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Abstract:

A STUDY ON RADIOCHEMICAL ERRORS IN POLYMER GEL 
DOSIMETERS

By
Mahbod Sedaghat

Departement de medecine nucleaire et radiobiologie 
Faculte de medecine et des sciences de la sante, Universite de Sherbrooke 

Sherbrooke (Quebec) J1H 5N4, Canada

Thesis submitted to the Faculty o f Medicine and Health Sciences for the Degree o f  
Philosophiae Doctor (Ph.D.) in Radiation Sciences and Biomedical Imaging

The only true 3D dosimeters proposed to date are based on measuring a physical 

effect o f a series o f radiation-induced chemical reactions in a volume o f gel or plastic. 

While early investigations of these 3D dosimeters raised high hopes, they have not 

yet found widespread use in radio-oncology departments for 3D quality assurance 

and verification o f modem radiotherapy treatments. Although laborious and 

extensive work is currently required to perform a satisfactory measurement with 3D 

dosimeters, the sole reason that hinders widespread clinical application o f these 

dosimeters is not their difficulty o f use; their dosimetric performance and 

reproducibility has yet to be improved. Among the proposed 3D dosimeters, those 

that have been mostly investigated and have found widest clinical applications are 

polymer gel dosimeters. A diverse range o f chemicals have been tested and proposed 

as potential compositions for polymer gel dosimetry. A significant work suggested 

use o f chemical oxygen scavengers in polymer gels as an alternative for mechanical 

oxygen removal. A growing number o f unexplained discrepancies in polymer gel 

dosimeters were reported in the literature between the results o f separate gel 

measurements or when attempts were made to calibrate their dose response.

This thesis was undertaken to investigate fundamental radiochemical sources o f 

error in polymer gel dosimeters. The basic assumption that chemical oxygen removal 

eliminates oxygen-related discrepancies was investigated and proved to be wrong. A
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methodology was developed to isolate the effect o f oxygen on polymer gel 

dosimeters containing antioxidants and was applied on several gel compositions to 

enable comparison. Results revealed that the interplay between oxygen and 

antioxidant modifies the polymer yield and hence the dose response o f polymer gel 

dosimeters. Regardless o f the gel composition and antioxidant, this effect can induce 

severe dose errors in practical measurements whose origin may not be easily 

recognized, if the assumption o f minimal oxygen influence is considered valid. The 

results obtained can also be interpreted to postulate dominant reactions o f the 

antioxidants studied and their chemical pathways in polymer gel dosimeters.

Several other physicochemical factors were hypothesized to impact on the dose 

response o f polymer gel dosimeters. These factors included heat-induced polymer 

shrinkage and variations in the rates o f propagation/termination reactions during 

irradiation due to exothermal polymerization o f monomers. Detailed studies in 

different gel compositions refuted these hypotheses. In view o f the findings o f these 

investigations, discrepancies reported in the literature were analyzed and an attempt 

was made to categorize them and provide explanations on their origins.

Finally, the effect o f a specific oxygen scavenger, tetrakis(hydroxymethyl) 

phosphonium chloride (THPC), was studied on the polymer structure o f an 

acrylamide-based dosimeter. THPC is the antioxidant o f choice in most polymer gel 

dosimetry studies. FT-Raman spectroscopy and electron microscopy studies revealed 

that THPC takes part in reactions with the monomers during polymerization. Results 

were interpreted to postulate possible THPC-induced variations in the dose response 

o f polymer gel dosimeters.

It is concluded that although chemical oxygen removal from polymer gel 

dosimeters significantly facilitates their preparation, the accuracy and reproducibility 

o f these dosimeters may vigorously decline compared to their anoxic counterparts. 

Based on comprehensive studies performed, it is proposed that the major cause o f 

discrepancy in polymer gel dosimeters is yet oxygen.

Keywords: Polymer gel dosimetry, normoxic, calibration, discrepancy, free-radical reactions, 
dose error, polymerization, tetrakis(hydroxymethyl)phosphonium chlroride (THPC)
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imagerie biomedicale

A ce jour, les seul dosimetres purement tridimensionnels (3D) sont bases sur la detection 

d’une propriete physique resultant d’une serie de reactions chimiques radio-induites dans un 

volume de gel ou de plastique. Les etudes initiales ont genere beaucoup d’enthousiasme mais 

ces dosimetres 3D ne sont pas parvenus a une utilisation repandue dans les departements de 

radio-oncologie pour l’assurance-qualite 3D et la verification de traitements complexes de 

radiotherapie modeme. Le temps et la complexity de la preparation de ces dosimetres 3D ne 

sont pas les raisons principals qui empechent leur deploiement clinique. Ce sont plutot leurs 

performances et la reproducibilite des mesures qui doivent etre ameliorees. Les plus etudies 

et les plus utilises parmi les differents types de dosimetres 3D sont les dosimetres a gels de 

polymere. De nombreuses compositions chimiques ont ete proposees et testees pour la 

dosimetrie a gels de polymere. L’utilisation d’un antioxydant s’est revelee une decouverte 

majeure dans le domaine puisque l’oxygene interfere avec le mecanisme de reponse des gels. 

Pourtant, un nombre croissant d’erreurs inexpliquees ont ete rapportees dans les ecrits et ont 

souleve un doute sur la reproductibilite et la justesse des doses determinees avec ces gels.

Cette these a ete entreprise pour etudier les sources radiochimiques d’erreurs dans les 

dosimetres a gels de polymere. 11 etait admis dans les ecrits que l’utilisation d’un antioxydant 

permettait de contoumer tous les effets non-desires de l’oxygene. Cette these demontre que 

cela etait faux. Une methodologie a ete developpee pour isoler l’effet de l’oxygene dans un 

gel de polymere contenant ou non un antioxydant. Les resultats ont revele que la presence 

conjointe d’oxygene et d’antioxydant modifie la reponse du dosimetre. Independamment de
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la composition du dosimetre et de l’antioxydant, cet effet peut induire des erreurs 

dosimetriques significatives dans des mesures simples et dont les origines etaient 

difficilement appreciates en ignorant l’effet de Foxygene et de l’antioxydant. Nos resultats 

nous permettent de postuler les reactions dominantes des antioxydants etudies et leur devenir 

chimique au sein d’un gel de polymere sous irradiation.

Puisque l’effet de l’oxygene et de l’antioxydant etait neglige, plusieurs autres facteurs 

physico-chimiques faisaient l’objet d’hypothese pour expliquer les erreurs observees. Ces 

facteurs incluent la compression des gels et des variations de propagation et de terminaison 

de la polymerisation reliees a la chaleur generee pendant la polymerisation. Des etudes 

detaillees de ces effets nous permettent de refuter ces hypotheses. Nos resultats nous 

permettent d’analyser, de categoriser et de proposer des explications sur l’origine des erreurs 

dosimetriques recensees dans les ecrits.

Finalement, l’effet d’un antioxydant en particulier, le chlorure de tetrakis- 

(hydroxymethyle) phosphonium (THPC), a ete etudie en relation avec la structure du 

polymere forme dans un gel de polymere base sur l’acrylamide. Le THPC est l’antioxydant 

le plus utilise dans les differents dosimetres a gels de polymere. La spectroscopie FT-Raman 

et la microscopie electronique ont revele que le THPC reagit avec les monomeres pendant la 

polymerisation. Notre interpretation suggere un role important du THPC dans les variations 

de reponse a la dose dans les gels de polymere.

La conclusion generate de cette these est que l’elimination chimique de Foxygene par un 

antioxydant facilite grandement la preparation des dosimetres mais leur performance en est 

grandement alteree en comparaison avec des preparations dites anoxiques. L’oxygene 

demeure une source majeure d’erreur dans les dosimetres a gels de polymere.

Mots-cles: Dosimetrie a gel de polymere, normoxique, calibration, erreurs dosimetriques, 
reactions radicalaires, radicaux libres de Feau, polymerization, chlrorure de 
tetrakis(hydroxymethyl)phosphonium (THPC)
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Chapter

I. General introduction

1.1 Techniques and technologies in modern radiotherapy and 

related challenges

“Radiotherapy is, after surgery, the most successfully and most 
frequently used treatment modality for cancer. It is applied in more 
than 50% o f all cancer patients. At the time o f being diagnosed, about 
60% o f all tumor patients are suffering from a malignant localized 
tumor which has not yet disseminated, i.e., no metastatic disease has 
yet occurred; thus, these patients can be considered to be potentially 
curable. Nevertheless, about one-third o f these patients (18% o f all 
cancer patients) cannot be cured, because therapy fails to stop tumor 
growth. This is the point where new technologies in radiation oncology, 
especially in 3D conformal radiotherapy, come into play: it is expected 
that they will enhance local tumor control ” (Schlegel 2006).

1.1.1. Radiation delivery:

Currently, treatment o f local cancers consists mainly in eliminating cancer cells with 

variety o f methods, most notably surgery, chemotherapy and radiotherapy or 

combination o f them. Yet, there exists no treatment modality at the cellular level



which single malignant cells can be individually targeted and eradicated. State o f the art 

in all advanced therapies is therefore represented by those techniques that propose a more 

accurate discrimination between a bulk o f cancerous cells (i.e., the tumor) and intact cells, 

as eliminating cancerous cells is always accompanied with a degree o f damage to normal 

and neighboring tissues. To achieve better discrimination between cancerous neoplasm 

and normal tissue, radiation delivery technology for cancer therapy has vastly developed 

through the past two decades. The core concern in all advanced technologies is accurate 

tumor targeting. Tumor targeting should overcome two major issues in radiotherapy:

i) the first is that tumors acquire irregular shapes by invading contiguous structures 

or lymph node regions (Neve 2006);

ii) the second is that many tumors may grow, shrink or move not only between the 

time o f treatment planning and the start o f treatment but also during a single 

treatment session or along the entire treatment process between the fractions of 

fractionated radiation therapy (Yartsev et al 2007, van de Bunt et al 2006, Webb 

2006, Barker et al 2004, Bortfeld et al 2002).

The prescribed dose distribution has to be sculpted three-dimensionally to initially 

conform to the tumor shape for the best treatment outcome; however, it is also necessary 

to track the displacements o f the tumor and adapt the dose distribution to its changing 

configuration during radiation delivery and/or along the treatment process. Ideally, this 

will maximize tumor control probability (TCP) while simultaneously minimizing normal 

tissue complications probability (NTCP) which is the optimum goal o f radiation dose 

delivery in the treatment o f a cancerous tumor (Suntharalingam et al 2005, Khan 2003).

2



Techniques and technologies have been developed to address the first issue. The ongoing 

integration o f these modem techniques with medical imaging devices specifically 

developed for radiotherapy enables addressing the second issue. All these advances that 

allow radiation oncologists to overcome both issues (/ and if) are relatively recent, 

complex and still under constant development.

1.1.2. Modern techniques and technologies:

Tumors are characterized by their origin, volume, radio-resistance, location of 

occurrence in the body and invasiveness {i.e., Fielding et al 1992, Rami-Porta et al 2009, 

Hall and Giaccia 2006, Peters et al 1982); delivering a sufficient dose to a tumor can 

therefore be challenging depending on these factors, especially considering proximity o f 

functional organs at risk (OAR) o f failure due to radiation. Any organ in the beam 

pathway other than the tumor is potentially an OAR; depending on the location o f the 

tumor, different organs can restrict the treatment delivery as they may possess certain 

dose threshold tolerances beyond which their functionality would be severely damaged, 

leading to health complications or death (Milano et al 2007); such dose tolerances can be 

found in the literature and have been established empirically. An important clinical 

requirement is to deliver the prescription dose level such that it uniformly encompasses 

the defined target volume. This is especially challenging near concave surfaces o f the 

target within which an OAR may reside; such situations include, for example, a tumor 

that is partially surrounding the spinal cord or brainstem (Webb 2003, Bortfeld 2006).

To spare adjacent healthy tissue to a tumor, the beam aperture was usually modified 

such that the outlined shape o f each beam conformed to the projection o f the tumor from

3



each angle. Using X-ray computed tomography (CT) images, the concept o f beam 's-eye 

view (BEV) was developed in radiotherapy to avoid geographic and dosimetric misses in 

individual patients (Low et al 1990, Vijayakumar et al 1992). Three-dimensional (3D) 

conformal radiotherapy (3DCRT) is based on this concept such that a set o f fixed 

radiation beams, shaped using the projection o f the target volume, are used to conform 

the spatial distribution o f the prescribed dose to the 3D target volume {i.e., cancerous 

neoplasm plus a margin for spatial uncertainties). The radiation beams normally have a 

uniform intensity across the field or, where appropriate, have this intensity modified by 

simple beam fluence modifying devices, such as wedges or compensating filters (Webb 

2003, IMRT-CWG 2001). However, even the use o f many such conformal beams does 

not guarantee that the final dose distribution will perfectly conform to the target volume. 

The BEV of the anatomy does not necessarily indicate the true 3D shape o f  the structure 

since all that is seen is projection o f the shape from each angle (Metcalfe et al 2007). 

Creating a true conformal dose distribution for complex objects requires a 3D view o f the 

object and its surroundings instead o f simply a series o f 2D projections. In 3DCRT even 

when such a. volumetric description o f target and OAR structures is available, creating a 

conformal 3D dose distribution is not straightforward, since this requires technology that 

can produce nonuniform beam intensity profiles.

A radical change in the practice o f radiation therapy emerged when technical advances 

enabled creating fields that have non-uniform radiation fluence and intensity (Webb 2003, 

IMRT-CWG 2001). With the development o f multi-leaf collimator (MLC) technology, 

not only the boundaries o f a beam of radiation could be dynamically shaped, but also 

small elements o f each beam (i.e., beamlets or bixels) could be controlled by moving tiny
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attenuators (leaves) in and out o f the field during irradiation using computer-calculated 

patterns o f MLC / gantry movements (Webb 2003, Bortfeld 2006). The MLC technology 

laid the foundation o f intensity modulated radiotherapy (IMRT).

In principle IMRT allows not only to tailor the dose distribution to any irregular tumor 

shape, but also to ‘paint’ the tumor with an optimized dose distribution taking into

m

CRT
\ homogeneous fluence

IMRT
inhomogeneous fluence

I □  high intensity 

I low intensity

(c) (d)

Figure 1.1. Illustrating the key differences between (a) conventional radiotherapy, (b) conformal 
radiotherapy (CRT) without intensity-modulation and (c) CRT with intensity modulation (i.e., IMRT). 
For almost a century radiotherapy could only be delivered using rectangular-shaped fields with 
additional blocks and wedges (conventional radiotherapy). With the advent of the multileaf collimator 
(MLC) more convenient geometric field shaping could be engineered (CRT). The most advanced form 
of CRT is now IMRT whereby not only is the field geometrically shaped but the intensity is varied 
bixel-by-bixel within the shaped field. This is especially useful when the target volume has a concavity 
in its surface and/or closely juxtaposes organs-at-risk, e.g., as shown here in the head-and-neck, where 
tumors may be adjacent to spine, orbits, optic nerves and parotid glands. An IMRT fluence map is 
compared to a CRT field in (d) [from Webb 2003 with permission].
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account the heterogeneities o f the tumor itself. For example, factors such as the 

clonogenic cell density and oxygenation levels are non-uniformly distributed within a 

tumor. One can hypothesize that the optimal dose distribution in the tumor is therefore 

also non-uniform such that more dose is needed in regions with higher clonogenic cell 

densities and in less oxygenated regions (Ling et al 2000, Bentzen 2005).

The evolution o f radiation therapy has been strongly correlated with the development 

o f computer technology and the corresponding advances in diagnostic imaging 

equipment. Imaging is involved in every key step o f the process, ranging from patient 

staging, simulation, treatment planning, and radiation delivery, to patient follow-up. The 

development o f 3DCRT and IMRT places more stringent requirements on the accuracy 

o f beam targeting. In practice, large uncertainties exist in tumor volume delineation and 

in target localization due to intra- and inter-organ motions. The utility o f modem 

radiation technologies, such as 3DCRT and IMRT, cannot be fully exploited without 

eliminating or significantly reducing these uncertainties (Xing et al 2006, Jaffray 2005). 

The need to improve targeting in radiation treatment has begun an era in which medical 

imaging devices are being integrated into the radiation delivery process such that organ 

motion can be monitored before and/or during the treatment. This image-guided delivery 

process enables verification o f the location o f the target before delivery or taking 

compensating measures to revise or ‘adapt’ the delivery o f radiation to the target 

displacements/deformations. Successors o f IMRT include techniques such as image 

guided radiotherapy (IGRT), adaptive radiotherapy (ADRT) and four-dimensional 

radiation therapy (4DRTP) all o f which are characterized by moving beams, small fields, 

steep dose gradients and decreased delivery times, enabling an efficient dose escalation to
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the tumor while minimizing the dose to healthy tissues without compromising the 

prescribed target coverage (Li et al 2008, Dawson and Jaffray 2007, Xing et al 2006, 

Song et al 2005). With escalating doses however, there are greater concerns for precision 

and accuracy in patient immobilization, and a greater need for better resolution in all 

dimensions when imaging the patient and planning/delivering the treatment. As the safety 

margins around the clinical target volumes are reduced in modem radiation therapy to 

escalate the prescription doses, there is an increased concern about normal tissue 

complications that may occur as a result o f small delivery or dose calculation errors (Van 

Dyk 1999). The increased complexity o f the modem technology o f radiation oncology 

places greater pressure on quality assurance (QA) and quality control to ensure that 

patients are treated safely (Low et al 2011, Dobler et al 2006, IMRT-CWG 2001).

1.1.3. Modern technology and escalated risks:

Challenges imposed by these new techniques on the dosimetry and QA are manifold. 

Modem technologies rely on electronic data transfer networks, electronic communication 

software, and software with sophisticated algorithms. The ability to test each individual 

component would seem overwhelming or impossible. Some o f the major categories o f 

accidents that have been reported in radiotherapy include: calculation errors, calibration 

errors, inadequate review o f radiotherapy treatment plans, inadequate review o f 

transcribed patient treatment charts, and error in anatomical area to be treated (Metcalfe 

et al 2007). Severe dose errors or geometrical misses can still originate from an 

individual mistake (human error), or software malfunction due to the complexity o f the 

treatment process and the equipment. For example, commercial treatment planning
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systems (TPS) use a variety o f dose calculation algorithms that approximate electron 

transport and photon scattering in the interest o f calculation time (Ahnesjo and 

Aspradakis 1999, Ahnesjo et al 2006). Although for most usual cases these calculations 

have shown adequate accuracy, care must be taken since approximations in some o f these 

algorithms may result in non-accurate plans. This is true when the complexity o f the 

treatment site increases (for example in head and neck treatments) and especially where 

small IMRT segments are used (Knoos et al 2006, Muralidhar et al 2009). Another 

example o f dose calculation errors has recently been reported by Jang et al (2009) who 

reviewed IMRT treatment plans o f 23 patients with lung cancer including 15 cases with 

severe pulmonary complications after radiotherapy. They found up to 25% dose error in 

the low-dose regions o f  their TPS-generated IMRT plans compared to a Monte Carlo 

calculation, due to inadequate modeling o f MLC transmission and leaf scatter in their 

commercial TPS.

Performing a fully 3D verification o f the intricate dose distributions as is the case in 

most advanced radiotherapy treatments is very challenging. A recent study in the United 

States (Ibbott et al 2008) indicated that a considerable number o f institutions who 

participated in the survey (71 out o f 250 institutions, i.e., close to 30%) have failed to 

deliver a dose distribution to a head-and-neck standard test phantom that falls within a 

generous passing criteria (7% dose difference /  4 mm distance-to-agreement) compared 

to their own TPS plan calculations.

Such shortcomings mainly originate from the fact that rapid advances in the 

technology to deliver 3D radiation treatments have not been paralleled by corresponding 

advances in the ability to verify these treatments; physical dosimetry has lagged behind.
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The tools presently used in the clinic for dose verification are either point dosimeters 

or two-dimensional (2D) dosimeters (Low et al 2011). Point dosimeters include 

ionization chambers and solid state dosimeters (e.g., different types o f diode detectors 

and thermoluminescent dosimeters (TLDs)). 2D dosimeters include films (radiographic 

and radiochromic) and arrays o f ion chambers or diodes. Numerous limitations (e.g., 

volume averaging due to the finite size o f the detector, energy dependence, dose rate 

dependence, directional dependence, sensitivity limitations) restrict the use o f these 

detectors to measure dose distributions in 3D, especially in IMRT cases where many 

regions containing steep dose gradients exist, even within target volumes.

IMRT doses are also delivered dynamically; the incident fluence shape and intensity 

are varying during the treatment such that specific points in the irradiated volumes 

receive their final dose only over a total treatment time (Low et al 2011, IMRT-CWG 

2001). Dynamic delivery is optimized by algorithms that use stochastic elements during 

generation o f beam apertures such that apertures including single isolated leaves and 

disconnected small segments are commonly created (Ceberg et al 2010). The delivery 

generally includes a variable gantry speed, continuous leaf motion and dose rate 

modulation. Therefore the resulting dose in each point is decoupled from the beam 

geometry and may not be simply proportional to the dose rate. This makes scan-based 

dose measurements impractical; i.e., dose measurements o f IMRT treatment plans are 

limited to integrating dosimetric techniques (Low et al 2011). A comprehensive 

verification o f a 3D dose distribution demands a laborious number o f measurements, 

which present, at best, a partial sampling o f the distribution. A task group (TG 120) from 

the American Association o f Physicists in Medicine (AAPM) has recently published a

9



report highlighting the differences in dosimetry requirements between conventional 

radiation therapy and IMRT (Low et al 2011). The task group clearly states that radiation 

dosimetry measurement techniques typically employed for conventional 3DCRT should 

be reviewed and adapted for the unique challenges imposed by IMRT.

In the search for a fully 3D measurement tool, the first gel dosimeter emerged over a 

quarter o f a century ago for medical applications (Gore et a l 1984). It was based on the 

idea that a radiation-induced chemical alteration can be immobilized within a hydrogel 

volume; if this chemical change is proportional to the absorbed dose, then appropriate 3D 

imaging devices that are sensitive to the effect o f the chemical alteration can be used to 

extract the distribution o f the chemical change which, ideally, should be identical to the 

distribution o f absorbed dose in the volume o f the dosimeter. Several generations o f 3D 

dosimeters have so far been developed and investigated, but the basic idea remained the 

same; i.e., detecting an ideally stable radiation-induced chemical change that is ‘fixated’ 

within a holding 3D medium.

1.2 3D gel dosimetry

Gel dosimetry is in principle, a fully 3D dosimetry tool in the same sense as medical 

imaging modalities such as magnetic resonance imaging (MRI) and X-ray computed 

tomography (CT) can provide a 3D view o f patient anatomy. Radiotherapy gel dosimetry 

is a form o f chemical dosimetry that relies on quantification o f  a radiation-induced 

chemical reaction. As this chemical reaction is locally preserved within a holding 

medium, the dosimeter can be scanned as a patient; the distribution and the extent o f the
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chemical change can be mapped and quantified in three dimensions by analyzing the 

images.
\

Essential constituents o f these dosimeters generally include water, a gelling agent (e.g., 

gelatin, polyvinyl alcohol or agarose) and a radiosensitive chemical that plays the role of 

a ‘radiation detector’. As gel dosimeters generally contain high water content (~ 80 to 

90% o f their weight) they are effectively water equivalent for clinical photon and electron 

energies. This makes them radiologically near soft-tissue-equivalent and eliminates the 

need to correct for the absorbed dose in the dosimeter medium over a large range of 

clinical energies. The dosimeters are liquid during their preparation and can be poured 

into shaped vessels and phantoms (including clinically interesting anthropomorphic 

phantoms) prior to jellification (e.g., Gum et al 2002, Vergote et al 2004). The fact that 

these dosimeters are simultaneously phantoms as well as dosimeters is another desirable 

characteristic that makes them potentially very suitable for the verification o f complex 

dose distributions as occurs in clinical settings, especially because there would be no 

need for any corrections for the incident beam direction, beam perturbation or geometry 

o f the phantom.

Proposed for modem clinical applications, currently three types o f  gel dosimeters can 

be distinguished; naming them chronologically by their first appearance in the literature, 

these include:

i) Fricke gels (proposed first by Gore et al 1984);

ii) Polymer gels (first by Maryanski et al 1993); and

iii) Radio-chromic gels (several types were simultaneously proposed namely by 

Jordan 2008, Babic et al 2008, Sole and Spevacek 2008).
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The three systems are based on a hydrogel matrix that preserves the spatial 

distribution o f absorbed dose in the dosimeter. The chemical ‘detector’ that responds to 

the absorbed dose in each type is different: i.e., the concentration o f ferric ions in Fricke 

gels, the polymer yield in polymer gels and a change in the color o f the medium in radio- 

chromic gels. Ionizing radiation triggers chemical reactions in each gel; the final 

chemical yield is proportional to the energy absorbed in the dosimeter volume, but what 

is measured at the end is a physical property related to the chemical change (Watanabe 

2005); i.e., the 3D data extraction is not performed by measuring the chemical yield, but 

by measuring a proportional physical consequence o f the chemical changes. Each class o f 

gel dosimeters can produce an image contrast in one or several imaging modalities. 

Depending on the type o f chemical reactions in each gel class, a certain imaging modality 

can or cannot detect the effect o f the chemical changes in that specific gel class. For 

example Fricke gels can primarily be scanned by MRI and optical CT (Schreiner 2004), 

but not with X-ray CT or ultrasound. Polymer gels can produce a contrast in all imaging 

modalities that have been investigated for gel dosimetry (Baldock et al 2010). 

Radiochromic gels can be scanned only with optical scanners. Therefore gel dosimetry is 

a system comprising o f a chemical aspect and an imaging aspect; the optimal accuracy o f 

the measurements depends on simultaneous and inter-correlated optimization o f both 

aspects. In principle this means that imaging parameters should be optimized for each 

specific gel formulation that is developed. The choice o f the imaging modality depends 

on the accessibility o f the scanner for a specific research group or radiotherapy center. 

MRI was the first method used for gel dosimetry and is still the gold standard. However, 

it is not easily accessible for all researchers and medical physicists or in all radiation
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oncology centers. Consequently alternative imaging modalities such as X-ray CT, 

ultrasound and optical CT were investigated (Hilts et al 2005, Mather and Baldock 2003, 

Doran 2009). From these, optical CT is the second scanning method o f choice in gel 

dosimetry due to its low cost and simplicity. However, the method is still under 

development and is currently restricted to relatively small cylindrical gel phantoms to 

reduce imaging artifacts.

Because chemical reactions are generally nonreversible, gel dosimeters are disposable 

dosimeters and should be cast away securely after use according to safety instructions of 

the chemicals used.

Unfortunately, each class o f gel dosimeters suffers from a major chemical drawback. 

In early investigations o f Fricke gel dosimetry it became apparent that the dosimeter is 

impaired by severe post-irradiation instability due to high rates o f ferric ion diffusion 

(Olsson et al 1992, Schulz et al 1993, Harris et al 1996, Baldock et al 2001a). Therefore 

spatial dose information was rapidly degraded particularly near high dose gradients and 

in small fields. Some effort was given to the exploration o f alternative gelling agents 

(Chu et al 2000) and systems with chelators {i.e., an organic chemical that forms two or 

more bonds with a central ferrous or ferric ion) (Rae et al 1996), but these were found to 

only partially suppress diffusion. This imposes practical time constraints from the start o f 

irradiation to the end o f the dose measurement. It effectively prevents imaging o f dose 

distributions produced by multiple field treatments or medium and low output rate 

radiation sources. Currently these dosimeters require a relatively quick radiation delivery, 

fast scanning techniques and they should be scanned very quickly after irradiation.
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In polymer gel dosimeters while post-irradiation stability is not a detrimental issue as 

in Fricke gels, the chemical drawback is sensitivity to atmospheric oxygen (Maryanski et 

al 1993, Hepworth et al 1999). Oxygen inhibits the polymerization processes such that 

polymer gels made under normal atmospheric conditions are not radiosensitive. As a 

result, these gel dosimeters had to be manufactured in an oxygen-free environment, for 

example in a glove box flushed with an inert gas such as nitrogen or argon (Baldock et al 

1998a, De Deene et al 1998a).

A solution for the problem o f oxygen inhibition in polymer gel dosimeters was 

suggested in 2001 by Fong et al who proposed adding an antioxidant to the gel during 

fabrication to chemically remove oxygen. The antioxidant binds dissolved oxygen 

molecules in the gel such that radical polymerization is not hindered from proceeding by 

oxygen radicals. This was considered a major development in the field o f gel dosimetry 

as gel fabrication was significantly facilitated. One o f the main objectives o f this thesis 

was to investigate further into the ambiguous dosimetric discrepancies observed in these 

normoxic polymer gel dosimeters. It is unfortunate to report in this thesis that the major 

chemical flaw for polymer gels still persists in a concealed manner in normoxic polymer 

gel dosimeters.

Radiochromic gel dosimeters are relatively recent and their chemistry and dosimetric 

performance has not yet been investigated or reported in detail. Several chemicals have 

been suggested for radiochromic gel dosimetry. These include leuco-crystal violet (LCV), 

leucomalachite green (LMG) and Turnbull’s blue dye (Babic et al 2008, Sole and 

Speva£ek 2008). These water-insoluble pigments are held artificially suspended within 

the dosimeter volume and change to a darker color as a result o f absorbed dose. Also
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genipin (a fruit extract) which is a natural gelatin cross-linker was introduced in 2008 that 

forms a dark gelatin gel that bleaches upon irradiation (Jordan 2008). A recent study has 

found severe dose rate dependence in LCV- and LMG-based dosimeters (Vandecasteele 

et al 2011), which significantly limits the use o f these dosimeters in most clinical 

applications where dose rate is varied. Although post-irradiation stability o f radiochromic 

gels is reported to be excellent (Babic et al 2008, Jordan 2008), and oxygen does not 

need to be expelled from these gels as is the case for polymer gel dosimeters, it is not 

unreasonable to suspect that other derogatory chemistry-related issues could be found in 

them upon more research and usage o f radichromic gel dosimeters.

