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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 of non-invasive clinical
functional imaging systems [1-8]. Application of the optical methods for physiological-condition
monitoring and cancer diagnostics is a growing field due to simplicity, low cost and low risk of these
methods. The development of optical diagnostics, therapy and surgery techniques is very important for
laser medicine. In clinical dermatology, oncology, gynecology optical methods are used widely for
vessels imaging [9,10], detection, localization and treatment of subcutaneous malignant growths [36,7,11-17] and photodynamic therapy of various diseases [3,6,18-25]. In ophthalmology, for treatment of
advanced glaucoma the transscleral cyclophotocoagulation is used [26,27]. For monitoring of cerebral
activity, in cardiology and rheology the oxygenation and content of blood are very important parameters
[9,10,28-38]. One important problem of application of optical methods in medicine deals with the
transport of laser (light) beam through fibrous tissues such as skin dermis, eye sclera, dura mater, etc. Due
to high scattering of visible and NIR radiation at propagation within these tissues, there are essential
limitations on spatial resolution and light penetration depth for optical diagnostic and therapeutic methods
to be successfully applied [3,4,6,7,14,17,29,39-50]. Control of the tissue optical properties is a very
appropriate way to solve the problem. The temporary selective clearing of the upper tissue layers is the
key technique for the structural and functional imaging, particularly for detecting local static or dynamic
inhomogeneities hidden within a highly scattering medium.
The optical properties of a tissue effectively controlled at compression, dehydration, coagulation, or
at application of other external and internal actions [3,6,18,28,40-46,51-86]. 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 mitochondria and cytoplasm, extracellular media and tissue structural
components such as collagen and elastin fibers [3,6,11,36,40,47,53-55,59,87-97]. The scattering
properties of the fibrous tissues (such as skin dermis, sclera, dura mater, etc.) significantly changed due to
action of osmotically active immersion liquids [3,6,28,40,42-45,53-56,59,60,62-86]. Administration of
the immersion liquid having refractive index higher than that of tissue interstitial fluid induces a partial
replacement of the interstitial fluids by the immersion substance and, thus, matching of refractive indices
of tissue scatterers and the interstitial fluid. Osmotic activity of the immersion agent may cause tissue
dehydration, what also equalizes refractive indices within the tissue. The matching of refractive indices,
correspondingly, causes the decrease of scattering. As osmotic immersion liquids aqueous solutions of
glucose [40,42,44,53-56,59,60,63,64,67,68,70,72-76,78,80-85], mannitol [28,40,55,68,78], propylene
glycol [45,62,63,81], polyethylene glycol [42], glycerol [43,44,64,69,75,77,78,81-83,86], trazograph
[42,64,65,66,81], verografin [62], etc. are used.
Aqueous glucose solutions are more widely used for the control of tissue scattering properties.
Glucose solutions were used for optical clearing of the skin [44,64,69,72,73,75,78,84], sclera [42,6367,70,74,78,80], dura mater [68,70,78,83], liver [40,54,55], blood [81,82], cell cultures and optical
phantoms [40,56]. The possibility of application of mannitol solution for optical clearing of membranes
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surrounding brain has been discussed by Chance et al. [28]. Influence of mannitol solution on liver has
been shown in Refs. 40, 55. Increase of glucose or mannitol content in tissue reduces refractive index
mismatch and, correspondingly, decreases the scattering coefficient. Measurement of the scattering
coefficient allows one to monitor the change of glucose concentration in the tissue and blood that is very
important for monitoring of diabetic patients [53,59]. Computer modeling shows that administration of
glucose solution in tissue causes significant decreasing tissue scattering and increasing light penetration
depth [60,85]. Influence of the glycerol on the skin optical properties has been demonstrated in Refs.
43,44,64,69,75,77,78,83.
Well known that action of hypo-osmotic liquids on the tissue causes tissue cells swelling, and
application of hyper-osmotic solutions causes shrinkage process [40]. At the same time, swelling (i.e.
increasing tissue hydration) by direct immersion in the bathing solutions was found to cause a significant
loss of soluble protein and proteoglycans from the interstitial fluid of the fibrous tissue [98]. Thus,
application of osmotically active liquids is accompanied by tissue swelling and shrinkage, which should
be taken into account.
In spite of numerous investigations related to control of the tissue optical properties, the problem of
estimating diffusion coefficient of immersion liquid in tissues has not been studied in detail. The
knowledge of diffusion coefficients is very important for development of mathematical models describing
interaction between tissues and osmotically active liquids, in particular, for evaluation of drug and
metabolic agent delivery through tissue. Many biophysical techniques for study of penetration of various
chemicals through living tissue and for estimation of the diffusion coefficients are available [99-112] but
only a few techniques are applicable for estimation of the diffusion coefficient of the immersion liquids in
living human tissue. The majority of the methods based on the fluorescence measurements or on the
usage of radioactive labels for detecting matter flux. The optical method for estimating the diffusion
coefficient of the immersion liquid in a tissue has been suggested by Tuchin et al. [42]. This method
based on the measurements of temporal changes of the scattering properties of a tissue caused by dynamic
refractive index matching. It can be used both for in vitro and in vivo measurements [42].
We present the results of in vitro and in vivo experiments on fibrous tissues optical properties control
by administration of osmotically active immersion agents such as glycerol, aqueous glucose and mannitol
solutions. As typical fibrous tissues the skin, sclera and dura mater have been studied. The experiments
show that action of these osmotically active immersion liquids makes these tissues more transparent.
Basing on temporal dependencies for tissue scattering coefficients obtained from time-dependent optical
transmittance measurements the diffusion coefficients of glucose and mannitol in skin, sclera and dura
mater have been estimated. The presented results summarize the investigations performed by authors of
the paper and their colleagues (Dr. Yuri P Sinichkin, Dr. Vyacheslav I Kochubey, Nina A Lakodina et al.
from Saratov State University, Russia, and Dr. Igor V Meglinski from Cranfield University, UK). The
results are general and could be used to describe optical clearing of other tissues.
2 Physical properties and structure of typical fibrous tissues
Fibrous tissues such as sclera, dermis and dura mater show similar structure and consequently,
similar optical properties. These tissues consist mainly of conjunctive collagen fibers packed in lamellar
bundles [42,113-115] that immersed in an amorphous ground (interstitial) substance containing
glycosaminoglycans, proteins, and protein-polysaccharide complexes [116-118]. These fibrils arranged in
individual bundles in a parallel fashion; moreover, within each bundle, the groups of fibers separated
from each other by large empty lacunae distributed randomly in space [113]. Collagen bungles show a
wide range of widths (1 to 50 µm) and thicknesses (0.5 to 6 µm) [113]. These ribbon-like structures are
multiple cross-linked; their length can be a few millimeters [51]. They cross each other in all directions
but remain parallel to the tissue surface. Fig. 1 shows structure of typical fibrous tissue [113]. The
glycosaminoglycans play a key role in regulating the assembly of collagen fibrils and tissue permeability
to water and other molecules [116-118]. In spite of similarity of the fibrous tissues, some differences in
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their structure took place due to the functions
provided by these tissues in an organism. This
requires to overview briefly main features of
the structure of these tissues.

