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1 Introduction

Abstract. An expanding body of literature suggests Raman spectros-
copy is a promising tool for skin cancer diagnosis and in-vivo tumor
border demarcation. The development of an in-vivo diagnostic tool is,
however, hampered by the fact that construction of fiber optic probes
suitable for Raman spectroscopy in the so-called fingerprint region is
complicated. In contrast, the use of the high wave-number region
allows for fiber optic probes with a very simple design. We investigate
whether high wave-number Raman spectroscopy (2800 to
3125 cm™") is able to provide sufficient information for noninvasive
discrimination between basal cell carcinoma (BCC) and noninvolved
skin. Using a simple fiber optic probe, Raman spectra are obtained
from 19 BCC biopsy specimens and 9 biopsy specimens of perile-
sional skin. A linear discriminant analysis (LDA)-based tissue classifi-
cation model is developed, which discriminates between BCC and
noninvolved skin with high accuracy. This is a crucial step in the
development of clinical dermatological applications based on fiber

optic Raman spectroscopy. © 2007 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2750287]
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crographic surgery is, however, a laborious method, which is
why its use is generally limited to BCCs with an aggressive

Basal cell carcinoma (BCC) is the most common cutaneous
carcinoma and its incidence is ever increasing.'” Although
usually slow growing with an indolent clinical behavior, a
minority has an aggressive behavior with significant local de-
struction. Especially in large carcinomas with an aggressive
growth pattern, visual determination of tumor borders can be
difficult.* Mohs’ micrographic surgery is a technique that can
identify tumor margins with near 100% certainty, reducing
recurrence rates to only 1 to 2%.%® Furthermore, this tech-
nique minimalizes the sacrifice of healthy tissue, resulting in
smaller tissue defects. This is particularly important since
BCCs often appear in the head and neck region. Mohs’ mi-
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growth pattern. Novel, less time-consuming techniques are
required that enable immediate pre- and intraoperative evalu-
ation of the tumor borders in BCC. Raman spectroscopy is
one of the techniques being explored for detection of malig-
nancies and tumor border demarcation.”® It is a spectro-
scopic technique that provides detailed information concern-
ing the molecular composition of the tissue. Changes in the
molecular composition of diseased tissue lead to changes in
its Raman spectrum, which can be used to distinguish it from
healthy tissue. Gniadecka et al., Sigurdsson et al., and Nunes
et al. reported spectral differences between BCC and benign
tissue, measuring whole biopsy specimens.”’”‘15 Choi et al.
and Short et al. also observed spectral differences between the
two tissue types, using confocal Raman spectroscopy.lo’14 Our
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previous Raman mapping study of frozen sections has shown
in vitro that BCC can be distinguished from its surrounding
tissue with high sensitivity and speciﬁcity.]2 Raman spectros-
copy is an optical technique based on light scattering. The
technique requires laser light to be delivered to the tissue and
scattered light to be collected from the tissue. In a clinical
setting, optical fibers in combination with a compact hand-
held probe could provide the flexibility and ease of use that is
desired by the clinician.**"*?

All of the aforementioned studies made use of “the finger-
print region”; the study of Sigurdsson et al. used spectral in-
formation from both the fingerprint and the high wave-
number region for discrimination of BCC."> The fingerprint
region (~400 to 1800 cm™) is often used for Raman spec-
troscopic investigations because of the rich biochemical infor-
mation content. The main disadvantage of using the finger-
print spectral region in combination with fiber optic Raman
spectroscopy is that a strong background signal is generated
in the optical fiber. The necessary suppression of this back-
ground signal leads to complicated designs of fiber optic
probes. Researchers have used approaches ranging from
bundles of one or more signal collection fibers around a sepa-
rate laser-delivery fiber to complex compound optical
probes.9’21’23’24 As a consequence, probes are relatively large
and inflexible, expensive, and it is difficult to achieve a repro-
ducible performance.”

