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Recently, increased interest in photon counting detectors.
+ energy resolution possibilities, BUT still problems of stability and count rate Iimits_I
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IEEE TRANSACTIONS ON MEDICAL
P Detectors for CT: IMAGING, VOL. 19, NO. 9, SEPTEMBER 2000
LMU A .. Authors: Theobald Fuchs, Marc Kachelrief, and
MONCHEN Summar|Z|ng Willi A. Kalender

From: “Direct Comparison of a Xenon and a Solid-State CT Detector System: Measurements
Under Working Conditions.”

“I. INTRODUCTION

IT IS well known that the detector module of a computed tomography (CT) scanner, as the first link in the chain of the
data acquisition and processing system, has great influence on image quality [1]. Important characteristics of a detector
system include high-quantum detection efficiency and short decay time of the signal. The detection efficiency for
incoming photons should be as near to 100% as possible to yield low noise and to limit radiation exposure. In addition, the
efficiency should ideally be independent of the photon energy and should not vary among single detector elements in the
detector array. Decay time strongly influences the achievable resolution of the complete system, a fact that is often
underestimated. Furthermore, a slow signal decay can lead to sickle artifacts [2] and thereby impair image quality. One of
the reasons that Xenon detectors have been used extensively in CT scanners is their relatively fast decay times. Other
important advantages are high uniformity of detection sensitivity and long-term stability against radiation damage (cf. the
discussion of basic detector properties in [1], [3], and [4]). However, the quantum efficiency of gas detectors is always
inferior to that of solid-state systems. Solid-state materials, on the other hand, often exhibit unwanted long decay times
and afterglow (e.g., Csl : TI), or are susceptible to radiation damage (e.g., CAWO ). As one of the last CT manufacturers
that switched from highly optimized Xenon detectors to solid-state systems, Siemens recently introduced a new
scintillating ceramic material, “Ultra Fast Ceramics” (UFC) [5], [6], that is based on GdOS (gadolinium oxysulfide).
UFC has been termed as new by the manufacturer, because the production process (to achieve sufficiently homogeneous
sensitivity) as well as the various dopands (to control the temporal signal behavior) have been optimized for the use in
high-speed CT detector systems. In the past, other manufacturers introduced detector materials based on rare-earth doped
yttria-gadolinia [7] or gadolinium oxysulfides [8] ceramic scintillators around 1992. Excellent summaries of the physical
basics of ceramic scintillators can be found in [9] and [10]. The UFC material appears to overcome the above-mentioned
disadvantages of other solid-state materials as it shows decay times as short as Xenon ionization detector systems and can
be produced with high uniformity of detection efficiency [11]....”

Prof. P. Coan Refer to original paper for literature #7
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The first two multi-row detectors were introduced to the market in 1998
(for 4-slice scanners)
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Prof. P. Coan Paul Suetens “Fundamentals of Medical Imaging” #8
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‘Matrix Array Detector’ Isotropically structured 16-row 4 slice
[TTTTTTTITTTTTTTT] detector arrays (GE LightSpeed)
u's‘r'"m ‘Lightspeed’ ceramic scintillator
: Isotropic 64-row Detector Technolgy
/ g 4x375mm
4.‘x 25 m;ﬁ Slice definition
o by near-focus collimators
4x1.25mm and electronic switching c) R .
a) Anti-scatter collimators

The number of the slices scanned simultaneously
and their widths are defined by pre-patient
collimation and post-patient electronic
combination of signals from the detector arrays

\

d)
— p—i |
Prof. P. Coan A 2000
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Figure 8. Examples of fixed-array detectors and adaptive-
array detectors used in commercially available multislice

CT systems.
Kohl et al. PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 2 2005 # 10



