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Abstract

In this paper, breast cancer patients were monitored throughout their chemotherapy treatments (CHT), with blood serum
sample Raman spectroscopy and multivariate analysis, approximately for a year. First of all, we discriminate between healthy
and clinically diagnosed breast cancer patients. Breast cancer detection in terms of sensitivity and specificity were 87.14%
and 90.55% respectively. Although no shifts of peaks in mean spectrum of samples from breast cancer patients were found
with respect to the mean spectrum from control patients, some peaks did show clear differences in intensity, the greatest dis-
parities found at 509, 545, 1063, 1103, 1338, 1556, 1083 and 1449 cm™~ ! are associated with amino acids and phospholipid,
1246 and 1654 cm™ !, corresponding to amide III and I, respectively. Other peaks of interest encountered at 450, 661, 890,
917 and 1405 cm™! are associated to glutathione. Then, 6 breast cancer patients were monitored during their chemotherapy
treatments, the results were in complete correspondence with their medical records, enabling a detailed study of the evolution
of each patient’s cancer. A special interest arose in the possible correlation between the intensity of Raman peak, 450 cm™!,
corresponding to glutathione and evolution of cancer throughout CHT, i.e., glutathione appears to be a good candidate as
breast cancer biomarker. The results confirmed that Raman spectroscopy and PCA are, not only a good support to current
breast cancer detection techniques, but could also be excellent techniques to monitor more efficiently breast cancer patients
undergoing CHT, using blood serum samples which are a lot less invasive than other methods.
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Introduction

According to Pan American Health Organization (PAHO),
breast cancer is a disease that affects a considerable number
of people worldwide, only in America, around 462 thousand
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cancer biological subtyping. These treatments are admin-
istered either orally or intravenously over a long period of
time, reducing by half the possibility of cancer recurrence.
The purpose of neoadjuvant chemotherapy is to eliminate
micrometastases and to target the tumor itself (small but
palpable, smaller than 2 cm), in the hope, that it will reduce
its size, so the patient can be operated on and in the best
scenario, it may even disappear. The surgeon will assess
whether a conservative or radical surgery is performed by
removing part or the totality of the breast.

The main objective of all drugs used in CHT is to affect
the cancer cells DNA, preventing their rapid division and
ultimately eliminating breast cancer all together. There
is a wide variety of chemotherapy drugs that can be used
depending on the type of cancer, its advance or spread status,
and the general health of the patient. Most of the time, no
changes will be observed on the cancer cells after just one
dose, and the procedure will have to be repeated. A CHT
is made up of those applications and rest time in between,
the patient’s standard of living depends on the monitoring
quality. The first-line drug can be changed if the cancer is
not subsiding or it causes serious side effects.

Raman spectroscopy has proven to be an excellent support
technique for cancer detection (with a high sensitivity and
specificity) and follow-up treatments already accepted by
the WHO, because is fast, low-invasive and low-cost. Raman
spectroscopy is an inelastic photon scattering technique that
allows knowing the chemical composition of materials and,
in recent years, it has been widely used to study biologi-
cal samples such as cells and tissues for its non-destructive
property [3]. Furthermore, this technique has made possible
to assess the malignancy of cancer cells [4] and tissues dur-
ing surgery [5], reducing the procedure’s duration and cost.
Because each molecule has unique vibrations, the Raman
spectrum of a tissue provides molecular fingerprints con-
veying its biochemical composition. In a Raman spectrum,
position, polarization, width and intensity of Raman peaks
provide information about composition, internal symmetries,
quality and amount of material, respectively.

Nevertheless, these Raman spectroscopy achievements,
discriminating between control and cancer samples, would
not be as impressive if it was not for multivariate statistical
analysis methods, that allow spectral differences of a large
number of measured Raman spectra to be viewed in a sim-
ple way. PCA is a multivariate method that allows analysis
of Raman spectra in a space of orthogonal dimensions in
descending order of variance, known as principal compo-
nent space [6, 7]. Multivariate analysis has been applied
to Raman spectroscopy to classify epithelial precancers
and cancers [8]. In particular, PCA has been used to dif-
ferentiate between epithelial precancers and cancers [9].
Raman and PCA have become essential tools in clinic and
biomedical research.
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In recent years, the detection of degenerative diseases
has acquired a particular interest, especially, detection of
cancer based on Raman spectroscopy of biological sample
obtained by less invasive methods (different from biopsies).
This new approach seeks to obtain the same biochemical
information that is obtained by analyzing the biological
samples used in conventional diagnostic methods. Thus, a
new diagnostic method based on Raman spectroscopy of
blood serum samples is expected to be admitted as a sup-
port technique for official diagnostic methods by the WHO.
Among main reported results have been found: detection
of diabetes [10], leukemia [11], breast cancer [12, 13] and
cervical cancer [14, 15].

