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ABSTRACT

We present experimental results on optical properties ofthe human skin controlled by administration ofthe 40%-glucose
solution. In vivo reflectance spectra of the human skin were measured. Results of the experimental study of influence of
the 40%-glucose solution on reflectance spectra ofthe human skin are presented. A significant decrease ofreflectance of
the human skin under action of the osmotic agent is demonstrated. The experiments show that administration of the
glucose solution allows for effective control of tissue optical characteristics, that makes skin more transparent, thereby
increasing the ability of light penetration through the tissue. Laser Doppler flowmetry has been used for study of skin
blood microcirculation under the action of the glucose solution. Results of the experiments demonstrated that at the
action of the glucose solution blood perfusion and blood concentration increase, however the mean blood velocity does

not change. The presented results can be used in developing functional imaging techniques, including OCT and
reflectance spectroscopy. A potential benefit of the optical clearing technique is the improvement of laser therapeutic
techniques that rely on sufficient light penetration to a target embedded in tissue.
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1. INTRODUCTION
Recent technological advancements in the photonics industry have led to a resurgence of interest in optical imaging
technologies and real progress toward the development ofnon-invasive clinical functional imaging systems. Over the last
decade, non-invasive or minimally invasive spectroscopy and imaging techniques have witnessed widespread exciting
applications in biomedical diagnostics, for example, optical coherence tomography (OCT)"2, visible and near-infrared
elastic-scattering spectroscopy'4, fluorescent'3'5 and polarization spectroscopy6'7. Spectroscopic techniques are capable
of deep-imaging of tissues that could provide information of blood oxygenation8 and detect cutaneous, brain and breast
tumors9, whereas confocal
confocal microscopy10,
microscopy10,OCT2'1113,
OCT2"13, and
andmulti-photon
multi-photonexcitation
excitation imaging'°"4
imaging10"4have
havebeen
beenused
usedtotoshow
show
cellular and sub-cellular details of superficial living tissues. Spectroscopic and OCT techniques are applicable for blood
glucose monitoring with diabetic patients'57.
patients'5'7. Besides
Besides diagnostic
diagnostic applications
applications optical
optical methods
methods are
are widely
widely used
used in
in modern
modern
medicine, for example, for
for photodynarnic
photodynamic therapy'820,
therapy'820, and
and for
for laser
laser surgery
surgeryof
ofdifferent
differentdiseases21'22.
diseases21'22.Interest
Interestininusing
using
optical methods for physiological-condition monitoring and cancer diagnostics and therapies has been increased due to
their simplicity, safety, low cost, contrast and resolution features in contrast to conventional X-ray computed tomography
and ultrasound imaging9. The main limitations of the majority of the imaging techniques, including OCT and nearinfrared (NIR) spectroscopy deal with the strong light scattering in superficial tissues9'2326, which cause decrease of
spatial resolution, low contrast, and small penetration depth. Solution of the problem, i.e. reducing of light scattering, and
thus improving of image quality and precision of spectroscopic information, can be connected with control of tissue
optical properties.
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The optical properties of biological tissues can be effectively controlled by compression27, dehydration and
coagulation28, staining29'°, and others actions. Such control means the change of the scattering or absorption properties

of a tissue. It is well-known that the major source of scattering in tissues and cell structures is the refractive index
mismatch between cell organelles, like mitochondria, and cytoplasm, extracellular media and tissue structural
components such as collagen and elastin fibers9"2'3135. The tissue scattering properties can be significantly changed due
to action of osmotically active immersion liquids9'26'31'32'3657. Similar results have been obtained for optical clearing of
whole blood25'5860. Administration ofthe immersion liquid having a refractive index higher than that oftissue interstitial
fluid induces a partial replacement of the interstitial fluids by immersion substance and hence, matching of refractive

indices of tissue scatterers and the interstitial fluid. Osmotic activity of the immersion agents may cause tissue
dehydration, that also equalizes refractive indices within tissue. The matching, correspondingly, causes the decrease of
scattering. As osmotic immersion liquids aqueous solutions of glucose and mannitol, propylene glycol, glycerol and
other biocompatible chemicals are used. Glucose solutions are widely used for the control oftissue scattering properties

in consequence of biocompatibility of glucose. The aqueous glucose solutions were used for optical clearing of
skin37'4143475355sclera36'38'39'44,
sin37'4143475355
sclera36'38'39'44, dura
dura mater45'57, etc.

