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Abstract

As cancer is one of the leading causes of death in both humans and animal companions
a development of a fast, cost-effective and non-invasive detection and diagnostics method is
of great importance. Raman spectroscopy is a non-invasive optical technique capable of
fulfilling this role. The main goal of this study was to obtain Raman spectra from feline and
canine tumour and skin samples ex vivo, to characterize them and to evaluate the ability to
differentiate between tumour and skin tissue samples as a possible tool in cancer diagnosis in
the near infrared region (300 to 950 cm™). The study used 4 mast cell tumour, 9 soft tissue
sarcomas and 27 skin tissue samples, preserved in 10% formalin solution. Tissue sample
Raman spectra characterization showed significant similarities between the samples, with
cholesterol-related Raman peaks at 445, 538, 548, 614 and 702 cm™. The tumour tissues were
detected with sensitivity and specificity of 57.1% and 80.7%, respectively, and with 72.5%
accuracy. The results show that the selected Raman spectral region is not suitable for the
characterization of canine and feline tumour and skin tissues as other regions have been shown

to have higher detection results.

Key words: Raman spectroscopy, soft tissue sarcoma, skin tumours, mast cell tumours,

diagnosis



Kopsavilkums

Vezis ir viens no galvenajiem cilvéku un majdzivnieku naves c€loniem. Tadée] liela
nozime ir atras, rentablas un neinvazivas diagnostikas metodes izstradei. Ramana
spektroskopija ir neinvaziva optiska metode, kas derétu §adam mérkim. ST pétfjuma galvenais
uzdevums bija ieglit Raman spektrus no kaku un sunu audzgjiem un adas paraugiem ex Vivo,
tos raksturot, un atskirt audz&ja un adas audu paraugus tuvu infrasarkanas gaismas regiona (300
lidz 950 cm™). P&tijuma tika izmantoti 4 tuklo $iinu audz&ji, 9 miksto audu sarkomas un 27
adas audu paraugi, uzglabati 10% formalina Skiduma. Audu paraugu Ramana spektru
raksturojums paradija butisku lidzibu starp paraugiem, ar holesterinu saistitas Ramana joslas
pie 445, 538, 548, 614 un 702 cm™, Audzgja audi tika klasific@ti ar jutigumu un specifiskumu
attiecigi 57,1% un 80,7% un ar 72,5% precizitati. Rezultati parada, ka izveletais Ramana
spektralais regions nav piemérots sunu un kaku audz&ju un adas audu raksturoSanai, jo ir

paradits, ka citiem regioniem ir augstaki klasific€Sanas rezultati.

Atslégas vardi: Ramana spektroskopija, miksto audu sarkoma, adas audzgji, tuklo §tinu

audzgji, diagnostika
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List of abbreviations

MCT- mast cell tumour

STS — soft tissue sarcoma

BCC — basal cell carcinoma

cm™ — inverse centimetre

°C — degree Celsius

SCC — squamous cell carcinoma
C=0 — carbon oxygen double bond
C-N — carbon nitrogen bond

C-C — carbon carbon bond

nm - nanometre

CCD — charge-coupled device

mm - millimetre

PC — principal component

PCA — principal component analysis
TN — true negative

FN — false negative

FP — false positive

TP — true positive



INTRODUCTION

Cancer is a very common cause of animal companion deaths, in fact, the leading cause
of deaths in canines is cancer, as around 50% of geriatric dogs and 33% of cats dying from
cancer. According to several studies, the number of tumours originating from the skin or
directly underneath the skin is in a range between 25 to 50% 2. The most common approach
for cancer detection is based on biopsies. However, the method is painful, and animals might
require sedation, it has to be performed several times to avoid false negative results. In addition,
the experience of the veterinarian has a very significant impact on the procedure and its
accuracy, which for untrained personnel can vary due to tumours heterogeneous structure and

other peculiarities 2.

Raman spectroscopy would offer a non-invasive method for benign and malignant
tumour detection, that would also be cost-effective and easy to perform. Studies focusing on
near infrared region are few and thus it provides a promising tool for cancer diagnosis in pets

and possibly also in comparative oncology.

The main goal of this study was to obtain Raman spectra from feline and canine tumour
and skin samples ex vivo, to characterize them and to evaluate the ability to differentiate
between tumour and skin tissue samples as a possible tool in cancer diagnosis in the near
infrared region (300 to 950 cm™Y).

