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Gabriela Ribeiro Pereira
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Neste trabalho foi desenvolvido um sistema de microtomografia por
fluorescéncia de raios X para estudar a distribui¢ao elementar de ferro, cobre e zinco em
tecidos bioldgicos na linha de Fluorescéncia de Raios X (XRF) do Laboratorio Nacional
de Luz Sincrotron (LNLS), Campinas, Brasil. Para a excitacdo dos elementos foi
utilizado um feixe quasi-monocromatico com energia de 12 keV. Os fotons de
fluorescéncia foram detectados por um detector de HPGe, posicionado a noventa graus
em relagdo a dire¢do do feixe incidente, um detector cintilador rapido foi utilizado para
detectar os fotons transmitidos e o feixe incidente incidente foi monitorado por uma
camara de ioniza¢do. As amostras foram rotacionadas em 180° com passos de 3° e
transladadas perpendicularmente na direcdo do feixe com passos de 200 pm (tamanho
do feixe incidente). O tempo de medida para cada ponto foi avaliado separadamente
para cada amostra. A fim de estudar o desempenho do sistema, foram analisadas
algumas amostras de referéncia e as amostras bioldgicas de tecido de mama, pulmao e
de prostata foram caracterizadas. Todas as tomografias por fluorescéncia de raios X
foram reconstruidas utilizando o algoritmo de retroprojecdo filtrada com e sem corregao
de absorcdo. Os resultados da microtomografia por fluorescéncia de raios X mostraram
a distribuicdo elementar de cobre, ferro e zinco nas amostras de referéncia ¢ nas

amostras de tecido biologico.
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X-RAY FLUORESCENCE MICROTOMOGRAPHY WITH SYNCHROTRON
RADIATION IN BIOLOGICAL SAMPLES
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In this work the X-ray fluorescence microtomography was developed to study
the elemental distribution of iron, copper and zinc in biological tissues at the X-Ray
Fluorescence beamline (XRF) of the Brazilian Synchrotron Light Source (LNLS),
Campinas, Brazil. A quasi-monochromatic beam at 12 keV was used to excitation of the
elements within the samples. The fluorescence photons have been detected by a HPGe
detector, placed at 90° to the incident beam, the beam was monitored by an ionization
chamber and a fast scintillator detector was used to detect the transmitted radiation. In
one projection, samples were positioned in steps of 200 pum (actual beam size)
perpendicularly to the beam direction covering the whole transversal section of the
sample proof. Each single value in a projection is obtained by measuring the
fluorescence radiation emitted by all pixels along the beam. The object is then rotated,
and another projection is measured. Projections are obtained in steps of 3° until the
object has completed 180°. The selected measuring for each scanned point was
evaluated separately for each sample. In order to study the performance of the system,
some reference samples had been analyzed and after that human biological tissues of
breast, lung and prostate were characterized. All the x-ray fluorescence tomographies
have been reconstructed using a filtered-back projection algorithm with and without
absorpion corrections. The X-Ray microfluorescence tomography results heve shown
the elementary distribution of copper, iron and zinc in reference samples and in

biological samples.
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1 Introducéao

Em diversos centros de pesquisa em todo o mundo existe uma tendéncia de
buscar novas técnicas para o diagnéstico de céncer, principalmente a deteccdo de
patologias em estagio inicial de desenvolvimento. No Brasil, as estimativas para o ano
de 2010, apontam que ocorrerdo quase 500.000 casos novos de cancer. Os tipos mais
incidentes, a exce¢do do cancer de pele do tipo nao melanoma, serdo os canceres de
prostata e de pulmao no sexo masculino e os canceres de mama e de colo do utero no
sexo feminino, acompanhando o mesmo perfil da magnitude observada no mundo
(INCa, 2009). A técnica de fluorescéncia de raios X vem mostrando resultados
positivos na diferenciag¢do entre tecidos saudaveis e tecidos com cancer, e pode, em um

futuro proximo, se tornar uma importante ferramenta de diagndstico clinico.

A andlise por fluorescéncia de raios X ¢ uma técnica de micro analise de ampla
aplicacdo em diversas areas da quimica, medicina, biologia, meio ambiente, ciéncia dos
materiais. Ela pode ser usada para detectar e quantificar as concentracdes quimicas dos
elementos presentes na amostra analisada. Os elementos quimicos podem ser
identificados porque a radiagdo de fluorescéncia emitida pelos atomos ¢ caracteristica
da espécie quimica. A fluorescéncia de raios X também pode fornecer a informacéo
sobre a localizagdo do elemento dentro da amostra, sendo essa informagao muito precisa
em termos de andlises quantitativas. Com isso a técnica de fluorescéncia de raios X
pode ser usada para quantificar a concentracdo dos elementos dentro da amostra e mais
do que isso, ela tem sido utilizada como um método de certificagdo no campo das micro

analises.

As excelentes caracteristicas da fonte de radiacdo sincrotron: alta intensidade,
colimacao natural, feixes de foétons monocromaticos com uma largura de banda de
energia muito estreita, possibilidade de feixes bastante colimados (20 um) fazem as

fontes de radiagdo sincrotron apropriadas para aplicagdes tomograficas.

O objetivo deste trabalho ¢ unir a espectrometria por fluorescéncia de raios X e
as técnicas tomograficas para a caracterizagcdo de amostras de tecidos bioldgicos como

mama, prostata e pulmido utilizando radiagdo sincrotron. Esse objetivo abrange a



implementagdo da técnica de microtomografia por fluorescéncia de raios X utilizando
um feixe monocromatico para obtencdo da correcdo da absorcdo para obter a

concentragdo elementar ponto a ponto no mapeamento tomografico.

A fluorescéncia de raios X ¢ usada para obter a distribuicdo quimica dos
elementos enquanto que a técnica tomografica permite a quantificacdo desses elementos
em diversas camadas da amostra sem a necessidade de cortar a amostra ¢ acabar

inutilizando a amostra para realizacao de outras analises posteriores.

As técnicas de microtomografia por transmissdo de raios X e microtomografia
por fluorescéncia de raios X foram implementadas na linha de Fluorescéncia de Raios X

(XRF) do Laboratorio Nacional de Luz Sincrotron (LNLS), Campinas, Brasil.

As reconstrugdes das imagens por transmissao de raios X e por fluorescéncia de
raios X foram feitas utilizando 0 MATLAB®. As matrizes de corre¢io da tomografia
por fluorescéncia de raios X foram obtidas utilizando o programa MKCORR

desenvolvido por Brunetti et al (BRUNETTI E GOLOSIO, 2001).

A seguir, nesta tese serdo apresentados uma revisdo bibliografica do estado da
arte da técnica de microtomografia por fluorescéncia de raios X e quantificagdo de

metais em tecidos bioldgicos.

No capitulo 3 apresentam-se os fundamentos teéricos necessarios e utilizados

para o desenvolvimento deste trabalho.

Segue, no capitulo 4 a descrigdo da metodologia utilizada.

No capitulo 5 serdo apresentados os resultados obtidos com a microtomografia
por transmissdo e fluorescéncia de raios X nas amostras de referéncia e amostras de

tecido de mama, prostata e pulmdo em duas e trés dimensoes.

Finalmente, no capitulo 6 serdo apresentadas as conclusdoes e as sugestoes

obtidas ao longo de todo o trabalho.



2 Revisao bibliografica

2.1 Tomografia por fluorescéncia de raios X

Depois dos trabalhos de Cormack publicados em 1963 e 1964; Hounsfield, em
1968, desenvolveu um método chamado de tomografia computadorizada (computer
assisted tomography) baseado na transmissdo dos raios X para produzir uma imagem de
uma sec¢do transversal de uma cabega humana (HOUNSFIELD, 1973). Esse método
revolucionou nao s6 a radiografia médica, mas todo o campo de ensaios nao destrutivos
e estimulou o desenvolvimento de outras técnicas de imagem. Entre elas, estdo as
técnicas baseadas na deteccdo da radiacdo espalhada inelasticamente (tomografia
Compton) (CESAREO ET AL, 2003), na detec¢do da radiagdo espalhada
elasticamente (tomografia Rayleigh) (HARDING ET AL, 1990), imagens de amostras
muito pequenas com resolugdo de micrometro (LOPES ET AL, 2003) ¢ imagens por

ressonancia nuclear magnética (JUNIOR E YAMASHITA, 2001).

CESAREO e MASCARENHAS (1989) desenvolveram um novo tipo de
tomografia baseada na detec¢do da fluorescéncia de raios X emitida por uma amostra.
Neste trabalho foi utilizado um feixe colimado e policromatico proveniente de um tubo
de raios X. Os raios X caracteristicos emitidos a noventa graus pela amostra foram
coletados por um detector altamente colimado. A amostra foi transladada no plano x-y e
com isso a distribuicdo elementar de uma fatia do objeto pode ser determinada. Neste
trabalho foram utilizados objetos testes feitos com uma matriz de polimetacrilato
(plexiglas) e com uma solucdo interna contendo iodo em determinadas regides da
amostra. A reconstrucdo de uma sec¢do da amostra foi feita com e sem correcdo da

absorc¢do e os resultados mostraram claramente a distribuicdo do iodo na amostra.

As caracteristicas da tomografia por fluorescéncia segundo Cesareo e

Mascarenhas sdo:

» Possui melhor resolugdo por contraste comparada a tomografia por

transmissdo de raios X, porque esta envolvido o efeito fotoelétrico ao



invés do efeito Compton, como em geral em tomografia por transmissao.
Para imagens de elementos quimicos em solugdo, a sensibilidade dessa
técnica ¢ melhor que 0,1% para elementos de médio a alto nimero

atomico.

> Pode ser usada para tomografias de amostras pequenas (< 1 cm’), de
acordo com a penetracdo da radiagdo incidente ¢ o sinal de saida dos

raios X caracteristicos da amostra.

» Uma fonte muito intensa e colimada ¢ necessaria para irradiar um
pequeno elemento de volume. Por esse motivo a radiagdo sincrotron se

torna apropriada para esse tipo de técnica.

HOGAN ET AL (1991) prop6s um método matematico para reconstrugao dos
dados por tomografia por fluorescéncia de raios X com corre¢do de absor¢do. Esse
modelo faz corregdes da absor¢do antes e depois do ponto de fluorescéncia. Neste
trabalho Hogan compara os diferentes métodos de reconstru¢do. O método matematico
proposto por ele consegue remover parte da degradagdo por absor¢do. A vantagem do
método do Hogan ¢ que ndo ¢ necessario o feixe monocromatico e a tomografia por

fluorescéncia e transmissao de raios X sao obtidas simultaneamente.

YUASA ET AL (1997) descreveram um algoritmo rapido para tomografia por
fluorescéncia de raios X. A reconstruc¢ao proposta por eles envolve resolver um sistema
de equacdes algébricas cujos dados de entrada sdo as projecdes da tomografia por
fluorescéncia de raios X. Eles propdem um algoritmo de reconstrugdo baseado no
método do gradiente conjugado (CGM) com um eficiente método manipulacdo de dados
para reduzir o tamanho de memoria do computador necessadria para reconstruir as
imagens da tomografia em aproximadamente N', onde N ¢ o namero de pixels. Neste

trabalho Yuasa testa o algoritmo apenas com dados simulados.

SIMIONOVICI (2001) além de propor a reconstrucdo em duas dimensdes como
os trabalhos anteriores, ele também prop6s uma reconstrucdo em trés dimensoes. Ele fez
uma comparacdo entre dois métodos de reconstrugdo. O algoritmo de reconstrugio

algébrica (ART) e o algoritmo de retroprojecdo filtrada (FBP) e concluiu que a



retroprojecdo filtrada possui uma melhor resolugdo para tomografia por fluorescéncia de
raios X. No caso da aplicagdo em capilares preenchidos com p6d mineral, ele conseguiu
alcancar uma resolu¢do de 1,2 pm utilizando lentes focalizadoras e¢ um feixe

monocromatico de 20 keV.

SCHROER (2001) apresenta um método de reconstrugdo tentando estimar a
distribuicao do coeficiente de atenuacao para a energia de fluorescéncia. Esse método ¢é
testado para fantomas numéricos e apresenta bons resultados. Uma consideragdo
importante no método de Schroer ¢ que para amostras com baixa densidade como
amostras biologicas liofilizadas, a fluorescéncia secundaria e outros efeitos de

espalhamento sdo negligenciaveis.

BRUNETTI E GOLOSIO (2001) implementam o algoritmo proposto por
HOGAN (1991) para a tomografia por fluorescéncia com corre¢do de absor¢do ¢ fazem
novas simulagdes agora com uma amostra de referéncia com composicdo quimica

contendo solucdes padrdo de Si, Ca, Fe e Sr.

WATANABE ET AL (2001) desenvolveram um sistema de microtomografia
por fluorescéncia de raios X no sincrotron do Japao, utilizando um sistema de espelhos
e uma camara CCD para fazer a andlise elementar em tempo real. Neste trabalho, foi
analisado um objeto padrdo formado por varios cilindros de espessuras diferentes
contendo solucdes de Ni, Cu e Fe, e impurezas de Ni, Co e Fe. Os resultados mostram
uma andlise qualitativa e mostram que € possivel distinguir perfeitamente todos os

elementos.

MENEZ ET AL (2001) descrevem um estudo de um fluido aquoso, que na
verdade, sdo bolhas de liquido microscopicas presas em cristais. O fluido aquoso foi
sintetizado em um cristal de quartzo dentro de uma capsula de ouro a altas temperaturas
e pressdes. A amostra foi analisada utilizando microtomografia por fluorescéncia de
raios X no sincrotron da Franca. Os resultados demonstram a possibilidade de analisar a

distribuicdo dos metais Fe, Cu, Zn e Au na amostra sem destruir ou danificar a amostra.

VINCZE ET AL (2002a) fazem um estudo em objetos testes cilindricos com

uma matriz composta por poliacrilato com alguns furos que foram preenchidos com



alguns elementos terras raras (La, Pr, Sm, Gd, Dy, Er, Yb). Neste trabalho foi possivel
visualizar a distribui¢do dos elementos terras raras devido a utilizacdo de um

monocromador multicamadas (multilayer) produzindo fétons com energia de 71,5 keV.

Em VINCZE ET AL (2002b), os autores investigam a distribuigdo de
contaminantes em particulas sedimentares do porto de Nova York/Nova Jersey por
microtomografia por fluorescéncia de raios X. O conhecimento dessa distribui¢do €
necessario para permitir o desenvolvimento de métodos mais refinados de limpeza dos
sedimentos. O tamanho das particulas é da ordem de 30-80 pm. Devido a baixa
concentracdo dos elementos de interesse, ¢ entdo utilizado a radia¢do sincrotron para
excitacdo das particulas. O feixe utilizado ¢ monocromatico em 13 keV e ¢ utilizado um
capilar para obter um feixe de 2 um. Os elementos detectados foram Ti, Cr, Mn, Fe, Ni

eZn.

CHUKALINA ET AL (2002) apresentam um método semi-quantitativo para
reconstrucdo das imagens por microtomografia por fluorescéncia de raios X. O método
utilizado para reconstrug¢do bidimensional ¢ o método de reconstrucdo algébrico (ART).
Sdo apresentados os resultados para uma amostra de resina que ¢ usada como substrato

em experimentos de ICP/Plasma.

Em CESAREO ET AL (2003), os autores descrevem um sistema multi-
tomografico para tomografia computadorizada que usa os raios X transmitidos,
espalhados e por fluorescéncia para fazer imagens do objeto de interesse. Os resultados
mostraram que a intensidade dos fotons transmitidos €, aproximadamente, duas ordens
de magnitude maior que para tomografia Compton, tomografia Rayleigh e tomografia
por fluorescéncia de raios X. O que implica um maior tempo para aquisi¢do da
tomografia Compton e Rayleigh. Comparando os métodos eles chegaram a conclusdo

que:

» A tomografia por transmissdo ¢ claramente a técnica de imagem por raios X
mais utilizada. Porém essa técnica possui limitacdes que estdo relacionadas com
grandes amostras que ndo sdo atravessadas por raios X ou raios gama, ou
amostras que ndo sdo acessiveis de ambos os lados ou ndo podem ser movidas

até o sistema fonte-detector. Além disso, essa técnica perde em contraste se o



material sob inspecao possui apenas materiais de nlimero atdomico similar.

A tomografia Compton pode ser aplicada em casos em que a amostra nao ¢
acessivel dos dois lados e, para imagens de parte de amostras grandes. A
tomografia Compton pode dar um melhor resultado em caso de fraturas em

amostras de baixa densidade.

A tomografia por difragdo ou Rayleigh pode ser extremamente util para imagens
de estruturas cristalinas, e pode ser usada como um tipo de impressao digital ou
para detectar contaminantes em um dado objeto, como no caso da deteccdo de

explosivos em bagagem.
A tomografia por fluorescéncia de raios X pode ser util para identificacdo e
mapeamento de elementos com nimero atdmico médio a alto, em matrizes de

baixa densidade e ¢ especialmente aplicada para pequenas amostras.

GOLOSIO ET AL (2003) propdem uma analise elementar de um grao de um

meteorito de marte (NWAR817) através da combinagdo de trés técnicas tomograficas:

fluorescéncia de raios X, Compton e transmissdo de raios X. Os resultados devido a

combinagdo das técnicas mostraram a distribuigdo interna dos elementos com Z > 15 em

termos da densidade e da fracdo de massa. Além disso, essas técnicas fornecem uma

informacdo global da distribuicdo interna espacial dos elementos leves (Z<15) em

termos da densidade total.

NAGHEGOLFEIZI ET AL (2003) apresentam a aplicagdo da microtomografia

por fluorescéncia de raios X em particulas combustiveis TRISO SiC usadas em reatores

nucleares. Neste mesmo trabalho ¢ feita uma comparagdo entre a microtomografia por

transmissdo e por fluorescéncia de raios X e os seguintes resultados sdo obtidos:

» A microtomografia por transmissao ¢ mais rapida;

» A microtomografia por fluorescéncia de raios X tem razdo sinal-ruido melhor

para elementos tracos;



» A tomografia por fluorescéncia de raios X ¢ cem a mil vezes mais sensivel a

distribuicao elementar que a tomografia por transmissao.

» Duas desvantagens da fluorescéncia de raios X s@o a possibilidade de sobrepor
as linhas de fluorescéncia de raios X e de saturar o detector com uma linha de

fluorescéncia de raios X muito intensa.

E importante ressaltar que esse trabalho do Naghegolfeizi foi o primeiro trabalho
que além de mostrar a distribuicdo elementar, mostrou a concentragdo ponto a ponto na
amostra. Até entdo, mesmo os trabalhos com dados simulados ndo tinham mostrado se

realmente conseguiram recuperar os valores de concentragao.

TAKEDA (2005) apresenta uma analise de amostras bioldgicas utilizando duas
técnicas diferentes: contraste de fase e tomografia por fluorescéncia de raios X. A
técnica de contraste de fase revela detalhes na morfologia como o cancer ou detalhes
nas estruturas dos orgdos, enquanto a tomografia por fluorescéncia de raios X da o

mapeamento dos elementos na amostra.

CHUKALINA ET AL (2007) neste trabalho comparam a tomografia por
fluorescencia com dois setups diferentes, utilizando o colimador confocal e sem o
colimador confocal. A grande vantagem encontrada com o colimador confocal ¢ a
possibilidade de analisar pequenos volumes em uma amostra grande através de um

“scanning” parcial.

FELDKAMP ET AL (2007) desenvolveram um sistema de microtomografia
por fluorescéncia de raios X com um tubo microfocus utilizando capilares opticos para
alcancar um feixe com espessura de 16 pm. Neste trabalho, foram analisadas plantas

liofilizadas. Os resultados mostram uma analise qualitativa dos elementos K, Ca, Fe ¢

Rb.

SAMBER ET AL (2008) apresenta uma analise de uma amostra de Daphnia
magna, que ¢ microcrustaceo de dgua doce, com cerca de 1.5 mm de comprimento. O
experimento de microtomogarfia por fluorescéncia de raios X foi realizado no

sincrotron de HASYLAB na Alemanha e teve como caracteristica uma energia de 20,7



keV para um feixe com 15 pm de espessura. Os resultados mostram uma analise
qualitativa dos elementos Ca, Fe e Zn em trés dimensdes. As imagens foram

reconstruidas utilizando o algoritmo de retro projecao filtrada.

TAKEUCHI ET AL (2009a) desenvolveram um sistema de microtomografia
por fluorescéncia de raios X confocal no sincrotron do Japao. Neste trabalho, foram
analisadas inclusdes metalicas em diamantes artificiais. Com o mesmo sistema,
TAKEUCHI ET AL (2009b) analisou um micrometeorito da antartica e uma malha de
cobre. Os resultados mostram uma analise qualitativa do elemento ferro na amostra de

meteorito € do cobre na malha.

2.2 Quantificacdo dos elementos tracos Zn, Cu e Fe

em tecidos bioldgicos

O interesse pelos elementos ferro, cobre e zinco vem acompanhando o interesse
mundial em investigar elementos tragos em amostras de tecido. Particularmente, zinco e
cobre fazem parte de reacdes enzimaticas oxidativas. A respeito do ferro, mudangas na
sua concentracdo devem ser associadas a vasculariza¢do e o aumento do suprimento do

sangue para o crescimento de tumores.

A bioquimica do ferro, cobre e do zinco sugere que esses metais podem ter um
importante papel na carcinogenesis. Um grande numero de estudos examinou a relagdo
entre esses metais e o risco de cancer em humanos e muitas relagdes significantes foram

encontradas (WU ET AL, 2004).

WU ET AL (2004) apresentam um estudo em plasma sanguineo com 3000
homens e 3244 mulheres. Esse estudo indica que pessoas com alto nivel de ferro ou
cobre no plasma sanguineo tem um alto risco de morrer por cancer, mas que existem
diferencas entre os sexos que devem ser estudadas. Uma relagdo entre o nivel de zinco
no plasma e o risco de cancer ndo foi conclusiva. Os numeros obtidos sugerem que as
concentragdes de ferro, cobre e zinco no plasma podem ser uma importante causa do

cancer.



A justificacdo fisiologica relacionada com a concentragdo elementar e o cancer
sdo muitas de acordo com as varias fungdes dos elementos, particularmente, elementos
tragos. O ferro, cobre e zinco ndo podem ser somente associados com fungdes que
protegem o corpo da doenca, mas também com processos que facilitam a sua
propagacao. Por exemplo, cobre e zinco agem como catalisadores para enzimas
antioxidantes que tem o papel de defender o organismos humano contra a doenga.
Inversamente, o cobre pode agir como catalizador para produgdo dos radicais hidroxil
que estdo relacionados com a destruicdo do tecido. O ferro pode estar associado com o
cancer de mama porque ¢ o regulador para a producdo de sitios de suprimentos de
sangue, que sdo aumentados em areas de tumor de mama. O zinco ¢ um cofator
(estrutura quimica que € necessaria para atividade de uma enzima) para o grupo de
anidrases carbonicas, enzimas que estdo relacionadas com a hipoxia (deficiéncia de
oxigénio), que ¢ um dos indicadores de prognéstico de cancer de mama (GERAKI ET

AL, 2004a).

Esses efeitos ndo sdo exclusivos de elementos com concentracdo muito baixa. A
diferenca de potassio, que € um elemento majoritario, entre amostras de tecido saudavel
e doente pode ser simplesmente o resultado do fato que a composigdo intracelular entre
esses tecidos varia e o potassio ¢ um dos mais abundantes elementos intracelular. A
necessidade de crescimento do tumor pode permitir o acimulo de nutrientes, portanto

um aumento dos niveis dos elementos principais nas proximidades da lesdo ¢ esperado.

Entretanto, ¢ dificil determinar qual desses efeitos envolvendo esses elementos
prevalece na criagdo, desenvolvimento ou defesa contra o cancer. Um fato ¢ que todos
os estudos de niveis dos elementos em tecido saudaveis e doentes reportam que existe
um aumento na concentracdo para a maioria dos elementos nas células tumorais. Na
literatura, consideraveis discrepancias existem entre o nivel de quantificacdo da
concentracdo dos elementos, refletindo em parte as significantes dificuldades e
incertezas envolvendo esse tipo de analise. Dificuldades que envolvem desde a retirada

da amostra a0 método de quantificacao.

Durante o procedimento de suspeita de cancer, uma parte do tecido ¢ retirada do

paciente ¢ passada para o histopatologista para a devida analise. A analise requer uma
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cuidadosa preparacao das amostras de tecido que serdo analisados por microscopia para
obter os parametros de prognostico como tamanho do tumor, tipo e classe. Um
parametro importante na classificacdo dos tecidos é a quantificacdo dos elementos
constituintes da amostra. A interpretagdo histopatologica requer um modelo de
reconhecimento especializado, isto €, requer muita pericia, que s6 pode ser adquirida
através de muitos anos de aprendizado com base na analise qualitativa da amostra de

tecido. Esse € um processo dependente do observador.

Com relacdo a medida de concentracdo elementar em amostras de tecido de
mama, o aumento nas concentracdes elementares para as amostras de tumor foi
reportada por um amplo intervalo de elementos. Para o método de analise por ativagdo
de néutrons (AAN) aplicado a tecidos de mama com alguma doenga e sadios, GARG
ET AL (1994) e NG ET AL (1997) estudaram amostras pareadas de tecido de mama
(saudavel e tumoral), enquanto que KANIAS ET AL (1994) comparou células de
tumores malignos e benignos. Uma caracteristica indesejavel dessa técnica ¢ a
destruicdo das amostras de tecido devido a um fluxo de néutrons de aproximadamente
10" néutrons cm™ s”'. Entdo, se uma sériec de medidas envolvendo algumas técnicas
analiticas € necessaria, como, por exemplo, utilizar a difragdo de raios X em adigdo a
investigagdo da concentracdo dos elementos, a analise por ativagdo de n€utrons ndo

podera ser utilizada.

Com relagdo a técnica de fluorescéncia de raios X e de difracdo de raios X para
analisar amostras de tecido de mama, em GERAKI ET AL (2002), os autores
avaliaram oitenta amostras de tecido de mama, sendo que vinte amostras foram retiradas
em par, isto €, vinte amostras de tumores com vinte correspondentes amostras de tecidos
sadios. As outras quarenta amostras consistem em vinte amostras de tumor e vinte
amostras de tecido saudavel provenientes de cirurgias de reducdo de mama. A andlise
estatistica dos resultados obtidos usando a técnica de fluorescéncia de raios X indicou
elevacdo nos niveis de concentracdo dos elementos zinco, cobre e ferro nas amostras
tumorais. O efeito foi mais proeminente para cobre e ferro. Os valores obtidos por

Geraki estdo apresentados na Tabela 2.1.
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Tabela 2.1 — Resultados da anélise de amostras de tecidos de mama de Geraki et

al (2002).
Amostras Pareadas Amostras Independentes
Média (ug/qg) Saudaveis tumorais saudaveis tumorais
Fe 11,58 18,84 6,06 16,40
Cu 0,29 0,89 0,24 0,86
Zn 2,68 6,53 1,69 7,38
Mediana (ug/g)
Fe 8,37 18,47 3,01 10,19
Cu 0,26 0,78 0,2 0,84
Zn 2,12 4,89 1,49 7,73

FARQHARSON e GERAKI (2004) apresentam um estudo das concentragdes
de potassio, ferro, cobre e zinco em 77 tecidos de mama, sendo 38 classificados como
saudavel e 39 doentes, usando a técnica de fluorescéncia de raios X. Os perfis de
espalhamento coerente foram medidos usando difracdo de raios X para estimar a
propor¢ao de tecido adiposo e fibroso em cada amostra. Neste artigo eles encontraram
uma maior concentragdo dos metais ferro, cobre e zinco, nos tecidos doentes em relagao

aos tecidos saudaveis. Os valores obtidos por Farquarson e Geraki estdo apresentados na

Tabela 2.2.

Tabela 2.2 — Resultados da andalise de amostras de tecidos de mama de

Farquarson e Geraki (2004).

Amostras Independentes
Média (ug/g) saudaveis tumorais
K 163 512
Fe 8,82 17,62
Cu 0,27 0,88
Zn 2,19 6,96
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GERAKI ET AL (2004a) apresentam novos resultados sobre a concentragdo de
Fe, Cu, Zn e K em amostras de tecido de mama doentes e saudaveis usando a técnica de
fluorescéncia de raios X e de difragdo de raios X. Foram analisadas 120 amostras
incluindo 37 pareadas de tecido saudavel e doente. A analise estatistica das
concentragdes elementares dos diferentes grupos mostram que os quatro elementos sao
obtidos em nivel elevado nas amostras de tumor. O aumento ¢ menos pronunciado para
Fe e Cu e mais para K e Zn. Os valores obtidos por Geraki estdo apresentados na Tabela

2.3.

Tabela 2.3 — Resultados da anélise de amostras de tecidos de mama de Geraki et

al (2004a).

Amostras
Mediana (ng/g) Amostras Pareadas independentes
saudaveis tumorais saudaveis
K 224 952 168
Fe 7,71 15,49 2,55
Cu 0,27 0,86 0,19
Zn 1,69 7,12 1,44

Neste outro trabalho, GERAKI ET AL (2004b) analisaram 80 amostras, sendo
20 amostras pareadas, de tecido de mama saudaveis e cancerigenas usando a técnica de
fluorescéncia de raios X para quantificar os niveis de Fe, Cu, Zn e K. Os valores obtidos

por Geraki estdo apresentados na Tabela 2.4.
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Tabela 2.4 — Resultados da anélise de amostras de tecidos de mama de Geraki et

al (2002).
Amostras Pareadas Amostras Independentes
Média (ug/g) saudaveis tumorais saudaveis tumorais
K 438 1112 210 1032
Fe 14,1 21,7 7,0 18,8
Cu 0,33 0,96 0,29 0,95
Zn 2,9 6,9 1,8 7,7
Mediana (ug/g)
K 390 1049 264 1003
Fe 10 21,4 3,3 15,9
Cu 0,3 0,85 0,29 0,95
Zn 2,3 5,2 1,7 7,2

RAJU ET AL (2006) apresentam um estudo das concentrag¢des de Cl, K, Ca, Ti,

Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Rb e Sr para tecido de mama normal e tumor usando

Emiss@o de Raios X Induzida por Proton (PIXE). Para os elementos Cl, Ca, Cr, Fe, Cu,

Zn, As, Se, Br, Rb ¢ Sr, os resultados indicam um aumento da concentracdo desses

elementos no tecido cancerigeno, ¢ para os elementos K, Ti, Ni nenhum resultado

significante foi obtido. Os valores obtidos por Raju estdo apresentados na Tabela 2.5.
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Tabela 2.5 — Resultados da analise de amostras de tecidos de mama de Raju et

al (2006). Os valores de concentracdo estdo em pg/g.

