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Abstract

In this thesis project two similar detectors fieeasurements of dose profile and dose from
computed tomography (CT) have been evaluated. Aamhfaster way of quality assurance
with the detectors has been evaluated.

It is shown that the detectors can measure dasédes using helical scans. This makes it
possible to measure the whole dose profile quibllysing the CT table movement.

Measurements have been made in more than ometqrh to examine the increase of
scattered radiation.

The detectors can show how much dose that isrestimated with CTR, compared to
CTDI. The amount of underestimated radiation app&amcrease, as the beam collimation is
getting wider with newer cone beam based MDCT.

The new way of quality assurance makes it ptes$0 get a lot of dosimetric parameters
with just one helical measurement in a CTDI heaainpdm.
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1. Introduction

Medical x-ray is the largest contributor to refdiation exposure to the population from
artificial sources [1]. Computed Tomography (CThdutes with 70 % of that radiation [2].
About 660,000 CT examinations are done in Swedenyeyear [3]. A CT examination gives
10-50 times more dose to a patient than thecorreBpg conventional x-ray examination [4].
Hence it is important that quality controls are madgularly to ensure that the CT system
performs well.

The absorbed dose to a patisrthe result of both primary radiation and scatieradiation
from surrounding tissues. For quality assurance)(@#easurements of the dose from CT are
performed in a phantom in order to include intestttered radiation within the body. Dose
measurements are primarily done with a 100 mm |maveil ion chamber. Its active volume
is insufficient to collect all the scattered rathat As beam collimation (the nominal beam
width in the z direction in this thesis) is gettilagger than 100 mm, not even all the primary
radiation can be measured with this method. Atgrgsa beam collimation of 160 mm is
available (Toshiba Aquilion ONE, Tochigi, JapanheTdose profile, which is the dose
distribution along the axis of rotation, can be smwad by using an array of thermo
luminescent dosimeters (TLD), optically stimulatedhinescence (OSL) [5r x-ray film.
TLD is a time consuming and expensive method, GSime consuming and x-ray films are
disappearing from many hospitals due to the adekdigital imaging. It would be preferable
to have all the dose information from one singleasugement independent of the beam
collimation.

New techniques are becoming available for CT. @Athis work an old and a new
semiconductor detector from RTI Electronics AB,l@dlthe Computed Tomography Slice
Detector D2 (CT-SDD2) and the Computed Tomograpige Petector D2 (2x2) (CT-SDD2
(2x2)), have been evaluated. A new method for CT With the detectors has also been
developed and evaluated.

1.1 Basic Information on CT
CT is a method to create 3D images of a cexalome of a body. By irradiating with a

fan-beam from an x-ray tube in one rotation, arotnedbody, and collecting the radiation that
has been modulated according to the body anatominage of that plane in the volume can
be reconstructed (Figure 1). The thickness of the-bleam depends on the primary
collimators (Figure 1 b))To shorten the scanning time several detector rosse been
employed so that more than one image per rotatiay be obtained. The method is called
multi-detector row CT (MDCT) and with this methdietbeam collimation is getting larger.
The geometry of the fan-beam then looks more ane tilee a cone-beam.
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Figure1l: Theprincipleof a CT seen from a) the front and b) from the side. z isthe axis of rotation.




The first CT only used axial sequential scdfigyre 2 a)) but during the last 20 years CT
systems can use a spiral function. This meanstiigabody is moved continuously through
the gantry of the CT while it is irradiating (Figu b)). The motion of the x-ray tube and the
detectors as seen from the gantry center is thatspiiral rotation path around the body. The
projection data needed for reconstruction of axrelges can be obtained by interpolation of
the collected data.
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Figure 2: a) Axial sequential scan, b) Helical scan
1.2 Dosimetry

1.2.1 Dose profile

The dose profile (Figure 3 a)) is the doserithstion along the central axis (z-axis) or
parallel to the axis of rotation. It is affectedy.eby the primary collimators, the distance
between the collimation and the x-ray tube, theup#ra and by the scattered radiation. It
can be measured both in air and in a phantom.

An ideal dose profile would have the shape mdcangular block that is exactly as wide as
the beam collimation Nd (Figure 3 a)) set on the €hsole. Unfortunately such a dose
profile is impossible to achieve due to the scatteradiation and geometrical conditions. A
commonly used measure of the dose distributiohasfull width at half maximum (FWHM)
of the dose profile [6].
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Figure 3: a) Dose profile for a 10 mm beam collimation measured in a phantom, b) Theterm CTDI isthe
wholedosein the profile so if all doseis put inside the nominal beam collimation c) it illustratesthe CTDI,
d) Dose profile for a 40 mm beam collimation measured in a phantom (Figure5).



1.2.2 Pitch
Pitch is defined as the speed of the patigbliet T multiplied by the time per rotation F
divided by the number of simultaneously acquiredges N and the nominal image thickness

d [7]
_TF
" Nd - (1)

Pitch values < 1 are indicators of overlappng pitch values > 1 are indicators for low-
dose scanning mode when the same scan parametersear (Figure 4).
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Figure 4: lllustration of helical scanswith a) pitch 1 and b) pitch 2.

1.2.3 CTDI
The fundamental dose quantity from a CT systemailed Computed Tomography Dose
Index (CTDI). For one axial scan CTDI is definedias integral of the dose profile along the
rotational axis of the CT (z-axis) (Figure 5) dieddby the total nominal beam collimation

N-d [6]:
+00
D(2)
D(z) is the dose at a certain point z on the z-akme total nominal beam collimation N-d is

the number of simultaneously acquired images Niplidd with the nominal image thickness
d.

Figure5: CT-SDD2 in a head phantom in aCT. Thelinezisparallel to the axis of rotation.



One way to interpret CTDI is to imagine theientlose being deposited into a rectangular
profile with the same width as the nominal beantimaltion (Figure 3 b) and 3 c)). The dose
within the rectangular profile is the CTDI [6].

