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Abstract. In this work, we considered the feasibility of Raman spectroscopy for discriminating between adeno-
carcinomatous and normal mucosal formalin-fixed colonic tissues. Unlike earlier studies in colorectal cancer, a
spectral deconvolution model was implemented to derive spectral information. Eleven samples of human colon
were used, and 55 spectra were analyzed. Each spectrum was resolved into 25 bands from 975 to 1720 cm~',
where modes of proteins, lipids, and nucleic acids are observed. From a comparative study of band intensities,
those presenting higher differences between tissue types were correlated to biochemical assignments. Results from
fitting procedure were further used as inputs for linear discriminant analysis, where combinations of band inten-
sities and intensity ratios were tested, yielding accuracies up to 81%. This analysis yields objective discriminating
parameters after fitting optimization. The bands with higher diagnosis relevance detected by spectra deconvolution
enable to confine the study to some spectral regions instead of broader ranges. A critical view upon limitations of
this approach is presented, along with a comparison of our results to earlier ones obtained in fresh colonic tissues.
This enabled to assess the effect of formalin fixation in colonic tissues, and determine its relevance in the present
analysis. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3658756]
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1 Introduction A colonoscopy is currently the gold standard for local screen-
1.1  Motivation ing of colorectal cancer. This endoscopic procedure relies on
direct white-light observation of the whole large intestine, at the
same time enabling endoscopic mucosal resection of suspect
lesions and potentially premalignant polyps (polypectomy), by
colonoscopy-directed biopsy. The biopsy specimens are, in turn,
subject to histopathological analysis, the gold standard proce-
dure for diagnosis.

As an alternative to endoscopic procedure, noninvasive imag-
ing tools are under research. Among them, virtual colonoscopy
reconstructs the interior of the colon from computed-
tomography (CT) or nuclear magnetic resonance scans. So far
this technique has some drawbacks, such as the use of ionizing
radiation in the case of CT scans and being unable to identify le-
sions smaller than 5 mm.> Moreover, a real limitation of the CT
technique is that structural information is collected by essentially
absorption and scattering within the tissues, while the infor-
mation regarding chemical composition is lost. Furthermore, a
standard colonoscopy is required whenever there is evidence for
some disorder, as a means to perform accurate diagnosis. Nev-
ertheless, the endoscopic inspection of oncological pathology
in the colon is far from being trivial. Although most colorectal
cancers have a distinct appearance with light endoscopy, the ex-
istence of malignant neoplasms with atypical patterns have been

Colorectal adenocarcinoma is among the most prevalent type of
cancer in developed countries. In terms of incidence, gastroin-
testinal (GI) neoplasms have been reported to be the leading
oncological pathologies by the Portuguese Oncology Institute
(IPO-Porto), representing 23% of all diagnosed cases in 2008.
Colorectal cancer accounts itself for 14% and 10% incidence
rates in men and women, respectively.' In the United States of
America, colorectal cancer ranks third in incidence and mortal-
ity, being represented by 10% and 9% rates, respectively, for
both men and women in 2009.2

About 96% of all colorectal cancers are adenocarcinomas,
which arise from the epithelial lining of glandular tissue in the
colonic mucosa, its outermost layer, and typically evolve from
benign neoplasms known as adenomatous polyps, through the
adenoma-carcinoma sequence, a process that can take 8 to 10
years.>* The early screening of this pathology is a crucial fac-
tor toward the improvement of clinical outcomes, by increasing
the probability of tumor control with treatment, thus avoiding
dissemination of the cancerous cells to distant tissues and or-
gans (metastasis) and enabling its complete surgical removal.
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reported.6 Moreover, in some common diseases the visual iden-
tification of premalignant manifestations is significantly ham-
pered, as it is the case of small and flat adenomas, in the presence
of inflamed mucosa of chronic ulcerative colitis, and in differen-
tiating adenomatous (dysplastic) from benign (hyperplastic) or
non-neoplastic (metaplastic, inflammatory) polyps.*® Similar
issues are present in the case of gastric cancer.’

There has been a remarkable effort by the scientific com-
munity in the research of novel efficient methods that aim at
providing in vivo real-time diagnosis of GI lesions.®®'9 Exam-
ples of such optical adjuncts to a colonoscopy are fluorescence
spectroscopy and imaging, light-scattering spectroscopies, as
is the case of Raman spectroscopy (RS), optical coherence to-
mography, chromoendoscopy, narrow-band imaging, confocal
fluorescence endoscopy, immunophotodetection, and more re-
cently, terahertz imaging and spectroscopy.*!!~!3 These tech-
niques may yield invaluable tools if they are to provide the
physicians the ability for accurate identification of suspect le-
sions in situ, alongside high sampling yields, enabling margin
delineation and reducing the diagnosis waiting time and the costs
and risks associated with unnecessary biopsies.'*