The scope of Raman and PCA spectroscopy goes fur-
ther than cancer detection, it has also proven to be an
excellent support technique in monitoring of patients
under CHT, allowing an improvement in life quality [11].
In this paper, we report serum sample based Raman spec-
troscopy and PCA monitoring of breast cancer patients
undergoing CHT. To the best of our knowledge, this is
the first report of preliminary results evaluating useful-
ness of Raman spectroscopy in monitoring of breast can-
cer patients undergoing CHT.

Methodology

Blood samples were obtained by Centro de Investigacion
Biomédica de Occidente (CIBO), Instituto Mexicano del
Seguro Social (IMSS) from 8 patients clinically diagnosed
with breast cancer and 14 healthy volunteers. All patients
were from Mexico central region and had similar ethnic and
socioeconomic backgrounds. The age range for breast cancer
and control patients was between 35 and 54 years. Written
consent was obtained from subjects and the study was con-
ducted according to the Declaration of Helsinki. To obtain
the serum, the blood samples were centrifuged using a speed
of 3500 rpm for 10 min, they were then placed in a — 82°C
ultra-refrigerator, to keep them in good condition.

Six out of the total 8 breast cancer patients underwent
CHT and were monitored throughout the procedure. All
breast cancer patients undergoing CHT were also treated
surgically, thus their CHT were monitored before (neoad-
juvant) and after (adjuvant) surgery. The number of neoad-
juvant and adjuvant chemotherapy doses varied according
to each patient’s clinical record. The main chemotherapy
drugs given to patients during treatment were docetaxel, epi-
rubicin, ondansetron, cyclophosphamide, and fluorouracil.
Table 1 presents the most relevant clinical information for
each breast cancer patient.

Before starting any treatment, in order to discriminate
between serum samples from control and breast cancer
patients, samples were obtained, then Raman spectra of all
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Table 1 Clinical diagnosis of breast cancer patients

Patient Cancer CHT NAD AD Response
(age) stage (AS) (AS) to CHT
1(54) 1IA No

2 (45) 1IA No

3 (45) 1B Yes 1-3 (1) 4-12 (2) Pos

4 (40) IIIA Yes 1-4 (1) 5-6 (1) Pos

5 (50) 1A Yes 1-3 (1) 4-12 (2) Neg

6 (37) 1A Yes 1-3(1) 4-6 (1) Neg

7 (45) v Yes 0 (0) 1-8 (3) Neg

8 (41) 1B Yes 1-4 (0) 5(1) Neg

CHT, chemotherapy treatment (Yes, on treatment; No, none treat-
ment); NAD, neoadjuvants doses; AD, adjuvants doses; AS, number
of analyzed samples. Response to CHT (Pos, positive response; Neg,
negative response)

blood serum samples were acquired in the laboratory. To
measure the Raman spectrum, a drop of serum, placed onto
an aluminum substrate was examined by an Olympus micro-
scope integrated into the Raman system, Horiba Jobin Yvon
LabRAM HR800, with 17 mW power laser at 830 nm. In
order to ensure statistically good sampling about 10 spectra
were collected focusing the laser beam on different points
on the surface of serum samples with a 100 X microscope
objective and an exposure of 60 s. The analyzed spectral
region was from 400 to 1800 cm™!, with a resolution of
~0.67 cm™!. Raman system was calibrated with a silicon
semiconductor using Raman peak at 520 cm™~'. All spectra
were measured by the same person and under the same con-
ditions in the laboratory.

Before applying the PCA, raw spectra were first preproc-
essed carrying out algorithms based on the Savitzky—Golay
algorithm [16]. The fluorescence contribution was removed
applying a baseline correction using a six spline interpola-
tion method with eleven points. After smoothing and base-
line corrections, each spectra were normalized using the
each strongest peak. The application of these algorithms, as
well as the normalization process, were carried out directly
using the LabSpec 6.0 software, which was also used to con-
trol the Raman system.

All preprocessed and normalized spectra were stored in a
matrix called data matrix. The Raman spectra correspond to
the columns of the data matrix, while the rows correspond
to each Raman spectra peak. Since the data matrix is used
in the PCA to discriminate between the control and breast
cancer spectra, the inputs come from healthy and breast can-
cer patients (before any treatment protocol). All the algo-
rithms for PCA were implemented in MatLab commercial
software through the function called pca that provides Prin-
cipal component analysis of raw data, where coeff = pca(X)
returns the principal component coefficients, for the n-by-m
data matrix X. Rows of X correspond to observations and

columns correspond to variables. The coefficient matrix has
dimension m-by-m and each of their columns contains coef-
ficients for one principal component in descending order of
component variance.

