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Abstract

Polymer gel dosimetry, in conjunction with x-ray computed tomography (x-ray

CT) imaging, is a three-dimensional dosimetric tool that shows promise in the veri-

fication of complex radiation therapy treatments. Previous studies have shown that

x-ray CT imaging of gel dosimeters is robust, easy-to-use, and has wide clinical acces-

sibility. The e!ects of x-ray CT dose imparted to the gel dosimeter, during imaging of

the delivered therapy dose distributions, is not well understood. This thesis quantifies

the e!ects of CT dose on normoxic polyacrylamide gel (nPAG) dosimeters.

The investigation is comprised of four parts. First, quantification of the x-ray

CT dose given during CT imaging of nPAG gels was measured using ion chamber

measurements and filmed dose profiles for a range of typical gel dosimetry imaging

protocols (200 mAs (current-time), 120-140 kVp (peak potential energy of photons),

2-10 mm slice thickness). It was found that CT doses ranged from 0.007 Gy/slice (120

kVp, 2 mm) to 0.021 Gy/slice (140 kVp, 10 mm) for volumetric phantoms. Second,

Raman spectroscopy was used to determine the e!ect of photon energy on the dose

response of nPAG dosimeters exposed to photon energies from a CT scanner (140 kVp
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photons) and from a Linac (6 MV photons). A weaker response was exhibited within

the gels irradiated with kV photons than MV photons. Thirdly, the measurements

of the given x-ray CT dose as established in the first study and the dose response of

the polymer gel to di!erent photon energies in the second study were correlated to

estimate the induced changes of the nPAG CT number ("NCT ), caused by x-ray CT

imaging of the polymer gel. (CT number is defined to be the measured attenuation

coe#cient normalized to water.) For typical gel imaging protocols (as above with

16-32 image averages), it was found that "NCT <0.2 H is induced in active nPAG

gel dosimeters. This "NCT is below the current threshold of detectability of CT

nPAG gel dosimetry. Finally, the traditional method of chemically fixing the dose

response mechanism of nPAG gels by passive oxygenation of the gel, is investigated

to determine if oxygenation would mitigate the changes caused by x-ray CT imaging

of the gels. It was determined that oxygen di!usion was too slow to cause fixation

of nPAG dosimeters, as the di!usion constant was 1.2 ± 0.2" 10!6cm2/s, or 25% of

the di!usion constant for anoxic PAG gel dosimeters.

In conclusion, it was found that x-ray CT dose in polymer gel dosimeters is not

a concern for standard gel imaging protocols. X-ray CT dose can potentially be a

concern when large numbers of image averages (e.g. >60 image averages) are utilized,

as in gel imaging protocols for high-resolution scans.
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Chapter 1

Introduction

When treating patients with cancer, approximately half of these patients will have

some form of radiation therapy for curative or palliative treatments [1]. In all cases

of radiation therapy, better local tumor control with greater sparing of healthy tissue

yield a better quality of life (i.e. fewer side e!ects) and better curative results for the

patient. However, a hesitation to implement the technological advances in delivery

partially stems from the lack of precise knowledge as to where the dose is delivered in

the patient. What is required to improve the knowledge of the actual dose distribution

is a method to measure the dose delivered (i.e. dosimetry) in three-dimensions (3D).

Gel dosimetry is a tool that uses radio-sensitive chemicals suspended in a gel-like

matrix and can be used to provide a 3D map of the planned dose distribution. The

impediments to wide-spread implementation of gel dosimetry have traditionally been

the complexity of the system of manufacture and the post-irradiation analysis of the

gel dosimeters. This study explores the e!ects of using x-ray computed tomography

(X-ray CT) imaging to analyze gel dosimeters, and this exploration is described in

more detail below.

This thesis investigates the e!ect of x-ray CT dose on normoxic (normal atmo-

spheric) polymer gel dosimetry. Normoxic gel dosimeters remove some of the com-

plexity of gel dosimetry manufacturing by allowing for gel preparation in normal

MedPhys iMac
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atmospheric conditions. X-ray CT scanners are readily available in most clinical

departments where gel dosimetry would be used, and have been shown to be e!ec-

tive in analysis of gel dosimeters [2]. This study encompasses both diagnostic and

therapeutic branches of radiation medicine, and concentrates on the use of normoxic

polymer gel dosimeters and x-ray CT analysis of these gels. Chapters 1, 2, 3 and 4

discuss the interactions of radiation with matter, gel dosimetry, x-ray CT and Raman

spectroscopy, respectively, in order to give the reader some background information

into the tools used in this study. Chapters 5 and 6 discuss the design of the study

and the results obtained from the work. In addition, Chapter 6 discusses the im-

pact of the results on the application of x-ray CT analysis on normoxic polymer gel

dosimeters. Lastly, Chapter 7 describes the future possibilities for x-ray CT imaging

and polymer gel dosimetry in the clinical environment. This chapter introduces the

reader to the applications of radiation in medicine (Section 1.1), the interaction of

photon radiation with matter (Section 1.2) and radiation dosimetry (Section 1.3),

including how gel dosimetry can be used in measuring radiation dose. Finally, the

scope and objectives of this project will be discussed in Section 1.4.

1.1 Radiation and Medicine

Radiological physics is the study of ionizing radiation and its interactions with matter

[3]. Radiation dosimetry quantifies how much energy is absorbed in matter. Radi-

ological physics began in the 1890’s when Henri Becquerel discovered radioactivity,

when Pierre and Marie Curie explored the properties and uses of Radium, and when

Wilhelm Röntgen discovered x-rays in 1895. In 1895, Röntgen took the first x-ray

image of Mrs. Röntgen’s hand within a month of his original discovery. Within a

year, physicians around the world were utilizing diagnostic x-rays imaging - this was

one of the fastest applications of new technology to practical purposes in recorded

history [3]. Currently, radiation is used in two branches of medicine: diagnostic
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imaging and radiation therapy.

1.1.1 Diagnostic Imaging

General radiography has existed since the discovery of x-rays, and continues to grow

and develop. Initially, projection x-ray images of patient anatomy were developed

on glass substrates, and then on x-ray film. Physicians looked at the images through

bright light boxes. Currently digital and computed radiography is used in many

major hospitals, and clinical images are displayed on dedicated computer monitors for

interpretation. Although the medium for display has changed, the essential technique

has remained constant through the last century. Two-dimensional slice imaging and

three-dimensional image reconstructions have existed since the 1970’s, in the forms of

x-ray CT and magnetic resonance imaging (MRI). Diagnostic imaging also includes

nuclear medicine and ultrasound. In nuclear medicine, patients are injected with

radioisotopes, and the products (gamma rays and beta rays) of the radioactive decay

are imaged using scintillation cameras. Ultrasound imaging uses sound-waves and

measures the doppler-shifted echoes of the sound waves to image soft tissue structure.

This thesis does not focus on diagnostic imaging; the reader is referred to several texts

that discuss the uses of radiation in diagnostic imaging in greater depth [4], [5].

1.1.2 Radiation Therapy

Radiation is used to treat approximately 50% of all cancer patients [1]. Photons,

electrons, protons and higher mass particles, as well as radioisotopes are used in a

variety of ways to treat disease. The purpose of each type of radiation is the same:

to deliver a localized, prescribed absorbed dose to the tumour volume while sparing

surrounding healthy tissue. This study will concentrate on the use of photons in

radiotherapy.

The treatment planning process for each individual patient is multifaceted. The

patient’s anatomy surrounding the cancerous site is imaged, generally using x-ray
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CT, and these images are used in the dosimetric treatment planning. Once the treat-

ment plan is approved, treatment verification takes place to ensure the machines

will deliver the appropriate treatment. The process finishes with the delivery of the

prescribed radiation. For routine radiation therapy patients, this is the complete pro-

cess. In complex radiation treatment plans, dosimetric tools (e.g. radiographic film,

ion chambers and computer verification) are used to verify anatomical placement and

photon beam delivery prior to irradiation of the patient. With the advent of more

complex delivery systems such as multi-leaf collimators (MLC) and intensity modu-

lated radiation therapy (IMRT), the verification process has changed slightly. The

complexity of these new systems results in the need for more independent treatment

verification tools.

For treatment verification, medical physicists currently use an assortment of tools,

including, but not limited to, water tank measurements with an ion chamber or diode

(during calibration of the linear accelerator), electron portal imaging and x-ray film

to view images of the planned photon beams. X-ray film can give a limited represen-

tation of a dose distribution in three dimensions, but the dosimetry tools described

above cannot give a detailed view of the 3D dose distribution. Gel dosimetry, namely

polymer gel dosimetry, has the potential to fill the gap for 3D verification for com-

plex cases. Gel dosimetry phantoms can be designed to physically mimic the regions

of large tissue inhomogeneities, as well as gel dosimeters can record the dose distri-

bution in regions of high dose gradients that could be missed with other dosimetry

tools. One way to encourage the development of the clinical use of gel dosimeters

in treatment planning is the ability to manufacture the gels in a bench-top setting

under normal atmospheric conditions (normoxic). Another method to increase the

application of gel dosimetry is to ensure timely access to imaging equipment used to

analyze the irradiated gels. Traditional gel dosimetry techniques use MRI to ana-

lyze the dose distribution. However, MRI machines are not easily accessible by the
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radiation physicist. Alternate imaging modalities have been studied to assess the

feasibility of imaging gel dosimeters, including optical computed tomography (CT)

and x-ray CT. Many cancer centers have easy and reliable access to an x-ray CT

scanner, which makes x-ray CT attractive [2]. This study uses normoxic polymer

gels with x-ray CT analysis, and explores the dose response of the normoxic gel to

x-ray CT radiation.

1.2 Photon Interactions with Matter

Diagnostic imaging uses kilovoltage (kV) energy photons to image patient anatomy

and radiation therapy commonly uses external photon beams of megavoltage (MV)

energies for the treatment of cancer. In medical physics, it is common to refer to

(polyenergetic) diagnostic and therapeutic photon beam energy by the peak poten-

tial at which the electrons are accelerated toward the metal target to produce x-ray

photons. Diagnostic photon beam energy is often referred to as kV p, which empha-

sizes the peak accelerating potential of the tube that was used in the production of

the photon. If the photon beam is monoenergetic, the beam is referred to by the

actual energy of incident photons (i.e. keV or MeV ). This thesis will refer to photon

energies using the medical physics terminology.

X-ray photons interact with matter in a variety of ways. Photons interact with

matter and transfer energy in three di!erent mechanisms: photoelectric e!ect, Comp-

ton scattering (incoherent scattering) and pair (and triplet) production. Each of these

interactions will be briefly introduced in the following sections (Sections 1.2.1-1.2.3).

A fourth interaction between matter and photons also occurs and is called Rayleigh

scattering (coherent scattering) [6]. Because there is no transfer of energy between

the photon and the atom, Rayleigh scattering will not be discussed here. Photons

transfer kinetic energy to electrons and the electrons deposit energy into the mate-

rial (absorbed dose). This process will be discussed in Section 1.2.4. In addition,
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the characteristic interactions of di!erent materials to increasing photon energy will

be described through a discussion of attenuation coe#cients and the linear energy

transfer (LET) function (Section 1.2.5).

1.2.1 Photoelectric E!ect

The photoelectric e!ect occurs when an incident photon of energy h! collides with an

atomically bound inner electron, where h is Planck’s constant (4.136" 10!15 eV · s)

and ! is the wave frequency of the photon. The atom absorbs the energy of the photon

and an electron is ejected from the atom, as illustrated in Figure 1.1. The ejected

electron, called the photoelectron, will have the energy Ee as given by Equation 1.1,

Ee = h! # Eb (1.1)

where Eb is the binding energy of the electron [6]. The atom is left with an inner

shell vacancy that must be filled by a higher energy level electron. Two possible

outcomes can occur when that higher energy electron fills the vacancy. First, the

energy released by the second electron is emitted as a characteristic photon. Second,

the energy released by the second electron is transfered to other atomic electron,

which is then ejected from the atom. The ejected electron is called the Auger electron

[6]. The photoelectric e!ect occurs most frequently when the incident photons are

approximately the same energy as the binding energy of the atomic electrons. For

photons below 30 keV in energy, the photoelectric e!ect is the dominant interaction

for most tissue-like materials. Additionally, an increase in atomic number (Z) also

results in the increased probability of the occurrence of the photoelectric e!ect in this

energy range, by the order of Z3 [6]. Materials such as bone or metal will attenuate

photons with energy below 50 keV preferentially, in comparison to soft tissues, due

to the higher atomic number of these materials. In therapeutic uses of radiation, the

photoelectric e!ect is negligible.
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Figure 1.1: In the photon electric e!ect, an incident photon collides with an atomically
bound inner electron and causes the electron to be ejected from the atom.

1.2.2 Compton Scattering

Compton scattering, also known as incoherent scattering, is the single most important

radiation interaction between photons and matter for the majority of the energy

ranges used in medicine. Compton scattering is the mechanism by which incident

photons (h!) transfer some of their energy to valence electrons in the form of kinetic

energy (Ek) and the photon is scattered at an angle " with less energy (smaller

frequency, ! #) than the energy of the incident photon, as illustrated in Figure 1.2.

Note that the photon and the electron are scattered at di!ering angles, " and #

respectively [6]. The scattering of the photon and the electron in di!erent directions

obeys the law of the conservation of energy, as is given in Equation 1.2, describing

the Compton scattering energy.

h! = h! # + Ek (1.2)
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Figure 1.2: Compton scattering is the mechanism by which incident photons (h!) transfer
some of their energy to valence electrons in the form of kinetic energy (Ek) and the photon
is scattered at an angle " and with less energy (smaller frequency, ! #) than the energy of
the incident photon.

Compton scattering is responsible for the loss of low contrast resolution (the

shades of gray) in diagnostic imaging and in portal imaging in radiation therapy.

The main reason for this is that Compton scattering is independent of material com-

position as the photons interact with the valence electrons in the material. The

electron density (which consists of mostly valence electrons) is relatively independent

of the atomic number of the material [6]. As such, there is no di!erentiation between

the probability of Compton scattering in soft and hard tissues. Compton scattering

is the main mechanism by which dose is deposited in radiation therapy as Compton

scattering is the dominant photon interaction over a very broad range of energies

(100 keV to $ 10 MeV). However, there is a small dependence on photon energy,

by which the probability of Compton scattering slowly decreases as photon energies

increase ($ 1
E ).
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1.2.3 Pair Production

Pair production occurs when the incident photon passes very close to the strong

field of the nucleus of an atom, and is converted into the positron/electron pair, as

illustrated in Figure 1.3 [6]. Pair production can only happen when the incident

photon energy is greater than 1.022 MeV (i.e. the combined rest energy of a positron

(e+) and an electron (e!)). If the photon (h!) has more than the minimum energy

required for conversion, this will be split between the two particles as kinetic energy

where the positron has a total energy of E+ and the electron has a total energy of

E!, as described in Equation 1.3:

h! # 1.022 MeV = E+ + E! (1.3)

The electron and positron will travel through the medium ionizing and exciting

atoms and both will eventually come to rest. When the electron comes to rest, it

is absorbed into the valence electron pool, and becomes another free electron in the

material. When the positron comes to rest, it will annihilate with a free electron and

emit two photons of 0.511 MeV. These two photons will travel in opposite directions

in order to maintain conservation of momentum. The probability of pair production

interaction increases with increasing photon energy above 1.022 MeV as logE and

with atomic number as Z2 [6].

1.2.4 KERMA and Absorbed Dose

Photons transfer their energy to electrons (as described above), and the electrons

cause ionizations within the matter on which the photons are incident. The process

in which the photon transfers its energy is called Kerma (K inetic Energy Released

in the Medium/Material) [6]. Kerma (K) is the average energy transferred (dEtr)
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Figure 1.3: Pair production occurs when the incident photon passes very close to the
strong field of the nucleus of an atom, and is suddenly converted into the positron/electron
pair.

Figure 1.4: Collisions between electrons and nuclei create Compton scattered radiation
(h! #), bremsstrahlung radiation (h! ##) and collisions between two electrons can create sec-
ondary highly energized electrons and delta ray tracks.
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per unit mass (dm), and has the units Gray (G):

K =
dEtr

dm
(1.4)

The energized electron deposits its energy through excitation and ionization in

collisions with the nuclei and electrons. Collisions between electrons and nuclei create

bremsstrahlung radiation and collisions between two electrons can create a second

highly energized electron and a delta ray track. This is illustrated in Figure 1.4 [6].

These interactions between the original energized electron and the material results

in absorbed dose (D), and this is defined by:

D =
dEab

dm
(1.5)

where dEab is the mean energy absorbed per unit mass (dm) in the material and

has the unit Gray as well. Kerma and absorbed dose are similar in definition, but

they are not equivalent. In addition, kerma and dose do not occur at the same

location within the material, depending on the energy of the incident photon and the

transferred energy to the electron. Generally, the dose is measured downstream from

the point of original interaction, where kerma occurs. For photons with diagnostic

energies (below 150 kVp), the absorbed dose is generally very close to the point of

initial interaction. However, for therapeutic photon energies (generally greater than 1

MeV), the observed electron range of the energized electron causes a build-up region

near the surfaces of the material incident to the photon beam, where the measured

dose is less than measured deeper within the material [6]. This build-up region is

equivalent to the maximum range of the energized electrons, and is the size is observed

to be the depth of maximum dose (Dmax) for a photon beam. This characteristic of

a photon beam is used to determine the best energy for radiation therapy of di!erent

anatomical regions.
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1.2.5 Attenuation Coe"cients

As photons interact with material through the processes described earlier, they are

attenuated from the incident beam. The attenuation is related to the distance trav-

eled with in the material by the relationship given in Equation 1.6.

N = N0e
!µx (1.6)

where N is the number of incident photons remaining in the beam, x is the distance

the photon traveled through the material and µ is the linear attenuation coe#cient

for that material for that given photon energy [6]. µ has the dimensions of [length]!1

and it will change depending on the photon energy and the material type. When the

incident photons are of higher energy (until pair production becomes the dominant

interaction), the material will have a smaller µ, because the photons are able to

pass through the material more e#ciently. Conversely, if the material has a greater

density, there is a greater probability that the photons will interact with the material.

Subsequently, µ will increase. Because of this dependence of µ on material density, a

more fundamental coe#cient has been derived, the mass attenuation coe#cient, µ/$,

where µ is divided by the density of the material, $. µ/$ is independent of density

and has the dimensions of [length2/mass] [6]. The linear attenuation coe#cient, µ,

is used to determine CT numbers, which are defined to be the measured attenuation

coe#cient normalized to water and they are also refered to as Hounsfield units (H).

CT numbers will be described in more detail in Chapter 3.

Each interaction of the photon within the material will transfer some energy to the

material. This transferred energy will eventually be deposited within the material as

absorbed dose. To describe the energy transferred ("Etr) in a unit length of material
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("x), Equation 1.7 can be used:

"Etr = µtrNh!"x (1.7)

where µtr is transfer energy coe#cient. "Etr is used in the calculation of Kerma,

as described in Equation 1.4. Similarly the absorbed energy ("Eab) per unit length,

which ultimately is used to calculate the absorbed dose (Equation 1.5), is described

by Equation 1.8:

"Eab = µabNh!"x (1.8)

where µab is the absorbed energy coe#cient. Additionally, µtr and µab can also be

made independent of the density of the material by dividing by $ [6].

Linear Energy Transfer

The interaction of ionizing radiation with biological material (i.e. tissue) produces

damage to the biological structures either by direct damage to the cell or by pro-

ducing free radicals that then cause cell damage. Di!erent types of radiation (i.e.

photon, beta (e+, e!) or proton) cause di!ering amount of damage per unit dose [7].

Additionally, photons of di!erent energies also cause di!ering amount of damage to

the cells. The radiobiological e!ect (RBE) quantifies the damage that di!erent radia-

tion types can cause to the biological material. The induced damage is related to the

Linear Energy T ransfer (LET), which measures the rate at which ionizing radiation

deposits energy within the material, and the dimensions of LET are keV/µm. For

the typical medical radiation energy range, higher energy photons and electrons de-

posit energy at a slower rate than that of lower energy photons and electrons. Higher

energy photons yield higher energy electrons, which are able to travel through the

material further before interacting with the atomic structures. Lower energy photons

transfer less energy to the initial electron, and therefore, the electrons are less likely
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Figure 1.5: High LET radiation produces much more damage through structure than low
LET radiation. The dots represent locations of ionization and dose deposition.

to move through the nuclei and valence electrons of the material without interact-

ing [7]. In essence, high LET radiation produces more damage through a structure

than low LET radiation, as is illustrated in Figure 1.5. The same absorbed dose

by di!erent LET radiations will generate di!erent damage in tissue and tissue-like

material.

1.3 Dosimetry

Radiation dosimeters are devices that are used to measure the amount of dose de-

posited in air or material. There is no existing dosimeter that is used in every

situation; di!erent dosimeters are applied for di!erent purposes. Therefore, the radi-

ation physicist must evaluate the characteristics of each dosimeter to determine the

appropriateness of use before applying them to specific tasks. The characteristics

used to evaluate dosimeters are described in Section 1.3.1. Some common types of

dosimeters will be introduced, such as, ion chambers (Section 1.3.2), radiographic

film (Section 1.3.3), thermoluminescent dosimeters (TLD) (Section 1.3.4), solid-state

diodes (Section 1.3.5) and chemical dosimeters (Section 1.3.6). There are additional
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types of dosimeters that are beyond the scope of this discussion; see, for example,

Attix, 1986, for further details [3]. This study used ion chambers and radiographic

film to measure dose, as described in Chapter 5. In addition, the need for three-

dimensional dosimeters will be explored in reference to gel dosimetry in (Section

1.3.7).

1.3.1 Ideal characteristics for a dosimeter

Physicists choose specific dosimeters by two criteria: the characteristics of the dosime-

ter and the task in which it will be applied. Table 1.1 lists the characteristics consid-

ered in choosing a dosimeter. Briefly, the attributes that would be of most importance

for an ‘ideal’ dosimeter would include accuracy, precision, tissue equivalent response

to the radiation energy and the dose rate, stability and sensitivity [3]. A dosimeter

can possess some or all of these characteristics and they can impact how the dosimeter

is used in clinical applications.