1.3 Polymer gel dosimeters

As mentioned earlier, a polymer gel dosimeter consists o f three major components: water 

(typically between 80 to 90% by weight (w/w)), monomers (between 2-10 % w/w) and a 

gelling agent (between 5-8% w/w). Monomers are small organic molecules, containing at 

least one carbon-carbon double bond, that are capable o f reacting with identical or similar 

molecules o f low molecular weight to form a large molecule (macromolecule) called a 

polymer.

1.3.1. Monomers:

Early polymer gel dosimeter formulations were based on acrylamide (AA) as a 

monomer combined with an equal concentration o f a structurally similar co-monomer 

called A/A’-methylene-bis-acrylamide (BIS) (Maryanski et al 1993). BIS is the most 

effective cross-linker o f most monomers used in gel dosimetry (Senden et al 2006). This
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formulation was eventually given the acronym PAG (acronym base on poly-acrylamide 

in gelatin) to distinguish in-house polymer gel formulations from a patented product 

subsequently commercialized by MGS Research Inc. Since then several other acrylic 

(Lepage et al 2001c, Fong et al 2001, Sandilos et al 2004, Saion et al 2005) or non

acrylic monomers (Pappas et al 1999, Senden et al 2006) were investigated and 

subsequently suggested for gel dosimetry. Studies on alternative monomers other than 

that originally proposed by Maryanski et al (1993) were driven by the motivation to find 

monomers with a higher sensitivity to radiation as in any experiment, a large response of 

the detector is desirable. Other monomers were studied for their lower toxicity (Senden et 

al 2006), larger dose range (Kipouros et al 2001) or better dose response at low doses 

(Sandilos et al 2004). Success was modest such that the original PAG formulation is still 

the gold standard for new gel dosimeters to which their dosimetric performance is 

generally compared (De Deene et al 2006a, Baldock et al 2010). Several factors 

contribute to this minimal success; for example solubility o f  monomers in powder form is 

limited in water (Koeva et al 2008). The use o f alternative water-soluble monomers in 

liquid form is also restricted either by their low reactivity (Pappas et al 1999, Sandilos et 

al 2004) or by the fact that gelatin may not set when a high concentration o f liquid 

monomer is added to the solution. Other monomers that have been proposed lack 

chemical stability as will be discussed further in this thesis. On the other hand, higher 

chemical sensitivity is desirable as long as chemical changes can be measured with a low 

uncertainty; therefore a polymer gel with a lower sensitivity whose response can be 

measured with higher precision is preferred over a gel with a high sensitivity, but a much
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higher uncertainty in measurements; this is where the power o f scanner in providing 

accurate measurements faces its boundaries.

1.3.2. Basic reactions and oxygen sensitivity

The sensitivity o f polymer gel dosimeters to radiation and their large dynamic range is 

based on one o f the most effective chain reactions known to chemistry, i.e., free radical 

polymerization (Whittaker 2001). Free radicals that initiate polymerization in polymer 

gel dosimeters originate from water radiolysis. This is the process in which water 

molecules are dissociated in several highly-reactive radicals and ions upon irradiation. In 

the case o f megavoltage radiotherapy the majority o f radiation dose is deposited by 

collisions o f high energy electrons with water molecules that initiate a cascade o f 

chemical reactions. In summary, the decomposition o f reactive intermediates can be 

written as a simplified reaction o f which the dissociation rate (kD) is proportional to the 

absorbed dose (Table 1.1). Radical species that may react with monomers are mostly the 

hydroxyl radical (OH*), the hydroxonium ion (H3 0 +) and particularly aqueous electrons 

(Whittaker 2001, De Deene 2004a, Lepage and Jordan 2010, Baldock et al 2010). These 

radicals initiate the polymerization o f monomers by binding to an electron o f the double 

bond o f the monomer.

The growth o f polymer chains is a result o f chain propagation reactions by which the 

monomer and polymer radicals react further with other monomers. This kinetic chain 

length is typically 103-104 monomer units in most free radical polymerizations (Whittaker 

2001, Lepage et al 2000). The general case in which a polymer radical with n monomer 

units reacts with a polymer o f length m is illustrated in Table 1.1. This process generates
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heat ( 0  in the gel dosimeter as propagation reactions are exothermal (Salomons et al 

2002).

Propagation continues until a termination occurs. Termination o f the polymerization 

reaction occurs after two growing macroradicals encounter each other. The radicals may 

undergo disproportionation or combination reactions, resulting in two dead polymer 

chains or one, respectively. Primary radicals generated by water radiolysis can also react 

with growing polymers and terminate their propagation. In addition to these termination

Table 1.1. A simplified summary of polymerization reactions in polymer 
gel dosimeters

REACTION RATE

Radiolysis H20 -+  2R* k[)

Initiation R*+Mn ->  M*n km , n=l or n>l

Propagation M’n+Mm — RMVm + Q kp(n,m)

mutual combination:
R* + R* —► RR k,/
R*+ M*n —> Pn k,2(n)

M n+ M m * P n+m kljjn .m j

Termination disproportionation:

(Oxygen-free
environment)

M*n+ M*m —* Pn + Pm ki-Kn.rn/

chain transfer:
M*n+ SX PnX+S* k tr[M*][SX]

S*+M — SM*

reactions, the growing polymer radical may also terminate by transfer o f the radical

group to other molecules 

Baldock et al 2010). In g^ 

extent o f polymerization,

, for example gelatin (Whittaker 2001, Lepage et al 2001a, 

dosimeters where increasing gelatin concentration reduces the 

t was debated that the effective rate o f termination is increased

by a higher rate o f chain transfer to gelatin (Lepage et al 2001b). The same logic may
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hold true for possible impurities in the gel solution that decrease the extent of 

polymerization.

The rate o f propagation and termination is dependent on the radical concentration; as a 

result, polymerization becomes dose rate dependent. To what extent the dose response 

depends on the dose rate is determined by the reactivity o f the various components in the 

gel dosimeter (De Deene et al 2006a). Chain termination reactions by combination and 

by disproportionation involve reactions between two free radicals and as a result, the 

rates o f these termination reactions are proportional to the square o f the radical 

concentration. When radical concentrations are doubled, the rates o f propagation and 

chain transfer reactions increase by a factor o f 2, whereas the rates o f bimolecular 

termination reactions increase by a factor o f 4. Therefore polymer gel systems in which 

the dominant termination reaction is chain transfer to gelatin show very little dose rate 

dependence whereas in systems in which combination or disproportionation reactions are 

dominant, polymer formation is much more dependent on the dose rate (Karlsson et al 

2007, De Deene et al 2006a).

Peroxide radicals ([O-O] *2-) are created when oxygen is present in the gel (De Deene 

et al 2002, Baldock et al 2010). These peroxide radicals will quickly react with other 

radicals leading to termination. No polymerization occurs in gel dosimeters from which 

oxygen has not been expelled. It was shown that trace amounts o f oxygen can have a 

significant inhibitory effect on gel polymerization (Hepworth et al 1999).

Ideally in polymer gel dosimeters, the extent o f polymerization should only be a 

function o f absorbed dose. In reality however, it is also a strong function o f the oxygen 

content. This imposes serious challenges on gel preparation and implementation. Not
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only should polymer gel dosimeters be prepared in an oxygen-free environment in 

specialized preparation facilities, but they should also be kept from oxygen diffusion 

during storage and even after irradiation, as long as the polymerization reactions are not 

terminated. In principle, this limits the choice o f gel container materials to very low 

oxygen diffusing materials such as hard glass. Most plastics adsorb oxygen and return it 

back to the gel solution if used as a dosimeter container (Stevens 1992, Maryanski et al 

1994). The extent o f oxygen contamination can never be exactly estimated and may not 

be identical in different containers which will result in significant dosimetry errors.

1.3.3. Normoxic polymer gels and oxygen scavengers:

All these challenges were assumed to be overcome when a new gel dosimeter was 

proposed that was radiosensitive under normal oxygen levels at room atmosphere (Fong 

et al 2001). The gel also possessed significantly higher radiation sensitivity in MRI 

compared to the traditional PAG formulation by using methacrylic acid as the monomer. 

The brilliant idea in preparation o f this gel was that a small concentration o f ascorbic acid 

(AscA), which is a well known chemical antioxidant, was added to the gel dosimeter 

together with a small concentration o f  copper sulfate to scavenge superoxide radicals 

and/or to prevent oxygen from forming peroxide radicals by binding them into metallo- 

organic complexes in a process initiated by copper sulfate.

The idea o f chemical oxygen removal from polymer gel dosimeters was further 

investigated by De Deene et al (2002) and Maryanski (2002). Several antioxidants 

including gallic acid, trolox, A-acetyl-cysteine, diethylhydroxylamine, glucose with 

glucose oxidase, hydrazine, hydroquinone, sodium hydrosulfite and sodium sulfite were
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studied in polymer gel systems. None o f these were found as effective as AscA; the 

radiosensitivity o f gel systems prepared with these antioxidants was low such that none 

o f them could be a proper substitute o f the recipe developed by Fong et al (2001). 

However, the group at Ghent University found an oxygen-scavenging phosphorous 

compound (De Deene et al 2002) that could produce a more radiosensitive polymer gel 

than that originally reported by Fong et al (2001). Measurement o f  oxygen levels in water 

or polymer gel systems confirmed that oxygen concentration is reduced to a negligible 

amount within a short time after addition o f chemical oxygen scavengers or antioxidants 

(De Deene et al 2002, Jirasek et al 2006). From studying oxygen inhibition effects in 

PAG gel dosimeters, De Deene et al (2002) suggested that if  a gel dosimeter shows any 

dose response for doses below 5 Gy, this indicates that at least 98% o f oxygen in the gel 

is chemically bound by the oxygen scavenger. Polymer gel formulations prepared with 

oxygen scavengers showed no inhibition effects at low doses (Venning et al 2005, Hurley 

et al 2005); some formulation even had better dose sensitivity at low doses compared to 

their hypoxic counterparts {e.g., Kozicki et al 2007). This made the basis o f an 

assumption that the dose response o f these dosimeters is not affected by oxygen and 

potential systematic chemical uncertainties in their dose response are negligible 

(Petrokokkinos et al 2009). Numerous authors subsequently investigated different 

compositions and formulations o f this new generation o f polymer gels which became 

known as ‘normoxic’ gel dosimeters (Baldock et al 2010).

So far, as mentioned earlier, only two oxygen scavengers have been found suitable for 

fabricating normoxic polymer gel dosimeters; the first is ascorbic acid (AscA) and the 

second is a chloride salt o f tetrakis(hydroxymethyl) phosphonium (THPC). However,
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although oxidation o f these antioxidants has been investigated in aqueous solutions, their 

mechanism o f action in polymer gel systems and especially their effects on the dosimetric 

performance o f gel dosimeters is not fully understood. In an aqueous solution AscA 

undergoes a two step reversible oxidation process from its predominant anion form (AH”) 

to its dehydrated form (A) with the formation o f ascorbyl radical (A”’) as an intermediate 

(Bendich et al 1986, Bielski 1982). The efficiency o f AscA as a strong radical scavenger 

is due to the stability o f its radical. Because o f the delocalized nature o f  the unpaired 

electron in A”*, it tends to react preferentially with itself thus terminating the propagation 

o f free radical reactions. Figure 1.2(a), adapted from Bendich et al (1986), is a schematic 

representation o f oxidation o f AscA in aqueous solution.

Oxidation o f THPC in aqueous solution has been reviewed in the gel dosimetry 

literature by Jirasek et al (2006) based on work by Vullo (1966). THPC is first reduced to 

tetrakis(hydroxymethyl)phosphonium hydroxide (THPOH) as a result o f proton exchange 

with water. THPOH then dissociates to tetrakis(hydroxymethyl)phosphine (THP). THP 

scavenges oxygen by losing one hydroxymethyl group (CH2 OH) and forming 

tris(hydroxymethyl)phosphine oxide (TrHPO). Formaldehyde and hydrochloric acid are 

byproducts o f the dissociation o f THPC in water solution. TrHPO will further react with 

formaldehyde to produce more stable final products. Figure 1.2(b) schematically 

illustrates oxidation o f THPC, based on the review by Jirasek et al (2006).

The reactions o f these antioxidants in gel dosimeters are not necessarily restricted to 

oxygen. They can potentially react with other constituents o f the gel either during gel 

fabrication/storage, or during irradiation and even after irradiation, hence modifying the 

dosimeters dose response. Studying the potential effect o f these two antioxidants on the
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performance and accuracy of normoxic polymer gel dosimeters is one of the mam 

objectives ofthis thesis. 

(a) 
, ................................................................................................................ .. 

~ : 

HÇ -H+ HO HO Hx ~ Hx =:~·H~ 
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.... ··· 
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Figure 1.2. Schematic representation of the oxidation of (a) ascorbic acid and (b) tetrakis-
(hydroxymethyl) phosphonium chloride (THPC) in an aqueous medium. Refer to the text for 
abbreviations. 
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1.3.4. Scanning methods

The radiation-induced chemical and physical changes in polymer gel dosimeters can 

be visualized and quantified with different imaging modalities. The structural changes 

that occur in polymer gel dosimeters upon irradiation are currently known to affect:

i) the mobility o f water protons surrounding the polymer structures, thus altering 

their spin-spin nuclear magnetic relaxation rates. These relaxation rates indicate 

how fast hydrogen nuclei in an NMR field lose their phase coherence after 

excitation due to interaction with adjacent nuclei. This property can be measured 

with a clinical MRI scanner (Maryanski et al 1993).

ii) opacity o f the polymerized regions, so optical techniques can be used for gel 

read-out (Gore et al 1996, Doran et al 2009).

Hi) mass density o f the polymerized regions which determines the attenuation 

coefficient o f X-rays, so conventional clinical CT scanners can be used for 

extracting dose distribution data (Hilts et al 2005).

iv) elasticity modulus, ultrasonic speed and attenuation o f ultrasonic waves such 

that ultrasound imaging o f gels is possible (Mather and Baldock 2003).

v) the concentration o f monomers and polymer changes upon irradiation. These 

molecular changes can be monitored and studied with vibrational spectroscopy 

o f surface layers o f the gel (Baldock et al 1998b, Lepage et al 2000).

The imaging modality used in this thesis is MRI. Polymerization changes both the 

spin-lattice relaxation rate R\ ( T f 1) and spin-spin relaxation rate R2 (T2”1) of the gel water 

protons; however, changes in R2 are much more pronounced than in R\ (Maryanski et al 

1993). Other MRI contrast parameters have also been exploited to scan polymer gel

24



dosimeters, including magnetization transfer (Gochberg et al 2001) and chemical shift 

(Murphy et al 2000). The scope o f this thesis however, is restricted to radiochemistry of 

the dosimeters; therefore, a single MRI contrast parameter (i.e., R2) is used to study the 

gels throughout this research.

Signal intensity in MR images depends on two sets o f parameters. These are:

i) parameters that describe the object being imaged (e.g., proton density, Ti or T 2 

relaxation times and combinations o f these),

ii) parameters that are characteristic o f the scanner (e.g., the scanner transmit flip

angle, radiofrequency coil geometry and receiver gain).

Simple signal intensity MR images, as those produced for conventional clinical diagnosis, 

suffer from system noise and lack o f uniformity which restricts their use for a 

quantitative measurement as is required for accurate dose estimation in polymer gel 

dosimetry (De Deene et al 1998b). A far better performance in terms o f accuracy is

reached by using quantitative images or parametric maps.

A parametric map can be calculated from one or several images o f the same object. A 

simple example would be to collect two images with differing T2-weighting. The ratio o f 

these two images then only depends on the tissue parameter T2 , and is independent o f 

scanner parameters (such as transmitter or receiver settings). By calculating this ratio for 

each pixel, a third matrix, or map, can be formed, which has the appearance o f an image, 

but is conceptually different from an image, in that individual pixel values now have a 

numerical meaning (such as value o f T2 , in milliseconds, rather than representing signal 

intensity on an arbitrary scale) (Tofts 2003, De Deene et al 1998b).
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1.3.5. Calibration of gel dosimeters

For radiation dosimetry, dosimetric equipment must be calibrated by using known 

doses. In simple words, the dosimeter is first exposed to a dose which has been quantified 

by independent methods and gives a reading or response; if subsequently, the dosimeter 

produces the same response after receiving an unknown amount o f dose, one can infer 

that the new dose is identical to the dose received during calibration. Therefore, 

calibration is the procedure to determine an equation that relates the absorbed dose to a 

physically measurable quantity (i.e., the read-out or response o f the instrument). A key 

feature determining the usefulness o f  polymer gel dosimeters is the accuracy with which 

the gel can be calibrated. Gel dosimeters are by nature self-calibrating, in that a small 

sample o f the measuring material is usually used for calibration.

The methods that have been proposed and used in the literature to calibrate gel 

dosimeters can be divided into three major categories:

i) Methods in which each data point on the calibration curve is created 

individually by irradiating a portion or a sample o f the gel to a known dose 

delivered by a well-calibrated Linac, Gammacell or other delivery devices 

(Oldham et al 1998a, Low et al 1999). This can be done either by irradiating a 

number o f small gel tubes to different known doses (multi-tube method) or 

alternatively by irradiating a large gel flask with a few small beams (multi-beam 

method). The latter, produces limited number o f data points and needs a 

considerable amount o f gel.

ii) Methods that are based on a known dose distribution (e.g., a dose distribution 

calculated by a trusted treatment planning system (TPS) or obtained by a
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previous measurement) (DeJean et al 2006, Fragoso et al 2004, Kipouros et al 

2003, Oldham et al 1998a). Small regions o f interest (ROI) over which dose 

variation is small can be selected on the gel parameter map and the average 

values o f the read-out parameter can be correlated to a known dose at the exact 

same position obtained, for instance, from the TPS.

iii) Relative methods where a linear relationship is assumed between the gel 

response and dose such that relative values in the gel parameter map are 

considered to be identical to relative dose values (Watanabe et al 2005, 

Cardenas et al 2002, Pappas et al 2001, Meeks et al 1999, Maryanski et al 1996).

From the early investigations o f polymer gel dosimeters, accuracy and reproducibility 

o f calibration data has been found precarious. Contradictory results and levels o f 

accuracy were experienced by several authors: the reported variations and errors have 

neither been reproducible nor in the same trend (De Deene 2006b). The reported 

uncertainties range from a few percent to more than 200% {e.g., Oldham et al 1998b, 

Cosgrove et al 2000, Cardenas et al 2002) and are difficult to evaluate. Consequently, 

serious debates about the level o f accuracy and precision obtainable by gel dosimeters 

were launched (MacDougall et al 2002, 2003, De Deene et al 2003) and the suitability o f 

polymer gel dosimeters for absolute dosimetry has been questioned. Radical criticisms on 

the accuracy o f  gel dosimeters have been rebutted by some experts (De Deene et al 2003, 

Baldock et al 2010), however, in the majority o f polymer gel dosimetry studies, although 

an absolute calibration is performed, results o f the main measurements are still reported 

in relative values, i.e., normalized to a point in the dosimeter’s volume.
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The problem in evaluating the final accuracy of the dose maps obtained with gel 

dosimetry is that there is no such thing as a 3D 'gold standard' dosimeter to compare 

with (De Deene 2004b). As the main significance of gel dosimeters is their capability of 

assessing complex 3D dose distributions, most clinical gel dosimetry studies primitively 

started with such dose distributions, where no experimental dosimetry tool can claim 

absolute proficiency. Most authors were not inclined to initially validate their gel 

Figure 1.3. Several calibration methods have been proposed for polymer gel dosimetry. From left to right, 
photographs show: 

i) an 192Ir brachytherapy source used to calibrate a VIPAR gel (Kipouros et al 2003), 
ii) an optical CT image ofthree pencil beams with different set beam weights positioned to make a 

well defined dose pattern in a NIP AM-based gel dosimeter. Mean optical CT numbers from a set 
ofROis were correlated to dose to construct a calibration curve (DeJean et al 2006). 

iii) T 2 images of a PAG gel poured into tubes and irradiated from top such that a known depth dose 
pattern is registered in the tubes (Oldham et al 1998a ). 

iv) Photograph of a set of BANG gel tubes each individually irradiated to a known dose (Low et al 
1999). This method bas been more extensively used in the gel dosimetry literature. 

v) T2 image ofa large BANG gel flask irradiated to different doses with several 2x2 cm beams 
(Oldham et al 1998b). 

vi) Glass vials irradiated with 3x3 cm beams to different doses in water tank; the irradiated areas form 
a series ofpolymerized bands along the vials (Dong et al 2005). 

Other calibration methods include those that assume a linear response between areas of zero and maximal 
dose in the gel and perform a relative calibration (e.g., Meeks et al 1999, Cardenas et al 2002, Watanabe et 
al 2005). Images are reproduced with permission from their publishers and authors (see Appendix). 

dosimeters in simple geometry cases against a well known measuring device with the 

minimum of associated uncertainties (such as ion chambers), because of both the extra 

amount ofwork that such a validation imposes and because of the assumption that ifthe 

gel dosimeter yields outstanding results in 3D, such a primary validation would be 

redundant. 
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However, excellent dosimetry results especially with normoxic gels have rarely been 

claimed and eventually more and more research groups experienced and reported on 

discrepancies between their calibration data and gel measurements while both the 

phantom and the calibration vials were filled from the same batch o f gel (De Deene 

2006b, Baldock et al 2010). Different potential causes were hypothesized for such 

discrepancies. Assessing the exact contribution o f numerous potential factors that can 

determine the final dose error in different studies with several gel compositions, imaging 

parameters, complex dose distributions, experimental conditions, phantom materials and 

sizes, etc is exhaustive, if  not impossible and such a comparison has never been made. 

Discrepancies observed in normoxic polymer gel dosimeters were generally more 

significant than those previously experienced with anoxic gel compositions.

1.4 Thesis outline and objectives

Despite the fact that several classes o f gel dosimeters exist, to date the majority o f 

clinical studies in the literature with gel dosimeters have been performed with polymer 

gel dosimeters. These include a wide range o f situations from conventional external beam 

treatments, treatments with gating for patient breathing motion, complex IMRT cases, 

and brachytherapy, to treatments with protons and heavy ions (Baldock et al 2010). A 

variety o f polymer gel compositions were used coupled with different imaging techniques 

and protocols and with a diverse range o f experimental conditions. As mentioned earlier, 

a wide range of uncertainties has been reported for polymer gel dosimeters which are 

difficult to compare and evaluate. Minimizing uncertainties implies that their origin is 

known. Errors originating from the MRI scanners have been more intensively studied as
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MRI is a mature and robust technology and recommendations to minimize dose errors or 

geometric uncertainties caused by non-optimized scanning are available in the literature 

(De Deene et al 2000a, 2000b, De Deene and De Wagter 2001, Baldock et al 2001, De 

Deene and Baldock 2002). Yet, even with an optimized imaging protocol and procedure, 

discrepancies exist between the dose-responses o f two gel containers filled with the same 

gel batch. This suggests that these uncertainties primarily have a radiochemical origin. 

The main objective o f this thesis is to investigate radiochemical sources o f dose 

inaccuracy in polymer gel dosimeters, providing explanations for them and providing 

recommendations to minimize the errors or at least recognizing intrinsic dosimetric 

limitations in certain gel compositions.

The main objectives were investigating the following specific questions:

i) What is the impact o f oxygen scavengers on the dosimetric performance o f 

normoxic polymer gel dosimeters? Why do some gel compositions show much 

better sensitivity with certain antioxidants and some other do not?

ii) Is a normoxic polymer gel dosimeter ‘oxygen-proof? Is the response of a 

normoxic polymer gel dosimeter stable and proportional to dose if  its 

radiosensitivity is maintained? To what extent can normoxic polymer gel 

dosimeters be exposed to air before they start diverging from an accurate dose 

response?

Hi) How can the effect o f antioxidants on the dose response o f  polymer gel 

dosimeters be explained in relation to their chemical reactions? In what
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reactions are these antioxidants involved in different gel compositions? Does a 

given antioxidant react similarly in two different gel compositions?

iv) Polymerization releases heat in polymer gel dosimeters during irradiation as 

propagation reactions are exothermal. On the other hand, polymerization 

reaction rates are temperature dependant. Dose this internal heat accumulation 

modifies the dosimeters’ dose response? To what extent and how; i.e., does this 

heat increase results in dose overestimation or underestimation? Could some gel 

compositions be more sensitive to internal heat release than others?

v) Gel temperature history during setting, environmental factors such as storage 

temperature/conditions and temperature increase during irradiation have been 

hypothesized to cause dose discrepancies in polymer gel dosimeters between the 

response o f calibration gel vials and larger gel phantoms. These hypothesized 

causes have never been thoroughly investigated with respect to the extent and 

trend o f discrepancy they could potentially cause on the dose response o f a gel 

dosimeter. This study aims at investigating the discrepancies between 

calibration data and dose response from larger phantoms that have been 

commonly observed but not explained.

Questions /' and ii are investigated in publication 1; questions iv and v are studied in

publication 2 and question iii is investigated in publication 3.
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2.1 Abstract

Two oxygen scavengers have been successfully tested to produce normoxic polymer 

gel dosimeters under normal atmospheric conditions. The first is ascorbic acid and 

the second is a chloride (also sulfate) salt o f tetrakis(hydroxymethyl) phosphonium. 

These antioxidants, added to the dosimeter during gel preparation, chemically 

remove dissolved oxygen that otherwise inhibits propagation o f the polymerization 

reaction during irradiation o f the dosimeter. These gel dosimeters are radiosensitive 

after manufacture under normoxic conditions. However, we show herein that the 

accuracy o f the dosimetric measurement is compromised due to chemical 

reactions o f  the antioxidant with radicals. In addition, we provide evidence that 

both antioxidant and oxygen act as radical scavengers that affect the amount of 

polymer formed in the gel dosimeter. This can result in important dose inaccuracies 

in both methacrylic acid-based and acrylamide-based normoxic dosimeter gels.
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2.1 Resume en fran^ais:

Deux antioxydants ont ete testes avec succes pour la production de dosimetres a gel 

de polymere normoxiques prepares sous des conditions atmospheriques ambiantes. 

Le premier est l’acide ascorbique et le second est le chlorure (ou le sulphate) de 

tetrakis(hydroxymethyle) phosphonium. Ces antioxydants, lorsqu’ajoutes a la 

preparation de gels dosimetres, eliminent chimiquement l’oxygene dissout qui, 

lorsque present, inhibe la reaction de polymerisation attendue sous irradiation du 

dosimetre. Les gels dosimetres prepares sont radiosensibles. Toutefois, nous 

demontrons que la justesse de la dose determinee avec ces dosimetres est 

compromise par des reaction de l’antioxydant avec les radicaux formes sous 

irradiation. De plus, nous resultats suggerent que les deux antioxydants de meme que 

Toxygene interagissent fortement avec les radicaux, ce qui diminue la quantite de 

polymere forme. Ceci peut entramer une importante imprecision de la dose 

determinee a l’aide de dosimetres a gel de polymere normoxiques bases sur 

l’acrylamide ou l’acide methacrylique.
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2.2 Introduction

In radiotherapy, increasingly complex combinations o f computers and robotics have been 

developed through the last decade for delivering the maximum possible dose to the tumor 

while sparing surrounding healthy tissue. The goal is pursued by exploiting numerous 

techniques to personalize the final dose distribution as closely as possible to the shape, 

movement and even recently reported biological texture (Nestle et al 2009) o f a specific 

tumor. The complexity o f  these modem dose calculation and delivery facilities imposes 

serious challenges on physical dosimetry and quality assurance required for a reliable 

treatment (Nystrom and Thwaites 2008, Bentzen 2005, De Wagter 2004, Waligorski 

1999). Counter-intuitively, chances o f delivery failure may increase with sophisticated 

3D dose delivery techniques, as the chances o f dose errors or geometrical misses increase 

due to the complexity o f the delivery system and the treatment process (Schreiner 2006). 

Polymer gel dosimetry has been developed as a 3D dose verification method to reassess 

the actual dose delivery o f modem therapy facilities to patients, after all links in the 

treatment chain with all the compromises that are made at each step, play their role in 

calculation, simulation and delivery o f the prescribed radiation dose. Among those gel 

dosimetry systems that have been investigated, normoxic polymer gels gained popularity 

as they are easy to mix and implement (e.g., Fong et al (2001), De Deene et al (2002a, 

2002b, 2006a, 2006b), Gustavsson et al (2003), Hurley et al (2005, 2006) Venning et al 

(2005), Hurley et al (2005, 2006), Jirasek et al (2006), Senden et al (2006), Luci et al 

(2007), Hill et al (2008), Bjoreland (2008)).
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Briefly, polymer gel dosimeters are systems in which changes in physical properties 

(e.g., optical or nuclear magnetic relaxation) o f a hydrogel are measured and correlated to 

the dose spatially absorbed in the gel (De Deene 2004). They generally consist of a 

gelatin hydrogel matrix in which monomers are dissolved. The polymer formed by a 

radiation-induced polymerization reaction is immobilized within the gelatin matrix. 

Water accounts for between 80% to 90% of the dosimeter weight such that it is 

dosimetrically completely water-equivalent for therapeutic radiation energies down to 60 

keV (Pantelis et al 2004). Water radiolysis produces radical species that trigger a series 

o f competing initiation and termination reactions whose outcome ultimately determines 

the amount o f monomer to polymer conversion (Jirasek et al 2009, Plante and  Jay-Gerin 

2006, Fuxman et al 2003). The polymer decreases the transverse nuclear magnetic 

relaxation time o f water molecules within the gel and is locally a function of the absorbed 

dose (Lepage et al 2001a). The corresponding change in transverse relaxation rates (AR2) 

can be quantitatively measured using a clinical MRI scanner. As the polymer chains 

precipitate in the hydrogel, the polymerized regions become opaque and a mass re

distribution accompanied with a slight shrinkage occurs within the dosimeter (Trapp et al 

2001, Hilts 2006, Jirasek et al 2009). The relationships between these physical changes 

and absorbed dose have also been investigated with other scanning techniques such as 

optical and X-ray computed tomography (Doran 2009, Hilts 2006).

