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Computed tomography (CT) examinations are an essential part of the
diagnostic procedures in radiology. Multidetector CT (MDCT) is becoming more and
more widespread due to advances in technology. Evaluation of radiation risk and
benefit is important in all radiation diagnostic procedures. The organ and effective
doses are the important quantities to assess radiation risk, but an individual CT patient
dose is not possible to be measured exactly. The objective of this study is to determine
organ doses and effective doses in brain, chest and abdomen protocols by Monte
Carlo method using ImPACT CT Patient Dosimetry Calculator version 1.0.
The patient data was collected from 64 slices GE VCT scanner of 60 cases in each
examination in adult male and female. The accuracy of dose calculation was verified
with thermoluminescent dosimeters (TLDs) measurement in Alderson Rando
phantom.

The wverification of the effective dose estimated from TLD dose
measurements for chest and abdomen protocol showed a good agreement within 4.3%
with the Monte Carlo simulation while the brain protocol showed the difference
of 20.5%. For patient data collection, the average patient scan lengths were
13.4+0.65 cm for brain, 34.3+4.99 c¢m for chest and 41.443.13 cm for whole abdomen
examinations. The high organ doses in irradiated field showed 37 mGy in brain and
43 mGy in eye lenses for brain examination, the dose ranged from 12 to 19 mGy
occurred in lung, breast, esophagus, adrenal gland, thymus and heart for chest
examination and the dose ranged from 16 to 22 mGy occurred in colon, stomach,
bladder, liver, adrenal gland, small intestine, kidney, pancreas, spleen, ovaries, uterus
and prostate for whole abdomen examination. The average effective doses were
1.6£0.07 mSv, 7.2+1.03 mSv and 9.7+0.46 mSv for brain, chest and whole abdomen
examination, respectively. The effective doses were about 3 to 25% lower than the
ICRP recommendation. The estimated fatal cancer risks were about 1, 4 and 5
cases for 10,000 populations in brain, chest and whole abdomen examinations,
respectively. The scan length is one of the variable factors that make the high organ
and effective doses in CT examination. The more series of examination is another
factor to increase the CT doses. Estimated organ and effective doses provide an
approximate indicator of potential detriment from radiation for radiologists and
physicians to use as the parameters in evaluating the frequency of scan and suitable
scan length.
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CHAPTER1

INTRODUCTION

1.1 Background and rationale

Computed Tomography (CT) is one of the most important methods of
radiological diagnosis. It displays cross-sectional images of the body, which can show
smaller contrast differences than conventional X-ray images. The development of slip
ring technology allowed for a continuously rotating gantry for spiral CT. The
Multidetector Computed Tomography (MDCT) was introduced in the early 1990s
which the scanner developed from third generation CT geometry in which the arc of
detectors and the x-ray tube rotate together and the evolution of CT from single slice
spiral CT through 4 slices, to 16 slices, up to 64 slices, and nowadays the newly
technology have been grown up to 640 slices. The principle basis of its advantages is
the ability to scan large anatomic range, make faster scan, and reduce examination
times. The growth of MDCT associated with the large number of images per
examination offers many clinical benefits. The MDCT is an imaging tool that is
widely used for examination in most of the organs, it is easy to use for radiologist and
physician, and these reasons are the cause of increasing exposure for populations
rapidly. It constitutes the largest contribution to the radiation exposure of the
population from diagnostic medical sources.

The hazard of ionizing radiation must be considered, CT scans contribute the
higher radiation dose compared to conventional x-ray because the systems designed
for the large volume scanning. The various CT scanning protocols are used for
different examinations and some protocol may contribute the high dose. Moreover,
the numbers of scan in each examination are more than one because routine technique
is analyzed by radiologist and is repeated when physician followed up. The increase
in the number of MDCT has been paralleled by increasing the organ and effective
doses. Those are the important quantities using for estimate risk of radiation-induced
cancers, which focused on dose to individual organs and tissues. The CT patient dose
is not possible to be measured for the exact organ dose and effective dose and the
various kinds of human tissue and organs have different sensitivities for radiation.
The individual dose is also affected by characteristics of patients. To estimate
radiation dose to organs, Monte Carlo radiation transport codes have been developed
to simulate CT examinations.

The objective of this study is to determine organ doses and effective doses in
brain, chest and whole abdomen examinations in 64 slices MDCT for 60 patients in
each group of examination by the Imaging Performance Assessment of CT Scanners
(ImPACT) Monte Carlo calculation method. The accuracy of dose calculation is
verified with thermoluminescent dosimeters (TLDs) measurement in Alderson Rando
phantom.



1.2 Research objectives

To determine brain and body average organ doses in Multi-Detector
Computed Tomography scan.



CHAPTERII

REVIEW OF RELATED LITERATURE

2.1 Theory
2.1.1 Principle of MDCT [1]

Computed Tomography (CT) involves the data collection, image
reconstruction and image display (image manipulation, storage, recording and
communication) of cross-sectional anatomy. MDCT scanners are based on the third
generation CT system design. The basic components of a CT scanner are an x-ray
tube and arc of detectors, mounted on a gantry with a circle aperture they are shown
in Fig.2.1. The patient lies on an integral couch, the X-ray tube and detectors rotate
continuously, while the absorption of X-rays changes following body changes. Image
data can be acquired in sequential mode or in helical mode. Along the patient long
axis there are many rows of these arcs of detectors, giving rise to the term multislice
CT (MSCT) or multidetector CT are also commonly used terms.

a) b)

Fig.2.1 Schematic diagram of the CT scanner.
a) ‘End view’ of the CT scanner b) ‘Side view’ in helical acquisition mode

2.1.2 MDCT system design

By 2004, 64-slice scanners were announced. MDCT scanners have
progressively been increased the number of detectors and reduced scan acquisition
times. Detector array designs were to lengthen the arrays in the z-direction and
provide all submillimeter detector elements: 64 x 0.625 mm (total z-axis length of 40
mm) for General Electric Healthcare (GE) and Phillips models, however, different
vender has different detector design.



a) b)

Fig.2.2 Diagrams of various 64-slice detector designs (in z-direction).
a) GE LightSpeed detector b) Aquillion 16 detector

Most designs lengthen arrays and provide all submillimeter elements. GE
Medical Systems is shown in Fig.2.2a and Toshiba Medical System is shown in
Fig.2.2b.

2.1.3 Quantification of dose in CT [2]
2.1.3.1 Computed Tomography Dose Index (CTDI)

The Computed Tomography Dose Index (CTDI) is the fundamental CT dose
descriptor. It was defined as the integral of the dose profile, D (z), from a single axial
scan along a line perpendicular to the tomographic plane (z-axis) divided by the
nominal slice thickness (T):

CTDI = — [**D(z) - dz @.1)

For the case of MSCT scanners, where N slices of thickness T are acquired
during a single axial scan, the following equation is used

1 +50

CTDIlOO = ﬁ f—50 D (Z) . dZ (22)

CTDI g0 is measured by pencil type ionization chamber with an active length
of 100 mm, both in free air and within two cylindrical polymethylacrylate phantoms
of 16 cm and 32 cm diameter, simulating the head and body of a patient, respectively.
CTDI, o measured with the ionization chamber positioned in free air at the centre of
rotation is referred to as CTDL;.. CTDI. and CTDI, are defined respectively as the
CTDI;o9 values measured with the ionization chamber within the centre and four
positions (12 o’clock, 3 o’clock, 6 o’clock and 9 o’clock) in the periphery (1 cm from
the surface) of the head and body phantoms, which are centrally positioned within the
gantry. All CTDI quantities are given in units of mGy.



2.1.3.2 Weighted CTDI

The weighted CTDI (CTDIw) is used for approximating the average dose over
a single slice and is defined by the following equation, separately for the head and the
body phantoms.

CTDI, = 7 CTDIygoc + = CTDIyg0p (2.3)

Where the average of the four roughly CTDIp values measured in the
periphery of the phantom is used.

2.1.3.3 Volume Weighted CTDI

The volume weighted CTDI (CTDIvol) is used to account for helical scanning
and is defined by the following equation

CTDIy,
Pitch factor

CTDI,, = CTDI,, - =~ (2.4)
Where NT is the total nominal collimation width and I is the table travel per
rotation during a helical scan (pitch factor = I/NT).

2.1.3.4 Dose length product

Dose length product (DLP) is used to calculate the dose for a series of scans or
a complete examination and is defined by the following equation

DLP = YN, CTDI,, X L (2.5)

Where 1 represents each of the individual scans of the examination that covers
a length Li of patient anatomy. DLP is given in units of mGy cm.

2.1.3.5 Equivalent Dose

The equivalent dose (Hy) is a measure of the radiation dose to tissue where an
attempt has been made to allow for the different relative biological effects of different
types of ionizing radiation. Equivalent dose is calculated by multiplying the absorbed
dose to the organ or tissue with the radiation-weighting factor. This factor is selected
for the type and energy of the radiation incident on the body, or in the case of sources
within the body, emitted by the source. The value of radiation weighting factor is 1
for x-rays, gamma rays and beta particles, but higher for protons, neutrons, and alpha
particles. Equivalent dose has units of Sieverts.

Hy = ZT Wg At (2.6)

Where At is the organ dose, Ht is the organ equivalent dose, and Wy is
radiation weighting factor.



2.1.3.6 Effective Dose

Effective dose (E) is a quantity that has been introduced to quantify the
biological detriment resulting from a partial body irradiation, enabling the calculation
of radiological risk. Its calculation is based on the application of tissue-weighting
factors (Wr) on the equivalent doses (Hr) absorbed by the various radiosensitive
organs of the human body. The unit for the effective dose is Sv. That is:

E= YWy -Hp (2.7)

For this study the organ and tissue weighting factors recommended by the
International Commission on Radiological Protection (ICRP) publication 103 [3] are
used as shown in Table 2.1.

Table 2.1 Organ and tissue weighting factors publication 103 recommended of ICRP.

Tissue ICRP 103
Red bone-marrow 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Breast 0.12
Gonads 0.08
Bladder 0.04
Liver 0.04
esophagus 0.04
Thyroid 0.04
Skin 0.01
Bone surface 0.01
Brain 0.01
Salivary gland 0.01
Remainder organ* 0.12

*Remainder organ of extrathoracic region, lymphatic nodes and oral
mucosa, are approximated by thyroid, muscle and brain.

2.1.4 Factors affecting patient dose [4]
2.1.4.1 Scan Parameters
Kilovolts (kV)

Tube potential is the amount of voltage between an x-ray tube’s anode and
cathode. It determines the energy of the x-rays emitted. Higher energy x-rays have a
greater probability than lower energy x-ray of passing through the body and creating
signal at the detector, with all else being equal, higher kV means less noise. However,
these high energy x-rays are absorbed by the body, they deposit more energy than
lower energy x-rays and therefore, contribute more patient dose. For the same scan
parameters, changing the kV from 120 kV to 135 increases the dose by about 33%.



mAs ( milliampere-second)

The tube current or mA, determines the number of x-rays the tube produces.
Combined with the gantry rotation time, this represents the total x-ray output of the
tube per rotation or mAs. Adjustment of the mAs decreased in half will reduce the
patient dose by a factor of two.

CT pitch and Helical pitch

Beam pitch is defined as the distance that table travels in a rotation divide by
the total active detector width in z direction. Helical pitch is the same except it
divided by the individual channel thickness rather than the nominal collimation. By
either definition, the higher pitch, the faster table moves through the x-ray beam and,
consequently, the lower dose to the patient. MDCT scanners are different from the
single slice scanners with respect to pitch. Fig.2.3 shows the effect of different pitch
to patient dose. Compared to pitch equal 1 (a), the patient receives lower dose for
pitch equal 2 (b) and higher dose for pitch equal 0.5 (c).

a) Pitch =1 b) Pitch =2 c¢) Pitch =0.5
Fig. 2.3 The effect of pitch on patient dose.

