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Abstract. The differentiation of skin melanomas and basal cell carcinomas (BCCs) was demonstrated based on
combined analysis of Raman and autofluorescence spectra stimulated by visible and NIR lasers. It was ex vivo
tested on 39 melanomas and 40 BCCs. Six spectroscopic criteria utilizing information about alteration of mela-
nin, porphyrins, flavins, lipids, and collagen content in tumor with a comparison to healthy skin were proposed.
The measured correlation between the proposed criteria makes it possible to define weakly correlated criteria
groups for discriminant analysis and principal components analysis application. It was shown that the accuracy
of cancerous tissues classification reaches 97.3% for a combined 6-criteria multimodal algorithm, while the accu-
racy determined separately for each modality does not exceed 79%. The combined 6-D method is a rapid and
reliable tool for malignant skin detection and classification. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:

10.1117/1.JBO.22.2.027005]
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1 Introduction
The problem of increased incidence of cancer is known world-
wide. For example, more than 550 thousand cases of cancer are
registered yearly in Russia and about 13% to 15% of all deaths
are caused by cancer.1 The predominant forms of cancer in
Russia are cancers of digestive organs and peritoneum (37.2%),
lung and bronchus cancers for men (30.2%), and breast cancer
for women (17.1%).2 One of the most dangerous cancers is
malignant melanoma (MM) as it causes more than 76% deaths
among all skin cancers. Lack of timely medical care, weak effi-
ciency of first-hand clinical examinations, and aging of the pop-
ulation provoke rising cancer incidence and cancer mortality
rates.1,2 In this regard, it is necessary to find effective and
fast methods of early cancer detection and classification.

In recent decades, a number of optical methods have been
used for cancer detection and imaging, including confocal
microscopy,3 optical coherence tomography (OCT),4 and multi-
photon tomography (MPT).5 For example, MPT in combination
with fluorescence lifetime imaging (FLIM) may provide label-
free imaging with subcellular resolution and thereby signifi-
cantly increase overall accuracy of tumor diagnostics—a sensi-
tivity of 100% and a specificity of 98% were reached for the
diagnosis of MM.6 MPT/FLIM can be performed using fast
detection electronics and complicated equipment, which make
it hard to explore difficult body sites or irregular surfaces.7 The
depth of the focus plane in the tissue reaches levels of 200 μm.
Thus, only the superficial part of skin tumors can be studied by
MPT. OCT may extend the depth of visualization up to 1 to

2 mm, which in most cases is enough for basal cell carcinomas
(BCC) determination due to unique BCC space structure.8 Also
OCT images of oncological pathologies were tested using color,
fractal, and texture features,9 but the possibility of tumor diag-
nosis with these features is still under consideration10 as malig-
nant and premalignant tumors do not have distinctive patterns in
OCT images.11

Tumor diagnosis is possible with spectroscopy techniques,
such as elastic scattering,12 Raman spectroscopy (RS),13 auto-
fluorescence (AF)14 analysis, and Stokes shift spectroscopy.15

RS wavelength shift and intensity of inelastic scattering caused
by interaction of light with different vibration types of tissue
components were used for tumor classification in numerous
investigations due to today’s breakthroughs in detecting weak
signals. For example, the diagnostic accuracy of RS study of
gastric16 and skin13 pathologies is as high as 90% to 96% and
80% to 95%, respectively. AF tumor studies in general show
lower accuracy in comparison with RS,17 but AF is characterized
by much higher intensity which makes it possible to register sig-
nals within a short period of time and rapidly scan the tumor
area. Thus, there is a need in clinical trials to optimize AF effi-
ciency and validity for cancer diagnostics.18

Many authors19,20 have noted the decrease in the efficiency of
cancer detection in clinical trials with large numbers of tested
samples due to great variability of sample features and their
chemical components. This effect may be partly compensated
(approximately by 5% to 10%) in a multimodal approach,21

when each modality uses optical parameters associated with dif-
ferent tissue components altering during the cancerous process.
The combination of RS and AF has been demonstrated for
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gastric,21 lung,22,23 liver,24 and breast tissues model25 experi-
ments. Yet the exact RS–AF diagnostic accuracy is still unclear
for different skin tumor types. We may also improve the diag-
nostic accuracy by comparing the composition of the main tis-
sue chromophores in the tumor area and the normal skin of the
same patient.26 Such “normal tissue” contrast helps to avoid the
influence of individual skin properties and the inherent hetero-
geneity of the tissue on experimental results.

