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ABSTRACT

Cancer is one of the leading causes of death in developed and developing countries, where the incidence
continues to increase each year. Annually about 8 million people die due to this disease. Hence, the
development of efficient treatments, that fall short nowadays, is highly necessary. Therefore it is imperative
to fully understand the biological and physiological processes intrinsic to the carcinogenesis. Trace
elements may have an important role in this process, being responsible for healthy cellular growth
mechanisms. These elements are responsible for a variety of metabolic processes, knowing, for instance,
that they are components of different enzymes and catalysts of chemical interactions in living cells, among
many others. At the biological level, they are also responsible for the activation or inhibition of enzymatic
reactions and changes in the permeability of cell membranes. In addition, they appear in different

concentrations in healthy and cancerous tissues due to biological changes induced by the disease.

In order to measure the elements’ concentration and distribution it is necessary to resort to a specific
technique, X-ray Fluorescence Spectrometry, a multi elemental analysis that relates X-ray Emission
Spectra to specific elements and its concentration. The spectrometer used was M4 Tornado, from Bruker,
an instrument that allies non-destructive techniques with high lateral resolution, able to conduct a
gquantitative and qualitative analysis even when the concentrations are at the pg/g range. The main
objective is to correlate the trace element concentrations variation between cancerous and healthy human
tissues in order to both evaluate the influence of these variations in cancer development and these

elements’ expression due to carcinogenesis process.






RESUMO

O cancro é uma das maiores causas de morte em paises desenvolvidos e em paises em desenvolvimento,
onde a incidéncia aumenta ano ap6s ano. Por ano, morrem cerca de 8 milhGes de pessoas devido a esta
doenca. Deste modo, o aparecimento de tratamentos eficazes, que escasseiam na actualidade, é
urgentemente necessario. Para isso, é preciso compreender totalmente os processos bhiolégicos e
fisiologicos intrinsecos ao processo da carcinogénese. Elementos trago aparentam ter um papel importante
neste processo, visto que sao responsaveis pelos mecanismos de crescimento celular controlado. Estes
elementos séo responsaveis por diversos processos metabodlicos, podendo ainda ser componentes de
enzimas e catalisadores de interac¢bes quimicas em células. Ao nivel biolégico, sdo responsaveis pela
activacdo e inibicdo de reacc¢des enzimaticas e pela alteragdo da permeabilidade das membranas
celulares. Por fim, estes elementos apresentam concentragfes diferentes em tecidos cancerigenos e em

tecidos saudaveis devido as altera¢des bioldgicas induzidas pelo cancro.

De modo a possibilitar a medicdo da concentracdo elementar, é necessario recorrer a uma técnica
especifica, a Espectrometria de Fluorescéncia de Raios-X, que consiste numa técnica de analise multi
elementar que relaciona o espectro de emissdo de raios-x com 0 elemento correspondente e a sua
concentracdo. O espectrometro utilizado foi o M4 TORNADO da Bruker, que alia a sua altissima resolu¢éo
lateral & técnica néo destrutiva das amostras. Este é capaz de fazer uma analise quantitativa e qualitativa
mesmo a escala das pg/g. O principal objectivo do trabalho é correlacionar a variacdo das concentracdes
dos elementos traco entre tecidos cancerigenos e tecidos saudaveis com a finalidade de avaliar tanto a
influéncia destas variacdes no desenvolvimento cancerigeno como a resposta destes elementos as

condicdes da carcinogénese.
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CHAPTER 1 - INTRODUCTION

Due to the exponential increase of world cancer incidence and mortality, adding the constant failure to
prevent it, it's imperative to find new treatments and approach techniques in order to fight this global
epidemic. To be able to counter this disease it is necessary to fully understand its biological and
physiological processes. One way to do so is to study the concentration of trace elements presentin human
tissues. These elements appear in minimal quantities in our cells but they take part in important cell
mechanisms, such as cellular growth, by being components of enzymes and catalysts that operate in basic
cell chemical reactions. Depending on their concentration, they activate or inhibit certain reactions and
change the membranes’ permeability. In addition, their concentrations vary between healthy and cancerous
tissues in response to this disease’s biological changes. Therefore, by quantifying these elements and
studying their variations it is plausible to observe whether or not the excess or lack of a certain element
influences carcinogenesis mechanisms. This will allow the possibility of creating a pattern if these changes

are recurrent.

Considering the low concentrations of trace elements in a cell, it is necessary to use a specific technique,
such as X-Ray Fluorescence Spectrometry, which allows a multi elemental analysis on trace elements
concentration. Some techniques even display their spatial distribution. This technique is based on the
interaction between x-rays and matter, in this case, human tissues. The x-rays will excite these tissues and
when these return to their normal states they will emit a spectrum of characteristic x-rays that with further
analysis will show the specific elements present in that same tissue and their respective concentrations. In
this work the chosen XRF technique is EDXRF (Energy Dispersive X-Ray Fluorescence), one of many XRF
techniques that highlights the non-destructive method, allowing repeated sample analysis without
compromising their composition. The 14 samples of cancerous and healthy tissues, equally divided and
paired, will be analyzed through this technique. There are 4 samples from Lung tissue, 4 from Bladder
tissue and 6 from Colon tissue. For every cancerous tissue, there is a pair of healthy tissue from the same
individual. Unfortunately, the clinical history from each patient was not facilitated, due to bureaucratic

problems, which would have helped explaining certain results.

Posterior to this information gathering, a statistical study will take place, measuring the elements’
concentrations in all tissues and comparing the results, in order to reach a correlation between them. The
results will be compared, mainly between cancerous tissues and healthy ones, although other parameters
will be considered, such as the tissues’ original organ, the used spectrometer and each tissue’s pair.
Therefore, if a correlation is found in these variations between cancerous and healthy tissues it will be
possible to evaluate the influence or the cause of these variations in cancer development. The objective in

future studies will be to discover indicators, measuring trace elements concentrations variations (in blood,



for example) of cancer and other pathologies, which would help improve early diagnosis measures and
new, more efficient, treatments.

This work falls into a series of projects that have as a final objective the ability to perform early diagnosis
on cancer and predict its development in the human body. There have been several works previous to this
one. The first ones tried to test this spectrometry on biological tissues, being able to quantify each element’s
concentration. Others quantified the amount of lead present in human tissues [1]. Then, some works
focused on analyzing cancer and healthy human tissues hoping to find correlations in trace element
concentration variations but failed to reach a solid one, mainly due to the short number of available samples.
This work will try to find more solid conclusions using the same laboratorial environment and techniques

but hopefully with more available samples.

In the future, if these correlations are found, it will be able to create a pattern that will make possible the
early detection and state evaluation of carcinogenesis by the quantity of each trace element in each cell.

So maybe it will finally be at human reach the definite prevention of cancer.

I've accepted this work with much esteem because | am closely familiar with a cancer diagnosis and know
what it can do to a person and his family. The immense emotional cost and mainly the monetary problems,
that still present a big barrier in world cancer treatment, are believed to increase with the raise of patient
numbers. If we find motivation in our work, we can reach levels that, at first, might seem impossible. So,
allying motivation and hard work | intend to add my contribution, even if lowermost, to this noble cause that

is hoping to terminate one of the biggest and most severe diseases of the twenty first century.



CHAPTER 2 — STATE OF THE ART
CONTEXTUALIZATION

According to 2012 statistics there were diagnosed 14.1 million new cases of cancer worldwide, which
represents a significant raise compared to 2008 results. I's expected that this raise will continue
dramatically over the next two decades, resulting in over 20 million new cancer cases. The number of
deaths worldwide was about 8 million in 2012. But then again, in the next 20 years this number is expected
to rise to 13 million deaths caused by cancer or cancer related problems. Even so, 32.5 million people

diagnosed with cancer in the previous 5 years were alive at the end of 2012 [2, 3].

Even though cancer has a worldwide incidence, there are differences in numbers and dominating types of
cancer between developed and developing countries. Developed countries show greater incidence in lung,
breast, prostate and colon cancer, while in developing countries incidence is higher in stomach, liver,
esophagus and cervix cancer. Globally lung and breast cancer have approximately the same number of
diagnosed cases, at the top of worldwide incidence. Yet, referring to the number of deaths caused by
cancer, lung cancer is responsible for 1.6 million of the 8.2 grand total, much more than breast cancer
Although 60% of worldwide cancer incidence is verified in developed countries, more than a half of

worldwide deaths were registered in developing countries [4].

Higher

World
average

Lower

Figure 1 - Worldwide cancer incidence (top) and mortality (bottom) rates per 100,000 population compared to the world average [4].
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The increasing worldwide cancer incidence will bring even more severe consequences to developing
countries, due to the underworld conditions that these populations live in and to the adoption of new and
more industrialized lifestyles, such as smoking, alcohol consumption and improper nourishment. Although
it is logical to think that in the future cancer will strike harder on developing countries, the enormous costs
associated with this disease and population aging confer alarming factors in developed countries. So, to

counter this world tendency, it is necessary to improve treatment and early diagnosis measures [5].

Portugal doesn’t escape this tendency and as other developed countries, lung, breast, prostate and colon
cancers are abundant and all in expansion. It is predicted that by 2030, 55 thousand new cancer cases will

be diagnosed in that year, which is very alarming [6].
CANCER

The ability to improve treatment and diagnosis measures lies on understanding all intervenient factors in
the carcinogenesis process, which has several stages and can be originated by genetic alterations or
environmental factors. All multicellular organisms’ cells replicate from one mother-cell originating two
exactly alike cells. There are mechanisms that ensure this replication is well conducted. If these
mechanisms do not work as they should, cells will multiply freely transmitting this characteristic to other
cells and forming a mass that is called tumor. There are benign and malignant tumors: the first ones are
usually removed with relative ease, however, malignant tumors spread throughout surrounding tissues
using bloodstream and the lymphatic system as its transportation, relocating in other parts of the human
body, compromising its normal functioning. So, cancer is the term used to designate certain pathologies
that present uncontrollable cell growth, therefore including a vast range of malignant masses, differentiated
by their origin and severity [7, 8, 9].

Lung cancer has the highest worldwide incidence, resulting in 1.8 million new cases in 2012, thatis, 1 in 5
patients diagnosed with cancer, and responsible for 1.6 million deaths that same year. 1 in 13 individuals
is expected to develop lung cancer in his lifetime, being smoking the ruling factor, causing 22% of cancer
related deaths and 71% of lung cancer related deaths. There are other factors, such as environmental and
genetic, assuming a secondary role as smoking turned a worldwide practice of the modern society, traduced

in more than a thousand million smokers [4, 10, 11].

Colon cancer has the third highest incidence worldwide and is responsible for more than 1.3 million new
cases and 700 thousand deaths, according to 2012 statistics. By 2035 it is predicted that these incidence
numbers will rise up to 2.4 million new cases. Unlike lung cancer, colon cancer has high prevalence, as the
number of people diagnosed within the previous five years that are still alive at the end of a given year is
high. Approximately 95 per cent of colon cancers are adenocarcinomas, which originate in glands. There
is convincing evidence that consuming alcohol and processed meat increases the risk of developing colon

cancer. On the other hand, having a lifestyle with plenty of physical activity and healthy eating and drinking,



helps protect against this type of cancer. Due to the amount of fat in food, incidence is 20 times higher in
developed countries than in developing ones. As prevention, it is recommended to consume less fat and
much more fiber [12, 13].

