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Abstract

The aim of the present study was to determine millimeter wave (MMW) absorption by blood
vessels traversing the subcutaneous fat layer of murine skin. Most calculations were
performed using the finite-difference time-domain (FDTD) technique. We used two types of
models: (1) a rectangular block of multilayer tissue with blood vessels traversing the fat layer
and (2) cylindrical models with circular and elliptical cross sections simulating the real
geometry of murine limbs. We found that the specific absorption rate (SAR) in blood vessels
normally traversing the fat layer achieved its maximal value at the parallel orientation of the
E-field to the vessel axis. At 42 GHz exposure, the maximal SAR in small blood vessels
could be more than 30 times greater than that in the skin. The SAR increased with
decreasing the blood vessel diameter and increasing the fat thickness. The SAR decreased
with increasing the exposure frequency. When the cylindrical or elliptical models of murine
limbs were exposed to plane MMW, the greatest absorption of MMW energy occurred in
blood vessels located on the lateral areas of the limb model. At these areas the maximal
SAR values were comparable with or were greater than the maximal SAR on the front
surface of the skin. Enhanced absorption of MMW energy by blood vessels traversing the fat
layer may play a primary role in initiating MMW effects on blood cells and vasodilatation of
cutaneous blood vessels.
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INTRODUCTION

Millimeter waves (MMW) have been used for the therapeutic treatment of different medical
conditions including cardiovascular diseases, wound healing, pain relief, etc. [Rojavin and



Ziskin, 1998]. Significant results were achieved with the application of three “therapeutic”
frequencies: 42.25, 53.57 and 61.22 GHz at the incident power densities (IPD) of 10-30
mW/cm?. This has stimulated great interest in better understanding the biological
mechanisms of MMW action and accurate dosimetry of MMW exposures. In recent
publications we have described MMW dosimetry for human and murine skin [Alekseev et al.,
2008a, b]. Since most experiments with MMW were performed on mice, the determination of
the power density distribution in murine skin was important in order to make adequate
extrapolation of the MMW effects found in mice to humans. Due to the small size of murine
skin, MMW penetrate deep enough into tissue to reach the muscle layer. Up to 40% of MMW
energy entering the skin is absorbed by muscle. Hence, the blood vessels located in the
dermis and traversing the fat layer are subjected to MMW exposure with relatively high
intensity. Some papers showed that MMW could affect blood cells causing significant
biological effects [Gapeev et al., 1996; Roshchupkin et al., 1996]. Therefore, the accurate
determination of MMW absorption by cutaneous blood vessels is important in understanding
the primary mechanisms of the biological action of MMW.

The skin structures such as blood vessels and appendages (hair and sweat ducts) with
electrical properties different from the average electrical properties of skin tissues cause
selective absorption of MMW energy and local distortion of the MMW field in their vicinity
[Alekseev and Ziskin, 2001, 2009a]. In our models the skin was irradiated with a plane wave
normally incident on the skin surface. We found that in blood vessels located in the human
and murine dermis and oriented parallel to the E-field, the specific absorption rate (SAR)
could exceed the average SAR in the surrounding dermis by ~40% [Alekseev and Ziskin,
2009al.

Some papers showed that small holes in thin hydrophobic films with low permittivity (Teflon,
acryl glass) used for the formation of bilayer lipid membranes could significantly absorb
microwave energy [Eibert et al., 1999; Alekseev et al., 2009b, 2010]. As the hydrophobic film
was placed in an electrolyte, the hole was also filled with the same bulk electrolyte. The
enhanced absorption of microwave energy occurred at the orientation of the hydrophobic film
perpendicular to the E-field, with the cylindrical axis of the hole being parallel to the E-field.
Similar conditions for the enhanced absorption of MMW energy by blood vessels in murine
skin may occur when the blood vessels traverse the fat layer. The fat layer, having lower
permittivity than the surrounding dermis and muscle, may simulate a low permittivity
hydrophobic film, while a blood vessel traversing the fat layer may simulate the membrane-
forming hole.