Elementos Normal Cancer Valor p
Cl 3999,9 £ 267,46 | 6815,45 + 664,58 0,0005
K 1381,05 352,25 | 1550,77 + 362,89 0,4008
Ca 157,16 + 11,81 480,25 + 32,75 0,0117
Ti 14,38 £2,79 15,96 +2,20 0,3491
Cr 31,97 £ 7,45 52,70 £ 7,08 0,0012
Mn 18,05 + 2,23 17,29 £4,91 0,3794
Fe 299,53 + 21,22 376,32 £ 29,32 0,0084
Ni 7,44 £ 1,70 8,57+2,24 0,3720
Cu 42,00 + 6,87 60,71 £ 18,21 0,0065
Zn 56,19 + 5,79 126,23 £ 12,72 0,0005
As 2,57+1,48 4,12+ 1,64 0,0187
Se 0,66 = 0,08 1,32+0,49 0,0340
Br 9,03 +2,22 16,51 + 8,81 0,0016
Rb 12,45 +4,39 22,27 +10,02 0,0007
Sr 6,73 + 3,78 13,71 + 6,60 0,0019

MAGALHAES ET AL (2006) mostram um estudo da distribui¢io elementar de
P, S, Cl, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, I ¢ Pb em tecidos normais e
cancerigenos de colon, mama e utero. A conclusdo deste trabalho foi que para os
elementos P, S, K, Ca, Fe ¢ Cu houve um aumento da concentracdo nos tecidos
cancerigenos. Para Zn e Br houve diminuicdo da concentragao para os tecidos

cancerigenos.

KUBALA-KUKUS ET AL (2007) apresentam os resultados para a analise
elementar por Fluorescéncia de Raios X por Reflexdo Total (TXRF) de 100 amostras de
tecido de mama, sendo 26 cancer ¢ 68 tumores benignos. Os elementos analisados
foram P, S, Ca, Cr, Fe, Ni, Cu, Zn, Ge, Se, Rb, Pb. Os resultados obtidos por Kubala-

Kukus estdo apresentados na Tabela 2.6. O estudo comparativo mostrou maior
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concentragdo dos elementos tracos nas amostras de cancer.

Tabela 2.6 — Resultados da andlise de amostras de tecidos de mama de Kukus et

al (2007). Os valores de concentracdo estdo em pug/g.

Média (ng/g) Mediana (pg/g)
Média (ug/g) maligno benigno maligno menigno

P 586 +416 236 + 188 613 164

843 + 50,9 614 +29 835 587
K 182 +23,1 72,3+ 68,5 157 43,5
Ca 185+ 45 63,9+3,6 124 64,4
Cr 0,219+ 0,171 0,169 = 0,139 0,138 0,119
Fe 23,6 £5,17 13,3+1,68 15,3 8,63
Ni 0,160 £0,136 | 0,097 +0,091 0,087 0,046
Cu 0,969 + 0,134 1,2+0,109 0,760 0,940
Zn 6,43 + 0,767 5,43 +£ 0,323 5,81 5,17
Ge 0,166 + 0,099 0,137 +£0,078 0,112 0,119
Se 0,156 0,075 0,103 £ 0,049 0,144 0,074
Rb 0,257 +£0,123 0,135 +0,070 0,249 0,091
Pb 0,335 +0,289 0,227 +£0,195 0,171 0,170

CARVALHO ET AL (2007) mostram um estudo comparativo utilizando
Fluorescéncia de Raios X por Dispersao de Energia (EDXRF), TXRF, Radiacao
synchrotron induzindo emissdo de raios X e PIXE para analisar amostras de tecido de
mama, pulmao, intestino, prostata, itero e plasma sanguineo saudaveis e cancerigenos.
Analisando os resultados obtidos, para Carvalho é obvio a importancia dos elementos
tragos no cancer. Para amostra de mama, K, Fe, Cu, Zn, ¢ Br tiveram um aumento
significativo para o cancer em comparagdo com o tecido saudavel. J& para as amostras
de intestino, os elementos que tiveram aumento nas amostras de cancer foram Si, P, K,
Ni, Cu. O Br apresentou uma redugao de concentragdo em relagdo ao tecido saudavel.
Para as amostras de prostata os elementos com maior tendéncia de aumento nas

amostras tumorais foram Mn, Co, Ni, Cu e Zn.
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MAJEWSKA ET AL (2007) apresentam os resultados para a analise elementar
por Fluorescéncia de Raios X por Reflexdo Total (TXRF) para tecidos malignos e
benignos de mama, pulméo e colon. Foi encontrada diferenca estatistica entre tecidos
cancerosos € ndo cancerosos de amostras pareadas para os elementos Fe e Se nas
amostras de tecido de mama, Cu e Zn nas amostras de tecidos pulmonares e Zn nas

amostras de tecido de colon.

SILVA ET AL (2008) mostram um estudo da distribui¢do elementar de Ca, Fe,
Cu, Zn em 26 tecidos normais e 26 tecidos cancerigenos de mama no mesmo paciente
através da Fluorescéncia de raios X utilizando radiacdo sincrotron. A conclusido deste
trabalho foi que para esses elementos houve um aumento na sua concentracdo nos
tecidos cancerigenos quando comparados com os niveis de concentracdo nos tecidos
saudaveis. Também foi observado que existe uma relacdo entre cobre e ferro,
confirmando a hipdtese de que ambos aumentam a atividade celular e o suprimento de

sangue na formacao de neoplasias em tecidos de mama.

FARQHARSON ET AL (2009) apresentam um estudo das concentragdes de
zinco em 59 amostras de tecidos de cincer de mama, sendo 34 com receptor para
estrogénio positivo e 25 para receptor de estrogénio negativo. Foi utilizada a técnica de
fluorescéncia de raios X utilizando radiacdo sincrotron para avaliar as concentragoes.
Neste artigo eles encontraram um nivel de zinco cerca de 80% maior nos tecidos com
receptor positivo para estrogénio comparado com os niveis de zinco para os tecidos com

receptor negativo.

SILVA ET AL (2009) apresentam os resultados para a analise elementar por
Fluorescéncia de Raios X por Reflexdo Total (TXRF) de 83 amostras de tecido de
mama. Os elementos analisados foram Ca, Ti, Fe, Cu ¢ Zn. O estudo comparativo
mostrou maior concentra¢do dos elementos Ca, Fe, Cu e Zn nas amostras de tumores
benignos e malignos comparadas com o tecido saudavel. Mas entre os tumores, o ferro
teve uma concentracdo mais elevada nas amostras malignas enquanto cobre, calcio e

zinco obtiveram uma concentragdo maior nas amostras de tumor benigno.

KWIATEK ET AL (2007) mostram uma analise dos tecidos de prostata
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classificados como hiperplasia (HPB) utilizando radia¢do sincrotron. Os elementos
analisados foram S, Mn, Cu, Fe e Zn. Os resultados mostraram que Mn, Cu, Fe e Zn
possuem niveis mais altos na HPB comparados com tecidos saudaveis. O que ndo
acontece para o S que possui maior concentragdo no tecido saudavel. A Figura 2.1

mostra a razao da concentragdo desses elementos entre HPB e os tecidos saudaveis.
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Figura 2.1 — Gréfico com a razéo da concentracdo enre Fe, Cu, Mn, Zn e S entre

HPB e tecidos saudaveis.

VARTSKY ET AL (2003) apresentam um estudo do teste Antigeno Prostatico
Especifico (PSA) e dos niveis de zinco na prostata retirada de 28 pacientes. Foi obtido
uma relagdo entre o nivel de Zn na préstata e no nivel de PSA no sangue que ajuda a
diagnosticar o cancer de prostata e a HPB. A Tabela 2.7 apresenta os resultados da

concentracdo de Zn na prostata utilizando XRF.

Tabela 2.7 — Resultados da analise de amostras de tecidos de prostata de
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Vartsky et al (2003).

Diagnostico Zn (pg/gm)
HPB 120
HPB 58
HPB 56
HPB 111
HPB 35
HPB 7
HPB 85
HPB 92
HPB 72
HPB 69
HPB 72
HPB 173
HPB 204
HPB 157
HPB 139
HPB 329
HPB 106

Cancer 36
Cancer 15
Cancer 46
Cancer 49
Cancer 71

HPB/Céancer 46

HPB/Céancer 143

HPB/Céancer 54

HPB/Céancer 351

ZAICHICK (2004) apresenta os resultados de analise por ativagao de néutrons e
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fluorescéncia por dispersdo de energia, para concentracdo de Zn em prostata saudaveis.
Foram analisadas 87 prostatas saudaveis de homens de 5 dias a 87 anos de idade. Os
resultados mostraram um aumento nivel de Zn para maiores de 40 anos. A Tabela 2.8

mostra os resultados obtidos por Zaichick.

Tabela 2.8 — Resultados da concentragdo de Zn em prostata saudaveis obtidos

por Zaichick (2004).
Idade (anos) Média (mg/kg)

Abaixo del ano 0,34+0,12
2-13 6,1 £1,3
14-20 17,1 £0,8
21-30 26,4 +0,7
14-30 23,6 +1,1
31-40 35,8+0,9
41-45 43,9+0,3
46-50 49,4+ 0,4
51-55 53,3+0,7
56-65 61,1 +0,9
70-87 77,0+ 3.9

YAMAN ET AL (2005) apresentam uma comparacgdo entre a concentragdo de
elementos tracos Cd, Ni, Zn, Cu, Fe, Mg ¢ Ca em tumores de prostata benignos e
malignos utilizando espectrometria por absor¢do atdmica. Os resultados mostram uma
alta concentragcdo de Cd nos dois tipos de tecido. Ja para os elementos Ni, Zn, Fe, Cu,
Mg e Ca obteve-se uma maior concentra¢do no tumor maligno. A Tabela 2.9 mostra os

resultados obtidos por Yaman.

Tabela 2.9 — Resultados da analise de amostras de tecidos de prostata de
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Yaman (2005).

Elementos Malignos Benignos
Cd (ng/g) 69 £ 29 79 +£40
Ni (ng/g) 473 £310 267 + 203
Cu (mg/kg) 0,8+0,6 0,6+0,2
Zn (mg/kg) 68 £31 47 +15
Fe (mg/kg) 30 +£21 18+9
Mg (mg/kg) 210+ 144 144 + 64
Ca (mg/kg) 1441 + 646 787 £ 675

PODGORCZYK ET AL (2008) apresentam uma comparagdo entre a
concentracdo de zinco em amostra de tecido de prostata saudavel, com céncer e com
HPB utilizando a técnica de fluorescéncia de raios X com radia¢do sincrotron. Os
resultados mostram uma tendéncia a baixa concentracdo de zinco no cancer comparada
com o tecido saudavel de prostata e por outro lado, um aumento da concentragdo de

zinco nas amostras de HPB em relacdo ao tecido saudéavel de prostata.

SAPOTA ET AL (2009) apresenta os resultados de uma analise por
espectrometria por absor¢do atdmica e fluorescéncia de raios X, para obter a
concentragdo de Zn, Cu, Ca, Mg ¢ Se em amostras de prostata saudavel, com HPB e
com cancer. Os resultados mostraram um aumento da concentracdo de Zn nas amostras
de HPB e ao mesmo tempo uma reducdo da concentragdo de zinco em amostras de

cancer. Foram analisadas 67 prostatas, sendo 27 com HPB, 29 cancer e 11 saudaveis.
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3 Fundamentos tedricos

3.1 O Tecido de Mama

O cancer de mama ¢ provavelmente o mais temido pelas mulheres, devido a sua
alta freqii€ncia e, sobretudo pelos seus efeitos psicologicos, que afetam a percep¢do da
sexualidade e a propria imagem pessoal. Ele ¢é relativamente raro antes dos 35 anos de

idade, mas acima desta faixa etaria sua incidéncia cresce rapida e progressivamente.

Este tipo de cancer representa nos paises ocidentais uma das principais causas de
morte em mulheres. As estatisticas indicam o aumento de sua freqiiéncia tantos nos
paises desenvolvidos quanto nos paises em desenvolvimento. Segundo a Organizagéo
Mundial da Saade (OMS), nas décadas de 60 e 70 registrou-se um aumento de 10 vezes
nas taxas de incidéncia ajustadas por idade nos Registros de Cancer de Base

Populacional de diversos continentes.

No Brasil, o cancer de mama € o que mais causa mortes entre as mulheres. De
acordo com a Estimativa de Incidéncia de Cancer no Brasil para 2010, o numero de
casos novos de cancer de mama esperados no Brasil em 2010 ¢ de 49.240, com um risco

estimado de 49 casos a cada 100 mil mulheres (INCa, 2009).

Entre as mulheres também ha diferencas regionais. A taxa bruta para o cancer de
mama no Sul (64,3%) e no Sudeste (64,5%) ¢ praticamente o dobro da esperada para o

Nordeste (30,1%) e o Centro-Oeste (37,7%) (INCa, 2009).

Apesar de ser considerado um cancer de relativamente bom progndstico, se
diagnosticado e tratado oportunamente, as taxas de mortalidade por cancer de mama
continuam elevadas no Brasil, muito provavelmente porque a doenca ainda ¢

diagnosticada em estadios avangados.
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3.1.1 Anatomia e Fisiologia

Anatomicamente a mama pode ser subdividida nas seguintes estruturas:

LOBO: a mama humana contém de 15 a 18 lobos. Cada lobo tem um ducto

principal que se abre no mamilo.

UNIDADE DUCTAL TERMINAL: ramos do ducto principal formam a
unidade ductal terminal do l6bulo, que consiste nos ductos terminais extra e

intralobular (Figura 3.1f).

LOBULO: o ducto intralobular terminal e os ductos apresentam revestimento
especial, e ao perder o tecido conectivo formam um lébulo (Figuras 3.1i e 3.2j).
Em alguns textos um grupo de ductulos corresponde ao Acino. Os ductos

terminais extra e intralobulares podem ser identificados por duas caracteristicas:

v O ducto terminal extralobular ¢ revestido por tecido elastico, enquanto o
intralobular e os ductulos nao.
v" O ducto terminal extralobular é coberto por células colmares, enquanto o

ducto terminal intralobular contém células culdides.

Os detalhes anatomicos sdo importantes, uma vez que certas doengas mamarias
desenvolvem-se em localizacdes anatomicas especificas (MAGALHAES ET AL,
2005).

As principais situagdes clinicas que mais frequentemente afetam a mama sao:

Carcionama ductal em situ
Carcinoma ductal infiltrante
Carcinoma lobular infiltrante

Fibroaenomas multiplos (tumor benigno)

AN NN

Componentes de doenca fibrocistica (cistos, metaplasia apocrina, varias

formas de adenoses e epiteliose). (tumor benigno)
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Figura 3.1 - Esquema da mama: Vista anterolateral (MAGALHAES ET AL, 2005).

a) Clavicula
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d) Parede peitoral

e) Musculo intercostal
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g) Pulmao
i) Lébulo
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Figura 3.2 - Esquema da mama: Vista sagital (MAGALHAES ET AL, 2005).

3.2 O Tecido de Prostata

O cancer de prostata ¢ a segunda causa de 6bitos por cancer em homens, sendo
superado apenas pelo de pulmdo. Para 2010, estima-se a ocorréncia de 52.350 casos

novos para este tipo de cancer (INCa, 2009).
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Em termos de valores absolutos, o cancer de prostata € o sexto tipo de cancer
mais comum no mundo e o mais prevalente em homens, representando cerca de 10% do
total de cancer. As taxas de incidéncia deste tipo de cancer sdo cerca de seis vezes

maiores nos paises desenvolvidos comparados aos paises em desenvolvimento.

Mais do que qualquer outro tipo de cancer, este ¢ considerado o cancer da
terceira idade, uma vez que cerca de trés quartos dos casos no mundo ocorrem a partir
dos 65 anos. O aumento que vem sendo observado nas taxas de incidéncia pode ter sido
influenciado especialmente em regides onde o rastreamento através do teste Antigeno

Prostatico Especifico é comum.

A mortalidade por cancer de prostata ¢ relativamente baixa, o que reflete, em
parte, seu bom prognéstico. As taxas sao 2,5 maiores nos paises desenvolvidos,
comparado aos paises em desenvolvimento em certas regides do mundo, tendo uma
razdo mortalidade/ incidéncia variando de 0,13 na América do Norte a 0,80 na Africa. A

sobrevida média mundial estimada em cinco anos € de 58%.
3.2.1 Anatomia e Fisiologia

A prostata ¢ uma glandula exclusiva do homem, em forma de castanha, colocada
debaixo da bexiga e em frente do reto. A uretra (canal por onde sai a urina) atravessa-a
pelo centro, de forma que a urina sai da bexiga atravessando a prostata. Os canais
ejaculadores transportam os espermatozodides (produzidos nos testiculos) e o sémen
(produzido nas vesiculas seminais). Estes canais ejaculadores atravessam a prostata

desde a sua parte posteior até a uretra. Através da prostata passam:

e A uretra (transporta a urina).

e Os canais ejaculadores (transportam espermatozoides e o sémen).
Durante a infancia, esta glandula é pequena, ¢ aumenta de volume até atingir o

seu volume normal durante a puberdade. No adulto, em condi¢des normais, tem,

aproximadamente as seguintes dimensdes: 4 cm de largura, 2,5 cm de espessura e 3 cm
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de comprimento, com peso médio de 20gr. A Figura 3.3 mostra um esquema da

prostata.

Nodulos Linfaticos

‘ /5 Uretra

Figura 3.3 - Esquema da prostata (NCI, 2009).
A certa altura da vida, geralmente a partir dos 40 anos, inicia-se, no interior da
glandula prostatica, um crescimento chamado hiperplasia benigna ou adenoma da

prostata.

A prostata divide-se em 4 zonas prostaticas diferentes que possuem grande

importancia morfologica, funcional e patologica:
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1. Estroma fibromuscular anterior: ¢ uma zona sem glandulas que
corresponde a 30% do tecido prostatico total e cobre a face anterior da
prostata glandular.

2. Zona periférica: constitui 70% da propor¢ao glandular da prostata. A este
nivel desenvolvem-se 70- 80% dos canceres da prostata.

3. Zona central: ocupa aproximadamente 25% da prostata glandular. Nesta
zona originam-se s6 10% dos canceres da prostata.

4. Zona de transicao, ou tecido pré-prostatico: dispde-se ao redor da uretra e
a sua fun¢do € evitar que o sémen passe a bexiga durante a ejaculacdo.
Representa 5-10% da prostata a juventude. Posteriormente, a partir dos
40 anos, esta zona de transicdo cresce progressivamente, tendo lugar o

desenvolvimento da hiperplasia benigna prostatica (HBP).

As trés situagdes clinicas que mais frequentemente afetam a préstata sao:

e Hiperplasia Benigna da Prostata (HBP) — Consiste num crescimento
benigno da prostata. A partir dos 40-50 anos, a prostata pode crescer
rapidamente, desenvolvendo-se a hiperplasia benigna prostatica, que €

um tumor benigno mais comum nos homens.

e Prostatite — A prostatite deve-se ao estado inflamatdrio ou infeccioso
da prostata.
e Carcinoma da Prostata — E o segundo caso de cancer mais freqiiente

em homens.

3.3 O Tecido de Pulmao

O cancer de pulmdo ¢ o mais comum de todos os tumores malignos,
apresentando um aumento por ano de 2% na sua incidéncia mundial. Em 90% dos casos
diagnosticados esta associado ao consumo de derivados de tabaco. No Brasil, o cancer
de pulmao foi responsavel por 14.715 6bitos em 2000, sendo o tipo de cancer que mais

fez vitimas (INCa, 2009).
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O namero estimado de novos casos de cancer de pulmdo no Brasil em 2010 ¢ de
17.800 entre homens e de 9.830 nas mulheres (risco estimado de 18 casos novos a cada
100 mil homens e 10 a cada 100 mil mulheres). Sem considerar os tumores de pele nao-
melanoma, o cancer de pulmido em homens ¢ o segundo mais frequente no Sul
(35/100.000), Sudeste (21/100.000) e Centro-Oeste (16/100.000). Nas regides Nordeste
(9/100.000) e Norte (8/100.000) € o terceiro mais comum. Entre as mulheres, ¢ o quarto
mais frequente no Sul, Sudeste, Centro-Oeste e Norte (INCa, 2009).

3.3.1 Anatomia e Fisiologia

Os pulmdes do ser humano sdo 6rgdos do sistema respiratorio, responsaveis
pelas trocas gasosas entre o ambiente e o sangue. Sao dois 6rgdos de forma piramidal,
de consisténcia esponjosa medindo mais ou menos 25 cm de comprimento. Os pulmoes
sdo compostos de bronquios que se dividem em bronquiolos e alvéolos pulmonares. Os
alvéolos totalizam-se em um total de 350 milhdes e s@o estruturas saculares
(semelhantes a sacos) que se formam no final de cada bronquiolo e tém em sua volta os
chamados capilares pulmonares. Nos alvéolos se ddo as trocas gasosas ou hematose
pulmonar entre o meio ambiente e o corpo, com a entrada de oxigénio na hemoglobina
do sangue (formando a oxiemoglobina) e saida do gas carbdnico ou dioxido de carbono

(que vem da célula como carboemoglobina) dos capilares para o alvéolo.

Os pulmdes humanos sdo divididos em segmentos denominados lobos. O pulmao
esquerdo possui dois lobos e o direito possui trés. Os pulmdes sdo revestidos
externamente por uma membrana chamada pleura. Nos pulmodes os bronquios
ramificam-se profusamente, dando origem a tubos cada vez mais finos, os bronquiolos.
O conjunto altamente ramificado de bronquiolos ¢ a arvore brénquica ou arvore

respiratoria.
Cada bronquiolo termina em pequenas bolsas formadas por células epiteliais

achatadas (tecido epitelial pavimentoso) recobertas por capilares sangiiineos,

denominadas alvéolos pulmonares.
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A base de cada pulmao apoia-se no diafragma, 6érgdo miisculo-membranoso que
separa o torax do abdomen, presente apenas em mamiferos, promovendo, juntamente
com os musculos intercostais, os movimentos respiratorios. Localizado logo acima do

estomago, o nervo frénico controla os movimentos do diafragma.

Linfonodo Traquéia

Bréonquios Bronquios

Diafragma

Duas camadas de pleura

Figura 3.4 - Esquema do pulmé&o (NCI, 2009).
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3.4 Interacao dos raios X com a materia

Diferentes fenomenos vém sendo considerados como integrantes da base da
Espectrometria de Raios X: a atenuagdo de raios X, tanto quanto sua deflexdo e a

interferéncia.

A atenuagdo de raios X deve-se a interacdo dos fotons com os elétrons nos
orbitais ou com o nucleo dos atomos, resultando em trés efeitos, que competem entre si,
denominados: absor¢ao fotoelétrica, espalhamento de raios X e produgdo de pares.
Como mostra a Figura 3.4, o efeito fotoelétrico ¢ predominante para energias abaixo de
100 keV, e é o mais importante efeito na espectrometria de raios X. A segunda
componente mais importante para este processo ¢ o espalhamento de raios X. A
producdo de pares ndo ocorre para energias menores do que 1,02 MeV, sendo

desprezada para a espectrometria de raios X.

T T ]
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100 = ™
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E B minante

2 60 |- -
) | -
ﬁ a0 |- Efeito Compion -
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20 |- -

0 [ O N T WA [ | n
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hvem MeV

Figura 3.4- Efeitos predominantes para a atenuagdo de raios X em fun¢do do niimero

atdmico do material (Z) e da energia do foton (hv) (ATTIX, 1986).
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3.4.1 Efeito Fotoelétrico

O efeito fotoelétrico ¢ caracterizado pela transferéncia total da energia da
radiacdo X ou gama (que desaparece) a um unico elétron orbital, que ¢ expelido com
uma energia cinética Ec bem definida,

Ec=hv - B 3.1)

Onde h ¢ a constante de Planck, v ¢ a freqiiéncia da radiacdo e B, ¢ a energia de ligacdo

do elétron orbital.

Figura 3.5 - Desenho esquematizando a situag@o do efeito fotoelétrico.

O efeito fotoelétrico ¢ predominante para baixas energias e para elementos de
numero atdmico elevado, pois a probabilidade aumenta com Z* e decresce 4 medida que

a energia aumenta.

3.4.2 Espalhamento Compton

O efeito Compton é um processo de interagdo que envolve um foéton e um
elétron livre ou pouco ligado ao 4&tomo. O foton inicial d4 origem a um novo foton, de
menor energia. A energia restante ¢ transferida para o elétron Compton (ou de recuo) e
muda de direcdo de propagagdo. Considerando que a energia ¢ a quantidade de
movimento tém de ser conservadas durante a interagdo, conclui-se que a energia
cinética do elétron de recuo, E,, ¢ dada pela diferenga entre a energia do foton antes da
interagdo (foton incidente), hv, e depois da interagcdo (foton dispersado ou difundido),

hv .
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E.=hv- hv (3.2)

A energia transferida do foton incidente para o elétron de recuo ¢ maxima se a
interacdo for frontal e serd minima no caso de uma interacdo tangencial. A
probabilidade de ocorrer o efeito de Compton diminui quando a energia do foton
aumenta ¢ aumenta com o numero atdmico dos materiais, sendo o elétron libertado uma

particula ionizante secundaria.

Figura 3.6 - Desenho esquematizando o espalhamento Compton.

3.5 Caracteristicas do Feixe Primario

3.5.1 Radiacéo Sincrotron

Luz sincrotron € uma intensa radiag@o eletromagnética produzida por elétrons de
alta energia num acelerador de particulas. A luz sincrotron abrange uma ampla faixa do
espectro eletromagnético: raios X, luz ultravioleta e infravermelha, além da luz visivel,

que sensibiliza o olho humano, sdo emitidas pela fonte. (LNLS, 2009)

Uma vista geral do anel de armazenamento de elétrons do LNLS e da linha XRF

€ mostrada na Figura 3.7.
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Figura 3.7 - Vista geral do anel de armazenamento de elétrons do LNLS e da linha
XRF.

As excelentes caracteristicas da fonte de radiacdo sincrotron: alta intensidade,
colimagdo natural, feixes de foétons monocromadticos com uma largura de banda de
energia muito estreita, possibilidade de feixes bastante colimados (20micrometros) entre
outras, fazem as fontes de radiag@o sincrotron apropriadas para aplicagdes tomograficas,

principalmente a microtomografia por fluorescéncia de raios X.

O Laboratorio Nacional de Luz Sincrotron (LNLS) esta situado em Campinas,
cidade do estado de Sdo Paulo (Brasil) e funciona desde julho de 1997 como primeira
fonte de luz sincrotron existente em todo o hemisfério sul. O acelerador possui 12
dipolos e um wiggler multipolar hibrido. Em torno da fonte de luz sincrotron,
funcionam atualmente doze linhas de luz com suas respectivas estagdes experimentais,
de um total previsto de 24. Em trés dessas linhas chegam feixes de radiacao ultravioleta
e em nove chegam feixes de raios X. Atualmente, as condi¢des de trabalho da fonte
sincrotron do LNLS sdo: 1,37 GeV, 250 mA de corrente maxima e 15 h de tempo vida.
A linha de Fluorescéncia de Raios X, onde esse trabalho foi realizado, ¢ o dipolo D09B
do anel de armazenamento. As caracteristicas desta linha estdo apresentadas na Tabela

3.1.
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Tabela 3.1 — Caracteristicas da Linha XRF (LNLS, 2009).

DO09B — XRF (4-23 keV)

AplicacOes

Fonte

Monocromador

Cristais

Detectores

Optica

Manuseio de amostras

CARACTERISTICAS
Destinada a andlise da composi¢do quimica
multi-elementar (Z >14), a niveis de tragos e
ultra-tragos, em materiais provenientes das areas
do meio ambiente, ciéncias dos materiais,
biologicas e geologicas, perfil de profundidade
quimica de filmes finos e mapeamento quimico a

20 pm de resolucao espacial.

Ima defletor DO9B (15°), oy, = 0,222 mm, fluxo

na amostra 4 x 10° fotons/s a 8 keV.

Monocromador channel-cut.

Si (111) (2d = 6.217 A®): 4-14 keV (E/AE=2800);
Si (220) (2d=3,84 A°): 5-23 keV (E/AE=15000).

Detector de estado solido Ge hiperpuro
(resolucdo de 150 eV) e Si(Li) (resolucao de 165

eV); fotodiodos e camaras de ionizagdo.

Optica capilar com 20 pm de resolugio espacial.

Camara de vacuo com geometria de excitagdo
convencional (45°-45°). Estacdes para
experiéncias a incidéncia rasante e mapeamento
2D, ambas com controle total de posicionamento

de amostras.
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3.5.2 Cristal Multicamadas

Os cristais multicamadas fazem parte de uma nova geracdo de
componentes Opticos de raios X baseados na difracdo de cristais sintéticos. Esses
cristais consistem de varias e alternadas camadas de dois materiais A e B. Esses
materiais devem possuir uma diferenca significante nos seus indices de refracao.
Na maioria das vezes sdo produzidos n pares de camadas formando uma
estrutura com periodos uniformes d = t4 + tg depositando alternadamente finas
camadas em cima de um substrato liso. Tipicamente, n ¢ da ordem de 10 a 200.
O material A ¢ um material de baixo Z como, por exemplo, o carbono e o silicio
e o material B é um material de alto Z como, por exemplo, o tungsténio e a
platina. A eficiéncia de difragdo pode ser de 50 a 80% para larguras de banda de

0,005 a 0,1 (EBASHI ET AL,1991).

