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Zakladni usporadani systému CT




CT history

1917
1956
1963
1971
1972
1973
1974
1982
1985
1998

mathematical theory (Radon)

tomography reconstruction in radioastronomy (Bracewell)
CT reconstruction theory

CT principles demonstrated (Hounsfield)

first working CT for humans (EMI, London, Hounsfield)
PET

Ultrasound tomography

SPECT

Helical CT

Multislice CT, 0.5s/frame
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Johann Radon

(matematik)

*16.12.1887 Décin, CR
1 25.5.1956 Viden, Rakousko

1917 - "Uber die Bestimmung von
Funktionen durch ihre Integral-werte
langs gewisser Mannigfaltigkeiten",
Berichte Sachsische Akademie der
Wissenschaften. Leipzig, Math.-Phis. KI.,
v.69, pp. 262-267. V této praci pan Radon
matematicky vyresSil rekonstrukci
prostoroveho obrazu na zakladé znalosti
jeho projekci.




Sir Godfrey Newbold Hounsfield

1919-2004




Sir Godfrey Hounsfield
Nobel Prize in Medicine, 1979

¥ -ray source reduced collection
to 9 hours. Clinical model
took 18 sec

Gamma Ray S ource; 28,000
measurements, ¥ day collection,
2.5 hour recon, 2hour display.

EMI-1, 1971:
Atkmson Morley Hospital, Engbnd




Allan M. Cormack




Tomography modalities

VvVvvyVvYyvyy

x-rays — CT

gamma rays — PET, SPECT

light — optical tomography

RF waves — MRI

DC — electric impedance tomography

ultrasound — ultrasound tomography

8/63



Zakladni princip CT

CT vytvari obraz téla pacienta jako sérii
tomografickych sekci (fezt). Kazdy rez je vytvoren
matematickou rekonstrukci predmétu ze znalosti
prumétu (projekci) predmétu do ruznych smérd.
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Zakladni princip CT

Jednotlivé fezy objektu musi byt rozdéleny do sité
malych objemovych elementt (voxels) se ¢tvercovou
zakladnou a s konstantni hodnotou utlumu.
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Zakladni fyzikalni princip CT
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CT systémy 1. generace

Linear translation scan
video - wonitor (large) and rotation

—
X - ray tube

- D—.




CT systémy 2. generace

rentganka Linear translational scan
(small) and rotation

2nd generation



CT systémy 3. generace

Rotation only
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Fan-beam detector

asi nejcastcji pouzivané




CT systémy 4. generace

Rotation only

prinsi votace rig svazku princip mverznino véjiFovitého evazku

Rotuje jen zdroj, detektory stabilni
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,Utvrzovani svazku“ (beam hardening)
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CT Cislo - Haunsfieldovo ¢islo (HU)

Je vyjadrenim kvantitativniho hodnoceni absorbénich
vlastnosti tkané.

-y K =1000

CT =K. Hikang vody )
Hyody Hyody = 0,19cm

Méreno monochromatickym zarenim 73 keV.

CT =5263 1y 45 —1000

stupnice CT cCisel = denzitni stupnice

1

rozsah od -1000 az zhruba +1000, pro vzduch -1000,
pro vodu 0
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Generace, zpracovani a detekce
radiaéniho signalu CT systému

CT systémy 2. generace
(nékolik detektoru)

- pomalé a rychlé systémy
- sendvi¢ovy a lamelovy kolimator

vadiadnl stiny zvyduji
dévku pacienta




Generace, zpracovani a detekce
radiaéniho signalu CT systému
Detektory
scintila¢ni detektor (krystal) R N R o
+ fotonasobic N rig rdice

[°he]

okénko
/ katoda

ionizaéni komory pIlnéné Z
plynem (xenon)

scintilitor  sydtlovodié
AT

scintilaéni detektor (krystal)
+ fotodioda (fototranzistor)

Flat-panel detector (FPD)
Thin-film transistor (TFT) array




Zakladni principy rekonstrukce obrazu

denzitni funkce =
O(é:’ 77) predmétova funkce
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Zakladni principy rekonstrukce obrazu

P&’ @)= [ole.mdn 1=loexp| ~ [ ulg.m)dn]

o(&,n)= u(é.n)
p(éi”q)) = _lnITO

E'=L.cos®+n.sin®| E=&.cos® —1.sind

n'=—¢.sin® +1.cos O n=¢ .sin®+17.cos®



Radon transform

Projection in polar coordinates:

Po(€') = Z[o(€, )]
P(¢) = /L o€, m)dl

along the line L defined by ¢ a &’