The blood vessels feeding the epidermis and dermis enter and exit the dermis through the fat
layer. At the boundary between the dermis and hypodermis they form a network located
parallel to the boundary surface [Bloom and Fawcett, 1968]. From one side of this network
small vessels enter the hypodermis and nourish fat cells. From another side of the network
vessels enter the dermis. The sizes of blood vessels of murine skin do not differ significantly
from those of human skin [Zweifach and Kossman, 1937; Algire, 1954; Braverman, 1989].
The internal diameters of the capillaries in mice are in the range of 3—10 um. The diameters
of the deepest dermal vessels are generally 40 to 50 um.

When flat areas of skin are irradiated with plane MMW at normal incidence the E- and H-field
vectors are directed parallel to the skin surface, and hence, perpendicular to the blood
vessels traversing the fat layer. However, during whole-body exposure in the far field



[Jauchem et al., 1999, 2004; Gapeyev et al., 2006, 2008] the orientation of the E-field with
respect to the skin surface changes with the curvatures of the body parts. For example, the
orientation of the E-field with the skin surface of limbs, fingers, and tail may vary from being
perpendicular to being nearly parallel to the blood vessels traversing the fat layer. In some
biological experiments, mice were exposed at the nose and limb areas in the near field of a
horn antenna [Radzievsky et al., 2000, 2008]. In this case, the E-field around the nose and
limbs may take any direction relative to the skin surface including the perpendicular direction.
Therefore, it is important to evaluate the MMW energy absorption by blood vessels traversing
the fat layer at different orientations of the E-field.

The aim of the present study was to determine the SAR and E-field distributions in blood
vessels traversing the subcutaneous fat layer of murine skin exposed to a plane MMW.

MATERIALS AND METHODS

To calculate the E-field and SAR in blood vessels traversing the fat layer we used two types
of models: a rectangular block of skin tissue (Model I) and a cylindrical model with circular or
elliptical cross sections simulating a murine limb (Model Il). Model | was purely theoretical.
This model did not represent the whole of or a separate organ of animals; it reproduced just
a small part of the body (limb, finger, etc.) being exposed to MMW. The orientations of the
field vectors relative to the blood vessels in the fat layer used in the block model could occur
in the limbs and other organs of animals as shown in simulations of MMW exposure of limbs.
Because of its simple geometry, Model 1 is very useful in understanding the physics of MMW
interactions with blood vessels. It allows us to evaluate the maximal SAR and E-field values
achievable with the given geometries of skin tissues and blood vessels, especially when the
diameter of blood vessels is extremely small (capillaries). Model Il simulated separate organs
(limbs) of animals.

Most calculations of the E-field and SAR distributions were performed using the 3D finite-
difference time-domain (FDTD) technique [Kunz and Luebbers, 1993]. For estimation of the
maximal SAR in the narrow blood vessels (capillaries), we used a quasistatic approximation

[Olver, 1992].

A. Models used for FDTD calculations

In Model I, we used a rectangular block of murine tissue containing the epidermis plus
dermis (skin), fat and muscle layers (Fig. 1). In most calculations the thicknesses of the
epidermis plus dermis and fat layers were set equal to 0.25 and 0.2 mm, respectively. These
values were within the range found for murine skin [Dang et al., 2005; Grover et al., 2007;
Alekseev et al., 2008b]. To determine the dependence of the SAR on the length of a blood
vessel equal to the thickness of a fat layer, the latter was varied in the range of 0.05-0.5 mm.
All tissue layers were located parallel to the skin surface along the direction of a plane wave
as shown in Figure 1. A blood vessel oriented parallel to the E-field was placed traversing the
fat layer, and located 0.4-0.8 mm from the side of the block closest to the MMW source. This
location corresponded with the penetration depth of the 30-80 GHz MMW used in our
calculations. A blood vessel was modeled by circular cylinders of different diameters (0.01—
0.4 mm) and lengths (0.05-0.5 mm). Because the arteries feeding the skin are often paired
with veins [Bloom and Fawcett, 1968], we examined the influence of the distance between
two blood vessels on the SAR inside the blood vessels.




Figure 1

Model of a blood vessel traversing a fat layer of murine skin used in FDTD calculations of the
E-field and SAR distributions. A block of murine skin consists of the epidermis plus dermis
(E+D), fat, and muscle layers. The blood vessel (BV) is located ...

