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Abstract—Based on the theory of radiation transfer and a model that describes the structure and optical
properties of biotissues, we have found spectral conditions of irradiation of the skin surface that ensure effi-
cient generation of molecular oxygen O, in the dermis due to the photodissociation of blood oxyhemoglobin.
We show that, for maximal local O, formation at depths < 0.2 mm, 0.2 mm <z<09 mm, 0.9 mm<z<
2.5 mm, and z > 2.5 mm, it is more effective to use wavelengths in the intervals 418 £ 5, 575 £ 5, 585 £ 5, and
600 £+ 5 nm, respectively. Physical reasons for the shift of optimal wavelengths toward the red range of the
spectrum are described. We show that they are based on the selectivity of optical properties of the skin biotis-
sue, which acts as of a kind of spectral filter the transmission curve of which depends on the depth. It is found
that irradiation at a wavelength near 575 nm is optimal for the generation of a maximal amount of O, in the

intire bulk of the dermis.
DOI: 10.1134/S0030400X13080043

INTRODUCTION

Oxygen is a key element in the metabolism of cells,
and its concentration in tissues is important for many
biochemical reactions to proceed efficiently. As is
known, aerobic metabolism is primary in the mecha-
nism by which cells are supplied with energy. Control-
ling this mechanism opens a unique possibility for its
use in photo and laser therapy. In medicine, in many
pathologies—such as, e.g., diabetes, burns, bedsores,
malignant neoplasms, wounds, etc.—tissues are
insufficiently supplied with oxygen. Lowering the oxy-
gen supply to cells of biotissues by arterial blood con-
siderably reduces the efficiency of drug therapy;
increases the risk of infection and scar formation; and,
in the limiting case, leads to necrosis of tissues.

It has been revealed experimentally [1] that light
irradiation of a biotissue causes photodissociation of
oxyhemoglobin HbO,, which dissociates into deoxy-
hemoglobin Hb and molecular oxygen O,. Later, pho-
todissociation was studied in detail in vitro [2—7] and
in vivo [8—11]. Its quantum vyield ¢ (the ratio of the
number of formed O, molecules to the number of
quanta absorbed by HbO,) has been investigated in a
series of works, e.g., by the method of laser kinetic
spectroscopy [3, 5, 6]. In these works, it was shown
that, upon excitation of photodissociation by light in
the range of 350—650 nm, the values of ¢ are almost
constant (within the limits of experimental error),
being 3—5% depending on temperature and other fac-
tors. From the analysis of experimental data, it was
assumed that the photodissociation of oxyhemoglobin
can be responsible for the biological action of light on
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tissues [12]. This mechanism is used to increase the
level of O, in skin tissues in order to eliminate hypoxia
(oxygen deficiency) [13], to stimulate aerobic (related
to the oxygen consumption) metabolism in cells, and
to achieve a therapeutic effect [14]. In measurements
in the near-1R range of the spectrum, no photodisso-
ciation has been observed [3] and it was concluded
that, up to the measurement error, the quantum yield
is here at least 50 times lower, even though it is evident
that the efficiency of photodissociation in vivo is pro-
portional to the power of light absorbed by HbO, in the
biotissue. In [15—17], an analytical method of calcu-
lation of characteristics of radiation fields under the
human skin surface has been proposed. Using the the-
oretical results of these investigations, the absorption
coefficients of different biotissue chromophores in
homogeneous [18] and inhomogeneous [19] skin der-
mis were studied and the photodissociation efficiency
of HbO, was quantitatively estimated [20]. The objec-
tive of this work is to optimize spectral conditions of
biotissue irradiation through the skin surface in order
to maximize generation of O,.

STRUCTURE AND OPTICAL
CHARACTERISTICS OF SKIN

Our investigations are based on a model that
describes the structure and optical properties of near-
surface biotissue layers in the spectral range of 300—
1000 nm, which was constructed from analysis and
generalization of numerous experimental data [21—
25]. Skin is represented as a three-layer medium,
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which consists of a horny layer (stratum corneum), an
epidermis, and a dermis. In the latter two layers, the
volume concentration of two basic absorbing chro-
mophores, melanin (f,,) and blood (C,), respectively,
can vary. The model makes it possible to specify [15,
26] optical dimensions and spectral characteristics of
the medium from known structural (thicknesses of
layers) and biophysical parameters of the tissue. The
spectral characteristics are considered to mean the
absorption and scattering coefficients and scattering
indicatrices in each of the skin layers, while the bio-
physical parameters are concentrations f,, and C,,
capillary hematocrit H (the fraction of blood in capil-
laries occupied by erythrocytes), fraction C, of the vol-
ume of erythrocytes that is occupied by hemoglobin,
and degree of oxygenation of blood .S (the ratio of the
volume of HbO, to the volume occupied by the oxy-
genated and deoxygenated forms of hemoglobin). In
what follows, we assume that the following parameters
are fixed: H= 0.4 and C, = 0.25 [27, 28]. In addition,
since reliable quantitative data on photodissociation
quantum yield g are unavailable, we will consider only
the UV and visible spectral ranges, A = 300—650 nm.