Reflectividade (0.5 grau)
1,0 — — - Reflectividade (0.6 grau)

- Reflectividade (0.8 grau)
| —-—- Reflectividade (1 grau)
N | ----- Reflectividade (1.5 grau) e sk
20430 eV
0,8 - y
. 15210ev = |
8250 eV : i
: "
06 : ! % ;)
o ! _;. E 12310 eV - ’:
o 1 : ! (!
© 14 ! 4
g : i ¢
= A o |
= 04d% ! :
3 E,’\ ; 5
= i] \ !1 'I I
= i i i |
§ ¥ B
0,2 il .
.’ il o
i i) I‘ ]
L L vl i ] ;oY
TR I N N R T
L s o i o W LI 1 R I
3500 7000 10500 14000 17500 21000 24500 28000

Energia (eV)

Figura 3.8 — Curva de Refletividade em fungdo da energia.
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O desempenho do cristal multicamadas ¢ influenciado principalmente
pelo indice de refracdo dos materiais € o nimero e a espessura individual das
camadas.

A Figura 3.8 apresenta a curva de refletividade em fun¢do da energia do
cristal W-C com 75 pares de camadas, com AE/E = 0,03, utilizado neste

experimento.

3.6 Fluorescéncia de raios X

Pode-se dizer que o atomo esta em estado excitado quando possui uma vacancia
na sua camada interna. Quando essa vacancia ¢ preenchida por um elétron de uma
camada mais externa ¢ emitido um foton de raio X ou um eletron Auger fazendo com
que o atomo volte ao seu estado fundamental. Este fenomeno da emissao de raios X ¢

conhecido como fluorescéncia induzida de raios X ou fluorescéncia de raios X.

Esse foton emitido possui energia dada pela diferenca de energia dos dois niveis

atomicos. Essa diferenca de energia ¢ caracteristica do elemento atomico.

A fragdo da radiacdo incidente que leva a emissdo de uma determinada linha de
raios X caracteristicos ¢ determinada por uma probabilidade de excitagdo que € produto

de trés outras probabilidades (LACHANCE e CLAISSE, 1994):

P. =P

; nivel

P

linha P (3-3)

fluorescéncia

Onde:

Puivel € @ probabilidade que a radiagdo incidente retire elétrons de um dado nivel

quéantico. Pode ser o nivel K,L,M,N,O,....etc.;

Plinna € a probabilidade que uma determinada energia seja emitida dentro de sua

série. Para um elétron retirado do nivel K podemos ter as seguintes transicdes do nivel
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L: K-L, e K-Ls;

Piuorescencia € @ probabilidade de ocorrer emissao de fluorescéncia de raios X ao

invés de elétron Auger, a partir de uma transicdo realizada entre dois estados quanticos.

O rendimento de fluorescéncia ® € definido como a probabilidade para que o
foton produzido seja liberado do atomo sem ser reabsorvido. Assim, ® pode ser
representado como:

w=—= (3.4)

=N, +N, (3.5)

Onde:

ng € o namero de fétons produzidos como fluorescéncia de raios X;

n, ¢ o numero de fétons que sdo produzidos devido as vacancias nos niveis e

subniveis atdmicos;

na € o numero de fotons que sdo reabsorvidos dentro do atomo.

O rendimento de fluorescéncia para a linha K ¢ dado pelo nimero de foétons ng
emitidos como fluorescéncia de raios X, para todas as linhas K, dividido pelo nimero

de fotons criados Nk devido as transigdes entre os estados quanticos. Assim, tem-se:

My My b > ng 36)
NK NK ‘

E possivel obter o rendimento de fluorescéncia w; para as linhas L tendo trés
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diferentes valores: @1, ™2, O 3.

Pode-se definir o rendimento de fluorescéncia de um modo geral como o nimero
de raios X efetivamente emitidos em relacdo ao niimero de vacancias produzidas em um

dado nivel.

3.6.1 A Razdao Salto/Absorc¢éao

A probabilidade de a radiag@o incidente retirar elétrons de um determinado nivel
esta fortemente ligada com a fracdo da radiacdo que ¢é absorvida no mesmo nivel

(LACHANCE e CLAISSE, 1994).

absorcao da radiacdo num nivel especifico

— 3.7
"~ absor¢éo da radiacdo em todos os niveis 3-7)

Para a linha K, tem-se:

r, —1
P =X (3.8)
rK
Onde:
t.+7, +7, +71_ + 1, +tK

= K L L, Ly M, (3.9)

T+ Tt T, Ty tK

1k € a se¢@o de choque para o efeito fotoelétrico;

rg € a razdo de salto/absorcéo;

rg € definida em funcdo da se¢do de choque de absorcdo fotoelétrica;

No caso da linha L:
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P = (3.10)

Na pratica, a razdo salto/absorc¢do ¢ calculada pela seguinte relagdo:

Te - AE

absorcao

Te + AE

absorgao

r= (3.11)

Na equagdo 3.11, AE pode ser um valor pequeno nas proximidades de zero.

Os valores da razdo salto/absor¢ao para as linhas L;, Ly, L3, M, M,, ... etc. s@o

calculados da mesma forma.

Através da Figura 3.9 € possivel ver o esquema representativo de uma curva de

absorcao fotoelétrica.
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Figura 3.9 — A razao salto/absor¢ao.
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3.7 Tomografia por Transmisséo de Raios X (CT)

Uma fonte de radiagdo X monocromatica produz um feixe com intensidade | e
este feixe incide sobre uma lamina de material heterogéneo de espessura AX, Figura
3.10. Vamos assumir que no lado oposto da lamina, o feixe esteja emergindo com
intensidade I-Al. Esta variagao Al ¢ devido a interagdo da radiagdo com a lamina
(principalmente efeito fotoelétrico e Compton). Assumindo que todos os fotons
possuam a mesma energia e que as probabilidades (se¢des de choque) para os efeitos
fotoelétrico e Compton sejam respectivamente t(X) e (X) no ponto X, pode-se expressar

matematicamente a variagao da intensidade do feixe por unidade de comprimento como:

—A—I-Lzr(x)Jrcs(x) (3.12)
I Ax
— -
| I-Al
—»{ AX e

Figura 3.10 - Atenuagdo dos fotons de raios X quando atravessa um corpo.

Com o propésito de simplificar a determinac@o destas probabilidades, assume-se
a determinacdo de um unico parametro que represente a combinacdo dos dois efeitos e
que indicara a atenuagdo média por comprimento devido aos mesmos efeitos e que

receberd o nome de coeficiente de atenuacdo p(Xx). Assim sendo, a equagdo anterior

torna-se

= n(x) (3.13)

No limite, a variacdo infinitesimal de intensidade do feixe por comprimento sera
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a1 =000 (3.14)

Considerando que a lamina apresentada inicialmente possua uma espessura total
X e que o feixe (inicialmente com intensidade lp) emerge com intensidade |, pode-se

integrar ambos os lados:

11 X
Lon' :—jo (x)dx (3.15)
que resulta em
1nl——jx (x)dx (3.16)
T '
ou ainda
=1, exp(— j: w(x) dx) (3.17)

Na pratica, tem-se os raios sendo emitidos da fonte ¢ sendo detectados no
instrumento de medida. Assim, o comprimento total [0,X] ndo é conhecido a priori, mas
a expressdo acima continua valida substituindo-se a integral definida por uma integral

de linha como se segue:

=1, exp(— § ,u(X)dS} (3.18)

raio

O termo entre parénteses, coeficiente da exponencial, ¢ chamado de integral do
raio, ou simplesmente raio-soma, por corresponder a soma de todos os coeficientes de
atenuacdo ao longo de todo o trajeto da radiacdo, desde a fonte até o detector. Assim, o

raio-soma pode ser determinado matematicamente por
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§/¢(x)ds =1nIT0 (3.19)

raio

O valor do raio-soma pode ser determinado experimentalmente tomando-se a

intensidade da radiacdo na fonte e a medida no detector, apds o corpo de prova.

Na pratica, se esta interessado em determinar os coeficientes do corpo de prova
em sua natureza bidimensional. Desta forma, o parametro p serd fun¢do nao mais de x,

mas de X, y.

W(x, y)ds = lnITO (3.20)

raio

Assume-se, inicialmente, um caso bidimensional. Seja f(x,y) uma fungdo
bidimensional, onde as linhas que a cortam (em qualquer dire¢do) sdo chamadas de
raios, ¢ a integral de linha ao longo destes raios sao as integrais de raio ou raios-soma.
Um conjunto de raios-soma, paralelos ou divergentes, forma uma projecdo P(t). No caso
de raios paralelos, um raio soma contido em uma projecdo pode ser descrito

matematicamente por:

P, (t) = j f(x,y)ds (3.21)

onde AB define a linha ao longo do qual a integral sera calculada, t ¢ a posi¢do do raio-
soma dentro da projegdo, ds é o passo infinitesimal ao longo do raio e 0 ¢ a inclinagado
da linha AB em relacdo ao sistema de coordenadas XY, a partir do eixo y. Este raio AB ¢

expresso algebricamente pela equagdo

t=XcosO+ ysen0 (3.22)

Em outras palavras, para um dado angulo 0, somente as coordenadas x e y que
satisfizerem a equagdo 3.22 ¢ que estardo sobre a linha AB, e mais, somente os pontos

f(x,y) com tais coordenadas irdo contribuir com a integral de linha Pg(t). Todo o restante
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da funcdo f(x,y) fora da linha AB nao entrara no calculo da integral para a posicao t na
projecdo. Um artificio ttil na matematica para “materializar” esta situacdo ¢ o uso da
“funcdo” delta de Kronecker 6(u). Esta pseudofungdo possui valor definido 1 quando

seu argumento € 0, e € 0 no restante de seu dominio.

Lu=0
o(u) = {0 U0 (3.23)

Assim, deseja-se separar os pontos de f(x,y) que estdo sobre a linha AB —
sabendo que somente as coordenadas X e Yy que satisfazem a equacao Xcos0 + ysenf —t =

0 sdo validas, pode-se substituir a integral de linha pela integral dupla como segue

P, (t)= j f(x,y)ds= TTf(x, y) 8(X cos O+ y sen O —t) dxdy (3.24)

AB —00—00

pois se X e Y estdo sobre AB = XcosO + ysend - t = 0 = 5(XcosO+ysenb-t) = 5(0) = 1 que

implica em

Hf(x, y) 8(Xcos0 + ysen O —1) dxdy=” f(x,y) dxdy (3.25)

A fungdo Py(t) como fungdo somente de t (para um dado valor fixo de 0) define a
projecdo paralela de f(X,y) para um angulo 0. A func¢ao bidimensional Py(t) (com t e 6
variando) ¢ o coeficiente da transformada de Radon de f(x,y). Uma projecdo tomada ao
longo de um conjunto de raios paralelos ¢ chamada de projecdo paralela. Raios-soma
divergentes também podem ser tomados para formar uma projecdo. Tais projegoes sdo
chamadas de projecdes de feixe em leque, uma vez que os raios-soma sao divergentes, e
neste caso, cada raio-soma, contido na projecao em leque, correspondera a um angulo 6

diferente, isto é, cada raio-soma tera uma inclinagdo em relagdo ao eixo Y.

Retornando ao exemplo pratico, tinha-se que cada raio-soma era resultado da

integral dos coeficientes de atenuagdo ao longo de um raio.
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§ 2(X, y)ds = 1n'T° (3.26)

raio

Torna-se bastante familiar que se (X, Y)¢€ uma funcdo bidimencional tal como
f(x,y) no modelo matematico, entdo a integral da linha acima corresponde a um raio
soma Py(t). Caso o corpo de prova seja transladado ao longo de uma trajetoria
perpendicular ao feixe de radiagdo e, a intervalos regulares deste deslocamento, levanta-
se os valores de I(t), entdo se pode calcular os raios-soma correspondentes a cada
intervalo e formar uma projecdo paralela. Desta forma com a equagdo (3.25) podem-se

obter as projecdes:

o0 00

Ay (V) = I jdxdy5(><0089+ ysin®—u)ug (X, ), (3.27)

—00—00

O lado direito da equagdo (3.27) ¢ chamado de Transformada de Radon da
distribuicdo pp(x,y) e expressa a relacdo linear entre a funcdo do objeto pg(x,y) e os
dados experimentais da proje¢do Ag(v). O problema da reconstru¢do € precisamente
inverter a Transformada de Radon (equagdo 3.27) para encontrar pg(x,y) a partir de um

conjunto de projecdes Ag(V).
3.8 Tomografia por fluorescéncia de raios X

A Tomografia por Fluorescéncia de Raios X (CTXRF) pode ser usada para
investigar a distribuicdo dos elementos quimicos dentro da amostra. Essa propriedade a
torna uma ferramenta muito importante em varios campos de pesquisa como biologia,

geologia ou ciéncias ambientais, ciéncia dos materiais e medicina.

As radiagdes de fluorescéncia emitidas pela amostra contém diferentes energias,
que correspondem as diferentes linhas de emissdo dos diferentes elementos quimicos
presentes na amostra. O detector HPGe mede um espectro com essas linhas de emissao.

A partir da area de cada linha de emissdo serd possivel calcular a distribui¢do elementar
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dentro da amostra. Essa medida corresponde a concentracdo do elemento ao longo do
caminho do feixe. Para obter a distribuicdo espacial a amostra deve ser rotacionada e

transladada através do feixe.

A tomografia gera uma imagem de uma fatia da amostra sem cortd-la. Com
isso0, a necessidade de seccionar a amostra para analisd-la ¢ removida e o esforco para a
preparagdo da amostra € reduzido. Ja que nao sera preciso fazer cortes muito finos como

¢ necesssaria na microfluorescéncia de raios X (CHWIEJ ET AL, 2005).

A aquisicdo dos dados da CTXRF gera uma matriz de dados chamada de
sinograma. O sinograma consiste de um conjunto de raios soma que foram obtidos a
cada angulo de rotagdo da amostra. Para cada linha de emissdo no espectro de
fluorescéncia, ¢ obtido um sinograma. O nome sinograma vem da forma da curva. A

tomografia pode ser reconstruida a partir do sinograma por um algoritmo apropriado.

A complexidade da CTXRF faz com que seja necessario um algoritmo de
reconstru¢do mais complexo que a tomografia por transmissdao de raios X. A CTXRF
necessita de corregdes de absor¢do. A radiacdo que incide na amostra sofre absorgo até
gerar a fluorescéncia na amostra, além disso, a radia¢do de fluorescéncia que ¢ emitida

dentro da amostra também sofre absor¢do até chegar ao detector.

Sera descrito a seguir o algoritmo de reconstrugdo para a CTXRF com corregao

para a absorcao utilizado neste trabalho.

O esquema experimental da CTXRF ¢ ilustrado na Figura 3.11. As projecdes de
fluorescéncia sdo obtidas colocando-se o detector a noventa graus da direcdo do feixe
incidente. Essa localizagdo do detector de fluorescéncia permite medir a radiagdo de
fluorescéncia emitida pelos elementos presentes dentro da amostra. O detector de
transmissdo mostrado a zero grau da direcdo do feixe incidente, permite que os raios X
transmitidos sejam medidos. Entdo, a densidade de absorcao total pode ser encontrada

usando as técnicas tomograficas convencionais (PEREIRA, 2006).

A amostra ¢ basicamente dividida em uma série de pixels cuja dimensdo do

comprimento e da largura ¢ igual ao tamanho do feixe incidente. A fluorescéncia de
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raios X, de fato, ¢ gerada por um elemento de volume ou “voxel”, porém assume-se que
o volume total é reduzido a uma dimensao e ¢ contido em uma fatia bidimensional da

amostra.

Um unico valor em uma proje¢do ¢ obtido medindo-se a radiacdo de
fluorescéncia de raios X emitida por todos os pixels ao longo do feixe. O objeto é entdo
transladado, e outro valor € medido na proje¢do. Esses passos sdo repetidos até o objeto
todo ser transladado perpendicular ao feixe, completando toda a projecdo. O objeto ¢é
rotacionado, e outra proje¢cdo ¢ medida. As projegdes sdo medidas até o objeto

completar 180° de rotagdo. A figura 3.11 mostra a geometria desse processo.

Detector de
Detector de Fluorescéncia

Transmissdo

s= xcosBO+ysin6

u=-xsin0O+vcos6

% ranslagdo

Figura 3.11 - Geometria para obter as proje¢des de fluorescéncia e transmissao.

Normalmente, a fonte de raios X e o detector estdo fixos, enquanto a amostra
possui movimentos de rotagdo e transla¢do. Entretanto, o problema da reconstrugdo ¢
mais facilmente descrito em termos de uma amostra estaciondria e um sistema moével de

fonte e detector. Na Figura 3.11, os dois eixos (X,y) sao fixos com relacdo a amostra. O
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eixo s e 0 eixo u sdo paralelos a dire¢ao de translaco e ao feixe, respectivamente, e eles

se relacionam com os eixos (X,y) por uma simples rotagao.

S=Xcosd + ysin @ U=-—Xxsiné + ycos @ (3.28)

A entrada do conjunto de dados ¢ representada pela taxa de contagens medida
para um conjunto completo de passos de translagdo e rota¢do. Para cada valor de angulo
0 e da translagdo s observados, os pontos da amostra que contribuem para a radiagdo de

fluorescéncia de raios X sdo aqueles interceptados pelo feixe de raios X.

A contribui¢do do sinal detectado de um pequeno elemento du, ao longo do

feixe, € fungao de:

di(g,s)=1, f(4,s,u) p(s,u) g(d,s,u)du (3.29)

onde I € a intensidade do feixe incidente; f(0,s,u) ¢ a probabilidade de sobrevivéncia
desde a fonte até o ponto u. Essa probabilidade esta relacionada com o coeficiente de

absorc¢do g da amostra para a energia do feixe incidente como:

F(6,5,u) = exp(— [ 5 (s,u")du) (3.30)

p(s,u)du ¢ a probabilidade que o foton de fluorescéncia de raios X seja

produzido a partir de um foton incidente ao longo do caminho du.

p(s,u)du =o, N J, w,du (3.31)

elem

47



onde, oy, ¢ a secdo de choque fotoelétrica para um determinado elemento
escolhido para a energia incidente; N € a concentracdo do elemento no ponto (s,u); J;
¢ o fator braching, isto é, a probabilidade que o atomo ejete um elétron da camada de
interesse em vez de um elétron de outro nivel; e wy € a fluorescéncia de raios
X(fluorescence yield), isto é, a probabilidade que a vacancia produzida por efeito

fotoelétrico seja preenchida através da emissdo de um foton de fluorescéncia.

2(0, s,u) é a probabilidade de um foton de fluorescéncia de raios X emitido do

ponto u alcangar o detector.

det

1
90,5,0) = Qj dQ exp(—(!u )ﬂF (hdl) (3.32)

onde iy € o coeficiente de absor¢cdo da amostra para a energia de fluorescéncia
de raios Xe Qp ¢ o angulo solido do ponto de fluorescéncia de raios X até a superficie

do detector.

A radiag@o que alcanca o detector pode ser obtida pela integragdo ao longo do

caminho du.

+00

1(6,s) = IOI f(4,s,u) p(s,u) g(d,s,u)du (3.33)

—00

Se a atenuacdo ¢ pequena (ug = P ~ 0) e o angulo so6lido coberto pela superficie
do detector varia ligeiramente de um ponto a outro da amostra, as fungdes f e

0 tornan-se:

f(o,s,u)=1 g,s,u)y=g (3.34)
10,5)=9g [ p(s,u)du (3.39)
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A taxa de contagem ¢ proporcional a Transformada de Radon da concentracao
do elemento quimico Nem, € 0 algoritmo de reconstrugdo usual da tomografia por
transmiss@o pode ser usado. Por outro lado, quando a atenuagdo ¢ relevante, os fatores
de atenuacdo f e g precisam ser avaliados. Uma aproximac¢do comum ¢ determinar a
distribuigdo dos coeficientes de absorcdo para a energia do feixe incidente (ug) € para a
energia de fluorescéncia (ur ) usando duas tomografias por transmissdo convencionais, ¢
calcular f e g através das equacdes 3.30 ¢ 3.32. Com isso, a taxa de contagem ndo sera
mais proporcional a Transformada de Radon de Nejem, € 0s algoritmos de reconstrugéo

devem considerar as corre¢des para auto-absor¢ao.

As corregOes para auto-absor¢do estdo descritas a seguir e foram implentadas no
algoritmo do BRUNETTI e GOLOSIO (2001). O algoritmo foi dividido em duas
etapas: MKCORR, algoritmo que gera a matriz de corre¢do ¢ SCTOMO, algoritmo que
faz a retroprojecdo. Neste trabalho foi utilizado MKCORR para gerar a matriz de
correcdo e a reconstrugdo das tomografias por fluorescéncia de raios X e transmissao de

raios X foram feitas utilizando o MATLAB®.

Aproximando a integral ao longo de du por uma soma discreta, a equagdo 3.33

pode ser expressa como:

+00

1(0,5)=>" 1,f(8,s,u) p(s,u) g(d,s,u)du (3.36)

U=-o0

Seguindo a idéia de HOGAN (1991), pode-se considerar a contagem total como

sendo a soma das contagens de todas as dire¢oes do feixe passando pelo ponto (sg, ug)
Lo (So-Ug) =1 (6,,8) +1 (0,,8,)+...+1 (6,,S,) (3.37)

Que pode ser expandida em termos de p e dos fatores de absorgdo fe g como
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Itotal(soauo)zz IOf(QIDSI’ul) p(Slaul)g(elasl’ul)
+ 1,£(6,,5,,u,) p(s,,U,) 9(6,,5,,U,) (3.38)
+...+Z f(en, n,Un) p(Sm n)g(ena n» n)'

Separando, nessa soma, a contribui¢do devido ao ponto (So,u):

Itotal (So:uo): |0f0(6’1,81,ul) p(SO,UO) 90(91931’u1)
"‘l f (92,52,u ) p(Sz,Uz) 9 (92,52,U )
+..+1,1,(0,,8,,U,) p(s,,U,) 9,(6,,S,,U,)

+ Z IOf(elasbul) p(slaul) g(elaslaul)

e (3.39)
+ Z Iof(QZaSZauz) p(szsuz)g(QZaSZauz)
+..t+ >, 1,f(6,,5,,u,) p(s,,U,) 9(6,,5,,U,).

Onde os indices zero nas funcdes f e g significam os fatores de absorcao

apropriados para o ponto (Sg,up). Resolvendo para p(se,uo):

I S,, U
P(Sg,Up) = —— ot (S0, Uo) + > (outros termos ). (3 40

IOZ f (9|’S|>u|)go(0|7s|’ |)

De acordo com HOGAN (1991), os “outros termos” sao ruidos que podem ser
considerados como um artefato da retroprojecdo. O ruido pode ser entdo removido pela
convolucdo das projecdes com um filtro adequado para retroprojecdo, como por

exemplo, Shepp-Logan. Com isso, p(so,ug) pode ser aproximado como

T (So,U
P(Sy,Uy) = — ot (S0, Uy) , (3.41)

Ioz fo(6,,8,U;) 94(6;,8;,U;)
i1 0
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Onde o simbolo ~ sobre o I, representa a operacao de retroprojecdo filtrada. Os
termos de absorcao f,(6,,s,,u,) e 0,(6;,S;,u;)podem ser obtidos, obtendo-se a

distribuicdo dos coeficientes de absor¢@o para a energia inicial do feixe e para a energia

de fluorescéncia pela tomografia por transmissdo de raios X.
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4 Metodologia

O sistema de CTXRF foi implementado na linha de Fluorescéncia de Raios X
(XRF) do Laboratorio Nacional de Luz Sincrotron. O esquema experimental da
microtomografia por fluorescéncia de raios X estd mostrado na Figura 4.1. Para a
excitagdo dos elementos foi utilizado um feixe quasi-monocromatico com energia de
12keV, AE/E = 0,03 colimado com um par de fendas com dimensdes de 200 x 200pum>.
O cristal multicamadas ¢ feito de W-C e possui 75 pares de camadas. A intensidade do
feixe incidente foi monitorada por uma camara de ionizagdo colocada antes da amostra

(PEREIRA, 2009a).

Detector de
Fluorescéncia

Detector de
\ Transmissdo

Camara de
Cristal

ionizagao ,_\". é. h .
P
N

Gonidmetro
com a amostra

[P

Sincrotron Dois pares de fendas

( 200 x 200 }“m

Figura 4.1 — Esquema experimental.

A amostra foi colocada em um gonidometro. Esse gonidmetro é posicionado
sobre um motor de translacdo para que a amostra seja rotacionada e transladada na
direcdo do feixe incidente. Um detector HPGe (CANBERRA Industries inc.), com
resolucdo de 150 eV em 5,9 keV, com janela de berilio de 8,0 um de espessura, ¢ uma
area ativa de 30 mm?, foi posicionado a noventa graus do feixe incidente para coletar os
fotons de fluorescéncia, enquanto os fotons transmitidos foram coletados por um
detector cintilador rapido (Nal(T1)- CYBERSTAR-Oxford anfysik) posicionado atras da

amostra na dire¢do do feixe incidente. O colimador do detector HPGe ¢ de tantalo e
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possui uma abertura circular com didmetro de 2 mm. Essa geometria de detec¢do
permite realizar medidas eficientes da fluorescéncia e a0 mesmo tempo reduzir o

espalhamento elastico e o espalhamento Compton (PEREIRA, 2007a).

Associado ao sistema fonte-detector de fluorescéncia existe o sistema eletronico
de detecgdo. O sistema eletronico é constituido por um pré amplificador acoplado ao
detector de fluorescéncia, um amplificador que recebe os pulsos vindo do pré
amplificador. Os pulsos de saida do amplificador sdo enviados a uma placa
MULTICANAL, inserida dentro de um microcomputador do tipo PC. Os pulsos obtidos
pela camara de ionizagdo e pelo detector cintilador também s@o acoplados a um sistema

eletronico e sdo enviados a0 microcomputador PC.

A fim de estudar o desempenho do sistema foram realizadas medidas de
algumas amostras de referéncia feitas de polietileno e acrilico preenchidas com solugdes
padrao de ferro, cobre, zinco e galio. O acrilico e o polietileno foram escolhidos devido

ao seu baixo coeficiente de atenuacdo na faixa de energia de interesse.

Amostras de tecido biologico humano de mama, prostata e pulmido foram
analisadas para verificar a eficiéncia do sistema na determinagdo da distribuicdo

elementar nestes tipos de amostras.

As amostras de tecido de mama, prostata e pulmdo foram liofilizadas antes de

serem analisadas.

A qualidade da reconstrugdo ¢ um compromisso entre o tempo de medicao para
se obter uma estatistica de contagem aceitavel para os picos de fluorescéncia e os passos
necessarios para transladar e rotacionar as amostras. Neste trabalho, as amostras foram
rotacionadas em 180° com passos de 3° e transladadas perpendicularmente a dire¢do do
feixe com passos de 200 um (tamanho do feixe incidente). O tempo de medida para

cada ponto foi avaliado separadamente para cada amostra (PEREIRA, 2009b).

A Figura 4.2 apresenta uma fotografia do arranjo experimental utilizado no

LNLS.
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Cémara de
Ionizagao

Detector de
Fluorescéncia |

Feixe Branco
(4 -23) keV

Dois Pares de
Fendas (200pum
X 200um) e
Detector de
Transmissao

Detector de
Transmissao

Figura 4.2 — Fotografia do arranjo experimental.

Ap6s os dados da microtomografia por fluorescéncia de raios X serem obtidos,
os espectros foram analisados utilizando o software QXAS (Quantitative X-ray
Analysis System) (BERNASCONI ET AL, 1996). O QXAS faz a analise dos picos de
fluorescéncia de raios X e gera um arquivo de saida com todas as intensidades de

fluorescéncia de raios X para cada elemento em cada raio soma.

As reconstrugdes das imagens por transmiss@o de raios X e por fluorescéncia de
raios X foram feitas utilizando o0 MATLAB®. As matrizes de corre¢do da tomografia
por fluorescéncia de raios X foram obtidas utilizando o programa MKCORR
desenvolvido por BRUNETTI e GOLOSIO (2001).

Como foi mostrado até agora, a microtomografia por fluorescéncia de raios X e a
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tomografia por transmissdo de raios X foram realizadas utilizando um feixe incidente
com energia de 12 keV. Mas para implementar as corre¢does de auto-absorcdo da
fluorescéncia ¢ preciso ndo s6 o coeficiente de atenuacdo para energia do feixe
incidente, mas também, € preciso obter o coeficiente de atenuacdo para a energia da
fluorescéncia de raios X. No caso do ferro, por exemplo, precisamos do mapeamento do
coeficiente de atenuacdo na amostra para energia de 6,4keV, além do mapeamento do
coeficiente de atenuacdo para a energia de 12 keV. Isso poderia ser obtido realizando na
mesma posi¢do da amostra que foi feita a tomografia a 12 keV, uma tomografia com
energia do feixe incidente igual a 6,4keV. Utilizando a nossa instrumentacdo, com o
cristal multicamadas, isso se torna inviavel. Nao € possivel mudar a energia do feixe

sem alterar a posi¢do com que o feixe ira incidir na amostra.

Entdo, para resolver esse problema, foi estimado o mapa de coeficiente de

atenuacao para energia de fluorescéncia.

Foram analisados 14 compostos, utilizando os valores tabelados do NIST
(2009). Para cada composto, foi ajustado uma curva entre os dados tabelados na faixa de

5 a 15 keV (Dados que podem ser observados no apéndice A).

Foi calculada a razdo entre os coeficientes de atenuacédo tedricos de 6,4 keV e 12
keV, de 8keV e 12 keV, de 8,6 keV e 12 keV e de 9,2 keV e 12 keV para cada material,
correspondes, respectivamente, as energias Ka para ferro, Ko para cobre, Ka para zinco
e Ko para galio. A Tabela 4.1 apresenta os valores das razdes obtidos para diversos

materiais.

A matriz de coeficiente de atenuagdo para a energia de fluorescéncia foi gerada
multiplicando-se a matriz de coeficiente de atenuacdo para 12 keV pelo valor da razdo
obtido na tabela para o material e energias correspondentes. Por exemplo, amostra de
polietileno: a matriz de coeficiente de atenuacdo para 12 keV foi multiplicada por 3,16
para gerar a matriz de coeficiente de atenuacdo para 8,0 keV (energia do Ka para

Cobre).