1.3.2 Ion Chambers

An ionization chamber is one of the most common tools that radiation physicists

use to measure ionizing radiation. Practical ion chambers consist of a finite volume

of air surrounded by a thin, tissue-equivalent material, which is often graphite, as

illustrated in Figure 1.6. Graphite is used because the e!ective atomic number (Z=6)

is similar to tissue-like materials such as water (Z=7.51), muscle (Z=7.64) and fat

(Z= 6.46) [6]. Air is also considered to be tissue-like as the e!ective atomic number

of air (Z=7.78) is similar to water and muscle. Inside the ion chamber is an electrode

that has a high voltage applied to it (e.g. 400 V), forming an electric field that

collects the charge produced during irradiation.

In an idealized ion chamber, the volume of air is much larger than the maximum

range of the electrons (approx. 0.014 g/cm2 for 100 keV photons, and 1.5 g/cm2

for 3 MeV photons) [3]. In this situation, we can consider the following process:
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Table 1.1: Ideal dosimetric characteristics [3]

Characteristic Definition
Accuracy The correlation between measured value and ex-

pected value.
Precision The reproducibility of a dosimeter.
Tissue equivalence: dose rate The similarity between soft-tissue and the dosime-

ter’s response to di!erent dose rates.
Tissue equivalence: energy re-
sponse

The similarity between soft-tissue and dosimetric
response to di!erent energy ranges. Some dosime-
ters will over-respond in the lower energy ranges
due to a higher atomic number than soft-tissue and
the relative dominance of the photoelectric inter-
action with matter.

Linearity of response to radiation The dose range in which the dosimeter yields either
a linear or singled valued response.

Sensitivity The lowest possible dose that the dosimeter can
accurately measure.

Saturation The highest possible dose that the dosimeter can
accurately measure.

Stability The ability of the dosimeter to give the same read-
ing over time.

Spatially isotropic response The insensitivity of the dosimeter to the direction
of radiation.

Commercial Availability Is the dosimeter available commercially, or does
the physicist have to manufacture the dosimeter
prior to each application?

Relative Calibration Calibration intervals against standards. Some
dosimeters require calibration for each use.

Reusability The ability of the dosimeter to be used more than
once.

Absolute or relative Does the dosimeter yield an absolute dose measure-
ment or does the dosimeter relate the measured
response of the dosimeter to the dose by another
characteristic.
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Figure 1.6: A cylindrical ion chamber consisting of a finite volume of air surrounded by
a thin, tissue-equivalent material, which is often graphite. A potential di!erence applied
between the inner and outer electrodes collect ions in the air cavity that were produced by
irradiation.

ionizing radiation interacts with the air molecules, causing the ionization of air. The

subsequent interactions of these ions with other air molecules will yield additional

charges, and the electrode collects the total charge produced, Q. The ionization

produced in the gas, and the dose absorbed by the gas is related by Equation 1.9,

Dg =
Q

mg
W (1.9)

where mg is the mass of air in the ion chamber and W is the average energy required

to cause one ionization in the gas. This value, W , is constant over a wide range of

electron energy and gas pressure and is 33.85 J/C [6].

Since ion chambers have a finite volume and are surrounded by a chamber ma-

terial, corrections must be made to Equation 1.9. Equation 1.10 gives the dose at a

point in a phantom where c is the outer radius of a cylindrical dosimeter:

Dmed = MNx

!
0.00873

J

kgR

" #
µ̄ab

$

$med

air

k(cmed) (1.10)

where M is the measurement made by the ion chamber in roentgens (R), Nx is the

exposure calibration for the chamber,
%

µ̄ab

!

&med

air
is the ratio of the average mass en-



18

ergy absorption coe#cients for a medium (med) and air (air), and k(cmed) is the

attenuation correction for the ion chamber of radius c [6]. In addition, ion cham-

bers are sensitive to changes in voltage bias, ambient temperature and pressure, and

recombination e!ects.

Ion chambers meet the criteria of several of the ideal dosimeter characteristics

as described in Section 1.3.1 Therefore, they are applied to many clinical dosimetric

tasks. Ion chambers are accurate (within 0.5%) and precise (within 0.1%) so they

can be used to trend a single machine performance, or compare measured exposure

values between similar machines. In addition, ion chambers can be very sensitive

to low dose measurements such as is required for shielding measurements, or they

can be applied to detect a large range of doses. Additionally, ion chambers are not

a!ected by the varying dose rates used in most clinical applications. Ion chambers

are manufactured out of materials that are tissue-equivalent, such as carbon, and

the ion chamber responds like soft-tissue over a wide range of photon energies and

radiation types. However, ion chambers will not be as spatially sensitive as required

for dosimetric applications near high dose gradiants. This is due to the relatively large

volume of the ion chamber. Ion chambers are sensitive to ambient conditions such as

temperature and pressure, and thus measurements made with the ion chamber must

be corrected by using Equation 1.11:

ktp =

#
273.2 + t

273.2

$ #
101.3

P

$
(1.11)

where t is the measured room temperature in Celsius and P is the atmospheric

pressure measured in kilopascals [3]. Most ion chambers are cylindrical in design

in order to be directionally independent. However, some parallel plate ion chambers

and pancake-shaped ion chambers are available.
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Figure 1.7: X-ray film consists of a flexible base made of polyester, and the base is coated
by one or two emulsion layers consisting of radiosensitive silver halide crystal (grains)
suspended in gelatin.

1.3.3 Radiographic Film

Radiographic (x-ray) film is a two dimensional, integrating dosimeter. The design of

x-ray film is fairly common between manufactures and types of film and consist of

a flexible base made of polyester. The base is coated by one or two emulsion layers

consisting of radiosensitive silver halide crystal (grains) suspended in gelatin as can

be seen in the schematic shown in Figure 1.7 [4]. The most common grains used

are silver bromide (AgBr), and these grains can come in di!erent shapes and sizes,

depending on the purpose of the film. Each grain contains upwards of 109 atoms of

AgBr.

When film is exposed to ionizing radiation, the result is the formation of a la-

tent image. The bromide ions within the grains of AgBr interact with the incident

radiation, which frees an electron that negatively charges a sensitivity speck (i.e. an

imperfection within the grain). Bromide ions (Br!) react with each other to form

bromine. The negatively charged sensitivity speck attracts the positive silver ion
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(Ag+) and transfers the electron to the Ag+ and thus neutralizing the ion. When

this happens repeatedly within the same grain, the grain becomes part of the latent

image, and will be preferentially developed during the development process [4]. If

the time between the exposure of the film, and the development of the film is too

large (>hours), the Ag+ atom can recombine with the bromine within the grain, thus

reducing the dose response of the film [4]. This e!ect also occurs during low dose

rate applications of film dosimetry.

During development of the film, the latent image is released when the film is

immersed into the developer, by which the developer solution transfers electrons

to the active grains of AgBr, creating permanent metallic silver. The film is then

transferred to a “stop” bath, which stops the development process uniformly and

quickly. The fixer solution, into which the film is transferred next, removes the

undeveloped AgBr grains; this “fixes” the image into the film. After these processes,

the film is rinsed of the chemical residue and dried at high heat in order to be

analyzed [4].

The opacity of the film is related to the exposure of the film. The opacity is

measured as optical density and optical density is defined as :

OD = log10
I0

I
(1.12)

where I0 is the intensity of the light in the absence of film, and I is the intensity of

the light as measured through the film [6]. The optical density is considered to be

proportional to the absorbed dose. The film is very sensitive to the chemical process

of development: this is in turn highly variable due to age and use of the chemicals

within the processor, the speed of the processor, and the temperature at which the

chemicals are kept. The physicist must create a dose response curve of the batch of

film and the processor prior to any robust dosimetry that would be preformed with
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x-ray film.

X-ray film has some characteristics that make it unique in dosimetry, including

being a two-dimensional (2D) integrating dosimeter. Because of the 2D applications,

film has survived some of the disadvantages that are inherent to the use of silver

halides as the radiosensitive crystal. Silver halide has a much di!erent atomic number

when compared to tissue. The energy response of film is similar to that of tissue for

energy ranges above 100 keV, but for lower photon energies, increasing domination

of the photoelectric e!ect with the silver ions will cause an over-response of the film.

Film is not sensitive to low doses of radiation, due to recombination e!ects, and it

saturates at high doses, so there is a limited range of measurement for any given

application. In spite of these disadvantages, film continues to prove to be a useful

tool in radiotherapy dosimetry [3] [4].

1.3.4 Thermoluminescent Dosimetry

Thermoluminescent dosimetry (TLD), and the newer generation of optically stim-

ulated luminescent (OSL) dosimetry (Landauer Inc, 2008), involve the absorption,

storage and conversion of ionizing radiation into optical energy. OSL dosimetry uses

laser stimulation of the crystal structure (Al2O3 : C) to release the absorbed dose and

can be used for a variety of environments and tasks. TLD technology uses heat to

release the electrons from the crystal structure, which is often lithium fluoride doped

with magnesium (LiF:Mg) [3]. Because most applications in radiation therapy still

use TLD crystals, further discussion will be related to TLDs exclusively.

Essentially, thermoluminscent dosimetry utilizes electron entrapment in LiF crys-

tals, and electron entrapment occurs in two steps [3]. The first step in the absorption

of ionizing radiation is the initial event involving the incident x-ray photon and the

LiF crystal lattice. A valence electron is energized by the incident photon to travel to

an electron trap (a region of low energy) within the crystal structure. The electron

remains there until it is released by the application of thermal energy (the second
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Figure 1.8: Thermoluminescent dosimeters (TLD) trap released electrons within the crys-
tal lattice. The electron remains there until it is released by the application of thermal
energy. When it is released from the trap, the electron travels to a luminance centre, where
it combines with a valence “hole”, and the energy is released as visible light.

step). When it is released from the trap, it travels to a luminance center, where

it combines with a valence “hole” and the energy is released as visible light. This

process can be seen in Figure 1.8. The visible light released is collected and that

collected light is related to the absorbed dose.

TLDs are useful in many clinical and dosimetric applications. For example, TLDs

are used in in-vivo patient monitoring, measurements of patient entrance and exit

exposures (i.e. skin dose), and personnel monitoring. One advantage of TLDs is

that they can store exposure information for extended periods of time (weeks or

months). Therefore, TLDs can either be analyzed within the clinical setting for

routine applications, or they can be sent elsewhere for analysis as in applications

such as commissioning of new equipment for independent assessment of equipment

performance [3].

1.3.5 Semiconductor Detectors

Semiconductor detectors use doped crystals to measure the ionization events caused

by radiation. Common materials for semiconductor detectors used in radiation

dosimetry are silicon (Si) and germanium (Ge) and these pure crystals are doped

when Lithium (Li+) ions are drifted through the crystal [3]. The region where Li+

becomes intrinsic to the crystal structure is called the ‘depleted’ region, and there
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is an absence of valence electrons and holes when an electric field is applied to the

crystal. The region where there is an excess of electrons is called the ‘n’ region and

it is generally very thin. The larger portion of the crystal will have an excess of

holes and is called the ‘p’ region. However, when the depleted region extends over

the whole volume, the crystal is completely depleted, and the whole volume can be

used for radiation measurements. Dose measurements are made when ionizing radia-

tion events occur within the depleted region of the semiconductor, and the resulting

electrons are measured as current [3]. In many applications, semiconductors and

ion chambers can be interchangeable. However, the physicist must be aware of the

energy dependence for semiconductor detectors that is absent for most ion chambers.

Because the materials used are Si (Z=14) and Ge (Z=32) for the manufacture of the

crystal, there is a over-response of the detectors for energies less that 100 keV [3].

1.3.6 Chemical Dosimetry

Chemical dosimetry measures the induced chemical reaction caused by ionizing ra-

diation with the elements of the chemical solution or substance. Generally, chemical

dosimeters are aqueous, and most of the e!ects will be caused by the products of

radiolysis, which is described in more detail in Chapter 2. Also, due to the high

proportion of water in the dosimeter, these dosimeters tend to be tissue equivalent.

The most common type of chemical dosimeter is the Fricke solution, where upon

irradiation, ferrous ions (Fe2+) are converted to ferric ions (Fe3+). Fricke dosimeters

are integrating dosimeters [3].

The chemical change of ferrous ions into ferric ions is measured by taking the

ratio of the incident light intensity with the transmitted light intensity through the

solution. Fricke dosimeters have been found to be absolute dosimeters, as described

in Table 1.1. Fricke solution forms the basis of the Fricke gel dosimeters, by mixing

the solution into a gel base. Other similar types of chemical dosimeters include dye

systems, plastic and polymer formation induced by radiation, and radiochromatic
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dye-cyanide system. Low dose ranges can be measured using a benzoic acid fluo-

rescence system [3]. For further discussion on chemical dosimeters, the reader is

directed to [8].

1.3.7 Three Dimensional Dosimetry

In modern radiation therapy, there has been an increasing interest in applying more

advanced techniques of conformal therapy and intensity modulated radiation therapy

to improve patient outcome and reduce the toxicity of radiation therapy. This is

achieved by the delivery of high dose to the tumor site, while sparing healthy tissue.

However, it is not always possible to determine, independently, the dose distribution

delivered.

Each of the dosimeters discussed thus far is applicable in di!erent situations,

but none has the structure or the characteristics that allow the dosimeter to be

used as an integrating, tissue equivalent 3D dosimeter. Ion chambers are ideal for

making point (one dimensional (1D)) measurements at di!erent depths within a

phantom. If enough measurements are taken, an impression of the dose distribution

can be obtained. Radiographic film takes measurements of two dimensional (2D)

dose distributions and a 3D schematic of the dose distribution can be inferred from

multiple film images. However, radiographic film is not tissue equivalent. TLDs

come in a variety of shapes and sizes, and can be used to create a matrix of 1D dose

measurements to simulate 2D and 3D dose maps. Since they can be small in size,

they can be used to make specific point measurements, and the spatial resolution can

allow for resolution of steep dose gradients. These restrictions are similar to that of

the the semiconductor dosimeter. Chemical dosimetry is not considered 3D because

the integrated dose is not immobilized within a solid structure. Gel dosimeters are

designed to be integrating 3D dosimeters that will enable the physicist to obtain

information about areas of complex dose distribution. Gel dosimetry will be discussed

in much more detail in Chapter 2.
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1.4 Study Objectives

The overall objective of this study is to assess the e!ect of x-ray CT dose on the

x-ray CT read-out of normoxic polymer gel (nPAG) dosimeters. The investigation is

comprised of four parts. First, quantification of the x-ray CT dose given during CT

imaging of nPAG gels is established. Secondly, the e!ect of photon energy on the dose

response of nPAG dosimeters is determined using Raman spectroscopy. The third

part uses the measurements of the given x-ray CT dose as established in the first study

and the dose response of the polymer gel to di!erent photon energies as established

in the second study to estimate the induced changes of the CT number caused by

x-ray CT imaging of the polymer gel. (CT number is defined to be the measured

attenuation coe#cient normalized to water, and is also known as a Hounsfield unit

(H).) (Note that this research has been published in the journal Medical Physics

and the article has been included as Appendix A.) Finally, the traditional method

of chemically fixing the dose response mechanism of nPAG gels by oxygenation is

investigated, in order to determine if gel oxygenation would mitigate the changes

caused by x-ray CT imaging of the gels.

1.4.1 X-ray CT dose for gel imaging protocols

This part of the study quantifies the x-ray CT doses delivered to polymer gel dosime-

ters during CT imaging. In order to measure the accumulated doses during x-ray

CT imaging, a variety of tools are used. Di!erent radiographic phantoms are used

to represent both large gel dosimeters and calibration gel dosimeters. X-ray CT dose

measurements are made using a dedicated CT ion chamber to measure the accu-

mulated dose. Film measurements and the concepts of computed tomography dose

index (CTDI) are used to assess the CT dose for a variety of gel imaging protocols.
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1.4.2 Dose response of nPAG gel dosimeters to kV and MV photon

energies

The dose response of nPAG dosimeters to kV (x-ray CT) and MV (Linac) photon

energies is established by irradiating a number gel samples with x-ray CT or Linac

photon energies at increasing intervals of dose. The relative response of both sets of

samples was measured using Raman spectroscopy, as this technique provided a direct

measurement of the changes of polymer gel monomer concentration as a function of

absorbed dose.

1.4.3 Change in CT number for MV and KV photon irradiated gels

The induced change in CT number ("NCT ) is established by using the results from

both Section 1.4.1 and Section 1.4.2. The measured CT dose values and their e!ect

on the nPAG gels are determined by relating the dose response of the nPAG gel as

measured with Raman spectroscopy with the measured dose response of the nPAG

gels for MV photon energies. The induced change in CT number due to x-ray CT

imaging is established for typical x-ray CT imaging protocols for gel dosimetry.

1.4.4 Oxygen Di!usion in nPAG gel dosimeters

Oxygen has been found to inhibit polymer formation in anoxic polymer gel dosimeters

[9]. As such, exposure to oxygen is used to ‘fix’ dose distributions in irradiated

gels prior to imaging. This works for small and moderate sized phantoms because

the di!usion constant (the rate at which molecules moved into an area with lower

concentration) of oxygen in PAG gels has been determined to be 8±2x10!6 cm2/s

[10], allowing the small diameter phantoms to be saturated with oxygen within hours

of initial exposure to atmospheric conditions. This study uses a polymer gel that has

had an anti-oxident, tetrakis(hydroxymethyl) phosphonium chloride (THPC) added

to remove the oxygen from the gel upon manufacture. The e!ect of the THPC on

the oxygen di!usion coe#cient is determined and fixation of nPAG dosimeters by
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oxygen is assessed.
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Chapter 2

Polymer Gel Dosimetry

This chapter explores the evolution, the chemistry and the applications of polymer

gel dosimeters. In Section 2.1, a brief outline of the development of gel dosimeters is

given. Section 2.2 explores the chemistry of normoxic polyacrylamide gel dosimeters.

Finally, Section 2.3 surveys the application of gel dosimetry to radiation therapy.

2.1 Development of gel dosimetry

Since the 1920’s, it has been known that radiation causes ferrous ions (Fe2+) to change

to ferric ions (Fe3+) in a quantifiable and reproducible manner [11]. In the late 1970’s

and early 1980’s, the development of nuclear magnetic resonance imaging (MRI)

inspired the use of MRI for analysis of the chemical changes induced in the Fricke

dosimeter. For example, Gore et al quantified magnetic resonance (MR) relaxation

measurements for Fricke dosimeters [12], showing di!erent relaxation rates between

ferrous and ferric ions. Appleby et al expanded on this research by dispersing the

ferrous ions into a gel matrix, irradiated the gel and obtained an image of the three

dimensional (3D) dose distribution using MRI [13].

Due to di!usion of the ferric and ferrous ions in the gelatin, the dose distributions

of Fricke gels were not spatially stable. In the early 1990’s, the MR response of ir-

radiated monomer formulations (polyethylene oxide, N,N’-methylene-bis-acrylamide

(bis-acrylamide) with agarose) were shown to increase with increasing dose [14] -
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[15]. In 1992, the monomers acrylamide and bis-acrylamide were infused in a aque-

ous agarose matrix, and were shown to have a long-term and stable dose distribution

post-irradiation [16]. In 1994, the BANG R! gel dosimeter was created with the same

monomers (acrylamide and bis-acrylamide) and using gelatin to create the gel matrix.

The BANG R! formulation became the first commercial gel dosimeter [16]. Further

research using similar formulations is generally referred to as PAG (polyacrylamide

gel) gel dosimetry [17]. Traditionally, PAG gels were manufactured using a glove-box

in an anoxic (oxygen-free) environment as it was observed that oxygenation of the

gel dosimeter impeded polymerization of the gel [16].

The next advancement in gel dosimetry was the introduction of bench-top for-

mulations of polymer gel dosimeters, which use oxygen scavengers to remove oxygen

from the gel. The first investigations into “normoxic” (normal oxygen) polymer gel

dosimetry used a metallo-organic complex to bind the dissolved oxygen in the gel for-

mulation [18]. This gel is known as the MAGIC (M ethacrylic and Ascorbic acid in

Gelatin Initiated by Copper) formulation, and consists of methacrylic acid, ascorbic

acid, hydroquinone and CuSO4-5H2O in a gelatin matrix where ascorbic acid is the

oxygen scavenger and the CuSO4 catalyzes the oxygen scavenging process. Further

investigations of alternative oxygen scavengers and gel formulations have revealed

that tetrakis hydroxymethyl phosphonium chloride (THPC) is an aggressive oxygen

scavenger [19] and hence, THPC was used as the oxygen scavenger in this study.

2.2 The chemistry of PAG dosimeters

Polymer gel dosimeters address one of the limitations that inhibit the use of Fricke

gel dosimeters, namely, di!usion of the ferric ions (Fe3+) into the matrix of the gels.

This di!usion of the ferric ions renders the Fricke gel dose distribution to be spatially

unstable. Polymerization of monomers produce large polymer chains that are unable

to di!use within the gel matrix, and therefore, polymer gels are more spatially stable
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than Fricke gels.

A large part of research into gel dosimetry has centred on PAG gels. PAG gel

formulations are described by their total monomer weight fraction (%T) to the total

gel weight and by the cross-linking monomer proportion (%C) to the total monomer

content. For example, the nPAG gel formulation used in this study had 6% T (i.e.

the total weight combination of acrylamide and bis-acrylamide equalled 6%) and a

co-monomer fraction of 50% C (i.e. bis-acrylamide was 50% of the total monomer

weight). These can be calculated by:

%T = A + B

%C =
B

A + B
" 100% (2.1)

where A represents the weight of acrylamide, B represents the weight of bis-acrylamide

within the gel. The formulation of the nPAG gel used in this study is given in Table

2.1.

Component % by Weight
Deionized Water 89

Gelatin 5
Acrylamide 3

Bis Acrylamide 3
THPC 4.65 mMol

Table 2.1: nPAG formulation using the antioxident, THPC.

2.2.1 Polymerization of Polyacrylamide Gel Dosimeters

When PAG gels are irradiated, the monomers of acrylamide and bis-acrylamide create

a cross-linked polyacrylamide chain. The chemical structure for each monomer can

be seen in Figure 2.1 [9]. Note that the acrylamide has one vinyl group (CH2)

and bis-acrylamide has two vinyl groups and these vinyl groups are the locations
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where polymerization occurs. Because bis-acrylamide has two such bonds, it can

create cross-links between longer chains of acrylamide. An example of a branching

polyacrylamide chain is seen in Figure 2.1(c) [9]. When bis-acrylamide is consumed

in the propagation process, there is potential for pendant double bonds to be formed

along the chain leading to either cyclization (reaction with the original chain forming

a ring) or cross-branching with other polymer chains [20].