Fig. 1 The typical electron photographs of scleral tissue
(х2900) [113]

The sclera is the turbid nontransparent
medium that covers about 80% of the eyeball
and serves as a protective membrane. Together
with the cornea, it allows the eye to withstand
both internal and external forces to maintain its
shape. The thickness of the sclera is various. It
is thicker at the posterior pole (0.9 to 1.8 mm);
it is thinnest at the equator (0.3-0.9 mm) and at
the limbus is in the range of 0.5 to 0.8 mm [51].
The sclera reaches a maximum thickness at 30
to 40 years [119]. The age-averaged thickness
for the posterior pole, equator and the limbus
are 0.76, 0.45, and 0.56 mm (119 eyes, from 1
to 80 years old).

Hydration of the human sclera can be estimated as 68%. About 75% of its dry weight is due to
collagen, 10% is due to other proteins, and 1% to mucopolysaccharides [51].
The sclera contains three layers: the episclera, the stroma, and the lamina fusca [51]. At the in vivo
investigations, it is necessary to take into account the presence of the conjunctiva and Tenon's capsule
(~200 µm in thick), which both cover the scleral tissue from the external side. They impede the
immersion liquid penetration into the sclera and, consequently, decrease the degree of eye tissue clearing.
The thickness of the scleral collagen fibers also shows regional (limbal, equatorial, and posterior pole
region) and aging differences [113,115]. In the equatorial region of the eye collagen fibrils exhibit a wide
range of diameters, from 25 to 230 nm [113]. The fibers in the scleral stroma have a diameter ranging
from 30 to 300 nm [51]. Similar results for diameters have been obtained by other authors [120,121]. The
fibrils' diameters also depend on age [120,121]: they are the smallest in childhood [120]. The average
diameter of the collagen fibrils increases gradually from about 65 nm in the innermost part to about 125
nm in the outermost part of the sclera [115]; the mean distance between fibril centers is about 285 nm
[122].
The episclera has a similar structure with more randomly distributed and less compact bundles than
in the stroma. The lamina fusca contains a larger amount of pigments, mainly melanin, which are
generally located between the bundles. The sclera itself does not contain blood vessels but has a number
of channels that allow arteries, veins and nerves to enter or leave the eye [51]. The human sclera is the
main part of eye tissue and defines its optical properties.
The dermis is the main component of skin, which is a complex and multilayer organ. The thickness
and properties of the skin vary according to anatomical location [123-125]. In addition, there are
considerable age-dependent changes in the structure [126], properties [127] and composition of the skin
[128]. Simplified model of skin structure contains four layers: epidermis (~100 µm thick) and dermis (1-2
mm) subdivided, following the distribution of blood vessels in skin, into upper blood net plexus (~100
µm thick), reticular dermis (~1150 µm thick) and deep blood net plexus (~100 µm thick) [123,129-131].
The epidermal layer includes a stratum corneum and a living epidermis. The stratum corneum
comprises approximately 15 cell layers. It is not homogeneous and the layers represent various stages of
corneocyte and intercellular lipid maturation [123,124,132-135]. The stratum corneum is the permeability
barrier to percutaneous absorption. Directly under the stratum corneum is the living epidermis, composed
primarily of 10-20 layers of keratinizing epithelial cells, which are responsible for the synthesis of the
stratum corneum [123]. The low layers of the stratum corneum have more water associated (30% by
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weight), though both are considerably less well hydrated than the dermis (70% by weight) [136,137]. The
living epidermis contains most of the skin pigmentation, mainly melanin, which is produced in the
melanocytes. Random spatial distribution of melanin particles in the living epidermis affects both the
scattering and absorption properties of human skin [138,139].
The dermis forms the bulk of the skin. The vast network of fibrous, filamentous and amorphous
connective tissue determines the tensile strength and elasticity of the skin, and provides the physical
support for extensive nerve and vascular networks. The dermis is primarily made up of collagenous fibers
[140], that account for 70% of the dry weight of skin. The dermis has an extensive vascular blood and
lymph network, which participates in various processes including nutrition, heat exchange, repair,
immune responses and thermal regulation [141-144]. The optical properties of the dermis, mainly,
absorption depend on the distribution of blood containing hemoglobin. Scattering properties of dermal
layers are defined mainly by the fibrous structure of the tissue, where collagen fibers are packed in
collagen bundles and have lamellae structure [138]. The mean diameter of collagen fibrils, which is
approximately equal to 60 nm, is comparable with the mean distance between fibril centers.
Underlying the dermal layer is the subcutaneous fat, which is made up of a network of adipocytes
(~120 µm in diameter) containing stored lipid oil in the form of single droplets of triglyceride and
arranged in lobules. The collagen fibers permeate the hypodermis and interact with the dermis; it is very
difficult to remove all of the subcutaneous fat from in vitro dermis samples [123].
Thus, the epidermis is compact, thin, predominantly light-absorbing layer, well-endowed with
specific pigments for UV photoprotection by absorption. The dermis, in contrast, is a thick, relatively
acellular layer in which light scattering plays a much more important role, with its absorption over much
of the optical range, including UVA, localized largely in blood vessels [138].
Human dura mater is a protective membrane, which surrounds brain. It has a fibrous structure.
Typically, with the age the dura mater thickness changes from 0.3 to 0.8 mm. As an object for light
propagation, this is a turbid, non-transparent medium. It consists mainly of conjunctive collagen fibrils