The block was exposed to plane MMW normally incident on the front surface of the block
with the E- and H-field components oriented parallel to the blood vessel and the fat layer
plane, respectively. When studying the dependence of the SAR on the angle between the E-
field and cylindrical axis of a blood vessel, the k-vector and E-field were rotated around the
H-axis in the range of 0—90°. Though the SAR or E-field distortions were localized in the
blood vessel region in the surrounding tissues, they still occupied some regions in tissues.
Therefore, the size of the block was chosen to include all the distortions of the SAR in order
to obtain a complete depiction of SAR changes. In most calculations it was 4x4 mm in the E-
H plane. The thickness of the block was 2 mm, which was enough to eliminate the influence
of the standing wave due to reflection from the rear surface of the block.

We used a perfect matching layer (PML) as the outer boundary condition for FDTD. In the E-
and H-field directions the surrounding absorbing medium was in direct contact with the
object, i.e., there was no free space between the object and PML boundaries. In the k-
direction, in order to propagate the plane wave, we inserted free space between the object
and the MMW source. Thus, the discrete tissue block in lateral directions was not surrounded
by free space and can be considered as a part of an infinite object without resonance
absorption characteristics.

In typical biological experiments, different animal sites (nasal area, limb and paw) were
exposed to a plane wave. To simulate MMW exposure of murine limbs we developed
cylindrical and elliptical models. Model Il, consisting of cylindrical (elliptical) layers of skin, fat,
and muscle, is shown in Figure 2. The external diameter of the cylinder was 3, 4 or 5 mm;
the length was 2 mm. To simulate infinity along the cylinder axis we applied periodic
boundary conditions [Maloney and Kesler, 1998]. The thicknesses of different layers were
equal to those used in the previous model (Fig. 1). The model also included a cylindrical
bone of different diameters (0, 1.5, 2.0 and 2.5 mm). We inserted the blood vessels
traversing the fat layer in the radial direction, spaced at 15 angular degrees apart (a=0°,
+15°...£180°). This was done to find the areas of the limb where the maximal absorption of
MMW by blood vessels would occur. The cylindrical (elliptical) model was exposed to a 42
GHz plane wave directed perpendicular to the cylinder axis. The H-field component was
directed along the cylindrical axis. The ratio of the minor axis to the major axis of the elliptical
model was 0.75. The major axis of the external ellipse was 4 mm.
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Figure 2

Cylindrical model of the murine limb used in FDTD calculations of the E-field and SAR
distributions. The model consists of the epidermis plus dermis (E+D), fat, and muscle layers
as well as cylindrical bone. The blood vessels (BV) traverse the fat layer ...

Numerical calculations were performed for a plane wave in a scattered field using a
commercially available FDTD program (xFDTD version 6.6, Remcom, St. Louis, MO, USA).
The mesh cell size for the proposed geometries of blood vessels was 0.0012—0.025 mm,
which is far less than one-tenth of a wavelength in associated cells, and automatically
satisfies the commonly applied constraints on the cell size. The time step for the mesh cell
size of 0.012 mm typically used in our calculations was 24 fs, which satisfied the restriction
on the time step to ensure stability. The maximal frequency that could be used for good
results was 2.4 THz. The frequencies used in calculations (30-80 GHz) were significantly
lower than the maximal frequency. For all calculations the convergence threshold was set at
—-40 dB. To reach this accuracy, the number of iterations was within 8000—9000 for 40-50
GHz. At lower frequencies, the number of iterations increased by about 30%, at higher
frequencies it decreased by about 10%.

We described some checks of validity of modeling MMW absorption by dermal blood vessels
in our previous paper [Alekseev and Ziskin, 2009a]. We compared the SAR distribution in the
skin and sphere with the permittivity equal to that of blood, calculated using the same FDTD
program at different cell sizes with that obtained analytically. We found that the agreement
between the analytical and numerical solutions was improved by reducing the cell size. A
good match of the SAR profile calculated numerically to the analytical one (mean square
error about 1%) was achieved at the cell size of 0.012 mm.

