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The influence of various melanin concentrations on the endogenous fluorescence intensity of 
biological tissue has been experimentally studied, and the fluorescence signals have been modeled 
by the Monte Carlo method. The modeling is based on a four-layer optical model of the skin, 
using known optical parameters of skin with various melanin concentrations. The fluorescence 
spectra obtained by the Monte Carlo method agrees with the results of the experimental 
investigations. © 2016 Optical Society o f  America.
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INTRODUCTION

Significant progress and achievements in photonics in re
cent years have resulted in explosive development of optical 
noninvasive diagnostics in biomedicine [ 1]. One such method 
relates to fluorescence spectroscopy (FS).

Biological tissues contain various endogenous fluoro- 
phores, such as NADH, FAD, aromatic amino acids, structural 
proteins, etc. The optical properties of these fluorophores are 
sensitive to the metabolic status of the tissue, and this makes 
fluorescence spectroscopy a valuable tool for investigating the 
state of biological tissues [2- 4].

A number of processes occur in the skin before the probe 
radiation emerges from the tissue and reaches the detector: re
fraction at the boundary of the media and absorption by mela
nin and hemoglobin fractions, along with Mie scattering at 
large collagen fibers and Rayleigh scattering at smaller ones. 
The fluorescence of biological tissue thus strongly depends on 
its optical properties, and it is therefore extremely important to 
theoretically estimate how they affect the signal formation. 
Among other things, it is crucial to model the signals in FS 
because of the need to find a basis for the medical-technology 
requirements (MTRs) on FS devices [5]. Thus, the influence of 
tissue hyperemia on the recorded signal in optical tissue 
oximetry and FS was investigated earlier [6,7].

The influence of one of the tissue chromophores on the 
formation of the fluorescence signal was investigated for this 
paper. This chromophore is melanin, which is one of the most 
widespread natural pigments and is largely responsible for the 
optical properties of skin [8].

A similar question has been considered in a number of 
publications. Thus, an optical model of the diffuse reflection 
of skin was obtained in [9] in order to analyze the pigmented 
and depigmented sections of skin in patients with vitiligo. The 
influence of melanin on the transmission and reflection spec
trum was considered in [10]. The reflection and fluorescence

of skin in three states (normal skin, blue vitiligo, and vitiligo) 
was investigated in [11,12]. However, no studies of the 
spectra of endogenous fluorescence on representatives with 
various ethnic types of skin could be found. This paper will 
be useful in this connection for subsequent development of a 
FS method, including its instrumental implementation on the 
basis of relevant MTRs, taking into account various melanin 
concentrations in the patients’ skin.

MATERIALS AND METHODS 

Experimental studies
The LAKK-M multifunctional laser noninvasive diagnos

tic complex (OOO Lazma Scientific Production Enterprise, 
Russia) was used for the experimental studies [13]. It is in
tended for the investigation of the state of biological tissue 
by simultaneously using several optical noninvasive technol
ogies: laser Doppler flowmetry, optical tissue oximetry, pulse 
oximetry, and FS. Only the data of the FS channel were 
analyzed in this paper, with a distance of 1 mm between 
the probing and receiving fibers.

Experimental test studies were carried out with the par
ticipation of eight assumed healthy volunteers (including 
one of the authors of this article). The influence of the melanin 
concentration on the fluorescence spectra on various ethnic 
types of skin was investigated, including European (three vol
unteers), Indian (one), Arabic (one), and African (three). The 
percentage of melanin in the basal layer of the epidermis can 
vary from 1% to 43% in this case [14].

The measurements were made at two points of the bio
logical tissue: on the skin of the pad of the middle finger 
of the right hand—a weakly pigmented region in all the vol
unteers—and on the skin of the forearm (at the middle of a line 
3-4 cm above the styloid processes of the ulna and the radius) 
in a zone with pronounced differences in the melanin content 
relative to each skin type. The recorded parameters to be
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FIG. 1. Absorption (1) and fluorescence (2) spectra of (a) NADH and (b) collagen.

analyzed were the fluorescence intensities of NADH, I NADH 
(peak in the 460-470-nm region), and FAD, I FAD (about 
550 nm), with excitation by UV radiation (wavelength 
X = 365 nm) and the tissue-oxygen-metabolism index, or 
redox reflection [15]

RR =  I  NADH / I  FAD • (!)