For the same kV and mAs, higher beam pitch values (>1) spread the x-rays out
and reduce dose while lower beam pitch (<1) concentrate the x-ray, increasing the
dose.

mAS.g (Effective mAs)

The effective mAs is simply the mAs divided by the pitch. However, since
pitch affects the patient dose, mAs by itself does not completely represent the number
of x-ray entering the patient. By dividing the standard mAs by beam pitch, a value
that is proportional to the patient dose on a given scanner is derived.

mAs

Ef fective mAs = iteh (2.8)




Collimation

For the multislice scanning, there are many combinations of slice width and
number of slices that may be used to acquire the scan volume. With all collimations
on multislice system, the actual x-ray beam is slightly wider the nominal beam width.
This is to ensure that the detectors on the edge of array receive uniform x-ray
coverage, resulting in a small amount of unused radiation called penumbra. The total
amount of penumbra is the same regardless of the nominal beam width. Therefore, the
larger beams gave the extra radiation from the penumbra.

2.1.4.2 Examination Parameters
Scan length (L)

The local dose, i.e. CTDI, is almost independent of the length of the scanned
in body section. The same local dose not hold, however, for the integral dose
quantities, i.e. DLP and effective dose. Both increase in proportion to the length of the
body section. Therefore, limiting the scan length according to the clinical needs is
essential.

Number of scan series

In CT terminology, a scan series is usually refer to as a series of consecutive
sequential scans or one complete spiral scan. If the same protocol settings are applied
to each series, the local dose will always be the same, while the integral dose is the
sum of the DLP or effective dose values of each series. Therefore, it would not make
a difference if the body section is scanned as a whole or in several shorter subsections
except for overranging effects that will increase proportional to the number of
subjections. The multi-phase exams result in an increase in integral radiation exposure
that is roughly proportional to the number of phases.

Devices for Automatic Dose Control [5]

The types of AEC used for tube current modulation can be performed using
one or more of three basic methods: patient size AEC, z-axis AEC, and rotational
AEC. (Fig.2.4)

-Patient-Size AEC and Z-axis AEC

Scan projection radiographs (topographic views) are applied in patient-size
and z-axis AEC and are used mainly for the assessment of the size and attenuation of
the patient. In patient-size AEC, the tube current is adjusted based on the overall size
of the patient to reduce the variation in image quality between small patients and large
patients.



-Rotational or Angular AEC

Rotational or angular dose modulation involves varying the tube current to
equalize the photon flux to the detector as the x-ray tube rotates about the patient. In
angular dose modulation, more dose modulations occur in asymmetric regions and the
variation in image noise throughout the examination can be minimized.

a) b)

c) d)

Fig.2.4 Three levels of automatic exposure control. a) patient size AEC
b) z-axis AEC c) rotational AEC d) combined effects of using all three levels of AEC.

-Noise Index—based AEC

The current AEC system from GE has two elements: Auto mA provides the
patient-size and z-axis AEC elements, and Smart mA provides the rotational AEC
element. Users need to understand that image noise is inversely proportional to the
square of the tube current. The noise index is used to set the estimated tube current,
producing a noise level in reconstructed images that is based on anticipated patient
attenuation from topograms. This system also aims to maintain a constant image noise
level in each section.

2.1.5 The ImPACT program [6]
2.1.5.1 Introduction

This spreadsheet is a tool for calculating patient organ and effective doses
from CT scanner examinations. It makes use of the NRPB (The National Radiological
Protection Board) Monte Carlo dose data sets produced in report SR250. SR250
provides normalized organ dose data for irradiation of a mathematical phantom by a
range of CT scanners. As SR250 was produced in 1993, it does not include data for
more modern scanners. To overcome this problem, physicists in the United Kingdom
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and Europe carried out the InPACT CT scanner dose survey. This work provides a
method for 'matching' the dose distribution of newer scanners to scanners included in
SR250. The matching results are included in this spreadsheet. As new scanners are
introduced, their matches will be included in updates to this spreadsheet.

2.1.5.2 Worksheet

CT Dosimetry calculation program consists of 12 worksheets as shown in

Fig.2.5.

AW N~

10.

11.

12.

Introduction: Provides an introduction and instructions to use

Scan Calculation: Selects data entry and shows results sheet

Pediatric: Inform relative doses to adult and pediatric patients

Phantom: Allows interactive selection of the scan range used for dose
calculation using a diagram of the phantom used to generate SR250
Scanners: Provides data on CT scanner models, including CTDI in air and
phantom, as well as the scanner matching data

Match Data: Gives data required to perform the scanner matching in the
Scanners worksheet

Collimation: Lists relative CTDI values at different collimations for a
range of CT scanners. These values are more useful for multi-slice
scanners, as the CTDI can vary considerably over the range of available
collimations

Monte Carlo Data: Contains the unformatted SR250 data set

Doses: Contains the formatted dose data from the SR250 data set that is
currently loaded

Dose Calculations: Performs the organ dose calculations, and calculation
of remainder organ doses etc.

Selections: Provides data for the drop down selection boxes in the Scan
Calculation worksheet, and performs calculations for 'remainder' organ
doses

Version: Details the changing in each version, from version 0.99¢ onwards

There are also a number of Visual Basic macros used by CTDosimetry, held in
the modules Phantom Diagram, Scanner Selection and Update Data Set.
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Fig.2.5 The ImPACT Patient Dosimetry Calculction Program.
2.1.5.3 Using CT Dosimetry Calculator

To calculate doses using CTDosimetry.xls, the user must enter a number of
parameters relating to the scanner and the scan series. The following four selections,
made in the top left box on the Scan Calculations worksheet defined the Monte Carlo
data set that is used:

1. Manufacturer: Select the scanner manufacturer from the drop down list

2. Scanner: Select the scanner model or scanner model group for the drop
down list

3. kV: Choose the appropriate scan kV

4. Scan Region: Choose head or body

The Monte Carlo data set that is used for this combination of scanner, kV and
body part is displayed in the cell marked 'Data Set'. The data set that is currently
loaded is displayed below. If these do not match, no dose is calculated. To load the
appropriate data set, and enable dose calculation, press the 'Update Data Set' button.
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11.

12.

13.

14.

15.

16.
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Tube current: The x-ray tube current. Note that this should be the actual
scanner mA, and not the 'effective mAs' displayed on some multi-slice
scanners

Rotation time: The scanner tube rotation time

Spiral pitch: The scanning pitch (table travel per rotation/total collimated
slice width). For axial scanning, (couch increment)/ (collimated slice
width) should be used

mAs/rotation: Do not enter data in this box (it is calculated automatically)
Effective mAs: The mAs/per rotation divided by the spiral pitch. This is a
calculated value that provides a basis for comparison of spiral protocols
with different pitches

Collimation: The total nominal x-ray beam width along the z-axis, selected
from a range of possible values in the drop down box. This determines the
relative CTDI compared to the reference (usually 10 mm) collimation

Rel. CTDI: The CTDI at the selected collimated x-ray beam thickness,
relative to the CTDI at the reference collimation (usually 10 mm)

CTDI (air): The free in air CTDI;( value (in mGy/100mAs), as defined in
EUR 16262: European Guidelines on Quality Criteria for Computed
Tomography, pub. European Commission. CTDI values for most of the
scanners are listed on the Scanner Worksheet. Pressing the 'Look up'
button will enter the value in this cell. The value in this cell is corrected for
the relative CTDI value in the cell above

CTDI (soft tissue): The CTDI to ICRU muscle, used as an approximation
to the dose to soft tissue within the body. This is the CTDI(air) x 1.07 for
CT scanner energies

2CTDIy: Weighted CTDI measured in a standard CTDI phantom
(normalisedfor 100 mAs)

nCTDIL, = (CTDlenter + 2CTDlperipnery)/3 (EUR16262)
CTDIy: Weighted CTDI measured in a standard CTDI phantom.

CTDI, = (CTDIcenter + 2CTDlperiphery)/3 (EUR16262)
CTDl,,: Volumetric CTDI, given by

CTDI,,, = CTDI,, /Spiral Pitch

17. DLP: Dose Length Product, given by

DLP = C(TDI,, X Scanlength
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18. Start Position: The start position of the scan series. The diagram on the
Phantom worksheet shows the position of the phantom's organs relative to
the number scale, which is 0 at the base of the trunk in example. This
value can be entered manually in the worksheet, or can be taken from the
shaded area on the Phantom worksheet diagram. This can be adjusted
using the up and down arrows. Pressing the 'Get from Phantom Diagram’
button enters these values into the start and end position boxes in Scan
Calculation.

19. End Position: The end position of the scan series - Note that this should
include the slice thickness, so, for example, a single Smm slice 20cm from
the base of the trunk would have a start position of 20, and an end position
of 20.5cm. Start and End position values are interchangeable.

20. Organ weighting scheme: The calculation of effective dose is governed by
the weighting of doses to individual organs according to tissue weighting
factors given in ICRP publications 60 and 103. Changing this value alters
the organ weighting factors and organs used in effective dose calculation.

When the above values are entered, the doses to each of the individual organs,
as defined by the SR250 data set appear in the cells below the scan parameters. These
are combined according to the tissue weighting factors given in ICRP publications
103, to calculate an effective dose. In addition, the weighted CTDI (CTIDy,), volume
CTDI (CTDI,,) and dose length product (DLP) are also displayed. Note that not all of
the organs listed in ICRP publication 60 and 103 are included in NRPB SR250. In
order to approximate dose to the esophagus, salivary gland and prostate, the thymus,
brain and bladder doses are used. The dose for muscle is approximated from the total
body dose - dose to all other organs and contents. Three organ doses included in the
ICRP 103 definition of remainder organ; extrathoracic region, lymphatic nodes and
oral mucosa, are approximated by thyroid, muscle and brain.

2.1.6 Thermoluminescent dosimetry [7]

Thermoluminescent (TL) is defined as a phenomenon of the visible photons
released by thermal, and this characteristic was used for radiation dosimeter, the
phenomenon is shown in Fig.2.6.

Fig.2.6 A simplified energy level diagram of thermoluminescence process.
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The TLDs which present the small size, good energy dependence, good
sensitivity and large useful dose range of TLDs are key advantages. Many crystalline
materials exhibit the event of thermoluminescence used in TLDs. As the direct
measurement of dose is possible under conditions in which other forms of dosimetry
are not practically.

There are several thermoluminescence phosphors available but the most
noteworthy are lithium fluoride (LiF), lithium borate (Li,B407), and calcium fluoride
(CaF,). Of these phosphors, LiF is most extensively studied and most frequently used
for clinical dosimetry. LiF in its purest form exhibits relatively little
thermoluminescence. But the presence of a trace amount of impurities (e.g.,
magnesium) provides the radiation-induced thermoluminescence. These impurities
give rise to imperfections in the lattice structure of LiF and appear to be necessary for
the appearance of the thermoluminescence phenomenon, this study used the
TLDs-100 crystal doped with magnesium and titanium (LiF:Mg,Ti)) for the organ
dose measurement in Rando phantom.

TLD-100 is a type of radiation dosimeter that measures the ionizing radiation
exposure. Before they are used, TLDs need to be annealed to erase the residual signal.

A basic TLD reader system [8] consists of a planchet for placing and heating
the TLD, a PMT for detecting the thermoluminescence light emission and converts it
into an electrical signal linearly proportional to the detected photon fluence and an
electrometer for recording the PMT signal as a charge or current it is shown in
Fig.2.7.

RADIATION DOSIMETERS

Electrometer
HvV .
Thermoluminescence ~ charge

PMT

./1|
TLD — p— E_li

Heater

Fig.2.7 Diagram of TLD reader.

The thermoluminescence intensity emission is a function of the TLD
temperature. Keeping the heating rate constant makes the temperature proportional to
time, and so the thermoluminescence intensity can be plotted as a function of
temparature if a recorder output is available with the TLD measuring system. The
resulting curve is called the TLD glow curve which is shown in Fig.2.8. The total
thermoluminescence signal emitted can be correlated to dose.
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Fig. 2.8 A typical thermogram (glow) of LiF:Mg,Ti
measured with a TLD reader at a low heating rate.

The arrangement for measuring the thermoluminescence output is shown
schematically in Fig.2.9. The irradiated material is placed in a heater cup or planchet,
where it is heated for a reproducible heating cycle. The emitted light is measured by a
photomultiplier tube (PMT) which converts light into an electrical current. The
current is then amplified and measured by a recorder or a counter.