The possibility of selective translucence of the superficial skin layers is very useful in developing functional imaging
techniques, including OCT and reflectance spectroscopy. A potential benefit of the optical clearing technique is the
improvement of laser therapeutic techniques that rely on sufficient light penetration to a target embedded in tissue.
Combining optical clearing with laser radiation could reduce the laser fluences required for a therapeutic effect. Another
application ofthe optical method is the non-invasive visualization ofcutaneous blood microvessels and small pathologic
structures in tissues (including cancerous growth) with a high resolution. This is important for diagnosis and treatment of
many diseases such as tumors of skin, vascular pathologies, diabetes, etc. A specific application that may benefit from
the optical clearing technique is blood photocoagulation48. The result shows that significantly lower laser irradiances
could be required to irreversible damage oftargeted blood vessels in skin treated with a hyperosmotic agent and thus the
damage of collateral tissue can be minimized. However, despite the numerous studies, the exact mechanism of the skin
optical clearing is still unclear
skin with many inhomogeneities.
unclear due
due to
to complex
complex morphological
morphologicalnature
natureof
ofskin
inhomogeneities.
Previous in vivo investigations ofskin optical clearing37'40'41'43'4648'55 showed that the method ofdelivery ofclearing agent
into skin is very important. Intradermal injection ofglucose or glycerol solutions is preferably in comparison with topical

application ofthe agents due to protective properties ofupper layer ofskin, the stratum corneum. The layer is composed
ofcorneocytes embedded in hydrophobic lipid domains61'62. The majority ofthese lipids form crystalline lamellar phases.
The corneocytes are filled with cross-linked soft keratin63. One of the main destinations of stratum corneum is barrier

function of skin, i.e. regulation of transepidermal water loss and preventing penetration some substances from
environment into the body. In this way penetration of clearing agents in skin are difficult and need special techniques for
enhancement of the stratum corneum permeability. Jontophoresis is a widely used method that is applied in clinical
practice for transcutaneous drug delivery64, but the method is complicated and may be used for polar substances only.

For investigation ofthe optical clearing the various spectroscopic techniques have been used (for example the technique
36393651
63943651 56,57 measurements of collimated
collimated transmittance36'3845,
transm ittance36'3845OCT25'26'47'48'52'5
,
of integrating spheres
etc),
but
only
reflectance
reflectance
spectroscopy37'8'40'41'43'47'55
spectroscopy7'8'40'41'43'47'55
and
and
OCT
can
be
used
in
case
case
of
of
in
in
vivo
vivo
measurements.
measurements.
Since
Sinceinincase
case
etc),

of intradermal injection of clearing agent (such as glucose solution) blood is a primary carrier of the agent, the
investigation of
ofskin
skin blood
blood microcirculation
microcirculation at administration ofclearing
of clearing agents
agents in
in skin
skin is
is very
very important
important for clarification
of mechanisms of the tissue clearing in vivo. Laser Doppler flowmetry is a technique that has found an increasing utility
in the skin research48'65. It measures cutaneous perfusion by scanning a low-power laser beam over a region of skin.
When monochromatic light interacts with a moving object such as a blood cell, a slight change in frequency of the
scattered light induced due to the Doppler effect, whereas the light backscattering from non-moving tissue structures
remains at the same frequency. The frequency shift is dependent on the average speed of the blood cells, while the

magnitude of the returning Doppler signal relates to the number of moving cells. At each measurement site, the
backscattered laser light is detected by a photodetector contained in the scanning head ofthe instrument and the resulting
signal is used to calculate the degree of
tissueperfusion,
perfusion,which
whichisisexpressed
expressedin
inarbitrary
arbitraryunits.
units.
oftissue