In 2012, 430 thousand new cases of bladder cancer appeared, making it the ninth most common cancer
worldwide, responsible for 165 thousand deaths that year. Bladder cancer incidence is more than four times
higher in men than women and occur mainly in developed countries. The main causes of this type of cancer
are smoking, as in lung cancer, exposure to industrial chemicals and drinking contaminated water,

especially water that contains arsenic [13].

Males

Most common cancer site

Bladder [ Esophagus B Oral cavity
[ Breast Kaposi sarcoma Il Prostate
[l Cervix uteri B Liver Il Stomach
. Colon . Lung . Thyroid

. Non-Hodgkin lymphoma No data

Females

Figure 2 — Most common cancer sites worldwide by sex, according to 2008 statistics [14].



TRACE ELEMENTS

Carcinogenesis processes are not of easy comprehension, therefore effective treatment is lacking. Even
so, new studies have been made, measuring trace element concentrations and analyzing their variations,
which could provide core information in helping to understand this disease. Trace elements appear in very
low concentrations, inferior to 1000 mg/kg (0.1%), which exist in our body, having the particularity of
intervening in important processes, varying their concentrations depending on physical and chemical
conditions, as well as physiological and pathological states of the organism. It is plausible to connect their
variations with several pathologies’ development [15, 16].

Some of these elements have active roles in carcinogenesis processes, so it's possible to correlate their
concentrations and ratios with different types of tumors. These elements have their own way of interacting
with the human organism, and each have a set of characteristics that can influence or be influenced by
carcinogenesis. Some of them are associated with the presence of unpaired electrons that allow their
participation in redox reactions [17].

M Essential for humans 18
Suggested to be essential for humans 2
Nonessential for humans 13 w15 16 17 |He

13

Al
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22 36
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Figure 3 — Periodic table with highlighted elements that are essential or are thought to be essential to human organism [18].

Fe (Iron) is an essential element in the human organism due to its role in many physiological functions,
certifying that proteins and enzymes work correctly. It is one of the elements that can influence neoplasia
development, by intervening in cellular growth and differentiation processes. Studies reveal that Fe present
in each cell could promote cancer development as it catalyzes the production of oxygen radicals, which are

thought to be carcinogens.

Zn (Zinc) is responsible for the correct functioning of several enzymes in the human body, for instance,
superoxide dismutase, an enzyme that regulates healthy cellular growth and, if not correctly working,
related to tumor cellular growth. Zn may have inhibitory effect on phosphodiesterase and activation effect

on adenylate cyclase, which underlines its importance in carcinogenesis.



Cu (Copper) plays an important role in several biochemical reactions inside the human organism. Like Zn,
Cu is also a cofactor of superoxide dismutase enzyme, preventing the start and development of tumors. In

addition, Cu intervenes in angiogenesis that is indispensable for tumor growth.

Se (Selenium) is accountable for glutathione peroxidases, antioxidant enzymes that protects DNA from
free-radicals, therefore related with anti-cancerous effects. Se is thought to be a “redox switch” in the
activation or inhibition of cellular growth factors. Its raise promotes cytotoxicity in cancerous cells, altering

its metabolism, even though many adjacent processes are yet to be understood [19, 20, 21, 22].
PREVIOUS STUDIES

As said before, there have already been made several studies in this matter. Some focused on the
guantification of trace elements in biological tissues and others tried to find correlations between trace

elements’ concentrations and cancer development.

One of these studies on lung cancer presented some important data regarding element concentration
variations and linearity between several elements. For example, P (Phosphorus), Ti (Titanium) and Pb
(Lead) concentrations appear to be higher in cancerous tissue, roughly doubling the concentration
comparing to healthy tissue. Then, there are many elements that indicate lower concentrations in cancerous
tissue: some reduced by half, like Ca (Calcium), Fe, Cu and Zn; and others with greater decrease, like S
(Sulfur), K (Potassium), Cr (Chromium), Mn (Manganese), Se and Sr (Strontium). These changes, adding
the fact that most of these elements represent great importance in biological and enzymatic processes,
establish a pattern in lung cancerous tissues. In fact some of these elements have been under rigorous
surveillance since they influence carcinogenesis in laboratory animals. It is thought that nutrients and food
components, by their antioxidant characteristics may have an effect in cancer development, accelerating it
or stopping it. Furthermore, this study showed linear correlation between certain elements concentrations,
for instance, between P and S, Ti and Cr, Mn and Fe, Ti and Se. In addition, Mn and Fe, Se and As (Arsenic)

appear to have an antagonist relation [23].

Other data confirm that the most important elements in distinguishing between cancerous and healthy lung
tissues are Fe, Mn and Cu. While for colon the most important elements are Ca, Zn e Fe. This work helped
confirm previous studies that indicated that Pb, Cu and Zn concentrations are significantly lower in
cancerous lung tissue than in healthy tissue [24].

Another study proved the increase of Ti, Cr and Mn concentration in lung cancerous tissues and the
decrease of Sr and Pb. There is also linear correlation between some of the elements in lung tissue, for
example P and S. This data is in conformity with previous results, which concluded that Fe, Mn and Cu are
the best indicators to differentiate between cancerous and healthy lung tissues. In addition, concentrations
of elements in women and men cancer tissues are statistically equal. The same work indicates a correlation

between colon cancer and the nutrition system. In general, studies treat the correlation between cancer
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and specific food, but none treat the elemental content of food and its relation to this disease. Ca
concentrations are very similar in both cancerous and healthy tissues and in some studies its use is
suggested as prevention of colon cancer. Low Se levels are thought to be a result of the disease rather
than the reason for the tumor development, as so, Se levels should be closely monitored. Se is known for
its cancer-protecting effect, however, when in subtoxic concentration, Zn prevents Se activity, accelerating
tumor development. Only P, S, K, Ti, Se and Rb (Rubidium) have a tendency to accumulate in cancerous
colon tissue [12, 25].

Other studies that are related to colon tissues, verifying that some elements increased their concentrations
in cancerous tissues, for example P. These conclusions were reached due to a deeper statistical analysis.
Furthermore, the difference in Se concentrations between healthy (higher) and cancerous (lower) tissue

may remit to the antioxidant factor of this element, that helps neutralize free radicals [26].

Further studies used and compared two different techniques, EDXRF and TXRF (Total-reflection X-Ray
Fluorescence). This study focused on colon cancer showing that Ca and Sr levels are alike in both
cancerous and healthy tissues. Moreover, P, K, Cu and Ni (Nickel) were found in higher concentrations in
cancerous tissue. On the other hand, Br (Bromine) was decreased in tumor tissue. Zn concentration is
either constant or decreased in cancerous tissues. This decrease is also found in other pathologies, for
example arteriosclerosis. It can be linked with the alteration of metabolism and modification in the transport
and maintenance of essential elements. On the contrary, the increase of some elements can be associated
with mechanisms of toxicity whenever these elements are in excess. The results acquired from both
techniques are similar, however, TXRF tend to have higher sensitivity for light elements, while EDXRF is

more sensitive for heavy elements [27].

More studies related to colon cancer tissues revealed a significant increase in K, Rb and Cu concentrations
in cancerous tissues comparing to healthy ones, while Zn and Mn appear to have constant concentrations
regarding both types of colon tissues. There is also evidence that Ni and Pb have higher concentrations in

tumor tissues [28].

A study with a large number of samples, nearly 14.000, discovered, analyzing iron-binding capacity and
transferrin saturation, that high body iron storage elevates the risk of developing cancer. These conclusions

were only proved for men, while for women there was no significant data [29].

Another work regarding trace-metal analysis was conducted with specific types of cancer in specific human
organs. It studied the lung bronchogenic carcinoma and the colon adenocarcinoma recurring to several
samples, some cancerous and others healthy human tissues. After data was analyzed, one could observe
that in the bronchogenic carcinoma, Fe appeared with lower concentration in cancerous tissue than in
healthy ones. On the contrary, the levels of Zn were higher in cancerous bronchial tissue. As for the colon
adenocarcinoma, only Sn (Tin) varied its concentration, appearing lower in cancerous tissues. This study

underlined that the observable differences of trace-metal concentrations between cancerous and healthy

-8-



tissues belong to specific types of cancer, indicating that analysis cannot group all types of cancer in one

class, for interpretation purposes [30].

A work related to patients with bladder cancer studied the concentrations of Cu, Zn, Se, Pb and As. After
comparing these elements concentrations the data indicated higher levels of Zn in cancerous tissues than
in healthy bladder tissues. This element shows a gradual and significant increase in its concentration as
bladder cancer evolves from initial to the advanced stages. The other elements failed to have a statistically

difference and so conclusions are undefined [31].

A study that conducted an analysis on breast tissues reached some conclusions. First it showed that trace
elements concentrations were higher in tumor tissues, either benign or malignant, than in healthy breast
tissues. This, as other previous studies, reveals that trace elements can be used as tumor biomarkers, once
they give useful data that allows the distinction between tumor and healthy tissue. It was also found that
Cu has a significant correlation with overall survival, meaning that patients with positive expression of this
element had poor chances of survival. Other parameters that influence trace elements expression are age

and menstrual status [32].

The biggest problem found in almost every study made so far is defining a reference value of concentrations
that would help immensely to standardize variations between trace element concentrations. Other issues
remit to inconsistent results, even for similar samples, that create many doubts as these variations are a

cause or a consequence of carcinogenesis [20].
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CHAPTER 3 — X-RAY SPECTROMETRY

HISTORY

In 1895, Wilhelm Conrad Roentgen accidentally observed in a light-absent room that the radiation from the
discharged tubes caused a fluorescent effect on a small black screen painted with barium salts. This was
the first time that X-Rays were observed, gaining this denomination because they presented characteristics
different from any other kind. These rays are electromagnetic radiation and have wavelengths between 10-
8 m and 10-12m and energies between 100 eV and 100 keV. They are produced by the deceleration of high-
energy particles, through transitions of electrons between atom inner orbitals or by the decay of certain
radioactive elements. In the first process X-Rays are emitted in a continuous spectrum, while in the second,

as a characteristic spectrum [33, 34].

electric
field

Figure 4 — An electromagnetic wave with a correspondent electric field, magnetic field and direction [35].

Continuous spectrum of radiation occurs when a high-energy charged particle closes in an atomic
nucleus, decelerating really fast, emitting a type of radiation called Bremsstrahlung (Brake Radiation). In
this interaction, the kinetic energy of the electron is transformed in radiation (photon), posteriorly emitted
[36].

Bremsstrahlung radiation g’;
electron
=e

Radiation

Figure 5 — Scheme of Bremsstrahlung radiation: an electron passes near an atomic nucleus, decelerating instantaneously, emitting

continuous X-rays [36].
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Characteristic spectrum is a result of electron transitions between atom inner shells. If an incident particle
or photon interacts with a bound electron of a certain atom, that electron is ejected, creating a vacancy on
the atom inner shells. This is called ionization of an atom. Then, an electron from an outer shell transits to
occupy the vacancy, originating the emission of a photon through a characteristic spectrum (fluorescence).
This photon has the energy equal to the difference between the binding energies of the two shells in
guestion. If an electron is emitted from an outer shell instead of a photon, it is called Auger Effect. The

energy of the emitted Auger electron depends on its originating shell [36, 37].

o . issi
Excitation sy Erfuigsion
///7 e RGN

Figure 6 — Scheme of X-ray Fluorescence: an electron from the K shell is ejected from the atom due to an incident photon (Eo).
Then, an electron from the L shell occupies its vacancy, emitting characteristic X-rays [38].