Once the PCA method is applied to the data matrix and
the groups in the data are identified (in this case, the can-
cer and control spectra groups), we checked that this pat-
tern structure is maintained when a given amount of data
is removed or added (training data), leaving the other part
unchanged (test data), and the PCA is applied to this modi-
fied matrix, a process known as cross-validation.

To monitor breast cancer treatments, it is essential, to
carry out the discrimination of the Raman spectra of the
samples of control and breast cancer patients beforehand.
The PCA is then applied to the data matrix constituted by the
preprocessed and normalized spectra, expecting to observe
two clearly defined groups in space of principal components,
one corresponding to Raman spectra from control patients
and the other to Raman spectra from breast cancer patients,
respectively. PCA results work as breast cancer detection
method [12, 13], if a non-diagnosed new patient is included,
Raman spectra of its serum sample is taken and the data
is added to our data matrix as new columns, then PCA is
applied to the new resulting matrix. By observing the posi-
tion of the new patient’s spectrum from in the principal
component space, a diagnosis can be offered to the patient;
if the spectrum falls between the group defined as control,
the patient is healthy, otherwise the patient has cancer, since
spectra from patients within the same group have greater
spectral similarities (indicating the patients present greater
biochemical similarities) than with spectra from the discon-
nected set. It can be shown that the plot of principal compo-
nents that allows discriminating between control and cancer
patients is also key to carry out the monitoring of CHT for
breast cancer patients.

Because the reaction to CHT is often delayed after each
dose intake, when patients start CHT, in order to analyze
cancer status due to the first dose, blood serum samples are
obtained just before receiving the second dose. To know
the status of the second dose, serum samples are obtained
before receiving the third dose, and so on. The spectra
obtained after each dose (mostly about 10 Raman spectra
for each sample) are placed on the original data matrix
as columns and the PCA is run with this new matrix and
the cross-validation process mentioned before is executed.
If the patient shows improvement, it would be expected
that spectra, initially totally within the cancer group, will
approach the control group after each dose, in the hope that
once the treatment is finished, the new spectra will be com-
pletely within the control group. The results would show,
that this technique can be of great support for oncologists
in decision making, i.e., to continue, suspend or change the
patient’s treatment.
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Table 2 Details of serum samples used in the study

Spectrum Number Nature Number
of cases
1-70 Breast cancer 8
71-197 Control 14
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Fig. 1 Mean Raman spectra of control and breast cancer serum samples

Results and discussion

A total of 197 spectra were collected with 127 spectra from
14 control patients (10 spectra for control Patients 1, 2, 3,
9, 10, 11 and 14; 9 spectra for control Patients 5, 6 and 8; 8
spectra for control patient 4; 7 spectra for control patient 7;
and 5 spectra for control Patient 13), and 70 spectra from 8
breast cancer Patients (10 spectra for Patients 1, 2, 3, 6 and
7; 9 spectra for Patient 5; 6 spectra for Patient 8; and 5 spec-
tra for Patient 4). All spectra were duly preprocessed by car-
rying out smoothing, baseline correction and normalization.
The data matrix of dimension 2329 X 197 was built and used
to implement PCA, where the main information is described
by the first principal components. Nogueira et al. [17] have
shown that through principal components analysis, the main
differences between the sample groups can be found. Details
of the main Raman peaks or bands of serum samples used in
this study are shown in Table 2.

After preprocessing, the mean spectrum of each group
was calculated and analyzed to obtain biochemical infor-
mation [18, 19].

In Fig. 1, already well-known spectra of a blood serum
sample can be observed, with the most characteristic peaks
that allow a quick identification of this type of samples,

@ Springer

such as the strongest peak in the center of spectra (used
to normalize the spectra) at 1002 cm™! corresponding to
phenylalanine, two almost identical peaks at 622 and 642
cm™ ! corresponding to phenylalanine and tyrosine respec-
tively, a doublet at 828 and 853 cm™! assigned to tyrosine,
a couple of bumps in the region 1234—1280 cm™! assigned
to amide III, a strong and wide band at 1449 cm™! cor-
responding to phospholipid and the peak at 1654 cm™!
assigned to amide I. Nevertheless, other less known bio-
molecules, but characteristic of these types of samples,
can play an important role in the discrimination between
samples of patients with some degenerative disease and
control, such as f-carotene, amino acid tryptophan, and
a molecule of interest in the study of cancer, glutathione
[10, 11, 13-15].

Strong peaks at 1002 and 1160 and 1523 cm™! in both
spectra indicates the presence of higher amounts of carot-
enoid [20]. Hata et al. showed that cancer in various organs,
such as the skin, mammary gland, lung, liver and colon, is
inhibited by the presence of carotenoids [21]; however, in
Fig. 1, no differences are observed in the carotenoid peaks,
neither in the control nor in the breast cancer spectra. This
suggests that carotenoid plays a minor role, in the mecha-
nism of action of breast cancer.