RS has been reported to be the spectroscopic technique which
provides the most detailed information about both the chemical
composition and structure of tissues, yielding much more sig-
nificant spectral features than those obtained from fluorescence
or elastic scattering.9 In fact, there has been notable interest
in the research of RS applications for cancer diagnosis, most
notably for ex vivo studies of neoplasms affecting the breast,
lung, skin, uterus, and GI tract. RS relies on the detection of
inelastically scattered light by the molecular optical vibrations.
The frequency and profile of Raman bands are highly specific to
both molecular structure and normal vibrations of the chemical
species present in the scatter system. RS is harmless and suit-
able for in vivo applications, as nonionizing and nonmutagenic
radiation wavelengths, ranging from visible to near-infrared
(NIR), are used for excitation. In a traditional microscope setup
and due to the absorption of visible light by the living tissues
and the inherently weak Raman cross-section of biomolecules,
only signals coming from near the illuminated surface (~0.5 to
1 mm) are collected, which is advantageous for epithelial tissue
screening, avoiding superposition of information from internal
layers.> '3 In addition, usually RS requires no sample prepara-
tion or use of dyes, tracers, or targeting drugs, in contrast to
other optical techniques, which renders its diagnostic capabili-
ties independent of the degree of selective localization of such
agents within lesions.

Despite all the advantages, RS is technically challenging to
implement at a clinical level, mostly due to the spectral con-
tamination of a Raman signal by strong broadband fluorescence
background, caused by tissue endogenous fluorophores. Nev-
ertheless, RS has highly profited from technological advances
in lasers, spectrometers with increasing resolution, high sensi-
tivity detector devices with fast response, as well as dedicated
optical fiber probes with suppression of fluorescence in the fiber
optics, which further encourage in vivo applications.'®!7 More-
over, it has been suggested that the use of typical laser powers of
100 to 250 mW focused to spot sizes of 500 pm, used to record
Raman spectra of biological tissues, should not imply significant
damage caused by heating.'* However, special care is needed in
order to avoid tissue damage if RS is to be used toward clinical
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applications, which can be better achieved by following ANSI
established standards for laser safety.

1.2 Outline and Trends in RS for Colorectal
Cancer Diagnosis

Raman scattering studies on colonic tissue to date have focused
on probing fresh samples, using NIR excitation, for spectral
analyses in the so-called fingerprint region, between ~800
and 1800 cm~!, where the main vibrational signatures of
proteins, lipids, carbohydrates, and nucleic acids are observed,
with minimal influence from water.!” First in vivo Raman
spectra of human GI tissues measured during routine clinical
endoscopy, were reported by Shim et al.,'® with an acceptable
signal-to-noise ratio (SNR) and short collection time (5 s), thus
demonstrating the feasibility of minimally invasive in vivo RS,
by means of a fiber optic probe incorporated into the instrument
channel of an endoscope.'? Together with Shim and co-workers,
Molckovsky'* proceeded with a proof-of-concept study, show-
ing promising results in differentiating adenomatous from
hyperplastic polyps, by principal component analyses (PCA)
followed by linear discriminant analysis (LDA), as a classifica-
tion tool applied to Raman spectra obtained in both in vivo and
ex vivo conditions. Though LDA/PCA algorithms identified
adenomas with high accuracy, classifiers developed in vivo and
ex vivo showed poor correlation.

Ex vivo studies performed so far on RS in the field of col-
orectal cancer diagnosis have been also based, to our knowl-
edge, on several multivariate statistical techniques of variable
complexity, in order to implement a reliable spectral classifica-
tion. Remarkable results were achieved by Stone et al.”’ using
LDA, by Huang et al.,>! and Widjaja et al.?> with support vector
machines, and by Chowdary et al.?* applying Mahalanobis dis-
tance and spectral residuals as discriminating parameters, with
each methodology being performed after data reduction by PCA.
However, these methodologies give little insight on the origin
of the contrast between different spectral classes, due to relying
on changes in parameters space, and results from several in-
dependent studies are difficult to compare. Possible drawbacks
related to tissue diagnosis based on statistical algorithms are the
constant need to test unknown spectra against large sets of refer-
ence spectra, acquired with identical conditions for each tissue
type, and the difficult handling and control of relevant variables
from the standpoint of the user. Nevertheless, the need to apply
statistical tools on the overall spectral range arises due to the
fact that there are no bands whose presence definitely proves
the existence and nature of a tumor.'” In particular, spectral
changes between epithelial neoplasms and normal tissue appear
to be restricted to small intensity variations, rather than steep
differences in spectral profiles, which is evident from the mean
spectra from various organs reported by Stone et al.>?* On the
contrary, the spectrum of breast carcinoma is markedly differ-
ent from that of corresponding normal tissue since the latter is
dominated by the spectrum of fat, a stronger Raman scatter than
proteins, that is lacking in cancerous tissue.?%??

