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Abstract: Infrared (IR) spectral microimaging is a label-free optical technique that permits to probe the intrinsic
chemical composition of biological samples. This technique appears more informative than conventional
histology and could be developed as a non-destructive and objective diagnostic tool for in routine use in
pathology departments. The discrimination between tumoral and neighbouring tissues relies on highlighting
subtle spectral differences by means of advanced statistical multivariate data processing. In this way, we
applied an innovative algorithm based on fuzzy clustering to take into account the notion of nuance into the
clustering of IR image pixels. IR spectral imaging of human cutaneous melanomas was performed on
paraffin-embedded tissue sections, without previous chemical dewaxing. Reconstructed colour-coded
images allow recovering automatically different histological structures, by distinguishing tumour from the
connective tissue. This approach gives also access to information about the tissue structures. Indeed, it
permits to highlight the interconnection between neighbouring structures. In this work in progress study, the
analysis was focussed on the interconnection between the tumoral and peritumoral structures and between
the tumoral areas in case of a heterogeneous lesion. These first encouraging results pave the way to access
new diagnostic and prognostic criteria associated to the tumour aggressiveness in cutaneous melanomas.

1 INTRODUCTION morphological interpretation might be considered as
subjective and could result in disagreements in the
Melanoma skin cancer is one of the most aggressive d1agnos1s. (Urso,  2005; Glusac,. 2.003)‘ Magy
human cancers (Chin, 2006; Miller, 2006) and attempts in the development of objective automatic
reveals itself as a quiet, but rapid invasive life image aqalys1s solftware. were realised but due to the
threatening tumour (Simionescu, 2006). Melanoma complexity of h1st0.10g1ca1 structures, results have
incidence rates have been increasing for at least 30 not yet been conclusive (Gerger, 2003).
years. Between 2005 and 2009, incidence rates . Fourier transfprm rmd-mfrared (FT_,I R)
among light skin people increased by 2.8 % per year. microspectroscopy is an efficient label-free optical
In the United States, for example, melanoma is method based on the interaction between an infrared
expected to be diagnosed in about 76,690 persons in (IR)  radiation apd matter.  This ylbrathnal
2013, accounting for less than 5 % of all skin cancer spectroscopy permits fo probe the biochemical

cases but the vast majority of skin cancer deaths compos%tlon of a,saml?le n-a very SePSIUVe’ non-
(Cancer Facts & Figures, 2013). destructive, non-invasive apd objective manner.
Coupled with an imaging system, FT-IR

Accurate clinical diagnosis of malignant X X
microspectroscopy ~ of  human  tissues  has

melanoma is thus of great importance for early . . o
detection and further treatment. Generally, the demonstrated potential to provide clinically relevant

diagnosis is based on the histological evaluation of diagnostic information in oncology (Krishna, 2007;
the lesion (Marghoob, 2009).  However, Wolthuis, 2008; Kong, 2010), and particularly in
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detection and characterisation of skin cancers (Ly,
2009). Notably, the possibility to diagnose
melanoma from normal epidermis (Mordechai,
2004; Hammody, 2008) or to discriminate between
melanoma and benign nevus (Tfayli, 2005) based on
the IR markers specific to each tissue type was
shown. Associating with multivariate statistical
analysis methods, FT-IR imaging has also
demonstrated its potential for characterising various
melanoma types and highlighting intratumoral
heterogeneities within the primary melanoma skin
cancers independently of conventional histology
(Ly, 2010).

However, the latest developments in IR spectral
data processing and pattern recognition methods
have permitted highlighting, in skin carcinoma
lesions, the subtle biochemical changes between
cancerous  and  surrounding  tissue  areas
(Sebiskveradze, 2011). In this proof of concept
study, our objective was to develop an automated
digital staining of tissue sections in order to
investigate the interconnection between the tumoral
and the neighbouring peritumoral areas in primary
melanoma. The processing method was based on
fuzzy clustering of IR data and on the measure of the
cluster intercorrelation.

To this end, two representative samples of good
and bad prognosis melanoma were analysed. The IR
spectral images were directly collected on paraffin-
embedded thin sections and then automatically
clustered using an fuzzy clustering algorithm.
Moreover, in order to highlight interfaces between
the different clusters, a cluster interconnection
measure was introduced.

