G PGt . .
P P Tomografia: sec¢des de objetos
0 Reflexé@o
»Acustica: Ultra-som, Radar, ..
. » , »>Otica: microscépio confocal
Reconstrucéo tomoqraﬂca a partir de 2 A partir das projecdes
Projecoes »No dominio do espaco
=transmissdo : CT
EPUSP/PTC-5892 » emissdo: SPECT, PET
Prof.Sérgio S Furuie >No dominio da frequéncia
= Ressonancia Magnética (geometric
projection, Fourier projection)
iv? Tomografia a partir de proje¢cfes no iv?
o espaco o Estudo de caso: Phantom 3D
0 Conceito
»Matematica da reconstrucao: Radon, 1917 * background
o Aplicacédo * myocard.
* spots

»Astronomia: Bracewell, 1956

»Medicina (revolugdo ap6s Roentgen, 1895)
= Primeiras publica¢des: Oldendorf, 1961
= Primeiros experimentos: Kuhl (UPENN, 1963)

= Equipamento médico: G Hounsfield (EMI, UK, 1971)
e A Cormack (Tufts Univ) => Nobel, 1979
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Dados disponiveis: Projecdes
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Processamento: Reconstrucao

ART vox 2 i

EM vox 2 it.

« Noiseless proj.
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3 3
o Motivacdo: 3D Reconstruction o Motivacédo: 3D rendering (surface)
* phantom
* segmentation
« surface rendering
* ART Blob
* Noisyless data
* 2 iterations
03] 03]
oA Motivation: Measuring in 3D oA
« distance
e area
e volume
« ejection fraction
« velocity
TOMOGRAFIA A PARTIR DAS
PROJECOES
[P, [P,
{9 - . {9
= Reconst. Tomog. a partir de projecdes 4

0 Projection data formation
= CT, spiral CT, multi-slice spiral CT (0.5 mm)3, .5 s
= SPECT
= 3D PET
0 Tomographic reconstruction methods
* ML-EM : Maximum-likelihood
= ART : Algebraic Reconstruction Technique
" FBP : Filtered Backprojection
* DFM : Direct Fourier Method
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Geracdes de tomagrafos por pro;.

0 Varredura de fonte unica e rota¢éo da fonte-detetor
0 Varredura de fonte conica e rotagao
0 Cone beam e rotagdo da fonte-detetor
»spiral CT
»multi-slice spiral CT
0 Multiplas fontes cdnicas e detetores
0 Electronic beam

SFuruie- 12




,,:‘xﬁn X-ray Tube LY
2a. Geragdo
R e
L7 =0ijs 508
Switches
4 Channel DAS
3a. Geragdo " 4a. Geragdo v
"g CT p/ Estruturas dindmicas "g SPECT: Single Photon Emission CT
0 Ultrafast CT
»sem estruturas moveis
»50 ms/scan (20 cortes/s)
»volume: 8cmem 0.25 s
/unﬁ
T FOCUs Coi, -1
| ___.—'_- | -. '_ -
]| h = IIHTT*\ J 77
[ =5~
i = = - ‘/ 15 SFuruie- 16
ig; CT (raio-X): o que ha de comum? ig; Linhas de projecédo
1stScan
D3 XrayTuhe
,{
@ K ’ 60thScan
, J / \
I\ _a— J B 2/ /// 3 ..
>< ; LV > \
& ! = . | %ﬁgéﬁg
N V4
i <—ﬁ Detector




Fa s Fa s
oA = . .
o CT o MN: SPECT - o que ha de comum?

o Medicina Nuclear:SPECT

Miocéardio
marcado com
material radioativo
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(Te)
SFuruie- 19 SFuruie- 20
P s
el SPECT:Colimador (septos paralelos) ol MN: PET - o que hd de comum?
Lz
A\ X~
CRISTAL (Nal(TO)
LT V7 s
SEPTOS (Pb) Septos (Pb)
///// vista superior \\
RAIOS GAMA ---l.lga
Seleciona a direcdo b 'JI'I 'r._|
dos fotons | @ %i
OBJETO e incidem : ,'k_a._' |
no cristal o '1_\_-" i
A imagem formada no cristal é uma projecéo A. fontes para mapas de atenuagio
idi i i i ey idi H B. absorvedores de fotons espalhados
b|d|_mgn5|onal da dlstrl_bwgao tridimensional do <. blogos o6 detetores (BGOY
radiofarmaco no organismo D. fotomultiplicadoras
E. blindagem
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G G
na PET ot O que ha de comum:

0 Tomografia a partir das projeces
»cada pixel na proje¢do contém
informacdo acumulada ao longo
da linha de projecéo

arcren

i | P

WL
X e

SPECT
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@ O que ha de diferente?