Oxygen completely inhibits radiation-induced polymerization reactions in polymer 

gel dosimeters such that they could not be mixed in normal atmospheric conditions 

exposed to air (Maryanski et al 1993). Consequently, they were mixed and poured into 

oxygen impermeable casts under hypoxic conditions, often inside a glove box (Oldham et
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al 1998, McJury et al 1999). It was later suggested that the problem o f oxygen inhibition 

can be resolved by adding an antioxidant to the gel ingredients during mixing which 

binds to or reacts with dissolved oxygen (DO) molecules in the gel solution, thus 

preventing inhibition o f polymerization and producing a gel that shows a radiation dose 

response (Fong et al 2001). The first oxygen scavenger studied was ascorbic acid (AscA) 

in a dosimeter gel based on methacrylic acid (MAA) monomers. Further studies explored 

alternative antioxidants among which only tetrakis(hydroxymethyl) phosphonium salts 

(especially THP chloride (THPC) and THP sulphate (THPS)) were found to be 

practically efficient (De Deene et al 2002a, Maryanski 2002a). Although AscA is very 

effective in MAA-based polymer gel dosimeters, other gel systems with AscA display 

either no or very low dose sensitivity compared to their hypoxic counterparts (Koeva 

2008, De Deene et al 2002a, 2002b). THPC is thus becoming the most widely used and 

the most efficient antioxidant. However, the mechanism o f action o f antioxidants has not 

been fully investigated in polymer gel systems.

The radiosensitivity o f traditional hypoxic gels is known to be highly affected by even 

small traces o f contaminant oxygen (Hepworth et al 1999). In normoxic gels, however, it 

is assumed that the antioxidant completely removes DO and that subsequent slight 

oxygen contamination (e.g., oxygen diffusion through the container walls) does not affect 

the dose-response. In addition, the role o f  excess antioxidant molecules has not been 

investigated yet. It is possible that different containers filled sequentially after 

manufacture o f the gel batch may contain a different amount o f excess antioxidant, 

because o f the inherent delay between the moments the first and the last containers are 

filled, leading to a variable exposure to oxygen and potentially to a larger amount o f
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oxygen infiltrating the last containers. The possible release o f oxygen from the container 

walls (or cap) may also influence the number o f excess antioxidant molecules left in the 

gel. These speculations become important considering that the trends o f  some dose 

discrepancies observed in normoxic polymer gel dosimetry measurements are confusing 

(Dumas et al 2006, Crescenti et al 2007, Karlsson et al 2007, De Deene et al 2007, 

Sedaghat et al 2009) and cannot be simply explained by the inhibiting effect o f oxygen 

on polymer formation in the dosimeter. Clearly there is a lack o f information on the 

effect o f oxygen exposition during and after manufacture o f normoxic dosimeter gels. A 

number o f studies have identified the optimal antioxidant concentration in normoxic gels 

for which the dose response is at maximum (Jirasek et al 2006, Hurley et al 2005, 

Venning et al 2005). Yet, our experience is that the reproducibility o f gel measurements 

at these suggested concentrations can be very poor and we need to modify the antioxidant 

concentration according to the volume o f gel mixed. Besides such practical issues, the 

effect o f antioxidant on the gelatin network, on the morphology o f the polymer formed 

and on the reactions occurring in the dosimeter has however not been fully explored. This 

fundamental information is necessary to understand the mechanisms by which the 

dosimeter responds to the absorbed dose and to explain and minimize discrepancies that 

can occur in practical use, regardless o f  the scanning technique. We conducted this MRI 

study on the response o f polymer gel dosimeters to assess the role o f oxygen, together 

with THPC and AscA.
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2.3 Materials and methods

Gel fabrication (unless stated otherwise) was performed inside a nitrogen-filled glove 

box. This is to minimize the difference o f initial DO concentration in the gels and to 

enable a comparison between gels containing antioxidant and their corresponding 

hypoxic counterparts. The oxygen level in the device was monitored using a Fisher 

Scientific Accumet® excel XL60 meter (range o f 0-60 mg F 1, resolution o f ±0.01 mg F 1, 

accuracy o f 0.1 mg F 1). For gels mixed in the glove box, nitrogen gas was bubbled 

through Millipore water until the DO meter measured an oxygen concentration in water 

o f 0.00 mg F 1. The level o f oxygen in the glove box was kept close to the resolution 

threshold (0.01 mg F 1) o f the DO meter. Table 1 provides a list o f the different gel 

mixtures.

2.3.1 Oxygen diffusion in acrylamide-based gels

A bulk o f 1800 ml o f  gel was mixed using 5% (w/w) gelatin, 3% (w/w) acrylamide (AA) 

(electrophoresis grade, +99%, Sigma-Aldrich) and 3% (w/w) /V.A-methylene-bis- 

acrylamide (BIS) (electrophoresis grade, +99%, AcrosOrganics). We refer to this gel 

mixture as ‘6%T’, which indicates the total amount o f monomers is 6% of the total 

weight. When the oxygen level in Water is low, heat-induced polymerization can readily 

occur and fully propagate during gel mixing; therefore the temperature o f the solution 

was kept at 42.0 ± 0.5°C throughout preparation. Preparation o f all samples took about 4 

h. After full dissolution o f gelatin in water, the two comonomers were added to the 

solution together and stirred until dissolved. This base solution was then separated into 

four beakers. When the temperature o f the gel was about 37°C, appropriate volumes o f



THPC corresponding to 2 ,5  and 10 mM were pipetted into three o f them and mixed. This 

yielded four PAG dosimeters with varying [THPC] from 0 to 10 mM which were poured 

into four series o f 8 glass tubes (i.e., 32 tubes). The tubes (Kimble/Kontes KIMAJf® 

culture tubes with rubber-lined screw caps) were 12 cm long with a 20 ml maximum 

capacity. The caps were firmly tightened inside the glove box. The rest o f the gel was 

used to fill eight series o f 14 small glass vials (capacity o f 2.4 ml, with rubber-lined 

screw caps) with gels containing 0-20 mM o f THPC to obtain dose-response curves. 

These are called calibration vials. All tubes and vials were removed from the glove box,

Table 2.1. Chemical components and concentration o f ingredients o f the gel dosimeters studied. 
Percentages are by weight (w/w).

Monomers Gelling s 0ivent Oxygen Scavenger Catalyst

Vials Tubes Acronym AA BIS MAA Gelatin Water THPC AscA CuS04
I II, VIII PA G A T (6%T) 3% 3% - 5 % 8 9 % from 0  to 20  mM - -
- III PA G A T (9%T) 4.5 % 4.5 % - 5 % 8 6 % 0 ,2 ,5 ,1 0  mM - -

IV V M AGAT - - 7% 8 % 8 5 % from  0  to 20  mM - -
- VI M AGIC - - 9 % 8 % 8 3 % - 2 mM 0.08 mM

- VII PAGIC 3% 3% - 5 % 8 9 % - 0 .1 ,0 .4  mM 0.02 mM

Calibration vials (2.4 ml) were used to study the effect of increasing [THPC] on the dose response of 
polymer gel dosimeters. Larger glass tubes (20 ml) were used for oxygen diffusion studies. Results o f I 
and IV are presented in figure 1; II is presented in figure 2; III in figure 3, V in figure 4; VI, VII and VIII 
are presented in figure 5. Italic roman numerals indicates that the gel was mixed in a normoxic 
environment; I and II are from the same base solution, the same is true for IV and V.

left in a conventional refrigerator for about 3 h for the gels to set and then transferred into 

a cupboard. To study diffusion o f oxygen as a function o f time o f exposure to air, caps o f 

the tubes o f each series were removed sequentially at 12 h intervals. A layer of 

Parafilm™ was applied on top o f each tube after 12 h o f  exposure to air to prevent or 

reduce dehydration. The tubes were all irradiated 4 days later to a dose o f 5 Gy; the cap 

o f the last tube was removed 15 min before irradiation.
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To study whether changing monomer concentration affects patterns o f oxygen 

diffusion in dosimeter gels, another four series o f 8 glass tubes were filled in a different 

session, following the same preparation procedure, with gel containing 4.5% (w/w) AA, 

4.5% (w/w) BIS and 0-10  mM o f THPC. Monomer concentration was chosen based on a 

preliminary optimization study by Venning et al (2005). This gel will be referred to as 

the 9%T PAG.

To compare the course o f oxygen diffusion in a normoxic gel mixed and cast in 

normal atmospheric conditions, 300 ml o f PAGAT (6%T) was mixed outside the glove 

box with 10 mM o f THPC and a series o f 8 tubes were completely filled with this gel 

dosimeter. Filling started 15 s after adding THPC to the stirring gel solution and the 

screw caps were firmly closed right after filling. The whole filling procedure took about 4 

min. After 3 h in the refrigerator, the caps were removed one by one at 12 h intervals 

after which the tubes were covered with Parafilm™, as above.

Two 6%T PAG dosimeters were also mixed in the glove box with 0.1 and 0.4 mM of 

L-ascorbic acid (reagent grade, Sigma-Aldrich). Appropriate volumes o f AscA and 

copper(II) sulfate (0.02 mM) were respectively taken from 1:30 and 1:60 molar solutions 

prepared inside the glove box with deoxygenated water. Copper was shown to accelerate 

the oxidation of AscA in water (De Deene at al 2002a). A similar composition was 

previously termed ABAGIC (De Deene et al 2002b) or PAGAS (De Deene et al 2002a), 

but the dosimeter will further be called ‘PAGIC’ to highlight that it contains the same 

antioxidant as the MAGIC dosimeter (without hydroquinone) in this study. Two series o f 

glass tubes with rubber-lined screw caps were filled with these gels and the caps were 

opened after setting o f the gels at 12 h intervals.
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Irradiation was performed using a Gammacell 220 Research Irradiator (Atornic Energy of 

Canada Limited). The machine is equipped with eight rods of 6°Co sources placed at 45° 

intervals around the sample chamber and had a dose rate of 1.68 Gy min- 1 at the time of 

use. According to the manufacturer, the dose decreases by roughly 5% at the upper and 

lower extrernity of the sample chamber, over a distance of 100 mm (figure 2.1). The 

calibration vials were irradiated in a homemade water tank 24 h after gel rnixing with a 

Siemens Oncor™ linear accelerator (Siemens Medical Solutions AG, Germany). The 

water tank was designed to enable simultaneous irradiation of several vials to different 
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Figure 2. J. Dose distribution in the Gammacell sample 
chamber and the position of the gel tube within the 
chamber. A dose gradient exists along the tube axis 
[ Adapted from Christensen and Song 1981]. 

doses corresponding to a known 

depth dose profile in water. The 

vials were held at fixed depths 

from the surface of water in ho les 

drilled into a thin vertically sliding 

Perspex bar in the rniddle of the 

water tank. Irradiations were done 

under calibration conditions with 6 

MV photons at a dose rate of 300 cGy min- 1
, source to surface distance (SSD) of 1 OO cm 

and a 10 x 10 cm2 field. Measurements with an NE 2571 ion chamber (graphite thimble, 

0.6 cm3, NE Technology Ltd., Reading, UK) with an identical set-up in the water tank 

revealed a decrease in absorbed dose up to a maximum of 4.4% in lower vials compared 

to the dose in water. This was caused by the scattering effect of the upper glass vials 

along the beam pathway. Appropriate correction factors were applied to account for this 

dose reduction in lower vials. 
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2.3.2 Oxygen diffusion in methacrylic acid-based gels

The procedure described above was repeated for mixing MAA-based gels o f THPC 

concentrations o f 0, 2, 5 and 10 mM. The concentration o f  MAA (99%, Aldrich) was 7% 

by weight and it was added when the gelatin solution was at 38°C. A gelatin 

concentration o f 8% (w/w) was chosen as we observed that without THPC, the response 

o f the gel fades out when the gelatin concentration falls below 8%. Four series o f tubes 

for oxygen diffusion studies were filled, along with 8 series o f  calibration vials with 

[THPC] varying between 0 and 20 mM. We use the acronym MAG for the gel without 

THPC and the acronym MAGAT for the gels containing THPC.

Finally, a MAGIC-type dosimeter was also fabricated according to the formulation 

suggested by Fong et al (2001) with the exception that we did not add hydroquinone. One 

series o f tubes was filled with this gel for oxygen diffusion studies. The tubes were 

irradiated to a dose o f 5 Gy with the Gammacell.

2.3.3 Varying [ THPCJ in water and gelatin gel

We studied the effect o f THPC on the relaxation rate o f  unirradiated gelatin and pure 

water. The pH o f gelatin decreases by increasing [THPC]. To control for this, we also 

prepared gelatin samples o f different pH to investigate whether the changes in the 

relaxation rates o f gelatin are specifically due to the reactions o f THPC with gelatin or 

are merely a result o f pH change. A solution o f  5% (w/w) gelatin (Type A, 300 bloom, 

Sigma-Aldrich) was prepared inside the glove box with deoxygenated Millipore water 

containing THPC or HC1 (both from Sigma-Aldrich) concentrations from 0 to 20 mM 

and poured into two series o f 6 glass tubes. Gelatin was left to soak for 10 min in water,
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then warmed up to 42±1°C and stirred at this temperature for about 4 h. Gelatin was fully 

dissolved after 20 min, but stirring was continued to imitate the long mixing time o f 

largest batch o f gel we prepared in the glove box. Separate samples o f 50 ml o f this 

solution were poured into different glass beakers; appropriate amounts o f THPC or HC1 

were added in random order when their temperature reached 37±1°C. The pH o f the 

gelatin solution was measured before and after addition o f THPC and HC1. Another 

series o f tubes with rubber-lined screw caps was filled with deoxygenated water 

containing the same THPC concentrations. A third series o f tubes was filled out o f the 

glove box with Millipore water which was not deoxygenated and with a similar [THPC]. 

Water tubes were left in the MRI scanner room for 8 h before imaging. Gelatin tubes 

were kept in a conventional fridge for 3 h after which they were taken to the MRI room 

and imaged 24 h later.

2.3.4 Magnetic resonance scanning and data analysis

The time between irradiation and scanning for all gel experiments varied between 15 and 

29 h. The scanner was a Siemens Sonata (Siemens Medical Solutions Erlangen, 

Germany) 1.5 T clinical imager and the head coil receiver was utilized. For AA-based 

gels the parameters o f the multi-echo imaging protocol were as follows: TR = 6780 ms, 

ES = 40 ms, 24 echoes, slice thickness 4 mm, pixel size 0.94 X 0.94 mm2, number of 

acquisitions = 10. The number o f slices varied between 4 and 7. For MAA-based gels TR 

o f 3000 ms and ES o f 12.2 ms were chosen instead. Data analysis was performed using 

modified in-house MATLAB® (the Mathworks) program (Murry and Baldock 2000) and 

OriginPro 8 (Microcal). The two first MR images of each sequence were discarded
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because o f non-uniformity in the first 2 spin echoes o f the multi-echo sequence. This 

non-uniformity originates from an imperfect 90°-excitation and 180°-refocusing profile 

over the complete slice thickness which results in a different magnetization history over 

the slice. The first spin-echoes are contaminated with a different amount o f spurious 

signal as a result o f the different magnetization history (De Deene et al 2000a).

2.3.5 A practical example

Four rectangular containers were constructed from 6 mm thick Plexiglas™ plates. The 

containers had a length o f 15 cm and square interior cross sections o f 4.2, 2.3, 1.8 and 

0.85 cm2 corresponding to volumes o f 265, 80, 50 and 10 ml o f gel, respectively. The 

containers were filled in the glove box with 6%T PAGAT dosimeter containing 5 mM 

THPC. The opening o f the containers was closed with square Plexiglas sheets sealed by 

silicon glue. The containers were kept in the refrigerator for 3 h. Two irradiations were 

performed with the Siemens Linac; the first 6 h and the second 18 h after gel fabrication. 

A dose o f 12 Gy to c/max was delivered to the containers positioned vertically in a water 

tank under a 10 x 10 cm2 field o f 6 MV photons. The SSD was 100 cm at the surface o f 

water and dose rate was 300 cGy min"1. The four containers were imaged together in the 

head coil after 24 h rest in the MRI scanner room.
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2.4 Results

2.4.1 Variations in the dose response o f the gel dosimeters with increasing [THPC]

Figure 2.2(a) shows the dose response o f  PAG ([THPC] = 0 mM) and PAGAT 

dosimeters ([THPC] > 0 mM). We make the following three observations: (i) the 

sensitivity o f the gels decreases with increasing [THPC], (ii) the value o f R2 at 0 Gy 

(i?2(0)) decreases with increasing [THPC], and (iii) inhibition o f polymerization at low 

doses is not detected. The situation is different for MAG and MAGAT dosimeters in 

figure 2.2(b). A non-linear dose response is observed for the MAG dosimeter ([THPC] = 

0 mM) and the sensitivity increases rapidly to a maximum for [THPC] = 0.5 mM. The 

sensitivity decreases for higher values o f [THPC], which is consistent with results 

reported elsewhere (De Deene et al 2002a) for MAGAT prepared under normoxic 

conditions. However, the behaviour o f the gel response becomes sigmoidal at [THPC] > 

5 mM, while it remains mono-exponential for the gel prepared under normoxic 

conditions. Interestingly, when the gelatin concentration is decreased to 7% w/w, an 

absence o f response up to 9 Gy is noted without THPC, but a comparable maximum 

response is obtained with 0.5 mM o f THPC. The values o f Ri{0) for these samples as a 

function o f [THPC] are displayed in figure 2.2(c) together with Ri{0) o f a 5% gelatin gel 

and deoxygenated and not-deoxygenated Millipore water. No change is observed for the 

two water samples. The change in pH o f the gelatin solution induced by THPC and HC1 

is plotted in the inset o f figure 2.2(c). It can be seen that as identical concentrations of 

THPC or HC1 up to 20 mM are added to the 5% gelatin gel, while the pH o f the gel is
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decreased from 5 to about 4, i?2(0) increases from 0.9 s-1 to 1.4 s”1 for both THPC and 

HCI. The changes in /?2(0) o f AA- and MAA-based gels follow a different course for this 

specific experiment as THPC increases. While for the AA-based gel dosimeters, i?2(0) 

decreases by roughly 0.25 s~\ it increases for the MAA-based gels by about 0.5 s_1. 

However, while we have repetitively observed such a decreasing trend o f /^(O) as a 

function o f [THPC] for AA-based gels, Z?2(0) o f MAA-based gels are prone to large inter

batch variations.

2.4.2 Empirical observations

The oxygen level in the PAG solution when manufactured in the glove box with 

deoxygenated water was below the resolution threshold o f the DO meter. At this low 

oxygen level, the gel begins to spontaneously polymerize yielding a completely opaque 

solution. In the absence o f oxygen, radical polymerization can be initiated more easily by 

different mechanisms (e.g., heat, light, free radical impurities in gelatin); however the 

sensitivity o f the opaque gel to radiation will not be reduced although a slight uniform 

increase in R.2 values is observed over the whole dose range. This has been reported 

elsewhere as gel fogging (Maryanski et al 1994).

When mixing PAGAT dosimeter in normal atmospheric conditions a slight irregular pre

polymerization sometimes occurs when [THPC] is > 10 mM. Such irregular patterns have 

been previously observed in unirradiated MAGIC dosimeters (Gustavsson 2004, 

Heathcote 2008).

In AA-based gels rapid jellification is observed after adding THPC, which becomes 

very fast at [THPC] > 10 mM. At this [THPC], the gel turns to a very viscous solution
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shortly after adding THPC, leaving a limited time to fill dosimetry containers or vials. 

Air bubbles can also get trapped in the gel while filling gel containers and stay suspended 

due to increased viscosity and faster setting. Bubbles also form and remain trapped in the 

gel samples that are cooled rapidly.

2.4.3 Oxygen diffusion in PAG and PAGAT dosimeters

Figure 2.3 shows the values of Ri as a function o f depth in glass tubes filled with 

dosimeter gels and exposed to air for different periods. The different panels correspond to 

6%T PAG (panel a) and its PAGAT derivatives (panels b-d) prepared in the glove box. 

The profiles are averages o f 8 columns o f pixels along the length o f tubes on the 

corresponding R 2 maps (see the schematic in figure 2.3(a)). From left to right the profiles 

correspond to tubes that have been exposed to air from the top (left o f the figure) for 15 

min, 12, 24, 36, 48, 60, 72 and 84 h, respectively. The region over which oxygen has 

completely inhibited polymerization is seen as a uniform baseline with a ‘background’ 

value o f R 2 (R2 bkgd) around 1.0 s_I. The position at which the value o f R 2 rises is called 

the ‘elbow point’. It is noted that the elbow point is moving deeper into the tube as a 

function o f the time o f exposition to air. From the elbow point the values o f R 2 reach a 

maximum around 2.4 s-1 over a distance o f roughly 15 mm where the concentration o f 

oxygen is presumed to decrease to nearly zero. The R2 value at 100 mm from the surface 

is around 4.3% lower than the maximum value reached for every sample. This is 

consistent with the 5% spatial non-uniformity o f the Gammacell irradiator (Christensen 

and Song 1981) as mentioned in section 2.3.1.
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Figure 2.3. Progress of polymerization inhibition front in tubes containing a PAG dosimeter that 
was mixed in the glove box and later exposed to air at 12 h intervals. The gel contains 5% gelatin, 
6%T and THPC concentrations of(a) 0 mM, {b) 2 mM, (c) 5 mM and {d) 10 mM. From left to right, 
lines correspond to profiles along the depth of gel tubes, exposed to air for 15 min, 12, 24, 36, 48, 
60, 72 and 84 h. All tubes received a uniform dose of 5 Gy. Note that the y-axis scale was adjusted 
in every panel for clarity. 

Figures 2.3(b-d) show the corresponding results for gels containing 2, 5 and 10 mM of 

THPC, respectively. The elbow points are comparable for the PAG and PAGAT-2 mM 

THPC dosimeters. However the elbow point shifts towards the surface (left of the figure) 

with increasing [THPC]. After the elbow point, Ri values increase to a maximum and 

then drop down to a steady value (Ri steady). The average deviations between the Ri values 
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at the apex of the maximum (R2max) and R2 steady are 10.2%, 12.6% and 8.7% for 2, 5 and 

10 mM THPC P AGA Ts, respectively. As [THPC] is increased from 0 to 10 mM, it is 

observed that the elbow points shift significantly towards the top of the tubes (left on the 

figure) . 

Figure 2.4 shows the results for a 9%T PAG. Figure 2.4(a) shows the hypoxie PAG 

and figures 2.4(b-d) show gels with 2, 5 and 10 mM of THPC added to the same P AG 
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solution in the glove box. Maxima are again apparent in the PAGAT dosimeter 

immediately below the elbow point. We observed a slight pre-polymerization in the 9%T 

PAG which was gradually increasing during the 4 days that the vials were kept in the 

cupboard. This pre-polymerization can be seen in figure 2.4(a) on the inhibition baseline 

at the interval o f 13 to 20 mm. Before 13 mm, the gel was clear and no fogging was 

visible, most possibly due to the fact that the caps o f our vials were not absolute oxygen 

barriers. No fogging was observed in the PAGAT dosimeters. The average deviations 

between R 2 max and R2 steady for the 9%T PAGATs were 13.6%, 13.3% and 10.2% for 2, 5 

and 10 mM THPC gels, respectively. Again, the elbow points shifted towards the surface 

o f the tube as [THPC] was increased. However it is interesting to note that at higher 

[THPC] o f 5 and 10 mM, the elbow points were deeper in the 9%T PAGAT dosimeters 

than their 6%T counterparts (compare panels (c) and (d) in figures 2.3 and 2.4). In 

contrast, the elbow points at 0 and 2 mM THPC are slightly shallower for the 9%T 

PAGAT.

2.4.4 Oxygen diffusion in MAG and MAG AT dosimeters

Figure 2.5 illustrates the values o f R2 as a function o f depth into glass tubes filled with 

MAG (a) or MAGAT dosimeters containing 2 mM (b), 5 mM (c) and 10 mM (d) o f 

THPC and exposed to oxygen for a pre-determined period. Our experience with the 

MAG dosimeter was that the response o f the gel was very irreproducible and inconsistent. 

This is reflected to some extent in figure 2.5(a) where a considerable deviation between 

the values o f R2 steady o f the tubes receiving an identical dose o f 5 Gy is seen, while such a 

deviation does not exist on the PAG profiles in figures 2.3(a) and 2.4(a). Comparable
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Figure 2.5. R2 profiles into MAG dosimeters exposed to air. The gel mixed in a glove box contains 
8% gelatin, 7% MAA and THPC concentrations of (a) zero, (b) 2 mM, (c) 5 mM and (d) 10 mM. 
From left to right, lines correspond to profiles along the depth of gel tubes, exposed to air for 15 
min, 12, 24, 36, 48, 60, 72 and 84 h. Ali tubes received a uniform dose of 5 Gy. 

inhibition fronts are observed in the MAG samples as were seen in the PAG samples. 

Clearly, a maximum near the elbow point is not observed on the MAG profiles. Such a 

maximum is distinctly observed for MAGAT with 2 rnM THPC (figure 2.5(b)) and is 

most prorninent for 10 rnM THPC (figure 2.5(d)). The higher opacity of these regions 

was clearly visible by eye. Increasing [THPC] from 2 to 10 rnM leads to lower values of 

R2 steady· Thus, for a uniform dose of 5 Gy, the average differences between the maximum 
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and steady values o f Rj are 15.8%, 128% and 224%, for 2, 5 and 10 mM THPC 

MAGATs, respectively.

In the MAG dosimeters, oxygen inhibition is seen throughout the sample for the tube 

exposed to air for 84 h which suggests that the diffusion o f oxygen is larger than in the 

PAG dosimeters (figures 2.3(a) and 2.4(a)). Conversely, oxygen diffusion in the MAGAT 

dosimeters is more restricted to the surface when compared to the PAGAT dosimeters.

2.4.5 Oxygen diffusion in MAGIC-type, PAGICandnormoxic PAGAT

Figure 2.6 shows the progress o f oxygen in MAGIC-type, PAGIC and normoxic 

PAGAT dosimeters. The first three gel dosimeters were prepared in the glove box and the 

PAGAT dosimeter was mixed in normoxic environment. In figure 2.6(a) profiles o f R2 

along the depth o f tubes containing MAGIC-type dosimeters are shown. The tubes have 

received 5 Gy of dose but no polymerization was observed except in a short band after 

the oxygen inhibition front. Visual inspection revealed rings o f highly polymerized 

regions after the oxygen inhibition front which are seen as sharp peaks along the profiles 

in figure 2.6(a) followed by a smoothly decreasing tail to R2 bkgd- The diffusion o f oxygen 

is more restricted to the surface o f the gel as was the case for MAGAT dosimeters. 

However, it is interesting to note that the rise and fall o f R2 values after the oxygen 

inhibition front in MAGIC-type produces a different shape than those seen in figures 2.3 

to 2.5 for other dosimeters.

Figures 2.6(b) and (c) show a PAGIC gel with 0.1 and 0.4 mM o f AscA, respectively. 

After the oxygen inhibition front, a broad maximum is observed for these gels at a depth 

increasing with the time o f exposition to air. While with 0.1 mM o f AscA the PAGIC
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Figure 2.6. Progress ofpolymeriz.ation inhibition front in (a) MAGIC-type, (b) and (c) PAGIC and 
(d) PAGAT gel dosimeters. (a), (b) and (c) were mixed in the glove box with 2 mM, 0.1 mM and 
0.4 mM AscA, respectively. (d) PAGAT dosimeter mixed out of the glove box with 10 mM THPC. 
From left to right, lines correspond to profiles along the depth of gel tubes, exposed to air for 15 
min, 12, 24, 36, 48, 60, 72 and 84 h. AU tubes received a uniform dose of 5 Gy. The y-axis scales 
are adjusted in each panel for clarity. 

dosimeter shows an R2-dose response of 1.4 s- 1 for 5 Gy (figure 2.6(b)), increasing 

[AscA] to 0.4 mM prevents polymerization in the tubes except for a region of about 20 

mm after the oxygen inhibition front. The absence of polymerization in figure 2.6(c) at 

larger depths resembles the absence of polymerization in figure 2.6(a). 
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In figure 2.6(d) R2 profiles o f the PAGAT dosimeters prepared under normoxic 

conditions are shown along the depth o f the tubes, as a function o f time o f  exposition to 

air. As observed on the previous AA-based gel dosimeters, a maximum is observed after 

the elbow point. Additional features are clearly seen on the baseline where there is a step

like increase o f about 0.5 s-1 for most vials and a drop to R2 bkgd before the elbow point. 

The depth at which R 2 values return to Ri bkgd does not necessarily depend on the time o f 

exposition to air. It is interesting to note that R2 steady o f this dosimeter is around 1.8 s_1 

compared to 1.4 s_1 for the same recipe prepared in the glove box (figure 2.3(d)).

2.4.6 Results o f a practical measurement in clinic

Figure 2.7 shows how oxygen diffusion affected the normoxic PAGAT dosimeter in a 

practical dosimetry case. Figure 2.7(a) illustrates contours o f an R2 parameter map o f the 

four Plexiglas containers irradiated 6 h after gel fabrication. The containers are illustrated 

in an inverse standing position such that the side from which they were filled and capped 

is at the bottom and the upper side is the entrance o f the radiation beam; therefore what is 

seen is a depth dose pattern along the lengths o f the containers. The isodose curves 

measured by an ideal dosimeter are thus expected to be horizontal.

Instead, figure 2.7(a) indicates that higher R2 values are recorded near the side 

surfaces, which results in isocurves bending downwards. These variations that show the 

oxygen front diffusing into the dosimeters are clearly seen in the three larger containers. 