Como na tabela do NIST (2009) nao estavam tabelados os valores para a

prostata, foi considerado para a prostata os mesmos valores que para tecido de mama, ja
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que de acordo com os médicos do instituto de biologia que trabalham com o tecido de
prostata, o tecido de prostata e o tecido de mama possuem caracteristicas celulares

muito semelhantes.

Tabela 4.1 — Razdo entre valores de coeficiente de atenuacio.

MATERIAL p Ka para Fe / | p Ka para Cu /| p Ka para Zn / | p Ka para Ga /
p 12keV u 12keV p 12keV p 12keV
A150 6,02 3,17 2,58 2,13
Acrilico 6,48 3,31 2,67 2,19
Tecido adiposo 6,37 3,27 2,64 2,16
Ar seco 6,55 3,37 2,72 2,22
Alanina 6,47 3,31 2,67 2,18
B100 5,77 3,14 2,57 2,13
Bakelite 6,51 3,34 2,69 2,19
Sangue 6,39 3,36 2,72 2,23
Osso cortial 5,88 3,17 2,59 2,15
Cérebro 6,52 3,36 2,71 2,22
Mama 6,55 3,36 2,71 2,21
Pulmao 6,48 3,33 2,69 2,20
Polietileno 6,15 3,16 2,56 2,1
Tecido mole 6,37 3,29 2,66 2,18
Média 6,32 3,28 2,66 2,18

E interessante observar que os valores das razdes ndo sdo muito diferentes, por
exemplo, para o zinco os valores variam de 2,56 a 2,71, variagdo de 6 %. Para o cobre
os valores variam de 3,14 a 3,37, variacdo de 7%. Para o ferro os valores variam de 5,77

a 6,55, variagao de 14%.

56




5 Resultados e Discussdes

A fim de verificar se o algoritmo utilizado esta funcionando corretamente, uma
maneira de testa-lo, foi verificar o valor do coeficiente de atenuagdo obtido para o

acrilico e o polietileno.

O valor tedrico do coeficiente de atenuagdo para o polietileno a 12 keV ¢ de
1,17cm™. Pode ser observado nas imagens tomograficas do padrio de polietileno
(exemplo, Figuras 5.2 e 5.5) que o coeficiente de atenuag@o para o polietileno ficou na

-1 . , .
escala de cores entre 1,0 e 1,5 cm™ . Faixa que compreende o valor teorico.

Ja o valor tedrico do coeficiente de atenuagdo para o acrilico a 12 keV ¢ de
2,33cm’, e também pode ser observado na imagem Figura 5.29, que o coeficiente de
atenuagdo para o acrilico ficou na escala de cores entre 2 e 2,5 cm™, valor que também

compreende o valor tedrico.

Além da escala de cores, os valores foram confirmados verificando os valores
numéricos obtidos para cada tomografia. O valor médio para o acrilico foi de 2,3cm™, ja

para o polietileno, o valor médio obtido foi de 1,3 cm™.
Antes de cada tomografia ser iniciada, centralizamos o feixe incidente no centro
da amostra para determinar os elementos tragos. Um exemplo do espectro obtido para

uma amostra de tecido maligno de mama ¢é observado na Figura 5.1 (PEREIRA, 2008).

Nesse espectro podemos observar os elementos ferro, cobre e zinco e o

espalhamento a 90° na amostra.

Todas as tomografias por fluorescéncia de raios X foram reconstruidas usando o

algoritmo de retroprojecao filtrada com e sem corregdo para a absorgao.
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Figura 5.1 Espectro de uma amostra de tumor maligno de mama (PEREIRA, 2007b).

A seguir serdo apresentados os resultados para as amostras de referéncia, tecido
de prostata e tecido de mama em duas dimensdes e para o tecido de mama, tecido de
prostata e tecido de pulmado em trés dimensdes. Para cada amostra serdo mostrados os
mapeamentos do coeficiente de atenuacdo a 12 keV e as tomografias por fluorescéncia

de raios X.

5.1 Amostras de referéncia

Os resultados para as amostras de referéncia constituidas de polietileno estdo
apresentados nas Figuras 5.2 a 5.13. As amostras sdo constituidas por um cilindro de
polietileno com diametro de aproximadamente dois milimetros com um cilindro interno
com didmetro de um milimetro preenchido com diferentes solugdes (PEREIRA,
2007c¢). Enquanto a microtomografia por transmissdo de raios X mostra a matriz de
polietileno e a solucdo contida no cilindro interno, a microtomografia por fluorescéncia

de raios X mostra somente aquelas regides onde o elemento de interesse esta localizado.

Para a amostra de referéncia contendo uma solug¢ao de cobre com 200 pg/g serao
apresentados as imagens da microtomografia por transmissao de raios X a 12 keV, a 8,0
keV, a matriz de correcdo da fluorescéncia e o resultado da microtomografia por

fluorescéncia de raios X do cobre com e sem corregdo de absor¢cdo para mostrar todos
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os resultados intermedidrios do processo. Ja para os outros padrdes sO serdo
apresentados os resultados finais da microtomografia por transmissdo de raios X a
12keV e os resultados da microtomografia por fluorescéncia de raios X para o elemento

de interesse com a corregdo para a absor¢ao.

Dados da tomografia:

» Amostra contendo solugdo padréo de Cu 200 pg/g — 60 projegoes, 23
raios soma, tempo de aquisicdo para cada raio soma: t = 4 segundos,

passo da translagdo: 0,2 mm.

M em-1]
0

- Hi
b)

Figura 5.2 — Imagem tomografica por transmissdo de raios X para a energia de 12 keV

a)

da amostra de referéncia de polietileno preenchida com solu¢do padrao de Cu 200pg/g
(Figura 5.2 a) e Estimativa da distribuicdo do coeficiente de atenuacdo para a energia de

8,0 keV para a mesma amostra (Figura 5.2 b).
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Figura 5.3 Imagem da matriz de corregdo da absor¢do de raios X gerada a partir das

matrizes de coeficientes de atenuagdo para 12keV ¢ 8 keV.

w 10"

10
&l
3
&
5
- H‘
3
2
1

Figura 5.4 Imagem tomografica por fluorescéncia de raios X do cobre sem correcdo de

b)

absor¢do (Figura 5.4 a) e Imagem tomografica por fluorescéncia de raios X do cobre
com corre¢do de absor¢do (Figura 5.4 b) para amostra de referéncia de polietileno

preenchida com solucdo padrao de Cu 200ug/g.
Dados da tomografia:
» Amostra contendo solucdo padréo de Cu 150 pg/g — 60 projegdes, 25

raios soma, tempo de aquisi¢do para cada raio soma: t = 5 segundos,

passo da translagdo: 0,2 mm.
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Figura 5.5 Imagem tomografica por transmissdo de raios X para a energia de 12 keV

da amostra de referéncia de polietileno preenchida com solugdo padrdo de Cu 150ug/g
(Figura 5.5 a) e Imagem tomografica por fluorescéncia de raios X do cobre com

corregao de absor¢ao para a mesma amostra (Figura 5.5 b)
Dados da tomografia:
» Amostra contendo solu¢éo padréo de Cu 100 pg/g — 60 projegoes, 23

raios soma, tempo de aquisi¢do para cada raio soma: t = 5 segundos,

passo da translagdo: 0,2 mm.

10"

b)

Figura 5.6 Imagem tomografica por transmissdo de raios X para a energia de 12 keV

a)

da amostra de referéncia de polietileno preenchida com solucdo padrdo de Cu 100pug/g
(Figura 5.6 a)) e Imagem tomografica por fluorescéncia de raios X do cobre com

correcdo de absor¢do para a mesma amostra (Figura 5.6 b))
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Analisando os resultados da tomografia por fluorescéncia de raios X sem
correcdo e com corre¢do de absorcdo para a solugdes padrdo de cobre de 200ug/g, pode-
se perceber que com corregdo ¢ obtido valor esperado da concentragdo. A tomografia
sem corre¢do mostra 0 mapeamento com um erro de mais ou menos 50% no valor da
concentracdo que deveria ser obtido. Por exemplo, para a solucdo de cobre 200ug/g,
sem correcao € obtido o valor médio igual a 9E-5, que corresponde a 90E-6 (90 ug/g).
Ja com correcdo, ¢ obtido o valor médio de concentragdo igual a 19E-5, que

corresponde a 190E-6 (190 nug/g).

Dados da tomografia:

» Amostra contendo solugéo padréo de Fe 200 pg/g — 60 projegoes, 21

raios soma, tempo de aquisi¢do para cada raio soma: t = 4 segundos,

passo da translagdo: 0,2 mm.

b (em-1)
3

a)

Figura 5.7 Imagem tomografica por transmissdo de raios X para a energia de 12 keV

b)

da amostra de referéncia de polietileno preenchida com soluc¢do padrio de Fe 200ug/g
(Figura 5.7 a) e Imagem tomografica por fluorescéncia de raios X do ferro com corregdo

de absor¢o para a mesma amostra (Figura 5.7 b)
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Dados da tomografia:

» Amostra contendo solugdo padrédo de Fe 100 pg/g — 60 projegdes, 25
raios soma, tempo de aquisi¢do para cada raio soma: t = 3 segundos,

passo da translagdo: 0,2 mm.

a) b)

Figura 5.8 Imagem tomografica por transmissdo de raios X para a energia de 12 keV
da amostra de referéncia de polietileno preenchida com soluc¢do padrio de Fe 100ug/g
(Figura 5.8 a) e Imagem tomografica por fluorescéncia de raios X do ferro com corregdo

de absor¢do para a mesma amostra (Figura 5.8 b)

Analisando os resultados da tomografia por fluorescéncia de raios X para as
solugdo de ferro de 100pg/g, pode-se verificar que ocorreu uma contaminacao de ferro

100png/g na parede externa do polietileno durante a preparagao da amostra de referéncia.

Dados da tomografia:
» Amostra contendo solugdo padrédo de Zn 200 pg/g — 60 projegdes, 23

raios soma, tempo de aquisicdo para cada raio soma: t = 5 segundos,

passo da translagdo: 0,2 mm.
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Figura 5.9 Imagem tomografica por transmissdo de raios X para a energia de 12 keV

a)

da amostra de referéncia de polietileno preenchida com solucdo padrio de Zn 200ug/g
(Figura 5.9 a) e Imagem tomografica por fluorescéncia de raios X do zinco com

corregao de absorcao para a mesma amostra (Figura 5.9 b)

Dados da tomografia:

» Amostra contendo solugdo padréo de Zn 150 pg/g — 60 projegdes, 24
raios soma, tempo de aquisi¢do para cada raio soma: t = 4 segundos,

passo da translagdo: 0,2 mm.
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Figura 5.10 Imagem tomografica por transmissao de raios X para a energia de 12 keV
da amostra de referéncia de polietileno preenchida com solucdo padrio de Zn 150ug/g
(Figura 5.10 a) e Imagem tomografica por fluorescéncia de raios X do zinco com

corre¢ao de absorcao para a mesma amostra (Figura 5.10 b)
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Dados da tomografia:

» Amostra contendo solucéo padréo de Ga 200 pg/g — 60 projegoes, 23

raios soma, tempo de aquisi¢do para cada raio soma: t = 3 segundos,

passo da translagdo: 0,2 mm.

w10

a) b)

Figura 5.11 Imagem tomografica por transmissdo de raios X para a energia de 12 keV
da amostra de referéncia de polietileno preenchida com solucdo padrdo de Ga 200ug/g
(Figura 5.11 a) e Imagem tomografica por fluorescéncia de raios X do galio com

corre¢do de absor¢do para a mesma amostra (Figura 5.11 b)

Dados da tomografia:
» Amostra contendo solucéo padrdo de Ga 100 pg/g — 60 projegoes, 25

raios soma, tempo de aquisicdo para cada raio soma: t = 4 segundos,

passo da translagdo: 0,2 mm.
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Figura 5.12 Imagem tomografica por transmissdo de raios X para a energia de 12 keV
da amostra de referéncia de polietileno preenchida com solugdo padrdo de Ga 100ug/g
(Figura 5.12 a) e Imagem tomografica por fluorescéncia de raios X do galio com

correcao de absorcdo para a mesma amostra (Figura 5.12 b)

O resultado para uma amostra de referéncia constituida de acrilico estd
apresentado na Figura 5.13. A amostra ¢ constituida por um cilindro de acrilico com
didmetro de aproximadamente quatro milimetros com quatro cilindros internos com
diametro de um milimetro preenchido quatro diferentes solugdes (Fe 200ug/g, Cu 200
ug/g, Zn 200ug/g, Ga 200 png/g). Enquanto a microtomografia por transmissao mostra a
matriz de acrilico ¢ as solu¢des contidas nos cilindros internos sem diferencia-las, a
microtomografia por fluorescéncia de raios X mostra somente aquelas regides onde o

elemento de interesse esta localizado.
Dados da tomografia:
» Amostra contendo solucdo padréo de Fe, Cu, Zn e Ga — 60 proje¢des,

31 raios soma, tempo de aquisicao para cada raio soma: t = 5 segundos,

passo da translagdo: 0,2 mm.
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Figura 5.13 Imagem tomografica por transmissao de raios X para a energia de 12 keV
da amostra de referéncia de acrilico preenchida com solu¢des padrido de Fe 200ug/g, Cu
200ug/g, Zn 200ug/g e Ga 200pg/g (Figura 5.13 a) e Imagem tomografica por
fluorescéncia de raios X do cobre (Figura 5.13 b), galio (Figura 5.13 c), ferro (Figura

5.13 ¢) e zinco (Figura 5.13 d) com corregdo de absorcao.

Analisando os resultados da tomografia por fluorescéncia de raios X da amostra
de acrilico preenchida com solugdes de ferro, cobre, zinco e galio; pode-se perceber que
foi possivel identificar a localizacdo de cada elemento separadamente o que ndo foi

possivel com a microtomografia por transmissao de raios X.
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Comparando os resultados do mapeamento por fluorescéncia de raios X da
amostra de acrilico sem corre¢cdo e com correcdo de absor¢do para as solucdes de ferro,
cobre, zinco e galio, pode-se perceber que o mapeamento com corregdo apresenta o
valor esperado da concentragdo. Confirmando a necessidade de se utilizar o algoritmo
com corre¢do de absor¢do para obter o mapeamento e valor correto da concentracdo

elementar na amostra.

A analise das amostras de referéncia ¢ importante para mostrar a propriedade
seletiva da técnica de tomografia por fluorescéncia de raios X, isto €, definindo a regido
de interesse de energia, pode-se obter a distribuicdo de cada elemento separadamente,

sem a necessidade de cortar ou alterar as propriedades da amostra.

5.2 Amostras de Tecido de Prostata

As Figuras 5.14 a 5.23, mostram os resultados das microtomografias para as
amostras de hiperplasia benigna da prostata humana (HPB) da prostata de quatro

pacientes.
Dados da tomografia:

» Amostra CJ01- HPB — 60 projecdes, 23 raios soma, tempo de aquisi¢ao

para cada raio soma: t = 6 segundos, passo da translagdo: 0,2 mm.

Figura 5.14 Tomografia por transmissdo de raios X a 12 keV da amostra de tecido de

prostata — HPB.
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Figura 5.15 Estimativa do coeficiente de atenuagdo para a energia de 6,4 keV para a
amostra de tecido HPB (Figura 5.15 a) e matriz de correcdo de absor¢do do ferro para a

mesma (Figura 5.15 b).

a) b)
Figura 5.16 Estimativa do coeficiente de atenuac@o para a energia de 8,0 keV para a

amostra de tecido HPB (Figura 5.16 a) e matriz de correg¢do de absor¢do do cobre para

a mesma (Figura 5.16 b).
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Figura 5.17 Estimativa do coeficiente de atenuac¢do para a energia de 8,6 keV para a

amostra de tecido HPB (Figura 5.17 a) e matriz de corre¢do de absor¢do do zinco para a
mesma (Figura 5.17 b).

a) b)

Figura 5.18 Imagem tomografica por fluorescéncia de raios X do ferro sem corregédo

de absor¢ao (Figura 5.18 a) e imagem tomografica por fluorescéncia de raios X do ferro

com correcdo de absor¢ao (Figura 5.18 b) para uma amostra de prostata com HPB.
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Figura 5.19 Imagem tomografica por fluorescéncia de raios X do cobre sem corregédo
de absor¢do (Figura 5.19 a) e imagem tomografica por fluorescéncia de raios X do
cobre com correcdo de absor¢do (Figura 5.19 b) para uma amostra de prostata com

HPB.

a) b)

Figura 5.20 Imagem tomografica por fluorescéncia de raios X do zinco sem correcao
de absor¢ao (Figura 5.20 a) e imagem tomografica por fluorescéncia de raios X do zinco

com correcao de absor¢do (Figura 5.20 b) para uma amostra de prostata com HPB.
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Dados da tomografia:

» Amostra PR04- HPB — 60 projec¢des, 22 raios soma, tempo de aquisi¢ao

para cada raio soma: t = 4 segundos, passo da translagdo: 0,2 mm.

Figura 5.21 Imagens tomograficas da amostra de HPB. Microtomomografia por
transmiss@o de raios X a 12 keV (Figura 5.21 a), tomografia por fluorescéncia de raios
X do ferro (Figura 5.21 b), tomografia por fluorescéncia de raios X do cobre (Figura

5.21 ¢) e tomografia por fluorescéncia de raios X do zinco (Figura 5.21 d).
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Dados da tomografia:

» Amostra PR06- HPB — 60 proje¢des, 21 raios soma, tempo de aquisi¢do

para cada raio soma: t = 7 segundos, passo da translagdo: 0,2 mm.

Figura 5.22 Imagens tomograficas da amostra de HPB. Microtomomografia por
transmissdo de raios X a 12 keV (Figura 5.22 a), tomografia por fluorescéncia de raios
X do ferro (Figura 5.22 b), tomografia por fluorescéncia de raios X do cobre (Figura

5.22 ¢) e tomografia por fluorescéncia de raios X do zinco (Figura 5.22 d).
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Dados da tomografia:

» Amostra PR08- HPB — 60 proje¢des, 21 raios soma, tempo de aquisi¢do

para cada raio soma: t = 7 segundos, passo da translagdo: 0,2 mm.
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Figura 5.23 Imagens tomograficas da amostra de HPB. Microtomomografia por

transmiss@o de raios X a 12 keV (Figura 5.23 a), tomografia por fluorescéncia de raios
X do ferro (Figura 5.23 b), tomografia por fluorescéncia de raios X do cobre (Figura

5.23 ¢) e tomografia por fluorescéncia de raios X do zinco (Figura 5.23 d).

Os resultados para as quatro amostras de HPB mostram que a concentracao de
zinco ¢ bem maior (cerca de 10 a 20 vezes) que a concentracdo de Fe. Mostram
também, que a concentracdo de cobre ¢ extremamente pequena, certa de 3 pg/g. Os
resultados das concentragdes de ferro, cobre e zinco obtidos nas trés amostras de HPB

estdo de acordo com a literatura.
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O zinco participa de muitas reacdes do metabolismo celular, incluindo processos
fisiologicos, tais como fungdo imune, defesa antioxidante, crescimento e
desenvolvimento, atuando como um componente estrutural e funcional de varias
enzimas e proteinas (LEITAO, 2009). Estudos mostram que a prostata tem a capacidade
de secretar alto nivel de zinco e que a concentragdo deste metal estd diretamente
relacionada ao cancer de prostata, por isso um estudo mais aprofundado sobre o

comportamento do zinco na prostata se faz necessario.

A tomografia por fluorescéncia de raios X conseguiu mostrar o0 mapeamento do
ferro, cobre e zinco no tecido de prostata com HPB. Mas para poder determinar se
existe uma diferenca entre as concentragdes de ferro, cobre e zinco e o tipo de tecido,
um maior numero de amostras de HPB e amostras de tecido de prostata saudavel e

cancer devem ser analisados.

5.3 Amostras de Tecido de Mama

As Figuras 5.24 a 5.40, mostram os resultados das microtomografias para cinco
amostras de mama pareadas, isto ¢, uma amostra de tumor e outra de tecido saudavel do

mesmo paciente.

Dados da tomografia:
» Amostra Ma02 - cancer de mama — 60 projecdes, 21 raios soma, tempo

de aquisi¢@o para cada raio soma: t = 10 segundos, passo da translagdo:

0,2 mm.
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Figura 5.24 Tomografia por transmissdo de raios X a 12 keV da amostra de tecido de

cancer de mama.

a) b)

Figura 5.25 Estimativa do coeficiente de atenuag@o para a energia de 6,4 keV para a
amostra de tecido de cancer de mama (Figura 5.25 a) e matriz de corre¢do de absorc¢ao

do ferro para a mesma amostra (Figura 5.25 b).

a) b)

Figura 5.26 Estimativa do coeficiente de atenuagdo para a energia de 8,0 keV para a
amostra de tecido de cancer de mama (Figura 5.26 a) e matriz de corre¢do de absorgao

do cobre para a mesma amostra (Figura 5.26 b).
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Figura 5.27 Estimativa do coeficiente de atenuagdo para a energia de 8,6 keV para a
amostra de tecido de cancer de mama (Figura 5.27 a) e matriz de corre¢do de absorcgao

do zinco para a mesma amostra (Figura 5.27 b).

Figura 5.28 Imagem tomografica por fluorescéncia de raios X do ferro sem correcio
de absor¢do (Figura 5.28 a) e imagem tomografica por fluorescéncia de raios X do ferro

com correcdo de absorgdo (Figura 5.28 b) para uma amostra de cancer de mama.
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Figura 5.29 Imagem tomografica por fluorescéncia de raios X do cobre sem corre¢do

de absor¢do (Figura 5.29 a) e imagem tomografica por fluorescéncia de raios X do

cobre com correc¢do de absorc¢ao (Figura 5.29 b) para uma amostra de cancer de mama.

Figura 5.30 Imagem tomografica por fluorescéncia de raios X do zinco sem corre¢io
de absor¢ao (Figura 5.30 a) e imagem tomografica por fluorescéncia de raios X do zinco

com correcao de absor¢do (Figura 5.30 b) para uma amostra de cancer de mama.
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Dados da tomografia:

» Amostra Ma03 - tecido saudavel de mama do mesmo paciente da
amostra Ma02 — 60 projecgdes, 18 raios soma, tempo de aquisi¢do para

cada raio soma: t= 10 segundos, passo da translag¢do: 0,2 mm.

a)
c)

Figura 5.31 Imagens tomograficas de uma amostra de tecido de mama saudavel.

Microtomomografia por transmissdo de raios X a 12 keV (Figura 5.31 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.31 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.31 ¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.31 d).
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Dados da tomografia:

» Amostra Ma08 - cancer de mama — 60 proje¢des, 20 raios soma, tempo

de aquisi¢do para cada raio soma: t = 10 segundos, passo da translagao:

0,2 mm.

Figura 5.32  Imagens tomograficas de uma amostra de cancer de mama.
Microtomomografia por transmissao de raios X a 12 keV (Figura 5.32 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.32 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.32 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.32 d).
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Dados da tomografia:

» Amostra Ma09 - tecido saudavel de mama do mesmo paciente da
amostra Ma08 — 60 projegdes, 21 raios soma, tempo de aquisi¢do para

cada raio soma: t= 10 segundos, passo da translag¢do: 0,2 mm.

o

x 10

c)

Figura 5.33 Imagens tomograficas de uma amostra de tecido de mama saudavel.

d)

Microtomomografia por transmissdo de raios X a 12 keV (Figura 5.33 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.33 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.33 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.33 d).
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Dados da tomografia:

» Amostra Mal0 — Cancer de mama — 60 projecdes, 18 raios soma,

tempo de aquisi¢do para cada raio soma: t = 10 segundos, passo da

translagdo: 0,2 mm.

Figura 5.38 Imagens tomograficas de uma amostra de tecido de cancer de mama.
Microtomomografia por transmissao de raios X a 12 keV (Figura 5.38 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.38 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.38 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.38 d).
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Dados da tomografia:

» Amostra Ma07 - tecido saudavel de mama do mesmo paciente da
amostra Mal0 — 60 projecgdes, 20 raios soma, tempo de aquisi¢do para

cada raio soma: t= 13 segundos, passo da translag¢do: 0,2 mm.

c) d)

Figura 5.37 Imagens tomograficas de uma amostra de tecido de mama saudavel.
Microtomomografia por transmissao de raios X a 12 keV (Figura 5.37 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.37 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.37 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.37 d).
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Dados da tomografia:

» Amostra Mall - Cancer de mama— 60 projegdes, 20 raios soma,

tempo de aquisi¢do para cada raio soma: t = 10 segundos, passo da

translagdo: 0,2 mm.

Figura 5.39 Imagens tomograficas de uma amostra de tecido de cancer de mama.
Microtomomografia por transmissdo de raios X a 12 keV (Figura 5.39 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.39 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.39 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.39 d).
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Dados da tomografia:

» Amostra Ma05 - tecido saudavel de mama do mesmo paciente da

amostra Mall — 60 projegdes, 23 raios soma, tempo de aquisi¢do para

cada raio soma: t= 10 segundos, passo da translag¢do: 0,2 mm.

Figura 5.35 Imagens tomograficas de uma amostra de tecido de mama saudavel.
Microtomomografia por transmissao de raios X a 12 keV (Figura 5.35 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.35 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.35 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.35 d).
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Dados da tomografia:

» Amostra Ma06 — Cancer de mama- 60 projegdes, 24 raios soma,

tempo de aquisi¢cdo para cada raio soma: t = 11 segundos, passo da

translagdo: 0,2 mm.

o

Figura 5.36 Imagens tomograficas de uma amostra de tecido de cancer de mama.
Microtomomografia por transmissdo de raios X a 12 keV (Figura 5.36 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.36 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.36 ¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.36 d).
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Dados da tomografia:

» Amostra Ma0l - tecido saudavel de mama do mesmo paciente da
amostra Ma06 — 60 projecdes, 20 raios soma, tempo de aquisi¢do para

cada raio soma: t= 10 segundos, passo da translag¢do: 0,2 mm.

d)

Figura 5.34 Imagens tomograficas de uma amostra de tecido de mama saudavel.
Microtomomografia por transmissao de raios X a 12 keV (Figura 5.34 a), tomografia
por fluorescéncia de raios X do ferro (Figura 5.34 b), tomografia por fluorescéncia de

raios X do cobre (Figura 5.34 c¢) e tomografia por fluorescéncia de raios X do zinco

(Figura 5.34 d).
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Analisando as imagens de tomografia por fluorescéncia de raios X das cinco
amostras pareadas de mama, pode-se observar que a concentracdo de ferro ¢ maior para
as cinco amostras de tumor do que para os tecidos saudaveis. J& para cobre e zinco ndo
houve uma coeréncia, para algumas amostras a concentragdo de cobre e zinco no tecido
do cancer aumentou e para outras diminuiu. Isso ndo significa que ndo existe um
comportamento para a maioria das amostras, pois o numero de amostras ¢ muito
pequeno tanto pra afirmar que a concentragao de ferro € sempre maior no cancer do que
no tecido saudével como para afirmar que ndo existe um comportamento para cobre e

zinco.

A razdo da concentragdo de ferro entre o tumor e o tecido saudavel foi igual a
1,45 para as amostras Ma02 e Ma03, igual a 1,75 para as amostras Ma08 e Ma09, igual
a 1,60 para as amostras Ma02 e Ma03, 4,1 para as amostras Ma02 e Ma03, 1,27 para as
amostras Ma02 e Ma03. Analisando um maior nimero de amostras pode-se verificar se
existe uma faixa que caracterize a concentracdo de ferro em tumores malignos de

amostras pareadas.

Mudangas na concentragdo do ferro devem ser associadas a vascularizacdo e o
aumento do suprimento do sangue para o crescimento de tumores. Além disso, o ferro ¢
um elemento essencial para o organismo porque ¢ parte integrante de algumas proteinas.
O ferro influencia o processo de carcinogenesis porque faz um papel vital no
regulamento do crescimento das células e sua diferenciacdo. Vdrios estudos mostraram
que o ferro estd diretamente ligado aos processos patologicos ocorridos na célula
principalmente em processos carcinogénicos (MAJEWSKA, 2007). Por isso um estudo
mais aprofundado do comportamento do ferro em amostras de mama com e sem cancer

deve ser feito analisando um numero mais significativo de amostras.

5.4 Imagens 3D de Tecidos de Biologicos

As Figuras 5.41 a 5.46, mostram os resultados das microtomografias por
transmissdo e por fluorescéncia de raios X em trés dimensdes para quatro amostras: uma
amostra de tecido de pulmao adulto saudavel, outra de tecido de pulmio de um feto

saudavel, uma de tecido de mama saudavel e outra de tecido de prostata com HBP.
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Nas amostras de pulméo tanto adulto quanto do feto ndo foi possivel fazer a
reconstrucdo da imagem por transmissdo de raios X porque o coeficiente de atenuagéo

das amostras era muito pequeno.

» Amostra 3D.1 — tecido saudavel de pulméo adulto — 60 projegdes, 24

raios soma, tempo de aquisicdo para cada raio soma: t = 10 segundos,

passo da translacdo: 0,2 mm.

Figura 5.41 Imagens tomograficas de uma amostra de pulmio adulto. 3D
microtomomografia por fluorescéncia de raios X do ferro (Figura 5.41 a), 3D
microtomografia por fluorescéncia de raios X do cobre (Figura 5.41 b), 3D
microtomografia por fluorescéncia de raios X do zinco (Figura 5.41 c) e 3D
microtomografia por fluorescéncia de raios X do ferro, cobre e zinco juntas (Figura 5.41

d).
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Analisando as imagens em trés dimensodes da amostra de pulmao adulto pode-se
perceber que as distribuicdes de ferro, cobre e zinco ndo sdo homogéneas e ndo sdo
iguais. Esta informag¢do pode ser melhor visualizada na Figura 5.41 d, quando

colocamos os trés mapeamentos tridimensionais juntos.

» Amostra 3D.2 - tecido saudavel pulméo feto — 60 projegdes, 24 raios

soma, tempo de aquisicdo para cada raio soma: t = 10 segundos, passo

da translacao: 0,2 mm.

Figura 5.42 Imagens tomograficas de uma amostra de pulmdo de um feto. 3D
microtomomografia por fluorescéncia de raios X do ferro (Figura 5.42 a), 3D
microtomografia por fluorescéncia de raios X do cobre (Figura 5.42 b), 3D
microtomografia por fluorescéncia de raios X do zinco (Figura 542 c) e 3D

microtomografia por fluorescéncia de raios X do ferro, cobre e zinco juntos (Figura 5.42
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d).

