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Abstract. The importance of dermatological noninvasive imaging techniques has increased over the last decades,
aiming at diagnosing nonmelanoma skin cancer (NMSC). Technological progress has led to the development of
various analytical tools, enabling the in vivo/in vitro examination of lesional human skin with the aim to increase
diagnostic accuracy and decrease morbidity and mortality. The structure of the skin layers, their chemical com-
position, and the distribution of their compounds permits the noninvasive photodiagnosis of skin diseases, such as
skin cancers, especially for early stages of malignant tumors. An important role in the dermatological diagnosis and
disease monitoring has been shown for promising spectroscopic and imaging techniques, such as fluorescence,
diffuse reflectance, Raman and near-infrared spectroscopy, optical coherence tomography, and confocal laser-
scanning microscopy. We review the use of these spectroscopic techniques as noninvasive tools for the photo-
diagnosis of NMSC. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.18.6.061221]
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1 Introduction

The skin is one of the tissues most investigated using optical
spectroscopy because of its easy access and the great diversity
of skin alterations that give significant changes in optical proper-
ties.! Cutaneous squamous cell carcinoma (SCC) and basal cell
carcinoma (BCC), commonly termed ‘nonmelanoma skin can-
cer’ (NMSC) or ‘epithelial skin cancers,” are among the most
common cancers in white-skinned populations. While malig-
nant melanoma originates from melanocytes, NMSC arises from
keratinocytes. Despite its low mortality rate, BCC may cause
considerable morbidity as it may occasionally grow aggressively
causing extensive local tissue destruction or recurrences after
treatment.” Cutaneous SCC, is associated with a 0.5% to 5%
risk of metastasis in the general population, and often displays
a more aggressive and difficult-to-treat course.’

Existing treatments, however, often do not meet the chal-
lenge of an effective management,’ especially in patients with
multiple lesions, advanced or widespread disease, highlighting
the need for early diagnosis. Recent developments in optical
imaging techniques may provide the possibility of real-time
noninvasive, high-resolution analysis of skin and can potentially
decrease morbidity and mortality in NMSC. Novel diagnostic
methods, using the fluorescence and reflectance spectroscopic
modes have been introduced to detect human tumors based on
the spectral properties of tissue, avoiding the need for a skin
biopsy. Several of these technologies have become commer-
cially available, including light-induced fluorescence (LIF) and
diffused reflectance spectroscopy (DRS), optical coherence
tomography (OCT), near-infrared and Raman spectroscopy,
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multispectral fluorescence polarization imaging, and reflectance
or fluorescence confocal microscopy.*® In this review, we will
address spectroscopic well-established as well as upcoming and
bench techniques used for the photodiagnosis of NMSCs.

2  Fluorescence

Light-induced fluorescence spectroscopy is a very attractive
potential diagnostic technique for early diagnosis and demar-
cation of skin cancer due to its high sensitivity, easy-to-use
methodology for real-time measurements, and noninvasiveness.
Fluorescence emission from malignant skin tissue is usually
excited using as an irradiation source a laser, light-emitting
diode (LED), a xenon, or halogen lamp.

2.1 Autofluorescence Spectroscopy

Laser-induced fluorescence (LIF) has been proposed for the
diagnosis of NMSC.®!'! Autofluorescence imaging is an attrac-
tive potential tool due to lack of need for contrast agents’ appli-
cation on the tissue under investigation. It allows differentiation
on the base of differences in biochemical content and metabolic
state of the pathology.''>"!* After illumination of the tissue with
an appropriate light source, the photons diffuse in the tissue and
fluorescence is re-emitted, enabling noninvasive spectroscopic
measurements and the ‘optical biopsy’ approach.'

Skin components, like aromatic aminoacids: phenylalanine,
tryptophan, and tyrosine fluoresce under excitation with deep
ultraviolet (UV) (in the spectral region 260 to 300 nm).
Structural proteins: collagen and elastin and their cross-links
fluorescent under excitation with 320 to 400 nm, in addition
with nicotinamide adenine dinucleotide (NADH) and flavins,
which are indicators of metabolic alterations, in the cutaneous
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Fig. 1 Schematic diagram of the light-induced fluorescence.

tissue.'!? As far as the source of autofluorescence excitation
of skin components is concerned, various light sources in UV
and the blue-green spectral region are used for excitation of
autofluorescence in skin tissues.'*?*23 A scheme of a typical
setup for autofluorescence spectroscopy is shown in Fig. 1.

Researchers in 2001, such as Brancaleon et al.,° observed
higher fluorescence intensity in nonmelanoma skin tumors
versus normal skin, using UV excitation for the tryptophan
residues, which may be a result of epidermal thickening in
the tumor site. In contrast, the fluorescence intensity associated
with collagen cross-links was lower in tumors, because of the
erosion and degradation of the connective tissue and the
decrease in collagen and elastin crosslinks.?’

In 2002, Panjehpour et al. studied 49 patients [BCC, SCC,
actinic keratoses (AK), and normal skin] and compared diagnos-
tic accuracy in laser-induced fluorescence spectroscopy for skin
types I to III to determine the skin colors’ effect on the results.?
Normal skin exhibited stronger fluorescence emission than BCC
and SCC with 410 nm excitation. The accuracy of classifying
NMSC was 93% in type I skin and 78% for type III, due to the
higher absorption of melanin.>??