The present work is addressed to discriminating adenocar-
cinomatous from normal mucosal colonic tissues using Raman
spectroscopy. In contrast to previously used methods toward an-
alyzing Raman spectra of colonic tissues, we have used a classi-
cal model where spectral deconvolution is carried out by a sum
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of damped oscillators.?® The aim of this analysis is to compare
spectral intensities associated with individual component bands,
resolved from the Raman spectra obtained from adenocarcino-
matous and normal mucosal colonic tissues, and subsequently
investigate whether the differences in intensities are amenable
of providing suitable means of discrimination between the tissue
types. Linear discriminant analysis was used for this purpose.
This study is intended to provide a first insight on the discrim-
inating capabilities of this type of analysis, as well as a better
understanding on the biochemical correlation to the most signif-
icant spectral changes between the two tissue types. Since tissue
specimens examined in the present work were under formalin
fixation, a comparative analysis between our results and those
previously reported on fresh tissues is also presented.

2 Experimental and Data Analysis
2.1 Sample Characterization and Processing

Eleven tissue specimens were studied; each one from a different
individual. Samples consisted of surgically resected transverse
sections of human colonic tissues, with lateral dimensions rang-
ing from 2 to 6 cm and thickness between 1.5 and 5 mm. Except
for one entirely nonpathological sample, all the others contained
both normal and affected tissues (adenocarcinoma). These spec-
imens were gently sent from the Department of Pathology, Por-
tuguese Oncology Institute of Porto, Portugal and Pathological
Anatomy Laboratory, Espinho, Portugal, after histopathologi-
cal analysis and formalin fixation. Histopathological diagnosis
and margin delineation was performed for each specimen by
the expert pathologists, via microscopical examination of their
adjacent sections stained with hematoxylin and eosin (H&E).
A total of 55 Raman spectra from colonic tissue samples were
recorded, comprising 23 spectra from normal mucosa and 32
spectra from adenocarcinoma, which correspond on average to
2 or 3 spectra sampled per tissue specimen per region (normal or
cancerous). Every spectrum was equally accounted for through-
out the data analyses, as there was no specific reason to consider
any kind of field effect. Cancer-assigned spectra were acquired
in regions were macroscopic disease could be observed, whereas
normal-assigned spectra were recorded at a distance not less than
0.5 cm from the margins. An H&E-stained adjacent section of
a sample is illustrated in Fig. 1, where the corresponding points
of interest for Raman measurements are depicted.

The fixative used after excision was 10% neutral buffered
formalin (4% formaldehyde methanol-free aqueous solution),
a most convenient way to store the specimens at room tem-
perature. The fixation procedure preserves tissues by promptly
interrupting its metabolism and stabilizing its structure, due to
promoting cross-linkage of amine groups in tissue proteins.?’
The use of the fixative is needed to circumvent degradation due
to the temporal delay between sample collection and Raman
measurements. Prior to the measurements, samples were rinsed
with running water and the excess liquid on the surface was
absorbed.

2.2 Micro-Raman Spectroscopy

Ex vivo Raman measurements over the spectral range 800 to
1800 cm~! were accomplished with a dispersive-type Ren-
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1 cm .

Fig. 1 Example of an H&E-stained adjacent section used for
histopathological examination and margin delineation. The trace sur-
rounds the cancerous region, whereas the stars indicate the positions
of the measuring points, located near the outer intestinal lining: open
star stands for normal mucosa and closed star for adenocarcinoma.

ishaw microspectrometer, InVia Reflex model, equipped with
a Renishaw RenCam CCD detector and a single 1200 lines/mm
dispersion grating, where the display system comprises a Le-
ica microscope. Excitation source was provided by a Renishaw
diode laser, RL 785 type, emitting at 785 nm. Near-infrared illu-
mination was chosen to reduce tissue autofluorescence. Due to
the macroscopic dimensions of the samples, a ultralong working
distance (N.A. 0.65) objective lens was used, with 50x mag-
nification, to focus the laser beam to a spot size of 2 to 3 um,
and collect the backscattered photons in nonconfocal mode. The
monochromator entrance slit was set to 65 um, yielding a spec-
tral resolution of 2 cm~!. While the majority of spectra was
recorded with ~1 mW/um? laser intensity on the sample, with
one accumulation using 100 s integration time, a few spectra
were acquired with ~5 mW/,um2 laser intensity, and one accu-
mulation with 50 s integration time.