The SAR was determined by the following well-known expression:
SAR=0-E22p
(1)

where o is the conductivity of tissue, E is the electric field amplitude, and p is the tissue
density. To compare results calculated under different conditions, the SAR values in a blood
vessel were normalized (nSAR) to those in the skin layer that were located sufficiently far
from the blood vessel to have an undistorted uniform SAR (Eig. 3(a)). The IPD in all
calculations was 10 mW/cm?.



Figure 3

Normalized SAR distributions in a blood vessel and surrounding tissue. (a) 3D graph of the
SAR distribution on a horizontal E-H plane cross-sectioning the fat layer at the center of the
blood vessel (BV) as shown above. The E-field is directed along the ...

The values of the electrical properties of murine tissues used in the calculations at each
frequency are provided in Table 1. The values of €' and ¢ of the murine epidermis and dermis
were selected in accordance with Alekseev et al. [2008b]. The values chosen for €' and o of
the blood, fat, muscle, and bone were given by Gabriel et al. [1996]. For bone, €' and ¢ at 42
GHz were 6.1 and 11.0 S/m, respectively. The mass density p for the skin, muscle, and
blood was set equal to 1000 kg/m?; for the fat, it was 850 kg/m® [Duck, 1990].

Tabie 1
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Table 1
Electrical properties of tissues at different frequencies.
B. Quasi-static approximation

For estimation of the maximal values of the E-field in narrow blood vessels we applied the
quasi-static theory. In order for the quasi-static theory to be applicable, the wavelength A of
the electromagnetic wave used for exposure should be much greater than the object size [Lin
et al., 1973; Olver, 1992]. For example, A of 42 GHz electromagnetic field in the skin and fat
is equal to 2.0 and 3.8 mm, respectively. The sizes of the fat layer and blood vessels were <
0.2 mm, and being significantly smaller than A satisfied the assumptions of the quasi-static
theory.

As the normal components of the electric flux densities in the fat (Dy,) and skin (D, ) are
equal across a boundary of the two materials, the E-field in the fat layer (Es) can be found
from the following equation:



Efat=|eskin||sfat|-Eskin

(2)

In accordance with the quasi-static theory, E¢: would remain the same value throughout the
whole fat layer. Hence, the E-field in the fat normalized to the E-field in skin (Egin) is equal to
the ratio of the absolute values of permittivities (PR) of skin and fat; that is, PR=|€sin| / |Efat|-
The E-field in a blood vessel could reach its maximal value equal to the E;; under the
condition that the diameter of the vessel was extremely small and its length was great
enough to minimize the outside edge effects [Feynman et al., 1964]. This follows the
requirement that at a boundary between two dielectric media (fat and blood) the tangential
components of the E-fields are continuous across the boundary. It was shown that the length
of the blood vessel should be at least ten times greater than its diameter to satisfy these
conditions [Alekseev and Ziskin, 2009a]. Otherwise, the E-field in the vessel would be lower,
but proportional to the E-field in the fat.

RESULTS
A. Model |

Figure 3 shows that a blood vessel traversing the fat layer could absorb a significant amount
of MMW energy depending on the orientation of the E-field. The maximal absorption
occurred at the orientation of the E-field component parallel to the cylindrical axis of the
blood vessel (Fig. 3(b)). The maximal SAR (SARnay) in @ blood vessel decreased quickly to
its minimal value (SARmn) while increasing the angle () between the cylindrical axis of the
blood vessel and the E-field. The dependence of the SAR on 3 was well fitted to the following
equation:

SAR(B)=(SARmax-SARmin)cos2(B8)+SARmin

)

The SAR distribution inside the blood vessel was not uniform. The SAR reached its maximal
value in the region closest to the center of a blood vessel at the muscle layer side and
dropped at the outside edges at both skin and muscle layer sides. The distortion of the SAR
distribution outside the blood vessel was highly localized to the regions immediately
surrounding the blood vessel (Fig. 3(a)).