Different excitation wavelengths exhibited lower fluores-
cence signal in BCC tumors, in comparison with normal skin
fluorescence, which is observed by the group of Na et al.,'®
Zeng et al.,”* Borisova et al.,”>?% and Drakaki et al.' In addition,
a red shift of the spectral profile of BCC skin biopsies ex vivo
was revealed during the research of optical characterization of
normal and malignant skin after excitation with a nitrogen laser
by Drakaki et al.' An example of that spectroscopic process is
shown in Fig. 2.

In the wavelength spectrum of 350 to 450 nm, the higher
fluorescence intensity shown in the normal tissues is due primar-
ily to a conversion of collagen (emission around 390 to 405 nm)
and elastin (emission around 400 to 410 nm) from normal to
malignant tissues and a decrease in NADH (emission around
440 to 460 nm) levels in the malignant tissues.'

However, skin is a complex multilayered and inhomoge-
neous organ, with spatially varying optical properties that com-
plicate the quantitative analysis of the fluorescence spectra.”’
In addition, the intensity of the fluorescence signal may not be
a consistent parameter for a decision as several factors, such as
surface morphology of the distance between the tissue surface
and probe, can affect the signal. Diagnostic algorithms are able

Journal of Biomedical Optics

061221-2

Fluorescence intensity (a.u)

= T T T T =
350 400 450 500 550 600
Wavelength, nm

Fig. 2 (a) A representative photo of skin sample with BCC. (b) Histo-
pathologic image in BCC area of the skin sample of part (a) (H&E).
(c) Fluorescence spectra of healthy skin tissue and skin tissue with
basal cell carcinoma after excitation with 337 nm of nitrogen laser.

to correlate the varied spectra and differentiate malignant tumors
from normal tissues.!>!%2

2.2 Light-Induced Fluorescence Spectroscopy with
Exogenous Agents

Exogenous fluorescent markers are used when the skin lesion is
highly pigmented and the obtained fluorescence signal is too
weak to be used for diagnostics.'” In addition, special photosen-
sitizers are introduced in the fluorescence diagnostic therapeutic
modality through photodynamic therapy (PDT).

2.2.1 PDT-associated fluorescence diagnostics: the
photodynamic diagnosis

PDT combines three elements: oxygen, light, and a photosen-
sitizing chemical agent, such as porphyrin, to activate reactive
oxygen species within targeted tissues. When this occurs, cancer
cells are destroyed without damaging healthy tissue.”> The
photosensitizing agent, most commonly 5-aminolevulinic acid
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(5-ALA) or methyl-aminolaevulinate (MAL) is applied either
topically or systemically where it is absorbed by normal and
mainly by abnormal tissue. The topical formulation generally
is preferred for cutaneous disease because systemic porphyrin
administration is associated with prolonged photosensitivity.*
PDT has proven to be clinically effective in treatment of super-
ficial skin (pre)malignancies including superficial BCC, and
thin nodular BCC lesions. PDT may also prevent the develop-
ment of certain NMSCs in immune-suppressed patients.*'? In
most clinical studies 16% MAL and 20% ALA are used. At this
moment, only the commercial form of MAL (Metvix®, Gal-
derma, Paris, France) is approved in most European countries
for the treatment of AKs, Bowens’ disease, superficial BCC,
and small nodular BCC.

The use of Protoporyphrin IX (PpIX) fluorescence for the
diagnosis of NMSC is known as photodynamic diagnosis (PDD).
The topical application of 5-aminolevulinic acid (5-ALA)
results in a selective accumulation of Protoporyphrin IX (PpIX)
in cells of NMSC. A study from Van der Beek et al.** compared
PpIX fluorescence with and without auto-fluorescence after
5-ALA application and irradiation of pulsed light at 407 nm,
for the photodiagnosis of NMSC in 30 patients. They used
devices which measure not only the PpIX fluorescence, but also
the auto-fluorescence of the skin.** The use of autofluorescence
allowed for the correction of factors influencing both for auto-
fluorescence and PpIX fluorescence equally, such as scaling,
stratum corneum thickness, reflection due to a nonperpendicular
alignment of the skin, or a change in the irradiance due to a
variance in the distance between the skin and the light source.
This way the intensity of PpIX fluorescence relative to the auto-
fluorescence could be calculated (normalized method).° The
specificity of the non-normalized and the normalized method
of their study was 27% and 100%, respectively, while sensitivity
was 39% and 97%, respectively (p-value <0.001).* Similar
reports showed promising results in demarcation of skin lesions
in 15 BCC patients.*

In another study, PDD has been suggested as an in vivo
presurgical tool to determine the tumor margins before Mohs
micrographic surgery.*® The red PpIX fluorescence at 635 nm
of MAL-treated BCC (n = 35) during illumination of blue
light (365 to 405 nm) was recorded by Sandberg et al.*® with
a filtered charge-coupled device (CCD) camera, which recorded
the fluorescence emission in the range of 610 to 715 nm. They
had proposed MAL for higher tumor contrast compared to ALA
in BCCs.*® This superiority and its selectivity was supported by
Fritsch et al.,*” Moan et al.,® Kleinpenning et al.,* and Tierney
et al.*

On the other hand, future research showed that preoperative
fluorescence diagnosis for nodular BCC in the H-zone did not
show any additional benefit compared to clinical diagnosis.*!