2.3 Data Preprocessing

In order to correct for overall intensity and background fluc-
tuations on the total data set, the normalization criteria adopted
comprises the following steps: 1. background subtraction, 2.
spectral interpolation, and 3. intensity correction. Backgrounds
were estimated using LabSpec® 5 spectroscopy software by
fitting a fifth-order polynomial to each spectrum, as is common
practice for tissue fluorescence elimination.”” The fifth-order
polynomial yields a good compromise for background sub-
traction in our spectra, since it has a high enough order to fit
the background, without jeopardizing the quality of the Raman
bands. Linear interpolation was performed with Igor Pro® 6.0
(WaveMetrics), in order to fix the same Raman shift vector

December 2011 * Vol. 16(12)



Cambraia Lopes et al.: Discriminating adenocarcinoma from normal colonic mucosa...

with equal spectral increment for all spectra (Aw = 0.9 cm ™~ 1),
without affecting spectral profiles. This procedure enabled to
compute, e.g., mean spectrum of overall spectral sets, as well
as using a faster fitting algorithm. Intensity correction was
accomplished by total area normalization, i.e., by dividing
spectral intensities by a scaling constant—the sum of all discrete
intensity values in the spectral range 800 to 1800 cm ~ '—which
yielded an absolute value of 0.9 for the area under every normal-
ized spectrum, corresponding to the constant spectral increment.

2.4 Spectral Deconvolution and Classification

Spectral deconvolution was performed in all normalized spec-
tra in order to compare intensities of different Raman bands
between tissue types. This analysis was performed by least-
squares fitting of Eq. (1) to each spectrum, which describes a
model involving a sum of independent damped and harmonic
oscillators:?

2 .
a)on F()]

N
L) =[1+n(@, T Y Ay

D)
j=1 (Qﬁj—w2)2+(wl“o,-)2

According to Eq. (1), the fitted curve /(w) is given by a super-
position of a set of N bands, with the j’th band representing
an oscillator with a characteristic frequency €2;, amplitude Ay,
and full width at half maximum I'; (damping factor). n(w,T)
is the temperature-dependent Bose—Einstein factor. Oscillator
bands are approximately of Lorentzian shape in the frequency
range considered. This analysis was implemented by means of
an improved in-built routine, running at Igor Pro® 6.0 (Wave-
Metrics).

Curve fitting was applied to the spectral range from 975 to
1720 cm~!, where the most prominent and systematic bands
were observed. This range was split into three separate sub-
ranges for easier implementation. Both normal and cancerous
spectra were resolved into 25 component bands, in the 975 to
1720 cm~! range. A constant baseline was used and kept un-
changed, to yield better comparison between the fitting results
from normalized spectra, and no smoothing was applied prior
to the fitting. This baseline stands just as an additive constant
to Eq. (1), without modifying the spectral profiles. Initial pa-
rameters were estimated by applying curve fitting to the average
spectra from normal and cancerous sets. It was observed that
the frequencies of resolved bands from the two average spectra

Normal mucosa
0.003 . . . .

were in very good agreement (2 cm ~ !, data not shown), due to
the high similarity between spectral profiles. Initial parameters
were then introduced in the model, in order to fit the spectra with
a higher SNR. It was found that individual bandwidths did not
differ substantially from spectrum to spectrum after fitting opti-
mization of these spectra, and thus, in a next step, we chose to
apply average bandwidth values to every spectrum and to keep
them fixed. In this way, we could implement a systematic analy-
sis that otherwise would be cumbersome and subjective, having
in mind that spectral deconvolution in the context of biologic
spectra, containing multiple close to and overlapped bands, is
not straightforward, especially when dealing with in vivo spectra
having considerable noise due to constraints in acquisition time
and laser power.

The band intensities (i.e., areas under the resolved curves)
from normal tissue spectra were then compared against those
from cancerous tissue spectra, independently of the specimen
probed (extrinsic variability) and the site on each sample region
(intrinsic variability). Statistical comparison was performed
using PASW® Statistics 18.0. A student’s t-test was used to
compare band intensities between spectra from normal and can-
cerous tissues for each component band, after confirming normal
distribution of the data samples by using the Kolmogorov—
Smirnov test. A significance level of 5% was considered.

LDA was applied to intensity distributions, as well as in-
tensity ratio distributions, in order to estimate the accuracy of
discrimination between normal and cancerous tissues, based on
the confined spectral information concerning those bands, that
individual or in combination, yielded the most significant dif-
ferences between them. An inbuilt routine of MATLAB® 7.1 was
used for LDA. This multivariate tool performs supervised clas-
sification by taking into account the histopathological analysis
corresponding to each measured spectrum, in order to estimate
a discriminant function. This function is described by a linear
combination of a set of parameters, which maximizes the ratio
of intergroup variance to intragroup variance.?’

3 Results and Discussion
3.1 Average Spectral Profiles

Average Raman spectra of normal and adenocarcinomatous tis-
sues are presented in Fig. 2. It can be observed from Fig. 2
that the characteristic spectra of normal and cancerous tissues

Adenocarcinoma
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Normalized Intensity (a.u.)