To achieve this goal following tasks were set
e To collect Raman spectra from the tissue samples
e Analyse and characterize the obtained spectra

e Test and evaluate the accuracy with which the sample are distinguished and
compare with other spectral regions

The study was carried out at the Institute of Atomic Physics and Spectroscopy /
Biophotonics Laboratory of the University of Latvia within the project “Multimodal imaging
for veterinary oncology using a combination of optical coherence tomography and

photoacoustic microscopy”



1. LITERATURE REVIEW

1.1.Raman spectroscopy

Raman spectroscopy is a molecular spectroscopic method, which uses the interaction
between the light and the molecules making up the sample, to obtain information about the
sample’s molecular make-up or specific characteristics, the samples can be solid, liquid, gases,
aerosols and vapours and the measurements can be done in temperatures ranging from well
below zero to several hundred °C. for solid sample analysis little if any at all, sample
preparation is required, as for liquids, a glass or plastic container is sufficient, to obtain results
4. This is achieved by sending a beam of photons through the sample and a process called

Raman scattering, named after Sir C.V. Raman, who was the first to describe it °.

When light interacts and is scattered by a molecule, the electromagnetic field of a photon
causes polarization of the electrons in the molecule, the energy is transferred from the photon
to the molecule °. This can be treated as a new virtual state or level of the molecule, as it is
very short-lasting because the photon is reemitted near instantaneously, simply as scattered
light. In the vast majority of cases of scattering the energy of the molecule remains the same,
as it was before, and the energy and wavelength of both the photon and the molecule remain
the same. This process is called elastic or Rayleigh scattering .

However, in around 1 photon in 10 million, instead inelastic or Raman scattering occurs,
where the energy is transferred between the scattered photon and the molecule. This can happen
in two ways: in first, called Stokes Raman scattering, the molecule gains energy from the
scattered photon, the molecules vibrational level is then increased, as well as having lost some
of its energy photons wavelength increases. In the second, called Anti-Stokes Raman
scattering, the opposite happens, and the molecule loses some of its vibrational energy to the
photon, whose wavelength, in turn, is increased ’. A comparative image of types of scattering
is shown in Figure 1. These both processes in theory have an equal chance of happening,
however since most molecules are already at their lowest vibrational level, the Stokes Raman

scattering is far more likely to happen and more often measured. In both cases the changes in



the molecules may occur within the vibrational states and rotational states, however if photons

with sufficient energy are provided, it may induce fluorescence °.
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Figure 1. Comparison of types of scattering. Three different forms of scattering. University of
Cambridge. https://www.doitpoms.ac.uk/tlplib/raman/raman_scattering.php 2004-2020. Accessed 20
May. 2021. The green arrow indicates the virtual energy level reached. In Rayleigh scattering, there are
no changes in the energy and vibrational states. In Stokes Raman scattering, the photon loses energy,
thus a higher vibration state is achieved by the molecule. In Anti-Stokes Raman scattering, the photon

gains energy from the molecule, thus its vibrational state reduces.

1. Attels. Dazadu gaismas izkliedes tipu salidzinajums. Three different forms of scattering.
University of Cambridge. https://www.doitpoms.ac.uk/tlplib/raman/raman_scattering.php 2004-2020.
Nemts 20 maijs. 2021. Zala bulta norada uz virtualo energijas Iimeni, kas ir sasniegts. Rayleigh izkliede
nav izmainas energijas daudzuma un lidz ar to ari vibracijas limeni. Stokes Raman izklied€, fotons
zaudé energiju molekulai, kas Iidz ar to nonak augstaka energétiska limeni. Anti-Stokes Raman

izkliedg, fotons iegiist energiju no molekulas, kas 1idz ar to nonak zemaka energétiska limenti.

For a molecule to measurable with Raman spectroscopy, the molecule must pose
polarizability, meaning, when subjected to an electromagnetic field, in this case in a form of
photons, the molecules electron cloud is distorted, resulting in the formation of a dipole. The
atomic bonds between atoms and molecules can then change their relative relation to one
another and this, in turn, changes the vibrational and rotational energy ©. Despite using the
properties of polarizability, which is more pronounced in nonpolar molecules, for example,

carbon dioxide and benzene, it is possible to measure polar molecules, for example, the polar



amino acids: serine, threonine, and others. As under the influence of an outside electromagnetic
field, their poles may still undergo some shifts and changes. Because of this Raman

spectroscopy can be referred to as vibrational spectroscopy ’.