Analisando as imagens em trés dimensdes da amostra de pulmao de feto pode-se
perceber que a distribuigdo de cobre e zinco ¢ homogénea, mas a distribuicdo do ferro

mostra regides internas do tecido onde ndo ha concentracdo deste metal.

» Amostra 3D.3 - tecido saudavel de mama - 60 projegdes, 21 raios
soma, tempo de aquisicdo para cada raio soma: t = 10 segundos, passo

da translacao: 0,2 mm.

Figura 5.43 Microtomografia por transmissdo de raios X a 12 keV em trés dimensdes

da amostra de tecido de mama saudavel.

91



Figura 5.44 Imagens tomograficas de uma amostra tecido saudavel de mama. 3D

microtomomografia por fluorescéncia de raios X do ferro (Figura 5.44 a), 3D
microtomografia por fluorescéncia de raios X do cobre (Figura 5.44 b), 3D
microtomografia por fluorescéncia de raios X do zinco (Figura 5.44 c¢) e 3D

microtomografia por fluorescéncia de raios X do ferro, cobre e zinco juntos (Figura 5.44

d).

Analisando as imagens em trés dimensdes da amostra de tecido de mama
saudavel pode-se perceber que € uma amostra bem irregular e que as distribuicdes de
ferro, cobre e zinco ndo sdo homogéneas. Além disso, ha uma concentragdo de ferro em

apenas uma pequena parte da amostra.
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» Amostra 3D.4 — tecido saudavel de prostata com HBP — 60 projecdes,
20 raios soma, tempo de aquisi¢do para cada raio soma: t = 10 segundos,

passo da translagdo: 0,2 mm.

Figura 5.45 Microtomografia por transmissao de raios X a 12 keV em trés dimensdes

da amostra de tecido de prostata com HBP.
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Figura 5.46 Imagens tomograficas de uma amostra de prostata com HPB. 3D

microtomomografia por fluorescéncia de raios X do ferro (Figura 5.46 a), 3D
microtomografia por fluorescéncia de raios X do zinco (Figura 5.46 b) e 3D

microtomografia por fluorescéncia de raios X do ferro e zinco juntos (Figura 5.46 c).

Analisando as imagens em trés dimensdes da amostra de tecido de prostata com
HBP pode-se perceber que ¢ uma amostra bem irregular e que as distribui¢des de ferro,
e zinco nao sdo homogéneas. Além disso, ndo foi possivel obter o mapeamento para o

cobre porque a concentracdo de cobre nesta amostra ¢ muito pequena abaixo de 3 pg/g.
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6 Conclusao

Os objetivos da tese foram alcangados com a implementacdo da
microtomografia por fluorescéncia de raios X no Laboratério Nacional de luz
Sincrotron utilizando um feixe monocromatico com um cristal multicamadas, o que
permitiu a obtencao das matrizes de correcdo da tomografia por fluorescéncia de raios
X utilizando o programa MKCORR desenvolvido por Brunetti et al (BRUNETTI E
GOLOSIO, 2001).

Os resultados das tomografias mostram a viabilidade da microtomografia por
fluorescéncia de raios X e confirmam que essa técnica pode ser usada para
complementar outras técnicas para caracterizagdo de amostras (ROCHA, 2007). Foi
possivel visualizar a distribuigdo elementar nas amostras de referéncia e bioldgicas. O
objetivo de analisar as amostras de préstata, pulmdo ¢ mama através da técnica de
microtomografia por fluorescéncia de raios X ¢ mostrar o mapeamento de alguns

elementos dentro da amostra sem a necessidade de destruir a amostra.

Nas amostras de referéncia feitas de polietileno e acrilico preenchidas com
solucdes padrdo de ferro, cobre, zinco e géalio, enquanto as imagens de microtomografia
por transmissao mostraram a matriz de polietileno ou acrilico e as solu¢des contidas nos
cilindros internos, as imagens de microtomografia por fluorescéncia de raios X mostram
somente aquelas regides onde o elemento de interesse esta localizado. As imagens por
microtomografia por fluorescéncia de raios X mostraram a propriedade seletiva da
técnica, isto ¢, definindo a regido de interesse de energia, pode-se obter a distribuicdo de

um determinado elemento.

Comparando os resultados do mapeamento por fluorescéncia de raios X das
amostras de referéncia sem corre¢do € com correcdo de absorgdo para as solugdes de
ferro, cobre, zinco e galio, pode-se perceber que o mapeamento com correcao apresenta
o valor esperado da concentracdo. Confirmando a necessidade de se utilizar o algoritmo
com correcdo de absorcdo para se obter o mapeamento correto e o valor correto da

concentracdo elementar na amostra.
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Os resultados para as quatro amostras de HPB mostram que a concentragdo de
zinco ¢ bem maior (cerca de 10 a 20 vezes) que a concentragdo de Fe. Mostram
também, que a concentracdo de cobre ¢ extremamente pequena, certa de 3 pg/g. Os
resultados das concentragdes de ferro, cobre e zinco obtidos nas quatro amostras de

HPB estdo de acordo com a literatura.

Foi possivel comparar a concentracdo de cobre, zinco e ferro nas amostras de
tecido de mama saudével e o cancer para as cinco amostras pareadas de mama e foi
verificado que a concentrag@o de ferro € maior para a amostra de cancer comparada com
a concentragdo no tecido saudavel. Ja para cobre e zinco ndo houve uma coeréncia,
para algumas amostras a concentracao de cobre e zinco no tecido do cancer aumentou e
para outras diminuiu. Isso ndo significa que ndo existe um comportamento para a
maioria das amostras, pois o numero de amostras ¢ muito pequeno tanto pra afirmar que
a concentragdo de ferro € sempre maior no cancer do que no tecido saudavel como para

afirmar que ndo existe um comportamento para cobre € zinco.

Através dos resultados apresentados a microtomografia por fluorescéncia de
raios X se mostrou uma técnica importante ¢ com potencial para analisar as estruturas
internas das amostras bioldgicas como amostras de mama, préstata e pulmao. No caso
do pulmdo enquanto a microtomografia por transmissdo de raios X ndo conseguiu
mostrar nem a distribui¢do do coeficiente de atenuagao, ja que este era muito pequeno a
microtomografia por fluorescéncia de raios X conseguiu mostrar a distribuicdo do ferro,

do cobre e do zinco dentro da amostra.

A tomografia por fluorescéncia em trés dimensdes torna possivel a analise de
amostras especificas como micro tumores. Com essa técnica serd possivel verificar a
distribuicdo de metais dentro do tumor ¢ ao redor do tumor. Por isso uma cooperagdo
com médicos patologistas se torna essencial na escolha de amostras especificas que
possam trazer informagdes importantes para o diagnostico de doengas. Em uma mesma
amostra teriamos a informagao da concentragdo no tumor ¢ fora dele (teoricamente,

células saudaveis).
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Os resultados apresentados mostram que a tomografia por transmissao de raios
X e a tomografia por fluorescéncia de raios X conseguem trazer informacdes

importantes e complementares na caracterizacdo de amostras de tecidos biologicos.

Nas amostras de tecido tanto de prostata quanto de mama e pulmao foi possivel
fazer a reconstrucao dos elementos tracos ferro, cobre e zinco ¢ obter a informacgao da
concentracdo elementar ponto a ponto. Mas para poder determinar se existe uma
diferenca entre as concentra¢des de ferro, cobre e zinco ¢ o tipo de tecido, um maior

numero de amostras de prostata e mama devem ser analisados.

Além disso, sugiro um estudo do comportamento do coeficiente de atenuagdo na
faixa de energia de 5 keV a 15 keV para varios materiais diferentes. Sugiro que seja
feita uma avaliag@o estatistica para saber se € possivel implementar no programa de
reconstru¢do a extrapolacdo do coeficiente de atenuagao para energia de fluorescéncia

de raios X para um grupo, ou grupos de materiais.
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Apéndice

A Valores do coeficiente de atenuacao para diversos

materialis

A.1 A-150

A—150 TISSUE-EQUIVALENT PLASTIC

em? /g

e oor jgn/n,

1073 1077 107" 10" 10! 107
Fhoton Energy, Me¥

Figura A.1 Grafico do coeficiente de atenuagdo massico para o tecido equivalente

A-150 (NIST, 2009).

Densidade = 1,127 (g/cm3)

Energy (keV) 1P (com/g)
5 30,69
6 18,13
8 7,91
10 4,19
15 1,40
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
35 Model: ExpDec3
Equation: y = A1%exp(-x/t1) + AZ%exp(-x/12) + A3"exp(-x/t3) + y0
4 Weighting:
30 n y No weighting
\ Chi*2/DoF =-
1 R*2 =1
23+ y0  0.71286 -
4 Al 623.42602 4. 7T1E-141
\ t1 1.10658 +4,9962E-139
20 A A2 623.42602 +4.771E-141
=) . t2 1.10858 +4.9962E-139
o 1 A3 80.62084 .
g 15 13 3.13718 +o-
R
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Figura A.2 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

tecido equivalente A-150.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razao do p entre 6,4 keV e 12 keV 6,02
Razdo do p entre 8,0 keV e 12 keV 3,17
Razdo do p entre 8,6 keV e 12 keV 2,58
Razdo do p entre 9,2 keV e 12 keV 2,13
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A.2 Acrilico
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Figura A.3 Grafico do coeficiente de atenuagdo massico para o acrilico (NIST, 2009).

Densidade = 1,190 (g/cm3)

Energy (keV) 1P (cm¥g)
5 26,81
6 15,45
8 6,49
10 3,36
15 1,10
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

_ Data: Data1_B
30 Model: ExpDec3
] Equation: y = Al*exp(-x/t1) + A2*exp(-x/t2) + A3"exp(-x/t3) + y0
n Weighting:
25 | \ ¥ No weighting
Chi*2/DoF =—
1 R*2 =1
20 H \ y0  0.6556 +-
A1 47.01756 i
1 1 1.35132 *--
fiosmn; AZ 86.20655 t—
D 154 . 2 285283 .
£ A3 146585557 -
L) 1 t3 1.00354 +5.4155E-145
—
o
= 104
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=
]
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Figura A.4 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

acrilico.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuagdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,48
Razdo do p entre 8,0 keV e 12 keV 3,31
Razdo do p entre 8,6 keV e 12 keV 2,67
Razdo do p entre 9,2 keV e 12 keV 2,19
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A.3 Tecido Adiposo
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Figura A.5 Grafico do coeficiente de atenuagdo massico para o tecido adiposo

(NIST, 2009).

Densidade = 0,95 (g/cm’)

Energy (keV) 1P (cmi/g)
5 25,87
6 14,94
8 6,30
10 3,27
15 1,08
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

30 — Data: Datai_B
Model: ExpDec3
A Equation: y = A1*exp(-x/t1) + A2"exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting:
25 ] L] y No weighting
| Chi*2/DoF =-
R*}2 =1
20 4 YO 059976 4
Al 595.93595 +9.4328E-141
b t1 1.0801 %--
— A2 606.66329 +9.4178E-141
o
= 154 " 2 1.08151 .
E A3 71.36134 *-m
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Figura A.6 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

tecido adiposo.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuagdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,37
Razdo do p entre 8,0 keV e 12 keV 3,27
Razdo do p entre 8,6 keV e 12 keV 2,64
Razdo do p entre 9,2 keV e 12 keV 2,16
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A.4 Ar seco
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Figura A.7 Grafico do coeficiente de atenuag@o massico para o ar seco

(NIST, 2009).

Densidade = 0,0012 (g/cm’)

Energy (keV) HIP (cmilg)
5 40,27
6 23,41
8 9,92
10 5,12
15 1,61
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
45 4 Model: ExpDec3
4 Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting:
40 n y No weighting
Chi*2/DoF =
35 R2 =1
30 4 y0 0.92003 +6.1169E-146
Al 135.26256 +3.3093E-143
1 t 2.85098 +1.7695E-145
— 25 A2 827.48209 te-
_g"! n t2 0.9907 +1.8284E-144
o 1 A3 1307.37114 -
g 20 3 1.03875 +1.2094E-144
R
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Figura A.8 Grafico do ajuste da curva do coeficiente de atenuag@o massico para o ar

S€CO.

A partir da equacdo, calcula-se a razdo entre o coeficiente de atenuacdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,55
Razdo do p entre 8,0 keV e 12 keV 3,37
Razdo do p entre 8,6 keV e 12 keV 2,72
Razdo do p entre 9,2 keV e 12 keV 2,22
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A.5 Alanina
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Figura A.9 Grafico do coeficiente de atenuagdo massico para a alanina

Densidade = 1,424 (g/cm3)

(NIST, 2009).

Energy (keV) HIP (cmilg)
5 2991
6 17,21
8 7,25
10 3,74
15 1,21
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

- Data: Data1_B
Model: ExpDec3
30 - - Equation: y = A1*exp(-x/t1) + A2"exp(-x/t2) + A3"exp(-x/t3) + y0
Weighting:
4 ¥ No weighting
25 o Chi*2/DoF =
RA2 =1
y0 0.65385 i
20 Al 702.53224 -
1 1.07762 +—
a b ™ A2 702.61754 £
o t2 1.07764 E
= 15 - A3 83.33701 1~
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Figura A.10 Grafico do ajuste da curva do coeficiente de atenuagdo massico para a

alanina.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,47
Razdo do p entre 8,0 keV e 12 keV 3,31
Razdo do p entre 8,6 keV e 12 keV 2,67
Razdo do p entre 9,2 keV e 12 keV 2,18
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A.6 B100
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Figura A.11 Grafico do coeficiente de atenuagdo massico para o B100

(NIST, 2009).

Densidade = 1,45(g/cm’®)

Energy (keV) HIP (cm¥g)
5 129,8
6 79,42
8 36,19
10 19,44
15 6,22
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

- Data: Data1_B
140 Model: ExpDec3
4 ™ Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-wt3) + y0
Weighting:
120 y No weighting
1 Chi*2/DoF =-
R =1
100
] y0 2.8001 #--
\ Al 2113.90571 -
80 ™ t1 1.13447 £
a A2 2140.90727 -
e 4 t2 1.1356 +--
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S 604 13 3.23629 +—
o 4
=
==
40 A 1
L
20 i
| =
04
T T T T T T T T T T T 1
4 6 8 10 12 14 16

Energia (keV)

Figura A.12 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

B100.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razao do p entre 6,4 keV e 12 keV 5,77
Razdo do p entre 8,0 keV e 12 keV 3,14
Razdo do p entre 8,6 keV e 12 keV 2,57
Razdo do p entre 9,2 keV e 12 keV 2,13
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A.7 Bakelite

BAKELITE

e /g

e oor ugn /e,

10—2 L
1073 1072

107" 10°
Fhoton Energy,

e

10° 107

Figura A.13 Grafico do coeficiente de atenuagdo massico para o bakelite

Densidade = 1,25 (g/cm’)

(NIST, 2009).

Energy (keV) nlp (cm?/g)
5 22,88
6 13,15
8 5,52
10 2,86
15 0,95
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
25 4 Model: ExpDec3
Equation: y = A1%exp(-x/t1) + AZ%exp(-w/t2) + A3"exp(-x/t3) + y0
J L] Weighting:
y No weighting
20 H Chi"2/IDoF =~
R*2 =1
y0 0.62022 16.8364E-145
\ Al 49.81441 +3.4218E-142
15 1 2.79777 +1.5348E-143
ey . A2 39.96981 +7.0087E-142
o - 2 253706 +2.8371E-143
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S, 104 N t3 0.95508 +7.5705E-145
o
—
3 J e —
5l |
4 =
]
0 4
T T T T v T T T T T T 1
4 6 8 10 12 14 16

Energia (keV)

Figura A.14 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

bakelite.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,51
Razdo do p entre 8,0 keV e 12 keV 3,34
Razdo do p entre 8,6 keV e 12 keV 2,69
Razdo do p entre 9,2 keV e 12 keV 2,19
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A.8 Sangue
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Figura A.15 Grafico do coeficiente de atenuagdo massico para o sangue

Densidade = 1,06 (g/cm’)

(NIST, 2009).

Energy (keV) 1lp (cm?/g)
5 42,32
6 24,58
8 10,68
10 5,52
15 1,74
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
50 Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
4 Weighting:
y No weighting
n
40 \ Chi*2/DoF =~
R*2 =1
y0 1.00412 £
Al 1737.30896 *-n
30 \ t1 0.91243 +4 6603E-144
—— L A2 1737.30896 -
o 1 W t2 0.91243 +4,6603E-144
“'E A3 161.57135 -
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Figura A.16 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

sangue.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuagdo para as

energias de fluorescéncia de interesse.

Razao do p entre 6,4 keV e 12 keV 6,39
Razao do p entre 8,0 keV e 12 keV 3,36
Razao do p entre 8,6 keV e 12 keV 2,72
Razdo do p entre 9,2 keV e 12 keV 2,23
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A.9 Osso cortical
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Figura A.17 Grafico do coeficiente de atenuacdo massico para o 0sso cortical

Densidade = 1,92 (g/cm’)

(NIST, 2009).

Energy (keV) 1iP (cmi/g)
5 191,7
6 117,1
8 53,23
10 28,51
15 9,03
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Datal_B
1 Model: ExpDec3
Equation: y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0
Weighting:
200 + - y No weighting
] \ Chi*2/DoF =-
R*2 =1
150 4 y0 4.02319 t—-
Al 3212.51783 +--
t1 1.12899 +—-
- 1 o A2 3201.82474 -
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Figura A.18 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

0sso cortical.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuagdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 5,88
Razdo do p entre 8,0 keV e 12 keV 3,17
Razdo do p entre 8,6 keV e 12 keV 2,59
Razdo do p entre 9,2 keV e 12 keV 2,15
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A.10 Cérebro
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Figura A.19 Grafico do coeficiente de atenuagdo massico para o cérebro

(NIST, 2009).

Densidade = 1,04 (g/cm’)

Energy (keV) HIP (cm¥g)
5 42,42
6 24,68
8 10,47
10 5,41
15 1,71
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
50 4 Model: ExpDec3
Equation: y = A1%exp(-x/t1) + AZ%exp(-x/t2) + A3%exp(-x/t3) + y0
4 Weighting:
¥ No weighting
]
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Figura A.20 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

cérebro.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,52
Razdo do p entre 8,0 keV e 12 keV 3,36
Razdo do p entre 8,6 keV e 12 keV 2,71
Razdo do p entre 9,2 keV e 12 keV 2,22
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A.11 Tecido de mama

BREAST TISSUE [ICRU-44)

102
o
o
£ 102
A
<
™ 1
514
=3
o
@ 10°
2 0
=

107"

1072
1073 1072 1071 109 10 1072
Photaon Energy. Me¥

Figura A.21 Grafico do coeficiente de atenuagdo massico para o tecido de mama

(NIST, 2009).

Densidade = 1,02 (g/cm’)

Energy (keV) HIP (cm¥g)
5 34,07
6 19,72
8 8,32
10 4,29
15 1,38
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
Model: ExpDec3
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Figura A.22 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

tecido de mama.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacdo para as

energias de fluorescéncia de interesse.

Razao do p entre 6,4 keV e 12 keV 6,55
Razao do p entre 8,0 keV e 12 keV 3,36
Razao do p entre 8,6 keV e 12 keV 2,71
Razdo do pentre 9,2 keV e 12 keV 2,21
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A.12 Pulmao
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Figura A.23 Grafico do coeficiente de atenuagdo massico para o pulmao

(NIST, 2009).

Densidade = 1,05 (g/cm’)

Energy (keV) 1P (cm¥g)
5 42,96
6 24,97
8 10,58
10 5,46
15 1.72
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

Data: Data1_B
50 4 Model: ExpDec3
Equation: y = A1"exp(-x/t1) + A2"exp(-x/t2) + A3"exp(-x/t3) + y0
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Figura A.24 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

pulmao.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,48
Razdo do p entre 8,0 keV e 12 keV 3,33
Razdo do p entre 8,6 keV e 12 keV 2,69
Razdo do p entre 9,2 keV e 12 keV 2,20
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A.13 Polietileno
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Figura A.25 Grafico do coeficiente de atenuagdo massico para o polietileno

(NIST, 2009).

Densidade = 0,93 (g/cm’)

Energia (keV) 1P (cm¥g)
5 16,43
6 9,43
8 3,97
10 2,09
15 0,74
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

18 Data: Datal_B
Model: ExpDec3
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Figura A.26 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

polietileno.

A partir da equacdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,15
Razdo do p entre 8,0 keV e 12 keV 3,16
Razao do p entre 8,6 keV e 12 keV 2,56
Razdo do pentre 9,2 keV e 12 keV 2,1
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A.14 Tecido mole
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Figura A.27 Grafico do coeficiente de atenuagdo massico para o tecido mole

(NIST, 2009).

Densidade = 1,06 (g/cm’)

Energy (keV) 1P (cm¥g)
5 42.04
6 24,56
8 10,42
10 5,38
15 1,70
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Ajuste da curva do coeficiente massico de atenuagdo na regido de interesse:

_ Data: Data1_B
50 Model: ExpDec3
Equation: y = A1%exp(-x/t1) + AZ%exp(-x12) + A3 exp(-x/t3) + y0
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Figura A.28 Grafico do ajuste da curva do coeficiente de atenuagdo massico para o

tecido mole.

A partir da equagdo, calcula-se a razdo entre o coeficiente de atenuacgdo para as

energias de fluorescéncia de interesse.

Razdo do p entre 6,4 keV e 12 keV 6,37
Razdo do p entre 8,0 keV e 12 keV 3,29
Razdo do p entre 8,6 keV e 12 keV 2,66
Razdo do p entre 9,2 keV e 12 keV 2,18
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In this work, breast tissue samples were investigated in order to verify the distribution of certain elements
by x-ray fluorescence computed tomography (XRFCT) correlated with the characteristics and pathology of
each tissue observed by diffraction enhanced imaging (DEI).

The DEI system can show details in low attenuation tissues. Itis based on the contrast imaging obtained
by extinction, diffraction and refraction characteristics and can improve reduction in false positive and
false negative diagnoses. XRFCT allows mapping of all elements within the sample, since even a minute
fluorescence signal can be detected. DEI imaging techniques revealed the complex structure of the disease,
confirmed by the histological section, and showed microstructures in all planes of the sample. The XRFCT
showed the distribution of Zn, Cu and Fe at higher concentration. Copyright © 2007 John Wiley & Sons,

Ltd.

GENERAL INTRODUCTION

The increasing number of breast cancer cases! has led
researchers to develop new diagnosis techniques. One of
the problems faced by pathologists is false positive and false
negative diagnoses.?

The increase of the mortality rate in Brazil due to breast
cancer was a decisive factor in the choice of the investigated
samples. The choice also reflects the tendency world over to
find diagnostic techniques for cancer and other diseases.

The late diagnosis can make the treatment of cancer
difficult or delay it, reducing the possibilities of cure. The
difficulties encountered in the analysis of breast samples
are due to imperfections in the process of development
of histological sections that can hide the pathology in the
primary development stage and the low attenuation of
the tissues, which make the process difficult, limiting the
diagnosis in non-initial pathology development.

New types of radiographies based on attenuation,
refraction and scattering properties were developed to
investigate samples with low attenuation contrast between
adjacent tissues or interfaces. These samples are difficult to
investigate or can not be investigated with conventional
radiography techniques There are two basic ways of

*Correspondence to: R. T. Lopes, Laboratério de Instrumentagao
Nuclear—COPPE/UFR], P.O Box: 21941-972, zip code:68.509 Riode
Janeiro-R], Brazil. E-mail: rlopes@con.ufrj.br

TPaper presented as part of a special issue of papers from the 2006
European X-ray Spectrometry Conference, Paris, France, 19-23
June, Part 4.

Copyright © 2007 John Wiley & Sons, Ltd.

describing setups, which use phase contrast (PHC) and
refraction of x-ray beyond attenuation contrast. Setups based
on interferometers or free propagation techniques (PHC)
and techniques based on analyzer crystals, e.g. diffraction
enhanced imaging—(DEI) can be used. The first setup
observes phase shift map of the sample and the last one
observes the refraction gradient and ultrasmall angle scatter
properties (extinction) beyond attenuation.

The PHC can use an interferometer or free propagation
method to observe properties of the wave’s phase as
a consequence of interaction with the sample. When an
interferometer is used, one path of x-ray beam interact with
the sample while the other path supplies the reference wave.
The interference between both waves gives rise to contrast
phase in the detector. In the other case, the PHC observes the
phase change of the high coherence x-ray plane wave or high
coherence x-ray fan beam, after interacting with the sample.

The amount of the phase shift is determined by the
refractive index of the sample. The refractive index n for
x-rays is complex and is given by the equationn =1 — § 4 if,
where §, the refractive index decrement is responsible for
the x-ray phase shift, and g is the imaginary part of n
which is related to the x-ray absorption. The § is given
by § = A2N,r./(2m), Where N, is the electron density and
1. is the classic radius and B = uA/4w. For x-rays with
wavelength . &~ 1A in structures consisting of carbonic
compounds, the value of § is on the order of 107°.* The
amount of x-ray phase shift can be calculated from the
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equation: ¢ = —27 , Where the integral is over
the ray path (I).>-® Given that the samples have different
electron density, different tissues generate different x-ray
phase changes. The refraction contrast can be 1000 times
greater than the attenuation contrast for the infiltrating ductal
carcinoma (IDC) in the breast.”

The real and imaginary parts have very different
dependences on photon energy; in the regime where the
photoelectric effect dominates and is far from absorption
edges, B o« E~* while § oc E~2. As a consequence, the values
of § can be three orders of magnitude larger than B. X-rays
passing through regions with different § values are subjected
to phase shifts that correspond to being refracted. These
changes, which can originate from the purely geometrical
effect of the shape of the object or, for instance, from the local
homogeneity defects of the object, cannot often be visualized
using absorption imaging techniques.’

DEI techniques use an analyzer crystal to select refraction
and diffraction contrasts of x-rays beyond attenuation
contrast. This technique was first developed by Chapman
and coworkers’~'? and has been used in our work to observe
small details in breast tissue samples. These images were
compared with histological sections and the specific location
was analyzed by fluorescence methods.

The excellent properties of synchrotron radiation sources,
such as the possibility of setting a specific energy (monochro-
matic beam); high coherency beam; high photon flux; broad
energy spectrum and natural collimation allow the use of
x-ray fluorescence computed tomography (XRFCT) tech-
niques. In many studies, it is necessary to analyze the ele-
mental distribution in biological tissue in a detailed manner.

The fluorescence mapping of iron, copper and zinc can
be very important in diagnosis, because the biochemistry
of these elements suggests that these metals may play an
important role in carcinogenesis.!!

However, until now, the evidence for linking iron, copper
and zinc to cancer is far from being conclusive'? and further
research is needed. Using x-ray fluorescence tomography, the
elemental map can be obtained without sample preparation.

This research uses DEI characteristics to analyze two
breast tissue samples and XRFCT to analyze the samples
distribution map of iron, copper and zinc in specific areas of
the samples.

DIFFRACTION ENHANCED IMAGING

Introduction

A new type of radiography based on attenuation, refraction
gradient and ultrasmall angle scatter properties (extinction)'®
can be used to investigate samples with low attenuation
contrast between adjacent tissues or interfaces.

The DEI technique uses an analyzer crystal to select
the refracted x-ray beam after it has interacted with the
sample. For different angular positions of the analyzer
crystal, deviated photons can be detected separately from
those which were simply transmitted by the sample.

Analyzer crystals in Bragg diffraction after transmission
of the beam through the specimen can be used for two

Copyright © 2007 John Wiley & Sons, Ltd.
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purposes: magnification of the image or detection of small
angular deviations. When using the analyzer for detecting
small angular deviations, in the case when small deviations
of the incoming x-ray beam have to be detected owing e to
sharp variations of phase, it is necessary to adopt geometry
with a less grazing incident beam, or even an asymmetrical
geometry with the incoming beam at a larger angle with the
diffracted beam. As a consequence, the acceptance is much
narrower and at a certain Bragg angle, the deviated beams
are not diffracted at all, while for a slightly different angular
position, only the deviated beams are visible. This is the basis
of the DEL.-10.14-16

The angular acceptance band of the analyzer is deter-
mined by the width of the rocking curve (RC), ie. the
intensity curve that is obtained by rocking the analyzer crys-
tal around the Bragg angle with no sample in the beam.
The rocking curve full width at half-maximum (FWHM) is
typically on the order of 1-100 urad, and thus comparable
with the tiny deviation produced in the sample."”

DEI techniques yield three images depicting separately
the effects of refraction, ultrasmall angle scatter, and
attenuation by the object.'®-1 With two images acquired,
one on each side of the rocking curve of the analyzer, an
appropriate algorithm permits the calculation of two new
images: the apparent absorption (Iz) and the refraction maps
of the object (A6z).

Another image can be obtained to observe the extinction
effects by setting the analyzer at the sharp peak of the
rocking curve (at the top position). Although this “Top’
image includes some refractive index and attenuation effect,
it has an important advantage over the apparent absorption
image in that it does not suffer from the additional image
noise caused by image addition and subtraction procedures.

The refraction image can be obtained by applying Eqn 1
pixel-by-pixel, assuming there is no significant effect from
small angle scattering. Intensity of the x-rays, transmitted
though the sample and then diffracted by analyzer, is
measured with the analyzer tuned to opposite sides of the
rocking curve to take images of low (0;) and high angle
(6).° Applying Eqn 1 and 2 pixel-by-pixel to the low and
high angle images,'%2!-22 it is possible to obtain the refraction
images (Afz) and apparent absorption images (Ir)

Iy R(6p) — I R(6n)

I dR 9 I dR 0
L (%)(H)_ H (%)(L)
dR dR
I (%) On) — Iy (E) 6r)

R(6 dR [% R(6, dR [%
(L)(%)(H)_ (H)(%) Or)

The Top, apparent absorption and refraction images
allow a better visualization of the low attenuation interface

Aby = D

Ig = @)

of the breast tissue sample and this new type of visualization
can improve the biomedical researches on breast cancer
diagnosis.

Towards continuing this biomedical research with
human tissue, more studies must be carried out so that
this technique can lead to an improved method of better
diagnosis.