In this study, we investigate skin optical clearing and the skin blood microcirculation in vivo under the action of 40%
glucose solution.
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2. SKIN STRUCTURE
Skin presents a complex heterogeneous tissue where blood and pigment content are spatially distributed variably in
depth6668. Skin consists ofthree main layers from the surface: epidermis (100 tm
im thick, the blood-free layer), dermis (12 mm
mm thick, vascularized layer), and subcutaneous fat (from 1 to 6 mm thick, in dependence ofthe body site). Typically,
coefficients, which are
the optical properties of the layers are characterized by the absorption p and the scattering
coefficients,
equal to the average number
absorption and scattering events per unit path length of
photon travel
travel in
in the tissue and the
number of
ofabsorption
ofphoton
anisotropy factor g, which represents the average cosine ofthe scattering angles.
The randomly inhomogeneous distribution of blood and various chromophores and pigments in skin produces variations
of average optical properties of skin layers. Nonetheless, it is possible to define the areas in skin, where the gradient of

skin cells structure, chrornophores
chromophores or blood
blood amounts
amounts changing
changing with
with aa depth
depth equals
equalsroughly
roughlyzero66.
zero66.This
Thisallows
allows
subdividing these layers into sublayers regarding the physiological nature, physical and optical properties oftheir cells,
and pigment content. The epidermis can be subdivided into two sublayers: non-living and living epidermis. Non-living
epidermis or stratum corneurn
corneum (about 20 trn
m thick)
thick) consists
consists of
of only
only dead
dead squamous
squamous cells, which are highly keratinised
with a high lipid and protein content, and has a relatively low water content66'67. Living epidermis (100 im thick)
contains most ofthe skin pigmentation, mainly melanin, which is produced in the melanocytes69. Large melanin particles
such as melanosomes (> 300 nm in diameter) exhibit mainly forward scattering. Whereas, melanin dust, whose particles
are small (< 30 nm in diameter), has the isotropy in the scattering profile, and optical properties ofthe melanin particles
nm in diameter) may be predicted by the Mie theory.
(30-300 nm

Dermis is a vascularized layer and the main absorbers in the visible spectral range are the blood hemoglobin, carotene
JR spectral range absorption properties of skin dermis are determined by absorption of water.
and bilirubin. In the IR
Following the distribution of blood vessels68 skin dermis can be subdivided into four layers: the papillary dermis (150
tm thick), the reticular dermis (1-2 mm thick) and the deep blood net plexus
trn
_tI11 thick), the upper blood net plexus (100 im
(100 irn
thick).
The
scattering
properties
of
the dermal
dermal layers are mainly defined by the fibrous structure of
the tissue,
tissue,
im
properties ofthe
ofthe
where collagen fibrils are packed in collagen bundles and have lamellae structure. Light scatters on both single fibrils
and scattering centers, which are formed by the interlacement ofthe collagen fibrils and bundles. To sum up, the average
scattering properties of the skin are defined by the scattering properties of the reticular dermis because of relatively big
thickness of the layer (up to
to 22 mm)
andcomparable
comparable scattering
scattering coefficients of the epidermis
epidermis and
and the
thereticular
reticulardermis.
dermis.
mm) and
Absorption of hemoglobin and water of skin dermis and lipids of skin epidermis defines the absorption properties of
whole skin.
The subcutaneous adipose tissue is formed by aggregation offat cells (adipocytes) containing stored fat (lipids) in a form

of a number of small droplets for lean or normal humans and a few or even single big drop in each cell for obesity
humans; and the lipids ofmostly presented by triglyceride70'71. Content ofthe lipids in a single adipocyte is about 95% of
The diameters
diameters of
ofthe
are in
in the
the range
rangefrom
from115
im72 and
varied from
from
its volume. The
the adipocytes are
5 to 250 jtm72
and their mean diameter is varied
5070toto 120
120 tm71.
tm71. In
Jn the
the spaces
spaces between
between the
the cells
cells there
there are
are blood
blood capillaries
capillaries (arterial
(arterial and
and venous
venous plexus),
plexus), nerves
nerves and
and
reticular fibrils connecting each cell and providing metabolic activity of fat tissue70'71. Absorption of the human adipose

tissue is defined by absorption of hemoglobin, lipids and water. The main scatterers of adipose tissue are spherical
droplets of lipids with mean size about 0.8 m73,
im73,which
whichare
areuniformly
uniformlydistributed
distributedwithin
withinadipocytes.
adipocytes.

