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Abstract 

A dynamic mathematical model was developed to simulate the response of 

polyacrylamide gel (PAG) dosimeters to a single spherical radioactive brachytherapy 

seed. Simulations were conducted for a high dose-rate (HDR) seed using 
192

Ir and a low 

dose-rate (LDR) seed using 
125

I. The model is able to predict the amount of polymer 

formed, the crosslink density, and the volume fraction of aqueous phase as a function of 

radial distance and time. Results show that PAG dosimeters can provide accurate HDR 

brachytherapy dosimetry at distances larger than 4 mm from the centre of the seed but 

will give poor results for LDR due to monomer diffusion. 

Experiments were conducted to evaluate the potential for using pentacosa-10,12-

diynoic acid (PCDA) as the reporter molecule in micelle gel dosimeters for optical 

computed tomography (CT) readout. Several gels containing PCDA that was solubilized 

using sodium dodecyl sulfate (SDS) responded to radiation by changing from colourless 

to blue. Unfortunately, all phantoms that showed colour changes were turbid, making 

them unsuitable for optical CT scanning. Several techniques were used to produce 

transparent gels containing PCDA but none of these gels responded noticeably to 

radiation. Only turbid gels with precipitated PCDA responded, indicating that the colour 

change was due to oligomerization within PCDA crystals and that PCDA molecules 

solubilized in micelles did not undergo oligomerization. As a result, PCDA is not suitable 

for use in radiochromic micelle gel dosimeters. 

 A new recipe for a radiochromic leuco crystal violet (LCV) micelle gel 

dosimeters with enhanced dose sensitivity was developed for optical CT readout. The 

recipe contains LCV, trichloro acetic acid (TCAA), Cetyl Trimethyl Ammonium 



iii 

 

Bromide (CTAB), 2,2,2-Trichloroethanol (TCE), and gelatin. Experiments were 

conducted to improve understanding about interactions between the different components 

of LCV micelle gel, highlighting the importance of pH on dose sensitivity and 

transparency. Results also showed the effectiveness of chlorinated compounds in 

improving dose sensitivity. Statistical techniques were used to build empirical models 

that were used to optimize the gel recipe. Additional testing in larger phantoms will be 

required to assess the effectiveness of the proposed gel for clinical dosimetry. 
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Chapter 1 

Introduction 

1.1 Background 

Many patients requiring cancer treatment receive radiation therapy. Clinical 

radiation therapy uses powerful ionizing radiation to damage the DNA in cancer cells 

(National Cancer Institute 2013). Dose delivery techniques can involve either external 

beam radiation (e.g., high energy photons or electrons produced by a linear accelerator) 

or internal radiation therapy (called brachytherapy) wherein radioactive sources are 

placed inside or adjacent to the tumour to deliver the radiation dose (Erickson et al. 2011, 

Rosenthal et al. 2011, National Cancer Institute 2013). Besides killing cancer cells, 

radiation therapy can also damage healthy cells adjacent to the tumour. Therefore, 

treatment plans are carefully designed to minimize the exposure of the healthy tissues to 

harmful irradiation. Treatment plans are developed for each patient by first taking 

detailed imaging scans to determine the exact location, shape and size of the tumour and 

organs at risk. Based on those scans, the treatment team develops a detailed plan 

describing the total radiation dose that should be delivered to the tumour, the intensity 

and duration of irradiation, and the safest angles (paths) for external-beam radiation 

delivery (National Cancer Institute 2013).  

With the increasing complexity of modern radiation treatment techniques, 

sophisticated quality assurance procedures must be developed to ensure that the 

prescribed radiation dose is delivered to the tumour, while sparing the healthy tissue. As 

part of quality assurance systems, radiation dosimeters are used by medical physicists to 

assure that the equipment delivers the intended dose to the correct location. Point-dose 
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measurements (e.g., ionization chambers) and two-dimensional (e.g. radiochromic film) 

dosimetry techniques are routinely used in radiation clinics to measure radiation dose 

(Baldock et al. 2010). However, with rapid advancements in treatment techniques, 

dosimeters that measure entire three-dimensional (3D) dose distributions have become 

invaluable for full evaluation of delivered radiation doses. A 3D dosimeter that is 

irradiated instead of a patient as part of a quality assurance program is called a phantom.  

3D radiation dosimeters are devices fabricated from radiation-sensitive materials 

that, upon irradiation, undergo changes that are detectable and quantifiable. These 

changes are indicative of the amount and spatial distribution of the absorbed radiation 

dose (Adamovics 2006, Baldock et al. 2010). Detectable changes include changes in 

optical properties (e.g., color, transparency), density and nuclear magnetic resonance 

(NMR) properties (Hurley et al. 2006) 

The response of an ideal 3D dosimeter should be measurable, reproducible, and 

stable (De Deene 2004). Ideally, the response should not be sensitive to environmental 

conditions that may vary during irradiation and scanning such as humidity, light, 

temperature, pressure, and atmospheric gases. The response of the 3D dosimeter should 

depend on the total radiation dose delivered, but should not be influenced by the radiation 

dose rate or the energy of the radiation beam. Examples of current 3D dosimeters are 

Fricke gel dosimeters, polymer gel dosimeters, PRESAGE plastic dosimeters, and 

micelle gel dosimeters (Gore et al. 1984, Appleby et al. 1987, Maryanski et al. 1993, 

Maryanski et al. 1994, Schreiner 2004, Adamovics 2006, Adamovics and Maryanski 

2006, Guo et al. 2006, Hurley et al. 2006, Babic et al. 2009, Jordan and Avvakumov 

2009, Baldock et al. 2010, Vandecasteele et al. 2011).  
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Imaging techniques that are used to extract information from current 3D 

dosimeters include Magnetic Resonance Imaging (MRI), optical Computed Tomography 

(CT) and x-ray CT (Maryanski et al. 1993, Maryanski et al. 1994, Jirasek et al. 2010, 

Olding et al. 2011). Fricke gel and polyacrylamide gel (PAG) are examples of dosimeters 

that are traditionally read out by magnetic resonance imaging (MRI). Use of MRI 

scanners for read out of clinical phantoms is problematic due to cost, accessibility, and 

special skills required for quantitative MRI (Vandecasteele et al. 2011). Optical CT 

scanners are a promising alternative to MRI because they are cheaper, easier to use, and 

more accessible in most clinical environments (Doran 2009, Olding et al. 2011, 

Vandecasteele et al. 2011). These advantages of optical CT scanners have stimulated the 

development of optically clear radiochromic 3D dosimeters such as PRESAGE and 

radiochromic micelle gel dosimeters (Adamovics 2006, Adamovics and Maryanski 2006, 

Babic et al. 2009, Jordan and Avvakumov 2009, Vandecasteele et al. 2011). 

1.1.1 Fricke Gel Dosimeters 

Fricke or ferrous sulfate solutions, wherein the response to irradiation depends on 

the dose dependent transformation of ferrous (Fe
2+

) ions into ferric (Fe
3+

) ions, have been 

used to measure radiation doses for many years (Fricke and Morse 1927). The initiation 

of modern 3D dosimetry is related to two important developments. The first development 

was the use of MRI to detect and quantify radiation-induced changes in Fricke solutions 

(Gore et al. 1984). The second development was the spatial stabilization of dose 

information by dispersing Fricke solution throughout a gel matrix (Appleby et al. 1987). 

Unfortunately, the poor spatial stability of Fricke gels due to diffusion of Fe
3+

 ions 

constrains the permissible time between irradiation and measurements (Schreiner 2004). 
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A small but beneficial reduction in diffusion rates has been obtained using different 

gelling agents (gelatin, agarose, sephadex and polyvinyl alcohol) and chelating agents 

such as xylenol orange, which induces colour changes that permit optical imaging 

(Baldock et al. 2001, Baldock et al. 2010). 

Fricke gels are attractive for 3D dosimetry as they are easy to prepare and give 

reproducible results (Schreiner 2004). However, like other popular gels used in 

dosimetry, Fricke gels are sensitive to conditions during preparation, irradiation and read-

out (e.g. impurities and temperature) (Schreiner 2004). Although Fricke gel dosimeters 

may seem to be simple at first glance, Monte Carlo simulations that predict the 

fundamental behaviour of Fricke solutions (without a gelling agent) account for more 

than 60 chemical reactions to simulate interactions between radiation and oxygenated 

water. Eleven or more additional reactions are required to account for interactions with 

SO4
2-

 and Fe
2+

 (Meesungnoen et al. 2001, Autsavapromporn et al. 2007, Meesat 2012, 

Meesat et al. 2012). Additional reactions would be required to account for interactions 

with gelatin and a chelating agent. As a result, Fricke gel dosimeters are not really that 

simple. This inherent level of complexity should be kept in mind when evaluating other 

potential 3D dosimeters. 

1.1.2 Polymer Gel Dosimeters 

Polymer gel dosimeters are the most widely used 3D gel dosimeters. They contain 

water and gelatin, along with monomers and crosslinkers that polymerize in response to 

free radicals generated by water radiolysis (Baldock et al. 2010). The amount of 

crosslinked polymer that forms and precipitates at each location in the gel depends on the 

local radiation dose and the local concentration of monomer and crosslinker. Formation 



 

5 

 

of tightly crosslinked polymer particles (micro-gels) induces changes in the physical 

properties of the dosimeter that can be detected using several imaging techniques (e.g., 

MRI, optical CT and x-ray CT scans) (Maryanski et al. 1993, Maryanski et al. 1994, 

Jirasek et al. 2010, Olding et al. 2011). The radiation dose distribution can then be 

estimated from the resulting 3D images and used to verify the treatment plan that was 

applied (Baldock et al. 2010). 

A variety of different monomers and crosslinkers have been tested for use in 

polymer gel dosimeters (Baldock et al. 2010). Polyacrylamide gel (PAG) dosimeters are 

the most studied because they have fewer problems with dose-rate sensitivity and 

temperature sensitivity than other polymer gel dosimeters. PAG dosimeters consist of 

acrylamide (Aam) monomer and N,N’-methylene-bisacrylamide (Bis) crosslinker (see 

Figure 1.1) dissolved in an aqueous gelatin matrix. The main reactions that occur during 

free radical copolymerization of acrylamide and bisacrylamide are shown via a cartoon in 

figure 1.2. Although linear polyacrylamide is water-soluble, crosslinked polyacrylamide 

precipitates. The precipitated polymer is held in position by the gelatin matrix, preserving 

spatial information via a more effective means than in Fricke gel dosimeters. Although 

the precipitated polymer molecules cannot readily diffuse, the unreacted monomers can 

easily diffuse through the gel during and after irradiation. Consequently, inaccurate 

dosimetry results can be obtained in situations wherein polymer radicals persist over long 

periods of time and are able to react with the diffusing monomer and crosslinker (e.g., in 

oxygen-free (anoxic) PAG gels where radicals can persist for longer than 12 hours (De 

Deene et al. 2006) and in low-dose rate brachytherapy applications where radicals are 

generated continuously for many weeks (Nasr et al. 2012, see chapter 2)). Note that all 
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current polymer gel dosimeters face this same problem with diffusion of reporter 

molecules.   

  

 

Figure 1.1: Chemical structure of acrylamide and n-isopropyl acrylamide (NIPAM) monomers 

and bisacrylamide crosslinker used in polymer gel dosimetry.  Bisacrylamide is an effective 

crosslinker because two vinyl groups are available for polymerization. 

 

In some recent dosimetry studies, acrylamide (which is a severe neurotoxin and 

suspected carcinogen) has been replaced with n-isopropyl acrylamide (NIPAM), shown 

in Figure 1.1, which has lower toxicity than acrylamide, is less likely to be ingested via 

inhalation due to its lower volatility, and is less able to pass through human skin (Senden 

et al. 2006, Koeva et al. 2009a, Jirasek et al. 2010, Chain et al. 2011a, Chang KY et al. 

2011, Chang YJ et al. 2011, Hsieh et al. 2011, Sedaghat et al. 2011a, Jirasek et al. 2012, 

Johnston et al. 2012, Pak et al. 2012). Note that proper safety precautions (i.e., 

preparation in a fume hood and use of gloves and goggles) still need to be used when 

manufacturing these dosimeters. NIPAM-based dosimeters have similar reaction 

chemistry as the PAG chemistry in Figure 1.2, but seem to be more susceptible to pre-

polymerization, which can result in cloudy phantoms prior to irradiation (Senden et al. 

2006, Koeva et al. 2009a, Chain et al. 2011a, Sedaghat et al. 2011a). 
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Figure 1.2: Main reactions in free radical copolymerization of acrylamide and bisacrylamide.  

 

The sensitivity of PAG and NIPAM-based polymer gel dosimeters to radiation is 

directly related to %T, the total weight percent of monomer and crosslinker in the system 

(Lepage et al. 2001a, Hilts et al. 2004, De Deene et al. 2006), and to %C, the 

concentration of the crosslinker relative to the total monomer (Maryanski et al. 1997, De 

Deene et al. 2006). Increases in both %T and crosslinker concentration tend to produce 

higher dose sensitivities, as measured by MR and x-ray CT (Maryanski et al. 1997, 

Lepage et al. 2001b, Hilts et al. 2004, Babic and Schreiner 2006, De Deene et al. 2006, 
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Koeva et al. 2009a, Chang KY et al. 2011). Measurement accuracy of PAG and NIPAM-

based polymer gel dosimeters changes dramatically with %T and %C depending on the 

read-out technique used. For example, MRI techniques can accurately measure dose 

distributions in PAG and NIPAM-based gels manufactured using traditional formulations 

that contains 6%T and 50 %C. However, cone beam optical imaging was complicated by 

light scattering when used to measure the dose distributions for such gels (Olding et al. 

2011). Reducing %T from 6 to 4 has improved the accuracy of cone beam optical 

measurements (Olding et al. 2011). When using x-ray CT imaging, increasing %T to as 

high as 16 % improves dose sensitivity and dose resolution (Jirasek et al. 2010). It is 

clear that different recipes are suitable for use with different read-out techniques. 

One of the major difficulties encountered by researchers when making polymer 

gel dosimeters is oxygen contamination. Oxygen consumes primary free-radicals 

produced by water radiolysis and inhibits the growth of polymer radicals (Baldock et al. 

1998, Koeva et al. 2009b). Traditionally, PAG dosimeters were manufactured in oxygen-

free glove boxes (Baldock et al. 1998). More recently, most polymer gel dosimeters are 

normoxic dosimeters that are manufactured in the presence of air and use an oxygen 

scavenger such as tetrakis hydroxymethyl phosphonium chloride (THPC) to remove 

oxygen that is initially dissolved in the gel solution (De Deene et al. 2002, Jirasek et al. 

2006, Senden et al. 2006). An additional benefit of using THPC in dosimeter recipes is 

that it helps to alleviate problems associated with long-lived radicals. Since THPC 

shortens the time period over which polymerization occurs, problems with edge 

enhancement (build-up of additional polymer where the dose gradient is high caused by 

monomer diffusion and subsequent polymerization) are alleviated (i.e., there is a shorter 
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time period when diffusing monomer and crosslinker can come in contact with polymer 

radicals). Unfortunately, THPC does not solve problems associated with oxygen that may 

leak into the phantom between manufacturing and irradiation. Minor oxygen leaks and 

interactions between this oxygen and THPC can cause severe dose inaccuracy (Sedaghat 

et al. 2011a, Sedaghat et al. 2011b, Zehtabian et al. 2012). Consequently, internal 

calibration methods are recommended (e.g., based on depth dose) instead of small 

calibration vials (Oldham et al. 1998, Hilts et al. 2000, Jirasek et al. 2010, Chain et al. 

2011b). Unexpected depth-dose behaviour will help to detect when oxygen has leaked 

into a phantom, so that results from contaminated phantoms can be discarded or used 

with caution.   

Mathematical models have been developed to describe PAG dosimeters under 

spatially uniform (Fuxman et al. 2003, Koeva et al. 2009b) and non-uniform (Vergote et 

al. 2004, Fuxman et al. 2005, Chain et al. 2011b) radiation conditions. These models 

helped gel dosimetry researchers to better understand the influence of chemical and 

physical phenomena that occur in PAG and related dosimeters during and after 

irradiation. The models have been used to simulate edge enhancement, temporal 

instability problems (Fuxman et al. 2005), oxygen inhibition, (Koeva et al. 2009b) and 

the responses of PAG dosimeters to radiation depth-dose profiles (Chain et al. 2011b). 

1.1.3 PRESAGE Dosimeters 

PRESAGE dosimeters are solid polyurethane-based radiochromic 3D dosimeters, 

developed by Adamovics and coworkers (Adamovics 2006, Adamovics and Maryanski 

2006, Guo et al. 2006, Hurley et al. 2006). These dosimeters contain a leuco-dye (e.g., 

leuco malachite green (LMG) or leuco crystal violet (LCV) dye), halogenated 
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hydrocarbons (e.g., carbon tetrachloride or chloroform) along with other components 

dissolved in a solid polyurethane matrix (Adamovics 2006, Adamovics and Maryanski 

2006, Guo et al., 2006). Upon irradiation, the colourless leuco-dye is converted to a 

coloured dye. Depending on the recipe used, PRESAGE dosimeters may show post-

irradiation spatial stability for ~2 days. They are insensitive to oxygen and environmental 

conditions (Babic et al., 2009, Baldock et al., 2010). Unfortunately, tissue equivalence of 

PRESAGE has been an issue for this type of dosimeter (Brown et al., 2008).  Also, 

PRESAGE dosimeters cannot easily be manufactured or molded into anthropomorphic 

phantoms. 

1.1.4 Micelle Gel Dosimeters 

Jordan and coworkers developed radiochromic micelle gel dosimeters for optical 

readout. The gel recipes consist of colourless leuco dyes (e.g., LMG or LCV) dissolved in 

a hydrogel matrix using a surfactant (Babic et al. 2009, Jordan and Avvakumov 2009). 

The leuco-dye molecules react with free radicals generated by water radiolysis, changing 

from colourless to deeply coloured as the radiation dose increases. Micelles are self-

assembled aggregates of surfactant molecules that have both hydrophilic and 

hydrophobic parts. Above the critical micelle concentration (CMC), surfactant molecules 

orient themselves so that their hydrophobic parts repel away from surrounding water 

toward the centres of the micelles, leaving their hydrophilic parts in contact with water. 

The main purpose of using micelles in radiochromic micelle gel dosimeters is to 

solubilize the only sparingly water-soluble leuco-dye molecules within the hydrophobic 

core of the micelles (Babic et al. 2009). A second benefit is that micelles are significantly 

larger than individual leuco-dye molecules. As a result, the micelles, which contain the 
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majority of the leuco dye, have low diffusivity within the gel matrix. Using leuco-dye 

molecules solubilized in micelles as reporter molecules results in improved spatial 

stability of dose information, compared with micelle-free optical dosimeters such as 

Fricke gel dosimeters and polymer gel dosimeters (Jordan and Avvakumov 2009).  Like 

Fricke gel dosimeters, micelle gel dosimeters can be manufactured and used under 

“normoxic” conditions (on a bench top, open to the air).    

Current micelle gel dosimeters could benefit from further improvements as they 

are light sensitive and temperature sensitive during irradiation and tend to fade over time 

(Babic et al. 2009). They also have relatively low dose sensitivity and may or may not 

have significant dose-rate dependence (Babic et al. 2009, Vandecasteele et al. 2011). One 

benefit of using micelles in 3D gel dosimeters is that, unlike traditional gel dosimeters, 

the reporter molecules do not need to be water soluble. In fact, very low or negligible 

water solubility will help to reduce diffusion and will improve spatial stability. 

Consequently, a range of new hydrophobic reporter molecules can be considered for use 

in 3D micelle gels.  

1.2 Thesis outlines and objectives 

Work in this thesis is divided into two phases: the first phase involved 

mathematical modeling and simulation of PAG and NIPAM-based polymer gel 

dosimeters for brachytherapy applications, and the second phase involves developing 

improved radio-chromic micelle gel dosimeters for optical read out. Objectives of the 

first phase, as described in Chapter 2, are:  

i) To reformulate and extend the dynamic mathematical model developed 

by Fuxman et al. (2005) to simulate the influence of a spherical 
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radioactive brachytherapy source on polymer formation and 

crosslinking in PAG and NIPAM-based polymer gel dosimeters 

ii) To investigate whether PAG dosimeters will provide accurate 

dosimetry for different types of brachytherapy sources including High 

Dose Rate (HDR) sources and Low Dose Rate (LDR) sources. 

In the second phase of this thesis, the potential for improving the leuco-dye 

micelle gel dosimeters developed by Jordan and his co-workers (Jordan and Avvakumov 

2009, Babic et al. 2009) is investigated, as discussed in Chapter 3 and Chapter 4. In 

Chapter 3, the use of diacetylenes as reporter molecules (to replace leuco-dyes) in radio-

chromic micelle gel dosimeters is evaluated. In Chapter 4, improved recipes for 

radiochromic LCV micelle gel dosimeters are developed. Conclusions and 

recommendations are summarized in Chapter 5.  

This thesis has been prepared using a manuscript format. Some paragraphs in the 

current chapter appeared in a review article (McAuley and Nasr 2013). Chapter 2 has 

been published in Macromolecular Theory and Simulations (Nasr et al. 2012), and 

Chapter 3 has been published in Physics in Medicine and Biology (Nasr et al. 2013). A 

journal article based on the research in Chapter 4 is in preparation and will be submitted 

to Physics in Medicine and Biology.  
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Chapter 2 

Mathematical modeling of the response of polymer gel dosimeters to 

HDR and LDR brachytherapy radiation 

2.1 Chapter Overview 

In this chapter, an existing dynamic model (Fuxman et al. 2003, Fuxman et al. 2005) is 

extended and reformulated to simulate the response of polyacrylamide gel (PAG) 

dosimeters to a single spherical brachytherapy seed using High Dose Rate (HDR) 
192

Ir 

and Low Dose Rate (LDR) 
125

I. Results show that PAG dosimeters can provide accurate 

HDR brachytherapy dosimetry but will give poor results for LDR due to monomer 

diffusion. The complete reaction mechanisms, list of reaction rate expressions and the 

model parameter values used in this model are provided in appendices B, C, D and E of 

the MSc thesis by Chain (2010). Note that I contributed to the revised reaction 

mechanism and rate expressions used in Chain’s thesis and I am a co-author of the 

associated journal article (Chain et al. 2011b).     

The material presented in Chapter 2 of this thesis has been published in Macromolecular 

Theory and Simulation 2012, 21, 36–51 
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2.2 Summary 

A model is developed to simulate the response of polyacrylamide gel (PAG) dosimeters 

to single spherical brachytherapy seeds. The model predicts the amount of polymer 

formed and crosslink density as a function of radial distance and time, using either a High 

Dose Rate (HDR) 
192

Ir seed or a Low Dose Rate (LDR) 
125

I seed.  Results indicate that 

PAG dosimeters should provide accurate dosimetry when used for HDR brachytherapy at 

distances larger than 4 mm from the centre of the seed and that PAG dosimeters will give 

poor results for LDR dosimetry because of the long time available for the monomer and 

crosslinker to diffuse toward the seed during polymerization. 

2.3 Introduction 

Clinical radiation therapy, which is widely used for cancer treatment, uses ionizing 

radiation to damage DNA in cancer cells (National Cancer Institute 2013). External-beam 

radiation therapy techniques deliver radiation doses to tumors using radiation beams from 

outside the body. Internal radiation therapy techniques (also called brachytherapy) use 

radioactive sources placed inside or adjacent to the tumor to deliver the radiation dose 
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(Erickson et al. 2011, Rosenthal et al. 2011, National Cancer Institute 2013). 

Brachytherapy can involve either permanent implantation of radioactive seeds that decay 

over time, or temporary implantation of sources that are removed after the planned 

radiation dose has been delivered.  

In permanent implantation, the radiation source usually has a low activity so that 

the treatment dose is delivered over an extended period of weeks, while in temporary 

implantation the dose is delivered over a short period of minutes. To say this in another 

way, brachytherapy sources can be characterized by the dose rate to the adjacent volume. 

Brachytherapy source are typically divided into three regimes: Low Dose Rate (LDR) 

sources deliver doses, at 1 cm distance, at rates of 0.4-2 Gy h
-1

, Medium Dose Rate 

(MDR) sources deliver doses at rates of 2-12 Gy h
-1

 and High Dose Rate (HDR) sources 

deliver doses at rates greater than 12 Gy h
-1 

(Gerbaulet et al. 2002). 

Besides killing cancer cells, radiation therapy can also damage healthy cells, 

creating challenges for medical physicists and radiation oncologists who need to ensure 

accurate and sufficient radiation dose delivery to the tumor while minimizing the 

exposure of the surrounding healthy tissue. Recent developments in imaging techniques 

and radiation delivery equipment help in obtaining a closer three-dimensional (3D) 

conformation of the dose distribution to the tumor volume (Schereiner 2006). Radiation 

dosimeters are used by medical physicists as part of quality assurance systems to test 

radiation treatment plans and to make sure that the equipment delivers the intended dose 

to the correct location.  