To integrate CTDI fromoes to 4o is not practically possible. A common limit isitdegrate
over a length of a 100 mm which results in Cl[b]:

+50
_ b9
-50

The term weighted CTDI, CTR]is used to get an indication of the average GJdJi a
cross section of a phantom [6]:

1 2
CTDI, = §CTDI10QC +§CTD|10Qp [MmGy].(4)

CTDl1go,cis CTDhgo in the center and CThyp is the mean CTDRo from the several
peripheral holes. The phantoms used are CTDI phantdf polymethylmetacrylate (PMMA)
with a diameter of 160 mm for head and 320 mm tafybaccording to the European Quality
Guidelines for CT QA [8].

It is enough to integrate the dose over 100 wiran measurements are performed free in
air but not in a phantom. The measured GiPIin a phantom is known to be an
underestimation of CTDI but with beam collimatiamand 10 mm the underestimated dose is
known to be constant. Today the beam collimatiecomes wider and wider. The amount of
dose that is not measured with CT&lin a phantom at a beam collimation of 40 mm may be
increasing compared to 10 mm, (illustrated in FegBid)).

The average dose to the whole volume made $grias of scans is called CTRI For
helical scans it is calculated by dividing CTiy the pitch [2]:

CTDI
CTDI,, =—=—w
vo D [MGy]. ©))
For axial sequential scans it is calculated by iplyihg the CTDIw by the nominal beam
collimation Nd and dividing it by the incrementeétiveen the scans of the series [2]:

Nd
CTDI,,, = I—CTDIW [MGy]. 6)

1.2.4 MSAD and DLP
When multiple rotations are performed, the dpsefiles will overlap (Figure 6). The
increased average dose value in the central dicalled the Multiple Scan Average Dose
(MSAD) [7].The area under the MSAD curve is caltté Dose Length Product (DLP) and
represents the complete radiation exposure, ieeintiegral effect of the scan. The definition
of DLP is the CTDJ, multiplied with the scan length L.

DLP =CTDI, [L imay cm] (7)
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Figure6: lllustration of MSAD. Thearea under thered curveillustratesthe DLP

1.3 Computed Tomography Slice Detector

Before this thesis RTI Electronics AB had depeld the computed tomography slice
detector. Here follows its history so far.

The first idea of a CT slice detector stantedhe year 2003. It was a cylinder with two
detectors separated by a distance of 100 mm [He[poofile measured with the detector was
made with helical scan mode and not single axiah snode as for the TLD. A new probe was
constructed in 2005 as a longer cylinder of polywiehetacrylate (PMMA) with a thin
aluminum shell (Figure 7 a)). The diameter of tynder was adapted to fit in a standard
CTDI phantom i.e. 12.5 mnThe two identical detectors D1 and D2 were puhiménd and
in the middle of the probe. The distance betweemtiwas 160 mm in order to enable D1 to
be outside the phantom while D2 was inside. Thasuie helped to avoid scattered radiation
to reach the detector outside the radiation figldich would lead to an increase in the signal
since the two detectors were connected electrigallgarallel to the same out-signal. The
name of the probe was CT-SD16 (Computed Tomogrelioe Detector 16). The two-
detector configuration was to enable measuremetiteofable speed and to use D1 as a “trig
detector” for measuring the dose profile with DzheTthickness of the semiconductor
detectors (PIN diodes) was 0.3 mm. They were platanding on their ends so that the thin
side was pointing in the direction of the radiati@n one side of the detectors, there was a
back plane of high Z material such as tin, golditver to support and connect one side of the
PIN diode. The back plane screened some of thatradi(Figure 7 b)). The PIN diode had
fast linear radiation response [10] and could tlueeceasily track the dynamic variation of
the dose rate in a helical scan. 2000 samples/dezambe made, each with a 20 bits dynamic
range, when the probe was connected to a PiranBarceicuda electrometer [11]. A software,
called “CT-SD16 1906”, was written to handle aletkata collected by the probe. The
software “CT-SD16 1906” included a correction tanpensate for the radiation that was
attenuated unsymmetrically in z-direction due ® black plane.

To enable measurements with more than one pimarttetector D1 was removed so that it
would not disturb by detecting scattered radiaiiorthe same way as for the first detector
which had a shorter distance between the detecidrs. movement of the CT table was
always very precise, hence measurement of the wed was not really needed. The
accuracy of table feed speed needed to be praoise the reconstruction software required
this information to correct for the skewed data $ee software was improved using “manual
trig” and therefore eliminated the need of a “ttigector”. This probe was named CT-SDD2.



An advantage would be if the detector were vemalsso that it could be seen as a point
detector with isotropic sensitivity. It would albe better if the detector did not have a back
plane on one side. A new smaller detector (2x2%rspecially designed to eliminate the
unsymmetrical back plane attenuation was made @sopan EU research project “MAL1”
where RTI worked together with Mid Sweden Univerdit2]. The probe containing this
detector was called CT-SDD2 (2x2).

An illustration of how the probe was calibratsth be found in appendix A together with a
calibration record. The energy dependence of thectt for heavy filtrated beams, as those
inside a head or body phantom is not yet fully stigated. When compared to pencil ion
chambers the probe have typically measured in teraf 10-20 % lower CTR}o than the
CT chamber dependent of phantom used, type ofilpemc chamber used and actually
calibration method. Since the calibration methodrider investigation all measurements with
the probe in this work are relative. Work to detierenthe energy dependence of the detector
and some commonly used pencil ion chambers is gminid 3] that hopefully will result in a
calibration factor that more correctly can trarslg#te measured signal to dose also in a
phantom.
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Figure7: Thedesign of a) the CT-SD16 and b) the CT-SDD2 in a cr oss-section.

1.4 Goals of study

The first goal was to see if it was possiblenteasure the same dose profile using helical
scans and axial sequential scans, both in theatyrapractice.

The second goal was to evaluate the dose @noiasured with the CT-SDD2 and the CT-
SDD2 (2x2). The CT-SDD2 (2x2) was to be compareth&liquid ion chamber (LIC) from
Umea University. The angular dependence and rotajometry for the CT-SDD2 (2x2) and
the CT-SDD2 was also to be compared.

The third goal was to see how much Cppunderestimates CTDI and how much it was
underestimated with only one head phantom. A CT&ddchphantom is only 15 cm long and
most peoples’ heads and necks are almost twicédethgith together.

Finally the forth goal was to develop and eatdua new, easier and faster way of QA
getting CTDI, CTDlg CTDIy, CTDlo, DLP, FWHM and Scatter Index with just one helical
measurement.



