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Abstract—The technique of “optical clearing of biological tissues” is aimed at improving the quality of visualization of structures hidden deep in tissue. In this study, we measured the diffusion coefficient of glucose in
bovine skeletal muscle tissue by optical coherence tomography (OCT) in vitro and determined changes that
took place in the imaging contrast of muscle fibers, the optical depth of coherent probing, and detection
under the influence of aqueous 40% solution of glucose. It was shown that, within 90 min, when the depth of
coherent probing increased by 14%, the contrast of OCT images increased fourfold and the depth of coherent
detection of structural elements of the tissue increased by 2.4 times. The diffusion coefficient of glucose in
the muscle tissue was (2.98 ± 0.94) × 10–6 cm2/s.
DOI: 10.1134/S0030400X16010082

into a biological tissue and interact with its components, they facilitate the concordance of refractive
indices of scatterers and their environment and temporary changes in the relative position of the structural
tissue elements (their ordering) [8]. Aqueous solutions
of glycerol, propylene glycol, polyethylene glycol, etc.,
are used as OCAs [8–14]. Along with the specified
immersion agents, aqueous solutions of glucose are
widely used [15].
The study of the kinetics of changes in the scattering properties of biological tissue after the penetration
of OCA made it possible to develop a procedure for
assessing the permeability of various tissues using
OCT [12, 16–19]. In turn, the monitoring of diffusion
of OCAs with a high resolution in time and depth
makes it possible to differentiate between healthy and
pathologically altered biological tissues [20–24]. Earlier, optical clearing of muscle tissue by OCAs was
studied in [25–32] using integrating sphere spectroscopy, as well as confocal and nonlinear microscopy. In
these studies, samples of abdominal-wall muscle tissue and skeletal muscles of rodents and porcine myocardium were analyzed. Diffusion coefficients of glucose in the abdominal muscle and myocardium were
measured in [31, 32]. However, despite the similarity
of different types of muscle tissue, the diffusion coefficients in them significantly differ, which is apparently due to the differences in the structure and component composition of these tissues.
Thus, the purpose of this study was to measure the
diffusion coefficient of glucose in the skeletal muscle

