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Computed Tomography

CT system Image data
measures X-ray attenuation coefficient u(r) patient 3D morphology
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CT measurement
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x-ray tube translation Q

!"L detector und
electronics
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Intensity / (with patient)
Measured: Sinogram In(/, / I)
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Examples: Noise vs. X-ray dose and resolution in CT

Liver tumor Carotid Aneurysma
contrast-to-noise resolution
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Scintillator detectors

Anti-scatter
Collimator

Scintillator array
(GdOS:Pr)

Photodiode array

Analog-to-digital
conversion asics

Typical CT
detector module

Page 5 7-2007 B. J. Heismann

SIEMENS

MED /DE /CTD



SIEMENS

Scintillator detectors

X-ray field,

Anti-scatter behind patient

Collimator
X-ray
intensity
Scintillator array —
(GdOS:Pr) Light
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conversion asics o
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Cascaded Detection Model*

X-ray field,
behind patient
X-ray
( -
intensity Quantum efficiency a(E)
) Quantum fluorescence scatter
: Conversion to light
gt  Scattering of light
intensity
________ { Optical coupling efficiency
o Photon detection efficiency S(E)
[+ADC {
Digitized
charge
Measured
sinogram

*see e.g. |.A. Cunnigham:‘Applied Linear System Theory', in: J. Beutel, H.L. Kundel, R.L. van Metter,
Handbook of Medical Imaging, Vol. 1, pp 79, SPIE (2000)
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Reference scintillator geometry

- & c
e g =2 3
N E R _9Q
vt S
©
@®
3
o S
Z ®
hhm.mz
O 0o o8 a
= o= 0o s ©®
a o O £ O
" ©E B | |

collimator
B. J. Heismann MED /DE /CTD

7-2007

Page 8



Simulation flow chart

Input

X-ray ”sﬁéfﬁr‘um &

Measured optical
properties, e.g. optical
scatter coefficent

Geometry

Optical
transport
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Input data:
X-ray spectrum,
detector geometry

v

MC simulation of
X-ray interaction
in scintillator pixel

v

Event data:
spatially resolved
energy deposition

v
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NG N

Input data:
optical properties,
detector geometry

v

MC simulation of photon transport
from scintillator voxel to PD pixel
(1 pixel = 10x10x10 voxels)

Calculation of energy conversion
X-ray -> optical photons

v

Event data:
number of generated
photons per voxel

S
N

v

Lookup table:
photon detection
probability in PD array

Calculation of number of photons
registered at photodiode array

v

Event data:
signal generated in PD
array

S
N
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Simulation flow chart (X-ray)

Input data:
X-ray spectrum,
detector geometry

MC simulation of
X-ray interaction
in scintillator pixel

Geometry

Event data:
spatially resolved
energy deposition

Calculation of energy conversion
X-ray -> optical photons




Simulation flow chart (optical)

Input

Measured optical
properties, e.g. optical
scatter coefficent

Optical
transport

Geometry

|

Input data:
optical properties,
detector geometry

MC simulation of photon transport
from scintillator voxel to PD pixel
(1 pixel = 10x10x10 voxels)

v

Lookup table:
photon detection
probability in PD array

P
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N

P1/ y

P, >, Ps
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Simulation flow chart (results)

1. X-ray energy deposition:
Event list: #i, <E;, x;,y;,z>

IPhoto J I

channel

2. Photosensor signal:
detection probabilities
Result:

Detected number of light
photons on sensor

P, v Pz}. P, :
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Microscopic characteristics

Individual quantum absorption events:

» X-ray cross-talk due to fluorescence (E > 50.2 keV), °
affects mostly next neighbours and only 2 pixels —3
» Optical cross-talk involves up to 5 x 5 pixels

simulated data

Averaged result of a 5 x 5 pixel array: i

80

=120 kV CT spectrum

= n = about one million quanta

= Needle beam excitation of
central pixel

» Photosensor: CCD with sub-pixel
resolution

100

42000

120 1500

Position along k [CCD pixel]

= 1000

ISDD
o

Page 13 7-2007 B. J. Heismann MED /DE / CTD

160

100 120 140 160 180 200
Position along i [CCD pixel]



SIEMENS

CCD measurement vs. simulation

measured data simulated data

B0
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Position along i [CCD pixel] Position along i [CCD pixel]
CCD measurement, fibre coupled Simulation result

43 um resolution
central X-ray needle beam excitation
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Profiles
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» good agreement, typical error < ~ 5%
= smoother edges in measurement:
probably due to fibre coupling cross-talk not included in simulation
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Macroscopic (average) figure

Detector response function DVK (E, EY)