2. Materials and methods
2.1 Axial sequential scans versus helical scans

2.1.1 Method of measuring CTDI in helical mode

CTDhgo is at present measured with a single axial scathercentre of a 100 mm long
pencil ion chamber. To measure CTflwith helical scans with a small detector some
changes must be made to the formalism of GJDI

Based on the assumption that the dose rateeimeasurement point is independent of the
position of the tube, the dose from a whole rotattan be expressed as the signal Q per
sample timegmultiplied by the rotation time F and a calibratifactor ¢ which converts Q(z)
to D(2).

'F
D(2)=c 22 Gyl ®)

Combining Equation 8 with Equation 2 leads to:

_ 1 5 _Cc tQ(2F
CTDI _m_jD(z)olz_l\Id j 5y Az 610)

CT-SDD2 sample signals on its way through #diation field. After every sampling time
ts and sampling lengthz, a signal Qis collected that represents the dose in thatgidhe z-
axis. The integral can be changed to a sum ofgalags per sampling time:

_..F¥Q
CTDI = cmzt—Az Gyl. (10)

Az is the distance between two sample points andrakypon the table speed T and the
sampling time for a helical scan:

Az =T g, (11)
Combining Equation 11 with Equation 10 leads to
FT Q
CTDl=c—1, ) —
Nd SZ ts [Gyl]. (12)
Combining Equation 12 with Equation 1 leads to:
CTDI = chQ Gyl 13)
|
If n is the number of samplings within 100 mm:
- = 100
A7 (14)
then CTD{g is represented by:
n
CTDlyy, = DCZ Q ey (15)
i=1

Hence CTDly can be measured with a helical scan if the cabtaignalQ; over the
distance of 100 mm is multiplied with the caliboatifactor ¢ and the pitch p. Measurements
in the central hole in a phantom fulfils the earlbssumption of dose rate independent of the
pitch. For measurements in the peripheral hole2ske



2.1.2 Comparing helical scans with axial sequestahs

To see if a helical scan could get the same ¢osfile as axial sequential scans the CT-
SDD2 (2x2) (S/N: 07030063) was put in a 30 cm IBMMA phantom with diameter of 160
mm. This phantom had a little bit bigger centerehtblan a standard CTDI-phantom. Some
extra PMMA was put around the probe to fill the dgg hole. The head phantom was
positioned free in air to prevent the dose prdiiten being disturbed by the table (Figure 8)
and the scan parameters were 120 kV, 200 mA andh@0beam collimation on a GE
LightSpeed VCT, Milwaukee, USA, at Norrlands Unisigy Hospital in Umea. A helical scan
was done on the phantom with a pitch of 0.984. Ageqjuential scans were made on the
phantom with 40 mm beam collimation by moving thlel¢ in small steps. A dose template in
the software “CT-SD16 1906” was used to get sifmaévery axial sequential scan.

Figure8: The CT-SDD2 (2x2) in a 30 cm long head phanto'm that was hanging outside the table.
2.2 Evaluation of the probe

2.2.1 Comparison of CT-SD D2 with CT-SDD2 (2x2)

The two types of CT-SDD2 had different detedize and configuration. To see how the
correction for the back plane looked like for CT{ZPDand to see if the dose profile from both
detectors looked alike CT-SDD2 (S/N: 0601010) was ip the center hole on a standard
CTDI head phantom. The phantom was placed on a sepkort in a Siemens Somatom
Sensation 16, Erlangen, Germany, at Sahlgrenskeetsily Hospital (SU) in Goteborg and a
helical scan was performed and the dose profilemeasured. The scan parameters were 120
kV, 200 mA, 20 mm beam collimation and a pitch &8®. An identical measurement was
performed with CT-SDD2 (2x2). Because of the ddéfgrenergy dependence between the two
detectors and the lack of traceable calibratiomofac the dose profiles were normalized to a
peak value of 1 for comparison.

2.2.2 Comparison of CT-SDD2 (2x2) with a liquid icmamber

An ordinary pencil ion chamber cannot creatsedprofiles. The liquid ion chamber (LIC)
(S/N: CWH95-01) from Norrlands University Hospital Umed, Sweden, is able to measure
dose profiles [14,15]. This could be a good refeeechamber to CT-SDD2 (2x2) because of
its identical detector length (0.3 mm) and the thett its calibration was traceable to STUK
[16]. To see if the dose profile from the LIC wamigr to the one from CT-SDD2 (2x2)
comparable measurements were done. The LIC wasdgiaca special, 30 cm long PMMA
phantom with a diameter of 160 mm that was posgiibiree in air by using a holder attached



to the table i.e. the same phantom that was us2d.i@. The center hole was a little bit bigger
than in standard phantoms so that the slightlyelatdC would fit in it. The scan parameters
were 120 kV and 200 mA on a GE LightSpeed VCT, Milkee, USA, at Norrlands
University Hospital in Umeda. A helical scan was madith 40 mm beam collimation and
pitch 0.984. The LIC was replaced by CT-SDD2 (2&)me extra PMMA was put around it
so that it would fill the bigger hole. A helicalast with the same scan parameters was made.
The dose profiles peak values were normalizedfty tomparison.

2.2.3 Angular dependence

To study the angular dependence of the CT-SPI32) it was placed in a rotation table
under an x-ray tube in an x-ray laboratory at tlep&tment of Radiation Physics at Géteborg
University (Figure 9 b)). During all the measurensethe settings were 117 kV and 5 mAs.
The field from the x-ray tube was set to almostZDent across the detector and a filtration
of 2.5 mm Al was used. The rotation table was @it with a computer and could turn in
steps of one percent of a degree. The study wa® rogdrradiating the probe from -27
degrees to +24 (Figure 9 c)) degrees in stepsdefgBees except near zero where steps of one
degree at a time were used. The angular dependendke pencil ion chamber was also
examined in the same way (Figure 9 a)). A measunemith a field of 5x5 crhwas also
made on the pencil ion chamber to observe how nthehwould influence when the whole
chamber was not irradiated.

