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Many up-to-date optical techniques have been developed and applied recently in clinical practice
for obtaining qualitatively and quantitatively new data from the investigated lesions. Due to their
high sensitivity in detection of small changes, these techniques are widely used for detection
of early changes in biological tissues. Light-induced fluorescence spectroscopy (LIFS) is one of
the most promising techniques for early detection of cutaneous neoplasia. Increasing number of
recent publications have suggested that optical coherence tomography (OCT) also has potential
for non-invasive diagnosis of skin cancer. This recent work is a part of clinical trial procedure
for introduction of LIFS technique into the common medical practice in National Oncological
Medical Center in Bulgaria for diagnosis of non-melanoma skin cancer. We focus our attention
here on basal cell carcinoma lesions and their specific features revealed by LIFS and OCT
analysis. In this paper we prove the efficiency of using the combined LIFS-OCT method in
skin lesions studies by integrating the complimentary qualities of each particular technique. For
LIFS measurements several excitation sources, each emitting at 365, 385 and 405 nm maxima are
applied. An associated microspectrometer detects in vivo the fluorescence signals from human
skin. The main spectral features of the lesions and normal skin are discussed and their possible
origins are indicated. OCT images are used to evaluate the lesion thickness, structure and
severity stage, when possible. The obtained results could be used to develop a more complete
picture of optical properties of these widely spread skin disorders. At the same time, our studies
show that the combined LIFS-OCT method could be introduced in clinical algorithms for early
tumor detection and differentiation between normal/benign/malignant skin lesions.
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1. Introduction Amongst them, basal cell carcinoma is the most
Cutaneous cancer is the second cause of newly wide-spread type of skin neoplasia, appearing in
developed tumors every year, for both males and  about 70% of all new cases.! In combination with

females, covering about 10% of all new cancer sites.  the fact that the number of new cancer patients
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grows from year to year, the interest in medical
community for development and introduction of
non-invasive, fast and reliable procedures for detec-
tion and evaluation of this kind of tumors has
increased rapidly during the last decade. In such
conditions, initial clinical trials for evaluation of
diagnostic applicability of light-induced fluores-
cence spectroscopy for non-melanoma tumors are
currently underway.?

Biological tissues contain chromophores that
absorb light, as well as fluorophores that absorb and
re-emit (fluoresce) light. Tissues are heterogeneous
by character and promote strong light scattering.
The tissue optical properties such as absorption,
fluorescence, reflectance and scattering can be used
to characterize the tissue and to identify tissue
abnormalities using non-invasive and real-time opti-
cal techniques. Fluorescence spectroscopy is applied
to the analysis of many different types of sam-
ples, ranging from individual biochemical species,
to whole organs in vivo. Light-induced fluorescence
spectroscopy (LIFS) is one of these non-invasive
methods that can identify diseases and increase
the knowledge in medical diagnosis.>* Investiga-
tors have already applied this technique for the
detection of endogenous fluorophores occurring in
the tissue®™7 as well as for exogenous fluorescent
dyes used for a better differentiation between nor-
mal and abnormal skin sites.®” This spectroscopic
approach has been investigated for the diagnosis of
almost every type of cancer and neoplastic changes
in human body.!'® Fluorescence technique with
or without exogenous fluorescent markers added
also finds many other applications — for mon-
itoring of pathogenic bacteria photoinactivation
processes,!! for dosimetry of photodynamic therapy
procedures,>1%12 and for drug uptake analysis.*!2
Autofluorescence spectroscopy is used for diagnosis
and follow-up of dermatological diseases, such as
erythrasma and acne.'® The investigation possibili-
ties of this technique include applications for evalu-
ation of vitiligo,'* erythema,® and skin photoaging.*
LIFS is also used for skin cancer detection and
lesion type determination.34:10:12

Optical coherence tomography (OCT) provides
high-resolution, depth-resolved images of scattering
tissues. With micron-scale resolution and millime-
ter depth of imaging, OCT is very appropriate for
examination of superficial tissues and pathologies.
The image is a result of detected backscattered
signal, which originates from index of refraction

mismatches in the tissue under investigation. OCT
is applied to in wvivo detection of microvascular
changes during photodynamic therapy,'® image-
guided surgery analysis,'® monitoring of wound
healing,'” laser treatment results evaluation,'® and
mostly imaging of different skin lesions, including
cancer detection.!8=20

OCT instrumentations are commercially avail-
able, providing two-dimensional images of high
resolution in lateral and axial directions of mor-
phological microstructures of the skin. Compared to
high-frequency sonography, OCT images are more
detailed in structural information and contrast.!®
The limitation, however, is the low penetration
depth of the light into the skin. Due to the strong
scattering of skin tissue, imaging is possible to a
depth of about 1.5-2 mm. However, for many cases
this is enough to identify alterations in the struc-
ture of the dermal layers down to the upper der-
mis. One important aspect reported by different
groups is that OCT technique has low specificity
and could not distinguish different non-melanoma
tumor sub-types. Also variability in OCT image
characteristics is much smaller in intra-patient
than inter-patient situations,'?~2! which reduces its
applicability for clinical usage as a single diagnostic
technique.

