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by AHMAD ALBNGALI

The most common parameter used to estimate and minimise patient dose in computed
tomography (CT) is the CT dose index (CTDI). The CTDI is the average absorbed dose from
a series of contiguous irradiations along the long axis. However, it has limitations. For instance,
the 14-cm length of the body CTDI phantom does not provide a sufficiently long scatter path
relative to the typical length of a human torso; hence, the patient dose may be underestimated
depending on imaging parameters. The American Association of Physicists in Medicine
(AAPM) task group 111 proposed the new method Equilibrium Dose (Dgg) to estimate the dose

from the CT scanner by using a small volume ionization chamber positioned in a phantom long



enough to establish dose equilibrium at the location of the chamber. In this thesis, a novel
phantom was designed and validated using three separate anatomical clinical sequences (head,
chest and abdomen), and the equilibrium dose was determined and compared to CTDI dose
estimations using a standard pencil chamber. This methodology allowed measurement of the
accumulated dose for any clinical scan length and measurement of the equilibrium dose. In
addition, Dgq and conventional CTDI methods were used to estimated organ dose values, and
the output was compared with human phantom embedded the thermoluminescent dosimeter
(TLD). Furthermore, the annual reported CTDI volumes of 20 patients were corrected to Dgg,
and the effective organ dose was estimated. In conclusion, the thesis demonstrates the Dgq
method provides a closer approximation of dose in modern clinical CT systems, and the CTDI

method underestimates dose .
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Chapter 1

1.1 Introduction

Exposure to ionizing radiation from medical treatments and other activities using radioactive
materials can increase the risk of cancer and pass mutations to offspring. For this reason,

radiation exposure is monitored and controlled'.

Medical X-ray examinations are common sources of human-made radiation exposure. To

control the exposure, both the system design and the use must be considered.

According to the National Council on Radiation Protection & Management (NCRP), there has
been a 72 % increase on average in the radiation doses in the US over the past 30 years. Much

of the increase is due to more extensive use of computed tomography (CT) scans 2.

Collective Dose
5%
Wcr
Dental
. X-ray
B nm
Fluoroscopy
Interventional Radiology
I Interventional Cardiology
PET/CT

<1%

Figure 1. 1: Distribution of collective dose from diagnostic medical imaging in Ireland 2009-2012 *

In Ireland, a study by the Radiological Protection Institute found that artificial sources such as
medical ionizing radiation were the greatest contributors to exposure, particularly diagnostic

X rays above 90%; moreover, one of the largest contributors to the collective dose is CT, which
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contributes up to 55%, as shown in figurel.1%.

This increase is likely due to the capabilities of modern CT scanners. Therefore, it is necessary
to take advantage of dosimetry tools and other metrics that would provide accurate CT dose

estimations and use them to guide medical practice.

However, these CT dose estimations are dependent on the specific objective of the medical
procedure being used. Both deterministic effects, which are tissue reactions, and stochastic
effects must be considered. Examples of deterministic effects are erythema or disruption of
implanted devices like pacemakers. At the same time, evaluating stochastic effects may require
different procedures than when evaluating deterministic effects. For example, stochastic effects
of radiation are usually measured in internal organs, while deterministic effects are usually

measured in the skin or lens of the eye .

Furthermore, CT dosimetry procedures are affected by morphology, weight and height of the
patient, such as adults of different genders, and paediatric patients, due to their smaller size,

growing tissues, and longevity.

The main aims of patient dosimetry for CT used in medical imaging are the establishment, use
and assessment of guidance levels or diagnostic reference levels and the measurement of the
dosimetric parameters of the equipment performance. Furthermore, the accurate determination

of individual radiation dose to the patient in CT allows a better estimate of the procedural risk.
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1.2 Problem Description (Beyond CTDI)

The current method of CT dosimetry is based on the computed tomography dose index
( CTDI) concept, which represents a single rotation of the x-ray source. Typically CTDI is
applied to represent absorbed dose along an axis of a cylindrical phantom. It is measured with
a 100 mm long pencil ionization chamber ( CTDI100 ) placed in a cylindrical Polymethyl

methacrylate (PMMA) phantom representing the head and body.

Even though CTDI is used to represent CT dosimetry, many believe the CTDI index is not an

accurate patient dosimetry metric >,

Many improvements in CT technology have been implemented since the introduction of CTDI,
including new and better clinical procedures and widespread use of CT. These improvements
encompass new methods of operation that did not originally rely on CTDI, e.g., helical
scanning and cone-beam irradiation geometries. CTDI is designed for axial scanning;
therefore, using it to characterise dose in helical scanning is outside its scope. Furthermore,
wider longitudinal (z)-axis collimations and scanning lengths can limit the appropriateness of

CTDI oo parameters representing CT dose .

Moreover, using a 100mm pencil chamber produces a significant error in the dose profiles
because radiation scattered beyond the relatively short (100-mm) range of integration along the
z-axis is excluded, which then underestimates the cumulative dose at z = 0 (Figure 1. 2 ) 7.
This error is mostly the result of over-beaming in multi slice CT when the z-axis collimation
of the source radiation is broadened to produce uniform umbra incidence across the detectors

( Figure 1. 3).

The resulting underestimation occurs with both narrow and wide beams and slowly becomes

larger with increases in the z-axis collimation width 8,
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In addition, the phantoms used for CTDI measurements are shorter than an adult torso and so
do not produce as much scattered radiation as would occur in a typical adult. This means that
the average dose (e.g., MSAD) that would occur in the much longer typical-sized adult torso

is underestimated with CTDI measurements in the 14 cm-long body CTDI phantom.

With the prevalence of both multi-slice CT scanners and wider collimated beams, CTDI has

come under increasing scrutiny as to whether it can properly reflect patient doses in CT ¢.

Focal spot

Dose

Beam profile \
Pre-patient collimation ' " —
/ Patient
Post-patient collimation mmmmss | | —
v v v %
Dose i Dosetl Multiple row detector ‘ ‘ I I
[ L3 2 4 ]
K K Umbra region /
Distance along Z axis \
Penumbra region
Figure 1. 2: Diagram of profile beam with pencil ion chamber Figure 1. 3: Diagram of umbra and penumbra region

14



1.3 Aim and Structure of the Thesis

Currently CT dosimetry uses a single slice profile with a 10 cm long ion chamber (CTDI100);
however, this method may not be adequate as the measurement underestimates the equilibrium
dose and dose line integral. While it is possible to make the ion chamber longer so as to collect
the broad scatter tails, a better alternative to the current method could utilise a small volume
ion chamber and scan a length of phantom long enough to establish dose equilibrium at the
location of the chamber. Modern CT scanners can cover a scan length in 15 seconds or less
using helical or axial series; therefore, this method is not more time consuming in practice than
using a long chamber. Moreover, this alternative method was proposed in the American

Association of Physicists in Medicine (AAPM) TG111 report!.

The aim of the current research is to determine the implementation, robustness and versatility
of this proposed alternative method (the equilibrium dose method) by estimating accumulative

dose and organ dose for patients from CT scanning based on the AAPM TG111 report 1°.

The current research is organised in such a manner so that Chapter 2 and Chapter 3 provide a
summary of the theoretical background of the CT scanner, covering the development of CT,
the principles of CT scanning, image reconstruction and patient dose, with particular emphasis
on key concepts of CTDI. In addition, an explanation of how the equilibrium dose method can

be used to measure the absorbed dose is discussed.

Chapter 4 describes construction and characterization of a novel phantom based on the AAPM
TG 111 report!'®. The chapter further describes measurement of the accumulated dose and the
planar average equilibrium dose (Dgq) using a Farmer chamber as well as the dose estimation

of the current CTDI standard and Dgg, as independently verified with TLD measurements.

The work in Chapter 5 uses the Dgq and CTDI methods to estimate organ dose values indirectly
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and uses the Alderson Rando phantom embedded with TLD to directly estimate organ dose.

Both indirect methods are compared against the direct method.

In Chapter 6, The Dgq correction based on the Toshiba system output of CTDI is retrospectively
applied to an anonymous patient group for radiation effective dose estimations. Twenty patient
recordings of CTDI are corrected with Dgq estimates over the course of the measured dose to
determine the possible effect that variations in dose measurement may have on individual

patient effective dose measurements.

Chapter 7 summarises the work carried out in this thesis and discusses future work.
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Chapter 2

CT Acquisition Background Theories

Chapter 2 describes the background theories of CT acquisition as they pertain to CT dosimetry.
The initial focus is on describing the X-ray beam spectrum that provides the means of
attenuation measurement, followed by the measurement process and image reconstruction
method. Chapter 3 will then elaborate on the patient dose with a focus on the main concepts of
CTDI. Additionally, the chapter will further explain the AAPM TG111 method used to

measure absorbed dose.

2.1 Design of computed tomography scanner

A CT scanner is made of a gantry, a computer and an operating console, all of which have
various subcomponents. The gantry, which is the largest, comprises the patient equipment
including the patient support, positioning couch, mechanical supports and scanner housing as

well as the x-ray tube generator and x-ray detectors.
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2.2 Production of x-rays
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Figure 2. 1: Diagram of the simple X-ray tube

An x-ray tube is a high vacuum glass envelope. A negative cathode (e-) and a positive anode
(et) are sealed in the tube at opposite ends. The cathode is a filament made of tungsten, which
undergoes thermionic emission when heated, i.e., it emits electrons. A thick copper rod with a
small tungsten target on its end comprises the anode. Electrons are emitted from the cathode

and travel at high velocities to strike the anode target when high voltage is applied !'.

When the tube current (mA) increases, the filament temperature increases, which produces
more electrons. Fractions of a second are used to measure the time in which x-rays leave the
x-ray tube. The number of x-rays produced by the anode depends on the electrons available
and the time period set for their release. Therefore, the product of the mAs and time determines

the number of x-rays produced.

The anode is designed so the x-rays are directed down toward the film through a window in

the metal x-ray tube housing.
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2.3 X-ray production at the anode

Several interactions can occur between the electrons and the target atoms to produce x-ray

photons, i.e.,

e Outer shell interaction: low energy (Electromagnetic) released and quickly converted
into heat energy
e Inner shell interaction: produces characteristic radiation

e Nucleus field interaction: Bremsstrahlung

2.3.1 Characteristic radiation

Ejected K-shell electron

Outgoimg electron €e
™

Incoming electron
ee

Photon

Figure 2. 2: Formation of characteristic radiation

If an electron travelling at high speed collides with an electron in the K-shell and has more
energy than that which binds the K-shell electron, a ‘hole” will be left in the K-shell as its
electron will be ejected. Electrons from the outer shells, e.g., from the L-shell or M-shell, will
move into the K-shell hole and emit a single x-ray photon, which is known as characteristic
radiation. Its energy level is equal to the difference in energy between the outer and inner shell

electrons participating in process 2.
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2.3.2 Bremsstrahlung

Deflected electron
€e

Incoming electron
€ e

Photon

Figure 2. 3: Formation of bremsstrahung

A bremsstrahlung interaction occurs when a high-speed electron and a nucleus collide. As it
nears the nucleus, the electron may be deflected due to Coulomb forces and lose energy as

bremsstrahlung radiation !!.

2.4 X-ray interaction with matter

2.4.1 Photoelectric effect

Ejected electron or
Photoelectron

Incident Photon

.
.
.
-

Characteristic photon
(secondary radiation

Figure 2. 4: Formation of the photoelectric effect
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When photons interact with matter causing electrons to be rejected due to absorption of the x-
ray photon, which is known as photoelectric (PE) absorption, it is referred to as the PE effect.
The PE effect thus ionizes (i.e., charges) the atom, which can then lose this charge when
emitting an x-ray. PE absorption primarily occurs up to energies of approximately 500 KeV

and for atoms with high atomic numbers.

The photoelectric effect not only produces characteristic x-rays in the x-ray tube, but also is
important to consider when x-rays interact with matter. An x-ray photon transfers its energy to
an orbital electron, which is then dislodged and exits the atom at high speed. Kinetic energy is
produced when an x-ray photon transfers energy to an orbital electron, which then leaves the

atom under high velocity 3. This kinetic energy is determined as:

KE= hv — (BE) @.1)

where KE is the kinetic energy of the photoelectron, hv is the energy of the incident X-ray

photon and BE is the energy required to remove the electron.

2.4.2 Compton Effect

Compton electron ejected

Incident Photon

.,
‘e
.,

v

Scatter photon

Figure 2. 5: Formation of the Compton effect
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The Compton effect, also referred to as Compton scattering (C) or incoherent scattering, takes
place if an x-ray photon causes an electron to be released by an atom while a lower energy x-
ray photon is scattered. In this process, energy and momentum are conserved. At the same time,
because the x-ray photon that is scattered has less energy, it exhibits a longer wavelength than
the originating photon. Elements with low atomic numbers largely experience the Compton
effect; moreover, when energies are 100 keV, it is the Compton effect that produces radiation

absorption.

Even if x-ray energy is relatively low, the Compton effect will be produced when using targets
of low atomic weight. During the process, photons are scattered by atomic electrons. During
Compton scattering, the incident X-ray will change direction and transmit energy to an
electron, thus referred to as a Compton electron. A Compton electron continues the process by
interacting with subsequent atoms, which results in secondary ionization. As the electrons are

low energy, the resulting x-rays will also be low energy.

The maximum possible energy, E, of a Compton electron (recoil electron) is equal to:

E= hv/1+4 hv (22)

where hv is the energy of the incident photon. Qualitatively, it is easy to see that the Compton

electrons will be significantly less energetic than photoelectrons for an equal value of hv'3.
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2.4.3 Coherent Effect

Incident Photon
Scatter photon

.,
«
L]
L]
L
.
.
L
-
L]
L]
.
*a
‘h

Figure 2. 6: Formation of the coherent effect

In coherent scattering, or classical scattering, a photon interacts with an atom’s orbital electron
and changes direction. As the photon has low energy, usually less than 10 keV, it will not likely
remove the orbital electron from its shell. The atom will instead absorb the photon energy,
which excites the atom, and energy, equal to the incident photon, is then released in a different
direction, producing a scatter photon. Most scatter photons, due to their low energy, are

absorbed in the body and contribute little to the image while adding slightly to patient dose. '*

2.4.4 Conclusion

The most common types of CT interactions at CT energies are the Compton effect and the
photoelectric effect. These effects are important to consider when using CT scanners as they
influence how photons are absorbed by anatomical structures. A greater number of Compton
and photoelectric effects are produced in hard tissues as compared to soft tissues; therefore,

more photons depart from the patient when passing through soft tissues. This characteristic
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then allows for imaging of both hard and soft tissues.

2.5 Principle of computed tomographic imaging

The early generation of CT imaging devices scanned a narrow x-ray beam across the patient

simultaneously with a radiation detector on the opposite side. For a monoenergetic beam, the

transmission through the patient is determined by the Lambert-Beer law (I =1 e M X’), with

0

the patient represented as a homogeneous medium, as shown in Figure 2.7.

Linear attenuation coefficient

-

Length of beam path

Figure 2. 7: CT X-ray measured for a homogeneous object.

When an x-ray beam is intercepted by two regions having attenuation coefficients pl and p2

and thicknesses x1 and x2, as shown in Figure 2.8, the x-ray transmission is determined as:

=1 e—(ulxl+u2x2) (2.3)
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Figure 2. 8: CT X-ray measured for an inhomogeneous object.

When there are many (n) regions having different linear attenuation coefficients along the path

of x-rays, the transmission is determined as :

1= e Zim1HiXi (24)
- 2 MiXi= (U1X1 Hu2x2++unXn) (2.5)
where 1/10 is
o 2i=1 Hixi (2.6)

In a single transmission measurement, it is not possible to determine separate attenuation
coefficients as too many unknown values of i exist in the equation. On the other hand, when
multiple transmission measurements are taken in the same plane but with different x-ray source
and detector angles, the coefficients can be separated, yielding a cross-sectional display of
attenuation coefficients. A gray-scale image can be produced by assigning gray levels for the
various attenuation coefficient ranges, which then represent patient structures with different x-

ray attenuation characteristics.
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After readings from the detector are stored in the computer, the tube is moved to another angle
for a new projection profile. Once a complete rotation is performed, the patient's table is moved
a small distance for the next slice measurement.!* Using data from profiles through all voxels
in a slice for sufficient numbers of projections, one can then calculate the average linear
attenuation coefficient for each voxel, which is called reconstruction. Each p value is assigned

a grey scale value on the display monitor and is presented in a pixel of the image '4.

VOLUME OF SLICES SLICE OF VOXELS X-ray tube
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Detectors

Figure 2. 9: Stages of the formation of the computed tomography image '>1°

Figure 2.9 shows the formation of the computed tomography image. Typically, an anatomical
region is divided into slices. The slices are divided into a matrix (array) of tissue voxels
(volume elements). The digital image of the slice is formed as a matrix of pixels (picture
elements). The brightness of colour displayed in each pixel represents some physical

characteristic of the tissue in the voxel.

2.6 Image reconstruction

Four approaches, known as CT reconstruction algorithms, are used to calculate the slice image

based on its views.
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The first method is not practical but provides an understanding of the concept. It solves many
linear equations simultaneously using one each measurement. In this approach, a certain
sample in a certain profile is the sum of a certain group of image pixels !”. However, this
method of CT reconstruction is too time consuming to be feasible as it has to solve hundreds

of thousands of linear equations simultaneously.

The second method of CT reconstruction employs iterative techniques to produce the final
image. Variations of these techniques are the Algebraic Reconstruction Technique (ART), the
Simultaneous Iterative Reconstruction Technique (SIRT) and the Iterative Least Squares
Technique (ILST). They differ by the correction methods they use which are ray by ray, pixel

by pixel or the entire data set, respectively 7.

A third method is filtered back projection, which is an advanced variation of simple back

projection.

view 2

view3 [ | |
______ g i O —

a. Using 3 views b. Using many views

Figure 2. 10: Back projection reconstructs an image'®

by taking each view and smearing it along the path it was originally acquired. The resulting image is blurry of the correct
image.