The parameters are then averaged, and the mean M n and 
rms deviation a are computed.

Modeling
To describe and predict how melanin affects the fluores

cence signal, a model of light propagation in biological tissue 
was proposed.

As a whole, the fluorescence intensity of skin is deter
mined by the fluorescence of NADH in the epidermis and 
the fluorescence of collagen in the dermis [8]. NADH 
possesses characteristic absorption spectra, including two 
bands in the UV region (X = 260 and X = 340 nm), as well 
as a typical intrinsic fluorescence spectrum with a maximum 
in the interval from 460 to 480 nm [2,8,16]. In [17], the highest 
values of the radiation intensity of collagen were excited and 
recorded, respectively, at 280 and 310 nm, 265 and 385 nm, 
330 and 390 nm, and 450 and 530 nm. The absorption and 
fluorescence spectra of NADH and collagen at an excitation 
wavelength of 365 nm are shown in Fig. 1.

The simultaneous presence of several fluorophores in the 
tissues results in a complicated total fluorescence spectrum 
recorded from these substances, with a different number of 
maxima and minima [18]. It is proposed in the model to take 
into account the fluorescence signals from the main fluoro
phores of the tissue—NADH and collagen—where, as can 
be seen from Fig. 1, part of the collagen spectrum overlaps 
the NADH spectrum. As a result, the total signal will be re
corded in the 400-550-nm range analyzed here. The form of 
the total spectrum can vary, depending on the fluorescence 
intensity of each of the fluorophores under consideration.

The hyperemia of the dermis in the modeling was 
calculated at a constant mean level of 0.2% [19].

As is well known, skin has a very complex structure, and 
therefore, a simplified four-layer optical model of the skin was

constructed for theoretical modeling. Incident radiation trans
mitted through the epidermis is absorbed to a greater extent by 
the melanin and excites fluorescence in the NADH. The 
transmitted part is incident on the dermis, where it is absorbed 
predominantly by the hemoglobin fractions and excites the 
collagen fluorescence. The remaining probe radiation and 
the secondary fluorescence radiation are diffusely reflected 
from the collagen fibers and again pass through the layers 
of skin, being absorbed by the hemoglobin and melanin.

The main parameters that determine the optical properties 
of the biological tissues and the bonds between them [14] are 
given in Fig. 2.

The indicated transport parameters were calculated on the 
basis of the data given in [14]. The parameters of the model are 
shown in Table 1.

The numerical modeling was carried out by the Monte 
Carlo method. This is currently one of the most frequently 
used methods of describing light propagation in biological tis
sues [20,21]. Its principal idea is to take absorption and scat
tering into account on the entire optical path of a photon 
through a nontransparent medium. The new possibilities of 
the TracePro software medium (Lambda Research Corp.), 
intended for analyzing light propagation in optomechanical 
systems, were used as a modeling tool.

Based on the given parameters, the absorption in the 
biological tissue is taken into account by the Bouguer- 
Lambert-Beer law,

Ф =  Фо exp(-^a0, (2)

Absorption Va [mm ']

Scattering Vs [mm-1]

Scattering function P(G) [sr1]
Anisotropy factor g [ - ]

Refractive index n [ - ]

Reduced scattering К =  Ц«(1 ~ 8 ) [mm-1]

FIG. 2. Main optical parameters of biological tissues.
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TABLE 1. Four-Layer Model of Skin2

Layer
Thickness,

pm
Refractive

index
Pa

cm-1
Pvcm-1 g

Horny layer 10 1.55 300 2200 0.9
Epidermis 100 1.4 24.2 1000 0.72
Papillary 200 1.37 4.7 460 0.73
dermis
Reticular 1000 1.4 4.7 460 0.74
dermis

2Radiation-propagation parameters (pa, p5, g) are given only at a 
wavelength of 365 nm. The optical parameters for other wavelengths are 
not included here but were obtained analogously, using public data.

where Ф and Ф0 are the transmitted and incident fluxes, pa is 
the absorption coefficient, and t is the sample thickness.

