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Skin cancer is the most common human malignancy and basal cell carcinoma (BCC) represents approx-
imately 80% of the non-melanoma cases. Current methods of treatment require histopathological evalu-
ation of the tissues by qualified personnel. However, this method is subjective and in some cases BCC can
be confused with other structures in healthy skin, including hair follicles. In this preliminary study, we
investigated the potential of Raman micro-spectroscopy (RMS) to discriminate between hair follicles
and BCC in skin tissue sections excised during Mohs micrographic surgery (MMS). Imaging and diagnosis
of skin sections was automatically generated using ‘a priori’-built spectral model based on LDA. This
model had 90 ± 9% sensitivity and 85 ± 9% specificity for discrimination of BCC from dermis and epider-
mis. The model used selected Raman bands corresponding to the largest spectral differences between the
Raman spectra of BCC and the normal skin regions, associated mainly with nucleic acids and collagen
type I. Raman spectra corresponding to the epidermis regions of the hair follicles were found to be closer
to those of healthy epidermis rather than BCC. Comparison between Raman spectral images and the gold
standard haematoxylin and eosin (H&E) histopathology diagnosis showed good agreement. Some hair
follicle regions were misclassified as BCC; regions corresponded mainly to the outermost layer of hair fol-
licle (basal cells) which are expected to have higher nucleic acid concentration. This preliminary study
shows the ability of RMS to distinguish between BCC and other tissue structures associated to healthy
skin which can be confused with BCC due to their similar morphology.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Mohs micrographic surgery (MMS) is the current gold standard
treatment for large, aggressive, recurrent and ill-delimited cases of
continuous basal cell carcinoma (BCC) [1,2]. MMS is a surgical
technique consisting of several sequential steps where tumour
borders are carefully localized by a close microscopic follow-up.
In MMS, consecutive layers of tissue are excised one at a time, par-
allel to the skin surface. Each layer is histopathologically examined
before the next layer is excised. This maximizes healthy tissue con-
servation without compromising total tumour removal. The pro-
cess continues until all sections are clear of cancer, which on
average requires from 2/3 h up to 1 day. For the cases where other
more accessible techniques have a lower rate of success, MMS is
considered more cost-effective due to its maximal conservation
ll rights reserved.

(I. Notingher).
of healthy tissue and exceptional cosmetic results [2,3]. However,
a main limitation of MMS is its reliability on histopathology exam-
ination of tissue sections. Histopathology is a subjective, non-auto-
mated time-consuming technique where trained specialists
diagnose the presence or absence of cancer by reading the histo-
logical slides acquired from a biopsy specimen. Diagnosis relies
on the experience of the trained histopathologist, which is prone
to interobserver variability [4,5]. In practice, the interpretation of
MMS sections is mostly performed by the surgeon, which may be
subject to diagnostic errors. Interobserver differences have been
widely reported since histopathology has become a routinely clin-
ical technique [6]. Refs. [7,8] are studies on 48 and 592 samples,
respectively. The former was evaluated by 20 histopathologists
with an 87% overall sensitivity and 94% specificity and the latter
by two histopathologists with 93% agreement. These rates will vary
depending on the difficulty of the samples being studied and the
efficiency of sample preparation, especially the sectioning proce-
dure [9].
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The most common sample preparation includes tissue freezing,
sectioning, fixation, and staining with haematoxylin and eosin
(H&E). In H&E treated samples, some skin structures such as
inflammation, hair follicles or benign tumours might be confused
with certain BCC subtypes due to its apparent morphological sim-
ilarity and colour after staining [9,10]. Examples of H&E skin tissue
specimens with straightforward and difficult diagnosis are shown
in Fig. 1. In particular, Fig. 1b shows an example of skin tissue con-
taining BCC and hair follicle, where structures resemble
morphologically.

Other methods used to stain MMS fresh-frozen tissue sections
are toluidine blue (TB) and methylene blue (MB) [11]. TB and MB
tend to accumulate in the mitochondria of carcinoma cells to a
greater extent than in normal cells. TB is technically easier and re-
sponds faster than H&E [12]. A recent preliminary study comparing
H&E and TB staining methods in MMS excised tissue sections rec-
ommended the latter for BCC identification [13]. TB can be helpful
in discriminating basaloid cells around hair follicles from false
apparent cases of BCC [13]. It visualises stromal change, which
might be an indicator of residual BCC. In particular TB stains mucin,
a protein generally only present in tissue adjacent to BCC and not
to the follicular structures, with the exception of the dermal papilla
[9,13]. In addition, TB stains the inner root shear of hair follicles
deep blue, which facilitates its visualization [13]. Despite all of
these advantages, TB is only used by 16.8% of Mohs’ surgeons sur-
veyed, thus H&E is the standard staining method [14]. The main
reason for this choice is that H&E is the most common staining
technique used in their training [13,14].