This characteristic spectrum emission is called X-Ray Fluorescence or XRF and is the main principle of
several analysis techniques due to the fact that each element emits a characteristic set of x-rays. The
energy of these x-rays is related to the element in question, as the intensity is related to its concentration.
The interaction between x-rays and matter was intensely studied, as well as its experimental applications.

This was a great help in human organism functional analysis [38].

INTERACTION

Depending on the incident photons energy, x-rays interact with matter differently. Four different aspects are
seen in this interaction: attenuation, absorption, scattering and transmission. There are also different types
of interaction between x-rays and matter, however, only three will be mentioned due to their importance for
this work. They are photoelectric absorption, Rayleigh scattering and Compton scattering. Below 100 keV,
photoelectric effect prevails, representing more than 80% of all effects for elements with Z (atomic number)
> 40. Rayleigh scattering is almost constant over the whole range of energies and atomic numbers,
representing roughly 10% of the total effects. While the Compton Effect gains importance at high x-ray

energies for low atomic number elements [39].
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Photoelectric Effect happens when a photon or other particle interacts with an inner shell electron of an
atom. All the photon’s energy is transferred to the electron, which is ejected with an energy equivalent to
the difference between the photon energy and its binding energy to the atom. To occupy the vacancy left
by the ejected electron, another electron from an outer shell transits to the lower level of energy, emitting

this energy through characteristic radiation. This is the principle of XRF [40].

2

1 'hits'
orbiting
incident electran
electron -
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outer inner
L shell K shell

leaves emp
w hole in shell

outer shell
electron drops
down to lower shell

electron loses
energy as

characteristic

radiation

Figure 7 - Scheme of the Photoelectric Effect and its different stages [35].

Rayleigh scattering or Coherent scattering occurs when a photon interacts with electrons or nucleus,
interacting with the atom as a whole. This photon is scattered, maintaining its original energy, but altering
its direction. The atom is neither excited nor ionized, hence it is a parametric process. This happens mostly

for low energies and high atomic number elements [41, 42].

Scattered
photon

;“}~1 -

Incident
photon

Figure 8 — Scheme of the Rayleigh scattering, evidence of the unaltered wavelength [35].
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Compton Effect or Incoherent scattering takes place when a photon collides with an electron and loses
some of its energy, being deflected from its original path. Part of the energy is transferred to the electron.

The scattered photon is emitted almost isotropically [43].

Scattered

Incoming photon photon

Ep

Recoll
electron

Ee
Figure 9 — Scheme of the Compton Effect [35].

There is also the X-Ray Diffraction phenomenon when a beam of mono-energetic x-rays irradiates a
crystal, resulting in a diffracted beam at definite angles, in agreement with Bragg’s law. These last 3 types

of interaction increase the detector’s background.

The photoelectric effect and the scattering interactions contribute to the attenuation of x-rays in matter. The
Lambert-Beer law shows the reduction of the intensity of an x-ray beam that passes through a certain layer.
There are multiple variables in the equation, being the most relevant the mass attenuation coefficient
that depends on the interactions between the beam and the layer, which promotes its attenuation. This
coefficient is proportional to the sum of the cross sections for all elementary scattering and absorption
process. At the range of XRF energies (< 100 keV), photoelectric effect accounts about 95% of the mass
attenuation coefficient, while the scattering interactions comprehend the other 5%. This is due to the fact
that photoelectric absorption coefficient is much higher than the sum of the two scattering coefficients [37,
44].

TECHNIQUES

In order to identify trace elements in a sample, the production of characteristic x-ray spectra of those
elements is required. For that an excitation source is needed. This fits in the field of X-Ray Spectrometry,
which uses electromagnetic radiation from radioactive sources, synchrotron facilities or x-ray tubes. All the
data in this work will be analyzed through the XRF Spectrometry analytical technique, although there are
several other X-Ray spectrometry techniques, such as Proton Induced X-Ray Emission (PIXE), for

example, which uses a beam of charged particles [37].
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XRF analysis falls into a variety of techniques, being EDXRF (Energy Dispersive X-Ray Fluorescence)
and WDXRF (Wavelength Dispersive X-Ray Fluorescence) the two most used ones. In this work it will
be EDXRF the chosen technique to analyze the concentrations of trace elements in all samples. This
technique allows a multi-elemental analysis with quantitative and qualitative data of each sample. Inside an
EDXRF Spectrometer is a Si(Li) (or similar) detector with high resolution connected to a multichannel
analyzer, which allows to obtain a spectrum of x-ray energies. While in a WDXRF Spectrometer is a single
crystal placed behind the sample that isolates a narrow wavelength band of the excited sample radiation,
through its diffracting power. The main problems with this technique, in comparison to EDXRF, are the fact
that only one element can be analyzed at once and that it is extremely time consuming due to its point by

point acquisition, rather than EDXRF that acquires the entire spectrum simultaneously [45].
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Figure 10 — Difference between EDXRF and WDXRF presented spectrum. Evidence of the EDXRF simultaneous acquisition and

the WDXRF point by point one [45].
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However, if a more detailed analysis is required, itis recommended the use of an alternative XRF technique,
the uXRF (Micro X-Ray Fluorescence). This technigue is much similar to the conventional XRF technique,
except that it uses X-Ray optics to restrict the excitation beam size or to focus the excitation beam to a

small spot on the surface of the sample, in order to analyze its small features [46, 47].
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Figure 11 — Scheme of a polycapillary lens restricting the x-rays from the source into a ym scale spot [45].
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SPECTROMETERS

In this work two different EDXRF Spectrometers were used, with many different characteristics. M4
TORNADO from Bruker and a Tri-axial Geometry Spectrometer in-house built. The first one runs a high
spatial resolution analysis, recurring to pXRF and returns both an energy spectrum and a map with the
spatial distribution of each trace element. The second only returns an energy spectrum with the counts of

each energy channel, having the whole sample in consideration.
Commonly EDXRF Spectrometers have a relatively simple composition:

e An excitation source (X-Ray tube)

e Focusing optics (UXRF)

¢ An X-Ray detector with related electronics
e A multichannel analyzer

o Dedicated software for rapid, automatic analysis of chemical elements

|

Polycapillary Energy
Focusing Dispersive
Optic Detector
Emitted
Incident X-rays | Characteristic
/ X-rays from Sample
Sample

Figure 12 — Simplistic scheme of the M4 TORANDO Spectrometer's composition [48].

This schematic shows, in a simple way, what happens inside the spectrometer. The Tube emits X-rays that
are collimated by the optics and impinge on the sample. Then, the sample emits characteristic X-rays,

which are captured by the detector. Further analysis takes place in the adjacent software [38].

Commonly, the radiation used in XRF is the one obtained from an anode inside an X-ray tube. The tube’s
cathode emits a beam of electrons that are accelerated by high voltage and focused on the anode. Through
ionization, the anode emits a spectrum of characteristic X-rays formed by the characteristic lines of the

anode element. The intensity of those lines is proportional to the current applied in the tube. In order to
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expect good performance from the X-ray tube, some conditions are required: high voltage to analyze all
desired elements; specific currents that vary from one spectrometer to another; good stability versus time
and appropriate anode material [37].

U, U

a
O O
- 4

Figure 13 — Simple scheme of an X-ray tube. C — cathode; A — anode; X — Emitted x-rays; U — Applied tension; W — Cooling system
(if existent) [48].

The regular EDXRF spectrometer irradiates the sample with X-rays in an area on the order of cm?, when
the sample is homogeneous and sufficiently large. However, if it is small or inhomogeneous the irradiated
area must be reduced. If it is desired to reduce it down to an order of 104 mm? or less, uXRF is required,
as well as capillary collimators or other kind of X-ray lenses. The most common X-ray lenses can be
monocapillary or polycapillary, being the last one the most used in this technique. Polycapillary X-ray
optics consist of an array of many small hollow glass tubes formed into a desired shape. They collect the
X-rays from the X-ray source with a large solid angle and then redirect them, through multiple internal total
reflections, to form a focused or a parallel beam [49].

Smm 300 pm

oo HSBhDATIER

Figure 14 — Polycapillary lens at three different scales [48].

The detector of an EDXRF spectrometer has to be efficient over a very large energy range in order to allow

multi-elemental analysis. Basically, the entering X-ray photon interacts with the active detector material,
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originating an electronic avalanche and hence a current that is converted into a voltage pulse, by a resistor
and a capacitor. Thus, each incoming photon corresponds to an analog voltage pulse, which is then
changed to digital by a multichannel analyzer. A detector is characterized by its proportionality, linearity,

energy resolution, efficiency and the thickness of its entrance window.

This detector, for laboratory spectrometers, was commonly made of Si(Li), like the one inside the Tri-axial
from this work. It consists of a small cylinder of Si with Li to increase its electrical sensitivity. A voltage is
applied so Li ions move to a certain layer, which reveals high resistance, forming the depletion area. The
incoming photons interact with this area, creating an electric charge proportional to the photon’s
energy, which is then processed as mentioned above. Most recently, there was a new development in
low energy X-ray detectors through the use of Si monocrystals with the electrode sets arranged in such a
way for maximizing charge collection. These new detectors are labeled Silicon Drift Detectors (SDD), and

are now almost ubiquitous in any modern EDXRF setup such as the M4 Tornado [50, 51].

Liquid Nitrogen

Si(L1)

Incident / )
X-ray )
Beryllium
Window

Figure 15 — Typical Si(Li) x-ray detector, commonly used in EDXRF spectrometers [52].

The final X-ray spectrum presented by the spectrometer contains: a set of lines for each detectable
element in the sample, being their energies and intensities dependent on the composition of the sample; a
continuous contribution of the Compton Effect and Rayleigh’s Scattering of incident radiation, depending
on the excitation source and on the sample; lines due to possible “escape” of incident lines in the detector,
depending on the detector and the energies and intensities of the lines; lines due to possible “sum” effects
in the detector, depending on the shaping time of the electronics following the detector; possible lines due
to elements in some way irradiated in the source shielding or collimators; and determined elements’ K-
lines, such as Argon, Krypton and Xenon, due to the photoelectric effect in air. This last effect can be

avoided by irradiating the sample in a vacuum environment, as some spectrometers allow [53].
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Figure 16 — Typical X-ray spectrum obtained with an EDXRF spectrometer [45].
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Figure 17 — XRF peaks overlapping may happen in the spectrum. Nevertheless, with software calibration the specific XRF peak can
be isolated [45].

Data analysis is based in two different relations. First the qualitative relation that has its principles in the
Moseley’s Law, which relates the wavelength with the atomic number of the studied element. However the
screening coefficient value is required and difficult to obtain, therefore, a database with characteristic

transition energies of the elements is consulted by the data analysis code.