The CT-SDD2 was known to have a big angulaeddpnce because of the back plane. To
compare this with the CT-SDD2 (2x2) similar angutaeasurements were done. Only the
field and the filtration were changed to approxietg6x5 cnf and 7 mm Al. A measurement
with 10 mm Al was also made with the CT-SDD2 (2x8) observe how the filtration
influenced the angular dependence. All measuraethlsgvere normalized to one at O degrees.

Figure 9: Angular dependence measurementson a) the pencil ion chamber, b) the CT-SDD2 (2x2), c¢) the
CT-SDD2 (2x2) with alarge angle.



2.2.4 Rotation symmetry of the detector
In order to observe the rotation symmetry tieSDD2 (2x2) and CT-SDD2 were placed
in a CT simulator under an x-ray tube in a x-rayolatory at RTI Electronics AB (Figure 10).

The CT simulator was a rebuilt watchmaker'siéathat could rotate the probe along its
longest axis. The detectors were slowly rotated@pmately three whole rotations while the
tube was irradiating. The slow rotation (due toitatons of the construction of the CT
simulator) caused long exposure times and hencéubescopy mode was used with a low
current of about 3 mA. The software “CT-SD16 19084s used to find the maximum
measured value and the minimum measured value.

2.3 Dose under estimation
The CT-SDD2 can measure the whole dose prdfithen measures the whole CTDI and
not only CTDLoo. The amount of radiation inside CTigy is obviously an underestimation of
the dose compared to the total CTDI when it is mesbin a phantom. With the software
“CT-SD16 1906” any length X of CTDI, CTR) can be studied, not only 100 mm as for
CTDlioo A quotient between CTRIand CTDlo is defined as the Scatter Ratiand
describes the ratio of dose detected inside GTHRHt is missed by CTRJoif X >100 mm.

CTDI,

CTDlI,, (16)

The Scatter Ratiois obtained in “CT-SD16 1906” after a measurenserd if X has the
same length as the whole dose profile GI'3l equal to CTDI. This case is called the total
Scatter Ratio and is the largest dose underestimati

ScatterRatio, =

2.3.1 Underestimation of dose with CTHR)

To see how much the dose is underestimated Tyl g compared to the whole CTDI,
measurements were performed with the CT-SDD2 (x3jtioned in the central hole of a
head phantom. The standard head phantom was placeadeck support and helical scans
were made (Figure 11). The voltage was 120 kV aeccturrent was 200 mA. Measurements
were made with 5, 10, 20 and 40 mm beam collimaaiodh the pitch was 1 for 5 and 10 mm
beam collimation, 0.969 for 20 mm beam collimatéomd 0.984 for 40 mm beam collimation.
The measurements with 5 and 10 mm beam collimatere made on a Siemens Somatom
Plus 4 Power, Erlangen, Germany, and the measutsenwith 20 and 40 mm beam
collimation were made on a GE LightSpeed VCT, Milk@e, USA, both at SU in Géteborg.
At least two measurements per examination were metke total Scatter Ratio was received
and compared.

10



Figure 11: The CT-SDD2 (2x2) in one head phantom

2.3.2 Underestimation of dose with only one heaahpdm
To observe if the length of the head phantofectd the Scatter Ratio two head phantoms
were placed very closely together in the neck sttppoa GE LightSpeed VCT, Milwaukee,
USA, at SU in Goteborg (Figure 12). The detector&OD2 (2x2) was placed 10 mm from
the joint between the two phantoms. Helical scaesewnade over both phantoms with 20
and 40 mm beam collimation with a pitch of 0.96d a&h984 respectively. The scan
parameters were 120 kV and the 200 mA. At leastnveasurements per examination were

made for each set of parameters. The received Sat#tter Ratio was compared to the total
Scatter Ratio from one phantom.

Figure 12: The CT-SD D2 (2x2) in two head phantoms
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2.3.3 Scatter Index

If the Scatter Ratio was increasing with insieg number of phantoms, there could be a
problem when QA is performed with only one phantdmproposed way to get around this
problem would be to make CTDI measurements withentben one phantom and find a
connection between one phantom and several phantohish better represents a whole
body.

To do this a parameter called Scatter Index meagived with the software “CT-SD16
1906”. The Scatter Index was calculated with Equeatl7 and is the Scatter Ratio in one
phantom with X = 130.

CTDlI,,

TDI,, (17)

CTDhso was the integrated dose over 130 mm. The reasgrhehwidth of 130 mm was
chosen is because all standard phantoms are @BBeor 140 mm wide. To avoid measuring
outside the phantom 130 mm was used to get somgimsar

With the measured dose from two CTDI head pirasta small start of the making of a
table coupled to the Scatter Index could be dohe. Scatter Index measured with one head
phantom at both 20 and 40 mm beam collimation wapled to the total Scatter Ratio from
two head phantoms for 20 and 40 mm beam collimation

Scatterindex=

2.4 A new way of QA

There are five holes for a detector in a CTbhamom, one in the center and four in the
periphery. By measuring the CT{gd with single axial scans in the middle of the péra
chamber in all the holes the CTjpdan be calculated with Equation 5.

When measurements are done with the CT-SDD2)(xthe central hole of a phantom
there is the same amount of attenuating materalret the detector in all directions in the x-
y-plane. This means that it does not matter ifxXtray tube irradiates for example under or
over the detector during its helical path around tthantom (except for some small
attenuation in the table). If the probe is plaacea iperipheral hole there is a big difference in
attenuating material in different directions. Tltain be a problem for measurements with
helical scans. Certain pitch-values must be usdx table to measure the dose correctly in the
peripheral holes [17]. Not all CT systems have filmgction to choose pitch freely and the
pitches that can enable correct measurements ipdhpheral holes are quite uncommon.
This means that the probe can not measure theinldise peripheral holes for all CT systems
and hence not the CTRICTDI,, and DLP.

It is impossible to measure in the periphehnialles with the CT-SDD2 due to the present
correction made for the back plane.

A way to get around this problems would bet #vas possible to get a CTDI factor k to
multiply CTDlIy00 cWith to get the CTRQJ.

_ CTDI,,
CTDl,g, (18)

The CTDI factor k could be established by doing rtieasurements in all the holes with the
pencil ion chamber once.

