Russia) was combined with distilled water. The refraction index, viscosity, osmolality, molecular weight, molecular
hydrodynamic radius, and pH of the immersion
agents are summarized in Table 1. The refraction indices of solutions were measured using an Abbe IRF454B2M refractometer (LOMO, Russia) at 589 nm.
The osmolality of a glycerol solution was calculated
as follows. The molar concentration was obtained as
CM = ρ/M [18], where CM is the molar concentration
of the solution, ρ is the solution density, and M is the
molar mass of the solute. The molar concentration
(1 mol/L) is equal to osmolality (1 osmol/L) in the
case of nonelectrolytes [19]. Thus, the osmolality was
12.48 osmol/L for 60% glycerol solution and 2.22
osmol/L for 40% glycose solution; i.e., the osmolality
of the glycerol solution was approximately 5.5 times
higher than that of the glucose solution.
A pH-400 pH meter (Akvilon, Podol’sk, Russia)
was used to measure the pH of the solutions; the
instrumental error was ± 0.05.
Thin myocardial samples of approximately 15 ×
20 mm2 were dissected from a porcine heart with a
lancet. Intact myocardial samples were weighed, measured for thickness, imaged, and then incubated in an
immersion agent for 5 min; then the weight and thickness were measured and the sample was imaged again.
Measurements were continued for 2 h. The weight was
measured using a SA210 electronic balance accurate to
± 1 mg. The thickness of a sample placed between two

2.22

92 [14]

2.6–3.1 [16]

4

180 [14]

3.6 [17]

3

slides was measured at five points with a micrometer
accurate to ± 5 μm and averaged over the five measurements.
The surface area of a sample was calculated from its
images. A scale rule was used to determine the coefficient of conversion from linear dimensions in pixels to
linear dimensions in millimeters and to obtain the
image dimensions. To estimate the surface area, the
full-color image (Fig. 1a) was firstly processed using
the READ_BLUE option of MathCad (Parametric
Technology, United States) to isolate the blue component (Fig. 1b). A median filter was applied to reduce
noise, to remove highlights, etc. (Fig. 1c). All pixels
outside the sample were set to be 255 (Fig. 1d). The
pixels that corresponded to the sample (with values
other than 255) were counted and converted to square
millimeters by the following equation:

F (HS )
rows ( H ) z 2 ,
cols ( H S ) rows ( H S ) cols ( H )
where F is the function that counts the pixels corresponding to the sample; cols and rows are the numbers
of columns and rows in the image, respectively; H is
the initial sample image; HS is the sample image without the background; and z is the image width.
A total of 40 porcine myocardial samples were used
in the study. Of these, 20 were immersed in 40% glucose solution and the other 20 were immersed in 60%
glycerol solution.
The time dependences of the thickness, weight,
and area of myocardial samples were obtained during
their exposure to immersion agents, normalized to the
initial values (measured prior to immersing the sample), and averaged over all samples. The experimental
data were then approximated with a two-exponent
equation, one part of which described the kinetics of
tissue dehydration while the other describes the kinetics of tissue swelling:
S =

B (t )
B (t = 0 )
(1)
t
⎛
⎛ t ⎞⎞
= AD exp ⎜⎛ − ⎟⎞ + BS ⎜1 − exp ⎜ − ⎟⎟ + y0,
⎝ τw ⎠
⎝
⎝ τg ⎠⎠
where B(t) and B(t = 0) are the parameter values measured at the time points t and t = 0, respectively; AD
and BS are the maximum extents of tissue dehydration
Bnorm (t ) =
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(b)
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Fig. 1. (a) A digital image of a myocardial sample, (b) the blue component of the image, (c) the blue component processed with
a median filter, and (d) the result of the digital processing of the image.
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Fig. 2. The temporal kinetics of in the (a) weight, (b) thickness, (c) area, and (d) volume of myocardial samples in the course of
their immersion in 40% glucose.