Atoms in the molecules have a set number of modes of vibration for example, asymmetric
and symmetric stretching, wagging and others. Each mode has a specific energy requirement
and thus will produce unique Stokes and Anti-Stokes Raman results . The number of
vibrational modes for linear molecules is 3N-5 and for nonlinear 3N-6, where N is the number
of atoms in the molecule. It is important to note that not all modes would Raman scatter, due
to their symmetry, as well as that overlap between the energies of scattered photons from

different molecules is possible, as the size of the molecule increases ’.

The released photon from either Stokes or Anti-Stokes Raman scattering has a specific
wavelength, depending on whether the photon gained or lost energy from the electron in the
molecule, this new wavelength is specific to corresponding molecules composition, types of
chemical bonds, the type of vibrational or rotational changes that have occurred and the number
and the type of saturated or unsaturated parts and cyclic compounds 8. With this it possible to
gain insight into the composition and structural fingerprint of the molecules or the samples °.

Raman spectroscopy can be compared to Infrared spectroscopy, as both methods are a
type of vibrational spectroscopy. However, as denoted by its name, infrared spectroscopy uses
infrared radiation, while Raman works in the range of visible light, using monochromatic light
10, Also, infrared spectroscopy works by measuring the absorbed spectra from the sample,
instead of the scattered light as in Raman. Another difference is in the atomic bonds that can
be measured with each of the systems, as different vibrational types, for example, asymmetric
and symmetric stretching, wagging, for the same molecule can be either Raman or infrared
spectra inactive, meaning there will be no discernible result. This is mutually exclusive,
vibrational modes active in Raman will have little to no activity in infrared and vice versa 1%,
More often, infrared spectroscopy is used when dealing with asymmetrical molecules, as they
have more pronounced electric dipoles, while Raman spectroscopy is used for more symmetric

molecule identification 19,

Due to the precise nature of Raman spectroscopy and the ability to assess the chemical
composition of the cells and tissues accurately and precisely, this method shows promise as a
powerful tool for cancer diagnosis. With precise measurements, specific “fingerprints” or

molecular alterations can be detected in the tissues containing cancerous cells®.



1.2. Raman diagnostical applications

1.2.1. Applications in human medicine

Because of its high chemical specificity and non-invasive nature, Raman spectroscopy
has recently been used in several cancer screening and diagnostical applications >2. The
progress of Raman based diagnostical applications was hindered by several reasons, such as
long data acquisition times, lack of spectra databases and expensive instruments ©. However,
recent years have shown the potential for Raman spectroscopy in cancer research, as it has been
used to study a variety of human tissues, such as skin, lung, colon, brain, breast, and others, as
well as biofluids, like urine, saliva, and blood 2.

The genetic, phenotypical, and morphological differences of even similar types of cancer
present a crucial problem at describing the disease and making any prognosis 4. Because of
this, the identification and development of a large panel of specific, sensitive, and quantitative
biomarkers has been the leading task. Furthermore, since classifications based on single or a
few biomarkers often fails to provide a correct diagnosis of cancer, the need for a fast, cheap,

method to provide a unique and accurate characterization of the cancer is still increasing >*° .

Raman spectroscopy is a very promising method for skin cancer detection and
characterization, it is one of the most common types of cancer and the incidence is increasing
annually. Worldwide in 2020, there were approximately 1.5 million new cases of skin cancer
and around 100 thousand deaths %6 . The most common types of skin cancers are Basal cell
carcinoma (BCC), Squamous cell carcinoma (SCC) and Melanoma 7. The most aggressive
form of skin cancer: melanoma, while only making up around the third of newly diagnosed
cases, contributes contributed half of the patient deaths. Melanoma has a diagnostic accuracy
ranging from 49-81% depending on the experience of the dermatologist, equipment, and the
amount of tumour available *. Moreover, these biopsies might lead to skin lesion progression,
are not cost-effective for the patient and the healthcare system and are unpleasant for the
patient. Several studies have successfully used Raman spectroscopy to discern different types

of skin cancer, as well as to characterize them by their active components **8,

Raman spectroscopy applications for skin cancer identification and characterization have
been actively studied for more than a decade and progress has been made in developing tools
necessary to effectively diagnose skin cancer in vivo >°. Several studies have been published
on classification methods of skin cancer types using Raman spectra, as well as distinguishing

healthy and abnormal tissue, the accuracy and sensitivity often are above 90% 17202,
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Sensitivity is the number of correctly identified abnormal tissues and specificity being the
number of correctly identified samples without the condition. However, most of these studies
are performed ex vivo, when performed in vivo the results differ, while sensitivity remains
above 90%, specificity, on the other hand, varies depending on a specific study between 60-
80% 1719,

The molecular composition and active components of skin cancer have been described
and profiled by several authors, several noteworthy changes from normal tissues have been

documented %%,

e The amount of triolein, a triglyceride that in human skin is present as subcutaneous fats

and lipids, is reduced when compared to normal tissue.
e The amount of collagen is lower in nonmelanoma skin cancer than in normal tissue.
e The amount of Elastin is increased in nonmelanoma skin cancer.

e In melanomas, the melanin amount is drastically increased, compared to other skin

cancer types and healthy tissues.
e Ribonucleic acid amounts are increased in tumour tissues, compared to normal tissue.