CHARACTERISTICS TO BE OPTIMIZED

Let us introduce the notion of differential photo-
dissociation efficiency [29], which is defined as num-
ber of oxygen molecules n(z, A) that are formed per
unit time and per unit volume at depth 7 when mono-
chromatic light at wavelength A and unit power density
E, is incident on the surface,

1,MHC,C,(2)ShgE(z,\) (1)
he ’

where ,(A) is the absorption coefficient of HbO,, 4 is
the Planck constant, ¢ is the speed of light in the
medium, and E(z, 1) is the spectral radiation density
or the spatial illuminance in the medium (in W/m?)
[30] (fluence rate). By definition, EQA,z) =

L I\, z,9,$)dQQ, where I(A, z, Q) is the intensity of

light as a function of the angular coordinates 8 and ¢,
and dQ =sin3d9d¢ is the elementary solid angle.
The differential photodissociation efficiency has the
dimensionality of cm~3 s~!. Integration of (1) over the
thickness of the dermis yields the integral number of
0O, molecules (i.e., the integral photodissociation effi-
ciency) formed in the entire bulk of the dermis with
the area of 1 cm? per 1 s due to the photodissociation
of oxyhemoglobin,

n(z,\) =

NGy = BRI e opeaz @)

where z, = d, + d, is the coordinate of the upper
boundary of the dermis (d; and d, are the thicknesses
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of the horny layer and epidermis, respectively). Quan-
tity V(L) has a dimensionality of cm~2 s~!. The upper
limit of integration in (2) is set to be oo, since the radi-
ation density in deep layers of the dermis is negligibly
small. In relations (1) and (2), it was taken into
account that, in the general case, volume concentra-
tion of capillaries C, can depend on depth z [27].
However, since it was shown in [17, 20] that, in the vis-
ible range of the spectrum, the layered structure of the
dermis affects weakly the dependence of E(z, A) on
depth zin the near-surface dermis, where the values of
the radiation density are still significant, in calcula-
tions below, concentration C, will be assumed to be
constant.

It can be seen from (1) and (2) that the differential
and integral quantities n(z, A) and N(\) are propor-
tional to the products P (A)E(A, z) and

L, (A) JjE(z, Mdz, respectively, which, up to the con-

0

stant multiplier HC,C,,, have the meaning of effective
spectral absorption indices of oxyhemoglobin at a
given depth and in the whole bulk of the dermis,
respectively. Let us consider the problem of light trans-
fer for the case in which the optical properties of the
medium do not depend on E;. It is evident that the
spectral values of n(z, A) and N(A) can be increased at
the expense of an increase in £|,. This approach is triv-
ial, and it is related to the consumption of excess
energy, which can lead to, e.g., additional and, fre-
quently, undesirable heating of the tissue. In view of
this, it is necessary to find wavelengths that would
ensure maximal differential and integral photodissoci-
ation efficiencies for different structural and biophysi-
cal parameters of the tissue at a fixed power density of
irradiation of the surface.

RESULTS AND DISCUSSION

Let us consider optimal wavelengths that ensure
maximal values of the differential photodissociation
efficiency at particular depths (or in an interval of z).
This information can be useful for laser therapy of a
local pathological area of the tissue. An analysis of cal-
culation results of the radiation density taking into
account the optical properties of all chromophores of
the tissue and its structure showed that there are only
several irradiation wavelengths that lead to a maximal
generation of O, at different depths in the dermis.
These are 418, 575, 585, and 600 nm. Upon irradia-
tion at other A from the spectral range that is consid-
ered here, the differential photodissociation efficiency
will always acquire smaller values. Figure 1 illustrates
the depth structure of n(z, A) at these values of A, as
well as at a wavelength of 632.8 nm of a He—Ne laser,
which is frequently used in experiments [10]. As can be
seen from this figure, in the upper part of the dermis
(£ 0.2 mm), a maximum #n(z, A) is yielded by irradi-
ation with light at A = 418 nm. With increasing z, the
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Fig. 1. Dependences of differential photodissociation effi-
ciency on depth z in the dermis upon irradiation of the skin
surface at wavelengths (7) 418, (2) 575, (3) 585, (4) 600,
and (5) 632.8 nm; f,, = 0.08, d; = 20 um, d, = 100 pm,