 Point-detection radiation dosimetry techniques (e.g., ionization chambers) and 

two-dimensional (2D) techniques (e.g., radiographic film) are used to measure and 
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calibrate radiation doses (Baldock et al. 2010). However, for dose delivery to irregularly-

shaped tumors it is important to have dosimeters that can detect and measure entire 3D 

dose distributions delivered by external and internal radiation techniques. An ideal 3D 

dosimeter should have a response that is stable, measurable, significant, well-defined and 

reproducible (De Deene 2004). The dose response should not be sensitive to temperature, 

pressure, light and atmospheric gases, as these factors may vary during irradiation and 

scanning. Dosimeters should be tissue-equivalent for the kind of radiation used. An ideal 

dosimeter response depends on the total radiation dose delivered, but is not influenced by 

the radiation dose delivery rate.  

Polymer gel dosimeters are 3D dosimeters made of hydrogels, which contain 

monomers and crosslinkers that polymerize in response to radiation (Baldock et al. 

2010). The amount of crosslinked polymer that forms and precipitates at each location 

depends on the local radiation dose. Formation of tightly crosslinked polymer particles 

(micro-gels) induces changes in the physical properties of the dosimeter, which can be 

detected using a variety of imaging techniques (e.g., magnetic resonance imaging (MRI), 

optical computed tomography (CT) and x-ray CT) (Maryanski et al. 1993, Maryanski et 

al. 1994, Jirasek et al. 2010, Olding et al. 2011). The radiation dose distribution can then 

be determined from the resulting 3D images and used to verify the treatment plan that 

was applied (Baldock et al. 2010). 

Polyacrylamide gel (PAG) dosimeters are the most widely studied polymer gel 

dosimeters (Baldock et al. 2010). These dosimeters consist of acrylamide (Aam or M1) 

monomer and N,N’-methylene-bisacrylamide (Bis or M2) crosslinker (see Figure 2.1) 

dissolved in an aqueous gelatin matrix. Radiation delivered to the dosimeter causes the 



 

25 

 

dissociation of water molecules into free radicals that induce polymerization (Maryanski 

et al. 1993). Although linear polyacrylamide is water-soluble, crosslinked polyacrylamide 

becomes insoluble and precipitates. The precipitated polymer is held in position by the 

gelatin matrix, preserving information about the location of the radiation dose. In some 

dosimeters acrylamide, a severe neurotoxin and suspected carcinogen, has been replaced 

with n-isopropyl acrylamide (NIPAM), shown in Figure 2.1, which is still toxic but has 

lower toxicity than acrylamide and is easier to handle safely (Senden et al. 2006, Koeva 

et al. 2009a, Jirasek et al. 2010, Chain et al. 2011a).   

 

 

Figure 2.1: Chemical structure of acrylamide and n-isopropyl acrylamide (NIPAM) monomers 

and bisacrylamide crosslinker used in polymer gel dosimetry.  Bisacrylamide is an effective 

crosslinker because two vinyl groups are available for polymerization. 

 

One of the major difficulties encountered by researchers when making PAG 

dosimeters is oxygen contamination. Traditionally, PAG dosimeters were manufactured 

in oxygen-free glove boxes (Baldock et al. 1998a). Such dosimeters are called “anoxic” 

PAG dosimeters. More recently, most polymer gel dosimeters are “normoxic” 

dosimeters, which are manufactured under normal bench-top conditions and use an 
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oxygen scavenger such as tetrakis hydroxymethyl phosphonium chloride (THPC) to 

remove oxygen from the solution (De Deene et al. 2002, Jirasek et al. 2006, Senden et al. 

2006). A typical recipe for a normoxic polymer gel is shown in Table 2.1 (Maryanski et 

al. 1994, Baldock et al. 1998a). Water, which is the main component in the dosimeter 

recipe, helps to ensure a tissue-equivalent response to radiation.  

 

Table 2.1: Typical PAG dosimeter recipe (Maryanski et al. 1994, Baldock et. al 1998a) 

Component Quantity (wt%) 

Monomer (Aam or NIPAM) 3 

Crosslinker (Bis) 3 

Gelatin 5 

Water 89 

 

When MRI is used to read out images from irradiated dosimeter phantoms (see, 

for example, the phantom in Figure 2.2) (Koeva 2008), the spin-spin relaxation rate R2 is 

determined at different locations in the gel (Maryanski et al. 1993, Maryanski et al. 

1994). Calibration curves (see Figure 2.3(b)) that give the relationship between the R2 

values and the radiation dose are then used to determine the dose delivered (in units of 

Gy) at each location. The calibration curve in Figure 2.3(b) (De Deene 2004) was 

obtained by uniformly irradiating a set of vials containing the polymer gel using different 

known doses (Figure 2.3(a)) (Koeva et al. 2009b). Polymerization in PAG phantoms 

continues for several hours after irradiation ceases, so the vials are typically scanned one 

day after irradiation to ensure stable R2 readings (Baldock et al. 2010).  Note that the 

polymer gel phantom in Figure 2.2 received a non-uniform radiation dose that physicists 

delivered using a series of external radiation beams from different directions (Koeva 
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2008). For brachytherapy dosimetry, calibration curves are sometimes obtained using 

externally-irradiated vials (McJury et al. 1999, Lin et al. 2009), but they can also be 

obtained by irradiating a phantom with a single brachytherapy seed (De Deene et al. 

2001, Pantelis et al. 2005, Hurley et al. 2006, Papagiannis et al. 2006). The delivered 

dose at different distances from the centre of the brachytherapy seed can be accurately 

calculated using well-known equations (e.g., see equation 2.1 in the next section) and 

correlated with the measured R2 response to construct an R2 vs. dose curve, similar to the 

one shown in Figure 2.3(b).   

Mathematical models have been developed to describe PAG dosimeters under 

spatially uniform (Fuxman et al. 2003, Koeva et al. 2009b) and non-uniform (Vergote et 

al. 2004, Fuxman et al. 2005) radiation conditions. These models help gel dosimetry 

researchers to better understand the influence of chemical and physical phenomena that 

occur in PAG dosimeters during and after irradiation. The models have been used to 

simulate edge enhancement and temporal instability problems (Fuxman et al. 2005), as 

well as oxygen inhibition (Koeva et al. 2009b) and the response of PAG dosimeters to 

radiation depth-dose profiles (Chain et al. 2011b).   
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Figure 2.2: Photograph of a non-uniformly irradiated polymer gel dosimeter (Koeva 2008), used 

with permission.  The white opaque regions received a higher radiation dose than the surrounding 

transparent regions in the gel.  This dosimeter was irradiated using external Co-60 radiation 

beams from different directions. 

 

 

Figure 2.3:  Construction of calibration curves for use in polymer gel dosimetry. a) Photograph 

of PAG calibration vials that were uniformly irradiated using different doses ranging from 0 Gy 

to 40 Gy (Koeva 2009b) and b) Calibration curve constructed from Magnetic Resonance (MR) 

analysis of a different series of PAG calibration vials produced using the recipe in Table 2.1 (De 

Deene 2004), used with permission. 
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The current article is concerned with mathematical modeling of PAG dosimeters 

for brachytherapy applications. Brachytherapy involves implanting multiple radioactive 

seeds in the human body (Erickson et al. 2011, Rosenthal et al. 2011). Because bones and 

soft tissues have heterogeneous structures, it is difficult for medical physicists to predict 

the exact 3D dose distribution that will be delivered within and near the tumour 

(Maryanski et al. 1994, Maryanski et al. 1996, Gifford et al. 2005, Ibbott and Heard 

2010). As a result, they need 3D dosimetry tools to help them plan and achieve better 

brachytherapy treatments (Baras et al. 2002, Kipouros et al. 2003, Noda et al. 2008, 

Petrokokkinos et al. 2011). Also PAG dosimeters may be useful in characterizing the 

basic radiation dose properties of new brachytherapy seeds (Maryanski et al. 1996, 

Papagiannis et al. 2001, Hurley et al. 2006, Pantelis et al. 2006, Papagiannis et al. 2006), 

(eg. to determine the seed anisotropy factor for nonspherical seeds (Nath et al. 1995), 

which is included in equation (2.1) below). 

As shown in Figure 2.4(a) and (b), radiation doses tend to be highest near the 

radioactive seeds (also called sources) and become lower as the distance from the seeds 

increases. Steep changes in radiation dose (dose gradients) occur near the seeds, and a 

large part of the dose is delivered within a few millimeters or centimeters from the source 

(Ibbott and Heard 2010).  
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Figure 2.4: Radiation absorbed dose as a function of distance from a spherical 2 mm diameter 

seed after one minute of irradiation. a) 
192

Ir HDR seed and b) 
125

I LDR seed.  The vertical axes for 

plots a) and b) have different scales because of the much higher dose rate of the 
192

Ir seed.   

 

Several research groups have performed experimental studies that address the 

issue of the reliability of polymer gel dosimeters for detecting 3D dose distributions near 

HDR brachytherapy sources (McJury et al. 1999, De Deene et al. 2001, Papagiannis et 

al. 2001, Kipouros et al. 2003, Hurley et al. 2006). Other researchers have discussed the 

applicability and accuracy of polymer gel dosimetry for LDR brachytherapy applications 

(Farajollahi et al. 1999, Fragoso et al. 2004, Pantelis et al. 2004, Pantelis et al. 2005, 

Massillon et al. 2011). Some of these researchers have described problems with obtaining 

accurate measurements of the radiation dose absorbed near the seeds where dose rates are 

high and there are steep changes in radiation dose.   

Our current research is aimed at modeling the polymerization reactions and 

monomer diffusion that occur near a single spherical radioactive seed in a PAG 

dosimeter. The main objectives of this work are i) to simulate the influence of the 
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radioactive brachytherapy seed on polymer formation and crosslinking and ii) to 

investigate whether PAG dosimetry will provide accurate dosimetry for different types of 

brachytherapy sources. The two types of brachytherapy considered are HDR 

brachytherapy using an 
192

Ir seed implanted temporarily and LDR brachytherapy using an 

125
I seed implanted permanently.  Model equations are developed and numerical solution 

of the model equations is described. Simulation results for both 
192

Ir and 
125

I 

brachytherapy seeds are presented. The simulations provide information about the 

effectiveness of polymer gel dosimeters for HDR brachytherapy applications and about 

the problems that occur when polymer gel dosimeters are used for LDR brachytherapy 

dosimetry.   

2.4 Model Development 

2.4.1 Radial Dose Profiles 

Simulations were done assuming a single point-source of radiation at the centre of 

the radioactive seed, which is in the centre of a spherical phantom as shown in Figure 2.5. 

The dose rate for a point source at a distance r from the centre of the source is given in 

equation (2.1) as follows (Nath et al. 1995): 

 ̇( )     (
 ( )

 (  )
) ( ) ( )                                                                                         (2.1) 

where:  

 ̇( ) is the dose rate [Gy min
-1

] 

  is the dose rate constant [Gy min
-1

 U
-1

], which depends on the radioactive source used 

 ( ) is a geometry factor, which is equal to r
-2

 for a point source in a spherical particle 

 (  ) is the geometry factor at the reference point of r0 =1 cm.  
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  ( ) is a dimensionless radial dose function, which is different for different radioactive 

sources, and is influenced by the type and thickness of material used to encapsulate the 

radioactive source within the seed (Nath et al. 1995). 

 ( ) is an anisotropy function, which has a value of 1 for spherical particles.  

   is the air kerma strength of the source in units of U, which is used to account for 

radioactive decay of the seed during irradiation: 

         (
   (   )

    
)                                                                                                   (2.2) 

  is the time since the measurement of the initial air kerma strength (   ) is taken and      

is the half-life of the source. 

 

 

Figure 2.5: Schematic diagram showing irradiation of a simulated spherical phantom.  The outer 

wall of the phantom is 10 cm from the centre of the brachytherapy seed.  The seed, in the centre, 

has a diameter of 2 mm and is not drawn to scale. 

 

In this article the responses of the PAG dosimeter (using the recipe in Table 2.1) 

to 
192

Ir (HDR) and 
125

I (LDR) are simulated. Values of the parameters required in 
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equation 2.1 and 2.2 for these two types of sources are provided in Table 2.2. The 

radiation delivery equations presented in Equation 2.1 and 2.2 and Table 2.2 are more 

accurate than the simpler equation used in our previous simulations (Nasr et al. 2010) for 

an 
192

Ir seed, which did not account for decay of the radioactive source during radiation 

delivery. Figure 2.4(a) and (b) show the radial dose profiles from 1 mm-radius seeds of 

192
Ir and 

125
I, respectively, after one minute of irradiation. Note the large differences in 

the scales of the vertical axes for these two sources. The reason for the large differences 

in dose rate is the higher activity of the 
192

Ir seed, which is designed to be removed from 

the body after ~1 minute. The less active 
125

I seed is designed to remain permanently in 

the body. Note that we also perform a series of simulations with spatially-uniform 

radiation throughout the phantom ( ̇( )=2.5 Gy min
-1

) for different amounts of time. The 

purpose of these simulations is to generate results corresponding to a series of calibration 

vials like those shown in Figure 2.3.    

Table 2.2: Parameters values for 
192

Ir and 
125

I brachytherapy radiation (Nath et al. 1995). 

parameter units 
192

Ir 
125

I 

    [U] 13400  1.27  

     [min] 106350  85536  

  [Gy min
-1

 U
-1

] 1.8667×10
-4

  1.55×10
-4

  

 ( ) cm
-2

 1/r
2
 1/r

2
 

 ( ) ---- 1 1 

 ( ) ----           
     

     
            

     
     

     
  

    9.89054×10
-1

 1.02307 

   cm
-1

 8.81319×10
-3

 8.63751×10
-2

 

   cm
-2

 3.51778×10
-3

 -1.37155×10
-1

 

   cm
-3

 -1.46637×10
-3

 3.07795×10
-2

 

   cm
-4

 9.24370×10
-5

 -2.86946×10
-3

 

   cm
-5

 0 9.87558×10
-5
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2.4.2 Polymerization Model 

Previous partial differential equation (PDE) models, developed by Fuxman et al. 

from our research group (Fuxman et al. 2003, Fuxman et al. 2005, Chain et al. 2011b) 

are extended and reformulated to account for brachytherapy irradiation instead of 

radiation by an external beam. The original models were expressed in Cartesian 

coordinates using the spatial variable x, whereas the current model uses the radial 

coordinate r to indicate the distance from the centre of the radioactive seed (Fig. 2.5).  In 

addition, the revised model requires modifying Fuxman’s original material balance on 

primary radicals, which is:  

 [(  ̇)]

  
  ( ) (  ̇)[   ]

         (  ̇)  
[(  ̇)]

 

  

  
        (2.3) 

where [(  ̇)] is the concentration of primary radicals generated by water radiolysis,  ( ) 

identifies zones receiving or not receiving radiation,       is molecular weight of water, 

[   ]
  is the water concentration in the aqueous phase,  (  ̇) is the rate of consumption 

of primary radicals by subsequent reactions,   is the volume fraction occupied by the 

aqueous phase and  (  ̇) is the rate of generation of primary radicals, which is obtained 

by multiplying the dose rate by the chemical yield of the free radicals (G=6.27×10
-7

 mol 

J
-1

) (Fuxman 2003, Spinks and Woods 1976). Fuxman et al. used their model to study 

edge enhancement at a sharp interface between irradiated and un-irradiated zones. They 

used  ( ) to distinguish locations that receive radiation (   ) from locations that do 

not (   ). When investigating the effects of brachytherapy irradiation on PAG 

dosimeters   is set to one everywhere and the radial dose rate, given by (eq.1), is used to 

determine the local rate of generation of primary radicals as follow: 

 (   ̇)     ̇( )                                                                                                            (2.4) 
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All PDEs in Fuxman’s model that contain derivatives with respect to the spatial 

coordinate x were reformulated in spherical coordinates to account for variation in the 

radial direction r. For example, the material balance on acrylamide monomer (M1) was 

changed from equation (2.5) to equation (2.6) as follow: 

 [  
 ]

  
     (

 

 

  

  

 [  
 ]

  
 
  [  

 ]

   
)         ([  

 ]  
[  

 
]

   
)  

[  
 ]

 

  

  
                 (2.5) 
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 [  
 ]

  
 
  [  

 ]

   
 
 

 

 [  
 ]
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 ]  
[  

 
]

   
)  

[  
 ]

 

  

  
 (2.6) 

All of Fuxman’s PDEs that do not contain the variable x remain unchanged in the current 

model (Fuxman et al. 2005). Fuxman’s boundary conditions were revised (see Table 2.3) 

to account for the position of the phantom wall at Rmax= 10 cm and to permit heat loss 

through the phantom wall.  

Table 2.3: Transformed Model Equations.  The complete model also includes 17 other PDEs, 

which are provided in Tables 4 and 5 of the article by Fuxman et al (2005).  

Species Balance Equations for Aqueous Phase 
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Balances on moments of the water soluble growing radical distribution 
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Boundary Conditions 
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Updated values of model parameters (Koeva et al. 2009b) that were fitted using 

temperature rise and polymer mass data (Salomons et al. 2002, Babic and Schreiner 

2006) are used in this revised model. Concentration data from the literature were not used 

for parameter estimation because of the lack of detailed information about storage 

conditions (such as the temperature and oxygen levels) that influence the monomer 
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concentrations and polymerization rate (Baldock et al. 1998b, Jirasek et al. 2001, Jirasek 

and  Duzenli 2001, Lepage et al. 2001a, Lepage et al. 2001b). A complete list of all 

model parameters and their values is provided in a recent article by Chain et al. (2011b), 

who verified that the model can predict the qualitative trends in these monomer 

consumption data using the current parameter values. Note that there is considerable 

uncertainty in some of these parameter values. It will be important to perform additional 

experiments that can be used for further parameter estimation if more accurate 

predictions from the model are required in the future.  

2.5 Model Solution 

The complete system of 31 PDEs was solved using the VLUGR2 solver in 

FORTRAN (Blom et al. 1996). Note that this PDE model could also be solved using the 

pdepe subroutine in Matlab, but simulation times are prohibitively long (Chain et al. 

2011b). The PDEs were solved to predict the mass and type of polymer formed as well as 

the temperature distribution as a function of time and radial distance from the 

brachytherapy seed.  

VLUGR2 is a numerical solver that solves initial value problems with boundary 

conditions for systems of PDEs in either one or two spatial dimensions (Blom et al. 

1996). The algorithm uses a finite difference method to convert the spatial domains into a 

set of algebraic equations and uses a second order two-step implicit backward 

differentiation formula. In the current work, the radial spatial domain was approximated 

using 400 uniformly-spaced grid points to ensure numerical accuracy. VLUGR2 is 

designed to solve PDEs on a spatial domain that extends from 0 to 1, but the radial 

coordinate in our model extends from the edge of the seed at r = 0.1 cm to the edge of the 
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phantom at      cm.  Before the PDEs could be solved, the following mathematical 

transformation was used so that the transformed spatial domain extends from  ̃    to 

 ̃   : 

 ̃  (     )                                                                                                              (2.7)  

Using this transformation, the first derivative with respect to r in equation (2.6), for 

example, becomes:          

 [  ]

  
 
 [  ]

     ̃
                          (2.8) 

and the second derivative in the same equation becomes: 

  [  ]

   
 

  [  ]

      ̃ 
              (2.9) 

The transformation in equation 2.7 to 2.9 was applied to all of the PDEs in our model that 

contain spatial derivatives, as shown in Table 2.3. The other 17 PDEs used in the model 

(without spatial derivatives) are the same as those of Fuxman et al. (2005). Note that this 

approach is an improvement over a simpler transformation and associated assumptions 

used in our preliminary brachytherapy dosimetry model (Nasr et al. 2010) where we 

neglected the volume occupied by the seed and used a fixed dose rate of of  ̇( )      

[Gy min
-1

] in the interval 0 < r ≤ 0.1 cm to prevent numerical problems associated with 

very large dose at small values of r. 

2.6 Simulation Results and Discussion  

Simulations were run to predict the response of a PAG dosimeter (produced using 

the recipe in Table 2.1) to a 2 mm-diameter brachytherapy seed made from 
192

Ir.  This 

HDR 
192

Ir seed was implanted for one minute, at the centre of the spherical phantom, to 

deliver a total dose of 2.5 Gy at a distance of r = 1 cm.  Polymerization was simulated up 
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to a final time of 12 hours to account for the influence of long-lived polymer radicals that 

continue to polymerize after radiation ceases (McAuley 2004, Fuxman et al. 2005). 

Simulations were also conducted for a similar seed made from 
125

I, which is a LDR 

source. This LDR seed remained at the centre of the phantom throughout the simulation 

time to mimic LDR treatments wherein the radioactive seed is implanted permanently in 

the patient.  Simulations with the 
125

I seed were attempted for a period of 10 days so that 

the total delivered dose at r = 1 cm would be 2.5 Gy. Unfortunately, numerical 

difficulties were encountered after approximately 3.5 days of simulated time. The reasons 

behind these numerical problems will be discussed below because they have important 

implications for the accuracy of LDR brachytherapy dosimetry using polymer gels. LDR 

simulation results are reported at a final time of three days, when the simulation was 

working without numerical problems.   

2.6.1 Results for the HDR 
192

Ir brachytherapy seed 

Figure 2.6(a) shows the amount of polymer formed in response to 
192

Ir 

brachytherapy radiation. As expected, polymerization continued after the removal of the 

seed, and more polymer formed in the highly-irradiated region near the seed than further 

from the seed where less radiation was received. For example, the polymer concentration 

at 1 mm from the center of the seed increased from ~40 [gL
-1

] after one minute of 

irradiation to ~240 [gL
-1

] twelve hours after the removal of the seed. The temperature 

(not shown) increased by about 2 ºC near the seed during the first minute, and then 

decreased back to room temperature (20 ºC) after the removal of the seed, due to heat 

transfer through the outer wall of the phantom. Figure 2.6(b) and 2.6(c) show the 

concentration of acrylamide M1 and bisacrylamide M2, respectively, at t = 1 minute 
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(immediately after the removal of the seed) and at longer times. As expected, a larger 

drop occurs in [M2] than in [M1] due to the higher reactivity of bisacrylamide, which has 

two vinyl groups. As time proceeds, concentrations of monomers near the seed recover 

due to diffusion from the low-dose region at larger values of r.  The total polymeric free-

radical concentration at different times is shown in Figure 2.6(d). As expected, the 

polymeric free-radical concentration is highest at t = 1 min and is higher near the seed 

than further away because the dose delivered near the seed is higher (see Figure 2.4).  

Figure 2.7 (a), (b) and (c) shows the polymer formed, [M1] and [M2], respectively, 

versus time at different radial distances from the centre of the seed. The polymer 

formation rate, which is the slope of the curves in Figure 2.7(a), begins to decrease after 

the radiation ceases at t=1 minute due to a decrease in the polymeric free-radical 

concentration. This decrease is caused by termination reactions. As shown in Figure 

2.7(b) and (c), during the first few minutes when the polymerization rate is high, [M1] 

and [M2] fall rapidly near the seed. At times longer than 1 h, [M1] and [M2] rise very 

slowly at r=2 mm because the rate of diffusion toward the seed becomes larger than the 

rate of consumption by polymerization.  Further from the seed, at r = 3 mm and 5 mm, 

[M1] and [M2] continue to fall slowly due to diffusion toward the seed. At very long 

times (not shown) when all polymerization has ceased and there has been ample time for 

diffusion, [M1] and [M2] become uniform throughout the phantom. 
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Figure 2.6: Influence of radiation using 
192

Ir seed on: a) polymer formation, b) acrylamide (M1) 

concentration, c) bisacrylamide (M2) concentration and d) total free radical concentration. Results 

are reported vs. radial distance from the centre of the seed at the following times: ( ) 0 min, (

) 1 min, ( ) 5 min, ( ) 1 h and ( ) 12 h. The brachytherapy dose shown in 

(Fig 2.4-a) was delivered for one minute before the seed was removed. 
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Figure 2.7: Response of PAG dosimeter to 
192

Ir brachytherapy seed radiation in terms of: a) 

polymer formation, b) acrylamide (M1) concentration and c) bisacrylamide (M2) concentration. 

Results are reported vs. time at the following radial distances from the centre of the seed: ( ) 

2 mm, ( ) 3 mm, ( ) 5 mm, ( ) 10 mm and, ( ) 20 mm. The brachytherapy 

dose shown in (Fig 2.4-a) was delivered for one minute before the seed was removed. 
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Figure 2.8(a) shows that more polymer is produced per Gy of radiation at large 

values of r than at small values near the seed. R2 (the vertical axis of the calibration curve 

in Figure 2.3(b)) depends on the mass of polymer that forms and precipitates.
[48]

 An ideal 

dosimeter would result in a flat profile, with the same amount of polymer produced for 

every Gy of radiation received, regardless of the distance from the source. The reason for 

the smaller amount of polymer per Gy near the seed is that radiation is delivered at a 

higher dose rate at small values of r, resulting in a higher local radical concentration near 

the seed (Figure 2.6(d)). Higher radical concentrations result in a higher rate of 

termination near the seed than at larger values of r, so that less polymer is produced, on 

average, for each radical generated near the seed.  