In contrast, the high wave-number (HWVN) spectral re-
gion from 2500 to 3800 cm™! is virtually free of signal con-
tributions from the fused-silica-based optical fibers. This
brings the major advantage that fiber optic probes for in-vivo
applications can have a very simple design, and in their sim-
plest form consist of a single unfiltered optical fiber, which
guides laser light to the tissue and also serves to collect scat-
tered light and lead it back to the spectrometelr.26 The use of
the HWVN spectral region to discriminate between different
tissue structures has been demonstrated in several studies.”’ >
These studies have shown that Raman spectra in this region
provide sufficient information to separate tissue structures
with a different molecular composition. A recent study on
brain tumors and bladder has demonstrated that HWVN Ra-
man spectra contain similar diagnostic information as Raman
spectra obtained in the fingerprint region.”

The purpose of this study was to evaluate whether the
Raman signal in the HWVN region, using a very simple fiber
optic probe, could provide sufficient information to distin-
guish BCC from its surrounding (perilesional) skin tissue.
This is a crucial step in the development of clinical dermato-
logical applications based on fiber optic Raman spectroscopy.

2 Materials and Methods
2.1 Sample Preparation

Tissue specimens were obtained with permission from the
Medical Ethics Review Board of the Erasmus University
Medical Center Rotterdam. Excised specimens from 19 histo-
logically proven BCC were obtained from 17 individuals from
the outpatient clinic of the dermatology department. In all
cases, a biopsy was taken from the center of the tumor, in nine
cases another biopsy was taken from perilesional skin. The
biopsies were placed onto a gauze drenched in physiological
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NaCl solution (0.9%). Raman measurements were performed
on fresh biopsies, without further pretreatment of the samples.

2.2 Reference Spectra

Reference spectra were obtained from collagen type 1 (ICN
Biochemicals Incorporated, Aurora, Ohio) bovine serum albu-
min (BSA), oleic acid, palmitic acid, and DNA (Sigma,
Zwijndrecht, The Netherlands). These compounds were used
without further purification. Collagen was measured in dry
state. DNA was dissolved in demineralized water prior to the
measurements.

2.3 Raman Instrumentation

The laser source was a tunable titanium:sapphire laser
(Spectra-Physics, 3900 S, Mount View, California), emitting
at 720 nm and pumped by an argon-ion laser (Coherent In-
nova 300, Santa Clara, California). Laser light was then
coupled into a single fused silica optical fiber, 200 wm in
diameter, delivering 100 mW of laser power to the sample.
The scattered Raman light was collected through the same
fiber and passed through a custom-made chevron-type dielec-
tric filter system, to suppress the elastically scattered light.
The Raman signal was then focused into a 1-mm-diam detec-
tion fiber (Fiberguide Industries) attached to a modified mul-
tichannel dispersive spectrometer (System 100, Renishaw,
Wotton under Edge, United Kingdom). The spectrometer was
equipped with a thermoelectrically cooled deep-depletion
charge-coupled device (CCD) detector.

2.4 Data Acquisition

On each biopsy specimen, depending on the size of the bi-
opsy, 3 to 5 different points were selected. The fiber optic
probe was placed onto the specimen, perpendicular to the sur-
face of the biopsy and at each point six Raman spectra were
acquired. To investigate the influence of signal collection
time—the signal-to-noise ratio improves with the square root
of the signal collection time—on the prediction, the measure-
ments were performed using 10 and 60 sec respectively. In
addition, two 1-sec spectra were obtained from one sample of
BCC and one sample of perilesional skin.