Hair follicles are tubular invaginations of the epidermis
extending deep into the dermis that surrounds the root of the
hair. The terminal expanded part of the follicle is called the hair
bulb. At the base of the follicle there is a projection called dermal
papilla containing capillaries that irrigate the cells in the bulb.
Those cells are mitotically active, overcoming differentiation and
keratinisation and thus generating the hair fibre or hair shaft
[15]. The hair shaft is a long filament in the centre of the follicle
extended above the surface of the epidermis that is composed of
Fig. 1. H&E images of two MMS sections of skin tissue were hair follicle–BCC diagnosis is
Symbol code: crosses (+) over easy-to-diagnose hair follicles, asterisks (�) over clear BCC
three layers (medulla, cortex and cuticle). Those layers consist of
keratotic protein, (65–95%), water, lipids, melanin pigment gran-
ules and trace elements [15,16]. In our study, we will use the
term hair to refer to the hair shaft, and we will differentiate this
structure from the hair follicle. BCCs may manifest a keratin pro-
file similar to that of the lower part of the hair follicle and differ-
ent to hair [17].

Tissue images produced by spectroscopic techniques such as
fluorescence, infrared or Raman include sample chemical informa-
tion. Thus, their use is especially interesting for the classification of
structures that mimic BCC. Many studies based on fluorescence
imaging have been reported to discriminate BCC from healthy tis-
sue [18–21]. Nevertheless, fluorescence imaging has several intrin-
sic disadvantages when compared to vibrational spectroscopy,
namely chemical labelling, broader spectra and lack of quantifica-
tion. Fluorescence imaging provides purely qualitative information
as it relies on emission intensity spectra, which highly depends on
sample preparation and photobleaching.

Vibrational spectroscopy techniques such as infrared and Ra-
man spectroscopy achieve high chemical specificity and tumour
discrimination accuracy, presenting spectra with sharp meaningful
peaks. An early study with IR micro-spectroscopy showed 93% sen-
sitivity in discrimination among epidermis, BCC, squamous cell
carcinoma and melanocytic lesions [22]. BCC-epidermis discrimi-
nation was based on BCC higher nucleic acid concentration. How-
ever, the main limitation of IR resides in sampling thickness, which
cannot be larger than 10 lm to avoid complete absorption of the
incident radiation by the tissue [23,24].

Raman micro-spectroscopy (RMS) allows both high chemical
specificity and resolution on thick specimens, as the Raman signal
is produced by inelastic scattering of monochromatic light by the
atoms and molecules in the sample. The potential of RMS in skin
cancer detection has been widely reported in the last twenty years
[24–28]. Slight biochemical changes appearing in cells presenting
dysplasia, such as increased nucleus-to cytoplasm ratio, disordered
chromatin, higher metabolic activity and alterations in lipid and
protein levels are detected with RMS [29].
(a) straightforward to the trained histopathologist, and (b) difficult to discriminate.
regions and arrows (;) pointing regions where diagnosis is difficult and not clear.
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In a previous study, we showed how RMS assisted by super-
vised classification models can be used for detection and imaging
of BCC in skin tissue sections excised during MMS. The model
was utilized to build quantitative 2-D biochemical images of un-
known skin tissue samples. The automatic pseudocolour images
revealed the presence/absence of a tumour without the need for
a histopathologist and accurately pinpointed its location [28].