Fig.2.9 Schematic diagram apparatus for thermoluminescence dose measurement.
2.1.6.1 Calibration of thermoluminescent dosimeters [9]

The purpose of calibrating a TLD instrument is to produce consistent and
accurate reading in dosimetrically meaningful units. The calibration process involves
the following 3 steps.

A) Generate calibration dosimeter

In this process, an element correction coefficient (ECC) is generated by using
a set of dosimeters, typically 1-2% of the total population to be calibration dosimeters.
They are identified and segregated from the field dosimeters. All dosimeters are
annealed to clear them all residual exposure. Duration time between annealing and
exposing should be the same for all dosimeters. After being exposed to the known
radiation dose, the charge integral value ( Q;) in nanocoulomb (nC) of each dosimeter
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(i) is read out and recorded. Then the average charge integral Q of all dosimeters is
calculated and the element correction coefficient (ECC;) for individual dosimeter i (i =
1, 2, 3,..., n) is computed by dividing the average charge integral by the individual
charge (Q;) as:

ECC, = Qi (2.9)

B) Calibration of TLD reader

A group of dosimeters about 1 — 2 % of dosimeters in (A) which have ECC;
value close to 1 are chosen to be calibration dosimeters. The calibration dosimeters
are exposed to known amount of radiation dose (D) in grays and read by TLD reader.
As (Q;) is the reading for the dosimeter i, the corrected charge integral (Q;) of the
dosimeter is calculated by:

Qci = Qi X ECC; (2.10)

Then the reader calibration factor (RCF) is calculated from the equation:
_ Qc

RCF = > (2.11)

When Q_the average is corrected charge integral and calculated by:
1
Q = =X, 0 (2.12)
C) Calibration of dosimeter

The rest of the dosimeter [number of the dosimeters in (A) — number of
dosimeters in (B)] is used as field dosimeters. They are exposed by the known
radiation dose of D grays and read by TLD reader. The calibration value of element
correction coefficient for individual dosimeter (ECC,;) is then calculated by:

ECCCL' — RCF XD

(2.13)

i
2.1.6.2 Determination of unknown radiation dose

The field dosimeters in 2.13 (C) are used to measure unknown radiation dose.
The unknown dose D in Grays is calculated by using ECC,; from the equation:

p = H22d (2.14)
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2.2 Review of related literatures

Calzado A et al [10] determined organ doses from a set of frequent third
generation CT examinations by the measurements in a physical anthropomorphic
phantom by using TLD dosimeters which calibrated by '*’Cs source and compared
with the calculation by Monte Carlo techniques using mathematical phantoms and CT
regional survey doses under the same examination techniques based on protocol of
Phillips Tomoscan TX scanner at 120 kV. The result showed the eye lenses doses
during head examination were 32.2 mSv, 35.6 mSv and 29.0 mSv for measured,
calculated and deduced from the survey, respectively. For head examination, effective
dose was 1.07 mSv, 1.14 mSv, 1.08 mSv for measurement, calculation and survey,
respectively. For chest examination, effective dose was 4.30 mSv, 5.58 mSv, 5.57
mSv for measurement, calculation and survey, respectively. For abdomen
examination, effective dose was 14.5 mSv, 11.6 mSv, 8.03 mSv for measurement,
calculation and survey, respectively. For pelvis examination, effective dose was 12.7
mSv, 13.7 mSv, 6.81 mSv for measurement, calculation and survey, respectively. The
uncertainty of average organ and effective doses estimated from the measurement
ranged from about 10% for small and superficial organs to more than 20% for the
internal larger organs, such as liver or lung. In the case of calculations, the overall
uncertainties of average organ doses were 18 -25% and estimated from the survey was
larger difference in abdomen and pelvis CT examination when they compared with
measurement and calculation.

Fujii K et al. [11] studied the evaluation of organ and effective doses to
patients undergoing routine adult and pediatric CT examinations with 64-slice CT
scanners and compared the doses between the 4, 8, and 16 multislice CT scanners.
Patient doses were measured with small silicon photodiode dosimeters, which were
implanted at various tissue and organ positions within adult and 6-year-old child
anthropomorphic phantoms. Output signals from photodiode dosimeters were read on
a personal computer, from which organ and effective doses were computed. For the
adult phantom, organ doses (for organs within the scan range) and effective doses
were 8—-35 mGy and 7-18 mSv, respectively, for chest CT, and 12-33 mGy and 10—
21 mSyv, respectively, for abdominopelvic CT. For the pediatric phantom, organ and
effective doses were 4—17 mGy and 3—7 mSv, respectively, for chest CT, and 5-14
mQGy and 3-9 mSv, respectively, for abdominopelvic CT. Doses to organs at the
boundaries of the scan length were higher for 64-sliceCT scanners using large beam
widths and/or a large pitch because of the larger extent of over-ranging. The CTDI,,,
DLP and the effective dose values using 64 slice CT for the adult and pediatric
phantoms were the same as those obtained using 4, 8 and 16 slice CT. Conversion
factors of DLP to the effective dose by ICRP 103 were 0.024 mSv'-mGy'-cm™ and
0.019 mSv-mGy " -cm ' for adult chest and abdominal pelvic CT scans, respectively.
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Lo GG, et al [12] compared the effective dose for patient undergoing new-
generation computed tomography and 64 slice GE VCT MDCT using protocol of
manufacture setting. Patient dose estimated as the product of the measured dose-
length product and the corresponding conversion coefficient for each type of scan.
The results showed the average radiation dose of 1.9 mSv for brain, 6.9 mSv for
thorax, 13.4 mSv for abdomen biphasic, 20.9 mSv for abdomen triphasic, and 9.3
mSyv for urogram scans. For 64-slice MDCT, they were 3.4 mSv for brain, 24.7 mSv
for thorax, 38.9 mSv for abdomen biphasic, 53.9 mSv for abdomen triphasic, and 18.3
mSyv for urogram scans. The effective doses of new-generation computed tomography
delivered a significantly lower radiation dose to patients than with 64-slice MDCT.

Ngaile JE, et al. [13] determined the radiosensitive organs doses undergoing
CT examinations of Philips Medical Systems Tomoscan SR 4000, Tomoscan M-EG,
Siemens Medical Systems Somatom Plus 4, Somatom AR Star, GE Medical Systems
CT/e, CT Max 640 scanners and assessed CT scanning protocols in practice. The
mean organ doses in their study for the eye lenses (for head), thyroid (for chest),
breast (for chest), stomach (for abdomen), and ovary (for pelvis) were 63.9 mGy, 12.3
mG@Gy, 26.1 mGy, 35.6 mGy, and 24.0 mGy, respectively. These values were mostly
comparable to and slightly higher than the results with other studies, that reported
from the literature for the United Kingdom, Japan, Germany, Norway, and the
Netherlands because of the larger scan length of examination.

Tsapaki V, et al. [14] measured the radiation doses of head, chest, and
abdomen examination and compared the results with the diagnostic reference levels,
as part of the International Atomic Energy Agency (IAEA) Research coordination
project. All scanners were helical single-section or multidetector CT systems, data
was collected included patient height, weight, sex, and age; tube voltage and tube
current-time product settings; pitch; section thickness; number of sections; weighted
or volumetric CT dose index; and dose-length product (DLP). The effective dose was
estimated and serving as collective dose estimation data. Mean CTDI,, and DLP were
39 mGy and 544 mGy.cm, respectively, for head CT; 9.3 mGy and 348 mGy.cm,
respectively, for chest CT; and 10.4 mGy and 549 mGy.cm, respectively, for
abdominal CT. These results were lower than the European diagnostic references
levels values. The effective dose estimate was determined by using DLP measurement
multiply with normalized coefficients found in the European guidelines for CT. The
summary of result of effective doses was 1.2 mSv for head, 5.9 mSv for chest, and 8.2
mSv for abdomen. The newer scanners have improved technology that facilitates
lower patient doses.
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Brenner DJ, et al. [15] studied the increasing number of CT scans, the
associated radiation doses, and the consequent cancer risks in adults and particularly
in children. Although the risks for any one person are not large, the increasing
exposure to radiation in the population may be a public health issue in the future. The
authors determined that CT involved larger radiation doses than the more common
conventional x-ray imaging procedures. The organ dose determined the level of risk
to the organ, the estimated organ doses were 15 millisieverts (mSv) in adult and 30
millisieverts (mSv) in neonate for single CT scan, with an average of two to three CT
scans per study. The data of atomic-bomb survivors, who received low doses of
radiation, illustrated the radiation dose range from 5 to 150 mSv and the mean dose
was about 40 mSv. The organ dose of epidemiologic study resulted in the dose
range of 30 to 90 mSv. The organ doses of both atomic-bomb survivors and
epidemiology were approximated the relevant organ dose from a typical CT study
involving two or three scans in an adult.



CHAPTER 111

RESEARCH METHODOLOGY

3.1 Research design
This study is an observational cross-sectional study.

3.2 Research design model

Fig 3.1 Research design model.

3.3 Conceptual frameworks

Fig. 3.2 Conceptual frameworks.
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3.4 Keywords

Organ dose

Multidetector Computed tomography
Monte Carlo simulation
Thermoluminescent dosimetry

3.5 Research question

What are the average organ doses attribute from brain and body Multidetector
Computed Tomography?

3.6 Sample size determination

3.6.1 Target population

The patients underwent 64 slices MDCT at department of Radiology,
Rajavithi Hospital.

3.6.2 Eligible criteria

Inclusion criteria
The out-patient of over 20 year old who was scanned in brain, chest and
abdomen examinations.

Exclusion criteria
The in-patient and out-patient of under 20 year old.
3.6.3 Calculation of sample size

Sample sizes from 30 cases of pilot study are calculated from continuous data
based on the formula and construct 95 % (CI) confidence interval (a = 0.05,
Zypn =1.96)

Zza/z XO'Z

n = 72

3.1)

Sample size of chest examination

o =SD (standard deviation from mean )= 31.65+ 7.32 cm
d = Acceptable error of scan length 2 cm

n = (1.96)*x (7.32)
2y

n = 53 cases
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Sample size of abdomen examination
o = SD (standard deviation of average) = 36.50 = 7.45 cm

d = Acceptable error of scan length 2 cm

n = (1.96)" x (7.45)
@y’
n = 53 cases

Sample sizes for brain scans, there are less different in scan length, the
calculated sample size is very small. However, the same sample size with chest and
abdomen will be collected.

3.7 Materials

3.7.1 The computed tomography equipment

The 64 slices MDCT scanner (LightSpeed, VCT, General Electric Medical
Systems, Waukesha, WI, USA) is shown in Fig. 3.3 with maximum kV and mA at
140 and 700, respectively. The machine was installed in 2007, at department of

Radiology, Rajavithi Hospital. The summary of machine specification is shown in
Table 3.1.

Fig. 3.3 The computed tomography equipment.



Table 3.1 Summary of 64 slice LightSpeed GE VCT computed tomography.

Scanner gantry

The technique and application
specification data.

Scanner type

Gantry aperture

Gantry tilt — Sequential / Helical

X-ray generator tube and tube

Power rating

Anode heat capacity

Maximum anode cooling rate

Detection system

Detector type

Detector array configuration

Maximum z-axis coverage

Maximum z-axis coverage with sub-mm slices
Couch

Length and width

Maximum scannable range

Maximum height out of gantry

Maximum weight on couch

Scan parameters

Minimum rotation time in helical mode
Kilovoltage setting

Tube current range at 120/ 130 kV

Image reconstruction

Reconstruction field of view range
Reconstruction matrix

Reconstruction rate for standard head scan 5122
Reconstruction rate for standard body scan 5122
Dose reduction features

Tube current modulation (x-y and z)

Adaptive collimators in helical scanning
Data management and connectivity
Standard total hard disc capacity

Ability to burn images to disc

Rate to image transfer: scanner to workstation
IHE schedule workflow supported
Manufacture’ s performance data

Scan plane limiting clinical spatial resolution
Longitudinal (z-axis) limiting clinical spatial
resolution

Maximum height out of gantry

64 slices, 3™ generation
70 cm
+ 30 degrees

85 kW
8 MHU
2100 KHU/min

Solid state

64 x 0.625 mm width
40 mm

40 mm

285 x 42 mm

70 medium table, 200 long table
43 cm

227 kg

0.4 sec
80, 100, 120, 140 kVp
10 — 700 mA

9.6 —50 cm

512x 512

16 images / sec

Up to 6 images / sec

(x-y and z)
No

584 GB

Yes

Up to 16 images / sec
Yes

0.35 (14.2 Ip/cm @ 4%MTF)
0.35 (14.2 Ip/cm @ 4%MTF)

43 cm
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Table 3.1 Summary of 64 slice LightSpeed GE VCT computed tomography.
(Continued)

Scanner gantry The technique and application
specification data.