Figure 2.8(b) shows the moles of crosslinks per mass of polymer formed (i.e., the 

crosslink density). High crosslink density is associated with high R2 (McAuley 2004, 

Babic and Schreiner 2006). An ideal dosimeter would have a flat crosslink density 

profile. In Figure 2.8(b), crosslink density is higher near the seed than at large values of r 

because bisacrylamide near the seed is consumed more rapidly than acrylamide due to the 

two vinyl groups on each bisacrylamide molecule. The drop in [M2] near the seed, shown 

in Figure 2.6(c) causes bisacrylamide to diffuse toward the seed, where it is consumed, 

results in the high levels of crosslinking at low values of r.   

Figure 2.8(c) shows the volume fraction   of the aqueous phase as a function of r at 

different times. As polymer forms near seed, some of the aqueous phase is replaced by 

precipitated polymer microgels. At the very edge of the seed, the volume fraction 

occupied by the aqueous phase falls to ~ 25% indicating that ~ 75% of the volume is 
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occupied by the polymer phase at r = 0.1 at the longest time, t = 12 hours.  The relative 

volume fractions of the aqueous and polymer phases may also influence R2. 

 

Figure 2.8: Influence of brachytherapy radiation using 
192

Ir seed on a) polymer formed per Gy, b) 

crosslink density and c) volume fraction of aqueous phase. Results are reported vs. radial distance 

from the centre of the seed at the following times: ( ) 0 min, ( ) 1 min, ( ) 5 min, (

) 1 h and ( ) 12 h. The brachytherapy dose shown in (Fig 2.4-a) was delivered for one 

minute before the seed was removed. 
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2.6.2 Results for LDR 
125

I brachytherapy seed  

Simulation results for 
125

I indicate that temperature (not shown) increases by less 

than 0.01 ºC near the seed over the course of the three-day simulation. The temperature 

rise is small because the polymerization rate is low, providing ample time for heat 

transfer through the phantom wall. Figure 2.9(a) shows the amount of polymer formed, 

one day, two days and three days after insertion of the radioactive seed. As expected, 

more polymer forms in the highly-irradiated region near the seed than further from the 

seed where less radiation is received. Due to decay in radioactivity of the seed over time, 

more polymer forms during the first day than the amount of incremental polymer that 

forms in the 2
nd

 and 3
rd

 days.   

Figure 2.9(b) and 2.9(c) show that [M1] and [M2] are smaller near the edge of the 

seed than at large values of r, as expected. However, these concentration profiles are 

much flatter than those for the HDR brachytherapy simulations (see Figure 2.6(b) and 

2.6(c)). Acrylamide and bisacrylamide have more time to diffuse (relative to the 

polymerization rate) in LDR brachytherapy dosimetry than in HDR brachytherapy 

dosimetry where polymerization rates are significantly higher. As expected, the drop in 

[M2] near the seed is larger than the drop in [M1]. Figure 2.9(d) shows polymeric free-

radical concentrations at different times and positions. The total polymeric free-radical 

concentration is higher near the seed than further away, as expected. Because of the 

decay in the radioactivity of 
125

I with time, the free radical concentration begins to 

decrease after about one day.  
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Figure 2.9: Influence of brachytherapy radiation using 
125

I seed on a) polymer formation, b) 

acrylamide (M1) concentration, c) bisacrylamide (M2) concentration and d) total free radical 

concentration. Results are reported vs. radial distance from the centre of the seed at the following 

times: ( ) 0 days, ( ) 1 day, ( ) 2 days and ( ) 3 days. The seed is implanted 

permanently and the brachytherapy dose delivered is given by [Equation (2.1)] with parameter 

values for 
125

I given in [Table (2.2)].   
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Figure 2.10(a) shows the mass of polymer formed per unit dose of radiation 

delivered. As in the case of 
192

Ir, more polymer is produced per Gy of radiation at large 

values of r than near the seed. Figure 2.10(b) shows the moles of crosslinks per mass of 

polymer formed. The polymer that forms near the seed has a larger crosslink density than 

the polymer formed at larger values of r, as was the case for 
192

Ir.  Figure 2.10(c) shows 

that the volume fraction   of the aqueous phase becomes much lower near the seed than 

further away, and that   near the seed becomes very small (~ 0) after 3 days, because 

nearly all of the aqueous phase has been replaced by precipitated polymer microgels. 

When   becomes even closer to zero (at t  3.5 days), severe numerical problems are 

encountered. The simulation is no longer able to run because   appears in the 

denominator of many terms in the model (e.g., the final term in equation T1 in Table 2.3) 

and very small values of    lead to divide-by-zero errors.  
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Figure 2.10: Influence of brachytherapy radiation using 
125

I seed on a) polymer formed per Gy, 

b) crosslink density and c) local volume fraction of aqueous phase. Results are reported vs. radial 

distance from the centre of the seed at the following times: ( ) 0 days, ( ) 1 day, ( ) 

2 days and ( ) 3 days. The seed is implanted permanently and the brachytherapy dose 

delivered is given by [Equation (2.1)] with parameter values for 
125

I given in [Table (2.2)]. 
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We are concerned that the model provides inaccurate results at locations where   

becomes small (e.g.,   < 0.2). The model assumes that the only significant pathway for 

bulk diffusion of acrylamide and bisacrylamide is through the aqueous phase, and it uses 

a constant value of DM1= 2.5×10
-4

 cm
2 

min
-1

 for the bulk diffusivity of acrylamide and 

DM2 = 0.75DM1 for bisacrylamide. This assumption was valid in previous modeling 

studies from our research group (Fuxman et al. 2005, Chain et al. 2011b), where   

remained relatively high at all locations in the simulated gel phantoms. Because the 

current model involves low values of   at longer reaction times, the rate of diffusion of 

acrylamide and bisacrylamide calculated by the model is too high near the seed. As the 

aqueous phase disappears, a secondary route for monomer diffusion toward the seed 

becomes important (i.e., diffusion through the precipitated polymer phase). The 

diffusivity of monomer through the polymer phase, which is swollen with water and 

unreacted monomers, is only ~6×10
-6

 cm
2 

min
-1

 (Fuxman et al. 2005). As a result, the rate 

of polymer formation near the seed will be over-predicted after about two days because 

our model assumes a bulk diffusivity of DM1= 2.5×10
-4

 cm
2 

min
-1

, even when   

approaches zero. Note, however, that the trend of excess polymer formation near the seed 

and disappearance of the aqueous phase, as predicted by the model, is correct and has 

important implications for LDR polymer gel dosimetry.  

The model could be improved to account for reduced diffusion rates at low values of 

   by adjusting the diffusion coefficients so that they decrease as   decreases. For 

example, Figure 2.11 shows several different sigmoidal functions that could be used to 

account for changes in bulk diffusivity resulting from an increase in polymer-phase and 

decrease in aqueous-phase volume fractions. We decided not to revise our model to 
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include this type of dependency because we have little information about exactly how 

DM1 changes with  , and selection of any one of the sigmoidal functions in Figure 2.11 

would be arbitrary. The very fact that the model predicts that   becomes small near the 

seed for LDR brachytherapy after about two days of radiation delivery causes us to worry 

about the accuracy of PAG dosimetry for LDR brachytherapy. We are concerned that the 

relative amounts of the polymer and aqueous phases could have an important influence 

on R2 (and optical and x-ray CT responses), which would lead to inaccurate dose 

determination from traditional calibration curves developed from uniformly irradiated 

vials. 

 

 

Figure 2.11: Possible functions that could be used to account for the effect of aqueous phase 

volume fraction on the effective diffusivity of acrylamide and bisacrylamide in the phantom. 

Diffusion is impeded when the aqueous phase is replaced by polymer 
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2.6.3 Prospects for accurate HDR and LDR brachytherapy dosimetry  

  Our model does not predict R2 or other convenient gel read-out variables but it 

does predict: i) the amount of polymer formed per unit volume of gel, ii) the crosslink 

density in moles of crosslinks per gram of polymer formed and iii) the volume fraction   

occupied by the aqueous phase. These response variables are important because they 

influence R2 and, presumably, common optical and x-ray CT readout variables 

(Salomons et al. 2002). Figure 2.12 shows these three responses obtained from our HDR 

and LDR simulations as a function of the absorbed radiation dose. Also shown in Figure 

2.12 are corresponding curves obtained by simulating a series of uniformly-irradiated 

calibration vials (vials like those in Figure 2.3).  

For the uniformly-irradiated vials, concentration gradients are zero and no diffusion 

occurs. The amount and type of polymer formed in the vials during each experiment will 

depend on the monomer and bisacrylamide concentrations, the total radiation dose and, to 

some extent, the dose rate. As a result, use of calibration vials will account for variation 

in key response variables (i.e., polymer formed per Gy, crosslink density and   ) with the 

delivered dose, but calibration vials cannot compensate for the variation of these 

variables in the brachytherapy phantom due to monomer and crosslinker diffusion over 

time.  

To construct Figure 2.12, a series of vial simulations was conducted using a uniform 

radiation profile ( ̇( ) = 2.5 Gy min
-1

) with the radiation delivered for different periods 

of time to achieve final absorbed doses of 0.5, 1.0, 2.0, 5.0, 10, 20, 50 and 250 Gy. 

Polymerization in the calibration vials was simulated for 12 h after the beginning of the 

irradiation to account for the influence of long-lived radicals. After 250 Gy was delivered 
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(not shown in Figure 2.12) all of the monomer and bisacrylamide were consumed, 

resulting in a final value of  =0.8, indicating that the maximum volume fraction of the 

polymer phase that could be obtained in the vials is approximately 20 %, using the recipe 

in Table 2.1. Note that the final value of   is higher than the initial volume fraction of the 

monomer and bisacrylamide because our model accounts for water absorbed in the 

polymer phase (Fuxman et al. 2003, Fuxman et al. 2005).  
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Figure 2.12: Comparison of dosimeter responses in calibration vials ( ) with dosimeter 

responses to 
192

Ir ( ) and 
125

I ( ) brachytherapy seeds.  Simulation results are shown 

12 hours after the start of irradiation for the vials and the 
192

Ir phantom. For 
125

I, results are shown 

after three days.  At the same dose levels, the external beam radiation delivered to the calibration 

vials and 
192

Ir brachytherapy radiation result in similar a) amount of polymer formed per Gy, b) x-

link density and c) volume fraction of aqueous phase. Responses to 
125

I are significantly different.   
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Diffusion of monomer and crosslinker during polymerization is the main reason that 

much lower values of   (and higher polymer-phase fraction) are obtained in LDR 

brachytherapy dosimetry than in uniformly irradiated calibration vials or in HDR 

brachytherapy. In HDR brachytherapy, only a few hours elapse before polymerization 

rates become negligibly small. In LDR brachytherapy, irradiation and the associated 

polymerization occur over many days, providing a long time where monomer and 

crosslinker can diffuse and become incorporated into the growing polymer molecules.  

Figure 2.12 shows that PAG dosimeters will result in poor accuracy for LDR 

brachytherapy dosimetry. There are large deviations in the amount of polymer formed, 

the crosslink density and the aqueous-phase volume fraction when comparing the LDR 

phantom and the calibrations vials. Because polymerization occurs over an extended 

period of time during LDR brachytherapy, there is ample time for excess monomer and 

crosslinker to diffuse toward the seed, resulting in large differences in the amount and 

type of polymer formed at each dose, when compared with the calibration vials. Similar 

problems are expected when single LDR brachytherapy seeds are used to construct 

calibration curves for multi-seed brachytherapy dosimetry experiments. In this situation, 

there may be significantly different concentration gradients and rates of diffusion in the 

vicinity of the multiple seeds than near the single calibration seed, which could lead to 

inaccurate dosimetry. As a result, we do not recommend PAG dosimeters and other 

polymer gel dosimeters for application to LDR brachytherapy. Alternative dosimetry 

systems are required wherein the chemical agent that interacts with the free radicals 

generated by radiation is not able to diffuse at any appreciable rate within the phantom. 
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Figure 2.12 also shows that PAG dosimeters can provide accurate HDR 

brachytherapy dosimetry. The amount of polymer (Figure 2.12 (a)) formed at each dose 

is in good agreement with the amount of polymer formed in the corresponding uniformly-

irradiated calibration vials. Similar good agreement is obtained for the crosslink density 

and the aqueous-phase volume fraction (Figure 2.12(b) and (c), respectively). Deviations 

can be noticed for doses larger than about 15 Gy, which are encountered at values of r < 

0.4 cm. The reasons for discrepancies near the seed are the high dose rates (see Figure 

2.4(a)), which are much higher than the 2.5 Gy min
-1

 used for the calibration vials and the 

high dose gradients that result in monomer diffusion near the seed. Even better results are 

expected when single HDR brachytherapy seeds are used to construct calibration curves 

for complex HDR brachytherapy dosimetry involving complex geometry and multiple 

seeds. The limited amount of time available for diffusion during polymerization ensures 

that similar dosimeter properties will be obtained using similar total radiation doses. In 

addition, the high dose rates near the seeds will be similar in single-seed and multi-seed 

situations, which will help to improve dosimeter accuracy. 

Note that our model does not account for the effects of oxygen-scavenging agents, 

such as THPC, which are added to normoxic PAG dosimeters. These effects have not yet 

been included in mathematical models due to our limited understanding of the complex 

side reactions that occur (Jirasek et al. 2006, Koeva et al. 2009b). However, we anticipate 

that discrepancies between vials and HDR PAG dosimetry will be even smaller for 

dosimeters that contain THPC. PAG dosimeter recipes that include THPC result in less 

dose-rate dependence and shorter polymerization times due to fewer long-lived polymer 

radicals (McAuley 2004, De Deene et al. 2006). In dosimeters with THPC, monomer 
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consumption will cease within a few hours after the removal of the radioactive seed, 

providing less time for diffusing acrylamide and bisacrylamide to polymerize. HDR 

results are expected to be similar or slightly better for NIPAM-based polymer gel 

dosimeters than polyacrylamide gel dosimeters because NIPAM has a slightly lower 

diffusivity than acrylamide, due to its larger size. Unfortunately, addition of THPC will 

not tend to make LDR brachytherapy dosimetry more accurate using polymer gels. In 

LDR brachytherapy, continuous generation of radicals over a period of many days 

provides ample time for diffusing monomer and crosslinker to be consumed by 

polymerization, leading to inaccurate results, regardless of whether THPC is present or 

not. 

2.7 Conclusions  

A mathematical model is developed and used to simulate the influence of a spherical 

radioactive brachytherapy source on polymer formation and crosslinking in a 

polyacrylamide gel dosimeter. The model is used to investigate the accuracy of PAG 

dosimetry for HDR brachytherapy using an 
192

Ir seed implanted for one minute and for 

LDR brachytherapy using an 
125

I seed implanted permanently. Simulations of the 

response of PAG to both 
192

Ir and 
125

I seeds show that monomer and crosslinker 

concentration profiles are much flatter in the LDR simulations than in the HDR 

simulations because acrylamide and bisacrylamide are consumed more slowly in LDR 

brachytherapy dosimetry and have more time to diffuse. The temperature rise due to 

polymerization near the seed is small for the HDR (~2 C) and LDR (0.01 C) 

simulations that were conducted. 
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The proposed model cannot predict R2 or other commonly measured responses for 3D 

dosimetry (e.g., optical and x-ray CT read-out variables) but it does predict important 

properties that are related to these common measurements, including the mass of polymer 

per unit volume, crosslink density and the volume fraction of the aqueous phase. 

Simulations results show large deviations between the phantom irradiated by the LDR 

brachytherapy seed and simulated calibration vials for all three of these properties. As a 

result, we do not recommend PAG dosimeters or any other polymer gel dosimeters with 

diffusing monomers for application to LDR brachytherapy. Effective dosimetry for LDR 

brachytherapy applications will require negligible diffusion of the chemical agent that 

records the radiation dose, both prior to and after irradiation.  

On the other hand, our model shows a very good match between simulation results 

for the HDR-irradiated phantom and uniformly-irradiated vials in terms of the mass of 

polymer per unit volume, the crosslink density and volume fraction of aqueous phase for 

all distances larger than 4 mm from the centre of the seed. For example, at a distance of 1 

cm from centre of seed, the deviation between the HDR phantom and the vials was less 

than 2.3% for all three simulated properties. Closer to the seed, discrepancies between the 

simulated HDR phantom and the vials increase due to the large dose rate near seed and 

the diffusion that occurs.  
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2.9 Nomenclature 

Symbols   

    Constants used in the radial dose function, with i = 0, 1 ... 5 

Cp Heat capacity of the PAG gel system [J kg
-1

 K
-1

] 

Rmax Maximum radius of the phantom [cm] 

 ̇( ) Delivered dose rate [Gy min
-1

] 

D
i
 Dead polymer chain in the i

th
 phase, where I = aq for the aqueous 

phase and p for the polymer phase   

Dj Diffusivity of the j
th

 species [cm
2
 min

-1
], where j=D, H2O, M1, M2, P, 

  ̇, PDBeff and Q as defined in the subscripts section 

 ( )  Anisotropy function for radiation delivery 

G Chemical yield of free radicals [mol J
-1

]  

 ( ) Geometry factor for radiation delivery  

h Heat transfer coefficient for heat transfer from the PAG to the 

surrounding environment [J cm
-2

 K
-1

 min
-1

] 

H2O  Water 

ΔHR Energy released per mole of double bonds consumed [J mol
-1

] 
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kcond Thermal conductivity in the PAG dosimeter [J cm
-1

 K
-1

 min
-1

] 

k
i
c  Rate constant for intermolecular cyclization reactions in the ith phase 

[mol
-1 

min
-1

] 

km Mass transfer coefficient for fast transfer of monomer, bisacrylamide 

and water between aqueous and polymer phases [min
-1

] 

kx
i
j Rate constant for crosslinking in the i

th
 phase between an unreacted 

pendant double bond and a polymer radical with terminal species j. 

For acrylamide j=1 and for bisacrylamide j=2 [mol
-1

 min
-1

]  

M1 Acrylamide monomer  

M2 Bisacrylamide crosslinker  

Mw,H2O Molecular weight of water [kg mol
-1

] 

P Polymer radical with terminal acrylamide unit 

(  ̇) Initial primary radical (in the “cage”)  

  ̇ Primary radical that has diffused away from its counterpart radical 

Q Polymer radical with terminal bisacrylamide unit  

r Radial distance from the centre of the seed [cm] 

ro Reference radius (1 cm from the centre of the seed). 

 ̃ Transformed radial  coordinate calculated from r using equation (2.7)  

ri Net rate of generation of species i by chemical reactions [mol L
-1

 min
-

1
] 

R2 Transverse spin-spin relaxation rate [s
-1

]  

 (  ̇) Rate of generation of primary radicals [mol kg
-1

 min
-1

]  

   The air kerma (Kinetic Energy Released per unit Mass) strength of 

the radiation source [U, where 1 U = 1 cGy cm
2
 h

-1
] 

    Initial air kerma strength [U] 

 ( )  Dimensionless radial dose function in equation (2.1) and Table 2.2 
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T Temperature inside the PAG phantom [°C] 

TS Temperature of the surrounding environment [°C] 

t Time [min] 

     The half-life of the source [min] 

x Horizontal coordinate [cm] 

Subscripts   

1 Acrylamide  

2 Bisacrylamide  

D Dead polymer  

H2O  Water 

M1 Acrylamide monomer  

M2 Bisacrylamide crosslinker  

P Polymer radical with terminal acrylamide unit 

PDBacc pendant double bond belonging to the polymer phase and available 

for cross-linking with growing radicals in the aqueous phase 

PDBeff Pendant double bond available for crosslinking 

  ̇ Primary radical that has diffused away from its counterpart radical 

Q Polymer radical with terminal bisacrylamide unit  

Superscripts   

● Radical species  

w Aqueous phase 

p Polymer phase 
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Greek Symbols  

  The dose rate constant [Gy min
-1

 U
-1

] 

Г Dose delivery parameter used to indicate regions receiving radiation 

λi,j i
th

 moment of chain-length distribution for radicals in aqueous phase 

with terminal monomer j  

  Density of the PAG gel system [kg L
-1

] 

  Volume fraction occupied by aqueous phase 

 i Ratio of the concentration of species i in the polymer-phase over the 

concentration of the same species in the aqueous phase 

Acronyms  

2D Two dimensional 

3D Three dimensional 

Aam Acrylamide monomer 

Bis  N,N’-methylene-bisacrylamide crosslinker  

CT  Computed Tomography  

Gy Gray, unit for radiation dose [J kg
-1

] 

HDR High Dose Rate 

LDR Low Dose Rate 

MR Magnetic Resonance 

MRI  Magnetic Resonance Imaging  

NIPAM  N-isopropylacrylamide monomer  

PAG  Polyacrylamide gel  

PDBacc pendant double bond belonging to the polymer phase and available 

for cross-linking with growing radicals in the aqueous phase 
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PDBeff Pendant double bond available for crosslinking 

PDE Partial differential equation 

THPC Tetrakis (hydroxymethyl) phosphonium chloride 

U Unit of air kerma strength [cGy cm
2
 h

-1
] 
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Chapter 3 

Evaluation of the potential for diacetylenes as reporter molecules in 3D 

micelle gel dosimetry 

3.1 Chapter Overview 

Results from the previous chapter suggest that PAG gels will give poor dosimetry results 

when they are used with LDR brachytherapy sources because of the long time when un-

reacted monomers can diffuse. As a result, developing gel dosimeters with low diffusion 

will be beneficial for obtaining accurate dosimetry results. Radiochromic leuco-dye 

micelle gel dosimeters introduced by Jordan and his co-workers (Jordan and Avvakumov 

2009, Babic et al. 2009) are promising because they show superior spatial stability 

compared to polymer and Fricke gel dosimeters and they can be read out by optical CT 

scanners. In an effort to develop improved radiochromic micelle gel dosimeters, the use 

of pentacosa-10,12-diynoic acid (PCDA) (which is the radio-sensitive material used in 

GafChromic® films for two dimensional dosimetry) as reporter molecules to replace 

leuco-dyes in radiochromic micelle gel dosimeter is evaluated in this chapter.  

The material presented in this chapter has been published in Physics in Medicine and 

Biology 2013, 58, 787–805. 
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3.2 Summary 

Radiochromic micelle gel dosimeters are promising for three-dimensional (3D) radiation 

dosimetry because they can be read out by optical CT techniques and they have superior 

spatial stability compared to polymer and Fricke gel dosimeters. This study evaluates the 

use of diacetylenes as reporter molecules in micelle gel dosimeters. Several gels 

containing pentacosa-10,12-diynoic acid (PCDA) solubilized using sodium dodecyl 

sulfate (SDS) changed from colourless to blue upon irradiation. Unfortunately, all 

phantoms that experienced a colour change were turbid and would be unsuitable for 3D 

dosimetry. Two techniques (use of organic solvent and aqueous-phase additives) were 

successful in increasing colloidal stability to prevent the turbidity problem, but none of 

the resulting transparent gels changed colour in response to radiation. Transparent PCDA 

solutions were prepared using NaOH with no SDS or other surfactants, but these 

transparent solutions also did not change colour. Only turbid gels and surfactant solutions 

with precipitated PCDA particles responded to radiation. These results indicate that the 

colour change was due to the oligomerization within precipitated PCDA crystals, and that 
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liquid-phase PCDA solubilized in micelles did not undergo oligomerization. As a result, 

PCDA is not suitable for use in micelle gel dosimeters, and other radiochromic reporter 

molecules will need to be identified.   

3.3 Introduction 

Developments in radiation delivery equipment and imaging techniques have helped to 

obtain closer three-dimensional (3D) conformation of dose distribution to tumor volume 

(Schreiner 2006). Various radiation dosimeters are used in quality assurance systems to 

assure that radiation equipment delivers the intended dose to the correct location while 

minimizing the exposure of healthy tissues to radiation. Radiation dosimeters are devices 

fabricated from radiation-sensitive materials that, upon irradiation, undergo changes that 

are detectable and quantifiable. These changes are indicative of the amount and spatial 

distribution of the absorbed radiation dose (Adamovics 2006, Baldock et al. 2010). 

Detectable changes include changes in optical properties (e.g., color, transparency), 

changes in density and changes in nuclear magnetic resonance properties (Hurley et al. 

2006). 

Point-detection radiation dosimetry techniques (e.g., ionization chambers) and 

two-dimensional (2D) techniques (e.g., radiographic film) are routinely used to measure 

and calibrate radiation doses (Baldock et al. 2010). However, for full evaluation of 

complex dose deliveries, it is important to have dosimeters that can verify entire three-

dimensional (3D) dose distributions delivered by external beam and internal 

brachytherapy radiation techniques. An ideal 3D dosimeter should have a response that is 

stable, measurable, significant, well-defined and reproducible (De Deene 2004). The dose 

response should not be sensitive to temperature, pressure, light and atmospheric gases, as 
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these factors may vary during irradiation and scanning. Dosimeters should be tissue-

equivalent for the type of radiation used. The response of an ideal dosimeter depends on 

the total radiation dose delivered, but should not be influenced by the energy or dose rate. 