If k was known for a certain CT system it wolblel possible to calculate CTRICTDlyg
and DLP after only one helical scan i.e. CId9} This would be the case for measurements
using the CT-SDD2 (2x2)and the CT-SDD2 as welhasiobn chambers.
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2.4.1 CTDI factor k for different CT systems
CTDI, is measured at CT QA. To see if the CTDI factovas similar for different CT
systems, protocols from earlier yearly QA on CTiayss at SU in Goteborg were examined.
For all the protocols, where a head phantom andsthae parameters 120 kV and 200 mA
were used, the CTDI factor k was calculated. THg parameter that was different on some
of the CT systems was the scan field of view (SEOWe SFOV determines which bowtie
filter that is used. Different filters are used bardy and head.

2.4.2 Axial scans over the CT-SD16 to get CTDIdaét?

A test to see if it was possible to obtain shene CTDI factor k with the CT-SD16 (S/N:
0601009) in the same way as for the pencil ion ddaanthe probe was placed in the central
hole of the CTDI head phantom and a single axi@hsgas made on the detector in a Siemens
Somatom Plus 4 Power, Erlangen, Germany, at SUGtel&rg. This was a “point dose”
measurement and not a CTRImeasurement as for the pencil ion chamber. TheSDTI6
was moved to a peripheral hole and a new singlal aadan was made on it. Identical
measurements were done in all the peripheral holes.voltage was 120 kV, the current was
200 mA and the collimation was 10 mm. A dose temepia the software “CT-SD16 1906”
was used to get a signal. CTDI factor k was catedldy using the signal as CTigy.and
CTDl1go,pin Equations 4 and 18.

For the pencil ion chamber the CTDI factor ksvealculated from the standardized CTDI
measurements using Equations 4 and 18. The samandAV as for the CT-SD16 were
used.

13



3. Results

3.1 Dose profile acquired by helical scans and axial sequential scans respectively
A derivation illustrating that it is possible measure the same dose profile using helical
scan mode as using axial sequential scan modeegas/ed successfully. It showed that the
dose inside the 100 mm that marked CitPhad to be multiplied with the pitch (Equation
14) for helical scans.

The dose profiles from helical scans and axial setial scans were compared and the
helical scan had a slightly lower dose (0.9 %)ha peak (Figure 13). The area under the
helical measured dose profile differed with 1.0Z8&mpared to the one measured with axial
sequential scans.

N
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. s - Axial
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(0]
c
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L2 I
Ol >, Q, .. O
o o
\
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D

-300 -200 -100 0

100 200 300
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Figure 13: Dose profiles acquired by a helical scan and by axial sequential scans measured with CT-SDD2
(2x2). The scan parameterswere 120 kV, 200 mA and 40 mm collimation.
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3.2 Results from the evaluation of CT-SDD2

3.2.1 CT-SDD2 versus CT-SDD2 (2x2)
The correction for the CT-SDD2 due to the bpldne (1.3) was made so that it could be
compared with CT-SDD2 (2x2) (Figure 14). The tailshe corrected dose profile were very
symmetrical which indicates that the correction wasd.

1,2
1 ——CT-SD D2 ]
uncorrected
= 0.8 —=— CT-SD D2 corrected | |
>
© 0,6
e
(0]
N
g 0,4
(@]
< 02
0 B T T T
(0] 50 100 150 200 250
-0,2
z-axis (mm)

Figure 14: Dose profilesfrom the CT-SDD2, uncorrected and corrected. The scan parameterswere 120
kV, 200 mA and 10 mm collimation.

The tails of the dose profiles measured witlichkscans for the both detectors showed
good agreement (Figure 15). The disagreement irpdéia is the result of the neck support
that affected the dose profiles in different posis which made the two independent scans
hard to compare exactly.

1,2
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Figure 15: Illustratesthe dose profile from the CT-SDD2 and CT-SDD2 (2x2) nor malized to a peak value
of 1. The scan parameterswere 120 kV, 200 mA and 10 mm collimation.
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3.2.2 The CT-SDD2 (2x2) versus the LIC

The dose profiles from the CT-SDD2 (2x2) arel thC were normalized to a peak value of

1 (Figure 16). The area under the dose profile oredswith the CT-SDD2 was 1% smaller
than the one measured with the LIC and the doddge@agreed well.
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Figure 16: Dose profilesfrom the L1C and the CT-SDD2 (2x2) normalized to a peak value of 1.

3.2.4 Angular dependence test
The measured signal with CT-SDD2 (2x2) was %&dower at 0 degrees than at +20
degrees for a 20x20 nfrfield and a filtration of 2.5 mm Al (Figure 17 ajt O degrees the
smallest possible area of the detector was poimtirige direction of the radiation. The pencil
ion chamber was not affected by the different amdte a 20x20 cifield (Figure 17 b)).
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When the field was 5x5 ciithe pencil ion chamber had an angular dependensiendar to
the CT-SDD2 (2x2) at 20x20 ém

CT-SDD2 (2x2), 2,5 mm Al, 20x20 cmz2 field, 117 kV lon chamber, 2,5 mm Al, 20x20 cm? field, 117 kV
k2 12
W N ; —0—0—0—0—0—4o 16006 0666 o 2
= ot S s 14— —
E 8 . 0
< 06 < 06
= 04 ~ 04
= ' = ’
= 02 = 02
T T 0 T T = T T 0 T T
N 10 0 10 2 0 I 10 0 10 2 Kl
Degrees Degrees
a b

Figure 17: a) The angular dependence for the CT-SDD2 (2x2) and b) the pencil ion chamber

The measured signal with CT-SDD2 (2x2) was %3ower at 0 degrees than at +20
degrees for a 5x5 mnfield and a filtration of 7 mm Al (Figure 18 a)}Vhen the filtration
was changed to 10 mm Al, the difference in signainf O degrees to £20 degrees was 3-4%.
The angular dependence for CT-SDD2 (2x2) seamébd tmaller with harder filtration.

There was a large angular dependence of th&QD2 witch shows the importance of the
correction in the software (Figure 18 b)).

CT-SDD2 (2x2), 7mm Al, 5x5 cm2 field, 117 kV CT-SDD2, 7 mm Al, 5x5 cm2 field, 117 kV
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Figure 18: a) The angular dependence forethe CT-SDD2 (2x2) and b) the CT-SDD2
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3.2.5 Rotation symmetry
The result from the measurement with the nogagirobe under a constant radiation field is
illustrated in figure 19 for CT-SDD2 (2x2) and igdre 20 for CT-SDD2.