2 MATERIALS AND METHODS

2.1 Patients and Sample Preparation

Two samples of primary cutaneous superficial
spreading melanomas (SSM) were analysed in this
study. The first one, of good prognosis, developed
on the arm of a 65 years old woman, without
ulceration, with Clark level of 3 and 0.76 mm
Breslow thickness. While, the second one, of bad
prognosis, developed on the back of a 55 years old
man, presented an invasive nodular component and
ulceration, with Clark level of 4 and 2 mm Breslow
thickness.

The tissue samples were selected by the
pathologists from the tumour bank of the Pathology
Department. The specimens were fixed in formalin
and paraffin-embedded. From the samples, 10-
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micron thick slices were cut and mounted on a
calcium fluoride (CaF,) (Crystran Ltd, Dorset, UK)
window for FT-IR imaging without any particular
preparation, especially no chemical dewaxing. First
adjacent slices (5 pm thick) to those used for FT-IR
analysis were stained with hematoxylin and eosin
(HE) for conventional histology.

2.2 FT-IR Data Acquisition

FT-IR spectral images were recorded in
transmission mode with a Spectrum Spotlight 300
FT-IR imaging system coupled to a Spectrum One
FT-IR spectrometer (both from PerkinElmer Life
Sciences, Waltham, MA, U.S.A.). The spatial
resolution of about ten micron and a spectral
resolution of 2 cm” permitted the recording of
detailed tissular structures. Before each acquisition,
a reference spectrum of the atmospheric
environment and the CaF, window was recorded.
This reference spectrum was subsequently
automatically subtracted from the data by a built-in
function from the Perkin Elmer Spotlight software.
Each spectral image of about | mm? area, covering a
substantial part of the biopsy, consisted of around
30,000 spectra. Each image pixel represents an IR
spectrum, which is the absorbance of one
measurement point (6.25 X 6.25 um®) over 902
wavenumbers uniformly distributed between 900
and 1800 cm™. This spectral range, characterised as
the fingerprint region, actually corresponds to the
most informative region for biological samples (Ly,
2008; Ly, 2009).

2.3 Data Pre-processing

Data processing was carried out directly on spectral
images using built in-house programs written in
Matlab 2008a (The Mathworks, Natick, MA,
U.S.A).

As the samples were analysed without previous
chemical dewaxing, the recorded FT-IR spectral
images had to be digitally corrected for paraffin
spectral contribution. To achieve this goal, an
automated pre-processing method based on extended
multiplicative signal correction (EMSC) was applied
on each recorded data set. This method has already
shown its digital dewaxing potential on skin and
colon cancer samples (Ly, 2008; Wolthuis, 2008).
Briefly, the mean spectrum was computed by
averaging all recorded spectra of each image. Light
scattering effects were modelled with a fourth-order
polynomial function. In order to take into account
the spectral variability of paraffin, the interference
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matrix of the model was composed of the average
spectrum of paraffin and the first nine principal
components extracted from a FT-IR spectral image
recorded on a pure paraffin block. After the
application of the EMSC-based pre-processing,
paraffin  contribution was neutralized, thus
permitting to retain in the data sets only the spectral
variability of the tissue.

In addition, this pre-processing step permitted to
discard from the analysis outliers and poor tissue
signal to noise ratio spectra. On the pseudo-colour
clustering images, the corresponding pixels are
white coloured for better visualisation.

2.4 Fuzzy Clustering

The spectral differences between different skin
structures (such as dermis, epidermis and tumour)
are weak after the EMSC-based pre-processing step.
To highlight the different biological structures of the
analysed sample, clustering methods can be used.
The main objective of clustering is to group together
similar spectra in order to reveal areas of interest
within tissue sections. In IR spectral imaging of
cancerous tissues, clustering methods allow to create
highly contrasted pseudo-colour images permitting
to localize tumoral nests within a complex tissue
(Ly, 2009; Sebiskveradze, 2011).