The aim of this study is to develop a set of highly sensitive
methods to analyze specific skin tissue components and to
design a complex method of MM and BCC diagnosis involving
the combination of RS and AF. Such an approach helps to deter-
mine and compare the accuracy of malignant tumors classifica-
tion for each of the proposed methods and for any of their
combinations. The advantage of a complex method lies in
enhancing tumor determination accuracy as each method is
based on alteration of different reference tissue components.
While RS helps to monitor changes related to collagens,
other proteins, and lipids, a near-infrared (NIR) AF study reveals
changes in concentration of melanin, visible (VIS) AF helps to
estimate changes in content of porphyrins, flavins, and lipids.

2 Materials and Methods

2.1 Experimental Setup and Spectra Acquisition

The laboratory setup is presented in Fig. 1; it combines princi-
ples of RS and AF for human skin tissue studies. The setup
includes a thermally stabilized semiconductor NIR diode laser
module LML-785.0RB-04 (785� 0.1 nm central wavelength,
150 mW) for excitation of Raman spectra and AF in the NIR
region and a diode-pumped solid-state laser module (457 nm,
200 mW) for AF stimulation in the visible region. Laser radi-
ation is delivered to the optical detector by excitation fibers
(100 μm diameter, 0.22 NA) and collimating lenses L1 and
L2. NIR (785 nm) laser radiation passes through the bandpass
filter (BPF), which cuts off the Raman component of the optical
fiber. The first (DM1) and second (DM2) dichroic mirrors trans-
mit 785- and 457-nm laser radiation to lens L3, which focuses
exciting radiation onto the sample (7.5-mm focal length). The
same lens L3 collects RS, AF, and backscattered radiation.
Dichroic mirror DM3 splits collected radiation on VIS and

NIR channels, which include an appropriate longpass filter
(LPF1∕LPF2) to cut off exciting (NIR/VIS) laser radiation,
matching lens (L4∕L5), and collection fibers (200 μm diameter,
0.22 NA), connected to multichannel spectrograph Shamrock
SR-500i-D1-R with an Andor iDus CCD digital camera
DU416A-LDC-DD cooled up to −65°C. The experimental
setup was calibrated consequentially for RS and both NIR
and VIS AF signals. Low-noise recording of RS and AF radi-
ation was performed in spectral bands 790 to 930 nm and 560 to
750 nm with spectral resolution better than 0.05 nm.

The optical detector was positioned directly over the tissue
sample at a distance of 7 to 8 mm. The beam diameter of the
probing radiation on the tissue was 1.5 mm. Measurement depth
was about 1 to 2 mm. The laser power on the skin was 30 mW
for both lasers, which corresponds to the laser density
1.7 W∕cm2 on the skin. The acquisition time was 15 s for
VIS AF and 30 s for RS and NIR AF analysis.

All tissue samples were irradiated by NIR laser during 2 to
3 min before spectra registration in order to increase RS signal-
to-noise ratio due to decreasing NIR AF intensity by the effect of
tissues photobleaching while the intensity of Raman scattering
remains unchanged.27 It is important to note that the shape of the
AF spectral function remains the same during 2 to 3 min of the
photobleaching process and only NIR AF intensity monotoni-
cally decreases. This monotonic decrease of AF spectra during
the photobleaching process was also observed by Wang et al.28

NIR and VIS signals were registered consequently from the
same tissue areas. Raman and AF spectra were acquired for a
tumorous region and normal skin closely adjacent to a lesion
(within 2 to 4 cm). Three independent spectra measurements
were made for each predefined by medical personnel spatial
point, and then an averaged value was calculated for mean spec-
trum. It helps to calculate the changes in malignant tissue in
comparison with normal tissue and compose relative criteria
(see Sec. 2.3), which exclude the influence of individual vari-
ability of skin properties on obtained results.

2.2 Tissue Samples

There were 79 patients with skin cancers (38 female and 41
male, all white, Caucasian, skin phenotype I and II) enrolled
in this study. Ex vivo tissue samples were obtained after surgical
resection at Samara Regional Clinical Oncology Dispensary
under an approved protocol including patient agreement. The
first cohort of 158 samples (79 healthy skins, 39 MM, and
40 BCC) underwent RS and NIR AF analysis. The second
cohort of 74 samples (37 normal skins, 27 BCC, and 10 MM)
underwent RS and AF spectra registration in visible and NIR
regions. Tissue samples were stored in sterile boxes atþ4� 2°C
and were tested using an experimental setup no later than 4 h
after resection. The skin tumor samples were ∼2 × 2 × 1 cm3 in
size. All samples were divided into two pieces containing both a
healthy tissue region and part of the tumor. One sample piece
underwent experimental tests. The rest of the sample was fixed
in formalin and prepared for histological analysis. The detailed
distribution of human skin lesions, including information about
tumor locations, is provided in Table 1.

Every tumor study was accompanied by histological analysis
to make a final diagnosis. The protocols of ex vivo tissue diag-
nostics were approved by the ethical committee of Samara State
Medical University.