Fresnel’s law is used to take into account the refraction or 
reflection at the interface of two media.

The Henyey-Greenstein function is most often chosen as 
the phase scattering function,

SDF =  p(ff) _______1 -  g 2_______
4n(1 +  g 2 -  2g  cos ff) ’

(3)

where g  is the anisotropy factor. Parameter g  can take values 
from -1 to 1. The rays are predominantly scattered in the 
forward direction when g  > 0 and in the reverse direction 
when g  < 0. If g  =  0, the scattering is isotropic—i.e., it is 
identical in all directions.

When a ray passes through a scattering medium, it 
propagates to a random distance x, governed by the probability 
distribution

P(x)dx = exp(-psx)dx, (4)

where is the scattering coefficient.
When a ray interacts with a material that is thin by com

parison with the free path length, it passes through the material 
without scattering. Conversely, if the material is thick, the ray 
will be scattered with high probability.

The fluorescence is modeled in TracePro, taking into ac
count the fluorescence properties in combination with the 
properties of the material of the object and using the laws 
given above. The specified parameters include the relative 
absorption ab(A) and the relative excitation ex (A), normalized 
to the molar extinction coefficient Kpeak and the relative emis
sion em(A). The concentration of fluorescent substance is 
established by introducing the molar concentration Cmoiar.

The absorption coefficient of fluorophores is defined in a 
medium as

pa(A) =  ab(A)KpeakCmolar; (5)

and the path length before absorption is

d(A) = -  log(x)/pa(A), (6)

where x is a random number from 0 to 1.

The ratio of the number of photons that participate in the 
process to the number of photons that have been absorbed by 
the system is determined by specifying the quantum efficiency 
QE in the medium.

RESULTS AND DISCUSSION 

Experimental Studies
The fluorescence intensity in the region of the forearm 

decreases as the skin pigment increases, and the statistical 
differences were confirmed using the Mann-Whitney U-criterion 
(Fig. 3 and Table 2). No fluorescence signal was actually 
recorded in volunteer D.

Data obtained in a separate, supplementary investigation 
in the same regions of the skin of a dark-skinned woman 25 
years old show that fluorescence is also absent when excitation 
is produced by light with A =  365 and 532 nm. When the 
excitation is produced by radiation with A =  635 nm, the fluo
rescence was stronger than in the first two cases of excitation. 
This indicates that it is expedient to use this method to deter
mine fluorophores that can be excited and fluoresce in the 
spectral region starting in the near-IR region, as well as that 
the melanin fluorescence can be directly recorded. In confir
mation of this assumption, the latter results of multiphoton 
spectroscopy (780-820 nm) displayed substantial differences 
in the fluorescence of eu- and pheomelanin in normal tissues 
and in developed melanoma [22].

The scatter of the results of the measurements (including 
those in [7,23]) indicates that it is necessary to create an 
adequate mathematical model to describe the properties of 
biological tissue, especially of the fluorescence.

Modeling
An image of the propagation of fluorescent rays inside 

tissue, obtained by means of TracePro with the filtered 
excitation wavelength (365 nm), is shown in Fig. 4.

A family of model spectra as the melanin concentration 
varied in the range 1%-43% [Fig. 5(a)] was obtained from the 
results of the modeling. As can be seen, the melanin fluores
cence signal is virtually absent beyond a concentration 
of 15%.

It should be pointed out that the presented model spectra 
are somewhat different from those obtained experimentally for 
the total spectra of the various components [Fig. 5(b)]. The 
more intense experimental signal in the 500-570-nm wave
length region can be caused by the fact that other fluorophores 
(FAD, pyridoxine, etc.) that are neglected in the modeling can 
contribute to the total fluorescence spectrum of the skin under 
actual conditions. Other chromophores (bilirubin, porphyrins, 
caratenoids, etc.) that are not included in the modeling also 
affect the shape of the actual experimental spectrum in the 
400-480-nm range, and this causes the model and experimen
tal spectra to differ [24].

