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Abstract Serum samples were studied using Raman
spectroscopy and analyzed through the multivariate statis-
tical methods of principal component analysis (PCA) and
linear discriminant analysis (LDA). The blood samples
were obtained from 11 patients who were clinically
diagnosed with breast cancer and 12 healthy volunteer
controls. The PCA allowed us to define the wavelength
differences between the spectral bands of the control and
patient groups. However, since the differences in the
involved molecules were in their tertiary or quaternary
structure, it was not possible to determine what molecule
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caused the observed differences in the spectra. The ratio of
the corresponding band intensities were analyzed by
calculating the p values and it was found that only seven
of these band ratios were significant and corresponded to
proteins, phospholipids, and polysaccharides. These specif-
ic bands might be helpful during screening for breast cancer
using Raman Spectroscopy of serum samples. It is also
shown that serum samples from patients with breast cancer
and from the control group can be discriminated when the
LDA is applied to their Raman spectra.

Keywords Breast - Cancer - Multivariate - Raman - Serum -
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Introduction

Clinical diagnosis of breast cancer is currently done
through screening techniques such as X-rays, magnetic
resonance imaging, or ultrasound [1]. However, the images
obtained with these techniques offer limited information
regarding the screened region and they might not offer
sufficient evidence of the grade of malignancy of the tumor.
To gain better knowledge of the state of malignancy, a
biopsy is required, and the biopsy tissue assessment and
diagnosis of breast cancer depend on the experience of the
pathologist [1]. Thus, alternative techniques for clinical
diagnosis of breast cancer should be implemented to reduce
subjectivity to human error.

For the last three decades, several noninvasive spectros-
copy techniques such as Raman, infrared, and fluorescence
have been used to examine tissue. Raman spectroscopy
(RS) is particularly amenable for in vivo analysis because
the power and wavelength of the lasers used do not cause
injury. RS can provide information about the conformation
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of macromolecules such as proteins, nucleic acids, and
lipids [2, 3], and it has been used to assess several disease
states including diabetes, atherosclerosis, and Alzheimer’s
in addition to cancer [4]. Recent application of RS to breast
cancer [5] indicated that normal tissue had characteristics
bands at 1,079, 1,300, 1,445, and 1,651 cm ' for benign
tissue; at about 1,240, 1,445, and 1,659 cm ' for benign
breast tumors; and at about 1,445 and 1,651 cm ' for
malignant breast tumors. Furthermore, Alfano et al. found
differences in the relative intensity between ;445 and
I1 651, where I corresponds to the intensity of the band
and the subindex to the position of the band. Thus, for
benign tissue they found the average characteristic value
of 11‘445/11,651 =1.254+0.05 for benign tumors the
characteristic mean value was 111445/117651 =0.93 £0.03;
and for malignant tissue the mean value was ;445 /
I 651 = 0.87 £0.05. Since this pioneering work, other
groups have studied cancer of the colon, lungs, and cervix
adopting Alfano’s approach [6-8].

Recently, multivariate methods (MM) have been ap-
plied to RS to classify epithelial precancers and cancers.
In particular, principal component analysis (PCA) fed
linear discriminate analysis (LDA) has been used to
differentiate between epithelial precancers and cancers
[9]. For example, Enejder et al. [10], Berger et al. [11], and
Berger [12] used partial least squares regression to estimate
the concentration of blood analytes from RS. Glucose, urea,
cholesterol, triglycerides, total protein, albumin, and hemo-
globin were measured with correlation coefficients of 0.93
except for cholesterol where the correlation coefficient was
0.66. For these reasons, Raman spectroscopy and MM seem
to be very promising tools to be used in biomedical
research.

In this study, Raman spectroscopy and MM (PC-DA)
were used to highlight differences in the chemical compo-
sition of serum samples from patients with a clinical
diagnosis of breast cancer vs healthy control subjects.
Furthermore, Alfano’s concept of investigating the band
ratio values was applied, and we show that the serum
samples from both groups can be discriminated when LDA
is applied to their RS.