C,=0.04,5=0.75, ¢ = 0.05, and Ey= 1 W/cm?.

most efficient wavelengths are successively shifted
toward the red range of the spectrum: in the interval
0.2 mm<z<0.9 mm, thisis A = 575 nm; at 0.9 mm <
z<2.5mm, thisis A =585 nm; and at z > 2.5 mm, this
is A = 600 nm. The boundary values of these depths are
indicated in Fig. 1 by vertical dashed lines. The data
were obtained at f,, = 0.08, d, = 20 um, d, = 100 pm,
C, = 0.04, and § = 0.75. Results of calculations at
other structural and biophysical parameters of the tis-
sue (not shown) typical for human skin, which vary in
the ranges 15 um < d, <25 um, 0.02 <f,, <0.08, 60 <
d, <120 um, 0.02 < C, £ 0.06, and 0.5 < .§<0.97,
showed that the positions of the boundaries within
which a particular wavelength is most efficient are
rather stable with respect to changes in d,, f,,, d,, C,,,
and S. Thus, the presented coordinates can vary in
depth in narrow limits z + Az, i.e., approximately 0.2 +
0.03,0.9 £ 0.05, and 2.5 = 0.1 mm. This allows one to
use these wavelengths—418, 575, 585, and 600 nm—
for generation of a maximal number of molecular oxy-
gen in the corresponding depth intervals in the dermis
[29]. Attention should be paid to the fact that the rela-
tive width of the interval of depths Az/z = 0.15 is the
greatest in the case of irradiation at the wavelength of
418 nm, which is related to a quite strong dependence
of the radiation density on the tissue parameters,
which will be explained below. It follows from Fig. 1
that the radiation of, e.g., a helium—neon laser at a
wavelength of 632.8 nm, which was used in [10], is less
efficient at any depths from the point of view of
increasing the level of O, in the dermis compared to
the level achieved with irradiation at 575, 585, or
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Fig. 2. Dependences of ratio 7 on depth z at A = 575 nm
and A, = (1) 418, (2) 585, (3) 600, and (4) 632.8 nm; f,, =
0.08, dy =20 pm, d = 100 um, C, = 0.04, and S = 0.75.

600 nm. In other words, upon irradiation of the skin
surface at a wavelength of 632.8 nm, the amount of
molecular oxygen formed in the dermis is approxi-
mately 5—50 times smaller than that in the case of irra-
diation at the above-indicated wavelengths of 418,
575, 585, and 600 nm in the corresponding intervals or
depth z.

In order to quantitatively compare the values of
n(z, A) and N(z) upon irradiation of the surface at dif-
ferent wavelengths, we introduce the ratios

Kz, A, Ay) = n(z, Ay)/n(z, \y) (3)
and
RO\, Xy) = N(A)/N(Ly), “

which show by how many times the differential photo-
dissociation efficiency at given depth z and the integral
photodissociation efficiency upon irradiation of the
skin surface at wavelength A, are greater (or smaller)
than the corresponding quantities upon irradiation
with the same power density at wavelength A,.

Figure 2 shows dependences of ratio » on the depth
that were calculated with the wavelength of 575 nm
taken as A, and the wavelengths 418, 585, 600, and
632 nm used as A,. Here, the boundary values of the
depths indicated above are also shown by vertical
dashed lines. The data presented in Fig. 2 make it pos-
sible to estimate how much the use of the wavelengths
418, 575, 585, and 600 nm is more efficient for the
excitation of the photodissociation of oxyhemoglobin
and for the increase in the level of molecular oxygen in
the biotissue at the corresponding depths in the der-
mis. For example, by determining the ratio of the
numerical data that correspond to curves 3 and 2, we
can find by how much the amount of O, molecules
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Fig. 3. Dependences of ratio R on the volume concentra-
tion of melanin at A; = 575 nm and A, = (/) 418 and (2)

585 nm for C,, = (solid curves) 0.04 and (dashed curves)
0.08; dy = 20 pm, dp = 100 pm, and S = 0.75.

obtained upon irradiation of the surface at the wave-
length of 585 nm is greater or smaller than that
obtained upon irradiation at 600 nm.