Fig. 1 Experimental setup: L1, L2, L4, and L5: matching lenses, L3:
focusing lens, BPF: bandpass filter, M1 and M2: mirrors, DM1,
DM2, and DM3: dichroic mirrors, and LPF1 and LPF2: longpass filters.
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2.3 Spectra Processing and Data Analysis

NIR laser radiation simultaneously stimulates Raman scattering
and AF response in the NIR spectral range. The collected spectra
contain a wide exponentially decaying AF spectra curve with
sharp Raman peaks, which are usually separated by the method
of AF polynomial approximation.29 In the current study, this
method was upgraded with additional filtering of random noises
and automatic selection of polynomial order.

All processed RS, NIR AF, and VIS AF spectra may be
grouped according to histological data and further statistically
processed using principal component analysis (PCA) or other
multivariate analysis techniques.30 It is well known that the
number of tested samples should be greater or of the same
order as a number of variables for mathematically correct covari-
ance decomposition. In addition, the entire RS/AF spectrum
analysis may provide incomplete understanding of chemical
changes responsible for disease diagnosis.31 In this study, the
analysis of obtained spectra was performed based on a number
of a priori predefined spectral criteria described below. These
criteria were associated with relative content of the main skin
chromophores. Such an approach allowed for reduction in the
number of variables from thousands (for the entire spectra) to
a few variables and helps to include personal skin features in
the analysis. It also helps us to register spectral information
for understanding the differences between normal and cancerous
tissues RS/AF spectra.

The RS analysis was performed with the help of a two-step
phase-space analysis method,26 which is based on alteration of
ratio between RS spectral peaks Ik in the tumor area and the
healthy tissue near the lesion. Normalized intensity Ik was
defined as the ratio of maximum of RS intensity of k’th spectral
band to the maximum RS intensity in the band 1440 to
1460 cm−1 as the most intensive RS band of typical Raman
spectra for both cancer and normal skin (Fig. 2). Such an
approach makes it possible to separate malignant and normal
tissue in the first step. The differentiation of cancer types
among selected cancerous samples was performed in the second
step with the help of relative coefficients

EQ-TARGET;temp:intralink-;e001;63;202RSk ¼
jIðmÞ
k − IðhÞk j
IðmÞ
k þ IðhÞk

; (1)

where IðmÞ
k and IðhÞk are absolute intensities of k’th spectral band

for malignant (indexm) and healthy (index h) skin tissues of the
same sample. These coefficients utilize information from both
tumor and normal skin near the lesion and, as a result, monitor
the alteration of tumor chemical composition taking into
account the individual characteristics of the patient’s skin.

Coefficients [Eq. (1)] for the two most intensive spectral
ranges k ¼ 1320 and 1660 cm−1 form the phase plane which

was used for tissue classification by discriminant analysis
(DA). DA can separate two or more classes based on different
statistical parameters of Gaussian distributions. The efficiency
of the proposed approach is characterized by sensitivity and
specificity and ability to select defined classes in different
areas of phase plane. The analysis of skin tissues data allocation
was performed using linear and quadratic DA classifiers.32

Within the spectral range 870 to 920 nm, NIR AF intensity
decreases with the growth of the wavelength (Fig. 3), and the
most significant qualitative changes of the NIR AF spectrum
for different tumors were observed within the range of 810
to 870 nm. For the comparative analysis of the experimental
data, we approximate the NIR AF spectrum with an exponential
function

EQ-TARGET;temp:intralink-;e002;326;473IapðλÞ ¼ FINIR � exp
FλNIR

�
λ

λmax

�
þ c; (2)

where the coefficient FINIR is responsible for the convex or con-
cave behavior of the approximating function, the absolute value
of the coefficient FλNIR characterizes the wavelength depend-
ence curvature of AF spectra, and λmax ¼ 870 nm is the right
boundary of the approximation interval. The approximation
was implemented using the criteria of minimizing the root-
mean-square error with the Nelder–Mead simplex method
and a stochastic method of differential evolution.33 Details of
AF spectra curvature calculation can be found elsewhere.34

According to observed VIS AF spectra (Fig. 4), we propose
to use a number of criteria to monitor the changes of flavins,
lipids, and porphyrins content in skin tissues. The most useful
among them are the ratios between intensities of VIS AF spectra
maxima in 570 to 590 nm (I570) and 610 to 690 nm (I610) ranges
FIVIS ¼ I610

I570
and normalized spectral maxima position shift

Table 1 Summary of skin tissue samples.