2.5 Pathology

After acquisition of Raman spectra, the biopsy specimens
were snap frozen in liquid nitrogen. From each of these bi-
opsy specimens, a series of cryosections (6 um thick) was
prepared. Sections were cut perpendicular to the skin surface
with a lateral spacing of 100 um. Cryosections were fixed in
formalin and stained in hematoxylin and eosin (HE) for his-
topathological evaluation by a pathologist specialized in der-
matopathology. According to the histopathological examina-
tion, Raman spectra were labeled BCC or noninvolved skin.
In 10 out of 19 tumor biopsies, all HE stained sections
showed BCC, and tumor tissue was apparent in the entire
section (eight nodular and two morphea like BCC). The re-
maining nine biopsy specimens showed BCC in less than half
of the stained sections. Because this made it unclear if Raman
spectra were obtained from tumor or perilesional tissue, data
obtained from these samples were excluded from the study to
avoid contamination of the dataset. This resulted in a total of
ten tumor specimens and nine perilesional nontumor speci-
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mens that were included in the analysis. From seven patients,
both a perilesional nontumor and a tumor specimen were
present for comparison.

2.6 Data Analysis
2.6.1 Data preprocessing

All spectral data processing software was programmed in
Matlab 6.1 (Mathworks, Natick, Massachusetts), with the
PLS-toolbox 2.0 installed (Eigenvector Research Incorpo-
rated, Manson, Washington).

The constant background signal contribution originating
from optical elements in the laser light delivery pathway was
subtracted from all spectra and spectra were corrected for the
instrument response using white-light correction.”?' The
wave-number axis was calibrated using the spectrum of a
neon-argon lamp and the Raman spectrum of cyclohexane.
Further data preprocessing consisted of 1. calculating the first
derivative of the Raman spectra (Savitsky-Golay: five-point
filter, second or polynomial), 2. trimming spectra to the spec-
tral range 2800 to 3125 cm™!, and 3. scaling the spectra to
standard normal variance scaling, i.e., all spectra have zero
mean and unit variance. A first derivative calculation (step 1)
was used as a nonsupervised method to minimize the influ-
ence of variations in the fluorescent background.

2.6.2 Least-squares fitting procedure

A nonrestricted classical least-squares fitting procedure was
performed on the 60-sec Raman spectra to acquire informa-
tion about the chemical composition of BCC and non-BCC
tissue. A simple set of model spectra was used to represent the
most important molecular constituents of the skin tissues con-
tributing to the overall Raman signal. Raman signals in this
study originated predominantly from dermis, with a small
contribution of epidermis. The model fit spectra were obtained
from BSA and collagen, to represent the dermal and epider-
mal protein fraction, and oleic acid and palmitic acid as a
representation of the dermal and epidermal lipids (Fig. 1, ref-
erence set). Since the triple stranded structure of collagen is
reflected in a specific Raman spectrum, the more generic pro-
tein spectrum of BSA was added to the reference set.

A third-order polynomial was included in the fit to account
for small backgrounds in the Raman spectra. To exclude
patient-to-patient variation, Raman spectra of both tissue
types obtained from the same patient were compared to each
other. This (nonrestricted) fitting procedure resulted in posi-
tive or negative fit contributions of the reference spectra that
point out higher or lower concentrations of the corresponding
compounds in the BCC and normal tissue. Relative scattering
cross sections were not determined, and therefore all fit coef-
ficients are represented as arbitrary units. Spectral fitting was
performed on actual spectra.

2.6.3 Development of a classification model

For all 10- and 60-sec Raman spectra, data reduction was
performed using principal component analysis (PCA). This is
a well-known method for reducing the dimensionality in a
dataset.*® The full set of n—1 principal components (PCs) was
calculated (n being the number of spectra in the analysis),
accounting for 99 to 100% of the total variation in the dataset.
A prediction model was developed to classify tissue as normal
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Fig. 1 Reference set of HWVN Raman spectra for spectral fitting: (a)
palmitic acid, (b) oleic acid, (c) albumin, (d) collagen, and (e) DNA.