A very important difference noted by several studies is the Amide | band. The Amide |
band represents the backbone of the protein geometry and is represented by around 80% C=0
bands and roughly 20% C-N bands. Its frequency in a range between 1600 and 1700 cm™ 22,
In normal tissues, the proteins, regulated by the cells, have a particular conformation, content,
and amount. In abnormal cells, however, the protein expression is often altered, and this can
result in upregulated, inhibited expression or in changed geometry either via incorrect folding
or different amino acids. Thus, the Amide | band in tumour tissue shift to a lower wavelength
and is broader. Similar findings have been published on Amide band Ill and lipids; they

however are shifted in opposite direction %22,

For a complete characterization, these and other parameters are combined, however, the
amount of data then increases significantly, with all the variations in all the samples. Because
of this various data analysis and statistical methods are often employed. Noteworthy methods
used in data analysis are machine learning and neural networks, with these methods research
speed is greatly increased as well as automated, easily replicable, they do however require

specific training.
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Lui et al. in 2012 published a clinical study in which different skin cancer types of 453
patients were analysed in vivo. The instrument was set up for an acquisition time of just 1
second and used software to process the data immediately, allowing for real-time skin lesion
investigation. The study includes both benign and malignant skin tissues, including BCC, SCC,
melanomas, and others less common types of skin cancer, the overall sensitivity of over 95%
and specificity in a range from 15% to 54% was achieved. The study managed to distinguish
malignant and premalignant disorders from benign, melanomas from benign pigmented skin

lesions and melanomas from seborrheic keratoses 1’.

Zhang et al. in 2018 published a meta-analysis of 12 studies. The Raman spectra were
from the chosen studies were pooled into respective groups of in vivo and ex vivo, and
respectively BBC, SCC, and melanomas. The main goal of the study was to assess the
sensitivity and specificity of Raman spectroscopy in differentiating skin cancer from normal
tissue, Table 1, %,

Table 1.

Sensitivity and specificity of Raman spectroscopy in differentiating skin cancer from normal tissue
(Zhang et al. in 2018)

1. Tabula

Ramana spektroskopijas jutigums un specifiskums, atskirot adas vézi no normaliem audiem
(Zhang et al., 2018)

Skin cancer | Ex vivo sensitivity, | Ex vivo specificity, | In vivo sensitivity, | In vivo specificity,
type % % % %
BCC 99 96 69 85
SCC 96 100 81 98
Melanoma | 100 98 93 96

They also note the differences between in vivo and ex vivo results and attribute them to
the limited collection time during the procedure patients would have to be perfectly still for a
longer period of time and any movement would decrease the accuracy and quality of the
measurements. The study also mention several limitations in the study, such as the need for
more Raman spectra data, the number of patients was small, and the number of measurements
that differed among selected studies. Also, the majority of the studies used ex vivo tissues and

Raman spectroscopy techniques and algorithms in data analysis differed 23,

12



Nevertheless, the study showed Raman spectroscopy as a very promising tool in skin
cancer diagnosis and highlighted some important problems in the field. For example, lack of
unified measurement methods, data collection and analysis, and since the current ex vivo results

are nearing the top, the need for more in vivo studies is greatly increasing 3.

1.2.2. Applications in veterinary medicine

Cancer is a very common cause of animal companion deaths, in fact, the leading cause
of deaths in canines is cancer, as around 50% of geriatric dogs will die of cancer. As for cats,
cancer is the second most common cause of death, with around 33% of cats dying from cancer.
This number has increased and is predicted to increase as the advances in veterinary medicine
will allow pets to live longer 3. According to several studies, the number of tumours
originating from the skin or directly underneath the skin is in a range between 25 to 50% 2.
While in the past decade Raman spectroscopy has been used more and more in human

medicine, the veterinary field has not seen such advancements.