0 Entre CT, SPECT e PET?
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@ Tomografia por Transmisséo (CT)

| = Io.exp(—_[ f (x,y).ds) y

In(II—O):If(x,y).ds (Integral de linha) —~

Desconhecido 1 conjunto:

P ZZ/“i'dij
i - .
)uj J =11 N

Transformada de Radon 2D
(projection operator)

f(x.y) - q(t,0)

(sinograma)
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A=, &, P
! N\ g .~ detecto
h. : N
i W detector
field of vie
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@ PET

P
detecto

b, =3 f,-(Ad, )exp(-| 14 (5)ds)
] Sj

p, =exp(-[ u(s)ds). Y. f.(Ad,)
D i

» accumulated attenuation estimation: simpler
= Fonte externa => custo, tempo maior

p.
————=) f.(Ad)) Desconhecido 1 conjunto:
e e ‘
D

= f, j=1N
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@ O que ha de diferente?

0 Entre CT, SPECT e PET?
» CT: sist. Eq. Lineares,e 1 conjunto de incognitas
» SPECT: sist. Eq. Ndo-lineares, e 2 conjuntos de incég.
» PET: similar a CT se houver boa estimativa das aten.
Ou similar a SPECT => algoritmos AA
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ALGORITMOS DE
RECONSTRUCAO TOMOGR.
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@ Tomografia por Transmisséo (CT)

0-exp(=] F(x,y).ds)
L

@ Solucao?

¢=0
at
.0‘ pils

|
In(-2) = [ f(x,y).ds  (Integral de linha) fixy ; o el 4 iR
I L lo - i G
gt,e) = Rf = [f(x,y).ds A % &
L a
= [ £(X,Y).8(x.cos0 + y.sin0 —t).dx. dy Image plane | §
projections f*(s)
Transformada de Radon 2D
(projection operator) <
f(x.y) -— g(t,0) (sinograma)
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G Reconstrucéo ingénua (backprojection) E: ' Reconstrugdo com filtered backprojection
= Reprojecéo- mecrson || - /
e | P simples B, [
II| ] ] DETECTON b
I}\_../.
B
X (]
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G Algébrica E Solugbes
49 Problema: f | 4 9
. [] ; f3+ f4 :6 m ;
6
e le ] e f, =4 ] I2Ts]
Imagem f,+ f,=9 Imagem f -
f
A.x=b
M equacdes com N incégnitas
Sistema indeterminado (infinitas solucdes, rank < N)
Sistema inconsistente (M eq. Lin. Indep > N) => otimizacéo
SFuruie- 36 SFuruie- 37




ig Algébrica: otimizagao (regularizada) ig; Solucgdes (otimizada)
4 9 Problema: f | A.x=b
frf -7 6 equacdes com 4 incognitas
J—_,—[ S - Sistema inconsistente (M eq. Lin. Indep > N) => otimizag&o
fo+ f, =6
7 o J——,—[
6 fi+ fy =4 7
f,+ f, =9 6 min ;| AX-b
& : R .

5f,+  f,+5f,=5 X=A'b —

s ‘ & (A = (AR A
S+ 1, +5f,=8 5

Imagem f
Imagem f
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"g Alguma outra solucgéo ? igj
Reconstruction Fourier tr‘ansformc.d TEOREMA DA PROJ E(;AO
matrix matrix
Teorema do corte central
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"g Tomografia por Transmissao (CT) "g Teorema da Projecédo
g(t,o) = ”f (%, y).0(x.cosf+y.sind—t).dxdy
G(u,0) = j [fouy) j 5(x.cos+ y.sind—t).e 7 dtdxdy
ot,0)=Rf = jf(x,y).ds
L G U,e — f X, .e—jZn.u(x.cosG+y.sin€)dXd
= ” f (X, y).5(x.cos 6 + y.sin @ —t).dx.dy “.6) ” ) ] y
.G(u,0) =F(u.cosb,usind) =>DFM
Transformada de Radon 2D
(projection operator)
f(x.y) — g(t,0) (sinograma)
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f (X, y) — J. j' Fp (W, 9).ej2”.(x.w.cosH+y.wsinH) I Wl deH
0 -o

f (X, y) = J.{J. Fp (Wl 0) | W| .ej27r.wv(x.0050+y.sino)dw}ld9
0 -

f(x,y)= I g(x.cosé + y.sind, 6).do
0
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f@"} f@"}
[~ Teorema da Projecéo (cont.) o Reconstr. baseados em Transf.
Transf.Radon Inversa u Direct Fourier Method
f(x,y) :”F(u V) 12 gy dy 0 Inverse Radon Transform
’ ’ ) 0 Convolution Backprojection
coord.polares=>u=w.cosé ev=wsind 2 Filtered Backprojection
270
f (X, y) _ J'J' E (W, 9).ejZn.(x.w.cos¢9+y.wsin¢9)W.dW'd9 0 Fan-beam
00 P »rebinning
7 _ ) »>formula
F(xy) = [ [F,(w,0)e2 e || dwido
0 -
S A = A i 3
- llustracdo DFM - DFM : interpolacéo em freq.
.4 > 1D Fourier e
Transformation e { R /:/
) N i
=g {
Hxy) 4 é _________
oA CBP, FBP oA FBP
filtered projection
ata=0 _‘.‘ ;.-