= Probability density function
for measuring output energy E* at
iInput energy E

I, k denote pixel class (symmetry):

i=0,k=0 . central pixel
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Central pixel: D9)(E,E")

A000 -

3500 F

3000 F

E'{00} [Photons on PDJ

1000 ¢

500 il

2500 -

2000 -

—

m

=

=
T

0.04

Light transport

tailing

Fluorescence \
escape (exit -

0.035

0.03

0.025

or neighbour)
0.0
40.014
+0.01
Reduced 0 005
absorption !
R — a
100 120 140

Page 17 7-2007 B. J. Heismann MED /DE / CTD



Central pixel: D9)(E,E")
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Behaviour at constant input energies E
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» Two peaks occur above the Gd K-edge

» Signal tailing increases with input energy due to longer light paths
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Expected signal <E‘(E)>

SIEMENS

2500

<E‘(E)> deviates from «<E

<E"00)=

due to -

= Fluorescence escape =

= Reduced absorption S 1500}

= Light tailing £

= Compton escapes 2 1000
=

500

How does the signal noise
affect the quantum statistics?

— — — =+ stddew
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Statistics of scintillating detectors

M
Y=> E'
i=1

with M : number of detected X-ray quanta
and E‘: number of detected light photons of event #i

Measured signal

M and E", are random variables described by their means and standard
deviations. We have”:

(¥)=(&)-(0)
o(¥)=[(M){(E) + 5 (E")

*) M. Rabbani, R. Shaw, and R. Van Metter, ‘Detective quantum efficiency of imaging sytems with amplifying and scattering
mechanisms,’ J. Opt. Soc. Am. A, vol. 4, pp. 895-901, 1987
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Comparing SNRs

SNR decrease by signal transport variance:

f(E)= L SNR, <E '> with o(E):

Ol(E) SNRm - \/(<E '> 2 + 0.2 (E ' )) detection efficiency

f(E)

i i i I i
20 40 G0 a0 100 120 140
E [keV]
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Modulation transfer function (MTF)

() ()
M
% f \ l ! J J <I> WULI 2AguelT)
<> 2A(T)
0 - 0 - X
Radiation field Image plane
FT(PSF(x))

MTF definition: MTF(f) —

Prerequisites:

» Linear, shift-invariant (LSI) system

» Even Point Spread Function (PSF)

Both only approximately true for CT detectors

FT(PSF(0))
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X-ray slit simulation

a)

» Geometry: 100 pm slit in thick absorber
= X-ray irradition: 120 kV spectrum, high flux case

» Simulate two images with slit tilted by 3° relative to
a) vertical and
b) horizontal axis

» Summarize over-sampled PSFs along tilted lines
= Calculate MTFs

. —
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MTF results

» Detector aperture sets
resolution limit

= Crosstalk reduces
MTF for intermediate
frequencies

= Stronger reduction
in y (thinner septum)

= Compensated in CT
by filtering kernels,
lossless for Poisson
noise characteristics
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Summary |

» Cascaded full 3D physical modelling of X-ray deposition and
optical transport phenomena in scintillator arrays developed

» Light output measurements agree to simulation within ~5%

» Macroscopic spectral response

DK (E,E) calculated
» <E(E)> has significant deviations _
frOm OCE ézuuu-
* SNR loss above K-edge o)

500 k

[ ee==———————————eoywemererpta e
20 40 G0 a0 100 120 140
E [keV]
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Summary Il

Modulation transfer function: S\

= Detector aperture sets resolution limit *

= MTF reduced for intermediate O X o e e
frequenCIeS due to Cross_talk, Zj ........ ........ ....... ........ ......... ......... ........ H .......
lossless recovery for Poisson

noise characteristics N W e
= Next steps: \
Compare MTF results to measurements
Sinogram and image quality analysis
with full 3D scintillator modelling
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THANK YOU!

Page 28 7-2007 B. J. Heismann MED /DE / CTD



	Signal transport in Computed Tomography detectors
	Computed Tomography
	CT measurement
	Examples: Noise vs. X-ray dose and resolution in CT
	Scintillator detectors
	Scintillator detectors
	Cascaded Detection Model*
	Reference scintillator geometry
	Simulation flow chart
	Simulation flow chart (X-ray)
	Simulation flow chart (optical)
	Simulation flow chart (results)
	Microscopic characteristics
	CCD measurement vs. simulation
	Profiles
	Macroscopic (average) figure
	Central pixel: D(0,0)(E,E‘)
	Central pixel: D(0,0)(E,E‘)
	Behaviour at constant input energies E
	Expected signal <E‘(E)>
	Statistics of scintillating detectors
	Comparing SNRs
	Modulation transfer function (MTF)
	X-ray slit simulation
	MTF results
	Summary I
	Summary II
	


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