Subjects Location

Histology-approved
diagnosis

Mean age, year
(range)

Mean diameter, cm
(range) Male Female

Number of
lesions Trunk Upper limb Lower limb

MM 60.5 (34 to 84) 1.68 (0.3 to 4) 17 22 39 21 8 10

BCC 70 (40 to 85) 2.11 (0.8 to 3.5) 24 16 40 23 13 4

Fig. 2 Normalized ex vivo Raman spectra of normal skin tissue, MM,
and BCC.
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FλVIS ¼ jλnorm−λtumor j
λnormþλtumor

, where λtumor and λnorm are the position of
AF maximum for tumor and normal skin near lesion for the
same sample.35 The value of FIVIS is proportional to the relative
concentration of total flavins and lipopigments content. VIS AF
spectrum shift FλVIS helps to estimate changes in different types
of porphyrins appearing on the upper skin layers, as tumors con-
tain more bacteria on their surface than a normal skin which
results in different porphyrins composition.

Such an approach makes it possible to define multidimen-
sional space of different RS and AF criterial parameters.
Each specific cancer type characterized by its own tissue
components changes the equivalent to a specific set of criteria
values. Thus, each cancer type fills in the exact area in multi-
dimensional phase space, and, as a result, we have a mechanism
for exact optical identification of tumor type. A correlation
between the proposed criteria was estimated in order to find
the groups of criteria with the lowest correlation for multidimen-
sional space analysis. Pearson’s correlation coefficients were
calculated for each pair of proposed criteria.36 Further analysis
of multidimensional phase spaces based on chosen criteria was
performed with PCA. This type of analysis helps to reduce the
dimensionality of the data while retaining most of the variation
in the data set. It uses directions, called principal components,
along which the variation in the data is maximal. Isolating a
number of components, each sample can be represented by rel-
atively few numbers instead of multiple variables. Samples can
then be plotted, making it possible to visually assess similarities
and differences between samples.37

3 Experimental Results

3.1 Raman Spectroscopy Tissue Study

Absolute values of RS intensity may differ significantly from
one skin tissue sample to another due to high variability of tissue
components concentration. Each spectrum was normalized to
maximum intensity in the whole spectral range of 1200 to
1800 cm−1 in order to overcome this effect. Typical registered
Raman spectra of MM, BCC, and healthy skin are presented in
Fig. 2. The most intensive RS band of typical normalized Raman
spectra26 of cancer and normal skin is located at 1450 cm−1 and
associated with CH2 deformations of proteins and lipids. Other
well observed bands are 1240 to 1280 cm−1 (stretching mode
C═N), 1300 to 1340 cm−1 (twisting, wagging of bending
mode CH2), 1540 to 1580 cm−1 (deformation mode C═C and
tryptophan), and 1640 to 1680 cm−1 (stretching mode C═O
amide I).

The two-step RS analysis of skin samples is shown in Fig. 5.
Here, every tested sample is a single point on the phase plane
with coordinates corresponding to RS spectral coefficients of the
two-step algorithm described in Sec. 2.3. Figure 5(a) represents
the first step of analysis where we separate normal skin tissues
from the malignant pathologies. Such classification is possible
with a total accuracy 54.7% using linear DA. Accuracy of MM
separation versus all other skin types reaches 72.7%. One may
see that the areas of normal skin and BCC are mainly overlap-
ping in Fig. 5(a) and thus the separation of malignant and nor-
mal skin tissue is complicated. Therefore, coefficients I1320 and
I1660 were considered low informative for skin tissue analysis.

On the other hand, the problem of normal skin separation
from malignant tissues is not so relevant in clinical practice
as a problem of exact determination of malignant tissue type.
It is more appropriate to separate MM from BCC. For this pur-
pose, coefficients I1320 and I1660 were supplemented with coef-
ficients RS1320 and RS1660, which were used in the second step
[Fig. 5(b)]. The overall accuracy of BCC and MM separation
rose up to 80.3% for the two-step method.

The achieved accuracy is 8% lower than the accuracy shown
in our previous study.26 The decrease in accuracy is caused by
larger dispersion of tissue components content due to threefold
increase in the number of tested samples.

3.2 Near-Infrared Autofluorescence Tissue Study

As RS two-step analysis reveals the relative alteration of content
of proteins and lipids in the tumor, the diagnostics accuracy may
be improved by additional analysis of other tissue components.
The melanin content proves to be a helpful additional criterion
as MM are usually more pigmented lesions than BCC.
Moreover, the content of pheomelanin and eumelanin may differ
in malignant skin tumors.38 Thus, measuring the melanin con-
tent may improve MM and BCC classification with optical
methods.