Table 2.2 Demands on CT detector systems

Demands on CT detector systems

Acceptabie__vu!ues

LUDWIG- -
LMu anensisy  High dynamic range 1o*-108
MUNGHEN High quantum abserption efficiency = 90%
High luminescence efficiency” for scintillator = 10%
detectors
High geometric efficiency 80%-90%
Fast temporal response and decay Decay constant < 1 ps
Low afterglow < 0.01%, 10 ms
after end of irradiation
Low radiation drift < 0.5% for longest scan
duration
Electronic noise low compared with quantum noise o =0.5 e
for all scan modes
Low crosstalk between detector elements <3%
High homogeneity of the material of each detector i.e. purity of the material
element for pood artifact behavior > 99.9%
Equal response of all detector elements within a < 0.1% difference
detector array (after optional correction)
Detector material machinable in a simple manner +10 pm tolerance
with high precision
Feasibility for configuration as single or multi-row D= 16rows
array
Environmental acceptability of the detector material Low toxicity,
low disposal cost
Chemical stability e.g. resistant to moisture
Stable against environmental influences e.g. thermal expansion
coefficient < 107 per °C
Feasibility of collimation against scattered radiation
Prof. P. Coan * Ratio of the energy of visible ligh! generaled Lo the energy of the absorbed x-ray intensity ;6 260&1
. |How to improve the spatial resolution ‘
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How to improve the spatial resolution ‘df.-é?'a

LMU || | (.e. sampling) - in plane '€agy
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LMU| @5 | |Also in the other direction! e
Double z-Sampling Technology

Z-flying focal spot (ZFFS)

Rotating vacuum vessel Qil for HV insulation
ind cooling

Emitter

z-Flying Focal Spot

Ball bearings
Electron beam

a ) Housing

X-rays

Two overlapping slices per detector
row can be acquired simultaneously
during one rotation

- Doubling of the sampling rate in
the z-direction

+—>
32 detector rows Sampling distance: 0.3 mm

Prof. p. Coan (64 slices scanned) s # 14



How does the spatial
resolution improved?
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From SEQUENTIAL CT
to SPIRAL CT
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Scan and step mode 2 basic requirements:

- The object to be scanned does not have to
| move during data acquisition

SLICE DATA SETS
o j - The scan geometry must be perfectly planar

. - The dataset is fixed to a specific slice of tissue
hrawn

Otherwise...

’ M 2000

Prof. P. Coan http://www.sprawls.org/resources/CTIMG/module.htm #17
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Spiral/helical mode

The patient slowly and smoothly slides through the X-ray circle!

path of continously
. inci rotating x-ray tube
L violates the 2 pnnCIple of direction of and detector
standard sequential CT irection o

patient transport

v It constitutes a “sacrilege”

start of spiral scan

O T T T TTTTTT z, mm
O T T TTTTTTT ts
LA 2000
Prof. P. Coan http://www.sprawls.org/resources/CTIMG/module.htm # 18



CONTINUOUS i)

Distance per Revolution

PITCH = %_ - Beam Width

Sl

If the body is moved 10 mm during one rotation, and the beam
width is 5 mm, the pitch will have a value of 2
(for one detector line)

5/4/2020
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conventional CT

A A scanning n 360° scans
LMU| e at pasifions
z toz,
Comparison of iyl
ity step_s preprocessing corrections
between sequential
CT and spiral CT 3

4

image reconstruction convolution and
backprojection

4

result nimages at
positions z, to z,

image 1
mage 2}

Prof. P. Coan ZA 2000 % T
conventional CT spiral CT
MAXIMILIANS- scanning n 360° scans one scan of n-360°
LMU R at positions from position
z,toz, z.to z,
Comparison of Iy 3
plrefssElle) SteP_S preprocessing corrections corrections
between sequential
CT and spiral CT Iyl Iyl
intermediate step = z-interpolation
image reconstruction convolution and convolution and
backprojection backprojection
result nimages at images at arbitrary
positions z, to z, positions from z, to z,

Z-interpolation: generates a
consistent planar data set
from the spiral data for an
arbitrary image position

;
image 4

Prof. P. Coan M 2000 z, ‘ z, ) Z, zZ }
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Different approaches are available for performing the Z-interpolation.
The principle difference relative to sequential CT and a significant advantage at the same
time is the inherent possibility of choosing image positions and reconstruction
increments freely and retrospectively. For the image reconstruction itself. The same
procedures are employed, i.e. usual convolution and backprojection.

BASIC APPROACH FOR z-interpolation

It consists in the linear interpolation between data
measured for a given angular position just before
and behind the desired table positions z , i.e. ata
distance d along the z-axis or 360° apart along the
spiral trajectory, respectively.

path of continously

rotating x-ray tube
and detector

direction of
patient transport

start of spiral scan

arbitrarily selected
planar slice at position z

»

T >
Z. z+d Z-axis

»

T »
LA 200 time

# 23

LUDWIG-
MAXIMILIANS-

LMU | %0 | | z-interpolation

BASIC APPROACH FOR

The projection P, (i, a) for projection angle a at a selected position z; is computed as
P(Gi,a)=0-w)-P(i,a)+w-P. (i)

Where the interpolation weights (1-w) and w, respectively, are constant for all channels i

of a projection.