Kleinpenning et al.*® observed that there could be a potential
applicability of fluorescence diagnosis with ALA-induced por-
phyrins to diagnose premalignant lesions with a tendency to pro-
gress into SCC and early invasive squamous skin cancer. They
noticed that as SCC is characterized by hyperkeratosis and the
invasion of atypical keratinocytes in the dermis with a dense
inflammatory infiltrate, it is likely that the penetration of the pre-
cursor of PpIX and/or the light are the limiting factors for fluo-
rescence diagnosis with ALA-induced porphyrins in SCC. The
photosensitiser ALA was also successfully used to guide biopsy
and screen for residual tumor after PDT, in a patient with Nelohs
On the other hand, using 20% ALA to map boundaries based on
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the red fluorescence of the Wood’s lamp in 142 patients with
SCC, Bowen’s disease or BCC, before Mohs micrographic sur-
gery, did not affect the number of surgical stages necessary.*’
Limitations of PDD include the variation of the fluorescent
contrast according to the depth and thickness of the tumor, the
type of photosensitizer, and the duration of application.**

2.2.2 In vitro fluorescence-polarization imaging

Yaroslavsky et al.** used tetracycline (TCN) and demeclocycline
(DMN) fluorescence for the detection and delineation of non-
melanoma skin tumors in vitro. However, the success rates of
TCN and DMN fluorescence emission imaging were 13%
and 20%, respectively. In contrast, in the fluorescence polariza-
tion image (FPI) was successful in 88% and 94% of cases,
respectively, with the cancerous area being bright, as compared
to normal skin, when they were excited by linearly polarized
monochromatic light centered at 390 nm. The shape, size,
and location of the tumor in the FPI correlated well with histo-
pathology. The level of endogenous fluorescence polarization
was much lower than that of exogenous, and the average values
of fluorescence polarization of tetracycline derivatives were sig-
nificantly higher in cancerous as compared to normal tissue. The
higher values of fluorescence polarization in cancer cells has
been attributed to the high affinity of tetracyclines for mitochon-
dria that are abundant in cancer cells and to changes in biochem-
ical and optical properties of the lesional skin. It was proposed
that imaging of tetracycline fluorescence polarization enables
“optical sectioning” of the thick tissues, thus allowing imaging
of the superficial tissue layers only. In the multiply scattering
media, such as skin, fluorescence at different depths can be
monitored using polarized light.**

3 Diffuse Reflectance Spectroscopy

The diffuse reflectance spectrum reflects the absorption and the
scattering properties of the skin tissue, where the absorption
coefficient is directly related to the concentration of physiolo-
gically relevant absorbers in the tissue, and the scattering coef-
ficient reflects the size and the density of the scattering centers in
tissue.! As the detected diffuse reflectance signal is superposi-
tion from diffuse scattering and absorption from tissues’ pig-
ments, the resultant spectrum can reveal information about
main absorbers in the skin tissues, like hemoglobin and melanin
and its pathologies and can provide valuable information regard-
ing both tissue morphology and function and identify benign
and cancerous or cancer prone skin lesions for the purpose
of reducing unwanted benign biopsies.

A number of diffuse reflectance-based techniques have been
developed for the evaluation of nonmelanoma.**’ The advan-
tage of a DR spectroscopic device lies in its binary diagnosis
(cancer/no cancer) making it an attractive monitoring method,
that can be operated with minimal additional training.

Most of the researchers found lower spectral intensities in
BCC skin tissues compared to the corresponding normal
skin.?®** Thomson et al.* were able to diagnose BCCs and
neighboring healthy skin, using linear discriminant analysis in
a leave one-out protocol, with a sensitivity and specificity of
100% and 71% respectively. Rajaram et al.”® found statistically
significant differences (p < 0.05) in the optical properties be-
tween normal skin and the different histologic groups, like BCC,
SCC, and AK. One explanation according to Rajaram et al.?® is
the possible breakdown in the collagen matrix present in the
dermis. The contribution of collagen to the overall scattering

June 2013 « Vol. 18(6)



Drakaki et al.: Spectroscopic methods for the photodiagnosis of nonmelanoma skin cancer

at the source-detector separation exceeds that of cells and nuclei.
Because of this, a small increase in the epidermal scattering due
to large-scale malignant cell proliferation would still be masked
by a larger reduction in dermal collagen scattering. This trend in
scattering from normal to malignant cancer is consistent with
studies of other researchers on skin, where the scattering coeffi-
cient was significantly lower for every cancerous group, when
compared to normal skin.***’ DRS spectra from Rajaram et al
2850 exhibited a large flattening of the diffuse reflectance spec-
trum at approximately 420 nm corresponding to the Soret band
of hemoglobin absorption, while change in line shape of the dif-
fuse reflectance spectra of BCC showed large depressions in the
Q-bands (540 to 575 nm) of hemoglobin absorption too. Similar
trends were also noticed for AK and SCC, however, these were
not found to be statistically significant. Based on statistic and
mathematical analysis they determined the values of mean ves-
sel diameter for both normal skin and BCC and they reported
that the change in mean vessel diameter from normal skin
(15 4+ 2 um) to BCC (40 + 6 um) is statistically significant.>

When autofluorescence is detected in vivo, researchers need
to take into account the influence of cutaneous absorbers and
scatterers, which distort the spectral shape of the autofluores-
cence signal coming from the tissue. To remove distortions
introduced in measured tissue fluorescence spectra by tissue
scattering and absorption, the fluorescence spectra may be ana-
lyzed in combination with information from the corresponding
reflectance spectra. This way, the intrinsic tissue fluorescence
may be extracted.” In addition, application of DRS could be
combined with fluorescence also in highly pigmented, which
exhibit too fluorescence signal.l’19 Therefore, in the recent
years, there has been growing interest in the common use of
light-induced autofluorescence and reflectance spectros-
copy to differentiate disease from normal surrounding tissue,
mainly for detection and differentiation of cancerous and
precancerous changes in human body.