packed in lamellar bundles that immersed in an amorphous ground (interstitial) fluid [145,146].
Dura mater contains five layers: the external integumentary layer, the external elastin network, the
collagen layer, the internal elastin network and the internal endothelium integumentary layer [145]. The
collagen layer is the main layer of human dura mater. Thus, its optical properties defined mainly by the
optical properties of the collagen layer. It is worth noting that those abrupt boundaries between upper,
middle and lower layers are absent. Thus, according to its structure, human dura mater is the closest to the
sclera and skin dermis. The main difference between the structure of sclera and dura mater is the presence
of the branched net of blood vessels in dura mater [145].
The average diameter of the dura mater collagen fibrils has been estimated by us using the data
presented by Spacek in Atlas of Ultrastructural Neurocytology [147]. Processing these data, we have
found that the average diameter of the dura mater collagen fibrils is about 100 nm.
According to its composition, the dura mater interstitial fluid is very close to the interstitial fluid of
skin dermis [148] and constitutes a clear, colorless liquid containing proteins, proteoglycans,
glycoproteins, and hyaluronic acid. It is worth noting that these molecules are excellent space filters. Due
to their glycosaminoglycan chains, these molecules concentrate negative charges. They are highly
hydrophilic, and their presence can provide a selective barrier to the diffusion of inorganic ions and
charged molecules [118,148].
To design the optical model of fibrous tissue, in addition to form, size and density of the scatterers
(collagen fibrils) and the tissue thickness, we are able to have information on the refractive indices of the
tissue components. In the visible spectral range, the wavelength dependence of the refractive index of the
collagen fibrils of the human sclera nc ( λ ) approximated from the empirical data is the following [78]:
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where λ is the wavelength, nm. The corresponding wavelength dependence of the refractive index of the
skin interstitial fluid nI ( λ ) has a view [78]:
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Taking into account the similar nature of the sclera, skin dermis and dura mater, we may assume that the
refractive indices of the collagen fibrils and interstitial fluid for the studied fibrous tissues have the
similar wavelength dependencies.
3 Materials and Methods
3.1 Experimental setups
All optical measurements were performed using a commercially available multichannel optic
spectrometer LESA-6med (BioSpec, Russia). Scheme of the experimental setup is shown in Fig. 2. As a
light source a 250 W xenon arc lamp with filtering of the radiation in the spectral range from 400 to 800
nm was used. During in vitro light transmittance measurements, the glass cuvette with the tissue sample
was placed between two optical fibers with a core diameter of 400 µm and a numerical aperture of 0.2.
One fiber transmitted the excitation radiation to the sample, and another fiber collected the transmitted
radiation. The 0.5-mm diaphragm placed 100 mm apart from the tip of the receiving fiber was used to
provide collimated transmittance measurements. Neutral filter was used to attenuate the incident
radiation. The measurements have been performed every 30 sec during 15-20 min for different sclera and
dura mater tissue samples. The experiments with the skin samples have been performed every 1 min at
the beginning and every 5 min afterwards during about 120 min. Experimental error does not exceed 5%
in the spectral range from 500 to 800 nm and 10% in the spectral range from 400 to 500 nm. All in vitro
experiments have been performed with the human sclera and dura mater, and rat skin tissues samples at
room temperature (about 200C).
Study of swelling of the tissue samples was performed by means of the time-dependent weight
measurements. The torsion scales with the precision of 1 mg were used. The tissue samples have been
placed in a cuvette with the aqueous glucose or mannitol solution and its weight has been measured every
2 min during 40 min.
In vivo reflectance measurements were performed using a fiber optical probe with a system of optical
fibers. The fibers were enclosed in cone-shaped aluminum holder to provide a fixed distance between the
fibers and tissue surface. Light from a stabilized light source (xenon arc lamp) was delivered to the tissue
by means of the fiber fixed normally to the surface of tissue. The receiving fiber was displaced at angle of
20 degrees to the sending fiber in such a way as the irradiated area had a 5-mm diameter and the area of
light collection had a 10-mm diameter.
The tissue reflectance spectra was measured against BaSO4 plate as a reference. To register the
reflectance spectra the fiber optical probe was placed on the surface of the tissue. The measurements were
carried out in different time intervals. Three series of measurements were carried out on animals, and one
series of measurements has been performed on a male-volunteer. For all studies the reflectance spectra
have been registered every 1-2 min. Time for registration of a single spectrum was 200 msec. Total time
for the measurements of the reflectance from rabbit eye sclera was 30 min (as a clearing agent the 40%
aqueous glucose solution was used). Total time for measurements of the reflectance from human skin is
140 min (clearing agent was 40% aqueous glucose solution). In case of measurements of reflectance
spectra from the rat skin the total time of measurements was 20 min (clearing agent was glycerol) and 105
min (as a clearing agent the 40% aqueous glucose solution was used).
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Fig 2 Experimental setup for measurements of collimated transmittance and reflectance spectra from tissue: 1 –
optical irradiating fiber; 2 – neutral filters; 3 – cuvette; 4 – tissue sample; 5 – osmotically active immersion agent;
6 - the 0.5 mm – diaphragm; 7 – optical receiving fiber; 8 – aluminum holder.