Examples of current 3D dosimeters are Fricke gel dosimeters, polymer gel dosimeters, 

the PRESAGE plastic dosimeter and, recently, micelle gel dosimeters. 3D dosimeters 

have been developed for readout using a variety of imaging techniques including 

Magnetic Resonance Imaging (MRI), optical Computed Tomography (CT) and x-ray CT 

(Maryanski et al. 1993, Maryanski et al. 1994, Maryanski et al. 1996, Jirasek et al. 2010 

and Olding et al. 2011,).  

Unfortunately implementation of 3D gel dosimeters in radiation clinics is not 

widespread because of limitations and difficulties associated with the different 3D 

phantoms and associated readout techniques (Baldock et al. 2010, Vandecasteele et al. 

2011). Fricke gel dosimeters (typically read out by MRI or optical CT) do not retain 

spatial stability beyond a few hours due to rapid diffusion of iron ions (Gore et al. 1984, 

Appleby et al. 1987, Schreiner 2004, Hurley et al. 2006, Baldock et al. 2010). Polymer 

gel dosimeters, especially polyacrylamide gels (PAG) and NIPAM-based gels, show 

relatively better post irradiation stability (Maryanski et al. 1993, Maryanski et al. 1994, 

Maryanski et al. 1996, De Deene et al. 2002a, Senden et al. 2006, Koeva et al. 2009a, 

Baldock et al. 2010, Jirasek et al. 2010, Chain et al. 2011a, Olding et al. 2011), but they 

experience problems due to oxygen contamination and diffusion of unreacted monomers 

(De Deene et al. 2002b, McAuley 2004, Vergote et al. 2004, Jirasek et al. 2006, Senden 

et al. 2006, Koeva et al. 2009b, Baldock et al. 2010, Chain et al. 2011b, Sedaghat et al. 

2011, Nasr et al. 2012). 
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Fricke gel and PAG are examples of dosimeters that are traditionally read out by 

MRI. The main issues using MRI scanning techniques in clinics are related to cost, 

availability, and lack of special skills required for quantitative MRI (Vandecasteele et al. 

2011). Among the different alternative readout techniques, optical CT scanners seem to 

be the most promising because they are low in cost, portable and could be readily 

accessible in most clinical environments (Doran 2009, Olding et al. 2011, Vandecasteele 

et al. 2011). These advantages of optical CT scanners have stimulated the development of 

optically clear radiochromic 3D dosimeters such as PRESAGE and micelle gel 

dosimeters (Adamovics 2006, Adamovics and Maryanski 2006, Babic et al. 2009, Jordan 

and Avvakumov 2009, Vandecasteele et al. 2011). 

PRESAGE dosimeters are solid polyurethane-based radiochromic 3D dosimeters, 

developed by Adamovics and coworkers (Adamovics 2006, Adamovics and Maryanski 

2006, Guo et al. 2006, Hurley et al. 2006). These dosimeters contain free radical 

initiators and a leuco-dye dissolved in the solid polyurethane. Upon irradiation, the 

colourless leuco-dye is converted to a coloured dye. Unfortunately, tissue equivalence of 

PRESAGE is an issue for this type of dosimeter (Brown et al. 2008). 

Jordan and coworkers recently developed new radiochromic micelle gel 

dosimeters for optical readout. In these phantoms, a colourless leuco-dye (e.g., leuco 

malachytegreen or leuco crystal violet) is solubilized in a hydrogel matrix using a 

surfactant (Babic et al. 2009, Jordan and Avvakumov 2009, Vandecasteele et al. 2011). 

The leuco-dye molecules react with free radicals generated by water radiolysis, changing 

from colourless to deeply coloured as the radiation dose increases. Since the main 
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component of micelle gel dosimeters is water, these dosimeters should be more tissue 

equivalent than PRESAGE.  

Micelles are self-assembled aggregates of surfactant molecules that have both 

hydrophilic and hydrophobic parts. Above the critical micelle concentration (CMC), 

surfactant molecules orient themselves so that their hydrophobic parts repel away from 

surrounding water toward the centres of the micelles, leaving their hydrophilic parts in 

contact with water. The main purpose of using micelles in gel dosimeters is to solubilize 

the mostly water-insoluble leuco-dye molecules, thereby distributing the leuco-dye 

throughout the 3D gel volume (Babic et al. 2009). A second benefit is that micelles are 

significantly larger than individual molecules so that the leuco-dye molecules solubilized 

in micelles have low diffusivity compared to reporter molecules in micelle-free gel 

dosimeters. As a result, current micelle gel dosimeters have improved spatial stability of 

dose information, compared with traditional optical dosimeters such as Fricke gel 

dosimeters (Jordan and Avvakumov 2009). Current micelle gel dosimeters could benefit 

from further improvements as they are light-sensitive and temperature-sensitive during 

irradiation and tend to fade over time (Babic et al. 2009). They also have relatively low 

dose sensitivity and may have significant dose-rate dependence (Vandecasteele et al. 

2011). 

In an attempt to develop improved micelle gel dosimeters, the use of diacetylenes 

solubilized in micelles, as reporter molecules is investigated in this work. Diacetylenes 

are organic molecules that contain two conjugated acetylene groups (i.e., two carbon-

carbon triple bonds separated by a single bond) (Rink et al. 2008). Note that the 

diacetylene pentacosa-10,12-diynoic acid (PCDA) is the reporter molecule in commercial 
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GafChromic® film, which is used for 2D dosimetry (Rad et al. 1998, Rink et al. 2008). 

Other diacetylenes have also been used as reporter molecules in self-developing films 

(Patel 2005, Watanabe et al. 2006). Upon irradiation, diacetylene molecules can react to 

form oligomers that have conjugated double and triple bonds. These oligomer molecules 

exhibit intense colour, leading to a response that is approximately proportional to 

absorbed dose (Ogawa 1989, Rink et al. 2008). Figure 3.1 shows the three diacetylenes 

considered in this study, along with their melting points. Note that these diacetylenes are 

solids at room temperature. It has been reported that the acetylene groups in adjacent 

diacetylene monomers should be within 0.4 nm of each other to oligomerize (Rink et al. 

2008). In a closely packed state, such as Langmuir-Blodgett films, vesicles, and micelles 

some diacetylenes undergo a 1,4 oligomerization reaction as shown in figure 3.2 for 

PCDA (Mino et al. 1992, Ogawa 1992, Rad et al. 1998, Kim et al. 2005, Su et al. 2005, 

Ma et al. 2007, Choi et al. 2008, Rink et al. 2008, Araghi et al. 2011, Perino et al. 2011).  

 

 

Figure 3.1: Chemical structure of three commercially available diacetylenes with their molecular 

weights and melting points.   

 

An essential component in micelle gel dosimeters is the surfactant. The 

solubilizing ability of surfactants can be roughly estimated by an empirical factor known 

as the Hydrophilic-Lipophilic Balance (HLB) (Davies 1957, Davies and Rideal 1963). 

HLB can be calculated from the chemical structure of the surfactant, based on its 

functional groups (Davies 1957, Davies and Rideal 1963). Using the Davies method, any 
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surfactant with a HLB value between 13 and 15 will be a good detergent that forms 

micelles in water.   

Surfactants are classically divided into anionic, cationic, and nonionic surfactants. 

In many surfactants, especially ionic surfactants, when temperature decreases surfactant 

molecules can precipitate out of the solution as hydrated crystals (Evans and 

Wennerstrom 1999). The temperature at which this phenomenon occurs is called the 

Krafft temperature (Tk) (Shinoda and Fontell 1995, Evans and Wennerstrom 1999, Qian 

et al. 2005). A surfactant is effective as an emulsifier or a solubilizer at temperatures 

above Tk (Shinoda and Fontell 1995). Other factors that can affect stability of surfactant 

solutions include pH and salt concentration (ionic strength) (Binks 1998).   

 

 

Figure 3.2: Schematic representation of radiation induced oligomerization of three PCDA 

molecules (Ogawa 1992, Kim et al. 2005). Note the conjugated triple and double bonds in the 

product molecule, which produce colour.   
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In this article, the use of diacetylenes solubilized in micelles as reporter molecules 

in gel dosimeters is studied. The radiation response of PCDA, solubilized using three 

common surfactants (sodium dodecyl sulfate (SDS), Triton x-100 and cetyl trimethyl 

ammonium bromide (CTAB)), is investigated and the performance of two additional 

diacetylenes (DPBD and HD) is compared with that of PCDA, using SDS as the 

surfactant. Problems with stability of surfactant solutions of PCDA, lack of response 

(colour change) and poor reproducibility are investigated via additional experiments. 

Finally, conclusions are drawn concerning the relationship between PCDA phase change 

(i.e., precipitation) and response to radiation dose.  

3.4 Materials and methods 

3.4.1 Preparation procedure of PCDA surfactant solutions and gels  

All solutions were manufactured by first preparing stock solutions of surfactants at the 

required concentration. The diacetylene was then added to the surfactant solutions and 

the resulting mixtures were stirred at 58 ºC for 15 minutes, prior to heating to slightly 

above the melting point of the diacetylene (see figure 3.1) and stirring for at least 15 

minutes until the mixtures became clear, indicating that the diacetylene was solubilized. 

Mixtures were then cooled to room temperature. Bovine gelatin (300 Bloom bovine 

bones, Eastman Gelatin Corp., MA, USA) was then added to the cooled diacetylene 

surfactant solutions and left to swell for 30 minutes. Bovine gelatin was selected because 

it may lead to better optical properties than porcine gelatin (Olding et al. 2010). Mixtures 

were then heated and stirred at 45 ºC until the gelatin dissolved. Samples of the gel 

mixture were poured into polystyrene cuvettes (10 mm light path, 4.5 ml capacity, Fisher 
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scientific), which were then sealed using a cap and parafilm and refrigerated at 4 ºC until 

irradiation. 

3.4.2 Irradiation procedure 

Irradiation was performed using a Varian Clinac 6EX linear accelerator (Varian Medical 

Systems, Palo Alto, CA, USA) to different doses at a dose rate of 400 cGy/min. The 

cuvettes were irradiated using an isocentric setup, with a source-to axis distance (SAD) of 

100 cm, 2 cm of plastic water buildup, 10 cm of plastic water backscatter, and 10×10 cm
2
 

field size. The long dimension (height) of the cuvettes was perpendicular to the beam 

axis.   

3.4.3 Optical transmission spectrometer measurements 

Absorption spectra were measured for cuvettes irradiated to different doses between 15 

and 25 minutes after irradiation. All samples were at room temperature (20-23 ºC) at the 

time when the spectra were measured, using a SpectroVis Plus spectrophotometer 

(Vernier Software & Technology, OR, USA) over the wavelength region λ = 380-900 

nm. All the measurements were calibrated to the 0 Gy cuvette of each diacetylene 

surfactant solution or gel. 

3.4.4 Preliminary experiments 

Preliminary experiments focused on solubilizing PCDA (GFS chemicals, Ohio, USA) 

using three different common surfactants at different concentrations. The three 

surfactants (Fisher Scientific, Ottawa, Canada) are the anionic surfactant SDS, the 

nonionic surfactant Triton x-100, and the cationic surfactant CTAB. All were dissolved in 

deionized water. A variety of concentrations for both the PCDA and surfactants were 

tested and only the recipes that resulted in transparent solutions are shown in table 3.1. 
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Bovine gelatin was added in some cases to make gels. Samples of prepared PCDA 

surfactant solutions and gels were refrigerated at 4 ºC for 48 h after manufacturing and 

were then irradiated to 100 Gy. Irradiated and un-irradiated samples of the prepared 

PCDA surfactant solutions and gels were also kept at 4 ºC for 40 days. 

3.4.5 Comparing PCDA radiation response with that of other diacetylenes 

Gels of PCDA, DPBD (Aldrich) and HD (Aldrich) were prepared using reporter 

molecule concentrations of 3 mM, with 51 mM SDS and 5 wt% gelatin. Samples of the 

gels were irradiated 24 h after manufacturing to 0, 5, 10, 20 and 40 Gy. Spectra of 

irradiated gel samples were measured approximately 20 minutes after irradiation. 

Samples of PCDA in its pure solid state were also irradiated to 20 Gy to check if they 

would change colour in response to irradiation. 

3.4.6 Effect of PCDA concentration on dose response 

The effect of PCDA concentration on the dose response was studied. Solutions of PCDA 

using a SDS concentration of 51 mM and 5 wt% gelatin were prepared at monomer 

concentrations of 1.5, 3, 6, 9, and 21 mM. Gel samples were irradiated 24 h after 

manufacturing to 0, 2, 5, 10, 15 and 20 Gy. Spectra of irradiated gel samples were 

measured approximately 20 minutes after irradiation.  
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Table 3.1: Transparent solutions and gels manufactured for preliminary testing. 

Vial # 
PCDA Conc. 

mM 

Surfactant 

Type 

Surfactant Conc. 

mM 

Gelatin Added 

wt% 
Irradiated 

1 3  SDS 51 0 Y 

2 3  SDS 51 0 N 

3 3 SDS 51 5 Y 

4 3 SDS 51 5 N 

5 16 SDS 327 0 Y 

6 16 SDS 327 0 N 

7 16 SDS 327 5 Y 

8 16 SDS 327 5 N 

9 8 Tx-100 60 0 Y 

10 8 Tx-100 60  0 N 

11 8 Tx-100 60 5 Y 

12 8 Tx-100 60 5 N 

13 5 CTAB 54 0 Y 

14 5 CTAB 54 0 N 

15 5 CTAB 54 5 Y 

16 5 CTAB 54 5 N 

 

3.4.7 Influence of PCDA surfactant solution and gel phase stability on radiation response 

The purpose of these experiments was to check if colour change is related to turbidity, 

caused by either PCDA precipitation from the micelles or precipitation of SDS surfactant 

below its Krafft temperature of 18 ºC. In the experiments in sections 3.4.4 to 3.4.6, gels 

that became turbid during refrigeration tended to change colour in response to irradiation, 

whereas transparent gels did not. 

3.4.7.1. Gelatin effect on SDS phase behavior. 

Experiments were performed to check whether gelatin influenced precipitation 

behavior of SDS solutions that did not contain any reporter molecules. A gel with 51 mM 

SDS and 5 wt% gelatin was prepared, along with a similar gelatin-free solution.  Samples 
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with and without gelatin were refrigerated at 4 ºC for 10 days and were then examined 

visually. 

3.4.7.2. Effect of adding solvent on gels phase stability. 

A solvent was added to the recipe to determine whether it would improve the phase 

stability of gels. Xylene was selected because it is a good solvent for PCDA and its 

melting point is -34 ºC which will ensure that it will not precipitate when the gel samples 

are refrigerated. A stock solution of 51 mM SDS solution was prepared using 3 mM 

PCDA and 5 wt% gelatin, which was then cooled to room temperature. Xylene was 

added to different samples using the following concentrations: 1.5, 3, 6 and 15 mM and 

clear gels were obtained. Samples with and without xylene were refrigerated at 4 ºC and 

irradiated 24 h after manufacturing to 20 Gy. Spectra of irradiated gel samples were 

measured. Un-irradiated samples of the prepared gels, with and without xylene, were also 

kept at 4 ºC for two weeks and were observed visually. 

3.4.7.3. Effect of salt, acid and base additives on phase stability of gels. 

A mixture containing 51 mM SDS, 3mM PCDA and 5 wt% gelatin was prepared and 

stirred at 45 ºC.  The following additives were added to samples of the mixture: tetrakis 

hydroxymethyl phosphonium chloride (THPC) (Sigma Aldrich, Oakville, Canada), NaCl, 

NaOH and HCl (all from Fisher, Ottawa, Canada) at a concentration of 6 mM. Samples 

of the resulting gels with and without additives were refrigerated at 4 ºC and irradiated 24 

h after manufacturing to 20 Gy. Spectra of irradiated gel samples were measured. Un-

irradiated samples of the prepared gels, with and without additives, were also kept at 4 ºC 

for two weeks. 
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3.4.7.4. Gel ageing and phase behaviour. 

This experiment was performed to observe the phase behavior of refrigerated PCDA gels 

over time, and to verify whether transparent gels respond to irradiation or whether only 

turbid gels change colour. 3 mM and 9 mM PCDA gels were prepared using 51 mM SDS 

and 5 wt% gelatin. Refrigerated samples were observed visually 0.5, 1.5, 2.5, 3.5 and 7.5 

days after manufacturing. At each time period, vials were removed from the refrigerator 

and irradiated to 10 Gy. Spectra were measured approximately 20 minutes after 

irradiation.  

3.4.8 Response of surfactant-free PCDA micelle gels 

As shown in figure 3.1, PCDA has a hydrophilic carboxyl head group and a hydrophobic 

tail, making it a potential surfactant. Note that SDS may have interfered with the 

molecular arrangement of diacetylene groups in micelles in previous experiments, 

thereby inhibiting oligomerization and colour change. To avoid this problem, the creation 

and irradiation of PCDA micelles with no gelatin and SDS or other added surfactants was 

investigated, using the recipes shown in table 3.2, wherein NaOH was added to adjust the 

HLB of the PCDA molecules so that stable solutions would form.  PCDA was added to 

NaOH solutions and the resulting mixtures were heated to 65 ºC and stirred for about 20 

minutes until the mixtures became clear, indicating that a solution had formed. Some 

samples were cooled to room temperature (22 ºC) and are referred to as cold samples and 

some were kept at 65 ºC and are referred to as hot samples. Samples were irradiated 24 h 

after manufacturing. The hot samples were irradiated immediately after removal from the 

container that was kept at 65 ºC, so that the temperature decrease during irradiation was 
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minor. Particle sizes were measured by dynamic light scattering, for samples C15 and 

C16 using Zetasizer Nano ZS particle sizer (Malvern Instruments Ltd., Worcestershire, 

UK)  

3.5 Results 

3.5.1 Results of preliminary evaluation 

Figure 3.3 shows a photograph of non-irradiated and irradiated vials (0 and 40 days after 

irradiation) from the experiments in table 3.1. Vials containing CTAB did not show any 

noticeable colour change. SDS and Triton x-100 vials, with and without gelatin, turned 

blue in response to radiation. Irradiated vials containing SDS showed deeper blue colour 

compared to those containing Triton x-100 (figure 3.3(a)). Note that the samples that 

showed colour change are cloudy. Figure 3.3(b) shows that the coloured vials remained 

coloured after 40 days, but that the colour intensity may have changed for some samples. 

Based on these preliminary experiments, the next set of experiments focused on solutions 

containing various diacetylenes using SDS as the surfactant or the solubilizer.   
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Table 3.2: Cold and hot samples prepared to study the effect of packing on the response of PCDA 

solutions 

Cold sample #  

(T=22 ºC) 

Hot sample #  

(T=65 ºC) 

PCDA Conc. 

mM 

NaOH Conc. 

mM 

pH Irradiated 

C1 H1 0.36 1  11.55 N 

C2 H2 0.36 1  11.55 Y 

C3 H3 0.36 3 12.06 N 

C4 H4 0.36 3  12.06 Y 

C5 H5 0.36 9  12.58 N 

C6 H6 0.36 9  12.58 Y 

C7 H7 1 1  11.18 N 

C8 H8 1 1  11.18 Y 

C9 H9 1 3  11.91 N 

C10 H10 1 3  11.91 Y 

C11 H11 1 9  12.44 N 

C12 H12 1 9  12.44 Y 

C13 H13 3 1  10.38 N 

C14 H14 3 1  10.38 Y 

C15 H15 3 3  11.58 N 

C16 H16 3 3 11.58 Y 

C17 H17 3 9 12.32 N 

C18 H18 3 9 12.32 Y 
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Figure 3.3: Irradiated (odd-numbered) and un-irradiated (even-numbered) vials containing 

PCDA surfactant solutions and gels manufactured for preliminary evaluation of PCDA in 3D 

micelle gel dosimeters. The odd-numbered vials were irradiated to 100 Gy and are shown at: A) 

0-days and B) 40-days after irradiation. Vial numbers correspond to the sample numbers in table 

3.1. The symbol G indicates that the vial contained gelatin. 

 

3.5.2 Radiation response of PCDA and the other diacetylenes 

In this set of experiments, vials (not shown) containing DPBD and HD did not change 

colour in response to irradiation. Vials containing PCDA (figure 3.4) responded to 

irradiation by changing from colourless to deeply coloured as the radiation dose 

increased. The spectra of the irradiated vials containing PCDA are shown in figure 3.4(b). 

Figure 3.4(c) shows that the radiation response of the PCDA gel increased smoothly with 

increasing dose, with no apparent threshold that would indicate oxygen inhibition. This 

type of response was observed for three experiments conducted using PCDA gels 

containing 3 mM PCDA, 51 mM SDS and 5 wt% gelatin that were manufactured and 

irradiated at various times over the course of this study using doses ranging from 2 to 20 
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Gy. However, for seven gels with this same recipe, no colour change was observed. All 

gels that exhibited a colour change were turbid, and gels that remained clear during the 

24 h period between manufacturing and irradiation did not have a noticeable response to 

irradiation.  

      

        

 

Figure 3.4: Response of PCDA (3 mM) gel with SDS (51 mM) to 0, 5, 10, 20, and 40 Gy doses, 

irradiated 24 h after manufacturing. The figure shows a) a photograph of the vials immediately 

after irradiation, b) measured spectra for these vials and c) absorbance at 680 nm for the 

irradiated vials. 
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After producing several sets of gels that did not change colour, solid PCDA 

powder samples were irradiated to 20 Gy to check whether the PCDA had degraded. As 

shown in figure 3.5, the irradiated PCDA crystals turned blue, indicating that the PCDA 

had not degraded and that solid PCDA changes colour upon irradiation.  

 

Figure 3.5:  Un-irradiated PCDA powder and PCDA powder irradiated to 20 Gy.  

 

3.5.3 Effect of PCDA concentration on dose response 

The effect of PCDA concentration on the gel response to irradiation was studied. Colour 

changed in response to irradiation, with greater colour change observed as the absorbed 

dose increased. Figure 3.6 shows a photograph of the irradiated vials for gels with 

different PCDA concentrations and figure 3.7 shows the absorbance of the irradiated gels 

at 680 nm. The responses of the gels increases smoothly with increasing dose, with no 

apparent threshold that would indicate oxygen inhibition (figure 3.7). Note that all gels 

that showed a noticeable colour change upon irradiation were turbid before irradiation.  
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Figure 3.6: photograph of irradiated PCDA micelle gels containing 51 mM SDS, 5 wt% gelatin 

and PCDA at the following concentrations: 1.5, 3, 6, 9 and 21 mM. Gels were irradiated to 0, 2, 

5, 10, 15 and 20 Gy, 24 h after manufacturing. The photo was taken about 24 h after irradiation.  

 

 

Figure 3.7: Absorbance spectra of the irradiated PCDA micelle gels containing 51 mM SDS, 5 

wt% gelatin and PCDA at the following concentrations: 1.5, 3, 6, 9 and 21 mM. Gels were 

irradiated to 0, 2, 5, 10, 15 and 20 Gy, 24 h after manufacturing. The spectra were measured 20 

minutes after irradiation.  
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3.5.4 Influence of phase stability of surfactant solution and gel on radiation response 

The objectives of these experiments were to investigate if colour change in response to 

irradiation is related to initial turbidity. Turbidity could be caused by either the 

precipitation of PCDA solubilized in micelles or the precipitation of SDS surfactant 

below its Krafft temperature of 18 ºC.  

3.5.4.1. Gelatin effect on SDS phase behaviour. 

The effect of gelatin on SDS precipitation below its Krafft temperature was studied. 

Surfactant solutions of 51 mM SDS with 0 and 5 wt% gelatin were prepared and 

refrigerated at 4 ºC for 10 days. The vials containing SDS solutions with no gelatin 

became turbid in less than 12 h after manufacturing, while the vials containing SDS and 

gelatin at 5 wt% stayed transparent for more than 10 days as shown in figure 3.8.  

3.5.4.2. Effect of adding solvent on gel phase stability. 

Adding the organic solvent, xylene, to the PCDA gels improved phase stability. All gels 

containing xylene remained transparent for at least three days, indicating that no PCDA 

had precipitated. Gels with higher xylene concentrations (i.e. 6 and 15 mM) stayed 

transparent for longer times than gels with lower xylene concentrations (1.5 and 3mM). 

None of the PCDA gels containing xylene (not shown) changed colour when irradiated to 

20 Gy 24 h after manufacturing, when all of these gels were transparent.  

3.5.4.3. Effect of salt, acid and base additives on phase stability of PCDA gels. 

The addition of THPC, NaCl, NaOH and HCl to the PCDA gel recipe had various effects 

on the phase stability of the prepared gels. All of the phantoms remained transparent prior 

to irradiation (i.e., 24 h after manufacturing) and did not change colour when irradiated. 

Phantoms containing 6 mM NaCl and NaOH became turbid in the refrigerator about two 

days after manufacturing while phantoms containing THPC and HCl stayed clear for 
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more than 10 days. All of the phantoms were irradiated again two weeks after 

manufacturing, when all had become turbid, and changed colour in response to irradiation 

(not shown).  