T T T T
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1 1 1 1

0.000 - - - -
800 1000 1200 1400 1600

Raman shift (cm™)

800 1000 1200 1400 1600 1800

Raman shift (cm™)

Fig. 2 Average Raman spectra (black lines) and standard deviation spectra (gray lines) of formalin-fixed colonic tissues. (a) Normal mucosa

(n = 23); (b) Adenocarcinoma (n = 32).
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are similar in shape and intensity. From visual inspection, spec-
tral profiles seem to be in good agreement with those reported
by Krafft et al.,®?° acquired with equipment similar to the
one used in this work, and by Andrade et al.*® with FT-Raman
spectroscopy, both regarding spectra of fresh healthy tissues.
Despite the similarities referred to above, some differences are
evidenced in our spectra regarding the two bands located at
~1046 and 1495 cm~!. They can be assigned to formalin
vibrations,?! and its presence in other formalin-fixed biologic tis-
sues, has been documented elsewhere.?2 In comparison to our re-
sults, Raman spectra of fresh colonic tissues reported elsewhere
appear to be much less intense in the spectral region around
1046 cm !, whereas the band at 1495 cm ! is not observed
at all. Though our study reveals that formalin fixation does not
yield large changes toward the vibrational phenotype of fresh
colonic tissues, spectral contamination stemming from formalin
bands must be considered, as will be touched on in Sec. 3.2.

Also shown in Fig. 2 is the spectral variability of each group,
represented in terms of the standard deviation of spectral intensi-
ties. Spectral variability has similar patterns for both normal and
cancerous classes and appears to be more pronounced within the
spectral ranges 1000 to 1100, 1290 to 1360, 1425 to 1500, and
1550 to 1700 cm~!. These fluctuations may reflect the natu-
ral heterogeneity of each tissue type, which is reinforced by the
similarity with standard deviation spectra reported elsewhere for
the case of normal epithelial tissue,*® especially in the former
and latter spectral intervals. The peaks observed at approxi-
mately 1300 and 1445 cm ™! in our standard deviation spectra
are mainly attributed to two lipid bands, which have character-
istic steep and intense profiles, in contrast to the average spectra
profiles, and which presence was observed only in a few spectra
from both sorts of tissues.

Direct comparison between average spectra of normal ver-
sus cancerous tissues is depicted in Fig. 3. According to these
results, an inversion in spectral intensity differences takes place
around 1200 cm ', which evidences that the intensity of the
Raman signal is higher in healthy tissue than in cancerous tis-
sue below 1200 cm !, and vice versa above 1200 cm ~—!. The
latter region includes typical prominent bands arising from vi-
brational modes of proteins amide I and III, and CH, bending
and twisting modes of proteins and lipids, together with other
bands from nucleic acids and aromatic aminoacids, described
elsewhere.!”?”33 The magnitude of maximum intensity differ-
ences found in the regions of interest are as follows: 1010 to
1135 cm~! (~15%), 1300 to 1370 cm~! (~10%), 1435 to
1480 cm~ ' (~8%), 1560 to 1600 cm~"' (~20%), and 1600 to
1690 cm~! (10% to 20%).

In general, the observed higher intensity contribution to the
average spectrum by cancerous tissue agrees with previous
results for regions around 1330 and 1600 cm~' or 1300 to
1345 cm~! and 1530 to 1654 cm~!.2%23 A remarkable agree-
ment can be seen between both our average spectra profiles and
intensity differences, against those obtained by Stone et al.,?’
except for the range 1550 to 1620 cm ~ ! that yields an opposite
difference. Difference spectra reported by Stone et al.”’ indeed
resemble a similar pattern, mainly for maximum peak differ-
ences around 1320, 1336, 1443, and 1654 cm~ !, with the in-
tensity differences representing up to 10% variation, which is in
good agreement with our results. Regarding the lower frequency
spectral region, the higher intensity registered for a normal tissue
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against a cancerous one is consistent with two aforementioned
references.?22 However, we were unable to find a higher contri-
bution from the phenylalanine symmetric ring-breathing mode
[vs(C—C), 1005 cm~'] in contrast to the former two reports,
which is probably due to the nearby presence of a formalin band
that is much broader.

At this stage, we could remark that beyond differences in
spectral intensities referred to above, it is also apparent that
spectral variability within both groups is not negligible. More-
over, if band intensities are to be used for tissue discrimination,
the overall differences should prevail over the point-by-point
variations that cannot be avoided in principle.