3.2 The osmotically active immersion liquids preparation
As osmotically active immersion liquids the glycerol, aqueous glucose and mannitol solutions with
different concentrations have been used. The concentrations of aqueous glucose solutions were 0.4 g/ml
(40%), 0.3 g/ml (30%), and 0.2 g/ml (20%). Concentration of mannitol solution was 0.16 g/ml. Aqueous
glucose solutions have been prepared using powder-like glucose monohydrate (ChemMed, Russia), and
aqueous mannitol solution has been prepared using powder-like D-mannitol (Serva, New York, USA).
Commercially available glycerol (ChemMed, Russia) was used in our experiments. The densities of the
glucose solutions were measured as 1.07, 1.10, and 1.12 g/ml for concentration of glucose 20%, 30%, and
40%, respectively. The density of the mannitol solution was measured as 1.06 g/ml. The refractive indices
of the clearing agents were measured by Abbe refractometer at wavelength 589 nm as 1.363 (0.2 g/ml),
1.377 (0.3 g/ml), 1.390 (0.4 g/ml) for glucose solutions, as 1.357 for mannitol solution, and as 1.450 for
glycerol. pH of the solutions were measured by pH-meter "HANNA" (Portugal) as 6.05 for the mannitol
solution, as 5.99 (0.2 g/ml), 5.91 (0.3 g/ml), 3.5 (0.4 g/ml) for the glucose solutions with different
concentrations, and as 6.5 for the glycerol.
3.3 The tissue sample preparation for in vitro measurements
In this study, for in vitro measurements we have used samples of human sclera and dura mater, and
rat skin. All human tissues were obtained by autopsy within 24 hours post mortem. After enucleation, the
sclera samples were placed in saline. Before experiments the conjunctiva and the ciliary body as well as
the retina with choroid were removed removed. The dura mater samples were kept under temperature
−12 C and before experiments have been unfrozen. The rat skin samples were obtained by autopsy
within an hour post mortem. Hairs were removed from skin surface using tweezers. Before experiments
all tissue samples have been cut into pieces with the area about 10×10 mm2. The thickness of each tissue
sample was measured at initial moment with a micrometer in ten points and averaged. The tissue samples
have been fixed on a plastic plate with a square aperture 5×5 mm2 and have been placed in a 5-ml cuvette
filled up with the immersion agent.
0
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3.4 In vivo measurements of tissue clearing
The in vivo studies of tissue clearing were performed with the rabbit eye sclera, rat skin and skin of a
male volunteer. The animals have been anaesthetized by an injection of 1%-natrium ethaminal solution
(40 mg/kg of animal weigh) prior to procedure. The measurements started in 30 min after the injection.
The rabbit’s age was 5 months and its weight was 1.5 kg. Aqueous glucose solution with
concentration 0.4 g/ml was used as a clearing agent. The solution was dropped onto the eye ball surface.
The total volume of the used solution was 3 ml. The measurement of dynamics of the optical clearing
started in 3 min after the solution administration onto the eye surface.
The preliminary in vivo investigations of skin clearing were done with white rats. The age of the rats
was about 9 months and their weight was about 200 g. Removing hairs was done before the experiments.
The 40%-glucose solution or glycerol (0.1 ml) was injected into the skin dermis in the area of a thigh. The
measurement of dynamics of the optical clearing started in 1 min after the injection. Final studies of skin
clearing were performed with skin of a male-volunteer. The intradermal injection of aqueous 40%glucose solution by volume of 0.1 ml was done in the area of a forearm.
4 Experimental results
In this section, we present experimental results of in vitro and in vivo tissue clearing. During the
process, the collimated transmittance (in vitro) and the backreflectance (in vivo) spectra of the tissues
(such as skin, sclera and dura mater) have been measured concurrently with administration of different
immersion agents (such as glycerol, aqueous glucose and mannitol solutions).
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To understand the mechanisms of the scleral tissue optical clearing we have investigated in vitro the
collimated transmittance spectra and change of the scleral sample weight concurrently with
administration of glucose solutions. Figure 3 illustrates dynamics of the transmittance spectra. It is seen
easily seen that the untreated sclera is poorly transparent for the visible light. Glucose administration with
concentration 0.4 g/ml makes this tissue highly transparent, for example, up to 18% at 750 nm for the
sample kept in solution for t = 5 min. The corresponding plots for time-dependent collimated
transmittance at different wavelengths are presented in Fig. 4.
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Fig. 3 The temporal collimated transmittance spectra of
the human sclera sample measured in vitro concurrently
with administration of 40%-glucose solution [63].

0

5

10

15

20

Time, min

Fig. 4 The time-dependent spectral components of
collimated transmittance of the human sclera sample
measured in vitro concurrently with administration of
40%-glucose solution [63].

They show the dynamics of tissue clearing. It as well seen that the characteristic time response of
human sclera optical clearing is about 5 min. In the figures symbols correspond to experimental data [63],
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and a solid line corresponds to data calculated using the presented model (see below, Section 5). When
applied as a clearing agent of aqueous glucose solutions with concentrations 0.2 g/ml and 0.3 g/ml [67]
similar results were obtained but the degree of tissue clearing is less in comparison with 40% glucose
solution. The collimated transmittance increased in about 4 fold at wavelength 700 nm for 20% glucose
solution and collimated transmittance increased in about 5 fold for 30% glucose solution. For all glucose
solutions, approximated time of maximal scleral clearing is about 8 min. It is worth noting that for in vitro
application of these glucose solutions both total transmittance and diffuse reflectance of human sclera are
changed insignificantly in contrast to collimated transmittance.
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A significant decrease of the reflectance
during the first five minutes of glucose
administration is seen for rabbit sclera in vivo
measurements. In this case, glucose solution
with concentration 0.4 g/ml was used. Results
of these measurements are presented in Figs. 5
and 6. Dips of reflectance at 420, 530 and 570
nm were caused by the blood hemoglobin
absorption. Fast decay of reflectance at 420
nm (see Fig. 6) reflects blood dynamics in the
scleral vessels providing a fast blood supply
of the tissue bulk under glucose action. Such
drop of reflectance is due to high absorption
of the blood concentrated in the focus of
inflammation caused by osmotic action of
glucose and irradiating light of the
spectrometer.
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Fig. 6 The in vivo time-dependent reflectance of the
rabbit eye sclera measured at 420 nm (down triangles),
630 nm (squares) and 700 nm (up triangles) concurrently
with administration of 40%-glucose solution [63].
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Fig. 5 The in vivo time-dependent reflectance spectra of
the rabbit eye sclera measured concurrently with
administration of 40%-glucose solution: 1 - 1 min, 2 - 4
min, 3 – 21 min, 4 - 25 min, 5 – 30 min after drop of the
solution onto the eye surface [63].
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Fig. 7 The temporal collimated transmittance spectra of the
rat skin measured concurrently with administration of
glycerol [69].