(shrinkage) and swelling, respectively; τw is the characteristic dehydration time; τg is the characteristic
swelling time; and y0 is the minimum achievable value
of the parameter. The volume of a sample was calculated as a product of its area and thickness.
RESULTS AND DISCUSSION
Figures 2 and 3 show the (a) weight, (b) thickness,
(c) area, and (d) volume of myocardial samples as
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functions of the time of sample immersion in 40% glucose solution and 60% glycerol solution, respectively.
All measurements were normalized to the initial value
and averaged over all samples. As is seen from Figs. 2
and 3, each parameter started to decrease immediately
after samples were placed in the immersion agents and
continued decreasing for approximately 5–15 min.
The decrease in sample weight was explained by dehydration of the myocardium as a result of its interaction
with the immersion agent.
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Fig. 3. The temporal kinetics of the (a) weight, (b) thickness, (c) area, and (d) volume of myocardial samples in the course of their
immersion in 60% glycerol solution.

Longitudinal and transverse shrinkage of tissue
samples is due to changes in the packaging of fibers,
which become closer together as tissue is dehydrated.
Tissue swelling occurred in parallel with dehydration;
all of the parameters started to increase and the kinetic
curves reached saturation in almost all of the cases. A
polyelectrolyte gel model can be used to explain the
swelling of myocardial samples [20–23]. When tissue
pH corresponds to the isoelectric point, then the
attraction forces that arise between equal positive and
negative charges (zwitterion pairs) [24] render the tissue sample in its densest state and the extent of swelling is minimal in this case [20]. As an example, corneal
collagen has been shown to swell to the highest extent
at pH 4.0 and to the lowest extent at pH 7.0 [25]. Similar results have been obtained for the undried ox cornea [26]. Thus, as pH shifts from the isoelectric point,
tissue hydration increases because the number of zwitterion pairs decreases and, consequently, the resulting
static charge grows. The resulting static charge is negative at pH values higher than the isoelectric point and
positive at pH values lower than the isoelectric point
and can affect tissue swelling via two mechanisms.
First, to maintain a neutral tissue sample, the static
charge will attract many oppositely charged ions and
small ions will consequently accumulate in the within-

tissue space. Their accumulation will lead to an excess
internal osmotic pressure to facilitate further swelling.
Second, a decrease in the number of zwitterion pairs
will decrease the attraction forces and, therefore, the
fiber package density, thus also contributing to the tissue swelling [25].
To obtain qualitative characteristics of dehydration
(shrinkage) and swelling, the time dependences of the
weight, thickness, and area of myocardial samples
immersed in the agents were approximated by Eq. (1).
Table 2 summarizes the approximation parameters
obtained for the time dependences of the weight,
thickness, area, and volume of myocardial samples
immersed in 40% glucose solution or 60% glycerol
solution.
An analysis of the approximation parameters
showed that the glycerol solution caused greater (AW
and y0, Table 2) and faster (τw) dehydration of myocardial tissue. This trend was observed for all of the
parameters under study, including the weight, thickness, and area. Myocardial tissue dehydration in the
glycerol solution was greater than in the glucose solution because the glycerol osmolality is higher.
More-efficient optical clearing of the myocardium
was achieved with an aqueous 60% gycerol solution
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Table 2. The approximation parameters for dehydration (shrinkage) and swelling of myocardial samples immersed in 40%
glucose solution or 60% glycerol solution
Immersion agent
Approximation parameter
40% glucose solution
60% glycerol solution
Dehydration/swelling
(weight)

AW

0.28 ± 0.04

0.33 ± 0.09

4.66 ± 2.32

3.83 ± 2.24

BW

0.41 ± 0.07

0.40 ± 0.12

τgW

42.20 ± 11.02

48.59 ± 14.54

y0W

0.71 ± 0.05

0.67 ± 0.08

0.24 ± 0.10

0.28 ± 0.07

9.45 ± 8.14

8.70 ± 7.79

B1

0.31 ± 0.14

0.26 ± 0.12

τ1g

63.84 ± 58.79

61.75 ± 59.76

y10

0.76 ± 0.10

0.73 ± 0.07

AS

0.23 ± 0.07

0.34 ± 0.05

1.50 ± 0.59

0.18 ± 0.06

BS

0.36 ± 0.14

0.34 ± 0.07

τSg

9.23 ± 5.40

11.01 ± 3.43

y0S

0.76 ± 0.07

0.66 ± 0.05

AV

0.34 ± 0.13

0.35 ± 0.03

5.53 ± 4.69

6.30 ± 4.36

BV

0.45 ± 0.16

0.31 ± 0.12

τgV

24.73 ± 9.87

15.29 ± 12.88

y0V

0.66 ± 0.12

0.65 ± 0.03

τwW ,

min

Transverse shrinkage/swelling Al
(thickness)
τ1w , min

Longitudinal shrinkage/
swelling (area)

Volumetric shrinkage/swelling (volume)

τSw ,

τwV ,

min

min

compared with an aqueous 40% glucose solution [7].
The finding can be explained, in particular, by greater
and faster dehydration of myocardial tissue in 60%
glycerol solution compared with 40% glucose solution.