3.2 Band Intensities of Normal Versus
Cancerous Tissues

Spectral deconvolution was systematically performed in order
to sort out the most significant differences between spectra ob-
tained from normal mucosa and adenocarcinoma tissues, re-
garding the intensities of Raman bands. Figure 4 shows ex-
amples of the output obtained by curve-fitting analyses, as de-
scribed in Sec. 2.4. The spectral ranges considered, I: 975 to
1150 em~ 1, II: 1190 to 1530 cm ', III: 1550 to 1720 cm !,
were decomposed into 8, 11, and 6 bands, respectively. Region
I includes the very distinct phenyl band (1005 cm~!) and ad-
ditional bands arising mainly from stretching modes of single
bounds (C-C, C-O, C-N, O-P-0), that are mostly assigned to
lipids and carbohydrates.!”-3%33:3* Amide III and §CH, bands
are present in spectral region II, and amide T in region IIL.'4
From Fig. 4, it can be seen that the formalin band situated
at 1495 cm~! [8(HCH), see Ref. 31] can be easily resolved,
thus yielding little or negligible influence to nearby bands. For
this reason, its presence (and thus the presence of formalin in
tissues) does not represent a major issue in our opinion, re-
garding the spectral information that can be derived from the
neighbor bands, if curve-fitting analysis is applied. The same
conclusion is not straightforward for the broad and more intense
formalin band at 1046 cm ~ ' [va(OCO, see Fig. 4 and Ref. 31].
This band is actually decomposed into two bands, when deal-
ing with significantly higher concentrations of formaldehyde,?'
but in the present case it can be represented by a single
band.

For the subsequent analysis, two spectra from normal tissues
and five from cancerous tissues were further discarded, since
their appearance differed significantly from the majority of the
measured spectra. The differences stem from the presence of
fat-like very pronounced spectral bands, especially those ap-
pearing at 1304, 1446, and 1662 cm~!. Since fat is a stronger
Raman scattering material than protein, quantitative comparison
of spectral band intensities when Raman spectra with high fat
contribution is also considered, is very difficult to make if total
area normalization is to be applied, as is the case in the present
analysis.

Intensity distributions of component bands were obtained
and a comparison was made between normal- and cancerous-
assigned spectra. The intensity distributions that presented sig-
nificant differences (¢ test) are associated with the following
bands: 1019 cm~! (p = 0.001), 1046 cm~!' (p = 0.007),
1065 cm~! (p < 0.001), 1323 cm~! (p < 0.001), 1345 cm !
(p < 0.001), 1467 cm~! (p < 0.001), 1588 cm~! (p = 0.004),
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Fig. 3 Comparison between spectral profiles of cancerous versus normal colonic tissues. (a) Average Raman spectra of normal mucosa (gray line)
and adenocarcinoma (black line); (b) Difference spectra (cancerous to normal) expressed in values of absolute intensity (left axis, black line) and
percentage, relative to the normal average spectrum (right axis, gray line). Vertical lines correspond to the intervals 1010 to 1135, 1300 to 1370,
1435 to 1480, 1560 to 1600, and 1600 to 1690 cm~ " in units of Raman shift, respectively.

1662 cm~! (p = 0.001), and 1685 cm~' (p < 0.001). These
intensity distributions are presented in Fig. 5, and the corre-
sponding bands are evidenced by arrows in Fig. 4. As expected,
overall intensities of curve-resolved bands in spectral region I
tend to be higher for normal tissues than in cancerous tissues,
and vice versa for the spectral regions IT and I11. It is worth noting
though that there is a considerable variability, with consequent
partial superposition of intensity values.

Assuming that the intensity of the Raman band is propor-
tional to the number of oscillators, relative band intensities can
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give a measure of the relative amount of scattering species.
For this purpose, tentative assignments of major Raman bands
shown in Fig. 5 are presented in Table 1, following earlier
reported results.?”>3*3% Our results suggest that nucleic acids
(bands at 1323 cm ™', 1345 cm ™', and possibly 1662 cm '),
aminoacids (hydroxyproline and aromatic phenylalanine,
1588 cm™), collagen (1467 ecm~!, 1662 cm~'), and
disordered protein conformations (1685 cm~™') are more
predominant in colonic adenocarcinoma, whereas lipids
(1065 cm~') and carbohydrates (1019 cm~!) are more
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Fig. 5 Intensity distributions of curve-resolved bands, shown separately for the spectral sets of normal colonic mucosa (N) and adenocarcinoma (C).
Each band is labeled by its characteristic Raman shift and bands are grouped for the spectral regions (a), (b), and (c), accordingly to Fig. 4.

abundant in normal colonic mucosa. In fact, the higher nucleic
content in cancerous tissue is a general result for various neo-
plasms studied by RS,?® showing that this technique is sensible
to the increased nucleus-to-cytoplasm ratio, typical of neoplastic
tissue with high proliferation rate.

The formalin band at 1046 cm ~! yields a significant higher
intensity for the case of normal tissue (see Fig. 5), in con-
trast to what was observed for the other formalin band at
1495 cm ™! (p = 0.154, not shown). The former band appears
to be superimposed in a spectral range containing tissue bands

Table 1 Tentative assignments of major vibrational modes contributing to specific curve-resolved bands, from Raman spectra of mucosal colonic

tissue Refs. 27 and 34, and 35).

