5] ) . - _
LS4 LS4 Tomografia: seccdes de objetos
O Reflex&@o
* Acustica: Ultra-som, Radar, ..
Reconstrugéo tomografica a partir de + Otica: microscoépio confocal
projecdes O A partir das projegdes
* No dominio do espaco
EPUSP/PTC-5750 —transmissdo : CT
Sérgio S Furuie —emissdo: SPECT, PET
* No dominio da frequéncia
—Ressonancia Magnética (geometric projection,
Fourier projection)
e Tomografia a partir de proje¢ées no e
RS 9 P Projec L9 Estudo de caso: Phantom 3D
espaco
oConceito
- . « background
* Matematica da reconstrucao: Radon, 1917 « myacard.
DAplicacao * spots
» Astronomia: Bracewell, 1956
» Medicina (revolucéo apés Roentgen, 1895)
—Primeiras publicac¢des: Oldendorf, 1961
—Primeiros experimentos: Kuhl (UPENN, 1963)
—Equipamento médico: G Hounsfield (EMI, UK,
1971) e A Cormack (Tufts Univ) => Nobel, 1979
) _ — )
A Dados disponiveis: Projecdes oA Processamento: Reconstrucao

EPUSPISF- 5

* Noiseless proj.

EPUSPISF- 6




e . . e . .
54 Motivacdo: 3D Reconstruction A Motivacédo: 3D rendering (surface)
« phantom

* ART Blob
* Noisyless data
« 2 iterations

EPUSPISF- 7

* segmentation
« surface rendering

EPUSPISF- 8

A Motivation: Measuring in 3D oA Reconst. Tomog. a partir de projecées
« distance O Projection data formation
e area —CT, spiral CT, multi-slice spiral CT (0.5 mm)3, .5s
« volume —SPECT
« gjection fraction —-3D PET
* velocity 0 Tomographic reconstruction methods
S ~ML-EM  : Maximum-likelihood
—ART : Algebraic Reconstruction Technique
-FBP : Filtered Backprojection
—DFM : Direct Fourier Method
54 Geracdes de tomoégrafos por proj.

o Varredura de fonte unica e rotacéo da fonte-detetor
0O Varredura de fonte conica e rotagao
0 Cone beam e rotacao da fonte-detetor
 spiral CT
« multi-slice spiral CT
O Mdltiplas fontes conicas e detetores
O Electronic beam

EPUSP/SF- 11

la. Geragdo 2a. Geragdo

P Fixed Detoct P
3a. Geragdo erocters 4a. Geragdo




Multi-slice Spiral (helical) CT

@ CT p/ Estruturas dindmicas

o Ultrafast CT
* sem estruturas moveis
» 50 ms/scan (20 cortes/s)
e volume: 8cmem 0.25 s

~rocus oo

BETECTOn o

VAmGE T e

Switches e } ( mm— //, AT

4 Channel DAS 1T = —
===l 124

@ SPECT: Single Photon Emission CT @ Tomografia por Transmisséo (CT)

I =1g.exp(=] f(x,y).ds)
L

In(ll—o) = [ f(x,y).ds  (Integral de linha) f(x,y)
L
g(t,0) = Rf = [f(x,y).ds
L

=[] f(x,y).8(x.cos0 + y.sin® —t).dx.dy

Transformada de Radon 2D
(projection operator)

f(x.y) — 9(t,0) (sinograma)
EPUSP/SF- 15 EPUSPISE- 16
@ Solucéo? @ Reconstrugao ingénua (backprojection)
T § =xcosg;+ysing; o 1
x0) . Reprojecao
""" T simples ‘
Image plane ~| ’r ™ \

projections f*(s)

EPUSP/SF- 18
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Reconstrucdo com filtered backprojection

T

EPUSP/SF- 20

Algébrica
40 Problema: f |
=] for, =7
6
fi+ £ =4
Imagem f b+ f,=9

Solucdes

4 9

S

M equagdes com N incognitas

A.x=b

Sistema indeterminado (infinitas solugdes, rank < N)

Sistema inconsistente (M eq. Lin. Indep > N) => otimizagéo

EPUSPISF- 22
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@

Algébrica: otimizacao (regularizada)

=
=

Imagem f

Problema: f |
fi+f,

fi+ fs
f,+ f,

bfi+ f3+5f,

5f+f, +5f,

=7

ft f, =6

=4
=9

=5

=8

EPUSPISF- 23

<

Solugdes (otimizada)

A.x=b
6 equagdes com 4 incognitas

Sistema inconsistente (M eq. Lin. Indep > N) => otimizagéo

[j—‘g min ;| A.X-b|?
X\= A+b —’-
(j) A+=(A-A)71A|

Imagem f

EPUSPISF- 24

Alguma outra solucéo ?