¢ =E&cosp+nsing

Equivalently

Py(¢') = /0(5/ cosp — 1 sin, &' sing + 1 cos p)dn’
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Radonova transformace

Smogram pro konstantni =3 a promenny uhel THETA, - xrot=r CDS(F‘HI THETA)
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Radonova transformace

Sinogram pro konstantni uhel THETA=pi/4 a promenny polomer r - xrot=r"cos(PHI-THETA)
— =5, THETA—le
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Radonova transformace

Zobrazovaci technika Il (1) 16.12.2003



Radonova transformace

Zobrazovaci technika Il (1) 16.12.2003



Radonova transformace

Zobrazovaci technika Il (1) 16.12.2003



Radonova transformace

Shepp-Logan fantom
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Radonova transformace

Periodicity RT vici uhlu
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Reconstruction methods

» Backprojection

» Fourier reconstruction

P Filtered backprojection

» Algebraic reconstruction (iterative)
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Pfima zpétna projekce
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m  pocet projekci

,y = ip((x.cos(l)j + y.sin(I)j),CI)j)A(I)
j=1




Prima zpétna projekce - hvézdicovy artefakt
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Central slice theorem

Projection Theorem, Véta o centrdlnim ¥ezu)

P.(¢) = /0(5’ cosp —1'sin ¢, ' sin ¢ + 1 cos )dry’
Fourier transform of the Radon transform by ¢’:
FAR L€} = F (P} = Polw) = [ Polee 2 e
= // o(¢' cos — 1 sin @, & sin @ + 1’ cos )e 2ME d¢'dny/

Substitution (£',7') — (&, 7):

N

P(P(LU) _ /o(f,n)efzﬂj“(g cos p+nsin Lp)dé-dn
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Central slice theorem

N

P(P(w) _ /O(g, n)e—27rjw(§ cos p+nsin Lp)dgdn

Denote u =wcosp v =wsiny

N

Plu.v) = [ ofeme ey
and therefore

P(u,v) = 7 {o(&,n)}
Po(w) = .F {0(&,1)} (wcos p,wsinp) = 6(w cos p,wsin )
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Central slice theorem

P(u,v) = 7 {o(& 1)}
Po(w) = F {0(&,1)} (wcosp,wsinp) = 6(w cos @, wsin ¢)

Slice of the 2D Fourier transform of the image o at angle ¢ is the 1D
Fourier transform of the projection P, of the same image o.
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Analyticka rekonstrukce - 2D FT
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Analyticka rekonstrukce - 2D FT
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Inverse Radonova transform
From the Fourier slice theorem:

P(u,v) = 7 {o(&,)}
o(&,m) = 1 P(u V) // u, v)e?™E) qudy

—0e-00

Polar coordinates u = wcosp, v = wsin:
0(57 // 27er(§cosgo+nsm ‘p)]w\dwdap

where |w| is the Jacobian (determinant).
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Inverse Radonova transform

T 00
577 :// <p 27r_/w(£cosgo+175|ngo)|w|dwds0
—o0

can be written as

o(&,n) = / Qy (€ cos 4 nsinp)de
0

&'/
Qu(¢) = / P () |

where Q,(¢') is a modified projection
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Inverse Radonova transform

of6.m) = [ Q¢
0

Q&) = / P ()€ | dw

—0o0

Qu(€) = FH{JwlPp(w) } = F 7 {Jul} 5 Po(€)
defining the exact inverse Radon transform

Py(¢') = %[o(&, n)]
o(&,m) = #~*[Py(¢)]
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Filtered backprojection

Filtrovand zpétna projekce

> Filter all projections P, (¢’) for all ¢, get modified projections
Qe(¢)

» Backprojected modified projections and sum

o6.m) = [ Qul¢)ae
0

Qu(¢') = h(t) x Po(€) = FH{H(w)} * Po(€)
H(w) = vl
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Practical implementation of filtered backprojection

» Problem: Ideal filter H(w) = |w| amplifies noise
» Solution 1: Make P,(w) frequency limited.
Ramakrishnan-Lakshiminaryanan — Ram-Lak filter:

Hw) = {|w| if lw] < Q

0 otherwise
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Practical implementation of filtered backprojection

» Problem: Ideal filter H(w) = |w| amplifies noise
» Solution 1: Make P,(w) frequency limited.
Ramakrishnan-Lakshiminaryanan — Ram-Lak filter:

() lw| i lw] <Q
H(w) =
0 otherwise

» Ram-Lak filter causes artefacts (Gibbs). Many solutions
(Hamming filter, Shepp-Logan filter). Typically Hamming has
better SNR but lower resolution.