INTRODUCTION
In recent years, interest in the development and
application of optical methods for diagnosing various
diseases has been steadily increasing [1–3]. This interest is due to the unique informativeness and relative
simplicity, safety, and inexpensiveness of optical
devices as compared, for example, to X-ray computed
tomography or magnetic resonance imaging (MRI).
One promising optical diagnostic method is optical
coherence tomography (OCT). In contrast to other
methods such as multiphoton fluorescence [4] and
nonlinear microscopy based on second harmonic generation [5], OCT is a simple and accessible method
that makes it possible to study the internal microstructure of nontransparent biological tissues to a depth of
3 mm with a spatial resolution of 5–20 μm without
destroying their integrity [6, 7].
It is well known that the main limitation of optical
diagnostic methods, including OCT, is strong light
scattering in biological tissues, which decreases the
contrast and spatial resolution and results in a small
probing depth [3, 8]. A simple and effective method
that allows increasing the probing depth and image
quality of interstitial structures is temporary reduction
in light scattering in biological tissues using optical
clearing agents (OCAs) [8–14].
Optical immersion clearing is based on the impregnation (immersion) of tissue in a biocompatible chemical agent with a relatively high refractive index and
hyperosmotic properties. When such agents penetrate
20
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and to estimate the changes in contrast and depth of
imaging of muscle fibers using OCT, which can be
used for the development of methods for diagnosing
pathological changes in the muscle tissue.
MATERIALS AND METHODS
The study was performed with eight samples of
bovine muscle tissue in vitro. Before starting the
experiment, the biological tissue was cut into samples
(approximately 20 × 15 mm), with the fibers arranged
in parallel to the surface. The thickness of the samples
was measured with a micrometer with an accuracy of
±10 μm in several points and then averaged. The average value of the thickness of the studied samples
before and after clearing was 1.9 ± 0.18 and 2.63 ±
0.54 mm, respectively.
A 40% glucose solution (solution for intravenous
administration, Novosibkhimpharm, Russia) was
used as an OCA. The refractive index of the solution,
measured with a DR-M2/1550 refractometer (Atago,
Japan) at a wavelength of 930 nm, was 1.37; the pH of
the solution, measured with a pH meter (Hanna, Germany), was ~3.5.
The optical clearing of the biological tissue was
studied using an OCP930SR 022 spectral optical
coherence tomography (Thorlabs, United States) with
an operating wavelength of 930 ± 5 nm and a bandwidth at half maximum of the emission peak of 100 ±
5 nm. The optical power of the probing light was
2 mW, and the scanned area was 6 mm. The axial and
lateral resolutions of the instrument on air were 6.2
and 9.6 μm, respectively. Muscle tissue samples were
placed in a specially designed cell with an opening in
the top wall, through which the cell was then filled
with a glucose solution. Each area was scanned before
the addition of the glucose solution and during optical
clearing for 90 min. B-scans were recorded every 2–
5 min.
The complete light attenuation coefficient in the
biological tissue area μt (the sum of absorption coefficient μa and scattering coefficient μs) can be obtained
by selecting the parameters of the approximating curve
calculated using an appropriate model in the area of
interest in the slope of A-scan of the OCT signal [6,
33, 34].
A single scattering model is based on the assumption that only the light that experienced single scattering retains the coherence properties and contributes to
the formation of the OCT signal. The single scattering
model is valid for both weakly scattering biological tissues and for the surface layers of biological tissue,
where the single backscattering mode is predominant
[34]. The OCT signal in this case is defined as [6,
33, 34]
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where i(z) is an OCT signal and z is the distance from
the tissue surface to the area from which the reflected
signal came.
It is known that the result of an OCT study is the
measurement of the dependence of the OCT signal
intensity of the studied tissue, R(z ) ∝ (〈i 2(z )〉)1/2 , on
depth z. The OCT signal intensity depends on reflectivity α(z) of biological tissue at a given depth, determined by the local refractive index and local ability of
biological tissue to backscatter light, and the complete
attenuation coefficient μ t = μ a + μ s of biological tissue. According to the single scattering model, the
reflected power is proportional to exp(–μtz) [6], i.e.,
can be approximated by equation

(2)
R(z ) = A exp(−μ t z) + B ,
where A is the proportionality coefficient equal to
P0α(z), P0 is the optical power of the beam incident on
the surface of the biological tissue, and B is the background signal.
Figure 1 shows the average A-scan of the OCT signal from the muscle tissue and the approximating
curve constructed using the single scattering model.
For the analysis, an area of 51 A-scans in width
(approximately 150 μm) was selected on the B-scan.
The selection of coefficients in Eq. (2) for approximating the experimental curve allows estimating the
depth-average (efficient) coefficient of light attenuation by the muscle tissue.
Structurally, the skeletal muscle studied in this
work is classified as a kind of striated muscle tissue. It
consists of numerous elongated filaments. A muscle
fiber is considered to be a multinucleated cell covered
with sarcolemma (~10-nm membrane). The diameter
of a functionally mature striated muscle fiber usually
OCT signal, arb. units
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Fig. 1. Averaged A-scan of the OCT signal from bovine
muscle tissue (solid line) and the approximating curve
constructed using the single scattering model (dashed
line).
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varies from 10 to 100 μm, and the fiber length corresponds to the length of the muscle. The sarcoplasm of
each muscle fiber contains numerous longitudinal filamentary structures, myofibrils, packed in bundles
and surrounded with the cell membrane. The thickness of a myofibril is less than 1 μm [35]. The sarcoplasm of muscle fibers also contains a number of other
structures including mitochondria, the volume fraction of which, according to various data, is ~5% [36] or
varies from 4 to 15% [37] of the fiber volume.

points inside the test sample, and (3) two-way diffusion into the muscle tissue takes place.

