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Základní uspo�ádání systému CT



CT history

1917 mathematical theory (Radon)

1956 tomography reconstruction in radioastronomy (Bracewell)

1963 CT reconstruction theory

1971 CT principles demonstrated (Hounsfield)

1972 first working CT for humans (EMI, London, Hounsfield)

1973 PET

1974 Ultrasound tomography

1982 SPECT

1985 Helical CT

1998 Multislice CT, 0.5 s/frame
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Tomography modalities

I x-rays — CT

I gamma rays — PET, SPECT

I light — optical tomography

I RF waves — MRI

I DC — electric impedance tomography

I ultrasound — ultrasound tomography



CT vytvá�í obraz t�la pacienta jako sérii 

tomografických sekcí (�ez$). Ka�dý �ez je vytvo�en 

matematickou rekonstrukcí p�edm�tu ze znalosti 

pr$m�t$ (projekcí) p�edm�tu do r$zných sm�r$.  

Základní princip CT



Základní princip CT

Jednotlivé �ezy objektu musí být rozd�leny do sít�
malých objemových element$ (voxels) se þtvercovou
základnou a s konstantní hodnotou útlumu.



Základní fyzikální princip CT



CT systémy 1. generace



CT systémy 2. generace



CT systémy 3. generace

asi nejþast�ji pou�ívané



CT systémy 4. generace

Rotuje jen zdroj, detektory stabilni



�Utvrzování svazku� (beam hardening)
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CT þíslo - Haunsfieldovo þíslo (HU)

Je vyjád�ením kvantitativního hodnocení absorbþních
vlastností tkán�.

vody

vodytkán�
.KCT

µ

µµ −
=

1000K =
1−= cm 0,19vodyµ

M��eno monochromatickým zá�ením 73 keV.

10005263CT tkán� −= µ

stupnice CT þísel = denzitní stupnice

rozsah od -1000 a� zhruba +1000, pro vzduch -1000, 
pro vodu 0
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Generace, zpracování a detekce 
radiaþního signálu CT systém$

CT systémy 2. generace 
(n�kolik detektor$)

- pomalé a rychlé systémy
- sendviþový a lamelový kolimátor



Generace, zpracování a detekce 
radiaþního signálu CT systém$

Detektory

scintilaþní detektor (krystal)
+ fotonásobiþ

scintilaþní detektor (krystal)
+ fotodioda (fototranzistor)

ionizaþní komory pln�né
plynem (xenon)

Flat-panel detector (FPD)

Thin-film transistor (TFT) array



Základní principy rekonstrukce obrazu

( )ηξ ,o

( )ηξ ,

µ

( )Φ´,ξp

Φ

´ξ
´η

denzitní funkce = 
p�edm�tová funkce
lin. souþinitel
zeslabení
p$vodní sou�.

snímací úhel

rotovaná sou�.

rotovaná sou�.

paprskový souþet þi pr$m�t



Základní principy rekonstrukce obrazu
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Radon transform

Projection in polar coordinates:

Pϕ(ξ′) = R
[
o(ξ, η)

]
Pϕ(ξ′) =

∫
L
o(ξ, η)dl

along the line L defined by ϕ a ξ′:

ξ′ = ξ cosϕ+ η sinϕ

Equivalently

Pϕ(ξ′) =

∫
o(ξ′ cosϕ− η′ sinϕ, ξ′ sinϕ+ η′ cosϕ)dη′



Radonova transformace



Radonova transformace



Zobrazovací technika II (1) 16.12.2003
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Radonova transformace
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Radonova transformace
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Radonova transformace
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Reconstruction methods

I Backprojection

I Fourier reconstruction

I Filtered backprojection

I Algebraic reconstruction (iterative)



P�ímá zp�tná projekce
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P�ímá zp�tná projekce - hv�zdicový artefakt



Central slice theorem

Projection Theorem, Věta o centrálńım řezu)

Pϕ(ξ′) =

∫
o(ξ′ cosϕ− η′ sinϕ, ξ′ sinϕ+ η′ cosϕ)dη′

Fourier transform of the Radon transform by ξ′:

F {R [o(ξ, η)]} = F {Pϕ(ξ′)} = P̂ϕ(ω) =

∫
Pϕ(ξ′)e−2πjωξ

′
dξ′

=

∫∫
o(ξ′ cosϕ− η′ sinϕ, ξ′ sinϕ+ η′ cosϕ)e−2πjωξ

′
dξ′dη′

Substitution (ξ′, η′)→ (ξ, η):

P̂ϕ(ω) =

∫
o(ξ, η)e−2πjω(ξ cosϕ+η sinϕ)dξdη



Central slice theorem

P̂ϕ(ω) =

∫
o(ξ, η)e−2πjω(ξ cosϕ+η sinϕ)dξdη

Denote u = ω cosϕ v = ω sinϕ

P̂(u, v) =

∫
o(ξ, η)e−2πj(ξu+ηv)dξdη

and therefore

P̂(u, v) = F {o(ξ, η)}
P̂ϕ(ω) = F {o(ξ, η)} (ω cosϕ, ω sinϕ) = ô(ω cosϕ, ω sinϕ)



Central slice theorem

P̂(u, v) = F {o(ξ, η)}
P̂ϕ(ω) = F {o(ξ, η)} (ω cosϕ, ω sinϕ) = ô(ω cosϕ, ω sinϕ)

Slice of the 2D Fourier transform of the image o at angle ϕ is the 1D
Fourier transform of the projection Pϕ of the same image o.



Analytická rekonstrukce - 2D FT



Analytická rekonstrukce - 2D FT



Inverse Radonova transform
From the Fourier slice theorem:

P̂(u, v) = F {o(ξ, η)}

o(ξ, η) = F−1
{
P̂(u, v)

}
=

∞∫
−∞

∞∫
−∞

P̂(u, v)e2πj(ξu+ηv)dudv

Polar coordinates u = ω cosϕ, v = ω sinϕ:

o(ξ, η) =

π∫
0

∞∫
−∞

P̂ϕ(ω)e2πjω(ξ cosϕ+η sinϕ)|ω|dωdϕ

where |ω| is the Jacobian (determinant).



Inverse Radonova transform

o(ξ, η) =

π∫
0

∞∫
−∞

P̂ϕ(ω)e2πjω(ξ cosϕ+η sinϕ)|ω|dωdϕ

can be written as

o(ξ, η) =

π∫
0

Qϕ(ξ cosϕ+ η sinϕ︸ ︷︷ ︸
ξ′

)dϕ

Qϕ(ξ′) =

∞∫
−∞

P̂ϕ(ω)e2πjωξ
′ |ω|dω

where Qϕ(ξ′) is a modified projection



Inverse Radonova transform

o(ξ, η) =

π∫
0

Qϕ(ξ′)dϕ

Qϕ(ξ′) =

∞∫
−∞

P̂ϕ(ω)e2πjωξ
′ |ω|dω

Qϕ(ξ′) = F−1
{
|ω|P̂ϕ(ω)

}
= F−1 {|ω|} ∗ Pϕ(ξ′)

defining the exact inverse Radon transform

Pϕ(ξ′) = R
[
o(ξ, η)

]
o(ξ, η) = R−1

[
Pϕ(ξ′)

]



Filtered backprojection
Filtrovaná zpětná projekce

I Filter all projections Pϕ(ξ′) for all ϕ, get modified projections
Qϕ(ξ′)

I Backprojected modified projections and sum

o(ξ, η) =

π∫
0

Qϕ(ξ′)dϕ

Qϕ(ξ′) = h(t) ∗ Pϕ(ξ′) = F−1 {H(ω)} ∗ Pϕ(ξ′)

H(ω) = |ω|



Practical implementation of filtered backprojection
I Problem: Ideal filter H(ω) = |ω| amplifies noise
I Solution 1: Make P̂ϕ(ω) frequency limited.