Given the fact that basal cell carcinoma has
several different sub-types, it is difficult to be cor-
rectly diagnosed even by an expert dermatologist.
Light-induced fluorescence spectroscopy (LIFS) has
very high sensitivity for detection and evaluation of
different cutaneous neoplasia types and stages of
growth, but could not give information about the
structure and geometry of the pathology. OCT, on
the other hand, allows very good observation of the
morphology with low sensitivity to the sub-type of
pathology observed. Common usage of both tech-
niques gives all aspects needed for clinical diagno-
sis — high sensitivity for early stage lesions and
their type and precise image of the pathology with
possibility for structural feature evaluation, such as
depth, thickness, and dimensions.

2. Materials and Methods

The present investigation is a part of a clinical trial
for introduction of spectroscopic diagnostic system
for skin cancer detection in the common practice of
dermatological department of National Oncological
Center, Sofia.
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2.1.

In the present study 23 patients of the National
Oncological Medical Center with basal cell
carcinoma diagnosis are included. Patients are clas-
sified by Fitzpatrick classification (Wolff et al.,
1977, cited in Ref. 22) with skin phototype IT and
phototype III, the most common cutaneous types
for the region. The average age of patients is 67 and
the range is from 43 to 88 years. Four patients have
more than one tumor detected. All lesions observed
are systematically diagnosed by standard and fluo-
rescence techniques, and in total 28 lesions are eval-
uated and presented in this study.

Initially, the lesions were classified visually by
an experienced dermatologist (E.P.) and dermato-
scopically. Each lesion was evaluated using ABCD
scoring criteria as follows: Asymmetry (A), Border
(B), Color (C) and Dermoscopic structures (D). All
lesions have been histologically examined by stan-
dard methods. The histological examination was
used as a “gold” standard for determination of
lesion type, and final analysis of spectroscopic tech-
niques feasibility was made.

Clinical diagnosis

2.2. Light-induced fluorescence
spectroscopy

After visual and dermatoscopic classification, as a
second step fluorescence signals from lesion and sur-
rounding normal skin were detected using light-
emitting diodes as excitation sources, with different
emission wavelengths, namely 365, 385, and 405 nm
(5mW output power, § = 20°, FWHM = 15nm).
Optical fiber bundle (QR-600-7-UV-125F, Ocean
Optics Inc., Dunedin, FL, USA) was used to deliver
the light from LEDs (six surrounding illumination
fibers) and to collect the fluorescence signal (one
read fiber).

A constant distance of two millimeters between
the end tip of the optical fibers and the skin surface
was applied, using a mechanical stand to avoid any
influence of displacement from the normal position
on the intensity level. All spectra were obtained at
normal incidence — at the 90° angle between opti-
cal fibers end tip and skin surface.

The spectra were recorded and stored using
a fiber-optic microspectrometer (USB4000, Ocean
Optics Inc., Dunedin, FL, USA). A personal com-
puter was used to control the system and to
store and display the data using the specialized
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microspectrometer software OOI Base (“Ocean
Optics”, Inc., Dunedin, FL, USA).

Spectroscopic measurements of normal skin and
lesion areas were carried out after five minutes of
rest for each patient at room temperature (23 to
25°C). Several spectra were measured from each
suspicious area and averaged to reduce the influence
of inhomogeneity of the lesions. Three to five spec-
tra were recorded and averaged from every lesion,
depending on its size, and three spectra from sur-
rounding normal skin. These averaged spectra from
the healthy skin area were used like an indicator
of the spectral changes in the pathological areas.
The spectra were smoothed using a Savitzky—-Golay
algorithm in order to reduce the instrumental noise
of the spectrometric system.

2.3. OCT measurements

Optical coherence tomography measurements have
been performed using a Thorlabs OCP930SR, Spec-
tral Radar OCT imaging system. This system com-
bines a broadband light source with a high-speed
spectrometer to perform Fourier domain detection
of the OCT interference fringe signals.

Both normal skin and lesion have been mea-
sured with a 930-nm light source, optical power
2mW. Images have been acquired at eight frames
per second, image width being set to a maximum
of 6mm and image size to 512 rows. The spec-
tral radar system has a 100-nm spectral bandwidth,
which yields a typical imaging depth of ~1.6 mm,
lateral resolution of 20 um and an axial resolution
of 6.2 um. The instrument is equipped with non-
contact and contact tips, both of them being used
for measuring the lesions. An integrated CCD cam-
era has been used for sample monitoring.