The muscle tissue of adult animals and humans
contains from 72 to 80% of water. Approximately 20–
28% of the muscle weight is the dry residue (primarily
proteins). The major proteins of muscle fibers are
myosin (50–55% of the dry weight of myofibrils) and
actin (20% of the dry weight of myofibrils). Thick filaments (myofilaments) are formed as a result of joining a large number of myosin molecules spatially oriented in a certain way. In addition to proteins, the dry
residue contains glycogen and other carbohydrates,
lipids, and various other chemical compounds [35].

(3)

According to the published data, the refractive
index of bovine skeletal muscles, measured in the
range of 560–640 nm, is 1.382 ± 0.004 [38]. Assuming
that the volume fraction of muscle fibers is 0.244 ±
0.003 [39] and the mean refractive index of interstitial
fluid is 1.35 [40], the refractive index of muscle fibers
can be estimated as 1.481 using the Gladstone–Dale
law [3], which agrees well with the values of 1.46 and
1.53 reported in [39, 40]. Muscle fibers, in turn, are
formed from protein myofibrils and mitochondria.
Since the refractive index of mitochondria is 1.4 [41],
the refractive index of the myosin–actin fibers can be
estimated as 1.49 ± 0.005. Thus, a simplified model of
a skeletal muscle represents a system of densely packed
cylinders with a refractive index of 1.49, arranged in
parallel to each other in the interstitial fluid (a mixture
of extracellular and intracellular fluids), the volume
fraction of which is 0.21–0.23, and spherical scatterers
approximately 0.5 ± 0.1 μm in diameter [42] with a
refractive index of 1.4, the volume fraction of which is
approximately 0.02–0.04.
Since muscle fibers are arranged in parallel to the
surface, the diffusion of OCAs into the tissue and
water from the tissue proceeds through the membrane
of muscle-fiber bundles and the sarcolemma; however, in this model, the rate of diffusion in these membranes and in cytoplasm layers is not considered separately. Diffusion is averaged over the entire volume of
biological tissue. Thus, the diffusion of a glucose solution in the muscle tissue can be described within the
framework of the free diffusion theory with certain
assumptions concerning the transfer process: that (1)
the exchange flux of glucose molecules into the biological tissue and water from it at a given point is proportional to the glucose concentration gradient at this
point, (2) the diffusion coefficient is constant at all

The geometric pattern can be represented as a
plane-parallel plate of a finite thickness. Since the
area of the upper and lower surfaces of the plate is
much larger than the area of its lateral sides, the edge
effects can be neglected. Therefore, it is possible to
solve a one-dimensional diffusion problem:

∂ C ( x, t )
∂ C ( x, t )
=D
,
2
∂t
∂ x
2

where С(x, t) is the glucose concentration in the muscle tissue sample (g/mL), D is the diffusion coefficient
(cm2/s), x is the spatial coordinate in the thickness of
biological tissue sample (cm), and t is the duration of
diffusion of the solution into the tissue (s). In the first
approximation, the solution of this equation takes the
form [43]

С (t ) = С 0 ⎛⎜1 − exp ⎛⎜ −t π 2 D2 ⎞⎞
⎟⎟ .
⎝
⎝
l ⎠⎠

(4)

An optical model of muscle tissue represents a system of densely packed thin dielectric cylinders, which
are arranged in parallel to each other, and balls, which
are uniformly distributed in the space between the cylinders. The scattering coefficient of muscle tissue μs
can be written as [44, 45]

(1 − ϕ1 )
ϕ1
σ m, x )
2 s1 (
(1 + ϕ1 )
πa1

3

μs =
+

ϕ2
4 πa 3
2
3

σ s 2 ( m, x )

(5)