X-Ray Spectrom. 2007; 36: 247-253
DOI: 10.1002/xrs
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Methods

The system was set up in a high-resolution diffraction beam
line (D10A-XRD?2) at the Brazilian Synchrotron Light Source
(LNLS) with a setup using a Si(111) monochromator and
two channel cut Si(333) crystals,?>~% as shown in Fig. 1. The
monochromator was adjusted to 10.7 keV and the beamline
x-ray mirror was set in an unfocused position with the
lowest possible vertical divergence. The first channel cut
Si(333) set in a Bragg condition was used to reduce the
vertical divergence of the beam. The second channel cut
was used as the analyzer. The measured RC width (FWHM)
of the incident beam on the sample was about 113 urad
and the rocking curve of the analyzer was about 6 urad
in the vertical plane. The RC of the whole system is the
convolution of the analyzer reflectivity with the light leaving
the monochromator” and the first channel cut. A direct
conversion water-cooled CCD camera of 1242 x 1152 pixel®
0f22.5 x 22.5 um? each was positioned in front of the incident

Linear translator with
the sample

lonization
Chamber

Pre-monochromator
Si(111)

~. >

Mirror

Synchrotron ring

Diffraction enhanced imaging and XRFCT for analyzing biological samples

beam after the analyzer crystal. The sample and the detector
were positioned in a high-precision linear translator with a
resolution of 1 um. The incident beam of the sample had a
width of 25 mm and a height of 2 mm. Images were taken
in scan mode. All the samples were positioned in a closed
Mylar cylinder to keep the samples fresh. The samples had
approximately 2 mm thickness, 15 mm height and 20 mm
width.

Three images were taken, one at the Top and two on
opposite sides of the rocking curve at the same angle. The
two lastimages are used to obtain the refraction and apparent
absorption images through mathematical processing using
Eqgn 1 and 2 implemented in MatLab Software® script with
the image processing toolbox.

Results and discussions
Two breast tissue samples were examined to observe details
of ductal carcinoma structures. Figure 2 shows images of

CCD
Scintillation Detector

counter
N

v

Symetrical
Channel Cut
Si(333)

Channel Cut
Si333
Analyzer

Figure 1. The experimental arrangement for an x-ray diffraction enhanced microtomography measurement using a monochromatic

beam.

(In

Figure 2. Images of histological section (Hematoxylin-eosin stain) of (l) breast cancer (8613) where (A) is the normal lobular breast
parenchyma (dark rose), (B) is the adipose tissue and (C) are cysts. In Fig. (ll) breast cancer (8283) after chemotherapy reduction
where (A) is the atrophic breast parenchyma without tumor, (B) is the microscopic residual tumor within dense connective tissue and

(C)is acyst.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 3. DEI images of another breast tissue (8613) at low (9.), high (6n) and Top (6g) acquisition of the RC and images of refraction
contrast (A6z) and apparent absorption contrast (/g) obtained with the DEI mathematical processing. The cysts are marked with
arrows. XRFCT slice position was marked with arrows and the fragment sample is marked with dot line rectangle in 6g position

image.
100 100 100
w ) o
o 200 © 200 o 200
3 800 3 300 5 800
S 400 S 400 S 400
3 g 3
& 500 2 500 & 500
600 §i 600 < ‘- 600
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Position-y” (pixels) Position-y” (pixels) Position-y” (pixels)
1.0 0
100 § 08
3 200 3 °
= 2 o064 0 =
f 300 < 0.6 0, ¥ %
S 400 2 04 5
2 £ 2
x 500 : 0.2 1 o
600 &8 S
s - 0.0 . . . | ;
100 200 300 400 500 600 700 800 900 -100 -50 0 50 100 100 200 300 400 500 600 700 800 900
6 (urad)

Position-y” (pixels)

Position-y” (pixels)

Figure 4. DEI images of breast tissue (8283) at low (9.), high (64) and Top (0g) acquisition of the RC and images of refraction contrast
(A6z) and apparent absorption contrast (/g) obtained with the DEI mathematical processing. XRFCT slice position was marked with
arrows and the fragment sample was marked with line in 6g position image.

a histological section of breast cancer (8613) and breast
cancer after chemotherapy reduction (8283). In Fig. 2(I) of
the histological section, it was possible to identify the
normal lobular breast parenchyma (A), adipose tissue (B) and
cysts (C). In Fig. 2(II) of the histological section, it was
possible to identify the dense, fibrous, connective tissue
with atrophic breast parenchyma without tumor (A), the
microscopic residual tumor within dense connective tissue
(B) and cyst (C).

Copyright © 2007 John Wiley & Sons, Ltd.

Figures 3 and 4 show DEI images of breast tissue (8613)
at low (6r), high () and top (0g) acquisition of the RC and
images of refraction contrast (Afz) and apparent absorption
contrast (Ir) obtained with DEI mathematical processing.

In Figs 3(0g) and 4(fg) the location of the removed tissue
fragment was marked (dotted line rectangle) to obtain the
XRFCT in order to observe the elemental distribution map.
DEI images allow the observation of some structures in
thick samples. It was possible to observe cysts, which was

X-Ray Spectrom. 2007; 36: 247-253
DOI: 10.1002/xrs
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Figure 5. The experimental arrangement for an x-ray fluorescence microtomography measurement using a monochromatic beam.

Transmission

Figure 6. Images of transmission and XRFCT of Fe, Cu and Zn (8283).

confirmed by observation in the histological section (right
side Fig.2(I)) and the initial cyst was of approximately
790 um (left side). The initial cyst cannot be seen in the
plane of the histological section.

In Fig. 3 it was possible to observe (dotted line ellipse) the
microscopic residual tumor within dense connective tissue
and the cyst, which can not be seen in the plane of the
histological section in Fig. 2(II).

The diffraction, refraction and apparent absorption
images allow a better visualization of low attenuation
interface of the thick breast tissue sample and can be opened
to new approach in biomedical research.

Towards continuing this biomedical research with
human tissue, more studies must be carried out done in
order to conclude that this technique can lead to a improved
method for better diagnosis that are more precise, especially
in initial stages.

X-RAY FLUORESCENCE MICROTOMOGRAPHY

Introduction

One of the most sensitive methods for detecting trace ele-
ments in breast tissue samples is the x-ray fluorescence (XRF)
technique.? This technique requires sample preparation such
as planar mode. The preparation is not limited to cutting the
sample. The samples need to be prepared to be cut. The

Copyright © 2007 John Wiley & Sons, Ltd.

micro XRF requires ultrafine and accurate slices (approxi-
mately 15 microns) and without sample preparation, this cut
cannot be done. Typically, the samples are embedded or
fixed in paraffin. The most suitable samples for topographic
and quantitative elemental analysis with the use of p-SRXRF
technique seem to be fresh tissue samples, cut using cry-
omicrotome and then freeze-dried.” The XRFCT does not
require this kind of sample preparation; it is not necessary to
cut the sample to analyze the tomographic plane.

Another technique that can give diagnostic information
on breast tissue samples is transmission tomography. This
technique has been used in nondestructive testing for
investigating the internal structure of samples®® With
the advent of intense synchrotron radiation sources, the
resolution of the tomography was improved into the
micrometer regime.’! Although transmission tomography
provides information about the distribution of attenuation
coefficients, the technique cannot give any information about
the distribution of trace elements.

The XRF associated with tomographic techniques can
supply important information about a sample’s chemical
properties and produce high contrast. Transmission tomog-
raphy is not able to give this information. XRF tomography
is based on detection of photons from fluorescent emission
from the elements in the sample. These photons are acquired
by an energy dispersive detector, placed at 90° to the incident

X-Ray Spectrom. 2007; 36: 247-253
DOI: 10.1002/xrs
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Figure 7. Images of transmission and XRFCT of Fe, Cu and Zn (8613).

beam direction, and as additional information, a transmis-
sion tomography is used for sample characterization.” If the
attenuation within the sample is small, then the fluorescence
intensity of a certain atomic level is proportional to the con-
centration of the element pi (x, y) and the usual algorithms
of transmission microtomography can be used to recover
o1 (x,y). In Eqn 3, Ar is the experimental projection, Ij is the
intensity of the incident beam and Iiv is the intensity of the
fluorescence from the v-line of element i.

Iiv
Ap = T~ / dxdy pi(x, y) 3)
0

Methods

This work presents the development of a system to study flu-
orescence microtomography at the x-ray fluorescence facility
(D09B-XRF) at the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. A monochromatic beam (9.8 keV)
collimated to a 200 x 200 um? area with a set of slits was used
for excitation of the elements within samples. The intensity of
the incident beam was monitored with an ionization chamber
placed in front of it, before the sample. A schematic presenta-
tion of the experimental setup for an XRF microtomography
using a monochromatic beam is shown in Fig. 5.

The sample was placed on a high-precision goniometer
and on translation stages, in order to allow rotating as well as
translating it perpendicularly to the beam. The fluorescence
photons were collected with an energy dispersive HPGe
detector (CANBERRA Industries inc.) placed at 90° to the
incidentbeam, while transmitted photons were detected with
a fast Nal (Tl) scintillation counter (CYBERSTAR-Oxford
anfysik) placed behind the sample along the beam direction.
This detector geometry allows reducing elastic and Compton
x-ray scattering from the sample because of the high linear
polarization of the incoming beam in the plane of the storage
ring, thus improving the signal-to-background ratio for the
detection of trace elements.*®

The quality of the reconstruction is a compromise
between the measuring time required for an acceptable
counting statistic of the XRF peaks and the step size necessary
to linearly move and rotate the samples. In one projection,
samples were positioned in steps of 200 um (actual beam
size) perpendicular to the beam direction, covering the entire
cross section of the sample. Each single value in a projection
is obtained by measuring the fluorescence radiation emitted
by all the pixels along the beam.** The object is then rotated,
and another projection is measured. Projections are obtained

Copyright © 2007 John Wiley & Sons, Ltd.

in steps of 3° until the object has completed 180°. The selected
measuring time was two seconds for each scanned point.

The XRF microtomographies were performed on one
sample of each type of human breast tissue (breast cancer
and breast cancer after chemotherapy reduction). The
condition of the tissues (breast cancer and breast cancer after
chemotherapy reduction) was identified by the pathologist
who made the samples available. The tissues for XRFCT were
cut in cylindrical form with 1.5-2 mm thickness by 4—-5 mm
of height and were stored in 10% formaldehyde before being
analyzed.

All tomographies were reconstructed using an in-house
program with the back projection algorithm and a Ram-Lak
filter. The reconstruction program was developed in C and
does not use standard libraries.

Results and discussions

All the transmission and fluorescence computed tomogra-
phies were reconstructed using a filtered back projection
algorithm. Despite the self-absorption inside the samples,
we have obtained good results. The fluorescence tomog-
raphy images are qualitative in character because of this
self-absorption.

The results of the transmission and fluorescence CT in
the two diseased human breast tissue samples are shown in
Figs 6 and 7. The position of the analysis is as marked in the
Figs 3(0g) and 4(6s) with a dotted line rectangle.

The image on the left side of Figs 6 and 7 shows the
transmission microtomography and the others show the
reconstructed XRF microtomographies of Fe, Cu and Zn.
The radial streak effects in Fig. 6 and 7 are because of the
low counting statistic in each projection. The images were
not processed.

In Fig. 6, Cu and Zn seem to generate similar distri-
butions, but in Fig.7, Fe and Cu show similar behavior.
Probably the difference between the distribution is due to
the presence of an initial cyst in the sample in Fig. 7. The
tomographic projection shown in Fig. 7 reveals the presence
of Zn only in the inner initial cyst.

CONCLUSION

DEI imaging techniques allow revealing the complex struc-
ture of the disease, confirmed by the histological section,
and can show microstructures in all planes of the sample.
The Top and refraction images are especially appropriate

X-Ray Spectrom. 2007; 36: 247-253
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for showing, with high contrast, structures in thick sam-
ples. The refraction, apparent absorption and Top imaging
(extinction contrast) can improve information for patholo-
gists to reduce false positive and false negative diagnoses.
More studies must be done with a larger statistical value to
quantify the possibility of reducing false positive and false
negative diagnoses.

By analyzing the XRFCT of the breast sample fragments,
it was possible to visualize the elemental distribution of iron,
copper and zing, but it is necessary to correct the absorption
to get the concentration of these elements in the samples and
correct the fluorescence mapping. However, it can be seen
that there may be a larger zinc concentration inside an initial
cyst.

It will be necessary to measure more samples and
quantify the difference in concentration in one sample
and between normal and abnormal tissues to use the XRF
microtomography as an analytic tool to analyze biological
tissues.

The better definition of the interfaces in XRF images
was striking and the spatial resolution of the system can be
optimized as a function of the application. The experimental
set up at XRF-LNLS has shown to be very promising and this
effort at implementing XRF microtomography was justified
by the high quality of the images obtained.
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Abstract

The X-ray fluorescence microtomography (XRFCT) is a non-destructive technique to complement other techniques used for samples
characterization. The common techniques provide only information on the attenuation coefficients (transmission microtomography) or
electronic density (Compton microtomography) and no information on the distribution of the elements inside of the sample can be
obtained in these cases. XRFCT is based on the detection of fluorescence photons emitted by the elements in the sample. As the energy of
photons of fluorescence has a particular value for each element, it is possible to obtain the distribution of all the elements in a sample,
since that a minimum of fluorescence signal is detected. The experiments were performed at the X-ray fluorescence beamline (D09B-
XRF) of the Brazilian Synchrotron Light Source (LNLS), Campinas, Brazil. A monochromatic beam and a white beam was used for the
excitation of the elements and the fluorescence photons have been detected by a HPGe detector, placed at 90° to the incident beam. The
beam was monitored by an ionization chamber and a fast scintillator detector was used to detect the transmitted radiation. In order to
study the performance of the system, some reference samples made of polyethylene filled with standard solutions were analyzed, and
some tissues of human breast (normal tissue, benign tumor and malignant tumor) have been analyzed in order to verify the efficiency of
the system in determination of the elemental distribution in these kinds of samples. All the tomographic images were reconstructed using

a filtered-back projection algorithm. In the breast tissue samples, the elements of higher concentration were Zn, Cu and Fe.

© 2007 Elsevier B.V. All rights reserved.
PACS: 87.59.Fm; 07.85.Qe; 87.64.Ni

Keywords: X-ray fluorescence; Microtomography; Reference samples

1. Introduction

Since tomographic techniques were developed, transmis-
sion tomography has been used in nondestructive testing
for investigating the internal structure of samples [1] and
with the advent of intense synchrotron radiation sources;
the resolution of the tomography was improved into pm
regime [2]. Although the transmission tomography pro-
vides information about the distribution of the attenuation
coefficients, the technique cannot give any information
about elemental distribution.

Other complementary tomographic techniques have
been developed based on the detection of the scattered [3]
and fluorescent photons [4] in order to get some properties

*Corresponding author. Tel.: + 55212562 7308; fax: + 55212562 8444.
E-mail address: ricardo@lin.ufrj.br (R.T. Lopes).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
d0i:10.1016/j.nima.2007.04.069

that also depend upon the distribution of individual
elements within the sample. The X-ray fluorescence
associate with tomographic techniques can supply impor-
tant information of the sample chemical properties and to
produce high contrast in conditions where transmission
tomography is not adjusted.

One of the drawbacks of fluorescence tomography is the
reconstruction calculation that is more complex than
transmission tomography’s algorithm [5]. Hogan et al. [6]
proposed adapting one of the algorithms used in X-ray
transmission tomography. The simplest algorithm is based
on the classical back projection algorithm used in
transmission tomography. An algorithm more accurate
applies corrections for absorption before and after the
fluorescence point.

XRFCT uses the photons emitted from the elements in a
sample and allows one to obtain spatial maps in terms of
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the chemical composition of the object. If the attenuation
inside the sample is small then the fluorescence intensity of
a certain atomic level is proportional to the concentration
of the element p;, (x,y) and so the usual algorithms of
transmission microtomography can be used to recover p;,
(x,»). In equation below, I, is the intensity of the incident
beam and I;, is the intensity of the fluorescence from the
v-line of the element i.

I
AF = — X //dxdypi\,(x,y).
Iy

This paper presents a development of a setup to study
XRFCT of some reference samples made of polyethylene
filled with a standard solution and some breast tissue
samples at the XRF fluorescence beamline of the Brazilian
Synchrotron Light Source facility (LNLS), Campinas,
Brazil.

2. Methods

This work presents a development of a system to study
fluorescence microtomography at the X-ray Fluorescence
Facility (D09B-XRF) at the Brazilian Synchrotron Light
Laboratory (LNLS), Campinas, Brazil. A monochromatic
beam (9.8 and 10.7 keV) collimated to a 200 x 200 um? area
with a set of slits, and a white beam (423 keV) collimated
to a 100 x 100 umz area with a set of slits, were used to
sample excitation. The intensity of the incident beam was
monitored with an ionization chamber placed in front of it,
before the sample. A schematic of the experimental setup
for an XRFCT using a monochromatic beam is shown in
Fig. 1.

The sample was placed on a high precision goniometer
and translation stages that allow rotating as well as
translating it perpendicular to the beam. The fluorescence
photons were collected with an energy dispersive HPGe
detector (CANBERRA Industries Inc.) placed at 90° to the
incident beam, while transmitted photons were detected
with a fast Nal (T1) scintillation counter (CYBERSTAR-
Oxford anfysik) placed behind the sample on the beam
direction. This detector geometry allows reducing the

Fluorescence

Detector Transmission
Detector

lonization i
Chamber b

o

Pre-monocromator
si (111

Goniometer w;lh
the sample
Two sets of slits

i (100x100)um
Synchrotron ring

Fig. 1. The experimental arrangement for an X-ray fluorescence micro-
tomography measurement using a monochromatic beam.

elastic and Compton X-ray scattering from the sample
due to the high linear polarization of the incoming beam in
the plane of the storage ring, thus improving the signal-to-
background ratio for the detection of trace elements [7].

In order to study the performance of the system, some
reference samples made of polyethylene filled with a standard
solution of copper were analyzed, and some tissues of human
breast (normal tissue, benign tumor and malignant tumor)
have been analyzed in order to verify the efficiency of the
system in determination of the elemental distribution in these
kinds of samples. All the tomographic images were recon-
structed using a filtered-back projection algorithm.

3. Results and discussions

The test samples are made of a polyethylene cylinder
with 2mm diameter with an internal cylinder with 1 mm
diameter filled a standard solution of copper. Analyzing
the images, it can be seen that while the transmission
images show the polyethylene matrix and the internal
cylinder, the X-ray fluorescence images show only those
regions where the elements of interest (copper) were
localized.

The results for the test samples made of polyethylene using a
white beam, a monochromatic beam at 10.7keV and a
monochromatic beam at 9.8 keV are shown in Figs. 2, 3 and 4,
respectively. In the figures, the left image shows the XRFCT
and the right shows the XRFCT of copper.

Fig. 2. Tomographic images using a white beam (left: transmission
microtomography; right: X-ray fluorescence microtomography of Cu).

Fig. 3. Tomographic images using a monochromatic beam at 10.7keV
(left: transmission microtomography; right: X-ray fluorescence micro-
tomography of Cu).
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Analyzing the test samples images, it can be observed
that the images do not have differences; the images have
the same characteristics. The biggest advantage of the
analysis with a monochromatic beam is the possibility
determining the attenuation coefficients for the fluores-

Fig. 4. Tomographic images using a monochromatic beam at 9.8 keV
(left: transmission microtomography; right: X-ray fluorescence micro-
tomography of Cu).

cence energy and for beam energy and with these
coefficients one can make the absorption corrections and
accurately determine the concentration in each point of the
sample.

The human breast tomographic images were done with a
white beam. The results of these images are shown in
Fig. 5. The results of the transmission tomography for
normal tissue are shown in image (a). In images (b—d), we
have shown the fluorescence tomography images in normal
tissue for iron, copper and zinc, respectively. The results for
benign and malignant tumor are shown in images (e) until
(1). In images (e)—(i), we have the transmission tomography
images for malignant tumor and benign tumor, respec-
tively, and the other images show the fluorescence
tomography images for iron, copper and zinc in the tumor
samples.

An in-house program was developed to put the different
fluorescence tomography images for the same sample
together, and the results of normal breast tissue sample

Zn+Fe+Cu

Fig. 5. Tomography images of the breast tissue samples.
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can be visualized in images (m), (n), (o) and (p). The
elements zinc, iron and green are represented in red, green
and blue, respectively. The image (m) shows the combina-
tion of both zinc and copper fluorescence tomography
image at the normal breast tissue sample, and the other
images show all possible combinations.

4. Conclusions

XRFCT is a powerful technique that can be used to
characterize some samples bioscience, medicine, and
geophysics.

It was possible to visualize the elemental distribution on
the test samples, and on breast tissue samples but to use the
XRFCT as an analytic tool to analyze biological tissues, it
will be necessary to measure more samples and quantify the
difference in concentration in one sample and between
normal and abnormal tissues.

The better definition of the interfaces in X-ray fluores-
cence images was notorious and the spatial resolution of
the system can be optimized as a function of the
application.

The experimental setup at XRF-LNLS have shown to be
very promising and this effort on implementing the

XRFCT was justified by the high quality of the images
obtained.
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Abstract

Transmission microtomography (uCT) and X-ray fluorescence microtomography (XRFuCT) are complementary and noninvasive
techniques used for sample characterization. uCT provide information on the attenuation coefficients, while XRFuCT can provide the
distribution of all elements in a sample. XRFuCT is a noninvasive technique, based on the detection of X-ray fluorescence emitted by the
elements in the sample, and it is used to complement other techniques for sample characterization. The experiments were performed at
the X-Ray Fluorescence (XRF) beamline of the Brazilian Synchrotron Light Laboratory (LNLS), Campinas, Brazil. A monochromatic
beam of 9.8 keV was used for excitation of the elements within samples and the fluorescence photons were detected by an HPGe detector.
The incident beam was monitored by an ionization chamber and a fast scintillator detector was used to detect the transmitted radiation.
In this work, several intestine and breast tissue samples were investigated in order to verify the concentration of some elements correlated
with the characteristics and pathology of each tissue observed by transmission uCT. All XRFuCT were reconstructed using a filtered

back-projection algorithm. In those samples the elements Zn, Cu, and Fe were observed.

© 2007 Elsevier B.V. All rights reserved.

PACS: 07.85.Yk; 87.59.Fm; 78.70.En
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1. Introduction

Since tomographic techniques were developed transmis-
sion tomography has been used in noninvasive testing for
investigating the internal structure of samples [1], and with
the advent of intense synchrotron radiation sources the
resolution of the tomography was improved to the pm
regime [2]. Although transmission tomography provides
information about the distribution of the attenuation
coefficients, the technique cannot give any information
about the distribution of trace elements within the samples.

Other complementary tomographic techniques have
been developed based on the detection of scattered [3]
and fluorescent photons [4] in order to get some properties
that also depend on the distribution of individual elements
within the sample. The X-ray fluorescence associated with

*Corresponding author. Tel.: + 55212562 7308; fax: + 55212562 8444.
E-mail address: ricardo@lin.ufrj.br (R.T. Lopes).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/.nima.2007.06.113

tomographic techniques can supply important information
about a sample’s chemical properties and produce high
contrast. Transmission tomography is not able to give this
information.

X-ray fluorescence tomography is based on detection of
photons from the fluorescent emission from the elements in
the sample. These photons are acquired by an energy-
dispersive detector, placed at 90° to the incident beam
direction. A value in a projection is obtained by measuring
the fluorescence radiation emitted by all pixels along the
beam. The sample is translated and another value is
measured in the projection. These steps are repeated until
the whole sample passes through the beam, completing the
projection. The sample is rotated and another projection is
measured. The projections are measured until the sample
rotates 180°.

The data acquisition of the X-ray fluorescence micro-
tomography (XRFuCT) results in a bi-dimensional raw
data called sinogram. A sinogram consists of the line scans
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that were taken for every rotational angle. For each emis-
sion line of the fluorescence spectrum there is a separate
sinogram. In general, a sinogram plots the property mea-
sured by the setup over the direction perpendicular to the
beam and the angle of rotation. The tomogram, which is a
two-dimensional slice across the sample, can be recon-
structed from the sinogram by an appropriate algorithm.

If the attenuation within the sample is small, then the
fluorescence intensity of a certain atomic level is propor-
tional to the concentration of the element p; (x,y) and the
usual algorithms of transmission microtomography (uCT)
can be used to recover p; (x,y). In Eq. (1), Az is the
experimental projection, I is the intensity of the incident
beam and I;, is the intensity of the fluorescence from the v-
line of the element i:

Iiv
o= o [[axdup e, (1)

The increase in the mortality rate in Brazil due to cancer
was a decisive factor in the choice of the investigated
samples. The choice also reflects the world tendency to find
diagnostic techniques for cancer and other diseases. The
fluorescence mapping of iron, copper and zinc can be very
important in diagnostics, because the biochemistry of these
elements suggests that these metals may play an important
role in carcinogenesis. However, the evidence linking iron,
copper and zinc to cancer is far from conclusive and further
research is needed [5]. Using X-ray fluorescence tomogra-
phy the elemental map can be obtained without sample
preparation.

This paper presents a development of a setup to study
XRFuCT of biological samples at the XRF fluorescence
beam line of the Brazilian synchrotron light source facility
(LNLS), Campinas, Brazil.

2. Experiment

This work presents the development of a system to study
fluorescence uCT at the X-Ray Fluorescence Facility
(D09B-XRF) at the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. A monochromatic beam (9.8 keV)
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collimated to a 200 x 200 um? area with a set of slits was used
for excitation of the elements within samples. The intensity of
the incident beam was monitored with an ionization chamber
placed in front of it, before the sample. A schematic of the
experimental setup for an XRFuCT using a monochromatic
beam is shown in Fig. 1.

The sample was placed on a high-precision goniometer
and on translation stages, in order to allow rotating as well
as translating it perpendicularly to the beam. The
fluorescence photons were collected with an energy-
dispersive HPGe detector (CANBERRA Industries Inc.)
placed at 90° to the incident beam, while transmitted
photons were detected with a fast Nal (TI) scintillation
counter (CYBERSTAR-Oxford anfysik) placed behind the
sample along the beam direction. This detector geometry
allows reducing the elastic and Compton X-ray scattering
from the sample due to the high linear polarization of the
incoming beam in the plane of the storage ring, thus
improving the signal to background ratio for the detection
of trace elements [6].

The quality of the reconstruction is a compromise
between the measuring time required for an acceptable
counting statistic of the X-ray fluorescence peaks and the
step size necessary to linearly move and rotate the samples.
In one projection, samples were positioned in steps of
200 um (actual beam size) perpendicularly to the beam
direction, covering the entire cross-section of the sample.

Each single value in a projection is obtained by
measuring the fluorescence radiation emitted by all pixels
along the beam [7]. The object is then rotated and another
projection is measured. Projections are obtained in steps of
3° until the object has completed 180°. The selected
measuring time was 2s for each scanned point.

A paper filter was first analyzed and used as a test
sample. One piece of the filter was impregnated with a
solution containing 500ppm of zinc, while the other
remained untouched. Both pieces of paper filter were
rolled up until it reached a cylindrical shape. The paper
filter thickness was approximately 130 pm.

As a second part of the experiments, X-ray fluorescence
microtomographies were performed on human intestine

Fig. 1. The experimental arrangement for an X-ray fluorescence microtomography measurement using a monochromatic beam and picture.
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and breast tissue. The component tissues were identified
visually by the pathologist who made the sample available.
The tissues for XRFuCT were cut in cylindrical form with
1.5-2mm thickness by 4-5mm of height and were frozen
and dried before being analyzed.

3. Results and discussion

All tomographies were reconstructed using a filtered
back-projection algorithm. Despite the self-absorption
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Fig. 2. Tomography images of paper filter (left: transmission and right: X-
ray fluorescence).
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Fig. 3. Fluorescence spectrum from the breast cancer sample.

Transmission

inside the samples, we have obtained good results. The
fluorescence tomography images are qualitative in char-
acter because of this self-absorption.

The transmission and fluorescence X-ray tomography of
the test sample is shown in Fig. 2. As it was already
mentioned, while transmission tomography shows all
layers of the filter, fluorescence tomography shows only
those regions where the element of interest (Zn) was
located. These tomographies show the viability of fluores-
cence uCT and confirm that this technique can be used to
complement other techniques for sample characterization.

Before the tissues tomographic measurements were
initiated, the X-ray beam was centered on each tissue
sample to determine the detectable trace elements. The
measured fluorescence spectrum from the breast cancer is
shown in Fig. 3.

The results of the transmission and fluorescence trans-
mission uCT in two diseased human breast tissue samples
are shown in Fig. 4. The breast tissues samples are breast
cancer and breast cancer after chemotherapy reduction.
While the first line shows the reconstructed images of Fe,
Cu and Zn in the breast cancer sample, the second line
shows the behavior of these elements in the breast cancer
sample after chemotherapy reduction. The tomographic
reconstruction of the elements shown in the breast cancer
sample reveals the presence only of Zn in the inner initial
cyst.

Fig. 5 shows the tomographic images of human intestine
tissue samples. In the first line the reconstructed tomo-
graphy of a malignant intestine tissue tumor for transmis-
sion tomography, and fluorescence tomography for iron,
cooper and zinc can be seen. The second line shows the
reconstructed elemental maps of Fe, Cu and Zn in a
healthy intestine tissue tumor.

4. Conclusion
Analyzing the XRFuCTof the tissue sample fragments, it

was possible to see the elemental distribution of iron,
copper and zinc, but it is necessary to correct the

Fig. 4. Tomography images of human breast tissue samples.
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Transmission

Transmission

Fig. 5. Tomography images of human intestine tissue samples.

absorption to obtain the concentration of these elements in
the samples and correct the fluorescence mapping. However,
it can be seen that there may be a larger zinc concentration
inside an initial cyst in the breast cancer sample.

The better definition of the interfaces in X-ray fluores-
cence images was striking and the spatial resolution of the
system can be optimized as a function of the application.
The experimental setup at XRF-LNLS has shown to be
very promising and this effort to implement X-ray
fluorescence microtomography was justified by the high
quality of the images obtained.