The SAR in the blood vessel increased with decreasing diameter (Fig. 4, curve 1). The
dependence of the SAR on the diameter (d) of a blood vessel was well described by the
following exponential function:

nSAR=Aoe-ddo+1
4)

where A, and d, are constants. A, was not dependent on a length of a blood vessel / and
was equal to 31.4, while d, increased with increasing /. At/ = 0.2 mm d, =0.09. As can be
seen from Fig. 4, curve 1, and Eq. 4, the maximal nSAR in very small blood vessels such as
capillaries may reach 32.4. The quasi-static estimation of the maximal SAR gives a value of
32.5, which is very close to that found from the FDTD calculations.



Figure 4

Dependence of the normalized SAR on the size of a blood vessel. (1) The normalized SAR
versus the diameter of the blood vessel. Solid line is a fit to Eq. 4. (2) The normalized SAR
versus the length of the blood vessel. Diameter of the blood vessel is ...

The SAR in a blood vessel was sensitive to changes in the skin and fat thicknesses. Unlike
human tissue, the murine skin has smaller variations in tissue thicknesses [Anderson et al.,
2010]. In our calculations we used typical variations in thicknesses of different tissues of
murine skin. At a given diameter of a blood vessel, the SAR in a blood vessel increased with
increasing the thickness of the fat layer or length of the blood vessel (Fig 4, curve 2).
Variation in the skin thickness by 20% produced much lower changes (< 3%) of the SAR in a
blood vessel.

Figure 5 shows the E-field amplitude distributions in blood vessels of different diameters and
in the surrounding tissues. The E-field in a blood vessel increased significantly with
decreasing the blood vessel diameter, reaching the E-field in the fat layer. The maximal
value of the normalized E-field in the fat layer was equal to 4.27. A similar result (nE:.; = 4.26)
was obtained from Eq. 2 of the quasi-static approximation. The larger blood vessels
produced greater disturbances of the E-field distributions in the fat, skin and muscle layers.

Disllancs. rars

Figure 5

E-field distributions in blood vessels of different diameters and surrounding tissue. (a) E-field
profiles drawn through the center of a blood vessel parallel to the H-field (Fig. 1). (b) E-field
profiles drawn through the center of a blood vessel parallel ...

The E-field amplitude in a blood vessel slowly declined with increasing the frequency from 30
to 80 GHz (Fig. 6). The calculated data points were well fitted to the ratio of the absolute
values of permittivity of skin, and fat multiplied by a factor of 0.75. These results were
obtained for a blood vessel with the diameter of 0.05 mm. With decreasing the diameter of a
blood vessel this factor tended to reach 1.0. In this case, the E-field in a blood vessel
approached the E-field in the fat layer, found from Eq. 2 (Fig. 6, curve 1).



Figure 6

Frequency dependence of the normalized E-field amplitude in a blood vessel traversing a 0.2
mm fat layer. The diameter of the blood vessel is 0.05 mm. Curves (1) and (2) represent the
ratio of the absolute values of permittivity of skin and fat, PR, and ...

The SAR in paired blood vessels in close contact with each other was lower than that in a
single blood vessel under the same exposure conditions (Fig. 7). In blood vessels with a
diameter of 0.05 mm, the SAR was reduced by 13%. At larger diameters the SAR drop was
greater. However, with increasing distance between blood vessels the SAR slowly regained
its original value in a single blood vessel.

[

Figure 7

Dependence of the peak normalized SAR in paired blood vessels on the distance between
their centers. Diameter of the blood vessel is 0.05 mm.

Model Il

When the cylindrical model of murine limb was exposed to plane MMW, the absorption of
MMW energy by the skin and blood vessels located around the limb was not uniform (Fig. 8).
The maximal and minimal absorption of incident energy by skin occurred on the front and
rear surfaces of the limb, respectively. However, the SAR maximums and minimums were
not located at 0° and £180° but at £15 and £150°, respectively (Fig. 8 (b)). The distribution of
the SAR in blood vessels was different from that in the skin. More MMW energy was
absorbed by the blood vessels located on the flank areas of the limb at £75 and £145°. At
these areas the maximal SAR values were comparable to or greater than the maximal SAR
in the skin. In blood vessels located on the front and rear areas of the limb the SAR was
minimal.
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SAR distribution in the cylindrical model of a murine limb. (a) Cross-sectional view. The
external diameter of a limb is 4 mm. The diameter of a bone is 2 mm. (b) SAR in the skin and
blood vessels versus the radial angle of their location for different ...