Simple back projection is logical but not highly technical. As shown in figuren2.10, a sample
is back projected when all the pixels are sent a ray pointing to the same value of the sample. In

other words, a back projection is formed when each view travels back through the image in its
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original direction '7'°. For a given image, the reconstructed density is the sum of all ray
projections that pass through it. For this reason, back projection is sometimes referred to as the
summation method or the method of linear superposition. The mathematical equation

describing the back projection is:
fx,y) = Yip(xcosd; +ysind;, d;)AP;  (2.7)

where the integral of f(x, y) along the ray is called the ray sum or ray projection p and where
the summation extends over all projection angles (¢;). The method (xcos ¢; +y sin ¢;)
selects only those rays that pass through the point (x,y), while the (Ad; )factor represents the

angular distance between adjacent projections 4. Even though back projection is a simple

concept, it does not adequately solve the problem as the image is very blurry.

filtered view 1

filtered
view 2

filtered
view

a. Using 3 views b. Using many views
Figure 2. 11: Filtered back projection reconstructs an image'®

Filtering each view before back projection removes the blurring and results in a mathematically exact reconstruction of the
image.

Filtered back projection is preferred as it corrects the blurring produced when using simple
back projection. As shown in Figure 2.11, each view is filtered before back projection, which
eliminates blurring. The filter involves convolving each one-dimensional view using a one-

dimensional filter kernel. The filtered views are then back projected to reconstruct the image,
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which is close to the "correct" image, especially when using an infinite number of views and
points per view. The method was first developed by Bracewell and Riddle ?°, who derived the

formula:

wr , R ' sin? ‘r[km(x'—x”) '
p'(x) =km p(x') — [, p(X") H(Z(X,_X,,)Z ) ax (2.8)

where p(x') is the measured profile, p*(x') is the modified profile, p* is the projection p after
being filtered, R is the maximum radius of the object and km is the greatest spatial frequency

(wavenumber) present in the projection '°.

The fourth method is called Fourier reconstruction. In this method, any function of space or
time can be represented as a sum of sine and cosine waves (harmonics) of different frequencies,
and the amplitude of each harmonic is called the Fourier coefficient. This means any two-
dimensional density function f(x,y) can be expressed as a sum of sine and cosine waves. The

amplitudes of the sinusoidal waves are denoted by the Fourier coefficients !7:%,

The basis of Fourier reconstruction is that the Fourier coefficients of the image are related to
the Fourier coefficients of the projections '*. In fact, the amplitudes of waves propagating at an
angle are simply equal to the Fourier coefficients of the projection at the same angle. The
Fourier coefficients of the image can easily be obtained from those of the projections, and the

picture can be resynthesized.
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2.7 Iterative reconstruction
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Figure 2. 12: Schematic view of the iterative reconstruction process!

Iterative reconstruction methods include three steps that are repeated, as shown in Figure 2.12.

In the first step, a forward projection of the volumetric object estimate produces artificial raw
data. Next, the artificial and actual raw data are compared to compute an updated image. Lastly,
the correction term is back projected onto the volumetric object estimate. The volume estimate
begins with either an empty image or with prior information, along with an filtered back
projection reconstruction. The process is complete when a fixed number of iterations is

reached, the update is considered small enough or a predefined quality is met 22,

Three different techniques of iterative reconstruction, which differ according to the sequence

used for corrections, include ART, SIRT and ILST.

ART, one of the simplest forms of iterative reconstruction, was used for image reconstruction

in the first CT systems. It is based on Kaczmarz’ method 2* of solving linear equations:

Ax=Db
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where x is the voxels of the volume to be reconstructed, A is the system matrix used to produce
raw data and b are the measured raw data pixels. Matrix A corresponds to rays from the source
through the volume to the detector pixels; for example, the line integral of the linear attenuation

coefficient 242,

In ILST, all projections are calculated at the beginning of the iteration, and all corrections are
made simultaneously. However, this leads to an overcorrection as each cell is recorrected for

every ray passing through it, causing the iterations to oscillate about the correct solution.?

SIRT has each iteration beginning with a particular point, which is corrected for all rays that
pass through it. Other points are then treated the same, except that corrections made during the

iteration are embodied in succeeding calculations ?’.

2.8 Development of computed tomography scanning

CT scanners were introduced in 1971 and have gone through several generations of design

since that time. These include:

Translate-rotate, pencil beam and one detector (first generation)

Translate-rotate, fan beam and multiple detectors (second generation)

Rotate-rotate (third generation)

Rotate-fixed (fourth generation)

The primary reason to introduce a new configuration is to reduce the scan time, which is
generally accomplished by reducing or simplifying the movement of the system. For example,
the first two generations had a stop-start motion, but more recent versions use continuous

rotation.
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2.8.1 First generation

(r\.__h_) .
.

Pencil beam

™

Single detector

Figure 2. 13: First generation of computed tomography*®

Early CT scanners had a translate-rotate system and used a pencil beam, which was a single x-
ray beam based on parallel beam geometry. They used pinhole collimators to produce single

x-ray beams to scan patients.

These units also operated with only a single detector placed opposite the x-ray tube. In this
manner, the single detector measured the amount that passed through the patient for a certain
slice of a body part. As multiple slices were required, the x-ray tube and detectors had to be

moved and then the x-ray tube had to be rotated to obtain images from different angles 2°.

The primary shortcoming of first-generation CT scanners was the extended time needed to
acquire the data and reconstruct the computerized images. For example, producing five images

to examine the head took about 25 to 30 minutes.
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2.8.2 Second generation

dgh —

Small fan beam
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Figure 2. 14: Second generation of computed tomography®

Second generation CT scanners used a narrow fan x-ray beam at an angle of about 10 degrees
along with a linear array of 30 detectors. This arrangement provided a significant decrease in
acquisition time from that of the first generation. Even though the fan beam angle was small
and still required linear movement of the x-ray tube and detectors, the level of linear
displacement needed was substantially reduced. For example, the acquisition time needed for
a head scan dropped by two to three minutes per slice. As a result, the second-generation CT

scanners were fifteen times faster than the first generation, which was quite an improvement?°.

However, even though the acquisition time improved for the second generation, the measuring
field was still small. These CT scanners still relied on rotation and translation of the x-ray tube

and detectors, which added wasted time to the imaging protocol °.
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2.8.3 Third generation

( C)
AN

Multiple detector array

Figure 2. 15: Third generation of computed tomography?

Third-generation CT scanners use a wide aperture fan beam, allowing the entire patient to be
scanned at one time. This design enabled the x-ray tube and detectors to freely rotate through

the projection angles with no need to stop and collect multiple slices per angle °.

Moreover, the third-generation scanners use an angle from 40 to 60 degrees, which further
requires a linear detector array consisting of 400 to 1000 detectors. To synchronise the x-ray
tube and the detector rotations, they are joined together, which produces faster acquisition

time>".

The primary advantage of third-generation CT scanners is once again diminishing the time it
takes to complete a scan, with some systems producing scans in less than five seconds per
projection angle. Third-generation CT scanners are still in use, with most operating at scan
times at a fraction of a second. However, they do have a drawback as they produce a

characteristic ring artifact due to the number of detectors and their common lack of calibration.
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2.8.4 Fourth generation

Stationary ring of detector

Figure 2. 16: Fourth generation of computed tomography®

Fourth-generation scanners use detectors formed into a ring encircling the patient. Instead of
the detectors moving, the x-ray tube rotates inside the detector ring, with the x-ray beam
collimated to form a fan. Some fourth-generation models use more than 2000 detectors.
Exposed detectors are read when the x-ray tube is at the prescribed angles. Projections are
commonly taken at over 1000 angles during the x-ray tube rotation. In this way, one CT scan
is comprised of many projections, each at a slightly different angle, which is an advantage of

this type of continuous-on x-ray design.

Third-generation and fourth-generation CT scanners both provide excellent results, with
neither having an obvious advantage over the other. A fan beam and multiple detectors produce
speed as they can collect data faster than can a single detector; however, a major disadvantage
of a fan beam is an increase in scattered radiation. As CT is usually performed at 120 kVp,
Compton scattering is common. Even though the Compton reaction is almost identical for
pencil beam and fan beam scanners, scattered photons are more apt to be detected when using

a fan beam. Figure 2.17 illustrates a comparison between the two types of scanners.
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Figure 2. 17: Diagram of the scatter radiation between fan beam and pencil beam

In Figure 2.17, two scattered photons are generated by the pencil beam, but both miss the

detector and go unrecognized. On the other hand, with the fan beam scanner, two scattered

photons, generated from the same volume of tissue, strike a detector and are recorded as an

artefact (noise).

2.9 Spiral computed tomography scanning

Path of continuously
Direction of rotating X-ray tube
patient transport and detector

Start of spiral scan

Figure 2. 18: Principle of spiral computed tomography scanning’’
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Most third- and fourth generation CT scanning utilises spiral CT scanning, which was first
introduced in 1989. Image acquisition time is reduced as the tube voltage cables are connected
by a sliding contact called a slip ring that is supported by the rotating gantry. This setup allows
the x-ray tube to rotate in a spiral pattern while the patient continuously moves through the
gantry. As a result, the spiral CT technique can reduce patient motion and increase patient
throughput *2. At the same time, more of the patient may be scanned during contrast media
passage, which can reduce the volume of contrast needed. Moreover, as there is greater

continuity of data along the patient axis, the three-dimensional reconstruction is improved 3.

Pitch is defined as the patient couch movement per rotation divided by the slice thickness for
single-slice CT scanning; however, while in multislice CT, the patient couch movement per
rotation is divided by the beam width. Low pitch, which can be achieved by small increments
of couch movement, improves spatial resolution along the patient's long axis; however, this
results in increased patient doses and imaging times. When the pitch is greater than unity, the

patient dose is less, but data must be interpolated to preserve resolution along the long axis 4.

Older scanners providing spiral computed tomography may be problematic as the continuous
tube operation requires a lower radiation dose per rotation, often producing a significant
increase in image noise. However, modern scanners have improved tube technology, which

eliminates this problem.

Even though scan duration is shorter with spiral computed tomography, more sections must be
processed, which may increase the time needed for image reconstruction. This increase is
especially noted when overlapping sections are used for imaging. However, new scanners have
resolved this issue as they yield rapid reconstruction, often at a rate of just one second per

image. If an increased number of images need processing, this may also increase time >+,
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2.10 Focal Spot

The point where the electron beam strikes the tube anode, causing x-rays to be emitted, is the
focal spot. Its size and shape are determined by the size and shape of the electron beam as it

strikes.

Furthermore, the size and shape of the electron beam are determined by:

e The tungsten filament coil dimensions

e The focusing cup construction

o The filament position in the focusing cup

o The electric field that exists between the cathode and anode: the focal spot enlarges when the

current increases due to the repulsion of adjacent electrons, known as the blooming effect.

Conventional CT x-ray tubes often include both small and large focal spots. The small spot
provides more detail and improves geometric sharpness by narrowing the penumbra of the x-
ray beams on the detectors (Figure 2. 19). Therefore, a small focal spot is used when spatial
resolution is important. On the other hand, a large focal spot is used when a short exposure
time is important 33-3¢,

Large focal spot size small focal spot size

Umbra region

Penumbra region

Figure 2. 19: Diagram illustrates the effects of focal spot size on the penumbra
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The small focal spot use is limited on most current CT scanners as thermal damage to the anode
within the conventional x-ray tube occurs when producing high-resolution images over long
distances. Moreover, a small focal spot size limits the number of photons detected, which
increases the noise. However, newer models are equipped with advanced x-ray tube cooling
systems to prevent overheating. At the same time, a bigger generator coupled with the cooling

system allows more photons to be detected when using the small focal spot 367,

2.11 Collimation, umbra and penumbra regions

X ray source

X ray beam

Prepatient collimation

X ray detector —

Figure 2. 20: Illustration of prepatient — postpatient collimation and umbra — penumbra regions®

CT collimation is used to (1) reduce unnecessary patient radiation, and (2) provide good image
quality. There are two types of collimators, pre-patient and post-patient. A pre-patient
collimator is placed between the x-ray source and the patient. Since x-ray photons emitted

cover a wide range along the z-axis, the pre-patient collimator restricts the beam to a narrow
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region of the patient, as shown in Figure 2.20. When using a single slice CT, the collimator
reduces the patient dose and defines the slice thickness of the imaging plane. However, when

using a multi-slice CT, the slice thickness is defined by the detector aperture.

Due to geometric limitations, after passing through the pre-patient collimator, the x-ray beam
has both an umbra region, and a penumbra region along the z-axis. Moreover, the x-ray beam
is homogeneous in the umbra region because the source is not blocked by the collimator at any
point: the entire x-ray focal spot can be seen anywhere inside the region. On the other hand,
the penumbra is a nonhomogeneous region as the x-ray focal spot is always partially blocked

by the collimator.

In single slice CT, the slice thickness is based on the full width at half maximum (FWHM) and
the full width at one-tenth maximum (FWTM) of the complete umbra and penumbra region. In
multislice CT, the sizes of the umbra and penumbra relative to each other are important in the
scanner dose utilization. Most commercial multi-slice CT scanners use just the umbra to
formulate CT images as that is where the active detector cells are located. The penumbra
represents the unused patient dose. Therefore, the dose efficiency can be improved by reducing

unused x-ray photons.

The second type of collimator is post patient, which is used to reject scattered photons. It is
located in front of the detector and focuses on the x-ray source. The scattered radiation usually
deviates from the original photon trajectory, and post patient collimation blocks them from

striking the detector 38,

40



2.12 Filters

X-ray photons cover a wide spectrum, including many low energy rays that are mainly
absorbed by the patient rather than contributing to the detected signal. Removing these low

energy x-rays reduces the patient dose, which can be achieved through the use of filters 3.

Two commonly used filters are the flat filter and the bowtie filter. The flat filter, usually
composed of aluminium or copper, is placed between the x-ray source and the patient, thereby

uniformly modifying the spectrum across the field of view.

However, a patient cross-section is generally oval in shape, so some systems use a bowtie filter
to reduce the beam intensity inside the field of view, which then reduces the dose to the patient,

as shown in Figure 2.21.
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Figure 2. 21: [llustration of a bowtie filter
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2.13 CT scan detectors

The latest generations of CT radiation detectors are much improved as compared to earlier
models. Detector dose efficiency, comprised of three parameters, determines maximum tube
loading and controls the patient dose. One is capture efficiency, which is based on the detectors
receiving photons and is controlled by the size of the detectors as well as the distance between
them. The second is absorption efficiency, which is based on the detectors converting incoming
photons and is determined by the materials used as well as the detector size and thickness. The
third is conversion efficiency, which is based on how well the detector converts the photon

information to a digital signal.

Additionally, CT detectors should be highly stable, respond quickly and exhibit a wide
dynamic range *°. Two types of detectors are used. The gas filled detectors contain pressurized
xenon to improve detection efficiency, while solid state detectors include Nal (T1), CaF, and
Csl scintillation crystals; ceramic materials made of rare-earth oxides as well as bismuth

germanate (BGO) and cadmium tungstate [Cd WO4].

The solid state detectors cannot be tightly packed but exhibit almost 100% detection efficiency,
while gas filled detectors can be tightly packed with fewer interspace septa. Solid state
detectors can receive primary beams from a moving tube; however, gas filled detectors are

highly directional, which does not provide efficient reception of primary beams *°.

Multiple detector arrays are found in the latest generation of CT scanners. They allow multi-
slice CT (MSCT), which provides advantages over single slice CT (SSCT). The MSCT
scanners not only have multiple rows of detectors, but they also have a wider x-ray beam in
the z-axis, allowing the beam to function more effectively. In this setup, data can be collected

for more than one slice simultaneously “°.
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The main difference between SSCT and MSCT is the detector arrays (Figure 2.22). SSCT uses
detectors that form a one-dimensional array, while MSCT is divided into several smaller
detectors along the z-axis, forming a two-dimensional array. The CT scanners currently used

in hospitals have at least 64 rows of detectors that provide a very high resolution .

Figure 2. 22: Single slice CT ( left ) versus multiple slice CT ( right)*!

2.14 Quality assurance and quality control

CT-scan quality assurance aims to assure safe and accurate operation of the entire CT scanning
process. Quality assurance protocol should include tests that will assure an accurate target,
critical structure localization and accurate placement of treatment beams for a volumetric CT

scan. Specifically, quality assurance tests should include **#:

e Physical parameter measurements of the radiation generators and imaging devices when

commissioned and periodically through their service.
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e Verification of the appropriate physical and clinical factors for patient diagnosis or therapy.

e Procedures and result records, including outlines of the individual QC tests, performed.

e Verification of calibration and conditions of operation for dosimetry and monitoring

equipment.

Several electronic components and a significant amount of data processing are needed to
produce a CT image. Imaging system problems are hard to detect merely by observing an image
as a gap exists between data acquisition and image display. Due to the system's complexity,

prospective monitoring and testing of its components is the only way to assure image quality.

For overall system performance with standard phantoms, measurements should be correlated
with patient dose, so variables that affect contrast, spatial resolution, image noise and patient

radiation dose are properly balanced.

Fundamental system performance indicators are CT number, resolution, noise and patient dose.
The CT number accuracy is measured by scanning a water-filled phantom at least once a
month. The CT number for water over a 20 cm diameter phantom should be zero, with a
variation of less than 1. Deviation from the expected CT number can be adjusted by applying

a correction factor for the pixel value. Value constancy should be monitored daily 34,

Measurement of physical and mechanical factors such as couch positioning and indexing
should be part of a comprehensive quality control program. Hard-copy device and system
monitor performance should be checked for distortion, brightness and contrast adjustment.
Image analysis features such as distance and bone density measurements should be

independently evaluated %44,
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Chapter 3

3.1 Patient dose

The radiation dose from a CT scan is higher than that used for an equivalent Xray radiographic
image. For the head, a CT image requires a dose of about 10 to 20 mGy, while an abdominal
CT image requires a dose of about 30 to 50 mGy. To improve the contrast and spatial
resolution, these doses would have to be increased significantly. The relationship between dose

where D is the patient dose, s is the signal/noise ratio, e is the spatial resolution, b is the slice

thickness and a is a constant 4.

The CTDI is the patient dose in multislice CT. When the couch increment (CI) is equal to the
slice thickness (ST), the CTDI equals the multislice average dose (MSAD). When the couch
increment is lower than the slice thickness, the MSAD is the CTDI multiplied by the ratio of

the slice thickness to the couch increment; that is
ST
MSAD = CTDI [a] (3.2)

Outside the slice, patient dose significantly decreases. A conservative rule of thumb estimates

the dose at 1% of the in-slice dose at a distance of 10 ¢cm from the slice .
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3.2 Computed Tomography Dose Index (CTDI)

CTDI is the average absorbed dose from a series of contiguous irradiations along the long axis.
It is measured from one axial CT scan and is determined by dividing the integrated absorbed

dose by the nominal total beam collimation.