This allows the identification of a certain element in a sample by analyzing the energy of the characteristic
X-rays emitted by it. The Moseley’s law also helped the ordering of the periodic table, through atomic

number rather than atomic weight, as it was previously [54, 55]

Secondly, the quantitative relation, based on the Sherman’s equation, which relates the intensity of the

X-rays with the concentration of the element. In the spectrometer this is traduced into the number of counts
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in an energy channel. The more counts, higher intensity and higher the concentration, although no

information can be extracted from the relative intensity between elements in the same spectrum [55].
TORNADO

One of the spectrometers used in this work is the M4 TORNADO by Bruker, a uXRF Spectrometer with
great speed and accuracy. It allows measurements with information of the composition and element
distribution of the sample. It analyzes samples in the solid, liquid or gas state in its vacuum chamber, even
if the sample is irregularly shaped. It also presents high element sensitivity and excellent lateral resolution,
up to 25 uym, which allows the mapping of the sample, with the spatial distribution of its composing elements
[56].

M4 TORNADO has a dedicated software, with a great variety of features that allow a deep analysis of the
desired sample. In this work, TORNADO will be used to evaluate the spectrum with the energy counts of
each element of interest, to calculate the concentrations of those elements in ppm (parts-per-million) and
to observe each element’s distribution in the sample. The operating conditions for all analyzed samples

were 50 kV and 300 mA. The detector is a solid state SDD with an energy resolution of 145 eV [57].

Figure 18 — M4 TORNADO Spectrometer manufactured by Bruker and adjacent software [58].
TRI-AXIAL GEOMETRY SPECTROMETER

The other spectrometer used in this work is a Tri-axial Geometry Spectrometer in-house built, one much
older and simpler than the M4 TORNADO. Although it is an antique spectrometer, it presents good speed
in analyzing characteristic X-rays emitted from the sample. It consists of a commercial X-ray tube from
Philips, equipped with a Mo (Molybdenum) secondary target. The X-ray tube, the secondary target and the
sample are arranged in tri-axial geometry, which helps reducing the background radiation due to the
polarization of the incident X-ray beam and the almost monochromatic radiation. The X-ray beams emitted
are collimated through silver holes, in order to improve detection limits. The characteristic radiation is
detected by a Si(Li) detector.
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The Tri-axial Spectrometer presents an energy spectrum with the respective counts of each channel. It
presents the average concentrations of the whole sample, unlike TORNADO where depending on the
chosen area, concentrations can be higher or lower for designated regions of the sample. This allows the
identification of the desired trace elements and the measurement of their respective concentrations. The
operating conditions were 50 kV and 20 mA and 1000s spectra acquisition [59, 60].

Figure 19 — Tri-axial Geometry Spectrometer in-house built.
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EXPERIMENTAL PROCEDURE

The laboratorial work was conducted in Laboratério de Fisica Atdmica e Molecular da Faculdade de
Ciéncias e Tecnologia, at Universidade Nova de Lisboa, being the laboratory supervisor, Professor Maria

Luisa Carvalho.

All samples facilitated by Professor Jodo O’Neill from NOVA Medical School were identified with which
organ they were extracted from and either they were cancerous or healthy tissues. Then, all samples were
submitted to a sample preparation that will be described below. After being prepared, they were repeatedly
analyzed in the two different spectrometers. Since a non-destructive technique is used, samples can be

analyzed countless times without affecting their compositions.

In the Tri-axial Spectrometer samples were placed in a sample holder next to the X-ray source and before
the detector. Then a 1000 seconds measurement was proceeded, resulting in an energy spectrum that was

saved and posteriorly quantified into an excel file with each element’s concentration.

Figure 20 — Position of the sample ready for analysis. Evidence of the tri-axial geometry.
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In the M4 TORNADO samples were placed in the spectrometer’s stage and then placed right below the
source and detector. An analysis was then run in an average 5 hour measurement, which resulted in the
energy spectrum with peaks from the elements present in the sample and a spatial distribution map,
showing where those elements were highly concentrated. The dedicated software allowed the extraction of

the desired elements’ concentrations in ppm.

Figure 21 — Sample positioning, moveable stage and M4 TORNADO Spectrometer.

With the results from both spectrometers, a further and deeper analysis on the trace elements

concentrations and ratios is now possible.
SAMPLE PREPARATION

Sample preparation was divided into four distinct stages. First the samples were removed from the solutions
that they came in and cut in order to be in the desired size to be analyzed in both spectrometers. Then, all
samples were lyophilized to remove all water present in them. This is required to lower the self-absorptions

of X-rays in the samples, hence decreasing the limits of detection and quantification.
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Figure 22 — Lyophilizer manufactured by Edwards.

Posteriorly, samples were glued with a specific glue to a mylar film and put in photograph slides which in
turn were placed in petri dishes, helping its transportation and storage. Specific glue and mylar film are
chosen due to their composition, made only of hydrocarbons, which aren’'t detected in XRF, hence not
compromising the spectrum for further analysis. Finally, they were numbered and listed by their original

organ and whether they were cancerous or healthy tissues.

Figure 23 — Sample glued to mylar film in photograph slides. Figure 24 — Sample storage and identification.
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ANALYSIS DETAILS

After a measurement in the Tri-axial Geometry Spectrometer, the energy spectrum is saved both in the
computer that is connected to the spectrometer, in order to view it later, and in a personal computer to
analyze the containing information. This information is then inserted in a software that makes use of X-ray
fundamental parameters and the Sherman equation [55] for calculation of the respective concentrations
and associated errors. This raw information has to be treated, eliminating the elements that were below
detection levels or those who have great associated errors, which are due to the fact that their concentration
is too close to the detection limits. Finally, it is possible to compare trace element concentrations from
different organs and different tissues (cancerous or healthy). Three measurements were made for each

sample with this spectrometer, in order to improve statistical study.
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Figure 25 — Tri-axial Spectrometer spectrum showed in the dedicated software Quantum MCA. Energy value and its counts from
each channel are observable.
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Extracting information from the M4 TORNADO is quite different than the Tri-axial. After the measurement
is concluded the user is able to see the original sample (A), the distribution of all selected elements in the
sample (B) and the separated trace elements’ map with the spatial distribution of each selected element

(C). To observe the correspondent spectrum the user must click in (D):
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Figure 26 — TORNADO software presenting the trace element distribution map.

The spectrum is then presented. The user must observe the energy peaks in the spectrum in order to
identify containing elements and select them in the periodic table (E). The selected elements will appear in
colored areas in the spectrum (F) where their energy peaks are known to be, allowing the identification of

the present elements. That way the user knows which elements are present in the sample.
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Figure 27 —- TORNADO spectrum with trace elements energy peaks and respective identification.
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When the user runs the quantify method (G), which is also based on the Sherman equation and the

fundamental parameters, only the selected elements are quantified. Both the concentrations and

associated errors come in ppm and can be converted into an excel file (H), allowing further statistical

analysis. Two measurements were made for each sample with the same objective as stated for the Tri-

axial measurements.
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Figure 28 — TORNADO quantification with present trace elements and respective concentrations and associated errors.

The concentrations from both spectrometers can now be compared throughout any desired parameters in

order to reach the initial objective. This will be this work’s core and will be presented in Chapter 4.
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CHAPTER 4 — RESULTS AND DISCUSSION

GENERAL CONSIDERATIONS

The number of facilitated samples from NOVA Medical School were not the 20 per organ as expected, for
a total of 60; in the end only 14 became available for analysis. These samples were studied by the
previously delineated process; this became this work’s biggest obstacle, since the size of the available data
is at the core of a reliable statistical analysis. To minimize this issue, repeated measurements were
conducted for each sample, 3 with the Tri-axial Spectrometer and 2 with the M4 TORNADO, for a grand
total of 70 measurements from 14 samples. From the 14 samples: half are from cancerous tissues and the
other half are from healthy tissues; 4 are from bladder tissues, 6 from colon tissues and 4 from lung tissues.
Each cancerous tissue sample has a healthy tissue sample pair from the same individual. This allows a
more reliable comparison between trace elements concentrations from cancerous and healthy tissues,
since when other samples from different individuals are considered, the biological diversity would mask
correlations in trace elements concentration variations between similar tissues from different patients. Even
so, all samples were studied throughout different parameters and ordered in diverse categories. All analysis
obey the general-to-specific methodology. The first analysis includes the results from all available samples.
The results are, then, differentiated by their corresponding organs and divided by their pairs, allowing a

more specific and reliable analysis.

All the results were listed on an excel file with information on their original organ, the spectrometer utilized,
the number of the measurement and whether it is cancerous tissue or healthy. The next step compared the
results from cancerous tissues with the results from healthy ones. The results from the two spectrometers
were separated due to their different quantification methods and associated errors. Therefore for each
comparison there will be two graphs, one associated with the results from the Tri-axial spectrometer and
the other with the ones from the TORNADO. Some element concentrations might differ from the two
spectrometers due to their different quantification procedures and element detection levels. The
concentrations tend to be higher in TORNADO because it runs an analysis on the selected and restricted
areas that contain the cancerous part of the tissue. This is important due to the biopsy processes in which
the identified cancerous tissue can also include parts consisting of healthy cells. On the contrary, Tri-axial
runs an analysis on the whole sample, presenting the elements’ average concentrations. A detailed
comparison of the results obtained by the two referred techniques for the same tissue show discrepancies
up to a factor of 5. One plausible explanation is the fact that the Tri-axial spectrometer is programmed to
analyze samples with defined size (circular) and thickness, which is not the case the for the samples
employed in this work, which have different characteristics among them and compared to the tri-axial's

standard sample. Therefore, the results from TORNADO are expected to be more precise.
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The concentrations associated errors are represented in each graph’s error bars. When there are several
measurements for the same sample, a single value is required, therefore a weighted average is made. This
average and its associated error were calculated with excel’s formulas, based on the general formula of
uncertainty propagation, the weighted average being dependent on each measurement’s concentration and
its associated error. On the other hand, the weighted average’s combined error depends on the standard

deviation and every error from all considered measurements.

The actual concentrations values have no great importance due to diverse factors, such as the different
quantification methods from the two spectrometers, possible laboratorial errors and measurement’s
uncertainty. The main analysis factor is the concentrations variation from one tissue to another, the
concentration in cancerous tissues being compared to healthy ones. The graphs are in logarithmic scale in
order to allow the observation of all elements concentrations, as they come in different orders of magnitude.

This is the observable core of the entire work, on which the desired correlations will be supported.

In order to verify concentration variations credibly between cancerous and healthy tissues, a relative
comparison was conducted on each tissue pair, comparing its cancerous tissue concentration with its
corresponding healthy one. Then, the percentage of cases for which the cancerous concentrations
increased or decreased when compared to healthy concentrations from the same element was calculated.
Later some of the presented results are substantiated with these percentages, to improve their reliability.
Only percentages above 68% at a first level and 80% at a second will be shown: 68% due to its similarity
with a normal distribution confidence interval at one standard deviation; 80% as a chosen significant

statistical value, not too high nor too low in order to overcome the problem of few available samples.

Next the graphs with the trace elements concentrations of each measurement are presented, comparing
these concentrations in the cancerous tissues and the healthy ones. The objective is to find correlations
between cancerous and healthy concentration ratios, in order to standardize these alterations and find
evidence that trace elements have an important role in carcinogenesis. The obtained results will be
compared to the ones from previous studies, as described in the state-of-the-art chapter, to verify their

validity in case they are similar, or to find new evidence that can be related to carcinogenesis.
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GRAPHIC ANALYSIS
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Figure 29 — Concentrations from all cancerous and healthy samples obtained from Tri-axial spectrometer.
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Figure 30 — Concentrations from all cancerous and healthy samples obtained from TORNADO spectrometer.
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These first two graphics have all 14 samples and 70 measurements in consideration, from all organs and
pairs. This is the most general analysis of this work. Comparing the obtained results from all cancerous and
healthy tissues it is observable that one element increases its concentration, other presents a decrease
and the rest maintain their concentrations. Generally the results from the Tri-axial spectrometer are in
agreement with the ones from TORNADO, however, there are some observable incoherencies between

them. This is also explained by their different quantification methods and detection limits.