As was noted above, the positions of the boundary
depths at which a particular wavelength is most effi-
cient are rather stable with respect to changes in the
structural and biophysical parameters of the tissue.
Clearly, the values of » and R are varied in this case at
the expense E(z, A). The radiation density at the wave-
length of 418 nm, which strongly depends on f,, and
C,, isthe most sensitive to changes in the tissue param-
eters. This is explained by the fact that, in the blue
range of the spectrum, the absorption of light both by
melanin and by blood is maximal [21—25], apprecia-
bly exceeding the absorption at other wavelengths in
the range of 575—600 nm. Below, we will illustrate the
influence of concentrations f,, and C, on the genera-
tion of O, using the integral photodissociation effi-
ciency as an example.

Let us now determine optimal wavelength A, for
generation of O, in the entire bulk of the dermis. The
calculations showed that, if the parameters of the tis-
sue are varied in the limits indicated above, the integral
photodissociation efficiency acquires maximal values
upon irradiation of the surface at only one wavelength
of 575 nm [31]. Figure 3 compares the values of R for
A =575nm, A, =418 nm (curves /), and A, = 585 nm
(curves 2) in relation to the concentration of melanin
fn at two values of C,. The wavelength of 418 nm cor-
responds to maximal absorption of oxyhemoglobin
K,(A) [21, 24] in the considered spectral range of 300—
650 nm, and A, = 585 nm was recommended in [7] for
the wavelength that ensures a maximal effective
absorption index of HbO, in the entire bulk of the der-
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mis. From Fig. 3, we can conclude that, upon irradia-
tion at the wavelength of 575 nm, the integral photo-
dissociation efficiency is approximately 1.2—2.5 and
1.2—1.3 times greater compared to the values of this
parameter obtained upon irradiation at A, = 418 and
585 nm, respectively. It is seen that the values of R at
A =418 nm depend much more strongly on f,, and C,,
compared to 585 nm. Obviously, as f,, and C, are
increased, the light fields at any wavelength decrease
because of increased absorption of the medium, but,
in the blue range of the spectrum, this effect is more
pronounced, while the irradiation at A; = 575 nm
becomes more favorable from the viewpoint of gener-
ation of O,. A sufficiently strong sensitivity of the radi-
ation density at A, = 418 nm accounts for a wide rela-
tive interval of depths z, in which the blue light initiates
the photodissociation mechanism more efficiently. We
note that small values of R(A) (about 1.2 or lower) at
A, =418 nm take place at low concentrations of mel-
anin, f,, < 0.02, which are characteristic of such a skin
pathology as vitiligo [16]; therefore, they are not very
typical.

Relations (1)—(4) correspond to monochromatic
illumination of the skin surface at wavelength A, or A,.
If the mechanism of photodissociation and generation
of oxygen is initiated by a light beam in spectral inter-
val AL, , near wavelength A, ,, expressions (3) and (4)
take the form

AMHAL Aa+ALy

P2 hy) = j n(z, Nd\ j nz,Ndh,  (5)
M-AL Ay—Ah,
M+AN Ay+AL,

R 0y) = j N j NOydL.  (6)
M—AL A=Ak,

The question arises of how the dependence of the
photodissociation efficiency on A, , will change. To
compare the values of the differential and integral
photodissociation efficiencies at different A, we will
take AL = AN, = AA,, which will ensure identical val-
ues of the spectral power density of irradiation for the
considered wavelengths. Figure 4 presents the depen-
dences of (a) r* at fixed depths z and (b) R* on AX. As
above, we took for A, the wavelength of 575 nm. It is
seen that, upon an increase in A\, in general, the pho-
todissociation efficiency for the used wavelengths
decreases, which is related to the fact that peculiarities
of spectral dependences of the optical characteristics
of the biotissue are smoothed and are averaged over a
broader interval AL. Therefore, to initiate the photo-
dissociation mechanism, it is more favorable to use
laser radiation instead of conventional radiation
sources, since this makes it possible to ensure a fairly
high spectral power density on the skin surface and a
noticeable increase in the amount of O, in a narrow
range AA. This decrease is especially important for
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Fig. 4. Dependences (a) of r* at z=0.12 (solid curves) and 0.3 mm (dashed curves) and (b) of R* on halfwidth AA of the irradiation
spectrum for A; = 575 nm and A, = 418 (curves 1), 585 (2), 600 (3), and 632.8 nm (4); f,, = 0.08, d; = 20 um, d, = 100 pm,

C,=0.04,and §=0.75.