While irradiation causes the PAG gels to polymerize, generally, it is not the direct

interaction of the monomer constituents with radiation that initiates polymerization.

Water comprises approximately 90% of the gel by weight, and it is the water that

absorbs the incident radiation in a process is called water radiolysis.

The mechanism of water radiolysis consists of the following three basic steps.

First, water molecules are ionized or energetically excited by interaction with incident

photons.

H2O + h! % H2O
+ + e!, H2O

$ (2.2)

where H2O$ is an energized water molecule. Secondly, the products in Equation

2.2 are immediately hydrated and each product will undergo further reactions with

water to produce hydroxyl (OH•) and hydrogen (H•) (where • represents an unpaired

electron) radicals, as well as hydronium ions (H3O+), as described in Equation 2.3

[21]:

H2O
+ + H2O % H3O

+ + OH•

H2O
$ % H• + OH• (2.3)

Thirdly and finally, these species form a complex equilibrium where H2, H2O2,

e!aqueous, H•, OH•, H3O+ and OH! are the final products of the initial interaction

with radiation. The equilibrium state of radiolysized water is described by Equation
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(a)

(b)

(c)

Figure 2.1: The schematic of (a) acrylamide, (b) N,N’ methylene bis-acrylamide, and (c)
polyacrylamide.
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2.4 [21].

H• + OH• % H2O

H• + H• % H2

OH• + OH• % H2O2

e!aqueous + OH• % OH!

2H2O + 2e!aqueous % H2 + 2OH!

2e!aqueous + 2H• % H2 (2.4)

The free radicals produced by water radiolysis react with the vinyl groups of the

acrylamide and bis-acrylamide monomers to create active monomers (M•). Poly-

acrylamide polymer chains are formed from the reactions of these active monomers

with adjacent monomers (M) by radical chain polymerization. Radical chain poly-

merization consists of three steps: initialization, propagation and termination. Ini-

tialization is the reaction of the free radical with the initial monomer (i.e. acrylamide

or bis-acrylamide) and creating M•. Propagation occurs when M• reacts with an-

other M . This molecule remains a reactive molecule and subsequent monomers are

added like links in a chain, one at a time, until the polymer chain terminates. These

mechanisms are described in Equation 2.5, where the number of monomers in the

propagated chain is n. Termination of the polymer chain can occur in several ways

and two are presented in Equation 2.6 (note that M•
m is a second reactive polymer

chain that contains m number of monomers). For example, termination occurs when

the active chain reacts with another free radical and the chain is no longer reactive.

Another method of termination occurs when two active chains react with each other

and nullify the reactive nodes. Additionally, the polymer chains may react with the

other constituents of the gel, namely the gelatin, and termination can occur in those

reactions as well [22] [23].
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Figure 2.2: The chemical structure of Tetrakis hydroxymethyl phosphonium chloride,
THPC.

R• + H % M•

M•
n + M % M•

n+1 (2.5)

M•
n + R• % Mn

M•
n + M•

m % Mn+m (2.6)

2.2.2 Reaction Mechanism of THPC with Polyacrylamide Gel

Dosimeters

As was briefly introduced in Section 2.1, tetrakis hydroxymethyl phosphonium chlo-

ride, THPC ((HOCH2)4PCl), is used in polymer gel dosimetry as an oxygen scav-

enger. THPC is a monoprotic acid: it releases one hydrogen ion per molecule. The

chemical structure of THPC is shown in Figure 2.2 [24].

When THPC is introduced into the polyacrylamide gel solution, proton exchange

with water causes dissociation of the THPC molecule into tetrakis (hydroxymethyl)

phosphonium hydroxide (i.e. THPOH, (HOCH2)4POH) and tris (hydroxymethyl)
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phosphine (i.e. THP, (HOCH2)3P) as described in Equation 2.7 [25].

(HOCH2)4PCl& (HOCH2)3P + HCHO + H2O + HCl (2.7)

The THP scavenges dissolved oxygen to produce tris (hydroxymethyl) phosphine

oxide (i.e. THPO, (HOCH2)3P =O) as shown in Equation 2.8.

(HOCH2)3P + 0.5O2 % (HOCH2)3P = O (2.8)

The (HOCH2)3P linkage is weak and easily separated, allowing oxygen to bond with

the molecule in numerous reactions [25]. By this mechanism, dissolved oxygen is

chemically removed from the polymer gel solution.

Recent studies have found that THPC reacts with more than just oxygen when it is

used in the manufacture of polymer gel dosimeters [26]. When the optimized concen-

tration of THPC is added to the polyacrylamide gel solution, there is an approximate

5:1 ratio of THPC to oxygen. Therefore, THPC remains in the gel solution even after

the dissolved oxygen is completely scavenged. This implies that the remaining THPC

can react with the other chemical constituents of the PAG gel. THPC has a negligi-

ble e!ect on unirradiated solutions of acrylamide and bis-acrylamide [26] and this is

consistent with past investigations that show acrylamide at room temperature and

pressure does not react with THPC without a catalyst present [27]. Because of the

similarity of the chemical structure of bis-acrylamide and acrylamide, bis-acrylamide

will not react with THPC under normal atmospheric pressure and temperature. The

catalytic e!ect of radiation on the reactions between THPC and acrylamide remains

to be investigated. Another component of the PAG gels is gelatin. Gelatin consists

of single or multi-stranded polypeptide chain containing groups of amino acids. Hun-

dreds of these amino acid groups are linked together and form helical gelatin strands.

Primary and secondary amine groups can be polymerized by reactions with THPC
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[28]. Thus, it is plausible that THPC and the amine groups in the gelatin polypep-

tide chains can react. It has been observed that higher concentrations of THPC in

the polyacrylamide gel solutions cause increased ‘gelling’ e!ects and a decrease in

dose response of the gel. It is proposed that the reaction of increasing concentra-

tions of THPC and gelatin alter the gel matrix such that the monomer chains cannot

propagate e#ciently and a reduced dose response is measured.

2.2.3 Oxygen Di!usion

It is necessary to remove the dissolved oxygen from PAG gels, prior to irradiation,

because it has been shown that oxygen impedes the gel response to radiation [16].

However, after the PAG gel has been irradiated, the addition of oxygen has been used

to help terminate active polymerization in PAG gels. Generally, oxygen di!usion has

been passive, where the surface of the PAG gel is exposed to normal atmospheric

conditions [9]. Hepworth et al determined that the oxygen di!usion mechanism in

anoxic polymer gels followed a non-steady Fickian di!usion pattern [29].

In this study, oxygen di!used into the polymer gel when the gel was exposed

to normal atmospheric conditions. The concentration of oxygen in the gel cannot

be considered as steady-state, as the oxygen concentration within the gel volume

changed over time. Thus, oxygen di!usion into polymer gel follows Fick’s 2nd law of

di!usion, described by Equation 2.9.

%#

%t
= D

%2#

%x2
(2.9)

Equation 2.9 is a di!erential equation where D is the di!usion coe#cient, # is the

concentration of the substance and t and x are time and position, respectively. A

known solution of this equation (in one dimension) is:

C(x, t) = C(0)erfc(
x'
4Dt

) (2.10)
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where erfc(x) is the complementary error function, C(x, t) is the concentration at

time t and position x and
'

4Dt is considered the di!usion length. This provides a

measurement of how far the di!usion of oxygen has progressed over time [29].

2.3 Polymer Gel Dosimetry in Radiation Therapy

Gel dosimetry has the potential to lend itself well to clinical use in complex radi-

ation therapy planning verification because it possesses several characteristics that

are desired in an ideal dosimeter. Gel dosimeters exhibit tissue equivalence over a

wide range of radiation energies and types (photons, electrons, protons), especially

for photons above 100 keV [30]. Gel dosimeters produce high spatial resolution of the

irradiated dose distribution and as such, can be used as three-dimensional dosime-

ters. They can be used to verify highly complex conformal dose distributions that

are required for accurate delivery of radiation therapy [31]. Gel dosimeters are in-

tegrating dosimeters and can record the absorbed dose with little dependence on the

dose rate, or the number of fields used to deliver the dose; thus intensity modulated

radiation therapy (IMRT) can be verified using gel dosimeters ([32]-[33]). In addi-

tion, most gel dosimeters are considered to be permanent records of the irradiated

dose distribution. Therefore gels can used for dosimetry in remote locations, and be

transported to larger facilities that have the resources to analyze the gel accurately

and e!ectively [34].

Polymer gel dosimetry has four basic steps that include the manufacture of the gel,

irradiation, the imaging of the gel and the analysis of the results, as shown in Figure

2.3. Gel preparation will be introduced below (Section 2.3.1) and the method that

is used in this study is described in detail in Chapter 5. The prepared gel is placed

into containers at the time of manufacture, and then these containers are irradiated.

Generally a linear accelerator (linac) is used, and numerous configurations of beams

and delivered doses can be selected. The imaging techniques that have been explored
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Figure 2.3: Applications involving polymer gel dosimetry have four basic steps that in-
clude (a) manufacture of the gel, (b) gel irradiation, (c) gel imaging and (d) image analysis.

to date are discussed in Section 2.3.2 and most images are transfered to a computer

workstation for analysis. Section 2.3.3 discusses some of the tasks that gel dosimetry

has been applied to.

2.3.1 Polymer Gel Preparation

PAG gels consist of de-ionized water, acrylamide and N, N’-methylene bis-acrylamide

of electrophoresis grade and gelatin. Anoxic PAG gels are prepared in an oxygen-

free environment, such as a glovebox, with nitrogen bubbled through the gel solution

during manufacture to remove the oxygen from the gel. Normoxic polymer gels, such

as nPAG, are prepared in a standard fumehood and use an anti-oxidant chemical to

remove the oxygen in solution. Specific details on the nPAG and the containers used

in this study are given in Chapter 5.

2.3.2 Polymer Gel Imaging

Dose response of polymer gel dosimeters must be established post-irradiation in a

non-destructive and accurate manner. Imaging of gel dosimeters must have a lack of

systemic errors and keep the stochastic noise of the measurements as low as possi-

ble [35]. Traditionally, gels have been analyzed using magnetic resonance imaging

(MRI). In polymer gels, the creation of polymer strands alters the mobility of the

water molecules surrounding the polymer. This increases the spin lattice relaxation

rate (R1) and the spin-spin relaxation rate (R2) with increasing dose [35]. Although

MRI remains to be the most used imaging modality in gel dosimetry, there are some
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disadvantages (e.g. access to MRI scanners, sensitivity of the technique tempera-

ture, complexity of MRI scanning techniques) that have lead to the investigation of

alternate analysis techniques. Alternate techniques for imaging polymer gel dosime-

ters include optical computed tomography (OptCT), ultrasound (US), x-ray CT and

Raman spectroscopy.

Optical computed tomography (OptCT) can be used to image polymer gels, as the

gels change from a clear gel to an opaque gel when irradiated. Optical scanners are

similar in design to first generation x-ray computed tomography (as will be described

in Chapter 3) [36]. OptCT in gel dosimetry measures the attenuation due to optical

scatter, along defined lines in the gel. The image is reconstructed using filtered back

projection. Although it is found that this can be an extremely sensitive technique

(i.e. resolution of 5 cGy), reflection, refraction and scattering can cause inaccurate

reconstructions and it is a relatively slow imaging technique.

Ultrasound (US)measures the speed of propagation of the sound waves through

detection of signal attenuation and intensity. It has been found that there is a strong

variation of these measurements due to absorbed dose in the gel dosimeter [37]. US

measurements are also very sensitive to the formulation of gel dosimeter as it measures

the elastic modulus and this can be quite variable depending on the formulation and

manufacture of the gel. Ultrasound computer tomography (UCT) has also been used

to create three-dimensional maps of the dose distributions. Further studies are needed

to determine the sensitivity and geometric accuracy of UCT [37].

X-Ray CT has been determined to be a viable imaging technique for polyacry-

lamide gels [2] and it is the focus of this study. When polymer gel dosimeters are

irradiated, the gel changes density and the linear attenuation co-e#cient (µ) of the

gel also changes. X-ray CT measures di!erences between the attenuation coe#cients

of water and the imaged material, and thus can be used to measure the dose response

of the polymer gel dosimeter [2]. It has been found that the density changes produce
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small changes in CT number of approximately 1 H/Gy, where H is defined to be a

Hounsfield unit or CT number [2], [38] and this is discussed in Section 3.5. Small

changes in density yield low signal-to-noise ratio (SNR) images. Future investiga-

tions will explore di!erent formulations of polymer gels that increase the sensitivity

of x-ray CT to the dose response of the gel. Another impediment to the adoption of

x-ray CT as a method of gel dosimetry analysis is due to the use of ionizing radiation

to image the radiation sensitive dosimeter. This implies that there is potential for

alteration of the dose distribution within the gel by analyzing of the gel. This study

determined the e!ect of x-ray CT dose on PAG gel dosimeters.

In addition to determining the macroscopic dose distributions, as per the imag-

ing techniques described above, the microscopic e!ects of radiation on polymer gel

dosimeters have also be studied using light scattering [39] and Raman spectroscopy

[40]. Light scattering have been used to determine the optical properties of the ir-

radiated gel, including the size of the polymerized molecules. Raman spectroscopy,

also known as vibrational spectroscopy, probes the structure and properties of the

molecules within the gel dosimeter and can identify new and more sensitive formu-

lations of polymer gel dosimeters [40]. Raman spectroscopy was used in this study

to determine the e!ect of x-ray CT irradiation on the normoxic PAG gels. Fur-

ther discussion on Raman spectroscopic theory, technique and its application to gel

dosimetry will be presented in Chapter 4.

2.3.3 Applications

Although widespread adoption of gel dosimeters has not yet occurred, there are a

number of clinical applications that have already been explored using gel dosimetry.

These include basic dosimetric studies of therapy machines: gels have been used

to measure depth dose curves and fluence fields [9]. As mentioned previously, gel

dosimeters have been used to verify treatment plans for conformal therapy and IMRT,

and they have also be used to verify stereotactic radiosurgery [41] and the dose
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distributions for high dose rate (HDR) brachytherapy [42], [43]. Recently, normoxic

polymer gels have been used to measure the dose distributions given by CT scanners

[44], which may prove useful as CT scanners become larger and traditional methods

of CT dosimetry become inadequate.
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Chapter 3

X-ray CT

X-ray computer tomography (x-ray CT) is one of the fastest growing imaging modal-

ities in health-care today [45]. CT is fast, reliable, relatively inexpensive, and readily

accessible. Furthermore, with recent technological advances, there is a potential for

four-dimensional imaging, which includes traditional 3-D spatial imaging as well as

dynamic imaging of organ function. As scan times are reduced to tens of millisec-

onds, a snap shot of the heart can be taken between beats, essentially eliminating all

cardiac motion within the body during imaging [46]- [47].

This chapter gives an overview of the development of x-ray CT, image recon-

struction and factors that contribute to quality CT imaging. Section 3.1 gives an

introduction to each of the four generations of scanner design and image reconstruc-

tion of x-ray CT projections will be discussed in Section 3.2. The factors that impact

x-ray CT image quality will be explained in Section 3.3. The theory and practical

aspects of CT dose measurement will be described in 3.4. Finally, the application of

x-ray CT imaging to polymer gel dosimetry is discussed in Section 3.5
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3.1 Development of CT Imaging

3.1.1 Motivation for Three Dimensional Imaging

Prior to the development of x-ray CT, imaging of internal anatomical structure was

limited to general radiography. While general radiography was a significant step

above diagnostic technology prior to 1895, there were still several fundamental is-

sues that were not solved until the advent of x-ray CT. The three most significant

challenges of general radiography were to find a way to increase x-ray absorption ef-

ficiency, reduce scatter photon contamination in the captured image and drastically

reduce the superposition of anatomical structure [48]. X-ray absorption e#ciency is

determined by the percentage di!erence between detection and utilization of all the

incident x-ray photons that reach the imaging detector. Typical x-ray film-screen

e#ciency was on the order of 25% prior to the introduction of x-ray CT [48]. The

sodium iodide (NaI) detectors that were used in early generations of x-ray CT were

approximately 100% e#cient at x-ray absorption, and current solid-state detectors

have a very high absorption e#ciency. In general radiography, field sizes are chosen

to cover small and large anatomical regions, according to the need of the x-ray exami-

nation. Collimation of the x-ray beam to the smallest region of interest helped reduce

scatter radiation which reduces the contrast in the x-ray image. However, the x-ray

field had to be large to include all the required anatomical information, which caused

significant contrast reduction in general radiography. Scatter radiation reduction was

achieved in x-ray CT imaging by using a pencil x-ray beam for all the projection mea-

surements. The small pencil x-ray beam limits the scatter component of the absorbed

x-ray information [48]. Finally, general radiography superimposes three-dimensional

anatomical information, into a two-dimensional image; this leads to uncertainty of

anatomical placement of structure. X-ray CT imaging creates cross-sectional slices

of anatomical information, and a three-dimensional e!ect can be created as the clini-
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cian reviews these slices successively. Newer reconstruction algorithms can create 3D

segments of extended anatomical structures. This allows a more complete assessment

of any clinical abnormalities that a patient might have [48].

The development of x-ray CT imaging began in the 1960’s. In 1963, Allan Cor-

mack (Tufts University, Massachusett) published findings from the first prototype

CT scanner [49]. Cormack determined the attenuation coe#cients of di!erent tis-

sues within the body, in an attempt to improve the planning accuracy of radiation

therapy. In 1967, Sir Godfrey Hounsfield designed the first clinically usable x-ray CT

scanner [50]. Hounsfield determined that if x-ray transmissions (projections) from

multiple directions through a body were collected, the internal structural information

would be available in the reconstructed image. Hounsfield estimated that di!erences

in attenuation coe#cients of di!erent tissues within the body could be determined to

within an accuracy of 0.5%, thus making it possible to distinguish between di!erent

soft-tissues (e.g. fat and muscle) [48]. In addition, Hounsfield realized that this

type of data interpretation would only be possible by use of computer analysis. Both

men earned the 1979 Nobel Prize in medicine for their pioneering work on computed

tomography [48].

3.1.2 First Generation CT Imaging

First generation x-ray CT scanners used an x-ray tube (inside the scanner apparatus)

that irradiated a pencil photon beam. The x-ray tube was rigidly attached to two side-

by-side NaI detectors that were placed on the opposite side of the imaging cavity. Two

detectors were used to reduce the time of acquisition, which could exceed five minutes

for a single scan of the head. The scan was obtained from the x-ray projections

measured as the tube and the detectors where translated along the patient’s cranium,

then the apparatus was rotated 1". The acquisition process was repeated for a total

rotation of 180". A schematic of the first generation scanner is shown in Figure 3.1.

The first CT scanners were capable of imaging the head only, as the scanners used
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a ‘water-box’ to encase the cranium for accurate reconstruction of the acquired data.

The water-box ensured that each x-ray beam projection passed through equivalent

distances of tissue and water. Therefore, the water-box allowed for dynamic range

optimization of the detectors and helped limit the corrections required for the e!ects

of x-ray beam hardening [48]. Dynamic range optimization allowed the detectors

to be sensitive to a very limited range of energies and intensities. Beam hardening

happens when the average energy in a photon beam shifts higher because of x-ray

beam attenuation. All x-ray tubes produce polychromatic radiation and lower energy

photons are preferentially attenuated at shallower depths within tissue. The mean

energy of the photon beam shifts higher. As each CT projection traversed through

the same distance of tissue and water, the average energy of the detected photon

beam was similar for each projection [48].

The next development of modern x-ray CT scanners involved whole body image

acquisition. In 1973, development on the Automatic Computerized Transverse Axial

(ACTA) Scanner began and it was installed for clinical use in 1974. It incorporated

several features that are still used on all modern CT scanners including, the movement

of the table through the CT gantry, gantry angulation, use of a laser section indicator

to optimize patient positioning, and the elimination of the water-box. The detectors

were adjusted to accommodate for the larger dynamic range of intensities. Beam

hardening e!ects were empirically incorporated into convolution filter parameters

and image reconstruction algorithms [48].

3.1.3 Second Generation CT Imaging

In the second generation of design of CT scanners, the two row detectors were replaced

with an array of X detectors (e.g. 30 detectors) per row within the field of a fan

beam. More detectors per row decreased the imaging time per slice by a factor

of 1/X. A schematic of the second generation CT scanner can be seen in Figure

3.2. Another development included the incorporation of the standard CT number
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Figure 3.1: First generation CT scanners consisted of a x-ray tube that irradiated a
pencil beam. That tube was rigidly attached to two adjacent NaI detectors and the whole
apparatus was rotated around the head of the patient.



47

Figure 3.2: The second generation of CT scanners consisted of a fan x-ray beam and an
array of detectors (e.g. 30 detectors). This reduced the time required to acquire a scan.

scale. This number scale is also known as the Hounsfield number (H), and relates

the relative attenuation coe#cients of di!erent tissues (µ) to that of the attenuation

coe#cient of water (µwater). CT numbers are calculated using Equation 3.1:

H = 1000

#
µ# µwater

µwater

$
(3.1)

The speed of these scanners was limited to the inverse of the number of detectors in

the scanner. For example, a head scan that previously took five minutes now took

5min
X . However, because the reduction of the time of acquisition was constrained,

extensive use and development of this generation of CT scanner was limited [48].
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3.1.4 Third Generation CT Imaging

Many modern CT scanners are designed using the principles of the third generation

scanner. Third generation CT scanners use an x-ray fan beam that encompasses the

entire patient, and all the projections are obtained by a detector array. New scanners

have multi-row detector arrays that allow for more than one slice to be imaged at a

time. These multi-row detector arrays have been expanded extensively, now allowing

for 320 slice detector arrays [47]. The tube and the detector array are rigidly linked

(as in previous generations) and a pulsed beam is used to reduce angular smearing

of the photons. In turn, the pulsed photon beam helps reduce some of the patient

dose and extend the life of the x-ray tube [48]. The CT scanner consists of a circular

gantry, where the x-ray tube and multi-row detector array are on a slip-ring power

contact, which sits inside the gantry. The slip-ring contact allows for a continuous

rotation during imaging without having to stop and unwind power cables within the

gantry. This significantly reduces the acquisition time of the scan and allowed for

spiral CT scanning. As mentioned above, the x-ray tube emits a fan beam that

passes through the entire patient in one pulsed exposure, eliminating the translation

of the tube and detectors along the width of the patient. Solid-state detectors are

currently used and they have an x-ray absorption e#ciency of approximately 80%

[51]. Solid-state detector arrays also require the separation of the detector elements

within the array by small tungsten or lead plates called septa. The septa form an

inherant scatter rejection grid. The major components of the CT scanner can be seen

in Figure 3.3.