For each spectral image, a clustering method
based on fuzzy C-means (FCM) was used. One of
the particularities of FCM clustering is that it
permits to assign each pixel (spectrum) to every
cluster with an associated membership value varying
between 0 and 1; the sum of all the cluster
membership values for one pixel being equal to 1
(Bezdek, 1981). The amount of fuzziness introduced
in the clustering is managed by the fuzzy parameter.
Increasing the value of this parameter induces more
fuzziness in the clustering. Classical FCM algorithm
is considered as unsupervised except for the number
of clusters and the fuzziness parameter, determined
by the operator. Here, we used an algorithm named
RBA (Redundancy-Based Algorithm) to
automatically determine both FCM parameters
(Sebiskveradze, 2011).

In this study, we applied the FCM function from
the Matlab Statistics Toolbox with the Euclidean
distance. For each cluster, the cluster-membership
information was plotted in a separate image as a
pseudo-colour map. For cluster assignment, each
pseudo-colour map was then provided to the
pathologists for a comparison with the
corresponding HE-stained sections.

2.5 Measure of Interconnection
between Spectral Clusters

Interconnection corresponds to the sample areas (or
image pixels) shared between two clusters. To
calculate this interconnection the following
mathematical equation was implemented:

u, u,,
log in log J
u,, u, + u;, u;, U, + u;, i jn
M, ()= - N

in jn

u
u, +u, log?2 u, +u, log?2 (]jz
2

where M ;(n) represents the interconnection

measurement calculated between i and j clusters for
the given pixel n; while, u;, and u ;, are respectively

i and j cluster membership values for this pixel. This
interconnection value varies between 0 (no
overlapping between the two clusters) and 1
(uniform distribution of pixel membership value
between the two clusters).

3 RESULTS AND DISCUSSION

The IR spectral images recorded on each tissue
section contained approximately 30,000 spectra.
These spectra were pre-processed in order to remove
paraffin contribution and clustered using the FCM-
based algorithm to regroup, within the same image,
spectra that show similar bio-molecular properties.
Note that for each case the number of clusters was
determined automatically by the algorithm. On the
analysed samples, it was possible to establish a one-
to-one correlation from those highly contrasted FCM
images to the adjacent HE section.

Figure 1 corresponds to the FCM-based
algorithm images obtained from the non-ulcerated
SSM (patient 1). Instead of superimposing the
images, each cluster was presented into a separate
pseudo-colour image. Here, we considered that the
pixels belonging significantly to a cluster image
presented a membership value superior to 0.4. Thus,
the clusters were assigned as follow: keratin (cluster
1), epidermis (cluster 2), tumour (cluster 3),
peritumoral collagen (clusters 4 and 5), lymphocytes
(cluster 6) and deep dermis (clusters 7 and 8).

Figure 2 depicts the images obtained from an
ulcerated SSM with an invasive nodular component
(patient 2). In this example, six clusters obtained by
FCM-based algorithm were assigned to the
following tissular structures: two distinctive types of
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Figure 1: Spectral histology obtained from a non-ulcerated superficial spreading melanoma (patient 1) using FCM-based
algorithm. Pseudo-colour map built with 8 clusters represented by individual images with corresponding hematoxylin and
eosin-stained image (scale bar, 200 um, tumour is outlined). Assignment of the clusters: keratin (1), epidermis (2), tumour
(3), peritumoral collagen (4 and 5), lymphocytes (6) and deep dermis (7 and 8).
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Figure 2: Spectral histology obtained from an ulcerated superficial spreading melanoma with an invasive nodular
component (patient 2) using FCM-based algorithm. Pseudo-colour map built with 6 clusters represented by individual
images with corresponding hematoxylin and eosin-stained image (scale bar, 200 pm). Assignment of the clusters: tumour (1
and 2), intratumoral collagen (3), lymphocytes (4), deep collagen (5 and 6).

tumour cells (clusters 1 and 2) were located in the
invasive component. The intratumoral collagen
(cluster 3) also appeared. Other structures
represented by the clusters 5 and 6 were assigned to
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deep collagen. Furthermore, very detailed
histological structures such as lymphocytes can be
recovered (cluster 4) indicating the presence of an
inflammatory component.
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As visible from the presented samples, in both cases,
tumours were very well delineated and demarcated
from the epidermis. Moreover, the first one
corresponding to a good prognosis melanoma
contained only one tumour cluster while for the
second one of bad prognosis (i.e. presenting a
metastatic risk), a tumoral heterogeneity was
revealed by the identification of 2 clusters (Okcu,
1996).