A, = 600 and 632 nm, whereas, at A, = 418 nm, it is
less pronounced. For the other pair, A; = 575 nm and
A, = 585 nm, broadening of AA also not very signifi-
cantly affects the values of #* and R*, since these wave-
lengths are close to each.

Physically, the reason for the considered spectral
peculiarities of the photodissociation efficiency is
clear. This is the wavelength selectivity of the optical
properties of the basic absorbing chromophores of the
tissue, in particular, melanin and blood. In this case,
the biotissue behaves as a spectral filter, the relative
transmission curve of which depends on depth z. The
above-noted red shift of irradiation wavelengths opti-
mal for a local increase in the concentration of O, can
be explained easily. In upper layers of the dermis,
where the incident light is not very strongly attenu-
ated, maximal values of the differential photodissocia-
tion efficiency are ensured by irradiation with the vio-
let light, because of the absorption peak of HbO, in the
Soret band at A = 418 nm [21, 24]. With increasing z,
the radiation in the blue—violet interval of the spec-
trum is attenuated almost completely and the photo-
dissociation of HbO, is most efficient near the local
light absorption maximum of oxyhemoglobin at A =
575 nm. We note that, in the intermediate range of
wavelengths, there is another local absorption maxi-
mum of HbO, at A = 540 nm, the intensity of which is
roughly the same as of the peak near A = 575 nm.
However, in the short-wavelength range of the spec-
trum, the absorption of melanin is stronger and, as cal-
culations showed, irradiation of the tissue with the
light at A = 540 nm is less efficient at all depths com-
pared to A = 575 nm. Upon further increase in z, the
maximum of the differential photodissociation effi-
ciency falls on the long-wavelength wing of the
absorption band of HbO,, rather than on its peak. This
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is related to competition between two factors that
oppositely affect the differential photodissociation
efficiency. Namely, as the irradiation wavelength is
shifted toward the red range, radiation density E(A, z)
increases, whereas |1,(A) decreases.

The fact that wavelength A = 575 nm is optimal for
generation of molecular oxygen in the entire bulk of
the dermis is a consequence of the integral character of
spectrum N(A). Indeed, as was shown above, the effec-
tive absorption index of HbO, (or the product
(M) E(A, z), which, in fact, is the integrand function
in expression (2)) is maximal in a rather wide interval
of depths, roughly, from 0.2 to 0.9 mm. At these values
of z, the radiation density is still rather high compared
to that at z> 1 mm and its contribution to the integral
photodissociation efficiency upon irradiation of the
tissue at A = 575 nm is maximal. Irradiation at other
wavelengths is less efficient from the point of view of
generation of O, because of a small interval of depths
in which p,(A)E(A, z) has a maximum (e.g., for A =
418 nm) or because of significantly weakened radia-
tion density E(A, z) at large z (A = 600 nm).

We also note that the calculations for a dermis that
is inhomogeneous in depth [17], which are similar to
those presented above, showed that the considered
regular features of optimal spectral conditions for the
irradiation of the skin surface remain almost
unchanged. There are only insignificant quantitative
differences (within 10%) between these two cases.

CONCLUSIONS

We have developed a technique for investigation of
light absorption by oxyhemoglobin of blood and its
subsequent photodissociation with the formation of
molecular oxygen. The technique is analytic and takes
into account the influence of optically significant
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chromophores of the tissue on light fields. It makes it
possible to select optimal wavelengths for the irradia-
tion of the skin surface, which ensure a local increase
in the number of O, molecules at different depths in
the dermis that is at least ten times greater than that
obtained at other A from the examined spectral range
of 300—650 nm, for which experimental data on the
photodissociation quantum yield are available. With
increasing z, optimal wavelengths are shifted toward
the red range of the spectrum from approximately 418
to 600 nm because of a change in the transmission
coefficient of the biotissue. We have determined the
boundaries of depths z in the dermis at which the
mechanism of oxyhemoglobin photodissociation is
initiated more efficiently by radiation at different A.
We have suggested four optimal wavelengths: 418, 575,
585, and 600 nm. It has been found that the positions
of these boundaries are stable with respect to changes
in the structural and biophysical parameters of the tis-
sue, which were varied in the ranges typical for human
skin. For generation of oxygen in the entire bulk of the
dermis, the wavelength in the range around 575 nm is
the most efficient. In this case, the number of O, mol-
ecules that were formed as a result of photodissocia-
tion of oxyhemoglobin can be increased by a factor of
2.5 or greater compared to that obtained with the use
of other A. The obtained results may be useful for
researchers in the area of biomedical optics, as well as
for medical practitioners dealing with different aspects
of phototherapy, including laser therapy.
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