3. Results and Discussion

Organized by the National Oncological Medical
Center in Sofia, this project aimed to introduce flu-
orescence spectroscopy as a method of early cuta-
neous tumor diagnosis, with special attention being
paid to combining LIF'S and OCT techniques for the
detection of non-melanoma cutaneous malignancies.
Basal cell carcinoma is one of the most interesting
malignancies, due to the fact that about 70% of all
new skin cancer sites are BCC lesions.

Figure 1 shows OCT images of normal skin sur-
face and two BCC lesions of one patient. According
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Fig. 1. OCT images of (a) normal skin, (b) eight-month-old
BCC lesion, and (c) two-year-old BCC lesion in one patient.

to information from the patient, one of the lesions
appeared about two years before the observa-
tion; the second one appeared about eight months
before the light-induced fluorescence and OCT

measurements were carried out. It was a good
opportunity to compare features, which appear on
different stages of the BCC lesion growth, with-
out complications of inter-patient differences, which
could influence our results. Intra-patient differences
could be taken as negligible, due to the fact that
both pathologies were near anatomic places. On the
OCT images strong difference is clearly observed
between tumor surfaces for the initial and advanced
stage lesions. In the first case, we observed some dis-
arrangement of the epidermal layer and loss of lay-
ered structure of epidermis—derma typical for the
healthy skin. However, for the advanced stage of
BCC pathology this pattern is much more pro-
nounced and we observe total loss of epidermal
structures in the image detected, with deep disrup-
tions on the lesion surface.

Compared to non-lesional skin, a loss of normal
skin architecture and disarrangement of the epider-
mis and upper dermis were observed in all OCT
images of malignant lesions. All BCC sites inves-
tigated demonstrated excellent correlation of tissue
thickness, up to 1 mm in depth, estimated by optical
coherence tomography and routine histopathologic
tests. This depth correlation was consistent across
all malignancies observed. However, OCT images
do not allow separating with high diagnostic accu-
racy the sub-types of BCC lesions observed. OCT
images allow delineating tumor borders with very
good repeatability and visualization of the edges,
as well as to the depth of the lesions for superfi-
cial BCC cases. Our observations correlate with the
conclusions of other investigators about OCT appli-
cability in BCC diagnosis.'%20

The accuracy of OCT measurements reported
by other groups for skin cancer detection and eval-
uation is about 80%.2%2% Nevertheless, in compar-
ison with ultrasound cutaneous imaging, OCT is
capable of showing very small cystic structures more
distinctly; in terms of assessing the margins of the
tumor, ultrasound is discussed as possible better
choice.?> When OCT is applied for detection of neo-
plastic changes in different mucosal layers, diagnos-
tic accuracy reported is about 78% for esophagus,
92% for bladder, and 88% for colon.?%

Imagining depth of acquired OCT images is
lower in the case of skin lesions due to the struc-
tural changes which appear in tumoral sites. The
imaging depth for normal skin is up to 700 ym, as
for the lesion is ~200 pm.

In Fig. 2 are presented histopathological results
for the initial and advance stages of BCC lesions
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Fig. 2. Histological images of superficial (a) initial stage
BCC lesion, and (b) advanced stage BCC lesion in one
patient.

observed in the patient. Topographical correlation
between the histologically confirmed lesions and
OCT images was observed.

In Fig. 3 light-induced fluorescence spectra are
presented, that have been obtained from the same
patient as the OCT images presented on Fig. 1 are
from. Normal skin fluorescence spectra from the
surrounding of the lesion investigated are given to
compare with the initial- and advanced-stage basal
cell carcinoma lesions.

Fluorescent maxima in the region 630-700 nm
are clearly observed in the case of advanced stage
of BCC tumor. Such signal has been observed in
three other cases, where the BCC has been detected
in advanced stage of growth (1.5 or more years
old). This signal could be related to the endogenous
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Fig. 3. LIF spectra comparison of normal skin with
(a) eight-months-old BCC lesion, and (b) two-years-old BCC
lesion, using excitation at 405 nm in one patient.

porphyrins, which appear in the advanced stages of
tumor development.?*?