Reconstruction
matrix

d s |
Fourier transforme
matrix

Teorema do corte central
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ot 0)=R T = [ f(xy)ds

= _[_[ f(x,y).0(x.cos @ + y.sin @ —t).dx.dy

Transformada de Radon 2D
(projection operator)

iﬁ Tomografia por Transmisséo (CT) iﬁ Teorema da Projecéo

o(to) = J I f (X, y) o(x.cosf+y.sind—t) dxdy
G(u,6) z” f(xy) J S(x.cos9+ysind—t).e *'dtdxdy

G(u’ g) :J:[f (X, y) E—j2ﬂ.u(x,0039+y,sirﬂ)dxdy
~.G(u,0) =F(u.cosd,usind) =>DFM

f (X, y) — J.JF(U,V).ejZ”'(x'My'v)dU.dV

coordpolares=>u=w.cos¢ ev=wsind

270

f(x.y) — 9(t,0) (sinograma)
ig Teorema da Projecgéo (cont.) iﬁ‘ Reconstr. baseados em Transf.
Transf.Radoninversa

o Direct Fourier Method

O Inverse Radon Transform
o Convolution Backprojection
O Filtered Backprojection

Transform

EPUSP/SF- 31

f (Xl y) — ‘[I Fp (W, 9)-ej2;r.(x.w.cos€+y.wsin9)wdwd0 o Ean-beam
00 * rebinning
0 i i * formula
f (Xn y) — J‘ ‘[ Fp (Wl 0).8125.(x.w.cose+y.wsm€) | Wl deB
0 -0
s 3 (3 } i
o llustragéo DFM S DFM : interpolagéo em freq.
) -
> 1D Fourier
Transformation e S i o - G ..__?/
= -"i—g \ i .{:'\ 'QT{/’C‘/"L
_iﬁr 1 ‘ Samples Of _WZEE
i .‘r..l..\'._\'a ‘ '“5— Fourier - £y
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ij FBP

CBP, FBP
7w filtered projection
f (X, y) _ J' j‘ Fp(W,9).eJ2”'(X'W'CO59+y'Wsm 0) | w | dw.do at¢=0
0 -
_ j2r.w.(x.cos 0+Yy.sin@)
f(xy) = !{J F,(w,0).|w|e dw}.do il s b ysioh,
= (xy) | (! >
f(x,y):.fg"(x.coséw y.sing,8).do ; )
o mage plane | |
- Filtered projections g*(s)
kﬂ-} Normalizacdo (escala Hounsfield) iﬁ‘ SPECT
H. —1000 “—Hwo P =D, dy Aexp [ (s)ds) 8y PP
Hu o ! Siir i~ detector
“ He (dgua ) =0 o i o . letector
H . (ar) = —1000 O Quantitative field of view
cT - -
. - hii X
H o (osso ) = 1000 EM == Pi Z iji-Xj
= 0.190 cm (70 kev ) " ART :
Huwo =5 0 Approximate (Transform)
« attenuation correction on
Massa branca e cinzenta: apenas alguns Hs projection data
« attenuation correction on
reconstructed data
ig Solution: Algebraic Reconstruction iﬁ‘ ART: Algebraic Reconst. Technique
O System of linear equations O Noisy data
* Huge system pi = > hjj.xj (all 3D projections) O Optimization criteria p=H.x+n
* Eg. volume: 64 x 64 x 64 i ) « Least-square solution
X j=1.. 262,144 voxels p=H.X (vector notation) « Minimum norm solution g+l _ gk 4 g Pi= <_ﬁirxk >
« Projections: — row-action [1R;l1? !
- — relaxation

128 views, 64x64 planes

p; i=1 .. 524,288 projs. Pi|_ o I % !
* H:524k x 262k / i
O Row-action methods -

* ART \ hi

* EM

EPUSP/SF- 39
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iﬁ ART 3D: Algebraic Reconst. Techn.