In this preliminary study, we investigated the potential of Ra-
man micro-spectroscopy to discriminate between hair follicle
and basal cell carcinoma in excised skin tissue sections during
Mohs micrographic surgery. Imaging and automated diagnosis of
skin sections was automatically generated by using ‘a priori’-built
spectral model based on LDA [28]. RMS has revealed the spectral
differences between hair follicle, hair, sweat ducts, capillaries,
sebaceous glands, dermis and BCC [16,30], but no supervised clas-
sification models able to produce quantitative spectra images and
automatic diagnosis were developed.
1 For interpretation of colour in Fig. 2, the reader is referred to the web version of
this article.
2. Experimental

2.1. Skin samples

Skin tissue sections were obtained from the Nottingham Uni-
versity Hospitals National Health Service (NHS) Trust. Consent
was obtained from the patients and ethical approval was granted
from Nottingham Research Ethics Committee. Tissue sections were
cut from blocks removed during MMS and standard BCC excision
into 20 lm sections for RMS investigations. After the RMS mea-
surements, the analysed sections were stained using haematoxylin
and eosin (H&E). Diagnosis was carried out by a consultant
dermatopathologist.

2.2. Instrumental set-up

The customized Raman microspectrometer was built as de-
scribed in our previous work (see [28]). Sample illumination was
performed by a 785-nm continuous wave GaAs diode laser (XTRA,
Toptica Photonics, Munich, Germany), coupled to an inverted
microscope (IX71, Olympus, Essex, United Kingdom) with a 50�
objective lens (N.A. 0.75) and an automated translation stage
(H117, Prior Ltd., Cambridge, United Kingdom). Additionally, the
system incorporates a spectrograph (SR-303i, Andor Ltd., Belfast,
United Kingdom) and a deep-depletion back-illuminated charged
coupled device (DU401A-BR-DD, Andor Ltd., Belfast, United
Kingdom).

2.3. Data acquisition

Areas of fresh tissue sections (approximately 500 lm by
500 lm) containing BCC, epidermis, dermis and hair follicles were
raster scanned (5 lm step size) with 2 s acquisition time at each
position. After the measurement, the sections were H&E stained
and diagnosed by a consultant histopathologist using the same
microscope employed for acquisition of the Raman spectral
images. The accuracy of the sample retroposition on the micro-
scope was 5 lm, as measured using two engraved marks on the
slides.

2.4. Analysis

All spectra were analysed using functions developed in MATLAB
software (version 7.6.0.324, MathWorks). The pre-processing con-
sisted of a sixth-order polynomial baseline correction, normalized
to zero mean and unity standard deviation and smoothed using the
Savitsky–Golay algorithm (five points, second-order polynomial).
Cosmic rays were removed by semi-automatic customized MAT-
LAB programs. Raman spectra of the MgF2 substrate were detected
using a threshold filter in the 1370–1500 cm�1 spectral range and
eliminated from the classification model.

Data analysis was performed using the multi-step classification
model reported on Ref. [28]. Firstly, spectral data reduction was
performed by selecting the Raman spectral bands which provide
maximum differences among the classes under study. In second
place, the reduced data set was input into a two-step classifier.
Two consecutive linear discriminant analysis (LDA) were per-
formed to discriminate between dermis and the other classes and
then, between BCC and epidermis.

RMS analysis on the selected fresh-tissue samples was per-
formed with our own MATLAB package. Each spectrum was pre-
processed in analogy to the model database. Spectra were binned
to account for tissue heterogeneity, achieving a spatial resolution
of 10 lm. The region of the image containing hair was guided by
the diagnosed H&E image, and their spectra separated for an inde-
pendent analysis. The LDA model was then applied to predict the
class of each spectrum as BCC, epidermis, or dermis, building the
image. Spectra from the images representing the three classes de-
tected by the model were normalized to the model database for
posterior comparison.
3. Results and discussion

3.1. Classification model

In a previous report [28], it was found that maximum spectral
differences between BCC, epidermis and dermis were achieved by
using the ratios of the following Raman bands:

r1 ¼
I788 cm�1

I1003 cm�1
; r2 ¼

I850 cm�1

I1003 cm�1
; r3 ¼

I950 cm�1

I1003 cm�1
; r4 ¼

I1093 cm�1

I1003 cm�1
;

r5 ¼
I1312 cm�1

I1268 cm�1
: ð1Þ

These Raman bands were assigned to molecular vibrations of
collagen type I (amide III spectral regions from 1200 to
1350 cm�1) and DNA (the 788 and 1093 cm�1 bands corresponding
to the O–P–O phosphodiester and PO2 vibrations in DNA, respec-
tively) [31]. In addition, Raman bands at 850 and 950 cm�1 were
associated to proline and C–C backbone vibrations in proteins
[32]. Intensity of the 1003 cm�1 band corresponding to the ring
breathing of phenylalanine was chosen as denominator of the ra-
tios due to its invariability among all measurements.