(1 − ϕ 2 ) 4
,
(1 + 2ϕ 2 ) 2

where φ1 is the volume fraction of the cylindrical scatterers in the muscle tissue, φ2 is the volume fraction of
the spherical scatterers in the muscle tissue, a1 is the
radius of cylinders, a2 is the radius of the spherical
scatterers, σ s1 ( m, x ) is the scattering cross-section of
the cylindrical scatterers, σ s 2 ( m, x ) is the scattering
cross-section of the spherical scatterers, m = ns / nI is
the relative refractive index of scatterers, x = 2π anI / λ
is the diffraction parameter, nI = nI 0(1 − C ) + nsC , nI
is the refractive index of the interstitial fluid, nI0 is the
refractive index of the interstitial fluid at the initial
time, ns is the refractive index of muscle fibers or mitochondria in the sample, and C is the concentration of
glucose in the muscle tissue.
Equation (5) defines the dependence of the scattering coefficient on the glucose concentration in the
muscle tissue sample (i.e., forms the direct problem).
The inverse problem in this case is the reconstitution
of the diffusion coefficient value by the time depen-
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the tissue δ was defined as the distance between the
peaks of intensity of the signal from the sample surface
and the useful signal from the depth of the tissue. In
this case, the deepest layer of muscle tissue, which was
visualized on the OCT image, served as a detection
object (Figs. 3a, 3f). Contrast values Δ and δ were
determined in several areas of the OCT image averaged over ten A-scans. The results from different areas
were also averaged, and the standard deviation was
calculated.

OCT signal, dB
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Fig. 2. Method for determination of contrast
R ( z1 ) − R ( z 2 ) / [R ( z1 ) + R ( z 2 )] , coherent probing depth
Δ, and coherent detection depth δ based on analysis of the
signal intensity distribution on an OCT image.

dence of the scattering coefficient. This problem is
solved by minimizing the target function
N

f (D) =

∑ (μ (D, t ) − μ*(t )) ,
2

s

i

s

(6)

i

i =1

where N is the total number of experimental points
obtained when recording the dynamics at a fixed
wavelength, μ s (D, t i ) is the scattering coefficient calculated by formula (5) at time t for a given value D, and
μ *s (t i ) is the experimentally measured value of the
coefficient scattering at time t [43].
To minimize the target function, we used the integrated method described in detail in [46]. The iterative
procedure was repeated until matching the experimental and calculated data.
During the optical clearing of the muscle tissue we
determined the contrast of OCT images, the coherent
probing depth (CPD) [47], and the coherent detection
depth (CDD) [48] (Fig. 2). The contrast of the
obtained images was estimated by the formula

Contrast
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R z −R z
= ( 1) ( 2 ) ,
R ( z1 ) + R ( z 2 )

(7)