Unfortunately there has been variability between and within
the DR spectra groups and a classification difficulty due to the
heterogeneity of lesions and anatomic differences, inter-patient
differences in factors such as skin photo-type, level of sun expo-
sure and age. There is a need for localization of the measurement
volume and support for development of improved classifiers on
groups of lesions, divided by specific lesion pathology.*®

4 Raman Spectroscopy

Raman spectroscopy has strong potential for providing non-
invasive dermatological diagnosis of NMSC. Raman scatters in
tissues, including the cell cytoplasm, cell nucleus, fat, collagen,
cholesterol-like lipid deposits, and water.'>

Fendel et al.,’' Gniadecka et al.,’> Nunes et al.,>*> Schrader et
al.,>* Skrebova et al.,” and Barry et al.,>® used Fourier transform
(FT)-Raman spectroscopy to distinguish between BCC and sur-
rounding normal tissue.

Gniadecka et al.”’ indicated alterations in protein and lipid
structure in NMSC. Spectral changes were observed in protein
bands, amide I (1640 to 1680 cm™'), amide III (1220 to
1300 cm™'), and n(CC) stretching (probably in amino acids
proline and valine, 928 to 940 cm™'), and in bands characteristic
of lipids, CH2 scissoring vibration (1420 to 1450 cm™!), and
-(CH2)n- in-phase twist vibration around 1300 cm™.

Nijssen et al.>® demonstrated pseudo-color Raman maps
based on FT-Raman spectra obtained from a frozen tissue sec-
tion of BCC. In their work, they showed that the pseudo-color
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Raman map is closely related to the microscopic image of the
hematoxylin and eosin (H&E)-stained sample.

Silveira et al.*” used a near-infrared Raman spectrometer
to obtain spectra of normal skin and BCC in vivo. There were
notable differences in the Raman peak intensities at 800 to
1000 cm™!, 1200 to 1400 cm™', and around 1600 cm™'. The
authors implemented a diagnostic model to discriminate BCC
from normal skin, using algorithms such as principal compo-
nents analysis (PCA) and Mahalanobis distance. They reported
85% accuracy in differentiating normal skin from BCC.

R. de M. F. Pereira et al®® used the FT-Raman spectroscopy to
differentiate between normal skin and SCC in vitro, where spec-
tra in the normal tissue showed the presence of vibrational bands
in 860 and 939 cm~! with higher intensity than in the carcinoma
spectra. These modes were assigned to the vibration of proline
and hydroxiproline. The shift region of 1555 to 1560 cm™!
showed a difference of intensity to the samples of SCC, which
were attributed to the nucleic acid.

Several studies with FT-Raman spectroscopy has applied a
long wavelength excitation laser (1064 nm Nd:YAG laser or
850-nm titanium—sapphire laser) in order to minimize autofluo-
rescence from skin tissue. However, the longer wavelength laser
had poor Raman scattering intensities compared to the shorter
excitation wavelength laser. As a result, previously reported
Raman spectra on BCC tissues show poor signal-to-noise ratios
and require statistical adjustment of spectroscopic data, such as
PCA,>* K-mean clustering analysis (KCA),58 and neural net-
works™? to differentiate between Raman signals of cancerous
and normal tissues.

Choi et al.®' showed that with confocal Raman microscopy,
using a shorter wavelength argon ion laser at 514.5 nm, distinct
Raman band differences up to 95% between normal and BCC
tissues for the amide I mode and the PO; symmetric stretching
mode were found, without the need for statistical adjustment of
spectral data. It was also possible to precisely differentiate BCC
tissue from surrounding noncancerous tissue using the confocal
Raman depth profiling technique.

However, none of these groups have explored the ability of
Raman spectroscopy to provide diagnosis of NMSC (BCC and
SCC) and inflamed scar tissue in vivo at scarred areas of pre-
vious biopsy or surgical resection, particularly important for
the dermatologist. Lieber et al.®? predicted correctly with a diag-
nostic algorithm all of the BCC, SCC, and inflamed scar tissues
and normal tissues with a 100% sensitivity, 91% specificity for
abnormality, and with a 95% overall classification accuracy.