As the dimensions o f the containers decrease, the oxygen fronts from opposite sides 

meet. In the smallest container the R2 isocurves bend upwards in the proximity o f the
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Figure 2. 7. (a) Contours of the R2 map of a PAGAT dosimeter containing 5 mM THPC poured into four 
Plexiglas containers. Higher R2 values can be clearly seen close to the walls of the larger containers. R2 
values a long the depth of the four containers i.rradiated 6 h (b) or 18 h ( c) after gel fabrication. In (b ), the 
smallest container shows highest R2 values along the depth which is due to oxygen diffusion from the plastic 
walls reducing the number ofTHPC molecules that decrease the extent of the polymerization reaction. The 
maxima at the end of the profiles are due to an even larger amount of oxygen molecules that have diffused 
through the caps of the containers. The sharp drop at the right is caused by an excess of oxygen, inhibiting 
the polymerization reaction. In (c), oxygen diffusion bas substantially decreased the Ri-dose response of the 
smallest container, while the central axes in the two middle containers exhibit higher sensitivity. 
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container walls, suggesting that the concentration o f oxygen has exceeded the 

concentration o f excess THPC, such that the polymerization reaction is slightly inhibited.

Figure 2.7(b) shows profiles o f i?2 along the depth for a set o f containers irradiated 6 h 

after gel fabrication. The profiles are obtained by averaging eight pixel columns in the 

middle o f each container. The values o f R2 decrease as a function o f depth, as expected, 

but also as a function o f container size. The containers were most probably imperfectly 

sealed and as a result, similar to observations described above (e.g., figure 2.3(b)), a 

maximum is observed at the end o f  the profiles where oxygen has diffused more 

extensively through the caps than through the sidewalls. Variations o f R 2 as a function o f 

container size have been reported for BANG-3 but a possible oxygen contamination was 

not discussed (MacDougall et al 2008).

Figure 2.7(c) shows R2 profiles along the depth for a set o f containers filled in a 

different session and irradiated 18 h after gel fabrication. Compared to panel (b), the 

profiles of the larger containers sequentially shift upwards while R2 o f the smallest 

container declines towards the baseline value. While the profile o f the third container 

seems to be at a maximum, the profile o f the second container starts descending from the 

maximum values it could reach and the profile o f the fourth container (the largest) shifts 

to higher R2 values and can increase further. If the time interval between fabrication and 

irradiation becomes even longer, then the profile o f the third container will start 

descending and the profile o f the largest container will reach a maximum while R2 values 

near the container walls remain at baseline. Factors including antioxidant concentration, 

mixing time and stirring speed, filling procedure, ambient temperature, total volume of 

gel, etc can all strongly affect these results.
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2.5 Discussion

2.5.1 Chemistry o f normoxic polymer gel dosimeters

The complexity o f the chemistry in polymer gel dosimeters increases substantially in 

normoxic gels where an antioxidant is added. We attempt here to provide a description 

capable o f simultaneously explaining the physical and chemical observations based on 

reactions taking place during mixing and irradiation o f the dosimeter.

2.5.1.1 Effect o f  THPC 

A reduced /?2 -dose sensitivity is observed as [THPC] increases in AA-based and from 0.5 

mM THPC in MAA-based gels (figure 2.2(a) and (b)). Other investigators who prepared 

gel dosimeters under normoxic conditions (Jirasek et al 2006, Venning et al 2005, Hurley 

et al 2005, De Deene et a l 2002a) could hardly observe a response for [THPC] below 2 

mM which is most likely due to an incomplete scavenging o f  oxygen in their case; we 

recall our gels were prepared in an anoxic environment. The polymerization o f 

methacrylic acid has been proposed to be linked to the presence o f gelatin (De Deene et 

al 2006a) in a process called ‘template polymerization’ (Jirasek et al 2009). This is 

verified in our results as a significantly reduced i?2-dose response was observed for a 

MAG with 7% [gelatin] compared to a MAG with 8% gelatin.

Based on FT-Raman spectroscopy data, Jirasek et al (2006) proposed that THPC- 

induced increased coagulation o f gelatin can restrict the diffusion o f monomers and 

decrease the extent o f polymerization in AA-based dosimeters. While this interpretation 

is possible, we suggest that THPC most possibly reacts with certain radiation-generated 

free radicals during irradiation, hence decreasing the dosimeter radiosensitivity. Our
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results shown in figures 2.3 to 2.5 support this interpretation. On the left o f the curves 

(i.e., near the surface o f the gel exposed to oxygen), the low R2 values indicate an 

absence o f polymer undoubtedly attributed to the presence o f excess oxygen, inhibiting 

the polymerization reaction. Then, for gels containing THPC, a region with increased 

polymer formation is detectable. This region starts from where the R2 values rise up from 

the inhibition baseline to a maximum and ends at the point where they decrease down to 

a constant value (R2 steady)- We suggest these steady R2 values indicate the end of the 

oxygen diffusion range where the concentration o f THPC is uniform. The interesting 

region is around the maximum. First, it is apparent that the location o f this maximum 

shifts to the left (near the surface) when THPC is added. This is simply because THPC 

reacts with oxygen molecules, effectively slowing their diffusion into the gel. The effect 

is dependent upon the THPC concentration; more THPC can prevent more oxygen from 

diffusing into the gel. The region broadens and moves deeper into the gel as the time o f 

exposure to air increases. Since gelatin jellification occurred before oxygen diffusion, the 

coagulation o f gelatin is expected to be uniform throughout the tube and cannot explain 

the observed variations in R2. We suggest the increased response o f  the gel at this front 

can better be justified by neutralization o f excess THPC molecules (or their normal 

fragmentation in the gel) by the penetrating oxygen. In the region o f maximum R2 in 

THPC-containing dosimeters (figures 2.3(b)-(d)), the concentration o f oxygen is most 

probably close to zero and the concentration o f excess THPC is minimal, which leads to a 

higher initiation, or lower termination o f polymerization, and thus to the formation o f 

more polymer and to a maximum R2. On the left o f this region, where the concentration 

o f oxygen exceeds that o f  THPC, there is complete inhibition o f polymerization. On the
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right, where the concentration o f THPC exceeds that o f oxygen, a lower extent o f 

polymerization is observed as a lower value o f R2 compared to PAG. Together these 

results strongly suggest that THPC scavenges radiation-generated free radicals during 

irradiation, hence decreasing the extent o f polymerization. Our data do not provide 

information on the identity o f the radical(s) reacting with THPC. However from figure 

2.2(a) it is observed that the sensitivity o f PAGAT decreases more for increasing [THPC] 

from 0.5 mM to 5 mM, than for [THPC] between 10 and 20 mM. This suggests that 

THPC does not react or scavenge all the radicals, but selectively reacts with specific 

radicals that are mostly consumed at high [THPC]. This could explain why the sensitivity 

o f the gels is not affected as strongly by additional THPC at higher concentrations. We 

speculate that reactions o f THPC with certain water-free radicals are dominant at this 

[THPC] range.

For MAA-based dosimeters, a small amount o f  THPC produces the highest sensitivity, 

but additional THPC lowers the extent o f polymerization by scavenging free radicals 

(figure 2.2(b)). Since there is no THPC in the MAG mixture, the response o f the gel is 

highly affected by traces o f oxygen left in the glove box and its sigmoidal behaviour can 

be attributed to the inhibiting effect o f  oxygen residues (i.e., below the 

accuracy/resolution threshold o f our oxygen measuring device) in the solution on 

polymerization o f MAA. The addition of 0.5 mM o f THPC is sufficient to remove any 

residual oxygen, which results in a substantial increase in sensitivity. Additional THPC 

however decreases the sensitivity. Free radical scavenging by THPC becomes significant 

at higher concentrations and this is reflected in figure 2.2(b) as sigmoidal curves fitted on 

MAGAT gels containing 10, 15 and 20 mM o f THPC. When mixing MAGAT in a
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normoxic environment this sigmoidal behaviour was not observed (De Deene et al 

2002a). Based on our current results, this may be because excess THPC molecules in the 

solution are consumed by DO and therefore cannot stop the polymerization reaction. In 

that same report, a decrease in the sensitivity with increasing [THPC] was observed. This 

is again consistent with radical scavenging by excess THPC in the dosimeter. It was 

suggested that THPC promotes polymerization o f MAA as an extra bonus to its high 

oxygen scavenging efficiency when compared to AscA (De Deene et al 2002a). This 

interpretation was based on higher i?2-dose response o f a MAGAT dosimeter versus a 

MAGIC dosimeter and the increase in i?2(0) with increasing [THPC]. We did not find 

relevant data in the literature comparing radical and/or oxygen scavenging efficiencies o f 

THPC and AscA. However, our results indicate that AscA scavenges radicals more 

effectively than THPC in a polymer gel system and therefore, the higher response o f the 

MAGAT dosimeter is not due to THPC promoting polymerization, but most probably 

due to a lower radical scavenging activity o f THPC compared to AscA.

When comparing MAA-based gels (figure 2.5) to AA-based gels (figures 2.3 and 2.4), 

it is apparent that:

i) oxygen diffuses faster into the former, and

ii) THPC prevents diffusion o f oxygen more efficiently in the former.

A simple explanation for this is based on the small molecular weight o f both oxygen 

and THPC. Diffusion o f  oxygen is larger in MAA-based gels (compare figures 2.4(a) and 

2.5(a)); it can be expected that THPC molecules are also able to diffuse more easily in 

these gels. As a result, the depletion o f THPC at the oxygen front is better compensated
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in MAGAT than in PAGAT dosimeters, leading to the reaction with oxygen near to the 

surface.

The values o f Rz(0) for PAGAT dosimeters decrease as a function o f [THPC] (figure 

2.2(c)). Jirasek et al (2006) reported FT-Raman spectroscopy results showing that THPC 

does not react with AA alone or BIS in water when gelatin is absent. Our results also 

indicate that the presence or absence o f oxygen does not substantially modify Ri. The 

changes o f i?2(0) o f this dosimeter as a function o f THPC can be attributed to the radical 

scavenging o f THPC as is discussed below.

A thorough review o f the reaction mechanism o f THPC scavenging oxygen is already 

available (Jirasek et al 2006). In the solution, THPC is first reduced to tetrakis- 

(hydroxymethyl)phosphonium hydroxide (THPOH) which then dissociates to tetrakis- 

(hydroxymethyl)phosphine (THP). It is the THP that scavenges oxygen by forming tris- 

(hydroxymethyl)phosphine oxide (TrHPO). Formaldehyde (HCHO) and hydrochloric 

acid (HC1) are also byproducts o f the dissociation o f THPC in water. Formaldehyde is 

reported to react with both THPOH and TrHPO to form more stable final products. 

Formaldehyde and other aldehydes are also reported to increase gelatin cross-linking and 

stiffness (Farris et al 2010, Fernandes et al 2008, Schacht 2004). Moreover, TrHPO and 

THPC are reported to link to amino groups o f collagen proteins and the reactions are 

accelerated by the presence o f formaldehyde (Shao et al 2008, Li et al 2006). It was 

observed by other authors (De Deene et al 2006b, Jirasek et al 2006) and in this study 

that when [THPC] (or [THPS] in De Deene et al (2006b)) increases, the dosimeter gel 

sets faster. This faster jellification can thus be attributed to:

i) an increased viscosity o f gelatin due to a decrease o f pH from 5 to 4 (Stainsby 1977),
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ii) cross-linking o f gelatin by formaldehyde, and

iii) reactions o f TrHPO and THPC with gelatin.

It appears that THPC may play a double role in the gel dosimeter solution. When the 

oxygen level in the solution is low, as was the case in our experiments, pre

polymerization can readily occur, as there is no oxygen to prevent it. This can be initiated 

by light, temperature and free radical impurities in gelatin (Maryanski et al 1994). 

However, THPC prevents pre-polymerization in the PAGATs by scavenging spontaneous 

free radicals that are formed in the solution. That is why i?2(0) o f the PAG in figure 2.2(c) 

is slightly higher than its PAGAT derivatives. Our visual observations o f fogging o f  the 

9%T PAG while the PAGAT derivatives were clear is in agreement with this 

interpretation.

On the other hand, when the gel is mixed with a higher initial oxygen concentration 

(e.g., in normoxic environment) THPC can induce pre-polymerization by removing 

oxygen. This happens at higher concentration o f THPC, when [O2 ] rapidly decreases 

after addition o f THPC. The irregular structures observed in the PAGAT dosimeters 

mixed under normoxic conditions (section 2.4.2) can be attributed to this irregular 

THPC-induced fogging. Therefore fogging o f the gel occurs at low oxygen 

concentrations obtained by chemical oxygen removal as in normoxic gels or mechanical 

oxygen removal as in hypoxic gels.

The diffusion o f  oxygen is dependent upon the water content o f the dosimeters. 

Inspection o f figure 2.3(a) and figure 2.4(a) reveals the elbow points are deeper for the 

6%T PAG, suggesting that oxygen diffused more rapidly into the 6%T PAG dosimeter 

than the 9%T PAG. The 6%T PAG contains 89% water (w/w); therefore diffusion o f
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oxygen is favored in this composition compared to the 9%T PAG which contains 86% 

water. We have discussed earlier that the location o f the elbow point is dependent upon 

the diffusion o f oxygen and the diffusion o f THPC. The elbow point is almost at the same 

depth in the 6%T and 9%T PAGAT dosimeters containing 2 mM THPC (figures 2.3(b) 

and 2.4(b)). Interestingly, the elbow point in the 6%T PAGAT dosimeters with 5 and 10 

mM THPC is shallower than in the 9%T PAGAT dosimeters (compare panels c and d in 

figures 2.3 and 2.4). Diffusion o f THPC molecules is also easier in the composition with 

higher water content. That is why oxygen diffusion is progressively slowed as [THPC] 

increases in the 6%T PAGAT when compared to its 9%T PAGAT counterparts as the 

THPC molecules can diffuse more easily to the surface in the former.

The i?2(0) values o f the MAA-based dosimeter show an increasing trend as [THPC] 

increases (figure 2.2(c)) which agrees with changes in i?2(0 ) observed elsewhere for the 

MAGAT dosimeter (De Deene et al 2002a). We observed important fluctuations o f Z?2(0) 

values for several batches. These can be ascribed to diffusion o f oxygen into the samples 

through the cap o f the small test tubes which changes the amount o f spontaneous pre

polymerization o f the gels before imaging. The same test tubes have been used for AA- 

based dosimeters where these fluctuations were not observed. However, MAA 

polymerization shows much more sensitivity to tiny fluctuations in oxygen levels. This 

sensitivity to oxygen also results in a more pronounced maximum in the profiles shown 

in figure 2.5.

The pH o f the 5% gelatin solution decreases from 5 to 4 by increasing [THPC] from 0 

to 20 mM, and an increase o f about 0.6 s_1 in the value o f Z?2(0) is observed (figure 

2.2(c)). Based on a previous report on NMR relaxation o f gelatin gels for pH values
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between 4 and 8, the opposite change in R2 values was expected (Vackier and Rutledge 

1996). We reproduced the overall trend o f R 2 changes with pH for the range and intervals 

studied by Vackier and Rutledge (1996). Increasing [gelatin] leads to higher R 2 values 

regardless o f pH (data not shown). Increasing pH values from pH 5 (i.e., the natural pH) 

to 8 leads to progressively higher R 2 values; this increase is stronger for higher gelatin 

concentrations. However, decreasing pH values from 5 to 4 results in slightly higher R 2 

values as shown in figure 2.2(c).

2.5.1.2 Effect o f  AscA

Ascorbic acid modifies the R2 profiles in tubes filled with MAA-based dosimeters. The 

pattern o f rise and fall o f R2 at the oxygen diffusion front in the MAGIC-type dosimeter 

has a sharp maximum followed by a smooth decreasing tail to baseline R2 , this is 

significantly different from broader maxima in R 2 profiles o f MAGAT. Visually these 

samples present streaking patterns o f one or more rings near the surface. Similar 

streaking patterns o f oxygen diffusion have previously been observed in a MAGIC 

dosimeter exposed to oxygen (Gear et al 2006). We assume that the smooth decreasing 

tail after the peaks is due to diffusion o f AscA molecules towards the surface o f the gel as 

discussed in the previous section for THPC. This may be accompanied by diffusion o f 

monomers to the oxygen-antioxidant point o f balance where a high polymer band is 

formed that is seen as a peak on R2 profiles. It is interesting to note that since the 

dosimeter was prepared in the glove box at very low oxygen levels, it shows no i?2 -dose 

response after the maximum range o f oxygen diffusion (figure 2.6(a)). This is due to the 

radical scavenging activity o f AscA. A reaction scheme for scavenging o f oxygen by 

AscA was proposed (De Deene et al 2002a) where the authors suggest that the formation
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of ascorbyl radicals in the oxidation process o f ascorbic acid initiates polymerization. 

This was used to explain ‘fogging’ o f the gels after fabrication. The same hypothesis was 

also suggested elsewhere (Maryanski 2002b, Gore and Fong 2002). However, it has been 

shown that ascorbyl radicals are very stable and relatively unreactive; in solution they 

either disproportionate or react with other free radicals terminating the propagation o f 

free radical reactions in which they are involved (Bendich et al 1986, Bielski 1982). 

Therefore, it is conceivable that ascorbyl radicals can reside in the gel until irradiation 

and interfere with the polymerization process. The fact that AA-based dosimeters 

prepared with AscA are practically not radiosensitive indicates that the polymerization 

process is strongly perturbed by AscA. On the other hand, polymerization o f MAA is 

gelatin-dependent and MAA polymer radicals rapidly graft to gelatin to form short 

polymer chains. This process is less affected by the radical scavenging o f AscA 

compared to the continued polymerization o f AA-based dosimeters (De Deene et al 

2000b, Lepage et al 2001b). Figures 2.6(b) and (c) show the effect o f increasing [AscA] 

on the 7?2-dose response o f the AA-based dosimeter. It is interesting to note that 0.4 mM 

o f AscA has completely inhibited or terminated polymerization o f the dosimeter such that 

after the maximum range o f oxygen diffusion, no polymerization has occurred in the 

tubes. This was also the case for the MAGIC-type dosimeter mixed in the absence o f 

oxygen (figure 2.6(a)). In separate experiments, we observed no radiation dose response 

for a normoxic 6%T PAGIC dosimeter containing 5% gelatin and 0.5 mM o f AscA (data 

not shown). In contrast, a MAGIC dosimeter mixed under normoxic conditions with 2 

mM AscA shows very high dose sensitivity (Fong et al 2001). Heuristically, if 0.5 mM of 

AscA was sufficient to scavenge all water-free radicals in a 6%T PAGIC dosimeter, then
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the high sensitivity o f MAGIC dosimeter with 2 mM AscA could not be explained. These 

observations suggest that AscA reacts more effectively with polymer radicals than with 

water-free radicals in gel dosimeters.

AscA decreases the sensitivity o f polymer gel dosimeters. Previous attempts to use 

AscA with gel dosimeters containing BIS were not very successful. An optimized 

concentration of AscA and copper sulfate for a MAGIC-type dosimeter was reported to 

be 17.38 mM and 17.38 pM, respectively (Luci et al 2007). The same concentrations 

when used in a NIPAM/BIS (6%T, 50%C) gel dosimeter were not effective (Koeva 

2008). Very low and uneven dose responses were observed for normoxic PAG 

dosimeters (9%T, 50% C and 8% gelatin) prepared with 2 and 5 mM o f AscA (De Deene 

et al 2002a, 2002b). We did not observe a dose response in PAG dosimeters (6%T, 5% 

gelatin) containing such high concentrations o f AscA, neither when the gels were 

prepared with deoxygenated water in the glove box, nor when they were mixed outside 

the glove box. A normoxic VIPAR dosimeter was introduced in which the concentration 

o f BIS was kept the same as the hypoxic VIPAR, but V-vinylpyrrolidone was doubled to 

8% and [gelatin] was increased to 7.5 % o f the gel weight (Kozicki et al 2007). With a 

concentration of 0.397 mM AscA and 0.032 mM o f copper sulfate, the normoxic VIPAR 

showed almost the same dose sensitivity as its hypoxic counterpart and better dose 

response at doses below 8 Gy. It should be noted that radiosensitivity o f VIPAR 

dosimeter is three times lower than that o f 6%T PAG. Data on the optimization o f the 

normoxic VIPAR gel and the behavior o f the gel with varying [AscA] and [CUSO 4] were 

not provided. The dose response o f a dosimeter gel prepared with 9% 2-hydroxyethyl 

methacrylate (HEMA), 8% gelatin and 28 mM of AscA also shows more than ten times
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lower sensitivity than an anoxic 6%T PAG dosimeter (Trapp et al 2005). In these 

examples both monomer and gelatin concentrations were substantially increased to obtain 

a detectable dose response, but the choice o f [AscA] was not explained. Together these 

results clearly indicate the high radical scavenging activity o f AscA in gel dosimeters.

The antioxidant activity o f a chemical compound is generally correlated with its 

radical scavenging activity (Somogyi et al 2007, Huang et al 2005). Effective 

antioxidants are radical scavengers that either stop propagation or prevent initiation o f 

chain reactions. Therefore, it is possible that issues discussed here for polymer gel 

dosimeters containing THPC or AscA will hold true for other chemical antioxidants.

2.5.1.3 Oxygen diffusion in normoxic PAGAT  

The Z?2 profiles o f normoxic PAGAT dosimeters exposed to oxygen present several 

distinct features. As for other samples, the elbow point shifts deeper into the gels as a 

function o f time o f exposure to oxygen. However, the R2 values near the surface where 

oxygen diffusion should have prevented polymerization are not at background levels. 

Instead, this background value is obtained for a variable range between the surface and 

the elbow point. Pre-polymerization was not observed by visual inspection before 

irradiation. This could have explained the observations before the elbow point since the 

gel would either have an excess o f oxygen (near the surface) or an excess o f THPC 

(deeper inside the gel) and a small region where neither oxygen nor excess THPC was 

present, possibly enabling pre-polymerization. Then, as more oxygen diffuses in the gel 

and as THPC diffuses following its concentration gradient, the region where both oxygen 

and unreacted THPC are absent would move deeper into the gel. Further work is 

underway to understand this behavior.
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2.5.2 Dosimetric implications

The radiosensitivity o f dosimeter gels can be reduced by both antioxidant molecules and 

traces o f oxygen, and as a corollary, the radiosensitivity is maximum in regions where 

oxygen and antioxidant have mostly reacted together. Under normoxic conditions, the gel 

is always prone to an unaccountable amount o f oxygen whose impact on the 

measurements may remain unrecognized. It should be noted that dosimeter gels with 

antioxidant are sensitive to oxygen even after adding the antioxidant, i.e., during filling 

and during storage. We suggest that the stirring time and speed after adding the 

antioxidant, the delay between filling a number o f calibration vials and the dosimeter 

phantom, the order in which containers are filled, the volume o f  the container into which 

the gel is poured, as well as initial level o f oxygen in water and most importantly any 

oxygen diffusion during storage, significantly impact on the accuracy and precision o f the 

measurements. Adding excessive antioxidant does not mean immunity to oxygen either. 

The antioxidant reduces the gel sensitivity; reaction o f the antioxidant with an unknown 

amount o f oxygen in a normoxic environment thus impacts on the radiosensitivity o f the 

gel. The rate and geometrical distribution o f oxygen diffusion into the gel depend on 

many factors that differ from one experiment to another. In the literature, different 

authors have reported diverse mixing and stirring times after addition o f antioxidant to 

normoxic gel mixtures. For instance, De Deene et al (2006a) and Jirasek et al (2006) 

reported adding the antioxidant right before filling the gel containers. De Deene et al 

(2006b) and Braun et al (2009) have also reported mixing the antioxidant under heavy 

stirring for 2 min. Papadakis et al (2009) let the antioxidant stir with the gel mixture for 3 

min. Ceberg et al (2008) and Haraldsson et al (2006) leave the antioxidant in the gel



mixture for 10 min to stir before filling the gel canisters. Depending on the number of 

calibration vials and phantoms that are filled, the filling process itself can last from 30 s 

to 5 min. A number o f authors also use Parafilm™, Teflon™, polystyrene, Plexiglas™ or 

other plastic containers to seal and cast normoxic gel dosimeters (e.g., Kantemiris et al 

(2009), Koeva et al (2009), Venning et al (2005)). Even though some plastic materials 

are relatively oxygen impermeable, their oxygen permeability is not zero. Besides, 

oxygen can be adsorbed on the surface o f plastic materials and released into the gel 

dosimeter during storage (Maryanski et al 1994, Stevens 1992). It is therefore not 

surprising to observe trendless discrepancies in all these cases depending on the 

antioxidant concentration and the amount o f oxygen released to the gel dosimeter before 

irradiation.

A percentage error on relaxation rates can be estimated, dividing R2 max by Ri steady in 

the oxygen diffusion tubes irradiated with the Gammacell. For a dose o f 5 Gy, on average 

Rj max reached a value o f about 10% higher than Ri steady values in 6%T PAGAT 

dosimeters (figures 2.3(b-d)); in principle this can translate to a dose error o f up to 60% 

when compared to the intended dose o f 5 Gy that was delivered to the tubes. In clinical 

practice, however, percentage discrepancies are considered relative to a reference dose 

generally chosen at the isocenter. Therefore maximum percentage discrepancies that may 

be observed in clinical experiments depend on specific experimental conditions and 

choice o f reference dose. Figure 2.8, is a schematic dose-response diagram for a PAGAT 

dosimeter, illustrating this error translation. It should be noted that higher percentage 

differences are observed between calibration vials and oxygen diffusion tubes. If 

calibration vials are used to derive absolute dose values, then the discrepancy would be

80



larger. The smaller size of calibration vials makes them more vulnerable to oxygen 

diffusion effects; this higher vulnerability was well demonstrated in section 2.4.6 for 

several container sizes. Another noteworthy example of this effect can be recognized 

comparing Rz values obtained from calibration vials for 5 Gy and R2 steady values in 

oxygen diffusion tubes. From figure 2.2(a), R2 values for 5 Gy for PAG and 2, 5 and 10 

mM THPC PAGAT dosimeters are 2.51 , 2.26, 1.93, 1.83 s- 1
, respectively. Rz steady values 
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Figure 2.8. Schematic demonstrating that a 10% error on R2 values 
translates to a large error on dose. 

in figure 2.3 for these gels are 2.41 , 1.71 , 1.40 and 1.39 s- 1
, respectively. Therefore, 

calibration vials show 4%, 24%, 27% and 24% higher R2 values than oxygen diffusion 

tubes for the same absorbed dose, respectively. Our interpretation is that oxygen 

diffusion from the caps or the seal has substantially increased the dose response in 

PAGAT dosimeters. A minor oxygen contamination in PAG should have decreased the 
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dose response but a 4% increase was instead observed. This contradiction can be partly 

explained by the larger post-irradiation delay (29 h) for those calibration vials compared 

to the oxygen diffusion tubes (20 h). Ongoing polymerization in AA-based dosimeters 

resulted in an increase o f  about 1-6% in R.2 values for this time period (Lepage et al 

2001b, De Deene et al 2006a). The larger changes observed for PAGAT and MAGAT 

can not be explained by dose rate effects. The dose rate for irradiation o f  the calibration 

vials was higher than for irradiation o f the tubes; therefore a dose rate effect would have 

resulted in lower R.2 values in the calibration vials for all dosimeters. The same 

comparison between figure 2.2(b) and figure 2.5 for MAA-based dosimeters shows that 

for the MAG dosimeter, a calibration vial receiving 5 Gy has an R2 value 53% lower than 

the oxygen diffusion tubes, while 34%, 62% and 66% higher R2 values are measured in 

calibration vials compared to R2 steady in oxygen diffusion tubes for 2, 5 and 10 mM 

THPC MAGAT dosimeters, respectively. This is again consistent with the fact that 

oxygen diffusion increases the sensitivity o f the dosimeters containing antioxidant while 

it decreases the sensitivity o f anoxic dosimeters without antioxidant. We recall that 

MAA-based dosimeters are much more sensitive to minor fluctuations in oxygen level as 

discussed in section 2.5.1.1.

Oxygen diffusion into calibration vials occurred despite the fact that the caps were 

rubber-lined and vials were filled in the glove box. In gel vials containing antioxidant, we 

clearly observed oxygen diffusion near the caps as higher R2 values and thus chose a ROI 

near the bottom o f the vials where presumably the gel was less affected by oxygen 

diffusion.
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2.6 Conclusions

Oxygen and excess antioxidant are an important cause o f inaccuracy in normoxic 

polymer gel dosimeters, namely due to the following reasons.

a) The rate o f oxygen diffusion in polymer gels depends on several factors such as 

their composition, antioxidant concentration, storage conditions, container 

material and size.

b) Antioxidants not only scavenge oxygen, but also react with other radicals in the 

gel dosimeter before or during irradiation, hence modifying the radiation dose 

response o f the dosimeter. The amount o f unreacted antioxidant left in the gel 

dosimeter after oxygen is consumed will have an impact on the polymerization 

reaction and radiation dose response o f the dosimeter.

c) The dose response o f polymer gel dosimeters mixed under normoxic conditions 

is likely to depend on mixing and filling procedures. Using plastic containers 

which release oxygen to the gel mixture during storage will change the 

dosimeter dose response depending on storage time and gel volume. 