 

 

Figure 3.8: Photograph showing vials containing 51 mM SDS with 0 wt% (left) and 5 wt% 

(right) gelatin, refrigerated at 4 C for 10 days. Adding 5 wt% gelatin appears to have stopped or 

postponed SDS precipitation for more than 10 days, maintaining gel transparency. 

 

3.5.4.4. Gel ageing and phase behaviour. 

Gel ageing experiments were designed to further investigate whether the colour change is 

related to turbidity. The goal was to track gel clarity over time and to check whether 

colour change occurs only in gels with precipitated PCDA (turbid gels), or whether it can 

also occur sometimes in gels containing PCDA solubilized in SDS micelles (transparent 

gels). The two PCDA gels (3 mM and 9 mM) remained clear during the first 24 h after 

manufacturing, and the 9 mM PCDA gel showed some cloudiness after 1.5 d. The 3 mM 

PCDA gel started to become cloudy about 2.5 days after manufacturing. Turbidity 

increased with time for both gels. Figure 3.9 shows absorbance (at 670 nm where 
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maximum absorbance occurred) for the two PCDA gel recipes irradiated to 10 Gy at 

different times. As expected, gels that were transparent showed no colour change. Turbid 

gels turned blue during irradiation and the colour intensity was higher for older gels that 

were more turbid. Also, colour intensity was higher for 9 mM gel samples than for 3 mM 

samples, presumably due to a larger amount of precipitated PCDA in the 9 mM gels. 

 

 

Figure 3.9:  Absorbance at 670 nm of PCDA gels (3 mM and 9 mM) solubilized using SDS at 51 

mM with 5 wt% gelatin, irradiated to 10 Gy.  The absorbance of the 9 mM PCDA gel is higher 

than that for the 3 mM gel. 

3.5.5 Response of surfactant-free PCDA micelle gels 

PCDA solutions with no SDS or other added surfactant were prepared in a final effort to 

produce transparent PCDA micelle gels that would be effective for 3D dosimetry. PCDA 

molecules have a structure that makes them a potential surfactant (i.e., a hydrophilic 

carboxyl head group and a hydrophobic tail). As a result, PCDA molecules are expected 

to position themselves in SDS micelles so that their hydrophilic heads are in contact with 

the aqueous phase and their hydrophobic tales are repelled toward the hydrophobic core 

of the micelle. The tails of the SDS surfactant molecules in this configuration will be near 

the tails of the PCDA molecules and may affect the packing of diacetylene groups (see 
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figure 3.2) thereby preventing oligomerization. Therefore, PCDA solutions with no SDS 

or other added surfactant were prepared and irradiated in this set of experiments to avoid 

this potential problem, in a final effort to produce transparent PCDA micelle gels that 

would be effective for 3D dosimetry.   

When PCDA powder is mixed with additive-free deionized water, the powder 

floats as a thin layer on top of the water surface. However, when PCDA was added to the 

NaOH solutions shown in table 3.2 at room temperature, the powder distributed 

throughout the volume of the container, producing turbid mixtures. Heating these 

mixtures to 65 ºC resulted in the formation of transparent solutions of PCDA in the basic 

medium. These transparent basic solutions became turbid soon after cooling to room 

temperature. As a result, we decided to keep some samples hot (at 65 ºC) and to keep 

others at room temperature (22 ºC) prior to and during irradiation.  No gelatin was used in 

these experiments because it may affect the pH value of the solutions.  

Figure 3.10 shows the un-irradiated and irradiated cold samples (figure 3.10(a)) 

and hot samples (figure 3.10(b)). All cold samples were cloudy prior to irradiation and 

changed colour in response to radiation. Note that irradiated samples C6, C12 and C18 

were initially blue after irradiation, but subsequently experienced a colour transition from 

blue to red. Samples C13 and C14 were blue prior to irradiation indicating that some 

PCDA particles may have oligomerized before irradiation, possibly due to the exposure 

to UV light. However, the irradiated sample C14 became darker blue in response to the 

10 Gy radiation dose. Hot samples were transparent prior to irradiation and none of them 

showed any noticeable colour change upon irradiation. Particle sizes for samples C15 and 

C16 were measured and the results are shown in table 3.3. The particle sizes in both 
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samples are large relative to the size of SDS micelles, which have an average radius of 

1.84 nm (Duplatre et al. 1996).  

 

Table 3.3: Particle sizes of samples C15 and C16 from table 3.2. C15 was not irradiated and C16 

was tested after irradiating to 10 Gy. The particle size distribution has three main peaks.   

 

Sample # 

PCDA 

Conc.  

mM 

NaOH  

Conc.  

mM 

 

pH 

Peak #1: 

size (nm) 

(Intensity %) 

Peak #2: 

size (nm) 

(Intensity %) 

Peak #3: 

size (nm) 

(Intensity %) 

C15 3 3 11.58 502.3 (50%) 1980 (25%) 985.3 (25%) 

C16 3 3 11.58 979.4 (37.3%) 705.1 (31.3%) 1749 (31.3%) 

 

 

Figure 3.10: Un-irradiated (odd-numbered) and irradiated (even-numbered) cold and hot samples 

containing solutions of PCDA in NaOH solutions prepared using the recipes in table 3.2. The 

cold samples (A) stored and irradiated at room temperature became turbid prior to irradiation and 

turned blue immediately after irradiation. Some samples subsequently turned red.  The hot 

samples (B) that were stored and irradiated at 65 ºC remained transparent and did not change 

colour.  All vials were irradiated 24 h after manufacturing to 10 Gy. Vial numbers correspond to 

the sample numbers in table 3.2.  
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3.6 Discussions 

For a gel dosimeter to be effective for optical CT readout, it should undergo a 

measureable, stable and reproducible response to radiation. In addition, diffusion of the 

reporter molecules through the gel should be slow compared with the time scale for 

irradiation and subsequent read out. As a result, micelle gel dosimeters, first developed 

by Jordan and coworkers, are particularly promising. They are transparent gels with no 

opaque particles that scatter light and have low diffusion rates because water-insoluble 

reporter molecules remain in the micelles, which are relatively large and are slow to 

diffuse. Unfortunately, current micelle gel dosimeters with leuco malachite green (LMG) 

and leuco crystal violet (LCV) as reporter molecules are light-sensitive and temperature-

sensitive during irradiation and tend to fade over time. They also have relatively low dose 

sensitivity and may have significant dose-rate dependence. 

In an attempt to develop improved micelle gel dosimeters, the use of diacetylenes 

solubilized in micelles as reporter molecules was studied in the current work. 

Radiochromic diacetylenes are used as reporter molecules in the commercial 

GafChromic® films and may have more desirable chemical behavior (e.g., with respect 

to fading over time, light sensitivity, temperature dependence and dose-rate dependence) 

than the leuco-dyes used by Jordan et al.  In response to radiation, diacetylene molecules 

can react to form oligomers that exhibit intense colour change that is approximately 

proportional to absorbed dose (Ogawa 1989, Rink et al. 2008). 

Preliminary investigations focused on solubilizing PCDA molecules in micelles 

using the three different surfactants SDS, Triton x-100 and CTAB. When heated to its 

melting temperature, PCDA crystals disappeared, producing transparent gels and 
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solutions. The initial gels, containing 5 wt% gelatin, stayed clear at 4 ºC for the first 12 h 

after manufacturing. Samples of these gels were irradiated to 100 Gy, 48 h after 

manufacturing when some of the samples had become turbid. Samples containing SDS 

surfactant showed the deepest colour change in response to irradiation and SDS was 

selected for use in additional experiments.   

The response of PCDA micelle gels to radiation was compared to that of gels 

made using two other diacetylenes (DPBD and HD), with SDS as the surfactant. The gels 

containing DPBD and HD did not show any noticeable response to irradiation, 

presumably because no oligomerization occurred. Gels containing PCDA showed an 

absorbance response at 680 nm that increased with increasing dose, with no apparent 

threshold that would indicate oxygen inhibition. This same type of response was also 

observed in gels prepared using different PCDA concentrations (figures 3.6 and 3.7). As 

expected, larger PCDA concentrations led to a larger dose response. Unfortunately, all of 

the gels that showed this type of response were turbid prior to and after irradiation, which 

would make them unsuitable for optical CT readout. In addition, problems with 

reproducibility were noted. Over the course of this study, PCDA gels from different 

batches were replicated (manufactured and irradiated) 10 times using a recipe with 3 mM 

PCDA, 51 mM SDS and 5 wt% gelatin, and were irradiated to doses ranging from 2 to 20 

Gy. Of the 10 batches, the type of response shown in figures 3.3, 3.4, 3.6 and 3.7 was 

observed for only three replicates. In the other seven trials, no colour change was 

observed. All vials that exhibited a colour change were turbid before irradiation. Vials 

that remained clear at the time of irradiation did not change colour. No error bars are 

shown on Figures 3.4c and 3.7 due to these reproducibility problems. 



 

98 

 

The lack of response to irradiation for a portion of the gels raised questions about 

the relationship between turbidity and response to irradiation. Also, gels that were 

produced early in the course of the experiments tended to change colour in response to 

radiation, and gels that were produced later stayed clear and did not change colour, even 

though the same recipe, procedure and batch of PCDA were used. As a result, samples of 

solid PCDA crystals were irradiated to determine whether the lack of response was due to 

degradation of PCDA.  These samples turned blue indicating that the PCDA had not 

degraded and was still responsive to radiation.  

Since gels that contain PCDA crystals would not be ideal for 3D dosimetry with 

optical readout, due to light scattering and reproducibility problems, additional 

experiments were conducted to search for transparent gels that change colour in response 

to radiation. Two techniques were tried. The first technique involved using xylene as a 

solvent (section 3.4.7.2) to keep the PCDA dissolved inside the micelles, thereby 

preventing PCDA crystallization. The second technique (section 3.4.7.3) involved 

aqueous-phase additives (acid, base and salt) that affect pH and ionic strength in an effort 

to influence colloidal stability. Both techniques were successful in enhancing the phase 

stability of the gels, so that the gels remained transparent for more than 10 days using 

some of the recipes, indicating that the PCDA remained solubilized and did not 

crystallize. Using higher concentrations of xylene resulted in gels that remained 

transparent for longer times. Gels containing NaCl and NaOH at the concentrations used 

in the study became turbid about two days after manufacturing, while those containing 

THPC and HCl stayed clear for more than 10 days. Note that THPC is acidic and 

produces a chloride ion when it dissociates, so that both the THPC and HCl may have 
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influenced the surface of the micelles in a similar way, leading to improved colloidal 

stability. Unfortunately none of the transparent gels prepared using xylene or the 

aqueous-phase additives changed colour when irradiated. Phantoms containing the 

aqueous-phase additives were irradiated again, two weeks after manufacturing when they 

had become turbid. These gels changed colour in response to irradiation, confirming prior 

observations that PCDA gels produced using SDS only respond when the PCDA has 

precipitated. 

Turbidity could be caused either by precipitation of PCDA solubilized in micelles 

or precipitation of SDS surfactant below its Krafft temperature. To check whether SDS 

precipitation contributed to turbidity, an experiment was conducted to study SDS 

precipitation in the presence of gelatin as described in section 3.4.7.1. SDS is known to 

form stable solutions in water at room temperature and to precipitate below its Krafft 

temperature of 18 ºC.  Addition of 5 wt % gelatin helped to keep the gels containing only 

gelatin and SDS transparent after refrigeration for more than 10 days, whereas SDS 

solutions with no gelatin became turbid within 12 hours of manufacturing.  These results 

indicate that the gelatin stopped or postponed the SDS precipitation.  

Gel aging experiments were designed to track gel clarity over time and to check 

once more whether colour change would occur only in gels with precipitated PCDA 

(turbid gels), or whether it could also occur in gels containing PCDA solubilized in SDS 

micelles (transparent gels). Results of this experiment confirmed that transparent gels do 

not change colour in response to irradiation and that only the gels containing precipitated 

PCDA responded to radiation by changing colour, suggesting that PCDA molecules 

inside SDS micelles do not undergo the oligomerization reaction that leads to colour 
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change. The fact that colour intensity appears to increase with increased turbidity and 

with PCDA concentration in the recipe, as shown in figure 3.9, confirms this conclusion. 

PCDA solutions with no SDS or other added surfactant were prepared in a final 

effort to produce transparent PCDA micelle gels that could be effective for 3D dosimetry. 

Because both PCDA and SDS molecules contain hydrophilic and hydrophobic parts, the 

arrangement of the hydrophobic tails inside the SDS micelles may disturb the packing of 

diacetylene groups on adjacent PCDA molecules, thereby inhibiting oligomerization. To 

avoid this problem, new recipes were designed wherein PCDA molecules were 

solubilized in NaOH solution, with no added surfactants. PCDA molecules have a very 

low HLB value (i.e., -2.3 according to Davies’s method) due to the weak tendency of the 

hydrogen ion (H+) to dissociate from the carboxylic acid end of the PCDA molecule in 

deionized water. This dissociation tendency can be affected by changing the pH of the 

aqueous phase (Davies 1957, Davies and Rideal 1963). Increasing pH by adding a strong 

base (e.g., NaOH) induces dissociation of the carboxyl end of PCDA molecules, thereby 

adjusting the HLB value of molecules like PCDA, so that they can form transparent 

solutions (Perino et al. 2011).  

PCDA molecules were successfully solubilized in the NaOH solutions at different 

concentrations as described in table 3.2. These solutions were not stable at room 

temperature, but were stable at higher temperatures. Solutions that were stored and 

irradiated at 65 ºC were transparent and did not change colour upon irradiation. All of the 

turbid room-temperature samples changed colour in response to radiation, confirming 

that the colour change is caused by oligomerization of the crystallized PCDA particles. 

Note that some samples (particularly samples C6, C12 and C18) were blue immediately 
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after irradiation and subsequently changed to red. Oligomerized PCDA particles are 

known to experience a colour transition from blue to red at high temperature and at high 

pH values (Mino et al. 1991, Mino et al. 1992). 

Particle sizes of samples C15 and C16 were measured. These samples were 

selected because sample C16 experienced the most intense colour change in response to 

radiation. Particle sizes in both samples were found to be large compared to the size of 

SDS micelles, which is consistent with the precipitation of relatively large PCDA 

crystals. The large particles lead to light scattering, making the phantoms turbid and 

unsuitable for 3D radiation dosimetry. Note that the size and position of the peaks in the 

particle size distributions for samples C15 and C16 are somewhat different, but it is 

difficult to tell whether the particle size distribution was influenced by the radiation dose, 

or was due to slightly different conditions in the sample vials during crystal nucleation 

and growth. In experiments aimed at synthesizing micelles for uses as biosensors and 

carriers for drug delivery, Choi et al. (2008) reported that micelles made from two PCDA 

molecules attached to a single polyethylene amine head group showed deep colour 

change in response to irradiation. However, it is unlikely that the diacetylene molecules 

solubilized in micelles were responsible for the colour change, because the samples that 

changed colour contained particles with average diameters ranging from 160 of 850 nm. 

Samples containing the largest particles experienced the deepest colour change. These 

large particle sizes are consistent with precipitation and crystallization of the diacetylene 

molecules prior to oligomerization.   

In summary, we do not recommend diacetylene-based micelle-gel dosimeters for 

3D readout using optical methods. In all of the samples that were tested, colour change 
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occurred only in turbid phantoms. Experimental results suggest that these turbid 

phantoms contained solid PCDA crystals that scatter light, leading to turbidity. Many 

samples were made wherein the PCDA remained solubilized, producing transparent 

phantoms that would be suitable for optical readout, except that no colour change 

occurred, presumably because the PCDA did not oligomerize. Furthermore, we do not 

recommend any 3D dosimeters that rely on precipitation of reporter molecules prior to 

irradiation, because crystal nucleation and growth phenomena tend to be irreproducible 

and difficult to control (Mullen 2001).  It will be important to find alternative reporter 

molecules that respond to radiation in the liquid state, like the leuco-dye micelle 

dosimeters introduced by Jordan et al. (Babic et al. 2009, Jordan and Avvakumov 2009). 

One benefit of using micelles in 3D gel dosimeters is that, unlike traditional gel 

dosimeters, the reporter molecules do not need to be water soluble. In fact, very low or 

negligible water solubility will help to reduce diffusion and improve spatial stability.  

Consequently, a range of new hydrophobic reporter molecules may well be available for 

use in 3D micelle gels.    

3.7 Conclusions 

 3D micelle gel dosimeters introduced by Jordan et al. (Babic et al. 2009, Jordan and 

Avvakumov 2009) showed promise because of their suitability for optical readout and 

their superior spatial stability. Unfortunately, these first micelle gel dosimeters are 

sensitive to light and temperature during irradiation, tend to fade over time, have 

relatively low dose sensitivity and may have significant dose-rate dependence. In the 

current work, three diacetylenes were evaluated as potential reporter molecules for 
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micelle gel dosimeters, with the hope that the shortcomings of leucodye-based micelle 

gels could be overcome.   

Micelle gels containing pentacosa-10,12-diynoic acid (PCDA) as reporter 

molecule and sodium dodecyl sulfate (SDS) as a surfactant changed from colourless to 

blue in response to irradiation. Similar gels containing two other diacetylenes (DPBD and 

HD) did not show any colour change. The response of gels containing PCDA to 

irradiation was monotonic, with no apparent dose threshold that would indicate oxygen 

inhibition. Gels with larger PCDA concentrations experienced a larger dose response. 

Unfortunately, all gels that changed colour in response to radiation were turbid prior to 

and after irradiation, making them unsuitable for optical CT readout. Moreover, problems 

with reproducibility were noted. Experiments involving SDS and gelatin without any 

diacetylene suggest that turbidity is caused by PCDA precipitation, rather than 

precipitation of SDS below its Kraft temperature. Precipitation of PCDA was 

successfully prevented by adding xylene as an organic solvent, and by adding acids to the 

aqueous phase to enhance the colloidal stability of the gels. Transparent solutions were 

also prepared successfully without added surfactant, using only PCDA, deionized water 

and NaOH, so that disturbances to the position of diacetylene groups that might be 

caused by SDS could be avoided.  Although transparent gels were prepared successfully 

using these three different methods, none of the resulting gels changed colour in response 

to irradiation. Gel ageing experiments using the original recipe (3 mM PCDA, 51 mM 

SDS, 5 wt% gelatin) confirmed that gels that remained transparent did not respond to 

radiation, whereas gels that became turbid prior to irradiation responded by changing 

colour. These results indicate that the colour change observed in PCDA micelle 
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dosimeters is due to oligomerization within solid PCDA particles, rather than 

oligomerization of PCDA solubilized in micelles.  

Since turbid gels are undesirable for optical CT readout, the use of PCDA as the 

reporter molecule in micelle gels is not promising.  However, we recommend that other 

radiochromic reporter molecules should be evaluated for use in micelle gel dosimeters.  If 

a suitable reporter molecule is identified, micelle gels have the potential to produce 

accurate 3D dosimetry results with excellent spatial stability.   
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Chapter 4 

Improving the performance of Leuco crystal violet micelle gel 

dosimeters 

4.1 Chapter Overview 

In this chapter, a new radiochromic micelle gel dosimeter recipe is developed for optical 

readout. The recipe contains leuco crystal violet (LCV), trichloro acetic acid (TCAA), 

Cetyl Trimethyl Ammonium Bromide (CTAB), 2,2,2-Trichloroethanol (TCE), and 

gelatin. The dose sensitivity of this gel is 1.5 times higher than the standard LCV gel 

suggested by Babic et al. (2009). Experiments were conducted to gain a deeper 

understanding of the different interactions between the various LCV micelle gel 

components. Finally, designed experiments were used to build a statistical model to 

optimize the LCV micelle gel recipe.  

The material presented in this chapter will be submitted to Physics in Medicine and 

Biology  in the future.   
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4.2 Summary 

Radiochromic Leuco Crystal Violet (LCV) micelle gel dosimeters are promising for 

three-dimensional (3D) radiation dosimetry because of their spatial stability and 

suitability for optical readout. Effects of surfactant type and concentration on dose 

sensitivity of LCV micelle gels were tested, demonstrating that dose sensitivity and initial 

colour of the gel increases with increasing Triton x-100 (Tx100) concentration. Using 

Cetyl Trimethyl Ammonium Bromide (CTAB) in place of Tx100 reduces the dose 

sensitivity and produces gels that are nearly colourless prior to irradiation.  Experiments 

with different concentrations of Tri-chloro acetic acid (TCAA) revealed that the highest 

dose sensitivity is obtained at a pH of 3.6. The sensitizing effect of chlorinated species on 

dose sensitivity was tested using 2,2,2-trichloroethanol (TCE), chloroform, and 1,1,1-

trichloro-2-methyl-2-propanol hemihydrate (TCMPH). TCE gave the largest 

improvement in dose sensitivity. Factorial experiments and empirical models were used 

to optimize the gel recipe. Dose sensitivity of the optimized gel is 1.5 times higher than 

Jordan’s standard LCV gel. Dose distribution information is maintained for more than 
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two weeks when the gel is subjected to spatially non-uniform radiation. Additional 

testing in large phantoms will be required to assess the effectiveness of the optimized gel.  

4.3 Introduction 

Radiation therapy is a localized treatment that aims to deliver ionizing radiation to 

the body to control tumour growth (Schreiner 2009). With the increasing complexity of 

modern radiation treatment techniques, sophisticated quality assurance procedures must 

be developed to ensure that the prescribed radiation dose is delivered to the tumour, while 

sparing dose to healthy tissue. Point-dose measurements (e.g., ionization chambers) and 

two-dimensional (e.g. radiochromic film) dosimetry techniques are routinely used in the 

clinic to measure radiation dose (Baldock et al. 2010). However, with rapid 

advancements in treatment techniques and increasing use of highly modulated beams, 

dosimeters that measure entire three-dimensional (3D) dose distributions have proven 

invaluable for full evaluation of conformal dose deliveries. Some of the dosimetry tools, 

such as detector arrays and electronic portal imaging devices (Neilson et al. 2013, Mans 

et al. 2010) provide only surrogate validation of the 3D dose delivery (Mijnheer et al. 

2010, Schreiner 2011). Therefore, specific problems in small field characterization 

(Pappas 2009), commissioning of new conformal or intensity modulated radiation 

therapy techniques (Olding et al. 2013, Ceberg et al. 2010) or radiation therapy process 

validation in adaptive techniques (Schreiner et al. 2011) would still benefit from the 

development of stable, reproducible fully 3D gel dosimeters. 

3D radiation dosimeters are fabricated from radiation-sensitive materials. Upon 

irradiation, dosimeters undergo detectable and quantifiable changes that are related to the 

amount and spatial distribution of the absorbed radiation dose (Adamovics 2006, Baldock 
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et al. 2010). These changes can be changes in nuclear magnetic resonance (NMR) 

properties, changes in optical properties (e.g., color, transparency) or changes in density 

(Hurley et al. 2006, Nasr et al. 2013). The response of an ideal 3D dosimeter should be 

measurable, reproducible, and stable (De Deene 2004). Ideally, the response should not 

be sensitive to environmental conditions that may vary during irradiation and scanning 

such as humidity, light, temperature, pressure, and atmospheric gases. The response of 

the 3D dosimeter should depend on the total radiation dose delivered, but should not be 

influenced by the radiation dose rate or energy. Tissue-equivalence for the kind of 

radiation used is also an important characteristic that an ideal 3D dosimeter should have. 

Examples of current 3D dosimeters are Fricke gel dosimeters, polymer gel dosimeters, 

PRESAGE plastic dosimeters, and micelle gel dosimeters (Gore et al., 1984, Appleby et 

al. 1987, Maryanski et al. 1993, Maryanski et al. 1994, Schreiner 2004, Adamovics 2006, 

Adamovics and Maryanski 2006, Guo et al. 2006, Hurley et al. 2006, Babic et al. 2009, 

Jordan and Avvakumov 2009, Baldock et al. 2010, Vandecasteele et al. 2011). Imaging 

techniques that are used to read out current 3D dosimeters include Magnetic Resonance 

Imaging (MRI), optical Computed Tomography (CT) and x-ray CT (Maryanski et al. 

1993, Maryanski et al. 1994, Jirasek et al. 2010, Olding et al. 2011).  

3D gel and plastic dosimeters are currently not routinely used in radiation clinics 

because of limitations and difficulties associated with the different 3D phantoms and the 

associated readout techniques (Baldock et al. 2010, Vandecasteele et al. 2011). Fricke gel 

dosimeters suffer from post-irradiation spatial stability problems due to rapid diffusion of 

iron ions, which limits the permissible time between irradiation and readout of these gels 

to a few hours. Addition of chelating agents to Fricke gel recipes has led to minor 
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improvements in spatial stability (Gore et al. 1984, Appleby et al. 1987, Schreiner 2004, 

Hurley et al. 2006, Baldock et al. 2010, Penev et al. 2013). Polymer gel dosimeters, 

especially polyacrylamide gels (PAG) and related gels that use N-isopropyl acrylamide 

(NIPAM), show relatively better post irradiation stability (Maryanski et al. 1993, 

Maryanski et al. 1994, De Deene et al. 2002a, Senden et al. 2006, Koeva et al. 2009a, 

Baldock et al. 2010, Jirasek et al. 2010, Chain et al. 2011a Olding et al. 2011), but 

polymer gels experience problems due to diffusion of unreacted monomers and are 

sensitive to oxygen contamination (De Deene et al. 2002b, McAuley 2004, Vergote et al. 