It represents the primary dose measurement in CT:
CTDI = % IZ D(2)dz (3.3)

where D(Z) is the radiation dose profile along the z-axis, N the number of tomographic sections

imaged in a single axial scan and T the number of data channels used in a particular scan.

3.2.1 Computed Tomography Dose Index 100

The CTDI was proposed and established in the late 1970s by the US Food and Drug
Administration (FDA). It is measured using a PMMA cylinders15 cm long with diameters of
16 and 32 cm, representing a standard head and body section, respectively. The cylinder has

one central and four peripheral bore holes used to insert a 100 mm long ionization chamber *°.

It is determined as:

CTDlygo = == [ oo D(Z)dz (3.4)

where N is the number of slices, T the slice thickness and D(Z) the dose profile along the z-

axis of rotation.

The pencil chamber length (L) is not really measuring exposure (X) or air kerma, but instead
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the integral of the single rotation dose profile D(z). The exposure meter may convert the charge
collected into an apparent exposure reading in roentgens (R) or air kerma, expressed in
milligray (mGy); however, the meter reading actually represents average exposure or air kerma

over L, as:

1 2

Meter reading = %fl/z =5 0

2 X(z)dz

D(z)dz (3.5)

where f is the f-factor (exposure to dose conversion factor, D = f - X).
Considering the above definition of CTDI 100 (L = 100 mm),

it is clear that

MGY) 100mm . meter reading(mGy)
CTDI = ) o (3.6)
Thus,
c. f(2SY) 100mm . meter reading(mGy)
CTDIloo(mGy) = (mGY) (3.7)

NT(mm)

where C is the unit less the chamber calibration factor (typically near 1.0) 4 .

3.2.2 Computed Tomography Dose Index weighted
The Weighted CTDI (CTDIy) is the average CTDI across the field of view (FOV):

1 2
CTDIy = gCTDImo,CENTER + gCTDlloo,EDGE (3.3)
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where the values of 1/3 and 2/3 represent the approximate relative areas of the center and edge
values, respectively *¢. CTDIy can be used to represent scanner radiation output for a specific

kVp and mAs.

3.2.3 Computed Tomography Dose Index volume

To represent a dose for a specific series of scans, protocol requires taking into account any gaps
or overlaps between the x-ray beams. This can be done with a dose descriptor called the

Volume CTDI (CTDyo):

CTDlyo =~ . CTDly (3.9)

where I is the table increment per axial scan

Pitch is defined as the ratio of table travel per rotation (I) to the total nominal beam width (N

xT)

SO:

oh = 4
Pitch = NT (3.10)

thus, (CTDI yo1) can be expressed as:

1

CTDIyo = o

CTDlyy (3.11)

where CTDIy, represents the average absorbed radiation dose over the x and y directions from

a series of axial scans and CTDIyol represents the average absorbed radiation dose over the x,
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y and z directions.

3.2.4 Dose Length Product (DLP)

To improve the representation of the overall energy delivered by a scan protocol, the absorbed

dose can be integrated along the scan length to compute the Dose Length Product (DLP) #7:

DLP (mGy.cm) = CTDI,,, . Scan Length (3.12)

Therefore, dose length product (DLP) is obtained by multiplying the CTDIyo by the scan

length.

The DLP does not provide a dose value as is evident from its unit (mGy.cm). However, it is
useful because it serves as a surrogate for patient dose, especially when comparing dose levels;

moreover, it can establish diagnostic reference levels (DRL).

Both CTDIyo in mGy and DLP in mGy.cm can only provide rough estimates of the patient
dose levels involved as they are determined for cylindrical phantoms, which do not match the

patient situation well 46,

3.3 A new look at CT dose measurement

Dixon’ conducted a study to analyze the limitations of the CTDI method for dose measurement
and suggested a new method involving a small ionization chamber for dose accumulation. The

researcher suggested the small ion chamber has higher efficacy than a conventional long
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chamber for dose measurement. To produce the collected dose distributions, some equations
were derived for helical computed tomography scanning. The dose line integral was evaluated
using these equations in a cylindrical dosimetry phantom. The study found that the current
methodology is not more valid for the conditions in which radiation beam widths get wider for
multi-slice scanners. A 10 cm long ion chamber (CTDIi¢0) for measuring the integral of the
single slice profile is not an efficient route. The authors recommended that in a multi-slice
scanner, a long ion chamber measurement can underestimate the integral of dose line and the
equilibrium dose by 20% in the middle of the body phantom, while in the middle of the head
phantom, the measurement can be underestimated by about 10% for a 20 mm nominal beam
width. It was suggested that rather than using a long ion chamber, a small volume ion chamber
can be used for accumulating the broad scatter tails of the single slice. Dixon demonstrated that
a small volume ion chamber is an alternative to the CTDI method and can scan a phantom of
enough length to create equilibrium dose at any position of the chamber. It has been found that
with a helical or axial series, the time for scanning would be less than or equal to 15 seconds
with a modern CT scanner. Therefore, the small volume ion chamber method would be a less

time-consuming approach than the long chamber technique.

Dixon and Ballard*® performed research based on the experimental demonstration and
authentication of a versatile system of CTDI. The authors also utilized a short conventional ion
chamber. They demonstrated that a small ion chamber is more effective than a long pencil
chamber, and it is more versatile than the latter. The accumulated dose value can be efficiently
and correctly estimated by CTDI oo for a single total scan length, i.e. 100 mm, and the limiting
equilibrium dose is underestimated by this method for longer body scan lengths. The wide-
ranging set of measurements was performed by Dixon and Ballard to prove that effectiveness
and adaptability of a small ion chamber method. They discovered that a small ion chamber

could be used with any desired scan length (L) to accurately predict accumulated dose and
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CTDIL values and that the limiting equilibrium dose Dgq can be measured for any value of

desired scan length with accuracy.

In comparison, the values of CTDIL were found to be in agreement with the values estimated
by a pencil chamber of any length. It was determined that a small ion chamber method had no
hidden drawbacks. Only a scatter-induced current was encountered in the electrometer because
of the improper location and the conveyance and control of the 400 mm long phantom. For any
scan length, the accumulated dose can be measured at a desired location in the phantom.
Another benefit of a small ion chamber method is that it can measure accumulated dose at any
point instead of just the middle point of the scan length, which is the limitation of using a

pencil chamber measurement.

Descamps® et al. followed the AAPM TG111!° guidelines for measuring the accumulated
doses while using common CT protocols. They also compared the accumulated doses with the
measured doses derived by the end of each CT scanning. Descamps et al. suggested that the
efficacy of a long ion chamber (pencil chamber) is low due to the unaccountability of the
radiation integration, which is scattered beyond 100 mm along the z-axis. They suggested that
the CTDI index observed with a 10 cm long ionization chamber using a Perspex phantom (i.e.
14 cm long PMMA), which is typically used for estimating the CT doses, is no longer versatile
for the new era CT scanners. Following the AAPM TG111 report!'”, they proposed that a small
volume ionization chamber is a novel measurement modality that allows using a phantom of
enough length for creating dose equilibrium at any desired position of the chamber. They also
evaluated the minimum scanning length required for the accumulation of dose equilibrium.
The value of dose equilibrium was measured and compared to the values of CT index produced
by the CT scanner, and TLD measurements were used to confirm the dose values. Descamps

et al. observed a difference of less than 1% between values of dose cumulated using TLD and
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with small ion chamber, and a difference of 0.4% in reproducible measurement setup. The
results demonstrated that scanning lengths of 450 mm and 380 mm are required for obtaining
the cumulated dose equilibrium for the central and peripheral axes, correspondingly, which
validates the phantom length. For the relevant clinical profiles, the equilibrium doses were
measured as 30% higher than the doses reported by the CT scanner. For CT systems having
wide longitudinal detectors, the present CTDI methods are no longer acceptable as the reported
CT index tends to underestimate the value of dose delivered. Descamps et al. suggested that
the AAPM TG111'° methodology should be followed to evaluate the dose. A methodical
underestimation in the range of 30%—-35% has been reported by researchers regarding the doses
transported during CT scans to the patient. The doses informed by the CT scanner at the end
of the exams are still based on the CTDI paradigm. It has been found that for new cone-beam
innovation, it is critical to consider CT radiation dose using a small active volume ionization
chamber informed by the AAPM report!®, which is usually utilized in radiotherapy
administrations for CT beam quality. The TLD estimations approved the right estimations

setup and the AAPM system.

Campeloa® et al. demonstrated that at the gantry center, the CTDI o0 estimations would
undervalue the accumulated dosage for CT. An improved metrics was informed by the AAPM
TG 111 report!'® for CT dose measurements, primarily for helical and wide beam scanning. For
this study, the authors applied a TG 111 methodology for assessing the CT dose using a small
ionization chamber. For different protocols and pitch values, they measured the dose profiles
and Equilibrium dose free-in-air (Dggair). The findings demonstrated that when pitch is
reduced, the Dgg.air is increased. They observed a 30-37% difference in Planar Average Dgq and
CTDlyor estimations using a 450 mm CT phantom. In this technique, the dose profile tail
contribution is not included in the CTDIyo because of the scattering in phantom, particularly

when wide beam widths are used. Interestingly, the findings of Campeloa et al. are in close
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agreement with that of Descamps et al., who worked with a Siemens CT scanner, and that of
Dixon and Ballard, who worked with two GE scanners. Dixon and Ballard (2007)*, Dixon
(2003)°, Campeloa et al. (2016)°, and Descamps et al. (2012)*, have validated the efficiency
of using small ionization chamber for CT dose estimation as compared to CTDI with long

chamber.

According to McCollough*® et al., the CTDI method has been criticised on two primary
estimations. Firstly, a 100mm pencil ionization chamber for collecting the dose is not sufficient
to include all ends of the scattered dose distribution. Secondly, in comparison to an adult torso,
the phantoms utilized for CTDI estimations are shorter and, therefore, they cannot produce
enough of the required scattered radiation as would be occurring in an adult. The authors found
that a 14 cm CTDI phantom would underestimate by up to 40% the average dose in an adult
torso. They concluded that a small ion chamber method is an imperative alternative that
efficiently measures the output radiation of a CT scanner. This criterion is met by the CTDIyo1
as it provides accurate information about how the equipment was worked, and it tends to be
utilized relative to data concerning size and anatomy for the estimation of CT dose. The CTDI
measurements are not, in any case, dose values. In a CT scanner, the CTDI is the tachometer,
not the speedometer. McCollough et al. suggested that the individual patient risk estimation
and epidemiologic investigations evaluating potential impact of ionizing radiation must utilize
understanding of patient size based dose values (the scanner output, i.e. CTDIyo or DLP, cannot
be used alone). Using the known exponential comparison between patient size and patient

absorbed dose can enable estimations of size-based dose values using CT scan system output.
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3.4 CT scanners used in the study

Two different CT scanners were used in this study. In Chapter 4, a Philips AQsim CT scanner
with three different protocols (head, chest and abdomen) was used, while a Toshiba Aquilion
CT scanner was used in Chapter 5 with two different protocols (thoracic and abdominopelvic).

A Toshiba Aquilion scanner was also used in Chapter 6.

3.5 Thermoluminescent dosimeter used in the experiment

A thermoluminescent dosimeter (TLD) is comprised of a thermoluminescent (TL) crystalline
material such as lithium fluoride (LiF) or calcium fluoride (CaF). When a TLD is exposed to
radiation, all or part of the incident energy is deposited in the crystal. Some of the crystal atoms
become ionized, yielding free electrons and gaps called electron holes. Any imperfection in the

crystal lattice structure can trap and immobilize free electrons®!->2.

When the crystal is heated, the crystal lattice vibrates and releases the trapped electrons, which
return to the ground state and release energy as light. This light is counted with photomultiplier

tubes and is proportional to the amount of radiation striking the crystal 332,

When the amount of light released versus heating of the thermoluminescent material is
measured, the glow curve produced is then related to the radiation exposure; furthermore, the

process can be repeated several times®!*2. A model of this process is shown in Figure 3.1.
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Figure 3. 1: Simplified representation of the thermoluminescent process

The TLD used in this thesis is TLD-100H, a promising thermoluminescent material that
consists of a lithium fluoride matrix with magnesium, copper and phosphorus
(LiF:Mg,Cu,P). The key advantages that account for its current popularity are high sensitivity,
good tissue equivalence, an almost flat energy response, a linear dose response, stability at
ambient temperatures and short annealing procedures®’. From the time LiF:Mg,Cu,P was
developed at the Solid Dosimetric Detector and Method Laboratory (DML) 4, the features of
the material have been refined >°. However, LiF:Mg,Cu,P drawbacks include loss of TL
sensitivity at temperatures above 240 °C and a high residual signal >>°. Nonetheless, Horowitz
and Moscovitch®” reported that the only real problem is that temperatures above 240 °C can
permanently damage LiF:Mg,Cu,P, while maximum temperatures below 240 °C increase the

residual signal.

Twenty chips of TLD-100H were calibrated with diagnostic X-ray device (100 kV and 100

mAs at 1m, standard beam size 10x10cm) and compared against a pencil ionization chamber.
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The luminescent signals were measured by an automated TLD reader (Model 3500, Harshaw)

3.6 Phantom used in the study

This thesis describes a new CT dosimetry system that replies on radiation absorption and
scattering phantoms using a sufficiently long (450 mm) phantom to accommodate scanning

length relative to cumulative dose equilibrium.

Initially, a 450 mm long, 320 mm diameter (three sections of 150 mm phantoms are joined
together) polymethyl methacrylate (PMMA) phantom was proposed; however, difficulties
were encountered. Three companies were contacted to build it, but they all responded that it
would be very difficult to connect the three 150 mm phantoms, and there would be a gap
between each part. Another problem was that it would be heavy and very difficult to move

throughout the hospital and place on a patient’s table.

Subsequently, a water phantom was designed. It was determined that a water-filled, 320 mm
diameter phantom, 500 mm long would correspond to the attenuation and absorption of the
average sized adult body, as shown in Figure 3.2. The phantom was designed to be transported
empty and once placed on the table, it could be quickly filled or emptied in one minute with a
small pump connected to a room sink. The material needed for the phantom was obtained
online, and the device was built in the lab at (NUIG). The material composition of the phantom

was based on IAEA TRS 27738,
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Figure 3. 2: Schematic image of all parts of the Dg, phantom separately
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Chapter 4 (CT output dose performance - conventional
approach versus the dose equilibrium method)

4.1 Introduction

The current CT dosimetry method is based on the CTDI concept using a single axial rotation
of the X-ray tube in a phantom. Measurement involves a CTDI oo inserted in a cylindrical
PMMA phantom to represent the head and body. Modern CT scanners with helical scanning
modes, dose modulation, array detectors and multiple slice planes or cone-beam irradiation
geometries make CTDI unsuitable >, The CTDI method is based on two major limitations.
Firstly, the pencil ionization chamber, which is 100-mm-long and used to collect the dose, is
not sufficiently long enough to measure the tails of the scattered dose distribution®!. Secondly,
the CTDI phantoms are 14-cm-long, much shorter than the average adult torso, and cannot
replicate the scattered radiation that would occur in a typical adult 2. The AAPM TG111'°
described a new measurement method that would take into account the scatter of modern CT
scanners. The report recommended using a small volume ion chamber and a phantom length
that allows for dose equilibrium at the location of the chamber !°. As this type of phantom is
not commercially available, the aim of this thesis was to construct and characterise a phantom
based on the AAPM TG 111 report and then measure the accumulated dose and equilibrium
dose using a Farmer chamber. A second objective was to compare the dose estimation of the
current CTDI standard and independently verify the dose measurements with TLDs. The

hypothesis of the study is that the Dgq method correctly estimates the true patient dose.
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4.2 Materials

4.2.1. Dose Equilibrium Phantom

An in-house water-based phantom was developed based on the work of Dixon et al.,'%%3
referred to from this point as the Dgq phantom. The Dgq phantom was designed and constructed
at NUI Galway (Figure 4.1). It is 320 mm in diameter and 500 mm in length. The Dgq phantom
is constructed with a center hole and four peripheral holes. The holes are filled with blanks
when not in use. It is designed to be transported empty, and once placed on the table, it can be
quickly filled or emptied with a small pump operating from a room sink as a reservoir. This
phantom size was chosen in order to represent the attenuation and absorption characteristics of
the average size adult body. The material composition of the phantom was based on IAEA TRS

277 8.

0

peripheral center

500 mm

—
blank
blank

228 mm

500 mm

Figure 4. 1: Diagram of Dg, phantom
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Figure 4. 2: Dg, phantom with ion chamber fitted in the center

4.2.2. Perspex Phantom

The CTDI phantom was a commercial product obtained from West Physics. It consisted of two
PMMA cylinders: one cylinder represented the head (160 mm diameter), and the other
represented the body (320 mm diameter). The length of each cylinder was 140 mm. Each
cylinder contained holes large enough to accept a pencil chamber and were filled with Perspex

blanks when not in use.

4.2.3. Computed Tomography Scan, lonization Chambers and TLDs

A Philips, AcQsim CT was used for the measurements. Dose measurements were taken using
the Farmer chamber (PTW type 30013), as shown in Figure 4.3, and a pencil chamber (Unfors
xitm). Both are ionization-based chambers. The Farmer chamber collection volume is 0.6 cm?.
It was calibrated by the National Standards of the German National Laboratory. A PC
electrometer from Sun Nuclear was used for the Farmer chamber, configured with a cable long
enough to allow the electrometer to operate outside the scatter-radiation field in order to avoid
inducing extraneous currents in the electrometer. A PC electrometer provided a bias voltage of

+300 Volts, having a sensitivity and a leakage current consistent with the Farmer ionization
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chamber volume and dose rate®*.

The pencil chamber was 10 cm long and was calibrated by Unfors RaySafe. Dose verification
was performed independently using thermoluminescent dosimeters (TLDs-100H), as shown in

Figure 4.4, which were independently checked for accuracy.

Figure 4. 3: PTW Farmer chamber Figure 4. 4: TLD-100H chip.