Although, some authors have reported that some peak
positions in Raman spectra of the breast tissue from malig-
nant tumors are shifted when compared with the spectra
of tissue from benign tumors [22, 23]. However, in the
mean spectrum of the serum samples patients, these peaks
shifts are negligible or null compared to peaks of the mean
spectrum from control patients. Even though mean spectra
show that most peaks look similar to each other, some of
these peaks show clear differences in intensity, for exam-
ple, the bands of doublet at 828 and 853 (tyrosine), 1523
(p-carotene), 1587 (tyrosine), 1603 (phenylalanine) and
1620 (tryptophan) cm™!.

The major differences between breast cancer and control
spectra can be observed at 509 (tryptophan), 545 (trypto-
phan), 1063 (phenylalanine), 1083 (phospholipid), 1103
(phenylalanine), 1246 (amide III, overlapping of a-helix,
p-folding and random coil), 1338 (tryptophan, a-helix
and phospholipid), 1449 ($-sheet and phospholipid), 1556
(tryptophan) and 1654 (proteins, amide I, a-helix, phos-
pholipid) cm™!, where these peaks were less intense in the
control spectrum. Other peaks where greater differences are
observed, were 446, 661, 890, 917 and 1405 cm™! assigned
to glutathione molecule.

The Raman study of glutathione, an antioxidant molecule
that plays an important role in a multitude of cellular pro-
cesses such as cell differentiation, proliferation, and apopto-
sis, has been widely neglected. In particular, glutathione and
its relationship with many human diseases including cancer
[24, 25] have been little studied using Raman spectroscopy
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technique. We believe the results of this paper can be a good
incentive to focus on this molecule. The following section
will enable us to observe, throughout the treatment, the
behavior of the glutathione molecule in blood serum sam-
ples from breast cancer patients undergoing CHT, and since
it allows to detect either improvement or deterioration of
the cancer, glutathione appears to be a good candidate as a
biomarker in the study of breast cancer.

Table 3 shows observed main bands in control and breast
cancer spectra, corresponding assignment of bio-molecules
and the comparison of the band intensities in control and
breast cancer spectra.

As an alternative to analysis of the mean spectra, PCA
method has been applied to discriminate easily between
all measured Raman spectra from control and breast can-
cer patients.

Breast cancer detection

After removing the fluorescence contribution with smooth-
ing and baseline correction, PCA was carried out on the
matrix. The main information obtained from the PCA is
described by the first principal component loadings, and in
the particular case of breast cancer, components that best
allowed discriminating between the spectra of serum sam-
ples from control and breast cancer patients were, PC1, PC3
and PC9. Figure 2 shows PCA corresponding to all Raman
spectra (197 spectra, 127 spectra from control patients and
70 spectra from breast cancer patients), observing a clear
division of the data in space of principal components. The
two large clusters correspond, one to the serum samples
from control and the other to breast cancer patients. The
border is represented by the continuous line that separates
the two large groups in Fig. 2. Clearly, PCA allowed dis-
criminate between the healthy and breast cancer patients.
The differences are due to some of the Raman peaks ana-
lyzed above.

The clinical status of the samples is shown in Table 1.
In order to test the validity of our prediction classification,
a leave-one-out cross-validation was performed. In cross-
validation, part of the data is modified, adding and remov-
ing sets of spectra, but we found that the structure and
the border of the clusters in Fig. 2 remained unchanged.
Due to that, only 61 spectra from breast cancer cases were
correctly separated from control cases spectra, and 115
spectra from control cases were correctly separated from
breast cancer cases spectra, with a sensitivity and speci-
ficity given by 87.14% and 90.55%, respectively. When
monitoring breast cancer patients undergoing CHT, the
original data matrix (made up of the set of spectra from
breast cancer and control patients), was modified by add-
ing the sets of spectra obtained during the treatment of
the patient being monitored. For every patient undergoing

Table 3 Main bands observed in control and breast cancer serum
spectra, the corresponding assignment of biomolecules and the com-
parison of the band intensities