Manufacture’s performance data

Contrast resolution: smallest rod size 3 mm@ 0.3% 22.2 mGy CTDI
discernable (mm @ 0.3% contrast @ x mGy

surface dose in Catphan

CTDI,, for standard head scan (mgy/100mAs) 19.3 @ 120 kV

*Do not use for direct dose comparisons

CTDI,, for standard body scan (mgy/100mAs) 8.6 @120 kV

*Do not use for direct dose comparisons

Power requirements

Power requirements (gantry) 3 phase, 380-480 V, 150 kVA
Minimum floor load-bearing 1448 kg/m*

*This table does not reflect the scanner’s dose efficiency. A relative patient dose at
the stated kV can be calculated using this data in conjunction with the recommended
clinical scan parameter (mAs, pitch).

3.7.2 The pencil ionization chamber

The 100 mm long pencil ionization chamber (DCT 10-RS RTI Electronics
AB, Molndal, Sweden) is shown in Fig. 3.4. It is 4.9 cm’ active volumes, 10 cm total
active length, 0.8 cm inner diameter of outer electrode, and 0.1 cm diameter of inner
electrode. It is connected with the electrometer during the measurement.

Fig. 3.4 The pencil ionization chamber.
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3.7.3 The electrometer

The electrometer (Type SOLIDOSE 400, RTI Electronics AB, Molndal,
Sweden) is shown in Fig. 3.5, its leakage is within 4x10™"° Amperes for 80 -150 kV

radiation quality, and the calibration factor Npx equals to 24.2 mGy cm/nC
(120 kV/HWD 4.05 mmAl).

Fig. 3.5 The electrometer.
3.7.4 Monte Carlo simulation program

Dose estimation methodology was based on the NRPB (The National
Radiological Protection Board) SR-250 Monte Carlo simulations. The exposure
factors were entered into the ImPACT (Imaging Performance Assessment of CT
scanners) spreadsheet shown in Fig.3.6, along with CTDI which the measurements
made with an ionization chamber. The spreadsheet used these data and table of
normalized organ doses to estimate the organ dose by matching with the manufacturer
CT machine.

ImPACT CT Patient Dosimetry Calculator
Version 1.0 28/08/2009
Scanner Model: Acquisition Parameters:
Manufacturer:| sg [+] Tube current 330 mA
Scanner: G LightSpeed VCT [+] Rotation time 0.5 s
KW: T120 [+] Spiral pitch 1375 ]
Scan Region:| Body E] mAs / Rotation 193 mAs
Data Set qMCSEUU Update Data Set Effective mAs 144 Imas
Current Data |MCSETO0 | Caollimation Y40 [3 mm
Scan range Rel. CTDI [ Lookup|0.86 Jat selected collimation
Start Position| 20 CIm  Get From Phantom CTOI (air)  Lookup |27.1 mGy/100mAs
End Position |45 Jem Diagram CTDI (soft tissue)  |29.0  (mGy/100mAs
RCTDly Lookup (9.0 mGy/100mAs
|rgan weighting scheme ICRP 103 E]
CTDl,, 177 |mGy
CTDlug 129 |mGy
DLP 323 ImGy.cm

Fig. 3.6 The ImPACT spreadsheet.
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3.7.5 The PMMA (Polymethyl methacrylate acrylic) phantom

The head and body phantom is shown in Fig. 3.7. There are 16 cm of head and
32 cm of body diameter CTDI PMMA phantom. The 10 cm long CT pencil ionization
can be placed in the holes of phantom.

Fig. 3.7 The head and body PMMA phantom.
3.7.6 The Alderson Rando phantom

The Alderson Rando phantom which is shown in Fig. 3.8 incorporates
materials to simulate various body tissue-muscle, bone, lung, and air cavities. It is
made of tissue equivalent material based on a synthetic isocyanate rubber. The
phantom material is processed chemically and physically to achieve a density of
0.985 g/cm’ and an effective atomic number of 7.3 based on the International
Commission on Radiation Units and Measurement (ICRU) [16].

The phantom is shaped into a human tarso and is sectioned transversely into
slices of 2.5 cm each containing a matrix of 0.5 cm diameter holes spaced 3 cm a part.
The lungs and cavities are molded of an air-expanded version of the soft tissue
material having a density of 0.3 g/cm’ and an effective atomic number is the same as
soft tissue [17].

Fig. 3.8 The Alderson Rando phantom.
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3.7.7 The thermoluminescent dosimeter

The TLD used in this study is LiF crystal doped with magnesium and titanium
(LiF:Mg,Ti). It is known as TLD-100, it consists of Li-6 (7.5%) and Li-7 (92.5%).
The TLDs have a nominal density of 2.64 g/cm’® and effective atomic number (Zef) of
8.2, a value close to tissue. TLD chips with the dimension of 3.2 mm x 3.2 mm x 0.89
mm are used for this study. They are shown in Fig. 3.9a. The three pieces of TLD
chips were loaded into the plastic tubes, shown in Fig.3.9b. These tubes with TLDs
were irradiated for TLD characteristic study and dose measurement.

a) b)
Fig. 3.9 The TLDs and plastic tubes.
a) The pieces of TLD chips b) The tubes with TLDs

3.7.8 The automatic TLD reader [9]

The Harshaw model 5500 automatic TLD reader is shown in Fig. 3.10, it is a
personal computer driven, tabletop instrument for TLD measurement. This reader is
capable of reading 50 diameters per loading and accommodates TLD chips, rods and
cubes in a variety of sizes. The reader uses hot nitrogen gas heating with a closed loop
feedback system that produces linearly ramped temperatures accurate within  1°c to
400°. Nitrogen is routed through the PMTchamber to eliminate condensation.

Fig. 3.10 The automatic TLD reader.
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3.7.9 The Cobalt-60 teletherapy machine

The THERATRON 80 °Co teletherapy machine is shown in Fig. 3.11. The
%Co machine was used for TLD sensitivity determination due to the constant
emission of the radiation.

Fig. 3.11 The THERATRON 80 ®Co teletherapy machine.
3.8 Methods

The study was performed in department of radiology at Rajaviti Hospital. This
study carried out into two parts:

Part 1: The organ, effective dose calculation and measurement in
Alderson Rando phantom

1.1 Monte Carlo simulation method in Alderson Rando phantom
1.2 Thermoluminescent dosimetry method in Alderson Rando
phantom
Part 2: The organ and effective dose calculation in patient

2.1 Monte Carlo simulation method in patient

The quality control of the 64 slice GE VCT MDCT equipment was undertaken
before performing the dose measurements. The procedures and results are shown in
appendix B.
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3.8.1 Part 1: The organ, effective dose calculation and measurement in
Alderson Rando phantom
3.8.1.1 Monte Carlo simulation method in Alderson Rando phantom
Computed tomography dose index measurement

The dose measurements were performed for brain and body protocol using
axial scan, 120 kV, 100 mA, 1 sec., 10 mm interval, 10 mm slice thickness, small
head FOV.

A) The pencil ionization chamber which connected to the electrometer
was placed in air at the isocenter of gantry. It is shown in Fig.3.12.

Fig. 3.12 The pencil chamber at the isocenter in air.

B) The pencil ionization chamber was placed at the center of the head
and body phantom. It is shown in Fig. 3.13.

a) b)

Fig. 3.13 The pencil chamber at the center of the head and body phantom.
a) head phantom b) body phantom



30

C) The pencil ionization chamber was placed at the peripheries of the
head phantom. It is shown in Fig. 3.14, a) at 12 o’clock, b) at 3 o’clock, c) at 6
o’clock, d) at 9 o’clock.

c) d)
Fig. 3.14 The pencil ionization chamber at the peripheries of the head phantom.

D) The pencil ionization chamber was placed at the peripheries of the
body phantom. It is shown in Fig. 3.15, a) at 12 o’clock, b) at 3 o’clock, c¢) at 6
o’clock, d) at 9 o’clock.

c) d)

Fig. 3.15 The pencil ionization chamber at the peripheries of the body phantom.
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The organ and effective dose calculation in Alderson Rando phantom

The ImPACT Program shown in Fig. 3.16 is a tool for calculating organ and
effective doses from CT scanner examinations. The CTDI values at center and the
average value at periphery of the PMMA phantom together with exposure parameters,
type and model of CT were put into the InPACT Calculator Program version 1.0 in
order to calculate organ and effective doses. The ImPACT CT software package
coupled organ weighting factors of International Commission on Radiological
Protection (ICRP) publication 103.
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Fig. 3.16 The InPACT CT Patient Dosimetry Calculator Program.

The setting parameters of protocol employed in brain, chest and abdomen
examination are shown in Table 3.2 and slice thickness was 5 mm in all protocols.

Table 3.2 The exposure parameters of the CT protocols used for CT scanning in
Alderson Rando phantom.

Protocol kV mA Rotation Pitch Collimation Scan
time (mm/rotation) (mm) length
(sec) (cm)
Brain 120 200 0.7 0.531 20 14.5
Chest 120 Smart mA 0.6 1.375 40 41
(200 - 300)
Abdomen 120  Smart mA 0.6 0.984 40 40
(200 - 400)

Brain protocol: Ref. noise index 3.80, HVL (head filter) 6.3 mmAI.
Chest and abdomen protocols: Ref. noise index 11.57 and HVL (body filter) 7.5 mmAL
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3.8.1.2 The organ and effective dose by TL dosimetry method in
Alderson Rando phantom

TLD preparation
A) Sensitivity

The sensitivity of each dosimeter was determined by exposing 5 c¢Gy of
cobalt (gamma-ray) to 120 dosimeters. The parameters were set to irradiate at 80 cm
source-axis distance (SAD), 10 cm depth of the virtual water slab phantoms of 30x30
cm’ size including TLD expose box 1.2 cm thickness, no wedge, 12x12 cm? field size,
and 0.09 min exposure time. The procedure is shown in Fig. 3.17.

The charge integral value of each dosimeter was read and the ECC was
calculated according to equation 2.9. The dosimeters that have the ECC values
between 0.9 and 1.1 were selected for using in this study.

a) b) c)
Fig. 3.17 The TLD sensitivity procedures. a) TLDs in calibration box b) placed TLD
expose box between the virtual water slab phantoms c¢) Irradiated with “°Co

After the TLDs had been exposed, they were removed from the phantom and

were read at 24 hr later. The dose were read in the Harshaw model 5500 automatic
TLD reader, the unit of TLD reader is shown in Fig.3.18.

Fig. 3.18 The unit of the automatic TLD reader.
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B) Linearity

The TLD dosimeters were exposed in body PMMA phantom with 64 slice GE
VCT MDCT at department of Radiology, Rajavithi Hospital with 20 mA, 180 mA,
360 mA and 580 mA corresponded to the dose of 1.16 mGy, 10.07mGy, 20.92 mGy
and 30.86 mGy, respectively to determine the linearity of the TLD reading.

C) Calibration of TLD

The calibration of TLD was performed by exposing CT x-ray beam with the
technique of 120 kV, 100 mA, and 1 sec. The TLDs were stacked in the foam in the z
direction of about 10 cm long and placed at the isocenter, the known CTDI measured
by 100 mm long pencil ionization chamber at the same position to the TLD was given
to the TLDs. The responses of TLDs were equal to the dose given; the radiation
correction factor (RCF) in term of nano coulomb per milligray was calculated. The
TLD calibration process is shown in Fig.3.19.

a) b)

Fig. 3.19 The TLD calibrated with CT beam. a) The pencil ionization chamber
in air at isocenter. b) The stacked TLDs in the foam at the same position.