2004, Fuxman et al. 2005, Jirasek et al. 2006, Koeva et al. 2009b, Baldock et al. 2010, 

Chain et al. 2011b, Sedaghat et al. 2011, Nasr et al. 2012). 

Fricke gel and PAG are examples of dosimeters that are traditionally read out by 

magnetic resonance imaging (MRI). Use of MRI scanners for read out of clinical 

phantoms is limited due to cost, accessibility, and special skills required for quantitative 

MRI (Vandecasteele et al. 2011). Optical CT scanners are a promising alternative to MRI 

because they are cheaper, easier to use, and more accessible in most clinical 

environments (Doran 2009, Olding et al. 2011, Vandecasteele et al. 2011). These 

advantages of optical CT scanners have stimulated the development of optically clear 

radiochromic 3D dosimeters such as PRESAGE and radiochromic micelle gel dosimeters 

(Adamovics 2006, Adamovics and Maryanski 2006, Babic et al. 2009, Jordan and 

Avvakumov 2009, Vandecasteele et al. 2011, Nasr et al. 2013).  

PRESAGE dosimeters contain leuco-dye, halogenated hydrocarbons (e.g., carbon 

tetrachloride and chloroform) along with other components dissolved in a solid 

polyurethane matrix (Adamovics 2006, Adamovics and Maryanski 2006, Guo et al. 
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2006). Upon irradiation, the colourless leuco-dye is converted to a coloured dye. 

Depending on the recipe used, PRESAGE dosimeters may show post-irradiation spatial 

stability for ~2 days. They are insensitive to oxygen and environmental conditions (Babic 

et al. 2009, Baldock et al. 2010). Unfortunately, tissue equivalence of PRESAGE has 

been an issue for this type of dosimeter (Brown et al. 2008). 

Radiochromic micelle gel dosimeters, developed by Jordan and coworkers for 

optical readout, contain a colourless leuco-dye solubilized (using a surfactant) in a gelatin 

matrix (Babic et al. 2009, Jordan and Avvakumov 2009, Vandecasteele et al. 2011). 

Upon irradiation, free radicals react with the leuco-dye molecules and change them from 

colourless to deeply coloured. The colour deepens with increasing absorbed dose. 

Micelles in these phantoms help to solubilize the leuco-dye molecules, which are only 

sparingly soluble in water, and to distribute them throughout the 3D gel volume (Babic et 

al. 2009). Diffusion of leuco-dye molecules solubilized in micelles is considerably slower 

than diffusion of individual reporter molecules in micelle-free gel dosimeters because 

micelles are relatively large. Consequently, post-irradiation spatial stability of micelle gel 

dosimeters is better than ferrous xylenol-orange Fricke gel (FX) dosimeters, which are 

currently the most popular optical gel dosimeters (Jordan and Avvakumov 2009). The 

two micelle gel dosimeters introduced by Jordan and his coworker use leuco malachite 

green (LMG) and leuco crystal violet (LCV), respectively, as reporter molecules. Micelle 

gel dosimeters using diacetylenes as reporter molecules were also investigated but were 

found to be unsuitable for accurate optical readout (Nasr et al. 2013). 

Leuco-dye micelle gels are promising because they have the potential to produce 

accurate 3D dosimetry results with excellent spatial stability (Babic et al. 2009, Jordan 
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and Avvakumov 2009, Vandecasteele et al. 2011, Nasr et al. 2013). Tissue equivalence 

and manufacturing simplicity gives micelle gels considerable advantages compared 

polyurethane-based PRESAGE dosimeters and polymer gel dosimeters for 

implementation in clinical environments and for use in complex anthropomorphic 

phantoms (Vandecasteele et al. 2011). However, current micelle gel dosimeters have 

relatively lower dose sensitivity compared to FX gels. Leuco dye micelle gels are also 

sensitive to temperature during irradiation and sensitive to light during storage (Babic et 

al. 2009, Jordan and Avvakumov 2009). There is some uncertainty about whether 

leucodye micelle gels have significant dose-rate dependence (Babic et al. 2009, 

Vandecasteele et al. 2011).  

Babic et al. (2009) recommended LCV micelle gels over LMG micelle gels 

because LCV gel dosimeters exhibited linear dose response, lower effective diffusion, 

and higher dose sensitivity compared with the LMG micelle gels developed earlier by the 

same research group (Babic et al. 2009, Jordan and Avvakumov 2009). The 

recommended LCV micelle gel recipe reported by Babic et al. (2009) is composed of five 

components: 4.0 wt% gelatin, 4.0 mM Triton x-100 (Tx100) surfactant, 25.0 mM 

trichloro acetic acid (TCAA), 1.0 mM LCV, and approximately 96.0 wt% water. This 

particular recipe will be referred to as Jordan’s standard LCV gel throughout this article.  

An essential component of this standard LCV gel is the Tx100 surfactant. 

Surfactants are categorized as nonionic, anionic or cationic (Evans and Wennerstrom 

1999). The nonionic surfactant Tx100 was chosen by Jordan and Avvakumov (2009) to 

make radiochromic leuco-dye micelle gels because of its compatibility with gelatin 

hydrogels and its ability to form stable and optically-clear gels. Vandecasteele et al. 
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(2011) reported difficulties in making LCV micelle gels using Tx100 and replaced it with 

the anionic surfactant sodium dodecyl sulfate (SDS). When attempting to make 

radiochromic micelle gels using diacetylenes as reporter molecules, Nasr et al. (2103) 

tested Tx100, SDS and the cationic surfactant Cetyl Trimethyl Ammonium Bromide 

(CTAB). Precipitation problems were observed for several diacetylene gels produced 

using Tx100 and SDS. Transparent stable gels were obtained using CTAB. Note that 

different surfactants begin to aggregate to form micelles at different critical micelle 

concentrations (e.g., ~0.3 mM for Tx100, ~8.4 mM for SDS and ~0.92 mM for CTAB in 

deionized water at 25
 o

C) (Cui et al. 2008). Below the critical micelle concentration, all 

surfactant molecules are dissolved individually in the aqueous phase. Different 

surfactants also produce micelles of different sizes (e.g., ~5.5 nm for Tx100, ~1.84 nm 

nm for SDS, and ~ 3.0 nm for CTAB in deionized water at 25
 o

C) due to the different 

sizes of the individual surfactant molecules and the number of molecules that aggregate 

to form the micelles (e.g., ~140 molecules per micelle for TX100, ~60 for SDS and ~61 

for CTAB in deionized water at 25
 o

C) (Paradies 1980, Neugebauer 1990, Duplatre et al. 

1996, Storm et al. 2013). 

Vandecasteele et al. (2011) studied the performance of LMG micelle gel 

dosimeters using SDS as the surfactant. They showed that addition of chloroform to the 

recipe resulted in improved dose sensitivity. This result was not surprising because 

chloroform is an important component used as a sensitizer in some PRESAGE gels 

(Adamovics 2006, Adamovics and Maryanski 2006) and McLaughlin has shown that 

chloroform and other chlorinated molecules are effective in increasing dose sensitivity in 

a variety of dosimetry applications. (McLaughlin 1970). 
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Babic et al. (2009) studied the effects of varying the concentrations of Tx100, 

LCV, and TCAA on dose sensitivity when developing the recipe for Jordan’s standard 

LCV gel. They found that sensitivity can be improved by increasing the Tx100 

concentration and by increasing the LCV concentration up to 2.0 mM, which was the 

maximum concentration reported in their study. They also showed that a concentration of 

25.0 mM TCAA maximizes the dose sensitivity. The influence of TCAA on dose 

sensitivity may arise from two factors, which were discussed by Vandecasteele et al. 

(2011); TCAA contains chlorine atoms and is an acid that influences pH. Note that the 

solubility of LCV in pure water depends strongly on pH (Scifinder 2013) and that pH 

may also influence the radiochemistry of LCV gels.  Babic et al. did not report the pH of 

their LCV micelle gels, but Vandecasteele et al. (2011) endeavored to match the pH 

when testing several LMG micelle gel recipes. 

The purpose of the current study is to develop improved recipes for radiochromic 

LCV micelle gel dosimeters and to gain a deeper understanding of interactions between 

the various gel components. First, a reproducibility study using Jordan’s standard LCV 

gel is described along with a modified manufacturing procedure that enables easier and 

faster gel preparation. Next, the dose rate dependency of Jordan’s standard LCV gel is 

tested and the effects of changing the concentrations of LCV, Tx100, and TCAA on dose 

sensitivity and initial gel colour are reported. Tests are performed to investigate the 

influence of pH, separate from the concentration of TCAA, on dose sensitivity, gel 

transparency and initial gel colour. Two surfactants (SDS and CTAB) are investigated as 

replacements for Tx100. Effects of three halogenated hydrocarbons (i.e., chloroform, 

2,2,2-Trichloroethanol (TCE) and 1,1,1-Trichloro-2-methyl-2-propanol hemihydrate 
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(TCMPH)) on dose sensitivity are also investigated. Interaction effects between the 

components of LCV micelle gel dosimeters are quantified and an improved recipe that 

contains water, gelatin, LCV, CTAB, TCAA, and TCE is proposed. 

4.4 Materials and methods 

4.4.1 Gel manufacturing procedure 

Jordan’s standard LCV gels were produced in the initial experiments using the following 

procedure (Babic et al. 2009, Jordan and Avvakumov 2009, Jordan 2013):   

1) Sprinkle gelatin (Type A, 300 Bloom porcine skin, Sigma-Aldrich, Oakville, 

On, Canada) onto ~85 wt% of the total deionized water in the recipe at room 

temperature. Let swell for 20 minutes then stir the mixture at 40 
o
C until the 

gelatin dissolves completely. Filter the gelatin mixture then cool to 30 to 32 

o
C. 

2) Add Tx100 (Sigma-Aldrich, Oakville, On, Canada) to ~ 5 wt% of the total 

deionized water and stir at room temperature.  

3) Add TCAA (Sigma-Aldrich, Oakville, On, Canada) onto ~ 10 wt% of the total 

deionized water at room temperature and stir to dissolve. Add LCV powder 

(Sigma-Aldrich, Oakville, On, Canada) and stir.  

4) Pour the LCV mixture from step 3 into the surfactant mixture from step 2 and 

stir for ~1 min.  

5) Add the LCV-micelle mixture from step 4 slowly (drop-wise) to the filtered 

gelatin mixture from step 1 at 32 
o
C while stirring (~5-12 min depending on 

the amount of the gel that is being prepared)  
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Because this initial procedure was lengthy and needed special care during the drop-wise 

addition in step 5, the following modified manufacturing procedure was developed and 

followed in manufacturing all gels in this study unless otherwise mentioned:   

1- Sprinkle gelatin into 75 wt% of the total deionized water in the recipe and let 

swell for ~ 20 minutes, and then stir while heating to 45 
o
C until gelatin dissolves 

completely.  

2- Add the surfactant and TCAA to the remaining 25 wt% of the deionized water 

and stir at room temperature for ~5 minutes until completely dissolved. Add the 

LCV and stir for ~ 5 minutes until completely dissolved. 

3- Pour LCV mixture (at room temperature) into the gelatin mixture at 45 
o
C and stir 

for ~ 2 minutes.   

The resulting mixtures prepared using both procedures were poured into 4.5 ml 

polystyrene cuvettes with 10 mm light path (Fisher scientific, Ottawa, On, Canada) and 

sealed using a cap and parafilm.  Some samples were poured into 500 mL or 1 L jars (for 

optical CT scanning) that were also sealed using parafilm. A few samples were poured 

into 23×85 mm clear glass cylindrical vials for visual evaluation and photography to 

assess initial colour and turbidity. pH was measured using a pH electrode (Denver 

Instrument Company, Colorado, USA). All gels were refrigerated at 4 
o
C for ~ 24 h and 

then heated to room temperature before irradiation.   

4.4.2 Irradiation procedure 

A Varian Clinac 6EX linear accelerator (Varian Medical Systems, Palo Alto, CA, USA) 

was used to irradiate the cuvettes to different doses of 0, 5, 10, 15, 20, and 40 Gy at a 

dose rate of 400 cGy/min. In preliminary experiments, all cuvettes were taken out of the 
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fridge and left at room temperature for ~ 1 h prior to irradiation. In later experiments, the 

cuvettes were immersed in a water bath at 22 
o
C for 20 minutes to ensure uniform 

temperature. Cuvettes were irradiated using an isocentric setup, with a 100 cm source-to 

axis distance (SAD), 2 cm of plastic water buildup, 10 cm of plastic water backscatter, 

and 15×15 cm
2
 field size. The long dimension (height) of the cuvettes was perpendicular 

to the beam axis.   

4.4.3 Optical transmission spectrometer measurements 

Absorption spectra for cuvettes irradiated to different doses were measured ~ 20 minutes 

after irradiation. All samples were at room temperature (20-23 
o
C) when the spectra were 

measured using a SpectroVis Plus spectrophotometer (Vernier Software & Technology, 

OR, USA) over the wavelength region of 380-900 nm. All absorbance measurements 

were calibrated using a reference cuvette filled with deionized water. The change in the 

optical attenuation coefficient between the irradiated and un-irradiated vials was 

calculated from:  

   
  (  )

 
(     )                                                                                                                                              (   ) 

where X=1 cm is the length of the light path through the vial, AI is the measured 

absorbance of the irradiated sample and AU is the absorbance of the un-irradiated sample.  

Equation (4.1) contains the factor of ln(10) because the measured absorbance is defined 

using a base 10 logarithm and attenuation is defined using a natural logarithm (Laidler et 

al. 2003).    

4.4.4 Dose rate dependence of LCV micelle gels 

Dose rate dependency of Jordan’s standard LCV gels, manufactured according to the 

modified recipe, was tested by irradiating gel cuvettes to different doses at different dose 
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rates. 24 cuvettes, divided into four sets, were filled from the same LCV gel batch. 

Cuvettes from the first set were irradiated using a dose rate of 100 cGy/min to final doses 

of 0, 5, 10, 15, 20, and 40 Gy, respectively. Cuvettes from the other three sets were 

irradiated to the same final doses using dose rates of 200, 400 and 600 cGy/min, 

respectively. The optical response for each gel cuvette was measured using the optical 

transmission spectrometer. 

4.4.5 Effect of different surfactants and surfactant concentrations on gel transparency 

The objective of these experiments was to explore the effect of surfactant on the amount 

of LCV that can be added to the gel recipe before the gels become turbid. Surfactants 

used were SDS (Fisher Scientific, Ottawa, On, Canada), Tx100, and CTAB (both from 

Sigma-Aldrich, Oakville, On, Canada). Surfactant concentrations were selected so that 

the number of micelles per unit volume would be roughly 1 and 10 times the number of 

micelles in Jordan’s standard LCV gels. Three different LCV concentrations were tested 

(1.0, 1.5, and 2.0 mM) for each surfactant concentration. Gelatin and TCAA 

concentrations were fixed at 4.0 wt% and 25.0 mM, respectively, to match the 

concentrations in Jordan’s standard LCV gel. Gels in this set of experiments were not 

irradiated. Turbidity, or lack thereof, was determined visually. 

4.4.6 Effect of TCAA concentration on gel transparency 

The objective of these experiments was to explore the effect of TCAA concentration on gel 

turbidity. Gels were manufactured using 12.5, 25.0, 38.0, and 50.0 mM TCAA. Gelatin, LCV, 

and Tx100 concentrations were kept at 4.0 wt%, 1.0 mM and 4.0 mM, respectively, to match the 

recipe in Jordan’s standard LCV gel. Gels in this set of experiments were not irradiated. 
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4.4.7 Effect of surfactant type and concentration on dose sensitivity of LCV micelle gels 

This set of experiments was used to investigate the effects of different surfactants and 

surfactant concentrations on dose sensitivity of LCV micelle gels. TCAA, LCV, and 

gelatin concentrations were fixed at 25.0 mM, 1.0 mM, and 4.0 wt%, respectively, as in 

Jordan’s standard LCV gel. Surfactants used in this set of experiments were Tx100 (at 

4.0, 19.0, and 39.0 mM), SDS (at 2.5, 9.0, and 17.0 mM), and CTAB (at 2.5, 9.0, and 

17.0 mM). 

4.4.8 Effect of different acids and acid concentrations on dose sensitivity of LCV micelle gels 

The effect of acid concentration on dose sensitivity was studied using the halogenated 

acid TCAA and sulfuric acid, which is not halogenated. Gelatin and Tx100 

concentrations were fixed at 4.0 wt% and 4.0 mM, respectively, as in Jordan’s standard 

LCV gel. The LCV concentration was fixed at 0.25 mM.  The TCAA concentrations used 

were 14.5, 21.5, 25.0, 27.5, and 33.5 mM and the sulfuric acid concentrations tested were 

7.5, 11.5, 13.5, 15.0, and 19.5 mM. These sulfuric acid concentrations were selected to 

match the pH of the gels made using TCAA. Subsequent experiments were conducted 

using TCAA concentrations of 18.0 and 23.0 mM in an effort to maximize the dose 

sensitivity.   

Additional experiments were conducted to investigate the potential of improving 

dose sensitivity by simultaneously adding more acid and more LCV to the recipe. Two 

LCV micelle gels were manufactured using a TCAA concentration of 38.0 mM and LCV 

concentrations of 1.0 and 2.5 mM, respectively.  
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4.4.9 Effect of altering TCAA concentration and pH on dose sensitivity of LCV micelle gels 

A series of experiments was conducted to determine whether TCAA concentration or pH 

had a more important effect on dose sensitivity and gel turbidity. A set of gels was 

manufactured with a fixed concentration of 25.0 mM TCAA, using two different gelatin 

concentrations of 2.0 wt% and 6.0 wt% because gelatin concentration influenced the pH.  

A second set of gels was made using the same gelatin concentrations (i.e., 2.0 wt% and 

6.0 wt%), but the TCAA concentrations were adjusted to match the pH of Jordan’s 

standard LCV gels.  

4.4.10 Effect of halogenated species on dose sensitivity of LCV micelle gels 

Three different halogenated compounds (i.e., chloroform (Fisher Scientific, Ottawa, On, 

Canada), TCE, and TCMPH (both from Sigma-Aldrich, Oakville, On, Canada)) were 

evaluated for their effectiveness in improving the dose sensitivity of LCV micelle gels. 

TCE and TCMPH were selected because of their lower volatility and lower toxicity, 

compared to chloroform. LCV micelle gels were made at two different concentrations 

(10.0 and 90.0 mM) of each of the three halogenated species. All gels were manufactured 

according the modified procedure except that, in step 2, the halogenated compound is 

added to the surfactant and TCAA in 25 % of the total deionized water and mixed for ~10 

minutes before LCV is added. Concentrations of gelatin, Tx100, LCV, and TCAA were 

kept at 4.0 wt%, 4.0 mM, 1.0 mM, and 25.0 mM, respectively as in Jordan’s standard 

LCV gel. 
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4.4.11 Designed experiments to optimize LCV micelle gels made with Tx100 and TCE 

As shown in Table 4.1, a full factorial designed experiment was conducted using two-

levels of three factors (Tx100, LCV and TCE). Three additional runs (9-11) were 

conducted near the centre point. Simple linear regression models were estimated with 

dose sensitivity and initial gel colour as the response variables.  

Table 4.1: Concentrations of Tx100, LCV, and TCE in designed experiment. Measured response 

variables were initial colour of the un-irradiated LCV-Triton TCE gels and the dose sensitivity. 

Concentrations of gelatin and TCAA were fixed at 4.0 wt% and 25.0 mM, respectively, in all 

gels. 

# Tx100 [mM] LCV [mM] TCE [mM] 

1 1.6 0.75 40.0  

2 1.6 0.75 80.0 

3 1.6 1.25 40.0 

4 1.6 1.25 80.0  

5 10.0 0.75 40.0  

6 10.0 0.75 80.0 

7 10.0 1.25 40.0  

8 10.0 1.25 80.0  

9 4.0 1.0 60.0  

10 4.0 1.0 60.0  

11 4.0 1.0 60.0  
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Table 4.2: Concentrations of CTAB, LCV, and TCE in full factorial experiment with replicates at 

central point and subsequent experiments used to optimize the gel response. Concentrations of 

gelatin and TCAA were fixed at 4.0 wt% and 25.0 mM, respectively. 

# CTAB [mM] LCV [mM] TCE [mM] 

1 9.0 0.75 40.0  

2 9.0 0.75 80.0 

3 9.0 1.25 40.0 

4 9.0 1.25 80.0  

5 25.0 0.75 40.0  

6 25.0 0.75 80.0 

7 25.0 1.25 40.0  

8 25.0 1.25 80.0  

9 17.0 1.0 60.0  

10 17.0 1.0 60.0  

11 17.0 1.0 60.0  

12 17.0 1.0 60.0  

13 17.0 1.0 60.0  

14 25.0  1.25 120.0  

15 33.0  1.25 100.0  

16 33.0  1.5 100.0  

17 33.0  1.25 120.0  

18 15.5  0.75 80.0  

19 17.0  0.75 120.0  

20 33.0  1.25 120.0  

 

4.4.12 Experiments to optimize LCV micelle gels made with CTAB and TCE 

Preliminary experiments were conducted to explore the possibility of improving dose 

sensitivity of LCV micelle gels made with CTAB surfactant when TCE is added to the 

recipe. Three LCV micelle gels were made using 17.0 mM CTAB and different TCE 

concentrations (60.0, 90.0, and 120.0 mM). Concentrations of gelatin, LCV, and TCAA 

were fixed at 4.0 wt%, 1.0 mM, and 25.0 mM, respectively. A second round of 

experiments was conducted to find a suitable pH to obtain high dose sensitivity of LCV 
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gels. These LCV micelle gels were made without TCE and with gelatin, LCV, and CTAB 

concentrations fixed at 4.0 wt%, 0.25 mM, and 17.0 mM, respectively, and the following 

TCAA concentrations 14.5, 18.0, 21.5, 23.0, 25.0, 27.5, and 33.5 mM.  

Results from the preliminary experiments were used to select the settings for a 

full factorial design with five replicates at the central point (experiments 1-13 in Table 

4.2) was used to estimate parameters in linear regression models with dose sensitivity and 

initial colour as response variables. Subsequent experiments (14-20) were conducted to 

optimize the recipe.   

4.4.13 Preliminary experiments in large-jar phantoms 

To examine the response of LCV micelle gel to spatially non-uniform radiation, 

two 1 L polyethylene terephthalate jars were filled with gel using the optimized gel recipe 

of 0.75 mM LCV, 17 mM CTAB, 120 mM TCE, 25.0 mM TCAA and 4 wt% gelatin, and 

subsequently irradiated. Irradiations were performed using a Varian Trilogy linear 

accelerator with RapidArc (Varian Medical Systems, Palo Alto, California).  One gel was 

irradiated with a single arc VMAT prostate treatment plan, up to a maximum dose of 

1795.3 cGy in the gel.  The second gel was used for calibration and was irradiated with a 

1850 MU, 12 MeV 6 x 6 cm
2
 field electron beam (SSD=100 cm) delivered to the top 

surface of the gel (jar lid removed). 

Gel dosimeters were imaged using a Vista Optical CT scanner (Modus Medical 

Devices Inc., London, ON, Canada) under 590 nm LED illumination.  Reference scan 

images were taken of each gel before irradiation. After irradiation, data scan images were 

also taken. Each gel was carefully timed to ensure that post-irradiation imaging times 

were consistent. To convert optical density values to dose, calibration central-axis depth-
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dose data were obtained from the gel and compared to Wellhofer ionization-chamber 

water-tank measurements. This calibration was applied to the VMAT plan gel irradiation. 

4.5 Results and Discussion: 

4.5.1 Reproducibility of Jordan’s standard LCV gels and Assessment of the Modified 

Manufacturing Procedure 

Jordan’s standard LCV gel was reproduced several times during the course of this study 

using the original manufacturing procedure and the revised manufacturing procedure. 

Plots of the change in optical attenuation (Δμ) vs. absorbed dose are linear over the dose 

range from 0 to 40 Gy. Slopes of these plots are dose sensitivities.  In preliminary 

experiments, the vials were removed from the fridge and left at room temperature for ~ 1 

h prior to irradiation so that they could equilibrate to room temperature. For these 

samples, produced using either the original manufacturing procedure or the modified 

procedure, reproducibility of the dose sensitivity was poor with a standard deviation of 

2.2·10
-3

 Gy
-1

cm
-1

 determined using 15 dose response curves. In 25 later experiments, all 

conducted using the revised manufacturing procedure, a five-fold improvement (standard 

deviation = 4.5·10
-4

 Gy
-1

cm
-1

) in reproducibility was achieved by immersing the vials in a 

water bath at 22 
o
C for 20 minutes prior to irradiation. These results confirm the 

conclusion of Babic et al. (2009) that careful control of temperature at the time of 

irradiation is crucial for obtaining reliable results from LCV micelle gels. The mean dose 

sensitivity obtained from the 25 replicates was 7.6·10
-3

 Gy
-1 

cm
-1

, indicating that 

reproducibility of dose sensitivity was typically within ~5.9%. Sources of variability 

include batch-to-batch variation in concentrations of chemical species, minor variability 

in the temperature at the time of radiation, and variability associated with optical readout. 
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Note that the average dose sensitivity measured in the current study (~7.6·10
-3

 Gy
-1 

cm
-1

) 

is in good agreement with the value (~ 7.5·10
-3

 Gy
-1 

cm
-1

) reported by Babic et al. (2009) 

in Figure 5 of their article.  