After this first processing of spectral data
permitting to recover the histological organisation of
the tissue, we applied the new spectral
interconnection measure between the identified
clusters. Indeed, for each pixel, an interconnection
value was calculated for a couple of clusters of
interest. As a result, the generated new images,
presenting the same spatial size, were displayed
according to a colorbar scale from 0 (no
interconnection between the clusters, dark-colour
pixels) and 1 (maximum of interconnection, light-
coloured pixels). For the analysed samples, different
circumstances can be observed.

Figure 3 shows the interconnection between the
tumour cluster and its surrounding structures for the
non-ulcerated SSM (patient 1) whose FCM clusters
are indicated in Figure 1. Indeed, through the Figure
3A we can assume the high interconnection between
the tumour cluster (cluster 3) and the neighbouring
epidermis (cluster 2). In addition, Figures 3B and 3C
show a low interconnection between the tumour and
the peritumoral collagen (clusters 4 and 5). Similar
calculations were performed for the ulcerated SSM
which presents an invasive nodular component
(patient 2) (Figure 4). Indeed, Figure 4A revealed a
maximal interconnection between the two different
types of tumour clusters (clusters 1 and 2 of Figure
2). Further, on the Figures 4B and 4C, a high
interconnection was highlighted between these
tumour clusters and their microenvironment
corresponding to intratumoral collagen (cluster 3).
Highlighting such interconnection between the
invasive tumour and its surrounding tissue confirms

Tumour
(cluster 3)

Tumour
(cluster 3)

Epidermis
(cluster 2)

0.8
0.6
0.4
0.2

Peritumoral
collagen (cluster 4)

the hypothesis that strong interactions exist between
the tumour cells and their matrix environment.

Moreover, a marked interconnection between
one type of tumour cells (cluster 2), located in the
invasive region of the malignant lesion, and the
inflammatory component (cluster 4) was identified
(Figure 4D). This cluster assigned to the
inflammation does not present any interconnection
with the other tumour cluster (cluster 1) (data not
shown). An absence of interconnection was also
noticed between the tumour and the deep collagen,
(clusters 5 and 6 of Figure 2) (data not shown).

The obtained results demonstrate the feasibility
of FT-IR spectral imaging associated with advanced
multivariate statistical analyses as a powerful
automatic tool for histopathological characterisation
of primary cutaneous melanoma. The efficiency of
this biophotonic imaging technique relies on its
capability to probe the subtle differences of
molecular composition that exist between the tissue
structures.

Moreover,  the highlighting of novel spectral
marker of tumour invasiveness reinforces the idea of
integration of this approach in the conventional
morphological analyses in order to help in the
guidance of therapeutic diagnoses.

4 CONCLUSIONS

The combination of IR imaging and pattern
recognition techniques might be an innovative,
label-free,  high-throughput  and  automatic
technology to aid screening high-risk metastatic
melanoma lesions at their earliest stages. Moreover,
from the histopathological point of view,
highlighting an invasive component in melanoma
skin cancer is of great interest, since it permits to
determine the precise area where the invasive cells
can infiltrate the surrounding tissue. This kind of
invasive front is of crucial importance to assess the

Peritumoral
collagen (cluster 5)

Tumour
(cluster 3)

oN|eA UuoI1dauu02J4alu|

Figure 3: Illustration of interconnection measurements for a non-ulcerated superficial spreading melanoma (patient 1). 3
circumstances: A) between the tumour and epidermis clusters, B) and C) between the tumour and peritumoral collagen

clusters.

63



BIOIMAGING 2014 - International Conference on Bioimaging

Tumour /Tumour Tumour Intraltlumoral Tumour / Intra|t|umoral Tumour Lymphocytes
(cluster 1Y (cluster 2)  (cluster 1) coflagen (cluster 2) cotflagen (cluster 2) (cluster 4)
(cluster 3) (cluster 3)

Figure 4: Illustration of interconnection measurements for an ulcerated superficial spreading melanoma with an invasive
nodular component (patient 2). 4 circumstances: A) between the tumour clusters, B) and C) between tumours and
intratumoral collagen clusters, D) between tumour and lymphocytes clusters.

tumour agressiveness, by revealing a risk of
malignant cell escape and consequently metastasis
formation. These first results need to be validated by
further analysis on a large number of samples,
before envisaging a potential application in clinics.
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