o Noise removal: projection data estimation
O Quantitative reconstruction

O Fast (3D)

O Simple

o General

0 [H] determination

{4

- Statistical Solution

O Projection: Poisson noise
0 Maximum likelihood

« Expectation-maximization
algorithm

« lterative approach
0 Maximum a posteriori
« “a priori” probability distr.

maxg Prob[p

maxg Prob[x

p = Poisson(H.X)

[X] (ML)

[Pl (MAP)

Prob[p|X]. Prob[X]

0 Maximum Likelihood
0 ML-EM algorithm

maxy Prob[p|X]
Prob[p|X] : independent Poisson

k+1 _ J Pi

xKk+l _ S Fi 4

J Zhijzi:<xk,hi> i
i

EPUSPISF- 43

. b[X|p] =
O Stop criteria AL Prob[p]
(3 : . (3
S Expectation-maximization o ML-EM

0 Handles Poisson noise
O Total count conservation
o Convergence to ML
O Expectation-maximization
« algorithm independent of rays direction
« quantitative approach
* iterative
« slow convergence
* Nno stop criterion

EPUSP/SF- 44

iﬁ SPECT: Single Photon Emission CT

Conventional SPECT
« parallel collimator
« 2D reconstruction (slice-by-slice)

EPUSPISF- 45

G

SPECT : parallel collimator

O Considering 2D effects
« PSF
« scattering

O Reconstruction approaches,
slice-by-slice

Projection data

- EM
* ART
« 2D FBP

] Quantitative

EPUSPISF- 48




@ SPECT: Single Photon Emission CT

Conventional SPECT
« parallel collimator
« 2D reconstruction (slice-by-slice)

EPUSP/SF- 50

@ SPECT: projection data formation

o Parallel Collimators
« stack of 2D slices
« 3D effects of scattering
« 3D effects of PSF

o0 Cone Beam collimators
« 3D reconstruction (3D FBP)
« improved sensitivity

EPUSP/SF- 51

@ SPECT : parallel collimator

O Considering 2D effects o
Projection data

@ 3D PET: Positron Emission Tomogr.

o Transversal and tilted lines

Pi = XX} (A dip).exp(~ [ (s)ds) iy PP
e 5 ) i~ detector
vol; attenuation - \
A
Xj : emission rate per unit volume W detector
field of view

A : area of tube cross section
djj : intersection length
uj() : attenuation function

EPUSPISF- 56

©PSF 0 Missing data z
« scattering /
0O Reconstruction approaches, — 7/ o
slice-by-slice o o 2
« EM ~ = 2
< ART ] Quantitative % §
. 2DFBP “ 4
7/ },,,w"
@ Projection data formation model (3D) @ Emission CT (3D)
o & .
0 General case (emission) Pi = XX} (A.di).exp(— [ j(s)ds) o\ P
j B < detector

o0 3D PET (quantitative)
« scattering correction
« attenuation correction
- EM
« ART
« Transform methods

ool

EPUSP/SF- 59




e e
54 SPECT oA Single-slice rebinning
P =D, dy Aexp [ (s)ds) 8y P 0 3D PET: multiple rings of detectors
! S - detector « Detection: intermediate slice z
; « 2D FBP (slice-by-slice
hy; W . detector . fast ( . t.y )
O Quantitative field of view astreconstruction 9 Z g
. EM B Di = 3 hix « blur (axial aperture > 9 deg) g , E
« ART j « loss of resolution S 2 A
0 Approximate (Transform) - % ]
« attenuation correction on h i
projection data
« attenuation correction on
reconstructed data
e e
A Multiple-slice rebinning A Tépicos
03D PET: multiple rings of detectors z oModelos de formacao das projecdes
* detection: distributed along oReconstrugdo tomografica 2D/3D
intermediate slices - - Aspectos gerais
+ deblurring along z-axis g n g - Vantagens/desvantagens
. e . f @ S L, ~
quantitative approach g § oMétodos de reconstrugdo
- z « Algébrico (ART)
— — « Estatistico (ML-EM)
 Analiticos
—FBP, DFM
—3DRP, Favor, Cone
EPUSP/SF - 72 — Simplifica¢6es: Rebinning EPUSP/SF - 87
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