4.3 Methods

4.3.1 Beam Attenuation in the Dgq Phantom and CTDI Phantom

The dose output from one single slice in the middle of the Dgq phantom and Perspex phantom
by using the pencil chamber was used to validate the dose attenuation from Dgq phantom. For
this work, the sequences were: axial scanning mode, kV = 130 kVp, 100 mA, N = 1 mm

(number of slice) and T =5 mm (tomographic section nominal width).

4.3.2 Using the Farmer lonization Chamber

4.3.2.1 Accumulated dose
Scanning a Dgq phantom moving along the z-axis through a rotating x-ray produces an

accumulated dose that can be envisaged as a dose amassed by super positioning stationary,
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longitudinally displaced single-scan dose profiles.

With the small ion chamber method, the accumulated dose is directly measured by integrating
the current from an ion chamber located at a fixed point in the phantom at the mid-point of the
scanned length® (Figure 4.5), while the Dgq phantom central axis was aligned with the CT
rotation axis. The Farmer chamber was placed in the phantom in order to center the charge
collection volume. The electrometer, which was placed outside the scan room, was connected
to the Farmer chamber using a cable that reduced the extra chamber current. The charge

collected in the ion chamber gh (nC) was converted to accumulated dose D(0) as follows*®:
Deoy = Nic* qn * (Heen)/P ) "o (4.1)

where qp, (nC) is the total charge collected by the ionization chamber during scanning over the

length L, N (mGy/nC) is the ionization chamber calibration factor supplied by national

standards of the German national laboratory, Nj, = 535 = 10° Gy/C and ((@) watery is the

air
ratio of the mass-energy absorption coefficient for water to air. This ratio will vary somewhat
with kVp, when the phantom is between the central and peripheral axes and even as the
ionization chamber moves along the z-axis. However, the variation is less than 3% !0, By

following the IAEA TRS-277°8, the energy absorption coefficient ratio water to air was 1.036.

The accumulated doses in the center and peripheral locations were measured for frequently
used clinical protocols #°. The parameters of each protocol are detailed in Table 4.1. Protocol

1 was used for the head, protocol 2 for the chest and protocol 3 for the abdomen.
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Figure 4. 5: Farmer chamber position (center and peripheral)

Protocol 1 Protocol 2 Protocol 3
Protocol Head Chest Abdomen
Scanning mode Axial Axial Axial
kV 130 120 130
mA 100 100 100
N (mm) 2 2 2
T (mm) 5 5 4
Pitch factor=b/nT 1 1 1
Time per tube rotation 1s 1s Is
Scan length 250 450 450

Table 4. 1: Details for the sequence of the protocols used.

(n=slice number, T= slice width, b = table increment in a sequence of axial scanning or continuous table advance per

rotation during helical scanning).

4.3.2.2 Equilibrium dose

The Dgq is based on an upper limiting value that is derived from the relationship of the scanning
length and cumulative dose. When the scanning length (L) increases, the cumulative dose at z
= 0 increases, along with accumulating contributions from the scatter tail outlying scan
sections, toward an upper limiting value in which the source of scatter radiation only makes

negligibly small additional contributions. The Dgq is given by

D(o)
DE = _(
9 hq,
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The h(L) is an approach to equilibrium function, where h(L) = 1 when L becomes large enough
to yield scatter equilibrium at z = 0. h(L) has an approximate form as a constant plus an
exponentially dependent term leading to saturation 6. The Dgq was determined for both the
centre and peripheral axes for three protocols (Table 4.1), then the planar average equilibrium

dose!%* was determined by Equation 4.3 and compared with the CTDI volume. [15,14]

1 1
DEq = _DEq,center + _DEq,peripheral (43)
2 2

4.3.3. Using pencil ionization chamber

CT dose index concepts are well documented, and it is currently the primary dose measurement
in CT scan 7-%%, The CTDI represents the average absorbed dose along the z-axis from a series
of contiguous irradiations. It is measured from one axial CT scan and is calculated by dividing

67-70

the integrated absorbed dose by the nominal total beam collimation as:

CTDI = — [ D(Z)dz  (4.4)

where D(Z) is the radiation dose profile along the z-axis, N the number of tomographic sections

imaged in a single axial scan and T the number of data channels.

The CTDI was proposed and established in the United States by the Food and Drug

Administration (FDA) 4>7!. It is measured by using a 100 mm long ionization chamber and

determined by 677072

100mm.meter reading(Gy) (4 5)

CTDI;00(Gy) = NT(mm)

The CTDIi0o was determined for central and peripheral axes for the three protocols using the

Perspex phantom. To make a comparison between the CTDI approach and the Dgq method, the
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CTDI was obtained by taking the dose from the pencil chamber for one slice, multipling by
100 and then dividing by the number of slices and the thickness (NT) of the beam (Equation
4.5) to determine the dose profile over the whole chamber. This allowed assessment of CTDI

volume and comparison with the planer average Dkgg.

4.3.4. Using TLD-100H

Dose measurements were also performed in the Dgq phantom using TLD-100Hs for the
verification of the dose calculation by the Farmer chamber ( Dgq method). TLD-100H chips
have a high sensitivity, and they are commonly used in diagnostic radiology. However, they
have different annealing and reading requirements than other TLDs. TLD-100H chips must not
exceed a temperature of 240 C, and the recommended annealing cycle for TLD-100H chips are

240°C for 10 minutes -7,

Twenty TLD-100H chips were calibrated with a diagnostic X-ray system. The luminescent
signals were measured by an automated TLD reader (Model 3500, Harshaw), and the
calibration factor for the TLDs was determined using the signal integration of the last two
peaks>®, which was 0.00385 mGy/nC. Three of TLDs chips were excluded as they were found

to be two standard deviations away from the mean.

Four TLD chips (Figure 4.6) were placed in the center of the Dgq phantom for each protocol,
and the average of four readings for each protocol was reported and compared with dose values

obtained from the Farmer chamber.
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Figure 4. 6: TLD chips in the center of D, phantom

4.4 Results and Discussion

4.4.1 Beam Attenuation in the Dgq Phantom and CTDI Phantom

The dose outputs from the Dgq phantom and the Perspex phantom were 0.34 £0.01 mGy and
0.33 £0.01 mGy respectively, as shown in Table 4.2. Thus, the dose attenuation in the Dgq

phantom is equivalent to the dose attenuation in any standard CTDI phantom.

Phantom First reading Second reading Third reading Average
Water phantom 0.33 0.35 0.34 0.34+0.01
Perspex phantom 0.33 0.34 0.33 0.33+0.01

Table 4. 2: Single slice dose output at the center of Dg, and Perspex phantoms

4.4.2 The Planar Average Equilibrium Dose

The planar average Dgq was obtained using Equation 4.3. The centre and periphery were
measured for three protocols to find the planer average Dgg, which is listed in Table 4.3. The

planar average Dgq was 12.14 mGy for all protocols.
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Protocols Center (mGy) Average+SD Peripheral Average+SD  Dgq(mGy) AveragetSD
(mean) (mGy)
11.99 14.31 13.15
Head 12.22 14.24 13.22
12.13+0.1 14.34+0.1 13.24+0.1
12.17 14.49 13.33
10.45 12.55 11.51
Chest 10.64 12.41 11.52
10.58+0.1 12.53+0.1 11.56+0.1
10.65 12.65 11.65
10.12 13.31 11.71
Abdomen 10.04£0.1
10.10 13.22 13.22+0.1 11.66 11.63+0.1
9.91 13.15 11.53
Average 11.08 13.56 12.14

Table 4. 3: Planar average equilibrium dose.

4.4.3 CTDI Volume Measurements and Comparison with the Planar Average Dgq

The CTDI volume was measured by a Perspex phantom for all protocols and compared to the

planar average Dgq for head, chest and abdomen, resulting in an underestimation of 28%, 35%

and 25%, respectively, across the three protocols. This data is presented in Table 4.4.

Additionally, the measured single slice dose profile at the center of the Dgq phantom (Figure

4.7) indicated that the scan length of 100 mm was not long enough to measure all the tails of

the scattered dose distribution, confirming that the CTDI methodology is no longer adequate

to accurately characterise CT dose performance.
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Protocols Dgq (mGy) average=SD CTDI volume average+SD Variation

(mGy)

13.15 10.4

Head 13.22 13.24+0.1 10.37 10.38+0.01 28%
13.33 10.39
11.51 8.57

Chest 11.52 11.56+0.1 8.49 8.54+0.03 35%
11.65 8.57
11.71 9.26

Abdomen 11.66 11.63+0.1 9.20 9.25+0.03 25%
11.53 9.29

Table 4. 4: CTDI volume compared with planar average equilibrium dose

Dose profile
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Figure 4. 7: Single slice dose profile at the center

4.4.4 TLD Measurement and Comparison with Equilibrium Dose

The comparison between the TLD in the centre (Figure 4.6) and dose equilibrium in the centre
is shown in Table 4.5. The variation between the TLD and Dgq for all protocols was less than

6%; therefore, TLD confirmed the accuracy of the Dgqmethodology.
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Protocols Dgq Center average+SD TLD center average+SD Variation

(mGy)
12.86
11.99
13.68
Head 12.22 12.13+0.1 12.36 12.93+0.5 5%
12.17 12.84
10.20
10.45
11.42
11.04+0.5 49
10.64 ()
Chest 105820.1 11.54
10.65 11.01
9.73
10.1
10.89
Abdomen
10.1 10.04+0.1 10.99 10.42+0.5 3%
9.91 10.08

Table 4. 5: TLD compared with Dr,

4.5 Conclusions

Organ and tissue radiation dose prior to a CT scan is currently estimated in Ireland’s health
service using IMPACT software’, and other healthcare systems use similar estimates. These
estimates are based on detailed system-specific Monte Carlo simulations and a mathematical

model of human phantoms 3.

The organ dose and accumulative dose are based on CTDI, which has been shown to
underestimate the dose. As can be seen in Table 4.4, the 10 cm chamber measurement

underestimated the actual dose by 25% to 35%.
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Descamps et al.** determined the planar Dgq for chest, prostate and metastasis protocols to be
12.3 mGy, 12.3 mGy and 12.5 mQGy, respectively. This was compared to the CTDI volumes
for the same three protocols, which were 9.1 mGy, 9.3 mGy and 9.3 mGy, respectively. The
authors reported underestimation of 30% to 35% in dose as measured by CTDI. Furthermore,
Dixon et al.” found that the current methodology based on the measurement of the integral of
the single slice profile using a 10 cm long ion chamber underestimated the Dgq and dose line

integral by about 20%. Thus the two studies are in good agreement with the current findings.

The 100-mm pencil chamber was too short, and it underestimated the limiting Dgq for any scan
length above 100 mm. As a result, the organ dose obtained from IMPACT software may

underestimate the radiation dose absorbed by the organs, increasing patient risk.

Alternately, using a small ion chamber and a phantom long enough to establish Dgqin the centre
can provide a more realistic dose estimate. In addition, a measurement of an accumulated dose
can be determined at any point in the phantom, not just at the centre of the scan length, which
is the only location at which the pencil chamber in CTDI can measure accumulative dose to
formalize a dose prediction. The Dgq method is more flexible and not significantly more time

consuming than the current method that uses a long chamber.
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Chapter 5 (Adult thoracic and abdominopelvic CT:

Does equilibrium dose assessment provide more sensitive
organ dose estimation than conventional CTDI?)

5.1 Introduction

The high dosage of radiation due to increased use of CT is of concern as it could result in
negative health outcomes 776, Superficial organs sensitive to radiation, such as the breast,
thyroid, and the lens of the eye are particularly susceptible because they receive nondiagnostic
radiation doses during X-ray imaging procedures of the chest, cervical spine, and head
respectively 7777, As the radio sensitivity of each organ differs, it is paramount to accurately

quantify the doses delivered to individual organs.

Both direct and indirect methods are used during CT examinations to determine the level of
radiation absorbed by the tissues and organs. An evaluation of the patient dose by the indirect
method was performed through measurement of the CTDI and published conversion factors
that normalised to CTDI 882, Estimating CT doses using simulation programs incorporates
the parameters of CTDL i, tube current, tube rotation time and pitch values. CTDI o,
expressed as the ratio of absorbed dose to air (mGy), can be measured using a 100 mm active
length pencil ionization chamber ® located free-in-air and parallel with the scanner's axis of
rotation. The effective dose requires tissue weighting factor input. The tissue weighting factor
options include ICRP 26, ICRP 60 and ICRP 103, published in 1977, 1991 and 2007,
respectively 3485,

Various dose estimation programs like IMPACT 8¢, CT Imaging and CT-EXPO ¥ are used to

estimate a priori patient dose in CT applications . IMPACT calculates organ dose based on
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the NRPB conversion factors #. The tissue weighting factors used are based on either ICRP
103 or ICRP 60 software 3485, IMPACT organ doses are based on 23 Monte Carlo datasets
from NRPB’s SR250 report and a simulated hermaphroditic patient (MIRD-5 phantom) with

organs and tissues that are modelled mathematically [%6,%].

All dose estimation programs (e.g. IMPACT 8¢, CT Imaging and CT-EXPO %7) use the CTDI
dosimetry method for CT dose assessment. CTDI has been shown to be less accurate in modern
wide beam systems because the CTDI method cannot account for all of the scatter radiation
using a 10 cm pencil ionization chamber, which could result in underestimation of the organ
dose *#*%, To correctly estimate dose, AAPM task group 111 proposed a new measurement

paradigm for dose calculation, the planer Dgq %62,

Another evaluation of patient dose is the direct method, which uses a humanoid phantom

(Alderson Rando phantom) with small devices such as TLDs.

The aim of this chapter is to use the AAPM Dgq method 162 to estimate organ dose values, and
then compare the organ dose values of both indirect methods (Dgq and CTDI) and a direct
method (TLD) . A summary of the entire process involved in this chapter is shown as a flow

chart in Figure 5.1.
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Figure 5. 1:Summary of the entire process involved in this study

5.2 Materials and Methods

This study used a Toshiba Aquilion 16, a third-generation multi-slice helical CT scanner, a 60-

kW generator and a 7.5 MHU tube.

An Alderson Rando phantom (Alderson Research Laboratories, USA)°! was also used in this
study. The phantom is a natural human skeleton embedded in a synthetic isocyanate rubber that
is tissue-equivalent over the required range of energies. It is sliced horizontally into 32

segments, each 2.5 cm thick, along with removable blanks to accommodate TLD chips *2.

Thoracic and abdominopelvic regions of the Rando phantom were scanned using typical
clinical protocols. Table 5.1 provides the scan parameters for kV, mA, rotation time, slice
thickness and pitch used in this study, while the scan length for each protocol was 450 mm.
The thoracic organs scanned were the thyroid, lung, heart and liver. The abdominopelvic

organs scanned were the kidney, bladder, prostate and testis. The scan length for each scanning
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protocol and the organs for each region are shown in Figure 5.2.

Scan Number
Region Mode kV mA Rotation/Sec  Thickness(mm)  of Slice Pitch
Thoracic helical 135 150 1 4 4 0.6
Abdominopelvic  helical 120 100 1 4 4 1

Table 5. 1: Summary of scan parameters used for the examination of thoracic and abdominopelvic regions.

Thyroid

Lung Thoracic

Heart

Liver v

Kidney

Bladder

450mm

Abdominopelvic
Prostate

Testis

Figure 5. 2: Scan region and its length for two examinations shown on Alderson Rando Phantom (vight) and MIRD-5
phantom (left)

5.2.1 The planar average Dgqg measurement and comparison with CTDI value measurement

A detailed Dgq phantom characterisation and comparison to CTDI has previously been

discussed in Chapter 4 *°. The Dgq method uses an upper limiting value based on the scanning
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length (L) and the cumulative dose (D()). There is a direct relationship between the scanning
length (L) and the cumulative dose at z = 0, along with accumulating contributions from the
outlying scan sections, until an upper limiting value is reached and the scatter radiation
produces negligible contributions %3 In this chapter, the Dgq was determined for the centre
and the peripheral axes for the two protocols (Table 5.1), with the planar average Dgq then

determined using Equation 5.1 30:78:90;

1 1
DEq = 2 DEq,center + 2 DEq,peripheral (51)

The Dgq was compared to CTDI values that were obtained from the readout of the CT scanner.
CTDI uses a pencil-type ionization chamber that has a 100 mm active length and is inserted
into the phantom holes to measure the dose by taking a single rotation without table movement.
This allows the assessment of the weighted CTDI (CTDIy) and the volumetric CTDI

5.2.2 Organ dose measurement using direct measurement

TLDs and a rando phantom were used in the direct measurement method to obtain organ
doses.TLD-100H was used for point dose measurements. lithium fluoride matrix with
magnesium, copper and phosphorus, consists of solid pellets 4.5 mm in diameter and 0.9 mm
thick. TLD chips with sensitivities within +5%°>° were first tested. Four of the chips were
placed in a selected hole per organ representing the thyroid, heart, lungs, liver, kidney, bladder,
prostate and testis. The TLDs were placed within the phantom based on a human anatomy CT

atlas. A bolus was placed on the skin to produce dose equilibrium on the testis.

After exposing the TLDs during the CT examination protocols, the preread heating process

was conducted. The recommended annealing cycle for TLD-100H chips is 10 minutes at 240°C
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525773 a temperature the chips did not exceed. An automated TLD reader (Model 3500,

Harshaw) was used to count luminescent signals’.

5.2.3 Organ dose measurement using indirect measurement

IMPACT pre-calculates CTDI measurements in free air (CTDIiqo), centre (CTDIio, C) and
peripheries (CTDIigo0, P) measured in a standard Perspex head and body dosimetry phantom,
using the 10 cm pencil ionization chamber. These measurements were used to calculate CTDI

weighted (CTDIy), CTDI volume (CTDIyo1), DLP and other dose parameters.