Several elements may show a small increase or decrease in their cancerous tissue concentrations,
however, a difference is significant and valid only when the error bars do not include the same concentration
range. Therefore there are only two elements that almost obey to these conditions. Ca shows higher
concentrations in cancerous tissues and Br shows higher concentrations in healthy tissues. The Ca
concentration variation is observed in the tri-axial graphic rather than Br variation that is observed in the
Tornado graphic. In order to validate these results, the concentrations from each pair of tissues were directly
compared, appearing as percentages of the cancerous tissues that show an increase or decrease in their

concentrations.
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Figure 31 — Ca concentrations from each pair obtained from Tri-axial spectrometer.
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Figure 32 — Ca concentrations from each pair obtained from TORNADO spectrometer.

Thus, it was verified that Ca presented higher concentrations in 86% of all cancerous tissues, observable

in the Ca graphics above, in which the concentrations from each pair of tissues are compared.
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Figure 33 — Fe concentrations from each pair obtained from Tri-axial spectrometer.
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Fe concentrations from each pair (TORNADO)
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Figure 34 — Fe concentrations from each pair obtained from TORNADO spectrometer.

Although Fe does not show significant differences in its concentrations between cancerous samples, it
shows an increase in its concentrations in 71% of the cancerous tissues compared to the correspondent
healthy ones. This data is concordant between both spectrometers. This can be explained by the
significance of the highest value in the calculation of the weighted average. Even if the majority of the
concentrations is higher in cancerous tissues, the weighted average value is similar in both types of tissues,
due to the high values of Fe concentration in the 2™ pair of lung tissues, which influences the weighted

average. Biological variability is one of the factors that can mask trace elements concentration variations.
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Figure 35 — Br concentrations from each pair obtained from TORNADO spectrometer.

Even though the TORNADO graphic from all samples showed what might be considered an increase in Br
healthy tissue concentrations, this graphic that compares each pair of tissue explains that variation. It also
discredits this increase due to the fact that almost all concentrations are alike, except the ones from the 2nd
pair of bladder tissues, which presents a great increase in healthy tissue concentration that justifies the

variation previously observed.

As so, the most significant elements of this first comparison are Ca and Fe, showing an increase in their
concentrations in cancerous tissues of the three types studied, when compared to their healthy
counterparts. Past studies stated that excess of Fe present in a cell promotes cancer development [19] and
that Br concentration decreases in cancerous tissues [27], while comparing colon cancerous and healthy
tissues. There are no more relevant relations with results from previous studies due to the fact that those

studies focused on specific organs and not gathering all data, like in this work’s section.
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DIVIDED BY ORGAN

Having compared cancerous and healthy tissues altogether, one concludes there are not many visible
variations and the ones that were noted were not substantiated as wanted. Next, all cancerous and all
healthy tissue samples will be divided by their original organ, trying to show trace elements concentration

variations in specific organs, what is expected to be easier than with all samples in consideration.

BLADDER TISSUES
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Figure 36 — Concentrations from cancerous and healthy bladder tissue samples obtained from Tri-axial spectrometer.
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Figure 37 — Concentrations from cancerous and healthy bladder tissue samples obtained from TORNADO spectrometer.

These two graphics have all bladder tissues in consideration. There are 4 samples divided in two pairs of
bladder tissues. As analyzed before, one can note that some elements increase their concentrations, others
present a decrease and many have their concentrations unaltered, when comparing the average values of

cancerous and healthy tissue concentrations.

It is easily verified that Ca and Fe appear on average in greater concentrations in cancerous tissues,
according to both spectrometers. Other elements show variations in their concentrations according to one
of the spectrometers, being unaltered or unseen in the other. For instance, Ni and Ti have higher
concentrations in cancerous tissues, while Cl and Br show greater concentrations in healthy tissues. Ni and
Cl, the two elements analyzed in Tri-axial may show a variation in their concentrations but analyzing each
tissue concentration one observes that the validity of these results is questionable, either due to their very
low values or to the fact that it is only observed in one measurement of only one type of tissues. CI for
example is a very good example, as it is superimposed on the Rh L-lines of the TORNADO X-ray tube, and
thus were not effectively measured with this spectrometer. A similar effect happens with Sr at the Tri-axial,
as the Compton peak from the secondary Mo target masks the K-lines of this element.
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Figure 38 — Br concentrations from each pair of bladder tissues obtained from TORNADO spectrometer.

On the other hand, Ti and Br, analyzed in Tornado, have a different explanation, but also a questionable
validity, as both present a variation due to one measurement that appeared with a great offset regarding

the rest of the measurements.

Through relative comparison between cancerous and healthy concentrations from each pair of bladder
tissue, it is observed that Ca and Arsenic present higher concentrations in 100% of all cancerous bladder

tissues, according to both spectrometers.
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Figure 39 — As concentrations from each pair of bladder tissues obtained from TORNADO spectrometer.
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However, looking at the As graphic, one can observe that the concentrations are almost alike, even if higher

in cancerous tissues.

Other elements also appear in higher concentrations in all cancerous bladder tissues, despite
corresponding to data from only one spectrometer. Fe in Tri-axial's analysis and Cu in Tornado’s. These
results confirm the increase of Fe concentration in cancerous bladder tissues. As for Cu, its concentrations
are very alike, just a little higher in cancerous tissues, which is not significant, although all cancerous tissues
have higher concentrations. This is the problem of having few available samples from each organ, which

prevents us from drawing more robust conclusions.

The most significant elements in bladder tissues are Ca and Fe, both presenting higher concentrations in
cancerous tissues, when compared to healthy ones. There are no results regarding these two elements in
previous bladder tissue studies.

COLON TISSUES
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Figure 40 — Concentrations from cancerous and healthy colon tissue samples obtained from Tri-axial spectrometer.
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Cancerous Colon vs Healthy Colon (TORNADO)
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Figure 41 — Concentrations from cancerous and healthy colon tissue samples obtained from TORNADO spectrometer.

These two graphics have all 6 colon tissues, divided in three pairs of cancerous and healthy tissues.
Comparing with the previous graphics, colon tissues present fewer variations in trace elements’
concentrations.

Analyzing the two graphics it is observable that Ca, once again, increases its concentration in cancerous
tissues, comparing to healthy ones. However, this is only seen in the Tri-axial graphic, as well as Ni, which
presents higher concentrations in healthy tissues. As for Tornado’s graphic analysis, only Zn appears to
change its concentration regarding the type of tissue, presenting higher concentration in healthy tissues.
This is almost visible in the Tri-axial graphic, although the error bars slightly overlap.

Even if Ni seems to alter its concentration, the results are questionable due to its very low concentrations

and the fact that Ni is only found in one of the three colon pairs and very near the technique detection limit.

Relative comparison between cancerous and healthy concentrations from each pair of colon tissues shows
that Zn appears in higher concentrations in 100% of all healthy colon tissues, regarding data from both
spectrometers. Furthermore, Fe and S also show higher concentrations in all cancerous colon tissues, the
first according to Tornado and the second according to Tri-axial. In the case of S, its concentrations are
very alike, even if they tend to be higher in cancerous tissues. As for Fe, these variations are more
significant, and even in the Tri-axial analysis, it tends to have higher concentrations in cancerous tissues.

Therefore, the most significant elements when comparing colon tissues are Ca, Fe and Zn. The first ones
showing significant variations as higher concentrations in cancerous tissues and the last clearly the
opposite. These results confirm precisely previous studies that indicated these three elements as the most
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important in the distinction of cancerous and healthy colon tissues [24]. In other studies Ca is thought to

maintain unaltered its concentration, while Zn either maintains or decreases its concentration in cancerous

tissues [27].
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Figure 42 — Concentrations from cancerous and healthy lung tissue samples obtained from Tri-axial spectrometer.
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Figure 43 — Concentrations from cancerous and healthy lung tissue samples obtained from TORNADO spectrometer.
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These two graphics correspond to the 4 lung cancerous and healthy tissues that are divided in two different
pairs. In comparison to the previous graphics, these ones show more different elements that vary their

concentrations between cancerous and healthy tissues.

The graphics above show two elements that increase their concentrations in cancerous lung tissues, Ca
and Pb, according to data from both spectrometers. Arsenic also has higher concentrations in cancerous
tissues, but only according to Tornado. Analyzing this spectrometer’s data, it is observable that Cl presents

a decrease in its concentration in cancerous tissues.

Ti shows a curious incoherency, showing higher concentration in cancerous tissues according to Tornado
but, analyzing Tri-axial graphic, Ti is only found in healthy tissues through all three conducted
measurements, which is very odd. A reevaluation of these samples should be performed in the future using

other techniques such as PIXE, etc.

Regarding the relative comparison between cancerous and healthy concentrations from each pair of lung
tissues, two elements have their concentrations increased in 100% of all cancerous lung tissues, according
to both spectrometers. These elements are Ca, as usual, and, surprisingly, Zn. Other elements also show
this tendency, however, according to only one of the spectrometers, such as P, Cu and Mn. On the other

hand, S and K appear in higher concentrations in 100% of all healthy lung tissues.

Ca, once again, show high concentration variations, with its cancerous tissue concentrations appearing
increased. Zn, however, may appear in higher concentrations in cancerous tissues but the differences
comparing to healthy tissues are not that significant. In the case of Pb, the variations are high due to the
fact that it is only found in one of the pairs of lung tissues (Tri-axial) and that one of the measurements is
much higher than all others (Tornado). The rest of the elements described above show a tendency to either
increase or decrease their concentrations, however, these variations are not really significant, hence the

results do not allow strong conclusions.

The most significant statistical values from concentration variations correspond to Ca, Zn and Pb, all
showing variations between cancerous and healthy tissues, appearing higher in cancerous ones. Previous
studies show contradictory results regarding Ca and Zn, decreasing their concentrations in cancerous lung
tissues. As for Pb, previous results indicated an increase in its cancerous tissue concentration, as well as
stated above [23].
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DIVIDED BY TISSUE PAIRS (FROM THE SAME PATIENT)

Finally the most specific analysis will compare the cancerous and healthy tissues concentrations from each
individual pair of tissues. There are 2 pairs of bladder tissue, 3 pairs of colon tissue and 2 pairs of lung
tissue. This analysis promises more reliable data due to the fact that each pair of tissues correspond to the
same patient, where biological diversity and other factors cannot interfere. This regarding each element’s
pair and not between two different pairs. Though, the short number of samples affect once more the

significance of the obtained results and correlations found.

In this section the relative comparison method will not be applied for obvious reasons, as the compared
results correspond to only one concentration from cancerous tissue and another one from healthy tissue,
in contrast with previous analyses that were averages of concentrations from different tissues. However,
an alternative method will substantiate the observed variations, where the concentrations from each
measurement of the same sample will be displayed, rather than the average of all measurements, in order

to enhance each element’s tendency to either increase or decrease its concentration in cancerous tissues.
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Figure 44 — Concentrations from cancerous and healthy bladder (1% pair) tissue samples obtained from Tri-axial spectrometer.
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Figure 45 — Concentrations from cancerous and healthy bladder (1% pair) tissue samples obtained from TORNADO spectrometer.