3.1.5 Fourth Generation CT Imaging

The fourth generation of x-ray CT scanner consisted of a ring of detectors (>1000

detectors) that encompassed the whole scanner, and the x-ray tube rotated around

the patient. This configuration is represented in Figure 3.4. Imaging artifacts were
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Figure 3.3: Third generation CT scanners use an x-ray fan beam and a detector ar-
ray to acquire the projections needed. The projections are reconstructed to produce the
anatomical image.
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Figure 3.4: The fourth generation of x-ray CT scanner consisted of a 360 " ring of detectors
and an x-ray tube that rotated around the patient.

less obvious as the detector inaccuracies were spread across the image uniformly.

Disadvantages of this scanner design include the installation and maintenance cost

for the shear number of detectors required. Additionally, due to the finite number

of detectors and their rigid placement within the gantry, angular projection samples

were limited. A larger ring diameter was also required, as the tube was often inside

the detector ring, and this caused excessive heat loading on the x-ray tube. This

shortened the x-ray tube life significantly. Ultimately, due to the initial cost and the

cost of maintenance of the scanner (i.e. detectors and x-ray tubes), most of scanners

of this design have been phased out in favor of third generation CT scanners [48].

3.2 Image reconstruction

X-ray CT reconstructs a two-dimensional image from measurements of x-ray attenua-

tion taken from di!erent angles within a plane (projections). For each measurement,
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Figure 3.5: (a) An example of an object that has been imaged with four projections
(P1-P4). Each projection is a line integral of the intensity measurements. These intensity
measurements are linearly ‘smeared back’ in the process called back projection (BP1-BP4)
(b) Each back projection is summed together to create the reconstructed image. (Modified
from Seeram, 1994 [52])

the projection intensity (I) is the line integral of the attenuation coe#cients (µ) along

the path (x). I can be approximated by Equation 3.2

I = I0e
!

!
i µixi (3.2)

where I0 is the incident photon intensity measured at the source. The main task of

x-ray CT image reconstruction is to use the information stored in I and estimate

the attenuation distribution within the object. This is not a trivial task, and as the

methods of obtaining the x-ray flux measurements became more sophisticated (e.g.

multi-row detectors, sprial CT scanning), the algorithms required to reconstruct the

images in a timely matter must develop accordingly. All modern x-ray CT image

reconstruction algorithms rely on the principles and ideas of filtered back projection

to create reconstructed images [52].

The finite number of projections taken during x-ray CT imaging are used to
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Figure 3.6: A 2x2 matrix gives a simple visual schematic of CT linear back projection.

reconstruct the two dimensional image slice. Figure 3.5a, illustrates a simple example

of an object that has been imaged with four projections (P1-P4). Each projection

is a simple line integral of the intensity measurements. Each measured intensity is

assumed to be to be uniform through the whole object being imaged and the intensity

measurements are linearly ‘smeared’ in the process of back projection (BP1-BP4). In

Figure 3.5b, each back projection is summed together to create the reconstructed

image [52]. Note that the reconstructed image does not exhibit distinct edges.

Algorithmic filtration convolves the back projected data with data filters to add edge

enhancement, smooth out noise and remove common artifacts from the reconstructed

image.

Back-projection can also be illustrated numerically using a 2x2 matrix, as seen in

Figure 3.6. If four projections of data from angles 0", 45", 90" and 135" are taken,

ten intensity measurements will be obtained. I1 and I2 correspond to measured

values from the 0" projection; I3, I4 and I5 correspond to measured values from the

45" projection, etc. The intensity (In) for each of the 10 projections are given in
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Equation 3.3.

I1 = I0e
!(µ1+µ3)x

I2 = I0e
!(µ2+µ4)x

I3 = I0e
!µ1x

I4 = I0e
!(µ2+µ3)x

I5 = I0e
!µ4x

I6 = I0e
!(µ1+µ2)x

I7 = I0e
!(µ3+µ4)x

I8 = I0e
!µ3x

I9 = I0e
!(µ1+µ4)x

I10 = I0e
!µ2x (3.3)

When each of the linear attenuation coe#cients [µ1, µ2, µ3, µ4] are replaced with

numeric values (for example: [0, 2, 1, 3]), the mathematics of back projection recon-

struction is illustrated in Figure 3.7. The first step of the imaging reconstruction is to

determine the intensity values from Equation 3.3. One method is to assume that the

intensity is represented by the linear attenuation coe#cients, with all other factors

(I0, x) held constant. For this example, the intensity values can be represented by the

sum of the corresponding linear coe#cients of [1, 5, 1, 3, 3, 2, 4, 1, 3, 2] respectively.

The first projection is illustrated in Figure 3.7b, where the first column elements are

assigned the value I1. Similarly, the second column elements are assigned the value

of I2. For each of the next three projections, the intensities are added as illustrated

in Figure 3.7c-e. Once all the intensity measurements are included, a constant value

(i.e. the smallest summation of the total intensity for a matrix element and in this

example, (6) is subtracted from each matrix element. The values are reduced by
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the greatest common factor (3), and the original attenuation values are obtained, as

shown in Figure 3.7f [52].

3.3 CT Image Quality

In x-ray CT, image quality is assessed in terms of noise, spatial resolution, low con-

trast resolution and image artifacts. Good image quality is defined as a lack of noise,

the ability to discern between small objects (high spatial resolution), the ability to

determine di!erences in shades of grey (low contrast resolution) and the lack of image

artifacts. Each factor that is used in determining image quality can be altered by the

application of di!erent acquisition parameters. The x-ray CT operator can adjust

the peak tube potential (kVp), the tube current (milliampere-seconds or mAs) which

adjusts the number of incident photons, change slice width and choose di!erent im-

age reconstruction parameters in order to alter the image quality and the clinical

image. In gel dosimetry, image quality is mainly defined as a lack of noise. Noise

is the standard deviation of the CT numbers around a given point, and is given in

Equation 3.4,

&CT =

'(
(xi # x̄)2

n# 1
(3.4)

where (&CT ) is the standard deviation, n is the total number of pixels in the region,

xi is the specific pixel value, and x̄ is the average of the pixel values [52]. The

following sections will discuss the di!erent parameters that a!ect image quality and

which technique factors (e.g. mAs, kVp, slice width) are best suited to gel dosimetry

for maximizing image quality (i.e. minimize noise).

3.3.1 Tube Potential

X-Ray CT uses a high voltage (kV) diagnostic x-ray tube. Generally, higher kV

photons are used in diagnostic imaging to increase photon penetration of the patient.

This increases the high contrast resolution of the images, yet lowers the low contrast
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Figure 3.7: (a) The original 2 x 2 matrix with numerical values. (b)-(e) show the back-
projected linear attenuation intensities measured for each projection and (f) shows the
reconstructed matrix equations. The reconstructed matrix is normalized by subtracting
the smallest element value and then dividing by the greatest common factor (6) yielding
(g) the original matrix.
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resolution [4]. In gel dosimetry, a high kV (e.g. 140 kV) is used because it yields

lower noise in the acquired image. Lower noise is required to maximize the dose

resolution of the gel’s dose response measurements. It has been determined that an

increase in tube potential will decrease the noise of the gel image following $ (kV )!1.4

[53]. Using a higher tube voltage is the most e#cient method of reducing the noise

in the gel x-ray image, while maintaining an acceptable load (i.e. heat and wear) on

the x-ray tube.

3.3.2 Tube Current

Tube current (mA) and time (s) control the photon flux during image acquisition;

the x-ray CT operator can adjust the tube current-time (mAs) in order to reduce the

dose (i.e. reduce the number of incident photons) or reduce the noise (i.e. increase

the number of incident photons). When the mAs is increased, the number of photons

that are produced will increase linearly, and the load on the tube also increases. In

turn, the increase in the photons that are incident on the imaged object will allow

for more photons to reach the detector. The reduction in the noise follows statistical

photon counting, and is approximately 1/
'

N , where N is the number of incident

photons [52].

3.3.3 Slice Width, Image Reconstruction Algorithms and Image

Averaging

Image quality is also defined by the ability of the operator to discern between small

objects of high contrast with the surroundings (i.e. high contrast resolution). When

noise is reduced in order to accommodate the need for enhanced low contrast reso-

lution, the ability to see small, high contrast objects is reduced [4]. In all x-ray CT

imaging, including gel imaging, the ability to see the small objects can be preserved

by using a smaller slice width at the expense of higher image noise. This noise is

inherent as there are less primary (non-scattered) photons detected per image voxel.
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The e!ect of the slice thickness on noise is similar to the e!ect of tube current, as the

number of incident photons per voxel increase linearly with increasing slice thickness.

Image reconstruction filters also contribute to the overall noise of the x-ray CT

image. Each x-ray CT manufacturer has created several predefined reconstruction

filters that can either enhance low contrast resolution at the expense of detailed

resolution of edges or conversely, can enhance edges and other details, and the overall

image will contain more noise. Although the reconstruction filters are proprietary

to each manufacturer, comparison of the manufacturers show that similar types of

filters are available for most CT scanners. In terms of x-ray CT of gel dosimeters,

the most e!ective imaging protocol is generally the ‘standard’ image reconstruction

algorithm, as it minimizes noise, yet still maintains the spatial clarity required to

determine the spatial dose distribution [53].

Several additional techniques can be utilized to moderate noise in x-ray CT gel

dosimetry. Image averaging has been found to be e!ective in reducing noise. The

method of image averaging will reduce the noise by a factor of 1/
'

Na, where Na

is the number of acquired images being averaged. Other techniques that reduce the

noise and amplify dose resolution include background subtraction (subtracting the

CT number of an unirradiated gel from the irradiated gel), using a small field of view

(e.g. 25 cm x 25 cm), and using a low density phantom material such styrofoam to

hold the gel during imaging [53].

3.4 CT Dosimetry

X-ray CT is the single largest source of medical x-ray exposure to patients [45]. Physi-

cists and physicians must work together to optimize and quantify the exposure given

in a variety of CT procedures. When a CT scanner is installed and commissioned,

a number of tests are performed to ensure that it is meeting dose and image quality

specifications for routine examinations. These tests include measuring the Computed
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Figure 3.8: A CTDI head phantom typically used for determining patient dose in x-ray
CT imaging.

Tomography Dose Index (CTDI) in air as well as in head and body phantoms (see

Figure 3.8), to ensure that the dose is well within the standards set out by the gov-

erning bodies [54]. CTDI is measured in gray, and it will discussed in Section 3.4.1.

This study measured CTDI as deposited in gel dosimeters. In addition to CTDI, the

weighted CTDI (CTDIw), and the dose linear product (DLP ) are also available to

estimate the average dose given to the patient. CTDIw uses measured CTDI values

from the center and the edge of a phantom and calculates the average dose per im-

age slice. Similarly, DLP uses the CTDIw and the total scan length to determine

the total average dose to the patient per examination. As this thesis did not utilize

CTDIw and DLP , the reader is referred elsewhere for more complete discussions of

x-ray CT dosimetry [52] [54].

In this thesis, it was also necessary to determine the dose given to a point in the

gel from a single imaged slice. The dose given to a point from a single slice does

not include scattered radiation from adjacent slices, whereas CTDI measurements

include the scattered radiation. Single slice locations are used routinely in in x-ray

CT analysis of gel dosimetry in order to image a small region of interest (ROI) within
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the gel. In order to determine the dose given a point from a single imaged slice, the

peak dose (PD) was determined. PD will be discussed in Section 3.4.2.

3.4.1 CTDI and Dose Estimations

CTDI is a tool used to estimate the average dose given to a patient from x-ray CT.

CTDI sums the primary and secondary radiation received at a point from a single

slice given by x-ray CT. Figure 3.9 shows the calculated CTDI from the single slice

measurement. The total dose (primary and scattered dose) from a single slice is

measured using an extended (100 mm) pencil ion chamber (Figure 3.10), and this

measurement is used to calculate CTDI. As seen in Figure 3.9, summing the dose

from slices over the whole scan length will result in an accumulated dose that is

equivalent to that of the calculated CTDI for the center slice. CTDI was originally

defined as [55]:

CTDI =
1

T

)
D1(z)dz (3.5)

where D1(z) is the dose at position Z and T is the nominal slice thickness as specified

by the CT scanner. In this equation, it is assumed that the dose is uniform in the x-y

plane of the CT scanner. (Figure 3.11 shows the x-y-z coordinate planes in the CT

scanner.) This does not accurately describe the x-y dose distribution when CTDI is

measured within a head or body phantom. Due to attenuation of the x-ray beam

within the phantom, the measured CTDI values are larger at the edge of the phantom

than the center.

To measure CTDI, the pencil ion chamber (Figure 3.10) is used and the total ion

chamber reading is the sum of the primary and scattered radiation due to the single

CT slice. This is because primary and secondary radiation are indistinguishable by

the ion chamber and all the radiation is measured simultaneously. The scattered

radiation measured by the chamber is used as a representation of the scattered radi-

ation from adjacent slices in a typical volumetric acquisition. In practice, CT dose is



60

Figure 3.9: Accumulated Dose profile of multiple single slices within a typical CT scan.
CTDI is equivalent to the summation of the point doses at the central position.

Figure 3.10: A 10 cm pencil ion chamber is used to dosimetric measurements in a CT
scanner.

Figure 3.11: The CT scanner shows the x-y-z coordinate plane overlaid. The z-axis
corresponds to the axis perpendicular to the scanner gantry.
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typically quantified using CTDI(100) where the 100 refers to a 100 mm ion chamber

length. Equation 3.6 is used to calculate CTDI(100),

CTDI(100) =

#
1

T

$
Mcorr100[mm] (3.6)

where Mcorr is the corrected dose as measured within the ion chamber. Typical

corrections for Mcorr are given in Equation 3.7,

Mcorr = MrawCfNkCTP fmed (3.7)

In Equation 3.7, Mraw is the raw ion chamber reading and Cf is a cross-calibration

chamber factor. Cf also relates the raw chamber reading (in nC to an air kerma or

dose value (i.e. mR or mGy). Nk is an absolute calibration factor for the calibrated

ion chamber. CTP is the standard temperature/pressure correction factor (Equation

1.11), and fmed is a conversion factor that changes the measured dose in air to a dose

in a medium. If the chamber being used for the study has been recently calibrated,

then Cf is equal to 1. The specific Cf used in this study is described in Chapter 5.

When the measurements are taken inside a phantom, CTDI calculations require fmed

to convert the measured value from air to the phantom material. fmed is determined

by taking a ratio of the absorbed dose in the medium with the absorbed dose in

air
%

µab/!med
µab/!air

&
[6]. The values of the absorbed dose in air or medium are listed in

reference tables, often found in medical physics reference books [6].

CTDI(100) is useful in whole volume scanning for estimating the accumulated

dose at any point within the gel when imaging polymer gels using x-ray CT. For

calibration gel imaging and ROI imaging, the accumulated dose at a point is due to a

single slice and CTDI(100) overestimates the delivered dose. The scattered radiation

does not contribute to the dose delivered at a point when obtaining a single slice

image, but the radiation is still read by the ion chamber. Thus, the dose calculated
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Figure 3.12: Dose profile of a single Slice CT scan with the nominal slice width marked.

as CTDI is greater than the primary dose given in a single slice. A normalized CT

dose profile (e.g., Figure 3.12) can be used in conjunction with CTDI calculations

to determine the dose resulting from single slice imaging. This is called Peak Dose

(PD).

3.4.2 Peak Dose

CT dose measurements for single slice (ROI) imaging are determined from the CTDI

measurements obtained for volumetric imaging (e.g. Equation 3.6) and are converted

to single slice peak doses using measured dose profiles (measured with x-ray film).

Dose profiles as seen in Figure 3.12, are extracted from the irradiated x-ray films.

Dose profiles correspond with the z-axis of the x-ray CT scanner. Figure 3.11 shows

the axial configuration of the CT scanner. Figure 3.12 shows the nominal slice width

within the single slice dose profile. The peak dose corresponds to the area that is

within the nominal slice width as set by the CT scanner, and the scattered dose lies

outside that region. The scatter component of the total dose was removed according
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to Equation 3.8,

PD = CTDI(100)
PA

TA
(3.8)

where PD is the single slice peak dose, PA is the peak area (i.e. the integral area

under the dose profile curve taken within the nominal slice width) and TA is the inte-

grated area of the total dose profile. Equation 3.8 gives the fraction of the measured

CTDI dose that is considered to be primary radiation and not scattered radiation.

3.5 Applications of CT Imaging in Gel Dosimetry

X-ray CT was first proposed as a modality for imaging polymer gel dosimeters in

1999 and preliminary investigations of the feasibility of using x-ray CT image recon-

structions for dosimetric gels imaging was performed [2]. When the results suggested

that CT could, in fact, extract dose information from the polymer gels, widespread

implementation of the use of polymer gel dosimetry within the realm of radiation

therapy treatment verification became a possibility [2]. Several reasons make the

use of x-ray CT imaging of polymer gels attractive. First, X-ray CT is available in

the majority of centers performing radiation therapy, so the imaging infrastructure

is already in place, and relatively inexpensive to use. In addition, CT imaging of

polymer gels is insensitive to the temperature of the gels, making the technique ro-

bust and impervious to the ambient conditions of the gel. Dose response curves have

been shown to be reproducible within a single session of imaging, repeated imag-

ing sessions, and between batches of manufactured gels [26]. The dose response is

quasi linear between 0-10 Gy. Although the dose resolution is not as good as that of

magnetic resonance imaging, the potential exists for this factor to be improved.

X-ray CT imaging of gel dosimetry works because polymer gel undergoes a minute

density changes ($ 1% Gy!1) when exposed with ionizing radiation. X-ray CT can be

used to detect this change in density. The change in density is represented as a change

in CT number ("NCT ). Earlier investigations of CT imaging on anoxic polymer gels
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showed that there is a relative change in CT number of (0.83 ± 0.03 H/Gy) [53]. It

has been used to verify stereotactic irradiation treatment plans [56]. Current studies

using a normoxic version of the PAG gel showed a smaller dose response (0.36 ±

0.04 H/Gy) [26]. Future studies will be pursued to determine better formulations of

normoxic polymer gels that yield improved dose response curves.
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Chapter 4

Raman Spectroscopy

Raman spectroscopy measures the inelastic scattering of light incident on molecules

in a substance. Raman spectroscopy was first proposed as a theory in 1923 and within

five years, experimental results using telescopes and sunlight had taken place [57],

[58]. In this thesis, relative concentrations of acrylamide within irradiated polymer

gel dosimeters were analyzed using Raman spectroscopy. The Raman spectroscopy

analysis quantified the polymer gel dose response to ionizing radiation, specifically,

the ionizing radiation from linear accelerators used for radiation therapy as well as

the radiation from x-ray CT scanners used for diagnostic imaging.

In Section 4.1, the mechanics and general theory of Raman spectroscopy will be

outlined. Common instrumentation used in Raman spectroscopy will be introduced

in Section 4.2. Finally, in Section 4.3, applications of Raman spectroscopy to gel

dosimetry will be discussed.

4.1 Raman Spectroscopy Theory

Incident light photons will either be absorbed or scattered when incident on matter

[58]. Two types of scatter can occur: elastic and inelastic scattering [58]. Elastic

scattering, also known as Rayleigh scattering, is the most common interaction be-

tween light and matter. In Rayleigh scattering, the photon excites the molecule to a

higher energy level, and then the photon is re-emitted in a di!erent direction (from
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the incident direction) but the photon does not change energy. The molecule returns

to its original energy state. Inelastic scattering (Raman Scattering) occurs when the

energy of the incident photon (h!) and the energy of the scattered photon (h! #) are

not equivalent. An exchange of energy between the photon and the molecule has

occurred during Raman scattering - some energy of the photon has been transfered

to the molecule to create a ‘virtual state’ (vibrational state) that is short-lived and

the energy is re-released. The molecule relaxes to an energy state di!erent from the

original and typically, this energy state is higher than the original energy state. The

wavelength pf the scattered photon is shifted (! ( 1
"! ) and it is this shift that is mea-

sured and used to identify molecular and chemical structure of the irradiated sample

[58]. Raman spectroscopy can also be discussed in terms of measuring the “polariz-

ability” of the molecule. In Raman spectroscopy, an incident photon interacts with

the molecules in the sample by polarizing the electron cloud around the nuclei, cre-

ating the aforementioned ‘virtual state’. When the polarization of the electron cloud

causes an atomic vibration (i.e. a shift in location, change in orientation or change in

the length of the bonds between the nuclei of the molecule), there is an appreciable

change of energy between the incident and the measured scattered photons [58].

Rayleigh and Raman scattering energize the molecule into a higher energy levels

from which it starts, as illustrated in Figure 4.1. Rayleigh scattered molecules re-

turn to their original energy state at the end of the interaction and Raman scattered

molecules change energy states. There are two types of Raman scattering: Stokes and

anti-Stokes scattering. In Stokes scattering, the energy of the molecule is increased

during the creation of the virtual state. Energized molecules are brought out of the

‘virtual state’ and it is the photon that gains energy [58]. Anti-Stokes scattering

occurs because a small portion of molecules are already in an excited state due to

thermal e!ects. Raman (Stokes) scattering is an inherently weak process when com-

pared to Rayleigh scattering as it only occurs once for every 106-108 incident photons,
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Figure 4.1: Both Rayleigh and Raman scattering energize the molecule into a higher
energy levels from which it starts, however, Rayleigh scattered molecules return to their
original state and molecules undergoing Raman scattering (both Stokes and anti-Stokes
scattering) do not return to their original state.

and anti-Stokes Raman scattering is even weaker than Raman scattering.