The model showed that RMS is able to discriminate nodular and
morphoeic BCC from healthy tissue with 90 ± 9% sensitivity and
85 ± 9% specificity in split cross-validation algorithms.

3.2. Raman spectral imaging

Fig. 2 shows the H&E image of a typical skin section excised dur-
ing MMS which contained BCC, epidermis, dermis and hair. The left
image of Fig. 2 is an H&E image of the MMS-excised sample, with
the labels included after histopathological diagnosis. Standard H&E
technique uses haematoxylin to stain cell nuclei in purple or black,
depending on the type of haematoxylin and on section thickness,
and eosin to counterstain the sample, turning cytoplasmatic pro-
teins into pink or red1 [33]. In skin samples, a range of tones from
black to red will appear depending on sample composition: dermal
collagen turns into pale pink, muscle into deep pink, cytoplasm
pink to red, and cancer cells, epidermis and inflammation, blue.



Fig. 2. Right: Raman spectra of different regions within a skin tissue section. The labels correspond: (a) to hair, (b) to hair follicle, (c) to epidermis, (d) to dermis and (e) to BCC.
Asterisks correspond to main DNA peaks and collagen peak. Left: H&E image of the skin tissue section from where the Raman spectra where taken. Symbol code: empty circle
for epidermis (s); filled circle for dermis (d); empty rhombus for hair follicle (e); rectangle for BCC (h) and cross for hair (+).

Fig. 3. Raman spectra of (a) difference between BCC and hair follicle spectra, (b)
difference between BCC and epidermis spectra and (c) DNA. Asterisks correspond to
main DNA peaks.
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Hair follicles will adopt the same blue colour as the external epi-
dermis layer as they are mainly composed by epidermis.

However, the images included in this study showed DNA in dark
brown and dermis in pale orange as an effect of the CCD camera
calibration. Regions with higher DNA will be darker, as it is the case
of cancerous areas. On the contrary, regions with higher collagen
will present a paler colour, as it is the case of dermis. Regions with
inflammation, epidermis and hair follicles will adopt similar colour
than BCC. Therefore, in samples with BCC, epidermis surrounding
hair follicles might be confused with malignant tissue due to its
morphological resemblance, especially if the H&E stained slides
are a tangential cut of the hair follicle, showing its base. In these
specific cases, epidermis forming the hair follicle that appears in
the hair cross-section tend to present a solid circular BCC-like
shape, and not a specific hollow ring easily-diagnosed form .

Mean Raman spectra measured at regions corresponding to
each feature are presented and asterisks have been introduced to
highlight the Raman bands at 788 cm�1, 1093 cm�1 and
1350 cm�1, which have previously been assigned to the main
peaks in DNA and collagen type I (see Section 3.1).

In agreement with our previous study, Fig. 2 confirms that BCC
has a higher amount of DNA compared to the other tissue regions,
which was associated to the higher cell density in cancerous re-
gions. The Raman spectrum of dermis is similar to the spectrum
of collagen type I and shows lower contribution from DNA than
epidermis and BCC (there are fewer cells in dermis).

The Raman spectra of hair and hair follicle agree with results
previously reported [19]. In addition, a study by Barry et al. [34] re-
ported the Raman bands of stratum corneum, the outermost epi-
dermal layer, composed mainly by keratin and therefore very
similar to hair Raman spectrum.

Hair had strong bands at 1447 cm�1, assigned to the CH2 defor-
mation (protein vibration); a medium-strong band around
1667 cm�1, assigned to the in-plane peptide carbonyl stretching
vibration (C@O stretch) in the amide I band; a medium band at
1003 cm�1, associated to the aromatic ring C–C stretching mode
of phenylalanine; a strong-medium peak at 1300 cm�1 assigned
to the deformation mode of the CH2 and two medium broad peaks
at 1324 and 1330 cm�1 that might be due to the CH3CH2 wagging
mode in purine bases of DNA and to phospholipids or DNA [35].
Smaller peaks were measured at 829 cm�1, 852 cm�1, 956 cm�1,
1032 cm�1, 1061 cm�1, 1085 cm�1, 1126 cm�1, 1155 cm�1,
1173 cm�1 and 1206 cm�1, which may be due to, aliphatic and
aromatic deformation of CCH, CH2 rock, CH3 rock or olefinic
deformation of CCH, skeletal vibrations of CC, COH deformation,
again CC vibrations and CH2 deformation, respectively. A weak
broad peak was found at 890 cm�1, probably associated to CH2

rock. Finally a shoulder was detected at 1360 cm�1, which might
be due to tryptophan. Results are consistent with the previous
studies [16,34].