These first two graphics correspond to the 15t pair of bladder tissues, one cancerous and the other healthy,
both from the same individual. One can observe that Fe and Br increase their concentrations in cancerous
tissues according to both spectrometers data. Zn also have higher concentrations in cancerous tissues
when comparing to healthy ones, as shown by Tri-axial’s results. Cl and Ti appear to increase their

concentrations in healthy tissues according to Tri-axial, the first, and according to Tornado, the second.

Analyzing each measurement’s concentration, the variations presented by Fe and Br are significant for both

spectrometers.
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Figure 46 — Zn concentrations from each measurement of bladder (1 pair) tissues obtained from Tri-axial spectrometer.
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On the other hand, the variations in Zn concentration are less significant, although the tendency to increase
its concentration in cancerous tissues is verified. The variations in Ti concentration are even less significant,

being almost alike in cancerous and healthy bladder tissues.

Therefore the most significant elements in this pair of bladder tissues are Fe and Br, both presenting higher
concentrations in cancerous tissues. The Fe results are in conformity with the ones from all bladder tissues

comparison.
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Figure 47 — Concentrations from cancerous and healthy bladder (2" pair) tissue samples obtained from Tri-axial spectrometer.
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Figure 48 — Concentrations from cancerous and healthy bladder (2" pair) tissue samples obtained from TORNADO spectrometer.
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These next graphics refer to the 2™ pair of bladder tissues. Both spectrometers show that Ca increase its
concentration in cancerous tissues, while S and Br present a decrease in the same type of tissue. Other

elements also have higher concentrations in cancerous tissues, such as Ni and Ti.

By analyzing each measurement, it is observable that Ca, S and Br concentration variations are consistent

and significant.

The Fe concentrations are almost all alike, between measurements from the same spectrometer, even if

tending to increase (Tri-axial) or to decrease (Tornado).

As for Ni, its concentrations are so close to the technique detection limit that the results are not very reliable.
In the case of Ti, one of the measurements showed a great difference comparing to all others, even when

comparing with the other from the same tissue, which explains the variation of Ti in the Tornado graphic.

Therefore, Ca, S and Br are the most significant elements according to bladder tissues’ 2™ pair. Curiously,
Br has the complete opposite result regarding the other bladder tissue pair, which may explain the unaltered

concentrations of Br in the comparison of all bladder tissues (Fig. 36).

Combining the results from both bladder pairs, two elements are concordant with the global bladder

comparison, Ca and Fe, both increasing their concentrations in cancerous tissues.

COLON TISSUES

1st pair: Cancerous Colon vs Healthy Colon (Tri-

axial)
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Figure 49 — Concentrations from cancerous and healthy colon (1% pair) tissue samples obtained from Tri-axial spectrometer.
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1st pair: Cancerous Colon vs Healthy Colon
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Figure 50 — Concentrations from cancerous and healthy colon (1% pair) tissue samples obtained from TORNADO spectrometer.

The previous graphics have the first pair of colon tissues in consideration. According to both spectrometers’
data, it is observable that the concentrations of Ca, K and Fe appear higher in cancerous tissues, while the
concentration of Zn is higher in healthy tissues.

Other elements that show an increase in their concentrations in cancerous tissues are P and Ti. On the

other hand, Mn and Pb show a decline in their concentrations.

While Ca and K show significant results when comparing each measurement, Fe and Zn, although tending
to have higher concentrations in cancerous tissues and healthy ones, respectively, their concentrations are

very similar, which questions their variations.

P have consistent results according to Tri-axial, but when comparing cancerous and healthy tissues

concentrations in Tornado, its concentrations are alike in both types of tissues.

As for Ti, Mn and Pb, the variations are not significant, either by being very similar or by presenting low

concentration values, which questions their validity.

The most significant elements in this colon pair are Ca and K. Comparing to global colon comparison Ca

and Zn are the concordant elements with the same variations in their concentrations.
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2nd pair: Cancerous Colon vs Healthy Colon

(Tri-axial)
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Figure 51 — Concentrations from cancerous and healthy colon (2™ pair) tissue samples obtained from Tri-axial spectrometer.
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Figure 52 — Concentrations from cancerous and healthy colon (2™ pair) tissue samples obtained from TORNADO spectrometer.

These graphics refer to colon’s 2 pair of tissues and reveal the raise in the cancerous tissue
concentrations of Fe according to both spectrometers. Regarding only one of the spectrometers other
elements tend to have higher concentrations in cancerous tissues, such as Ca, Cu and S. On the other
hand, CI, Ti, Mn, Zn, Br and Pb show higher concentrations in healthy tissues.
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Fe variations are consistent and significant, when comparing each measurement’s concentration.

Ca, S, CIl, Ti and Zn show significant variations in their concentrations according to one of the

spectrometers, maintaining their concentration in the other.

Cu, Br, Mn and Pb present questionable results as their concentrations are too low for their variations to be
considered significant.

Therefore, the most significant elements found in this pair of colon tissues are Fe, Ca and S. One of them,
Ca, has concordant results with the 15t pair of colon tissues’ and global colon comparison’s variations.

3rd pair: Cancerous Colon vs Healthy Colon
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Figure 53 — Concentrations from cancerous and healthy colon (3" pair) tissue samples obtained from Tri-axial spectrometer.
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3rd pair: Cancerous Colon vs Healthy Colon

(TORNADO)
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Figure 54 — Concentrations from cancerous and healthy colon (3" pair) tissue samples obtained from TORNADO spectrometer.

These two graphics have the 3™ pair of colon tissues in consideration. Unlike the two previous pairs this
one shows no concordant element’s variations between both spectrometers. Furthermore, Fe has
incoherent variations between spectrometers, while in the other pairs, it presented a constant raise in the

concentrations of cancerous tissues.

This pair's elements that appear in higher concentrations in healthy tissues, according to only one
spectrometer are Cl, K, Ca, Ni and Zn, while the only one that has lower concentration in this type of tissue

is Pb, which reveals once again incoherency when comparing to other pairs.

The incoherency between Fe variations may be explained through the comparison of each measurement’s
concentration, by the fact that in Tri-axial its concentrations are much alike, even if it tends to be higher in
healthy tissues. As for Tornado’s results, Fe variations are more significant, therefore less questionable,

showing an apparent increase in its cancerous tissue concentrations.

Although Zn shows a tendency to have higher concentrations in healthy tissues, its concentrations are very
similar, so its variations are not significant. The same happens for Pb, though its tendency is to show an

increase in cancerous tissue concentrations.

Ca, K show relevant variations in their concentrations according to only one of the spectrometers,

presenting unaltered concentrations in the other.

Ni presents questionable results as its concentrations reveal very low values, near the detection limit, so

its variations are not considered significant.
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Therefore, the most significant elements in the 3 pair of colon tissues are Fe, Ca and K. The first one
appearing in higher concentrations in cancerous colon tissues and the other two showing higher
concentrations in healthy colon tissues. Although Fe presents similar results with other colon pairs, Ca and
K show completely opposite results when comparing with global colon comparison and with other pairs,
respectively. This reveals a big contrast between this pair of colon tissues and the other two, confirming the

biological variability question between different individuals.

LUNG TISSUES

1st pair: Cancerous Lung vs Healthy Lung (Tri-
axial)
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Trace Elements and respective Cancerous and Healthy concentrations in ppm
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Figure 55 — Concentrations from cancerous and healthy lung (1% pair) tissue samples obtained from Tri-axial spectrometer.
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1st pair: Cancerous Lung vs Healthy Lung

(TORNADO)
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Figure 56 — Concentrations from cancerous and healthy lung (1% pair) tissue samples obtained from TORNADO spectrometer.

The previous two graphics refer to the 15t pair of lung tissues. These tissues show a rise of Ca and Br
concentrations in cancerous tissues and a decline in Fe cancerous tissue concentrations, stated by both
spectrometers’ data. Other elements that have lower cancerous tissue concentrations are Cl and Pb, while

K and Mn appear to be higher in cancerous tissues.

Ca and Fe reveal consistent results when comparing each measurement’s concentration, validating their
variations, while Br, although showing a tendency to have higher concentrations in cancerous tissues,

presents very similar concentrations, hence discrediting its variations.

As Br, Cl shows a tendency to have higher concentrations in healthy tissues, however, these concentrations

are much alike, so its variations are questionable.

K shows relevant variations in its concentrations according to only one of the spectrometers, presenting

unaltered concentrations in the other.

Mn and Pb present questionable results as their concentrations are very low, therefore its variations ae not
significant.

As so, Ca, Fe and K are the most significant elements in the distinction between cancerous and healthy
lung tissues for this 1st pair. Ca is the concordant element when comparing to global lung comparison,

presenting higher cancerous tissue concentrations.
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2nd pair: Cancerous Lung vs Healthy Lung (Tri-

axial)
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Figure 57 — Concentrations from cancerous and healthy lung (2" pair) tissue samples obtained from Tri-axial spectrometer.
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Figure 58 — Concentrations from cancerous and healthy lung (2" pair) tissue samples obtained from TORNADO spectrometer.

These final two graphics have the 2™ pair of lung tissues in consideration. In these results there are several
elements that vary their concentrations similarly according to both spectrometers. As so, Ca, Arsenic and
Pb show an increase in cancerous tissue concentrations. On the other hand, Br presents a decline in its
concentrations in cancerous tissues. There are other elements that appear to have higher concentrations
in cancerous tissues, like P, Cl, Cu and Zn, while S and K appear to have higher concentrations in healthy
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tissues. The contradictory element in this pair of tissues is Ti, revealing different variations in its

concentrations depending on the used spectrometer.

Comparing each measurement for the same sample, Ca is the most consistent element in this lung pair,

having higher concentrations in cancerous tissues.

Even if Tri-axial's data on Ti reveals that it is only present in healthy tissues, Tornado states that Ti have a
great variation in its concentration, appearing much higher in cancerous tissues, which is odd. There may

be a Ti contamination in Tornado spectrometer. Future studies should investigate this subject.

Arsenic, Pb, S and K show significant variations in their concentrations according to one of the

spectrometers, revealing no alterations in the other’s data.

Br although presenting a tendency to have higher concentrations in healthy tissues, reveals very similar
concentration values and so its variations are discredited. The same is verified for P and Zn, only in the

opposite type of tissue.

Cl is yet again a curious case, as it is only found in Tri-axial graphic’s cancerous tissues and in none other

measurement.

Therefore, the most significant elements in this pair of lung tissues are Ca, As, Pb, S and K. While Ca is
concordant with 15t lung pair’s results, K shows completely opposite variations. Comparing with global lung

comparison there are several elements that present the same variations, such as Ca, As and Pb.

It is easily observable that the 2M pair is much more alike the global comparison than the 1st one, having
many more elements in concordance. This remits to the idea that, in this short-numbered samples statistical
study, one measurement on a biologically different tissue can compromise general data, and consequently

mask probable correlations between trace elements concentration variations.
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SELENIUM
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Figure 59 — Se concentrations from each comparison of cancerous and healthy tissues obtained from Tri-axial spectrometer.

