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Även associerad med:

•
•

Medicinsk Radiofysik, IMH
CMIV

Signal- och bildbehandling, bildanalys
Bildsensorer och kamerageometri
Medicinska bilder (Hur skapas CT, MRI, SPECT-,
PET och ultraljudsbilder.)

Forskar lite: CT- och MRI algoritmer, DECT
(Dual Energy Computed Tomography) för
planering av strålterapi
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Common X-ray images
compared to CT. CT-History.
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The word CT




Meaning:



tomos (Greek) = cross-section
graphein (Greek) = to write




CT is an imaging technique, it calculates images
 CT includes image reconstruction which
mathematically is an inverse problem
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A common
radiography (X-ray) image



The detector was previously film, but is nowadays replaced
by digital detectors, e.g. flat panel detectors.
Here, a low I(x,y) value is shown light and a high I(x,y)
value is shown dark, similarly as in old x-ray film.
In a radiography image, structures from the object/patient
are overlayed, e.g. left ear is overlaid on right ear.

X-ray
detector

X-ray
tube

Introduction to
Computed Tomography (CT)
Curve shaped
detector with
projection data,
(line integrals)

X-ray
source
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Comparison between a CT-image
and a common X-ray image
CT-image

X-ray image

Patient
Rotation
Reconstruction
algorithm
(mathematics!)





a cross-section through a
human head
Typical resolution: 512x512
measures X-ray attenuation /
length





Structures in the skull are
shown overlaid
Typical resolution: 2000x2000
measures X-ray attenuation
along the x-ray
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Nobel price for CT 1979
Allan M. Cormack (1924-1998) and Godfrey N. Hounsfield
(1919-2004) got the Nobel price in Medicine 1979 for
theory for and construction of Computed tomography (CT).
Cormack

1972: Hounsfield get
his CT scanner patented, the 1:st patient

Hounsfield

1975: 128x128 pixels

Basic Physics.
CT-images: units, contrast

Today: 512x512 pixels
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Why X-rays?
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The spectrum for electromagnetic radiation.

The attenuation of
the X-rays in the object
Beer’s law:
𝐼 𝑥 = 𝐼 exp −

𝜇 𝑥, 𝑧 𝑑𝑧 ,

𝐼 : incoming X−ray intensity
𝐼 𝑥 : outgoing X−ray intensity
For CT, we need
the line integrals,
projection, of the
object.


X-rays are attenuated in a suitable way by the human
body – not too much and not too little.

𝑝 𝑥 = − ln

𝐼 𝑥
𝐼

=

𝜇 𝑥, 𝑧 𝑑𝑧
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The attenuation
function m(x,z) of
the object/patient
𝑧

x
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Notation and units for attenuation of X-rays in the object
m, [1/cm]

H, [HU]

0.4

𝐻=

𝜇−𝜇
𝜇

0.2

0

bone

⋅ 1000
soft tissue
H2O
air

m, the linear attenuation
coefficient (LAC) depends on
the X-ray energy. Here≈ 60 keV.
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HU:
Hounsfield
units

0
-1000

H, the Hounsfield values, normalizes
so that water is always 0 HU.
H are sometimes called CT-values.

The same image, but with
different contrast windows

Lung window

Different tissues demand
different contrast windows

Soft tissue window

 The Hounsfield values are stored
with 12 bits = 212 ≈ 4000 gray scale levels.
 Different contrast windows are needed
since a person can only see up to 7 bits =27
=128 gray scale levels at a certain time point.
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Reconstruction algorithm:
Filtered Backprojection
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Illustration of two projections
through an object/patient

A projection is a set of line integrals
through an object function
𝑟

One
projection
if q is
constant

𝑝 𝑟, 𝜃

𝜇(

𝑝 𝑟, 𝜃

“A stomach
and one arm”

Several
projections
if q varies

m 𝑥, 𝑦
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Projection generation with
mathematics
𝑥
cos 𝜃
𝑦 = sin 𝜃

𝑟

𝑝 𝑟, 𝜃

𝑝 𝑟, 𝜃 =

Filtered backprojection,
illustrated
ℎ 𝑟

− sin 𝜃
cos 𝜃

𝜇 𝑥 𝑠 ,𝑦 𝑠

𝑟
𝑠

𝑝 𝑟, 𝜃

𝜃

𝑞 𝑟, 𝜃

𝑑𝑠

𝑠
𝑟
𝜃
m 𝑥, 𝑦
m 𝑥, 𝑦
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m 𝑥, 𝑦
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During
backprojection,
the data
is
“smeared
back”
over the
image
plane.
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The Filtered Backprojection
algorithm (FBP), summary


The ramp-filter

Obtain parallel projections in the interval 0o-180o
from measured X-rays. (Put them in a sinogram.)




𝑝 𝑟, 𝜃
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Ramp-filtering (q = p convolved (faltad) with h)

Each projection is convolved (faltad) with the
rampfilter h(r).
If h(r) is Fourier transformed to H(R), the ramp
shape becomes visible.

Note: To
explain this
properly,
we would
need
signal
processing
theory.