Statistical methods
Principal component analysis

PCA is a multivariate technique acting in an unsupervised
manner and is used to analyze the inherent structure of the
data. PCA reduces the dimensionality of the data set by
finding an alternative set of coordinates: principal compo-
nents (PCs). PCs are linear combinations of the original
variables, which are orthogonal to each other and
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designed in such a way that each one successively
accounts for the maximum variability of the data set.
When the principal component scores are plotted, they
reveal relations existing between the samples, such as
natural data clustering or outliers. Also, when the
principal component loadings are plotted as a function of
different variables, they reveal which variable accounts for
the greatest difference.

Linear discriminate analysis

LDA is a multivariate technique acting in a supervised
manner, meaning that we know apriori how many groups
there are and which samples correspond to each group.
Sometimes, though not as a general rule, the PC scores are
analyzed with LDA. Then, LDA reduces the dimensionality
of the data set by finding an alternative set of coordinates
named canonical components, or DAs. The DAs are linear
combinations of the original variables (PC scores). The
alternative set is obtained by maximizing the variability
between the samples of different groups and minimizing the
variability between samples of the same group. When the
canonical component scores are plotted, they reveal
relationships existing between the samples such as natural
clustering of the data. This technique provides insight into
how effective a pattern recognition algorithm is in
classifying the data. Both the PCA and LDA methods are
reviewed in [13] and [14].

Experimental
Subjects and protocol

Our study contained two groups: 11 patients with a
confirmed clinical and histopathological diagnosis of breast
cancer (including four patients with metastases) and 12
healthy control subjects. All patients were from the central
region of Mexico and had similar ethnic and socioeco-
nomic backgrounds. The mean age for the cancer group
was 48.0£10.0 years and for the control group was 34.0+
9.0 years. Subjects were recruited through the Human
Ethical Committee of the Rodolfo Padilla-Padilla Founda-
tion (Ledn, Guanajuato, Mexico). Written consent was
obtained from the subjects and the study was conducted
according to the Declaration of Helsinki. Table 1 presents
the most relevant clinical information for each patient.

Serum preparation and Raman spectroscopy analysis
After 10-12 h of overnight fasting, a single 10-ml non-

heparinized peripheral blood sample was obtained between
8:00 and 9:00 A.M. and was centrifuged to get the serum
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Table 1 Clinical and histopathological diagnosis of breast cancer
patients

WTA CHT TS NIG BCS ST BC CM
1 No No T3 2 0 mA 1 1
2 No No T3 1 0 mA 1 1
3 No No T4a 2 1 v 1 1
4 No No T3 2 0 mA 2 1
5 No No T2 2 0 mA 1 1
6 No No Noval Noval 1 v 2 1
7 No No T4d 2 1 v 2 1
8 No No T3 2 0 mA 1 1
9 No No T2 0 0 VN 1 1
10  No No T4b 2 0 11B 1 1
11 No No T2 2 1 v 2 2

WTA Without tumoral activity (No patient does not have tumoral
activity, Yes patient has tumoral activity); CHT Chemotherapy cancer
treatment (Yes on treatment, No none treatment); 7S Tumor size; NIG
number of infected ganglions; BCS breast cancer spreads to 0 none, /
bone, 2 lung, 3 liver; ST stage; BC breast cancer: / canalicular, 2
lobular; CM comorbidities: / none, 2 cardiovascular disease; No val
no value

specimens. Aliquots of the samples were frozen at —70°C
before Raman spectroscopy analysis was performed. The
RS of the solid residues from serum samples were
measured by placing a drop of serum from the aliquots
onto an aluminum substrate, which was subsequently
examined using a Leica microscope (DMLM) integrated
to the Raman system (Reni-Shaw 1000B). Multiple scans
were conducted on the solid residues by moving the
substrate on an X-Y stage. The Raman system was
calibrated with a silicon semiconductor using the Raman
peak at 520 cm '. The wavelength of excitation was
830 nm and the laser beam was focused on the surface of
the sample with a 50x objective. The radius of the beam
was 2.0 pum and the laser power irradiation over the
samples was 65 mW. Each spectrum was taken with an
exposure of 10 s and collected in the region from 450 to
1,780 ¢cm !, with a resolution of 2 ¢cm™!, and all spectra
were obtained on the same day.