Acknowledgments
This work was partially supported by Conselho Nacio-

nal de Desenvolvimento Cientifico e Tecnoldgico (CNPq),
Fundacdo de Amparo a Pesquisa do Estado do Rio de

Janeiro (FAPERJ) and Laboratorio Nacional de Luz
Sincrotron (LNLS).

References

[1] D. Braz, L.M.G. da Motta, R.T. Lopes, Appl. Radiat, Isotopes 50
(1999) 661.

[2] R.T. Lopes, H.S. Rocha, E.F.O. Jesus, R.C. Barroso, L.F. Oliveira,
M.J. Anjos, D. Braz, S.M. Simabuco, Nucl. Instr. and Meth. A 505
(2003) 604.

[3] R.C. Barroso, R.T. Lopes, E.F.O. de Jesus, L.F. Oliveira, Nucl. Instr.
and Meth. A 471 (1998) 75.

[4] R. Cesareo, S. Mascarenhas, Nucl. Instr. and Meth. A 277 (1989) 669.

[5] T. Wu, C.T. Sempos, J.L. Freudenheim, et al., Ann. Epidemiol. 14 (3)
(2004) 195.

[6] M. Naghedolfeizi, J.-S. Chung, R. Morris, G.E. Ice, W.B. Yun, Z. Cali,
B. Lai, J. Nucl. Mater. 312 (2003) 146.

[7] J.P. Hogan, R.A. Gonsalves, A.S. Krieger, IEEE Trans. Nucl. Sci.
NS-38 (1991) 1721.



ELSEVIER

Available qnline at www.sciencedirect.com
ScienceDirect

Nuclear Instruments and Methods in Physics Research A 581 (2007) 128132

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH

SectionA

www.elsevier.com/locate/nima

X-ray fluorescence and X-ray transmission microtomography
imaging system

Gabriela R. Pereira®*, Henrique S. Rocha?, Marcelino J. Anjos®, Paulo Faria®,
Carlos A. Pérez?, Ricardo T. Lopes®

#Nuclear Instrumentation Laboratory - COPPE/UFRJ, Rio de Janeiro, Brazil
bPhysics Institute - UERJ, Rio de Janeiro, Brazil
®Brazilian National Cancer Institute, Rio de Janeiro, Brazil
9dBrazilian Synchrotron Light Laboratory, Sdo Paulo, Brazil

Available online 27 July 2007

Abstract

An X-ray Transmission Microtomography (CT) system combined with an X-ray Fluorescence Microtomography (XRFCT) system
was implemented in the Brazilian Synchrotron Light Source (LNLS), Campinas, Brazil. The main aim of this work is to determine the
elemental and absorption distribution map in breast tissue samples. The experiments were performed at the X-Ray Fluorescence
beamline (D09B-XRF) of the Brazilian Synchrotron Light Source (LNLS), Campinas, Brazil. A quasi-monochromatic beam produced
by a multilayer monochromator was used as an incident beam. The fluorescence photons were acquired with an energy dispersive HPGe
detector (CANBERRA Industries Inc.) placed at 90° to the incident beam, while transmitted photons were detected with a fast Na(TI)
scintillation counter (CYBERSTAR Oxford Danfysik) placed behind the sample in the beam direction. All the tomographic images were

reconstructed using a filtered-back projection algorithm.
© 2007 Elsevier B.V. All rights reserved.

PACS: 07.85.Qe; 87.59.Fm; 78.70.En

Keywords: X-ray fluorescence; Microtomography; Synchrotron radiation; Breast tissue

1. Introduction

Fluorescence tomography can be used to investigate the
distribution of the chemical elements inside a sample. This
makes it a powerful tool for several fields of research, like
biology, archeology and medicine.

In fluorescence microtomography an X-ray beam is used
for the excitation of the elements inside the sample and the
fluorescence from one or more elements is measured [1]. At
each projection angle the line integral of the fluorescence
along the beam inside the sample is measured. A single
tomographic slice is collected by translating and rotating
the sample on a 2-D grid [2]. The spatial resolution of this
technique is limited only by the size of the focused X-ray
beam, which can be less than 1 pm. The data acquisition of

*Corresponding author.
E-mail address: gpereira@con.ufrj.br (G.R. Pereira).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2007.07.045

the X-ray fluorescence microtomography results in a bi-
dimensional raw data called sinogram. A sinogram consists
of the line scans that were taken for every rotational angle.
For each emission line of the fluorescence spectrum there is
a separate sinogram. In general, a sinogram plots the
property measured by the setup over the direction
perpendicular to the beam and the angle of rotation. The
tomogram which is a two-dimensional slice across the
sample can be reconstructed from the sinogram by an
appropriate algorithm. A significant requirement of the
method is that the absorption of the fluorescent X-rays
within the sample must be small. The elements that can be
measured are therefore a strong function of the bulk
composition and size of the sample.

In this work, we use a new generation of X-ray optical
components to obtain a quasi-monochromatic beam at
12keV. Sometimes referred to as layered synthetic micro-
structures (LSM) or simply as multilayers, these optical
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components consist of layered depositions of materials A
and B, having a significant difference in their indices of
refraction. Most commonly, # layer pairs are fabricated to
form a structure of uniform period by depositing alternat-
ing thin layers on top of a smooth substrate. Material A is
a low-Z material such as carbon or silicon and B is a high-Z
material such as tungsten or platinum. The efficiency of
diffraction can be as high as 50-80% over bandwidths
AE/E of 0.005-0.1, making feasible a new class of high-
power, large bandwidth X-ray optics [3].

The choice for analyzing breast tissue samples was made
in accordance with the world tendency to find diagnostic
techniques for cancer. Breast cancer warrants attention
because it is the most common cancer and the leading cause
of cancer related deaths in women throughout the world.

In recent years, there has been growing interest in
understanding the exact role played by trace elements in
several diseases. The biological function of some metal ions
in combination with an investigation of element distribu-
tion patterns in malignant and in normal human tissues of
cancer patients can give some indication of the effect of
metal ions on carcinogenesis [4]. Both excess and deficiency
of trace elements have been associated with many diseases
including cancer. Even though extensive work has been
carried out to find an association between trace elements
and cancer, and to understand the mechanisms involved in
carcinogenesis, no definite conclusions have been drawn so
far [3].

In this work human breast tissues samples have been
analyzed in order to verify the efficiency of the system in
the determination of the elemental distribution in this kind
of samples.

2. Experiment
This work presents the development of a system to study

fluorescence microtomography at the X-Ray Fluorescence
Facility (D09B-XRF) at the Brazilian Synchrotron Light

Fluorescence
Detector

lonization
Chamber

Multilayer
Crystal

Synchrotron ring

Laboratory (LNLS), Campinas, Brazil. A white beam
(4-23keV), a monochromatic beam produced by a Si
(111) at 9.8keV and a quasi-monochromatic beam
produced by a multilayer monochromator at 12keV,
AE/E = 0.03 collimated to a 200 x 200 um? area with a
set of slits, were used for excitation of the elements within
the samples. The crystal multilayer monochromator is
made of W-C and has 75 layer pairs.

The intensity of the incident beam was monitored with
an ionization chamber placed in front of it, before the
sample. A schematic rendering of the experimental setup
for an X-ray fluorescence microtomography using a
multilayer monochromatic beam is shown in Fig. 1. The
setup using white beam is the same setup as in Fig. 1 but
without the multilayer crystal and to obtain the mono-
chromatic setup we replace the multilayer system with a
crystal of Si(111).

The sample was placed on a high precision goniometer
and on translation stages, in order to allow rotating as well
as translating it perpendicularly to the beam. The
fluorescence photons were acquired with an energy
dispersive HPGe detector (CANBERRA Industries Inc.)
placed at 90° to the incident beam, while transmitted
photons were detected with a fast Nal (TI) scintillation
counter (CYBERSTAR-Oxford Danfysik) placed behind
the sample along the beam direction. This detector
geometry allows reducing the elastic and Compton X-ray
scattering from the sample due to the high linear
polarization of the incoming beam in the plane of the
storage ring, thus improving the signal to background ratio
for the detection of trace elements [6].

The quality of the reconstruction is a compromise
between the measuring time required for an acceptable
counting statistic of the X-ray fluorescence peaks and the
step size necessary to linearly move and rotate the samples.
In one projection, samples were positioned in steps of
200 um (actual beam size) perpendicularly to the beam
direction, covering the entire cross-section of the sample.

Transmission
Detector

Goniometer with
the sample

Two sets of Slits
( 200x200 ) um

Fig. 1. The experimental arrangement for an X-ray fluorescence microtomography measurement using a multilayer crystal.
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Each single value in a projection is obtained by
measuring the fluorescence radiation emitted by all pixels
along the beam. The object is then rotated, and another
projection is measured. Projections are obtained in steps of
3° until the object has completed 180°. The selected
measuring time was 2 s for each scanned point.

X-ray fluorescence microtomographies were performed
on human breast tissue samples. Malignant breast tumor
(ductal carcinoma), benign breast tumor and healthy
tissues were analyzed. The component tissues were
identified by the pathologist who made the sample
available. The tissues were cut in cylindrical form with
1.5-2.0mm thickness by 4.0-5.0mm height and were
frozen and dried before being analyzed.

3. Results and discussions

All tomographies were reconstructed using a filtered
back projection algorithm. Despite the self-absorption in
the samples, we obtained good results. The fluorescence
tomography images are qualitative in character because of
this self-absorption.

The transmission and fluorescence X-ray tomography of
a test sample is shown in Fig. 2. The test sample is made of
a polyethylene cylinder with 2mm diameter, with an
internal cylinder with 1 mm diameter filled with a standard
solution of copper.

Analyzing the images it can be seen that while the
transmission images (on the left side of the image) show the

Fig. 2. Tomographic images using a quasi monochromatic beam at 12keV (left: Transmission microtomography; right: X-ray fluorescence

microtomography of Cu).

TRANSMISSION

v

TRANSMISSION

Fig. 3. Tomographic images of human breast tissue sample (first line: healthy breast tissue; second line: ductal carcinoma).
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TRANSMISSION

Fig. 4. Tomographic images of human benign breast tumor sample.

TRANSMISSION

TRANSMISSION

Fig. 5. Tomographic images of human breast tissue sample (first line: healthy breast tissue; second line: ductal carcinoma).

polyethylene matrix and the internal cylinder, the X-ray
fluorescence images show only those regions where the
elements of interest (copper) were localized. These tomo-
graphies show the viability of fluorescence microtomogra-
phy and confirm that this technique can be used to
complement other techniques for sample characterization.

The results of the tomographies in human breast tissue
for three different patients are shown in Figs. 3-5.

Fig. 3 shows the transmission image and the recon-
structed images of Fe, Cu and Zn in a healthy tissue (line 1)
and in a ductal carcinoma (line 2) for the same patient. A
flaw in the iron distribution can be seen (line 2), which is
probably due to the self-absorption of iron in the ductal
carcinoma sample.

Fig. 4 shows the tomographies of a benign breast
tumor of another patient. Analyzing the fluorescence
mapping, it can be observed that this sample has a bigger
concentration of iron and zinc and a smaller concentration
of copper.

For the last patient, Fig. 5 shows the transmission image
and the reconstructed images of Fe, Cu and Zn in a healthy
tissue (line 1) and in a ductal carcinoma (line 2). Flaws can
be seen in the iron, copper and zinc distribution in the
ductal carcinoma sample (line 2). Those flaws are probably

due to the self-absorption of these elements in the sample.
The tomographic reconstruction of the elements shown in
the healthy tissue sample (line 1) reveals a bigger
concentration of iron and zinc and a smaller concentration
of copper.

The radial streak effects that can be visualized in
tomographic reconstructions are because of the low
counting statistics in each projection. The images were
not processed.

4. Conclusion

Analyzing the XRFCT of the breast sample fragments, it
was possible to visualize the elemental distribution of iron,
copper and zinc, but it is necessary to correct the
absorption to get the concentration of these elements in
the samples and correct the fluorescence mapping.

It will be necessary to measure more samples and
quantify the difference in concentration in one sample
and between normal and abnormal tissues to use the X-ray
fluorescence microtomography as an analytic tool to
analyze biological tissues.

The radial streak effects that can be visualized in
tomographic reconstructions are because of the low
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counting statistic in each projection. The images were not
processed.

The better definition of the interfaces in X-ray fluores-
cence images was striking and the spatial resolution of the
system can be optimized as a function of the application.
The experimental set up at XRF-LNLS has shown to be
very promising and this effort at implementing X-ray
fluorescence microtomography was justified by the high
quality of the images obtained.

Acknowledgments
This work was partially supported by the National

Council for Scientific and Technological Development
(CNPq), Rio de Janeiro State Research Foundation

(FAPERJ) and Brazilian Synchrotron Light Laboratory
(LNLS).

References

[1] R. Cesareo, S. Mascarenhas, Nucl. Instr. and Meth. A 277 (1989) 669.

[2] J.P. Hogan, R.A. Gonsalves, A.S. Krieger, IEEE Trans. Nucl. Sci.
NS-38 (1991) 1721.

[3] G. Brown, D.E. Moncton, Handbook on Synchrotron Radiation,
vol. 3, Elsevier Science Publishers, Amsterdam, 1991, pp. 129-139.

[4] G.J. Naga Raju, P. Sarita, et al., Nucl. Instr. and Meth. B 247 (2006)
361.

[5] T. Wu, C.T. Sempos, J.L. Freudenheim, et al., Ann. Epidemiol. 14 (3)
(2004) 195.

[6] M. Naghedolfeizi, J.-S. Chung, R. Morris, G.E. Ice, W.B. Yun, Z. Cai,
B. Lai, J. Nucl. Mater. 312 (2003) 146.



ELSEVIER

European Journal of Radiology 68S (2008) S104-S108

EJR

EUROPEAN JOURNAL OF RADIOLOGY

www.elsevier.com/locate/ejrad

Elemental distribution mapping on breast tissue samples

G.R. Pereira?, H.S. Rocha?, M.J. Anjos®P, P.C.M.A. Farias®,
C.A. Pérezd, R.T. Lopes®*
4 Laboratorio de Instrumentagdo Nuclear — LIN-COPPE/UFRJ, RJ, Brazil
Y Instituto de Fisica - UERJ, RJ, Brazil

¢ Departamento de Ciéncias Exatas — UEFS, BA, Brazil
d Laboratério Nacional de Luz Sincrotron — LNLS, SP, Brazil

Received 15 April 2008; accepted 28 April 2008

Abstract

The main of this work is to determine the elemental and absorption distribution map in breast tissue samples by X-ray fluorescence and X-ray
transmission microtomography. The experiments were performed at the X-ray fluorescence beamline (DO9B-XRF) in the Brazilian Synchrotron
Light Source (LNLS), Campinas, Brazil. A quasi-monochromatic beam produced by a multilayer monochromator was used as an incident beam.
The sample was placed on a high precision goniometer and translation stages that allow rotating as well as translating it perpendicularly to the
beam. The fluorescence photons were collected with an energy dispersive HPGe detector placed at 90° to the incident beam, while transmitted
photons were detected with a fast Na(Tl) scintillation counter () placed behind the sample on the beam direction. All the tomographic images were
reconstructed using a filtered-back projection algorithm. In the breast tissue samples, it was possible to determine the distribution of Zn, Cu and

Fe in healthy tissue and tumor.
© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: X-ray fluorescence; Microtomography; Breast tissue

1. Introduction

The purpose of this work is to analyze healthy breast tis-
sue and tumor of the same patient by X-ray Transmission
Microtomography (CT) and X-ray Fluorescence Microtomog-
raphy (XRFCT) in order to determine the absorption distribution
map and the elemental distribution map of iron, copper and
zinc.

The increase of the mortality rate in Brazil due to breast
cancer was a decisive factor in the choice of the investigated
samples. The choice also reflects the world tendency to find
diagnostic techniques for cancer and other diseases.

The fluorescence mapping of iron, copper and zinc can be
very important in diagnoses, because the biochemistry of these
elements suggests that these metals may play an important role
in carcinogenesis [1].

However, until now the evidence, linking iron, copper and
zinc to cancer is far from being conclusive [2] and further

* Corresponding author. Tel.: +55 21 2562 7308; fax: +55 21 2562 8444.
E-mail address: ricardo@lin.ufrj.br (R.T. Lopes).

0720-048X/$ — see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.ejrad.2008.04.047

research is needed. Using XRFCT the elemental map can be
obtained without sample preparation.

The X-ray fluorescence associated with tomographic tech-
niques can supply important information about a sample’s
chemical properties and produce high contrast.

X-ray fluorescence tomography is based on detection of pho-
tons from fluorescent emission from the elements in the sample.
These photons are acquired by an energy dispersive detector,
placed at 90° to the incident beam direction, and as additional
information, a transmission tomography is used for sample char-
acterization [3].

In this work, it was used a new generation of X-ray optical
components to obtain a quasi-monochromatic beam at 12 keV to
the excitation of the elements inside of the sample. Sometimes
referred to as layered synthetic microstructures (LSM) or sim-
ply as multilayers, these optical components consist of layered
depositions of materials A and B, having a significant difference
in their indices of refraction. Most commonly, n layer pairs are
fabricated to form a structure of uniform period by depositing
alternating thin layers on top of smooth substrate. Material A is
low-Z material such as carbon or silicon and B is a high-Z mate-
rial such as tungsten or platinum. The efficiency of diffraction
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Fig. 1. The experimental arrangement for an X-ray fluorescence microtomography measurement using a quasi-monochromatic beam.

can be as high as 50-80% over bandwidths AE/E of 0.005-0.1,
making feasible a new class of high-power, large bandwidth
X-ray optics [4].

The data acquisition of the X-ray fluorescence microtomog-
raphy results in a bi-dimensional raw data called sinogram. A
sinogram consists of the line scans that were taken for every rota-
tional angle. For each emission line of the fluorescence spectrum
there is a separate sinogram. In general, a sinogram plots the
property measured by the setup over the direction perpendicular
to the beam and the angle of rotation. The tomogram which is
a two dimensional slice across the sample can be reconstructed
from the sinogram by an appropriate algorithm.

This paper presents a development of a X-ray fluorescence
microtomography setup to study breast tissue samples using two
different algorithms for reconstructed the images: the common
algorithm used in CT - filtered-back projection algorithm, and
Brunetti’s algorithm — filtered-back projection algorithm with
absorption corrections [5].

2. Methods

This work presents a development of a system to study fluo-
rescence microtomography at the X-ray Fluorescence Facility
(D09B-XRF) in the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil.

A quasi-monochromatic beam produced by a multilayer
monochromator at 12keV, AE/E=0.03 collimated to a
200 wm x 200 pm area with a set of slits, was used to sample
excitation. The crystal monochromator is made of W-C and it
has 75 layer pairs.

The intensity of the incident beam was monitored with an
ionization chamber placed in front of it, before the sample. A
schematic of the experimental setup for an X-ray fluorescence
microtomography using a monochromatic beam is shown in
Fig. 1.

The sample was placed on a high precision goniometer
and translation stages that allow rotating as well as translat-

ing it perpendicularly to the beam. The fluorescence photons
were collected with an energy dispersive HPGe detector (CAN-
BERRA Industries inc.) placed at 90° to the incident beam,
while transmitted photons were detected with a fast Nal (TIl)
scintillation counter (CYBERSTAR-Oxford anfysik) placed
behind the sample on the beam direction. This detector geome-
try allows reducing the elastic and Compton X-ray scattering
from the sample due to the high linear polarization of the
incoming beam in the plane of the storage ring, thus improv-
ing the signal to background ratio for the detection of trace
elements [6].

The quality of the reconstruction is a compromise between
the measuring time required for an acceptable counting statistic
of the X-ray fluorescence peaks and the step size necessary to
linearly move and rotate the samples. In one projection, samples
were positioned in steps of 200 wm (actual beam size) perpen-
dicularly to the beam direction covering the whole transversal
section of the sample proof.

120
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Fig. 2. An X-ray fluorescence spectrum from the breast cancer sample.
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Fig. 4. Tomographic images of the breast cancer sample.
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Fig. 6. Profiles of Fe, Cu and Zn images in the breast cancer sample.

Each single value in a projection is obtained by measuring the
fluorescence radiation emitted by all pixels along the beam. The
object is then rotated, and another projection is measured. Pro-
jections are obtained in steps of 3° until the object has completed
180°. The selected measuring time was 2s for each scanned
point.

The X-ray fluorescence microtomographies were performed
on one sample of each type of human breast tissue (healthy breast
tissue and breast cancer). The condition of the tissues was iden-
tified by the pathologist who made the samples available. The
tissues for XRFCT were cut in cylindrical form with 1.5-2 mm
thickness by 4-5mm of height and were frozen dried before
being analyzed.

In this work human breast tissues samples have been analyzed
in order to determine the absorption distribution map and the
elemental distribution map of iron, copper and zinc.

3. Results and discussions

All tomographies were reconstructed using a filtered-back
projection algorithm and the XRFCT images also were recon-
structed using Brunetti’s algorithm [5].

Before the tissues tomographic measurements were initiated,
the X-ray beam was centered on each tissue sample to determine
the detectable trace elements. The measured X-ray fluorescence
spectrum from the breast cancer is shown in Fig. 2.

The results of the transmission and fluorescence wCT in the
two human breast tissue samples are shown in Figs. 3 and 4.
The breast tissues samples are normal breast tissue and breast

cancer, respectively. The first column shows the X-ray trans-
mission microtomography image and the others show the
X-ray fluorescence microtomography images. While the first
line shows the reconstructed images of Fe, Cu and Zn with
the filter-back projection algorithm without absorption correc-
tions, the second line shows the behavior of these elements
using the filter-back projection algorithm with absorption
corrections.

Analyzing the X-ray fluorescence images, it can be observed
that the reconstructed images with absorption corrections and
without absorption corrections have the same characteristics.

Figs. 5 and 6 show profiles of Fe, Cu and Zn images in
healthy breast tissue and breast cancer, respectively. Analyzing
the profiles, it can be observed a quantitative difference using
the algorithm with absorption corrections and algorithm without
absorption corrections.

The tomographic reconstruction of Fe, Cu and Zn showed
in the healthy tissue and breast cancer sample reveals that the
concentration of these metals is bigger in the tumor than in the
healthy tissue for the same patient. It can be observed comparing
the intensity of the distribution maps for each element.

The radial streak effects that can be visualized in tomographic
reconstructions are because of the low counting statistic in each
projection. The images were not processed.

4. Conclusions

XRFCT is a powerful technique that can be used to charac-
terize some samples on bioscience and medicine.



S108 G.R. Pereira et al. / European Journal of Radiology 68S (2008) S104-S108

Comparing the X-ray fluorescence images reconstructed with
different algorithms, it can be observed that they have the same
characteristics. But analyzing the profiles, it can be seen that
there is a big difference in intensity between the algorithm with-
out absorption corrections and the algorithm with absorption
corrections.

The concentration of Fe, Cu and Zn is bigger in the tumor
than in the healthy tissue for the same patient that can be seen
analyzing the intensity of the distribution maps of these metals.

It will be necessary to measure more samples and quantify the
difference in concentration in one sample and between normal
and abnormal tissues to use the X-ray fluorescence microtomog-
raphy as an analytic tool to analyze biological tissues.

The radial streak effects that can be visualized in tomographic
reconstructions are because of the low counting statistic in each
projection. The images were not processed.

The experimental set up at XRF-LNLS had showed to be very
promising and this effort on implement the X-ray fluorescence
microtomography was justified by the high quality of the images
obtained.
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X-Ray fluorescence microtomography under
various excitation conditions’

G.R. Pereira,®* H. S. Rocha,? C. Calza,® M. J. Anjos,” C. A. Pérez¢ and
R.T. Lopes?

Themain goal of this workis two-fold: (1) to compare three different excitation conditionsin x-ray fluorescence microtomography
(XRFCT) in the analysis of reference samples, and (2) to determine the elemental distribution map for breast tissue samples,
in order to verify concentrations of certain elements correlated with characteristics and pathology, using x-ray transmission
microtomography (CT).

The experiments were performed at the X-Ray Fluorescence Facility (D0O9B-XRF) of the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. In this work, a multilayer monochromator with photon energies near 12 keV, a monochromatic beam
at 9.8 keV using a Si (111) crystal, and the white beam were used for elements excitation of elements inside the sample. The
sample was placed on a high-precision goniometer and translation stages, which allowed for rotation as well as translation
perpendicular to the beam. Fluorescence photons were collected by means of an energy dispersive HPGe detector placed at 90°
to theincident beam, while transmitted photons were detected with a fast Na(Tl) scintillation counter, placed behind the sample,
in the direction of the incoming beam. Transmission CT images were reconstructed using a filtered back-projection algorithm,
and XRFCT images were reconstructed using a filtered back-projection algorithm with absorption correction. Copyright ©
2009 John Wiley & Sons, Ltd.

General Introduction

X-ray fluorescence analysis is a microanalysis technique generally
applied in several fields of research, for instance, chemistry,
medicine, biology, and archaeology among others."=3! In this
work, x-ray fluorescence, combined with tomographic techniques,
is used to analyze reference samples and biological samples.

The main advantage of x-ray fluorescence microtomography
(XRFCT) is that it is a nondestructive technique. Following analysis
using this technique, samples may be analyzed with others
techniques, such as x-ray diffraction.”! In addition, in contrast
to micro XRF analysis, XRFCT does not require sample preparation,
such as planar mode. Micro XRF requires that samples be
embedded/fixed in paraffin, in order to achieve ultra fine accurate
slices (of approximately 15 microns). XRFCT, on the other hand,
does not require this sort of sample preparation; it is not necessary
to cut the sample to analyze the tomographic plane.

X-ray transmission computed tomography is a well established
diagnostic technique in medicine. It is nondestructive and allows
for the reconstruction of cross-section images of samples from
sets of ‘radiographic’ measurements taken at different angles. This
techniqueis performed by aligning an x-ray source and an x-ray de-
tector at opposite sides of a sample. The detector records the por-
tion of the radiation, emitted by the x-ray source, which crosses the
sample without interacting with it. The reconstructed image rep-
resents a map of the cross section in terms of the linear attenuation
coefficient of the material, which is a function of the mean atomic
number (Z) and/or density in each single volume element (voxel).

X-ray fluorescence tomography is based on the detection of
fluorescence emissions from elements in samples. These photons
are collected with an energy dispersive detector, which is placed at
90° from the incident beam. A value in a projection is obtained by
measuring the fluorescence radiation emitted by all pixels along
the beam. The sample is translated, and another value is measured

in the projection. These steps are repeated until the whole sample
passes through the beam, completing the projection. The sample
is rotated, and another projection is measured. The projections are
measured until the sample has been rotated 180°.°~

Data acquisition of x-ray fluorescence microtomography results
in bidimensional image representations, called sinograms. A
sinogram consists of line scans taken at every rotational angle. For
each emission line of the fluorescence spectrum, there is a separate
sinogram. In general, a sinogram plots the property measured by
the setup over the direction perpendicular to the beam and the
angle of rotation. The tomogram, which is a two-dimensional slice
across the sample, can be reconstructed from the sinogram by
applying the appropriate algorithm.

X-ray transmission and x-ray fluorescence images were recon-
structed using an inhouse program, developed using MATLAB,
applying a filtered back-projection algorithm. Matrix absorption
corrections were obtained using MKCORR, a program developed
by Brunetti and Golosio.[®!

An increase in the mortality rate in Brazil due to cancer was
a decisive factor in the choice of investigated samples. In recent
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years, there has been growing interest in understanding the exact
role played by trace elements in several diseases.['®='? Information
on the biological function of certain metal ions, in conjunction
with datafrom an investigation on element distribution patternsin
malignant and normal human tissues of cancer patients, provides
some indication of the effect of metal ions on carcinogenesis.!"3
Both excess and deficiency of trace elements have been associated
with many diseases, including cancer. Although extensive work has
been carried out to discoveran association between trace elements
and cancer, and to understand the mechanisms involved in
carcinogenesis, no definite conclusions have been drawn so far.¥

This paper presents the development of a setup to study x-ray
fluorescence microtomography of reference samples, polyethy-
lene filled with a standard solution, and of breast tissue samples,
at the XRF facility at the Synchrotron Light Laboratory (LNLS),
Campinas, Brazil.

Methods

This work presents the development of a system to study
fluorescence microtomography at the X-Ray Fluorescence Facility
(D0O9B-XRF) at the Brazilian LNLS, Campinas, Brazil. A white beam
(4-23 keV), a monochromatic beam produced by a Si (111)
monochromator at 9.8 keV, and a quasimonochromatic beam,
produced by a multilayer monochromator at 12 keV, AE/E = 0.03
collimated to a 200 x 200 um? area with a set of slits, were used for
sample excitation. The crystal multilayer monochromator consists
of a 75 d-periods of W/C layers.

The intensity of the incident beam was monitored with an
ionization chamber placed before the sample. A schematic of
the experimental setup for x-ray fluorescence microtomography,
using the multilayer monochromator crystal, is shown in Fig. 1.
The setup using a white beam is the same as the one portrayed
in Fig. 1, without the multilayer crystal. In order to obtain the
monochromatic setup, we changed the multilayer sample by the
Si (111) monochromator.

The sample was placed on a high-precision goniometer and
translation stages, which, respectively, allow rotation as well as
translation perpendicular to the beam. X-ray fluorescence intensity
was collected with an energy dispersive HPGe detector (CANBERRA
Industries inc.), placed at 90° to the incident beam. This geometry
reduces elastic and Compton x-ray scattering from the sample,
due to a high degree of linear polarization of the incoming beam at

Fluorescence
Detector

™

lonization
Chamber

Multilayer

Synchrotron ring

the storage ring plane, thus improving the signal-to-background
ratio for trace element detection!'#. The transmitted intensity was
detected with a fast Nal (Tl) scintillation counter (CYBERSTAR-
Oxford anfysik), placed behind the sample, parallel to the beam.
This geometry reduces elastic and Compton x-ray scattering from
the sample, due to a high degree of linear polarization of the
incoming beam at the storage ring plane, thus improving the
signal-to-background ratio for trace element detection.''¥

The quality of the reconstruction appears as a compromise
between the measuring time required for an acceptable counting
statistic of x-ray fluorescence peaks and the step size required
to linearly move and rotate the samples. In one projection,
samples were positioned in steps of 200 um (actual beam size)
perpendicular to the beam, covering the whole transversal section
of the sample proof. The number of translations was about 20,
depending on the sample.