Influence of glucose solution with concentration 0.4 g/ml and glycerol on the optical properties of
skin are shown in Figs. 7-9. Figure 7 shows the collimated transmittance spectra of the rat skin sample
measured for different time intervals concurrently with administration of glycerol. The collimated
transmittance spectra of skin measured concurrently with administration of 40% glucose solution are
similar to the spectra presented in Fig. 7. Figs. 8 and 9 present the time-dependent collimated
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transmittance of the rat skin samples measured in vitro at different wavelengths concurrently with
administration of glycerol (Fig. 8) [69] and 40%-glucose solution (Fig. 9) [73]. From these figures, we
have seen that the osmotically active immersion liquids such as glycerol and the glucose solution can
effectively control the optical properties of whole skin. At initial moment, the skin is very nontransparent
for optical radiation tissue. Application of the osmotically active immersion liquids makes this tissue
more transparent increase of skin collimated transmittance in about 100 folds for glycerol (Fig. 8) and in
about 50 folds for 40% glucose solution at wavelength 700 nm during 45 min (Fig. 9).
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Fig. 8 The time-dependent collimated transmittance of
the rat skin sample measured in vitro at different
wavelengths concurrently with administration of glycerol
[69].

Fig. 9 The time-dependent collimated transmittance of
the rat skin sample measured in vitro at different
wavelengths concurrently with administration of 40%glucose solution [73].
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Figure 12 illustrates the dynamics of
the collimated transmittance spectra of
human dura mater measured concurrently
with administration of glucose solution
with concentration 0.2 g/ml. Symbols
correspond to experimental data and solid
lines correspond to data calculated by the
developed model (see below, Section 5).
Glucose administration increase the
collimated transmittance in the spectral
range from 650 to 700 nm in average in
about 5 folds at t = 5 min. For glucose
solution with concentration 0.4 g/ml, the
collimated transmittance in the same
spectral range, increases up to 16% during
5 minutes.

Diffuse reflectance

0.30
0 min

0.28

1 min
0.26

2 min

0.24

3 мин
4 min
5 min

0.22
0.20
400

450

500

550

600

650

700

Wavelength, nm

Fig. 11 The diffuse reflectance of the human dura mater
sample measured concurrently with administration of
mannitol solution at different time intervals.

Fig. 12 one can see a good
between experimental data
and approximating dependencies (solid lines) calculated in the framework of the model
in Section 5. Insignificant differences between experimental and calculated data can be
explained partially by inaccuracy of the
measurements and simplicity of the
0.0040
used model, since the diffusion
0.0035
coefficient can change a little during
0.0030
penetration of the clearing agent into the
700 nm
tissue samples. Moreover, the dura
0.0025
650 nm
mater
samples
are
volume0.0020
inhomogeneous.
The
same
reasons
can
600 nm
0.0015
be delivered to explain differences
0.0010
550 nm
between the experimental and calculated
0.0005
500 nm
data presented in Figs. 3 and 4.

Collimated transmittance

From
matching
(symbols)
presented

0.32

0.0000

We have to underline that the
clearing process has two stages (see
Figs. 4, 12). At the beginning of the
Fig. 12 The time-dependent collimated transmittance of the
process we see the increase of the
human dura mater sample measured at different wavelengths
transmittance followed by saturation
concurrently with administration of 20% glucose solution.
and even the decrease of the
transmittance. Two competing processes
take place. One of them is optical immersion - the matching of refractive indices of the tissue scatterers
and the interstitial fluid that causes the decrease of the tissue scattering and, therefore, the increase of the
collimated transmittance. Another one is the tissue swelling that causes the increase of the tissue
thickness and thus the decrease of the transmittance. However, present experimental data show that the
matching effect prevails, especially at the first stage of the optical clearing. It is well confirmed by the
characteristic time of the swelling that is longer than the diffusion time. It is worth noting that usually
swelling, caused by immersion agent impregnation, is not very important for in vivo tissue optical
clearing, since living tissue has a high homeostasis degree, but for in vitro measurements this stage should
be taken into account for the corrected determination of the diffusion coefficient. Typically, the saturation
of the optical transmittance (reflectance) with time for in vivo measurements is caused by immersion
liquid diffusion to the surrounding tissues, and it is difficult to provide a continuous supply of immersion
liquid to the target tissue [63,69,73,72,77].
0
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Since the developed algorithm for
estimation of diffusion coefficients of
osmotically active immersion liquids in
tissues requires the knowledge of the
tissue volume changes under action of
these liquids (see Section 5) the temporal
dependence of the tissue swelling index
has been investigated using the timedependent weight measurements. For
quantitative assessment of the timedependent weight measurements, the
exponential association (Eq. 14 in Section
5) can be used.

0.40

Reflectance

0.36
0.32
0 min
0.28
0.24
15 min
0.20

30 min
45 min

0.16

105 min
400

500

600

700

800

Wavelength, nm

Figure 13 shows dynamics of
reflectance spectra at different time
intervals of the rat skin after hypodermic
injection of 40%-glucose solution [73].
Symbols correspond to experimental data. In the spectra the main absorption bands of blood are well
seen. The decrease of the spectra corresponds to diffusion of the glucose solution from the injection place
to the upper skin layers.
Fig. 13 In vivo reflectance spectra of rat skin measured at
different time intervals after injection of 40%-glucose
solution [73].

Figure 14 presents the dynamics
of the change of skin reflectance at
different
wavelengths
measured
concurrently with administration of
glycerol.

1. The first 3.5 minutes. Decreasing
of the reflectance due to decreasing
of the scattering of the tissue under
action of glycerol is seen.

0.56

470 nm

0.52
Reflectance

Analyzing the results of the
experiments
(glycerol
was
impregnated intradermally) one can
see that dynamics of reflectance
change has non-monotone character.
We underline three stages of glycerol
action on the skin and hypodermic
tissues of the rat.

0.60

0.48
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0.44
0.40

700 nm
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0.36

547 nm
420 nm

0.32
0
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8

12

16

20

24
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Fig. 14 The in vivo time-dependent reflectance of the rat skin
measured at different wavelengths concurrently with
administration of glycerol [69].