4.1.1 Molecular vibrations

Molecular vibrations are unique to the structure and the bonds that are inherent to

the molecule. Each molecule has a select number of modes of vibrations and these

modes are limited by the degrees of freedom of the molecule. The number of degrees

of freedom can be calculated based on the linear structure and the number of atoms

(N) in each molecule. For linear molecules, the number of degrees of freedom is

3N # 5. For all other molecules, it is 3N # 6 [59]. For example, diatomic molecules

have only one mode of vibration, which is the lengthening and shortening of the bond

between the atoms. For molecules that have more than two atoms (e.g. CO2 or H2O)

the number of vibrational modes increases, and there can be both changes in dipole

moments and in polarization of the electron clouds. Di!erent types of vibrational

modes are illustrated for CO2 and H2O in Figure 4.2.
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Figure 4.2: For molecules that have more than two atoms (e.g. CO2 and H2O), the
number of vibrational modes is proportional to the number of atoms. Linear molecules,
such as CO2, the number of modes is 3N # 5, and for all other molecules, the number of
modes is 3N # 6, where N is the number of atoms in the molecule. There can be changes
to both the dipole moments and the polarization of the electron clouds in these larger
molecules, depending on the vibrational mode [58].

Diatomic molecules comprised of two identical atoms (e.g. O2) are considered

symmetric. In the symmetric diatomic molecule, a change in bond length will cause

a distortion of the electron cloud around the atoms (i.e. change in polarization), but

the electrical polarity of the molecule will not change (i.e. change in dipole moment).

If the diatomic molecule had two di!erent atoms (e.g. CO), the vibrational mode

would still exhibit a change in the polarization, but would also experience a change

in the dipole moment, as the molecule is not symmetric. The CO molecule would be

detected in infrared spectroscopy as well as Raman spectroscopy [58].

Raman spectroscopy measures the rate of change of the polarization and infrared

spectroscopy measures the rate of change of the dipole moment [59]. Because larger

molecules have complex vibrational modes, it is often complementary to take more

than one type of spectra when trying to identify a molecule within a sample. Some

vibrational modes will cause a change in both the dipole moment and polarization of

the molecule, and thus characteristic bands will be seen in both spectra (infrared and
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Figure 4.3: A schematic of the spectra for Polystyrene as acquired by both infrared spec-
troscopy (IR) (upper plot) and Raman spectroscopy (lower plot) is shown in this schematic.
Note that the two di!erent spectra show di!erent characteristic bands at di!erent wave-
lengths [60].

Raman). Figure 4.3 represents polystyrene, as analyzed with Raman and infrared

spectroscopy. Note that the two di!erent spectra show di!erent characteristic bands

for each spectra [60].

4.2 Instrumentation

Raman spectroscopy consists of four components. First, a excitation source, com-

monly a laser, is used to illuminate the sample. Secondly an optical system focuses

the laser light to be incident on the sample. The same optical system also collects the

scattered light from the sample for analysis in the monochromator, the third portion

of a Raman spectroscopy system. The monochromator filters the collected light to

recover the scattered signal. The fourth component of the Raman spectroscopy sys-

tem is the data analysis instrumentation. In modern Raman spectroscopic analysis,

desktop computers are capable of performing the data analysis quickly. A generalized
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Figure 4.4: General instrumentation for Raman Spectroscopy: an excitation source (1)
(e.g. laser) illuminates the sample or an optical system (such as a long pass filter) (2)
that focuses the laser light onto the sample and directs the scattered radiation to the
monochromator (3). The monochromator (also known as the spectrometer) filters the
collected light to find the Raman signal. The detector system (4), such as a CCD camera,
collects the Raman signal and sends the data to the computer for data analysis.

schematic of these major components are shown in Figure 4.4 [59].

4.2.1 Laser Source

In all modern Raman spectroscopy, the excitation source is laser light. Some examples

include continuous wave lasers (e.g. Ar+, Kr+ and He-Ne) in the visible light range,

diode lasers and ultraviolet (excimer) lasers [59]. Generally, Raman spectroscopy

requires excitation sources of high power and lasers can easily provide 1-2 W of

continuous power. Some designs of lasers (pulsed lasers) can provide peak powers of

the order of 10-100 MW [59], although caution must be taken while using these lasers

as the powerful lasers can damage the samples. Lasers are highly monochromatic

with a very small bandwidth and a very small diameter that are easy to focus on the

sample by use of a optical collection system.

4.2.2 Light Collection

The laser source must be focused onto the sample to be e!ective in Raman spec-

troscopy. As the Raman signal is weak, the scattered light must also be e#ciently

collected. This is accomplished by the use of various optical configurations that use

lenses and mirrors to direct and focus the laser light. Generally, the geometric con-

figuration is at a 90" or 180" angle, referring to the angle between the incident and
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(a)

(b)

Figure 4.5: Laser light is focused onto the sample using (a) 90" or (b) 180" scattering
geometry.

the scatter light, as in Figure (4.5). The light collection e#ciency of the system is

determined by the light gathering power of the lens (F ). F is calculated in Equation

4.1,

F =
f

D
(4.1)

where f is the focal length of the lens and D is the diameter. When F is small, the

light gathering power of the lens is larger than if F is large. It is also important to

pair F with the appropriate monochromator or else the Raman signal will not be

e#ciently collected [59].

4.2.3 Monochromators

The monochromator is used to separate the scattered light into its component wave-

lengths ('). Scattered light is focused onto the monochromator and the light is

incident on a high-density dispersion grating to disperse the signal [59]. The density

of the grating is a large factor in determining the resolution of the monochromator.

The higher the groove density on the grating, the more signal is lost, but higher spec-

tral resolution can be realized. Changing the slit width of the monochromator can

compensate for some of the loss of signal that would be experienced by the greater
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density of the grating [59].

4.2.4 Signal Detection

Several methods of Raman signal detection exist, however only the method used in

this study will be discussed. In this study, a charged coupled device(CCD), con-

sisting of silicon metal oxide semiconductor, was used. The CCD detector is a two-

dimensional array of a large number of small silicon metal oxide detectors (400"1340

detectors) that has very low readout noise and has high quantum e#ciency for a large

range of incident signal. Most CCD detectors are super-cooled (i.e. cooled with liquid

nitrogen) to reduce the dark current or electronic noise [59]. In this study, the light

that was separated into di!erent wavelengths in the monochromator is focused onto

the CCD device. Each ' is incident at a di!erent point in a line on the CCD device.

This allows a complete spectrum (for the wave number range being observed) to be

obtained in a single reading [58].

4.3 Applications to gel dosimetry

The application of Raman spectroscopy analysis of polymer gel dosimetry was first

explored in 1998 when the consumption of acrylamide and bis-acrylamide was qual-

itatively assessed as a function of increasing dose in a PAG gel dosimeter [40]. In

2001, two groups ( [61], [62], [63]) worked concurrently on exploring the properties

of the PAG gel dosimeter with Raman spectroscopy. In addition, the consumption of

acrylamide was directly related to the formation of polyacrylamide, and can be used

to determine dose response of the polymer gel. Further investigations by Jirasek

explored the use of Raman spectroscopy for determining the dose response of the

PAG gels to high LET proton irradiation (2002) and found that the PAG gels exhibit

an under-response to the absorbed dose deposited to high LET proton irradiation

when compared to 6 MV photons [64]. In 2003, Raman spectroscopy was used to

determine the depth dose distribution in PAG gels [65], in the hopes of finding a tool
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that could determine dose distributions to a resolution of micrometers. Some of the

limitations of Raman spectroscopy, such as low signal-to-noise ratios, fluorescence of

the sample signal, and high contamination of elastic scattering, limited the results

of that study and caused error estimates of 5-10% [65]. Recent studies have used

Raman spectroscopy to characterize the e!ects of oxygen-scavengers on the dose re-

sponse of nPAG gels [26]. Raman spectroscopy was used in this thesis to determine

the di!erences in dose response of normoxic PAG gels irradiated with photons of both

keV and MeV energies.
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Chapter 5

Methods and Materials

To determine the e!ects of x-ray CT imaging on nPAG gel dosimetry, three experi-

ments were performed. A fourth experiment was performed to determine the e!ects

of oxygen on reactivity in nPAG gel dosimetry. In the first part of this study, the

CT dose was measured in several representative phantoms to quantify the x-ray dose

the gels receive during typical imaging techniques for gel dosimetry. Secondly, gel re-

sponse to diagnostic x-ray photons was measured and compared to the gel response to

6 MV photons by using Raman spectroscopy to measure the acrylamide consumption

within the irradiated polymer gel. Thirdly, a CT dose response curve was established

for gels irradiated with 6 MV photons. Then, based on the gel response to diagnostic

x-ray photons, a maximum change in CT number was estimated for given doses dur-

ing x-ray CT imaging of gel dosimeters. Finally, oxygen di!usion rates for normoxic

polymer gel were investigated in order to determine the time-frames required for full

oxygen-induced dose response inhibition for normoxic polymer gel.

5.1 CT Dose Measurements

5.1.1 Experimental Considerations

All CT dose measurements were made on a GE HiSpeed X/i CT Scanner (GE Medical

Systems, Milwaukee WI, USA) using a RadCal 10x5-3 CT ion chamber (RadCal
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Figure 5.1: X-ray CT dose measurements were made using an ion chamber in the CT scan-
ner. The ion chamber was placed at multiple planar locations in three di!erent phantoms
as shown in Figure 5.3. The phantom in this figure was used for x-ray CT gel irradiation
(Section 5.2).

Corp. Monrovia, CA, USA) in a variety of phantoms. The ion chamber used is a

pencil ion chamber designed specifically for x-ray CT dosimetry, and it is shown in

Chapter 3, Figure 3.10. Figure 5.1 illustrates the set-up that was used in this study

for performing the CT dose measurements. Each measurement protocol was repeated

five times and averaged to determine the measurement uncertainties.

5.1.2 Imaging Protocols

Three di!erent x-ray CT imaging protocols for gel dosimetry were investigated: vol-

umetric imaging, region of interest (ROI) imaging and calibration gel imaging. All

x-ray CT imaging protocols for gel dosimetry use kilovolt accelerating potentials

(kVp) for photon energies of 120 kVp or 140 kVp and the gels are scanned repeat-

edly and averaged to reduce noise and artifacts in the images [2]. The reader is

asked to recall that it is common in medical physics to refer to photon energy by

the voltage at which the electrons were accelerated in order to produce the brehm-

strahlung radiation. Volumetric imaging is generally performed on larger volume gel

dosimeters from which whole dose distributions are extracted. ROI imaging is per-

formed on both small or large volume gel dosimeters when a specific region needs to

be imaged to a higher resolution. For ROI imaging, single slices are scanned with
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a high number of image averages (> 32 images) than for typical volumetric imaging

(16 images). Calibration gel imaging is performed on small volume gels that are

irradiated to known doses. The calibration gels are imaged with a single slice scan

and averaged for 16 images. Table 5.1 gives a summary of the CT settings developed

for each type of protocol tested in this study [53]. The “standard” reconstruction

algorithm was used during image reconstruction because this algorithm allowed for

the most e#cient compromise between noise reduction and edge preservation.

Table 5.1: X-ray CT imaging protocols for polymer gel dosimeters. All images were
reconstructed using the “Standard” reconstruction algorithm provided with the scanner.
The number of image-averages are the number of repeated scans per slice that are taken in
order to reduce noise and artifacts in the images [53].

Imaging Phantom kVp mAs # of image Slice
Protocol averages Thickness

Volumetric 16 cm CTDI 120 200 16 2 - 10 mm
16 cm CTDI 140 200 16 2 - 10 mm

Single Slice 16 cm CTDI 120 200 32 - 64 2 - 10 mm
(ROI) 16 cm CTDI 140 200 32 - 64 2 - 10 mm

Calibration Calibration Gel Vials 140 200 16 10 mm

5.1.3 Calculated CTDI(100) and PD

CTDI(100) as described in Chapter 3.4 is used to calculate the CT dose measured

for volumetric imaging. It is also used in calculations for peak dose (PD) for ROI

and calibration gel imaging. The correction factors introduced in Equation 3.7 are

specified below, for this study.

As was discussed in Chapter 3, Cf is a ‘chamber factor’ and it refers to a cross-

calibration of two ion chambers. In this study, the in-house pencil CT ion chamber,

which measures radiation in nC, was cross-calibrated with an external, calibrated

RadCal 10x5-3 pencil CT ion chamber (Vancouver General Hospital) that measures

radiation in mR. The calibrated ion chamber had been calibrated at the National



77

Research Council of Canada (NRC). The calibration report by the NRC provided an

accurate conversion factor from nC to mR. During the commissioning of a 16-slice

CT scanner (Royal Jubilee Hospital, Victoria, BC, Siemens Sensation 16-Slice), a

ratio of the measurements was established between the in-house ion chamber and the

calibrated CT ion chamber from Vancouver General Hospital. Both chambers were

used to make measurements in a plexi-glass CTDI head phantom (refer to Figure

3.8, at photon energies of 80, 100, 120 and 140 kVp. Cf is the ratio between the

two chamber readings, and converts the reading from nC to mR. Nk is the correction

factor supplied for the calibrated ion chamber from the NRC (NRC Report Number

IRS-2003-0857) and converts the chamber reading from mR to centigray (cGy). The

CTDI measurements were converted from air to water using the correction factor

fmed, as water composes 89% of the gel material.

Peak dose (PD), as described in Section 3.4.2, was determined from the CTDI(100)

measurements and from the dose profiles as measured using X-OMAT V (XV) film

(Eastman Kodak Company, Rochester, NY, USA) positioned between slabs of solid

water (Gammex RMI, Middleton, WI, USA). XV film was chosen to measure the

dose profiles as the film exhibits a linear dose response to x-ray dose of photons with

kV energy [66]. Film was placed between horizontal slabs of solid water at di!erent

depths to simulate scatter conditions for the di!erent CTDI(100) measurements as

given in Table 5.1. Films were irradiated with a single CT slice, then developed in

an X-omat Multiloader 300 Plus automatic processor (Eastman Kodak Company,

Rochester, NY, USA), scanned using a VXR-16 Dosimetry Pro, VIDAR film scanner

(Vidar Systems Corporation, Herndon, VA, USA) and analyzed using in-house soft-

ware (Vdose Verification System, S. Stapleton, BCCA, Victoria, BC, CA) to extract

the dose profiles. The dose profiles were taken from the center of the irradiated film

as shown in Figure 5.2, to reduce geometric e!ects from the square slabs of solid

water. PD was determined by using Equation 3.8.
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Figure 5.2: X-ray film was used to measure the CT scanner dose profiles. The dose profiles
were taken from the center of the irradiated film, as indicated by the drawn red circle in
this figure.

5.1.4 Volumetric Imaging

For volumetric imaging, x-ray CT dose (CTDI(100)) was measured in a CT head

phantom (16 cm diameter phantom) (Nuclear Associates, Carle Place, NY, USA) as

seen in Figure 5.3(a). The CTDI(100) dose per slice for CT slice widths of 2, 5,

and 10 mm and energies 120 kVp and 140 kVp were measured at positions A and E.

(See Figure 5.3(a)). These measurements established the di!erences in dose between

the centre and edge of the phantom for each protocol. CTDI(100) dose per slice for

10mm and 140 kVp were measured at positions A-E in Figure 5.3(a), to analyze dose

uniformity within the volumetric phantom.

5.1.5 Single Slice, ROI Imaging

The peak CT dose per slice was measured in the 16-cm diameter phantom as per

the protocols listed in Table 5.1. PD was calculated for slice widths of 2, 5 and 10

mm using both 120 kVp and 140 kVp at positions A and E (Figure 5.3(a)), by using

CTDI(100) measurements obtained in Section 5.1.4 and the x-ray film dose profiles.
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(a) (b)

(c)

Figure 5.3: Three phantoms where used to measure CTDI: (a) a 16 cm diameter phan-
tom used for volumetric and ROI dose measurements, (b) a phantom used for CT dose
measurements for calibration gel imaging protocols, and (c) a styrofoam NMR glass vial
irradiation phantom built to irradiate multiple NMR tubes in the CT scanner. In each
phantom, dose uniformity within the CT scanner was evaluated by taking the CTDI mea-
surements at positions A-E, A-D and A-E respectively. Positions B-D in phantom (c) were
used to irradiate the NMR tubes.
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The dose profiles were obtained following the procedure described in Section 5.1, in

which 16 cm of solid water was stacked and x-ray film was placed at depths of 1.5

and 8 cm.

5.1.6 Calibration Vial Imaging

Calibration gels were imaged with a single slice scan and 16 image averages. The dose

per slice for calibration gel vials was determined using PD. CTDI(100) measure-

ments were made with the CT ion chamber and a purpose-built acrylic phantom that

held the CT ion chamber in place at positions A-D in the in-house built styrofoam

phantom (See Figure 5.3(b)). The acrylic phantom was designed to be the same size

as the scintillation vials used for calibration gels, which are used to establish CT dose

response curves. Dose profiles were measured using a 3 cm horizontal stack of solid

water with film at 1.5 cm depth. CTDI(100) and the dose profile were used to cal-

culate PD for the calibration gel vials. CTDI(100) measurements taken at positions

A-D (Figure 5.3(b)) were used to establish dose uniformity within the phantom.

5.2 Gel Response to kV and MV Irradiation

5.2.1 Gel Preparation

All gels were prepared under a fume hood and were composed of 3% by weight acry-

lamide, 3% methelyne bis-acrylamide (both of electrophoresis grade), 5% 300 bloom

porcine skin gelatin, 89% deionized water, and 4.65 mM tetrakis hydroxymethyl

phosphonium chloride (THPC). All chemicals were purchased from Sigma Aldrich,

St. Louis MO. Deionized water (178 ml) was heated in a one litre beaker to 40"C

on a hotplate with a magnetic stir-rod stirring at 500 rpm, (Figure 5.4). When the

water reached 40"C, the gelatin (10 g) was added and dissolved. In approximately

five minute intervals, the acrylamide (6 g) was added first and then thirds of the

methelyne bis-acrylamide (6 g) were added to the solution. When the first third of

methelyne bis-acrylamide was added, the stir-rate was increased to 650 rpm and the
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Figure 5.4: Normoxic polyacrylamide gels were made in under a fume hood, using a
hotplate and magnetic stirring mechanism.

stir-rate was monitored to ensure minimization of foam creation during the mixing

process. Due to the low density of the methelyne bis-acrylamide, it was added in

fractions to allow for complete incorporation of the chemical. Once all the methelyne

bis-acrylamide had been added, the hotplate was turned o!, and the solution was

mixed for another fifteen minutes. Then the stir-rod was removed and the THPC

was added and the solution was manually stirred with a stir-stick. The gel was im-

mediately transfered to 10 mL, 10 mm outer diameter PyrexTM NMR sample tubes

(Wilmad Glass, Buena, NJ, USA). The glass vials were stopped with rubber stoppers

and placed in a refrigerator to solidify at 4"C.

5.2.2 MV Irradiation

The gels in the NMR tubes were irradiated between 2 and 4 hrs post manufacture

using 6 MV photons produced by a Varian CL6 linear accelerator (Varian Medical

Systems, Palo Alto CA, USA). Each gel was placed at a depth of 1.5 cm in a purpose-

built acrylic phantom, and irradiated to uniform doses (ranging from 2-50 Gy) using

a single overhead beam, as shown in Figure 5.5. The small diameter of the tubes

and the placement of the tubes within the phantom at the maximum depth dose for

6 MV photons allowed the single overhead beam to irradiated the tubes uniformly.

The uniform doses were delivered using a dose rate of 400 cGy/min and a field size

of 10 cm by 20 cm. The gels were analyzed seven days post-irradiation using Raman
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Figure 5.5: NMR tubes were irradiated with 6MV photons produced by a Varian CL6
linear accelerator and each tube was placed in a purpose built acrylic phantom (shown in
the centre of the image).

spectroscopy (see Section 5.2.5).

5.2.3 kV Irradiation

The gels in NMR tubes were irradiated between 2 and 4 hours post-manufacture using

140 kVp photons giving a dose quantity of 200 mAs per slice with consistent slice

width (10 mm) from a GE HiSpeed X/i CT Scanner. Gels were placed in positions

B-D along the central axis of the CT scanner in a styrofoam phantom as shown in

Figure 5.3(c). The gel vials were irradiated to peak doses ranging between 1.95 - 9.5

Gy using multiple image averages in the same location. The set-up of the phantom

and the CT scanner is shown in Figure 5.1.

5.2.4 Dose Profiles

The peak doses were determined as described in Section 5.1.5. A dose profile rep-

resenting the glass vial was taken using a 1 cm horizontal stack of solid water with

film at 0.5 cm depth. CTDI(100) measurements were made at positions A-E (Figure

5.3(c)) to assess relative dose values and uniformity within the styrofoam phantom.
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Figure 5.6: NMR tubes were analyzed using Raman spectroscopy as illustrated above.
A 785 nm laser (1) was incident on the gel sample (2), backscattered Raman light was
collected using fiber-optic cable (3) and directed into a monochromator (4). The filtered
signal was collected by a CCD camera (not shown).

The gels were analyzed 7 days post-irradiation using Raman spectroscopy (see Section

5.2.5).

5.2.5 Raman Spectroscopy

Raman spectra were acquired using a 785 nm laser (Renishaw Inc, Il, USA) that was

incident on the gel sample. Backscattered Raman light passed through a 785 mm low-

pass filter and was collected using fiber-optic cable collection. The filtered light was

directed onto a 0.75 m Spectra Pro monochromator (Acton Research Corp, Trenton

NJ, USA) that used a 600 mm!1 grating and the light was collected with a 1340

x 400 pixel CCD operating at #75"C (Princeton Instruments, Trenton, NJ, USA).

This set-up is illustrated in Figure 5.6. The spectra were collected using WinSpec

2.5.19.0 software (Roper Scientific, Princeton Instruments, Trenton, NJ, USA) and

analyzed using Matlab 7.0.1 (Mathworks, Inc. Natick, MA). In order to calibrate the

wavenumber axis, Raman spectra of Tylenol R! was taken over the same wavenumber

range as the polymer gel, and Tylenol R! was used as the frequency standard [67].