3. MATERIALS AND METHODS
3.1 Experimental setups
The in vivo
vivo spectroscopic
spectroscopicexperiments
experimentshave
havebeen
beenperformed
performed using
using multichannel
multichannel optic
optic spectrometer LESA-6med
(BioSpec, Russia). The scheme of the in vivo experiments is shown in figure 1 . As a light source, a 250 W xenon arc
lamp with filtering of the radiation in the spectral range from 400 to 800 nm has been used in the measurements. Light
was delivered to the skin and collected from the skin tissue using the originally designed optical probe, which consists of
two optical fibers. Both fibers had 400 im in core diameter and a numerical aperture of 0.2. The fibers have been
enclosed in aluminum jacket (8-mm outer diameter) to provide a fixed distance between the fibers and the tissue surface.
The central fiber has been placed in perpendicular to skin surface and delivers incident light to the skin surface. Distance
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between delivering fiber and skin surface is 12 mm. Diameter ofthe illuminated spot is about 5 mm. The
The collecting
collecting fiber
fiber
is mounted at angle of 200 regarding to central fiber. Distance between tip of collecting fiber and skin surface is 20 mm
and, in this geometry, light has been collected from area with diameter about 8 mm. The spectrometer was calibrated
using a white slab BaSO4 with a smooth surface.
Grating and
a photodiode array
array

Xenon arc lamp

Fibre optical probe

PC

Figure
Figure 1 : Experimental set-up for measurements ofthe reflectance spectra: 1I — optical irradiating fiber; 2 —optical receiving fiber

The flowmetry and perfusion measurements were carried out using a commercially available PeriFlux 4001 setup from
Perimed (Stockholm, Sweden). This instrument uses coherent laser radiation with the wavelength of 780 nm and the
power of 0.8 mW. The radiation from the semiconductor diode laser passed through lens to be coupled into the lightguiding fiber with the aid ofwhich it is guided to the surface ofthe object being investigated. Flexible fiber-optics laser
probe was attached to the patient's body so that the laser radiation is incident perpendicularly to the skin's surface (see
fig. 2).
The light is delivered to the probes via a flexible optical fiber with a very little loss of light. Flexible probe holders mould

easily to the skin surface and are fixed with a double sided adhesive disc to hold the position ofprobes. The optical fiber
is collecting the light back-scattered light from both static and moving components within the tissue.

In this study, we do not measure the absolute value of the blood velocity, only a change in the average value of the
velocity. For the relative measurements, two detectors have been used. The first one was positioned on the left and the
second on the right forearm of the healthy volunteer as a comparison channel. In this case the temporal intensity signal
I (t, , 4) obtained
obtained at each measurement location point (x, y) can be transformed into the frequency domain and results
(f,x, y).
in the
the local
localpower
powerspectra
spectraS s(f,x,y).
The software ofthe PeriFlux 4001 uses the power spectrum to obtain the following three parameters.
The integral of
ofthe
the power
power spectrum
spectrum over
over all
all frequencies (resulting in a number proportional to the
the total
total number
number
ofrnoving
of
moving red
red blood
blood cells
cells in the measurement volume), i.e. concentration of
ofthe
the particles:
particles:

.

Conc(x,y)= JS(f,x,y)df.
Conc(x,y)=
JS(f,x,y)df.

(1)
(1)

Microvascular
perfusion
(i.e.
blood
cells
flux)
definedasasthe
thefirst
firstmoment
momentofofthe
thepower
powerspectrum:
spectrum:
•• Microvascular
perfusion
(i.e.
redred
blood
cells
flux)
is isdefined

x, y)fdf.
Perf (x, y) = JS(f,
Perf(x,y)=
JS(f,x,y)fdf.