Currently, the most common approach for cancer detection in pets is based on invasive
biopsies, because this method requires for the tumour to be well palpable it works best on larger
tumours. During the biopsy, a needle is inserted into the lesion and a tissue sample is taken, to
avoid biases the procedure is repeated several times. Because this method is painful the animals
often require sedation as not to be a danger to themselves or others, this might create
unnecessary complications. In addition, the experience of the veterinarian has a very significant
impact on the procedure and its accuracy, which for untrained personnel can vary due to

tumours heterogeneous structure and other peculiarities 1.

Raman spectroscopy would offer a non-invasive method for benign and malignant
tumour detection, that would also be cost-effective and easy to perform. In addition, canine
and feline neoplasm studies can serve as an important insight into human neoplasm
development, detection, and treatment. Compared to human cats and dogs have a much higher
chance to develop tumours. Naturally occurring cat and dog tumours have more similarities to

human tumours than any other animal model 324,

A number of Raman spectroscopy and animal tumour studies are in relation to breast
cancer, because, as mentioned before, the incidence for breast cancer in pets is much higher,
while aspects such as age, metastatic pattern, hormonal dependence and genetic and
histological characteristics are similar to those in humans 2%, A published study in 2020

compared benign and malignant lesions from breast cancer tissues in dogs and showed that the

13



Raman spectra bands had several similarities with human breast cancer Raman spectra bands
22

The lack of Raman spectroscopy studies on feline and canine tumour tissues is evident
and thus shows the necessity of this study and also creates an opportunity for novel applications

and expansion of the field.

14



2. MATERIALS AND METHODES

2.1.Materials

2.1.1. Samples

The study used 40 tissue samples in total: 4 MCT tissue samples, 9 STS tissue samples
and 27 skin tissue samples. Samples were stored in 10% formalin solution. Tumours were

identified by pathologist and their precise location marked by small needles.

2.1.2. Apparatus and equipment
Table 2

Used apparatus and equipment.
2. tabula

Izmantota aparatiira un aprikojums.

Apparatus Description

784nm diode laser Cobalt 08-NLD, Hiibner, Solna, Sweden.

Imaging spectrometer IHR320, Horiba, Kyoto, Japan

Shutter control unit SDRIVE-500, Horiba, Edison, USA.

Laser clean-up filter LDO01-785/10, Semrock, IDEX Health & Science,
Rochester, New York, US)

Collection fiber bundle 6 fibers, @ 400 um, NA=0.22, Light Guide Optics
Germany GmbH, Meckenheim, Germany

Power and Energy Meter PM100D, Thorlabs, Bergkirchen, Germany

2.1.3. Materials
Table 3

Used consumables.
3. tabula

[zmantotie materiali.

Materials Description
Parafilma M® Bemis, ASV
. . Disposable Nitrile Gloves, ROTH, Karlsruhe,
Disposable nitrile gloves G
ermany

15



2.1.4. Software
e “Microsoft Office Excel 20207,
e “Microsoft Office Word 2020”;
e “USBSpectrometerControl, Version 3.8.1”;

e “LabSpec 6 — HORIBA Scientific, Version 6.4.4.16”

2.15. Safety precautions

Formalin was used to preserve tissues, when handling tissue samples it is necessary to
exercise caution and wearing protective gloves, eye protection and face mask is a must. As the
sample measurement takes a considerable time it is important to ventilate the room. Upon
contact with skin immediately wash the area with a large amount of running water as it may

cause irritation, sensitivity or a allergic reaction, may also cause serious eye damage.

16



2.2.Methods

2.2.1. Raman spectrometry

To acquire the Raman spectra of the samples, Raman spectroscopy was performed. The
method works by sending a beam of monochromatic light through the sample, the wavelength
of the light is changed by Raman scattering and collected by a collector lens and redirected
through a notch filter filters out Rayleigh scattered light, then the light is directed towards a
diffraction grating, which bends the Raman shifted light according to its wavelength. From
there the light is projected onto charged-couple device (CCD) camera. The CCD camera works
as photon detector, where photons are absorbed by a special light-sensing element and their
energy is transferred to newly released electrons, Figure 2. The resulting charge accumulated
in regions is proportional to the number of photons. From there the readout data is produced

based on the charge of electrons corresponding to specific wavelength (HORIBA, 2021).

Figure 2. Raman spectrometer components. (Adapted from Thirumalainambi 2005). 1. Initial
laser. 2. Sample. 3. Lens for gathering scattered light. 4. Focusing lens. 5. Notch filter. 6. Focusing

lens. 7. Diffraction grating. 8. CCD camera.

2.atte€ls. Raman spektrometra komponentes. (Parveidots no Thirumalainambi 2005). 1.
Sakotngjais 1azers. 2. Paraugs. 3. Objektivs izkliedetas gaismas savakSanai. 4. Fokus€Sanas objektivs.