Inclusion of bone in the cylindrical model did not produce notable modification of the SAR
distributions in the skin and blood vessels (Fig. 8(b)). The SAR distributions in the limb with
bone diameters of 1.5-2.0 mm did not differ from the SAR distributions in the limb in the
absence of bone (control). At the greater bone diameter, there was a slight enhancement of
the MMW absorption by blood vessels. We can explain this by the fact that the influence of
the bone on the MMW interaction with the limb increases as the distance between the bone
and skin surface becomes closer to the penetration depth of MMW (0.85—-0.93 mm at 42.25
GHz) [Alekseev et al., 2008b].

The diameter of the limb played a great role in MMW absorption. With decreasing the
diameter of the limb the maximal SAR in the skin reduced. At the same time, the maximal
SAR in blood vessels located at +135° increased significantly (Fig. 9 (a)). In the limb with the
diameter of 3 mm the SAR in the blood vessels located at +135° was 2.4 times greater than
the maximal SAR in the skin. Figure 9 (b) illustrates the distribution of the SAR in blood
vessels normalized to the SAR in the skin located next to each blood vessel. The maximal
nNSAR in the 3 mm limb was equal to 14. This value was lower than the maximal SAR, equal
to 20.8, obtained from model | at the orientation of the blood vessel parallel to the E-field.
Because the incident plane wave had the E-field component directed along its front, the
blood vessels located at the front surface of the limb had a perpendicular orientation to the E-
field and absorbed minimal energy. It seemed that due to the complex interaction of a plane
wave with a cylindrical limb, the front of a plane wave changed its direction in the flank areas
of the limb. Analysis of the propagation of the electromagnetic wave confirmed this
suggestion. At +135° the E-field was close to but did not achieve a perfectly parallel
orientation to a blood vessel.

Figure 9

Absolute value of the SAR (a) and nSAR (b) versus the radial angle at different diameters of
the cylindrical model of a murine limb: 3 mm (squares), 4 mm (circles), and 5 mm (triangles).
The bone diameter is 0 mm. Open and filled symbols in (a) stand ...

In the elliptical models of the limb the SAR distributions in the blood vessels were similar to
those obtained for the cylindrical model (Fig. 10). The SAR in the skin was maximal in the
front surface of the limb and minimal in the rear surface. At both orientations of the model, as
shown in Figure 10, the maximal absorption of MMW energy by blood vessels occurred at
the lateral faces of the elliptical models at +135-145°. However, at the parallel orientation of



the E-field to the major axis of the ellipse, the SAR values in the blood vessels at the same
locations were greater.

Figure 10

Cross-sectional view of the SAR distributions in the elliptical model of a murine limb at the
parallel and perpendicular orientations of the major axis of the ellipse to the E-field. The
major and minor axes of the external ellipse are 4 and 3 mm, respectively. ...
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DISCUSSION

In our recent study we showed that cutaneous blood vessels could absorb MMW energy by
~40% greater than the surrounding dermis [Alekseev and Ziskin, 2009a]. Quantitatively
similar absorption of MMW energy was obtained for the blood vessels located in the fat layer
and oriented parallel to the skin surface and the E-field. The enhanced absorption of MMW
energy by blood vessels was due to the greater conductivity of the blood than that of the
surrounding tissue. The maximal internal E-field in the long narrow blood vessel was
achieved at the parallel orientation of the blood vessel to the external E-field. In this case it
was equal to the E-field in the surrounding tissue.

In the present calculations we found that the maximal SAR in blood vessels normally
traversing the fat layer could be more than 30 times greater than that in the skin. In this case
the SAR increased not only due to the higher blood conductivity but also to the enhanced
amplitude of the E-field within the blood vessel. The SAR increased with decreasing the
blood vessel diameter and increasing the fat thickness. These results could be well
understood on the basis of the quasi-static theory. According to the quasi-static approach the
E-field throughout the fat layer could be determined using Eq. 2. Due to the low permittivity of
fat, the E-field in the fat layer is greater than in the skin and muscle layers. Though the
conductivity of fat is much lower than that of skin and muscle, the greater value of the SAR in
the fat layer (Fig. 3) was due to the higher amplitude of the E-field in the fat layer. With
decreasing the diameter of the blood vessel and increasing its length, i.e., the thickness of
the fat layer, the E-field in a blood vessel tends to achieve its maximal value, given by Eq. 2.
In paired vessels located very close to each other the effective size of the vessels is greater
than the diameter of each single vessel. Therefore, the E-field and consequently the SAR are
reduced. With increasing the distance between the vessels the E-field slowly regained its
original value for a single vessel, i.e., the vessels at longer distances can be considered as
isolated single vessels.