The modified manufacturing procedure for Jordan’s standard LCV gels involved 

several changes compared to the original procedure (i.e., changing temperatures during 

manufacturing steps, changing the order of addition of gel components and skipping the 

gel filtration step). Using the revised procedure cuts the typical manufacturing time in 

half, without any noticeable change in the quality of the results. Figure 4.1 shows dose 

responses of three gels manufactured using Jordan’s standard LCV gel recipe, which 

were manufactured using: i) the original procedure, ii) the original procedure without the 

filtering step and iii) the new procedure.   

 

 

Figure 4.1: Dose response of three Jordan standard LCV gels manufactured using the old 

procedure ( ∆ ), the old procedure without filtration ( ◊ ), and the new procedure ( □

).  All gels were at 22 
o
C at the time of irradiation. Lines between symbols are added to guide the 

eye. 
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4.5.2 Dose rate dependence 

Figure 4.2 shows that varying the dose rate from 100 to 600 cGy.min
-1

 has no noticeable 

influence on the dose response of Jordan’s standard LCV gel. Dose sensitivities 

calculated from these data do not show any trend with dose rate. These results confirm 

the conclusion by Babic et al. (2009) that LCV micelle gels are relatively insensitive to 

dose rate.  

 

 

Figure 4.2: Dose response of Jordan’s standard LCV gel irradiated at four different dose rates 

including: 100 ( ∆ ), 200 ( ◊ ), 400 ( □ ), and 600 ( ○ ) cGy.min
-1

. All gels were at 

22 
o
C at the time of irradiation. Lines between symbols are added to guide the eye. 

 

4.5.3 Effect of different surfactants and surfactant concentrations on gel transparency 

Babic et al. (2009) showed that increasing the LCV concentration in micelle gels 

increased the dose sensitivity. In the current study, experiments were performed to 

determine whether additional increases in LCV beyond the range of concentrations 

studied by Babic et al. could lead to further sensitivity improvements. Unfortunately 
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recipe. Presumably, the turbidity results from precipitation of LCV, which is a solid at 

room temperature. 

  To determine whether surfactants can alleviate problems with gel turbidity, three 

different surfactants at different concentrations were tested and the results are shown in 

table 4.3. Transparent LCV gels were obtained from the first two recipes which did not 

contain any surfactant. When 4.0 mM Tx100 was added (i.e., the concentration in 

Jordan’s standard LCV gel) transparent gel was obtained at 1 mM LCV and turbid gels 

were obtained at 1.5 and 2.0 mM. Increasing the Tx100 concentration to 38.0 mM 

resulted in transparent gels at 1.0 and 1.5 mM LCV and turbid gels at 2.0 mM LCV. The 

38.0 mM concentration of Tx100 was selected so that the number of micelles per liter 

would be approximately 10 times the number in Jordan’s standard LCV gel (using the 

critical micelle concentration and the number of molecules per micelle). These results 

indicate that surfactant concentration has only a minor effect on the turbidity of LCV 

micelle gels. Using CTAB at two different concentrations (in experiments 10 to 15) did 

not resolve the turbidity problem for LCV concentrations of 1.5 and 2.0 mM. LCV 

micelle gels produced using SDS resulted in very viscous, turbid and sticky mixtures that 

would not be suitable for optical scanning. Note that gels 4 to 9, which were produced 

using Tx100 had noticeable blue colour prior to irradiation, but that the other gels in 

Table 4.3 had no initial colour that was observable to the naked eye.  

4.5.4 Effect of trichloroacetic acid concentration on gel transparency 

Gels were manufactured using different TCAA concentrations to study the relationship 

between acid concentration (or pH) and gel turbidity. As shown in table 4.4 the gel made 

with 12.5 mM TCAA (pH = 3.98) resulted in a turbid gel, and the gels made with higher 
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TCAA concentrations (resulting in lower pH) were transparent. The TCAA concentration 

also influenced the colour of the gel prior to irradiation, with low acid concentrations 

leading to coloured gels.  

 

Table 4.3: Results from experiments conducted to determine the influence of surfactant type and 

concentration on the maximum amount of LCV that can be used to produce transparent LCV 

micelle gels.  All experiments were conducted using 25 mM TCAA and 4 wt% gelatin. Gel 4 is a 

replicate of Jordan’s standard LCV gel. 

# surfactant Conc. 

[mM] 

LCV 

[mM] 

~ Multiple of micelles in 

Jordan’s standard LCV gel 

Turbidity Initial  

Colour 

pH 

1 -- 0.0 1.0 0 Clear No 3.39 

2 -- 0.0 1.5 0 Clear No 3.54 

3 -- 0.0 2.0 0 Turbid No 3.39 

4 Tx100 4.0 1.0 1 Clear Light blue 3.38 

5 Tx100 4.0 1.5 1 Turbid Light blue 3.37 

6 Tx100 4.0 2.0 1 Turbid Light blue 3.37 

7 Tx100 38.0 1.0 10 Clear Dark blue 3.38 

8 Tx100 38.0 1.5 10 Clear Dark blue 3.45 

9 Tx100 38.0 2.0 10 Turbid Dark blue 3.48 

10 CTAB 2.5 1.0 1 Clear No 3.39 

11 CTAB 2.5 1.5 1 Turbid No 3.39 

12 CTAB 2.5 2.0 1 Turbid No 3.38 

13 CTAB 17.0 1.0 10 Clear No 3.44 

14 CTAB 17.0 1.5 10 Turbid No 3.43 

15 CTAB 17.0 2.0 10 Turbid No 3.38 

16 SDS 2.5 1.0 1     

17 SDS 2.5 1.5 1  

18 SDS 2.5 2.0 1 Very turbid, viscous 

19 SDS 17.0 1.0 10 and sticky mixtures 

20 SDS 17.0 1.5 10  

21 SDS 17.0 2.0 10  
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Table 4.4: Results from experiments conducted to determine the influence of TCAA 

concentration on the transparency of LCV micelle gels.  Gel 2 is a replicate of Jordan’s standard 

LCV gel. 

# TCAA  

[mM] 

Tx100 

[mM] 

LCV  

[mM] 

Gelatin  

wt% 

Turbidity Initial   

Colour 

pH 

1 12.5 4.0 1.0 4.0 Turbid  Light Blue 3.98 

2 25.0 4.0 1.0 4.0 Clear Light Blue 3.30 

3 38.0 4.0 1.0 4.0 Clear No  2.25 

4 50.0 4.0 1.0 4.0 Clear No 1.88 

 

4.5.5 Effect of surfactant type and concentration on dose sensitivity and initial colour of 

LCV micelle gels 

Dose sensitivity of LCV micelle gels was tested at different concentrations of Tx100, 

CTAB and SDS as shown in table 4.5. Dose sensitivity of LCV gel with no added 

surfactant was 5.50·10
-3

 Gy
-1

cm
-1

 and increased with increasing Tx100 concentration. For 

example, when 38.0 mM Tx100 was used (to make the number of micelles roughly ten 

times that in Jordan’s standard LCV gel) dose sensitivity increased to ~1.8 times that of 

Jordan’s standard LCV gel. Unfortunately, the initial colour of the un-irradiated gels also 

increased with increasing Tx100 concentration. Using CTAB at different concentrations 

did not seem to improve the dose sensitivity of LCV micelle gels nor influence the initial 

colour. All gels that were attempted using SDS at different concentrations resulted in 

very viscous, turbid and sticky mixtures that are not suitable for optical scanning. 
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Table 4.5: Dose sensitivity of LCV micelle gels made using Tx100, CTAB, and SDS. Surfactant 

concentrations were selected such that the number of micelles formed in the gels would be, 

roughly, 1, 5.5, and 10 times the number of micelles in Jordan’s standard LCV gel. Gelatin, 

TCAA, and LCV concentrations were fixed at 4.0 wt%, 25 mM, and 1.0 mM, respectively. Gel 2 

is a replicate of Jordan’s standard LCV gel. Absorbance values were measured using a 

wavelength of 590 nm 

# surfactant Conc. 

[mM] 

Turbidity Initial   

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 --  clear No 0.020 5.50·10
-3

 3.40 

2 Tx100 4.0 clear Light Blue 0.049 7.65·10
-3

 3.36 

3 Tx100 19.0 clear Dark Blue 0.116 1.09·10
-2

 3.44 

4 Tx100 38.0 clear Dark Blue 0.207 1.37·10
-2

 3.43 

5 CTAB 2.5 clear No 0.020 5.62·10
-3

 3.37 

6 CTAB 9.0 clear No 0.025 5.57·10
-3

 3.39 

7 CTAB 17.0 clear No 0.026 5.80·10
-3

 3.39 

8 SDS 2.5 V. turbid Very turbid, viscous 3.37 

9 SDS 9.0 V. turbid and sticky mixtures 3.39 

10 SDS 17.0 V. turbid  3.39 

 

4.5.6 Effect of different acids, acid concentrations and pH on dose sensitivity of LCV micelle 

gels  

The purpose of the experiments involving gels 1 to 12 in Table 4.6 was to study the effect 

of acid concentration on dose sensitivity and to isolate effect of halogen atoms in TCAA 

from the effect of pH on dose sensitivity. The LCV micelle gels manufactured using 

TCAA (gels 1 to 7 in Table 4.6) show higher sensitivity than the corresponding gels 

made with sulfuric acid (gels 8 to 12) at matched pH, suggesting that the chlorine atoms 

in TCAA had a sensitizing effect. The concentration of TCAA strongly influences dose 

sensitivity in a nonlinear fashion, with the highest dose sensitivity obtained using a 

TCAA concentration of 21.5 mM (gel 3). A similar maximum in dose sensitivity was 
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observed by Babic et al. (2009) who prepared LCV gels with different concentrations of 

TCAA. LCV micelle gels manufactured at low acid concentration (high pH) were turbid 

regardless of the type of acid used, as shown by gels 1, 2, and 8 in Table 4.6.  This result 

confirms that transparency of LCV micelle gels is influenced by acid concentration or 

pH.   

 

Table 4.6: Dose sensitivity of LCV micelle gels at different concentrations of TCAA and H2SO4. 

Concentrations of gelatin and Tx100 in gels 1 to 12 were fixed at 4 wt% and 4 mM, respectively.  

Gels 13-15 were produced to investigate the potential of improving dose sensitivity by 

simultaneously increasing the concentrations of TCAA and LCV. Gel 13 is a replicate of Jordan’s 

standard LCV gel. Absorbance values were measured using a wavelength of 590 nm 

# Acid Conc. 

[mM] 

LCV 

[mM] 

Turbidity Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 TCAA 14.5 0.25 Turbid ---- 0.185 3.87·10
-3

 4.04 

2 TCAA 18.0 0.25 Turbid ---- 0.122 5.37·10
-3

 3.75 

3 TCAA 21.5 0.25 Clear No 0.030 6.38·10
-3

 3.63 

4 TCAA 23.0 0.25 Clear Light Blue 0.036 5.64·10
-3

 3.43 

5 TCAA 25.0 0.25 Clear No 0.030 4.79·10
-3

 3.36 

6 TCAA 27.5 0.25 Clear No 0.019 4.33·10
-3

 3.15 

7 TCAA 33.5 0.25 Clear No 0.018 1.93·10
-3

 2.63 

8 H2SO4 7.5 0.25 Turbid ---- 0.044 1.19·10
-3

 4.07 

9 H2SO4 11.5 0.25 Clear No 0.019 1.11·10
-3

 3.62 

10 H2SO4 13.5 0.25 Clear No 0.015 1.15·10
-3

 3.37 

11 H2SO4 15.0 0.25 Clear No 0.012 9.21·10
-4

 3.11 

12 H2SO4 19.5 0.25 Clear No 0.017 -1.82·10
-4

 2.56 

13 TCAA 25.0 1.0 Clear Light blue 0.052 7.72·10
-3

 3.38 

14 TCAA 38.0 1.0 Clear No 0.020 2.49·10
-3

 2.62 

15 TCAA 38.0 2.5 Clear No 0.012 4.58·10
-3

 2.63 
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Gels 13 to 15 in table 4.6 were produced to investigate the potential for increasing 

dose sensitivity of LCV micelle gels by increasing the LCV concentration while 

simultaneously increasing the TCAA concentration to avoid LCV precipitation. The dose 

sensitivity of LCV gel 14 in table 4.6, made with 1.0 mM LCV and 38.0 mM TCAA, was 

lower than that of Jordan’s standard LCV gel (gel 13). Dose sensitivity improved when 

the LCV concentration increased to 2.5 mM at fixed TCAA concentration (gel 15 in table 

4.6) but the dose sensitivity was still below that of Jordan’s standard LCV gel (gel 13). 

These results show that increasing the LCV concentration in LCV micelle gels by adding 

more TCAA (to avoid LCV precipitation) reduced rather than increased the dose 

sensitivity compared to Jordan’s standard LCV gel. Using the additional TCAA to 

prevent precipitation of the LCV reduced the pH, which seems to be the cause of the poor 

sensitivity.   

Experimental results discussed so far show that the concentration of TCAA 

strongly affects both dose sensitivity and gel transparency (LCV solubility) in LCV 

micelle gels. The purpose of experiments in table 4.7 was to isolate effects of pH from 

the effect of acid concentration on both dose sensitivity and transparency of LCV micelle 

gels. To do so, the gelatin concentration (which affects pH) was changed in a careful way 

such that some gels (i.e., gels 1, 2 and 3) have different pH values at constant TCAA 

concentration and other gels (i.e., gels 1, 4 and 5) have nearly constant pH at different 

TCAA concentrations. When the gelatin concentration was decreased from 4.0 wt% in 

gel 1 to 2.0 wt% in gel 2, the pH dropped to 2.36 and, consequently, the dose sensitivity 

decreased. When the gelatin concentration increased to 6.0 wt% (gel 3), the pH increased 

to 3.89 and the gel became turbid. When pH was kept constant at ~ 3.45, dose sensitivity 
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and transparency of the LCV micelle gels was relatively constant (gels 1, 4 and 5). So it 

can be concluded that pH, rather than TCAA concentration, is the dominant factor for 

achieving high dose sensitivity and transparency of LCV micelle gels. Note, however, 

that using TCAA rather than a non-halogenated acid like H2SO4 is also important for 

achieving high dose sensitivity (see table 4.6).   

 

Table 4.7: Influence of gelatin concentration and TCAA concentration on the dose sensitivity and 

transparency of LCV micelle gels. LCV and TX100 concentrations were fixed at 1 mM and 4 

mM, respectively, to match Jordan’s standard LCV gel. Gel 1 is a replicate of Jordan’s standard 

LCV gel. Absorbance values were measured using a wavelength of 590 nm 

# Gelatin 

wt% 

TCAA 

[mM] 

Turbidity Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 4  25.0 clear Light Blue 0.050 7.46·10
-3

 3.41 

2 2  25.0 clear No 0.011 3.04·10
-3

 2.36 

3 6  25.0 Turbid ---- ---- ---- 3.89 

4 2  12.5 Clear Light Blue 0.085 8.06·10
-3

 3.45 

5 6  35.0 clear No 0.024 7.37·10
-3

 3.50 

 

4.5.7 Effect of halogenated hydrocarbons on dose sensitivity of LCV micelle gels 

Vandecasteele et al. (2011) reported that adding chloroform and carbon tetrachloride, 

which are halogenated hydrocarbons, to their LMG micelle gels improved the dose 

sensitivity. To study the effect of halogenated compounds on dose sensitivity of LCV 

micelle gels, three different halogenated species (chloroform, TCE, and TCMPH) were 

tested at different concentrations. Chloroform was chosen because it was used by 

Vandecasteele et al. (2011) to improve dose sensitivity in their LMG micelle gels and 

because it is an important component in PRESAGE plastic dosimer recipe (Adamovics 
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2006, Adamovics and Maryanski 2006). TCE and TCMPH were chosen because, like 

chloroform, they have three chlorine atoms. Also, they are widely available and are less 

volatile and less toxic than chloroform (Sigma-Aldrich, 2013). Results in table 4.8 show 

that dose sensitivities of LCV micelle gels were the highest for gels manufactured with 

TCE. Moreover, dose sensitivity of LCV micelle gels increased with increasing TCE 

concentration. Using chloroform did not seem to affect the dose sensitivity of LCV 

micelle gels very much compared to gel (7) which is a standard Jordan LCV gel.  When 

TCMPH was used at the low concentration of 10.0 mM, dose sensitivity became higher 

than that of Jordan’s standard LCV gel. However, when the TCMPH concentration 

increased to 90.0 mM, the dose sensitivity decreased to a value lower than that of 

Jordan’s standard LCV gel. TCE was selected for further testing as a possible additive to 

LCV micelle gels because it gave the best dose sensitivity results in table 4.8.  

 

Table 4.8: Effects of adding three different halogenated compounds on dose sensitivity of LCV 

micelle gels. Concentrations of LCV, TCAA, Tx100, and gelatin are the same as in Jordan’s 

standard LCV gel. Gel 7 is a replicate of Jordan’s standard LCV gel. Absorbance values were 

measured using a wavelength of 590 nm 

# Halogenated 

hydrocarbon 

Conc. 

[mM] 

Turbidity Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity  

[Gy
-1

.cm
-1

] 

pH 

1 Chloroform 10.0  Clear  Light Blue 0.048 8.08·10
-3

 3.40 

2 Chloroform 90.0 Clear  No 0.017 7.09·10
-3

 3.34 

3 TCE 10.0 Clear  Light Blue 0.054 9.07·10
-3

 3.34 

4 TCE 90 .0 Clear  Light Blue 0.088 1.25·10
-2

 3.39 

5 TCMPH 10.0 Clear  Light Blue 0.055 9.26·10
-3

 3.42 

6 TCMPH 90.0 Clear  Light Blue 0.041 7.32·10
-3

 3.43 

7 ---- ---- Clear  Light Blue 0.055 7.74·10
-3

 3.48 
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4.5.8 Designed experiments to optimize LCV micelle gels made with Tx100 and TCE 

Based on promising results obtained for LCV micelle gels made with TCE and Tx100 in 

Table 4.8, a factorial experiment was designed to aid in gel recipe optimization. The goal 

was to find an improved gel with higher dose sensitivity and low initial colour, since the 

background colour of some of the gels in Tables 4.3 to 4.8 prior to irradiation may cause 

complications during optical scanning of larger jars. Table 4.9 shows results from a two-

level three-factor full factorial design (gels 1 to 8) along with three replicates near the 

centre point (gels 9 to 11) and one replicate of Jordan’s standard LCV gel (gel 12). A 

photograph of the unirradiated gels 1 to 12 is provided in Figure 4.3, which indicates that 

all of the gels were transparent and that gels 4 to 8 have a darker blue colour than the 

other gels. 

Table 4.9: Influence of Tx100, LCV, and TCE on initial colour and dose sensitivity of LCV 

micelle gels.  Absorbance values were measured using a wavelength of 590 nm. Concentrations 

of gelatin and TCAA were fixed at 4.0 wt% and 25.0 mM, respectively, as in Jordan’s standard 

LCV gel. Gel 12 is a replicate of Jordan’s standard LCV gel. 

# Tx100 

[mM] 

LCV 

[mM] 

TCE 

[mM] 

Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 1.6 0.75 40.0 No 0.024 7.74·10
-3

 3.41 

2 1.6 0.75 80.0 Light Blue 0.052 9.10·10
-3

 3.39 

3 1.6 1.25 40.0 Light Blue 0.033 8.98·10
-3

 3.37 

4 1.6 1.25 80.0 Light Blue 0.059 1.10·10
-2

 3.36 

5 10 0.75 40.0 Dark Blue 0.102 1.02·10
-2

 3.39 

6 10 0.75 80.0 Dark Blue 0.144 1.20·10
-2

 3.36 

7 10 1.25 40.0 Dark Blue 0.138 1.20·10
-2

 3.41 

8 10 1.25 80.0 Dark Blue 0.254 1.52·10
-2

 3.41 

9 4.0 1.0 60.0 Light Blue 0.070 1.01·10
-2

 3.41 

10 4.0 1.0 60.0 Light Blue 0.082 9.79·10
-3

 3.42 

11 4.0 1.0 60.0 Light Blue 0.072 1.01·10
-2

 3.36 

12 4.0 1.0 0 Light Blue  0.057 8.48·10
-3

 3.32 
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Linear regression was used to estimate parameters in the following empirical 

models for dose sensitivity (DS) and absorbance (A) at 590 nm as a function of the 

Tx100, LVC and TCE concentrations:  

 

                       [     ]           [   ]           [   ]

          [     ][   ]           [     ][   ]

          [   ][   ]           [     ][   ][   ]                                                                    (   ) 

 

                      [     ]           [   ]           [   ]

           [     ][   ]           [     ][   ]

          [   ][   ]            [     ][   ][   ]                                                               (   ) 

 

Units for DS, A, [Tx100], [LCV] and [TCE] in equations (4.2) and (4.3) are provided in 

Table 4.9. Bolded parameter values are those that are statistically different from zero at 

the 95% confidence level (see Appendix A). The bolded positive values of 2.64·10
-4

 Gy
-1 

cm
-1

 mM
-1

, 1.24·10
-3

 Gy
-1

 cm
-1

 mM
-1

 and 1.23·10
-5

 Gy
-1 

cm
-1 

mM
-1

 for parameters in the 

linear terms in equation (4.2) indicate that the concentrations of Tx100, LCV and TCE all 

have a positive influence on dose sensitivity, as expected. None of the interaction terms 

in equation (4.2) are statistically significant, which may be a result of the limited amount 

of experimental data used to fit this model. In equation (4.3), all of the parameters for the 

linear terms are positive and significant at the 95% confidence level, indicating that 

Tx100, LCV and TCE all contribute to darker initial colour. It is somewhat surprising 

that all of the interaction terms are also significant, suggesting that interactions among the 

different species may influence the initial colour of the gels.  
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The following objective function was used to search for an optimized recipe for LCV 

micelle gels made with TCE and Tx100:  

 

                                                                                                                                                                 (   ) 

 

where ω is a positive weighting factor introduced to control the relative importance of 

achieving high dose sensitivity and low initial absorbance. Selecting a large value of ω 

will cause the optimizer to select gel recipes with high dose sensitivity at the expense of 

dark initial colour and low values of ω will result in the selection of less-coloured gels at 

the expense of dose sensitivity. Bounds on the species concentrations (i.e., 1.6 mM ≤ 

[Tx100] ≤10 mM, 0.75mM ≤ [LCV] ≤ 1.25 mM, 40 mM ≤ [TCE] ≤ 80 mM) were 

enforced during optimization to ensure that reasonable recipes would be selected. The 

optimization was performed using two different values of ω (i.e., ω= 7.478 Gy cm and ω 

= 74.78 Gy cm).  The lower value of ω was selected so that the two terms in the objective 

function would be similar in size, so that the optimizer would pay approximately equal 

attention to dose sensitivity and absorbance. The larger value of ω was selected so that 

the optimizer would pay more attention to achieving high dose sensitivity. The 

optimization study was conducted twice for each value of ω, once using only the 

significant terms in equations (4.2) and (4.3) and once using all of the terms, regardless of 

whether the corresponding parameters were statistically significant or not.  

When the lower value of ω was used, with both versions of equations (4.2) and 

(4.3), the recipe for gel 3 in Table 4.9 was selected. This gel had the lowest permissible 

concentration of Tx100 and TCE and the highest permissible concentration of LCV. The 
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dose sensitivity of this gel is only marginally better than that of Jordan’s standard LCV 

gel but the initial colour is significantly better. As a result, we considered making some 

gels with higher LCV concentrations and lower concentrations of Tx100 and TCE, but 

these gels are expected to be turbid due to LCV precipitation.  

When the higher value of ω was selected, using both versions of equations (4.2) 

and (4.3), the optimizer chose the recipe for gel 8 in Table 4.9, which has the highest 

permissible concentrations of LCV, Tx100 and TCE. As shown in Figure 4.3, this gel is 

dark blue and would likely not be suitable for use in large jars. The results from this 

optimization study suggest that producing LCV gels with substantially higher dose 

sensitivity and better initial colour than Jordan’s standard LCV gel would not be possible 

using TCE and Tx100.  