It is of interest to note that the characteristic
times of voluminous swelling of the myocardial samples ( τgV = 24.73 ± 9.87 min for 40% glucose solution

The extent of myocardial swelling (BW) was
approximately the same in both cases, but the time to
achieve it (τgW ) was shorter with a glucose solution.
Biological tissues swell because immersion-agent
molecules diffuse into the interfiber space. Because
the molecular weight of glucose is approximately twice
as high as that of glycerol, diffusion of glucose molecules into a tissue sample causes a greater increase in
sample weight within a shorter period of time. It is also
possible that myocardial tissue swelled faster in 40%
glucose solution because glycerol caused greater sample shrinkage and a greater weight loss at the dehydration step, so that it took more time for tissue samples
to recover from the dehydrated state.

A greater transverse swelling (Bl) of myocardial tissue in a glucose solution can be explained by the difference in hygroscopic properties between glucose and
glycerol. A glycerol molecule can absorb approximately six water molecules [28], while a glucose molecule can absorb approximately ten water molecules
[29]. Thus, a glucose molecule is capable of holding
more remaining water molecules in a tissue sample,
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and τgV = 15.29 ± 12.88 min for 60% glycerol solution)
were relatively close to the characteristic times of diffusion of glucose and glycerol molecules (τ = 20 ± 12
in for glucose and 12 ± 10 min for glycerol [7, 27]),
which have been obtained by analyzing the collimated
transmission kinetics with the same immersion agents.
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causing greater tissue swelling. The temporal kinetics
of the total volume similarly showed greater and slower
swelling.
Another cause of myocardial tissue swelling was a
pH of approximately 3.0 or 4.0 in the case of glucose
and glycerol solutions, respectively (Table 1), while
the pH of myocardial tissue is approximately 5.5 [22].
It should be noted that myocardial tissue swelling
after dehydration during immersion in the solutions
under study did not reduce the collimated transmission of samples [7], causing only a minor, if any,
decrease in light transmission. Similar effects have
been observed upon optical clarification of the sclerotic coat of the eye in vitro with 40%-glucose solution
[30]; i.e., substantial optical clarification of a sclerotic
coat sample was accompanied by a decrease in its
thickness. As the duration of exposure to a glucose
solution increased, optical clarification reached saturation and the sample thickness increased. Although
the tissue sample thickness displays a complex behavior in 40% glucose, the variation of sample thickness
does not considerably impair optical clearing [30].
The regularities observed in our experiments are of
a general character and can be used to qualitatively
describe the behavior of many fibrous tissues, such as
skeletal muscle, derma, eye sclera, dura mater, and
other tissues. The study is important for developing
optical methods to diagnose and treat cardiovascular
disorders in terms of a greater optical transparency of
myocardial tissue and the results may additionally be
used to develop new techniques of organ preservation
for transplantation in cryoprotective solutions, which
include glycerol and glucose [31–33].
CONCLUSIONS
The temporal kinetics of the weight, thickness,
area, and volume was studied for porcine myocardial
samples immersed in 60%-glycerol solution or 40%glucose solution. Approximation of the parameter
kinetics was performed to estimate the extents of dehydration and transverse and longitudinal shrinkage and
swelling of myocardial tissue and the characteristic
times of tissue dehydration and swelling. Greater and
faster dehydration of myocardial tissue was observed
in 60% glycerol solution, while its swelling was greater
and faster in 40% glucose solution. The results can be
used to further study myocardial tissue, to develop
optical methods of diagnosing and treating cardiovascular disorders, and to design new methods of organ
preservation for transplantation in cryoprotective
solutions, including those of glycerin and glucose.
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