(2)

•• Mean
Mean
velocity
velocity
ofof
thethe
redred
blood
bloodcells
cellsisisthe
thevalue
valueofofthe
thefrequency
frequencyshift,
shift, obtained
obtained as:
as:
Vel(x, y) = JS(f, x,

y)df + S(O, x, y).
y)fdf/ JS(f, x, y)df
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(3)

Figure 2: Scheme of experimental
experimental setup
setup for
for measurement
measurementof'
of blood
blood perfusion:
perfusion: 11 —
— optical cable which has two optical fibers; 2 — the
double sided adhesive disc to hold the position ofthe optical cable; 3 —the place ofglucose injection (the light circle is the swelling of
the skin); 4 — computer; 5 — diode laser

3.2 Experimental protocol
The measurements were carried out on the practically healthy volunteers of both sexes with ages from 24 to 60 years.
Glucose solution was injected slowly into the dermal layer ofskin (approximately 0.1 ml) ofthe volunteers forearm since
the intradermal injection of the osmotically active agent is a more acceptable way to decrease scattering properties of
skin. In this case, the protective properties ofthe stratum corneum barrier will be avoided. The measurement of dynamics

of the optical clearing was started in 60 sec after the injection. All volunteers gave their informed consent for
participation and the study protocol.

3.3 Immersion liquid
In this study, the commercially available 40%-aqueous glucose solution (DalChemPharm, Russia) has been used as a
clearing agent. Composition of the solution is the following: dry glucose -400 g, solution of hydrochloric acid with
(up to
to pH
pH ofthe
ofthe prepared solution 3.0-4.0), sodium chloride - 0.26 g, distilled water up to one liter.
concentration O.1M
0.1M (up
nmasas1.39
1.39and
and
The refractive index ofthe glucose solution has been measured by Abbe refractometer at wavelength 589nm
pH ofthe solution have been measured by pH-meter "HANNA" (Portugal) as 3.5 using
using the standard method.

4. RESULTS AND DISCUSSION
Figures 3 and 4 demonstrated optical clearing of human skin after administration of glucose solution into forearm of a

volunteer. Fig. 3 shows reflectance spectra measured in the spectral range from 400 to 800 nm concurrently with
administration of the 40%-glucose solution at different time intervals. From the figure it is seen that during one hour the
skin reflectance decreases. It is connected with decreasing ofthe skin scattering properties due to the partial replacement
ofskin interstitial fluid by glucose solution.

In the spectral range 400-800 nm, the form of the presented spectra is defined by the absorption bands of blood of the
upper and deep blood net plexus of skin with maxima at 420, 540 and 575 nm, and the spectral dependence of the
scattering properties ofthe reticular dermis. Absorption ofwater in this spectral range is negligible74. The main scatterers
of the dermal layer are collagen fibrils packed in collagen bundles and scattering centers, which are formed by the
interlacement of the collagen fibrils and bundles. Fig. 3 shows, that during the optical clearing the dips in the spectra
corresponding to blood absorption bands are decreased. This decreasing is connected with decreasing of skin scattering
due to the matching effect, i.e. matching of refractive indices of the skin scatterers and interstitial fluid. The decrease of
skin scattering produces change ofregime ofphoton scattering from multiple to low, and the change leads to the increase
of photon's free path length. Thus, more photons pass to subcutaneous adipose layer and the number of interactions of
the photons with skin blood decreases. Hence, decrease
decrease of
of the
the absorbed
absorbed fraction
fraction of
oflight
lightwhich
whichleads
leadstotodecreasing
decreasingofofthe
the
dips in the reflectance spectra is observed.
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3: The in vivo reflectance spectra of the human skin Figure 4: The in vivo time-dependent reflectance of the human
measured concurrently with administration of the 40%-glucose skin measured at different wavelengths concurrently with
solution at different time intervals. The symbols correspond to administration of the 40%-glucose solution. The symbols

Figure

the experimental data.

correspond to the experimental data.

In the spectral range from 650 to 800 nm spectral signature ofthe reflectance spectra changes insignificantly. However,

at initial moment reflectance decreases with wavelength increasing, but after 60 mm of the optical clearing the
reflectance increases with the wavelength increasing. That is connected with differences in the wavelength dependencies
ofrefractive index ofthe skin interstitial fluid at initial moment and after 60 mm ofthe optical clearing since penetration
ofthe glucose solution into skin produces a partial replacement ofthe interstitial fluids by the immersion substance. The
time (60 mm) corresponds to the minimal value of reflectance and thus maximal degree of optical clearing due to the
magnitude of the reflectance is manly determined by the tissue scattering and hence minimal value of the reflectance
corresponds to minimal scattering and maximal value ofglucose concentration in the skin interstitial fluid.
Figure 4 presents dynamics ofthe reflectance measured at different wavelengths. From the figure it is very well seen that
immediately after glucose injection the skin reflectance significantly decreases. During the first 20 mm the reflectance
increases but during the following
following time
time interval
interval froi'n
from 20 to 60 mm skin reflectance
reflectance decreases
decreases again.
again. In
Inthe
thetime
timeinterval
interval
from 60 to 140 mm the skin reflectance increases slowly, with oscillating behavior increasing.