Cidtigeny 200 a4

CoRgt be) 120 |14 4 092

Figure 20: The detected signal during three rotations of the CT-SDD2

The rotation symmetry of CT-SDD2 (2x2) and CDER differed at the most with +2.5 %.
The very low signal level of 3 mA, compared to nafrtevels of 200-400 mA, resulted in
visible inherent detector and electrometer noise.
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3.3 Underestimation of dose

3.3.1Underestimation of dose in a head phantom
After a measurement over the head phantom e pladile was plotted in the software “CT-
SD16 1906”. The CTDI, CTDRé,, FWHM, Scatter Index and Scatter Ratio were resziv
(Figure 21)The dip in the top of the dose profile was duenmtable attenuation.
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Figure 21: Dose profile, CTDI, CTDI 199, FWHM, Scatter Index and Scatter Ratio for one head phantom
with 20 mm collimation. CT DI 1¢o Was between thered dotted lines and the whole CTDI was between the
green and the blue cursors.

The total Scatter Ratio values for different beastlimations with one or two phantoms are
presented in Table 1.

Table 1: The scatter radiation measured in one and two phantomsfor different beam collimations.

Number of Collimation Average total Scatter Number of
phantoms (mm) Scatter Ratio Index measurements

1 5 1.14 1.09 2

1 10 1.14 1.09 5

1 20 1.14 1.09 2

1 40 1.16 1.09 2

2 20 1.27 1.09 2

2 40 1.28 1.10 2

For 5 to 20 mm beam collimation in one head phantioenaverage total Scatter Ratio was
1.14, which means that the dose was underestintated®.3 % with CTDiyo compared to
CTDI. At 40 mm beam collimation the dose was unskmeated by 13.8 %. When two head
phantoms were used the total Scatter Ratio wa®asorg even more for 20 and 40 mm
collimation and CTDiy underestimated the total dose by 21.3 and 21.@sjectively. The
software only used two decimals for the ScatteidRsd there was no detectable difference
between the many measurements that constitutesvdrage Scatter Ratio.
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3.3.2 Scatter Index
The Scatter Index for one head phantom was fo0%he CT GE LightSpeed VCT,
Milwaukee, USA, for all beam collimations and iosim together with the Scatter Ratio in
Table 1. For two head phantoms the Scatter Indexavaost unchanged.

3.4 The CTDI factor k
The results from old CT protocols from QA penfie@d in Goteborg from the year 2000 to
2007 are presented in table 2. The CTDI factor k s@und 1 for the CT systems from GE,

around 1.075 for CT systems from Siemens and Bhédipd around 1.04 for the CT system
from Toshiba.

Table2: Listsk in a CTDI-phantom for different CT models

Average
CT model srov| kv | orpl | Standard | Number of
deviation | measurements

factor k
GE LightSpeed Pro 16 25 120 0.983 - 1
GE LightSpeed Ultra, 8 slice 25 120 0.996 0.002 6
GE LightSpeed 16 Pro 25 120 0.998 0.009 3
GE LightSpeed VCT 25 120  1.024 - 1
Siemens Somatom Plus 4 Power 50 120 1.066 0.011 6
Siemens Somatom Sensation 16 50 120 1.088 0.005 5
Toshiba Aquilion 16 na 120  1.040 0.007 3
Philips Brilliance 40 50 120 1.077 - 1

Single axial measurements were done over the&SDT6 to test if a factor k could be
calculated from the signals. The dose rate vanatauring one rotation from the
measurements in the central and the peripherasads very different. In the central hole the
dose rate variation was affected by the same amouURMMA in all directions and the
difference in amplitude was only depending on tleeknsupport (Figure 22 a)). For the
peripheral holes the amount of PMMA was changeallidirections so the dose rate variation
got a high amplitude when the thinnest part ofghantom was irradiated and low amplitude
when the thickest part of the phantom was betweerétector and the x-ray tube (Figure 22
b)).
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Figure 22: Doserate variations measur ed with single axial scan with the CT-SD16 in da) central hole and
ab) peripheral hole.

20



The calculated CTDI factor k was 1.61. For compmarighe CTDI factor k was also calculated
using measurements with a pencil ion chamber. €keltrwas 1.08. The doses measured in
all the holes in the head phantom with the pemwcilchamber were almost identical. With the
CT-SD16 the signal in the center hole was halfllee of the signal in the peripheral holes.

Hence the test showed that it was not possibledeive the CTDI factor k with this method
for CT-SD16.
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4. Discussion

4.1 Axial sequential scansversus helical scans

It was shown that the dose profile could be snead with both axial sequential scans and
helical scans theoretically. The reason why thesqosfile measured with a helical scan was
a little bit lower than the one made with axial seqtial scans could be due to a combination
of low signal resolution and the sampling speedHerhelical scan.

The detector electrometer integrates the dagesignal each 0.5 ms with a dynamic range
of 20 bits for each sample. When the template e dbftware “CT-SD16 1906” for CTDI
measurements was used the 20 bits is scaled dotie toost valid 8 bits for the wave form
data that is used to plot the dose profile. Fordibge template, the dynamic range of 20 bits is
kept hence the number of discrete values thatigmalscan take were different for the both
measurements. The discrete steps could easilydpeagsehe tails of the dose profile measured
with a helical scan (Figure 13). At its peak thmsealiscrete step for many measurements was
obtained which made the peak flat compared to #ek pmeasured with axial sequential
scans. The measurements with axial sequential stidnsot calculate the signal in a point
from waveform data, it obtained it from a wholeatain and kept 20 bits resolution. It would
have been better if the helical scan was measurtbdive same signal resolution.

The software “CT-SD16 1906” had a maximum of06damples during one scan
independent of the scan length. In this measuremenan length of 800 mm was used. (This
does not show in Figure 13 because the long t#il mo signal in the end was removed). The
distance moved during sampling timébecame quite long, about 1.26 mm, which smoothed
out the signal measured. This was especially shovthe top of the dose profile where the
axial sequential scans were sampled in very sneggissof 1 mm. Possibly the dose profiles
would fit more exact into each other if the numbesamples could be increased or the scan
length was shortened. Despite this, the resultquéie good since the difference between the
dose profiles was not more than 1.02 %.