Hiw)
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Analyticka rekonstrukce - filtrovana ZP

THENOSOVA  CHARAKTERISTIKA
RAHF  FILTRL

a= A; ~ \RORKOVACH
INTERVAL

'
B0 & /i)

..
2a.
3

IVERZN FOURIEROVA _TRANSFORHACE  TT

k=0
HPULSOVA  CHARAKTERIST KA,
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Filtered backprojection

|I‘| l I“““\ |
2 .

original image, 1,3, 4, 16, 32, a 64 projections
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Algebraic reconstruction
Image matrix
mo
I
| |w
1
|
3 M
\
|
» setup equations, often linear
g =) wif
J
43/63

where f; are pixel values, g; are projections



Algebraic reconstruction

» setup equations, often linear

gi:ZWijﬂ'
J

where f; are pixel values, g; are projections
» We know g; and wj;, solve for f;
» Many unknowns (10° ~ 10°), iterative methods

» Compare measured projections and simulations
» Correct pixel values to decrease the difference
» |terate until convergence
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Algebraic reconstruction

» setup equations, often linear

gi:ZWijﬂ'
J

where f; are pixel values, g; are projections
» We know g; and wj;, solve for f;
» Many unknowns (10° ~ 10°), iterative methods

» Compare measured projections and simulations
» Correct pixel values to decrease the difference
» |terate until convergence

» Methods:

» algebraic reconstruction technique (ART)

» simultaneous algebraic reconstruction technique (SART)
> simultaneous iterative reconstruction (SIRT)

> jterative least-squares technique (ILST)

» multiplicative algebraic reconstruction technique (MART)
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Algebraic rekonstruction — advantages over FBP

» Better modeling of the physics — attenuation, resolution,
noise

» Better handling of limited acquisition — restricted region,
restricted angles

» Can use an image model

» Less apparent artifacts

4463



Iterativni rekonstrukce - ART

ART - Algebraic Reconstruction Technique je jednim z
mnoha pouzitych algoritmu, které se pouzivaji
do soucasnosti. Existuji dva zakladni typy ART:

- aditivni N
-1

L 8 _Zfij

I Pl i=1

g =ty N

- multiplikativni
ol gj rl-1
j fij




Iterativni rekonstrukce — ART pokracovani

kde: fUl - odhad hodnoty i-tého voxelu podél j-tého
paprsku béhem [-té iterace,

8; - skuteény paprskovy soucet (data) podél
j-tého paprsku,

N - pocet objemovych elementu (voxelt)
podél j-tého paprsku,




Iterativni rekonstrukce — ART aditivni - priklad

- skute€na namérena data (projekce a paprskové soucty)




Iterativni rekonstrukce — ART pf. — pokrac.
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Iterativni rekonstrukce — ART pf. — pokrac.

19 X
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Iterativni rekonstrukce — ART pf. — pokrac.

11 9
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Electric processing — corrections

v

v

Offset correction (zero signal at rest)

Normalization correction (x-ray source intensity fluctuation)
Sensitivity correction (inhomogeneous detectors and
amplifiers)

Geometric correction

Beam hardening correction

Cosine correction
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CT systémy 3. generace

Rotation only

2 rimét phedmatu
J L j: s ;I
a

/
. Ox-raytube

30°

N—_—

~. O
i

Rl

~— Detector

or ray
wozaika detektord

Fan-beam detector

asi nejcastcji pouzivané




Fan-beam reconstruction

» Rays not parallel, not a Radon transform.

» Rebinning

image courtesy of Gillian Henderson
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Fan-beam reconstruction

» Rays not parallel, not a Radon transform.

6, 63 6

» Rebinning

image courtesy of Jonathan Mamou and Yao Wang
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Fan-beam reconstruction (2)

» Rays not parallel, not a Radon transform.
» Exact algorithms:
» Rebinning
> filtered backprojection (Katsevich) — computational
complexity, increased dose.
P> Approximate algorithms: Modified filtered backprojection
(quadratic cosine correction, cos ). Feldkamp-Davis-Kress
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Fan-beam reconstruction (2)

» Rays not parallel, not a Radon transform.
» Exact algorithms:
» Rebinning
> filtered backprojection (Katsevich) — computational
complexity, increased dose.