2. The second stage is from 3.5 to 13-13.5 min. The diffusion of glycerol into the ambient tissue,
decreasing of glycerol concentration, increasing of tissue scattering and hence increasing of the
reflectance takes place.
3. The third stage begins after about 13 minute of influence of glycerol on hypodermic tissues of the rat.
The rush of blood to the place of interaction osmotically active substances with hypodermic tissues
arises. Therefore, we observe decreasing of the reflectance in the absorption bands of blood (420, 547
and 578 nm).
Observable decreasing of the reflectance after 13 minutes of glycerol action (Fig. 14) is explained in
the following way. In spite of the fact that glycerol often apply in a cosmetology, probably, it renders
irritant action on hypodermic tissues of the rat, as apparently after 13 minutes of glycerol action.
It should be also noted that 1) we have watched a white ring around the injection puncture of about 1
cm in radius, when glucose solution or glycerol injected into skin dermis. The origin of this ring is due to
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osmotically active liquids and tissue water interaction. The water diffuses from surrounding tissue and
occupies some area around osmotic liquid injection, because of additional amount of water in this ring.
The additional mismatch of refractive indices of the scatterers and interstitial fluid occurs, that is why this
ring looks white. 2) It was shown that in the case of glycerol used as an active agent the irritation of
hypodermic tissues after 13.5 min takes place [69]. It is expressed in the rush of blood to the place of
injection. 3) In the case of using of the 40%-glucose solution as a clearing agent, the rush of blood is not
observed. Hence, we can conclude that the 40%-glucose solution is more applicable than glycerol for in
vivo optical clearing of the tissue in spite of the fact that glycerol has larger refractive index that the 40%glucose solution.
Figures 15 and 16 show dynamics of reflectance spectra and time-dependent reflectance at different
wavelengths of in vivo human skin injected by 40%-glucose solution [72]. It can be noted that the effect
of tissue clearing was similar to that seen in the excised skin specimens [69,73]. From the spectra of
reflectance of the skin it is well seen the main absorption bands of blood (Fig. 15).
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Fig. 15 The in vivo reflectance spectra of the human skin
measured at administering of 40%-glucose solution in
different time intervals after intradermic injection [72].

Fig. 16 The in vivo time-dependent reflectance of the
human skin measured for different wavelengths at
administering of 40%-glucose solution [72].

In Fig. 16, one can see that skin reflectance under glucose solution action is decreased. Glucose
solution diffuse up to the skin surface and corresponding tissue clearing takes place. The glucose-injected
region became more transparent. The area around the injection site that was unaffected by the glucose
solution remained white and turbid. Reflectance of the 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.
The obtained results have allowed for estimation the diffusion coefficient of 40%-glucose solution in
the human skin as Dg = (2.56 ± 0.13) ⋅ 10

−6

2

cm sec . The value of the diffusion coefficient was

calculated by the method described in Ref. 72. It is in about 2-folds smaller then the diffusion coefficient
of glucose in water at 370C, D ≈ 5.2 ⋅ 10
fiber network of the dermis.

−6

2

cm sec [151] and reflects the permeability of the collagen

It should be noted that skin has been transparent during a few hours. From the obtained value of the
diffusion coefficient of glucose solution in the skin the time of impregnation of dermis layer with
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thickness 0.9 mm by glucose solution, τ = l Dg ≈ 53 min can be estimated. It is the time of diffusion of
2

glucose solution from the area of injection up to the epidermis, i.e. the time of skin clearing, what was
observed experimentally. 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 a
few orders less permeable two cellular layers – epidermal and subdermal fat cells. For the used aperture
of the detector system, optical clearing was seen during a few hours, that is also corresponds to the
measured diffusion coefficient of glucose in dermis.
5 Estimating diffusion coefficients of osmotically active immersion liquids in tissues
Method for estimation of diffusion coefficients of osmotically active liquids in tissues is based on the
time-dependent measurement of collimated transmittance of tissue samples placed in immersion liquid.
Schematic representation of diffusion of the osmotically active immersion liquid into the tissue sample
and the geometry of light irradiation is presented in Fig. 17. The transport of an immersion liquid within
the tissue can be described in the framework of the free diffusion model. We assume that the following
approximations are valid for the transport process: 1) only concentration diffusion takes place, i.e. the
exchange flux of osmotically active solution into the tissue and water from the tissue at a certain point
within the tissue sample is proportional to the osmotically active substance concentration at this point; 2)
the diffusion coefficient is constant over the entire sample volume.

Fig. 17 Schematic representation of diffusion of osmotically active immersion liquid into the tissue sample and the
geometry of light irradiation

Geometrically, the tissue sample is presented as a plane-parallel slab with a finite thickness. Since
tissue samples in our experiments have rather big surface of 1 × 1 cm2, which are much exceeding their
thickness, the one-dimensional diffusion problem has been solved.
The one-dimensional diffusion equation of the immersion liquid transport has the form
∂C ( x, t )
∂t

∂ C ( x, t )
2

=D

∂x

2

,

(3)

where C ( x , t ) is the immersion liquid concentration; D is the diffusion coefficient, cm sec ; t is time,
2

sec; and x is the spatial coordinate, cm.
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We also suppose that penetration of immersion liquid into a tissue sample does not change the
immersion liquid concentration in the cuvette. This requirement has been met in our experiments since
the immersion liquid volume in cuvette has been about 3000 mm3 and the volume of the tissue samples
has been less than 100 mm3. The corresponding boundary conditions are as follows
C ( 0, t ) = C ( l , t ) = C0 = const ,

(4)

where C0 is the concentration of immersion liquid in the external volume (cuvette), l is the thickness of
the sample, cm.
The initial conditions correspond to the absence of clearing agent (for example, glucose or mannitol)
inside the tissue sample before its incubation in the immersion liquid
C ( x, 0 ) = 0

(5)

for all inner points of the tissue sample.
Solution of Eq. 3 for a slab with a thickness l at the moment t with boundary (Eq. 4) and initial (Eq.
5) conditions has the form [100]



8



π

C ( t ) = C0  1 −

2

1

∞

∑
i =0

( 2i + 1)

2

(

exp − ( 2i + 1) tπ D l
2

2

2



) ,


(6)

where C ( t ) is the volume-averaged concentration of osmotically active immersion liquid within tissue
sample.
As a first approximation, we can rewrite Eq. 6 as

(

(

C ( t ) ≈ C0 1 − exp −tπ D l
2

2

)) .