𝑞 𝑟, 𝜃 = 𝑝 𝑟, 𝜃 ∗ ℎ 𝑟 = ∑ 𝑝 𝑎, 𝜃 ∗ ℎ 𝑟 − 𝑎


Perform parallel backprojection
°

𝜇̂ 𝑥, 𝑦 =

𝑞( 𝑥 cos 𝜃 + 𝑦 sin 𝜃 , 𝜃 ) 𝑑𝜃
°

It can be shown
mathematically that: 𝜇̂ 𝑥, 𝑦 = 𝜇 (𝑥, 𝑦)

A set of projections placed after
each other give a sinogram.
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𝑟
𝜃

𝑝 𝑟, 𝜃

𝑝 𝑟, 𝜃

𝑟
𝜃

𝑟
𝑝 𝑟, 𝜃

𝑦
𝑦
𝑥
𝑥

m 𝑥, 𝑦

𝑟

A point
in the object
gives rise to
a sinusoid in
the sinogram

m 𝑥, 𝑦

𝜃: 0° − 180°
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What happens if
the ramp-filter is omitted?

𝑓 𝑥, 𝑦

During
backprojection,
the data
is
“smeared
back”
over the
image
plane.

What happens if
the ramp-filter is omitted?

The ramp-filter compensates
perfectly for this blurring!

projektion

projektion
backprojektion

ramp-filtering

After just
projectionbackprojection,
the point becomes
very blurred.

backprojection
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ramp-filtered
sinogram

Backprojection

sinogram
(projections)

Rampfiltering

object,
phantom

Take projections

Filtered backprojection
illustrated with images

Backprojection
movie
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During backprojection, the data is
“smeared back” over the image plane.

Backprojektion

Reconstructed
image
Ramp-filtered
sinogram

Here: Backprojection of the
first ramp-filtered projection,
(the first column in the sinogram)
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Tomography generations
1:st generation: Gives parallel
projections, slow, old-fashioned

3:rd generation:
Gives fanbeam
projections

The fan-beam filtered backprojection algorithm, summary
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Obtain fan-beam projections in the interval
0o-360o from measured X-rays. (Put them in
a fan-beam sinogram.)
 Pre-weight the projections
 Perform ramp-filtering
 Perform backprojection along fan-beam rays


It can be shown

From Gonzalez & Woods:
“Digital image Processing”

mathematically that: 𝜇̂ 𝑥, 𝑦 = 𝜇 (𝑥, 𝑦)

Fanbeam filtered backprojection
object, phantom

fan-beam sinogram
Take projections

Ramp-filtering
rampfiltered sinogram
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Fanbeam backprojection of the
1:st projection
The rampfiltered
projection is
“smeared back”
towards the
position of the
X-ray source

Reconstructed image

Backprojektion
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A modern CT system

3D Helical (or spiral) CT

X-ray source

Several detector rows
Detector electronics

Slip rings

High voltage

3D Helical
(or spiral) CT









Reconstructed volume size:
e.g. 512 · 512 · z
Resolution ≈ 0.5 mm/voxel
≈ 3 rotations/s
4-8-16-32-64 detector rows
Helical scanning available
(The patient table move
through the hole.)
Then a similar but more
complicated reconstruction
algorithm must be used.
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Projection data

3D Tomography,
helix-shaped source path
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Cone-beam
projection

Area detector of several
detector rows
Translation + rotation = helix
There exists several similar
approximate reconstruction
algorithms e.g. WFBP
(weighted FBP), Siemens.

From Henrik Turbell
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Rebinning to semi-parallel beams,
seen from above and from side

The WFBP algorithm, summary
Obtain helical cone-beam projections
 Semi-parallel rebinning
 Perform ramp-filtering
 Weighting on the detector
 Perform 3D backprojection along cone-beam rays
 Implemented on Siemens Somatom CT scanners.


From Henrik Turbell
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Iterative reconstruction methods
in X-ray CT


Iterative algorithms

Iterative reconstruction can:



Remove artefacts
Suppress noise and/or lower the X-ray dose

The companies are not so open on exactly their
algorithms work.
 A good overview article:




Beister et.al: 2012 “Iterative reconstruction methods
in X-ray CT”. (Last 3 slides.)
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Iterative reconstruction methods
in X-ray CT
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In iterative reconstruction, the
following can be modelled

Measured
projections

From Beister et.al:
“Iterative reconstruction
methods in X-ray CT”



Geometric modeling






Left: Filtered
backprojection
 Right:
Iterative
reconstruction
 Note that
iterative
reconstruction
attenuates the
noise!


From Beister et.al:
“Iterative reconstruction
methods in X-ray CT”

To suppress noise

Prior object information modeling


Image
examples

DECT needed

Photon statistics modeling




e.g. focus size, detector element size

Physical modeling
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Try to keep edges and smooth out surfaces
May give a patchy impression if utilized too much.
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Dual-Energy CT
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Dual-Energy CT
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Reconstruction for two energies of our
water phantom with different test tubes

Sn (tin) filter

Siemens Somatom
Definition Force,
CMIV, Linköping

80 kV

Sn140 kV
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Dual-Energy CT, summary


Dual energy CT gives us more information about the
interior of the human body. The two images (or volumes)
can be combined in different ways.







Beamhardening reduction, se next slide
Differentiate calcified plagues from iodine contrast
Metal artefact reduction
Etc

The two X-ray tubes are sometimes used with the same
spectrum. Then a twofold faster scanning is possible.
This is utilized in heart studies. ECG is needed to get
projection data from the correct cardiac phase.
Complicates the reconstruction algorithm.

Beam hardening artefacts in
reconstructed images





A human head.
A spectrum with
many energies may
give this artefact.
Dual energy CT
can reduce the
beam hardening
artefact.

Beam hardening artifact
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Photon-counting CT scanner.
Only a few in the world. One at CMIV, US, Linköping

Photon-counting CT

Lower noise
 Better resolution


Lower dose
 (Probably a lion from
Kolmårdens djurpark)