Band position {cm ')

Maijor assignments

1019 v(C-O) ribose; glycogen

1065 skeletal v(C-C) trans in lipids

1323 Guanine (B, Z marker); CH3CH; wagging and deforming in collagen and purine bases of nucleic acids
1345 CHj3, CH, wagging collagen; guanine (DNA, RNA)

1467 8as(CH3) and §(CH,) of proteins

1588 Phenylalanine, hydroxyproline

1662 Amide | (proteins); Nucleic acid modes; v(C = C) cis fatty acids

1685 Amide | (disordered structure; non hydrogen bonded)
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with significantly lower intensity, and thus can possibly mask
near and overlapped tissue-bands, in contrast to the other for-
malin band. As such, we believe that the influence of the for-
malin band at 1046 cm ™! in that part of the spectrum could
not be totally accounted for by the present analysis. What this
result suggests is that we could not resolve overlapped bands
close to 1046 cm~ !, which may present themselves different
spectral features between the tissue types. This possible issue
may justify the significant difference observed for the band at
1495 cm~ !, If the influence of a formalin band resolved from
some spectrum is to be neglected, then the subtraction of this
band to the overall spectrum should yield a spectrum approxi-
mately resembling that of fresh tissue. This intensity distribution
issue can thus only be clearly understood after performing sim-
ilar experiments on fresh tissues.

3.3 Diagnosis Potential of RS Using Combined
Band Intensities

Intensity distributions obtained by curve-fitting analysis were
subject to a classification algorithm, LDA, as a means to esti-
mate the sensitivity, specificity, and overall accuracy that can be
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achieved with our results. By sensitivity, we mean the fraction
of true-positive events obtained by the model, relative to the
total amount of positives (i.e., histopathology-certified cancer-
ous states). While the specificity is the fraction of true-negative
events (to total number of negative samples), overall accuracy
is the ratio of true to total events, obtained by the discriminant
classification. After applying LDA to the raw intensity distribu-
tions shown in Fig. 5, we were able to obtain accuracies as good
as 75% (1065, 1323 cm ™ ') or 73% (1662 cm ~ '), and as bad as
65% (1685 cm~ ') or 60% (1449 cm~1).

In order to enhance sensitivity (Se.), specificity (Sp.), and
overall accuracy (Ac.) we also applied LDA to different sets
of parameters. Better discriminating accuracies were achieved
using summed intensities of two neighboring bands, as was
the case for the parameter [j¢6; + I1685 [Ac. 79%, Se. 74%,
Sp. 86%—see Fig. 6(a)] or I1449 + 11467 (Ac. 77%, Se. 74%,
Sp. 81%). In addition, we exploited several combinations of
intensity ratios between two different bands, despite using the
absolute intensity values alone. An intensity ratio may be in-
terpreted as a relative intensity of one band to another, which
can provide a more precise indication of the relative concen-
trations of different tissue constituents. Furthermore, intensity
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ratios yield more interesting parameters from the standpoint of
classification, because they represent dimensionless quantities,
which are independent of the total spectral area considered and
less influenced by the type of normalization. In this way, we ob-
tained discriminating accuracies up to 79%. In Figs. 6(b)-6(d),
we present a selection of the intensity ratio distributions, which
yield better discrimination: /sgg/l1919 (Ac. 79%, Se. 74%, Sp.
86%), 11019/11685 (AC. 79%, Se. 93%, Spec. 62%), and 11323/11065
(Ac. 75%, Se. 74%, Sp. 76%), respectively. We note that the
error bar (standard deviation of the distribution) depicted in
Fig. 6(c) for the normal set appears to be very big toward the
lower values of relative intensity, which may not be realistic but
is a result of the fact that three of the distribution values are
considerably higher than the rest.

Finally, we also explored the possibility of applying a
two-parameter discriminant analyses, rather than the single-
parameter approach, that was previously used to generate a
decision threshold value. In Fig. 7 we present a selection of
the most relevant combinations of intensities [Fig. 7(a)] and
intensity ratios [Figs. 7(b)-7(d)] from the standpoint of tissue
discrimination. In these two-dimensional plots, each spectrum
is represented in terms of two parameters. Spectral classification
based on the pair (11323, [1467) yielded 81% accuracy [Se. 81%,
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Sp. 81%—Fig. 7(a)], and 79% accuracy was obtained for the
other three pairs: (I1467/11065, I1588/11065) [Se. 63%, Sp. 100%—
Fig. 7(b)], (1a67/11019, 11588/T1019) [Se. 70%, Sp. 90%—Fig. 7(c)]
and (11()19/11323, 11065/11323) [Se. 85%, Sp. 71%—Fig. 7(d)] A
similar result to the latter was also found for the pair (/1919/11345,
T1o65/11345).

The two-dimensional (2D) plots with normalization with re-
spect to the intensity of one particular band [/}¢s, I1019, O I1323—
Figs. 7(b)-7(d), respectively], show evidence for the clustering
of normal and cancerous points in opposite directions. This fea-
ture gives rise to extreme regions of maximum probability for
true classification, as well as an intermediate region with an
inherent uncertainty in tissue classification, due to the partial
superposition.