One problem of the FS method is allowing for the inten
sity loss of the exciting radiation. This makes it hard in the 
long run to calibrate the given type of diagnostic devices— 
namely, to establish how the values of a measured quantity 
depend on the indices of a device. Thus, the influence of mela
nin should be taken into account both in the calibration of the
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FIG. 3. Examples of the fluorescence spectra of the skin of various ethnic types on the surface of the finger (1) and forearm (2). See text for explanation.
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TABLE 2. Results of Experimental Studies

M k ±  o, rel. units

2, nm Ethnic skin type

Surface of finger Forearm

NADH FAD RR NADH FAD RR

365 European (A), n =  50 220.2 ±  48.9 49.2 ±  11.8 4.4 ±  0.5 120.1 ±  11.8 21.3 ±  3.3 5.6 ±  0.6
Indian (B), n =  27 110.1 ±  22.3 25.2 ±  6.6 4.9 ±  0.7 60.9 ±  14.2 15.4 ±  5.1 4.0 ±  0.5
Arabic (C), n =  13 84.3 ±  37.7 25.5 ±  12.6 3.3 ±  0.3 25.9 ±  3.9 8.9 ±  2.5 2.9 ±  0.4
African (D), n =  3 75.4 ±  30.5 22.3 ±  17.5 3.4 ±  0.4 ^  0 ^  0 -

means of recording the fluorescence signal and in providing a 
basis of MTRs for the FS devices.

These results need to be taken into account when planning 
electronic modules of the device. Thus, for example, it is nec
essary to impose special requirements on the choice of the 
photodetector (PD), since it needs to have high photometric 
accuracy.

Thus, PDs based on the TCD1304AP and ILX511 CCDs, 
which are widely used in modern spectroscopy, were consid
ered for this project, and their noise characteristics (the SNRs) 
were evaluated, taking into account the results of our model
ing. The goal of the calculation is to determine the threshold 
(minimum) radiation flux incident on the PD at which the use
ful signal level equals the dark noise of the CCD, since it is 
assumed that it makes the dominant contribution to the overall

46 J. Opt. Technol. 83 (1), January 2016

noise of the PD. Our calculations showed that, for a low 
melanin concentration in the skin (at the 1% level) and an ac
cumulation time of 10 ms, the SNR will be 60-70 dB. As the 
pigmentation increases, the SNR decreases and equals 0-5 dB 
at a concentration of 11%-12%, and this makes it difficult to 
distinguish the useful low-intensity fluorescence signal on a 
noisy background. In absolute photometric quantities, this 
corresponds to a radiation flux of 2.92 x 10-15 W for the 
TCD1304AP and 6.15 x 10-15 W for the ILX511. The linear 
ILX511 CCD, despite higher sensitivity on the whole, 
possesses a lower SNR, as illustrated in Fig. 6.

Our results thus confirm that it is necessary to find a basis 
for the MTRs when the optoelectronic modules of devices are 
being designed both for FS and for noninvasive diagnosis in 
medicine as a whole.
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FIG. 4. Propagation of fluorescent rays inside tissue.

(a)

Wavelength, nm

FIG. 5. (a) Family of model spectra calculated by the Monte Carlo method
and (b) comparison of experimental (1) and model (2) spectra in the case of 
European-type skin with 1% melanin concentration.
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FIG. 6. Dependences of the SNR on the melanin concentration for CCDs 
TCD1304AP (1) and ILX511 (2).

CONCLUSION

The influence of the concentration of skin melanin on the 
intensity of the recorded fluorescence spectra has been 
estimated, and it has been shown that the current approach 
to recording the fluorescence spectra in representatives of vari
ous ethnic groups is limited. Based on the optical model of the 
skin developed here and using the Monte Carlo method for 
modeling, it is possible to analyze radiation propagation in 
biological tissue as a whole. This can be useful in other 
noninvasive optical research methods.

One direction of development of representative modeling 
is the possibility of using spectrophotometric methods to de
termine the optical properties of intact (healthy) tissues and 
tissues damaged by various destructive processes, after which 
these data are used when constructing a model. It is thus pos
sible to obtain a priori information for subsequent qualitative
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differentiation of healthy and damaged tissues in actual 
clinical studies.
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