Radiosensitivity o f a normoxic dosimeter gel depends on the local concentration 

o f oxygen and antioxidant. Too much oxygen will fully inhibit polymerization; 

no oxygen at all leaves excess antioxidant molecules ready for reaction with 

either water-free radicals or polymer radicals or both. Oxygen contamination via 

diffusion through the container walls or cap actually increases the 

radiosensitivity to some extent; oxygen contamination can thus lead to higher R2 

values.
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d) Even if there is a dose response in normoxic gel dosimeters, the effect o f oxygen 

may be seen as either overestimation or underestimation o f dose, depending on 

the extent o f oxygen diffusion/contamination before irradiation. The effect may 

also vary geometrically if oxygen diffusion from one side o f the gel container is 

more than the other sides. A relatively small variation in R 2 values may translate 

to a significant dose inaccuracy. As the extent o f oxygen diffusion and 

consequently, antioxidant consumption during preparation, filling and storage is 

uncontrollable, the inaccuracies due to this effect are not exactly predictable. As 

the gel is not unduly exposed to air in conventional gel dosimetry studies, large 

discrepancies have seldom been reported. However oxygen-related 

discrepancies for normoxic gels can lead to poor reproducibility and precision in 

and between different studies. Although external calibration methods (i.e., when 

calibration is done with a separate phantom or vials other than the original 

dosimeter) provide useful information on the behavior o f the i?2 -dose response 

o f the dosimeter, they do not necessarily provide accurate calibration for the 

original dosimeter.
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3.1 Abstract

Measurement errors in polymer gel dosimetry can originate either during irradiation 

or scanning. One concern related to the exothermic nature o f polymerization reaction 

was that the heat released in polymer gel dosimeters during irradiation modifies their 

dose response. In this paper, the effect o f heat released from the exothermal 

polymerization reaction on the dose response o f a number o f dosimeters was studied. 

In addition, we investigated whether heat-generated geometric distortion existed in 

newly proposed gel dosimeters that contain highly thermoresponsive polymers. Our 

results suggest that despite a significant internal temperature increase in some gel 

compositions, their dose responses are not affected when oxygen is well expelled 

mechanically from the gel mixture. We also report on significant pre-irradiation 

instability in some recently developed polymer gel dosimeters, but geometric 

distortions were not observed. Data obtained by a set o f small calibration vials are 

compared to those obtained from larger phantoms and potential physicochemical 

causes o f deviations between them are identified.
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3.1 Resume en fran^ais:

Des erreurs de mesure en dosimetrie avec gels de polymere peuvent survenir 

pendant l’irradiation ou pendant la lecture de la reponse a l’irradiation. Une 

preoccupation reliee a nature exothermique de la reaction de polymerisation etait que 

la chaleur liberee pendant 1’irradiation pouvait modifier la reponse du gel dosimetre. 

Dans cet article, nous etudions l’effet de la chaleur liberee sur la reponse de certains 

dosimetres irradies. De. plus, nous etudions la possibility que cette meme chaleur 

puisse resulter en des distorsions geometriques pour des nouveaux gels dosimetres 

contenant des polymeres hautement thermomodulables. Nos resultats suggerent que 

I’importante hausse de temperature mesuree dans certains gels dosimetres n ’affecte 

pas leur reponse lorsque foxygene est physiquement retire de la preparation. Nous 

decrivons aussi des instabilites significatives pre-irradiation pour des gels dosimetres 

proposes recemment, sans toutefois observer quelconque deformation geometrique. 

Des donnees recueillies a partir de petits contenants de calibration sont comparees a 

celles obtenues dans des plus grands recipients et les causes physico-chimiques 

potentielles des differences observees sont identifiees.
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3.2 Introduction

Compared to ionization chambers, polymer gel dosimetry has not yet matured as a 

standard technique available for routine clinical use. There is still debate on optimal gel 

compositions and readout techniques (see proceedings o f the 5th and 6th international 

conferences on 3D radiation dosimetry). Accuracy, precision and reproducibility o f 

measurements together with the versatility and limitations o f the complete dosimetry 

procedure are still being evaluated and need to be further optimized. In contrast with the 

Fricke solution as an example o f a reliable chemical dosimeter whose chemistry is well 

characterized, the radiochemistry o f polymer gel dosimeters is still not completely 

understood. Errors originating from the scanners have been more extensively studied 

(e.g., De Deene et al 2000a, 2000b, De Deene and De Wagter 2001, Doran 2009), but the 

radiochemistry o f  polymer gel dosimeters especially after the introduction o f normoxic 

compositions has been least critically investigated for potential errors.

One o f these unresolved concerns for polymer gel dosimeters is the possibility o f  final 

polymer yield variations due to internal temperature disparities within the dosimeter 

during irradiation (e.g., Love et al 2003, Ibbott 2006, De Deene et al 2006, Ibbott and 

Heard 2010, Xu et al 2010). Energy is released during polymerization from the cleavage 

o f one covalent bond o f the carbon-carbon double bonds (C=C) o f monomers as the 

reaction is exothermal; therefore the internal temperature o f the dosimeter increases to 

different extents during irradiation. This effect has long been hypothesized to play a role 

in generating discrepancies in polymer gel dosimetric measurements (Cosgrove et al 

2000) since a significant temperature increase was observed within polymer gel
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dosimeters under irradiation (Salomons et al 2002, Sedaghat et al 2009, Hayashi et al 

2010). Because polymerization reaction rates are temperature dependent (Gromov et al 

1980, 1994, Gelfi and Righetti 1981), they may vary in accordance with local 

temperature variations in the gel container during irradiation and shortly after. The 

outcome o f this potential increase in reaction rates is not clear as it may accelerate both 

the propagation and the termination reactions in a polymer gel chemical system 

(McAuley 2006, De Deene 2004). The balance between these two reactions will 

influence the amount and/or chain length o f the polymer formed and can also modify the 

composition, structure and morphology o f the polymer when different co-monomers are 

used (Salomons et al 2002, Cosgrove et al 2000, Chrambach 1985, Chrambach et al 

1976). The extent o f this internal temperature increase depends on the radiation dose, the 

irradiated gel volume, the container size/material, the nature/concentration o f monomers 

and o f the gelling agent and also on the dose rate. Typical modem 3D radiotherapy 

treatment plans are composed o f adjacent regions o f high and low dose delineated by 

sharp dose gradients. This inhomogeneous dose delivery/distribution will produce an 

inhomogeneous temperature increase/distribution within the polymer gel which may 

locally alter the relationship between the delivered dose and the response o f the dosimeter. 

This response dependence on the ‘self-heating’ o f the dosimeter will practically subdue 

the measurements if  the polymer formation becomes a function o f a thermal variable that 

dramatically changes with experimental conditions, phantom size and other 

aforementioned factors. As a result, calibrating such a variable dose response would be 

challenging; this means that not only an external calibration (e.g., a calibration with a
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series o f vials irradiated to known doses) would be erroneous, but also relative evaluation 

o f the dose by a linear normalization would be inaccurate.

To our knowledge, the above hypothesis has not been thoroughly tested, perhaps 

because o f the difficulty o f performing comprehensive and conclusive experiments. 

Polymer gel dosimeters are composed o f different monomers and/or different 

concentrations o f monomers; therefore it is also reasonable to assume that the effect o f 

temperature may depend on the gel composition. Furthermore, as we have already 

reported for normoxic polymer gel dosimeters, unreacted antioxidant molecules interfere 

in the chemical reactions during irradiation, which in turn modifies the final polymer 

yield (Sedaghat et al 2011). Reaction rates o f oxygen scavengers with polymer and/or 

water free radicals are also temperature dependent; therefore, even if a temperature effect 

is not detected in an anoxic gel dosimeter, it is possible that such an effect can be 

observed in a normoxic derivative o f the same dosimeter.

Polymers made from vV-isopropylacrylamide (NIPAM) are characterized by a lower 

critical solution temperature (LCST) o f 32°C and can shrink dramatically with increasing 

temperature (Friedrich and Tieke 2010, Zha et al 2002, Schild 1992). The reversible 

shrinkage o f poly-NIPAM at the point o f LCST occurs rapidly and extensively such that 

it has been suggested for fabricating artificial organs, actuators and on-off switches as 

well as drug delivery/release carriers (Zhang et al 2008, Varghese et al 2008, Luzinov et 

al 2004). A NIPAM-based polymer gel dosimeter has recently been proposed (Senden et 

al 2006). The dosimeter has been further optimized to contain high monomer content that 

enhances the sensitivity (Koeva et al 2009, Jirasek et al 2010, Chain et al 2011). More 

monomers can form more polymer during the course o f which more heat is likely to be

95



generated. If the internal temperature increase within the dosimeter is significant during 

irradiation, then the gel medium may be pulled towards hot areas by the shrinkage o f 

poly-NIPAM, even in the presence o f the gelatin matrix, leading to possible geometric 

dose misregistration. This misregistration may get smeared out when the gel cools down 

and swells back after irradiation such that applying corrections would be impossible.

Based on these physicochemical concerns, this study was designed to investigate 

whether a temperature increase inside a polymer gel dosimeter during irradiation actually 

induces dose or geometrical errors and if so, to establish a relationship between the extent 

o f temperature increase and the extent o f these discrepancies. We directly measured 

temperature variations inside phantoms o f different sizes during irradiation and studied 

MRI-measured profiles o f transverse relaxation rates (R i) along the depth o f  the same gel 

phantoms. These measurements were performed on different polymer gel dosimeters, 

namely polyacrylamide gels (PAG and PAGAT), methacrylic acid-based gels (MAGAT) 

and NIPAM-based gel dosimeters (NIPAM).

3.3 Materials and methods

3.3.1 Preparation conditions

Preliminary studies indicated a poor reproducibility when polymer gel dosimeters were 

manufactured in a normoxic environment. This occurred regardless o f the concentration 

o f antioxidant and despite the fact that our calibration data, obtained by a set o f small 

calibration vials were sometimes reproducible in a number o f subsequent experiments for 

antioxidant concentrations > 10 mM. Consequently, interpretation o f the results was not 

possible. We assumed this lack o f reproducibility was related to the oxygen trapped in the
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gel mixture when the gel was poured into the phantoms. To eliminate the impact o f 

oxygen contamination during filling, we therefore prepared our gel dosimeters inside a 

nitrogen-filled glove box under anoxic conditions. However, extensive pre-irradiation 

polymerization was observed in NIPAM-based dosimeters mixed with deoxygenated 

water in the glove box. To avoid this pre-polymerization, gelatin and monomers were 

dissolved in water under normoxic conditions, but the solution was then transferred into 

the glove box where the antioxidant was added and the phantoms were filled.

Oxygen concentration in the glove box was monitored using a Fisher Scientific 

Accumet® excel XL 60 dissolved oxygen (DO) meter. The level o f oxygen in all gel 

mixing sessions was kept at about 0.02 mg f 1 in the glove box and was measured to be 

0.00 mg 1“! in nitrogen-bubbled water before gel mixing.

3.3.2 Phantom s and tem perature probes

Four cylindrical phantoms were constructed from borosilicate glass. Four side entries 

were embedded on each phantom as protruding glass side tubes (5 cm length) through 

which temperature sensors could be inserted into the gel (figure 3.1(a)). The phantoms 

were 20 cm long with internal diameters o f 5.65, 3.65, 2.35 and 1.00 cm. These 

correspond to volumes o f  500, 200, 85 and 15 ml o f gel, respectively. The thickness o f 

the glass walls was 4 mm. For simplicity, the phantoms will hereafter be referred to by 

numbers in an order corresponding to their volumes; with number 1 (Ph 1) being the 

smallest phantom (15 ml) up to number 4 (Ph 4) being the largest (500 ml). The 

phantoms were capped by glass Petri dishes glued to plastic slab rings that could be 

tightly push-locked on top o f the cylinders.
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Eight MRI-compatible optical temperature sensors (NeOptix Inc, Quebec, Canada, 

model TlCTM, accuracy ±1°C, resolution 0.1°C, length 5 m) were used to monitor 

temperature changes inside the phantoms during irradiation. The time resolution was set 

at 3 s. During preliminary studies, we found that the original Teflon jacket of the probes 

was porous to oxygen to such an extent that significant polymerization inhibition was 

observed around the probes after irradiation (Sedaghat et al 2009). To minimize oxygen 

diffusion through the probes the company replaced the Teflon jacket atour request with a 

sleeve ofpolyimide sheathing applied on the last 10 cm near the tip of the optical fibers. 

Polyimide membranes have excellent gas separation properties and can be made with low 

oxygen permeability (Al-Masri et al 1999). The thickness of the polyimide-coated tip 

was0.6mm. 

Figure 3.1. Photograph of the four glass phantoms with side entries designed for insertion of the 
temperature sensors (a). The length of the phantoms is 20 cm and their capacities with the increase in 
diameter are 15, 85, 200 and 500 ml, respectively. Irradiation of one of the phantoms in a water tank with 
the Siemens Oncor® Linac (b). Schematic showing the position of the sensors inside the gel dosimeter and 
the set-up of the glass phantoms in the water tank (c). 

The glass phantoms were thoroughly washed before each experiment with plastic 

brushes, hot water and Sparkleenl™ detergent (Fisher Scientific, Canada) and rinsed 

several times with HPLC-grade water. To eliminate potential chernical residues on the 
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internal sidewalls o f the phantoms, they were heated in an oven for several hours at 

250°C. A plastic holder was crafted to transfer the phantoms altogether into and out o f 

the glove box. Before gel fabrication, rubber tubes were jointed to the glass side entries 

and were secured to a plastic stick upright beside the phantoms; two temperature probes 

were inserted into each phantom through the rubber tubes and glass side entries at 15 mm 

and 35 mm from the bottom. After the rubber tubes were fastened to the side entries and 

the probes were securely inserted with their tips adjusted in the middle o f the phantoms, 

they were transferred into the glove box to be filled with dosimetry gel. When the 

phantoms were filled, the gel could flow into the rubber tubes around the probes up to the 

brim o f the cylinders.

3.3.3 G el fabrication

Four polymer gel compositions were studied, three o f which contained 

tetrakis(hydroxymethyl) phosphonium chloride (THPC). Table 3.1 provides a list o f the 

gel dosimeters and their compositions used in this study. Acrylamide (AA) 

(electrophoresis grade, +99%), methacrylic acid (MAA) (stabilized, 99%), N- 

isopropylacrylamide (NIPAM) (97%), gelatin (Type A, 300 bloom) and THPC (80% in 

water) were obtained from Sigma-Aldrich, Ontario, Canada. A.A'-methylene-bis- 

acrylamide (BIS) (electrophoresis grade, +99%) was purchased from Acros Organics 

BVBA, Geel, Belgium. All chemicals were used as received, except for HPLC-grade 

water which was thoroughly bubbled with nitrogen inside the glove box.

For all gels, gelatin was soaked in water for 10 min and then warmed up to 42°C and 

stirred at this temperature until fully dissolved. For acrylamide-based dosimeters, BIS
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and then AA were added to the solution and stirred at 42°C until complete dissolution. 

MAA was added at 37°C to the gelatin solution to prepare MAGAT. THPC was added to 

the corresponding dosimeters at about 36°C.

When referring to NIPAM-based compositions we will use the acronym NIPAM for 

the original normoxic formulation proposed by Chain et al (2011) (19.5%T). Preparation 

o f NIPAM was performed following the procedures described by the authors. NIPAM- 

based dosimeters were mixed out of the glove box, transferred into the glove box through 

the vacuum chamber (delay o f about 15 min), and stirred in the glove box at 34°C for 10 

min before addition o f THPC.

A series o f  13 glass calibration vials (2.4 ml) were also filled together with the 

phantoms for each gel preparation. To study the pre-irradiation stability o f the NIPAM

Table 3.1. Chemical components and concentration o f the ingredients of the polymer gel 
dosimeters studied. Percentages are by weight (w/w). In the last column doses delivered to the 
glass phantoms are given for each gel composition.

The
Monomers Gelling

agent
Solvent Oxygen

Scavenger Doses delivered to
dosimeter AA BIS MAA NIPAM Gelatin Water THPC the phantoms (Gy)

PAG 3 % 3 % - - 5% 89% - 10 and 15

PAGAT 4.5 % 4.5 % - - 5% 86% 8 mM 15 and 30
MAGAT - - 8 % - 8 % 84% 2m M 10 and 15

NIPAM - 4.5 % - 15% 5 % 75.5 % 10 mM 15 and 25

AA=Acrylamide; BIS= N,A ’-methylene-bisacrylamide; MAA= methacrylic acid; 
NIPAM= N-isopropylacrylamide; THPC=tetrakis(hydroxymethyl)phosphonium chloride;

composition, three sets o f calibration vials were filled with this gel dosimeter. AA-based 

dosimeters were left in the glove box overnight for the gels to set in an anoxic 

environment. This could minimize differences in the cooling history o f  the dosimeter 

before irradiation while preserving the gels from environmental oxygen. MAGAT
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dosimeters were left in the glove box for 2 h after fabrication. They were then transferred 

into a conventional refrigerator and kept at a temperature o f 4°C for 3 h for jellification. 

For NIPAM gels, the phantoms and calibration vials were filled in the glove box and 

transferred to the Service o f Radiation Oncology for irradiation immediately after filling. 

These timings were chosen based on preliminary experiments where we found that AA- 

based dosimeters have the best pre-irradiation stability followed by MAA-based 

dosimeters and finally NIPAM compositions whose dose response decreases dramatically 

with time after fabrication.

3.3.4 Irradiation, im aging an d  data analysis

All irradiations were performed with a Siemens Oncor® linear accelerator (Siemens 

Medical Solutions AG, Germany). The photon energy was 6 MV for all irradiations with 

a dose rate o f  300 cGy min-1, a field size o f 10 x 10 cm2 with an SSD o f 100 cm at the 

surface o f water. The depth dose profiles in all four glass phantoms were verified to be 

identical by Gafchromic® EBT2 film dosimetry (International Specialty Products, NJ, 

USA) performed in water filled phantoms with an identical set-up as shown in figures 

3.1(b) and (c). Film dosimetry was repeated three times.

All phantoms were stored in a water tank (storage tank) for a period o f 4 h (MAA- 

based gels) and 12 h (AA-based gels) for the gels to equilibrate with the temperature o f 

the treatment room before irradiation. NIPAM dosimeters were also kept in the storage 

tank, but were irradiated within 3 h after fabrication. A second water tank was also filled 

and kept with the first water tank for the same duration. The temperature o f  water in both 

tanks was identical (± 0.1 °C) before irradiation as determined by an alcohol thermometer.
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The second water tank was placed on the patient table under the beam o f the accelerator. 

The phantoms were transferred from the storage tank to the irradiation tank; they were 

irradiated and transferred back to the storage tank 20 min after the end o f each irradiation. 

Temperature probes were connected to an OmniFlex system module (NeOptix Inc, 

Quebec, Canada) and a laptop computer was used to record temperature variations in the 

phantoms during the experiments. Temperature recording continued for about 45 min 

after each irradiation.

The phantoms were completely immersed in water such that the thickness o f  water 

above each phantom was 1 cm. The phantoms were irradiated in an inverse standing 

position as depicted in figures 3.1(b) and (c). Straight line marks on the side o f the 

phantoms were aligned with laser beams at the isocenter to ensure reproducible and exact 

upright positioning. The doses delivered to each gel dosimeter were chosen to be below 

the saturation dose o f each composition (see table 3.1) such that variations in relaxation 

rates (if any) between the four phantoms could be observed. Calibration vials were 

irradiated in a homemade water tank within which several vials could be held at fixed 

depths from the surface o f water corresponding to known doses along the depth. 

Calibration vials o f the AA- and MAA-based gels were irradiated before irradiation o f 

the glass phantoms. The first set o f NIPAM calibration vials was irradiated 1 h after 

fabrication and before irradiation o f the glass phantoms; the second set was irradiated 

after all glass phantoms were irradiated (i.e., 3.5 h post-fabrication) and the last set was 

irradiated 6 h after gel fabrication.

The phantoms and vials were transferred to the MRI scanner room and imaged 24 h 

after irradiation. The temperature probes were not removed from the phantoms to avoid
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distortions to the surrounding gel. The MRI scanner was a Siemens Sonata (Siemens 

Medical Solutions Erlangen, Germany) 1.5 T clinical imager. A Styrofoam holder was 

constructed for reproducible positioning o f the phantoms in the head coil. A multi echo 

spin-echo protocol was used for AA-based and NIPAM dosimeters with 24 echoes and 

the following parameters: TR = 6780 ms, ES = 40 ms, slice thickness 4 mm, pixel size 

0.94 x 0.94 mm2, number o f acquisitions (NEX) = 10. For the MAGAT dosimeter TR o f 

3000 ms and ES o f 12.2 ms were chosen instead (De Deene and Baldock 2002). Three to 

five coronal slices were taken at each imaging session along the phantoms length. 

Phantoms were scanned once before irradiation to determine whether their relaxation 

rates (i?2 (0 )) depended on phantom size and whether pre-polymerization occurred before 

irradiation. For the phantoms that were scanned before irradiation NEX was 2.

The experiments were repeated at least three times for each dose with and without 

temperature probes. Data analysis was performed using modified in-house MATLAB® 

(the Mathworks) program (Murry and Baldock 2000) and OriginPro 8 (Microcal). R2 

profiles were extracted by averaging four pixel rows along the central axis in the R2 map 

o f each phantom.

3.3.5 Temperature variations in the glass phantom s during gelation

Due to the surface area to volume ratio differences between the four glass phantoms, the 

gel inevitably experiences different temperature histories after the phantoms are filled 

until it sets. It was suggested that cooling history o f the gel affects the dose response o f 

polymer gel dosimeters (De Deene et al 2007). To measure temperature variations o f the 

gel during gelation in the four glass phantoms, two probes were inserted into the side
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entries as shown in figure 3.1(c). A PAG (6%T, 5% gelatin) solution was prepared under 

normoxic conditions and poured into the phantoms when the temperature o f the solution 

was 43°C. The temperature o f the gel was measured for the first 30 min after filling.

3.3.6 Virtual wedge experim ent

To investigate the effect o f dose rate variations on temperature accrual, a PAG dosimeter 

was prepared and poured into the glass phantoms number 2 and 4. They were irradiated 

with a 60° virtual wedge created by the Siemens Linac. The virtual wedge o f  the Siemens 

accelerators is created by moving a jaw  at a constant speed across the field and varying 

the dose rate accordingly (van Santvoort 1998). The timing sequence between 

fabrication, irradiation and imaging was the same as described above for the AA-based 

dosimeters. The phantoms were immersed horizontally in water and their central axis was 

42 mm below the surface along the _y-axis o f  the wedge field. Four temperature probes in 

each phantom recorded temperature variations along the wedge angle during irradiation. 

The wedge was created along the y-axis over a distance o f  7 cm starting from the first 

probe and ending before the last probe near the bottom of the phantoms. The width o f the 

wedge field was 10 cm. As there is presumably a temperature gradient along the wedge 

angle, we investigated whether a drift could be detected between the R2 profiles o f the 

two phantoms across the wedge as a result o f temperature disparities ill the two phantoms 

and on the two sides o f the wedge. Profiles in the middle o f the two phantoms were 

extracted by averaging four pixel rows along the central axis in the R2 map o f each 

phantom.
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3.4 Results

3.4.1 Acrylam ide-based dosim eters

The temperature increase in the PAG dosimeters depends on the phantom size. 

Temperature variations are depicted in figures 3.2(a) and (b) for doses o f 10 Gy and 15 

Gy, respectively. The irradiation period started at time zero on the x-axis and is indicated 

by dotted vertical lines in figures 3.2(a) and (b). Measurements started when the 

equilibrium temperature in all four phantoms was 21.3°C; therefore a 3.0°C increase in 

the largest phantom after a dose o f 10 Gy (figure 3.2(a)) means that the internal 

temperature reached 24.3°C in this phantom at the position o f the recording probe. 

Temperature increase for the same absorbed dose is clearly a function o f the volume o f 

irradiated gel. Temperature continues to increase in the three larger phantoms after 

irradiation while it quickly starts to decrease in the smallest phantom. The time required 

to reach maximum temperature is also a function o f  phantom volume. While the 

temperature in the smallest phantom has almost reverted to the ambient temperature 10 

min after irradiation, temperature in the largest phantom reached its maximum after about 

14 min. Maximum temperature differences between the largest and the smallest 

phantoms were 2.0°C for a dose o f 10 Gy and 3.7°C for 15 Gy.

Figure 3.2(c) shows the profiles o f R2 along the depth o f the four gel containers 

scanned before irradiation and 24 h after irradiation to 10 and 15 Gy. The profiles o f the 

four phantoms before irradiation are constant at around 1.3 s_1. Slight deviations between 

the profiles o f non-irradiated phantoms are attributed to the fact that the phantoms were 

scanned quickly after the transfer to the scanner room and their temperature was probably
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Figure 3.2. Temperature increase in the four glass phantoms and corresponding Ri values for the 
6%T PAG dosimeter. The initial temperature was 2L3°C Irradiation to 10 Gy (a) or 15 Gy (b) 
started at time zero and ended at the second vertical dotted line. Panel (c) illustrates profiles of Ri 
values along the depth of the containers before irradiation and after 10 and 15 Gy. Positions of the 
probes are shown by yertical dotted lines. The upper axis provides PDD data of the Siemens Linac 
in water. The Ri-dose response curve from calibration vials is shown in (d) and error bars are often 
only slightly larger than the symbols. The legend of panel (c) is presented in (d) due to lack of 
space. 

not equilibrated to the room temperature. R2 profiles of the gel dosimeters irradiated to 10 

Gy start at 3.46 s-1 and end at 2.73 s-1
• For the dosimeters irradiated to 15 Gy, the profiles 

profiles start at 3.69 s-1 and end at 3.28 s-1
• Profiles of each set are similar but the profile 

of the largest gel container is lower than the other three gel containers by roughly 1.5% 

for both radiation doses. The upper axis in figure 3.2(c) shows the percentage depth dose 
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(PDD) o f the Linac in water. The PDD of the Siemens Linac in water decreases to 47.5% 

o f the maximum dose (dmax) at a depth o f  150 mm from the surface. As our glass 

phantoms were 20 cm long, the gel at this depth was not affected by possible oxygen 

diffusion from the caps o f  the containers. We discarded the data o f the last 50 mm gel 

near the caps to rule out any oxygen diffusion effect. The positions o f the probes in the 

gel containers are also shown by vertical doted lines in figure 3.2(c). The small diameter 

o f the probes (0.6 mm) results in a sharp drop in R2 value o f a single pixel; this could be 

observed for pixels totally including the probe. The tips o f the probes are observed to 

deviate from the vertical lines by a few millimetres; this is due to a slight curvature in the 

fibres as they were only held in place by leaning on the side entry joints. These slight 

deviations However did not affect temperature measurements as the results in separate 

experiments were almost identical. If oxygen contamination from the probes was present, 

we would have expected an extended region o f variation around the probes; this was not 

observed.

The dose response o f the PAG dosimeter was determined by correlating R2 values 

obtained from small calibration vials to the absorbed dose, using the PDD o f the Siemens 

Linac in water. This Z?2 -dose response is shown in figure 3.2(d). Comparing R2 values in 

figures 3.2(c) and (d) reveals that for the same dose range, calibration vials provide R2 

values that are systematically higher by about 3%.

Figure 3.3 shows results for the 9%T PAGAT dosimeter. Figures 3.3(a) and (b) show 

the temperature increase in the phantoms for 15 and 30 Gy, respectively. Almost identical 

temperature increases were observed for the 9%T PAGAT and 6%T PAG dosimeters 

receiving a dose o f 15 Gy, despite the fact that the PAGAT composition contained 3%
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Figure 3.3. Temperature increase in the four glass phantoms and corresponding Ri values for the 
9%T PAGAT dosimeter. Jbe initial tempetature was 22°C. Irradiation to 15 Gy (a) or 30 Gy (b) 
started at time zero and ended at the second vertical dotted line. Panel (c) illustrates profiles of Ri 
values along the depth of the containers before irradiation and after 15 and 30 Gy. Positions of the 
probes are shown by vertical dotted lines. The upper axis provides PDD data of the Siemens Linac 
in water. The Ri-dose response curve from calibration vials is shown in (d). The legend in panel 
(d) corresponds to (c). 

(w/w) more monomers. Results are qualitatively similar to those of figure 3.2 except for 

the maximum increase of 10°C observed in the largest phantom of the P AGAT dosimeter 

for a dose of 30 Gy. R2 values along the depth are in very good agreement for the set of 

phantoms irradiated to 15 Gy and for the set irradiated to 30 Gy (Figure 3.3(c)). Figure 

3.3(d) shows R2-dose response of the PAGAT dosimeter obtained with calibration vials. 

Comparing figures 3.2(d) and 3.3(d) reveals that the 6%T PAG dosimeter was saturated 
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at 15 Gy while the 9%T PAGAT does not show any sign o f saturation up to 30 Gy. 

Comparing figures 3.3(c) and (d) reveals that over the same dose range, the Ri values of 

calibration vials are again systematically higher, by 4 to 10 % in this case.

3.4.2 M A G A T dosim eter

Figure 3.4 presents the results o f  temperature and MRI measurements for the MAGAT 

dosimeter. The dosimeter was irradiated to 10 Gy and to 15 Gy; the resulting temperature 

variations are depicted in figures 3.4(a) and (b), respectively. For a dose o f 10 Gy 

temperature in the largest phantom increases by 7.6°C while in the smallest phantom this 

temperature increase is only 2.6°C; therefore the gel in the largest phantom experiences a 

reaction medium that is 5.0°C warmer than the medium o f the smallest phantom. In 

addition, this higher temperature is sustained for a longer time. The temperature 

difference becomes 7.0°C between the largest and smallest phantoms for the set 

irradiated to 15 Gy (figure 3.4(b)). Figure 3.4(c) depicts i?2 -depth profiles along the four 

phantoms for 0, 10 and 15 Gy. Before irradiation R2 profiles in the middle o f all four 

phantoms superimpose upon a single line at 1.32 s_1. Nearly identical R2 values are 

obtained for phantoms irradiated to 10 Gy. R2 values at the beginning and at the end o f 

this set o f profiles are 23.15 s~’ and 13.96 s~' respectively. Ri profiles along the depth for 

the set irradiated to 15 Gy are also in good agreement, starting at 30.21 s_1 and ending at 

20.69 s-1. In that case however, the R2 profile o f the largest phantom is lower by up to 4% 

throughout. Changes o f R2 values as a function o f dose as obtained by calibration vials 

are shown in figure 3.4(d). J?2(0) on this graph is 1.66 s-1 and at 25 Gy this reaches a
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Figure 3.4. Temperature increase in the four glass containers and corresponding Ri values for 
the 9%T MAGAT dosimeter. The initial temperature was 21.5°C. Irradiation to 10 Gy (a) or 15 
Gy (b) started at time zero and ended at the second vertical dotted line. Panel (c) illustrates 
profiles of Ri values along the depth of the containers before irradiation and after 10 and 15 Gy. 
Positions of the probes are shown by vertical dotted lines. The upper axis provides PDD data of 
the Siemens Linac in water. The Ri-dose response curve from calibration vials is shown in (d). 
The legend of ( c) is presented in panel ( d) for better clarity. 

value of 39.22 s-1• Comparing figures 3.4(c) and (d) reveals that the R2 values of 

calibration vials are systematically higher by 25 to 35%. 