tissue or BCC, based on their Raman spectrum. The predic-
tion model was based on linear discriminant analysis (LDA),
which is a common data classification method. LDA models
were developed using only PC scores that represented more
than 0.1% variance in the dataset. A two-sided t-test was used
to individually select PC scores that showed the highest sig-
nificance in discriminating the two groups presented. The
number of PC scores that was used as an input for an LDA
model was kept at least two times smaller than the number of
spectra in the smallest model group to prevent overfitting in
the LDA model. The prediction accuracy of the identification
model was determined by using a “leave-one-patient-out”
cross-validation. More details about the LDA procedure can
be found in Refs. 9, 33, and 34. The spectra (both benign and
malignant) of all but one patient were used to generate the
LDA model, which was then used to classify the spectra of the
remaining patients. This procedure was repeated for each
single patient, providing information about the reproducibility
of the method, i.e., whether there is enough discriminating
information in the Raman spectra to predict unknown spectra
correctly.

LDA classification calculates the probability that a given
measurement belongs to each of the classes in the classifica-
tion model. In our case, this means for each measurement two
probabilities were calculated: the probability that the mea-
surement was from noninvolved tissue and the probability that
the measurement was from BCC. Any random prediction
would yield a 50% probability that a measurement is from
either group (BCC and non-BCC). To prevent uncertain pre-
diction where the probabilities are, for instance, respectively
49 and 51%, we introduced a threshold of 70%. Predicted
spectra with probability less than 70% were classified as un-
defined. Separate classification models were constructed for
spectra measured in respectively 10 and 60 sec.
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Fig. 2 Comparison of Raman spectra of perilesional skin, BCC, and
collagen in the high wave-number region. Dashed lines indicate
bands in the noninvolved skin spectrum that can be attributed to col-
lagen: BCC (basal cell carcinoma) (solid line), noninvolved (dashed
line), and collagen (dash-dotted line).

3 Results
3.1 Qualitative Analysis

Raman spectra obtained from BCC specimens (Fig. 2, line 1)
resemble Raman spectra obtained from perilesional skin (Fig.

2, line 2). Both spectra were measured on tissue from the
same patient, yet subtle but significant differences can be dis-
cerned. The Raman spectrum of noninvolved tissue is almost
identical to the Raman spectrum of collagen (Fig. 2, line 3),
both spectra exhibiting a distinct peak at 2884 and 2940 cm™!
and a shoulder around 2985 cm™!. The Raman spectrum of
BCC, exhibiting a peak at 2936 cm™! and a shoulder around
2885 cm™!, shows less resemblance to the collagen spectrum.
A more objective way of displaying the differences in chemi-
cal composition between perilesional skin and BCC is shown
in Fig. 3. This figure shows the relative contributions of the
reference spectra to BCC and perilesional skin, respectively.
Calculations were performed on all 60s-Raman spectra ob-
tained from the tissue of seven patients, of which both spectra
of involved and noninvolved were obtained. One patient was
considered an outlier based on spectral characteristics and was
not included. The residual of the fit, i.e., the spectrum minus
its model fit, exhibits only minor spectral features. This indi-
cates that, to the first-order approximation, the chosen refer-
ence set accurately modeled the BCC and noninvolved tissue
spectra. Adding DNA to the reference set did not diminish the
residual of the fit. Figure 3 shows that both BCC spectra and
noninvolved skin spectra are for the greater part made up of
protein; the collagen-albumin ratio, however, differs for both
tissue types. In all patients, noninvolved skin spectra showed
a higher amount of collagen compared to BCC spectra; in four
patients this difference was significant. In contrast, the fits of
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Fig. 3 Fit contributions of BCC and noninvolved skin spectra. There is a marked difference between the contributions of collagen and albumin to
BCC and noninvolved skin spectra. BCC spectra of all six patients exhibit a higher contribution of albumin, while noninvolved skin spectra of all

six patients exhibit a higher amount of collagen.
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Table 1 Results of the classification model based on 10-sec Raman
spectra. The performance of this LDA-based classification model was
tested by means of a leave-one-patient-out cross-validation; predic-
tions with a probability less than 70% were excluded. In this model
70% of the BCC spectra and 55% of the noninvolved spectra could be
predicted.