The TLD positions in Alderson Rando phantom

Three pieces of TLD chips were loaded into the plastic tubes and placed in
each organ of Alderson Rando phantom. The TLDs were positioned with guidance
from a human anatomy CT atlas. The exposures were given using routine protocol of
brain, chest and abdomen examination. The organ doses were obtained by TLD
reading. The effective dose could be estimated from organ dose measurement. They
are shown in Fig. 3.20.
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Figure 3.20 The marked position of some organs in a single slice of the phantom.
The Alderson Rando phantom scanning

The Rando phantom with the TLD inserted was scanned in brain, chest and
abdominal protocols, which is shown in Fig. 3.21. The exposure parameters are listed
in Table 3.2.

Figure 3.21 The Alderson Rando phantom scanning.

The organ and effective dose calculation from TLD in Alderson
Rando phantom

The reading values were reported to organ absorbed dose by correcting with
the radiation correction factor (RCF) according to equation 2.14. Finally, the organ
absorbed doses were converted to the effective dose.
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3.8.2 Part 2: The organ and effective doses calculation in patient
3.8.2.1 Monte Carlo simulation method in patient

The details of exposure were kV, average mA, rotation time, pitch and
collimation. The patient data were scan region and scan length. All the parameters of
each patient were put into the ImnPACT spreadsheet for organ and effective doses
calculation.

The routine scanning in three examinations are shown in Fig. 3.22 to 3.24.

The brain scan started from base of skull to end of vertex. The scanning range
is shown in Fig.3.22. The exposures technique were 120 kV, 200 mA, 0.7 sec,
0.531 pitch, 20 mm collimation, Smm slice thickness, helical scan, and small head
FOV.

Fig. 3.22 The scan length of routine brain CT scanning.

The chest scan started from apex of lung to end of first lumbar spine (cover of
adrenal gland). The scanning range is shown in Fig. 3.23. The exposures technique
were 120 kV, Smart mA, 0.6 sec, 1.375 pitch, 40 mm collimation, Smm slice
thickness, helical scan, and medium body FOV.

Fig. 3.23 The scan length of routine chest CT scanning.
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The whole abdomen scan started from dome of diaphragm to end of pubic
symphysis. The scanning range is shown in Fig. 3.24. The exposures technique were
120 kV, Smart mA, 0.6 sec, 0.984 pitch, 40 mm collimation, Smm slice thickness,
helical scan, and medium body FOV.

Fig. 3.24 The scan length of routine whole abdomen CT scanning.
3.9 Data collection

The ionization chamber measured the CTDI in air and in the PMMA phantom
for Monte Carlo method. The TLDs have been irradiated and they were read out on
the Harshaw model 5500 automatic TLD reader for TL dosimetry method.
The collection of patients data were put into case record form such as code of patient,
gender, age, part of examination, kV, mA, pitch, rotation time, collimation, slice
thickness and scan length.

3.10 Data analysis
3.10.1 Summarization of data

The organ and effective doses from CT examination were calculated by
ImPACT spreadsheet program for Monte Carlo method and by equation 2.7 for TL
dosimetry method. Finally, they were compared for the percentage difference.

3.10.2 Data presentation
The table, bar and scatter graph were presented.
3.11 Benefit of the study

The estimated organ and effective dose for patient underwent computed
tomography examinations for 64-slice GE VCT MDCT in department of radiology at
Rajavithi Hospital are obtained. The fatal cancer risk of the patient exposed to the
radiation could be determined.
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3.12 Ethic consideration

Although the measurement was performed in the Alderson Rando phantom
and the data of beam and patient parameters were collected from work stations, the
ethical were approved by Ethics Committee of Faculty of Medicine, Chulalongkorn
University and Rajavithi Hospital.



CHAPTER 1V

RESULTS

4.1 Monte Carlo simulation by measurement in Alderson Rando phantom
4.1.1 Measurement of computed tomography dose index

The dose measurement of CTDI in air, head and body PMMA phantom, are
shown in Table 4.1. The CTDI measured in air indicated 31.55 mGy for head, 31.61
mGy for body and the mean CTDI measured in head and body phantom indicated
19.72 mGy, 6.24 mGy at the center and 20.09 mGy, 13.64 mGy at the periphery in
head and body, respectively. The CTDI, was calculated for both phantoms, they were
19.97 mGy for head phantom and 11.17 mGy for body phantom.

Table 4.1 The CTDI measurement values in the air, head and body PMMA phantom
at 120 kVp, 100 mAs and 10 mm slice thickness.

CTDI Protocol PMMA phantom
measurement (mGy/100 mAs) (mGy/100 mAs)
Head Body Head Body
In air 31.55 31.61
Center 19.72 6.24
Periphery 20.09 13.64
CTDIw* 19.97 11.17

CTDIw*= the computed tomography dose index weight
calculated from 1/3CTDIcentert 2/3CTDlperiphery

4.1.2 The organ equivalent doses and effective doses from Monte Carlo
simulation in Alderson Rando phantom

The organ equivalent doses together with the tissue weighting factors and the
effective doses calculated by ImPACT program of Monte Carlo simulation in head,
chest and abdomen protocol in Alderson Rando phantom are summarized in Table 4.2
—Table 4.4, respectively. The exposure technique was the same as routine
examination. The high organ equivalent doses in irradiated field showed 37 mSv for
brain and 43 mSv for eye lenses in brain examination, the dose ranged from 13 to 19
mSv occurred in lung, stomach, breast, liver, esophagus, adrenal gland, kidney,
pancreas, thymus and heart in chest examination and the dose ranged from 16 to 22
mSv found in colon, stomach, bladder, liver, adrenal gland, small intestine, kidney,
pancreas and spleen in whole abdomen examination.
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The calculated effective doses were 0.9, 9.2, 9.9 mSv in brain, chest and whole
abdomen examination, respectively.

Table 4.2 The calculated organ equivalent doses and the effective doses by ImnPACT
program for brain protocol in Alderson Rando phantom.

Organ Brain phantom

Organ equivalent  Tissue weighting Weighted organ

dose : Ht (mSv) factor : Wy dose (mSv)
Gonads 0.000 0.08 0.000
Bone marrow 2.500 0.12 0.300
Colon 0.000 0.12 0.000
Lung 0.083 0.12 0.010
Stomach 0.003 0.12 0.000
Bladder 0.000 0.04 0.000
Breast 0.025 0.12 0.003
Liver 0.005 0.04 0.000
Esophagus 0.060 0.04 0.002
Thyroid 1.700 0.04 0.068
Skin 2.800 0.01 0.028
Bone surface 11.000 0.01 0.110
Brain 37.000 0.01 0.370
Adrenal gland 0.0016 0.016 0.000
Small intestine 0.00016 0.016 0.000
Kidney 0.0016 0.016 0.000
Pancreas 0.0031 0.016 0.000
Spleen 0.0037 0.016 0.000
Thymus 0.060 0.016 0.001
Muscle 0.940 0.016 0.015
Heart 0.040 0.016 0.001
Effective Dose (mSv) 0.9

(Exposures technique: 120 kV, 140 mAs, 0.531 pitch, 20 mm collimation, Smm slice
thickness, helical scan, small head FOV and 14.5 cm scan length)
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Table 4.3 The calculated organ equivalent doses and the effective doses by InPACT

program for chest protocol in Alderson Rando phantom.

Organ Chest phantom
Organ equivalent  Tissue weighting ~ Weighted organ dose

dose: Ht (mSv) factor: Wt (mSv)
Gonads 0.150 0.08 0.012
Bone marrow 5.700 0.12 0.684
Colon 1.200 0.12 0.144
Lung 17.000 0.12 2.040
Stomach 13.000 0.12 1.560
Bladder 0.075 0.04 0.003
Breast 14.000 0.12 1.680
Liver 14.000 0.04 0.560
Esophagus 19.000 0.04 0.760
Thyroid 3.300 0.04 0.132
Skin 4.800 0.01 0.048
Bone surface 12.000 0.01 0.120
Brain 0.130 0.01 0.001
Adrenal gland 14.000 0.016 0.228
Small intestine 1.400 0.016 0.023
Kidney 14.000 0.016 0.228
Pancreas 13.000 0.016 0.211
Spleen 8.900 0.016 0.145
Thymus 19.000 0.016 0.309
Muscle 4.900 0.016 0.080
Heart 16.000 0.016 0.260

Effective Dose (mSv) 9.2

(Exposures technique: 120 kV, 163 mAs, 1.375 pitch, 40 mm collimation, Smm slice
thickness, helical scan, medium body FOV and 41.0 cm scan length)
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Table 4.4 The calculated organ equivalent doses and the effective doses by InPACT
program for abdomen protocol in Alderson Rando phantom.

Organ Abdomen phantom

Organ equivalent Tissue weighting Weighted organ

dose: Hy (mSv) factor: W dose (mSv)
Gonads 8.900 0.08 0.712
Bone marrow 7.400 0.12 0.888
Colon 16.000 0.12 1.920
Lung 4.900 0.12 0.588
Stomach 20.000 0.12 2.400
Bladder 16.000 0.04 0.640
Breast 0.930 0.12 0.112
Liver 18.000 0.04 0.720
Esophagus 0.740 0.04 0.030
Thyroid 0.059 0.04 0.002
Skin 5.800 0.01 0.058
Bone surface 11.000 0.01 0.110
Brain 0.0025 0.01 0.000
Adrenal gland 17.000 0.016 0.276
Small intestine 18.000 0.016 0.293
Kidney 22.000 0.016 0.358
Pancreas 16.000 0.016 0.260
Spleen 18.000 0.016 0.293
Thymus 0.740 0.016 0.012
Muscle 7.400 0.016 0.120
Heart 6.600 0.016 0.107
Effective Dose (mSv) 9.9

(Exposures technique: 120 kV, 154 mAs, 0.984 pitch, 40 mm collimation, Smm slice
thickness, helical scan, medium body FOV and 40.0 cm scan length)



4.2 Thermoluminescent dosimeter characteristics

4.2.1. Sensitivity
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The sensitivity or the element correction coefficient factors (ECC) of
individual TLD chip was sorted by its readout from the same dosage of 5 cGy
%Cobolt gamma radiation. The sensitivity of each TLD was normalized to the average

sensitivity to get the sensitivity factors for each TLD according to equation 2.9. The
element correction coefficient factors ranged from 0.9003 to 1.0998 (£10%) for the
TLD chips that were used in this study. The ECC results of all 102 TLD chips are

shown in Table 4.5.

Table 4.5 The sensitivity correction values of 112 TLD chips used for measurement.

Number ECC Number ECC Number ECC Number ECC
1 1.0562 27 0.9173 53 1.0270 79 0.9442
2 0.9333 28 1.0291 54 1.0711 80 0.9211
3 0.9427 29 1.0155 55 1.0650 81 0.9150
4 0.9782 30 1.0050 56 1.0723 82 0.9469
5 0.9491 31 1.0001 57 1.0002 83 0.9257
6 1.0487 32 1.0650 58 0.9710 84 0.9121
7 0.9620 33 1.0313 59 1.0233 85 0.9796
8 0.9869 34 1.0175 60 1.0391 86 0.9596
9 0.9635 35 0.9961 61 0.9846 87 1.0022
10 0.9623 36 0.9003 62 1.0188 88 0.9369
11 0.9705 37 0.9291 63 1.0998 89 0.9054
12 1.0068 38 0.9384 64 1.0307 90 0.9324
13 0.9614 39 0.9103 65 0.9659 91 0.9152
14 1.0105 40 0.9927 66 0.9963 92 1.0341
15 0.9463 41 1.0621 67 1.0162 93 1.0610
16 0.9354 42 0.9898 68 1.0835 94 1.0574
17 0.9676 43 0.9831 69 1.0096 95 0.9809
18 0.9863 44 1.0060 70 1.0315 96 0.9597
19 0.9792 45 1.0648 71 0.9303 97 0.9220

20 1.0294 46 1.0723 72 0.9792 98 0.9404
21 0.9901 47 1.0586 73 0.9327 99 0.9958
22 1.0859 48 0.9832 74 0.9976 100 0.9391
23 1.0432 49 1.0065 75 1.0982 101 1.0840
24 0.9499 50 1.0481 76 1.0052 102 1.0753
25 0.9907 51 1.0321 77 1.0433

26 0.9954 52 1.0249 78 0.9480 SD 0.09
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4.2.2 Linearity

The integral charges corrected by TLD in 10 mm collimated width with the
various CTDI values at 1.16 to 30.86 mGy of CT beam measured from the pencil
ionization chamber are shown in Table 4.6 and Fig. 4.1. The graph shows the
excellent linear relationship between TLDs reading and the absorbed dose responses
with the correlation coefficient of 0.999.