Data preprocessing

A total of 254 RS were measured from the serum blood
samples of breast cancer patients and control group, with an
average of 5.0 and 17.7 RS per patient in each group,
respectively. The samples were preprocessed through a
filter based on the Savitzky—Golay algorithm [15] using a
third degree polynomial function with a window with 11
points. The fluorescence contribution was removed using a
cubic spline interpolation method with eight points.
Figure la shows an example of the recorded RS of serum
blood of the control group, Fig. 1b shows the same data
with smoothing, and Fig. 1c shows the same data with both

smoothing and baseline correction. All the algorithms for
data analysis were implemented in MatLab commercial
software.

Results

Figure 2 shows the mean spectra of the control and breast
cancer groups, demonstrating that the mean spectra look
similar to one another, but some peaks show differences in
intensity. For example, looking at 1,003 cm ' for phenyl-
alanine, the peak intensity of the control group is higher
than the peak intensity of the breast cancer group. Figure 2
also shows that the number of peaks in each RS is the same
for both groups. Some authors have reported that some
peaks in the RS of tissue from malignant tumors are shifted
when compared with the spectra of tissue from benign
tumors [5, 6, 18]. In this study, a Gaussian decomposition
was used to localize the position of the bands in the RS
using the commercial software Microcal Origin. For each
group, the average position, the standard deviation, and the
statistical p value were calculated using the Student 7 test
for each band. The p values show that the average positions

Raman Intensity
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Fig. 1 a Raman spectra of raw data, b Raman spectra after
smoothing, ¢ Raman spectra after smoothing and baseline correction
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Fig. 2 Mean Raman spectra of a control group and b breast cancer
group

of ten bands from breast cancer patients are shifted when
compared with those of the control group with p<0.05 (see
Table 2 for more details).

Two of the shifted bands correspond to 1,660+1.0 cm ™
(proteins and phospholipids) and 1,445+1.0 cm ' (phos-
pholipid, C—H scissor in CH2). The latter bands are close to
the characteristic bands reported by Alfano et al. for the
case of benign tumors. Applying Alfano’s idea to these
specific bands, the mean value of the band ratio for the
control group was (11446 /11 6ss) = 0.91 & 0.04, and it was
(1144611 658) = 0.83 £ 0.10 for the breast cancer patients.
The statistical error and the p value (p>0.05) do not allow
this information to be used to discriminate between control
and breast cancer patient groups. Therefore, the analysis
suggested by Alfano et al. does not show clear distinctive
differences between these groups. Thus, two multivariate
statistical methods were performed and applied to our data:
PCA and LDA.

1

Table 2 Average position and

band assignment of serum Control Cancer p Values Bands assignment
samples
1,714.22+5.2 1,719.64+5.6 <0.05
1,658.52+0.6 1,660.01+1.0 <0.05 Proteins, amide, « helix, phospholipids
1,609.00+1.1 1,609.32+1.0 <0.05 Tyr, Phen.
1,582.42+1.1 1,582.10+1.0 0.44 Protein, Tyr,Arg,Adenine
1,557.50+3.0 1,555.10+1.2 <0.05 Protein retinal -C=C—-C=0
1,523.10+3.1 1,523.80+2.0 0.42 Beta carotene
1,464.14£1.3 1,463.01£1.0 <0.05
1,446.01£1.0 1,445.16+1.0 <0.05 Phospholipid, C—H scissor in CH2
1,415.00+4.0 1,416.41+2.2 0.27
1,340.00+1.1 1,341.04+1.1 <0.05 Trp, Adenine, « helix, Phospholipids
1,311.10+1.1 1,312.03+1.5 0.15 Adenine
1,271.01+£4.0 1,266.56+2.1 <0.05 Phospholipid, Amide III
1,236.20+2.4 1,234.23+2.1 0.06 3 sheet
1,205.03+0.5 1,205.10+0.4 0.11
1,176.23£1.0 1,177.00+0.5 0.10 Trp, Phen
1,155.30+0.6 1,155.53+0.4 0.30 Beta carotene
1,126.10+0.6 1,126.05+0.4 0.54 Protein, Phospholipid C—C stretch
1,103.40+1.0 1,104.01+0.6 <0.05 Phen
1,082.14£1.0 1,082.00+1.0 0.51 Phospholipids O—P—O and C—C
1,061.04+2.1 1,062.34+2.0 0.06 Phen
1,032.54+0.4 1,032.50+0.2 0.76 Phen
1,003.13+0.6 1,003.01+0.3 0.82 Phen
959.10+0.4 959.05+0.4 <0.05 CH2 rock
938.04+1.0 937.50+1.0 <0.05 Skeletal stretch o
897.03+£1.0 897.00+1.0 0.40
876.30+1.0 876.50+0.4 0.52 Trp
852.00£1.0 851.66+0.3 0.95 Tyr
828.00+1.0 828.00+0.3 0.76 CH rock in CH2
757.00+1.4 757.41£0.6 0.16 Protein
741.3442.0 742.31+0.0 0.16 Phospholipid
661.00+1.0 659.73+1.0 0.30
714.00+3.0 715.00+1.3 0.42 Polysaccharides
642.02+1.0 641.40+0.3 0.07
621.03+1.0 620.54+0.3 0.36 Protein ring mode
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PCA results