where R(z1) and R(z2) are the minimum and maximum, respectively, amplitudes of the averaged OCT
signal obtained from the muscle tissue image. The
contrast values were calculated at optical depths of
~350–360 and ~785–790 μm, corresponding to individual depths of muscle fibers.
The CPD Δ was determined by the level corresponding to reduction of the curve approximating the
OCT signal by e times. The CDD of the object within
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RESULTS AND DISCUSSION
Figure 3 shows the OCT images of the muscle tissue before the optical clearing and at different time
intervals after its beginning. The layered structure of
the tissue can be well seen (numbers in Figs. 1a and 1f
indicate the visualized layers). The bars and letter δ
indicate the CDD of the biological tissue.
Figure 4 shows the distribution of the OCT signal
averaged over the depth for the images shown in
Figs. 3a, 3c, and 3f. Maxima on the curves correspond
to the light areas on the OCT images characterizing
the muscle tissue layers, and minima correspond to
the boundaries between the layers. It can also be seen
that deeper layers are visualized better over time: the
third layer is not visible in the intact sample, whereas
it is seen quite clearly 20 min after the start of immersion. After 90 min, the second and third layers become
even more visible.
Figure 5 shows the results of calculating the contrast of OCT images of the second and third layers of
the muscle tissue lying at optical depths of ~785–790
and ~350–360 μm. The contrast of the second layer
increased by almost four times, from 0.026 ± 0.004 to
0.099 ± 0.005, and the contrast of the third layer
increased from zero to 0.027 ± 0.003.
The CPD of the intact muscle tissue, as assessed by
OCT imaging, was 350 ± 20 μm. For the intact tissue,
CPD and CDD values practically coincided. However, 90 min after the beginning of exposure to the
glucose solution, the CPD of the biological tissue
increased to an average of 400 ± 30 μm (approximately
by 14%). The CDD value increased from 350 ± 15 to
830 ± 20 μm (i.e., approximately by 2.4 times).
In [49], the depth of detection of the considered
tissue (intact sample of lumbar intervertebral disc,
~600 μm) was much greater than the CDD of an intact
sample of bovine skeletal muscle obtained in this present study (~350 μm). Apparently, the differences in
the depth of the useful signal obtained from OCT
images are due, first, to the differences in the structure
and properties of the studied tissues and, second, with
the polarization OCT technique used by the authors of
[49], which makes it possible to improve the image of
tissues with strong anisotropic properties.
The results of calculations of the diffusion coefficient of glucose in the muscle tissue for each of the
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Fig. 3. OCT images of bovine muscle tissue (a) before optical clearing and (b) 10, (c) 20, (d) 30, (e) 60, and (f) 90 min after its
immersion in a 40% aqueous solution of glucose. Scale bar—0.5 mm. The segment and letter δ indicate the coherent detection
depth. The numbers indicate the visualized layers of the biological tissue.

OPTICS AND SPECTROSCOPY

Vol. 120

No. 1

2016

OCT STUDY OF OPTICAL CLEARING OF MUSCLE TISSUE

25

Contrast, arb. units

OCT signal, dB
60

0.10
55

0.08

50

0.06
0.04

45
0.02
40
0
35

0
0

200

400

600

20

40

800
1000
Depth, μm

60

80
100
Time, min

Fig. 5. Dynamics of changes in the contrast of OCT images
of bovine muscle tissue at optical depths of ~355–360 (□)
and ~785–790 (○) μm. Vertical bars represent the standard deviation.

Fig. 4. Distribution of the OCT signal averaged over the
depth for the images shown in Figs. 3a, 3c, and 3f before
clearing (solid line) and 20 min (dashed line) and 90 min
(dotted line) after the beginning of clearing.

eight samples are summarized in the table. The mean
value of the diffusion coefficient was (2.98 ± 0.94) ×
10–6 cm2/s.
The difference between the refractive indices of
interstitial fluid (1.35), myofilaments (1.49), and
mitochondria (1.4) causes a strong scattering of biological tissue. Under the influence of glucose, which
penetrates into the interstitial space, the refractive
indices of the components of the biological tissue are
concerted, which leads to an increase in its optical
transparency. For example, the authors of [31] showed
that, under the influence of 40% glucose solution, the
collimated transmission coefficient of a rat abdominal
muscle sample increased by more than 70% within
30 min at a wavelength of 900 nm. According to [32],
the collimated transmission coefficient of porcine
myocardium increased by approximately five times for
85 min at a wavelength of 900 nm when a 40% glucose
solution was used as an OCA.
The authors of [16] determined the permeability
coefficient of the sclera for a glucose solution depending on depth. They showed that the rate of glucose dif-

fusion into the sclera was nonlinear, increasing upon
the transition from the surface epithelial layer to the
stroma. In contrast to [16], we estimated the effective
diffusion coefficient, which was averaged over the
probing depth. Since the skeletal muscle has a complex
layered structure, the dependence of the diffusion
coefficient of glucose on depth can also be nonlinear,
and the estimation of the diffusion coefficient in the
individual layers of muscle tissue lying at different
depths to test this hypothesis is a promising task for
further studies.
The authors of [31, 32] also calculated the diffusion
coefficients of glucose averaged for the entire sample
in different types of muscle tissue. The coefficient of
glucose diffusion into the abdominal muscle, according to [31], was 8.3 × 10–7 cm2/s. The diffusion coefficient of a similar solution in the myocardium, determined in [32], was 4.75 × 10–7 cm2/s. These values differ from our data ((2.98 ± 0.94) × 10–6 cm2/s). These
differences, in our opinion, may be due primarily to
the differences in the measurement and calculation
methods and, probably, the differences in the structural and chemical properties of the samples them-