Polymer gel dosimeters change chemically when monomers are formed into poly-

mers as a function of increasing absorbed dose. It has been found that acrylamide
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Figure 5.7: Raman spectra of two di!erent un-irradiated PAG gels are shown. The
average acrylamide peak is seen at 1285 cm!1.

concentration decreases exponentially with increasing dose (over a specific range)

when it is consumed by polymer formation [62]. Over small regions, this relation-

ship can be approximated as linear. In this study, four spectra, each consisting of a

four minute acquisition, were averaged for each irradiated gel as described in Sections

5.2.2 and 5.2.3. The average acrylamide peak (at 1285 cm!1 shown in Figure 5.7)

was normalized by subtracting the linear spectral background from the ends of the

acrylamide peak for each gel vial. The rate of consumption of acrylamide was deter-

mined by dividing the area under the acrylamide peak with the area under the same

peak for an unirradiated gel. The consumption of acrylamide was used to determine

the dose response of the gels, as polymer formation is more di#cult to quantify in

Raman spectroscopy due to lower signal-to-noise ratio (SNR) and spectral overlap.

In addition, acrylamide consumption is directly related to the polymer formation [62]

and thus, provides a second assessment of dose response of the polymer gel. Raman

spectroscopy is an independent method of assessing the deposited dose in polymer

gels, as it does not deliver additional ionizing radiation to the gel.
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Figure 5.8: This purpose built acrylic phantom is used to irradiate scintillation vials using
6 MV photons generated with a linear accelerator.

5.3 CT Imaging in MV Irradiated Gels

Normoxic polymer gel dosimeters have been shown to exhibit a quasi-linear dose

response to irradiation with 6 MV photon beams [26]. The dose response ("NCT )

of the gel dosimeters to 6 MV irradiation from 0-10 Gy was also established for this

study. The equivalent dose response of "NCT for kV irradiation was extrapolated

using the results obtained from the acrylamide consumption curves determined in

Section 5.2 and the MV "NCT dose response curve. The extrapolation calculation

will be discussed in further detail in Chapter 6.

5.3.1 Gel Preparation

Polymer gel was prepared as in Section 5.2.1. The gel solution was into transfered 20

ml plastic scintillation vials (Wheaton Scientific, Millville NJ, USA), instead of NMR

glass tubes. Following Hilts et al [68], the vials were placed in 10 cm diameter acrylic

containers to minimize O2 contamination and were then placed into a refrigerator at

4"C to solidify. A "NCT dose response curve for MV irradiation of polymer gels for

doses from 0-10 Gy was established using a THPC concentration of 4.65 mM as that

concentration was shown to give the most sensitive dose response curve for nPAG

gels [26].
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Figure 5.9: The scintallation vials were placed in a purpose built acrylic phantom and
irradiated to uniform doses (2-20 Gy) using two parallel opposed beams at 90" and 270".

5.3.2 Gel Irradiation

The scintillation vials were irradiated as described in previous studies by the group

[68],. Briefly, the scintillation vials were irradiated between 2 and 4 hrs post man-

ufacture using 6 MV photons from a Varian CL6 linear accelerator. Each gel was

placed in the centre of a purpose built acrylic phantom (shown in Figure 5.8) and

irradiated to uniform doses (2-20 Gy) using two parallel opposed beams at 90" and

180". (Two parallel opposed beams were required to ensure uniform dose to be de-

posited within the scintillation vials.) The photon field size was 10 cm x 10 cm. This

set up is shown in Figure 5.9. After 15 hours post irradiation, gels were removed

from their respective acrylic containers and exposed to oxygen in room air to ‘fix’

the polymerization process. The gels were analyzed 24 hours after oxygen exposure

using x-ray CT utilizing the phantom shown in Figure 5.3(b).

5.3.3 Gel Imaging

Scintillation gel vials were imaged in the styrofoam phantom (Figure 5.3(b)). Sixteen

images of the gels were taken using 140 kVp, 200 mAs and 10 mm slice thickness

(Table 5.1). A set of 10 unirradiated gels was also imaged with 16 image averages in

order to acquire a background image series using the same experimental parameters
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as above. Each series of 16 images was averaged in order to reduce CT image noise. In

order to reduce CT imaging artifacts [2], the unirradiated gel image was subtracted

from the irradiated gel image.

5.4 Oxygen Di!usion in Polymer Gels

In previous gel studies, it was found that PAG dosimeters are very sensitive to the

oxygen content of the gel, where oxygen inhibits the dose response of the gel to

radiation [9], [10]. Di!usion of oxygen into PAG gels can been used as a method

to ‘fix’ the dose distribution in the gel before using x-ray CT for imaging. When

oxygen scavengers such as THPC are introduced to the PAG gel formula, di!used

oxygen is scavenged by the excess THPC. The di!usion rate of oxygen into the gel is

altered. To establish whether oxygen can still be used as an e!ective method to ‘fix’

exposed polymer gels, oxygen di!usion in glass vials with two di!erent concentrations

of THPC were investigated. Glass vials were irradiated to a uniform dose and the

portion of the gel that showed no polymerization (i.e. the region that remained clear,

and did not turn opaque due to polymerization) was measured as the oxygen-di!used

region, as described below.

5.4.1 Gel Preparation

Two batches of gel were prepared as in Section 5.2.1 with the first batch containing

4.65 mM of THPC and the second batch containing double the oxygen scavenger,

9.3 mM of THPC. The concentration of 4.65 mM of THPC has been found to be the

optimum concentration for this formulation of nPAG polymer gels [26]. After the

gels were cooled for one hour, the rubber stoppers were removed, and the vials were

exposed to oxygen under ambient conditions.

5.4.2 MV Irradiation

Both batches of gels were irradiated as described in Section 5.2.2. The glass NMR

tubes were irradiated at increasing time intervals (0-241 hours) post manufacture
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using 6 MV photons from the same Varian CL6 linear accelerator used in Section

5.2.2. At each irradiation, the glass NMR tube being irradiated was stopped with

a plastic lid and the gel was placed at a depth of 1.5 cm in a purpose built acrylic

phantom and irradiated to a uniform dose of 14 Gy, using a single overhead beam

with a field size of 10 cm x 20 cm. A dose of 14 Gy ensured an adequate dose

response within the gel, without saturating the gel. Oxygen di!usion was measured

in each tube 24 - 48 hours post irradiation. The oxygen di!usion was measured in the

complete group of gels 48 hours post irradiation of the last NMR tube, as discussed

below.

5.4.3 O2 Di!usion Measurements

Oxygen di!usion was measured in the glass NMR tubes with steel Summit Vernier

calipers (0.02 mm precision). Glass NMR tubes were placed on a black background

to reduce ambient light glare, and the oxygen di!usion region was determined by the

extent of the lack of polymerization seen within the gel, (refer to Figure 5.10). The

size of the oxygen di!used region (clear region) was measured from the edge of the

visible polymerization (white region) to the bottom of the gel meniscus for each vial.

The precision of this method is discussed in Section 6.3.
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Figure 5.10: Oxygen di!usion was measured in glass NMR tubes that were exposed to
oxygen (room air) over the course of a week, and irradiated at di!erent time intervals. The
gel that appears clear is the region into where oxygen has di!used and the region that
appears white shows the polymerization of the gel due to irradiation.
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Chapter 6

Results and Discussion

This study was comprised of four sections. First, x-ray CT dose deposited in nPAG

gel was measured using ion chamber and film measurements for a range of typical

gel dosimetry imaging protocols (200 mAs, 120-140 kVp, 2-10 mm slice thickness).

It was found that CT doses ranged from 0.007 Gy/slice (120 kVp, 2 mm) to 0.021

Gy/slice (140 kVp, 10 mm) for volumetric phantoms. It is common in medical physics

to refer to photon energy by the voltage at which the electrons were accelerated in

order to produce the brehmstrahlung radiation. Second, Raman spectroscopy was

used to determine the dose response of the nPAG gel to photon energies from an x-

ray CT scanner (140 kV photons) and from a Linac (6 MV photons). A weaker dose

response was exhibited within the gels irradiated with kV photons, when compared

to the response of gels irradiated with MV photons. Third, an induced change in CT

number (H or NCT ) due to x-ray CT dose was determined from the above studies.

For typical gel imaging protocols (as above with 16-32 image averages), it was found

that a "NCT <0.2 H was induced in active nPAG gel dosimeters. This is below

the current threshold of detectability for x-ray CT analysis of polymer gel dosimetry.

These results have been published and this article is included as Appendix A [69].

Finally, it was determined that oxygen di!usion was too slow to cause fixation of

nPAG dosimeters, as the di!usion constant was 1.2± 0.2" 10!6cm2/s, or 25% of the
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di!usion constant for anoxic PAG gel dosimeters.

6.1 Measurement of CT Dose in nPAG Gel Phantoms

CT dose measurements were acquired for a range of gel imaging protocols and phan-

toms: these measurements are listed in Table 6.1. It can be observed from Table

6.1 that CT dose was larger for higher kVp and scaled linearly with the number of

images taken. These results are consistent with the properties of di!erent imaging

parameters and their e!ect on dose, as was discussed in Chapter 3. Measurements

of volumetric imaging protocols demonstrated that slice width had minimal e!ect

on the measured CTDI dose. Furthermore, CTDI dose measured at di!erent depths

within a phantom had a minimal e!ect on the measured dose, for the phantoms used

in this study. Generally, it is expected that CT dose will decrease significantly with

depth in phantoms of large diameter (e.g. 32 cm) [55]. The volumetric phantom used

in this study has a diameter of 16 cm, and the CT dose measured at both the centre

and the edge of the phantom di!ered minimally. The small di!erence that is seen

between the edge and the centre can be explained by photon attenuation within the

phantom. The maximum dose per image slice measured in the volumetric phantom

was 4.5± 0.2 cGy/image when measured at the edge of the phantom, using the 140

kVp, 200mAs and 10 mm slice width gel imaging protocol.

CT dose deposited in nPAG for ROI (single slice) imaging was between 20% and

50% of the corresponding CTDI(100) per slice (i.e. equivalent kVp, phantom posi-

tion and slice width). The dose deposited in ROI imaging was the peak dose, and

as such, slice width and phantom depth a!ected the measured dose greatly (refer

to Table 6.1). For example, peak doses deposited in nPAG dosimeters were greater

with increasing slice width and when measured closer to the surface of the phantom.

These results are consistent with the theory that CTDI(100) measures both primary

and scattered radiation accumulated at a point, therefore slice width should not af-
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fect the total measured CTDI(100) dose. However, slice width does a!ect PD, as

only the primary radiation is included in the measured value. It can be recognized

that the CTDI(100) for a smaller slice width (e.g. 2 mm) has a larger fraction of

scattered radiation, and hence, a lower ROI dose when compared to the CTDI(100)

and ROI dose for a larger slice width (e.g. 10 mm). ROI dose measurements di!er

significantly for images that di!er only by slice width:

D(140 kVp, 200mAs, 2mm, edge) < D(140 kVp, 200mAs, 10mm, edge)

Additionally, it was found that increasing depth within the phantom produces a larger

scatter component of the CTDI(100) dose measurement. When the scatter radiation

is removed from the PD calculations, the ROI dose decreases with increasing depth

within the phantom:

D(140 kVp, 200mAs, 10mm, centre)< D(140 kVp, 200mAs, 10mm, edge)

CT dose deposited in nPAG calibration vials irradiated with 6 MV photons was

measured to be 2.3 ± 0.2 cGy/image. These vials are used to create a dose-response

curve for the gel dosimeters, and thus were measured using ROI imaging protocols.

The measured dose values in the calibration vials were similar to the measured dose

deposited at the surface of the volumetric phantom for ROI imaging.

6.1.1 Dose Uniformity

Dose uniformity was measured in the three phantoms, as shown in Figure 5.3. CTDI(100)

was measured at all labeled positions (A-E) in each phantom. The central location

in each phantom was designated as the dose at 100% (Figure 5.3(a-c)(C). Dose uni-

formity was expressed as a percentage of the central measurement and the results are

listed in Table 6.2.
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Table 6.2: Uniformity of CTDI doses within the CT Scanner for each phantom used. Each
CTDI measurement has an uncertainty of 4%.

Phantom Relative dose at Specific Phantom Location
A B C D E

16 cm diameter Phantom 102% 108% 100% 89% 101%
Calibration Phantom 99% 103% 100% 93% n/a
NMR Tube Phantom 75% 94% 100% 93% 74%

In the 16 cm volumetric phantom (Figure 5.3(a)), the dose varied by -11% (lower

dose) at position D and +8% (higher dose) at position B. The lower dose measurement

found at position D was due to a greater attenuation of the x-ray beam passing

through the examination table of the CT scanner. Conversely, the dose at position B

was larger because there was less phantom and scanner material present to attenuate

the x-ray CT photons. Along the central plane of the CT image, (positions A, C and

E), the dose was uniform. This trend was also observed in the gel imaging phantom

(Figure 5.3(b)). The dose measured at the position nearest to the table-top (position

D) was lower due to the additional attenuation of x-ray CT photons by the table.

In the NMR tube irradiation phantom (Figure 5.3(c)), dose was measured along

the central axis to determine dose uniformity for gel irradiation. The dose mea-

sured at positions A and E (i.e. furthest away from the CT scanner isocentre) was

reduced by more than 25% in comparison with the central measurement. Because

of the large non-uniformity observed, only positions B-D were used for irradiation

(Section 5.2.3). Reasons for the observed non-uniformity in this phantom include the

non-radial design of the phantom and the di!erent radial positions of dose unifor-

mity measurements. As the phantom was not radially symmetric, there was more

attenuation of x-ray CT photons at the outside radial positions (positions A and E).

Therefore, the dose at these positions was found to be significantly less than the dose

at the centre of the phantom ($ <25%).
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6.2 CT Dose Absorbed in nPAG

In order to determine the dose response of the gel dosimeters, Raman spectroscopy

was performed on gel vials that were irradiated to equivalent absorbed doses with 6

MV and 140 kV photons. As was stated in Chapter 2, measurement of polymerization

gives a measurement of the absorbed dose for megavoltage irradiations [9]. Since

acrylamide consumption is a direct measure of the response of the nPAG gel to radi-

ation dose, acrylamide concentration was analyzed. Additionally, previous research

has shown that the rate at which acrylamide is consumed is equivalent to the rate

at which polymers are formed [62]. Acrylamide concentration was measured, as the

peak for acrylamide in the Raman spectra was easy to identify and the acrylamide

peak was not overly contaminated with Raman signals from the other constituents

of the nPAG sample.

Figure 6.1(a) shows spectra for 0, 4 and 10 Gy doses as deposited by 6 MV photons

(linac) and Figure 6.1(b) shows Raman spectra for 0, 3.8 and 9.5 Gy as deposited by

140 kV photons (x-ray CT). Raman spectral peaks for acrylamide and bis-acrylamide

can be observed centred at 1285 cm!1 and 1256 cm!1 respectively. It can be noted

from Figure 6.1, that less polymerization per unit dose occurred in the gels irradiated

with 140 kV photons when compared to the gels irradiated with 6 MV photons.

The observed relative consumption of acrylamide and bis-acrylamide, as a func-

tion of absorbed dose, was quantified using the following method. The background

signal for each measured spectrum around the acrylamide peak was removed from the

spectrum by a linear subtraction around the peak. Thus, the edges of the acrylamide

peak started at zero spectral background. Secondly, the relative concentration of the

remaining acryamlide within the irradiated gel samples was determined by a simple

ratio. The area under the acryalmide peak for each gel sample was integrated and

then divided by the value of the same integrated area from the unirradiated gel sam-
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(a)

(b)

Figure 6.1: Raman spectra acquired on nPAG samples irradiated between 0 and 10 Gy
with (a) 6 MV (linac), (b) 140 kVp (CT scanner) incident photon beams.
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Figure 6.2: The rates of acrylamide consumption for gels irradiated with 6 MV and 140
kVp photons. The acrylamide consumption curves have slopes of m6MV = #0.0375 ±
0.0006Gy!1 and m140kV = #0.016± 0.001Gy!1 as they are quasi-linear over the range of 0
- 10Gy.

Figure 6.3: The measured change in CT number per unit dose ("NCT ) for 6 MV irradiated
nPAG gels (blue curve) and the induced "NCT for 140 kVp (red curve) are displayed.

ple. The rates of acrylamide consumption for gels irradiated with 6 MV and 140 kVp

photons are quantified in Figure 6.2. The acrylamide consumption curves in Figure

6.2 have slopes of m6MV = #0.0375±0.0006Gy!1 and m140kV = #0.016±0.001Gy!1,

as they are quasi-linear over the range of 0-10 Gy. It can be observed that these slopes

are very shallow: the polymer gel polymerizes slowly with increasing dose. Addition-

ally, the slopes are considered quasi-linear as it is not known if the gel responds

linearly beyond these measurements, and it is known that polymerization happens

mono-exponentially over specific dose ranges for anoxic gel dosimeters [62].
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The CT dose response for nPAG gel dosimeters was established for MV irradiated

gels. Previously, the CT dose response for MV irradiated anoxic PAG gel dosime-

ters was established [53], and the same process was followed for establishing the

nPAG CT dose response. Briefly, all calibration gel vials were imaged simultaneously

in a purpose made styrofoam phantom (refer to Figure 5.3(b)). The phantom was

designed to optimize the signal-to-noise ratio in the CT images. Each batch of cal-

ibration gels had 16 x-ray CT images taken and these images were averaged, again

to reduce the signal-to-noise ratio. Additionally, background subtraction was used

to remove image artifacts. MatLab was used for all image analysis, including image

averaging and background subtraction [53]. Average NCT values were extracted from

a region of interest (21 " 21 pixels) in the center of each calibration vial in the final

image. The NCT values were plotted against increasing dose to determine the dose

response of the gel. Figure 6.3 shows the measured change in CT number per unit

dose ("NCT ) for 6 MV irradiated nPAG gels. For the 6 MV irradiated gels, error

in the measurements are derived from the image averaging process of the imaging

protocol. It can be calculated that nPAG gels exhibits a linear dose response of

0.5 ± 0.01 H/Gy for the range of 0 to 10 Gy.

6.2.1 Induced "NCT through X-ray CT Imaging

Analysis of irradiated nPAG gels using Raman spectroscopy indicate that there is a

increasing consumption of acrylamide that increases with increasing dose. Similarly,

it is observed that the dose response of nPAG gel dosimeters increases with increasing

dose when measured with x-ray CT. This implies that a relationship can be deter-

mined between the CT dose response and the measured concentration of acrylamide
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for MV irradiated gels, using Equation 6.1,

DMV =
AAMV # 1

m6MV

DMV =
"NCT

m6MV,CT
(6.1)

where DMV is the delivered 6 MV dose, m6MV is the linear slope of the acrylamide

consumption curve and m6MV,CT is the linear slope of the change in CT number

as a function of absorbed dose. The dose response curve, m6MV,CT is equivalent to

0.5 ± 0.01 H/Gy for the range of 0 to 10 Gy, and it can be seen as the upper curve

in Figure 6.3, for gels irradiated with 6 MV photons. These two relationships can be

equated together

The relationship between the induced change in CT number ("NCT ) and acry-

lamide consumption due to absorbed dose from kV irradiation can be established.

The change in concentration of acrylamide due to kV irradiation was determined us-

ing Raman spectroscopy. Raman spectroscopy showed a lower dose response by the

nPAG gel to kV irradiation (refer to Figure 6.2). It is assumed that when the mea-

sured dose response as determined by Raman spectroscopy is equivalent, the change

in CT number that would be induced would also be equivalent. The equivalent dose

(eqDkV ) delivered with 6 MV photons that exhibits the same dose response as the

absorbed dose delivered with kV photons is calculated using the slopes obtained from

Figure 6.2 using Equation 6.2,

eqDkV =
AAkV # 1

m6MV
(6.2)

where AAkV is the measured concentration of acrylamide for the gel irradiated with

140 kVp photons. Using the calculated equivalent dose, the induced change in CT
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number (in"NCT ) due to kV irradiation can be determined using Equation 6.3,

in"NCT = (m6MV,CT )(eqDkV ) (6.3)

The induced change in CT number due to kV irradiation is plotted (red curve) on

Figure 6.3. The slope of this curve is 0.19± 0.01 H/Gy, which is significantly weaker

than the dose response observed for MV irradiated gels. Several possibilities exist for

this discrepancy, and they will be explored in Section 6.2.2.

The maximum "NCT that would be expected for typical gel imaging protocols was

calculated by multiplying the dose per slice, the number of image averages (number of

slices) and the above slope from the constructed curve. These values are listed in the

final column in Table 6.1. Generally, for typical gel irradiations, a "NCT <0.2H is

induced in nPAG polymer gel dosimeters due to x-ray CT imaging. This is below the

current limit of detectability for CT gel dosimetry for nPAG. Also, this is the induced

"NCT for a gel that has not be exposed to oxygen and therefore, is considered to

be actively responsive to irradiation. Common practice in gel dosimetry is to expose

the irradiated gel to oxygen, as this e!ectively fixes the dose distribution by stopping

the polymerization process [10]. In the kV irradiation of nPAG gels, as described

in Section 5.2, the gels were active (i.e. no oxygen present in the gels), therefore

the induced "NCT is expected to be the largest probable change in CT number for

typical x-ray CT gel dosimetry.

In applications where the imaging protocol is expanded to include a large number

of image averages (e.g. > 60), the induced "NCT can reach the limit of detectability

of the current x-ray CT techniques ($ 0.5 H). A change of CT number of 0.5 H can

induce a large relative dose error for standard gel dosimetry values. For example, if

the nPAG gel is irradiated to 20 Gy, x-ray CT imaging will measure "NCT =8 and

the induced "NCT =0.5. This will cause a relative error of 6%. In these applications,
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where large number image averages are required, the induced error will have to be

incorporated into the gel analysis. This can be accomplished by either inducing a

similar "NCT in the calibration gel vials, or through rendering the polymer gel sample

impervious to x-ray radiation prior to imaging. Because of the concern with non-

uniformity of dose deposition due to x-ray CT scanning, as demonstrated in Section

6.1.1, the first option must be considered very carefully. The practicalities of oxygen

permeation into nPAG gels will be discussed in Section 6.3.

6.2.2 nPAG Dose Response to kV Irradiation Energies

The dose response of the nPAG dosimeters to 140 kVp photon energies is weaker

(by 60%) than the dose response observed in nPAG dosimeters irradiated with 6

MV photons, as established above. There are several reasons that contribute to this

significant di!erence in dose response. First, the e!ect of the dose rate may have

an impact on the dose response of the gel, regardless of the energy of the photons.