The RS were analyzed in the region from 450 to
1,780 cm ! with a resolution of 2 cm™ .

The PCA was carried out after smoothing the RS for the
A and B cases with and without baseline correction,
respectively. The main information obtained from the
PCA is described by the first ten principal components for
case A (98.2% of variance) and by the first seven principal
components for case B (99.5 % of variance). By plotting
the loading vectors as a function of the wave number, the
position of relevant differences [17] between the control
and breast cancer groups could be determined.

Figures 3 and 4 correspond to second loading (PC2) for
case A and to third loading (PC3) for case B. These figures
show the position of some of the major differences between
both groups, which are seen for the more intense peaks. For
case A, these differences appear at 731, 851 (protein, Tyr),
1,002 (Phe), 1,157 (beta carotene, C—C skeletal stretch),
1,318 (adenine), 1,338(Trp, adenine, « helix, and phospho-
lipids), 1,450 ( sheet and phospholipids), 1,523 (beta
carotene), and 1,656 cm ' (C=O stretch, Trp, adenine,
phospholipids), which come from the loading vectors of
PC2, PC3, and PC4. For case B, differences are observed at
939, 1002 (Phen), 1,315 (adenine), 1,448 (3 sheet and
phospholipids), and 1,658 cm ' (C=O stretch, a helix,
phospholipids) which come from the loading vectors of
PC2 and PC3. As can be seen, Fig. 2 shows more clearly
the differences in intensity observed by the loading vectors
of PC2 for case A. For example, the band at 1,002 cm ™" is
one of the bands that show significant differences between
the control group and breast cancer patients. The rest of the

bands including 731, 1,318, or 939 cm ! show small
1450
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Fig. 3 Plot of the most significant loadings for case A. The principal

differences between groups are represented by peaks with higher
intensity
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Fig. 4 Plot of the most significant loadings for case B. The principal
differences between groups are represented by peaks with higher
intensity

differences in shape and position, and the nature of these
differences probably comes from the intensity variation,
shifting of the bands, or a mixture of both features. For
further analysis of the peaks in case A, the RS (original
data) were normalized using the band positions 1,656,
1,523, 1,450, 1,338, 1,318, 1,157, 1,002, 851, and
731 em ' (positions found by loadings). The result of
normalization of the spectra using band ratios shows
statistical differences between the mean values of control
and breast cancer groups for seven bands. Table 3 shows
the mean values, the standard deviation of each band ratio,
and the p values. The p values show that all of these band
ratios are statistically significant, so they can be useful to
discriminate between controls and breast cancer patients.
The band ratios labeled with letters a and b for the breast
cancer group in Table 3 have larger statistical error when
compared with the same band ratios of the control group.
This is because the serum samples came from patients at
different stages of disease, including four metastatic
patients. Furthermore, the bands at 1,340, 714, and
1,523 em ™' correspond to protein, phospholipids, polysac-
charides, and beta carotene. Beta carotene has been

Table 3 Results of pairwise comparison of average intensities
between control and breast cancer group