Other chromophores related to the formation of
autofluorescence signals observed are mainly struc-
tural proteins, their cross-links, co-enzymes and
lipids.* The resultant spectrum detected in vivo is
a superposition of these compounds with different
contribution of manifestation for every excitation
wavelength. Fluorescent compounds are collagen
type I — at 400-405 nm; its cross-links — at 460-
490 nm; elastin — with maxima at 400-420, 460 nm;
elastin cross-links — about 500 nm maximum of flu-
orescence; NADH — at 440-470 nm; keratin — at
430-460 nm, and around 500-520 nm, flavins. %5726
Influence of melanin and hemoglobin pigments is
observed in the received fluorescence spectra related
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Fig. 4. Fluorescence spectra of normal and cancerous skin averaged for all patients using excitation at (a) 365 nm, (b) 385 nm,
and (c) 405 nm. Spectra are presented with their standard deviation after averaging for all lesions detected.

to bigger decrease of the short-wavelength intensity
versus long-wavelength intensity, as well as appear-
ance of minima at 420, 543 and 575 nm, respectively.

In Fig. 4, a comparison of normal skin and BCC
fluorescence spectra for the three excitation sources
is presented. Spectra are averaged for all patients
investigated.

The fluorescence intensity of normal skin is
higher for all cases observed, and the oxyhemoglobin
influence is more pronounced (re-absorption of the
fluorescence signal at 543 and 575nm). This effect
is observed in all comparisons between skin photo-
types and it is related to different levels of screening

absorption effect of the melanin in epidermal layer.
Besides lower fluorescence intensity in the case of
tumor, different fluorescence signals of the tumor
were observed, in comparison with fluorescence
signal of the normal skin in the spectral region
around 380-460 nm; the observation was clear for
the cases when shorter wavelength excitation was
applied.

OCT detects coherently backscattered light,
whereas LIFS detects fluorescence emission of a
variety of endogenous fluorophores. Complimentary
mechanisms of contrast for OCT and LIF, when
used in combination, could provide more sensitive
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detection of disease than either modality alone.
These two types of information may also facili-
tate broader signal interpretation and increase in
specificity.?6 LIFS intensity is highly dependent
upon the probe-sample separation and OCT can
provide geometrical information needed with high
accuracy. In the opposite, LIF'S has the potential to
clarify inconclusive OCT scans. For example, Kura-
nov et al.?® used OCT and LIFS to image neoplasms
in the cervix and found that these two modali-
ties, when combined, produced fewer false-positive
results than either modality alone.

We also expected potential improvement in
detection and diagnostic efficiency for cutaneous
neoplasia when OCT and LIFS are applied together.
OCT provides information about sub-surface struc-
tures that can aid interpretation of LIFS spectra.
Quantitative measures of tissue layer thickness and
probe-tissue separation can be used for better eval-
uation of LIFS results. At last, according to exist-
ing reports, combination of two techniques increase
diagnostic accuracy for diseased tissue detection.
The obtained results could be used for development
of a more complete picture of optical and mor-
phological properties of these widely spread skin
disorders. This approach could be introduced in
clinical algorithms for early tumor detection and
differentiation between normal/benign/dysplastic/
malignant skin lesions.

4. Conclusions

All clinical applications of optical techniques in vivo
are based on extracting information from the optical
absorption, fluorescence and scattering properties of
tissues by non-invasive measurement of the fluores-
cence and/or diffusely reflected light. These prop-
erties are related to the function or structure of the
tissue. The fluorescence spectroscopy is extremely
sensitive to small changes in the human skin and
to the pathology types observed, but does not give
information about the thickness and morphological
distribution of the lesion. OCT, on the other hand,
allows imaging of the lesion, evaluation of its posi-
tion, thickness and depth from the surface — which
is very useful for the decision about next treatment
procedures — but does not give us significant infor-
mation about the lesion type itself.

In this investigation we demonstrated the
potential of combined application of LIFS and
OCT for differential diagnosis of the most com-
mon malignant pathology — basal cell carcinoma.
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The combined LIFS-OCT method offered real-time
data of the fluorophore compounds found in the
investigated skin and visual information about the
structural changes.

By fluorescence technique we could distinguish
the sub-type of the pathology and even the stage of
its growth. Some of the origins of the spectral fea-
tures in fluorescence spectra obtained from inves-
tigated lesions were also discussed. These results
could be used for better comprehension of the skin
optical properties and provide wide range of possi-
bilities related to early diagnosis and differentiation
of cutaneous diseases. A good correlation between
histological analysis of the skin and repeatabil-
ity of the features of the fluorescence signals from
patient to patient with one-type lesion was seen.
Although the number of reported cases does not
permit us to create general diagnostic algorithms,
the obtained results can give useful information
about the investigated lesions. Clinical trial is cur-
rently under implementation and with broadening
of the database that includes fluorescence spectra
and images of major skin benign and malignant
pathologies, we expect to develop an objective tool
for detection and evaluation of skin-lesion type,
based on its spectral properties.
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