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a  b  s  t  r  a  c  t

Colorectal  cancer  (CRC)  a leading  cause  of death  by cancer,  and  screening  programs  for  its early  identifica-
tion  are  at  the  heart  of  the increasing  survival  rates. To motivate  population  participation,  non-invasive,
accurate,  scalable  and  cost-effective  diagnosis  methods  are  required.  Blood  fluorescence  spectroscopy
provides rich  information  that  can be used  for cancer  identification.  The  main  challenges  in analyzing
blood  fluorescence  data  for CRC  classification  are  related  to its high  dimensionality  and  inherent  vari-
ability,  especially  when  analyzing  a small  number  of  samples.  In this  paper,  we present  a  hierarchical
classification  method  based  on  plasma  fluorescence  to identify  not  only  CRC,  but  also  adenomas  and
other  non-malignant  colorectal  findings  that may  require  further  medical  investigation.  A feature  selec-
tion  algorithm  is  proposed  to deal  with the  high  dimensionality  and  select  discriminant  fluorescence
wavelengths.  These  are  used  to  train  a binary  support  vector  machine  (SVM)  in  the  first  level  to iden-
tify  the  CRC  samples.  The  remaining  samples  are  then  presented  to a one-class  SVM  trained  on  healthy
subjects  to detect  deviant  samples,  and  thus  non-malignant  findings.  This  hierarchical  design,  together
with  the  one  class-SVM,  aims  to  reduce  the  effects  of  small  samples  and  high  variability.  Using  a dataset
analyzed  in  previous  studies  comprised  of  12,341  wavelengths,  we  achieved  much  superior  results.  Sen-
sitivity  and  specificity  are 0.87  and  0.95  for  CRC  detection,  and  0.60  and  0.79  for  non-malignant  findings,
respectively.  Compared  to related  work,  the  proposed  method  presented  a better  accuracy,  required
fewer  features,  and  provides  a unified  approach  that  expands  CRC  detection  to  non-malignant  findings.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Colorectal cancer (CRC) is still one of the major causes of death
by cancer [1], but significant advances on mortality reduction have
been achieved by modern CRC screening methods [2]. Indeed,
early CRC detection drastically improves the 5 year survival rate
[3], while detection and removal of other non-malignant condi-
tions, such as adenomas, can even prevent further development to
CRC. Adenomas are polyps (i.e. tissue growth) that can progress
to CRC, reason why they are usually removed when detected [4].
The development of cost-effective screening methods able to accu-
rately identify not only colorectal cancer samples, but also other
non-malignant related conditions, is of utmost interest for effective
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CRC screening programs, improving the outcomes of preventive
and curative medical interventions.

Colonoscopy is the gold standard method for CRC detection,
with reported sensitivity ranging between 92% and 99% [5]. Despite
its effectiveness, its coverage is affected by high costs, low capac-
ity of medical centers, as well as psychological factors related to
its invasiveness nature [6–9], which hinder a wider participation
of the target population. Concerning non-invasive methods, stool-
based tests such as Guaiac fecal occult blood test (gFOBT) and
fecal immunochemical test (FIT) are among the most common CRC
screening techniques [2,10], but their predictive power for positive
CRC is limited. Thus, investigation of new non-invasive diagnos-
tic methods is encouraged [8,11–14], especially blood-based tests,
since patients are more keen to accept them, based on a preference
of not handling stool samples [6].

More recently, fluorescence spectroscopy has been employed
for cancer identification in tissues [15] and body fluids [16,17]. Flu-
orescence spectroscopy is a well-known tool for chemical analysis,
which provides detailed molecular information [18,19] at relative
low cost [20], thus suitable for non-invasive CRC screening. One
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of the key issues in fluorescence analysis is the definition of exci-
tation and emission wavelengths, which are the features derived
from fluorescence spectroscopy. Therefore, among the main chal-
lenges in analyzing fluorescence data from biological systems are
the high dimensionality inherent to fluorescence spectroscopy, and
the usual small number of available samples and their high vari-
ability. High dimensionality is intrinsically characterized by the
existence of many noisy features that can lead to overfitting [21].
Hence, it requires methods for the identification of proper features
for classification, in order to obtain quality classification results
and develop a scalable solution. The latter may  affect multiclass
classification performance, because classifiers must deal with more
complex patterns to distinguish the samples [22].