5 Near-Infrared Spectroscopy

Infrared spectroscopy and Raman spectroscopy are two
mutually complementary methods, which provide information
on molecular composition and structure and interactions occur-
ring in the sample.®

In 1999, Mclntosh et al. showed that biopsies from BCC,
SCC, and melanocytic tumors have distinct mid-IR signatures
compared to normal skin.**% MclIntosh et al.** used infrared
spectroscopy to examine BCC to explore distinctive character-
istics versus normal skin samples and other skin neoplasms.
Spectra of epidermis, tumor, follicle sheath, and dermis were
acquired from unstained frozen sections, and analyzed qualita-
tively, by t-tests and by linear discriminant analyses. Dermal
spectra were significantly different from the other skin compo-
nents mainly due to absorptions from collagen in dermis. Spec-
tra of normal epidermis and BCC were significantly different by
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virtue of subtle differences in protein structure and nucleic acid
content. Linear discriminant analysis characterized spectra as
arising from BCC, epidermis, or follicle sheath with 98.7%
accuracy. Use of linear discriminant analysis accurately classi-
fied spectra as arising from epidermis overlying BCC versus epi-
dermis overlying nontumor-bearing skin in 98.0% of cases.
Spectra of BCC, SCC, nevi, and malignant melanoma were qua-
litatively similar. Distinction of BCC, SCC, and melanocytic
lesions by linear discriminant analyses was 93.5% accurate.**

Complete absorption of mid-IR light results with samples
greater than 10 to 15 mm in thickness, when in contrast,
near-IR light is scattered to a much greater extent than it is
absorbed, making tissues relatively transparent to near-IR
light, thus allowing the examination of much larger volumes
of in vivo tissue.®® In vivo near-IR spectroscopic characterization
of skin tumors presented by McIntosh et al., © for differential
diagnosis of BCC from other skin cancer types, where linear
discriminant analysis (LDA) was used to determine whether
spectra could be classified according to lesion type. This
resulted in accuracy of 70% to 98% in differentiating benign
from premalignant or malignant lesions.

In 2006, Salomatina et al.** determined and compared the
in vitro NIR spectroscopic properties of human skin to those
of NMSC. They observed a significant difference in the NIR
scattering between cancerous tissues and control skin, and noted
that the absorption was significantly lower for BCC than for
control skin.

A combination of infrared spectroscopy with high pressure
(pressure-tuning infrared spectroscopy) was reported by Wong
et al.®® who worked with cluster analysis in 1992 and applied it
to the study of paired sections of BCC and normal skin from 10
patients. Atmospheric pressure IR spectra of BCC were drama-
tically different from those of the corresponding normal skin.
Compared to their normal controls, BCCs displayed increased
hydrogen bonding of the phosphodiester group of nucleic acids,
decreased hydrogen bonding of the C-OH groups of proteins,
increased intensity of the band at 972 cm™!, decreased intensity
ratio between the CHj stretching and CH, stretching bands and
accumulation of unidentified carbohydrates.

6 Laser-Scanning Microscopy

Within the last years, laser spectroscopic methods have achieved
substantial improvements in the imaging of dermal tissue in
vivo. With the recent development of in vivo LSM systems,
which can be directly applied on any human skin area, new pro-
mising potentials have opened up for LSM in medicine. Laser-
scanning microscopy allows the distinction of all types and for-
mations of cells, as well as skin appendages, such as sweat
glands and hair follicles. The laser-scanning microscopes are
fiber-based systems which allow the investigation of all body
sites. They have proved a potentially valuable diagnostic aid
in BCC and SCC diagnosis, both ex vivo and in vivo.%™

The basic confocal-principle involves focusing a laser light
onto a small spot within the dermal tissue. A light signal out of
the focus point is collected at the same time in order to create a
confocal image. Mainly the returning light directly from the
focal point is only detected, whilst prevention of any scattered
and reflected light from out-of-focus planes increases the imag-
ing contrast. A deep scan can be performed easily by moving
the light focus deeper into the tissue. As a result, different
cell layers can be observed, the skin architecture can be studied
without taking a destructive biopsy.”!
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There are three types of confocal spectroscopic methods in
use: the reflectance, fluorescence, and the Raman spectros-
copy.”>"* Depending on the laser source like an Argon laser
488 nm, or a NIR diode laser at 830 nm, the detection system
and the usage or not of a contrast dye, different dermatologic
in vivo laser-scanning microscopes are now commercially avail-
able. In the case of reflectance confocal microscopy (RCM),
systems illumination and detection takes place at the same wave-
length. in vivo laser-scanning microscopy in reflectance and
fluorescence mode generate horizontal optical sections at a reso-
lution that is comparable to routine histology, but at the present
time, these techniques are limited by their penetration depth.*
Compared to routine histology, those images are oriented hor-
izontally to skin surface (en face) and they are analyzed in gray
scale. There are several advantages of in vivo laser-scanning
microscopy (LSM) over conventional histology. The imaging
is painless and noninvasive, causing no tissue damage or altera-
tion by processing or staining. Another aspect is the rapidity
with which the data can be collected, and the ability of LSM
for repeated evaluations of dynamic processes in real time.