Second, the radiological tissue equivalence of the nPAG gels when irradiated with

lower energy photons needs to be confirmed. Finally, 6 MV and 140 kVp photons

have a di!erent mean linear energy tranfer (LET) values. There have been previous

studies [64] where the LET of the incident radiation can have a significant impact

on the dose response of PAG dosimeters.

Normoxic polymer gel dosimeters have had a dependence on the dose rate of

the incident radiation reported in previous studies [70] [30]. The x-ray CT scanner

produced dose rates of between 200-300 cGy/min and the linear accelerator produced

a dose rate of 400 cGy/min, for the photons used in this study. However, a maximum

5% di!erence in the slope of the dose response curve for the polymer gel was reported,

for dose rates between 10-400cGy/min. A di!erence in dose rate between 140 kV and

6 MV photons can not explain the 60% weaker dose response observed for the nPAG

gels due to kV irradiation. It is important to note that the x-ray CT scanner produces

a constant dose rate (i.e. not pulsed), whereas the linear accelerator produces a
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pulsed beam. This implies that the instantaneous dose rate of each system can be

significantly di!erent. The e!ect of the instantenous dose rate on the dose response

of the nPAG gel dosimeter remain to be studied further.

Polymer gel dosimeters are radiologically equivalent to tissue for most energies

used in radiotherapy. For energies below 60 keV, this tissue equivalence characteristic

becomes compromised [30], as the photoelectric e!ect becomes the dominant interac-

tion between the photons and the dosimeter. X-ray CT scanners emit a polyenergetic

beam where a fraction of the emitted photons are below this 60 keV threshold. The

e!ects of the non-tissue equivalence of the gel dosimeter to lower energy photons can

perturb the dose response of the gel dosimeter. These perturbations are small, and

on the order of 1-2% [30]. Additionally, the correction factor would compensate for

an over-response of the gel dosimeter, which is the opposite of what is observed in

the 140 kV irradiated gel. Non-tissue equivalence corrections do not account for the

observed discrepency of the dose response between the kV and MV irradiated gels.

LET dependence of polymer gels has been studied by several groups [64], [71], and

it has been found that there can be a significant impact on the dose response of the

gels. Each of these previous studies have investigated the under-response of polymer

gels irradiated with high LET particle radiation, and compared the dose response

to the dose response of polymer gels irradiated with low LET photon radiation. In

these studies, using particle irradiation, it was found that the under-response of the

gel was proportional to the incident particle LET. It was also observed that the

under-response of the gel was due to dose saturation e!ects close to the tracks of the

incident particles. Photon beams also have di!erent mean LET values depending on

their mean energy [72]. In this study, the LET for 140 kVp photons is $ 60 MeV/cm

and 6 MV photons have a mean LET of $ 5 MeV/cm [72]. This discrepancy of LET

is similar to that studied for incident proton beam irradiation of polymer gels [64].

Furthermore, the di!erence observed in the dose response curves, as seen in Figure
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Figure 6.4: The extent of oxygen di!usion (i.e. the portion of the gel that is transparent
after irradiation) for THPC concentration of 4.65 mMol (green curve) and 9.3 mMol (blue
curve) is plotted against elapsed time.

6.2, is also similar in magnitude to that observed in the study with incident proton

beams. As such, the di!erences in LET of the two incident photon beams used in

this study could be partially responsible for the observed di!erences in nPAG dose

response curves (Figure 6.2).

6.3 Oxygen Di!usion in nPAG Gel Dosimetry

Two sets of gels with 4.65 mMol and 9.3 mMol of THPC were prepared as described in

Chapter 5. Each irradiated gel exhibited a region where there was no polymerization

that increased in depth over time, called the oxygen infused region. The increasing

depth of the oxygen infused region can be observed in Figure 5.10.

Measurements of the oxygen infused region of each sample were taken with vernier

calipers. There was some error introduced in the measurements based on the physical

properties of the gel samples. Some gels had penumbras that were not clearly defined
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due to frothy edges, which made it di#cult to determine the extent of the oxygen

di!usion into the gel. Some measurements of the gel samples exhibited a larger

uncertainty due to the physical di#culty of determining the limits of the di!usion

region. The measurements had an average uncertainty of ± 1 mm with a maximum

uncertainty of ± 2 mm.

The extent of oxygen di!usion for each batch of gel is plotted against the square

root of elapsed time in Figure 6.4. In the first batch of gels, it was observed that

there was an initial region where the oxygen did not di!use as rapidly into the

gel, as was observed later in the same batch of gels. In the gels with the higher

concentration of THPC, this ‘initial’ region was extended in time. In both batches

of gels, the gels exhibited Fickian di!usion characteristics as described in Chapter

2. Also, Fickian di!usion was observed previously in anoxic PAG gels [10]. It

was determined that for both THPC concentrations after oxygen was able to di!use

freely into the gel, the di!usion constant, D, was approximately DnPAG = 1.2±0.2"

10!6cm2/s. This di!usion constant is significantly less than the di!usion of oxygen

observed in anoxic PAG gels (DaPAG = 8± 2" 10!6cm2/s [10]). This indicates that

oxygen di!usion in nPAG gels is much slower than would be required for the fixation of

the polymerization process. In the initial region where there appeared to be reduced

oxygen di!usion, the Fickian di!usion constant was Dintial = 3.4± 0.6" 10!8cm2/s,

which is two orders of magnitude less than DnPAG. It is possible that some of the

THPC that was not used to initially bond oxygen [26], proceeds to bond with the

oxygen that di!uses into the gel system. This would limit the ability of oxygen to

inhibit polymer formation.
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Chapter 7

Conclusion

The investigation into the e!ects of x-ray computed tomography (CT) dose was com-

prised of four parts. First, the x-ray CT dose given during gel dosimetry imaging

was quantified using a CT ion chamber, radiographic phantoms and x-ray film. Sec-

ond, the relative dose response of nPAG gel dosimeters to x-ray photons of di!erent

energies (e.g. 140 kV and 6 MV) was established through Raman spectroscopy. (It

is common in medical physics to refer to photon energy by the voltage at which the

electrons were accelerated to the target in order to produce the photon radiation.)

Third, induced changes in CT number due to x-ray CT imaging were calculated using

the results from Raman spectroscopy and the measured dose response from x-ray CT

of nPAG dosimeters as above. Finally, oxygenation of nPAG dosimeters was inves-

tigated to determine if oxygen would be suitable to chemically ‘fix’ the dosimeters

prior to x-ray CT imaging.

Quantification of the x-ray CT dose given during CT imaging of nPAG gels was

measured for volumetric imaging as well as region of interest imaging. X-ray CT dose

(CTDI, [Gy]) was measured with an CT ion chamber in radiographic phantoms sim-

ulating large gel dosimeters as well as calibration gel dosimeters for a range of typical

gel dosimetry imaging protocols (200 mAs, 120-140 kVp, 2-10 mm slice thickness).

It was found for volumetric and region of interest gel imaging, CT doses ranged from
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0.007 ± 5x10!5 Gy/slice (120 kVp, 2 mm) to 0.021 ± 0.0002 Gy/slice (140 kVp, 10

mm).

Raman spectroscopy was used to determine the e!ect of photon energy on the

dose response of nPAG dosimeters. Glass vials containing nPAG gel dosimeters

were exposed to photon energies from a CT scanner (140 kVp photons) and from a

Linac (6 MV photons) and then analyzed using Raman spectroscopy. Acrylamide

consumption curves were constructed and were shown to have slopes of m6MV =

#0.0375 ± 0.0006Gy!1 and m140kV = #0.016 ± 0.001Gy!1 over the range of 0-10

Gy. This implies that the dose response of the nPAG gel to lower energy photons

(i.e. 140 kV photons) is weaker than the dose response to higher energy photons

(i.e. 6 MV photons). Several possibilities are o!ered as reasons for the dose response

discrepancy. The most probable explanation for the lower dose response of the nPAG

gel to kV photons is the dose saturation e!ect of the higher linear energy transfer

(LET) value of the lower photon energy.

Estimations of the induced changes of the nPAG CT number ("NCT ) caused by

x-ray CT imaging of the polymer gel are calculated in the third part of this thesis.

For typical gel imaging protocols (16-32 image averages), it was found that "NCT

<0.2 H is induced in active nPAG gel dosimeters. This "NCT is below the current

threshold of detectability of CT nPAG gel dosimetry ($ 0.5 H). However, when the

gel imaging protocols are expanded to include a large number of image averages

(e.g. >60), the induced "NCT can approach or exceed the limit of detectability.

The induced change in CT number of 0.5 H can induce a large relative dose error

for standard gel dosimetry values. When this is the case, other precautions must

be taken. One method that is often used to chemically ‘fix’ the dose response of

nPAG gels is oxygenation of the gels. Oxygen di!usion into nPAG dosimeters was

investigated to determine if oxygenation would be viable to mitigated the e!ects of

x-ray CT imaging. It was determined that oxygen di!usion was too slow to cause
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fixation of nPAG dosimeters, as the di!usion constant was 1.2± 0.2" 10!6 cm2/s, or

25% of the di!usion constant for anoxic PAG gel dosimeters [10].

X-Ray CT has been determined to be a viable imaging technique for polyacry-

lamide gels because the gel changes density when it is irradiated [2]. The formulation

of nPAG gel dosimeter used in this study exhibits a weak dose response when imaged

using x-ray CT (0.36 ± 0.03H/Gy) [26]. In order for x-ray CT gel dosimetry to be-

come more widespread, more sensitive normoxic polymer gel dosimeter formulations

must be developed. Future studies will be pursued to determine better formulations

of normoxic polymer gels that yield improved dose response curves. However, the

dose response to x-ray CT dose for each new gel formulation must be re-evaluated.

As the gel dosimeters would be more sensitive to irradiation by higher energy photons

(6 MV), the relative dose sensitivity to x-ray CT photons (140 kV) must also be es-

tablished. This can be accomplished from the method discussed in this study, where

relative polymerization values obtained with Raman spectroscopy are correlated with

the dose response curves acquired with x-ray CT. It cannot be assumed that the new

gel formulations would have the same dose response to x-ray CT photons.

Oxygen has been shown to reduce the sensitivity of the gel dosimeter to radiation

[9], therefore it can be used as a tool to help mitigate any dose response e!ects caused

by x-ray CT imaging. However, the introduction of oxygen scavengers appears to slow

the di!usion rate (DnPAG) of oxygen into the gel to DnPAG = 1.2± 0.2" 10!6cm2/s.

It is possible that the oxygen scavengers that do not initially bond oxygen during gel

manufacture [26] would bond with oxygen that di!uses into the gel system.

This thesis quantified the e!ects of x-ray CT dose on normoxic polyacrylamide

gel (nPAG) dosimeters. Dose deposited in nPAG dosimeters by x-ray CT photons

does not initiate the same dose response in the gel as that produced by higher energy

x-ray photons (e.g. 6 MV). Therefore, for typical x-ray CT imaging protocols of

nPAG, the e!ects of x-ray CT dose is negligible, as the induced "NCT is below the
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threshold of detectability. However, when the x-ray CT imaging protocol includes a

large number of image averages on the same location within the gel dosimeter, the

e!ect of CT dose is no longer insignificant.
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This study reports on the effects of x-ray CT dose in CT imaged normoxic polyacrylamide !nPAG"
gel dosimeters. The investigation is partitioned into three sections. First, the CT dose absorbed in
nPAG is quantified under a range of typical gel CT imaging protocols. It is found that the maximum
absorbed CT dose occurs for volumetric imaging and is in the range of 4.6±0.2 cGy/image. This
does scales linearly with image averaging. Second, using Raman spectroscopy, the response of
nPAG to CT imaging photon energies !i.e., 120–140 kVp" is established and compared to the well
known dose response of nPAG exposed to 6 MV photons. It is found that nPAG exhibits a weaker
response !per unit dose" to 140-kVp incident photons as compared to 6 MV incident photons
!slopes m6 MV=!0.0374±0.0006 Gy!1 and m140 kVp=!0.016±0.001 Gy!1". Finally, using the above
data, an induced change in CT number !!NCT" is calculated for nPAG imaged using a range of gel
imaging protocols. It is found that under typical imaging protocols !120–140 kVp, 200 mAs,
#16–32 image averages" a !NCT"0.2 H is induced in active nPAG dosimeters. This !NCT is
below the current limit of detectability of CT nPAG polymer gel dosimetry. Under expanded
imaging protocols !e.g., very high number of image averages" an induced !NCT of #0.5 H is
possible. In these situations the additional polymerization occurring in nPAG due to the imaging
process may need to be accounted for. © 2007 American Association of Physicists in Medicine.
$DOI: 10.1118/1.2732032%

Key words: polymer gel dosimetry, x-ray imaging, x-ray CT dose, polyacrylamide

I. INTRODUCTION

Polymer gel dosimeters are tissue equivalent, high spatial
resolution, three-dimensional !3D" radiation dosimeters that
are among the most promising materials developed to date
for full 3D dose verification of complex radiation therapy
treatments. Recent advances have enabled straightforward
bench-top manufacture of “normoxic” polymer gel
dosimeters,1 thus increasing the clinical practicality of this
class of dosimeter. Since the introduction of normoxic poly-
mer gel dosimeters, reports on an array of new polymer gel
formulations have appeared in the literature.2–9 One of the
most promising is a normoxic variant of the original poly-
acrylamide based polymer gel !PAG gel", termed nPAG. For
further reviews of normoxic polymer gel dosimetry, the in-
terested reader is referred to recent proceedings of the 4th
International Conference on Radiotherapy Gel Dosimetry.10

Traditionally, dose information extraction from polymer
gel dosimeters has been performed utilizing magnetic reso-
nance imaging !MRI".11–15 While MRI offers much potential
for imaging in polymer gel dosimetry, not all research groups
and/or radiation therapy clinics have ready access to MRI.
Furthermore, performing highly accurate, quantitative MRI
polymer gel dosimetry is technically challenging, to the point
that MRI specialists are typically required if one is interested
in obtaining the best possible results.11,16 Hence, alternate
imaging modalities have been investigated as potential com-
pliments to MRI imaging, including x-ray computed tomog-

raphy !CT" and optical-CT. Optical-CT is a gel imaging tech-
nique that is currently under development. While largely in
the prototypical stage, commercial optical-CT scanners are
now available and show promise for imaging polymer gel
dosimeters.17–19

X-ray CT imaging of polymer gels was first introduced as
a viable alternative to MRI by Hilts et al.20 The technique
relies on CT contrast due to radiation dose-dependent density
changes occurring in irradiated polymer gel.21 While the
technique has met with some success !e.g., Ref. 22", x-ray
CT polymer gel dosimetry has currently not gained wide-
spread due to two primary limitations. First, the density
changes occurring in irradiated polymer gel are minute
!#1% " and therefore image contrast !and hence dose reso-
lution" in x-ray CT polymer gel dosimetry remains low. The
development of higher contrast polymer gel formulations, as
well as post-image acquisition data processing !e.g., image
filtering23,24" are research avenues that stand to improve upon
this limitation.

A second limitation involves the fact that x-ray CT imag-
ing of polymer gel dosimeters utilizes ionizing radiation dur-
ing the imaging process. Hence, CT imaging deposits radia-
tion dose into the polymer gel materials, which can in turn
induce gel polymerization and potentially alter the recorded
dose. The extent of the effects of CT dose on x-ray CT poly-
mer gel dosimetry have not been fully explored.

It is the aim of this investigation to assess the effect of CT
dose on the read-out of normoxic polymer gels by x-ray CT

1934 1934Med. Phys. 34 „6…, June 2007 0094-2405/2007/34„6…/1934/10/$23.00 © 2007 Am. Assoc. Phys. Med.
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imaging. This study consists of three sections. The first sec-
tion quantifies doses delivered to polymer gel dosimeters
during CT imaging. Ion chamber measurements, film mea-
surements, and the concept of computed tomography dose
index !CTDI" are used to assess CT dose for a range of
typical gel dosimetry imaging protocols !see below". In ad-
dition, the uniformity of deposited CT dose is examined for a
variety of polymer gel dosimeter phantoms. Second, the re-
sponse of nPAG to kV photon energies used in CT imaging is
established and compared with the response of nPAG ex-
posed to 6 MV photons. This relative response is measured
using Raman spectroscopy, as this technique offers a direct
measurement of the changes in monomer !and polymer" con-
centration as a function of absorbed dose in nPAG.25–27 Fi-
nally, knowledge of the doses deposited in nPAG during CT
imaging !section 1" and the relative dose response of nPAG
irradiated with kVp !i.e., CT" and MV !i.e., linac" photon
energies !section 2" are used to infer any changes in nPAG
CT number !!NCT" that may result from the CT imaging
process itself.

II. THEORY

The computed tomography dose index !CTDI, units of
Gy" is a tool used in diagnostic imaging to estimate the av-
erage dose given to a patient during diagnostic examinations.
CTDI sums the primary and secondary radiation received at
a point from a single slice CT scan, as shown in Fig. 1. CTDI
was originally defined as28

CTDI =
1
T
#

!"

+"

D1!z"dz , !1"

where D1!z" !units of Gy" is the dose at position z and T is
the nominal slice thickness as specified by the CT scanner.
Note that changing the slice thickness also changes the num-
ber of slices acquired in a given volume, since in the concept
of CTDI slices are assumed to be directly adjacent to one
another. In addition, in accordance with x-ray CT conven-
tions, D1!z" is a function of z only, and not x or y !i.e., dose
uniformity is assumed in the x-y plane even though it is
known that some dose nonuniformity exists in the x-y plane".
This dose nonuniformity is not addressed in CTDI, as all
measurements are made on the z axis. To measure CTDI, an
extended !100 mm" pencil ion chamber is used. The total ion
chamber reading is the sum of the primary and scattered
radiation due to the single CT slice, since primary and sec-
ondary radiation are indistiguishable by the chamber and
measured simultaneously. The scattered radiation measured
by the chamber is used as a representation of the scattered
radiation from adjacent slices in a typical volumetric acqui-
sition.

In practice, CT dose is typically quantified using
CTDI!100" !100 mm chamber length":

CTDI!100" =
1
T

Mcorr100 $mm% , !2"

where Mcorr is the corrected dose as measured within the ion
chamber, e.g.,

Mcorr = MrawCfNkCTPfmed. !3"

Here, Mraw is the raw ion chamber reading, Cf is a chamber
factor relating the raw chamber reading !in nC" to a reading
in mR !i.e., a cross-calibration factor to a calibrated cham-
ber", Nk is an absolute calibration factor for the calibrated ion
chamber, CTP is the standard temperature/pressure correction
factor, and fmed is a conversion factor for dose to a medium
other than air.

When imaging polymer gels using x-ray CT, CTDI!100"
is useful in whole volume scanning for estimating the accu-
mulated dose at any point within the gel. However, when
determining the accumulated dose due to a single slice, as
would be of interest when performing region of interest
!ROI" or calibration gel imaging, CTDI!100" overestimates
the delivered dose. The scattered radiation is not contributing
to the dose delivered when obtaining a single slice image,
but is read by the ion chamber when performing the
CTDI!100" measurement. Thus, the dose calculated as CTDI
is greater than the primary dose given in a single slice. A
normalized dose profile !e.g., Fig. 1" can be used in conjunc-
tion with CTDI calculations to determine the dose resulting
from single slice imaging. This process is described in Sec.
III A 2.

FIG. 1. !a" Dose profile of a single slice CT scan !1 cm nominal slice thick-
ness". !b" Accumulated dose profile of multiple single slices within a typical
CT scan. CTDI is equivalent to the summation of the point doses at the
central position.
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III. MATERIALS AND METHODS

To determine the effects of x-ray CT imaging on nPAG
dosimetry, three seperate experiments were performed: !A"
the quantification of CT dose for several representative poly-
mer gel dosimetry imaging protocols; !B" the assessment of
polymer gel dose response to diagnostic energy photons; and
!C" a quantification of the change in CT number !induced
!NCT" expected in nPAG as a result of CT imaging.

A. Measurement of CT dose for gel imaging protocols

All CT dose measurements were made on a GE HiSpeed
X/i CT Scanner !GE Medical Systems, Milwaukee, WI" us-
ing a RadCal 10"5–3 CT ion chamber !RadCal Corp. Mon-
rovia, CA" in a range of phantoms selected to simulate typi-
cal polymer gel phantoms !Fig. 2". Investigations were
undertaken for the CT dose delivered by three different poly-
mer gel imaging protocols: !1" volumetric imaging, !2" re-
gion of interest single slice imaging and !3" calibration vial
imaging. Table I summarizes the CT imaging protocols used
in this study. These protocols are based on recent work on
optimizing CT imaging for gel dosimetry.29

1. Volumetric imaging

A CTDI ion chamber was placed in a 16 cm diameter
CTDI phantom #Fig. 2!a", Nuclear Associates, Carle Place,
NY$ in order to mimic a typical polymer gel volumetric
phantom. Measurements were made at positions A–E #Fig.
2!a"$ within the phantom in order to assess dose uniformity.
CT imaging parameters were as given in Table I. Chamber
readings were converted to absorbed dose using Eqs. !2" and
!3". The chamber factor !Cf" was obtained through cross-
calibration to a calibrated ion chamber !Vancouver General
Hospital, RadCal 10"5–3 CT ionization chamber". Nk for
this chamber was supplied by the National Research Council
of Canada !NRC".

2. Single slice, ROI imaging

CT dose measurements for single slice !ROI" imaging
were determined from the CTDI measurements obtained for
volumetric imaging as described above. The single slice,
ROI CT imaging protocols used are as listed in Table I.
CTDI doses were converted to single slice peak doses using
dose profiles measured with X-OMAT V film !Eastman
Kodak Company, Rochester, NY". Films were placed within
slabs of solid water !Gammex RMI, Middleton, WI" placed
parallel to the scanner couch. Solid water slabs were 8 cm in
depth to provide comparable scatter conditions to the CTDI

measurements. Dose profiles were extracted along the z axis
!of the scanner" from the irradiated films utilizing in-house
software. The scatter component from the CTDI measure-
ments was removed according to

FIG. 2. Phantoms used in CT dose measurements, irradiations, and imaging
studies. !a" 16 cm diameter CTDI phantom. !b" Styrofoam gel “calibration”
phantom. !c" Styrofoam phantom used for 140 kVp gel irradiations and in
the assessment of CT dose uniformity. Letters A–E indicate points of
measurement.
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PD = CTDI!100"
PA
TA

, !4"

where PD is the single slice peak dose, PA is the peak area
!i.e., the integral area under the dose profile curve taken at
the nominal slice width" and TA is the total area of the dose
profile.