3.4.3 NIPAM-based dosimeter 

The results obtained from temperature and MRI measurements for the NIPAM dosimeter 

are summarized in figure 3.5. In figure 3.5(a) the temperature rise in the four glass 
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phantoms is depicted for a dose o f  15 Gy. In 3.5(b), this temperature increase is 

illustrated for 25 Gy. Again, the two vertical dotted lines indicate the beginning and end 

o f irradiation. No temperature rise was observed in the four phantoms before the first 120 

to 140 s (until 6-7 Gy was delivered) from the start o f irradiation. For a dose o f 15 Gy, a 

7.0°C temperature increase was recorded in the two larger phantoms. Maximum 

temperature increase for this dose in the smallest phantom was 3.7°C (figure 3.5(a)). For 

25 Gy, maximum temperature rise in the largest phantom reached 17.9°C, while a 

maximum o f 4.4°C was recorded in the smallest phantom (figure 3.5(b)). A temperature 

difference o f 13.5°C exists between the smallest and the largest phantoms for 25 Gy at 

the point o f the recording probes. As the temperature o f the gel before irradiation was 

23.4°C, the internal temperature in the three larger phantoms exceeded the LCST o f 32°C 

ofN IPAM  polymer (e.g., 41.3°C) when a dose o f 25 Gy was delivered.

Figure 3.5(c) shows R2 profiles along the depth in the four phantoms for the two series 

irradiated to 15 and 25 Gy. For the results shown in 3.5(c), phantom number 1 (Ph 1) was 

first irradiated followed by numbers 2, 3 and 4, sequentially. R2 values along the central 

axis in these samples decrease as a function o f depth and as a function o f irradiation 

sequence (i.e., time post-fabrication). We recall that phantoms were irradiated one by one 

and a delay o f approximately 35 min was inevitable between two sequential irradiations. 

i?2 values along the depth o f phantom 1 are significantly higher when compared to 

phantoms 2, 3 and 4 for both series irradiated to 15 and 25 Gy. In separate experiments 

we irradiated the phantoms in different sequences (data not shown). The deviations 

observed between the three larger phantoms depended on time-post fabrication and 

therefore changed with the irradiation sequence. However, the R2 values along the depth
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Figure 3.5. Temperature increase in NIPAM dosimeters irradiated to 15 Gy (a) and 25 Gy (b). 
The gel was prepared in a normoxic environment, but the phantoms were filled in a glove box. 
The first changes in temperature in the phantoms were observed 120 s after the start of irradiation. 
The initial temperature was 23.4°C. The corresponding R2 profiles along the depth are depicted in 
(c). R2 values as a function of dose and time post-fabrication obtained by calibration vials (d). 

in the smallest phantom were always significantly higher than the other three larger 

phantorns. Our attempts to identify the cause of this were not successful. In addition, our 

attempts to mix a NIPAM-based gel in the glove box failed. We attempted to mix 

NIP AM compositions with increased monomer solubility using isopropanol as a 

cosolvent (Koeva et al 2009). When using isopropanol in an anoxie environemnt, the 

NIP AM monomers react with BIS and probably gelatin after addition to the solution, 
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forming polymer sedimentation that sinks to the bottom o f phantoms. The resulting 

polymer looked like a piece o f sponge suspended in water. The remainder o f the solution 

was very liquid as if it contained no gelatin. This occured with and without THPC, and 

despite the fact that NIPAM was mixed at low temperature (around 30°C). We attempted 

to control this prepolymerization reaction by adding traces o f hydroquinone (HQ) 

between 0.015 to 0.04 mM as inhibitor. No sponge-like polymer aggregate was formed 

when HQ was added and the gel was very homogeneous after dissolution o f NIPAM. 

However the gel fully polymerized whithin an hour after mixing or within 10 min if 

placed in a refrigerator. Our attempts to mix a cosolvent-free NIPAM dosimeter in the 

glove box as suggested by Chain et al (2011) also failed as extensive and ongoing 

prepolymerization was observed in gel dosimeters after fabrication. In contrast to this 

prepolymerization in gels that were mixed in the glove box with deoxygenated water, we 

observed a rapid loss o f response to radiation as a function o f time post-fabrication in 

batches o f NIPAM mixed out o f the glove box. Figure 3.5(d) shows data obtained from 

three series o f calibration vials irradiated 1 h, 3.5 h and 6 h after fabrication. The rapid 

loss o f sensitivity with time post-fabrication can explain the deviations in the profiles o f 

figure 3.5(c) between the 3 larger phantoms. It is also interesting to note that the profiles 

o f the 3 larger phantoms decrease to Ri values close to ^ ( 0 )  near the bottom of the 

phantoms (right o f figure 3.5(c)) although the dose at the bottom is still significant. We 

also noticed that NIPAM-based gels did not set firmly without addition o f THPC. 

However, rapid setting was observed within one to two minutes after addition o f THPC 

concentrations over 5 mM. Therefore THPC is likely to be an essential constituent o f
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these gels as the mechanical strength of the gel appeared to depend on THPC-induced 

reactions. 

3.4.4 Cooling history 

Figure 3.6 shows temperature of the gel at the position of the probe 2 (figure 3.l(c)) in 

the four glass phantorns after filling. Two probed were inserted into each phantom; 

temperature variations recorded by the second probe had a similar trend to that shown in 

figure 3.6. Starting with the largest, the phantoms were filled one by one; however, the 

time zero in the figure is set to show the first temperature changes recorded by each 

44 
42 
40 

...-... 38 (.) 
0 36 ...._.. 

Q) 
L... 34 :::l ...... ro 32 L... 
Q) 30 o. 
E 28 Q) ..... 26 Filling 

""' 24 
22 

-5 0 

Largest glass phantom ----.......... --= Ph4) 

5 

(Ph 2) 

(Ph 1) 
Smallest glass phantom 

10 15 

Time (min) 
20 

Figure 3.6. Temperature history of PAG in the four glass phantoms after filling. The initial 
temperature of the solution was 43°C. The gel in the smallest phantom experienced a fast cooling 
in the first min after filling and had set in Jess than 20 min. Complete setting of the gel in the 
largest phantom required several hours. 

probe to enable comparison. The gel solution in the smallest phantom experienced a fast 

decrease in temperature from 41 °C to about 32°C during the first minute after the 

phantom was filled. In the largest phantom however, the temperature decreased at a much 
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slower rate, reaching a value o f 36°C in about 20 min. At this time the gel in the smallest 

phantom had already set while the gel in the other three phantoms was still flaccid and 

loose. Complete gelation in the largest phantom required several hours. Recording 

temperature variations inside the glove box with our optical fibers was not technically 

feasible; however, these results clearly show that the gel in each o f the four phantoms 

undergoes a different cooling history which may impact on the dose response o f the 

dosimeter. This can be verified if  a correlation can be established between the cooling 

rate and variations in the dose response o f  the gel. This will be discussed in section 3.5.2 .

3.4.5 Virtual wedge

Figure 3.7 shows temperature variations across the wedge within the two glass 

phantoms o f different volumes o f  PAG dosimeter and the corresponding R2 profiles taken 

along the central axis o f the phantoms. The initial distance (gap) between the two jaws o f 

the Linac when using the Siemens virtual wedge mode was 1 cm (van Santvoort 1998). 

As soon as irradiation began, one jaw  started moving across the field and the dose rate 

decreased accordingly until the field along y axis was fully opened (7 cm) and the 

delivered dose shaped the wedge angle. This took about 4 min after which the dose rate 

increased to a maximum and the remainig dose was delivered to reach the prescriped 

dose to the reference point (15 Gy to c/max at the center o f the wedge field). Therefore the 

jaw  was moving at a speed o f 1.5 cm min'1 until the field fully opened. Figure 3.7(a) 

illustrates temperature variations across the wedge field as the dose rate decreased and 

the field opened up. The inset in 3.7(a) is a schematic representaion o f the variations in 

dose rate during irradiation. Probe number 4 was the first probe which received dose and
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accordigly was the first to record temperature changes in the gel. Probe number 1, was 

the last probe near the bottom of the phantom and was out of the wedge field, therefore 

temperature changes at this position were caused only by the flow of heat from left ro 

right in the figure. As a result, temperature rise at the position of probe 1, was lower than 
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Figure 3. 7. Siemens 60° virtual wedge experiment. Temperature variations as a function of time 
along the wedge in the glass phantoms number 2 and 4 (a). Not only a temperature gradient is seen 
across the wedge, but significant temperature differences are observed between the two phantoms. 
The initial temperature was 22.2°C. The schematic inset in (a) shows changes in dose rate during 
irradiation. R2 profiles along the central axis in the middle of the phantoms show a perfect match 
(b). The position of the temperature probes in the gel phantoms is shown by vertical dotted lines in 
(b); the wedge field and the direction of the movement ofjaw are also depicted. The legend of(a) 
is presented in (b) due to lack of space. 

the other 3 probes and occured when the wedge field fully opened. Clearly there was a 

temperature gradient across the wedge field in both phantoms. In addition, a significant 

temperature difference was observed at identical positions in the two phantoms containg 

different volumes of gel but irradiated to the same absorbed dose. However, R2 profiles 

taken along the central axis of the two phantoms matched almost perfectly as shown in 

figure 3.7(b), demonstrating that the Rz-dose response of the PAG dosimeter was not 

affected by the differences in temperature caused by a variable dose rate and gel volume. 
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3.5 Discussion

3.5.1 Effect o f  tem perature

Overall, our results refute the hypothesis that the heat released by the exothermal 

polymerization reaction affects the dose response or the dosimetry performance o f the gel 

dosimeters for the gel volumes studied in this work. Although a significant temperature 

difference was observed between the four phantoms and in different gel compositions, Ri 

values along the central axes o f the four phantoms are in very close agreement for the 

gels mixed in the glove box. The first probe in the phantoms was 15 mm below the point 

o f maximum dose (t/max) and the second probe was 35 mm below this point, 

corresponding to doses o f 96% and 87.4% of dmax, respectively. However in the largest 

phantom, the temperature recorded by the second probe was slightly higher for the gels 

mixed in the glove box, while in phantoms 1 to 3, the two probes measured almost 

similar temperature variations at these two positions (±0.3°C). This indicates that heat is 

rapidly lost at the extremity o f the phantoms and that heat is flowing from dmax to greater 

depths. If the values o f R2 were modified by the temperature rise, then we would expect a 

distortion o f the profiles as a function o f the container size, since the location o f the 

maximum temperature rise depends on the container size. Such a trend was not observed 

in our results. Smaller vessels also cool faster after irradiation but this does not seem to 

affect the final Ri values as shown by similar R2 profiles for phantoms o f different sizes 

irradiated to the same dose but exhibiting very different temperature variations; therefore
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neither the temperature increase during, nor a different cooling history after irradiation 

appear to affect the performance o f the gel dosimeters studied.

For a dose o f 15 Gy, heat release in the 6%T PAG dosimeter was almost the same as 

in the 9%T PAGAT dosimeter (compare figures 3.2(b) and 3.3(a)). While the PAGAT 

dosimeter contained a higher monomer concentration, relatively identical heat releases in 

the two dosimeters indicates a lower monomer to polymer conversion ratio for the same 

absorbed dose in PAGAT. We have discussed elsewhere (Sedaghat et al 2011) that this is 

due to the scavenging o f free radicals in the gel during irradiation by excess THPC 

molecules in PAGAT. Similar heat release in the 6%T PAG and 9%T PAGAT 

dosimeters for 15 Gy may also indicate that approximately the same number o f double 

bonds was consumed for this dose during irradiation. Close comparison o f figures 3.2(b) 

and 3.3(a) also reveals that the rates o f temperature rise in both dosimeters were identical 

for 15 Gy in corresponding phantoms. Considering that the heat released is directly 

correlated with the number o f double bonds consumed in the polymerization reaction, 

this may indicate that, at least during irradiation, polymerization processes in both 

dosimeters were comparable (i.e. the consumption of double bonds was comparable in 

the 9%T PAGAT and 6%T PAG during irradiation). However, the R2 values along the 

depth in the 6%T PAG dosimeter are significantly higher than in 9%T PAGAT for 15 Gy. 

If the same amount o f polymer was formed in both dosimeters, then the fact that Ri 

values o f the 9%T PAGAT are lower must be explained. The reason can be hypothesized 

to be differences in the polymer morphology when THPC is present. The polymer 

structure in the presence o f THPC may be different such that it has a lower effect on the 

relaxivity o f water molecules. For instance, a more tightly packed polymer structure
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would expose less exchanging proton sites, decreasing proton exchange and this would 

possibly have a smaller effect on relaxation rates o f the neighbouring water protons. We 

have evidence from scanning electron microscopy (not shown) that polymer morphology 

is indeed quite different in PAG-type dosimeters when THPC is present. We can not 

ascertain at this time whether these changes can cause the observed difference in 

relaxation rates.

The heat generated in the MAGAT dosimeter was measured to be almost twice that in 

PAG-type dosimeters for the same absorbed dose. For instance, for a dose o f  10 Gy, a 

maximum o f 3°C temperature rise was observed in the largest phantom in figure 3.2(a) 

while for the same absorbed dose in MAGAT this maximum temperature rise was 7.5°C 

in the largest phantom as can be seen in figure 3.4(a). Figures 3.3(a) and 3.4(b) also show 

5°C and 10°C maximum temperature increases in the largest phantom for 15 Gy in 

PAGAT and MAGAT dosimeters, respectively. Alternatively, a maximum o f 10°C 

temperature increase can be observed in the PAGAT dosimeter when a dose o f 30 Gy is 

delivered to the largest phantom while only half o f this dose is enough to produce 10°C 

temperature rise in the corresponding MAGAT dosimeter (compare figures 3.3(b) and 

3.4(b)). Initially, the number o f carbon-carbon double bonds for every gram o f 8%T 

MAGAT, 6%T and 9%T PAG-type dosimeters are 5.59* 1020, 4.88><1020 and 7.32MO20, 

respectively. Clearly the total number o f double bonds alone cannot account for the 

differences observed in the heat o f polymerization between MAGAT and PAG-type 

dosimeters. On the other hand, the specific enthalpy (AHR) is -54.7  kJ mol-1 per 

methacrylate double bond and -81.5 kJ m o f1 per acrylamide double bond (McCurdy and
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Laidler 1964, Anseth et al 1994, Salomons et al 2002). Again the enthalpy alone can not 

account for the observed temperature differences.

It has been suggested that the crosslinking efficiency o f BIS is low such that a large 

proportion of BIS monomers is rapidly consumed in cyclization reactions by forming 

seven-membered rings and consequently vinyl groups in these polymer rings are not 

available for crosslinking reactions (Tobita and Hamielec 1990, Naghash and Okay 1996, 

Fuxman et al 2003). In addition, previous temperature measurements in similar 

polyacrylamide gels (albeit without gelatin) revealed that chain propagation o f 

acrylamide is the major source o f heat release and the concentration o f BIS has a minor 

contribution to the overall temperature increase (Weathley and Phillips 1983). Therefore, 

it can be hypothesized that more C=C double bonds are consumed in MAGAT than in 

PAG-type dosimeters for the same absorbed dose. These observations can be used to 

partly justify the lower temperature rise during irradiation o f PAG-type dosimeters. 

However, it should be noted that polymerization kinetics in AA-based dosimeters are 

significantly different from MAA-based dosimeters (McAuley 2006, De Deene 2004). In 

figures 3.2 and 3.3 the temperature reaches its maximum either during or a few minutes 

after the end o f irradiation in the phantoms. At this point in time, only a small proportion 

o f acrylamide monomers has already reacted (Lepage et al 2001, De Deene et al 2000c) 

and a major proportion o f monomers continue to polymerize for more than 12 h. While a 

significant post-irradiation polymerization has been observed in PAG-type dosimeters, 

MAA-based dosimeters do not show such continued polymerization after irradiation (De 

Deene et al 2006). Instead, post-irradiation stability o f the dose response o f MAA-based 

dosimeters, as determined by changes in R2 values, indicates that polymerization is
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terminated relatively soon after irradiation. Temperature increases during irradiation in 

polymer gel dosimeters because a very large number o f initiation reactions 

simultaneously take place. However, after irradiation negligible initiation occurs and the 

heat released from the slow propagation reactions in PAG-type dosimeters will diffuse; 

therefore for a large proportion o f monomers that continue to polymerize after irradiation 

in PAG-type dosimeters the heat does not accumulate due to slow reaction rates. We 

suggest the different polymerization kinetics between MAA-based and AA-based 

dosimeters is responsible for temperature differences observed between these dosimeters.

Previous studies on the effect o f temperature during irradiation on the dose response 

o f polymer gel dosimeters showed that ambient temperature has minor or no effect on 

PAG-type dosimeters while the sensitivity o f  MAGAT dosimeters decreased with 

increasing temperature during irradiation (De Deene et al 2006, Murakami et al 2007). 

Our results for PAG-type dosimeters also suggest that heat release during irradiation o f 

these dosimeters do not affect their dose response. However, for the MAGAT dosimeter 

‘prepared in the glove box’ we observed no temperature induced deviations between the 

/?2-depth profiles o f the four phantoms, although significant temperature differences were 

measured in these phantoms (figure 3.4).

The fact that temperature effects were observed in polyacrylamide solution 

polymerization while such effects were not observed in our MRI study, can possibly be 

explained by the effect o f  temperature on the initiation step rather than changes in the 

rates o f  propagation or termination reactions o f acrylamide during polymerization. For 

instance, for a solution o f AA and BIS, reaction temperature was reported to have a 

significant effect on the resulting polymer morphology (Gelfi and Righetti 1981,

121



Chrambach et al 1976). Also a larger conversion o f monomers to polymer was observed 

in solution polymerization o f acrylamide when the temperature was increased (e.g., from 

35°C to 55°C (Lin 2001); from 40°C to 65°C (Kang et al 2004); from 60°C to 75°C 

(Mahdavian et al 2004) and from 75°C to 180°C (Omidian et al 1998)). In all these 

examples a chemical initiator was used to initiate polymerization (e.g., ammonium 

persulfate in Gelfi and Righetti (1981) and potassium persulfate in Lin (2001) and 

Omidian et al (1998)). Temperature rise can increase the rate o f production o f primary 

free radicals in such chemically initiated polymerization processes, which in turn results 

in increasing polymerization rate (Chen and Chrambach 1979, Lin 2001, Omidian et al 

1998). However, for a large range o f temperatures near room temperature, the change in 

the yield o f radiation-induced water free radicals with temperature is almost negligible 

(Hochanadel and Ghormley 1962). This means that the initiation step in radiation 

polymerization is independent o f temperature (Chapiro 1963, Chapiro 1979). Therefore, 

direct comparison o f chemically-initiated polymerization with radiation-induced 

polymerization in polymer gel dosimeters is not straightforward.

The maximum temperature increase in the largest phantom for the PAG, PAGAT and 

MAGAT dosimeters (figures 3.2-3.4, panels (b)) for a dose near the saturation dose was 

5.1°C, 9.9°C and 10.1°C, respectively. For a temperature rise o f  10°C, one may suspect 

that gelatin may melt in these dosimeters. It should be noted though that a high 

temperature increase o f about 10°C was only observed in gels containing THPC. THPC 

is reported to react with gelatin, possibly crosslinking it and therefore forming a more 

temperature resistant network (Jirasek et al 2006). Melting o f gelatin in a MAGIC 

dosimeter with high monomer content may be an issue as ascorbic acid does not crosslink
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gelatin. However, at doses near saturation dose the polymer structure forms a self- 

sustaining gel that holds even without gelatin, such that gelatin could in principle melt 

and jellify again. The possible effect o f this on R2 values is not known.

3.5.2 N otable discrepancies between calibration vials and larger phantom s

A very noteworthy example o f discrepancies in polymer gel dosimeters can be observed 

comparing R2 values obtained in calibration vials and those obtained along the depth o f 

the glass phantoms. The dose to each calibration vial was extracted from percentage 

depth dose (PDD) profile o f the Linac measured by a cylindrical Exradin A 12 ion 

chamber (Standard Imaging, Middleton, WI) in water. The same depth dose profile is 

registered in the gel dosimeters along the length o f the glass phantoms. Taking the PDD 

o f the Linac as a reference, this means that for the gel dosimeters studied, a multi-tube 

calibration can be compared to a depth dose calibration method.

It was debated that the multi-tube method is more precise than the depth-dose 

calibration method as the uncertainty in estimating R2 values is statistically minimized in 

multi-tube method, provided that the dimensions o f the region o f interest (ROI) over 

which R2 values are averaged correspond to the dimensions o f  the reference dosimeter 

(De Deene and Baldock 2002). The size o f the calibration vials in this study was 

comparable to the dimensions o f the reference ion chamber used for calibration o f the 

Linac. The uncertainty o f dose due to the finite size of the vials is therefore comparable 

to that o f  the ion chamber and was between 1 to 4% o f dmax along the depth dose profile. 

Ideally, the gel should yield identical dose responses with both calibration methods. 

However, in figures 3.2 to 3.4, the vials systematically revealed higher R2 values for all
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doses. Although the trends o f these discrepancies are the same (i.e., higher Rj values in 

calibration vials), this over response is much more significant for gel dosimeters 

containing THPC. We recall that our gel preparation was performed in a glove box under 

strictly controlled conditions and a very low oxygen concentration. When mixing the gel 

in a normoxic environment however, the trend o f discrepancies may not always be 

similar to what we observed with our specific gel fabrication procedure. We attempt here 

to discuss these discrepancies in detail.

A faster cooling rate after mixing the monomers with gelatin resulted in higher R2 - 

dose response. However, the values o f R2 before irradiation (i?2(0)) o f anoxic polymer 

gels subjected to different cooling histories are relatively identical and a trend associated 

with the rate o f cooling was not observed. This contradicts our observations that faster 

cooling o f gelatin solutions (without monomers) results in slightly lower R2 values. In 

separate experiments we studied the effect o f cooling rate on gelatin solutions (data not 

shown). We measured a reproducible decrease o f about 0.02 s~! in R2 values for 5% 

(w/w) gelatin samples that cooled rapidly in iced water compared to samples that cooled 

slowly in warm water with an initial temperature o f 50°C. This decrease in R 2 values with 

a faster cooling rate was more pronounced for a 15% (w/w) gelatin solution and reached 

a value o f 0.15 sH . However, while faster cooling slightly decreases gelatin relaxation 

rates, anoxic PAG dosimeters that experience a faster cooling after manufacture (figure 

3.6) exhibit a higher /?2-dose response o f about 3 to 4.5% over the whole dose range. 

From figure 3.2(c) it is obvious that R v a lu es  along the depth in the largest phantom (no. 

4) are roughly 1.5% lower than the other three phantoms. This is consistent with the R2 - 

dose response o f the small calibration vials that are higher by about 3% compared to the
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three smaller containers. These results suggest that the i?2-dose response is mostly 

influenced by differences in the cooling rate o f  the gel in the phantoms and in the 

calibration vials after filling. To our knowledge, the effect o f cooling history after 

manufacture has not been studied for anoxic gel dosimeters. For a normoxic PAGAT 

dosimeter, inconsistent i?2-dose relationships were measured for different doses in three 

samples jellified at different temperatures (De Deene et al 2007). Although that study 

showed deviations between the dosimeters that have been subjected to different 

temperature histories after manufacture, a consistent trend was not established between 

cooling rate and the i?2-dose response. Yet, those results clearly suggest that cooling 

history plays a role in the performance o f  polymer gel dosimeters. We observed that 

faster cooling (i.e., for smaller samples) o f anoxic PAG dosimeters always resulted in a 

higher i?2-dose response o f up to about 4.5% on 7?2 values.

Larger discrepancies o f up to 10% on i?2 values are observed between calibration vials 

and i?2-depth profiles in the PAGAT dosimeter for corresponding doses (figures 3.3(c) 

and (d)). While the dose response obtained by the calibration vials does not saturate 

below 30 Gy, i?2 values appear to have saturated for doses between 25 and 30 Gy on the 

upper profiles in figure 3.3(c). Discrepancies on Rj values are as large as 35% between 

calibration vials and the four glass phantoms filled with the MAGAT dosimeter (figures 

3.4(c) and (d)). These larger discrepancies are attributed to the effect o f oxygen 

infiltration through the cap o f the calibration vials into the gels containing THPC. We 

have extensively studied these deviations and reported on them elsewhere (Sedaghat et al 

2011).
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Several authors reported discrepancies between different calibration methods used for 

correlating the readout o f their gel dosimeters (here R2 values) to dose. These 

discrepancies are often disregarded as random deviations and therefore are not fully 

reported (e.g., Watanabe et al 2005, Bjoreland et al 2008). The extent and trend o f final 

dose errors depend on several competing/counteracting factors that affect the dose 

response. For example we recently reported that a slight oxygen contamination increases 

the dose sensitivity o f gel dosimeters containing THPC but a higher level o f oxygen 

contamination decreases the dose sensitivity (Sedaghat et al 2011). Setting of gelatin 

with different cooling rates, the temperature o f mixing and time post fabrication were 

shown to impact on transverse relaxation values (De Deene et al 2000c). We showed here 

that exothermal polymerization reactions do not affect the dose response o f the gel 

dosimeters. This does not mean that the extent o f polymerization is exactly the same in 

samples with lower temperature increase, but we showed that even if  the amount o f final 

polymer formed is affected by the increase in temperature during irradiation, the extent o f 

this is not significant such that water transverse relaxation rates as determined by MRI 

are not affected.

Table 3.2 summarizes some reported discrepancies between calibration vials and 

larger gel phantoms in the literature. Known radiochemical factors to consider 

responsible for discrepancies in table 3.2 are cooling rate o f the gels upon setting, dose 

rate dependence, effect o f  oxygen in anoxic gels, effect o f oxygen-excess antioxidant in 

normoxic gels and continued polymerization after irradiation. The latter has been long 

recognized and can be minimized by scanning calibration vials and original phantoms 

together and at the same time period (preferably > 12 h) after irradiation (De Deene et al
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2000c). The dose rate effect has been investigated for PAG-type and MAA-based gel 

dosimeters and a thorough explanation at the molecular level has been proposed (De 

Deene et al 2006, McAuley 2006, Karlsson et al 2007). The impact o f  cooling o f  the gels 

during setting on their dose response was investigated for normoxic gels (De Deene et al 

2007), but the effect o f oxygen-antioxidant imbalance was not known at that time and it 

may have affected the experiments.

From the three monomer compositions investigated here, only the PAG dosimeter is a 

real anoxic gel dosimeter. Our previous attempts to prepare an anoxic MAA-based gel 

without antioxidant were not successful as the gel was very sensitive to trace amounts of 

residual oxygen in the glove box and minute chemical contaminations on the surface o f 

container walls; therefore this gel was unstable and irreproducible (Sedaghat et al 2011). 

Likewise, we were not able to successfully mix a NIPAM-based gel dosimeter in the 

glove box due to extensive post-fabrication polymerization as discussed in section 3.4.3 

above. Therefore for PAG, we propose that faster cooling may result in a higher /?2 -dose 

response o f  up to 4.5%. Discrepancies higher than this in PAG are most probably related 

to the inhibiting effect o f oxygen on polymerization. As the impact o f oxygen 

contamination can be more severe on smaller gel containers (e.g., calibration vials) this 

may result in large dose overestimation (e.g., 200% as seen in table 3.2) if calibration 

vials are used to derive dose values. The possibility o f oxygen contamination as one o f 

the contributing factors to the discrepancies observed in table 3.2 has been prudently 

considered by some o f the authors (e.g., Cardenas et al 2002, Farajollahi et a l 1999).
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Table 3.2. Som e dose d iscrepancies related to  po lym er gel test-tube calibration reported 
in the literature. W e suggest tha t regardless o f  th e  trend, in m ost o f  these cases oxygen 
m ight be a m ajor cause o f  discrepancies.