4.2 Evaluation of CT-SDD2

The two probes CT-SDD2 and CT-SDD2 (2x2) measwalmost identical dose profiles
after the correction was done for the CT-SDD2. Timeasurements were done in a neck
support which affected the dose profile. In oradeavoid a jagged profile it would be better to
have used a phantom that was free in air insteposifioned in a neck support. Still, the dose
profiles were similar. When a scan of a real patedd is done, the neck support is used
which makes it illustrative in that sense. The ER is dependent on which direction the
probe is moved through the gantry because of theecwn. The CT-SDD2 (2x2) is
independent of the direction of the scan.

The comparison of the CT-SDD2 (2x2) and the @&s done using a phantom that was
hung from the table. The area under the dose psotihly differed with 1.0 % and the dose
profiles looked almost identical. This showed tteg dose profile measured with the probe
was correct.

Regarding the angular dependence, the CT-S2®2) (had a signal at zero degrees that
was 6 % lower than at £15 degrees with a filtratwdr2,5 mm Al. With a filtration of 7 mm
Al the angular dependence was decreasing to 5 %t@dd% with 10 mm Al. To futher
reduce the angular dependence the aluminium sheth® probe could be made a little bit
thinner at the position of the detector. The thmakiminium would not attenuate as much
radiation, which could result in a straighter cumvédigure 17 a) and 18 a) and there would be
less angular dependence. The angular dependenteef@T-SDD2 was quite huge but was
already compensated for with a correction in thitwsoe. The reason why the pencil ion
chamber had an angular dependence for a 5X5fiefd may depend on the possibility that
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part of the rotation table got into the field f@arde angles and therefore contributed with
scattered radiation. A smaller radiation field ddolbave been used to eliminate that risk, so
even for the measurements with the CT-SDD2 andfhe&SDD2 (2x2). With a 20x20 ¢m
field was the rotation table always in the field.

The rotation symmetry was good for the CT-SDRR2) and the CT-SDD2 which is
important for a detector that measures the irraiairom a rotating x-ray tube. The signal
was noisy due to the detector and electrometeendise method should maybe be changed
to one where only one rotation instead of thredase with higher mA and a very stable
generator.

It should be noted that the dose profile measurésneerformed in this work was made by
moving the probe and the phantom through the CTcdfopletely resemble the measurement
situation with the pencil ion chamber, only thel@should be moving through the CT while
the phantom should be fixed. To what extent the tmeasurements leads to different dose
profiles is not clear, but it can be assumed tivatesonly the multiple-scattered radiation is
affected, the difference is not large.

4.3 Underestimation of dose

CTDhgo measured in one head phantom with 20 mm beam@ilbn did not only miss
12.3 % of the dose in CTDI (Table 1), when two hegalthntoms were used the
underestimation was increasing to 21,3 %. Maybddted Scatter Ratio would increase even
more if a couple of body phantoms were placed #fietwo head phantoms to more correctly
simulate a patient. The reason why only head pnasiteere used in this work was because a
group in Boston, USA, was studying the Scatterdfati one and more body phantoms [18].

CTDhgo is known to be an underestimated dose value ihaamtpm. When a CT system
only had beam collimation up to 20 mm this undemestion was constant. CTRb is used to
calculate DLP which is a dose parameter that cansed to calculate a broad estimation of
the effective dose by multiply DLP with a conversitactor [7]. The conversion factor is
specific for different regions of a body and isccadted by Monte Carlo simulations. As long
as the underestimation in CTigy is constant the conversion factor can be used Wheam
collimation of 40 mm the underestimation was nobstant any more. A correction in the
conversion factor must probably be made to getctireect effective dose for larger beam
collimation than 20 mm. More measurement shoulthbde to confirm that this is really true.

It would have been interesting to measure tbsedprofile in a CT with larger beam
collimation than 40 mm but access to such CT wasawailable.

The Scatter Index was 1.09 for one head phantemboth 20 and 40 mm beam
collimation. This means that if a measurement isedoith one head phantom on the same CT
and the Scatter Index shows 1.09, the total ScBtép is at least 1.27 or 1.28 depending on
what beam collimation that was used. This is showFable 1.

4.4 A new way of QA

The CTDI factor k for a head phantom was appnaxely 1 for CT systems using a SFOV
of 25 cm. In this case there was no difference betwCTD]oo and CTDIw. That is not the
situation for the body phantom which has anotheDCfactor k > 1. The CTDI factor k is
specific to a certain type of CT and its equipm&mnth as neck support etc. An improvement
in the software “CT-SD16 1906” would be to changea that the scan length, name of the
CT system and type of phantom must be chosen bdfmremeasurement. A table that
contains the CTDI factor k for all CT systems arthmtoms can be made and put in the
software. It would then be possible to get C},DCTDI, and DLP after only one
measurement. The time consuming process to g&iTid,,, with a lot of running in and out
of the examination room, can thereby be reduceds iBhnot only a method that makes the
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QA faster with the probes, it can also be usedferion chambers. A simulation of how this
faster “one shot method” would look like can bersieappendix B.

The method to get the CTDI factor k using thebpes and single axial scans did not work
because of the different detector sizes. The 100lomgy pencil ion chamber collected much
more scattered radiation in the phantom holes thar0,3 mm long detector. The pencil ion
chamber measured a part of the dose profile an€CTh&D16 measured only the dose in a
point so these were not similar measurements alttéfhe dose and the dose rate variation in
a small point in the phantom can however be studsitg this method with CT-SD16.

When the energy dependence has been solvadht be possible to get the CTDI factor k
from measurements of axial sequential scans ihadls. Until then the CTDI factor k can be
received with standard CT{pmeasurements with a pencil ion chamber.
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5. Conclusion

In this thesis, two detectors for measuremehtkse profile and CTDI were evaluated.

The detectors make it possible to measure a gogfile with a helical scan. The dose
profiles measured with the two detectors had tmeesahape as measured with a calibrated
liquid ion chamber. Both detectors had good rotatsymmetry. The detector called CT-
SDD2 (2x2) was to be preferred because it was apenident on the direction of the table
movement, did not have much angular dependenceantdheasure in the peripheral holes.