6.1 Reflectance Confocal Microscopy

Confocal scanning laser microscopy in the reflectance mode
(RCM) is a recently developed noninvasive technique of skin
imaging that has been shown to be useful in discriminating
NMSC from normal skin, while it is said that has similar resolu-
tion like to that of conventional histopathology.”’® RCM is a
dynamic examination, and it is possible to move the focus
area within the three dimensions, which has been considered
as an equivalent of serial sectioning in conventional histo-
pathology.””’®

RCM permits the acquisition of dynamic images of the epi-
dermis and papillary dermis with resolution at a cellular
level.”>®® Current CM systems have an axial resolution of 1
to 5 um and a lateral resolution of 0.5 to 1 ym. Their main tech-
nical limitation is related to the penetration depth of imaging,
which cannot be deeper than 200 to 300 gm.”>* Some confocal
microscopy systems are based on reflectance measurements of
structures with different refractive indices, where the visualiza-
tion of skin structures (melanin, hemoglobin, etc.) is based on
differences in different reflectivity. Generally, the higher the dif-
ferences in the refractive index of skin structures, the stronger
the contrast of the images. In particular, melanin and keratin
have high refractive indices, producing a bright contrast in
the LCM. Since these differences are minor in the human
skin, high-contrast images can be obtained only by considerable
technical effort.

In 2001, Selkin et al.” studied 115 BCC patients with in vivo
RCM reported characteristics features and proposed a diagnostic
algorithm. Multivariate analysis found 8 independent features
distinguishing between BCC and other lesions examined (mel-
anoma, nevi, SCC, actinic keratosis, solar lentigines). Positive
features included: polarized in the honeycomb, linear telangiec-
tasia-like horizontal vessels, basaloid cord or nodule, and epi-
dermal shadow; while negative features included: nonvisible
papillare, cerebriform nests, and disarrangement of the epider-
mal layer. In SCC, features were found irregular epithelial mass
with a variable proportion of normal and atypical keratinocytes,
along with areas of anaplasia.%’

Rajadhyaksha et al.3' have used thick skin excisions to poten-
tially guide Mohs micrographic surgery without frozen histo-
pathology. Precise removal of nonmelanoma cancers with
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minimum damage to the surrounding normal skin was guided by
the histopathologic examination of each excision during Mohs
micrographic surgery where real-time confocal reflectance
microscopy offered an imaging method potentially to avoid fro-
zen histopathology and prepare noninvasive (optical) sections
within 5 min. However, they suggested that infrared RCM
using acetic acid as a contrast agent was not a reliable method
for the diagnosis of infiltrative BCC, mainly due to the intrin-
sically high scattering of dermal collagen that is around the thin
strands of cancerous cells of this type of BCC.*!

In another study of Gerger et al.3? which included 20 patients
with histologically verified BCC, an evaluation of fresh BCC
excisions by confocal laser-scanning microscopy was performed
by 4 independent observers. Logistic regression analysis
revealed that mainly tumor cell nuclei and tumor nests should
be taken into account for diagnostic decisions, whereas dis-
integration of tumor cells, peripheral palisading, and retraction
of stroma were rarely useful. However, most of the features
were highly reliable. The authors stated that this diagnostic
validation study of RCM in microscopy-guided surgery yielded
promising results in the microsurgery of any skin cancer. The
same group®® investigated the use of RCM in microsurgery for
invasive SCCs and the results regarding the sensitivity and
specificity of the method were very good and promising.

In vivo RCM has been used by Guitera et al.** for the evalua-
tion of 710 consecutive cutaneous lesions excised to exclude
malignancy. The authors proposed a two-step method of early
diagnosing BCC and then melanoma, with 100% sensitivity and
88.5% specificity for BCC diagnosis.

6.2 fluorescence Confocal Laser-Scanning
Microscope

Fluorescence confocal laser-scanning microscopy (FLSM) in
vivo is a novel technique where fluorophore distribution in
the skin may illustrate morphologic changes in the epidermis.
FLSM images have a high resolution of about 0.5 to 1 pm.
The underlying principle of FLSM systems is the excitation
and detection of fluorophores by scanning a focal plane within
the tissue using a coherent laser light source. After excitation,
the emitted fluorescence from the accumulation of exogenously
applied fluorophores allows visualization of the intercellular and
intracellular compartments of live skin.* An application for
FLSM is the ability to image fluorescent markers that target spe-
cific subcellular molecules including proteins and therefore
through the representation of cellular microscopy, to monitor
specific pathologic and immune processes over time.*

FLSM study by Astner et al.,* using an argon-ion laser
(488 nm) as the excitation light source, evaluated noninvasively
NMSC in vivo, after intraepidermal injection of 0.2% sodium
fluorescein (15 patients with BCC versus 10 healthy controls).
FLSM was able to detect the morphologic characteristics of
BCC that were in correlation with routine H&E histology.
Tumor nests corresponded to the presence of islands of atypical
basal cells that were monomorphic in shape. Large, elongated
nuclei were often oriented along the same axis, resulting in an
overall polarized appearance. Areas of clefting demarcated the
tumor nests against surrounding epidermal structures. A super-
ficial inflammatory infiltrate was visualized. Epidermal pleo-
morphism, the characteristic nesting of atypical basal cells,
and increased blood vessel tortuosity was visualized.*
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6.2.1 Multiphoton tomography