Raman BCC Noninvolved
Pathology

BCC 100% 0%
Noninvolved 7% 93%

BCC spectra showed a higher contribution of the albumin
spectrum. This difference was significant in five out of six
patients. BCC spectra and noninvolved skin spectra showed
varying amounts of fatty acids in the fit.

3.2 Classification of Raman Spectra

A total of 504 Raman spectra (252 BCC and 252 noninvolved,
based on histopathological classification) was used as input
for the development of two separate LDA-based classification
models based on spectra obtained with 10- and 60-sec acqui-
sition time, respectively. A leave-one-patient-out cross-
validation resulted in a correct prediction of all (100%) BCC
spectra for both signal collection times. For noninvolved skin,
93% of the 10-sec spectra and 99% of the 60-sec spectra were
predicted correctly (Tables 1 and 2). Figure 4 shows a Raman
spectrum of BCC and noninvolved skin obtained in 1, 10,

Non-involved

Intensity (a.u.)
\
//

Rkl

2800 2900 3000 3100
Raman shift (cm'1)

(a)

s | \\/v/
mf JM \\ o

1 second /‘/\

Table 2 Results of the classification model based on 60-sec Raman
spectra. The performance of this LDA-based classification model was
tested by means of a leave-one-patient-out cross-validation; again,
predictions with a probability less than 70% were excluded. Com-
pared to the 10-sec model, this model yielded a higher prediction
accuracy; furthermore, a significantly higher number of Raman spec-
tra (95% of the BCC spectra and 81% of the noninvolved skin spectra)
could be predicted.

Raman BCC Noninvolved
Pathology

BCC 100% 0%
Noninvolved 1% 99%

60 sec, respectively. The 60-sec spectra exhibited a slightly
better signal-to-noise ratio than the 10-sec Raman spectra.
Although the lower signal-to-noise ratio in the 1-sec Raman
spectra is evident, the spectra still show the characteristic fea-
tures of BCC and noninvolved skin.

4 Discussion

We have demonstrated large and consistent differences be-
tween the HWVN Raman spectra of BCC and its surrounding
noninvolved tissue. Based on 60-sec Raman spectra, BCC and
noninvolved tissue could be distinguished with high accuracy.
Using a 70% threshold for the probability of prediction, BCC
could be detected with 100% certainty and noninvolved tissue
with a certainty of 99%.

BCC

2800 2900 3000 3100
Raman shift (a‘n'1)

(®)

Fig. 4 Comparison of Raman spectra of (a) perilesional skin and (b) BCC obtained in 1, 10 and 60 sec. In both figures a direct correlation between

signal-to-noise ratio and signal collection time can be observed.
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Although tissue classification is the primary outcome of
diagnostic measurements in a clinical setting, understanding
the underlying spectral differences that are decisive for these
classification results is crucial for further development and
validation of the methodology. We therefore analyzed the
spectral differences and related these to molecular differences
that can be expected between BCC and noninvolved skin. The
major discriminating factor could be related to the collagen
content. Raman spectra obtained from noninvolved skin biop-
sies show a strong resemblance to the Raman spectrum of
collagen, both spectra exhibiting peaks at the same wave-
number shift. This is in accordance with the biochemical com-
position of the dermis, known to consist of ~70% collagen
by dry weight,” and is also consistent with the findings of our
previous studies using the fingerprint region.lz’3 6

Semiquantitative assessment by spectral fitting, which is a
more objective method, clearly showed that the collagen con-
tent in the BCC sample was significantly lower than in the
noninvolved samples. Spectral features of DNA could not be
discerned in the BCC spectra. This may be due to the rela-
tively small signal intensity of DNA vibrations in the HWVN
Raman spectral region, and because sampling volume in the
fiber optic measurements was relatively large. In our previous
study and a study by Short et al.—in which specific spectral
features of DNA could be detected in BCC spectra—
measurements were performed with a confocal Raman mi-
crospectrometer, which used a small sampling volume. This
enabled detection of localized concentrations of DNA,
whereas these local variations would average out in fiber optic
measurements. In our previous study, a higher amount of free
fatty acids in BCC than in noninvolved tissue was observed.
Although in this study, in five of six patients the amount of
oleic acid was higher in BCC than noninvolved tissue, this
difference was not significant.