AUTHOR
POLYM ER
G EL

T R E N D /E X T E N T  OF 
DISCREPANCY

READ
OUT

ANOXIC gel dosimeters [monomer]

Low  e ta l  (1999) BANG® N ot reported +22% ; overestim ation M RI

Farajollahi et a l (1999) BAN G 8% T; 50% C 10%; no t clearly  reported M RI

Low  e ta l  (2000) BANG2® N ot reported up to  +10 % ; overestim ation M RI

M urphy et a l (2000) B A N G 6% T, 50% C +18% ; overestim ation M RI

C osgrove et a l (2000) BANG1 6% T, 50% C +23.5% ; overestim ation M RI

Farajollahi and 
B onnett (2001)

B A N G 8% T; 50% C U p to  18% low er dose response 
in calibration  vials

+10% , + 40%  and +200%

M RI

C ardenas et al (2002) B A N G 6% T; 50% C overestim ation on dose for three 
differen t calibration  m ethods

M RI

W atanabe et a l (2005) BA N G ™ N ot reported N ot reported M RI

Sandilos et al (2006)
PA B IG  and 
V IPA R

8% T; 50% C -9 % ; underestim ation M RI

NORM OXIC gel 
dosimeters

[monomer] & 
[antioxidant]

Liney et al (2003) M A G IC
9% T,
2 m M  A scA “

9% ; no t c learly  reported M RI

D um as et al (2006) PA G A T
9% T,
10 m M  TH PC

U p to  +10% ; overestim ation M RI

B ayreder et al (2006) M A G A T
5% T,
2 m M  TH PC

significant increase in R2 values 
w as observed w ith  increasing 
tim e betw een fabrication and 
irradiation

M RI

C rescenti et al (2007) M A G IC
3-9% T,
2 m M  A scA

U p to  -3 0 % ; underestim ation11, 
h igher R2 values in tes t tubes

M R I

K arlsson et al (2007) M A G A T
8% T,
2 m M  TH PC

U p to  +70% ; overestim ation M RI

M acD ougall et a l (2008) B A N G 3™ N ot reported Up to  +55% ; overestim ation, M RI

B joreland et al (2008) M A G A T
2% T,
2 m M  TH PC

N ot reported; how ever a  3.6%  
uncertainty w as reported  w ith 
depth dose calibration m ethod

M RI

X u e ta l  (2010)

W atanabe and 
G op ishankar(2011 )

BANG®3

B A N G S*02

N ot reported 

N ot reported

30%  low er dose response in 
calibration  v ials (this results in 
dose overestim ation)

+23 % , overestim ation

O ptical
C T

M RI

a A scA = ascorbic acid b personal com m unications



For normoxic gels however, a study on the effect o f cooling without interference o f 

oxygen represents a technical challenge; the gels would need to be mixed in an 

environment with known oxygen content inside the samples. Any discrepancy related to 

the cooling rate would be obscured by a variable oxygen / excess THPC concentration in 

the samples. A complicated oxygen effect, arising from competition o f oxygen and 

antioxidant can occur in these compositions (Sedaghat et al 2011). It is known that the 

polymerization reaction rate, the percent conversion o f monomers to polymer and the 

average chain length o f the polymer are governed by the effective free radical 

concentration (i.e., the difference between the concentrations o f free radical donors 

(initiators, catalysts, etc) and free radical traps (polymerization inhibitors, radical 

scavengers, etc)) (Chrambach et al 1976). Antioxidant molecules that have not reacted 

with oxygen act as radical traps. Therefore, infiltrating oxygen can first increase the 

sensitivity o f  the gel by consuming unreacted antioxidant molecules and after all excess 

antioxidant is consumed, additional oxygen will lower the sensitivity by inhibiting 

polymerization (Sedaghat et al 2011). If a minute oxygen contamination (before the 

balance between oxygen and antioxidant is reached) occurs in calibration vials, this will 

yield higher Ri values in vials and will result in dose underestimation (see the schematic 

in figure 3.8). If oxygen contamination is a little more significant, then polymerization in 

the small calibration vials would be reduced (R2 values in the vials would be smaller) 

compared to larger gel containers and using calibration vials to derive absolute dose 

values will result in dose overestimation. Note that in anoxic gels, oxygen contamination 

is believed to demonstrate itself as a progressive dose threshold on the 7?2-dose response 

curve (De Deene et a l 2001b). However, it should be emphasized that a minute
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concentration o f contaminant oxygen in normoxic formulations can significantly alter the 

dose response in vials/larger phantoms while the gel is radiosensitive at low doses and 

the linearity is also preserved (i.e., the sensitivity is affected as shown in figure 3.8, but 

there is no dose threshold unless a severe oxygen contamination occurs).

We propose that all ‘calibration-related’ dose discrepancies over 5% are primarily 

caused by oxygen or other chemical contamination, provided that:

i) all phantoms and calibration vials are scanned together,

ii) dose delivery errors are minimized by appropriate routine clinical protocols and

Hi) dose rate effects are negligible (e.g., for PAG-type dosimeters or when all

phantoms are irradiated with the same dose rate with conventional photon and 

electron therapy facilities).

A slight oxygen contamination is likely to have a large effect on the dose response, 

but if conditions / to iii are met, the discrepancies caused by other radiochemical errors 

do not appear to be above 5%. The trends o f dose discrepancies observed in table 2 are 

mostly overestimation. This may indicate that Rj values in calibration vials were smaller 

compared to the phantoms, suggesting that polymerization was slightly inhibited in these 

vials by some oxygen infiltration.

Sandilos et al (2006) observed a 9% underestimation in their measurements with 

anoxic PABIG and VIPAR dosimeters and attributed that to the attenuation o f the 

Plexiglas phantom walls. However, while the dosimetry was done with a Perspex 

phantom, they used glass vials for calibration; therefore it is also possible that the gel in 

the calibration vials was less affected by oxygen infiltration than the gel in the Plexiglas 

phantom and the observed discrepancies originated from differences in oxygen

130



contamination between calibration vials and dosimeters. Bayreder et al (2006) noticed 

that the sensitivity of their MAGAT dosimeter increases substantially when the time 

between fabrication and irradiation is prolonged. They used BAREX™ vials sealed by 

plastic caps and SARAN™ wrap which are obviously oxygen permeable; therefore here 
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Figure 3.8. Schematic showing that more polymerization in calibration test tubes results in 
dose underestimation and vice versa. 

too, a possible oxygen infiltration could lead to higher R2 dose response as the time 

between fabrication and irradiation was increased and the probability of oxygen 

infiltration was consequently increased. Crescenti et al (2007) observed a 30% dose 

underestimation which may indicate that their normoxic gel in the calibration vials was 

contaminated by a slight oxygen infiltration, resulting in higher relaxation values which 

could yield to dose underestimation as illustrated in figure 3.8. The extent of 

discrepancies in table 3.2 definitely depends on preparation and storage conditions which 

determine the extent of oxygen contamination. If oxygen can infiltrate the gel containers, 
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then time post-gel fabrication and container volume are major factors that impact on the 

dose response and determine the extent o f discrepancies.

3.5.3 N IP A M -basedgel dosim eter

The dose response o f the NIPAM dosimeter was very unstable and decreased 

substantially with time-post fabrication. Additionally, no change in R2 values was 

observed in small calibration vials for doses below 3 Gy. In larger phantoms, a 

temperature increase was detected by the probes only after 6 to 7 Gy was delivered to the 

phantoms. No color change was observed in our glass phantoms irradiated to doses below 

6 Gy; the gel in these phantoms was discarded without being imaged, as we were 

investigating temperature effects. Senden et al (2006) reported a pronounced post

irradiation instability in NIPAM-based dosimeters that was manifested by significant 

increase in R 2 values up to 72 h. Similar post-irradiation instabilities have been observed 

for a NIPAM dosimeter with isopropanol as co-solvent and increased monomer content 

(Koeva et al 2009). Post-fabrication stability o f NIPAM gel dosimeters was however not 

investigated.

Maximum temperature in the three larger phantoms reached values between 37°C to 

41°C when a dose o f  25 Gy was delivered (figure 3.5(b)). These temperatures are 

significantly higher than the LCST o f NIPAM polymer. Shrinkage o f NIPAM polymer 

during polymerization would have progressively compressed R2 profiles in the four 

phantoms towards higher dose regions (left o f figure 3.5(c)) depending on the gel 

volume. However, despite the fact that the gel medium experiences significant 

temperature differences in the four phantoms, the decreasing trend and slope o f R 2 values
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along the depth is qualitatively comparable for the three larger phantoms; yet i?2 -depth 

profiles do not superimpose to the extent they do for other gel dosimeters (figures 3 .2- 

3.4). This is due to fact that the phantoms were irradiated one by one and a delay o f about 

35 min existed between each two subsequent irradiations. During this time delay, as can 

be seen in figure 3.5(d), the sensitivity o f the gel rapidly decreases, resulting in dose- 

response profiles with lower Ri values along the depth. This rapid loss o f sensitivity in 

NIPAM compositions is opposite to the significant increase in MAGAT dosimeters when 

the time post-fabrication was increased (Bayreder et a l 2006). While both gel dosimeters 

contained THPC as an antioxidant, these observations suggest a totally unexplored 

chemistry in gel dosimeters containing NIPAM. We speculate that NIPAM progressively 

reacts with gelatin and together they act as a trap for polymer radicals. While the gel 

mixture in the present study was transferred to the glove box through a vacuum chamber 

and the antioxidant was added to the mixture in the glove box, the absence o f dose 

response at low doses (i.e., below 3 Gy) may indicate that a factor other than oxygen may 

be responsible for the lack o f sensitivity in this low dose region.

Although the gel dosimeter in this study contained a high NIPAM content, these 

findings suggest that NIPAM shrinkage in a polymer gel dosimeter is probably not an 

issue. Discrepancies in a NIPAM-based gel dosimeter are however significant but they 

originate from other polymerization-related sources o f error and are not related to 

temperature. It should be noted that on average, all three sets o f calibration vials 

produced higher ^ -v a lu es  compared to the larger glass phantoms, making NIPAM-based 

gels an unreliable dosimeter with an interesting chemistry to be explored.
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3.5.4 Siem ens virtual wedge experim ent

The Siemens Linac reduces the dose rate to a minimum along the wedge angle to form 

the wedge shape dose distribution with a desired angle. When the wedge shape is formed, 

the dose rate returns to its nominal value and the rest o f the dose is delivered. While the 

dose rate variations during irradiation o f both phantoms were identical, the resulting 

temperature accrual in the two phantoms was significantly different. Not only a notable 

temperature difference was observed between the two sides o f the wedge field, but the 

gels in the two phantoms also experienced a different temperature history; yet the R2 

values along the wedge in the two phantoms matched perfectly. This is consistent with 

our previous results where temperature variations during irradiation o f a PAG dosimeter 

did not affect the dose response.

3.6 Conclusion

The potential impact o f heat release from the exothermal polymerization reactions 

taking place in a polymer gel dosimeter during irradiation was studied. The increase in 

temperature was directly measured in phantoms o f different volumes for a number of 

polymer gel dosimeters. No temperature induced effect was observed in MRI-measured 

transverse relaxation rates in different phantoms and therefore the hypothesized impact is 

refuted by our results for polymer gels mixed in the glove box. Some recently developed 

polymer gel dosimeters contain TV-isopropylacrylamide (NIPAM) which is a highly 

thermoresponsive polymer. We observed a pronounced post-fabrication decrease in the 

sensitivity o f  the NIPAM gel composition which needs to be further explored. Yet our
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results also suggest that the dose response o f NIPAM-based dosimeters is not affected by 

the shrinkage o f  poly-NIPAM polymer during polymerization, although temperature may 

increase beyond the LCST o f NIPAM. We also proposed a preliminary explanation, 

attempting to categorize the discrepancies observed in the polymer gel dosimetry 

literature between calibration vials and larger phantoms. We suggest that oxygen is still 

the major source o f dose error in polymer gel dosimetry, if  not well expelled from the gel 

by mechanical means. The effect o f oxygen / excess antioxidant on the dose response o f 

normoxic polymer gels still remains a challenge such that anoxic polymer gel dosimeters 

appear to be more robust and predictable.
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4.1 Abstract

A major source o f  dosimetric inaccuracy in normoxic polymer gel dosimeters is 

local variations in the concentration o f oxygen scavenger. Currently, a phosphorous 

compound, tetrakis(hydroxylmethyl)phosphonim chloride (THPC), is the oxygen 

scavenger o f choice in most polymer gel dosimetry studies. Reactions o f THPC in a 

gel dosimeter are not limited to oxygen. It can possibly be consumed in reacting with 

gelling agent, water free radicals and polymer radicals before, during and after 

irradiation, hence affecting the dose response o f the dosimeter in several ways. 

These reactions are not fully known or understood. It is our hypothesis that THPC 

not only scavenges radical species but also modifies the morphology o f  the gelatin 

network and o f  the polymer possibly by intervening in the polymerization of 

monomers. These hypotheses are investigated in an anoxic acrylamide-based gel 

dosimeter. Scanning electron microscopy results indicate gelatin pores decreasing 

from 70 pm to 40 pm and a very different radiation-induced polymer structure in 

samples containing THPC; Fourier-transform Raman spectroscopy shows a two-fold 

reduction in the dose constants o f monomers consumption; however, a significant 

change in the relative dose constants o f monomers consumption as a function o f 

dose could not be detected.
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4.1 Resume en fran^ais:

Les dosimetres a gels de polymere normoxiques peuvent etre fabriques sous des 

conditions de concentration d ’oxygene ambiante malgre la forte inhibition de la 

polymerisation causee par Toxygene. La radio-sensibilite de ces gels vient de 

l’addition d’antioxydant qui reagit avec l’oxygene dissous dans la preparation et en 

diminue fortement la concentration. Un compose phosphore, le chlorure de 

tetrakis(hydroxymethyle) phosphonium (THPC), est actuellement I’antioxydant le 

plus utilise. Les reactions du THPC dans un gel-dosimetre ne sont pas limitees a 

1’oxygene. U peut possiblement reagir avec la gelatine, les radicaux libres de l’eau 

ainsi que les radicaux polymeres avant et pendant 1’irradiation du dosimetre. Ces 

reactions ne sont pas bien connues. Leur etude pourrait reveler les mecanismes 

regissant la reponse des dosimetres a l’irradiation ainsi que les erreurs de dose 

survenant parfois lors de la calibration de ces dosimetres. Nous proposons l’hypothese 

que le THPC reagit avec les radicaux libres de l’eau et les radicaux polymere dans un 

gel-dosimetre sous irradiation. De plus, la morphologie du polymere forme pourrait 

etre affectee suite a des interferences du THPC pendant la reaction de polymerisation, 

ce qui conduirait a des changements des proprietes de relaxation nucleaire 

magnetique de ces polymeres. Ces hypotheses sont testees a I’aide d ’un gel-dosimetre 

base sur l’acrylamide. Des images de microscopie electronique revelent que les pores 

de la matrice de gelatine sont reduits de 70 pm to 40 pm et la structure du polymere 

forme est fort differente en presence de THPC. La spectroscopie Raman avec 

transformation de Fourier revele une consommation des monomeres reduits de moitie 

en presence de THPC mais ne met pas en lumiere une difference importante de la 

consommation relative des co-monomeres.
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4.2 Introduction

For a decade, it was taken for granted that the impact o f oxygen on sensitivity and 

dosimetric performance o f normoxic polymer gel dosimeters was negligible if a dose 

response was observed at low doses (e.g., < 5 Gy) (De Deene et al 2002). Measurement 

o f oxygen concentration in water and gel solutions indeed revealed that the level o f 

dissolved O2 molecules decreases to imperceptible amounts within a short time after 

introducing oxygen scavengers such as ascorbic acid (AscA) and tetrakis(hydroxymethyl) 

phosphonium chloride (THPC) (De Deene et al 2002, Maryanski 2002, Jirasek et al 

2006). The corresponding polymer gel dosimeters showed no dose threshold or inhibitory 

regions at low doses (Hurley et al 2005, Venning et al 2005), which suggested that 

polymerization was initiated and propagated without oxygen-related inhibition or 

retardation.

Many researchers reported discrepancies between dose responses o f different gel 

containers filled from the same gel batch (De Deene 2006, Baldock et al 2010). Dose 

discrepancies were noted in many studies mostly when attempts were made to calibrate 

polymer gel dosimeters. This was manifested in the gel dosimetry literature where 

authors were inclined to report their measurement results in relative values although a 

calibration curve with absolute dose values was produced only to ensure the linearity o f 

the dosimeter response within the normalized dose ranges (e.g., Pavoni et al 2012, Kaim 

et a l 2012, Watanabe and Gopishankar 2011, Ceberg et al 2010, Pappas et al 2008). 

Consequently, gel dosimeters have largely been used in a relative manner, which limited 

their applicability for clinical dose verification. These discrepancies were not always to
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the same extent and were observed as overestimation or underestimation from a reference 

dose; nonetheless calibration data and dose measurements in some experiments were in 

good agreement (e.g., Olding et al 2011, Petrokokkinos et al 2009). The origin o f  such 

irreproducible discrepancies was difficult to assess such that the level o f accuracy o f 

these dosimeters is debatable.

Since oxygen contamination had been ruled out and assumed to be suppressed in 

normoxic compositions, others and ourselves studied other effects to understand 

discrepancies in polymer gel dosimeters (e.g., De Deene et al 2007, Taylor et al 2007, 

McDougall et al 2008, Dumas et al 2009). However, we have recently shown that major 

discrepancies in normoxic polymer gels can still originate from oxygen diffusion into the 

gel during preparation and storage (Sedaghat et al 2011a, 2011b). The dose response o f 

these dosimeters was found to depend on variations in the concentration o f antioxidant 

that is continually consumed by oxygen. We are taking our investigations one step 

forward by hypothesizing that the antioxidant can be consumed in several reactions in the 

gel dosimeter other than reactions with oxygen. To what extent these reactions may 

impact on the dosimetric performance o f  normoxic polymer gels is not known.

To date, only two antioxidants (i.e., AscA and THPC) have been reported useful to 

fabricate normoxic polymer gel dosimeters. From these two, AscA, even in small 

concentrations, destructively reduces the dose response o f PAG-type dosimeters 

(Sedaghat et al 201 la), leaving THPC the most applicable antioxidant for gel dosimetry. 

However, THPC complicates the chemistry o f polymer gel dosimeter as it takes part in 

many reactions, including reactions with gelatin (Jirasek et al 2006).
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Here we investigated the role o f THPC in a PAG-type gel and its impact on the dose 

response o f the dosimeter. The purpose was to determine whether THPC takes part in 

reactions with the monomers or modifies the polymerization process. PAG consists of 

acrylamide (AA) and A .A ’-methylene-bis-acrylamide (BIS) as co-monomers. BIS was 

shown to be consumed more efficiently with the increase in dose than AA such that the 

polymer formed at low doses (~ 5 Gy) is more BIS-rich and at higher doses (~ 20 Gy) it 

is more AA-rich (Baldock et al 1998, Lepage et al 2000, Jirasek et al 2001). We 

hypothesized that the polymer structure / morphology may change in the presence o f 

THPC such that a more linear or a more conglomerated (densely clustered) polymer 

network can be formed as a result o f intervention o f THPC in the polymerization process. 

The dose response o f a polymer gel dosimeter is directly proportional to polymer yield 

and may also be affected by the morphology o f the polymer. Using Fourier-transform 

(FT)-Raman spectroscopy, we investigated whether the consumption ratio o f AA and BIS 

varies in the presence o f THPC. We also investigated the structural and morphological 

variations in the polymer texture with scanning electron microscopy (SEM) in samples 

with and without THPC.

4.3 Materials and methods

All gel dosimeters were prepared inside a nitrogen-filled glove box to minimize 

interference o f oxygen on the results. The level of oxygen was 0.00 mg F 1 in nitrogen- 

bubbled water before mixing each gel batch and was measured to be 0.02 mg f 1 in the 

glove box environment during gel preparation. Oxygen concentration was determined
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with a Fisher Scientific Accumet® excel XL 60 dissolved oxygen meter (range o f 0-60 

mg I-1, resolution o f ± 0.01 mg f 1, accuracy o f  0.1 mg f 1). The device is a multi- 

component kit capable o f measuring temperature and pH with separate probes. All 

chemicals used were from Sigma-Aldrich, Ontario, Canada, except for BIS which was 

obtained from Acros Organics BVBA, Geel, Belgium. Gel samples prepared for each 

experiment are summarized in Table 4.1.

Table 4.1. Concentration o f  the constituents in the different gels prepared for each study.

Samples
[Gelatin]

%(w/w)

[AA]

%(w/w)

[BIS]

%(w/w)
[THPC]

mM
water

%(w/w)
experiment

I Gelatin 5, 10, 20 - - - 95 ,90 , 80 pH study
II PA G / PAGAT 5 3 3 - /  10 89 pH study
III PA G / PAGAT 5 3 3 - /  10 89 FT-Raman
IV Gelatin 5 - - - 95 SEM study
V PA G / PAGAT 5 3 3 - /  10 89 SEM study
VI AA+BIS - /+  THPC - 3.5 3.5 - /  10 93 SEM study

AA: Acrylamide (electrophoresis grade, +99%)
BIS: N,N’-methylene-bisacrylamide (electrophoresis grade, +99%) 
THPC: Tetrakis(hydroxymethyl)phosphonium chloride (80% in water) 
Gelatin: (Type A, acid processed, ~300 bloom)
PAG: Polyacrylamide gel dosimeter 
PAG AT: PAG containing THPC
Brackets *[ ]’ indicate the concentration o f the chemical within them

4.3.1 Varying pH

Effect o f varying pH was studied in gelatin (300 bloom, type A) gel and in an anoxic 

PAG dosimeter with and without THPC. The pH was varied by adding small volumes o f 

high molarity sodium hydroxide (NaOH, 10 M) or hydrochloric acid (HC1, 12.4 M) 

directly taken from stock solutions. The pH was measured with the Accumet® pH 

electrode when the reading became stable.

147



To determine changes in nuclear magnetic transverse relaxation rate (R2 ) of water 

protons o f gelatin gel as a function o f gelatin concentration and pH, three gel solutions 

with [gelatin] o f 5%, 10% and 20% (w/w) were prepared. The pH o f the solutions was 

varied from 1 to 10 when the temperature o f the gelatin solution was 42±0.5°C. Eleven 

glass test tubes (20 ml) each containing a gel with a different pH were filled for each 

gelatin concentration. The tubes were transferred to the MRI scanner room and scanned 

24 h after preparation.

A PAG dosimeter was prepared at a mixing temperature o f 42°C, using 3%, 3% and 

5% (w/w) o f AA, BIS and gelatin, respectively. The co-monomers were added after full 

dissolution o f  gelatin and stirred until a clear solution was obtained. The pH o f the PAG 

was varied from 1 to 12. Ten series o f 13 glass vials (2.4 ml each) were filled; five series 

contained varying [HC1] (from 2 to 100 mM) to decrease pH, one series was filled 

without any additives and four series contained NaOH (from 1 to 40 mM) to increase pH.

In a different session a PAGAT dosimeter was prepared with a similar preparation 

procedure and ingredients to that o f  PAG to which 10 mM THPC was added after 

dissolution o f the co-monomers. Six series o f  vials were prepared with varying pH from 

2.9 to 5: one series contained NaOH (2 mM), one series was the PAGAT without 

additives as control, and the other four series contained HC1 (from 2 to 25 mM) to 

decrease pH. Decreasing pH further prevented jellification. The gel set very quickly by 

adding a small concentration o f NaOH (~ 5 mM) such that it could not be poured into 

vials; therefore the pH could not be further increased.

The vials were irradiated to known doses along the depth in a homemade water tank 

with a Siemens Oncor® Linac. Irradiation was performed with 6 MV photons at a dose
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rate o f 300 cGy min ', 24 h after gel fabrication. Irradiation conditions were similar to 

the calibration o f the Linac with a 10 x 10 cm field and source to surface distance o f 100 

cm. The dose to each vial was extracted using data from the depth dose profile o f the 

Linac in water taking into account premeasured corrections due to attenuation o f 

shallower vials on vials at larger depths.

All series were scanned with a Siemens Sonata 1.5 T MRI scanner (Siemens Medical 

Solutions, Erlangen, Germany) two days after irradiation. A multi-echo spin echo 

protocol was used to scan the samples, based on published recommendations (De Deene 

and Baldock 2002). Scan parameters were set to a repetition time (TR) o f 6780 ms, 24 

echoes with an echo spacing o f 40 ms, slice thickness o f 4 mm, resolution o f 0.94 x 0.94 

mm2 and 10 acquisitions were averaged.

4.3.2 FT-Raman spectroscopy studies

A PAG dosimeter was mixed in the glove box as above with the same compositions and 

ingredients. The solution was divided into two portions to one o f which 10 mM THPC 

was added. Two series o f  13 glass vials (each vial o f 2.4 ml capacity) were filled with 

these two gels. The samples were irradiated 24 h later with the same set-up and procedure 

as described above for the gels in the pH study.

FT-Raman spectroscopy was performed one week after irradiation on a Bruker RFS 

100/S Fourier transform Raman spectrometer (Bruker Spectrospin ltd, Milton, ON, 

Canada). The spectra were acquired with a 1064 nm Nd:YAG laser operating at 350 mW. 

The resolution was 8 cnT1 with strong Beer-Norton apodization and 2000 scans were 

averaged. Raman spectra o f PAG and PAGAT were characterized by comparison with
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the literature reports (Baldock et al 1998, Lepage et al 2000, Jirasek et al 2001). The 

vinyl C -H  vibrational modes o f AA (at 1285 cm-1) and BIS (at 1256 cm-1) produce well 

resolved peaks in the spectra that are not obscured by peaks from other chemical 

constituents. The background signal was subtracted from each spectrum and the area 

under each peak was calculated in OriginPro 8.

4.3.3 Scanning electron microscopy studies

Electron microscopy required dry samples. Preliminary studies indicated that sample 

preparation method had a pronounced effect on the structures observed. Samples were 

prepared with critical point drying method or were freeze-dried. We chose the latter as 

we observed better-resolved structures with freeze drying. We noted that the polymer 

structure was obscured by the presence o f gelatin, such that differences in the structure o f 

PAG, PAGAT and irradiated pure gelatin gel were hard to distinguish. Therefore a 

gelatin-free solution o f AA and BIS (7%T, 50%C) was prepared in the glove box by 

dissolving the co-monomers at 42°C in water. Ten mM THPC was added to half o f the 

solution when it reached 35°C. Two series o f 5 glass vials (20 ml) were filled. The vials 

were individually irradiated with the Siemens Linac at a fixed depth in a water tank 2 h 

after fabrication. The resulting hydrogels were kept in the dark at room temperature for 

24 h. The gel in each vial was extracted and freeze-dried for 48 h after this delay.
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4.4 Results

4.4.1 p H  modification study

Figure 4.1 illustrates the effect o f varying pH on Rj o f un-irradiated gelatin and the dose 

response o f PAG and PAGAT. Not surprisingly, higher gelatin concentration caused an 

increase o f R2 values o f the gel but the natural pH o f gelatin (i.e., pH 5) remained 

constant (figure 4.1(a)). For all gelatin concentrations, a minimum is observed at around 

pH 5.5 followed by a maximum at around pH 9. Increasing pH above 9 resulted in a 

gelatin solution that did not set; consequently, a decrease in R2 values is observed for 

gelatin at pH 10. At lower pH values, a maximum R2 is observed around pH 3.5. Gelatin 

did not set at pH 1 and was flaccid at pH 2 after 24 h. R2 variations are more pronounced 

in samples with higher gelatin concentration.

Figure 4.1(b) shows variations in the dose response o f PAG dosimeter as a function o f 

pH. Qualitatively, variations o f R2 with pH in PAG follow a trend similar to that o f 

gelatin. Original PAG formulation has a pH o f 5.3. Increasing pH from 5 to 10 

substantially increases i?2 values but negatively impacts on the dose sensitivity o f PAG. 

A hint o f a decreasing sensitivity with increasing pH can be noted by observing the 

decrease in IS.R2 at higher pH (e.g., assuming a linear dose response for PAG between 0 

and 7 Gy: AR2 = i?2(7 Gy) -  ^ ( 0  Gy) =0.78 sH at pH 10, while A7?2= 2.56 s~’ at its 

natural pH). At pH 12, the gel did not set and the resulting R2 values decreased 

substantially. Decreasing pH o f PAG to 4 gradually decreases the sensitivity and the 

mechanical stability o f gelatin. At pH 2 and below, the gels were liquid even after 

irradiation.
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Figure 4.1. Variations of R2 values as a function of pH for gelatin and two different 
polymer gel dosimeters. (a) Impact of pH on R2 relaxation rates of gelatin gel. The 
impact of pH on the dose response of (b) PAG and (c) PAGAT are also depicted. 
PAGAT was prepared in the glove box with 10 mM THPC. Vertical dotted lines in (a), 
(b) and (c) indicate the pH of the original solution. Error bars are the standard deviations 
of R2 values in selected ROls. The dose response of PAGAT is again depicted in (d) by 
curves fitted on data to highlight changes in the dose sensitivity as a function of pH. The 
dotted line in panel (d) shows the dose response of PAG (from the same base solution) 
for comparison. The bold line is the original PAGAT composition without pH 
modifications (i.e., pH 4.64). All lines are guides to the eye. 
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Figure 4.1(c) and (d) illustrate R2 values o f PAGAT samples as a function o f pH and as a 

function o f  dose within the pH range that the gel was practically useful for 3D dosimetry. 

Figure 4.1(d) shows the fits to the data presented in (c). Increasing the pH o f PAGAT 

was limited as small concentrations o f sodium hydroxide resulted in rapid gelation o f the 

gel. Increasing pH resulted in a loss o f sensitivity. Decreasing the pH however, resulted 

in a substantial increase in sensitivity.

4.4.2 FT-Ram an spectroscopy 

For each spectrum of both PAG and PAGAT samples, the area o f the AA and BIS vinyl 

§ c h 2 vibrational bands were measured and plotted as a function o f absorbed radiation 

dose (figure 4.2). Curves were normalized to their intensity at 0 Gy. In the case o f the 

PAGAT-BIS curve, it would appear that the value at 0 Gy is doubtful. It was nevertheless 

left on the graph to show experimental variations. The first observation is that the overall 

consumption o f both monomers with dose is significantly reduced in PAGAT. This 

indicates that less polymer is formed in PAGAT compared to PAG for a given absorbed 

dose. This is consistent with the lower sensitivity o f  PAGAT dosimeters as observed in 

several studies (Jirasek et al 2006, Jirasek 2006). It was shown before that the integrated 

peak areas o f both AA and BIS decreased monotonically with increasing dose, but not at 

the same rate (Baldock et al 1998). More BIS is consumed at lower doses than AA in 

PAG; therefore in different dose ranges different polymer structures can be formed 

(Jirasek et al 2001).

The consumption o f AA and BIS in PAG dosimeter has been modeled with a simple 

monoexponential equation (Lepage et al 2000). The fits to the data o f PAG and PAGAT 

are also shown in figure 4.2. The fits follow a monoexponential decay in the form of:
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Figure 4.2. Variations of integrated peak areas of AA (1285 cm-1) and BIS 
(1256 cm-1) vinyl ôc112 vibration bands with dose in the absence of TIIPC 
(PAG) and with 10 mM THPC (PAGAT). For comparison, the signal 
intensity is normalized to the maximum signal in each gel. Consumption of 
reactant monomers is reduced in the presence of THPC; however, the ratio 
of consumption of both monomers with dose remains constant in both gels. 