Band Biomolecules Comparison of the
(cm™h band intensities
446 Glutathione 1o <Iye
509 Trp 1o <Iye
545 Trp 1o <Iye
566 Io~ Iy
622 Phe I~ g
642 Tyr VR
661 Glutathione I~ g
714 Polysaccharides I~ g
742 Phospholipid I~ g
760 Trp Io = Ige
828 Tyr Ie<Ige
853 Tyr Ie<Iye
890 Glutathione I <Ipe
917 Glutathione I <Ipe
938 Skeletal str o I <Ipe
955 CH2 rock I <Ipe
1002 Phe Io = Ie
1028 Phe I < Ipe
1063 Phe I < Ipe
1083 Phospholipids I <Ipc
O-P-O and C-C
1103 Phe I < Ipe
1126 Protein, Ic<Ipe
Phospholipid C-C str
1160 p-carotene Io = Ipe
1174 Trp, Phe I~ Ipe
1208 Trp I~ g
1234-1280 Amide IIT Io < Iye
1300-1345 Trp, a helix, I <Ipe
Phospholipids
1405 Glutathione I <Ipe
1449 Phospholipid, Io < Iy
C-H scissor in CH2
1523 p-carotene Io < Iy
1556 Trp I <Ipe
1587 Protein, Tyr Io < Iy
1603 Tyr, Phe Io<Ipe
1620 Tyr, Trp C=C str I < Iy
1654 Proteins, Amide I, I <Iye

a helix, Phospholipids

I and I are the intensities of the same bands in the breast cancer
and control spectra, respectively

treatment, it was checked that the PCA structure was main-
tained, even when the set of data added to the original data
matrix was changing depending on which patient undergo-
ing treatment was being monitored; this scheme equivalent
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@ Cancer
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Fig.2 PCA plot comparing spectra of serum samples from control
and breast cancer patients. Plot allows discriminating between control
and breast cancer patients
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Fig. 3 First loading plot between spectra of serum samples from con-
trol and breast cancer patients

to cross-validation is common on PCA studies and the
structure maintenance is sign of the method reliability.

High values of sensitivity and specificity and a successful
cross-validation are essential to obtain a good CHT moni-
toring from breast cancer patients, therefore the observed
structure in Fig. 2 will be the reference point for monitoring
of CHT.

Figure 3 corresponds to the plot of first loading against
Raman shift. PC1 indicates the position of the peaks, at
which Raman shifts show the main differences between
the groups of spectra (correlated with the variations in the
molecular composition).
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Considering all 197 measured spectra, Fig. 3 shows that
the most significant differences (determined by the most
intense positive and negative peaks), that defined the two
large clusters (control and breast cancer), appear at 828, 853
and 1587 (tyrosine); 1523 (f-carotene); 1063 and 1603 (phe-
nylalanine); 509, 545, 1338, 1556, 1620 (tryptophan); 1246
(amide I1T); 1083 and 1449 (phospholipid); 1654 (amide I),
and 446, 661, 890 and 917 (glutathione) cm™!. These dif-
ferences (labeled in blue peaks) between control and breast
cancer samples obtained using PC1 plot [19] are consistent
with the naked eye observation in Fig. 1, where only the
mean control and breast cancer spectra were analyzed. The
rest of the peaks (labeled in black peaks) shown in Fig. 3
correspond to other differences, not visible before PCA,
between the 197 measured Raman spectra, they are due to
the intensity variation, shifting of the band positions, or a
mixture of both features. Both Table 3 and the plot of first
loading showed that the most significant differences between
serum samples from control and breast cancer patients were
glutathione, tryptophan, tyrosine, phenylalanine, f-carotene,
phospholipid, amide I and amide III.

Monitoring breast cancer patient’s chemotherapy
treatment

Serum samples were taken from breast cancer patients
undergoing CHT. From each sample, about 10 spectra were
obtained. Each acquired raw spectrum was preprocessed
(smoothing and baseline correction) to remove noise, sample
fluorescence, and shot noise from cosmic rays and was nor-
malized to the highest peak. It should be noted that because
of hospital logistics, the samples were not obtained for each
and every dose.

In addition to breast cancer detection, the present
paper proposes Raman spectroscopy and PCA to be
used as methods to monitor breast cancer patients under
CHT, offering a faster alternative technique by decreas-
ing subjectivity to human error. Monitoring is based on
observing the biochemical changes for the CHT duration.
Throughout treatment, patient improvement is observed
as the breast cancer patient’s spectra gets closer to the
control group (see Fig. 2).

Serum samples from six patients under CHT were stud-
ied. A protocol of CHT was assigned to each patient accord-
ing to their clinical record. The most used chemotherapy
drugs in the six studied breast cancer patients were doc-
etaxel, epirubicin, ondansetron, cyclophosphamide and fluo-
rouracil. Serum samples were taken after several chemo-
therapy doses and analyzed using Raman spectroscopy and
PCA until the patients finished CHT. Raman measurements
for monitoring of CHT from the six patients complemented
the data matrix obtained for breast cancer detection. If this
method is admitted, it could give support to the oncologist
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to recommend a change on medication at any time of CHT,
if no improvement is observed on the patient.

In the following subsections, for all CHT monitoring
cases, the black points in Figs. 4, 5 and 6 correspond to the
spectra when each patient was diagnosed with cancer and
before starting CHT.