(7)

It is worth noting that Eq. 7 is very close to the equation describing diffusion through a partially
permeable membrane and C ( t ) corresponds to immersion liquid concentration in the interstitial fluid.
The time dependence of the refractive index of the interstitial fluid can be derived using the law of
Gladstone and Dale, which states that the resulting value represents an average of the refractive indices of
the components related to their volume fractions [88, 149]. Such dependence is defined as
nI ( t ) = (1 − C ( t ) ) nbase + C ( t ) nosm ,

(8)

where nbase is the refractive index of the tissue interstitial fluid at the initial moment defined by Eq. 2, and
nosm is the refractive index of the glucose or mannitol solutions. Wavelength dependence of aqueous
glucose solution can be estimated as nosm ( λ ) = nw ( λ ) + 0.1515C , where nw ( λ ) is the wavelength
dependence of water, and C is the glucose concentration, g/ml [53]. The wavelength dependence of water
has been presented by Kohl et al. [56] as
nw ( λ ) = 1.3199 +

6.878 × 10

λ

2

3

−

1.132 × 10

λ

4

9

1.11 × 10

14

+

λ

6

.

The optical model of tissue can be presented as a slab with a thickness l containing scatterers
(collagen fibrils) – thin dielectric cylinders with an average diameter of 100 nm, which is considerably
smaller than their lengths. The wavelength dependence of the refractive index of these cylinders is
described by Eq. 1. These cylinders are located in planes that are parallel to the sample surfaces, but
within each plane their orientations are random. These simplifications reduce considerably the difficulties
in the description of light scattering by these tissues. For a thin dielectric cylinder in the Rayleigh-Gans
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approximation of the Mie scattering theory the scattering cross-section σ s ( t ) for unpolarized incident
light is given by

π ax
2

σs =

8

3

(m

2

)

2



− 1 1 +





,
2
( m 2 + 1) 
2

(9)

where m is the relative refractive index of the scattering particle, i.e. ratio of the refractive indices of the
scatterers and the ground materials (i.e. interstitial fluid), and x is the dimensionless relative scatterers
size, which is determined as x = 2π anI λ , where λ is the wavelength and a is the cylinder radius
[87,89].
As a first approximation, we assume that during the interaction between the tissue and the immersion
liquid the size of the scatterers does not change. This assumption is confirmed by the results presented by
Huang and Meek [98]. In this case, all changes in the tissue scattering are connected with the changes of
the refractive index of the interstitial fluid described by Eq. 8. The increase of the refractive index of the
interstitial fluid decreases the relative refractive index of the scattering particles and, consequently,
decreases the scattering coefficient. For non-interacting particles the scattering coefficient of a tissue is
defined by the following equation

µ s ( t ) = Nσ s ( t ) ,

(10)

where µ s ( t ) is the tissue scattering coefficient, N is number of the scattering particles (fibrils) per unit
area and σ s ( t ) is the time-dependent cross-section of scattering (Eq. 9). The number of the scattering
particles per unit area can be estimated as N = φ

(π a )
2

[87], where φ is the volume fraction of the

tissue scatterers. For typical fibrous tissues, such as sclera, dura mater and skin dermis, φ is usually equal
to 0.3.
To take into account interparticle correlation effects which are important for tissues with densely
packed scattering particles the scattering cross-section has to be corrected by the packing factor of the
scattering particles, (1 − φ )

3

(1 + φ ) [96]. Thus, Eq. 10 has to be rewritten as
µs (t ) =

φ
πa

2

σ s (t )

(1 − φ )

3

1+ φ

.

(11)

Since glucose and mannitol solutions have pH different from pH of the interstitial fluid of the native
tissue, placing tissues sample into the solutions produces the swelling process. The temporal dependence
of the tissue sample volume can be described assuming that increasing tissue volume is the result of
additional absorption of osmotically active liquid [98].
The temporal dependence of the swelling index H ( t ) of the tissue sample can be calculated from
weight measurements as
H (t ) =

M (t ) − M (t = 0)
M (t = 0)

=

M osm ( t )

M (t = 0)

=

Vosm ( t ) × ρ osm
M (t = 0)

,

(12)

where M ( t ) is mass of the tissue sample in the different moments in the swelling process, M osm ( t ) ,
Vosm ( t ) and ρ osm ( t ) are mass, volume and density of osmotically active liquid absorbed by the tissue

sample, respectively. Let V ( t ) represent the volume of swelling tissue, then
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V ( t ) = V ( t = 0 ) + Vosm ( t ) = V ( t = 0 ) + H ( t ) M ( t = 0 ) ρ osm .

(13)

Since the tissue swelling is connected with diffusion of osmotically active liquid into the tissue
sample, the temporal dependence of swelling index can be approximated by the following
phenomenological expression, which is very close to Eq. 7 describing the process of osmotically active
liquid penetration into the tissue

H (t ) =

M (t ) − M (t = 0)
M (t = 0)

= Aw (1 − exp ( −t τ sw )) .

(14)

Therefore, the temporal dependence of tissue volume during osmotically active liquid action (Eq. 13)
can be presented as
V (t ) = V (t = 0) +

M (t = 0)

ρ osm

Aw (1 − exp ( −t τ sw )) .

(15)

At the same time, Eq. 15 can be rewritten in a simpler form, i.e., as
V ( t ) = V ( t = 0 ) + A (1 − exp ( −t τ sw ) ) .