P> Approximate algorithms: Modified filtered backprojection
(quadratic cosine correction, cos ). Feldkamp-Davis-Kress

» Algebraic reconstruction. Best quality but slow.
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3D computed tomography

» Technical challenges: power, cooling
» Rotation method (slice by slice)
» Spiral/helix method
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Spiral method

» Acceleration: 10 min — 1 min

Path of Continuously
Rotating X-ray Tube
Relative to the Patient

Direction of
Continuous
Patient Transport

‘_\ Distance Advanced

by Couch During
One Rotation
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Spiral method

» Acceleration: 10 min — 1 min
» Pitch:
P=Al/d

Al bed shift per rotation, d slice thickness.
Normally 0 < P < 2. Overlap for P < 1. Typically P = 1.5.

Path of Continuously
Rotating X-ray Tube
Relative to the Patient

Direction of
Continuous
Patient Transport

‘_\ Distance Advanced

by Couch During
One Rotation
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Spiral method (2)

Distance along Z-axis

P Interpolation in z axis

» Interpolation wide — 1 turn. Less noise, larger effective slice
thickness.

» Interpolation Slim — 1/2 turn, symmetry. More noise, smaller
effective slice thickness.
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Multislice acquisition

()

» Acceleration
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Radiation dose

» Absorbed dose D. 1 Gy (gray) = 1J/kg Before 1 Gy = 100 rad

» Effective dose equivalent (davkovy ekvivalent)
He [Sv] (sievert)

HE = Z W,'H,' = Z WiCiDi

H = ¢D. Quality factor c is 1 for X-rays and ~ rays, 10 for
neutrons, 20 for a particles.

Coefficient w is organ dependent: male/female glands 0.2,
lungs 0.12, breast 0.1, stomach 0.12, thyroid gland 0.05, skin
0.01. > w; =1

Before 1Sv = 100 rem

59/63



Radiation dose

» Absorbed dose D. 1 Gy (gray) = 1J/kg Before 1 Gy = 100 rad

» Effective dose equivalent (davkovy ekvivalent)
He [Sv] (sievert)

HE = Z W,'H,' = Z WiCiDi

H = ¢D. Quality factor c is 1 for X-rays and ~ rays, 10 for
neutrons, 20 for a particles.

Coefficient w is organ dependent: male/female glands 0.2,
lungs 0.12, breast 0.1, stomach 0.12, thyroid gland 0.05, skin
0.01. > w; =1

Before 1Sv = 100 rem

» Sum the doses
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Radiation dose

» Medical limit (USA) is 50 mSv/year (=limit for a person
working with radiation in CR), corresponding to 1000 chest
X-rays, or 15 head CTs, or 5 whole body CTs (1
CT~ 10 mSv).

» low-dose CT~ 2 ~ 5mSv, PET~ 25 mSv

» In CR radioactive background about 3 mSv/year (mainly
radon), similar to USA. In Colorado (altitude 1500 ~ 4000 m)
about 4.5 mSv/year. Mean dose from medical imaging
0.3 mSv/year, about 3 long flights.
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Radiation dose

» Medical limit (USA) is 50 mSv/year (=limit for a person
working with radiation in CR), corresponding to 1000 chest
X-rays, or 15 head CTs, or 5 whole body CTs (1
CT~ 10 mSv).

» low-dose CT~ 2 ~ 5mSv, PET~ 25 mSv

» In CR radioactive background about 3 mSv/year (mainly
radon), similar to USA. In Colorado (altitude 1500 ~ 4000 m)
about 4.5 mSv/year. Mean dose from medical imaging
0.3 mSv/year, about 3 long flights.

» cancer related death 20%. 1 CT=10 mSv — relative increase
by 1073 ~ 10~4
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CT image quality

» Parameters:
» Resolution (0.5 mm)
» Contrast (§H, about 5 — 10 HU.)
» Detection threshold (about 1 mm at AH = 200, 5mm at

AH =5).
> Noise (SNR)
> Artifacts

» Scanner defects, malfunctions, operator error
» Metal parts (shadows)

» Motion artifacts

» Partial volume
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Artifact examples

xl

Figre 2.19 Example of image artifacts: (a) test phantom, {b) second pha ntom, e nolse, (d) detector
urder-samplng, {e) view imder-sam pling, (£ beam harderdng, { g) scatter, () nenlinear partial
volurne effect, am {1 obfect motlon. (unpublished results)
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Clinical applications

> Lungs
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Clinical applications
> Lungs
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Clinical applications

> Lungs
» Head
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Clinical applications

> Lungs
» Head
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Clinical applications

> Lungs
> Head
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Clinical applications

> Lungs
» Head
» Abdomen
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Computed tomography, conclusions

Excellent spatial resolution

3D image

Weak soft tissue contrast (contrast agents available)

| 2

>

» Fast acquisition
>

» Reconstruction algorithm
>

Radiation dose
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