> P (i,a) represents the projection in the
spiral data set measured in rotation j at

position Z; < Zp , which was measured

closest to the selected position Zg with
projection angle a.

> Pj+1(i,0!) represents the respective
projection at the angle a for the rotation j+1.

(ZR_Zj)

- Interpolation weight =

arbitrarily selected
planar slice at position z

Prof. P. Coan

F 2
LB 2000 time
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Flexibility in multislice

One spiral scan (4 x 1.25 mm)

can give different
image characteristics

a) 4 mm section - high contrast
- low spat. resol.

b) 1.25 mm slice - low contrast

- high spat. resol.

c¢,d) 2.5 mm slice > good contra:
- good spat. r

Prof. P. Coan
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Sagittal Plane

Coronal Plane

Transverse Plane

L

| Body Planes
|

Prof. P. Coan

& <

LMU meawnes- | Various display forms

overview

transverse

3

Volume Rendering

sagittal )

coronal

JA 2000
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CT: a powerful 3D imaging tool

Prof. P. Coan
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CT: ambiguity in
image interpretation

U= (ﬁj (E, Z)-p - CT values vary with E, Z or p
Yo,

In standard CT, you cannot know
if a variation in CT values is due
to a change in Z or p

u(E Z)

Prof. P. Coan

Possible ambiguities
in image interpretation

and, thus, in diagnosis

5000F,

4000

_______________________________________

es

p/p [mm?/g]

1000

0 20

Energy in keV

# 28
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i —-- Bone
1000 -~ lodine (p=1)
——lodine (p=0.1)
100
E 10
=5
1
0.1
0.01
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Energy / keV

Figure 1:  Graph of linear attenuation coefficients for bone (assuming p = 1 g/cm?), iodine
(assuming p = 1 g/cm?), and iodine with lower density (assuming p = 0.1 g/cm?) as a function
of energy (in kiloelectron volts). The plotted linear attenuation coefficients (in reciprocal centi-
meters) were generated by using the energy-dependent mass attenuation coefficients from the
National Institute of Standards, which were multiplied by the assigned density values. The result
is that the same linear attenuation value (w.[E]) can be attained although the materials (iodine
and bone) are different (arrow). Measuring attenuation at a second energy allows the two
materials to be differentiated (arrowhead).

Prof. P. Coan

McCollough et al. Radiology, 276 (3), 2015

#29
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1973, British Journal of Radivlegy, 45, 1016-1022

.:Part I Description .of. system

-G. N. Hounsfield :
10000  Central Research Laborataries of EMI Limited, Hayes, Mlualm:
‘ - {Reeeived February, 1973 and in m.,.c;hm;u, m;)

" AC .
T This aiticle describiel " fethitigue | i whith Xoray trang-
“mission readings are taken through the head at a mul .
“of angles: from these data, absorptios values of the material

EComputenzed transverse amal scanhing (tomo’raphy)

1973

ne for determining
approximately the atomic number of thé material
within the slice. Two picturcs are taken of the same

slice, one st 100KV and the ather at 140 EV. 1 the ]

scate of one picture is adjusted so t
normal tissue are the same on_botl ures. then
the ‘picture containing material with a high atomic
nurither will havi: higher valués at the corraspanding

plade on the 100 kY. pisture.. One picture! can. then . . |

be subtracted from the other by the computer so
that areas contining high atomic numbers can be
hanced. (In practice a contrast medium, sodium

‘contained within the head are on a computer and

. The system'is spproxim
eonventional X-ray syst
“in soft tissus of nearly

-

0.01
0 20 40 60 80 100 120 140

Energy / keV
Figure 1:  Graph of linear attenuation coefficients for bone (assuming p = 1 g/cm?), iodine
(assuming p = 1 g/cm?), and iodine with lower density (assuming p = 0.1 g/cm®) as a function
of energy (in kiloelectron volts). The plotted linear attenuation coefficients (in reciprocal centi-
meters) were generated by using the energy-dependent mass attenuation coefficients from the
National Institute of Standards, which were multiplied by the assigned density values. The result
is that the same linear attenuation value (w.[E]) can be attained although the materials (jodine
and bone) are different (arrow). Measuring attenuation at a second energy allows the two
materials to be differentiated (arrowhead).