MPT can exploit autofluorescence of intrinsic tissue fluoro-
phores (NADH, cholecalciferol, flavins, keratins, elastin, col-
lagen), thereby enabling functional and structural imaging of
the skin. In conventional confocal fluorescence microscopy,
fluorophores are excited in the visible or UV spectrum, while
MPT excitation involves the simultaneous absorption of two or
more photons of longer wavelength, usually in the near-infrared
spectrum. This longer wavelength infrared radiation undergoes
less scattering than visible light, thus facilitating high resolution
imaging deeper into biological tissue. Efficient MPT excitation
usually requires ultrashort femtosecond laser pulses, which are
also able to produce the nonlinear effect of second harmonic
generation (SHG), engendered by periodic structures in tissue
matrix components such as collagen. The combination of auto-
fluorescence imaging and SHG gives access to morphology and
structure of both cells and extracellular matrix of the skin.*®
Multiphoton laser tomography (MPT) has been combined
with fluorescence lifetime imaging (FLIM). FLIM is an
additional noninvasive microscopy technique enabling the
identification of endogenous fluorescent molecules and their
surrounding medium by measuring the decay rate of fluores-
cence emission. A commercially available MPT imaging system
consisting of three major modules: excitation laser (titanium—
sapphire laser), scanning unit, and control module, has been
used to provide BCC descriptors and to successfully diagnose
63 BCC ex vivo.*® Furthermore, results obtained with MPT-
FLIP imaging are comparable with those obtained with RCM.*’

6.3 Confocal Raman Laser-Scanning Microscope

CLSM is based on the detection of Raman spectra in the focal
plane. Raman scattering is caused by tissue molecules or topi-
cally applied substances, where molecular bonds demonstrate
specific spectral signatures. Compared to fluorescence and
reflection LSM, Raman microscopy does not deliver an image
of the morphological structure but it rather provides chemical
information with regard to the tissue. There is low experience
in diagnosis of NMSC with CLSM. However, clinical applica-
tion has been investigated in studies of BCC.’%#%° Research
and full development in the clinical field is under investigation.

6.4 Combination of Fluorescence, Reflectance, and
Raman Mode on Laser-Scanning Microscopy

Combinations of fluorescence and Raman spectroscopic laser-
scanning measurements can be used in skin physiology, phar-
macology for the analysis of the distribution and the penetration
process of topically applied substances, or for the increase of
contrast and differentiated correlation.”*?!?

Dye-enhanced [methylene blue (MB), toluidine blue (TB),
belonging to the family of phenothiazinium dyes] multimodal,
reflectance, fluorescence, and fluorescence polarization confo-
cal microscopy was studied by Al-Arash et al.”’ in fresh thick
human NMSC with 37 samples for the reliable in vitro detection
of BCC and SCC. Reflectance, fluorescence, and fluorescence
polarization of TB and MB were excited using 633 and 656 nm
laser light, respectively, and reflectance images at 830 nm were
used as a reference. Compared to H&E histopathology, similar
results were reported for reflectance and fluorescence confocal
mosaics.
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Skvara et al.’! studied the fluorescence properties of the
fluorophore indocyanine green (ICG) and reflectance versus
fluorescence images after its application to human skin. Intra-
dermal application of a 0.5% solution of ICG was intradermally
injected in 3 patients with BCC. The tissue was illuminated with
near-infrared laser light (785 nm) and reflectance and fluores-
cence images were obtained using a commercially available
confocal laser-scanning microscope. Typical tumor nests were
identified, characterized by polarization of epithelial cells at
the periphery of the islands. The two confocal modes showed
different accuracy in recognizing these tumor islands, with
better precision in FLSM than in RCM.

7 Optical Coherence Tomography

Optical coherence tomography (OCT), another type of optical
imaging modality, was first demonstrated in 1991.”* In particu-
lar, OCT, an interferometry-based method, performs high reso-
lution, cross-sectional tomographic imaging of the internal
microstructure of skin by measuring backscattered and back
reflected light and has been recognized as a promising tool
for the diagnosis of pathological changes.”* OCT has greater
image resolution than ultrasound, typically 5 to 15 ym. Com-
pared to confocal microscopy and multiphoton microscopy,
OCT has a larger field of view and penetration depth and offers
cross-sectional images of the skin similar to histopathology
sections.”

However, in a highly scattering tissue like skin, OCT has a
relatively limited penetration depth of up to 2 mm, since this
method operates with ballistic photons,>*®°7 while lateral reso-
lution of 10 to 15 um is more typical.***>?"-1%! New systems
with ultra-high resolution of about 1 pm have recently been
developed. OCT uses wavelengths within the band 600 to
2000 nm where the main constituents of the tissue, water, pig-
ments, etc. exhibit low absorption.’ In order to obtain maximum
penetration depth, matching index gel can be applied in the skin
tissue or we could use longer wavelengths around 1300 nm,
while for a better image contrast, central wavelengths around
800 nm are more appropriate.'”? Broadband sources such as
superluminescent diodes, semiconductor-based light sources,
or femtosecond lasers (e.g., Ti: Al,O3) have short coherence
lengths and thus are good candidates for use in OCT.!*

Some OCT scanners for dermatological purposes are already
available on a commercial basis.'* OCT can reliably identify
epidermis and the dermo-epidermal junction (DEJ),'® while
it is also able to identify the normal regional differences.!% It
has shown promise as a diagnostic tool for the detection and
imaging of NMSC.>**1%0 A breakup of the characteristic layer-
ing of normal skin'®!% is found in OCT images of NMSC
lesions 941001067108 However, this disruption of layering is
also seen in various benign lesions as sebhorreic keratosis'®
and benign melanocytic nevi.'” Gambichler et al.”* confirmed
with their experiments that thinning of the epidermal layer
corresponded to severe actinic changes including epidermal
atrophy, as shown in histology. Moreover, faint lobular
structures, often appearing in honeycomb-like aggregates,
could be visualized in the upper dermis. These structures usually
had a signal-poor core surrounded by a light backscattering
ring.**

Gambichler et al.,'® in a more systematic study, found a
loss of normal skin architecture and a disarrangement of the
epidermis and upper dermis on OCT images of BCCs as com-
pared with adjacent nonlesional skin. Furthermore, large plug-
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like signal-intense structures, honeycomb-like signal-free struc-
tures, and prominent signal-free cavities in the upper dermis
were requently detected.