Classification results obtained for three sets of parameters
are detailed in Table 2. The pair of parameters (11323, I1467)
yielded both sensitivity and specificity of 81%, whereas the pair
of parameters (I1467/1106s, I1588/11065) and parameter 11019/ 635
represented the highest specificity (100%) and the highest sen-
sitivity (93%) obtained, respectively. In general, it was noted
that the sensitivity appeared to be more times poorer than the
specificity in the situations studied, i.e., the number of false neg-
atives appeared to be inferior to the number of false positives in

December 2011 * Vol. 16(12)



Cambraia Lopes et al.: Discriminating adenocarcinoma from normal colonic mucosa...

Table 2 Spectral classification by linear discriminant analysis, applied to curve-resolved band intensities or intensity ratios, using two variables
[(l323, ha4e7), Fig. 7(a); (l1a67/11065, l1588/11065), Fig. 7(c)] or a single variable [(I1019//1685), Fig. 6(c)]. Overall accuracies were 81%, 81%, and 79%,

respectively.

Spectral classification

(323, hae7) (has7/hoes, hsss/hoes) ho19/hess
Normal Cancer Normal Cancer Normal Cancer
Histopathologic Normal (n = 21) 17 21 0 13 8
diagnosis Cancer (n = 27) 5 10 17 2 25
Sensitivity (%) 81 63 93
Specificity (%) 81 100 62

many cases. It was also evident that whereas overall accuracies
up to 81% were found, in general the sensitivity will increase
at the expense of a poorer sensibility and vice versa. This hap-
pens because the dispersion of values is considerable throughout
the different combinations that were studied. It would be desir-
able that this feature could be studied in more detail, through
performing extensive studies on a great number of randomly
sampled spectra from each tissue type as well as optimizing
acquisition conditions, in order to obtain an improved under-
standing of the nature of this dispersion and the limitations of
the current approach.

Previous studies on curve-fitting analysis for the characteri-
zation of Raman spectra from normal versus cancerous lung?’
and breast® tissues reported higher differences in the inten-
sity distributions of curve-resolved bands, but the differences
between the average spectra were also significantly higher in
comparison to our results. From the intensity distributions re-
ported by Chowdary et al.>> one can see that the differences
between malignant and normal breast tissues are higher than if
we compare malignant to benign tissue, due to a much simi-
lar tissue structure between the two in the latter case, which is
somehow closer to our situation.

It should be noted from our results that the parameters that
yielded enhanced accuracies in differentiating adenocarcinoma
from normal mucosa were all derived from combinations of the
intensities corresponding to those bands that were pointed out in
Sec. 3.2 (see Table 1), which reinforces the fact that these bands
represent the most relevant features of the Raman spectra from
normal and cancerous colonic tissues, from the standpoint of
tissue discrimination. This type of study may be useful in order
to target a specific region of the Raman spectra with higher
diagnostic relevance, instead of the whole 800 to 1800 cm ~!
as it is current practice, because the use of a smaller spectral
window can be profitable for an in vivo application, since it may
allow to obtain better signal-to-noise ratios for short acquisition
times.

4 Conclusions

A first attempt toward the application of deconvolution of Raman
spectra for the purpose of discriminating cancerous colonic tis-
sue from normal mucosa was described. It was found that mean
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spectral profiles from normal and cancerous tissue are similar
in shape, whereas small intensity differences can be observed
(< ~20%), where normal tissue spectra reveals higher Raman
intensity than cancerous tissue spectra up to 1200 cm~!, and
vice versa above that value. However, there is considerable vari-
ability in intensity values of Raman spectra within each group,
which is in accordance with previous studies, and is also evident
from the band intensity distributions obtained by curve-fitting
analysis. Nevertheless, even with a small set of measured spec-
tra, there is a clear indication from our results that only some
of the component bands play an important role for tissue dis-
crimination, those are placed at: 1019, 1065, 1323, 1345, 1449,
1467, 1588, 1662, and 1685 cm~!. Several combinations of
intensities or intensity ratios concerning these bands yielded
parameters that classified the two tissue types with overall ac-
curacies of 79%, when linear discriminant analysis was applied
to the corresponding intensity distributions, and the maximum
accuracy of 81% was obtained using the pair (1133, [1467)- The
considerable dispersion in intensity distributions may pose the
higher limit of achievable accuracy, and thus its origin and nature
should be further investigated.

Two distinct formalin bands were identified at 1046 and
1495 cm~!'. Our results suggest that the latter band can be
accounted for when curve deconvolution is applied, thus not
hampering Raman studies performed on formalin-fixed colonic
tissues, comparatively to fresh tissues. As in the case of the lower
frequency band, some caution has to be taken and the complete
influence of this band cannot be accounted for, thus it would
be desirable to perform similar studies in the lower frequency
region using fresh tissue samples.
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