The Raman spectrum of hair follicle (Fig. 2b) is very similar to
the measured spectrum of the epidermal layer (Fig. 2c) and is con-
sistent with the anatomical description included in the introduc-
tion (see Section 1).

To identify the differences between epidermis, BCC and hair fol-
licles, the computed difference spectra between BCC and hair folli-
cles and BCC and epidermis are presented in Fig. 3 and compared to
the Raman spectrum of purified DNA. Asterisks highlight the main
DNA peaks which can also be observed in the difference spectrum.
It can be observed that the Raman spectrum of hair follicle has a
higher similarity to epidermis than to BCC as BCC has a higher con-
tribution from DNA peaks, from where it can be inferred that a
higher amount of DNA is present in the tumour tissue. As we re-
ported before, this is caused by the smaller amount of cytoplasm
and higher density of cells present in the tumour [28], and agrees
with the H&E image shown in Fig. 2.

These spectral differences between hair follicles and BCC were
used to produce spectral images of skin tissues, with the aim to
discriminate BCC from hair follicles.



Fig. 4. (a) H&E image of the skin tissue section from Fig 2; (b) Raman spectral image
obtained by using the LDA classification model.
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Raman spectral images of skin samples with hair and hair follicle
were produced using the classification model described previously.
Fig. 4 shows the comparison between the Raman spectral image
and the H&E image of the same tissue section. The spatial resolution
of the Raman spectral image is 10 lm. Fig. 4 shows a good agree-
ment between the Raman spectral imaging and the gold standard,
showing good classification of BCC, epidermis, dermis and hair fol-
licles. In particular, the majority of hair follicle and epidermis was
classified as epidermis. This result agrees with the fact that hair fol-
licle is an invagination of normal epidermis. The presence of BCC is
also correctly predicted, however some misclassifications as false
positives were found, in particular for regions of epidermis and hair
follicles with higher DNA concentration, as observed in the H&E im-
age. These regions were mainly found at the edges of the epidermis.
This might be explained by the high sensitivity in cancer detection,
which needs to include all the outline cases, consequently lowering
the specificity of our model. Dermis is also correctly predicted,
cases presenting inflammation being several times misclassified
as epidermis, due to the high concentration of cells.

However, misclassification errors can be eliminated by using
anatomical information of healthy skin and BCC. Misclassification
of epidermis with BCC was in the edges of the hair bulb, which cor-
responds to the basal cells of the epithelium. These cells have less
cytoplasm and an increased nucleus-to-cytoplasm ratio than the
rest of the cells in the hair follicle. Consequently a higher DNA con-
centration might be expected in this region, as predicted by our
model. Furthermore, as BCC arises from the basal layer, it is likely
to resemble to basal cells and vice versa, not only morphologically
but also from a chemical point of view.
4. Conclusions

This paper shows a preliminary study of RMS using supervised
classification models for discriminating BCC from hair follicles in
skin tissue sections excised during MMS. We have developed an
optical method able to automatically diagnose particular skin struc-
tures that present a clinical challenge to trained histopathologists.
The introduction of RMS as an optical diagnostic tool to enhance
chemical information from a MMS sample is especially interesting
in these cases were morphological information is not sufficient to
discriminate between normal skin structures and a malignant
lesion.

A previously developed LDA-model based on supervised Raman
band selection (BCC discrimination with 90 ± 9% sensitivity and
85 ± 9% specificity) was used in this study to create automated Ra-
man spectral images and provide diagnosis for new skin tissue sec-
tions containing BCC, dermis, epidermis and hair follicles. The
Raman spectrum of hair follicles had a higher amount of nucleic
acids than the external epithelial layer spectrum. Raman spectral
images showed excellent agreement with H&E diagnosed images.
However, further studies are required to measure Raman spectra
from a large number of hair follicle samples, as well as other struc-
tures found in healthy skin but often misdiagnosed as BCC, and in-
clude these structures as separate classes in the classification
models. Such models are more likely to provide a higher diagnosis
accuracy for BCC.
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