Prof. P. Coan McCollough et al. Radiology, 2015

. .migue is under fiurh

fothalsmate conisining 420 mg of atemic iodine

. .perimillilitre (Chneay. 420) cin e readily. detected . . ]

at § concentration of one part in 1,000 by the
machine.) For example, tests carried out todate have
shown that iodine (Z=53)can be readily distinguish-
ed from calcium (. ). The scope of this tech-

# 30

R OF MATERIAL ]

vestigation at peesant. - - .- .. |

5/4/2020
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oo CT evolution:
LMU)| 555 || DUAL ENERGY CT... SPECTRAL CT
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GOAL:
- Information on material composition in the tissues

- To generate material selective images
- Removing the ambiguities of standard CT

- e - By profiting of the
! energy dependence of the X-ray attenuation
t N - A selected slice is measured with 2 different spectra
— (i.e. different kV, , different filtration) with minimum
L overlap
= Different technical and data § """""
processing approaches but always 140 KV b 0.4
the same goal added $n filiration
— — | 0 20 /0(] 5 60 80 100 120 K 140,

Prof. P. Coan 2 2000 Enarprl ket Sl

LMW 55

11. Conditions for CT acquisitions
#32

Prof. P. Coan
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Conditions for acquisition

SAMPLING STEP
» Determined the resolution of the image

"aliasing"

» Related to the spatial resolution of the detector

.

Prof. P. Coan

NUMBER OF PROJECTIONS

NOISE

related to the number of photons

CT IMAGE ARTIFACTS

“strikes artifacts™

“image noise"

RING ARTIFACTS
BEAM HARDENING

#33

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

UNDERSAMPLING

number of sample per projection

K (number of angular projections)

Prof. P. Coan

16 reconstructions of an ellipse
are shown for different values of
K, the number of projections, and
N, the number of rays in each
projection.

In each case the reconstructions
were windowed to emphasize the
distortions.

(Courtesy of Carl Crawford of the
General Electric Medical Systems
Division in Milwaukee, WI.)

# 34

5/4/2020
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Too large an interval between
projections (undersampling) >
misregistration by the computer of
information relating to sharp edges and
small objects.

View aliasing:  where fine stripes
appear to be radiating from the edge of,
but at a distance from, a dense
structure.

Stripes appearing close to the structure
are more likely to be caused by
undersampling within a projection, Figure 14. CT image of a Teflon blockin a
which is known as ray aliasing. water phantom shows aliasing (arrow) due to un-
dersampling of the edge of the block.

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004 # 35

LUDWIG-
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LMU| &%= | The effect of noise

# 36
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RN B ERRONG aY
Reconstructed CT slice Example of sinogram — ring artifacts

Prof. P. Coan Courtesy F. Peyrin # 37

ome. Wrong definition of the

MAXIMILIANS-

LMU)| %5 | | center of rotation (CoR)

Wrong rotation axis

B n
: ' ’ '
(€)) J ) J (c) J

Prof. P. Coan Vo et al. Optics Express, 22(16), 19078 (2014) # 38

5/4/2020
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oo, Wrong definition of the
LMU | |#45 | | center of rotation (CoR)

Ll )

(e) (f) (€:4)
Estimated [0; 2] sinogram and its Fourier transform in three cases: (b) and (e) Correct alignment;
(c) and (f) 5 pixels misalignment; (d) and (g) 10 pixels misalignment.

(a)
(a) Modification of
Shepp-Logan phantom

Prof. P. Coan Vo et al. Optics Express, 22(16), 19078 (2014) # 39

... |/Polyenergetic X-ray beam
LMU | || | > Beam hardening

MONCHEN

Tube spectrum | After 20cm water [ After 30cm water

— Uniform cylinder

Relative Intensity

keV —_—
Figure 1. Changing cnergy spectrum of an x-ray
beam as it passes through water. The mean energy in-
creases with depth. (The attenuated spectra have been
rescaled to be equivalent in size to the unartenuated
spectra.)