Table 4.6 The CTDI in 64 slice GE VCT MDCT and reading value of TLD.

Number CTDI (mGy) Dose reading
in TLDs (nC)

1 1.16 19.99
2 10.07 172.86
3 20.92 391.71
4 30.86 578.33

The relationship between TLDs reading and
the absorbed dose

700

600

500 /
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CTDI measurement (mGy)

TLDs reading (nC)

Fig. 4.1 The relation between TLDs response and CTDI
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4.2.3 Calibration of thermoluminescent dosimeter

The radiation correction factor of TLD reading was obtained by using the
method of the integral value of TLD values in a radiation profile of 10 mm collimated
width was equal to the CTDI, o dose measured by pencil ionization chamber. The area
of under curve was processed by Visual Basic program which was 307.97 nC and the
CTDI measurement from MDCT was 28.015 mGy. The radiation correction factor of
x-ray beam from CT was 10.993 nC/ mGy.

4.3 The organ equivalent doses and effective doses from TL dosimetry in
Alderson Rando phantom

4.3.1 Brain, chest and abdomen protocol

The organ equivalent doses, the tissue weighting factors and the effective
doses for TLD measurement of brain, chest and abdomen protocol are summarized in
Table 4.7 — Table 4.9. The high organ equivalent doses in irradiated field showed
22.64 mSv for brain and 20.04 mSv for eye lenses in brain examination and the dose
ranged from 11.6 to 14.9 mSv occurred in lung, stomach, breast, liver, esophagus,
thyroid, adrenal gland, small intestine, kidney, pancreas, spleen, thymus and heart in
chest examination, the dose ranged from 11.2 to 18.1 mSv occurred in colon,
stomach, bladder, liver, adrenal gland, small intestine, kidney, pancreas, spleen,
thymus in whole abdomen examination.

The effective doses were 0.747, 9.336, 9.491 mSv in brain, chest and whole
abdomen examination, respectively.
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Table 4.7 The measured organ equivalent doses and the effective doses for brain
protocol in Alderson Rando phantom.

Organ Brain phantom

Organ equivalent Tissue weighting Weighted organ

dose: Hy (mSv) factor: Wt dose (mSv)
Gonads 0.005 0.08 0.000
Bone marrow 0.020 0.12 0.002
Colon 0.010 0.12 0.001
Lung 0.051 0.12 0.006
Stomach 0.026 0.12 0.003
Bladder 0.005 0.04 0.000
Breast 0.123 0.12 0.015
Liver 0.032 0.04 0.001
Esophagus 0.059 0.04 0.002
Thyroid 0.815 0.04 0.033
Skin 23.245 0.01 0.232
Bone surface 21.062 0.01 0.211
Brain 22.635 0.01 0.226
Adrenal gland 0.020 0.016 0.000
Small intestine 0.028 0.016 0.000
Kidney 0.011 0.016 0.000
Pancreas 0.025 0.016 0.000
Spleen 0.019 0.016 0.000
Thymus 0.045 0.016 0.001
Muscle 0.776 0.016 0.013
Heart 0.048 0.016 0.001

Effective Dose (mSv) 0.747
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Table 4.8 The measured organ equivalent doses and the effective doses for chest
protocol in Alderson Rando phantom.

Organ Chest phantom

Organ equivalent  Tissue weighting ~ Weighted organ

dose: Hy (mSv) factor: Wt dose (mSv)
Gonads 0.072 0.08 0.006
Bone marrow 11.563 0.12 1.388
Colon 1.240 0.12 0.149
Lung 12.145 0.12 1.457
Stomach 12.253 0.12 1.470
Bladder 0.852 0.04 0.034
Breast 11.617 0.12 1.394
Liver 14.859 0.04 0.594
Esophagus 13.851 0.04 0.554
Thyroid 12.385 0.04 0.495
Skin 7.610 0.01 0.076
Bone surface 0.213 0.01 0.002
Brain 0.181 0.01 0.002
Adrenal gland 12.176 0.016 0.198
Small intestine 13.460 0.016 0.219
Kidney 14.349 0.016 0.233
Pancreas 14.188 0.016 0.231
Spleen 13.359 0.016 0.217
Thymus 14.353 0.016 0.233
Muscle 10.668 0.016 0.173
Heart 13.006 0.016 0.211

Effective Dose (mSv) 9.336




47

Table 4.9 The measured organ equivalent doses and the effective doses for abdomen
protocol in Alderson Rando phantom.

Organ Abdomen phantom

Organ equivalent Tissue weighting ~ Weighted organ

dose: Ht (mSv) factor: Wt dose (mSv)

Gonads 5.543 0.08 0.443
Bone marrow 13.910 0.12 1.669
Colon 11.201 0.12 1.344
Lung 4.423 0.12 0.531
Stomach 15.468 0.12 1.856
Bladder 14.899 0.04 0.596
Breast 1.837 0.12 0.220
Liver 17.212 0.04 0.688
Esophagus 7.662 0.04 0.306
Thyroid 0.203 0.04 0.008
Skin 20.860 0.01 0.209
Bone surface 0.013 0.01 0.000
Brain 0.017 0.01 0.000
Adrenal gland 14.890 0.016 0.242
Small intestine 18.149 0.016 0.295
Kidney 15.114 0.016 0.246
Pancreas 14.730 0.016 0.239
Spleen 16.182 0.016 0.263
Thymus 12.992 0.016 0.211
Muscle 0.214 0.016 0.003
Heart 7.490 0.016 0.122

Effective Dose (mSv) 9.491

4.3.2 The Comparison of the organ doses and effective doses between
Monte Carlo simulation and TL dosimetry for brain, chest and abdomen
protocol.

The calculated organ doses in three examinations which are shown in Table
4.10 illustrated mostly higher dose than the measured, the calculation doses in
example were 37, 17 and 20 mGy for brain in brain protocol, lung in chest protocol,
and stomach in abdomen protocol, respectively compared to the measurement of
22.64, 12.15 and 15.47 mGy, respectively.

The calculated effective dose in brain, chest and abdomen were 0.9, 9.2 and
9.9 mSv, respectively compared to the measurement of 0.747, 9.336 and 9.491 mSv.
The effective doses calculated by InPACT agreed within 4.3% to those estimated by
the TLD measurement for chest and abdomen examination, excepted for brain
examination that the difference was 20.5%.
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Table 4.10 Comparison of the organ and effective doses between TLD dosimetry and
Monte Carlo (MC) simulation for brain, chest and abdomen protocol.

Brain protocol Chest protocol Abdomen protocol
Organ

MC TLD MC TLD MC TLD

Cal. Meas. Cal. Meas. Cal. Meas.

(mGy) (mGy) (mGy) (mGy) (mGy) (mGy)

Gonads 0.000 0.005 0.150 0.072 8.900 5.543
Bone marrow 2.500 0.020 5.700 11.563 7.400 13.910
Colon 0.000 0.010 1.200 1.240 16.000 11.201
Lung 0.083 0.051 17.000 12.145 4.900 4.423
Stomach 0.003 0.026 13.000 12.253 20.000 15.468
Bladder 0.000 0.005 0.075 0.852 16.000 14.899
Breast 0.025 0.123 14.000 11.617 0.930 1.837
Liver 0.005 0.032 14.000 14.859 18.000 17.212
Esophagus 0.060 0.059 19.000 13.851 0.740 7.662
Thyroid 1.700 0.0815 3.300 12.385 0.059 0.203
Skin 2.800 23.245 4.800 7.610 5.800 20.860
Bone surface 11.000 21.062 12.000 0.213 11.000 0.013
Brain 37.000 22.635 0.130 0.181 0.0025 0.017
Adrenal gland 0.0016 0.020 14.000 12.176 17.000 14.890
Small intestine 0.00016 0.028 1.400 13.460 18.000 18.149
Kidney 0.0016 0.011 14.000 14.349 22.000 15.114
Pancreas 0.0031 0.025 13.000 14.188 16.000 14.730
Spleen 0.0037 0.019 8.900 13.359 18.000 16.182
Thymus 0.060 0.045 19.000 14.353 0.740 12.992
Muscle 0.940 0.776 4.900 10.668 7.400 0.214
Heart 0.040 0.048 16.000 13.006 6.600 7.490
ED (mSv) 0.9 0.747 9.2 9.336 9.9 9.491

% ED diff. 20.5 -1.5 4.3

4.4 The patient data collection
4.4.1 The organ and effective doses in patient calculation

The exposure and patient parameters of brain, chest and abdomen
examinations were collected for 180 cases (60 cases in each protocol) of adult male
and female patients over 20 years old. The organ and effective doses were calculated
using CTDI,;; and CTDI , from the measurement. The patient data and effective doses
calculation result were shown in Table 4.11-Table 4.13 for brain, chest and abdomen,
respectively.
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Table 4.11 Patient data and exposure parameters of 25 male and 35 female patients
for brain examination.

Pt Gender Age Scan ED Pt  Gender Age Scan ED
code (years) length (mSv) code (years) length (mSv)
(cm) (cm)
BO1 F 57 13.0 1.5 B31 F 70 14.0 1.6
B02 F 35 13.0 1.5 B32 F 81 13.0 1.5
BO03 M 66 13.5 1.6 B33 F 47 13.5 1.6
B04 F 74 13.5 1.6 B34 F 57 13.5 1.6
BO05 M 38 14.0 1.6 B35 F 65 13.5 1.6
B06 F 82 13.5 1.6 B36 M 32 14.5 1.7
B07 F 82 13.0 1.5 B37 M 42 12.5 1.5
B08 M 44 14.0 1.6 B38 M 46 13.0 1.5
B09 F 75 13.5 1.6 B39 F 48 12.5 1.5
B10 F 55 13.5 1.6 B40 M 60 12.5 1.5
B11 M 50 13.0 1.5 B41 M 53 13.5 1.6
BI12 F 67 12.5 1.5 B42 M 68 14.5 1.7
B13 F 67 12.6 1.5 B43 F 40 13.5 1.6
Bl4 M 60 13.5 1.6 B44 M 65 14.5 1.7
B15 M 81 13.5 1.6 B45 F 44 13.5 1.6
B16 M 63 13.5 1.6 B46 F 80 13.0 1.5
B17 M 47 12.0 1.4 B47 F 38 13.5 1.6
BI18 F 41 12.5 1.5 B48 F 50 12.5 1.5
B19 F 20 14.0 1.6 B49 F 41 12.5 1.5
B20 F 21 14.5 1.7 B50 F 66 12.5 1.5
B21 F 22 14.5 1.7 B51 M 76 13.5 1.6
B22 M 26 14.0 1.6 B52 F 23 13.5 1.6
B23 F 53 12.5 1.5 B53 M 68 14.5 1.7
B24 M 47 14.0 1.6 B54 M 46 13.0 1.5
B25 F 38 13.5 1.6 B55 F 38 13.5 1.6
B26 M 78 14.0 1.6 B56 F 68 13.5 1.6
B27 F 35 13.5 1.6 B57 M 31 14.5 1.7
B28 M 68 14.0 1.6 B58 F 57 13.5 1.6
B29 F 54 12.5 1.5 B59 F 65 13.5 1.6
B30 M 59 13.0 1.5 B60 M 32 14.5 1.7
Average 13.4 1.6

B = Brain CT examination,

(Exposures technique: 120 kV, 200 mA (fixed), 0.7 sec., 0.531 pitch, 20 mm
collimation, Smm slice thickness, helical scan, small head FOV, Ref. noise index 3.80
and HVL(head filter) 6.3 mmAl. )
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Table 4.12 Patient data and exposure parameters of 26 male and 34 female patients
for chest examination.