CHT monitoring from patient 1

Figure 4, Patient 1, shows PCA plot corresponding to CHT
monitoring of the first breast cancer patient. As we men-
tioned before, black points correspond to the spectra when
patient was diagnosed with cancer and without CHT. Green
points correspond to the spectra of serum sample from the
third neoadjuvant dose, observing that only some green
points are already inside the cluster from healthy patients,
i.e., patient observed a partial improvement. After the

Chemotherapy Treatment
Patient 1 4
@ Cancer

Control

No Dose

Pc3

Chemotherapy Treatment
Patient 2

Cancer
Control @
Dose 0
Dose 4
Dose 6 30

Fig.4 PCA plot corresponding to monitoring of CHT of the first and
second breast cancer patient

Chemotherapy Treatmen
Patient 3
@ Cancer
Control
No Dose
Dose 3
Dose 5
Dose 12

Chemotherapy Treatment
Patient 4

@ Cancer
@ Control
@ No Dose
@ Dose 3

D8se 6°
"] 5y

Fig.5 PCA plot corresponding to monitoring of CHT of the third and
fourth breast cancer patient

second adjuvant dose (fifth dose), again some spectra (yel-
low points) persisted inside the cluster from healthy patients,
patient remained stable. When patient received the ninth
adjuvant dose, all spectra (cyan points) were completely
located within the cluster from control patients, i.e., patient
was completely healthy after that dose.

On the other hand, according to clinical record, the first
from the breast cancer patients under CHT (45 years old and
stage I1IB) received 3 neoadjuvant doses and 9 adjuvant doses
throughout CHT (see Table 1), but blood serum samples were
only obtained from the third (neoadjuvant), fifth (adjuvant),
and twelfth (adjuvant) dose. After third neoadjuvant chemo-
therapy dose, patient observed a partial response, i.e., traces
of tumor cells or cancer were still found, in complete agree-
ment with Raman and PCA diagnosis (some green points in
control cluster). After the third dose, patient underwent radical
surgery to continue CHT, receiving nine adjuvant additional
doses. After the second adjuvant dose (or fifth dose), patient

@ Springer
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Chemotherapy Treatment
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Cancer
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Chemotherapy Treatment
Patient 6 o

@ Cancer

@ Control 8 [ ]

@ No Dose
Dose5 @

Fig.6 PCA plot corresponding to monitoring of CHT of the fifth and
sixth breast cancer patient

remained stable (some yellow points in control cluster), but
after the ninth adjuvant dose (or twelfth dose), patient was
declared completely recovered (all cyan points are in the con-
trol cluster). CHT from patient 1 was successful. Therefore,
results reported by Raman spectroscopy and PCA were in
complete agreement with clinical reports shown after each
dose of chemotherapy, i.e., Raman spectroscopy and PCA
indicated that CHT, particularly for this first patient, was a
success. Thus, it can be concluded that, for this patient, Raman
spectroscopy and PCA were excellent tools to monitor CHT.

CHT monitoring from patient 2

Figure 4, Patient 2, shows PCA plot corresponding
to monitoring of CHT from the second breast cancer
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patient. Although black point are within cancer clus-
ter, they are very close to the border with the cluster
from healthy patients, therefore, it could be thought that
patient would have a non-advanced cancer. Observing
the green points in Fig. 4 corresponding to the spectra
of patient after the fourth neoadjuvant chemotherapy
dose, it would seem that there was a patient regression
since some spectra or green points moved away from
border and into the cancer cluster, even though some
points stayed in the control cluster, this data indicates
that the patient’s health situation was deteriorating. After
conservative surgery and the second adjuvant dose (sixth
dose), spectra (yellow points) were already completely in
control patients cluster, the patient was fully recovered.
From the point of view of Raman spectroscopy, surgery
and CHT were successful for this patient 2.

According to the second cancer patients clinical record
(40 years old and stage IIIA, under CHT), she received 4
neoadjuvant doses and 2 adjuvant doses throughout treat-
ment (see Table 1), but blood serum samples were only
obtained from the fourth (neoadjuvant), and sixth (adjuvant)
dose. After the fourth neoadjuvant chemotherapy dose,
patient observed a partial response, i.e., traces of cancer
were still found with conventional methods, in complete
agreement with Raman and PCA diagnosis (green points
in cancer cluster). After the fourth dose, patient underwent
conservative surgery or non-radical surgery to continue
CHT, receiving two adjuvant additional doses. After sur-
gery and the second adjuvant dose, patient was declared
completely recovered (yellow points are in the control clus-
ter). There was a complete response due to surgery and
CHT, since the tumor could be removed and no traces of
tumor were found. Therefore, although there could be a dis-
crepancy between official diagnosis and Raman technique
about stage of cancer of patient, results reported by Raman
spectroscopy and PCA about CHT were in complete agree-
ment with clinical reports shown after each dose of chemo-
therapy, i.e., Raman spectroscopy and PCA indicated that
CHT for the second patient, was a success.