— Ideal projection

Attenuation

Projection with
beam hardening

As the beam passes through an 5 o I

. . « » ; etector Channe
ObJeth it becomes harder, .that 570 Figure 2. Attenuation profiles obtained with and
say its mean energy Increases, without beam hardening for an x-ray beam passing
because the low energy phOtOnS are through a uniform cylindrical phantom.
absorbed more rapidly than the higher-
energy photons

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004 #40
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we || SatUration or beam
LMU)| &2 | | hardening

Saturation

R saturée

Original

Beam hardening

(real data)
Prof. P. Coan Courtesy F. Peyrin #41
LUDWIG- .
LMU | [Biessies Photon starvation
MUNCHEN
Figure 9. CT image of a shoulder phantom shows
streaking artifacts caused by photon starvation.
Barrett & Keat, Radiographics, 24, 2004
Prof. P. Coan #42
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Manufacturers minimize beam hardening by using:

Filtration (a flat piece of attenuating, usually metallic material to “pre-harden” the beam

A 4
I _APa N
a. b.

Figure 6. CT images of the posterior fossa show the
dark banding that occurs between dense objects when
only calibration correction is applied (a) and the reduc-
tion in artifacts when iterative beam hardening correc-
tion is also applied (b). (Reprinted, with permissio;

P43

n
by filtering out the lower-energy components before it passes through the patient)
= Calibration correction (detectors calibrated with compensation tailored for the
beam hardening effects of different parts of the patient: ex. figure 3)
= Software correction (iterative algorithms)
a.
Figure 3. CT number profiles obtained across the
center of a uniform water phantom without calibration
correction (a) and with calibration correction (b).
Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004  from reference 1.)

LUDWIG-

MONCHEN

LIVIU| | Photon starvation

Manufacturers minimize beam hardening by using:

Automatic tube current modulation Low mA
This allows sufficient photons to pass through the ¥

widest parts of the patient without unnecessary
dose to the narrower parts

Calibration correction

software correction smooths the attenuation
profile in areas of high attenuation before
the image is reconstructed

Barrett & Keat, Radiographics, 24, 2004
Prof. P. Coan

Attenuation

€ High mA

Figure 10. Tube current modulation as a function of
tube angle. mA = milliamperage.

Smoothed
data

5

Threshold level L Threshold level ___
__________________________ ]
£
<

Detector channel Detector channel
b.
# 44

5/4/2020
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7. 8a. 8h.

Figures 7, 8. (7) Mechanism of partial volume artifacts, which occur when a dense object lying off-
center protrudes part of the way into the x-ray beam. (8) CT images of three 12-mm-diameter acrylic
rods supported in air parallel to and approximately 15 cm from the scanner axis. (a) Image obtained with
the rods partially intruded into the section width shows partial volume artifacts. (b) Image obtained with
the rods fully intruded into the section width shows no partial volume artifacts.

Prof. P. Coan Barrett & Keat, Radiographics, 24, 2004 #45

LUDWIG-
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Prof. P. Coan
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SAMPLING IN CT

Sampling

CT (the “C” meaning “computed”) relies on the sampling of projection data for processing on a

computer. There are 2 kinds of sampling — radial sampling (along the projection in R) and

angular sampling (6).

p— disreve
_LA Sowgl
- T % in e
p is u (frequency in
the Fourier space) in
A Rene'e the lecture slides
bwrlmﬁ
™~ O

Sampling in R (e.g. Ax) depends on the spatial frequency content that you wish to represent in

your final image. Subsampling in this domain results in the relatively benign spectral aliasing.

Sampling in @1s a more complex, though, since it is really a sampling in the Fourier domain of

the object and as such subsampling will results in aliasing of spatial information in the image.
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Recall, that the mimimum sampling distance in the Fourier domain is dictated by the field of

view. For example,
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where Ry is the maximum extent of the object. Also. recognize that

Ay = A0 pyy

but the maximum spatial frequency that can be represented by a disegetely sampled projection is:

and thus:

For example, if our device has 512 samples across the field of view [% = 512], then:
x

and the number of projections will be:
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Thus approximately 804 projections would be required to fully sample the object for a final

image of size roughly 512 by 512. Of course, we can always sample fewer angles and filter

(smooth) the data to reduce p,__, which reduces spatial resolution.
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