The discriminants of the LDA model also provide informa-
tion about the spectral differences between clusters. The dis-
criminants produced by the LDA strongly resembled the Ra-
man spectrum of collagen, which points to collagen as the
major discriminating factor between the two tissue types. This
is in agreement with the study by Sigurdsson et al., who re-
ported the wave-number area around 2940 cm™', which cor-
responds to collagen being one of the spectral regions con-
taining discriminative information between BCC and
noninvolved tissue. In this study, discrimination of BCC was
based on spectral information from both the high wave-
number region and the fingerprint region.

The use of LDA as a classification method has specific
advantages for clinical applications. To separate the two
groups of Raman spectra, a prediction model was constructed
with a 70% probability cutoff point (see Materials and Meth-
ods in Sec. 2). In a clinical setting, this would imply that a
measurement results in one of the three classifications: tumor,
non-tumor, or undefined. Using the LDA approach, classifica-
tion can be done automatically and in real time. This enables
the clinician to immediately repeat a measurement in case of
an “undefined” classification. An important factor for clinical
applicability of Raman-based diagnostics is speed or signal
collection time. Increasing signal collection time improves the
signal-to-noise ratio of the spectrum. Tables 1 and 2 show that
increasing the signal collection time from 10 to 60 sec results
in an improvement in specificity from 93 to 99%. At the same
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time, a dramatic decrease is seen in the number of predictions
that are below the probability cutoff of 70%; 95 out of 252 of
the 10-sec spectra versus 31 out of 252 of the 60-sec spectra
could not be predicted with a probability higher than 70%.
This shows that with the current equipment, the signal-to-
noise ratio is suboptimal, in which case the effect on the pre-
diction accuracy of the method is greatly reduced by the in-
corporation of a probability threshold of 70%, which adds to
the robustness of the classification method.

In this exploratory study, we used Raman spectra obtained
in both 10 and 60 sec to distinguish BCC from noninvolved
tissue. We also collected several 1-sec Raman spectra from
both tissue types. Figure 4 shows a Raman spectrum of BCC
and noninvolved skin obtained in all three signal collection
times. Although a lower signal-to-noise ratio in the 1-sec Ra-
man spectra is evident, the spectrum still shows the character-
istic spectral features of BCC and noninvolved skin. Optimi-
zation of the equipment will lead to an increase in signal
detection efficiency and shorter collection times in the future.

For the first time exclusively, the high wave-number shift
region was employed in a Raman spectroscopic study on
BCC. By incorporating a threshold for the probability of pre-
diction in the classification model, tumor tissue could be dis-
tinguished with a 100% prediction accuracy and noninvolved
tissue with a 99% prediction accuracy. This demonstrates that
diagnostic information extracted from the HWVN spectral re-
gion can compete with that extracted from the fingerprint re-
gion. The major advantage of HWVN Raman spectroscopy as
compared to fingerprint Raman spectroscopy is the absence of
a strong interfering background signal from optical fibers,
which can be a major obstacle for fiber optic Raman applica-
tions using the fingerprint spectral region. The absence of this
background enables much simpler and smaller fiber optic
probes. For instance, the HW VN probe in this study consisted
of one single, unfiltered optical fiber, which was used for both
delivery and collection of the laser light.

Mohs’ micrographic surgery is a very accurate technique,
but it is very laborious with low patient throughput and is
therefore expensive. A fast and noninvasive tool for diagnos-
ing the tumor borders in BCC, based on HWVN Raman spec-
troscopy, has great potential to speed up the Mohs’ surgical
procedure. This would facilitate a widespread use of Mohs’
micrographic surgery.
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