The SAR in a blood vessel was very critical to changes of the angle B between the blood
vessel axis and the E-field (Eg. 3). This can be explained by the fact that the E-field in a
blood vessel is proportional to cos(B). The absorption remained close to the maximal value
only at angles less than £15°.

Figure 6 demonstrates that the SAR in a blood vessel smoothly increased by 43% with
decreasing the frequency from 61.22 to 42.25 GHz, revealing no resonance-type absorption
at the therapeutic frequencies. This means that the absorption of MMW by blood vessels
does not play a great role in the frequency dependence of the therapeutic effects.

At the normal incidence of the mm plane wave on a relatively flat skin surface, the E-field
component lies parallel to the fat layer and is perpendicular to the axis of blood vessels
traversing the fat layer. In this case the SAR in blood vessels would be minimal. However,
when exposing the small parts of the animal body such as limbs, fingers and tails, the angle
between the E-field and the skin is changed and may become nearly perpendicular to the fat
layer. In this case the SAR in blood vessels increases significantly and can be even greater
than that in the skin on the front surface.

The perpendicular orientation of the E-field to the skin surface can be directly realized when
the skin is exposed with a waveguide operating in the TM modes. We know, for example,
that in the TMy; mode the E-field is directed along the k-vector, i.e., in the direction of
traveling of the electromagnetic field. Exposing a relatively flat skin surface with an open-
ended waveguide operating in the TM;; mode, the E-field would be automatically directed
perpendicular to the skin surface.

We have previously reported the results of calculations of the SAR distribution in murine skin
exposed to MMW with the IPD of 10 mW/cm? [Alekseev et al., 2008b]. We found that the
SAR in the dermis near the boundary with the fat layer was about 100 W/kg. For the
therapeutic intensities of 10-30 mW/cm? the SAR would be in the range of 100-300 W/kg.
The maximal SAR in blood vessels with the diameter of 50 um traversing the fat layer is
about 20 times greater than in the skin. This gives the absolute values of the SAR in blood
vessels equal to 2000-6000 W/kg. In small blood vessels like capillaries these values would
be even greater. The significant absorption of MMW energy by blood vessels may produce
overheating of the blood. However, to determine the actual temperature elevation it is
necessary to perform accurate calculations of the temperature rise using the heat transfer
equations and taking into the account that the blood flow in the vessels would significantly
reduce the steady-state temperature rise.

Because the blood vessels are innervated by autonomic nerves [Bloom and Fawcett, 1968],
it is very important to estimate the E-field in the walls of blood vessels. Though our models
did not include the blood vessel walls due to lack of dielectric data we can make some
estimations of the E-field distributions in the walls. In the narrow blood vessels the E-field in
blood and walls would be very close to that in the fat layer. With increasing the diameter of
the blood vessel, the E-field in the center of the blood vessel decreases (Fig. 5). However, in
the wall contacting the fat the E-field will be close to that in the fat layer.

Thus, MMW exposure of murine skin can produce significant absorption of MMW energy in
blood vessels traversing the fat layer. Stimulations of autonomic nerve endings innervating
blood vessels and some receptors on the endothelium evoke nitric oxide release [Joyner and
Dietz, 1997]. The latter contributes to the regulation of hyperemic responses in skin.



Enhanced values of the SAR and E-field in the blood vessels may play a primary role in
initiating MMW effects on blood cells and nitric oxide release resulting in vasodilatation of
blood vessels. The obtained results are important for MMW dosimetry of murine skin and for
understanding the possible mechanisms of the biological effects of MMW.
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