 

 

Figure 4.3: photograph of un-irradiated vials (23×85 mm clear glass) of gels manufactured using 

different concentrations of Tx100, LCV, and TCE.  Vial numbers correspond to the gel numbers 

in table 4.9.  
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4.5.9 Experiments to optimize LCV micelle gels made with CTAB and TCE 

Results in Table 4.5 show that LCV micelle gels made with CTAB had poor dose 

sensitivity but were nearly colourless prior to irradiation, over the range of CTAB 

concentrations that were tested. As a result, a series of experiments was conducted to 

explore whether better LCV gels could be produced using CTAB and TCE. Figure 4.4 

shows that the dose sensitivity of LCV micelle gels made with CTAB increases with 

increasing [TCE] and that gels with substantially better dose sensitivity than Jordan’s 

standard LCV gel can be obtained. Note that all of the gels in Figure 4.4 were nearly 

colourless, except for Jordan’s standard LCV gel.   

 

 

Figure 4.4: Effect of TCE at: 0 mM ( ∆ ), 60 mM ( ○ ), 90 mM ( □ ), and 120 mM (

◊ ) on dose response of LCV micelle gels produced using CTAB as the surfactant. 

Concentrations of gelatin, LCV, CTAB, and TCAA were fixed at 4 wt%, 1 mM, 17 mM, and 25 

mM, respectively. A replicate of Jordan’s standard LCV gel ( × ) is shown for comparison. 

All gels were at 22 ºC at the time of irradiation. Lines between symbols are added to guide the 

eye.  
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A second round of experiments was conducted to study the effect of pH on the 

dose sensitivity of LCV micelle gels made with CTAB (with no TCE added) to find a 

suitable pH to obtain high dose sensitivity. Results in Table 4.10 confirm that the 

concentration of TCAA strongly affects the pH and the dose sensitivities of LCV micelle 

gels. The maximum dose sensitivity of these gels occurred at pH ~ 3.3 which is similar to 

the pH value of ~ 3.6 that gave the best dose sensitivity for gels made with Tx100 (see 

Table 4.6). LCV micelle gels made using CTAB that had low acid concentration (and 

high pH) were turbid, which confirms that transparency of LCV micelle gels is 

influenced by pH. As a result, a TCAA concentration of 25.0 mM was selected for further 

experimentation to obtain a pH that is near to best pH for achieving high dose sensitivity 

and to avoid potential LCV precipitation.  

 

Table 4.10: Dose sensitivity of LCV micelle gels made with 17.0 mM CTAB, 0.25 mM LCV, 

and 4 wt% gelatin at different concentrations of TCAA. Absorbance values were measured using 

a wavelength of 590 nm 

# TCAA 

[mM] 

Turbidity Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 14.6 Turbid --- 0.189 2.86·10
-3

 3.85 

2 18.0 Turbid --- 0.073 4.51·10
-3

 3.62 

3 21.5 Clear No 0.026 4.84·10
-3

 3.42 

4 23.0 Clear No 0.021 5.25·10
-3

 3.29 

5 25.0 Clear No 0.02 4.91·10
-3

 3.16 

6 27.5 Clear No 0.018 4.35·10
-3

 2.96 

7 33.5 Clear No 0.017 2.83·10
-3

 2.47 
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The full factorial design shown in Table 4.11 (runs 1 to 8) and five replicates at 

the central point (runs 9 to 13) were conducted to investigate the influence of [CTAB], 

[LCV] and [TCE] on dose sensitivity and initial colour. Linear regression models similar 

to equations (4.2) and (4.3) were fitted using the data (see Appendix B). Results from this 

set of experiments were promising so additional experiments (runs 14 to 17) were 

conducted so that quadratic terms could be included in the model equations. Note that gel 

16 was slightly cloudy (see Figure 4.5) and was not used in the parameter estimation: 

 

                      [    ]           [   ]           [   ]

          [    ][   ]           [    ][   ]           [   ][   ]

          [    ][   ][   ]           [    ]           [   ] 

          [   ]                                                                                                                                                  (   ) 

 

                      [    ]           [   ]           [   ]

          [    ][   ]           [    ][   ]           [   ][   ]

          [    ][   ][   ]           [    ]           [   ] 

           [   ]                                                                                                                                                 (   ) 

 

The statistically significant parameters are bolded, and units are consistent with those in 

Table 4.11. As expected, [TCE] has a positive and significant influence on dose 

sensitivity, as does [CTAB]. The parameter corresponding to [LCV] is not statistically 

significant, but the interaction term between CTAB and LCV is significant, indicating 

that simultaneously increasing [LCV] and [CTAB] improves the dose sensitivity, 
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presumably due to a higher number of CTAB micelles that contain an appropriate 

number of LCV molecules.   

Equations 4.5 and 4.6 were used to search for an optimized recipe using the 

objective function in equation 4.4. The following bounds were enforced during 

optimization: 9 mM ≤ [CTAB] ≤ 33 mM, 0.75mM ≤  [LCV] ≤1.25 mM, 40 mM ≤ [TCE] 

≤ 120 mM. When ω= 3.362 Gy·cm selected so that the two terms in the objective 

function would have similar sizes, the recipe for gel 18 in Table 4.11 was selected when 

all parameters (significant and non-significant) in Equations (4.5) and (4.6) were used. 

The recipe for gel 19 was selected when only the significant parameters were used in the 

optimization. These two gels recipes are similar in that they have intermediate [CTAB], 

the lowest permissible value of [LCV] and high [TCE]. When ω= 33.62 Gy·cm was 

selected so that dose sensitivity would be more important to the optimizer than initial 

colour, the recipe for gel 20 was selected using both versions of the models in Equations 

(4.5) and (4.6). Gel 20 has the highest permissible values of [CTAB], [LCV] and [TCE].  

Gels 18 to 20 were prepared and irradiated. As expected, gel 20 had the highest dose 

sensitivity obtained in the current study, but this gel was noticeably light blue in colour as 

shown in Figure 4.5. Gel 19 had high dose sensitivity and was nearly colourless, which 

makes it promising for 3D gel dosimetery. As a result, we recommend that this gel recipe 

should receive further study in large jars so that dose resolution, temporal and spatial 

stability and dose-rate sensitivity can be assessed.   
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Figure 4.5: Photograph of un-irradiated vials (23×85 mm clear glass) containing LCV-CTAB-

TCE gels manufactured at varying concentrations of CTAB, LCV, and TCE as described in table 

4.11. Vial numbers correspond to the sample numbers in table 4.11.  
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Table 4.11: Influence of CTAB, LCV and TCE on initial colour and dose sensitivity of LCV 

micelle gels. Concentrations of gelatin and TCAA were fixed at 4.0 wt% and 25.0 mM, 

respectively. Absorbance values were measured using a wavelength of 590 nm 

# CTAB 

[mM] 

LCV 

[mM] 

TCE 

[mM] 

Turbidity Initial  

Colour 

Initial   

Absorbance 

Dose Sensitivity 

[Gy
-1

.cm
-1

] 

pH 

1 9.0  0.75 40.0 Clear No 0.026 7.46·10
-3

 3.32 

2 9.0 0.75 80.0 Clear No 0.026 9.10·10
-3

 3.31 

3 9.0 1.25 40.0 Clear No 0.025 6.59·10
-3

 3.29 

4 9.0 1.25 80.0 Clear No 0.025 9.44·10
-3

 3.32 

5 25.0 0.75 40.0 Clear No 0.028 8.59·10
-3

 3.30 

6 25.0 0.75 80.0 Clear No 0.028 9.86·10
-3

 3.29 

7 25.0 1.25 40.0 Clear No 0.029 9.37·10
-3

 3.29 

8 25.0 1.25 80.0 Clear Light Blue 0.042 1.15·10
-2

 3.33 

9 17.0 1.0 60.0 Clear No 0.030 9.17·10
-3

 3.27 

10 17.0 1.0 60.0 Clear No 0.029 1.00·10
-2

 3.22 

11 17.0 1.0 60.0 Clear No 0.030 9.60·10
-3

 3.30 

12 17.0 1.0 60.0 Clear No 0.030 9.37·10
-3

 3.29 

13 17.0 1.0 60.0 Clear No 0.029 1.00·10
-2

 3.30 

14 25.0 1.25 120.0 Clear Light Blue 0.045 1.28·10
-2

 3.30 

15 33.0 1.25 100.0 Clear Light Blue 0.04 1.19·10
-2

 3.30 

16 33.0 1.5 100.0 Turbid  --- 0.207 ---- 3.31 

17 33.0 1.25 120.0 Clear Light Blue 0.05 1.30·10
-2

 3.31 

18 15.5 0.75 80.0 Clear No 0.028 1.03·10
-2

 3.34 

19 17.0 0.75 120.0 Clear  No 0.031 1.13·10
-2

 3.31 

20 33.0 1.25 120.0 Clear Light Blue 0.048 1.38·10
-2

 3.31 
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4.5.10 Results for preliminary experiments in large-jar phantoms 

Calibration was performed by plotting depth dose optical density values from the 

calibration gel against ion-chamber water-tank dose measurements for the 12 MeV 

electron beam irradiation.  Calibration data were fitted using a linear fit function (Figure 

4.6a). The calibrated optical CT measurements are shown in Figure 4.6b. This calibration 

was applied to the VMAT prostate-plan gel irradiation (Figure 4.7a). Dose measurements 

for the VMAT plan gel showed that dose distribution information is maintained over 

more than two weeks (Figures 4.7b-d). 

 

 
 

Figure 4.6: (a) Calibration data and fit function, which was applied to the VMAT plan gel.   

(b) Electron-beam depth-dose curve showing the Wellhofer ion chamber water tank 

measurements and data from the calibrated gel dosimeter. 
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Figure 4.7: (a) Photograph of a VMAT prostate plan irradiation in a LCV micelle jar of gel.  (b) 

Dose map of one slice of the gel dosimeter, imaged 30 min. after irradiation (baseline 

measurement).  (c) Dose map of the same slice of the gel dosimeter, imaged 2 weeks after 

irradiation.  (d) Cross-plane profiles of the gel slices in (b) and (c) showing gel dosimeter stability 

after two weeks. 

 

4.6 Conclusions 

Radio-chromic leuco dye micelle gels (Jordan and Avvakumov 2009, Babic et al. 

2009) are promising because they are suitable for optical readout and because they have 

superior spatial stability compared to FX Fricke gels. Jordan’s standard LCV gel (Babic 

et al. 2009) was reproduced multiple times following the original manufacturing 

procedure and a modified procedure that cuts the manufacturing time in half, with no 

significant effect on dose sensitivity. The average dose sensitivity measured in the current 

study is in good agreement with the value reported by Babic et al. (2009) in Figure 5 of 

their article. Tests confirmed that Jordan’s standard LCV gel has negligible dose-rate 

dependency over the range from 100 to 600 cGy min
-1

.   

A study on LCV micelle gels was conducted to gain a deeper understanding of the 

interactions between the various gel components in an effort to develop recipes with 

improved dose sensitivity. Dose sensitivity increased with increasing Tx100 

(a) (b) (c) (d) 
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concentration but the initial colour of the un-irradiated gels also increased, which may 

cause complications during optical scanning. When the Tx100 surfactant was replaced by 

CTAB, lower dose sensitivity was obtained and gels were colourless prior to irradiation.    

Dose sensitivity of LCV micelle gels was compared using two different acids 

(TCAA and H2SO4) at a variety of concentrations. Gels produced using TCAA had 

higher dose sensitivities, presumably because of the sensitizing effect of the chlorine 

atoms in TCAA. Maximum dose sensitivity was obtained using 21.5 mM TCAA, which 

corresponded to a pH of 3.6.  Turbid gels were produced when high LCV concentrations 

were used along with low concentrations of TCAA.  

The effects of three halogenated compounds (chloroform, TCE, and TCMPH) on 

dose sensitivity were tested. TCE was the most effective at improving the dose sensitivity 

and is preferable to chloroform because it is less volatile and less toxic. Optimization of 

the recipe for LCV micelle gels made with Tx100 and TCE was aided by a two-level 

three-factor designed experiment. The resulting empirical model was used to select a 

recipe that improved the dose sensitivity by a factor of two, but the un-irradiated gel had 

a noticeable blue colour, which might be too dark for optical readout in larger phantoms. 

Optimized LCV gels made with CTAB and TCE showed improved dose sensitivities and 

were almost colourless gels before irradiation. The proposed optimal recipe contains 0.75 

mM LCV, 17 mM CTAB, 120 mM TCE, 25.0 mM TCAA and 4 wt% gelatin. The dose 

sensitivity for this recipe is 1.5 times that of Jordan’s standard LCV gel and the initial 

colour is lower. Preliminary experiments were conducted to examine the response of the 

optimized gel to spatially non-uniform radiation in 1 L jars and the results showed that 

dose distribution information is maintained for over two weeks. Further testing in large 
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phantoms is required to quantify the spatial and temporal stability of the proposed gel, 

along with its dose resolution and dose-rate behaviour.   
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4.8 Nomenclature 

Abbreviation    

3D three-Dimensional 

CT Computed Tomography  

CTAB Cetyl Trimethyl Ammonium Bromide  

FX Ferrous Xylenol-orange Fricke gel 

LCV Leuco Crystal Violet 

LMG Leuco Malachite Green 

MRI Magnetic Resonance Imaging  

NIPAM N-isopropyl acrylamide  

NMR Nuclear Magnetic Resonance 

PAG PolyAcrylamide Gels 

SDS Sodium Dodecyl Sulfate 

TCAA TriChloro Acetic Acid 

TCE 2,2,2-TriChloroEthanol 

TCMPH 1,1,1-TriChloro-2-Methyl-2-Propanol Hemihydrate 

Tx100 Triton x-100 
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Chapter 5 

Conclusions and Recommendations 

5.1 Conclusions 

In Chapter 2 of this thesis, a dynamic model was developed to simulate the response of 

PAG dosimeters to a single spherical brachytherapy seed. Simulations were conducted 

for a HDR seed using 
192

Ir implanted for one minute and for a LDR seed using 
125

I 

implanted permanently. Responses of PAG dosimeters were expressed in terms of the 

amount of polymer formed, crosslink density, and volume fraction of aqueous phase as a 

function of radial distance and time. To study the effect of diffusion of monomer and 

crosslinker molecules on the responses of PAG dosimeters to HDR and LDR seeds, 

simulations were also conducted for a series of uniformly-irradiated calibration vials. 

Concentration gradients in uniformly-irradiated vials are zero and no diffusion occurs. 

Consequently, the response of PAG in uniformly-irradiated vials will account for the 

time-varying kinetic response of polymer gels, but not the variation caused by diffusion. 

Simulation results show that: 

 Monomer and crosslinker concentration profiles are much flatter in the LDR 

simulations than in the HDR simulations because acrylamide and bisacrylamide 

are consumed more slowly in LDR brachytherapy dosimetry and have more time 

to diffuse. 

 There are large deviations between the phantom irradiated by the LDR 

brachytherapy seed and simulated calibration vials in terms of the amount of 

polymer formed per Gy, the crosslink density, and the volume fraction of 

aqueous phase at a particular absorbed dose. Consequently, it is not recommend 
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to use PAG dosimeters or any other polymer gel dosimeter with diffusing 

monomers for application to LDR brachytherapy 

 There is a very good match between simulation results for the phantom 

containing the HDR seed and the uniformly-irradiated vials in the three responses 

(amount of polymer, crosslink density and volume fraction of aqueous phase) for 

all distances larger than 4 mm from the centre of the seed. 

 Closer to the seed, deviations between the simulated HDR phantom and the vials 

increase due to the large dose rate near seed and the diffusion that occurs. 

In Chapter 3 of this thesis, the use of the diacetylene PCDA as a potential reporter 

molecule in radiochromic micelle gel dosimeters was evaluated. Gels containing PCDA 

and SDS changed from colourless to blue in response to irradiation. Unfortunately, all 

gels that changed colour in response to radiation were turbid prior to and after irradiation, 

which makes them unsuitable for optical CT readout. SDS precipitation at temperatures 

below its Kraft temperature was investigated as a potential cause for turbidity of PCDA 

gels. It was concluded that the addition of gelatin stopped or postponed the SDS 

precipitation and that the turbidity of PCDA gels appears to be caused by PCDA 

precipitation. Different techniques were used successfully to increase the gel stability and 

prevent PCDA precipitation, but unfortunately none of the gels that remained transparent 

responded to radiation. These results suggest that the colour change observed in PCDA 

micelle dosimeters is due to oligomerization within solid PCDA particles, rather than 

oligomerization of PCDA molecules solubilized in micelles. Note that gels were also 

prepared using two additional diacetylenes (DPBD and HD) and that poor results were 

also obtained using these potential reporter molecules. Since turbid gels are undesirable 
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for optical CT readout, the use of PCDA as the reporter molecule in micelle gels is not 

promising.   

 In Chapter 4 of this thesis, a new recipe for an improved LCV micelle gel 

dosimeter was developed. Experiments were conducted to gain deeper understanding of 

the interactions between the components of LCV micelle gel dosimeters in order to 

develop the improved recipe. Gel reproducibility and dose rate dependence of Jordan’s 

standard LCV gel was tested. Effects of surfactant type, surfactant concentration, acid 

type, and acid concentration on dose sensitivity and turbidity of LCV micelle gels were 

studied. Sensitizing effects of chlorinated compounds were also investigated in this 

chapter. Empirical models were developed to optimize the recipe of LCV micelle gels. 

Experimental results show that: 

 The average dose sensitivity obtained was about half of the highest value 

reported by Babic et al. (2009) in Figure 5 of their article. The reason for this 

discrepancy is unclear and may be related to temperature at the time of 

irradiation, which is important for obtaining reproducible dose sensitivity. 

 Jordan’s standard LCV gel has negligible dose rate dependency over the range of 

100 to 600 cGy.min-1.  

  Turbidity of LCV micelle gels appears to be related to solubility of LCV which 

is strongly affected by the pH of the gel. Surfactant type and concentration 

appear to have less influence on the turbidity of LCV micelle gels for the recipes 

tested. 

 Dose sensitivity increased with increasing Tx100 concentration, but the initial 

blue colour of the un-irradiated gels also increased with increasing Tx100 
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concentration, which may cause complications during optical scanning of larger 

phantoms. 

 Replacing Tx100 with CTAB at different concentrations reduced the dose 

sensitivity of LCV micelle gels. However, all gels manufactured with CTAB 

showed no noticeable initial colour. 

 All gels attempted with SDS at different concentrations (when the concentrations 

of the other components were fixed at that in Jordan’s standard LCV gel) were 

turbid and sticky, which makes them unsuitable for optical readout 

 LCV micelle gels manufactured using TCAA showed higher dose sensitivity than 

gels made with H2SO4, presumably because of the sensitizing effect of the 

chlorine atoms in TCAA. Moreover, the concentration of TCAA strongly 

influenced dose sensitivity in a nonlinear fashion, with a maximum dose 

sensitivity obtained at a pH of 3.6, which corresponds to a concentration of 21.5 

mM TCAA. 

 An experiment was carefully planned (using different gelatin concentrations) to 

separate the effect of TCAA concentration from the effect of pH on dose 

sensitivity and gel turbidity. Results show that pH, rather than TCAA 

concentration, is the dominant factor for achieving high dose sensitivity and 

transparency of LCV micelle gels. 

 Among the three tested halogenated compounds (chloroform, TCE, and 

TCMPH), TCE was the most effective at improving the dose sensitivity and is 

also preferable to chloroform because it is less volatile and less toxic. 
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 The optimized recipe of LCV micelle gels made using TCE and Tx100 resulted 

in noticeably coloured gel prior to irradiation, which may cause some 

complications for optical readout of larger phantoms. 

 Gels made with LCV, TCE and CTAB showed improved dose sensitivities and 

were almost colourless gels prior to irradiation.  

 The suggested optimized recipe contains 17 mM CTAB, 0.75 mM LCV, 120 mM 

TCE, 25.0 mM TCAA and 4 wt% gelatin. This recipe gives a dose sensitivity that 

is 1.5 times higher than the sensitivity of Jordan’s standard LCV gel.  The 

optimized gel has no noticeable blue colour prior to irradiation. 

 Preliminary results showed that the dose distribution information was maintained 

for over two weeks when the optimized gel, made in a 1 L jar, was exposed to 

spatially non-uniform irradiation. 
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5.2 Recommendations 

The following recommendations are made for further research on modeling the response 

of polymer gels dosimeters to radioactive brachytherapy seeds: 

 The model should be extended to simulate the response of polymer gel dosimeters 

to cylindrical brachytherapy seeds because commercial seeds tend to be more 

cylindrical than spherical in shape. 

 Experiments and simulations should be performed using a variety of clinical HDR 

radioactive brachytherapy seeds and the results should be compared to further 

verify the model predictions so that additional information can be obtained 

regarding the effectiveness of polymer gels for practical quality assurance of 

brachytherapy treatments. 

 For the same reasons, the model should be further extended to simulate the 

response of polymer gel dosimeters to multiple HDR brachytherapy seeds. 

 Further experiments could be conducted to investigate the possibility of 

developing empirical models that relate the amount of polymer formed to the 

usual clinical read-out variables such as R2. If such correlations are possible then 

the fundamental model should be extended to include them. 

Results in Chapter 3 show that the use of PCDA and other diacetylenes as reporter 

molecules in micelle gel dosimeters is not recommended. However, we recommend that 

other radiochromic reporter molecules should be evaluated for use in micelle gel 

dosimeters. Unlike traditional gel dosimeters in which the reporter molecules need to be 

water soluble, introducing micelles to the gel phantom enables the use of wider range of 

hydrophobic reporter molecules. In fact, reporter molecules that have very low or 
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negligible water solubility will help to reduce diffusion and to improve spatial stability.  

Reporter molecules that require close packing or a special orientation in the solid phase to 

produce a dosimetric response will likely not be suitable for use in micelle gel 

dosimeters.   

 Based on the results in Chapter 4, the following recommendations are made for 

further research on LCV micelle gels: 

 Further testing of LCV micelle gels made with CTAB and TCE in large phantoms 

is required to check the spatial stability (in terms of diffusion of coloured 

molecules) and temporal stability (in terms of colour fading of uniformly 

irradiated vials and colour formation in un-irradiated vials) of the proposed gel, 

along with its dose resolution, tissue equivalence, and dose-rate behaviour.   

 The effect of the manufacturing procedure on the proposed gel behavior should be 

tested in terms of temperature during manufacturing and the order of addition of 

the different components. 

 Other leuco-dye reporter molecules should be tested because they may result in 

better gels than the proposed LCV micelle gel.  

 A more extensive search should be done of the suitability of other surfactants for 

radiochromic micelle gel dosimeters.  

 More experiments could be conducted to study the effect of using bovine gelatin 

versus porcine gelatin on the performance of micelle gel dosimeters.  Also, there 

may be an opportunity to reduce the gelatin concentration to below 4 wt% if low 

gelatin levels are associated with better optical readout.     
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 Experimental evaluation of the response of LCV micelle gels to HDR and LDR 

brachytherapy irradiation should be conducted. 

 

 

 

 

  



 

170 

 

Appendix A 

Decision on parameter statistical significance 

Statistical significance of parameters was judged based on the calculated 95% confidence 

interval for each parameter. Parameter confidence intervals were calculated using 

(Montgomery and Runger 2007): 

 ̂          ̂  

Where: 

  ̂  is the i-th parameter estimate, 

       is a coefficient obtained from t distribution with α=0.05 and ν degrees of freedom. 

  ̂  is the standard deviation of the parameter estimate. 

Standard deviations of the parameter estimates were obtained from the square roots of the 

corresponding diagonal elements of the parameter covariance matrix, which was 

determined from: 

(   )     

 using an estimate of the noise variance σ
2
. The noise variance was calculated as a pooled 

variance using two different replicate data sets: Jordan’s standard LCV gel replicates (25 

experiments) and replicates at or near the central point (3 for Tx100 gels and 5 for CTAB 

gels) of the factorial designed experiments. The X matrix that corresponds to the Tx100 

experiments (gels 1-11 in Table 4.9) is: 
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and the X matrix that corresponds to the CTAB experiments (gels 1-15 and 17 in Table 

4.11) is: 
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The parameters were estimated using these coded experimental settings and then the 

models were transformed into the versions shown in equations 4.2 and 4.3 for Tx100 gels 

and equations 4.5 and 4.6 for CTAB gels.   

References for appendix A 

Montgomery DC and Runger GC  2007 Applied Statistics and Probability for Engineers 

John Wiley & Sos, Inc USA  
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Appendix B 

Preliminary models for LCV gels made with TCE and CTAB 

Preliminary models were fitted for dose sensitivity and initial absorbance at 590 nm as 

functions of [CTAB], [LCV], and [TCE] using the data from the full factorial design 

shown in Table 4.11 (runs 1 to 8) and five replicates at the central point (runs 9 to 13). 

The resulting model equations are:  

                       [    ]           [   ]           [   ]

          [    ][   ]           [    ][   ]

          [   ][   ]           [    ][   ][   ]                                                                    (   ) 

 

                       [    ]           [   ]           [   ]

          [    ][   ]           [    ][   ]

          [   ][   ]            [    ][   ][   ]                                                                   (   ) 

 

Units for DS, A, [CTAB], [LCV] and [TCE] in equations (B.1) and (B.2) are provided in 

Table 4.11. 

 

 