Figure 3 demonstrates typical NIR AF spectra of normal skin
and tumor stimulated by 785 nm laser. The dotted curve shows
the exponential approximation [Eq. (2)] of NIR AF spectra. As
the curvature (absolute value and its sign) and slope of approxi-
mation function depend on melanin content in the skin tissue,
coefficients FINIR and FλNIR may be used for estimation of
melanin value. And these coefficients may be measured simul-
taneously with Raman signal. Such an approach was first
described in our study,34 where only the curvature sign of the

Fig. 4 Normalized VIS AF spectra of normal skin tissue, MM, and
BCC stimulated by 457 nm laser.

Fig. 3 Typical normalized ex vivo AF NIR spectra of normal skin, MM,
and BCC.
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spectrum approximation function [Eq. (2)] was used for sample
differentiation. In the current study, we additionally use absolute
values of the curvature (criterion FINIR) for MM and BCC sep-
aration. In general, analysis of coefficient FINIR showed a pos-
sibility to separate MM and BCCwith a total accuracy of 60.8%.

The box-and-whisker plot (Fig. 6) demonstrates the values of
coefficient FλNIR for MM, BCC, and normal skin classification.
Note that median, first quartile, and minimum of FλNIR for BCC
and normal skin have almost identical values. In the current
study, it was assumed that the criterial norm FλNIR ≥ 1 for
the maximum efficiency of MM selection among BCC and nor-
mal skin. The sensitivity and specificity for MM selection
reached 69.2% and 85.0%, respectively, for this criterial norm.

Further increase in accuracy of malignant tumor detection
with NIR AF may be achieved by combined analysis of both
criteria (FINIR and FλNIR): the result was considered positive
when one of the criteria showed that the neoplasm is MM. In
this case, the sensitivity of MM detection reaches 92.3%, but
the overall accuracy of MM and BCC separation was
only 64.6%.

3.3 VIS Autofluorescence Tissue Study

Unlike RS and NIR AF, the analysis of AF spectra stimulated in
the visible region helps to reveal properties of lipids, flavins, and

porphyrins in skin tissue. Skin lipids contribute to normal barrier
function. Some lipids found on the skin’s surface make the skin
unfriendly to fungi and bacteria.39 Porphyrins play a significant
role in metabolism processes, including metabolism of bacteria
on the skin surface.40,41 Flavins control photostimulated gener-
ation of melanin within the specialized cells.42 Thus, the synthe-
sis of melanin in normal skin and tumors is related to the flavins
present. Also, tumors are characterized by increased rate of
metabolism processes and growing of MM or BCC causes
the alteration of flavin and porphyrin concentrations, which
are expressed in tumor color alteration in comparison with nor-
mal skin.

Typical VIS AF spectra have a local maximum in 570 to
590 nm for all skin types and maximum in spectral range of
610 to 690 nm (Fig. 4), which is a combination of two local
maxima in 610 to 640 nm and 650 to 690 nm. Here, normal
skin and MM have only one maximum in 629 and 623 nm,
respectively, while BCC has two strong maxima of comparable
intensity in 635 and 678 nm. Shown examples of spectra are
common for studied skin tissues, but exact maxima positions
and intensities may slightly differ from sample to sample.
Redistribution of AF intensity between local maxima 610 to
640 nm and 650 to 690 nm is caused by changes in concentra-
tion of flavins and porphyrins and leads to the main maximum
position shift. These changes may be defined by the spectral
criteria pair FIVIS and FλVIS.

The possibility of MM and BCC separation by each VIS AF
criteria is shown in Fig. 7. The sensitivity of MM detection
equals 100% achieved for intensity threshold FIVIS > 0.91 or
for spectral shift FλVIS between 1 and 19 nm. But the accuracy
of such detection does not exceed 51%. One may see insufficient
accuracy of MM detection based on single VIS AF criterion
analysis. The increase in accuracy up to 75% may be achieved
by simultaneous monitoring of both criteria as it is shown in
Fig. 8. Here, classification of MM and BCC was performed
with linear DA on phase plane of porphyrins composition on
tissue surface (FλVIS) and relative content of porphyrins, lipids,
and flavins (FIVIS).

3.4 Combined Raman Spectroscopy–
Autofluorescence Study

As each proposed criterion refers to changes of different tumor
components the enhancement of the classification accuracy may

Fig. 5 Skin tissues classification by two-step RS algorithm: (a) the first step—MM versus all other skin
tissues and (b) the second step—MM versus BCC.

Fig. 6 Classification of MM, BCC, and normal skin based on melanin
content (curvature FλNIR of registered AF spectra stimulated by
785 nm laser).
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be achieved by combination of criteria from different spectro-
scopic techniques. For instance, Fig. 9 contains the phase
plane for analysis of criteria pair for relative porphyrins, lipids,
and flavins content monitoring and melanin level estimation
(FIVIS and FλNIR). The combination of AF criteria in VIS
and NIR regions provides 8% to 10% more accurate separation
of MM and BCC in comparison with single NIR or VIS AF
analysis.