Lualdi et al. [23] developed a feasibility study of blood
plasma fluorescence for CRC detection. They selected an excita-
tion wavelength of 405 nm and emission recorded in the range of
430–700 nm,  achieving sensitivity and specificity results of 80% and
50%, respectively. Lawaetz et al. [3] significantly improved these
results by experimenting with various excitation and emission
wavelengths. However, fluorescence data acquisition in a range of
excitation and emission wavelengths is time consuming, and may
inflate the dataset with irrelevant information for the classifica-
tion task. Therefore, a dimension reduction pre-processing step is
required to produce sound classifiers [24]. The usual methods for
dimension reduction are feature extraction and feature selection.
In the former, the original features are combined together to gener-
ate a new reduced set of features that maximizes a given criterion
(e.g. explained variance). In the latter, a reduced subset of the origi-
nal features is selected, discarding the irrelevant or redundant ones
for the classification task. As a result, only the most discriminant
features are used to build the classification model.

Regarding feature selection, Lualdi et al. [23] applied t-test to
discard the non-significant emission wavelengths to build univari-
ate classifiers based on fluorescence intensity. The reported results
demonstrate the potential of fluorescence spectroscopy for cancer
identification, and how results rely on the choice of proper features.
In regards to feature extraction for CRC identification, related work
[3,25] employed Parallel Factor Analysis (PARAFAC) for extracting
interpretable features to train PLS-DA (Partial Least Squares Dis-
criminant Analysis) binary classifiers. Despite little performance
improvement was achieved, they have shown that spectroscopy-
derived features provide enough information to build classifiers
for different target classes (e.g. CRC, adenomas, healthy). How-
ever, they did not integrate these independent binary classifiers.
Thus, there is an opportunity to develop a unifying and encompass-
ing solution that identifies all these CRC-related conditions, where
feature selection has the main purpose of improving classification
results.

In this paper, we propose a classification framework based on
fluorescence spectroscopy from human blood plasma to identify
CRC samples and other non-malignant findings. The striking char-
acteristics of our solution are: a) the inclusion of a feature selection
pre-processing step that can improve overall accuracy and reduce
sample acquisition time; and b) the adoption of a hierarchical clas-
sifier to identify non-malignant findings, which decomposes the
classification problem according its intrinsic subclass structure, and
thus leads to more homogeneous classes. The proposed unifying
framework can be the basis of a quicker, cost-effective and scal-
able non-invasive CRC screening method. We  use publicly available
blood plasma fluorescence datasets to build and test the classifiers,
such that our method can be compared to previous studies [3,25].

With regard to prior attempts of CRC and non-malignant find-
ings classification, a major difference is that we address this
problem as a multi-class classification task. Existing solutions are
limited to individual binary classifiers (e.g. CRC versus healthy sub-
jects, or CRC versus non-CRC). Multi-class problems are usually

Fig. 1. Hierarchical classifier.

more challenging than binary ones, since defining precise class
boundaries may  be more difficult. Additionally, the small number
of samples, high dimensionality and high variability further accen-
tuate this challenge. We propose the use of a two level hierarchical
design to solve this multi-class classification problem. As depicted
in Fig. 1, it is composed of a binary SVM at the first level, and of a one-
class SVM in the second level. The first level binary SVM classifier
has the role of separating the well-characterized CRC samples from
the rest, whereas the second one aims at handling non-malignant
findings samples as outliers with regard to healthy patients.

Another novel contribution of our paper is the process employed
for dimension reduction. Unlike previous works [3,23,25], we  adopt
an iterative multivariate feature selection process. A Support Vector
Machine – Recursive Feature Elimination (SVM-RFE) algorithm [21]
is used to rank and select the appropriate features, leading to a
simplified, yet more accurate model, with a reduced number of
features.

The proposed approach can provide invaluable information
for individuals that may  develop colorectal cancer in the future.
We foresee our method as a preliminary step that helps select-
ing patients who need colonoscopy or other invasive procedures,
avoiding unnecessary exams. Our method can increase partici-
pation rate and coverage in CRC screening programs, due to its
non-invasive nature and relative low cost.

The remaining of this paper is structured as follows. Section 2
presents information about fluorescence spectroscopy, the dataset
used in this study, the SVM algorithm, and the detailed steps to
build the hierarchical classifier. Results of the proposed approach
are presented in Section 3, and compared to other classification
strategies and previous works on the same dataset. Conclusions
are drawn in Section 4, together with future work.

2. Materials and methods

In this section, we  briefly present the fluorescence spectroscopy
technique, the dataset used in this study, the classification algo-
rithm and the proposed method for hierarchical classification.

2.1. Fluorescence spectroscopy

Fluorescence is one of the categories of luminescence (i.e.
emission of light) that occurs when an excited molecule called fluo-
rophore emits energy in form of light to return to its ground state
[26]. Fluorescence can be interpreted as a three-stage process. First,
a compound is illuminated at an excitation wavelength, absorbing
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