Pt Gender Age Scan ED Pt  Gender Age Scan ED

code (years) length (mSv) code (years) length (mSv)
(cm) (cm)
Co1 F 30 35.0 7.4 C31 F 62 39.0 8.4
Co02 F 32 37.0 7.9 C32 F 60 35.0 7.4
C03 F 62 28.5 5.9 C33 M 61 26.5 5.6
C04 M 75 32.5 6.8 C34 F 52 39.9 8.6
CO05 M 77 30.0 6.2 C35 M 63 31.5 6.6
Co06 F 54 37.5 8.0 C36 F 67 28.5 5.9
Cco7 M 38 35.5 7.6 C37 F 45 30.6 6.4
C08 M 49 36.0 7.7 C38 M 52 34.2 7.2
C09 F 56 30.8 6.5 C39 M 69 34.0 7.2
C10 F 40 40.0 8.6 C40 F 72 31.5 6.6
Cl1 F 50 31.0 6.5 C41 M 64 34.0 7.2
Cl12 M 45 29.5 6.1 C42 F 66 29.0 6.0
Cl13 M 68 36.5 7.8 C43 F 68 27.0 5.6
Cl4 F 21 35.0 7.4 C44 F 50 36.0 7.7
Cl15 F 49 30.9 6.5 C45 F 64 314 6.6
Clé6 M 76 38.5 8.2 C46 F 21 36.0 7.7
C17 F 67 23.1 4.9 C47 M 84 38.5 8.2
C18 F 37 35.5 7.6 C48 F 54 34.0 7.2
C19 M 72 39.5 8.5 C49 M 52 38.0 8.1
C20 F 65 34.0 7.2 C50 F 76 36.0 7.7
C21 M 57 32.0 6.7 Cs1 F 48 45.3 9.4
C22 M 22 35.0 7.4 C52 M 65 33.5 7.1
C23 F 28 31.0 6.5 C53 M 63 40.0 8.6
C24 M 26 32.5 6.8 Cs54 M 51 36.5 7.8
C25 F 47 26.0 5.5 C55 F 75 33.0 7.0
C26 F 47 30.5 6.4 C56 F 70 31.3 6.5
Cc27 M 50 34.0 7.2 C57 F 21 35.0 7.4
C28 M 72 30.0 6.2 C58 M 52 342 7.2
C29 F 32 37.0 7.9 C59 F 32 37.0 7.9
C30 M 54 38.0 8.1 C60 M 40 56.6 11.0
Average 34.3 7.2

C = Chest CT examination

(Exposures technique: 120 kV, 272 mA (average), 0.6 sec, 1.375 pitch, 40 mm
collimation, Smm slice thickness, helical scan, medium body FOV, Ref. noise index
11.57 and HVL(body filter) 7.5 mmAL )
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Table 4.13 Patient data and exposure parameters of 18 male and 42 female patients

for whole abdomen examination.

Pt Gender Age Scan ED Pt  Gender Age Scan ED
code (years) length (mSv) | code (years) length (mSv)
(cm) (cm)
A01 F 61 40.5 9.6 A31 F 65 43.0 10.0
A02 F 45 39.5 9.4 A32 F 38 45.5 10.0
A03 F 63 39.0 9.4 A33 F 53 45.0 10.0
A04 F 50 39.0 9.4 A34 F 40 42.5 9.9
A05 F 42 41.0 9.7 A35 F 43 41.5 9.8
A06 M 32 43.0 10.0 | A36 F 74 39.0 9.4
A07 F 72 38.5 9.3 A37 F 46 44.0 10.0
A08 M 52 40.0 9.4 A38 M 55 42.0 9.9
A09 F 46 43.5 10.0 | A39 F 45 47.0 10.0
Al0 M 39 44.5 10.0 | A40 F 71 39.5 9.4
All M 63 44.5 10.0 | A4l M 46 43.0 10.0
Al2 F 43 43.0 10.0 | A42 F 52 37.0 9.0
Al3 M 49 39.5 9.4 A43 F 62 41.5 9.8
Al4 M 77 40.5 9.6 A44 F 68 37.0 9.0
Al5 F 30 40.5 9.6 A45 F 54 44.0 10.0
Al6 M 43 47.5 11.0 | Ad6 M 55 38.0 9.2
Al7 F 63 42.5 9.9 A47 M 55 38.0 9.2
Al8 M 64 41.1 9.7 A48 F 58 37.0 9.0
Al19 F 66 38.0 9.2 A49 F 52 46.0 10.0
A20 F 48 37.0 9.0 A50 F 52 39.0 9.4
A21 F 60 39.0 9.4 AS51 F 58 49.5 11.0
A22 F 56 39.5 9.4 A52 F 29 40.0 9.5
A23 F 43 38.0 9.2 A53 F 47 45.5 10.0
A24 F 65 35.0 8.6 A54 M 57 40.5 9.6
A25 M 71 44.5 10.0 | AS5S5 M 53 45.0 10.0
A26 F 70 40.0 9.5 A56 M 49 47.5 11.0
A27 F 64 40.0 9.5 A57 F 67 40.5 9.6
A28 F 37 40.0 9.5 A58 F 43 38.0 9.2
A29 M 45 46.0 10.0 | A59 M 49 39.5 9.4
A30 F 75 41.5 9.8 A60 F 30 40.5 9.6
Average 41.4 9.7

A = Abdomen CT examination

(Exposures technique: 120 kV, 257 mA (average), 0.6 sec, 0.984 pitch, 40 mm
collimation, Smm slice thickness, helical scan, medium body FOV, Ref. noise index
11.57 and HVL(body filter) 7.5 mmAL )
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The summary of the average effective doses and average scan length of
patients underwent CT examination is shown in Table 4.14.

Table 4.14 The average mA, average effective doses and average scan length of
patients underwent CT examination.

Examination Average Scan length (cm) ED (mSv)
mA
Aver. Range Aver. Range
Brain 200 13.4+0.65 12.0-14.5 1.6 £0.07 14-1.7
Chest 272 34.3+4.99 23.1-56.6 7.2+1.03 49-11.0

Whole Abdomen 257 41.4+3.13 35.0-49.5 9.7+ 0.46 8.6-11.0
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For brain examination, they were 25 males, 35 females with the average age of
53.4 (20-82) years. The average scan length was 13.4 cm made the average effective
dose of 1.6 mSv with the standard deviation of 0.07. The scan length was the main
factor for the effective dose as shown in Fig. 4.2. When the scan length increases, the
effective dose will increase in linear relationship. The histogram in Fig. 4.3 showed
clearly less variation in effective dose value due to small range variation in scan
length. The constant of current setting was 200 mA, which was used for the dose
calculation.

The effective dose and scan length of 60 patients
in brain CT examination
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Fig. 4.2 The effective dose and scan length in brain CT examination.
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Fig.4.3 The effective doses of patients in brain examination.
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For chest examination, they were 26 males, 34 females with the average age of
53.6 (21-84) years. The average scan length was 34.3 cm made the average effective
dose of 7.2 mSv with the standard deviation of 1.03. The linear relation between the
scan length and the effective dose are shown in Fig. 4.4. The scan length in this
examination varied up to 33.5 cm contributed to the more variation in effective dose
as shown in histogram of Fig. 4.5. The average current from patient thickness
variation was 272 mA, which was used for the dose calculation.

Fig. 4.4 The effective dose and scan length in chest CT examination.

Fig.4.5 The effective doses of patients in chest examination.
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For whole abdomen examination, they were 18 males, 42 females with the
average age of 53.3 (29-77) years. The average scan length was 41.4 cm made the
average effective dose of 9.7 mSv with the standard deviation of 0.46. The linear
relation between the scan length and the effective dose are shown in Fig. 4.6.
However, the last two points shows large deviation this is because of the limitation of
program that can show only two digits. So, the long scan length will have large
uncertainty. The scan length in this examination varied up to 14.5 cm contributed to
the less variation in effective dose as shown in histogram in Fig. 4.7. The average
current from patient thickness variation was 257 mA, which was used for the dose

calculation.
The effective doses and scan length
in whole abdomen examination
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Fig.4.6 The effective dose and scan length in whole abdomen CT examination.
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Fig.4.7 The effective doses of patients in whole abdomen examination.
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The patient organ doses for three examinations in this study compared to the
other studies are shown in Table 4.15. The high organ dose in irradiated field showed
37 mGy for brain and 43 mGy for eye lenses in brain examination, the dose ranged
from 12 to 19 mGy occurred in lung, breast, esophagus, adrenal gland, thymus and
heart in chest examination and the dose ranged from 16 to 22 mGy occurred in colon,
stomach, bladder, liver, adrenal gland, small intestine, kidney, pancreas, spleen,
ovaries, uterus and prostate for whole abdomen examination.

Table 4.15 The high-irradiated organ doses calculation for brain, chest and whole

abdomen examination.

Examination Organ Absorbed dose
(mGy)
Brain Brain 37
Lenses 43
Chest Lung 17
Breast 13
Esophagus 19
Adrenal gland 12
Thymus 19
Heart 16
Whole Abdomen Colon 16
Stomach 20
Bladder 18
Liver 18
Adrenal gland 17
Small intestine 19
Kidney 22
Pancreas 16
Spleen 18
Ovaries 17
Uterus/Prostate 18




CHAPTER V

DISCUSSION AND CONCLUSION

5.1 Discussion

5.1.1 Measurement of CTDI

The comparisons of CTDI,, for 100 mAs between measurements, monitor
displayed and ImPACT values are shown in Table 5.1.

The CTDI,, of both measurement and monitor values agreed within 9% when
compared to the ImPACT in abdomen phantom but they were contrast in head
phantom, the CTDI,, values difference went up to 21%. The measured CTDI,
agreed with monitor, so to calculate the organ and effective doses in clinical situation,
the monitor CTDI, could be used for the accuracy within 10%.

Table 5.1 The comparison of CTDI,, (mGy/100 mAs) between measurements,
monitor displayed, and ImPACT values.

Protocol = Measurement  Monitor ImPACT %Diff.* % Diff.**
in PMMA Meas. Monitor
phantom &ImPACT & ImPACT

Head 19.97 20.10 25.30 -21.07 -20.55
Abdomen 11.17 10.11 11.10 0.63 -8.92

*%Difference = ((Measurement — ImPACT)/ ImPACT)*100
**%Difference = ((Monitor — InPACT)/ ImPACT)*100

5.1.2 Verification of organ and effective dose between calculated and
measured

The results demonstrated that most of the calculated organ doses showed
higher dose than the TLD dose measurement. The difference has been attributed to
design differences between Alderson Rando phantom and MIRD mathematical
phantom and also the accurate positioning of TLD of organ dose [18, 19]. The TLD
uncertainty of this group has been determined previously [20] with the value of 12%.
All these factors contributed to the un-agreement of calculation and measurement in
organ dose. The effective dose estimated from TLD dose measurements for chest and
abdomen protocol showed a good agreement for 4.3% with the Monte Carlo
simulation, the brain showed the difference of 20.5%. The effective doses in brain,
chest, and abdomen protocol were comparable with Geleijins study [18] which is
shown in Table 5.2.
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Table 5.2 The comparison between measurement and calculation study of effective
doses (mSv/100mAs) in Alderson Rando phantom of previous study in three

examinations.
Studies/ Scan parameters Effective dose % Diff.
Examination (mSv/100mAs) TLD
and
kV. mAs collimation Pitch Scan TLD  MC MC
(mm) length meas. cal.
(cm)
Brain
This study 120 140 20 0.531 145 0.534 0.643 20.5
Geleijins etal. 120 363 10 1.00 12.0 0.52 0.58 11.54
Chest
This study 120 163 40 1.375 41 5.728 5.644 -1.5
Geleijins etal. 120 333 10 1.00 27 541 451  -16.63
Abdomen
This study 120 154 40 0.984 40 6.163  6.429 4.3
Gelejjins etal. 120 380 10 1.00 30 6.32 526  -16.77

5.1.3 Estimation of patient dose

For patient examination, the organ and effective doses depended upon the
exposure parameters, but the kV, mA, pitch and rotation time were fixed for each
examination. So the main variable factor that makes higher organ and effective doses
in CT examination is the scan length. The over scanning is another factor that has an
effect in increasing patient dose. Sometimes after first scanning, the radiologist
ordered more series with the increasing of scan length. The more series of
examination is also a factor that increases the organ and effective doses. At least 2 to
4 scan series in CT examinations mostly contributes the more doses from a routine
examination CT, however, this study reported CT dose per series. The routine
examination at department of Radiology, Rajavithi Hospital for brain, chest and
whole abdomen were 1-2 series, 1-3 series and 2-4 series, respectively.
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However, for each series of scanning, most of the organ doses were lower than
the published work of Heggies J.C.P study [21] which is shown in Table 5.3.