Instead of using separate criteria pairs, it is more efficient to
simultaneously analyze as many criteria as possible, i.e., using
the information about all chosen tissue components in a multi-
dimensional criteria space. Such classification was performed in
4-D space (FINIR and FλNIR for NIR AF, and RS1320 and RS1660
for RS analysis) for the first cohort of 158 studied samples and
6-D space (additionally measured FIVIS and FλVIS for VIS AF)
for the second cohort of 74 samples.

Figures 10 and 11 demonstrate 3-D representation of 4-D and
6-D space analysis, respectively. Complex optical methods
show high efficiency of MM and BCC separation: the sensitivity
and specificity of cancerous tissues classification are 94.9% and
92.5%, respectively, in 4-D criteria space, and 100% and 96.3%
for 6-D criteria space.

The accuracy of MM and BCC separation is slightly higher
for the six criteria algorithm. This fact may be caused both by
increasing the data analyzed (additional VIS AF criteria) and by
decreasing the number of the samples studied. A correlation
between the chosen criteria was calculated in order to ensure
the comparative increase of classification accuracy and its inde-
pendence on the number of the tested tissue samples. Table 2
shows correlation matrixes for 6-D criteria space. Here, the
bold font indicates the significant correlations (p value < 0.01).

4 Discussion and Conclusions
Let us compare the accuracy of different criteria and their com-
binations for cancerous tissue classification. The highest accu-
racy of MM and BCC separation by phase plane and linear DA
was demonstrated with a combination of criteria FINIR and
FλNIR, when one of the criteria showed that the neoplasm is
melanoma. In this case, the values of the sensitivity and speci-
ficity for the diagnostics of MM were 100% and 63.0%, respec-
tively. Total accuracy in this case is only 73.0% and it is even
less than in the case of single FλNIR criteria implementation.
This result caused by a low specificity of criteria pair FINIR

Fig. 7 Skin tissues classification based on VIS AF criteria: (a) porphyrins composition on tissue surface
(FλVIS) and (b) relative content of porphyrins, lipids, and flavins (F IVIS).

Fig. 8 MM and BCC classification on the phase plane with joint VIS
AF monitoring of porphyrins composition (F λVIS) and relative content
of porphyrins, lipids, and flavins (FIVIS). Fig. 9 MM and BCC classification on the phase plane with criteria

F IVIS and F λNIR.
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and FλNIR as a sufficient number of BCC samples in this case
are treated as MM samples. Detailed information about the accu-
racy of MM and BCC separation with different combinations of
criteria is gathered in Table 3. Phase plane classification even
with linear DA allows for MM and BCC classification with
accuracy of 87%. This is possible with analysis of skin AF

spectra simultaneously in NIR and visible regions. Analysis
of AF spectra only in one of the spectral ranges shows 5%
to 15% lower values of total accuracy of MM and BCC sepa-
ration. The total accuracy of MM and BCC separation with dif-
ferent approaches varies from 50% to 97.3%. The lowest
accuracy shows a combination of VIS AF and RS1660 criteria.

Fig. 10 MM and BCC classification with PCA in 4-D space (F I785, F λ785, RS1320, and RS1660): (a) PC1,
PC2, and PC3 and (b) PC2, PC3, and PC4.

Fig. 11 MM and BCC classification with PCA in 6-D space (FI785, Fλ785, RS1320, RS1660, F I457, and
Fλ457): (a) PC1, PC2 and PC3 and (b) PC2, PC3 and PC4.

Table 2 Correlation of criteria RS1320, RS1660, FINIR, F λNIR, F IVIS, and FλVIS.

RS1320 RS1660 F INIR F λNIR F IVIS F λVIS

RS1320 1.00 0.63 0.26 0.42 0.18 0.12

RS1660 0.63 1.00 0.02 0.17 0.08 0.28

F INIR 0.26 0.02 1.00 0.25 0.32 0.22

F λNIR 0.42 0.17 0.25 1.00 0.024 0.14

F IVIS 0.18 0.08 0.32 0.024 1.00 0.08

F λVIS 0.12 0.28 0.22 0.14 0.08 1.00

Note: Significant correlations (p value < 0.01) are marked with bold font.
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These criteria show low related values of sensitivity and speci-
ficity, and overall accuracy of MM detection does not exceed
54%. The most useful criteria for MM and BCC separation
appear to be RS1320 and FλNIR showing an accuracy of
78.9% and 77.2%, respectively.