5. Tegriezuma filtrs. 6. FokuséSanas objektivs. 7. Difrakcijas rezgis. 8. CCD kamera.

The sample was placed onto under the laser, unto the measurement platform. Before
beginning the measurements run “USBSpectrometerControl, Version 3.8.1” and press

“initialize” also the shutter needs to be turned on and opened, both manually and in

17



“USBSpectrometerControl, Version 3.8.1”. In “LabSpec 6 — HORIBA Scientific, Version
6.4.4.16” set front slit entrance to 50 um, grating to 1200 and check if laser is set to 785 nm.
Run settings are: acquisition time — 90 seconds, accumulation 1, and 300 to 950 cm™. The
detector needs to be cooled and displayed in green. After the measurement it is necessary to
remove autofluorescence signal, by performing baseline correction in “LabSpec 6 — HORIBA
Scientific, Version 6.4.4.16”, this is done by fitting a polycurve to acquired results and
subtracting it. Final step is to remove any cosmic spikes produced by cosmic rays. Cosmic rays
are high energy particles from outer space, that, create secondary cosmic rays when entering
atmosphere. These rays are random and cannot be avoided, and they create spikes in Raman

spectra 2,

18



3. RESULTS AND DISCUSSION

To better analyse the spectra and avoid any biases, that might have come from sample
heterogeneity, each sample was measured 12 times, after each measurement new random

location within the marked tumour or skin sample was chosen.

In total 40 samples of tumour tissues and skin were measured, and 480 spectra acquired
for the analysis.

3.1. Raman spectra characterization

Raman spectra data for each of the samples was analysed by calculating means and
standard deviations of all 12 measurements. Afterwards, for all of the means of the same type
of sample new means were calculated along with new standard deviations. These spectra data
were then analysed, and spectra bands identified, Table 4. For the specific Raman band peaks,
an error of 7 cm™ was taken into account when characterizing the spectra. This error was
included due to Raman spectroscopy resolution which is 7 cm™.

Table 4
Peak assignments for Raman tissue spectra.
4. tabula

Identificétas Ramana audu spektra virsotnes.

Wavenumber, Assigned to

cm?

445 Cholesterol, cholesterol ester

538 Cholesterol ester

540 Amino acid: cysteine

548 Cholesterol

614 Cholesterol ester

618 C-C twisting

620 C-C twist aromatic ring

621 C-C twist in phenylalanine

702 Cholesterol, cholesterol ester
C-N membrane phospholipids, choline

717 group, lipids

815 Collagen

907 Formalin

19



3.1.1. MCT spectra characterization

MCT tissue mean Raman spectra characterization in the region from 300 to 950 cm™
showed four cleared and distinct peaks, at 446, 542, 712 and 811 cm, Figure 3.

| MCT Raman spectra |
446 542 620 712 811
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Figure 3. MCT tissue mean Raman spectra, with peak values assigned.

3. attels. Tuklo Stunu audzgju audu vid€jo vértibu Ramana spektrs, ar noraditajam augstakam

spectra vertibam.

The peaks specific peaks correspond to biomolecules and atomic bonds. The 446 cm™
band corresponds to the sample containing cholesterol or cholesterol ester?”?8, The 542 cm™
band, similarly, also corresponds to cholesterol or cholesterol ester, however, the band may
also contain amino acid cysteine, as these ranges overlap?’?®. Cholesterols presence is to be
expected as it is an essential structural lipid, that is important cell membrane component as
well participates in a variety of other cellular mechanisms?®. The 620 cm™ bands presence
again is an indication of cholesterol, more interestingly, also of C-C aromatic ring twist and as
well as C-C twisting mode of phenylalanine, the C-C aromatic ring is present in a number of
organic compounds?3°, While the presence of cholesterol in the tissues is understandable, the

phenylalanine presence can be explained by the fact that it is a precursor to melanin,

20



phenylalanine has been detected and described by similar studies®. The band in 712 cm™ is
related to membrane phospholipids, choline group and lipids, as well as cholesterol*>®!, The
811 cm™ indicates the presence of collagen within the tissue samples, a structural protein in
the extracellular matrix, found in connective tissues®. Lastly smaller peak, an unmarked peak

at 900 cm! regions is from formalin, which is from tissue preservation®.

3.1.2. STS spectra characterization

After analysis, the overall STS mean Raman spectra showed great similarity to MCT

spectra, Figure 3. and 4.
| STS Raman spectra |

444 543 616 710 802 906
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Figure 4. STS tissue mean Raman spectra, with peak values assigned.