CHT monitoring from patient 3

Figure 5, Patient 3, shows PCA plot corresponding to the
CHT monitoring of the third breast cancer patient. The
green points correspond to spectra of serum sample from
the third neoadjuvant dose, observing that only few green
points are already in cluster from healthy patients, i.e.,
patient observed a partial improvement, not complete.
After the second adjuvant dose, all yellow are in cluster
control, i.e., patient observed a complete improvement.
Nevertheless, after subsequent adjuvant doses, all spectra
(cyan points) are observed again in cancer cluster, mean-
ing that patient presented a relapse.
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On the other hand, according to clinical record, the
third from the breast cancer patients under CHT (50
years old and stage IIIA) received 3 neoadjuvant doses
and 9 adjuvant doses throughout treatment (see Table 1),
but blood serum samples were only obtained from the
third (neoadjuvant), fifth (adjuvant) and twelfth dose.
Patient 3 was the one who received the longest follow-
up (about a year). Patient received the third neoadju-
vant dose, responding positively, since size of tumors
decreased considerably and therefore, only a partial
response was observed (in PCA some green points are
still observed in cancer cluster). After conservative sur-
gery or non-radical surgery, the patient received 9 adju-
vant additional doses, and on the second adjuvant dose
(fifth dose), a complete response was observed (in PCA
all yellow points are completely within control cluster).
Nevertheless, after a certain time, a relapse was observed
in this patient, for whom radiotherapy was required. Cyan
points completely immerse into cancer cluster is an indi-
cation of the patient relapse. Patient 3 is a clear example,
where Raman spectroscopy was put to test, responding
effectively to monitoring of CHT.

CHT monitoring from patient 4

Figure 5, Patient 4, shows PCA plot corresponding to
the fourth breast cancer patient CHT monitoring. Green
points correspond to spectra of the serum sample from
the third neoadjuvant dose, observing that all green
points remained completely in cancer cluster, i.e., a null
response of patient to CHT is observed. After receiving
the third adjuvant dose, it is observed that spectra (yel-
low points) remained in the cancer patients cluster, i.e.,
no improvement was ever observed in patient.

According to clinical record, the fourth from the
breast cancer patients under CHT (37 years old and
stage IITA) received 3 neoadjuvant doses and 3 adju-
vant doses throughout treatment (see Table 1), but sam-
ples were only obtained from the third (neoadjuvant),
and sixth (adjuvant) dose. After the third neoadjuvant
chemotherapy dose, patient observed a partial response,
in complete agreement with Raman and PCA diagno-
sis (all green points in cancer cluster). After, patient
underwent radical surgery to continue CHT, receiving 3
adjuvant additional doses, but patient continued with a
partial response, cancer never disappeared. Even when
patient underwent radiotherapy because her cancer was
being resistant to chemotherapy, no positive response
was observed. CHT from patient 4 was not successful.
Therefore, results reported by Raman and PCA were in
complete agreement with clinical reports.

CHT monitoring from patient 5

Figure 6, Patient 5, shows PCA plot corresponding to the
fifth breast cancer patient CHT monitoring. After a radi-
cal surgery, patient received 8 adjuvant doses, but spec-
tra of the samples corresponding to the third, fifth and
eighth dose are represented by green, yellow and cyan
points, respectively (see Fig. 6), remained completely
within the cancer patients cluster, i.e., no improvement
was ever observed.

According to clinical records, the fifth from the breast
cancer patients under CHT (45 years old and stage IV)
received 8 adjuvant doses throughout treatment, no neoad-
juvant doses were given (see Table 1), blood serum samples
were only obtained from the third, fifth and eighth dose.
After a radical surgery, patient received a third chemother-
apy dose, observing a partial response, in complete agree-
ment with Raman and PCA diagnosis (all green points in
cancer cluster). After, patient received the fifth and eighth
dose, the patient continued with a partial response, cancer
never disappeared (the yellow and cyan points stayed in
cancer cluster). The patient had to be hospitalized after the
fifth session due to a fever that progressed to neutropenia.
CHT from patient 5 was not successful. Patient’s health
situation was very critical. Nevertheless, reported results
by Raman spectroscopy and PCA were also in complete
agreement with clinical reports.

CHT monitoring from patient 6

Figure 6, Patient 6, shows PCA plot corresponding to
the sixth breast cancer patient CHT monitoring. Patient
received 4 neoadjuvant doses, but no serum samples
were obtained. After, patient received one adjuvant dose,
observing that all green points corresponding to this dose
remained completely in cancer cluster, i.e., no improve-
ment was observed in the patient. After, patient under-
went radical surgery and radiotherapy, still no improve-
ment was observed.