The significant decreasing of reflectance, observed at initial moment, is connected with changing geometry of the
experiment after glucose injection. The injected solution forms a vesicle filled with the glucose solution in skin, and the
vesicle is observed on the skin surface as a swell. Presence ofthe swell reduces the distance between the collecting fiber
and skin surface, decrease ofarea ofdetection ofbackreflected radiation, and hence decrease ofthe reflectance.

Sizes of the vesicle have been measured by ultrasonography using 7.5 MHz diagnostic ultrasound system (Model SSH140A, Toshiba, Japan) and standard method ofmeasurements. In 1 mm after injection the width ofthe vesicle is 5.4 mm,
length is 6.3 mm, depth (i.e. distance between skin surface and the vesicle) is 1
1.5
.5mm.
mm.In
In22mm
mmafter
afterinjection
injectionthe
thewidth
width
ofthe vesicle is 6 mm, length is 8.4 mm, depth is 1.5 mm. In 3 mm after injection the width is 8.6 mm, length is9.8 mm,
depth is 1.2 mm. In 4 mm after injection the width is 10.2 mm, length is 13.3 mm, and depth is 1.0 mm.

Injection of the 40%-glucose solution creates the virtual transparent window in skin and the window was observed
during about 30 mm. Such window allows one to clearly identify visually blood microvessels in the skin by the naked
eye55'75. The swelling white ring appears around the window after the agent injection. The images of skin after
intradermal injection of glucose were recorded by a digital video camera and diameters of the swelling area and the
transparent window were measured75. The results presented in Fig. 5 (symbols). For the glucose injection, the diameter
ofthe window was registered at the 1st mm after injection. At the 2' mm the diameter slightly decreases. For the next 15
mm the diameter and diameter of the swelling area did not change. Since 20th mm
mm
the significant reduction of the
window was observed. Assuming that the shape ofthe vesicle can be presented as an ellipsoid ofrotation and taking into
evolution of
ofthe
account the temporal evolution
the diameter's
diameter's ofthe
of theswelling
swellingarea
areathe
the height
height of
of the
the swell
swell can
can be
be calculated.
calculated. In 1 mm
after injection the height is 3.5 mm. During first 5
S mm after injection the height of the swell decreases to 2.4 mm. In the
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next 10
1 0mm
mm(from
(from55 to
to 15
1 5mm
mmafter
afterglucose
glucoseinjection)
injection) height
height ofthe
of theswell
swelldoes
doesnot
notchange.
change. In
In 30
30 mm
mm after injectionthe
the
swell on the skin surface disappears. The data can be very well approximated by the following polynomials (Eqs. 4-6)
and the result ofthe approximations is presented in figure 5.

The temporal dynamics of the diameter of the virtual transparent window can be approximated by the polynomial
approximation:

d = 4.839—O.939t
+ 0.20912 —O.O23t
—0.023t3 + 1.32103t4
L32•103t4 —3.83
—3.83l0t3
i0t +4.31
+ 4.31 107t6
4.839—0.939t+0.209t2
10716,,
(4)
The temporal
temporal dynamics
dynamicsof
ofthe
diameter
the diameter
where d is the diameter of
ofthe
the virtual
virtual transparent
transparent window, mm, and It is time, sec. The
of theswelling
ofthe
swelling area
area can
can be
be approximated
approximated by the expression:
— l.9t
d = 7.66
l08t7 .
5.7 .1Ot.
1.91 + 0.512
Os? —0.07t3
iOt —2.5
—2.5 . 104t5
iOt ++ 5.9 . 10t6 —5.7
7.66—
—0.O7t + 5.7 103t4
(5)
Here d is the diameter of the swelling area, mm. The temporal dynamics of the height of the swell can be approximated
by:

0t

0 (,

. l0t4,
h = 4.043 —
2.43 .
+ 3.391
—0.518t+0.055t2
0.5 8t + 0.05512 ——2.431103t3
+3.391
(6)
where h is the height of
theswell,
swell,mm.
mm.In
Infigure
figure55ititisisseen,
seen,that
thatthe
theapproximations
approximationsdescribe
describevery
verywell
wellthe
theexperimental
experimental
ofthe

data.