Comparison of achieved accuracy with other methods of
MM diagnostics using AF techniques allows for drawing a con-
clusion about very similar results. For example, Borisova et al.43

achieved accuracy of melanomas and nonmelanoma skin can-
cers separation equal to 93.6% due to a combination of AF
and backscattered radiation analysis. Therefore, joint applica-
tion of two spectroscopic techniques showed similar diagnostic
accuracy of MM detection as the implementation of AF analysis
in visible and NIR regions. The accuracy of 80% and 90% in AF
skin cancer diagnosis in the NIR region was reported by Wang
et al.44 and that is comparable to the results shown in the
current study. Significant improvement of AF diagnosis accu-
racy of skin tumors is possible with exogenous fluorophores
monitoring.45 However, implementation of exogenous fluoro-
phores is expensive and requires their injection into a patient’s
body, which makes such AF study unacceptable for mass
screening.

We may use more than two criteria to improve the accuracy
of malignant tissue classification, as in this case, we estimate a
wide set of tissues structural components alteration. Analysis of
skin tissue classes with complex methods based on 4-D or 6-D
criteria space shows the improvement in MM and BCC separa-
tion up to 8% to 11% in comparison with phase plane analysis,
wherein accuracy of the 6-D algorithm is 3.6% higher than in the
case of the 4-D algorithm. Such enhancement in accuracy is
caused by better probability to find the highest differences
between the chosen criteria in the multidimensional space.
On the other hand, the data for 6-D criteria analysis were
acquired for the fewer number of specimens and we have to

estimate the correlation between criterions to understand their
contribution in the classification accuracy.

The highest correlation coefficient achieved for a combina-
tion of diagnostic criteria is RS1320 and RS1660, while criteria
pair FINIR and RS1660 shows the lowest correlation (Table 2).
Pairs of FλNIR, FIVIS, and FλVIS also show a rather low corre-
lation in comparison with pairs FINIR and FλVIS, RS1320 and
RS1660. The correlation between RS1320 and RS1660 criteria
may be explained by the acquired Raman spectra processing.
Each Raman spectrum was normalized to the maximum, thus
we observe the contribution of Raman band 1450 cm−1 in
both RS1320 and RS1660 criteria. The presence of Raman
band 1450 cm−1 leads to their strong correlation exceeding
0.6. The value of correlation between Raman criteria (RS1320
and RS1660) and NIR AF criteria (FINIR and FλNIR) lies in
the interval 0.02 to 0.43. Correlation value exceeding 0.4
may be explained by the impact of melanin in NIR AF and
RS criteria. Huang et al.46 showed that major melanin peaks
lie in the bands 1380 and 1580 cm−1. These peaks may be asso-
ciated with bands CH2, CH3 and C═C. According to Huang
et al.,46 the concentration of melanin in the skin affects 1320
to 1340, 1450, and 1660 cm−1 bands. In turn, criteria FINIR
and FλNIR include information about melanin influence on
AF spectra, and accordingly they are correlated with criteria
RS1320 and RS1660. This correlation plays the most significant
role for criteria pair RS1320 and FλNIR, where it reaches the
value of 0.43. It is reasonable to assume that such relatedly
strong correlation is caused by the presence of MMs in studied
samples, as melanomas contain a lot of melanin.

Correlation of visible AF criteria (FIVIS and FλVIS) with RS
criteria and NIR AF criteria does not exceed 0.28 and 0.32, cor-
respondingly. This correlation is lower than the correlation
between RS and NIR AF criteria and may be explained by dif-
ferent component compositions measured for VIS AF. One of
the most important components measured for VIS AF is por-
phyrins. The content of porphyrins on the upper skin layers
is determined by the presence of endogenous skin cells porphyr-
ins and porphyrins produced by bacteria.41 Stimulated spectra of
skin and bacterial porphyrins contribute both in VIS AF and in
currently studied RS bands, as porphyrins may contain a lot of
CH2, CH3, C═N and C═C bands.47 As a result, the presence of
porphyrins influences the intensity of the chosen RS bands and
thereby affects the criteria ratios RS1320 and RS1660.

The lowest correlation shows criteria pairs FIVIS and FλVIS
or FIVIS and RS1660. The correlation value is only 0.08 for both
of those criteria pairs. Visible AF criteria utilize information
from significantly different components. Criterion FIVIS
depends on the content of flavins and lipopigments, while cri-
terion FλVIS depends on tissue porphyrin content. In contrast,
RS1660 criterion uses information from 1450 and 1660 cm−1

Raman bands, which are particularly caused by fatty acids48

as lipid metabolism changes during the tumor growth.49 Low
correlation between criteria FIVIS and RS1660 may be explained
by the contribution of flavins in the FIVIS criterion, since flavins
have a rather small intensity in the 1660 cm−1 band.50

As some of the chosen criteria have strong correlations, we
may reduce the number of criteria by selection of criteria with
the lowest correlations in order to achieve maximum diagnostic
accuracy in 3-D phase space. Figures 10 and 11 demonstrate
3-D projections of 4-D and 6-D phase spaces. In a 3-D space
analysis, we use PCs with highest variations and with a lowest
correlation between each other. This analysis provides accuracy

Table 3 Sensitivity and specificity of MM and BCC separation.