4. attels. Miksto audu sarcomu audu vidgjo vertibu Ramana spektrs, ar noraditajam augstakam

spectra vertibam.

Despite the different origin of the tumours, STS stem from mesenchymal cells and MCT
originate from the bone barrow. STS Raman spectra produced six distinct spectral regions,
including 906 cm™, which is formalin produced band. The 444, 543, 616, 710 cm
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correspond to the presence of cholesterol?’. The 543 cm™ band can also be a result of
cysteine®. 616 cm™ band can be produced by phenylalanine C-C bond twisting and C-C
aromatic ring twisting in molecules?=°, 710 cm stem from membrane phospholipids and

lipids?’. Lastly, the 802 cm™ band again is the result of collagen in the tissue sample®.

3.1.3. Raman spectra comparison

The mean spectra of MCT, STS and skin tissue samples were compared among each
other and the results are shown in, Figure 5. The STS tissues showed increasing Raman band
intensity at 445, 619 and 803 cm™ regions, the 907 cm™, which has been omitted as the band
is produced by formalin. These results would indicate that STS could have increased amounts
of cholesterol that would produce bands of higher intensity?’. As the 619 cm™ band is also
produced by cysteine, it could be an indicator of increased specific amino acid content®. While

the 803 cm™ band shows differences in the band relating to collagen Raman scattering®.

MCT tissues showed the most intense peak at 541 cm™, which corresponds to cholesterol,
C-C phenylalanine twisting and C-C aromatic ring twisting?”*°. The 713 cm™ also shows a
peak with a more pronounced MCT peak, as mentioned before, this peak can be produced by
membrane phospholipids, lipids and the choline group. As for skin tissues, overall, the spectra
was less intense than that of the tumour tissues, this could be due to skin tendency to absorb

more light, so less of it is scattered when compared to deeper located tumour tissues®?,

Comparison of mean Raman spectra of examined skin and

tumour tissues
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500 |
5 400 -
Lis ]
=
@ 300 -
a
=
c MCT tumer
@ 200
&
' Healthy skin

1 T T T T
500 600 700 800 900
Wavenumber, cm™

22



PC1 (42,8

Figure 5. Comparison of mean Raman spectra of examined skin and tumour tissues

5. attéls. Adas un audzgja audu vidéjo Ramana spektru salidzinajums

3.2. Principal component analysis

The principal component analysis (PCA) is used to identify the most significant variances
in the tissue spectra and to classify the tissues by type. As for multivariate data analysis, the
method works by reducing the dimensionality of large sets of data, as in the case of Raman
spectral data. The result is a smaller set of data that can be more easily visualized and

analysed®,

The loading plots of two principal components (PC) in the range from 300 to 950 cm™
are shown in Figure 6. The loading varies in the range from -1 to 1, and the closer a variable is
to this value more strongly it influences the component and shows how significant variance

was in each part of the Raman spectra®3,

Wavenumber, cm

200 £00 00 &0 1000

ooa L 4

0403 |

0.0

003 |

Figure 6. Loading plot of PC1 and PC2.

6. attels. “Loading plot” priek§ PK1 un PK2
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A score plot is a PCA model, which uses the two most significant variables and displays
them in a graph. Figure 7 shows the first two principal components, which includes 65.2% of
all spectral variations. Each square represents a tissue sample, and they are clustered by their
relation to one another. The dotted line was manually drawn to separate between as many skin
and tumour tissue samples. Even though MCT and STS could not be distinguished by PCA,

the majority of tumour and skin tissues can be separated into categories depending on the PC1

and PC2 scores.
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Figure 7. Score plot of PC1 and PC2.

7. attels. “Score plot” priek§ PK1 un PK2

The poor separation could be because of the small tumour sample size, as only 4 MCT
and 9 STS were used in the study. However, it might also be that the selected spectral range
300-950 cm™ is not suitable for very precise diagnostic operations, as almost all of the spectra
characteristics significantly overlapped between STS, MCT and to a lesser extent also skin
tissue samples.