Based on the temporal dynamics of the diameter of the swelling area (Eq. 5) and the temporal dependence of the height
of the swell (Eq. 6) the temporal dynamics of the area of detection of backreflected radiation was calculated and the
result is presented in Fig. 6. From the figure it is clearly seen that the temporal dependence is very well correlated with
the temporal dynamics of skin reflectance presented in figure 4, and thus the temporal dependence of area of detection
can be used for explanation of the temporal dynamics of skin reflectance at intradermal administration of the glucose
solution.
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Figure 5: The changes of
ofskin
skinreaction
reactionon
oninjection
injectionof
of40%40%glucose solution. The symbols correspond to the experimental
data: . - the diameter of virtual transparent window, mm; a - the
diameter ofswelling
diameter
of swelling
area
area
around
around
the the
window,
window,
mm55'75;
mm55'75;
A — Athe
—
height of
ofthe
the swell,
swell, mm.
mm. The
The solid
solid line correspond to the
polynomial approximations (Eqs. 4-6)

Figure 6: The temporal dynamics of changes of the area of
detection of backreflectcd
backreflected radiation

We suppose that, in general, the scheme of
theoptical
opticalclearing
clearingisisthe
thefollowing.
following.During
Duringglucose
glucoseinjection
injection(within
(within5-10
5-10
ofthe
sec) the clearing agent forms vesicle filled ofthe aqueous solution ofglucose in skin dermis. Since skin dermis is elastic
porous medium and the glucose solution is incompressible liquid then tissue surrounding of the vesicle is compressed
and packs, its porosity is decreases76 and interstitial fluid is extruded from pores ofthe dermis. In the initial time interval
from 0 to 5 mm after injection
injection the
the size
size of
ofthe
the vesicle decreases significantly under the influence
influence of
ofrnechanical
mechanical pressure
of deformed skin tissues. In the time interval from 5 to 1 5 mm the skin pressure is compensated by elastic properties of
the glucose solution, and, as a result, the skin reflectance (and size of swell on the skin surface) does not change. The
result
result can
can be
be explained
explained within
within framework
frameworkof
ofthe
thepercolation
percolationtheory77,
theory77,since
sinceititisisnecessary
necessaryfor
forglucose
glucosetotoform
form'infinite
infinite
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cluster" through surrounding layer of condensed tissue. Hence, the concentration of glucose solution in skin tissue
surrounding the glucose vesicle is insignificant and the skin reflectance does not change (see Fig. 4).

During time interval from 20 to about 60 mm glucose solution diffuse from the vesicle to the surrounding ofthe vesicle
skin tissue and corresponding tissue clearing takes place. The glucose-injected region became more transparent. Skin
scattering decreases and, as consequence ofthis the reflectance ofthe skin decreases in about 3.8 times in an hour after
clearing agent injection and then increases gradually, that shows the beginning of glucose diffusion from the observed
area and corresponding reduction of tissue immersion. On the basis of the experiments, one can conclude that partial
matching of refractive indices of the collagen fibers of dermis and the interstitial medium under action of 40%-glucose
solution makes the main contribution to tissue clearing. It should be noted that skin has been transparent during a few
hours. The second phase of tissue interaction with glucose is connected with taking down of the matching effect. It is
determined by diffusion of glucose along the skin surface between two cellular layers a few orders less permeable —
epidermal and subdermal fat cells. For the used aperture of the detector system, optical clearing was seen during a few
hours.
It should be noted that the effect of tissue clearing was similar to that seen in the excised skin specimens41'4. Figures 7
and 8 show results
results of
ofin
in vitro measurements of
oftemporal
temporal dynamics of
ofco!limated
collimated transmittance of
ofrat
rat skin
skin tissue
tissue samples