Band ratios Control Cancer P values
a 1340/1523 3.864+1.20 1.924+0.71 <0.05
b 714/1,523 1.25+0.40 0.59+0.23 <0.05
c 714/852 0.4440.03 0.37+0.03 <0.05
d 1,176/1,003 0.21+0.01 0.18+0.01 <0.05
e 714/1,003 0.16+0.01 0.13+0.01 <0.05
f 621/1,340 0.81+0.15 1.08+0.11 <0.05
g 642/1,340 0.87£0.15 1.15+0.12 <0.05
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reported as a possible marker of breast cancer, and
polysaccharides and genistein have been used for cancer
inhibition. Nevertheless, significant variations in the inten-
sity of seven band ratios were observed. However, it is
difficult to conclude from these results whether the
observed variations in intensity come only from changes
in the concentrations of some of the above-mentioned
molecules. Scatter plots of the score vectors were observed
carefully for cases A and B. However, the scatter plots of
PC1 vs PC2 and PC1 vs PC3 for both cases do not show
clear discrimination between patients and control, except
that points related to metastatic patients are separate from
those of controls. To obtain a real discrimination between
the groups, LDA was used.

So far, we used PCA to reduce the number of variables
for LDA, and we also used the preliminary results obtained
from loading vectors to find seven band ratios to discrim-
inate between the spectra of the control and breast cancer
groups. These bands correspond to proteins, phospholipids,
and polysaccharides. In the next section, we will input the
new reduced variable data into LDA to discriminate
between the RS of the control group and breast cancer
patients.

PC-DA

LDA was applied to discriminate between the RS of serum
from control and breast cancer patients using cross-
validation. In cross-validation, a portion of the data is set
aside as training data, leaving the remainder as testing data.
In this approach, one sample (testing data) at a time was left
out. LDA was conducted after data reduction through PCA
(PC-DA). Seven components for smoothing without base-
line correction spectra and ten components for smoothing
with baseline correction spectra were considered for this
analysis. Figures 5 and 6 show the results of these
calculations, and in both we were able to discriminate
between the spectra of controls and breast cancer patients.
The sensitivity of PC-DA is 92.2 % of the total spectra of
breast cancer for data with smoothing and baseline
correction, and 86.0% of the total spectra of breast cancer
for smoothed data without baseline correction. The calcu-
lated linear border decision is represented by the continuous
line that separates both groups in each figure. The LDA
study is mainly based on the differences due to changes in
the intensity of the Raman peaks, principally those bands
observed in the plots of the PCA loading vectors.

Thus, PC-DA was able to discriminate very well the
spectra of control groups from those of breast cancer
patients. The sensitivity, specificity, positive predicted
power (PP+), and negative predictive power (PP—) are
summarized in Table 4. These results show that case A has
the better results for all the parameters mentioned above.

@ Springer

1 v 1 v 1
©O Breast cancer
% Controls
® Metastasis

0.0 4

LDA2

0.4 - R

-0.3 0.0 0.3
LDA1

Fig. 5 Scatter plot of LDA scores when tested against the optimized
model using the cross-validation process. The stars represent the
control group, open circles represent the breast cancer patients, and
shaded circles correspond to patients with metastases for case A

PC-DA provides efficient discrimination when the baseline
correction is made on the RS data.

PC-DA was also applied to discriminate between patients
with and without metastases; however, the PC-DA scatter
plots did not show a clear discrimination, which probably
reflects the small sample size.

Discussion

Alfano et al. reported that the average value of the intensity
ratio of two characteristic bands (l445 and I; ¢51) could be
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Fig. 6 Scatter plot of LDA analysis scores when tested against the

optimized model using the cross-validation process. The stars

represent the control group, while open circles represent the breast

cancer patients and shaded circles correspond to patients with

metastases for case B
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Table 4 Cross-validation classification results obtained using PC-DA

Cases Sensitivity ~ Specificity PP PP

" O
A (baseline correction) 0.97 0.78 0.92 091
B (without baseline 0.93 0.65 0.86 0.82
correction)