Doses to the thyroid, lung, heart, liver, kidney, bladder, prostate and testis were determined
using the CTDI,;r and organ dose conversion coefficients normalised to CTDI %°. The CTDLir
values were then converted to CTDI tissue values based on the mass-energy absorption

coefficients (uen/p) ratio of tissue to air >-%°:

p air

CTDItissue = ((M) tissue) * CTDIair (5'2)

The ratio of the mass-energy absorption coefficient of soft tissue to air is used at a constant
value of 1.07 369495 for normal spectra produced by the CT, even though it depends on photon
energy. Using the scanner-specific organ dose conversion coefficient allows the typical average

organ dose (Dorg1) for individual examination to be estimated as 78-93-%:

Dorgt = CTDlissue Y22 f(organ, Z)normalised to CTDI  (5.3)

where f(organ, Z) is the organ dose conversion factor and Z1 and Z2 the start and end points
of the scanned region, respectively. CT scanner manufacturer and model along with typical

scanning parameters such as kV, mA, exposure time, pitch, slice thickness, gender and start/end
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positions were used to estimate organ dose 38994,

The CTDl.ir was obtained from the dose measurement along the z-axis at the gantry isocentre
in a 10 cm pencil ion chamber (Unfors xitm™) connected to an electrometer 7. The organ dose
for each CT examination using the parameters in Table 5.1 and equation 5.3 was determined,
and the organ dose results by CTDI method were derived by CTDI.i and CTDIyo1 in IMPACT

software, as well as using organ dose conversion factor normalised to CTDI.

Using a Dgq phantom 962,

a small ion chamber and by scanning the length of the phantom,
dose equilibrium was established at the centre of the phantom. The Dgq phantom was built in-
house *° using a water-filled phantom based on the work of Dixon and Ballard **#°, Tt is 320
mm in diameter and 500 mm in length, with a centre hole and four peripheral holes. Perspex
blanks were placed in the holes when not in use. This chosen phantom size represents the
attenuation and absorption characteristics for an average adult. The material composition of
the phantom was based on IAEA TRS 277 38, With the small ion chamber (Farmer chamber

PTW type 30013), the equilibrium dose was directly measured by integrating the current from

an ion chamber located at the fixed mid-point point in the phantom for the scanned length.

The dose equilibrium free in air (Dgq 4 ) Was obtain based on AAPM TG111 ':

DorgT = DEqair * ((M) tis?“) * Y74 f(organ, Z) normalised to Dg; ~ (5:4)

p alr

Organs dose estimations using the parameters in Table 5.1 and equation 5.4 were determined,
and the organ dose results by Dgq method were derived by using Dgg.air and Dgq with IMPACT

software , as well as using an organ dose conversion factor normalised to Dgg.
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5.3 Results and discussion

5.3.1 Comparison between planar average Deq and CTDlyol

The Dgq measurement was compared to the CTDIyo1 measurement for both the thoracic and the
abdominopelvic protocols, as shown in Table 5.2. The Dgq for the thoracic protocol was 54.7
mGy, while the CTDIyo1 was 42.5 mGy. The difference in these measurements represents a
variation of 29%. For the abdominopelvic protocol, the Dgq measurement was 15.7 mGy, while
the CTDIyo was only 12.1 mGy. The difference in these measurements represents a variation
of 30%, which is similar to the percentage variation seen in the thoracic dose measurements.
These results indicate that in both cases, the dose delivered was underestimated when using the

CTDI method”*.

Method Thoracic Abdominopelvic
(mGy) (mGy)
Deq 54.7 15.7
CTDlyol 42.5 12.1
Variation 29 % 30 %

Table 5. 2: Planer average Dg, measurement compared with CTDI

5.3.2 Direct measurement

5.3.2.1 Organ dose measurements in Rando phantom using TLDs (Thoracic region)
Table 5.3 lists the direct measurements of patient dose grouped by organs associated with the

thoracic region, i.e. the thyroid, lung, heart, and liver. The highest average dose (the average
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of four separate measurements) was observed for the thyroid (116.0 mGy), followed by the
lung (84.4 mGy), then the heart (82.4 mGy). The lowest dosage in this organ group was
recorded for the liver (45.4 mGy). Of these results, the variability between a grouping of 4

TLD chip measurements was low (as indicated by standard deviations between 0.1-0.7 mGy).

Organs Dose mGy Mean mGy + SD

Thyroid 116.8 116.0+0.7
116.1
114.8
116.4

Lung 85.1 84.4+0.5
84.3
83.8
84.5

Heart 82.4 82.4+0.2
82.5
82.1
82.1

Liver 45.3 45.5+0.1
45.5
45.6
45.6

Table 5. 3: Direct measurement TLD (Thoracic)

5.3.2.2 Organ dose measurements in Rando phantom using TLDs (Abdominopelvic region)
Table 5.4 illustrates the direct measurement of organ absorbed doses using TLD for the kidney,
bladder, prostate and testis in the abdominopelvic region. The highest absorbed dose average

(= SD) was for the testis (29.5+0.3 mGy) as opposed to the kidney, which was the lowest
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(22.8+0.3 mGy). The average (= SD) absorbed doses for the prostate was 27.6+0.5 mGy, and

the bladder was 25.7+0.7 mGy.

Organs

Dose mGy

Mean mGy + SD

Kidney

23.1
22.4
22.9
22.8

22.840.3

Bladder

24.9
26.8
25.9
25.1

25.7+0.7

Prostate

28.1
27.4
28.0
26.8

27.610.5

Testis

29.1
29.5
29.8
29.5

29.51+0.3

Table 5. 4: Direct measurement TLD (Abdominopelvic)

5.3.3 Direct measurement versus indirect measurement

5.3.3.1 Comparison between direct and indirect measurement approaches for the thoracic

region organ groups

Table 5.5 illustrates the comparison of the average absorbed organ doses between the direct
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measurement method TLD and the indirect CTDI and Dgq methods for the thyroid, lung, heart
and liver of the thoracic region. For the thyroid, the TLD was 116 mGy, the CTDI was 88 mGy,
and the Dgq was 111 mGy, which shows a difference of 24 % between TLD and CTDI, but a
difference of only 4 % between TLD and Dgq. The averages for the lung were 84 mGy (TLD),
64 mGy (CTDI) and 82 mGy (Dgg), yielding a difference of 23 % between TLD and CTDI, but
a difference of the only 2 % between TLD and Dgq. The heart average absorbed doses were 82
mGy (TLD), 62 mGy (CTDI) and 81 mGy (Dgy), yielding a difference of 24 % between TLD
and CTDI, but a difference of only 1 % between TLD and Dgq. The liver average absorbed
doses were 46 mGy (TLD), 31 mGy (CTDI) and 43 mGy (Dgy), yielding a difference of 32 %
between TLD and CTDI, but a difference of only 7 % between TLD and Dgq. For all organs
tested, the differences between TLD and CTDI ranged between 23 % and 32 %, which were

higher than the differences between TLD and Dgq, which ranged between just 1 % and 7 %.

Indirect Direct
Organs | CTDImGy  Dgg mGy | TLD mGy | Diff (TLD & CTDI)  Diff (TLD & Dgq)
Thyroid 88 111 116 24% 4%
Lung 64 82 84 23% 2%
Heart 62 81 82 24% 1%
Liver 31 43 46 32% 7%

Aver 26% Aver 4%

Table 5. 5: Patient dose comparison between direct measurement and indirect measurements for the thoracic region

5.3.3.2 Comparison between direct and indirect measurement approaches for the
abdominopelvic region organs

Table 5.6 provides comparison between direct and indirect measurement approaches for the
abdominopelvic region organs. Similarly, the observed difference between TLD and Dgq is

lower in all cases (7% on average) than TLD and CTDI (29% on average). The maximum
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differences are also consistent with this trend, as 9% was observed for Dgq vs. TLD, and 35%

for CTDI vs. TLD (both for the kidney).

Indirect Direct
Organs | CTDImGy  Dgg mGy | TLD mGy | Diff (TLD & CTDI)  Diff (TLD & Dgq)
Kidney 15 21 23 35% 9%
Bladder 20 24 26 23% 8%
Prostate 20 26 28 28% 7%
Testis 21 28 29 28% 3%

Aver 29% Aver 7%

Table 5. 6. Patient dose comparison between direct measurement and indirect measurements for abdominopelvic region

5.4 Conclusions

With the new generation of CT scanners utilising helical scanning mode and increased beam
width and depth with associated increased detector size, the use of CTDI is no longer
appropriate. The continued use of CTDI in dose estimation presents a greater risk to patient

safety.

The two different techniques for indirect dose measurement, CTDI and Dgq, when compared
to direct measurements using the Rando phantom further reinforces the AAPM TG111 report.
The indirect method for both CTDI and Dgq techniques varied; in the thoracic region by 26%

and 4%, respectively, and in the abdominopelvic region by 29% and 7%, respectively.

Direct dose measuring values using the Rando phantom were higher than the indirect dose
values®># in accordance with the previous underestimations by CTDI techniques as compared
to TLD measurements. Moreover, the direct measurements of CT dose in a Rando phantom

can be 40% higher than the results using the indirect technique *’.
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From the experimental results, which display some variance, the measurements observed using
the Dgq approach were much closer to the direct TLD measurements than the CTDI indirect
measurements, which were significantly lower in all cases. If the direct measurement is
considered to represent the truest dose, then the findings of this study suggest that the CTDI
technique results in gross underestimates of the actual dose present in organs, while Dgq

represents a more accurate estimate, falling only slightly short of the direct value in many cases.

In conclusion, it can be seen from the results that the characterization of dose through the use
of CTDI is insufficient and inaccurate for modern CT machines. The results exhibited
significant error in the characterisation of dose profiles, and implementing the new method
outlined by the AAPM Task group report No. 111 '° is key to more accurately characterising
the dose profile from modern CT scanners. This method is relatively simple to follow and can
be adapted to different phantom designs for determination of Dgq. The Dgq method, therefore,
is a simple, standardised measure of the dose output of the CT scanner that can be used for

quality assurance.
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Chapter 6 (Dose equilibrium correction of past

patient data to estimata effective annual dose in patient
population)

6.1 Introduction

The use of CT is probably one of the most important advancements seen in diagnostic
radiology. However, CT involves much higher doses of radiation when compared to standard
radiography, which results in an increase in radiation exposure”®. While CT scans provide
significant medical benefits, their increased use has led to concerns about possible radiation

induced cancer risks *°.

The effective dose is the most important CT quantity used to assess the risk of cancer from a
procedure. It provides a means to compare risks for partial and whole-body exposures while

integrating the various organ sensitivities to radiation!%,

Several factors affect the risk of cancer resulting from radiation exposure, such as the patient’s
age and gender, as well as the body part exposed. A conservative approach to radiation
protection, called the linear non-threshold model, assumes that the risk for detrimental cancer
is proportional to the radiation dose absorbed, although no amount of radiation is entirely risk-

free!?!,

It is important to estimate the quantity of patient dose accurately as any increase also increases

the probability of inducing future cancers %2

. Therefore, patient CT dosimetry was established
to establish guidance or diagnostic reference levels along with dosimetry parameters for the

equipment.
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CT dosimetry usually utilises an ionization chamber that is 100 mm long. However, it
underestimates the equilibrium dose that is approached for clinically relevant body scan lengths
of 250 mm or more*®. This limitation occurs because the integration length of a 100 mm pencil
chamber is too short to enclose the axial dose profile as it has scatter tails that extend beyond
the CTDI phantom. The AAPM ! suggested using a helical scan to transverse a phantom
greater than 250 mm with a short ion chamber through the CT beam plane. This alternative
method would collect the same integral as that of a pencil chamber by integrating over its

arbitrary length.

In this chapter, the AAPM ! Dgq method and the CTDI method were applied to estimate organ
dose and effective dose values and retrospectively corrected the annual effective patient dose

for a random sample of twenty patients.

6.2 CTDIvq versus Dgq with different kV, mAs and scanning lengths

Twenty anonymous patients were randomly sampled to obtain CTDIyo1 procedural and rescan
annual reports. Each patient specific CTDIyo was retrospectively corrected to planar average
Dgq using Tables 6.1, 6.2, 6.3 and Figure 6.1, all of which characterise the specific CT system

of this study.

The planar average Dgq and CTDlyq at various clinically relevant kV and mA ranges, as well
as the different scanning lengths shown in Tables 6.1, 6.2 and 6.3, were measured to obtain
these corrections. The Dgq, CTDIyor and scanning lengths were plotted relative to each other
using in-house MATLAB software. The MATLAB software was also used to procure a
standard fit to estimate Dgq measurements for any given CTDlyo in the system within a

clinically relevant range, as shown in Figure 6.1.

85



The MATLAB software can be used to estimate the Dgq for a given CTDIyo within the standard

CT range for the CT system, while allowing for the retrospective correction of reported patient

C TDIVOl .

Scan Length

250 mm

kV, mA CTDlyol (MGy) Deq +SD (MGy)
kV 80, mA 50 2.6 3.4+0.05
kV 80, mA 100 5.2 6.6+0.05
kV 100, mA 150 14 16.9+0.05
kV 100 mA 250 23.3 27.6+0.1
kV 120, mA 200 28.3 33.5+0.1

Table 6. 1:CTDl,; and Dg, based on different kV and mA at 250 mm scan length

Scan Length

350 mm

kV, mA CTDlyol (MGy) Deq +SD (mGy)
kV 80, mA 50 2.6 3.5+0.05
kV 80, mA 100 5.2 6.8+0.05
kV 100, mA 150 14 17.5+0.05
kV 100 mA 250 23.3 28.7+0.1
kV 120, mA 200 28.3 34.8+0.1

Table 6. 2: CTDI,y and Dy based on different kV and mA at 350 mm scan length

Scan Length

450 mm

kV, mA CTDlyol (MGy) Deq +SD (MGy)
kV 80, mA 50 2.6 3.5+0.05
kV 80, mA 100 5.2 6.9+0.05
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kV 100, mA 150 14 17.7+0.05
kV 100 mA 250 23.3 29.140.1
kV 120, mA 200 28.3 35.2+0.05

Table 6. 3: CTDI,y and Dy based on different kV and mA at 450 mm scan length

Scan length ( mm)

450 —

400 —

350 —

300 — 30

40 " CTDI, ( mGy)

15 10 5 0

Deq ( mGy)

Figure 6. 1: Relationship of Dg,, CTDIvol and scanning length with standard deviation

6.3 Correcting Past Patient Data to Dose Equilibrium

The MATLAB software was used to estimate Dgq for the performed procedure (Table 6.1,

Table 6.2, Table 6.3 and Figure 6.1). This revealed that, over the course of several scans, the
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random patient sample received an absorbed dose anywhere from 4 mGy to 12 mGy greater

than previously estimated by CTDlIyol.

Table 6.4 includes the 20 patients who were used to compare estimations of absorbed doses
from CTDI and Dgq over a period of one year. The study consisted of 9 female and 11 male
patients. Two patients received one scan, twelve received two scans, three received three scans
and three received four scans. The CTDI volume estimates ranged from a low of 14.9 mGy to
a high of 49.3 mGy, while the Dgq estimates ranged from a low of 19.0 mGy to a high of 61.5
mQGy. The differences between the two methods ranged from 4 mGy to 12.2 mGy, with the Dgq
estimates being consistently higher than the CTDI volume estimates. Furthermore, when

expressed as a percentage, the Dgq estimates were 22% to 28% higher in all cases.

Patient  Number CTDI volume Deq Absolute Percentage
number  of scans (mGy) (mGy) difference (mGy) difference
Patient 1 3 26.4 33.5 7.1 27%
Patient 2 2 49.3 61.5 12.2 25%
Patient 3 2 16 20.4 4.4 28%
Patient 4 4 43.6 54.8 11.2 26%
Patient 5 2 14.9 19 4.1 28%
Patient 6 2 27 33 6 22%
Patient 7 2 32.1 40.2 8.1 25%
Patient 8 2 19 24.1 5.1 27%
Patient 9 1 15.8 19.8 4 25%

Patient 10 2 39.6 49.5 9.9 25%
Patient 11 2 18 23 5 28%
Patient 12 4 25.7 32.8 7.1 28%
Patient 13 2 14.9 19 4.1 28%
Patient 14 3 36.3 45.4 9.1 25%
Patient 15 3 394 48 8.6 22%
Patient 16 4 25.1 32.2 7.1 28%
Patient 17 2 18.8 23.9 5.1 27%
Patient 18 2 16.8 21.4 4.6 27%
Patient 19 2 29.4 36.8 7.4 25%
Patient 20 1 18.2 22.8 4.6 25%

Table 6. 4:Patient data set with updated estimated absorbed doses
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An example of an individual male patient undergoing prostate imaging is shown in Table 6.5,
broken down by each scan as well as summed over all scans performed throughout the year.
This process was performed for all patients among the sample whose scan protocol was torso

or pelvic.

MATLAB software was used to estimate the Dgq for the four scans received by Patient 4. In
scan 1 for Patient 4, the CTDI,, was estimated at 2.9 mGy, while the Dgq was estimated as 3.8
mQ@y, a difference of 31%. The procedure to measure the Dgq for all patient scans is shown in
Appendix 1 (Second Code) as exemplified with the four scans for Patient 4. In scan 2, the
CTDlyo was estimated at 6.2 mGy while the Dgq was estimated at 7.8 mGy, a difference of
26%. Scan 3 measurements produced a difference of 24%, with the CTDIyo and Dgq at 24.1
mGy and 29.9 mGy, respectively. An identical difference of 28% was calculated for Scan 4,
with the CTDIyo and Dgq at 10.4 mGy and 13.3 mGy, respectively. For all four scans, 43.6
mGy was the total for the CTDIyo1, and 54.8 mGy was the total for the Dgq. In all instances, the
CTDI values underestimated the dose as compared to the Dgq measurement. The total of all
four scans was in the same range at 26 %. Figure 6. 2 illustrates the planar average equilibrium
doses in four scans for Patient 4. Similar results were obtained for the other 19 patients analysed
in this study. The scans for these patients can be found in Appendix 2 (Absorbed Dose for all

patients)
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Figure 6. 2: A) Dgq in first scan for Patient 4, B) Dg, in second scan for Patient 4, C) Dk, in third scan for Patient 4, D) Dg,

in_fourth scan for Patient 4

Patient Scan length ~ CTDI volume Deq Percentage
number Scan (mm) (mGy) (mGy) difference
Patient 4 1 269 2.9 3.8 31%

2 252 6.2 7.8 26%
3 407 24.1 29.9 24%
4 436 104 13.3 28%
Total 43.6 54.8 26%

Table 6. 5: Patient 4 updated absorbed dose
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6.4 Effective dose comparison between Dgq and CTDI method for patients

The organ doses for both methods were obtained from IMPACT software, which uses CTDI
and Dgq values as described in Chapter 4. In addition, tissue weighting factors were used to
calculate effective dose of affected organs for both modalities, and the sums over all scans were

compared. The calculations were done according to ICRP 103 %,

Table 6.6 illustrates the total of 20 patients from UHG that were used to compare estimations
of effective doses using the CTDI and Dgq methods. The CTDI estimates ranged from a low of
3.2 mSv to a high of 22.8 mSv, while the Dgq estimates ranged from a low of 4.2 to a high of
28.5 mSv. The differences between the two methods ranged from 1 mSv to 5.7 mSv, with the
Dgq estimates being consistently higher than the CTDI estimates. Furthermore, when expressed
as a percentage, the Dgq estimate was 24% to 31% higher in all cases. Therefore, the CTDI
method underestimated the effective dose when compared to the Dgq method for all patients.
This updated data set reflected that the effective dose to patients was as much as 6 mSv greater

than previously estimated through CTDI.