On the other hand, according to clinical record, the
sixth from the breast cancer patients under CHT (41
years old and stage IIIB) received 4 neoadjuvant doses
and 1 adjuvant dose throughout treatment (see Table 1),
but blood serum samples were only obtained from the
fifth dose (adjuvant). For 20 years, patient had a nodule
always reported as benign, but about six months before
starting chemotherapy treatment patient was diagnosed
with breast cancer. This patient began treatment with 4
chemotherapy neoadjuvant sessions, but samples were
unavailable. Later, patient underwent radical surgery and
received 1 adjuvant dose, and possibly, later also under-
went radiotherapy, nevertheless, there was no positive
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response neither to surgery nor dose. Green points in the
cancer cluster after surgery show that reported results
by Raman spectroscopy and PCA were also in complete
agreement with clinical reports from patient.

It would have been very interesting to continue moni-
toring the patients who responded positively to CHT, 5
years after the treatment was over, to ensure the non-
return of cancer, but it was no longer possible. Neverthe-
less, after analyzing six interesting and varied cases of
CHT, there is no doubt about the promising effectiveness
of Raman spectroscopy and PCA techniques to monitor
CHT from breast cancer patients. These techniques could
be excellent support methods for breast cancer oncolo-
gist to offer a more effective and less aggressive CHT
for patients.

A fact of particular interest observed in the monitor-
ing of CHT was the possible correlation between the
intensity of the Raman peak, 450 cm™!, correspond-
ing to the glutathione molecule, and the evolution of
cancer in patients during CHT. In Fig. 7, it can be seen
how the intensity of the peak, possibly associated with
glutathione [19], varies according to the health status
of the cancer patient, if the patient improves, the peak
decreases (see Fig. 7, Patient 1, red spectrum; Patient
3, green spectrum and Patient 5, red spectrum) or if the
patient relapsed, peak increases (see Fig. 7, Patient 1,
green spectrum; Patient 2, red spectrum and Patient 3,
green spectrum). It means that glutathione could pos-
sibly play the role of a biomarker in the study of breast
cancer. Nevertheless, more studies than the existing ones,

Fig. 7 Glutathione behavior in
CHT from breast cancer patients

Patient 1

0.1 1

0.0

about the relationship between glutathione and cancer are
necessary [24, 25], and Raman spectroscopy could be the
tool that will allow studying such a relationship.

Conclusion

In this study, we present the results of Raman spectroscopy
and PCA monitoring of breast cancer patients undergoing
chemotherapy. Raman spectroscopy was performed on blood
serum samples and then principal component analysis was
used to process the data. In order to follow the treatment, a
successful breast cancer diagnosis, before CHT, was obtained
using the same Raman spectroscopy technique (same laser,
conditions and software). For breast cancer diagnosis, a total
of 197 spectra from 8 breast cancer patients and 14 control
patients were measured, which were duly preprocessed. The
already well-known mean spectra of a blood serum sample
from control and breast cancer patients were shown, with the
most characteristic peaks that allow the immediate identifica-
tion of this type of samples and their constituent molecules,
such as amino acids, f-carotenes, phospholipid and amide
I and III. The major differences between breast cancer and
control spectra were identified with special interest in those
peaks corresponding to glutathione molecule. PCA was
used to better appreciate the differences between all spec-
tra, identifying two large groups associated to healthy and
breast cancer patients. PCA results were validated by leave-
one-out cross-validation method. Therefore, it was possible
to confirm, once again, that based on serum sample Raman
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spectroscopy, it is possible to establish a diagnostic method
for breast cancer with a sensitivity and specificity of 87.14%
and 90.55%, respectively. This diagnostic analysis was the
central idea of monitoring, since it was taken as the refer-
ence point to observe behavior of breast cancer from patients
after a chemotherapy dose, this is, the patient’s condition was
inferred as spectra got closer or further to the control group
(improvement or relapse, respectively). Six patients with dif-
ferent stages of breast cancer were successfully monitored
throughout CHT (up to 12 doses), according to the official
clinical records of Instituto Mexicano del Seguro Social (main
social health center in Mexico, of which, 2 patients observed
complete improvement, but others observed only partial
improvements or relapse. A special interest arose in the pos-
sible correlation between intensity of Raman peak, 450 cm™ L
corresponding to glutathione and evolution of cancer through-
out CHT, i.e., glutathione appears to be a good candidate as
breast cancer biomarker. The results confirmed that Raman
spectroscopy and PCA are, not only a good support to current
techniques to detect breast cancer, but also could be excellent
techniques to monitor more efficiently breast cancer patients
chemotherapy treatments using blood serum samples, with the
added convenience that it is minimally invasive.
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