used to identify benign and malignant tissue in breast
biopsies [5, 7, 16]. These authors reported average values
of (Ius /11 6s1) = 1.25 & 0.05 for healthy tissue, 0.93+0.03
for benign tumors, and 0.87+0.05 for malignant tissue. We
applied this idea to our results for /; 446 and /; ¢5; and found
that (71 446 /11 6s8) = 0.91 & 0.04 for the control group and
0.83+£0.10 for the breast cancer patients. The statistical
error of the mean of breast cancer patient is one order of
magnitude greater than the control group, showing great
variation in the band ratios. However, after analyzing the
standard deviation and p value (p>0.05), we concluded that
this approach did not provide sufficient discrimination
between the control and breast cancer groups, possibly
because the samples were from patients at different stages
of the disease. Hence, it may be necessary to increase the
number of patients for each stage to discriminate between
the control and breast cancer patients using this specific
band ratio analysis. On the other hand, using fluorescence
and Raman spectroscopy, Li and Bai [18] studied 1,022
serum blood samples from patients with different cancers
(stomach, lung, liver, rectum, and esophagus). In the
spectra of the cancerous serum, no apparent Raman peaks
due to beta carotene were observed, but those peaks were
observed in normal serum plasma. Using nonaqueous
reversed-phase high-performance liquid chromatography,
authors concluded that the concentration of beta carotene
was lower in serum of cancer patients than in their control
group. In our study, PCA analysis showed that two beta
carotene-related peaks had differences between the control
and breast cancer groups (1,155 and 1,523 cm™'). The mean
value of the ratio of the beta carotene peaks for the breast
cancer patients was lower (1.1+£0.3) than that of the
controls (1.5+0.4); however, this difference was not
statistically significant and therefore, these bands could
not be used to differentiate the spectra. The analysis of band
ratios proposed by Alfano et al. and Xiaozhou et al. to
discriminate between benign and malignant breast tissue
was extrapolated to analyze and discriminate between RS
of serum of control and breast cancer patients. The
statistical results show that the bands proposed by these
authors do not allow us to discriminate among the RS of
serum samples. On the other hand, the PCA analysis
allowed us to reduce the number of variables for later

analysis with LDA, which was able to discriminate the RS
of the control group from those of breast cancer patients.
PCA gave information on the position of the principal
major differences between the RS of the control group and
breast cancer patients. These bands were used to normalize
the spectra and we found seven band ratios, which also
allowed the discrimination of serum blood samples; the
characteristic average values of band ratios for control
group and breast cancer patients are described in Table 3.
Also these bands were used to explain that associated
comorbidities like atherosclerosis were not found in our
group of patients. To prove, this conclusion we performed
two different analyses, first grouping the controls by age
and conducting PCA, which produced no group differences.
Therefore, age was not a parameter that discriminated
between groups. Our second analysis used the previous
work of Nogueira and Silveira, who studied healthy and
atherosclerotic human carotid arteries using Raman spec-
troscopy and PCA. They found three peaks that mark the
principal group differences between the groups: 1,453,
1,439, and 1,663 cm ' In our case, only one of these peaks
was found by the loading vectors (1,450 cm™'). However,
since the other peaks are not identified by the loadings and
this single band does not appear among the band ratios of
Table 3, we propose that atherosclerosis alone was not
responsible for our findings. Our conclusions based on
PCA results are in agreement with the clinical information
that only one of our patients had a cardiovascular problem,
the rest of the patients did not have any associated
comorbidities, and none of the patients had atherosclerosis.

Summary

Our study demonstrated that Raman spectroscopy and
multivariate analysis can be used to discriminate between
serum samples from breast cancer and healthy patients and
that PC-DA gives better discrimination when a baseline
correction was made (case A). However, the scatter plot of
PC-DA did not show a clear discrimination between
patients with and without metastases since the number of
samples in each disease stage was small. To explore
whether PC-DA can really discriminate between patients
with and without metastases, the number of cases should be
increased. On the other hand, the use of PCA loading
vectors allowed us to detect differences between both
groups based on several bands. These bands were analyzed
by means of a pairwise comparison of mean intensity. The
results show seven band ratios that were statistically
accepted as markers for discrimination between the spectra
of control and breast cancer patients. These bands corre-
spond to proteins, polysaccharides, and phospholipids. Our
results did not reveal whether the values of the band ratios
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are due to changes in concentration or morphology of these
molecules nor did they determine exactly what molecules
were responsible for the differences. Other techniques such
as Fourier transform infrared spectroscopy or magnetic
resonance could be used to acquire this information.
Nevertheless, we obtained specific bands that did indeed
indicate group differences and could therefore be used as
potential screening markers for breast cancer.
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