. Effective dose  Effective dose A_bsolute Percentage
Patient Scan (CTDI) mSv (Degq) mSv difference difference
number No. a (mSv)

Patient 1 3 7.6 9.8 2.2 28%
Patient 2 2 17.6 21.8 4.2 24%
Patient 3 2 9 11.4 2.4 27%
Patient 4 4 13.4 16.7 3.3 25%
Patient 5 2 8.9 11.4 2.5 28%
Patient 6 2 5.9 7.4 1.5 25%
Patient 7 2 10.7 13.3 2.6 24%
Patient 8 2 10.1 12.8 2.7 27%
Patient 9 1 8.3 10.6 2.3 28%
Patient 10 2 22.8 28.5 5.7 25%
Patient 11 2 3.2 4.2 1 31%
Patient 12 4 6.9 9 2.1 30%
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Patient 13
Patient 14
Patient 15
Patient 16
Patient 17
Patient 18
Patient 19
Patient 20

P NNNNPPWWN

8.5
10.7
8.7
7.9
5.8
9.7
14.7
11.4

10.8
13.7
10.9
10.1
7.5
12.5
18.3
14.2

2.3

2.2
2.2
1.7
2.8
3.6
2.8

27%
28%
25%
28%
29%
28%
25%
25%

Table 6. 6. Patient data set with updated effective doses estimations

An example of an individual male patient undergoing prostate imaging treatments is shown in

Table 6.7, broken down by organs affected as well as summed over all scans performed

throughout the year. This process was performed for all patients among the sample whose scan

protocol was torso or pelvic.

Patient 4, one of the 20 patients from UHG received four prostate scans over a period of one

year and can be used as an example to demonstrate the differences in estimations when using

the CTDI and Dgq methods for effective doses

Organ dose Contribution to Organ dose Contribution
Organs WT (CTDI) Effective Dose (Deq) to Effective
(CTDI) Dose (Deq)
Scan 1 (269 mm)
Gonads 0.08 2.9 0.2 3.7 0.3
Bladder 0.04 4 0.2 5.2 0.2
Prostate 0.00923 4 0.04 5.2 0.1
Colon 0.12 1 0.1 13 0.2
Spleen 0.00923 0.0068 0.0001 0.0088 0.0001
Kidney 0.00923 0.017 0.0002 0.022 0.0002
Pancreas 0.00923 0.0081 0.0001 0.011 0.0001
Effective dose 0.5 0.8
Scan 2 (252 mm)
Gonads 0.08 5.8 0.5 7.3 0.6
Bladder 0.04 7.1 0.3 8.9 0.4
Prostate 0.00923 7.1 0.1 8.9 0.1
Colon 0.12 1.8 0.2 2.2 0.3
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Spleen 0.00923 0.0091 0.0001 0.011 0.0001
Kidney 0.00923 0.023 0.0002 0.03 0.0003
Pancreas 0.00923 0.011 0.0001 0.014 0.0001
Effective dose 11 1.4
Scan 3 (407 mm)
Gonads 0.08 35 2.8 44 3.5
Bladder 0.04 39 1.6 48 1.9
Prostate 0.00923 39 0.4 48 0.44
Colon 0.12 27 3.2 33 3.9
Spleen 0.00923 1.2 0.01 1.5 0.01
Kidney 0.00923 2.9 0.03 3.6 0.03
Pancreas 0.00923 1.2 0.01 15 0.01
Effective dose 8.1 9.8
Scan 4 (436 mm)
Gonads 0.08 15 1.2 20 1.6
Bladder 0.04 17 0.7 22 0.9
Prostate 0.00923 17 0.2 22 0.2
Colon 0.12 13 1.6 17 2
Spleen 0.00923 1 0.01 1.3 0.01
Kidney 0.00923 3.3 0.03 4.2 0.04
Pancreas 0.00923 1 0.01 13 0.01
Effective dose 3.7 4.7
Total of Effective 13.4 16.7

dose in 4 scans

Table 6. 7: Patient 4 updated effective doses

In the first scan, the contribution to effective dose for the gonads was the highest of any of the

organs at 0.2 mSv using the CTDI method and at 0.3 mSv using the Dgq method. The next

highest effective dose estimation was for the bladder at 0.2 mSv for both the CTDI method and

the Dgq method. The colon was estimated to receive slightly lower effective doses for these

same tests at 0.1 mSv and 0.2 mSv, respectively. Taking into consideration all organs, which

further include the spleen, kidney and pancreas, they contributed 0.5 mSv and 0.8 mSv to the

total effective dose based on the CTDI method and the Dgq method, respectively.

Contribution to effective doses estimated for the organs during the first prostate scan were also

estimated for the second prostate scan of patient 4. In the second scan, the gonad’s contribution
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to effective dose estimations varied between the two methods, being 0.5 mSv for the CTDI
method and 0.6 mSv for the Dgq method. In addition, the bladder had estimates for the CTDI
method at 0.3 mSv and for Dgq at 0.4. All organs affected by Scan 2 contributed 1.1 mSv and

1.4 mSyv to the total effective dose using the CTDI method and the Dgq method, respectively.

Patient 4 received a third scan in which the estimated of contribution to effective dose for the
colon and the gonads were 3.2 mSv and 2.8 mSv using the CTDI method and 3.9 mSv and 3.5

mSv using the Dgq method, respectively.

Patient 4 received a final scan of the prostate, in which the contribution to effective dose
estimated for the colon and the gonads was 1.6 mSv and 1.2 mSv using the CTDI method and
2.0 mSv and 1.6 mSv using the Dgq method, respectively. The bladder had an estimated
effective dose of 0.7 mSv for the CTDI method and 0.9 mSv for the Dgq method, while the
prostate had an estimated effective dose of 0.2 mSv for both methods, respectively. All organs
affected by scan 4 contributed 3.7 mSv and 4.7 mSv to the total effective dose using the CTDI

method and the Dgq method, respectively.

Taking all four scans of the prostate into consideration for patient 4, he was estimated to have
received a total contribution to the effective dose of 13.4 mSv using the CTDI method, and
16.7 mSv using the Dgq method. Therefore, the CTDI method underestimated the contribution
to the effective dose as compared to the Dgq method. Similar results were obtained for the other
19 patients analysed in this study. The scans for these patients can be found in Appendix 2

(Effective Dose for all patients)

94



6.5 The relation between the dose and the scanning length

A scan length of 250 or greater produced a small difference in the estimation of the planar
average Dgq of the phantom as shown in Tables 6.1, 6.2, 6.3 and Figure 6.3. In this study, the
doses at kV 80, mA 50, was 3.4 mGy for a 250 mm scanning length and 3.5 mGy for both a
350 mm and a 450 mm scanning length. At kV 80, mA100, the dose was 6.6 mGy for a 250
mm scanning length, 6.8 mGy for a 350 mm scanning length, and 6.9 mGy for a 450 mm
scanning length. Results at kV 100, mA 150 were 16.9 mGy for a 250 mm scanning length,
17.5 mGy for a 350 mm scanning length, and 17.7 mGy for a scan length of 450 mm. At kV
100, mA 250, the dose was 27.6 mGy at a scanning length of 250 mm, 28.7 mGy at 350 mm,
and 29.1 mGy at 450 mm. Finally, at kV 120, mA 200, the dose was 33.5 mGy at a length of
250 mm, 34.8 mGy at 350 mm, and 35.2 mGy at 450 mm. The difference in dose between 250
mm and 450 mm was 3% for kV 80, mA 50, 5% for both kV 80, mA 100 and kV 100, mA 150

and 6% for both kV 100, mA 250 and kV 120, mA 200.
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Figure 6. 3: Relationship between the planar average equilibrium dose and scanning length
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Additionally, three different studies were in a good agreement with these results regarding the
relationship between the equilibrium dose and scanning length. The three graphs shown in
Figures 6.4 are from different studies. All three graphs depict the relationship between dose
and scanning length when measuring the dose in the centre and the periphery of the phantom

against a scanning length.

Figure 6.4 (A) is a graph from a study conducted by Campeloa, Silvab and Terinic (2016) .
As shown in the figure, for the phantom centre, the dose at a 250 mm scanning length was
approximately 23 mGy and at a 450 mm scanning length was almost 25 mGy. For the periphery
of the phantom, the dose at a 250 mm scanning length was almost 35.9 mGy and at a 450 mm
scanning length was approximately 37.9 mGy. There was no great disparity between the doses
at a 250 mm scan length and a 450 mm scan length as they differed by only 8% for the phantom
centre and 5% for the phantom periphery. Regarding the planar average Dgq of the phantom
centre and periphery assessed together, the difference in dose between 250 mm and 450 mm

was 6%.
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Figure 6. 4: Approach to equilibrium of Cumulative Dose in central and peripheral axis. A) Study by Campeloa, Silvab
and Terinic (2016) *°, B )Study by by Descamps et al. (2012) %, C) Study by Robert L. Dixon and Adam C. Ballard (2007) *
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Figure 6.4 (B) is a graph from a study conducted by Descamps et al. (2012) *°, which also
shows the dose relative to the scanning length. For the centre scans, the dose at a scan length
of 250 mm was almost 9.9 mGy, while the dose at a scan length of 450 mm was approximately
10.9 mGy. For the peripheral scans, the dose at a scan length of 250 mm was almost 13.9 mGy,
while the dose at a scan length of 450mm was approximately 14.8 mGy. There was no great
disparity between the doses at a 250 mm scan length and a 450 mm scan length as they differed
by only 9% for the phantom centre and 6% for the phantom periphery. Regarding the planar
average Dgq of the centre and periphery together, the difference in dose between 250 mm and

450 mm was 7%.

Figure 6.4 (C) shows the results of another study, which was conducted by Dixon and Ballard
(2007) *8. Their findings also showed there was just a small difference between scans at 250
mm and beyond. For the phantom centre, the dose at a 250 mm scanning length was
approximately 0.65 mGy and at a 450 mm scanning length was almost 0.7 mGy. For the
periphery of the phantom, the dose at a 250 mm scanning length was almost 0.98 mGy and at
a 450 mm scanning length was approximately 1 mGy. The difference between the doses at a
250 mm scan length and a 450 mm scan length was only 7% for the phantom centre and 2%
for the phantom periphery. Regarding the planar average Dgq of the centre and periphery

together, the difference in dose between 250 mm and 450 mm was 4%.

From these three studies, there were no significant differences between the 250 mm and 450
mm scan lengths. Therefore, for a finite scanning length of 250 mm or greater, a longer range

produces a negligibly small difference in the estimation of dose equilibrium.
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6.6 Conclusion

The CTDI absorbed dose as determined by the CT scanner was underestimated by 22% to 28%
when compared to the Dgq method. Moreover, the effective doses by CTDI for patients sampled
at UHG was similarly underestimated by 24% to 31% when compared to the Dgq method. The
data, therefore, revealed that patients who underwent several scans in a single year would

receive an effective dose up to 6 mSv greater than the CTDI estimate.
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Chapter 7

Chapter 7 provides a summary of the work presented in this thesis, the results obtained , the

clinical implication and the future work.

7.1 Conclusions

The Organization for Economic Co-operation and Development (OECD) reported that in the
United States, more than 73 million CT scans were performed in 2017. As CT scans account

103

for half of all medical radiation exposure in the United States '*°, strictly monitored and

accurate estimations of absorbed doses are essential.

Both absorbed and effective doses result from primary radiation as well as scattered radiation
received from nearby tissues. Moreover, CTDI is used to determine CT quality assurance (QA)
measurements and dose measurements, being the absorbed dose along the longitudinal axis (z-
axis) during a single X-ray source rotation %4, This measurement is usually conducted in a
cylindrical phantom using a 100 mm ionization chamber. However, the chamber is responsible
for significant error in the dose profiles as it does not take into account some of the radiation
scattered beyond the relatively short (100-mm) range of integration along the z-axis®®. This
error is mostly due to over-beaming in multi slice CT where the z collimation of the source

radiation is broadened to achieve umbra-region incidence uniformly across detectors.

Due to the increase of the detection system size along the z-axis, CT beams became larger, and
much of the radiation not utilized by the detectors is incident on the patient. The more recent

generations of CT scanners provide helical scanning mode or cone-beam irradiation
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geometries; however, the pencil chambers in these scenarios are too short to completely

measure the radiation.

The AAPM Task Group Report No. 1111? outlined a new method of measurement derived from
CTDI using a small volume ionization chamber in a cylindrical water phantom that is long
enough to determine dose equilibrium. With this dose equilibrium measurement, we acquire a

value sufficiently equivalent to both the primary and scatter radiation present from the beam.

The initial proof of concept phase from this thesis was to perform a new dose estimation of the
CT scanner system, based on the Dgq method. This methodology allows measurements of the
accumulated dose for any clinical scan length, thus providing measurement of the equilibrium
dose. Using the new methodology, it was determined that the CTDI approach can
underestimate the dose by 25% to 35%; furthermore, all of the dose values from the water

phantom and Farmer chamber were independently verified with TLD measurements.

The second phase of the research used the Dgq and CTDI methods to estimate organ dose
values indirectly and the Alderson Rando phantom embedded with TLDs to directly estimate
organ dose. Both indirect methods were compared against the direct method. The results
indicated Dgq provided estimations of organ dose that varied less than CTDI when compared
to direct TLD organ dose measurements in anatomical regions, by 22% in both regions

(thoracic and abdominopelvic)

In the final phase, the retrospective correction was applied to patient CTDIs by characterising
the specific Dgq profile of the system scans, and the effective doses of 20 anonymous patients
were retrospectively corrected. The results showed that the effective dose summed across the
affected organs was underestimated between 24 % to 31% by CTDI when compared to the Dgq
estimate. This updated data set reflected that the effective dose to patients was up to 6 mSv

greater than previously estimated through CTDI.
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The results of the three phases illustrated that continued use of the CTDI method in quality
assurance of modern CT could result in greater patient risk. The AAPM TG111 '° presents a

more accurate, safer method to estimate dose and its adoption is paramount.

7.2 Future plan

This thesis, which focused on the CTDI and Dgq methods, required the construction of a special
phantom for measurements using Dgq. The results of the study showed that the CTDI method
underestimated the absorbed dose when compared to the Dgq method, which is in agreement
with previous studies that were reviewed. The research presented in this thesis has led to the
identification of several areas of future study in which developments are likely to be beneficial

in CT dosimetry.

The Dgq phantom can be used with different CT scanner models to characterise various CT
scanning modes and models. Each CT scanner model could be characterised by calculating the
Dgq and CTDlyo at different kV and mA settings and creating a lookup table by fitting a
bilinear regression to extrapolate a standard fit to estimate Dgq measurements for any given

CTDIVQI .

In addition, software to estimate the organ dose using the Dgq method instead of the CTDI
method could be developed or used as an update for the existing predictor software for the

CTDI method, e.g., IMPACT 8¢, CT Imaging and CT-EXPO. ¥’

Furthermore, future phantom development will be focused on incorporating automatic
exposure control (AEC) measurement capabilities into the phantom design. An AEC system

for CT allows for adjustment of the x-ray current to compensate for various attenuation levels
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of the scanner’s beam, which then reduces variation in radiation doses due to different sized
patients. Presently, this is achieved by controlling the current to reduce image noise. Therefore,

a phantom is being designed to test patient size and z-axis aspects of AEC systems.