In order to further check this spectra range as a diagnostic tool for tumours specificity

and sensitivity were calculated from the results of the PCA score plot, Table 5.
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Table 5
Results of tissue discrimination in PCA.
5. tabula

PKA audu identificéSanas rezultati

Raman
Histopathology .
(gold standart) Skin Tumours
Skin (n =27) 23 (TN) 5 (FP)
Tumours (STS,
n=9) 4 (FN) 5 (7P)
(MCT, n=4)
Skin vs _?_:?(S.II:[:D\QE/N:) 'IS'&G;((:‘IITII\(I:E?:/FT) Accuracy = 77.5 % =
Tumours =66.6 % =82.1% ((TP+TN)/(TN+FP+FN+TN))

The sensitivity means the number of skin tissue samples that were correctly identified as
skin, TN meaning true negative and FN meaning false negative. This means that sensitivity is
only 66.6%. The specificity means the number of tumour samples that were correctly identified
as tumours, FP meaning false positive and TP meaning true positive. The gold standard used

for here is the histopathological information provided by the professional histopathologist.

Possible reasons for the low results could be due to the small sample size, slight
variations between MCT and STS tissues, and possibly due to histological differences between

feline and canine cells.

3.3. Data analysis with spectra normalization

As the spectral data among measurements in each sample and same types of tissues
showed a significant variation, Appendix 1. In order to reduce the large differences in the
ranges of initial variables standardization was performed. Several studies have shown the need

to normalize the data to achieve better PCA results?®2112,
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Mean normalized Raman spectra of STS, MCT and skin tissue samples is shown in
Figure 8. The range of the standard deviation for MCT is shown in light red, STS - light green,
skin — grey.
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Figure 8. Mean normalized Raman spectra of STS, MCT and skin tissue samples

8. attels. STS, MCT un adas audu paraugu vidgjie normaliz&tic Ramana spektri

When compared to nonnormalized mean Raman spectra data the normalized graph shows
less distinction between the spectra, as 445 and 803 cm™ are overlapping. However, it is
important to note that skin samples showed significantly smaller variation, while STS and MCT
Raman intensity has been greatly reduced. A possible cause for this might have been the low
tumour tissue sample amount, as fewer number of measurements would show a greater

variation amongst themselves than many.

With the normalised Raman spectra data PCA was repeated, Figure 9. Compared to
nonnormalized data the samples, especially skin, showed reduced clustering. However, the
analysis was still unable to separate MCT and STS tissue samples, the differentiation between

tumour and skin samples was at a similar level.
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Figure 9. The scatter plot of PC1 and PC2 from normalized Raman spectra.

9. attéls. PK1 un PK2 “Scatter plot” no normalizétam Ramana spectra vertibam.

Table 6 shows the sensitivity, specificity, and accuracy of PCA on normalized spectra.
Tissue discrimination is compared between the spectral regions on this study (300-950 cm™)
and a study performed with the same samples within 950-2050 cm™ spectral regions 4. When
comped to nonnormalized Raman spectra data, the normalized spectra show reduced
sensitivity, from 66.6% to 57.1%. Specificity, however, has had a slight increase, from 82.1%
to 88.2%. But the accuracy has slightly decreased, from 77.5% to 72.5%. Nevertheless, in both
cases, the 300-950 cm™ range shows a significantly worse performance in accurately
diagnosing tumour and skin tissue samples when compared to the 950-2050 cm* range. As the

studies showed 100% sensitivity, 88.2% specificity and 95.5% accuracy.

While the results in this study might be slightly attributed to the ratio of tumour and
tissue samples used for analysis, it is, however, unlikely, as the spectra characterization showed
large similarities. As mentioned before a possible way to improve the overall diagnosis results

could be by increasing the number of total samples. Also, possibly separating the samples by
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species might provide some insight into their characteristics, however with the current sample

size that is not feasible.

Table 6

Results of tissue discrimination in PCA with normalised Raman tissue spectra.

6. tabula

PKA audu identific€Sanas rezultati ar normalizétam Ramana spektra verttbam

Raman
Histopathology Skin Tumors
300 — 950
(gold standard) (950 — 300 - 950 (950 — 2050) cm?
2050) cm?

Skin (n =27) 21 (15) 5 (2)
Tumor:sé)STS, n 6 (0) 8 (28)
(MCT,n=4)

Sensitivity | Specificity _
-571% - 807 % Accuracy =72.5%
Skin vs Tumors
(Sensitivity | (Specificity = 5
= 100 %) = 88.2 %) Accuracy = 95.5 %
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1.

2.

CONCLUSIONS

The obtained spectral analysis data, after their characterization, coincide with those
previously described in the literature, however between the samples showed little

variation.

After the PCA, the sensitivity, specificity and accuracy in this spectral range are
lower than for the corresponding samples within a different spectral range, which

indicates that the selected spectrum is not suitable for cancer diagnosis.
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APPENDICES
Appendix 1

Mean spectra of each of tissue types from all of the samples unpoled, indicating variation among the
Raman spectral values.
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