(16)

In this case Aw, A and τ sw are some phenomenological constants describing swelling process caused by
glucose or mannitol action. Volumetric changes of a tissue sample is mostly due to changes of its
thickness l ( t ) , which can be expressed as

l ( t ) = l ( t = 0 ) + A (1 − exp ( −t τ sw ) ) .
*

(17)

where A = A S , and S is the tissue sample area. Constants A and τ sw can be obtained both from direct
*

measurements of thickness or volume of tissue samples and from time-dependent weight measurements.
In this study to estimate these constants, we used the time-dependent weight measurements of the tissue
samples placed into osmotically active solutions. By least-squares method, the following parameters of
the swelling index were obtained. For example, for the dura mater samples immersed in the mannitol
solution, we have estimated parameter Aw as 0.21 and the parameter characterizing the swelling rate, i.e.
τ sw as 484 sec. For the dura mater samples immersed in glucose solution with concentration 0.2 g/ml, we
have estimated parameter Aw as 0.20 and τ sw as 528 sec.
By changing volume of a tissue the swelling produces the change of the volume fraction of the tissue
scatterers, and thus the change of the scatterers packing factor and the numerical concentration, i.e.
number of the scattering particles per unit area (see Eqs. 10 and 11). Taking into account Eq. 16, the
temporal dependence of the volume fraction of the tissue scatterers is described as

φ (t ) =

Vc

V (t )

=

φ (t = 0) ×V (t = 0)
V ( t = 0 ) + A (1 − exp ( −t τ sw ) )

,

(18)

where Vc is the volume of the tissue sample scatterers.
The collimated optical transmittance of the tissue sample impregnated by an immersion solution is
defined as
Tc ( t ) = (1 − Rs ) exp ( − ( µ a + µ s ( t ) ) l ( t )) ,
2

(19)

where Rs is the specular reflectance and µa is the absorption coefficient. The time-dependent scattering
coefficient µ s ( t ) and thickness l ( t ) are defined by Eqs. 11 and 17, respectively. In the visible spectral
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range, the absorption coefficient of a tissue is much less than the scattering coefficient except blood
absorption bands. Since both glucose and mannitol do not have strong absorption bands within the
wavelength range investigated, the changes of the tissue collimated transmittance can be described only
by the behavior of the µ s .
This set of equations describing the glucose or mannitol concentration dependent on time represents
the direct problem. The reconstruction of the diffusion coefficient of the glucose or mannitol in tissue has
been carried out on the basis of measurement of the temporal evolution of the collimated transmittance.
The solution of the inverse problem was obtained by minimization of the target function:
Nt

(

F ( D ) = ∑ Tc ( D, ti ) − Tc ( ti )
*

)

2

,

i =1

where Tc ( D, t ) and Tc ( t ) are the calculated and experimental values of the time-dependent collimated
*

transmittance, respectively, and N t is the number of time points obtained at registration of the temporal
dynamics of the collimated transmittance. To minimize the target function the Levenberg-Marquardt
nonlinear least-squares-fitting algorithm described in detail by Press et al. [150] was used. Iteration
procedure repeats until experimental and calculated data were matched. As a termination condition of the
iteration process, we have used the following expression:
1
Nt

Nt

∑

Tc ( D, ti ) − Tc ( ti )
*

Tc ( ti )
*

i =1

≤ 0.01 .

The mannitol and glucose diffusion coefficients in the human sclera and dura mater tissues were
estimated using the temporal dependence of the collimated transmittance and method presented by us.
Calculations were performed for ten wavelengths, and the obtained values of the diffusion coefficients
have been averaged. The diffusion coefficients are presented in Table 1. It is well known that diffusion
coefficient is increased with the increase of temperature of the solution. The temperature dependence was
T η ( T1 )
[151]. Where D ( T ) is diffusion coefficient at temperature T
accounted for as D ( T2 ) = D ( T1 ) 2
T1 η ( T2 )
and η ( T ) is viscosity of the solution. Corrected to temperature 370C values of the diffusion coefficients
also are presented in Table1.
It was expected that diffusion coefficients measured for tissues are less than for solutions. For
example, Peck et al. [103] have found for mannitol diffusion in phosphate-buffered saline at temperature

370C DM = ( 9.03 ± 0.3 ) × 10

−6

cm2/sec. Under the same conditions, for sucrose DS = 7.45 × 10

[104] and for raffinase DR = ( 5.72 ± 0.1) × 10
mannitol in water are 5.2 × 10

−6

−6

−6

cm2/sec

cm2/sec [103]. The diffusion coefficients of glucose and

cm2/sec (at 150C) and 6.05 × 10

−6

cm2/sec (at 200C), respectively [151].

At 370C the diffusion coefficient of glucose in water is 9.59 × 10 cm sec , the diffusion coefficient of
−6

−6

2

mannitol in water is 9.61 × 10 cm sec and these values are well matched with the data presented by
Peck et al. [103].
Differences between the diffusion coefficients of these substances in water and in tissue are
connected with the structure and composition of the tissue interstitial fluid, since the scleral and dura
mater interstitial fluid contains the proteins, proteoglycans and glycoproteins. The differences between
the diffusion coefficients obtained in this paper and presented by other authors are explained by the
differences in structure and properties of the investigated tissues. The differences can be due to the
various experimental and calculation methods and thus are rather in an acceptable range.
2
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Table 1. The experimentally measured and temperature corrected diffusion coefficients

Tissue

Osmotically active
immersion liquid

Diffusion coefficient,
2

Corrected diffusion
2

coefficient, cm sec

cm sec

Sclera

Glucose solution (20%)

( 0.57 ± 0.09 ) × 10

−6

( 0.91 ± 0.09 ) × 10

−6

Sclera

Glucose solution (30%)

(1.47 ± 0.36 ) × 10

−6

( 2.34 ± 0.36 ) × 10

−6

Sclera

Glucose solution (40%)

(1.52 ± 0.05 ) × 10

−6

( 2.42 ± 0.05 ) × 10

−6

Dura mater

Glucose solution (20%)

(1.63 ± 0.29 ) × 10

−6

( 2.59 ± 0.29 ) × 10

−6

Dura mater

Mannitol solution

(1.31 ± 0.41) × 10

−6

( 2.08 ± 0.41) × 10

−6

Skin (in vivo)

Glucose solution (40%)

( 2.56 ± 0.13 ) × 10

−6

Conclusion

The presented experimental results have shown that control of the optical properties of tissues is a
useful method to increase the ability of light penetration into a tissue and, consequently, to improve the
optical imaging depth. Changes of the collimated transmittance indicate that administration of the
osmotically active immersion liquids into a fibrous tissue allows one to control its optical characteristics
effectively. Basing on temporal dependence of the collimated transmittance of the human sclera and dura
mater samples and the present model, glucose and mannitol diffusion coefficients in tissue interstitial
fluid at 200C were estimated.
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