The phantom is being planned with two chambers, as shown in figure 7.1, to allow for both
Dgq and AEC measurements in one phantom. A cylinder chamber will provide the Dgq
measurement, and an oval chamber will provide the AEC measurement inside the cylinder

chamber

o O I ' Oval chamber 320 mm

fII’:)/ cylinder chamber

500 mm

Figure 7. 1: Diagram of AEC and Dg, phantom

This design will allow the use of a Farmer chamber for both measurements, and both chambers
can be filled with water. Therefore, when the Dgq is being measured, both the cylinder chamber
and the oval chamber will be filled with water, but when the AEC is being measured, only the

oval chamber will be filled.
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Appendix 1

First Code

This code was used to find the Relationship of Dgq , CTDIyo1 and scanning length. Furthermore,
the code was used to show the error bar for Dgq values (The error bars for all Dgq values are

difficult to see in the graph , so they were all multiplied by 5 to improve visibility)

x= CTDIV
=[2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3 1;

y= planar average equilibrium dose (DEq)
[3.5,6.9,17.7,29.1,35.2,3.5,6.8,17.5,28.7,34.8,3.4,6.6,16.9,27.6,33.5 1;
z= scanning length
[450,450,450,450,450,350,350,350,350,350,250,250,250,250,250];

ysd= DEq standard deviation

ysd = [0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.047140452,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913];

00 N ook o0 M oo
1]

xr = reshape(x, [], 3);
yr = reshape(y, [1, 3);
zr = reshape(z, [], 3);
ysdr = reshape(ysd, [],

$for visualisation
figure
hold on
for k1 = l:size(xr,2)
for k2 = l:size(xr,1l)
plot3((xr(k2,k1)*[1 1]), (yr(k2,kl)+ysdr(k2,kl)*[-1 1]1), (zr(2,kl)*[1
11), '-r', 'LineWidth',1.7)
plot3((xr(k2,k1l)), (yr(k2,kl)), (zr(2,kl)), '.r', 'MarkerSize',61l5)
end
end
hold off
view(-60,30)
grid on
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Second Code

This code was used to find the Dgq for 20 patients who were already associated with different
CTDIy and scanning length. This code was also used to estimate the error bar for Dgq values
for each patient (The error bars for all Dgq values are difficult to see in the graph, so they were

all multiplied by 5 to improve visibility)

Patient 4 , scan 1

x= CTDIV
=[2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3 1;
y= planar average equilibrium dose (DEq)

=[3.5,6.9,17.7,29.1,35.2,3.5,6.8,17.5,28.7,34.8,3.4,6.6,16.9,27.6,33.5 1;
z= scanning length
[450,450,450,450,450,350,350,350,350,350,250,250,250,250,250];

ysd= DEq standard deviation

ysd = [0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.047140452,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913];

00 N ook o0 M oo

xr = reshape(x, [], 3);
yr = reshape(y, [1, 3);
zr = reshape(z, [], 3);

[1,

ysdr = reshape(ysd,

%calculate y knowing x and z

YfromXZ = scatteredInterpolant(x(:), z(:), y(:));

queryx = 2.9;

queryz = 269;

YfromXZ.ExtrapolationMethod = 'linear';

matchingy = YfromXZ(queryx, queryz);

figure;scatter3(x, y, z); hold('on'); plot3(queryx, matchingy, queryz,

k)
errYfromXZ = scatteredInterpolant(x(:), z(:), y(:)+tysd(:));
errYfromXZ.ExtrapolationMethod = 'linear';

matchingyerr = errYfromXZ(queryx, queryz);
errY = (matchingyerr - matchingy)

$for visualisation
figure
hold on
for k1 = l:size(xr,2)
for k2 = l:size(xr,1l)
plot3((xr(k2,k1)*[1 1]), (yr(k2,kl)+ysdr(k2,kl)*[-1 1]1), (zr(2,kl)*[1
11), '-r', 'LineWidth',1.7)
plot3((xr(k2,k1l)), (yr(k2,kl)), (zr(2,kl)), '.r', 'MarkerSize',61l5)
end
end
plot3(queryx*[1 1], matchingy+errY*[-1 1]*5, queryz*[1l 1], '-g',
'LineWidth',3.4)
plot3(queryx, matchingy, queryz, '.g', 'MarkerSize',30)
hold off
view(-60,30)
grid on
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Patient 4 , scan 2

x= CTDIV
=[2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3 1;

y= planar average equilibrium dose (DEq)
[3.5,6.9,17.7,29.1,35.2,3.5,6.8,17.5,28.7,34.8,3.4,6.6,16.9,27.6,33.5 1;
z= scanning length
[450,450,450,450,450,350,350,350,350,350,250,250,250,250,250];

ysd= DEq standard deviation

ysd = [0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.047140452,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913];

00 N ook o0 M oo
1]

xr = reshape(x, [], 3);
yr = reshape(y, [1, 3);
zr = reshape(z, [], 3);

[1,

ysdr = reshape(ysd,

%calculate y knowing x and z

YfromXZ = scatteredInterpolant(x(:), z(:), y(:));

queryx = 6.2;

queryz = 252;

YfromXZ.ExtrapolationMethod = 'linear';

matchingy = YfromXZ(queryx, queryz);

figure;scatter3(x, y, z); hold('on'); plot3(queryx, matchingy, queryz,

Ir*l);
errYfromXZ = scatteredInterpolant(x(:), z(:), y(:)+ysd(:));
errYfromXZ.ExtrapolationMethod = 'linear';

matchingyerr = errYfromXZ(queryx, queryz);
errY = (matchingyerr - matchingy)

$for visualisation
figure
hold on
for k1 = l:size(xr,2)
for k2 = l:size(xr,1l)
plot3((xr(k2,k1)*[1 1]), (yr(k2,kl)+ysdr(k2,kl)*[-1 1]1), (zr(2,kl)*[1
11), '-r', 'LineWidth',1.7)
plot3((xr(k2,k1l)), (yr(k2,kl)), (zr(2,kl)), '.r', 'MarkerSize',61l5)
end
end
plot3(queryx*[1 1], matchingy+errY*[-1 1]*5, queryz*[1l 1], '-g',
'LineWidth',3.4)
plot3(queryx, matchingy, queryz, '.g', 'MarkerSize',30)
hold off
view(-60,30)
grid on
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Patient 4 , scan 3

x= CTDIV
=[2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3 1;

y= planar average equilibrium dose (DEq)
[3.5,6.9,17.7,29.1,35.2,3.5,6.8,17.5,28.7,34.8,3.4,6.6,16.9,27.6,33.5 1;
z= scanning length
[450,450,450,450,450,350,350,350,350,350,250,250,250,250,250];

ysd= DEq standard deviation

ysd = [0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.047140452,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913];

00 N ook o0 M oo
1]

xr = reshape(x, [], 3);
yr = reshape(y, [1, 3);
zr = reshape(z, [], 3);

[1,

ysdr = reshape(ysd,

%calculate y knowing x and z

YfromXZ = scatteredInterpolant(x(:), z(:), y(:));

queryx = 24.1;

queryz = 407;

YfromXZ.ExtrapolationMethod = 'linear';

matchingy = YfromXZ(queryx, queryz);

figure;scatter3(x, y, z); hold('on'); plot3(queryx, matchingy, queryz,

Ir*l);
errYfromXZ = scatteredInterpolant(x(:), z(:), y(:)+ysd(:));
errYfromXZ.ExtrapolationMethod = 'linear';

matchingyerr = errYfromXZ(queryx, queryz);
errY = (matchingyerr - matchingy)

$for visualisation
figure
hold on
for k1 = l:size(xr,2)
for k2 = l:size(xr,1l)
plot3((xr(k2,k1)*[1 1]), (yr(k2,kl)+ysdr(k2,kl)*[-1 1]1), (zr(2,kl)*[1
11), '-r', 'LineWidth',1.7)
plot3((xr(k2,k1l)), (yr(k2,kl)), (zr(2,kl)), '.r', 'MarkerSize',61l5)
end
end
plot3(queryx*[1 1], matchingy+errY*[-1 1]*5, queryz*[1l 1], '-g',
'LineWidth',3.4)
plot3(queryx, matchingy, queryz, '.g', 'MarkerSize',30)
hold off
view(-60,30)
grid on
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Patient 4 , scan 4

x= CTDIV
=[2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3,2.6,5.2,14,23.3,28.3 1;

y= planar average equilibrium dose (DEq)
[3.5,6.9,17.7,29.1,35.2,3.5,6.8,17.5,28.7,34.8,3.4,6.6,16.9,27.6,33.5 1;
z= scanning length
[450,450,450,450,450,350,350,350,350,350,250,250,250,250,250];

ysd= DEq standard deviation

ysd = [0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.047140452,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913,
0.047140452, 0.047140452, 0.047140452, 0.124721913, 0.124721913];

00 N ook o0 M oo
1]

xr = reshape(x, [], 3);
yr = reshape(y, [1, 3);
zr = reshape(z, [], 3);

[1,

ysdr = reshape(ysd,

%calculate y knowing x and z

YfromXZ = scatteredInterpolant(x(:), z(:), y(:));

queryx = 10.4;

queryz = 436;

YfromXZ.ExtrapolationMethod = 'linear';

matchingy = YfromXZ(queryx, queryz);

figure;scatter3(x, y, z); hold('on'); plot3(queryx, matchingy, queryz,

Ir*l);
errYfromXZ = scatteredInterpolant(x(:), z(:), y(:)+ysd(:));
errYfromXZ.ExtrapolationMethod = 'linear';

matchingyerr = errYfromXZ(queryx, queryz);
errY = (matchingyerr - matchingy)

$for visualisation
figure
hold on
for k1 = l:size(xr,2)
for k2 = l:size(xr,1l)
plot3((xr(k2,k1)*[1 1]), (yr(k2,kl)+ysdr(k2,kl)*[-1 1]1), (zr(2,kl)*[1
11), '-r', 'LineWidth',1.7)
plot3((xr(k2,k1l)), (yr(k2,kl)), (zr(2,kl)), '.r', 'MarkerSize',61l5)
end
end
plot3(queryx*[1 1], matchingy+errY*[-1 1]*5, queryz*[1l 1], '-g',
'LineWidth',3.4)
plot3(queryx, matchingy, queryz, '.g', 'MarkerSize',30)
hold off
view(-60,30)
grid on
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Appendix 2

Absorbed Dose for all patients

Patient 1

( Prostate , 3 scan )

Scan Scan CTDI volume Deq (CTDly, Deg)
Patient number length(mm) (mGy) (mGy) (Diff %)
Patient 1 1 254 3.1 4 29%
2 420 12.4 15.7 27%
3 359 10.9 13.8 27%
Total 26.4 33.5 27%
Table 7. 1:Patient 1 absorbed dose updated
Patient 2
(Rectum , 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 2 1 446 25.6 31.9 25%
2 449 23.7 29.6 25%
Total 49.3 61.5 25%

Table 7. 2:Patient 2 absorbed dose updated
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Patient 3

( Breast , 2 scan )

Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 3 1 424 7.9 10.1 28%
390 8.1 10.3 27%
Total 16 20.4 28%
Table 7. 3: Patient 3 absorbed dose updated
Patient 4
( Prostate , 4 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 4 1 269 29 3.8 31%
2 252 6.2 7.8 26%
3 407 24.1 29.9 24%
4 436 10.4 13.3 28%
Total 43.6 54.8 26%
Table 7. 4: Patient 4 absorbed dose updated
Patient 5
( Breast, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 5 1 447 7.4 9.4 27%
423 7.5 9.6 28%
Total 14.9 19 28%

Table 7. 5: Patient 5 absorbed dose updated
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Patient 6

( Pelvis, 2 scan )

Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 6 1 254 18 215 19%
386 9 115 28%
Total 27 33 22%
Table 7. 6. Patient 6 absorbed dose updated
Patient 7
( Pelvis, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 7 1 449 16.7 21 26%
380 154 19.2 25%
Total 32.1 40.2 25%
Table 7. 7: Patient 7 absorbed dose updated
Patient 8
( Breast, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 8 1 401 9.4 11.9 27%
2 381 9.6 12.2 27%
Total 19 24.1 27%

Table 7. 8: Patient 8§ absorbed dose updated
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Patient 9

( Breast, 1 scan )

Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 9 1 391 15.8 19.8 25%
Total 15.8 19.8 25%
Table 7. 9: Patient 9 absorbed dose updated
Patient 10
( Breast, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 10 1 450 20.2 253 25%
2 432 194 24.2 25%
Total 39.6 49.5 25%
Table 7. 10: Patient 10 absorbed dose updated
Patient 11
( Pancreas, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 11 1 445 9 11.6 29%
2 362 9 114 27%
Total 18 23 28%

Table 7. 11: Patient 11 absorbed dose updated
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Patient 12

( Prostate, 4 scan )

Patient number  Scan Scan CTDI volume Degq (CTDIy, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 12 1 258 3.1 4 29%
2 256 3.1 4 29%
3 392 10 12.7 27%
4 385 9.5 121 27%
Total 25.7 32.8 28%
Table 7. 12: Patient 12 absorbed dose updated
Patient 13
( Breast, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 13 1 410 7.5 9.6 28%
416 7.4 9.4 27%
Total 14.9 19 28%
Table 7. 13: Patient 13 absorbed dose updated
Patient 14
( Prostate, 3 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 14 1 260 3 3.9 30%
2 384 16.5 20.6 25%
3 404 16.8 20.9 24%
Total 36.3 45.4 25%

Table 7. 14: Patient 14 absorbed dose updated
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Patient 15

( Prostate, 3scan )

Patient number  Scan Scan CTDI volume Deq (CTDIy, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 15 1 256 3.1 4 29%
449 10.9 13.9 28%
3 253 25.4 30.1 19%
Total 39.4 48 22%
Table 7. 15: Patient 15 absorbed dose updated
Patient 16
( Prostate, 4 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 16 1 264 2.9 3.8 31%
2 450 9.8 125 28%
3 254 2.9 3.7 28%
4 443 9.5 12.2 28%
Total 25.1 32.2 28%
Table 7. 16: Patient 16 absorbed dose updated
Patient 17
( Anus, 2 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 17 1 447 9.6 12.3 28%
2 339 9.2 11.6 26%
Total 18.8 23.9 27%

Table 7. 17: Patient 17 absorbed dose updated
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Patient 18

( Breast, 2 scan )

Patient number  Scan Scan CTDI volume Degq (CTDly, Deq)
length(mm) (mGy) (mGy) (Diff %)
Patient 18 1 405 8.3 10.6 27%
2 429 8.5 10.8 27%
Total 16.8 21.4 27%
Table 7. 18: Patient 18 absorbed dose updated
Patient 19
( Breast, 2 scan )
Patient number  Scan Scan CTDI volume Degq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 19 1 361 14.7 18.4 25%
2 384 14.7 18.4 25%
Total 29.4 36.8 25%
Table 7. 19: Patient 19 absorbed dose updated
Patient 20
( Breast, 1 scan )
Patient number  Scan Scan CTDI volume Deq (CTDly, Deg)
length(mm) (mGy) (mGy) (Diff %)
Patient 20 1 447 18.2 22.8 25%
Total 18.2 22.8 25%

Table 7. 20: Patient 20 absorbed dose updated
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Effective Dose for all patients

Patient 1

( Prostate , 3 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (254 mm)
Gonads 0.08 2.8 0.2 3.7 0.3
Bladder 0.04 3.5 0.1 4.5 0.2
Prostate 0.00923 3.5 0.03 4.5 0.04
Colon 0.12 0.87 0.1 1.1 0.1
Spleen 0.00923 0.0045 0.00004 0.0058 0.0001
Kidney 0.00923 0.012 0.0001 0.015 0.0001
Pancreas 0.00923 0.0056 0.0001 0.073 0.001
Effective dose 04 0.6
Scan 2 (420 mm)
Gonads 0.08 18 14 23 1.7
Bladder 0.04 20 0.8 25 1
Prostate 0.00923 20 0.2 25 0.2
Colon 0.12 15 1.8 19 2.3
Spleen 0.00923 0.76 0.01 0.96 0.01
Kidney 0.00923 1.9 0.02 2.5 0.02
Pancreas 0.00923 0.8 0.01 1 0.01
Effective dose 4.2 5.2
Scan 3 (359 mm)
Gonads 0.08 15 1.2 20 1.6
Bladder 0.04 17 0.7 22 0.9
Prostate 0.00923 17 0.2 22 0.2
Colon 0.12 8.2 0.9 10 1.2
Spleen 0.00923 0.17 0.001 0.21 0.002
Kidney 0.00923 0.41 0.003 0.51 0.005
Pancreas 0.00923 0.2 0.002 0.25 0.002
Effective dose 3 4
Total scans 7.6 9.8

Table 7. 21: Patient 1 effective dose updated
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Patient 2

( Rectum, 2 scan )

Organ dose Contribution Organ dose Contribution

Organs WT (CTDI) to effective (Deq) to Effective

dose (CTDI) Dose (Deq)

Scan 1 (446 mm)
Gonads 0.08 38 3 47 3.7
Bladder 0.04 42 1.7 52 2.1
Prostate 0.00923 42 0.4 52 0.5
Colon 0.12 32 3.8 40 4.8
Spleen 0.00923 2.5 0.02 3.1 0.02
Kidney 0.00923 8.1 0.1 10 0.1
Pancreas 0.00923 2.5 0.02 3.1 0.02
Effective dose 9 11.2
Scan 2 (449 mm)

Gonads 0.08 35 2.8 44 3.5
Bladder 0.04 38 1.5 48 1.9
Prostate 0.00923 38 0.4 48 0.4
Colon 0.12 31 3.7 38 4.6
Spleen 0.00923 2.8 0.03 3.6 0.03
Kidney 0.00923 11 0.1 13 0.1
Pancreas 0.00923 2.8 0.03 3.5 0.03
Effective dose 8.6 10.6
Total scans 17.6 21.8

Table 7. 22: Patient 2 effective dose updated
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Patient 3

( Breast , 2 scan )

Organ dose Contribution Organ dose Contribution

Organs WT (CTDI) to effective (Deq) to effective

dose (CTDI) dose (Dgq)

Scan 1 (424mm)
Lung 0.12 12 1.4 16 1.9
Liver 0.04 8.7 0.3 11 0.4
Breast 0.12 9.7 1.2 12 1.4
Stomach 0.12 7.6 0.9 9.8 1.2
Oesophagus 0.04 14 0.6 18 0.7
Heart 0.00923 13 0.1 16 0.2
Effective dose 4.5 5.8
Scan 2 (390 mm)

Lung 0.12 13 1.6 16 1.9
Liver 0.04 7.1 0.3 8.9 0.4
Breast 0.12 9.9 1.2 13 1.6
Stomach 0.12 54 0.7 6.8 0.8
Oesophagus 0.04 15 0.6 18 0.7
Heart 0.00923 13 0.1 16 0.2
Effective dose 4.5 5.6
Total scans 9 114

Table 7. 23: Patient 3 effective dose updated
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Patient 4

( Prostate , 4 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (269 mm)
Gonads 0.08 2.9 0.2 3.7 0.3
Bladder 0.04 4 0.2 5.2 0.2
Prostate 0.00923 4 0.04 5.2 0.1
Colon 0.12 1 0.1 1.3 0.2
Spleen 0.00923 0.0068 0.0001 0.0088 0.0001
Kidney 0.00923 0.017 0.0002 0.022 0.0002
Pancreas 0.00923 0.0081 0.0001 0.011 0.0001
Effective dose 0.5 0.8
Scan 2 (252 mm)
Gonads 0.08 5.8 0.5 7.3 0.6
Bladder 0.04 7.1 0.3 8.9 0.4
Prostate 0.00923 7.1 0.1 8.9 0.1
Colon 0.12 1.8 0.2 2.2 0.3
Spleen 0.00923 0.0091 0.0001 0.011 0.0001
Kidney 0.00923 0.023 0.0002 0.03 0.0003
Pancreas 0.00923 0.011 0.0001 0.014 0.0001
Effective dose 11 1.4
Scan 3(407 mm)
Gonads 0.08 35 2.8 44 3.5
Bladder 0.04 39 1.6 48 1.9
Prostate 0.00923 39 0.4 48 0.44
Colon 0.12 27 3.2 33 3.9
Spleen 0.00923 1.2 0.01 1.5 0.01
Kidney 0.00923 2.9 0.03 3.6 0.03
Pancreas 0.00923 1.2 0.01 15 0.01
Effective dose 8.1 9.8
Scan 4 (436 mm)
Gonads 0.08 15 1.2 20 1.6
Bladder 0.04 17 0.7 22 0.9
Prostate 0.00923 17 0.2 22 0.2
Colon 0.12 13 1.6 17 2
Spleen 0.00923 1 0.01 13 0.01
Kidney 0.00923 3.3 0.03 4.2 0.04
Pancreas 0.00923 1 0.01 13 0.01
Effective dose 3.7 4.7
Total scans 13.4 16.7