Several other NMSC features in OCT images have been
described. The most important are: focal changes including
thickening of epidermis (AK);>!'® dark rounded areas, some-
times surrounded by a white area (BCC basaloid island cell clus-
ters and surrounding stroma); and increased penetration depth in
OCT images.>*

Mongensen et al.””!!! found a sensitivity of 79% to 94% and
specificity of 85% to 96% in differentiating normal skin from
lesions for OCT. Discrimination of AK from BCC was not
possible in their research.

Other studies also suggested a good match between OCT
images and histopathology in BCC lesions,'"’ although BCC
subtypes could not be identified in OCT images.''? In the pre-
vious year, Olmedo et al.'”” performed an interesting OCT study
on BCC where they found lobules, islands, and infiltrating
strands of BCC appeared similar in OCT images and histologic
sections regardless of the type of BCC. Notably, Olmedo et al.'"’
reported that multifocal superficial BCC can be differentiated
from other BCC subtypes. In addition, the tumor tissue observed
in the deeper dermis appeared as signal-poor round structures
due to penetration depth of OCT. In that matter, when Korde
et al.''’ examined superficial BCC, a subepidermal highly
reflecting band was found in the OCT image that corresponded
to the tumor in histological sections.

SCC has mainly been studied on oral mucosal surfaces
using OCT, but changes similar to BCC have been described.'!?
Coleman et al.''* confirmed previous reports of the limitation
in the use of OCT in SCC,”1%M11% where there is shadowing
by surface hyperkeratosis.

An advanced version of OCT, the polarization-sensitive OCT
(PS-OCT) has the ability to visualize and quantify the birefrin-
gence properties of skin and thus has been used as an efficient
tool for tissue segmentation.'™ Many types of tissue are distin-
guishable in PS-OCT, in particular those with a significant col-
lagen content such as the skin.'*!% Several types of invasive
lesions, including BCC, can cause a breakdown of collagen
structure, resulting in a loss of birefringence which has been
quantified using PS-OCT. %115

In most researchers work, no statistically significant differ-
ence was found with conventional OCT between nodular, multi-
focal superficial, and infiltrative BCC. This may be due to the
relatively small sample size in studies of BCC subtypes such as
multifocal superficial BCC and infiltrative BCC.”* In  this
matter, nowadays a newer developed version of OCT with high-
definition facilitates in vivo diagnosis of BCC and allows
the distinction between different BCC subtypes for increased
clinical utility.'!3

This is an innovative technique based on the principle of con-
ventional OCT, with the ability to carry out optical imaging up
to 570 ym deep within highly scattering media such as skin and
with a ym resolution in both lateral and axial directions, giving it
the potential to visualize individual cells.'!® Tnstead of a single
pin diode, it uses a two-dimensional, infrared-sensitive (1000 to
1700 nm) imaging array for light detection. This enables focus
tracking: the focal plane is continuously moved through the
sample,''® which in addition to the vertical OCT imaging mode
offers a real-time, horizontal, so-called en-face imaging mode,
which allows the immediate visualization of OCT pictures with
high resolution in both dimensions.!!”
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On the other hand, the higher resolution results in a reduced
penetration depth making HD-OCT not the medium of choice
for the measurement of thick tumors. Here, conventional OCT
with a reported penetration depth of nearly 1 to 2 mm seems to
be superior.'"” Nevertheless, HD-OCT may serve as an impor-
tant adjunct which may reduce the need for invasive biopsies in
some of the cases, e.g., multiple tumor or patients who may
request nonsurgical therapy. In such cases, HD-OCT makes it
possible to conduct longitudinal studies of lesional therapy
such as PDT or other nonsurgical treatment procedures.!!®

It may be advantageous to combine OCT with other imaging
modalities, in the so called multimodality imaging such as
Raman, Doppler, fluorescence, and ultrasound. This approach
may further improve diagnostic capabilities in skin research
as well as future dermatology practice.

8 Conclusions

Novel and established diagnostic techniques, involving spectro-
scopic and imaging diagnosis for NMSC have been reviewed
in this article. Some of these novel techniques have the potential
to become clinically available for the noninvasive diagnosis
of NMSC. Many of these diagnostic methods seem to offer an
adequate diagnostic accuracy, especially as a supplement to
clinical diagnosis. The optical imaging technologies, such as
fluorescence diffuse reflectance, Raman and near-infrared spec-
troscopy, optical coherence tomography, and confocal laser-
scanning microscopy have been discussed for their resolution
and accuracy in dermatological diagnosis. While the skin biopsy
and histopathological assessment are yet to be replaced, the
evolution and combination of spectroscopic techniques may be
a promising technology for the photodiagnosis of NMSC, in
the future.
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