Diffusion coefficient of glucose in bovine muscle tissue in vitro
Diffusion
coefficient, cm2/s

Diffusion
coefficient, cm2/s

Sample

Thickness, mm

4.99 × 10–6

5
6

1.93
1.78

2.54 × 10–6

1.93

3.83 × 10–6

7

1.95

2.51 × 10–6

1.88

2.48 × 10–6

8

1.50

2.57 × 10–6

Sample

Thickness, mm

1

2.44 × 10–6

2

1.77
2.17

3
4

Mean value of diffusion coefficient 〈D〉 = (2.98 ± 0.94) × 10–6 cm2/s.
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selves, because they were taken from different animals
and different organs, and the sample preparation
methods. For example, the density of myocardium is
approximately 1.057 g/cm3 [40] and the density of the
abdominal muscle is approximately 1.05 g/cm3 [50],
whereas the density of the bovine muscle tissue, used
in this study, is 0.937–0.953 g/cm3 [51]. It is obvious
that the smaller density of muscle tissue is determined
by the high content of free water in it and, therefore,
the bovine muscle tissue, studied in this work, should
have the highest permeability. Thus, the diffusion
coefficient of glucose in it is greater than in the muscle
tissue of other types.
The differences in the diffusion rates may be
related to the differences in the pH values of the solutions used. To analyze the effect of pH, we prepared a
40% aqueous solution of glucose similarly to the procedure used in [31]. The measured pH value of this
solution was 5.59. The authors of [31] reported a slight
dehydration of biological tissue samples as a result of
optical clearing. However, the use in this study of the
40% glucose solution for intravenous administration,
which is more acidic (pH ~ 3.5), conversely, caused a
significant increase in the thickness of the biological
tissue sample (on average by ~38%). This phenomenon can be explained by the shift in the pH value of the
interstitial fluid from the isoelectric point of proteins
and respective swelling of the biological tissue [52].
Apparently, an increase in the tissue volume as a result
of swelling leads to the loosening of fibers and an
increase in the interstitial space, which, in turn, accelerates diffusion, whereas the dehydration of tissue
(i.e., an increase in its density) hampers the penetration of OCA molecules into the interstitial space.
However, in [32], the use of the same glucose solution
for intravenous administration (pH ~3.5) for optical
clearing of the myocardial tissue caused a decrease in
the thickness of samples by an average of 14%. In our
opinion, this inconsistency was due to the differences
in the protein composition of skeletal and cardiac
muscles. For example, the content of myofibrillar proteins in the myocardium is much lower (~40% of the
fiber volume) compared to the skeletal muscle (~70%
of the fiber volume) [35, 53], whereas the concentration of stromal proteins in the myocardium is higher
than in the skeletal muscle [35]. Apparently, these
structural characteristics and chemical composition of
the myocardium prevent its swelling in solutions with
low pH.
CONCLUSIONS
The optical clearing of bovine skeletal muscle tissue
in vitro with a 40% glucose solution resulted in a fourfold increase in the image contrast of objects located at
a depth of ~360 μm and a significant increase in the
image contrast at a depth of more than 800 μm from
the surface of the biological tissue, which led to an
~2.4-fold increase in the coherent detection depth in

OCT. The diffusion coefficient of glucose in the muscle tissue was measured. The results can be used in the
development of procedures for optical clearing of
muscle tissue in vivo.
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