Table 7. 24: Patient 4 effective dose updated
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Patient 5

( Breast , 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (447 mm)
Lung 0.12 12 14 15 1.8
Liver 0.04 9.5 0.4 12 0.5
Breast 0.12 9.1 1.1 12 1.4
Stomach 0.12 9.3 1.1 12 1.4
Oesophagus 0.04 13 0.5 17 0.7
Heart 0.00923 12 0.1 15 0.1
Effective dose 4.6 5.9
Scan 2 (423 mm)
Lung 0.12 12 14 15 1.8
Liver 0.04 8.3 0.3 11 0.4
Breast 0.12 9.2 11 12 14
Stomach 0.12 7.3 0.9 9.3 1.1
Oesophagus 0.04 13 0.5 17 0.7
Heart 0.00923 12 0.1 15 0.1
Effective dose 4.3 5.5
Total scans 8.9 114

Table 7. 25: Patient 5 effective dose updated
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Patient 6

( Pelvis, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (254 mm)
Gonads 0.08 17 14 21 1.7
Bladder 0.04 23 0.9 28 1.1
Prostate 0.00923 23 0.2 28 0.3
Colon 0.12 5.6 0.7 6.8 0.8
Spleen 0.00923 0.033 0.0003 0.039 0.0004
Kidney 0.00923 0.083 0.001 0.1 0.001
Pancreas 0.00923 0.038 0.0004 0.046 0.0004
Effective dose 3.2 4
Scan 2 (386 mm)
Gonads 0.08 13 1 17 14
Bladder 0.04 15 0.6 19 0.8
Prostate 0.00923 15 0.1 19 0.2
Colon 0.12 8.6 1 11 1
Spleen 0.00923 0.28 0.003 0.36 0.003
Kidney 0.00923 0.68 0.01 0.86 0.01
Pancreas 0.00923 0.3 0.003 0.38 0.004
Effective dose 2.7 3.4
Total scans 5.9 7.4

Table 7. 26: Patient 6 effective dose updated
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Patient 7

( Pelvis, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (449 mm)
Gonads 0.08 25 2 31 2.5
Bladder 0.04 27 1.1 34 1.4
Prostate 0.00923 27 0.2 34 0.3
Colon 0.12 22 2.6 27 3.2
Spleen 0.00923 2 0.02 25 0.02
Kidney 0.00923 7.4 0.1 9.3 0.1
Pancreas 0.00923 2 0.02 2.5 0.02
Effective dose 6 7.5
Scan 2 (380 mm)
Gonads 0.08 22 1.8 28 2.2
Bladder 0.04 25 1 31 1.2
Prostate 0.00923 25 0.2 31 0.3
Colon 0.12 14 1.7 17 2.04
Spleen 0.00923 0.38 0.004 0.47 0.004
Kidney 0.00923 0.91 0.01 11 0.01
Pancreas 0.00923 0.41 0.004 0.51 0.005
Effective dose 4.7 5.8
Total scans 10.7 13.3

Table 7. 27: Patient 7 effective dose updated
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Patient 8

( Breast, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (401 mm)
Lung 0.12 15 1.8 18 2.2
Liver 0.04 9 0.4 11 0.4
Breast 0.12 11 1.3 14 1.7
Stomach 0.12 7.1 0.9 9 1.1
Oesophagus 0.04 17 0.7 21 0.8
Heart 0.00923 15 0.1 19 0.2
Effective dose 5.2 6.4
Scan 2 (381 mm)
Lung 0.12 15 1.8 19 2.3
Liver 0.04 7.5 0.3 9.6 0.4
Breast 0.12 12 14 15 1.8
Stomach 0.12 5.4 0.6 6.9 0.8
Oesophagus 0.04 17 0.7 22 0.9
Heart 0.00923 15 0.1 19 0.2
Effective dose 4.9 6.4
Total scans 10.1 12.8

Table 7. 28: Patient 8 effective dose updated
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Patient 9 ( Breast, 1 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (391 mm)
Lung 0.12 24 2.9 31 3.7
Liver 0.04 14 0.6 17 0.7
Breast 0.12 19 2.3 24 2.9
Stomach 0.12 10 1.2 13 1.6
Oesophagus 0.04 28 1.1 36 1.4
Heart 0.00923 25 0.2 31 0.3
Effective dose 8.3 10.6
Total scans 8.3 10.6
Table 7. 29: Patient 9 effective dose updated
Patient 10 ( Breast, 2 scan )
Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (450 mm)
Lung 0.12 33 3.9 41 4.9
Liver 0.04 19 0.8 24 0.9
Breast 0.12 25 3 31 3.7
Stomach 0.12 15 1.8 19 2.3
Oesophagus 0.04 37 1.5 47 1.8
Heart 0.00923 33 0.3 41 04
Effective dose 11.3 14
Scan 2 (432 mm)
Lung 0.12 30 3.6 38 4.6
Liver 0.04 23 0.9 28 1.1
Breast 0.12 24 2.8 30 3.6
Stomach 0.12 21 25 26 3.1
Oesophagus 0.04 35 14 43 1.7
Heart 0.00923 31 0.3 39 04
Effective dose 11.5 14.5
Total scans 22.8 28.5

Table 7. 30: Patient 10 effective dose updated
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Patient 11

( Pancreas , 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (445 mm)
Gonads 0.08 5.2 0.4 6.6 0.5
Bladder 0.04 4.5 0.2 5.8 0.2
Prostate 0.00923 4.5 0.04 5.8 0.1
Colon 0.12 9.9 1.2 13 1.3
Spleen 0.00923 12 0.1 15 0.1
Kidney 0.00923 15 0.1 19 0.2
Pancreas 0.00923 11 0.1 14 0.1
Effective dose 2.1 2.2
Scan 2 (380 mm)
Gonads 0.08 0.85 0.1 1.1 0.1
Bladder 0.04 0.4 0.01 0.51 0.02
Prostate 0.00923 0.4 0.004 0.51 0.01
Colon 0.12 6.2 0.7 7.8 0.8
Spleen 0.00923 12 0.1 15 0.1
Kidney 0.00923 15 0.1 18 0.2
Pancreas 0.00923 11 0.1 14 0.1
Effective dose 1.1 2
Total scans 3.2 4.2

Table 7. 31: Patient 11 effective dose updated
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Patient 12

( Prostate , 4 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (258 mm)
Gonads 0.08 2.9 0.2 3.8 0.3
Bladder 0.04 3.9 0.2 5.1 0.2
Prostate 0.00923 3.9 0.04 5.1 0.1
Colon 0.12 0.69 0.1 1.3 0.2
Spleen 0.00923 0.0055 0.0001 0.0072 0.0001
Kidney 0.00923 0.014 0.0001 0.018 0.0002
Pancreas 0.00923 0.0065 0.0001 0.0085 0.0001
Effective dose 0.5 0.8
Scan 2 (256 mm)
Gonads 0.08 2.9 0.2 3.9 0.3
Bladder 0.04 3.7 0.2 5 0.2
Prostate 0.00923 3.7 0.04 5 0.1
Colon 0.12 0.92 0.1 1.2 0.1
Spleen 0.00923 0.005 0.0001 0.006 0.0001
Kidney 0.00923 0.013 0.0001 0.017 0.0002
Pancreas 0.00923 0.006 0.0001 0.008 0.0001
Effective dose 0.5 0.7
Scan 3 (392 mm)
Gonads 0.08 15 1.2 18 14
Bladder 0.04 16 0.6 20 0.8
Prostate 0.00923 16 0.2 20 0.2
Colon 0.12 9.4 11 12 14
Spleen 0.00923 0.31 0.003 0.39 0.004
Kidney 0.00923 0.75 0.01 0.95 0.01
Pancreas 0.00923 0.33 0.003 0.42 0.004
Effective dose 3.1 3.8
Scan 4 (385 mm)
Gonads 0.08 14 11 18 14
Bladder 0.04 15 0.6 19 0.8
Prostate 0.00923 15 0.1 19 0.2
Colon 0.12 8.7 1 11 1.3
Spleen 0.00923 0.26 0.002 0.33 0.003
Kidney 0.00923 0.63 0.01 0.81 0.01
Pancreas 0.00923 0.28 0.003 0.36 0.003
Effective dose 2.8 3.7
Total scans 6.9 9

Table 7. 32: Patient 12 effective dose updated
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Patient 13

( Breast, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (410 mm)
Lung 0.12 12 14 15 1.8
Liver 0.04 7.7 0.3 9.8 0.4
Breast 0.12 9.2 1.1 12 1.4
Stomach 0.12 6.5 0.8 8.3 0.9
Oesophagus 0.04 13 0.5 17 0.7
Heart 0.00923 12 0.1 15 0.1
Effective dose 4.2 5.3
Scan 2 (416 mm)
Lung 0.12 12 14 15 1.8
Liver 0.04 8.2 0.3 10 0.4
Breast 0.12 9.1 11 12 14
Stomach 0.12 7.2 0.9 9.1 1.1
Oesophagus 0.04 13 0.5 17 0.7
Heart 0.00923 12 0.1 15 0.1
Effective dose 4.3 5.5
Total scans 8.5 10.8

Table 7. 33: Patient 13 effective dose updated
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Patient 14

( Prostate , 3 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (260 mm)
Gonads 0.08 2.9 0.2 3.7 0.3
Bladder 0.04 3.8 0.2 5 0.2
Prostate 0.00923 3.8 0.03 5 0.1
Colon 0.12 0.94 0.1 1.2 0.1
Spleen 0.00923 0.0054 0.0001 0.0071 0.0001
Kidney 0.00923 0.014 0.0001 0.018 0.0002
Pancreas 0.00923 0.0063 0.0001 0.0083 0.0001
Effective dose 0.5 0.7
Scan 2 (384 mm)
Gonads 0.08 24 1.9 30 2.4
Bladder 0.04 26 1 33 1.3
Prostate 0.00923 26 0.2 33 0.3
Colon 0.12 14 1.7 18 2.2
Spleen 0.00923 0.4 0.004 0.5 0.01
Kidney 0.00923 0.98 0.01 1.2 0.01
Pancreas 0.00923 0.44 0.004 0.55 0.01
Effective dose 4.8 6.2
Scan 3 (404 mm)
Gonads 0.08 25 2 31 2.5
Bladder 0.04 27 11 34 14
Prostate 0.00923 27 0.3 34 0.3
Colon 0.12 17 2 22 2.6
Spleen 0.00923 0.65 0.01 0.8 0.01
Kidney 0.00923 1.6 0.01 2 0.02
Pancreas 0.00923 0.69 0.01 0.87 0.01
Total 5.4 6.8
Total scans 10.7 13.7

Table 7. 34: Patient 14 effective dose updated
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Patient 15

( Prostate , 3 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (256 mm)
Gonads 0.08 2.9 0.2 3.8 0.3
Bladder 0.04 3.9 0.2 5.1 0.2
Prostate 0.00923 3.9 0.04 5.1 0.1
Colon 0.12 0.96 0.1 1.3 0.2
Spleen 0.00923 0.0055 0.0001 0.0072 0.0001
Kidney 0.00923 0.014 0.0001 0.018 0.0002
Pancreas 0.00923 0.0065 0.0001 0.0085 0.0001
Effective dose 0.5 0.8
Scan 2 (449 mm)
Gonads 0.08 16 1.3 21 1.7
Bladder 0.04 18 0.7 23 0.9
Prostate 0.00923 18 0.2 23 0.2
Colon 0.12 14 1.7 18 2.2
Spleen 0.00923 13 0.01 1.7 0.02
Kidney 0.00923 4.8 0.04 6.2 0.1
Pancreas 0.00923 13 0.01 1.7 0.02
Effective dose 4 5.1
Scan 3 (253 mm)
Gonads 0.08 23 1.8 28 2.2
Bladder 0.04 29 1.2 34 14
Prostate 0.00923 29 0.3 34 0.3
Colon 0.12 7.2 0.9 8.6 1.03
Spleen 0.00923 0.037 0.0003 0.044 0.0004
Kidney 0.00923 0.096 0.001 0.11 0.001
Pancreas 0.00923 0.046 0.0004 0.055 0.001
Effective dose 4.2 5
Total scans 8.7 10.9

Table 7. 35: Patient 15 effective dose updated
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Patient 16

( Prostate , 4 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1(264 mm)
Gonads 0.08 2.8 0.2 3.6 0.3
Bladder 0.04 3.8 0.2 4.9 0.2
Prostate 0.00923 3.8 0.03 4.9 0.1
Colon 0.12 0.92 0.1 1.2 0.1
Spleen 0.00923 0.0053 0.0001 0.0069 0.0001
Kidney 0.00923 0.014 0.0001 0.018 0.0002
Pancreas 0.00923 0.0062 0.0001 0.008 0.0001
Effective dose 0.5 0.7
Scan 2 (450 mm)
Gonads 0.08 15 1.2 19 1.5
Bladder 0.04 16 0.6 20 0.8
Prostate 0.00923 16 0.2 20 0.2
Colon 0.12 13 1.6 16 1.9
Spleen 0.00923 1.2 0.01 1.5 0.01
Kidney 0.00923 4.4 0.04 5.6 0.1
Pancreas 0.00923 1.2 0.01 1.5 0.01
Effective dose 3.7 4.5
Scan 3 (254 mm)
Gonads 0.08 2.7 0.2 3.4 0.3
Bladder 0.04 33 0.1 4.2 0.2
Prostate 0.00923 33 0.03 4.2 0.04
Colon 0.12 0.83 0.1 1.1 0.1
Spleen 0.00923 0.0043 0.00004 0.0055 0.0001
Kidney 0.00923 0.011 0.0001 0.014 0.0001
Pancreas 0.00923 0.0053 0.0001 0.0068 0.0001
Effective dose 0.4 0.6
Scan (443 mm)
Gonads 0.08 14 11 18 14
Bladder 0.04 15 0.6 20 0.8
Prostate 0.00923 15 0.1 20 0.2
Colon 0.12 12 14 15 1.8
Spleen 0.00923 0.91 0.01 1.2 0.01
Kidney 0.00923 3 0.03 3.9 0.04
Pancreas 0.00923 0.93 0.01 1.2 0.01
Effective dose 33 4.3
Total scans 7.9 10.1

Table 7. 36: Patient 16 effective dose updated
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Patient 17

(Anus, 2 scan)

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (447 mm)
Gonads 0.08 14 1.1 18 1.4
Bladder 0.04 16 0.6 20 0.8
Prostate 0.00923 16 0.2 20 0.2
Colon 0.12 12 14 16 1.9
Spleen 0.00923 1.1 0.01 1.5 0.01
Kidney 0.00923 4.3 0.04 5.5 0.1
Pancreas 0.00923 11 0.01 15 0.01
Effective dose 3.4 4.4
Scan 2 (339 mm)
Gonads 0.08 13 1 16 1.3
Bladder 0.04 14 0.6 18 0.7
Prostate 0.00923 14 0.1 18 0.2
Colon 0.12 5.9 0.7 7.5 0.9
Spleen 0.00923 0.093 0.001 0.12 0.001
Kidney 0.00923 0.22 0.002 0.28 0.003
Pancreas 0.00923 0.11 0.001 0.14 0.001
Effective dose 2.4 3.1
Total scans 5.8 7.5

Table 7. 37: Patient 17 effective dose updated
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Patient 18

( Breast, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (405 mm)
Lung 0.12 13 1.6 17 2
Liver 0.04 8.5 0.3 11 0.4
Breast 0.12 10 1.2 13 1.6
Stomach 0.12 7.2 0.9 9.2 1.1
Oesophagus 0.04 15 0.6 19 0.8
Heart 0.00923 13 0.1 17 0.2
Effective dose 4.7 6.1
Scan 2 (429 mm)
Lung 0.12 13 1.6 17 2
Liver 0.04 9.9 0.4 13 0.5
Breast 0.12 10 1.2 13 1.6
Stomach 0.12 9.1 1.1 11 1.3
Oesophagus 0.04 15 0.6 19 0.8
Heart 0.00923 14 0.1 17 0.2
Effective dose 5 6.4
Total scans 9.7 12,5

Table 7. 38: Patient 18 effective dose updated
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Patient 19 ( Breast, 2 scan )

Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (361 mm)
Lung 0.12 22 2.6 28 3.4
Liver 0.04 8.7 0.4 11 04
Breast 0.12 18 2.2 22 2.6
Stomach 0.12 5.6 0.7 7.1 0.9
Oesophagus 0.04 26 1 33 1.3
Heart 0.00923 23 0.2 29 0.3
Effective dose 7.1 8.9
Scan 2 (384 mm)
Lung 0.12 23 2.8 28 3.4
Liver 0.04 12 0.5 14 0.6
Breast 0.12 18 2.2 22 2.6
Stomach 0.12 8.3 0.9 10 1.2
Oesophagus 0.04 26 1 33 1.3
Heart 0.00923 23 0.2 29 0.3
Effective dose 7.6 9.4
Total scans 14.7 18.3
Table 7. 39: Patient 19 effective dose updated
Patient 20 ( Breast, 1 scan )
Organ dose Contribution Organ dose Contribution
Organs WT (CTDI) to effective (Deq) to effective
dose (CTDI) dose (Dgq)
Scan 1 (447 mm)
Lung 0.12 29 3.5 36 4.3
Liver 0.04 23 0.9 29 1.2
Breast 0.12 22 2.6 28 3.4
Stomach 0.12 23 2.8 28 3.4
Oesophagus 0.04 33 1.3 41 1.6
Heart 0.00923 29 0.3 37 0.3
Effective dose 114 14.2
Total scans 11.4 14.2

Table 7. 40: Patient 20 effective dose updated
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Appendix 3

Dose Equilibrium phantom design (cut drawing)

Figure 7. 2: Schematic image of all parts of the Dg, phantom separately
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Figure 7. 3: Shematic image of all parts of the Diq phantom together
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Figure 7. 4: Schematic image of all parts of the D, phantom together from different angles
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