Each single value in a projection is obtained by measuring
the fluorescence radiation emitted by all pixels along the beam.
The object is then rotated, and another projection is measured.
Projections were obtained in 3° steps, until the object had rotated a
full 180°. The number of rotations was 60. The selected measuring
time was 10 s for each scanned point.

A reference sample, made of polyethylene filled with a standard
solution of copper, was first analyzed and used as a test sample.
Specifically, the sample was comprised of a polyethylene cylinder
2mm on diameter, containing an internal cylinder 1 mm in
diameter filled with a standard solution of copper, 100 ppm.

As a second part of the experiments, x-ray fluorescence
microtomographies were performed on human breast tissue
samples. Malignant breast tumor (ductal carcinoma) and healthy
tissues were analyzed. The component tissues were identified by
the pathologist who made the samples available. The tissues, of
1-2 mm thickness, were frozen and dried prior to analysis.

Results and Discussions

Before tomographic measurements on the tissues were initiated,
the x-ray beam was centered on each tissue sample, in order to
determine the detectable trace elements. The selected measuring
time was 180s. A measured fluorescence spectrum from breast
cancer tissue is shown in Fig. 2.

Results for the reference samples made of polyethylene,
using a white beam, a monochromatic beam at 9.8 keV, and a

Transmission
Detector

Goniometer with
the sample

Two sets of Slits
{200 x 200) pim

Figure 1. The experimental arrangement for an x-ray fluorescence microtomography measurement using a quasimonochromatic beam.
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Figure 2. An x-ray fluorescence spectrum from the breast cancer tissue
sample.

quasimonochromatic beam at 12 keV, are shown in Figs 3, 4, and
5, respectively.

In the figures, the image on the left shows x-ray transmission
microtomography and that on the right shows x-ray fluorescence
microtomography of copper, reconstructed with a filtered back-
projection algorithm without absorption correction. Analysis
reveals that the transmission images show the polyethylene matrix
and the internal cylinder, while the fluorescence images show
only those regions where the elements of interest (copper) were
localized. These tomographies show the viability of fluorescence
microtomography and confirm that this technique can be used to
complement other techniques for sample characterization.

Analyzing the test sample images, it can be observed that
the images have the same characteristics. Using a white beam,
images are obtained with superior statistical values, fewer radial
artifacts, and within shorter acquisition times, in comparison with
the other beam excitation modes. However, it is not possible
to calculate the exact value of the absorption coefficient of the
sample using a white beam. This value is essential to the calculation
of matrix absorption corrections and to the measurement of
element concentrations inside the sample. The main advantage of
analyzing with a monochromatic beam or a quasimonochromatic

Figure 3. Tomographic images using a white beam (left: Transmission microtomography; right: X-ray fluorescence microtomography of Cu).

Figure 4. Tomographicimages using a monochromatic beam at 9.8 keV (left: Transmission microtomography; right: X-ray fluorescence microtomography

of Cu).

www.interscience.com/journal/xrs
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Figure 5. Tomographic images using a quasimonochromatic beam at 12keV (left: Transmission microtomography; right: X-ray fluorescence

microtomography of Cu).
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Figure 6. Tomographic images using a quasimonochromatic beam at 12keV (left: Transmission microtomography; middle: X-ray fluorescence
microtomography of Cu without absorption corrections; right: X-ray fluorescence microtomography of Cu with absorption correction).

beam is the possibility of determining attenuation coefficients
for fluorescence energy and beam energy. Moreover, with these
coefficients it is possible to make absorption corrections and
accurately determine concentrations at each point of the sample.
The advantage of the quasimonochromatic beam at 12 keV over
the monochromatic beam at 9.8 keV is higher photon flux. In
comparison with the monochromatic beam at 9.8 keV, images
using a quasimonochromatic beam at 12 keV are obtained with
better statistical values, fewer radial artifacts, and within shorter
measuring times. Analysis of test sample images reveals that,
although the images have the same characteristics, they do have
differences. Figure 4 shows a lesshomogeneous structure because
of the artifacts; this image was obtained using a monochromatic
beam at 9.8 keV. In Fig. 5, the less spherical Cu distribution is
because the polyethylene samples are not exactly cylindrical;
there was some difficulty in the fabrication of the samples.

Radial streak effects visualized in tomographic reconstructions
are due to low counting statistics in each projection. The images
were not processed.

The result for the reference sample reconstructed with a
filtered back-projection algorithm, with absorption correction,
is shown in Fig. 6. On the left, Fig. 6 portrays x-ray transmission
microtomography, and in the middle and on the right side, it
shows x-ray fluorescence microtomography of copper without,
and with, absorption correction, respectively. Upon first sight,
it is extremely difficult to attest to the influence of absorption
correction. However, upon analyzing the concentrations, it is
possible to confirm that the influence is significant. It can be
verified that there is a considerable difference in concentrations
between images reconstructed with absorption correction and
those without absorption correction, even if the sample is

small. X-ray fluorescence microtomography, reconstructed with
absorption correction, shows a mean value of concentration of
about 100 ppm, whereas x-ray fluorescence microtomography,
reconstructed without absorption correction, shows a mean value
of only about 40 ppm, which is 60% less than the real value.

X-ray fluorescence microtomographies were performed on
human breast tissue samples. Malignant breast tumor (ductal
carcinoma) and healthy tissues from the same patient were
analyzed. The pathologist who made the samples available
identified the component tissues. The tissues were cut into
cylinders 1.5-2.0 mm thick and 4.0-5.0 mm high, and frozen
and dried prior to analysis.

Results for a breast tissue samples are portrayed in Figs 7 and
8. Figure 7 shows the results for the breast cancer sample, while
Fig. 8 shows the results for the healthy tissue. Figure 8 reveals
that there is a lower concentration of zinc in the healthy tissue
sample, and that the distribution is not homogenous; there are
many regions without zinc.

Analysis of the breast tissue images reveals that both samples
have a higher concentration of iron than copper and zinc for this
patient. However, the concentration of iron is higher in the cancer
sample than in the healthy sample. The mean concentration of
iron is about 30 png/g. Comparing the mean value for healthy
tissue with the mean value for cancer tissue from the same patient
reveals that the mean value for iron is 40% greater in the cancer
sample whereas there is no significant difference for copper.

Although trace elements Fe, Cu, and Zn are extremely common,
assessment of theiramounts is crucial for disease diagnostics. Both
excess and deficiency of trace elements have been associated
with many diseases including cancer. This knowledge begs
further research, including analysis and quantification of element

X-Ray Spectrom. 2009, 38, 244-249
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Figure 7. X-ray fluorescence and transmission microtomography of the breast cancer tissue sample reconstructed with back-projection algorithm with

absorption corrections.

concentrations in more samples, and analysis and comparison
of biological tissues (both normal and abnormal) by means
of x-ray fluorescence microtomography. Pathologist—oncologist
cooperation would be most advantageous for future research in
this area.

Conclusion

Analysis of images of reference samples reveals that the images
have the same characteristics. The advantage of the quasi-
monochromatic beam at 12 keV is higher photon flux than that of
the monochromaticbeam at 9.8 keV.Using a quasimonochromatic
beam at 12 keV, an image with superior statistical value, fewer

radial artifacts, and within a shorter measuring time is obtained,
in comparison with using the monochromatic beam at 9.8 keV.

X-ray fluorescence microtomography of breast tissue samples
allowed for visualization of elemental distributions of iron, copper,
and zinc. Moreover, it was verified that the use of an algorithm with
absorption correction is essential to the acquisition of corrected
concentration values. Analysis of the biological samples utilized
led to the discovery of higher concentrations of iron and zinciin the
cancerous sample thaninthe healthy sample. This knowledge begs
further research including analysis and quantification of element
concentrations in more samples and analysis and comparison of
biological tissues (both normal and abnormal) by means of x-ray
fluorescence microtomography.

www.interscience.com/journal/xrs
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Figure 8. X-ray fluorescence and transmission microtomography of the
healthy breast tissue sample reconstructed with back-projection algorithm
with absorption corrections.

The superior definition of interfaces in x-ray fluorescenceimages
was striking; furthermore, spatial resolution of the system can be
optimized as a function of the application. For this work, a spatial
resolution of 200 um was used. However, using capillary optics,

a spatial resolution of up to 20 um is possible to achieve. The
experimental setup at XRF-LNLS proved promising. The efforts to
implement x-ray fluorescence microtomography, as outlined in
this paper, were justified by the high quality of images obtained.
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Imaging System for XRF Microtomography
at LNLS-Brazil

Gabriela R. Pereira, Henrique S. Rocha, Cristiane Calza, Marcelino J. Anjos, Carlos A. Pérez, and
Ricardo T. Lopes

Abstract—An X-ray Transmission Microtomography (CT)
system combined with an X-ray Fluorescence Microtomography
(XRFCT) system was implemented in the Brazilian Synchrotron
Light Laboratory (LNLS), Campinas, Brazil. The main of this
work is to determine the elemental distribution map in reference
samples and breast tissue samples in order to verify the con-
centration of some elements correlated with characteristics and
pathology of each tissue observed by the transmission CT. The
experiments were performed at the X-Ray Fluorescence beamline
(D09B-XRF) of the Brazilian Synchrotron Light Laboratory,
Campinas, Brazil. A quasi-monochromatic beam produced by a
multilayer monochromator was used as an incident beam. The
sample was placed on a high precision goniometer and translation
stages that allow rotating as well as translating it perpendicularly
to the beam. The fluorescence photons were collected with an
energy dispersive HPGe detector placed at 90° to the incident
beam, while transmitted photons were detected with a fast Na(T1)
scintillation counter placed behind the sample on the beam di-
rection. The CT images were reconstructed using a filtered-back
projection algorithm and the XRFCT were reconstructed using a
filtered-back projection algorithm with absorption corrections.

Index Terms—Biological tissues, fluorescence, synchrotron radi-
ation, tomography.

I. INTRODUCTION

N X-Ray fluorescence microtomography (XRFCT) an

X-ray beam is used for the excitation of the elements inside
of the sample and the fluorescence from one or more elements
is measured [1]. At each projection angle the line integral of the
fluorescence along the beam inside the sample is measured. A
single tomographic slice is collected by translating and rotating
the sample on a 2-D grid [2]. The spatial resolution of this
technique is limited only by the size of the focused X-ray beam,
which can be less than 1 micrometer. The data acquisition of
the X-ray fluorescence microtomography results in a bi-dimen-
sional raw data called sinogram. A sinogram consists of the
line scans that were taken for every rotational angle. For each
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emission line of the fluorescence spectrum there is a separate
sinogram. In general, a sinogram plots the property measured
by the setup over the direction perpendicular to the beam and
the angle of rotation. The tomogram which is a two dimensional
slice across the sample can be reconstructed from the sinogram
by an appropriate algorithm. A significant requirement of the
method is that the absorption of the fluorescence X-rays within
the sample must be small. The elements that can be measured
are therefore a strong function of the bulk composition and size
of the sample.

In this work, it uses a new generation of X-ray optical compo-
nents to obtain a quasi-monochromatic beam at 12 keV. Some-
times referred to as layered synthetic microstructures (LSM) or
simply as multilayers, these optical components consist of lay-
ered depositions of materials A and B, having a significant dif-
ference in their indices of refraction. Most commonly, n layer
pairs are fabricated to form a structure of uniform period by de-
positing alternating thin layers on top of smooth substrate. Ma-
terial A is low-Z material such as carbon or silicon and B is a
high-Z material such as tungsten or platinum. The efficiency of
diffraction can be as high as 50 to 80% over bandwidths AE/E
of 0.005 to 0.1, making feasible a new class of high-power, large
bandwidth X-ray optics [3].

The choice for analyzing breast tissue samples was accom-
plished with the world tendency to find diagnostic techniques
for cancer. The breast cancer warrants attention because breast
cancer is the most common cancer and the leading cause of
cancer related deaths in women throughout the world.

In recent years, there has been growing interest in under-
standing the exact role played by trace elements in several dis-
eases. The biological function of some metal ions in combina-
tion with an investigation of element distribution patterns in ma-
lignant and in normal human tissues of cancer patients can give
some indication of the effect of metal ions on carcinogenesis [4].
Both excess and deficiency of trace elements have been associ-
ated with many diseases including cancer. Even though exten-
sive work has been carried out to find an association between
trace elements and cancer, and to understand the mechanisms
involved in carcinogenesis, no definite conclusions are drawn
so far [5].

In this work reference samples and breast tissue samples have
been analyzed to verify the concentration of some elements cor-
related with characteristics and pathology of each tissue ob-
served by X-ray transmission microtomography (CT).

II. EXPERIMENT

This work presents a development of a system to study fluo-
rescence microtomography at the X-Ray Fluorescence Facility

0018-9499/$25.00 © 2009 IEEE
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Fig. 1. The experimental arrangement for an X-ray fluorescence microtomography measurement.

(D09B-XRF) at the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. A quasi-monochromatic beam pro-
duced by a multilayer monochromator at 12 keV, AE/E = 0.03
collimated to a 200 pm x 200 pm area with a set of slits, was
used to sample excitation. The crystal monochromator is made
of W-C and it has 75 layer pairs.

The intensity of the incident beam was monitored with an
ionization chamber placed in front of it, before the sample. A
schematic of the experimental setup for an X-ray fluorescence
microtomography using a multilayer monochromatic beam is
shown in Fig. 1.

The sample was placed on a high precision goniometer and
translation stages that allow rotating as well as translating it
perpendicularly to the beam. The fluorescence photons were
collected with an energy dispersive HPGe detector (CAN-
BERRA Industries inc.) placed at 90° to the incident beam,
while transmitted photons were detected with a fast Nal (T1)
scintillation counter (CYBERSTAR-Oxford anfysik) placed be-
hind the sample on the beam direction. This detector geometry
allows reducing the elastic and Compton X-ray scattering from
the sample due to the high linear polarization of the incoming
beam in the plane of the storage ring, thus improving the signal
to background ratio for the detection of trace elements [1].

The quality of the reconstruction is a compromise between
the measuring time required for an acceptable counting statistic
of the X-ray fluorescence peaks and the step size necessary to
linearly move and rotate the samples. In one projection, samples
were positioned in steps of 200 um (actual beam size) perpen-
dicularly to the beam direction covering the whole transversal
section of the sample proof.

Each single value in a projection is obtained by measuring the
fluorescence radiation emitted by all pixels along the beam. The
object is then rotated, and another projection is measured. Pro-
jections are obtained in steps of 3° until the object has completed
180°. The selected measuring time was 5 s for each scanned
point.

A reference sample mades of polyethylene filled with a stan-
dard solution of copper was first analyzed and used as a test
sample. The test sample is made of a polyethylene cylinder with
two millimeters diameter with an internal cylinder with one mil-
limeter diameter filled a standard solution of copper 100 parts
per million (100 ppm)[2].

As a second part of the experiments, X-ray fluorescence mi-
crotomographies were performed on human breast samples. The
component tissues were identified by the pathologist who made
the sample available. The tissues have 1.5 to 2 mm thickness
and were frozen and dried before being analyzed.

The X-ray transmission images were reconstructed using a
filtered-back projection algorithm and the X-ray fluorescence
tomography images were reconstructed using a filtered-back
projection algorithm with absorption corrections.

III. RESULTS AND DISCUSSIONS

Before the tissues tomographic measurements were initiated,
the X-ray beam was centered on each tissue sample to deter-
mine the detectable trace elements. A measured fluorescence
spectrum from a breast cancer is shown in Fig. 2.

The result for the test sample mades of polyethylene is shown
in Fig. 3-5.

The image in Fig. 3 shows the X-ray transmission micro-
tomography, while Figs. 4 and 5 show the X-ray fluorescence
microtomography of copper without absorption corrections and
with absorption corrections, respectively. It can be observed
analyzing the images that while the X-ray transmission tomog-
raphy shows the polyethylene matrix and the internal cylinder
with copper solution, the X-ray fluorescence tomographies
show only those regions where the elements of interest were
localized, in this case copper. Comparing now, the X-ray
fluorescence images, it can be verified that there is a bigger
difference between reconstructed images with absorption cor-
rections and without absorption corrections even if the sample
is small.
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Fig. 5. X-ray fluorescence microtomography of the reference sample made of
5 6 7 8 9 10 11 12 13 14 15  polyethylene filled with a standard solution of copper (100 ppm) reconstructed
En ergy (k eV) with back-projection algorithm with absorption corrections.

Fig. 2. An X-ray fluorescence spectrum from the breast cancer sample.
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Fig. 3. X-ray transmission microtomography of the reference sample made of
polyethylene filled with a standard solution of copper.
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Fig. 4. X-ray fluorescence microtomography of the reference sample made of
polyethylene filled with a standard solution of copper (100 ppm) reconstructed
with back-projection algorithm without absorption corrections.

Fig. 6. X-ray fluorescence and transmission microtomography of the breast
cancer sample reconstructed with back-projection algorithm with absorption

It is important to verify that only the XRFCT reconstructed — corrections.
with absorption corrections shows the corrected concentration
about 100 ppm. The XRFCT reconstructed without absorption
corrections shows a mean value about 40 ppm, that is sixty per- X-ray fluorescence microtomographies were performed on
cent less than the real value. human breast tissue samples. Malignant breast tumor (ductal
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Fig. 7. X-ray fluorescence and transmission microtomography of the healthy
breast sample reconstructed with back-projection algorithm with absorption cor-
rections.
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carcinoma) and healthy tissues were analyzed for the same pa-
tient. The component tissues were identified by the pathologist
who made the sample available. The tissues were cut in cylin-
drical form with 1.5 mm to 2.0 mm thickness by 4.0 mm to 5.0
mm of height and were frozen and dried before being analyzed.

The result for a breast samples are shown in Figs. 6 and 7.
Fig. 6 shows the results for breast cancer sample while Fig. 7
shows the results for healthy tissue.

Analyzing the images, it can be observed that the two samples
have a bigger concentration of iron comparing with the concen-
tration of copper and zinc and for this patient, the concentration
of iron and zinc is bigger in the cancer sample than in the healthy
sample.

The mean concentration of iron is about 50 ug/g, for copper
the mean concentration is about 6 pg/g and for zinc is about

1429

7 pg/g in healthy tissue. Comparing these mean values for
healthy tissue with the mean values for cancer tissue for the
same patient, it can be seen that for iron the mean value is
forty percent greater in cancer sample, for copper there is
no significant difference and for zinc the mean concentration
doubling in cancer sample. These results are in accordance with
the literature [4]. But it is necessary to measure more samples
and quantify the difference in concentration in one sample
and between normal and abnormal tissues to use the X-ray
fluorescence microtomography as an analytic tool to analyze
biological tissues.

The radial streak effects that can be visualized in tomographic
reconstructions are because of the low counting statistic in each
projection. The images were not processed.

IV. CONCLUSION

Analyzing the XRFCT of the breast sample fragments, it was
possible to visualize the elemental distribution of iron, copper
and zinc, and it is verified that it is very important to use the
algorithm with absorption corrections to get the corrected value
of concentration.

For these samples, the concentration of iron and zinc is bigger
in the cancer sample than in the healthy sample.

It will be necessary to measure more samples and quantify the
difference in concentration in one sample and between normal
and abnormal tissues to use the X-ray fluorescence microtomog-
raphy as an analytic tool to analyze biological tissues.

The better definition of the interfaces in X-ray fluorescence
images was striking and the spatial resolution of the system can
be optimized as a function of the application. The experimental
set up at XRF-LNLS has shown to be very promising and this ef-
fort at implementing X-ray fluorescence microtomography was
justified by the high quality of the images obtained.
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ARTICLE INFO ABSTRACT

The main of this work is to determine the elemental distribution in breast and prostate tissue samples
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in order to verify the concentration of some elements correlated with characteristics and pathology of
each tissue observed by the X-ray transmission microtomography (UCT). The experiments were
performed at the X-ray fluorescence beamline of the Brazilian Synchrotron Light Laboratory. The nCT
images were reconstructed using a filtered-back-projection algorithm and the XRF microtomographies
were reconstructed using a filtered-back-projection algorithm with absorption corrections.
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1. Introduction

Since tomographic techniques were developed, X-ray trans-
mission tomography has been used in noninvasive testing for
investigating the internal structure of samples (Braz et al., 1999)
and with the advent of intense synchrotron radiation sources; the
resolution of the tomography was improved into pm regime
(Lopes et al., 2003). Although the transmission tomography
provides information about the distribution of the attenuation
coefficients, the technique cannot give any information about the
distribution of trace elements within the samples.

Other complementary tomographic techniques have been
developed based on the detection of the scattered (Barroso
et al., 1998) and fluorescence photons (Pereira et al., 2007) in
order to get some properties that also depend upon the
distribution of individual elements within the sample. The X-ray
fluorescence (XRF) associated with tomographic techniques can
supply important information about a sample’s chemical proper-
ties and produce high contrast. X-ray transmission tomography is
not able to give this information.

X-ray fluorescence tomography is based on detection of
photons from the fluorescence emission from the elements in
the sample. These photons are acquired by an energy dispersive
detector, placed at 90° to the incident beam direction. A value in a
projection is obtained by measuring the fluorescence radiation
emitted by all pixels along the beam. The sample is translated and
another value is measured in the projection. These steps are
repeated until the whole sample pass through the beam,
completing the projection. The sample is rotated and another

* Corresponding author. Tel.: +552125627308; fax: +55212562 8444.
E-mail address: Ricardo@lin.ufrj.br (R.T. Lopes).

0969-8043/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apradiso.2009.12.015

projection is measured. The projections are measured until the
sample rotated 180°.

The data acquisition of the X-ray fluorescence microtomogra-
phy results in a bi-dimensional raw data called sinogram. A sino-
gram consists of the line scans that were taken for every
rotational angle. For each emission line of the fluorescence spec-
trum there is a separate sinogram. In general, a sinogram plots the
property measured by the setup over the direction perpendicular
to the beam and the angle of rotation. The tomogram which is a
two-dimensional slice across the sample can be reconstructed
from the sinogram by an appropriate algorithm.

The increase of the mortality rate in Brazil due to cancer was a
decisive factor in the choice of the investigated samples. The
choice also reflects the world tendency to find diagnostic
techniques for cancer and other diseases. The fluorescence
mapping of iron, copper and zinc can be very important in
diagnostics, because the biochemistry of these elements suggests
that these metals may play an important role in carcinogenesis.
However, the evidence linking iron, copper and zinc to cancer is
far from conclusive and further research is needed (Wu et al,,
2004). Using X-ray fluorescence tomography the elemental map
can be obtained without sample preparation.

This paper presents a development of a setup to study X-ray
fluorescence microtomography of biological samples at the X-ray
fluorescence beam line of the Brazilian Synchrotron Light
Laboratory Facility (LNLS), Campinas, Brazil.

2. Experiment
This work presents the development of a system to study X-ray

fluorescence microtomography at the X-ray fluorescence facility
(D09B-XRF) at the Brazilian Synchrotron Light Laboratory (LNLS),

doi:10.1016/j.apradis0.2009.12.015
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Fig. 1. The experimental arrangement for an X-ray fluorescence microtomography measurement using a monochromatic beam and picture.

Campinas, Brazil. A quasi-monochromatic beam produced by a
multilayer monochromator at 12 keV, AE/E=0.03 collimated to a
200 um x 200 um area with a set of slits, was used to sample
excitation. The crystal monochromator is made of W-C and it has
75 layer pairs.

The intensity of the incident beam was monitored with an
ionization chamber placed in front of it, before the sample. A
schematic of the experimental setup for an X-ray fluorescence
microtomography using a multilayer monochromatic beam is
shown in Fig. 1.

The sample was placed on a high precision goniometer and
translation stages that allow rotating as well as translating it
perpendicularly to the beam. The fluorescence photons were
collected with an energy dispersive HPGe detector (CANBERRA
Industries inc.) placed at 90° to the incident beam, while
transmitted photons were detected with a fast Nal (TI) scintilla-
tion counter (CYBERSTAR-Oxford anfysik) placed behind the
sample on the beam direction. This detector geometry allows
reducing the elastic and Compton X-ray scattering from the
sample due to the high linear polarization of the incoming beam
in the plane of the storage ring; thus improving the signal to
background ratio for the detection of trace elements (Naghedol-
feizi, 2003).

The quality of the reconstruction is a compromise between the
measuring time required for an acceptable counting statistic of
the X-ray fluorescence peaks and the step size necessary to
linearly move and rotate the samples. In one projection, samples
were positioned in steps of 200 um (actual beam size) perpendi-
cularly to the beam direction covering the whole transversal
section of the sample proof.

Each single value in a projection is obtained by measuring the
fluorescence radiation emitted by all pixels along the beam. The
object is then rotated, and another projection is measured.
Projections are obtained in steps of 3o until the object has
completed 1800. The selected measuring time was 5s for each
scanned point.

A reference sample made of polyethylene filled with a
standard solution of copper was first analyzed and used as a test
sample. The test sample is made of a polyethylene cylinder with
2mm diameter with an internal cylinder with 1 mm diameter
filled a standard solution of copper 100 parts per million
(100 ppm) (Pereira et al., 2007).

As a second part of the experiments, XRF microtomographies
were performed on human prostate and breast tissue samples.
The component tissues were identified by the pathologist who
made the sample available. The tissues were cut in cylindrical
form with 1.5-2.0mm thickness by 4.0-5.0mm of height and
were frozen and dried before being analyzed.

The X-ray transmission images were reconstructed using a
filtered-back-projection algorithm and the X-ray fluorescence
tomography images were reconstructed using a filtered-back-
projection algorithm with absorption corrections.

3. Results and discussion

The result for the reference sample made of polyethylene is
shown in Fig. 2.

The image in Fig. 2 shows in the left side the X-ray
transmission microtomography, and in the middle side and in
the right side, the image shows the XRF microtomography of
copper without absorption corrections and with absorption
corrections, respectively. It can be observed analyzing the images
that while the X-ray transmission tomography shows the
polyethylene matrix and the internal cylinder with copper
solution, the X-ray fluorescence tomographies show only
those regions where the elements of interest were localized, in
this case copper. These tomographies show the viability of
fluorescence microtomography and confirm that this techni-
que can be used to complement other techniques for sample
characterization.

Comparing now, the X-ray fluorescence images, it can be
verified that there is a bigger difference between reconstructed
images with absorption corrections and without absorption
corrections even if the sample is small. It is important to verify
that only the XRF microtomography reconstructed with absorp-
tion corrections shows the corrected concentration of about
100ppm. The XRF microtomography reconstructed without
absorption corrections shows a mean value of about 40 ppm,
which are 60 percent less than the real value.

X-ray fluorescence microtomographies were performed on
human prostate and human breast tissue samples. It was analyzed
two prostate samples with HPB, one malignant breast tumor
sample (ductal carcinoma) and one healthy breast tissue sample
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Fig. 2. Tomographic images using a quasi-monochromatic beam at 12keV (left: transmission microtomography; middle: X-ray fluorescence microtomography of Cu
without absorption corrections and right: X-ray fluorescence microtomography of Cu with absorption correction).
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Fig. 3. X-ray fluorescence and transmission microtomography of a breast cancer sample reconstructed with back-projection algorithm with absorption corrections.
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Fig. 4. X-ray fluorescence and transmission microtomography of a healthy breast tissue sample reconstructed with back-projection algorithm with absorption corrections
(this sample is from the same patient that the sample in Fig. 3).

for the same patient. The result for a breast samples are shown in
Fig. 3 and 4. Fig. 3 shows the results for breast cancer sample
while Fig. 4 shows the results for healthy tissue. Fig. 4 show that
there is a small concentration of zinc in healthy tissue sample and
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the distribution is nonhomogenous, there are many regions
without zinc.

Analyzing the breast tissue images, it can be observed that the
two samples have a bigger concentration of iron comparing with
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the concentration of copper and zinc and for this patient; the
concentration of iron is bigger in the cancer sample than in the
healthy sample. The mean concentration of iron is about 30 pg/g.
Comparing these mean values for healthy tissue with the mean
values for cancer tissue for the same patient, it can be seen that
for iron the mean value is 40 percent greater in cancer sample and
that for copper there is no significant difference. But it is
necessary to measure more samples and quantify the difference
in concentration in one sample and between normal and
abnormal tissues to use the X-ray fluorescence microtomography
as an analytic tool to analyze biological tissues.

The result for human prostate samples is shown in Fig. 5 and 6.
The microtomographies images show the results for HPB for two
different patients.

Analyzing the XRF microtomographies of human prostate
tissue sample fragments, it was possible to see the elemental
distribution of iron, copper and zinc. In Fig. 6, it can be seen that

Fe
.
H

there is a flaw in the Fe fluorescence distribution image. These
tissues have a less concentration of copper and iron than zinc. The
mean concentration of zinc in the HPB samples is about 150-
200 ppm.

The radial streak effects that can be visualized in tomographic
reconstructions are because of the low counting statistic in each
projection. The images were not processed.

4. Conclusion

The reference sample shows the viability of fluorescence
microtomography and confirms that this technique can be used
to complement other techniques for sample characterization.
Analyzing these images, it is verified that it is very important to
use the algorithm with absorption corrections to get the corrected
value of concentration.

-4
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Fig. 5. X-ray fluorescence and transmission microtomography of a human prostate HPB sample reconstructed with back-projection algorithm with absorption corrections.
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Fig. 6. X-ray fluorescence and transmission microtomography of a human prostate HPB sample reconstructed with back-projection algorithm with absorption corrections.
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Analyzing the XRF microtomography of the breast tissue
samples, it was verified that it was possible to visualize the
elemental distribution of iron, copper and zinc, and for these
samples, the concentration of iron and zinc is bigger in the
cancer sample than in the healthy sample. For prostate tissue
samples with HPB, it was verified that these tissues have a less
concentration of copper and iron than zinc.

It will be necessary to measure more samples and quantify
the difference in concentration in one sample and between
normal and abnormal tissues to use the X-ray fluorescence
microtomography as an analytic tool to analyze biological
tissues.

The better definition of the interfaces in X-ray fluorescence
images was striking and the spatial resolution of the system
can be optimized as a function of the application. The
experimental setup at XRF-LNLS has shown to be very
promising and this effort at implementing X-ray fluorescence
microtomography was justified by the high quality of the
images obtained.
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