Table 5.3 The comparison of organ absorbed doses with other study.

Examination Organ This study Heggies study
Absorbed dose Absorbed dose
(mGy) (mGy)
Brain Brain 37 38
Lenses 43 45-50
Chest Lung 17 11
Breast 13 7
Esophagus 19
Adrenal gland 12 -
Thymus 19 -
Heart 16 -
Whole Abdomen Colon 16 -
Stomach 20 30-35%*
Liver 18
Kidney 22
Bladder 18 -
Adrenal gland 17 -
Small intestine 19 22
Pancreas 16 -
Spleen 18 -
Ovaries 17 -
Uterus/Prostate 18 -

*for stomach, liver and kidney

The effective doses in patient were about 3-25% lower than the ICRP reported,
and were about 16-25% higher than Tsapaki V et al study as shown in Table 5.4.

Table 5.4 The comparison of patient effective doses with ICRP reported and other

study.
Examination This study Tsapaki V. ICRP
(mSv) et al [14] [22]
(mSv) (mSv)
Brain 1.6 +0.07 1.2 2.0
Chest 7.2+1.03 5.9 8.0
Whole Abdomen 9.7+ 0.46 8.2 10.0
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5.1.4 The effective dose and fatal cancer risk estimation

The average effective doses of three examinations were employed to estimate
risk according to ICRP 60, the probability of inducing fatal cancer from a single
radiographic exposure is 5 x 10° mSv™' [23]. The results are shown in Table 5.5.

Table 5.5 Comparison typical effective doses and fatal cancer risks.

Examination ED (mSv)  Risk 5x 10° mSv’'
Brain 1.6 0.8 x 10™
Chest 7.2 3.6x 10™
Whole abdomen 9.7 49x10™

The estimated radiation risks are about 1, 4 and 5 cases for 10,000
populations in brain, chest and whole abdomen examination, respectively.

5.2 Conclusion

The verification of ImPACT Calculation Program with TLD in Alderson
Rando phantom for brain, chest and abdomen protocols demonstrated the good
agreement within 20.5%. The ImPACT Patient Dosimetry Calculction Program
version 1.0 can be used for CT dose estimation of the patient. In addition, the use of a
computer program is quickly and easily calculated dose. It is extremely useful tool for
assessing the effect of changing parameters within the scanning protocol.

The organ doses collected in the patients delivered high doses in irradiated
area have the maximum doses of 37 mGy in brain, 19 mGy in esophagus and 22 mGy
in kidney for brain, chest and whole abdomen examination, respectively. The
effective doses were 1.6 mSv, 7.2 mSv and 9.7 mSv, for brain, chest and whole
abdomen examinations, respectively. The risk estimated from this effective dose was
still low but careful using CT should be considered.

5.3 Recommendation

The scan length for each patient should be selected individually, based on the
scan projection radiograph that is generally made prior to scanning for the purposes of
localization, including the number of scan series should be kept as short as necessary.
Whenever feasible, critical organ like the eye lenses should be excluded from the scan
range.
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Appendix A: Case record form
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Table 1 Clinical data collection for brain, chest and abdomen in 64 slices GE VCT
MDCT examination.

Pt.
code

Gender

Age

kv

mA

Pitch
(mm/rotation)

Rotation
time
(sec)

Collimation
(mm)

Slice
Thickness
(mm)

Scan
Length
(cm)




Appendix B: Quality control of CT system

QC phantom: Water commercial phantom
Serial number: 1003249

Made in U.S.A.

Fig.1 QC phantom alignment.

Report of Quality control CT

25.6° Temperature

48% Humidity

Pass Contrast scale

Pass High contrast resolution
Pass Low contrast detestability
Pass Noise and uniformity

Pass Slice thickness test
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This phantom measures six aspects of image quality.
* Contrast scale
* High contrast spatial resolution
» Low contrast detectability
* Noise and uniformity
* Slice thickness
* Laser light accuracy
The QC phantom contains two sections, each corresponding to a single scan plane.
* Section 1: Resolution block SO mm scan location
* High contrast resolution
* Contrast scale
* Slice thickness
* Laser accuracy
* Section 2: Water section is between S40 - S80 mm scan location
* Noise and uniformity
* Low contrast detectability
Position the QC Phantom

Place the QC phantom on the phantom holder, and level it. Turn the
knob facing the cradle to tilt the top of the phantom away from the gantry. Use the
laser alignment lights to position the phantom:

1. Align the axial light to the circumferential line marking section 1.

2. Align the coronal light to the horizontal lines on either side of the
phantom.

3. Align the sagittal light (where it strikes the top of the phantom) to the
vertical line on the top of the phantom.

4. Position the phantom and select.



Table 2 Parameters for QC.
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Interface Input

Entry Head First
Position Supine
Anatomical reference QC

Scan range I =0, S=80
Thickness 5,40 mm aperture

Reconstruction Interval
Tilt Tube

Scan FOV

kV

mA

Rotation Speed

Scan Range

Group 1

Reconstruction 1

Reconstruction 2
Reconstruction 3
Matrix

Contrast

Special processing

5

0 degree
Small body
120

335

0.4 seconds

Pitch 0.516

Prescribe 1 scan group with 3 reconstruction

Algorithm, DFOV

Standard, 25 cm DFOV

Bone, 15.0 cm DFOV
Standard, 22.7 cm DFOV
512

None

None

Test
High contrast resolution,
Low contrast detectability,
Noise and uniformity
High contrast resolution

Low contrast detectability
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Perform the following:
a) Contrast scale test at scan location SO of the helical scan.
b) High contrast spatial resolution test at scan location SO of the helical scan.
c) Low contrast detectability test at scan location S40 - S80 of the helical scan.
d) Noise and uniformity test at scan location S40 - S80 of the helical scan.
e) Slice thickness test at scan location SO of the axial slice thickness scans.

f) Alignment light accuracy test at scan location SO of the alignment light test
scan.

Contrast scale
Purpose:

The CT values of water and plexiglass in the phantom represent the standard
against which you track the system contrast scale over time.

Tolerance: The difference should equal 120 + 12

Fig.2 Contrast scale phantom section.



Table 3 Results of Contrast Scale.
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Position CT number SD
a) 12 o’clock (0,8) 1.05 +4.82
b) 3 o’clock (8,0) 1.10 +4.74
¢) 6 o’clock (0,-8) 1.49 +4.54
d) 9 o’clock (-8,0) 1.61 +4.42
Over plexiglass above line pattern (-2,2) 126.29 +5.04
Over plexiglass below line pattern (2,-2) 126.13 +5.21

Average CT number of water (1.05+1.10+1.49+1.61)/4 = 1.3125
Average CT number of Plexiglass (126.29+126.13)/2 =126.21
Subtract the CT number of water from the CT number of plexiglass

(126.21 -1.3125) = 124.89 (Pass)

High contrast spatial resolution

Method:

Section 1 of the phantom contains six sets of bar patterns in a plexiglass block
used to test high contrast spatial resolution. Each pattern consists of sets of equally
sized bars and spaces. Water fills the spaces and provides about 12% (120 HU)
contrast. The resolution block contains the following bar sizes: 1.6mm, 1.3mm,
1.0mm, 0.8mm, 0.6mm, and 0.5mm. Position box ROI over the bar pattern, and size it

to fit within the bar pattern.

Tolerance: The standard deviation for ROI in the 1.6 bar pattern should equal 37 £ 4

b)
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Fig.3 High contrast spatial resolution section.

Table 4 Results of high contrast spatial resolution.

Bar size(mm) CT number Standard Deviation
a) 1.6 67.36 39.65
b) 1.3 67.14 33.58
c) 1.0 68.28 23.44
d) 0.8 67.29 12.21
e) 0.6 69.00 6.91
f) 0.5 65.50 6.80

The results were 39.65 which it was in range 33 - 41 for the standard algorithm.
Eye checks about 5 groups.
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Low contrast detectability
Method:

Low contrast detectability (LCD) refers to the visibility of small objects at low
contrast levels. In practical terms; it can be defined as the contrast required resolving
an object of a given diameter at a given dose. Traditionally, one would image a tissue-
equivalent phantom containing small, low-contrast objects, and visually inspect the
images. GE recommends a statistical method of quantifying LCD based upon the
noise properties of a standard image. Since this method yields a quantitative
measurement, as opposed to a visual verification, it is suitable for daily tracking of
system image quality. Scan the quality control phantom using the daily image quality
protocol. Analyze the images from recon 3, the water section (locations S40 to S80).

Tolerance: accept at > 4 holes

Fig.4 Image analyzes low contrast detectability.



Table 5 Results of low contrast detectability.

72

Position CT number SD
ROI over the polystyrene, just above the holes 16.84 +4.75
ROI over the water section, just above the 0.05 +4.41
membrane
ROI over the polystyrene, just below the holes 16.48 +4.46
ROI over the water section, just below the -0.07 +4.75

membrane

Number of visible holes = see 5 holes

Noise and Uniformity

Method:

Section 3 of the phantom tests noise and uniformity. Use any scan location
from S40 - S80 (recon 1). Noise limits low contrast resolution, and masks anatomy
with similar structure to surrounding tissue. QC phantom section 2 (recon 1) provides

a uniform image by which to assess image CT number noise and uniformity. Use the

standard algorithm to reconstruct the image.

Tolerance:

If the image is reconstructed with standard algorithm and small SFOV, the

mean of center ROI should equal 0 + 3.

Standard Deviation of center ROI should equal 3.2 £ 0.3.
The uniformity difference between the center ROI and the average of the edge

ROIs should be 0 + 3.

Table 6 Results of noise and uniformity.

Position CT number SD (noice)
Center of image (0,0) 0.84 +3.02
12 o’clock (0,8) 0.88 +2.62
3 o’clock (8,0) 0.54 +2.57
6 o’clock (0,-8) 0.60 +2.87
6 o’clock (-8,0) 0.85 +2.75

Standard Deviation of center ROI of results equal 3.02 and periphery ROI not exceed 3.
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Slice Thickness Test

The resolution block contains holes drilled 1mm apart and positioned to form
a line at 45 degrees to the scan plane. Each visible hole in the image represents Imm

of beam thickness.

Table 7 QC Protocol for slice thickness.

Interface Input
Entry Head first

Position Supine

Anatomical reference QC

Landmark Location

Scan type
Scan Range
Group 1
Recon 1
Recon 2
Group 2
Recon 1
Tilt Tube
Scan FOV
kV
mA

Rotation Speed
DFOV
Algorithm
Matrix
Contrast

Special processing

0 on resolution phantom at circumferential line/cross
hatch.

Axial

Prescribe 1 scan group with 3 reconstruction

Thickness Scan range Spacing
Smm/8i 117.5-S17.5 0

2.5mm/16i 118.75 - S18.75 0
Thickness Scan range Spacing
1.25mm/16i 19.37 - §9.37 0

0 degree

Small

120

260

1 seconds

25 cm

Standard

512

None

None
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Tolerance: Slice thickness should not vary by more than = 1 mm from the expected
value, when evaluated according to instructions.

Recommended window width: 250
Recommended window level:

¢ -100 for 1.25mm, -25 for 2.5mm and + 50 for 5.0mm

Fig.5 Slice thickness lines.

Table 8 Results of slice thickness test.

Slice thickness(mm) Window width / Level Number of visible lines
1.25 250/-100 1.5
2.50 250/ -25 2.75
5.00 250/ 50 55

The results were seeing over 0.25 lines for each of scan thickness.
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