It seems that the amount of underestimated @o$&lDlyoo is not the same for a beam
collimation of 20 mm and 40 mm. Effective dosescakdted by DLP for 40 mm beam
collimation may not be correct with the presentwasion factor.

The software “CT-SD16 1906” may be upgradedhsd a table of Scatter Ratio for many
phantoms in a row is coupled to the Scatter Indexértain CT systems and phantoms.

With one helical scan the detectors can meath@edose profile, FWHM of the beam
collimation, Scatter Ratio and Scatter Index inead phantom in a CT. Once the energy
dependence is known it is also possible to rec€vBl, CTDI,, CTDIl and DLP with the
same helical scan if the special CTDI factor ktfa particular CT system is known.

25



6. Acknowledgments

| would like to thank:

my fantastic supervisors Lars Herrnsdorf, SimoriksSon, Magnus Bath and Jonny
Hansson for great guidance trough this project.

everyone in the “x-ray corridor” at the DepartmehRadiation Physics at SU and
everyone at RTI for a pleasant working environment.

the staff at CT room 15 and 24 at SU in Gotebordefting me borrow their CT
systems

Jonas Andersson and Love Kull who helped me wighntieasurements in Umea.
EU prodject “MAL 1” 2006-2007 and Mid Sweden Unisiy who built the small
PIN diode detector.

26



1)

2)

3)

4)

5)

6)

7)

8)

9)

7. References
Leitz, W., Jonsson, HRatientdoser fran rontgenundersokning&SI report
2001:01, 2001

Linton, O.W., Mettler, Jr, F.ANational Conference on Dose Reduction in CT,
with an Emphasis on Pediatric PatienfsJR 2003;181:321-329

http://www.dagensmedicin.se/nyheter/2007/06/206ratédatortomografigors
/index.xml(2007-12-12)

Stralskydd 118, Riktlinjer for remittering till bitiagnostik(ISBN 92-828-
9460-6) Byran for Europeiska gemenskapernas offficigpublikationer,
Luxemburg, 2001

Vrieze, T.J, Primak, A., Bruesewitz, M.R, Zhang, McCollough, C.H..CT
Dosimetry: A Comparison of Measurement Techniqueb Revice RSNA
poster 1249325.gxd, 2006

Nagel, H.D (editor),Radiation Exposure in Computed Tomographﬁﬁ‘
edition, CTB Publications, Hamburg, 2002

Morin, R.L, Gerber, T.C, McCollough, C.IRadiation Dose in Computed
Tomography of the HearCirculation 2003; 107:917-922

http://www.drs.dk/guidlines/ct/quality/mainindexan{2007-12-30)

Karlsson, H,Development and evaluation of a new detector arftvace for
measurements of CT dose profile, CTDI and CT tubeent variation
Goteborg University, 2004

10)Herrnsdorf, L, Initial study of a CT QA-method to determine sgataxiation

in X-ray focus position (flying focus and collinmt) and CT gantry
vibrations Eur Radiol. Suppl. 2006;16:C-699, Supplement 1.

11)www.rti.se (2008-01-08)

12)Herrnsdorf, L., Bjork, M., Cederquist, B. and Matia, C., Thungstrom, G.,

13)Herrnsdorf, L., Cederquist, BA study of energy dependence for a few

Frojdh, C.,Aspect of point dose profile measurement usingl Stéite detector
in charactheristic of computed tomograp@908, To be published

common used CT chambers and CT slice probes mebasueer and in CTDI
head and body phantqra008, To be published

27



14)Wickman, G. Liquid ionization chambers, on their design, phgbproperties
and practical applicationUmea University medical dissertations. Umea 1991,
New series 314-ISSN 0346-6612

15)Johansson, BRecombination processes of ions in dielectric diguiA study of
their influence on dosimetry and RBE determinatwith liquid ionization
chambers Umea University medical dissertations. Umea 199%&GN 0346-
6612 487

16)http://www.stuk.fi/asiantuntijapalvelut/mittauspalut/kalibrointipalvelut/sv_F
I/index/ (2008-01-02)

17)Vrieze, T., Bauhs, J., McCollough, Ose of Spiral Scan Acquisitions for CT
Dose Measurements: Selection of Optimal Pitch \&alue Ensure
Reproducible Result&L-PH6115-B05, RSNA 2007 (abstract)

18)Lin, P., CT radiation profile and dosimetry with a small isloktate detector
with 1, 3 and 5 phanton2008,To be published

28



Appendix A

CALIBRATION RECORD

Device: CT-SD16 Serial number: DC1-07030063 2x2
Date of calibration: March 19, 2007
Calibration performed by: Mikael Bjérk

General Information
Scope of calibration: Calibration in terms of air kerma (Ka).
W-value: The reference value of the air kerma as obtained by the primary

standard measurements at PTB is based on (W/e)air=33,97 V.
1 Gy =114,1 R is used to get the R-value .

Climatic conditions: temperature: 238 C pressure: 97,7 kPa

Ref. chamber: Type: Radcal 6cc S/N: 13071
Manufacturer: Radcal
Calibration date: 2005-07-04
Direction of The detector was irradiated perpendicular to the length of the

radiation: probe. The cross, marked O deg at the detector D2, was directed
against the focal spot.

Reference point: 8,5 mm behind the cross at the top marking. The depth is
marked with a rim on the detector side.

SDD: 1001 cm

Point of test: In the central beam at the SDD distance.
Dose rate in point of test is 5,0 +0,2 mGy/s.

Beam | Ref. X-ray - .4 | HVLin Ny in Ni in
quality | KV target Filtration mm Al mGy/nC mR/nc
RP 120 Tungsten 2,5 mm Al 4,40 ,3818 43,56

RQ

1) This is the total filtration including
inherent filtration

The inaccuracy of the calibration factor is less than £3 %.

. Recommended calibration interval is 24 months in
RTI Electronics AB, Sweden accordance with RTI document 5-KA-51025-0, Calibration

Routines, Dese and Dose Rate

Sign: Ref. No.: 07-03-30002-00-23656
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