3. Calibration vial imaging

CT doses for imaging gel calibration vials were deter-
mined in a similar manner to the gel volume ROI doses
described above. The CTDI ion chamber was housed within
a purpose-built 1.5 cm diameter acrylic insert designed to
mimic gel calibration vials used for CT gel dosimetry24 and
irradiated within a styrofoam calibration phantom, shown in
Fig. 2!b". CTDI!100" measurements were obtained at posi-
tions A–D #see Fig. 2!b"$ to establish uniformity within the
phantom. Dose profiles were measured using a 3 cm hori-
zontal stack of solid water with film at 1.5 cm depth to pro-
vide similar scatter conditions to the CTDI measurements.
Peak single slice doses were calculated using Eq. !4" as de-
scribed above.

B. Gel dose response measurements

1. Gel Preparation

Details of gel preparation are given elsewhere.2 Briefly,
all gels were made under a fume hood and were composed of
3% !by weight" acrylamide, 3% methelyne bi-acrylamide
!both of electrophoresis grade, Sigma Aldrich, St. Louis,
MO", 5% 300 bloom porcine skin gelatin !Sigma Aldrich",
89% deionized water, and 4.65 mM tetrakis hydroxymethyl
phosphonium chloride !THPC" !Sigma Aldrich". This nPAG
composition was shown previously to provide an optimized
polymer gel CT dose response.2 Gels were manufactured in
bulk and transfered to 10 ml, 10 mm outer diameter, preci-
sion made Pyrex™ NMR sample tubes !Wilmad Glass,
Buena, NJ". The glass vials were stopped with rubber stop-
pers and allowed to solidify at 4 °C. Note that since small
calibration vials have been used in all experiments, effects of
gel container size have been minimized.30

2. MV irradiation of nPAG

Gel vials were irradiated, as described previously,25 be-
tween 2 and 4 h post manufacture and using 6 MV photons
from a Varian CL6 linear accelerator !Varian Medical Sys-
tems, Palo Alto CA". Each gel was placed at a depth of
1.5 cm in a purpose-built acrylic phantom and irradiated to

uniform doses !2–50 Gy". The gels were analyzed 7 days
post irradiation using Raman spectroscopy as described in
Sec. III B 4, below.

3. kV irradiation of nPAG

Kilovolt irradiation was performed using a GE HiSpeed
X/i CT scanner !GE Medical Systems, Milwaukee WI" oper-
ating at 140 kVp. Gel vials were irradiated between 2 and
4 h post manufacture in a specially manufactured styrofoam
phantom #Fig. 2!c"$. Gels were placed along the central axis
of the CT scanner and were irradiated to a range of doses
!1.95–9.5 Gy" by accumulating multiple images at the same
location. A 200 mAs tube current and a 10 mm slice thick-
ness were used for all irradiations. Doses were determined
from measurements of CTDI and dose profiles using the
same method as described above !Sec. III A". CTDI mea-
surements were made within the styrofoam irradiation phan-
tom. Dose profiles were measured using film housed at a
depth of 0.5 cm in a horizontal stack of solid water.
CTDI!100" measurements were also made at positions A–E
of Fig. 2!c" in order to assess the dose uniformity within the
phantom.

4. Raman spectroscopy

Gels were analyzed 7 days post-irradiation using Raman
spectroscopy.2,31 Raman spectra were acquired using a
custom-built spectrometer with 785 nm laser excitation
!Renishaw Inc, Gloucestershire, UK". Backscattered Raman
light was incident on a 0.75 m Spectra Pro monochromater
!Acton Research Corp., Trenton, NJ" equipped with a
600 mm!1 grating and collected using a 1340!400 pixel
CCD operating at !75 °C. !Princton Instruments, Trenton,
NJ". The wavenumber axis was calibrated using Tylenol as a
frequency standard.40

Four Raman spectra !4 min acquisition time/spectrum"
were acquired on each polymer gel sample and averaged for
noise reduction purposes. Linear baselines were subtracted
from each averaged spectrum and resulting spectra were nor-
malized to the 0 Gy dataset. As acrylamide consumption in
irradiated polymer gels has been shown to be directly related
to polymer formation,25 the resultant gel dose response curve
!i.e., acrylamide consumption vs absorbed dose" was used as
a direct measure of the amount of polymer formed within
irradiated gel samples.

C. !NCT of MV and kV irradiated nPAG

The "NCT induced in nPAG gel through CT imaging was
determined from !1" measured CT doses for gel imaging pro-

TABLE I. Typical x-ray CT imaging protocols used in polymer gel dosimetry. Phantoms are shown in Fig. 2.

Imaging protocol Phantom kVp mA s # averages Slice thickness !mm"

Volumetric 16 cm diam. CTDI 120–140 200 16 2–10
Single slice !ROI" 16 cm diam. CTDI 120–140 200 32 2–10

Calibration Gel calibration 140 200 16 10
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tocols !as described in Sec. III A", !2" the relative dose re-
sponse of nPAG irradiated with 140 kVp and 6 MV photon
beams !as described in Sec. III B" and !3" the measured
!NCT dose response for MV irradiated nPAG gel. The !NCT
dose response for nPAG irradiated with 6 MV photons is
well established and methods of measurement have been de-
scribed in detail elsewhere.2,6 The details of this calculation
are given in the Appendix.

IV. RESULTS

A. CT Dose absorbed in nPAG

1. Doses delivered by gel CT imaging protocols

Doses delivered to nPAG per image acquired were quan-
tified for a range of imaging conditions and are listed in
column 6 of Table II. As can be seen from the table, CT dose
deposited in nPAG under volumetric imaging protocols re-
mains constant as the slice thickness is varied. This result is
consistent with the concept of CTDI, where primary and sec-
ondary scatter are accumulated at a given point. Hence, un-
der these conditions, slice thickness plays a minimal role in
determining CT dose. The maximal dose deposited using
volumetric protocols is relatively insensitive to depth in
phantom and is measured to be 4.6±0.2 cGy/image. Note

that this dose scales linearly with the number of acquired
image averages. Measured doses increase with increasing
kVp, as is expected29

D!120 kV,200 mA s,10 mm,center"

= 3.4 ± 0.1 cGy/image

" D!140 kV,200 mA s,10 mm,center"

= 4.5 ± 0.2 cGy/image.

Doses deposited in nPAG due to single slice !ROI" imag-
ing protocols were measured to be typically 20%–50% of the
corresponding !i.e., equivalent kV and mA s for a given
slice" volumetric protocol. However, in the case of ROI im-
aging, doses deposited in nPAG increase with increasing
slice thickness

D!140 kV,200 mA s,2 mm"

= 1.5 ± 0.1 cGy/image

" D!140 kV,200 mA s,10 mm"

= 2.1 ± 0.2 cGy/image.

Furthermore, CT dose deposited in nPAG decreases with in-
creasing phantom depth, e.g.,

TABLE II. CT dose absorbed within nPAG for the range of imaging protocols listed in Table I.

Imaging
protocol Phantom kVp mA s

Slice
!mm"

Dose/image
!cGy"

# Image
averages !NCT

Volumetric
!CTDI"

16 cm diam.
!Center"

120 200 2 3.38±0.14 16 0.105±0.001
5 3.4±0.1 16 0.105±0.001
10 3.4±0.1 16 0.107±0.001

16 cm diam.
!Edge"

120 200 2 3.5±0.1 16 0.109±0.001
5 3.5±0.1 16 0.110±0.001
10 3.6±0.1 16 0.111±0.001

16 cm diam.
!Center"

140 200 2 4.4±0.2 16 0.136±0.002
5 4.4±0.2 16 0.136±0.002

10 4.5±0.2 16 0.138±0.002
16 cm diam.

!Edge"
140 200 2 4.5±0.2 16 0.139±0.002

5 4.5±0.2 16 0.139±0.002
10 4.6±0.2 16 0.141±0.002

Single slice
!PD"

16 cm diam.
!Center"

120 200 2 0.70±0.05 32 0.0430±0.0002
5 0.91±0.06 32 0.0560±0.0004
10 1.07±0.07 32 0.066±0.001

16 cm diam.
!Edge"

120 200 2 1.6±0.1 32 0.099±0.001
5 1.7±0.1 32 0.107±0.001
10 2.1±0.2 32 0.133±0.002

16 cm diam.
!Center"

140 200 2 0.83±0.06 32 0.0510±0.0003
5 1.07±0.07 32 0.066±0.001
10 1.23±0.09 32 0.076±0.001

16 cm diam.
!Edge"

140 200 2 1.5±0.1 32 0.095±0.001
5 2.0±0.1 32 0.125±0.002
10 2.1±0.2 32 0.130±0.002

Calibration
!PD"

Calibration
Gel vials

140 200 10 2.3±0.2 16 0.0720±0.0001
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D!140 kV,200 mA s,10 mm,center"

= 1.2 ± 0.1 cGy/image

! D!140 kV,200 mA s,10 mm,edge"

= 2.1 ± 0.2 cGy/image.

Doses deposited in nPAG calibration vials were recorded
to be 2.3±0.2 cGy/image, similar to ROI imaging protocols
in the “edge” region of the phantom.

Figure 3 illustrates the absorbed dose in nPAG as a func-
tion of the number of image averages for the range of imag-
ing protocols listed in Table II. As can be seen from Fig. 3,
volumetric imaging delivers the highest doses, up to
#100 cGy for typical imaging protocols !i.e., !20 image
averages". ROI and calibration gel imaging deliver lower
doses, on the order of #75 cGy for typical imaging proto-
cols !i.e., !30 image averages".

2. Dose uniformity

Dose uniformity, expressed as a percent relative to a cen-
tral marker, is listed in Table III for the three phantoms
!marked locations given in Fig. 2" and for single slice imag-
ing techniques. As can be seen from the table, dose varia-
tions of up to 11% occur within the 16 cm diameter phan-
tom. The anterior !B" and posterior !D" positions show the
greatest dose variation !+8% and !11%, respectively" as

compared to the central region of the phantom. These varia-
tions are due to photon attenuation from the CT patient
couch which supports the phantom. Similar results are ob-
served for the calibration vial phantom $Fig. 2!b"%, with
maximum dose variation occurring in position D !!7% ".
The gel phantom of Fig. 2!c" exhibited the greatest variation
in absorbed dose, with positions A and E varying up to !26%
as compared to position C. The lower doses deposited in the
outer positions are likely due to the highly nonuniform phan-
tom thickness at these positions !as “seen” by the incident
photons", thus causing increased primary x-ray beam attenu-
ation at these positions. Hence, only the center three posi-
tions !B, C, D" were used for the nPAG irradiations per-
formed in Sec. IV B.

B. NPAG dose response to 6 MV and 140 kV
irradiation energies

The responses of nPAG to both kV !i.e., CT" and MV
energy photons were measured using Raman spectroscopy,
as a step in the assessment of the impact of the doses re-
corded in Table II on "NCT in nPAG. The Raman spectra of
irradiated nPAG are shown in Fig. 4 for both 140 kVp $Fig.
4!a"% and 6 MV $Fig. 4!b"% irradiated gels. Figure 4 illus-
trates the consumption of acrylamide !peak centered at
1285 cm!1" and bis-acrylamide !peak centered at 1256 cm!1"
as a function of absorbed radiation dose. As can be seen from

FIG. 3. CT dose absorbed in polymer gel as a function of the number of
image averages and imaged with the protocols of Table I. Vol=volumetric
imaging, SP=single position imaging, calib ptm=calibration gel vial phan-
tom, C=central position in phantom, and E=edge position in phantom.
Nominal slice thickness indicated in mm.

TABLE III. Uniformity of CTDI doses for phantoms shown in Fig. 2. Each
CTDI measurement has an uncertainty of 4%.

Phantom

Dose uniformity

A B C D E

16 cm diameter phantom 100% 108% 102% 89% 101%
Calibration phantom 100% 103% 99% 93%

Gel irradiation phantom 75% 94% 100% 93% 74%

FIG. 4. Raman spectra acquired on nPAG samples irradiated between
0–10 Gy with !a" 6 MV !linac". !b" 140 kVp !CT scanner" inident photon
beams.
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the figure, less acrylamide/bis-acrylamide conversion to
polymer occurs !per unit absorbed dose" for gels irradiated
with 140 kVp photons as compared to gels irradiated with
6 MV photons.

The differential rates of consumption of acryl-
amide observed in Fig. 4 are quantified in Fig. 5. The
acrylamide consumption curves of Fig. 5 can be considered
quasi-linear in the 0–10 Gy range, with slopes m6 MV=
!0.0374±0.0006 Gy!1 and m140 kVp=!0.016±0.001 Gy!1

!note: y axis unit in Fig. 5 is in arbitrary Raman intensity
units". The rate of acrylamide consumption has been directly
related to the rate of polymer formation for polyacrylamide-
based gels.25,32 Hence, the differential rates of acrylamide
consumption illustrated in Fig. 5 are a direct measure of a
differential rate of polymer formation for polymer gels irra-
diated with kV or MV photon beams. The lower rate of poly-
mer formation in gels irradiated with 140 kVp photons trans-
lates to a lower CT response !per unit dose" for gels
irradiated with equivalent doses of 140 kVp x rays as com-
pared to 6 MV photons, as discussed further in Sec. V.

C. CT imaging induced !NCT in nPAG

It can be deduced from Fig. 5 that some polymerization
will be induced in active polymer gels imaged with CT when
using typical imaging protocols !e.g., Table I". This addi-
tional polymerization will in turn translate to a !NCT induced
through the imaging process. However, the induced !NCT
will be lower than anticipated through inspection of Table II
and application of the well known 6 MV nPAG dose
response,2,6 due to the differential dose response between kV
and MV radiation as illustrated in Fig. 5. !NCT induced by
the imaging process was calculated using the relative re-
sponse shown in Fig. 5 and previously published 6 MV
nPAG CT dose response data2 reproduced here for reference
in Fig. 6 !dark trace". The slope of this 6 MV !NCT dose
response curve is 0.47±0.01 H Gy!1.2 Results for the calcu-
lated 140 kVp response are also shown in Fig. 6 !light trace".
As can be seen from the figure, the nPAG 140 kVp !NCT

dose response is weaker than the corresponding 6 MV dose
response curve. The slope of the constructed 140 kVp re-
sponse curve is 0.19±0.02 H Gy!1, less than one-half the
slope of the polymer gel dose response to 6 MV radiation.

The !NCT dose response established for nPAG irradiated
with a kV photon beam !Fig. 6" was used to calculate the
anticipated !NCT resulting from the different imaging proto-
cols listed in Table I. Results are tabulated as the last column
of Table II for the number of image averages !NAX" listed in
column 7 of Table II. Calculated !NCT versus NAX is shown
in Fig. 7. As can be seen from Fig. 7, volumetric imaging
induces the largest !NCT of the tested protocols. In addition,
!NCT is largely independent of slice thickness. For typical
imaging protocols, an induced !NCT"0.25 H can be antici-
pated for volumetric imaging. Single slice !ROI" imaging
!i.e., for protocols with #"30 image averages" typically
induces a "0.1 H !NCT in nPAG gel dosimeters. The imag-
ing of calibration gel vials induces a !NCT of "0.2 H for a

FIG. 5. Relative change of acrylamide peak intensity as a function of ab-
sorbed radiation dose for polymer gels irradiated with 6 MV !linac" and
140 kVp !CT scanner" incident photon beams.

FIG. 6. !NCT as a function of absorbed radiation dose for polymer gel irra-
diated with 6 MV !linac" and 140 kVp !CT scanner" incident photons
energies.

FIG. 7. Induced !NCT in polymer gel as a function of the number of image
averages and imaged with the protocols of Table I. Vol=volumetric imag-
ing, SP=single position imaging, calib ptm=calibration gel vial phantom,
C=central position in phantom, and E=edge position in phantom. Nominal
slice thickness indicated in mm.
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16 slice acquisition using 140 kVp, 200 mA s, and a 10 mm
slice thickness, which is a typical gel calibration imaging
protocol. These induced !NCT values are below the limit of
detectability in current CT nPAG dosimetry.

V. DISCUSSION

A. NPAG dose response to kV irradiation energies

As is observed in Fig. 5, the dose response of nPAG to
140 kVp photon energies !i.e., as emitted from a CT scanner"
is weaker than the dose response of nPAG irradiated with
6 MV photons !i.e., as emitted from a radiation therapy lin-
ear accelerator". Several possibilities exist for this discrep-
ancy.

A dose rate-dependent polymer gel dose response has
been reported previously.3,33 However, at most, a 5% differ-
ence in the slope of the polymer gel dose response curve was
reported for gels irradiated with dose rates between
10–400 cG/min. Thus, the magnitude of the difference in
dose rates between the 140 kVp !200–300 cGy/min" and
6 MV !400 cGy/min" irradiations performed in these experi-
ments cannot explain the observed differences in nPAG dose
response. However, the method of delivery of radiation is
different between the 140 kVp and 6 MV beams: the
140 kVp beam produced by the CT scanner is of constant
dose rate !i.e., not pulsed", whereas the 6 MV linac beam is
pulsed. Hence, instantaneous dose rates between the two de-
livery systems can be significantly different. The difference
in polymer gel dose response irradiated with pulsed versus
constant beam irradiation has not been fully investigated and
remains as future work.

Below #60 keV incident photon energies, the radiologi-
cal tissue equivalence of polymer gels becomes
compromised.34 The photon beam emitted from the CT scan-
ner is a polyenergetic beam with a fraction of the emitted
photons below #60 keV. Hence, a possibility exists of non
tissue equivalence perturbing the polymer gel dose response.
However, correction factors for this effect are on the order of
1–2%.34 Furthermore, the direction of the correction factor is
opposite to that of the discrepancy observed in the current
study. Hence, this correction cannot account for the observed
discrepancy in polymer gel dose response.

A difference exists between the mean linear energy trans-
fer !LET" of the two incident photon beams. LET depen-
dence of polymer gel dosimeters has been studied by a num-
ber of researchers.35,36 In each of the cases studied, a
polymer gel under-response was observed for high LET in-
cident particle irradiation, as compared to low LET !i.e.,
6 MV photon" irradiation. The magnitude of the under-
response was found to be proportional to the incident particle
LET and due to dose saturation effects close to the tracks of
incident particles.36 In the current study, due to differences in
stopping power, the mean LET for 140 kVp incident photons
is #60 MeV/cm, as compared to a mean LET of
#5 MeV/cm for an incident beam of 6 MV photons.37,38

This discrepancy in LET is similar to that studied earlier36

for incident proton beam irradiation of polymer gel. The dis-
crepancy in dose response curves !Fig. 5" observed in the

current study is also of similar magnitude to that observed
earlier.36 Hence, it is possible to at least partially attribute the
observed discrepancy in nPAG dose response curves !Fig. 5"
to a LET effect.

B. !NCT induced in nPAG through CT imaging

In Sec. IV C, the induced !NCT due to CT imaging of
polymer gel was quantified. In general, it can be seen !e.g.,
Table II and Fig. 7" that under typical CT imaging protocols
a !NCT"0.2 H is induced in nPAG polymer gel due to CT
imaging. This induced !NCT is currently below the limit of
detectability in CT dosimetry using nPAG. Further, it is
noted that the induced !NCT are for active nPAG, i.e., gels
that have not been made inactive by the presence of oxygen.
It is common practice in CT polymer gel dosimetry to inac-
tivate polymer gel !post-irradiation" through exposure to at-
mospheric oxygen. Hence, in doing so a reduction in induced
!NCT would be observed. However, for larger gel phantoms,
waiting for oxygen to permeate throughout the volume of the
polymer gel may become impractical due to the long wait
times required to fully inactivate the polymer gel.39 Further-
more, our initial investigations of nPAG have revealed that
the diffusion of atmospheric oxygen through nPAG may be
slower than for traditional PAG !i.e., polyacrylamide gel with
no oxygen scavenger". Oxygen diffusion through nPAG re-
quires further investigation.

For CT polymer gel dosimetry applications requiring
volumetric imaging using a large number of averages !e.g.,
60", the induced !NCT can become large enough !#0.5 H"
so as to be above the limit of detectability of the current
technique. This 0.5 H can induce a relative dose error of 6%
for a gel irradiated in a linac to 20 Gy !i.e., !NCT=8".
Hence, in such rare cases it may become necessary to ensure
that this induced !NCT is appropriately accounted for, either
by inducing similar !NCT in the dose calibration vials, or
through polymer gel inactivation prior to imaging. In the
former case, the uniformity of dose deposition due to CT
scanning !Table III" would need to be considered. These av-
enues remain to be fully explored.

VI. CONCLUSIONS

The effects of CT dose due to typical polymer gel dosim-
etry CT imaging protocols have been examined. It has been
observed that under typical imaging protocols, as defined by
volumetric, ROI, and calibration vial imaging, a !NCT
"0.2 H is induced into nPAG polymer gels. Under expanded
protocols !e.g., large number of image averages" a !NCT
#0.5 H can be induced through the CT imaging process. In
these rare cases, appropriate correction/or minimization mea-
sures will need to be considered.
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APPENDIX: CALCULATION OF INDUCED
!NCT

The calculation of the induced !NCT proceeds in two
steps. The first step is to determine the dose required to be
delivered with 6 MV photons which generates an equivalent
!NCT !i.e., dose response" as in nPAG that has been irradi-
ated with 140 kVp photons. This is obtained from Fig. 5 and

eqDMV =
AAkV ! 1

m6 MV
, !A1"

where eqDMV is the dose delivered by a 6 MV photon beam
and required to generate an equivalent !NCT to that gener-
ated through 140 kVp photon irradiation, AAkV is the frac-
tion of acrylamide remaining after a given kVp dose !taken
from Fig. 5", and m6 MV is the slope of the 6 MV curve
shown in Fig. 5. Note that eqDMV will be lower, for a given
response, than the dose delivered by the 140 kVp beam. The
second step is to calculate the !NCT induced through CT
imaging using

in!NCT = m6 MV,CTeqDMV !A2"

where in!NCT is the induced !NCT and m6 MV,CT
=0.47±0.01 H Gy!1 is the slope of the 6 MV !NCT dose
response curve.
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