§ =Xc0sg Ty sing;

Image plane -~

- Filtered projections p*(s)
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s @)
Loy R : Loy
o Normalizacao (escala Hounsfield) o SPECT
H .. = 1000 H = Hyo o =ij.dij.Aexp(— I;@(s)ds) ‘3‘3 : P
Hu 0 ! S \ I~ detecto
N~ N
. N S
~ He (dgua ) =0 0 Quantitative hy W > ?_etlzctc;r )
H ¢ (ar) = —1000 >EM - ieldorvie
H o (080 ) = 1000 > ART = Pi —Zjl ]
Mo = 0.190 cm “1(70 kev ) a Apprommat‘e (Transfo-rm)
> attenuation correction on
projection data
Massa branca e cinzenta: apenas > attenuation correction on
alguns Hs reconstructed data
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et [P
L9 A ; ; ;
o o Solution: Algebraic Reconstruction
0 System of linear equations
» Huge system pi =Y hjj.x; (al3D projecti®
» Eg. volume: 64 x 64 x 64 j
X j=1.. 262,144 voxels p=H.x (vector notation)
» Projections:
128 views, 64x64 planes
p; i=1 .. 524,288 projs. Pi| | hj
> H : 524k x 262k IES]
ALGORITMO DE 0 Row-action methods /
RECONSTRUCAO: ART > ART g R; )
» EM
SFuruie- 55 SFuruie- 56
[P
\.‘;J

ART: Algebraic Reconst. Technique

0 Noisy data
0 Optimization criteria p=H.x+0
» Least-square solution
> Mini ) R ok
lvl.lr:g:]vfjarcr:i::rm solution RkH_ gk g, p|7||<ﬁr:|,l,2x >_-i
= relaxation \
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ART 3D: Algebraic Reconst. Techn.

0 Noise removal: projection data estimation
0 Quantitative reconstruction

0 Fast (3D)

0 Simple

0 General

0 [H] determination

0 Stop criteria
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s s
aad aad Statistical Solution
0 Projection: Poisson noise
0 Maximum likelihood / \
> Expectation- p = Poisson (H X)
maximization algorithm max , P B | X] (ML)
» Iterative approach
0 Maximum a posteriori max ; Pr{X | p] (MAP)
> “a priorin probablllty distr. 1 Pr[ p | X1 P X]
Pr[ p]
ALGORITMO: ML-MAXIMUM
LIKELIHOOD A /
SFuruie- 59 SFuruie- 60
[Fes, Ry
L9 : S hE 7
" Expectation-maximization " ML-EM

0 Maximum Likelihood
0 ML-EM algorithm

max ; Pr[ p | X] ) L
Pr[ p | X] :indep. Poisson Poisson (k | 2) = K

A :média e variancia

0 Handles Poisson noise

0 Total count conservation

o Convergence to ML

0 Expectation-maximization
»algorithm independent of rays direction
»quantitative approach
»iterative

x D,
xS h .
Xy Z <x*,h > " »slow convergence
»no stop criterion
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[P, et
L€ ) . S hE 7 ;
o Noisy projections " Reconstructions
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ART Blob  EM Blob

ART Voxel EM Voxel ..o
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Sintese

0 Modelos de formacgéo das projecdes
0 Reconstrugao tomografica 2D/3D
»Aspectos gerais
»Vantagens/desvantagens
0 Métodos de reconstrucao
»>Algébrico (ART)
» Estatistico (ML-EM)
» Analiticos
= FBP, DFM
= 3DRP, Favor, Cone
= Simplificag6es: Rebinning
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Algumas questdes em aberto: CT/ECT

0 SPECT/PET 3D quantitativo em tempo clinico
aceitavel

» Algoritmos mais eficientes
»Otimizag&o de todo o processo
»Avaliacdo objetiva de cada fase do processo
»Avaliagédo clinica
0 Correcao de atenuacdo em PET e SPECT sem
fonte externa
0 PET 3D dinamico
0 Dinamica metabdlica
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