Ramakrishnan-Lakshiminaryanan −→ Ram-Lak filter:

H(ω) =

{
|ω| if |ω| ≤ Ω

0 otherwise

I Ram-Lak filter causes artefacts (Gibbs). Many solutions
(Hamming filter, Shepp-Logan filter). Typically Hamming has
better SNR but lower resolution.
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Analytická rekonstrukce - filtrovaná ZP



Filtered backprojection

original image, 1,3, 4, 16, 32, a 64 projections



Algebraic rekonstruction

I setup equations, often linear

pi =
∑
j

wij fj

where fj are pixel values, pi are projections

I We know pi and wij , solve for fi
I Many unknowns, iterative method

I Compare measured projections and simulations
I Correct pixel values to decrease the difference
I Iterate until convergence



Algebraic rekonstruction — advantages over FBP

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

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

I Can use an image model

I Less apparent artifacts



Iterativní rekonstrukce - ART

ART � Algebraic Reconstruction Technique je jedním z
mnoha pou�itých algoritm$, které se pou�ívají
do souþasnosti. Existují dva základní typy ART:      

- aditivní           

- multiplikativní          
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Iterativní rekonstrukce � ART pokraþování

- odhad hodnoty i-tého voxelu podél j-tého
paprsku b�hem l-té iterace,         

- skuteþný paprskový souþet (data) podél
j-tého paprsku,         

- poþet objemových element$ (voxel$) 
podél j-tého paprsku,         

kde:          

N

N

jg

jg

l
ijf
�

l
ijf
�



Iterativní rekonstrukce � ART aditivní - p�íklad
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- skuteþná nam��ená data (projekce a paprskové souþty)      



Iterativní rekonstrukce � ART p�. � pokraþ.
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Iterativní rekonstrukce � ART p�. � pokraþ.
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Iterativní rekonstrukce � ART p�. � pokraþ.
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Electric processing — corrections

I Offset correction (zero signal at rest)

I Normalization correction (x-ray source intensity fluctuation)

I Sensitivity correction (inhomogeneous detectors and
amplifiers)

I Geometric correction

I Beam hardening correction

I Cosine correction



CT systémy 3. generace

asi nejþast�ji pou�ívané



Fan-beam reconstruction

I Rays not parallel, not a Radon transform.

I Rebinning

I Modified filtered backprojection (quadratic cosine correction,
cos θ).

I Algebraic reconstruction. Best quality but slow.
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Fan-beam reconstruction

I Rays not parallel, not a Radon transform.

I Rebinning

I Modified filtered backprojection (quadratic cosine correction,
cos θ).

I Algebraic reconstruction. Best quality but slow.



3D computed tomography

I Technical challenges: power, cooling

I Rotation method (slice by slice)

I Spiral/helix method



Spiral method

I Acceleration: 10 min→ 1 min

I Pitch:
P = ∆l/d

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

I Interpolation in z axis

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

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

I Multislice acquisition — acceleration.
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Radiation dose

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

I Effective dose equivalent (dávkový ekvivalent)
HE [Sv] (sievert)

HE =
∑
i

wiHi

H = cD. Quality factor c is 1 for X-rays and γ rays, 10 for
neutrons, 20 for α 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.
Before 1 Sv = 100 rem

I Sum the doses
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Radiation dose

I 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).

I low-dose CT≈ 2 ∼ 5 mSv, PET≈ 25 mSv

I 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.

I cancer related death 20 %. 1 CT=10 mSv — relative increase
by 10−3 ∼ 10−4
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CT image quality

I Parameters:
I Resolution (0.5 mm)
I Contrast (δH, about 5− 10 H.j.)
I Detection threshold (about 1 mm at ∆H = 200, 5 mm at

∆H = 5).
I Noise (SNR)

I Artifacts
I Scanner defects, malfunctions, operator error
I Metal parts (shadows)
I Motion artifacts
I Partial volume



Artifact examples



Clinical applications

I Lungs

I Head

I Abdomen
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Computed tomography, conclusions

I Excellent spatial resolution

I 3D image

I Fast acquisition

I Weak soft tissue contract

I Reconstruction algorithm

I Radiation dose