Selenium is compared separately due to the fact that it was one of the elements that several previous
studies referred as potentially good indicators of carcinogenesis [20] and so concordant results were
expected. However, Se was not found in any Tri-axial measurement. In addition, it is present in Tornado’s
measurements but very near the element’s detection limit and almost always similar between cancerous
and healthy tissues, which invalidates the possibility of finding variations in the concentration of Se caused

by carcinogenesis processes.

The only variation that one may consider is verified in both pairs of lung tissues, which seem to show greater
concentrations of Se in cancerous lung tissues. Even so, previous results regarding lung cancer indicate

the complete opposite [23].
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DISCUSSION

There is a large variety of trace elements in this work when it comes to their expression in cancerous and
healthy tissues. Some are almost always higher in the same type of tissues, either cancerous or healthy.
Others change their concentrations depending on the organ, being higher in a type of tissue for a certain
organ and higher in the other type for a different organ. And finally there are elements that maintain their
concentrations independently of the type of tissue, which do not constitute good elements in the distinction
between cancerous and healthy tissues, so those will not be considered in these discussion and

conclusions.

All samples

1st Fe, Br cancerous
Bladder Ca, Fe healthy

2nd | Ca, S, Br

1st Ca, K

2nd | Ca,Fe, S Colon Ca, Fe, Zn Ca. Fe
’

3rd K

1st Ca, Fe, K

Ca, As, Pb, Lung Ca, Zn,Pb

K

Figure 60 — Schematic with the significant trace elements’ tendencies.

2nd

Although this statistical study may have questionable validity, it also allows the perception of some
tendencies in the variation of several trace elements concentrations. Through this continuous analysis of
the acquired data one is able to observe certain trace elements that show a pattern in their concentrations
variation, which was one of the prime objectives of this work. It is also perceptible, although less verified,
that depending on the organ some elements change their expression whether in higher concentrations in
cancerous or healthy tissues, which confirms previous studies that state that one should analyze cancerous

and healthy tissues divided by organ and not altogether [30].

CALcIUM (CA) is the most consistent trace element in terms of its concentration variation. It expresses

itself in higher concentrations in cancerous tissues almost in all comparisons. This happens when
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analyzing: all samples together; each group of samples from bladder, colon and lung tissues; and in 5 of
the 7 pairs of cancerous and healthy tissues. Ca only expresses itself differently in the 3 pair of colon
tissues, where it presents higher concentration in healthy tissues and in the 1st pair of bladder tissues,
where it maintains its concentration unaltered. Analyzing this data it is easily observed that this element
could be a good indicator of carcinogenesis, within the studied organs as its concentration is almost always
higher in cancerous tissues. Of course this tendency is a deduction from the analyses conducted in this
work and can be contradicted by other studies, due to the poor statistical significance of this one. A
demonstration of this is the fact that in previous studies concerning lung cancer, Ca is expected to lower its
concentration in cancerous tissues [23], the opposite of what is found in this analysis. However for other
organs, Ca has no previous results to compare with. Even so, Ca is one of the most important elements in
the distinction of cancerous and healthy colon tissues, therefore these acquired results may be a good

indicator to work on in future studies.

IRON (FE) is another element that has consistent data regarding bladder and colon global analysis. Then,
on the specific level, Fe has higher concentrations in cancerous tissues in one pair of the bladder tissues
and in all pairs of the colon tissues. Furthermore, in one of the lung tissues pair, Fe appears in higher
concentrations in healthy tissues. Although a more general analysis indicates a consistent tendency in the
variation of Fe concentration, at a specific level it is clear that the variation of Fe concentration is more
random and less consistent, except for colon tissues. This element is considered to be one of the most
significant ones in the distinction of cancerous and healthy tissues from the colon and lung. In previous lung
cancer analysis, Fe showed a decrease in its concentration in cancerous tissues, which happens for one

of the lung tissue pairs.

ZINC (ZN) only appears significantly in the global colon and lung comparisons and then in one pair of
bladder tissue and in another from colon tissues. Its expression is not constant, being either higher in
cancerous tissues or in healthy ones. This is one of the elements that changes its expression regarding its
original organ. Generally, Zn has higher concentrations in cancerous lung tissues and higher concentrations
in healthy colon tissues. At the specific level, Zn appears in higher concentrations in cancerous tissues from
the 1st bladder pair and in higher concentrations in healthy tissues from the 1st colon pair. So, analyzing
these variations one may consider that Zn alternates its expression regarding the organ, increasing its
concentration in cancerous bladder and lung tissues and decreasing it in cancerous colon tissues. This is
just a consideration due to the short number of variations found, not capable of creating a pattern. Previous
studies reveal results that are in conformity with ones from this work regarding bladder and colon tissues.
While the results from lung tissue comparisons show either conformity or contradiction with previous results
[23, 27, 31].

Even though SELENIUM (SE) was referenced as a promising indicator of carcinogenesis’ presence, results

from this work shows that it does not vary its concentration on cancerous tissues, comparing to its healthy
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counterparts. Even so, these results are questionable due to very low concentration values and to the fact

that Se is only found in Tornado’s measurements.

ARSENIC (AS) presents different results regarding the organ that is analyzed. In bladder tissues

comparison, Arsenic has higher concentrations in cancerous tissues, while in lung tissues comparison it

shows the opposite, being higher in healthy tissues.

PHOSPHORUS (P) has an almost equal expression in all comparisons, maintaining its concentration
unaltered. These concentrations present high values almost always, as well as they are very similar
between the two types of tissues. Significantly the only variation found in P concentrations are from the 15t
pair of colon tissue. Previous studies confirm that P tends to accumulate in cancerous colon tissues [25].

But due to the insufficient number of cases found, these results do not present any relevance for this study.

MANGANESE (MN) is an element that shows very low concentrations, so, even if higher in a determined
type of tissue, any correlation found is even more doubtable than the others before, because the lower
concentrations are, less accurate they become, due to possible analysis errors. Mn is thought to be one of
the beat indicators in the distinction between cancerous and healthy lung tissues. However, this study does

not facilitate enough results or even solid ones.

LEAD (PB) is another element that presents very low concentrations in both types of tissue, which may
question its results. It also has a characteristic analysis. Pb only expresses itself by being higher in
cancerous tissues. However, these variations are only found in lung tissues. In the general comparison as
well as in the specific ones, which could be a good indicator for future studies to analyze and confirm.

Previous lung studies reveal either concordant or contradictory results [23, 25].

CoPPER (CuU) does not have any significant expression in this analysis due to its very low concentrations.
However, if we consider these concentrations to be valid, Cu appears almost always alike in the two types
of tissues. Previous studies also indicate that Cu maintains its concentrations in cancerous and healthy
bladder tissues, while in colon tissues it presents an increase in cancerous tissue concentrations. As for
lung tissues previous results indicate that Cu is a significantly important element in the distinction between

the two types of tissues, appearing in lower cancerous concentrations [24, 27, 31].

SULFUR (S) only shows significant variations at the specific level, appearing in one pair of each organ.
However its behavior depends on the organ, as for bladder and lung tissues S has higher concentrations
in healthy tissues and for colon tissue it appears in high concentrations in cancerous tissues. Previous
studies confirm these results in both colon and lung tissues, indicating that S accumulates in cancerous

colon tissues and in lung ones it presents a decrease in cancerous tissue concentrations [23, 25].

BROMINE (BR) appears to have a decrease in its cancerous tissue concentrations, when comparing all

samples. However, analyzing each organ separately Br does not show significant variations in its
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concentrations, which questions the general variation. Furthermore, at the specific level Br presents
different results between organs and even between pairs of the same organ. This contradiction is observed

in the bladder tissue pairs, confirming the biological variability stated previously.

PoTAssIuM (K) is another element that shows different variations within the same organ tissues, altering

its expression from one colon pair to another. The same happens for lung tissues.

Although CHLORINE (CL) shows few comparison expression, when it appears, is almost always in higher

healthy tissue concentration, rather than cancerous.

The remaining elements have low expression in every comparison or maintain their concentrations

disregarding the type of tissue, hence they will not be mentioned. Examples are NICKEL (NI) and

TITANIUM (T1).
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CHAPTER 5 — CONCLUSIONS

Firstly, and a continuous outflow during this work, is that solid statements are improbable to be verified in
a short-sample statistical study. Adding it to several factors, such as biological diversity, data is insufficient
to find correlations. Even so, throughout this entire work certain trace elements concentration variations

between cancerous and healthy tissues are found, described and tentatively explained.

Throughout this analysis one can observe the different types of trace elements in terms of their expression
in cancerous and healthy tissues, evaluating those that may have an important role in the distinction
between the two types of tissues. Thus, one is capable of choosing the right elements to be used as
indicators of cancer development. This was one of the most important objectives of this work. Of course
due to statistical difficulties, the validity of these results is questionable, however, some trace elements
tendencies are observable and therefore constitute good indicators for further analysis, reserved to future

studies.

This work showed certain elements that might be used as indicators of cancer development, due to their
concentration variation when carcinogenesis process is present and their similarity to previous studies.
Elements such as Ca and Fe show consistent data when varying their concentrations, even if their
concentrations are very low, in the case of Pb. Other elements when analyzing organ by organ show
evidence that trace elements expression may change due to different organs, even if in the general analysis
they maintain their concentrations unaltered. Some of these elements are Zn, As, Br and K. Even others,
may show a tendency in their expression but present insufficient results to be considered relevant, such as
P, S and CI. Finally there are elements like Cu, Mn, Ni and Ti that, in this work, show random expression
in their concentrations, making impossible to find any correlation. Of course the statistical population is a
great obstacle but also biological variability and each patient’s clinical history, which can compromise or

invalidate any observed tendency and, therefore, correlation.

At laboratorial level, all caution was taken in order to avoid any measurement error, repeating both the
measurements and data analysis several times. The obtained results were not as significant as expected,
however, as said before, the low statistical population compromised this work results’ robustness. All efforts
were made to minimize this obstacle but even measuring each sample 5 times, it was not enough to fully

standardize trace elements concentration variations.

Even though these results are questionable due to their lack of statistical population, they can contribute to
future studies and meta-analysis. They may show interesting trace elements and their tendency to vary
depending on the type of tissue. Obviously, it would require further analysis to confirm their validity and

present solid results. Further studies in which the clinical history of the patient is available, are required.
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Also it could be interesting to simultaneously analyze blood samples from the patients in order to correlate
the trace elements found in blood and the pathological stage at which the cancer is at the biopsy time.

Future studies may consider doing a meta-analysis, grouping all available results from all studies ever
conducted on this subject. If so, the statistical population would be enough to be capable of finding
correlations and patterns in the variation of trace elements concentrations with the grand objective of
explaining the influence of these elements on the carcinogenesis process. Thus, one will know when cancer
is arising just by quantifying the previously indicated trace elements, what may give human beings, a new
tool on cancer diagnosis, which could, hopefully, be a step in the direction of its extinction.

-62-



REFERENCES

[1] D. Guimarées, “Measurement of Lead Concentration in Biological Tissues by Atomic Spectroscopy

Techniques”, Universidade Nova de Lisboa, December, 2011.

[2] World Health Organization; CANCER RESEARCH UK. (2012). Worldwide Cancer Incidence 5 4. World
Health Organization, Cancer Incidence in Five Continents (CI5) Volume IX1 or X2, IX, 2012.

[3] World Health Organization; CANCER RESEARCH UK. (2012). Most Common Causes of Cancer Death.
World Health Organization, Cancer Incidence in Five Continents (CI5) Volume IX1 or X2, I1X, 2012.