Criterions
Sensitivity

(%)
Specificity

(%)
Accuracy

(%)

RS1320 89.7 67.6 78.9

RS1660 82.0 37.8 60.5

F INIR 74.4 47.5 60.8

F λNIR 69.2 85.0 77.2

F IVIS 100 43.4 50.0

F λVIS 100 33.3 51.4

RS1320 and RS1660 (RS two-step
method)

97.4 62.2 80.3

F INIR and F λNIR (NIR AF) 92.3 37.5 64.6

F IVIS and FλVIS (VIS AF) 80.0 77.8 78.4

F IVIS and FλNIR (VIS and NIR AF) 70.0 92.6 86.5

F INIR, FλNIR, RS1320 and RS1660
(4-D criteria)

94.9 92.5 93.7

F INIR, FλNIR, RS1320, RS1660, F IVIS
and F λVIS (6-D criteria)

100 96.3 97.3
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of 85% to 98% for MM and BCC separation. Differences in skin
tissue separation accuracy for 4 and 6 criteria implementation
are caused by additional VIS AF criteria. Those criteria have
low correlation with Raman and NIR AF criterions, and their
implementation increases the sensitivity and the specificity of
MM and BCC separation by approximately 4%.

The accuracy of the skin cancerous tissue separation is
almost 98% for complex multiparametric 6-D criteria. Thus,
the proposed approach of MM and BCC classification may
be successfully used in clinical applications. This accuracy is
also high enough for screening applications, as sensitivity
100% of MM detection is achieved with specificity exceeding
90%. This conclusion is confirmed by the results of studies of
Zhao et al.,19 who demonstrate the applicability of RS for in vivo
analysis of skin tissue malignancy with sensitivity 95% to 99%
and specificity about 30% to 46%. But in contrast to our study,
Zhao tried to classify malignant and nonmalignant tissues. The
large review made by Pence and Mahadevan-Jansen51 discusses
different RS techniques of cancer diagnostics, including multi-
modal analysis with RS, AF, and backscattering applications. It
was shown that sensitivity and specificity of malignant and non-
malignant tissue separation varied from 82% to 100% and from
72% to 100% correspondingly. On the other hand, combined
NIR and VIS AF analysis with RS study increases the overall
accuracy of MM and BCC separation by 17%; and this fact
promises a chance to utilize the proposed multiparametric
method in high-precision MM detection applications.

In general, multimodal optical classification of skin malig-
nancies with system combining principles of RS, visible, and
NIR AF shows high potential in MM and BCC diagnosis.
The proposed approach may be implemented for in vivo clinical
examinations by decreasing laser radiation doses to satisfy
ANSI Standard for safe laser skin irradiation. This may be
done by defocusing radiation up to spot size 3.5 mm with
decreasing the lasers intensity on the skin below the value of
0.28 W∕cm2 or by decreasing of acquisition time up to 1 s using
a more sensitive (or deeply cooled) detector, as in this case
maximum permissible exposure will be limited to 1.55 W∕cm2.

Combination of AF analysis with RS study allows for
increasing the joint sensitivity and specificity of MM detection
up to 95% to 100% due to involvement in criteria analysis of the
changes in concentration of porphyrins, flavins, and melanin
along with RS criteria. High level of malignant skin tumors clas-
sification accuracy is indicative of high clinical potential of the
proposed method. This method may be used both for precise
tumor type determination and for mass screening surveys.
For example, fast analysis of large tissue areas may be per-
formed on the first step only with NIR and VIS AF criteria,
as the AF signal is much more intense than an RS signal and
may be collected during a short time. The accuracy of only
AF skin tissue analysis is about 87% and it may be increased
by RS analysis of the suspicious areas on the next step. Such
joint analysis will be characterized by 100% sensitivity with
96% specificity.

We have demonstrated that the proposed multiparametric
complex RS and AF analysis is rapid, reliable, and cost effective
as it may be done simultaneously and in a single device.
Moreover, further enhancement of diagnostics effectiveness
may be achieved by including imaging modalities. For example,
Wang et al.52 showed a possibility to combine RS and OCT for
tissue malignancy study. Another possible area of complex RS
and AF method implementation is hyperspectral imaging53 with

simultaneous registration of spectral data cube for both tumors
and healthy skin. As a result, hyperspectral imaging may most
effectively utilize the proposed 6-D criteria method.
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