measured concurrently with administration of the 40%-glucose solution41. Figures 7 and 8 present the dynamics
measured for skin samples with removed and not removed subcutaneous fatty layer, respectively. From figure 7 it is seen
that during first 20 minutes optical clearing of the skin samples is not observed because glucose do not penetrate into

skin in this time interval. Maximal value of collimated transmittance was observed in 60 mm after glucose
administration, and this time is close to time of maximal optical clearing observed in case of the in vivo measurements
(see Fig. 4). Figure 8 shows that penetration of glucose into the skin sample with not removed subcutaneous adipose
layer have very prolonged character in contrast to data presented in Fig. 7. From Fig. 8 it is seen that during first 40 mm

collimated transmittance of the sample increases insignificantly and hence glucose did not penetrate through the
subcutaneous adipose layer. Glucose penetration into skin takes very long time up to four hours and the degree of the
optical clearing is significantly smaller than in case of glucose penetration through skin with the removed subcutaneous
adipose layer. Thus, we can conclude that in case of the in vivo measurements at intradermal glucose injection the
glucose solution localized only within skin and not penetrate into subcutaneous muscle tissue.
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Figure 7: The time-dependent collimated transmittance ofthe rat

skin sample measured at different wavelengths concurrently with
administration
the 40%-glucose solution4'
administration of
ofthe
solution41.. Thickness of
ofthe
the
sample is 0.57 mm.

Figure 8: The time-dependent collimated transmittance ofthe rat
skin sample measured at different wavelengths concurrently with
ofthe
the
administration of
the 40%-glucose
40%-glucose solution41.
solution4' . Thickness
ofthe
Thickness of
sample is 0.73 mm.

Figure 9 presents the temporary dependencies of the blood perfusion, concentration and velocity after intradermal
injection of the glucose solution. As seen from the figure the injection of glucose causes increase in the perfusion and
concentration of blood, whereas
whereas blood
blood velocity
velocity decreased.
decreased.During
Duringfirst
first110-20
0-20 minutes blood
blood perfusion
perfusion and
and concentration
concentration
changes insignificantly, but in the time interval from 20 to 70-80 minutes blood perfusion increases in about four folds,
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and blood concentration increases in about eleven folds and then does not change. During first twenty minutes blood
velocity does not change, but in the time interval from 20 to 90 mm decrease twice ofthe blood velocity is observed.
The result correlates well
well with
with data
data of
ofreflectance
reflectance measurements, and above presented scheme
scheme of
ofoptical
optical clearing. During

the first 20 mm after injection, glucose solution is localized in the intracutaneous vesicle. At this time the blood
mm glucose diffuses to vesicle surrounding tissue and penetrates into
concentration changes insignificantly. After
blood vessels. Increase of glucose concentration in blood induces the increase of osmotic pressure of the blood plasma
resulting in dehydration of blood erythrocytes78 and transformation of the blood erythrocytes into echinocyte. This leads
to decrease of the degree of their aggregation, and hindering of formation of the coins columns, respectively79'80. As

normal tissue has sufficient both short- and long-term regulatory ability, then rheological alterations may be
compensated by an appropriate changes of vascular system geometry and physical properties. As have been
demonstrated early, increase of the osmotic pressure leads to increase in the sizes of capillaries55 and percolation rate
(motion of liquid filtering in the capillary arterial end and reabsorbing in their venous end)8' accordingly, i.e. to local
increase of blood perfusion and decrease of blood flow velocity in the tissue. We also assume that a considerable
increase ofthe perfusion (about four folds) is caused by increase offunctioning capillaries amount. It is known that in the
normal state the organism uses only part of blood microvessels. For example, normal value of perfusion in skin is 200
ml/100 gram mm, but its maximum value - 497 mi/lOOgram mm82. In other words, the blood perfusion can be
substantially increased due to backup capillaries function. It should be noted, that increase of the "open capillaries"
number will lead to increase of the "diffusion coefficient" of glucose in skin and in turn more rapid decrease of the skin
scattering coefficient.
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Figure 9: The temporary dependencies of the blood velocity (squares), concentration (circle) and perfusion (up triangles) after
intradermal injection of4O% glucose solution. The vertical lines show the standard deviation values.
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