[4] World Health Organization, & Cancer Research UK. (2012). World cancer factsheet. World Health
Organization, 2012.

[5] B. W. Stewart, C. P. Wild, World Cancer Report 2014, International Agency for Research on Cancer,
2014.

[6] DGS, Portugal: Doengas Oncoldgicas em NUmeros - 2014. Lisboa, 2014.

[7] M.S. Simdes, O Cancro, Lisboa: Fundacédo Francisco Manuel dos Santos, 2014.

[8] P. Boyle, B. Levin, World Cancer Report 2008, Intenational Agency for Research on Cancer, 2008.
[9] M. Schwab, Encyclopedic Reference of Cancer, Heidelberg: Springer, 2001.

[10] S. Deweerdt, “Crucial clues”, Nature Outlook, vol. 513, 12-13. Setembro, 2014.

[11] H. Body, “Lung Cancer”, Nature Outlook, vol. 513, 26. Setembro, 2014.

[12] M. L. Carvalho, T. Magalhaes, M. Becker, and A. von Bohlen, “Trace elements in human cancerous
and healthy tissues: A comparative study by EDXRF, TXRF, synchrotron radiation and PIXE”, Spectrochim.
Acta - Part B At. Spectrosc., vol. 62, no. 9, pp. 1004-1011, 2007.

[13] www.wcrf.org/cancer-facts-figures (accessed July 2016).
[14] Global Cancer Facts & Figures 2nd Edition, American Cancer Society Inc, Atlanta, Georgia, 2007.

[15] F. F. de la Cruz, B. V. Gap and S. M.B Nijman, “Synthetic Lethal Vulnerabilities of Cancer”, Annual
Review of Pharmacology and Toxicology, vol. 55, 513-531, Outubro, 2014.

[16] H. Yuying, W. Yingrong, Z. Limin, L. Guangcheng, H. Wei, Y. Lizhen, C. Jiapei, L. Jiangfu, Z. Tongcun,
C. Enhua, “Beijing synchrotron radiation total-reflection X-ray fluorescence analysis facility and its

applications on trace element study of cells”, Spectrochimica Acta Part B, vol. 56, 2057-2062, 2001.

-63 -



[17] C. G. Fraga, “Relevance, essentiality and toxicity of trace elements in human health”, Mol. Aspects
Med., vol. 26, no. 4-5 SPEC. ISS., pp. 235-244, 2005.

[18] M. S. Silberberg, Principles of General Chemistry, 2009.

[19] S. Koenemann, T. Bolling, F. Matzkies, N. Willich, K. Kisters, O. Micke, “lron and iron-related
parameters in oncology”, Trace Elements & Electrolytes, Vol. 22 Issue 2, pp. 142-149, 2005.

[20] U. Majewska, D. Banas, J. Braziewicz, S. G6zdz, A. Kubala-Kukus, and M. Kucharzewski, “Trace
element concentration distributions in breast, lung and colon tissues”, Phys. Med. Biol, vol. 52, pp. 3895—
3911, 2007.

[21] S.K. Wadhwa, T.G. Kazi, H.I. Afridi, F.N. Talpur, “Interaction between carcinogenic and anti-
carcinogenic trace elements in the scalp hair samples of different types of Pakistani female cancer patients”,
Clinica Chimica Acta, vol.439, 178-184, Janeiro, 2015.

[22] K. Tsuiji, J. Injuk, R. V. Grieken, X.Ray Spectrometry: Recent Technological Advances, Chichester:
John Wiley & Sons, 2004.

[23] A. Kubala-Kuku, J. Braziewicz, D. Banas, U. Majewska, S. G6zdz, A. Urbaniak, “Trace element load
in cancer and normal lung tissue”, Nuclear Instruments and Methods in Physics Research B vol. 150, 193-
199, 1999.

[24] E. N. Drake Il and H. H. Sky-Peck, “Discriminant Analysis of Trace Element Distribution in Normal and
Malignant Human Tissues”, Cancer Res., vol. 49, pp. 4210-4215, 1989.

[25] M.F. Robinson, P.J. Godfrey, C.D. Thomson, H. M. Rea, A. M. van Rij, “Blood selenium and glutathione
peroxidase activity in normal subjects and surgical patients with and without cancer in New Zealand”, Am.
J. Clin. Nutr., vol. 32 no. 7 1477-1485, 1979.

[26] T. Magalhdes, M. L. Carvalho, A. Von Bohlen and M. Becker (2010), "Study on trace elements
behaviour in cancerous and healthy tissues of colon, breast and stomach: Total reflection X-ray
fluorescence applications”, Spectrochimica Acta - Part B Atomic Spectroscopy, 65(6), 493—-498, 2010.

[27] T. Magalhdes, A. von Bohlen, M. L. Carvalho, and M. Becker, “Trace elements in human cancerous
and healthy tissues from the same individual: A comparative study by TXRF and EDXRF”, Spectrochim.
Acta - Part B At. Spectrosc., vol. 61, no. 10-11 SPEC. ISS., pp. 1185-1193, 2006.

[28] G. C. Gregoriadis, N. S. Apostolidis, A. N. Romanos and T. P. Paradellis, “A comparative study of trace

elements in normal and cancerous colorectal tissues”, Cancer, vol. 52, pp. 508-519, 1983.

[29] Richard G. Stevens, D. Yvonne Jones, Marc S. Micozzi and Philip R. Taylor, “Body Iron Stores and the
Risk of Cancer”, N Engl J Med; 319:1047-1052, 1988.

-64-



[30] I. L. Mulay, R. Roy, B. E. Knox, N. H. Suhr, and W. E. Delaney, “Trace-Metal Analysis of Cancerous
and Non- cancerous Human Tissues”, J. Natl. cancer Inst., vol. 47, no. 1, pp. 1-13, 1971.

[31] C. N. Lin, L. H. Wang, and K. H. Shen, “Determining urinary trace elements (Cu, Zn, Pb, As, and Se)
in patients with bladder cancer”, J. Clin. Lab. Anal., vol. 23, no. 3, pp. 192-195, 2009.

[32] M. P. Silva, D. F. Soave, A. Ribeiro-Silva, and M. E. Poletti, “Trace elements as tumor biomarkers and
prognostic factors in breast cancer: a study through energy dispersive x-ray fluorescence”, BMC Res.
Notes, vol. 5, no. 1, p. 194, 2012.

[33] W.C. Rontgen, “On a new kind of rays”, Nature, 1896.

[34] R. F. Mould, A Century of X-Rays and Radioactivity in Medicine, London: Institute of Physics
Publishing, 1996.

[35] A. Bose, Interaction of radiation with matter, Dept. of Radiotherapy, NRS Medical College, Kolkata,
2012.

[36] R. M. Rousseau, J. A. Boivin, “The Fundamental Algorithm: A Natural Extension of the Sherman
Equation Partl: Theory”, The Rigaku Journal, vol. 15, 13-28, 1998.

[37] [R. Tertian, F. Claisse, Principles of quantitative X-ray fluorescence analysis, Heyden & Son Ltd.,
London, 1982.

[38] R. Cesareo, “X-Ray Fluorescence Spectrometry”, Ullmann's Encyclopedia of Industrial Chemistry,
2010.

[39] R. Cesareo, “X-ray Physics”, La Rivista del Nuovo Cimento, Bologna, 2000.

[40] W. Bambynek, Proceedings Int. Conf. on X-rays and Inner-shell Processes in Atoms, Molecules and
Solids, Leipzig, 1984.

[41] R. Jenkins, X-ray fluorescence spectrometry, 2nd ed., Wiley, Chichester, 1999.

[42] J. H. Hubbell, “Atomic form factor, incoherent scattering functions, and photon scattering cross
sections”, J. Phys. Chem. Ref. Data, Volume 4, pp. 471-538, 1975.

[43] R. v. Grieken, A. Markowicz, Handbook of X-ray spectrometry: Methods and Techniques, Marcel
Dekker, New York, 1992.

[44] M. J. Berger and J. H. Hubbell, “XCOM: Photon cross sections on a personal computer”, Natl. Bur.
Stand. Washington, DC (USA). Cent. Radiat. Res., 1987.

[45] www.horiba.com (accessed July 2016).

-65-



[46] D. A. Skoog, F. J. Holler, S. R. Crouch, Principles of instrumental analysis, 6th ed., Thomson
Brooks/Cole, London, 2007.

[47] A. Markowicz, “X-ray Physics”, Handbook on X-Ray Spectrometry, chap. 1, Marcel Dekker, New York,
1992.

[48] www.xos.com (accessed July 2016).

[49] N. Gao, K. Janssens, “Polycapillary X-ray Optics”, X-Ray Spectrometry: Recent Technological
Advances, Wiley, Chichester, 2004.

[50] H. Gunzler, A. Williams, Handbook of analytical techniques, Wiley-VCH, Chichester, 2001.

[51] G. F. Knoll, Radiation detection and measurement, 4th ed., Wiley, Hoboken, New Jersey, 2010.

[52] www.cnstn.rnrt.tn (accessed July 2016).

[53] C. Can, S. Ziya Bilgici, X-Ray Spectrometry, pp. 276-279, 2003.

[54] C. M. Lederer and V. S. Shirley, Table of Isotopes, 7th Edition, John Wiley & Sons, New York, 1978.

[55] J. Beutel, H. Kundel, and R. Metter, Handbook of Medical Imaging. Volume 1. Physics and
Psychophysics. Washington: The International Society for Optical Engineering, 2000.

[56] www.bruker.com (accessed July 2016).
[57] B. Nano, M4 Tornado High performance py-XRF spectrometer, Berlim: Burker Nano GmbH, 2011.
[58] www.nanowerk.com (accessed July 2016).

[59] P. J. Custddio, M. L. Carvalho, F. Nunes, S. Pedroso, and A. Campos, “Direct analysis of human blood
(mothers and newborns) by energy dispersive X-ray fluorescence”, Journal of Trace Elements in Medicine
and Biology, vol. 19, pp. 151-158, 2005.

[60] S. Pessanha, A. Guilherme, and M. L. Carvalho, “Comparison of matrix effects on portable and
stationary XRF spectrometers for cultural heritage samples”, Appl. Phys. A Mater. Sci. Process., vol. 97,
pp. 497-505, 2009.

-66 -



APPENDIX

This section will present the spatial distribution maps of the trace elements found to be the most significant
in the previous chapter.

Due to their low concentrations or homogeneous distribution, the majority of the elements does not present
interesting maps. Only a few have associated maps on which one can observe the areas where a
determined element has higher concentration. In the case of cancerous tissues, it is possible to predict

where the malignant cells are concentrated.

In the case of P and S maps, the tissue is more distinct due to their concentrations’ values, much higher

than the rest. On the other hand Ca and Fe reveal more detailed maps, on which blood vessels are visible.

Figure 61 — 2" pair of cancerous bladder tissue.
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Figure 62 — Spatial distribution of Ca in the 2" pair of cancerous bladder tissue.

Figure 63 — Spatial distribution of S in the 2" pair of cancerous bladder tissue.
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Mosaic

Figure 64 — 3rd pair of healthy colon tissue.

Figure 65 — Spatial distribution of P in the 3rd pair of healthy colon tissue.
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Figure 66 — 2" pair of healthy lung tissue.
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Figure 67 — Spatial distribution of Fe in the 2" pair of healthy lung tissue.
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