D 

y=A+yoe c ( equation 1) 

where y is the remaining number of reactant monomers after the absorption of dose D. 

The initial number of monomers before irradiation is denoted by Yo and A is a constant 

that takes into account the background intensity in the spectrum. The dose constant C 

defines how efficiently a specific monomer is consumed with dose. TJ:ie results in P AG 

were CAA(1285 cm-1) = 8.46±0.93 and Cs1s(1256 cm-1) = 6.31±0.74 and in PAGAT 

were CAA(1285 cm-1) = 20.88±7.88 and Ca1s(1256 cm-1) = 15.05±4.52. The results in 
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PAG confirm previous reports and the results for PAGAT appear to follow this trend but 

the uncertainties are larger.

We hypothesized that THPC may modify the relative consumption o f AA and BIS in 

PAGAT compared to PAG such that the polymer composition in PAGAT and in PAG 

would be different. The ratio o f  the dose constants C o f AA over that o f  BIS is indicative 

o f the relative consumption rates o f the two monomers in PAG. This ratio is 1.34±0.31 

for PAG and 1.39±0.94 for PAGAT prepared in this study. For a PAG in a previous study 

this ratio can be calculated to be 1,85±0.40 (Lepage et al 2000). Given the uncertainty, a 

significant change in the relative consumption ratio o f the monomers in the presence of 

THPC is not observed.

4.4.3 Scanning electron microscopy

Gelatin samples viewed under electronic microscope are shown in figure 4.3 together 

with two images from irradiated PAG and PAGAT dosimeters. The gelatin samples 

(figure 4.3(a) and (b)) reveal alveolae-like structures with a mean diameter o f roughly 40 

pm. Fine structures in the un-irradiated gelatin (figure 4.3(a)) appear to grow to longer 

chains after receiving radiation dose (figure 4.3(b)). Similar fine structures were visible 

in un-irradiated PAG and PAGAT gel samples (not shown). The same alveolae-like 

gelatin structure is also seen in irradiated gel dosimeters (figure 4.3(c) and (d)); 

differences between PAG and PAGAT can be discerned where smaller porous structures 

are observed in PAGAT.

Figure 4.4 illustrates gelatin-free polyacrylamide structures with and without THPC. 

The polymer morphology in the absence o f  THPC after a dose of 8 Gy (figure 4.4(a)) and
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(a) Gelatin - 0 Gy 200 µm {b) Gelatin - 25 Gy 200 µm 

(c) PAG - 25 Gy 300µm {d) PAGAT - 25 Gy 300µm 

Figure 4.3. Scanning electron microscopie images of freeze-dried gela tin, P AG and 
PAGAT dosimeters. The concentration of gelatin in all solutions was 5% w/w. (a) 
shows an un-irradiated gelatin sample; in (b) gelatin received a dose of 25 Gy; (c) and 
( d) depict the structure of P AG and P AGAT, respectively, after 25 Gy. 

25 Gy (figure 4.4(c)) bas a similar spongy appearance which becomes coarser at the 

higher dose. However, the polymer structure looks substantially different in samples 

containing THPC. For a dose of 8 Gy (figure 4.4(b)), sharp crystal-li.ke structures are 

observed whose gaps are filled with a similar sponge-li.ke polymer network (between the 

sharp crystals). The polymer structure looks like broken fiat rocks at a dose of 25 Gy. 

During sample preparation, we noticed that dry polyacrylamide samples were feeble and 

brittle while samples with THPC were bard and difficult to break. 

156 



(a) M+BIS - 8 Gy 30 µm (b) AA+BIS+ THPC - 8 Gy 30 ~1m 

(c) M+BIS - 25 Gy 30 ;im (d) M+BIS+ THPC - 25 Gy 30 pm 

Figure 4.4. Electron microscopie images of freeze-dried AA/BIS solutions (7%T, 
50%C) polymerized by doses of 8 Gy (a and b) and 25 Gy (c and d). A concentration 
of 10 mM THPC was added to samples (b) and ( d). 

4.5 Discussion 

Changes of gelatin relaxation rates with pH have previously been studied for a pH range 

between 4 and 8 (Vackier and Rutledge 1996). That study reported a constant increase in 

R2 values with increasing pH. We observed a similar increase in R2 between gelatin 

natural pH (i.e. , pH 5) and pH 9, but also an increase in R2 values when gelatin pH was 
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lowered to about 3.5 (figure 4.1(a)). Further decrease in pH however, resulted in 

diminishing R2 values.

The variations o f gelatin relaxation rates observed here are conceivably correlated 

with the changes in gelatin viscosity and net internal charge as a result o f pH change. 

Changes in the viscosity and/or stiffness o f gelatin could affect the rate of proton 

exchange between the bulk water and gelatin backbone which in turn modifies the 

measured relaxation rates. Gelatin consists o f charged polymer molecules carrying 

ionizable acid and base groups. In an aqueous solution these groups dissociate, leaving 

ions on chains and counter-ions in the solution. The net charge o f gelatin in an aqueous 

solution can be modified by varying the pH (Mohanty et al 2007), which is expected to 

modify the viscosity and configuration o f gelatin. At a specific pH, called the isoelectric 

pH (pi) the number o f  positive and negative charges on the gelatin molecule are fully 

compensated, giving the polymer chain a minimum net charge; therefore at this pH the 

molecule is strongly contracted. At a net positive or negative charge, the gelatin molecule 

becomes uncoiled, because equal charges along the polymer backbone exert repulsive 

forces which compel the molecule to attain a more extended conformation (Dreja et al 

1996). The pi o f 300 bloom ‘type A ’ gelatin is at pH 9 which correlates with the 

maximum R2 value in figure 4.1(a). At higher pH, gelatin does not set and R2 is 

significantly reduced. Minimum R2 values for the gelatin samples that jellified occurred 

at around gelatin natural pH. Decreasing pH o f gelatin from the natural pH to about 3.5 

increases the viscosity o f the gel (Stainsby 1977) which correlates with the increase in R2 

at this pH range. At low pH, when gelatin does not set (i.e., pH 1) or is loose (pH 2), R2 

values decrease again.
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Previous studies on the effect o f pH on the dose response o f polymer gel dosimeters 

have been limited. Maryanski et al (1993) reported irreproducible dose response in an 

AA-based dosimeter with agarose as the gelling agent at low pH and ascribed that to 

spontaneous ionic initiation o f polymerization. No further details were provided. A study 

on a variation o f  BANG, in which acrylamide was replaced by sodium methacrylate, 

indicated that the dose sensitivity o f the modified gel can be increased by addition o f 

NaOH to increase pH (Murphy et al 2000). Our results indicate that the highest /?2-dose 

response o f PAG is at its natural pH. The pH modifications in PAG (figure 4.1(b)) 

resulted in variations that are qualitatively comparable to that o f gelatin suggesting 

that variations in PAG mainly result from variations in gelatin pH. Nevertheless, the 

radiation sensitivity o f PAG and its overall dosimetric performance was negatively 

affected when the pH was modified.

pH modifications, however, improved the i?2-dose sensitivity o f the PAGAT 

dosimeter. The drastic increase in sensitivity o f PAGAT with decreasing pH may indicate 

that the consumption o f water-free radicals by THPC is reduced at low pH. While the 

exact reactions o f THPC in a polymer gel chemical system is not known, the following 

hypotheses seem plausible.

The dissociation o f THPC in aqueous solution is repressed by HC1 (Frank et al 1982); 

this effect may decrease radical scavenging capacity o f THPC in the gel dosimeter when 

pH was lowered, hence increasing the radiosensitivity o f  the gel. On the other hand, base 

(e.g., NaOH) dissociates THPC to tris(hydroxymethyl) phosphine (THP) and 

formaldehyde in a reaction sequence where a hydroxymethyl group is abstracted from 

THPC (Vullo 1966):
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(H 0C H 2)4PC1 + N aO H  >• (HOCH2)3P + H CH O + N aC l+ H 20

(equation 2)

Vullo (1966) reported NaOH-induced reaction between THPC and AA in an aqueous 

solution where their molar ratio was 1:3. In a polymer gel dosimeter however, much less 

THPC is present. The decrease in the sensitivity o f the PAGAT may better be explained 

by the radical scavenging o f THPC or its reactions with gelatin. The fast setting o f gelatin 

with the addition o f  NaOH may be ascribed to the reactions o f THP and formaldehyde 

(HCHO) with gelatin. The increased coagulation of gelatin may reduce monomer 

diffusion and results in a decrease in sensitivity (Jirasek et al 2006).

On the other hand, it is possible that THPC reacts with hydroxyl (OH*) and/or 

hydrogen (H*) radicals that are generated during irradiation by water radiolysis in a 

polymer gel dosimeter. Phosphorous-containing compounds such as THPC are the most 

common fire retardants in industry. As flame retardants, halogen-phosphorous 

compounds are known to actively scavenge OH* and H’ radicals that otherwise highly 

react in flaming (Lefebvre et al 2003, Putzeys et al 2005). The increase in sensitivity o f 

PAGAT with the decrease in pH may be linked to the potential reactions o f THPC with 

OH* or H* radicals; for instance, upon radiolysis, aqueous electrons can react with 

hydrogen ions to give hydrogen radicals (Ferradini and Jay-Gerin 2000).

e“q + H + -»  H* (equation 3)

If pH is decreased, then the concentration o f hydrogen ions available for reaction with 

aqueous electrons is increased. If more hydrogen radicals are produced, then more THPC
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is consumed in reacting with these radicals and hence the sensitivity o f the gel dosimeter 

is increased.

Figure 4.2 indicates that less monomer is consumed in the presence o f THPC as the 

dose increases (i.e., the polymer yield is reduced in PAGAT). This is seen as higher FT- 

Raman intensities for BIS and AA in PAGAT compared to PAG as the dose is increased. 

We have presented evidence elsewhere which suggests that the lower polymer formation 

in PAGAT can be attributed to scavenging o f water free radicals by THPC (Sedaghat et 

al 201 la). If water free radicals react with THPC to form a stable product, then those 

radicals are “lost” and cannot initiate the polymerization reaction. However, based on the 

ratios o f the dose constant for the consumption o f AA relative to that o f BIS, the relative 

consumption o f the co-monomers does not considerably change in PAG and PAGAT 

dosimeters prepared in the glove box. The dose range in this study was between zero and 

30 Gy as compared with a dose range o f 0 -  50 Gy reported by Lepage et al (2000) who 

obtained a ratio o f 1.85±0.40 for a similar PAG dosimeter. The dose range used in the 

current study is likely not sufficient to fully assess the consumption o f  monomers in 

PAGAT and may explain the large uncertainties in that case. A more linear polymer 

structure would be expected, if for example, the relative consumption o f BIS was 

significantly reduced in the presence o f THPC (i.e., C ~ 1). Such a trend would be 

indicative o f direct intervention o f THPC in the polymerization o f AA and BIS. FT- 

Raman data suggest that in PAGAT, both monomers are consumed at a slower rate with 

dose compared to PAG such that it takes a higher dose to produce the same amount of 

polymer in PAGAT than in PAG. However, the polymer structure contains 

approximately the same relative number o f BIS and AA molecules as in PAG.
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FT-Raman spectroscopy detects the depletion o f the monomers as a function o f dose, 

but does not directly provide information on the morphology o f the polymer formed. 

Therefore, although a change in the relative consumption o f the co-monomers was not 

observed, THPC may intervene in the reactions such that the co-monomers form a 

different morphology upon polymerization in the presence o f THPC.

The polymer structure in a PAG dosimeter is in the form o f an interpenetrating 

network as it is a multi-component polymer blend o f gelatin and other polymerized 

monomers (Martinez-Ruvalcaba et al 2009, De Deene et al 2006). Figure 4.3 shows 

structural differences between gelatin and irradiated PAG with and without THPC. 

However, structures related to gelatin are dominant in these images. From figures 4.3(c) 

and (d), structural differences in the gelatin matrix in PAG and PAGAT can be discerned 

as gelatin in PAGAT appears to have formed a finer network which has smaller pores 

than that in PAG. In all images however, tiny slender aggregates can also be observed. In 

gelatin samples these are ascribed to impurities in the gelatin batch. In PAG and PAGAT 

these slender aggregates could be a blend of polymerized monomers and gelatin 

impurities, but the SEM cannot differentiate polyacrylamide from gelatin impurities. 

SEM images with a much higher magnification o f a PAG dosimeter have been reported 

(Bosi et al 2009). The difference in scale makes it difficult to compare the results.

A much better image o f polyacrylamide structure is produced if  gelatin is excluded. 

Figure 4.4, shows significant differences in polyacrylamide with and without THPC. 

These differences indicate that THPC may interfere in copolymerization o f  AA/BIS. The 

large uncertainties in the FT-Raman results do not enable us to firmly conclude on this 

aspect. Previous FT-Raman spectroscopy studies indicated that THPC does not react with
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AA or BIS alone in water before irradiation (Jirasek et al 2006). THPC dissociates to 

several components in an aqueous solution such as hydrochloric acid, formaldehyde and 

phosphines (Frank et al 1982). Phosphorous containing groups scavenge oxygen but are 

unstable in the solution until they react with other components in the medium (Frank et al 

1982, Vullo 1966). Our results here clearly show that polyacrylamide structure in the 

presence o f THPC is modified. It is not still known which reaction or reactions take place 

between THPC components and polyacrylamide during polymerization. An independent 

study to differentiate these reactions would be required. The structure o f polyacrylamide 

observed in figure 4.4(a) and (c) resemble other SEM images o f polyacrylamide in the 

literature (Kwok et al 2003, Lira et al 2009), although the preparation and polymerization 

o f polyacrylamide in these examples were not the same.

4.6 Conclusion

THPC reduces the dose response o f acrylamide-based polymer gel dosimeters but we 

showed that a substantial increase in the dose response can be obtained by lowering pH. 

We used this effect to postulate some potential reactions o f THPC in PAG. The structure 

o f gelatin and polyacrylamide as observed by scanning electron microscopy reveals 

significant differences in the presence o f THPC. This indicates that one or more 

components o f THPC affect the gelatin matrix and take part in or prevent the 

polymerization reaction. THPC is used for its ability to scavenge oxygen in a polymer gel 

dosimeter but it intervenes in several reactions that modify the dose response o f the 

dosimeter. Overall, the ^ 2 -dose response o f polymer gel dosimeters depends on the
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amount o f unreacted THPC, which in turn depends on the number o f oxygen molecules 

penetrating in the polymer gel dosimeter during fabrication and storage. THPC can also 

be consumed by other reactions in the dosimeter gel. This imposes serious challenges on 

the accuracy and reproducibility o f dosimetric measurements with normoxic polymer 

gels, which we suggest is the major source o f inter-batch and intra-batch discrepancies 

observed in the literature. In principle, linearity o f the dose response as obtained by any 

calibration method in a given dose range does not guarantee that the dose response o f the 

gel in a different phantom is similarly linear.
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Chapter

V. Discussion

5.1 Summary of the project

Technological advances in radiation therapy enabled the delivery o f patient-specific 

complex 3D dose distributions to cancerous neoplasm. In principle, these techniques can 

significantly raise cancer survival rates because o f the elevated accuracy in tumor 

targeting and normal tissue avoidance. However, a comprehensive verification o f the 

treatment delivery is crucial in modern radiotherapy where radiation beams are 

drastically modulated. Because o f the complexity o f the delivery equipment and the 

complexity o f site-specific dose distributions, chances o f calculation errors or delivery 

failure are also increased. This is the reason for which in advanced clinics, complex 

treatments (e.g., IMRT treatments) are not delivered to patients, unless the plan and 

delivery is cross-checked and verified by measurements prior to the treatment. Over the 

past quarter o f the century, while the code o f practice in radiotherapy has drastically
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changed to the use o f  modem 3D techniques, the success in accurate volumetric 

measurement / verification o f the prescribed dose in three dimensions with the criteria 

and resolution required in radiotherapy has been limited. Current quality assurance 

routine in modem radiotherapy departments is based on measuring a TPS-calculated 

projection o f the 3D dose distribution with 2D arrays o f diodes or ion chambers (Iftimia 

et al 2010, Wagner and Vorwerk 2011). These methods provide at best a partial sampling 

o f a deformed dose distribution with a limited resolution due to the construction and size 

o f the detectors.

Polymer gel dosimeters are potential quality assurance alternatives that capture a full 

3D dose distribution within their volume which can be measured with a much finer 

resolution than that currently provided by 2D QA devices in use in radiotherapy. Single 

energy deposition events in the gel medium are amplified by polymerization by a factor 

in the order o f 104 (i.e., the average polymer chain length (Lepage et al 2000)) such that a 

quantifiable dose-response is produced in the gel dosimeter. Yet, as the dimensions of the 

monomers are in the nanometer range and since the polymer yield is held localized in the 

gel medium, the only factor that limits the spatial resolution is the scanner capability. 

However, these gel dosimeters should fulfill a number o f dosimetric criteria (Whittaker 

2001, De Deene 2004) to be considered reliable dosimeters.

Such criteria include:

i) high chemical stability both spatially and temporally (before and after irradiation),

ii) their dose response should ideally be a reproducible/exclusive function o f dose,

iii) the dose response should have a minimal energy and dose rate dependence,

iv) the dosimeter should be tissue equivalent for the kind o f radiation it is used for,
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v) the dosimeter should have an adequate dose range and sensitivity for clinical 

scenarios.

The characteristics o f a polymer gel dosimeter primarily depend on the nature o f the 

chemicals used. To a large extent, the sensitivity, reproducibility, stability and dynamic 

range o f polymer gel dosimeters are determined by the nature o f the polymerization 

reaction that the constituent monomers undergo and whether they participate in reactions 

with the gelling agent.

Several studies have been performed on different gel compositions to evaluate their 

dosimetric performance. Due to their high water content, most polymer gel dosimeters 

can be considered as soft tissue equivalent for high-energy photon irradiation (Venning et 

al 2005, De Deene et al 2006, Brown et al 2008). At very low energies, for instance the 

energies o f 125I and 103Pd brachytherapy sources, dose corrections in the order o f 5% are 

required (Pantelis et al 2004). Only a slight energy-dependence has been found in a few 

polymer gel dosimeters for photon energies o f 6 MV and 25 MV (Novotny et al 2001, De 

Deene et al 2006). In certain polymer gel dosimeters, dose rate dependence was observed. 

This effect was more pronounced in MAA-based gel dosimeters (De Deene et al 2006, 

Karlsson et al 2007). For many compositions, the dose rate dependence has not yet been 

investigated.

This research investigated sources o f dosimetric inaccuracy in several polymer gel 

dosimeters. The main focus o f the study was to identify radiochemical factors that 

negatively impact on the reproducibility o f the dose response o f gel dosimeters; therefore 

parameters related to the beam quality and scanning were excluded and kept constant for 

specific gel compositions studied. First, a number o f hypothesized factors in the literature
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such as effect o f temperature (Salomons et al 2002), cooling history (De Deene et al 

2007) and container size (Dumas et al 2006, McDougall et al 2008) on the dose response 

o f polymer gel dosimeters were studied. It was found that these effects cannot be isolated 

and assessed unless severe measures are taken to exclude the influence o f  oxygen. The 

methodology employed in this research revealed that oxygen-related discrepancies were 

so dominant that the effect o f any other factor on the dose response o f polymer gel 

dosimeters was obscured. This contradicted the basic assumption in the polymer gel 

dosimetry literature that oxygen influence can be chemically eliminated in gels 

containing an oxygen scavenger. A rigorous examination was performed to evaluate the 

role o f oxygen scavengers in polymer gel dosimeters. Serious dose errors were noticed in 

numerous measurements. To explain these discrepancies a series o f experiments were 

designed with different gel compositions whose findings were published in the first 

article in Chapter 2. In view o f these findings the effect o f  ‘container size’ was 

deciphered and explained. Some chemical instabilities o f these dosimeters after 

manufacture and uncertainties in their calibration can now be understood and clarified. 

The poor reproducibility o f polymer gel dosimeters containing oxygen scavengers was 

clearly demonstrated and described. Based on gel preparation and storage conditions, the 

higher level o f dose uncertainties in normoxic gel dosimeters compared to their anoxic 

counterparts can also be explained by the findings reported in the first article. Besides, 

the findings provide a more comprehensive understanding o f the role and reactions o f 

oxygen scavengers currently in use in polymer gel dosimetry. Coherent findings in 

different gel compositions confirmed the interpretation o f the results and provided useful
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information with which chemical reactions o f  oxygen scavengers can be postulated for 

further studies.

When the major source o f discrepancy was recognized, studied and understood, the 

second step was to evaluate other potential sources o f error in polymer gel dosimeters. 

These were studied separately and are reported in the second publication in Chapter 3. 

Variations o f the polymerization reaction rates with changes in temperature o f the 

reacting medium {i.e., the gel) was plausible, since these reactions are exothermal and 

release heat during irradiation o f the dosimeter which in turn could accelerate or 

decelerate the reactions. Preliminary results showed that the extent o f heat released in 

several polymer gel dosimeters can be significant and depend upon many factors such as 

their composition, container volume and the delivered dose (Sedaghat et al 2009). 

Therefore a thorough study was undertaken on a number o f  gel compositions, container 

volumes and for several dose levels. Contrary to the expectations, the results o f carefully 

prepared gel dosimeters under anoxic conditions refuted the hypothesis that the dose 

response is modified by temperature. The results were coherent with previous findings 

where minimal variations were observed in the dose response o f PAG and PAGAT when 

temperature was externally varied between 4 -  22°C and 7 -  40°C for each gel, 

respectively (De Deene et al 2006). However, the dose-response o f MAA-based 

dosimeters prepared under normoxic conditions with THPS (De Deene et al 2006) and 

AscA (Murakami et al 2007) was reported to decrease with increasing ambient 

temperature. This contradicted the results in publication 2 for the same type dosimeters 

prepared under anoxic conditions in which radiation-induced temperature variations were 

not observed. An independent study is required to investigate whether this contradiction
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is linked to the presence o f oxygen and its reactions in normoxic MAA-based gel 

dosimeters.

While gel preparation in this research was conducted with due attention to the severe 

impact o f oxygen on the dose response o f the dosimeters, notable discrepancies were 

observed between data obtained from small calibration vials and larger phantoms. To 

explain these discrepancies, a thorough literature review and analysis was performed on 

similar discrepancies reported in the literature between data obtained from calibration 

vials and larger polymer gel phantoms. The discrepancies were analyzed according to 

their trend and extent in order to find suggestive similarities that could assist their 

categorization and analysis. Based on the literature review and the results o f this research, 

oxygen was found to be the major cause o f discrepancies in most cases as gel containers 

currently used by individual researchers in the field are prone to oxygen infiltration. This 

was explained in Chapter 3.

Chemical stability o f polymer gel dosimeters is a major factor in their applicability 

and accuracy. While several studies were performed on post-irradiation chemical stability 

o f AA-, MAA- and NIPAM-based gel dosimeters (e.g., Lepage et al 2001, De Deene et 

al 2000, 2002a, 2006, Senden et al 2006, Murakami et al 2007, Koeva et al 2009), 

studies on the chemical stability o f the dose response as a function o f time post

manufacture are limited (De Deene et al 2002b, Bayreder et al 2006).

Two types o f post irradiation instabilities were determined in polymer gel dosimeters: 

the first is continued polymerization o f the monomers after irradiation which changes the 

slope o f the i?2 -dose response curve and the second is continued jellification o f gelatin 

that increases baseline i?2 values. These instabilities are much more significant in AA-
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and NIPAM-based gel dosimeters in the first 24 h after irradiation; MAA-based 

dosimeters show a slight decrease in sensitivity after irradiation (De Deene et al 2006) 

whose origin has not yet been investigated. Post-manufacture instabilities were studied 

for normoxic MAA-based gels containing THPC and AscA (De Deene et al 2002b, 

Bayreder et al 2006) where significant increase in sensitivity was observed for both 

antioxidants. De Deene et al (2002b) discussed that the increase in sensitivity o f their gel 

corresponded to the rate at which AscA scavenges oxygen in the gel {i.e., the more 

oxygen is consumed by AscA, the higher the sensitivity would be). No chemical 

explanation was provided for the increase in sensitivity with time post-fabrication when 

THPC was used. Based on results in publication 1, this increase in sensitivity can be 

ascribed to continued consumption o f the antioxidants in the gel, primarily by infiltrating 

oxygen.

Numerous experiments throughout this research revealed that from the gel dosimeters 

studied, AA-based gels prepared under anoxic conditions have superior chemical stability 

before irradiation. For a NIPAM-based gel dosimeter significant loss o f dose sensitivity 

was observed in this research. The rate at which the dose sensitivity o f this dosimeter 

decreased with time post-manufacture was large such that the dosimeter was not suitable 

to study an extended treatment delivery as may be the case in an IMRT treatment with 

several beams or a Tomotherapy delivery that can take up to 20 min. Instabilities 

observed in the NIPAM gel dosimeter were not o f the same nature as those previously 

observed in other polymer gel dosimeters. NIPAM gel dosimeter showed two opposite 

behaviors when mixed under normoxic and anoxic conditions. A rapid loss o f dose 

response with time post fabrication was observed if the dosimeter was mixed under
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normoxic conditions; contrary to this, a rapid and extensive polymerization was observed 

in NIPAM gels that were mixed with deoxygenated water under anoxic conditions. Based 

on visual observations o f the resulting polymer, we assume that NIPAM may react with 

gelatin after fabrication. Instability o f the dose response o f the NIPAM-based gel could 

be linked to the ongoing reactions o f NIPAM with gelatin. Grafting o f NIPAM to gelatin 

has been extensively studied in biomaterial scientific literature {e.g., Ohya et al 2004).

In publication 3, reactions o f THPC in an AA-based gel dosimeter was studied. Based 

on results o f the changes o f the dose response of AA-based gel dosimeter with [THPC] 

(publication 1), we hypothesized that THPC reacts with certain water-free radicals in the 

gel dosimeter, hence decreasing the polymer yield and subsequently the dose response of 

the dosimeter. However, reactions o f THPC with AA (Vullo 1996) and gelatin (Jirasek et 

al 2006) have also been reported in the literature. Therefore, THPC may be consumed in 

several different reactions before, during and after irradiation. The dose response o f a 

polymer gel dosimeter is proportional to the polymer yield, but changes in the 

morphology o f  the polymer may also affect the dose response as morphological 

variations may impact on nuclear magnetic relaxation times o f  neighboring water protons.

To investigate potential reactions o f THPC with water-free radicals, a pH study was 

performed on an AA-based polymer gel dosimeter with and without THPC. To study 

potential reactions o f THPC with gelatin and monomers, the gel dosimeter was 

investigated with FT-Raman spectroscopy and scanning electron microscopy. 

Preliminary results suggest that THPC intervenes in polymerization o f the comonomers 

in an AA-based gel dosimeter, but does not change the relative consumption rate o f the
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monomers. Structural differences were observed between poly-acrylamide formed in the 

presence o f THPC compared to the polymer network formed when THPC was not added.

5.2 Perspectives and future work

The sensitivity o f the dose response o f polymer gel dosimeters to ambient oxygen is not a 

trivial challenge, especially because a polymerization chain reaction is utilized for 

quantitative measurements. These reactions are extremely sensitive to minute chemical 

variations in the gel medium, including variations in the concentration o f oxygen 

scavenger as it is consumed by oxygen or other constituents o f the gel. There are a 

number o f scenarios than can be followed for further research. These range from looking 

for an alternative detector other than monomers, to finding alternative antioxidants or 

combination o f antioxidants with which a more stable dose response is obtained.

An ideal chemical detector would be a detector that responds to the absorbed dose in 

the presence o f oxygen, such that there would be no need to expel oxygen from the gel 

solution. In the literature, free radical polymerization o f some macromers is reported to 

be relatively insensitive to oxygen inhibition (Lee et al 2004). These macromers are not 

primarily water-soluble, but in principle they could be considered as alternatives to the 

monomers currently in use in polymer gel dosimetry.
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Chapter 6

VI. General conclusions

In the literature, many different gel dosimeters are used with different monomers or 

monomer concentrations, antioxidants or antioxidant concentrations, different gelatin and 

water content and in different clinical settings, experimental conditions and several 

scanning modalities / parameters are used to evaluate these dosimeters. Clearly the 

number o f variables in these studies is large such that finding a single major cause o f 

error for polymer gel dosimetry as a whole is unlikely.

However by isolating and observing a single phenomenon (i.e., oxygen diffusion) in 

several gel compositions, enough evidence is provided in this thesis to conclude that such 

a single major cause o f discrepancy (i.e., oxygen) has been rediscovered in particular for 

all normoxic polymer gel dosimeters. This is contrary to the assumption that these gel 

dosimeters are immune to oxygen-related errors. The findings could be used to scrutinize 

and categorize reported errors in the literature for both anoxic and normoxic polymer gel 

dosimeters and draw a final conclusion for polymer gel dosimetry.

180



Alternative factors that were hypothesized to impact on the dose response o f polymer gel 

dosimeters were also studied. They do not seem to severely alter the dose response of 

polymer gel dosimeters.

At their current status, normoxic polymer gel dosimeters are neither trustable relative 

dosimeters, nor absolute dosimeters due to uncertainty in the effect o f oxygen on their 

final polymer yield. Significant discrepancies between dose responses o f calibration gel 

and measurement gel phantoms has led many authors to produce a multi-tube calibration 

curve only to. ensure that their relative calibration is valid such that the normalized 

maximum and minimum read-out values fall within the linear region o f  the dose response 

curve (e.g., Kaim et al 2012, Watanabe and Gopishankar 2011, Ceberg et al 2010, 

Pappas et al 2008). While this appears to be a way to get around the problem, there is no 

guarantee that linearity is maintained within the gel in the larger phantom due to an 

unknown amount o f oxygen that may infiltrate the gel during filling and storage. Oxygen 

may change the dose response o f the larger phantom to a sigmoidal or biexponential 

function o f  dose while a linear dose response with calibration vials is obtained. Therefore, 

relative calibration is flawed by the fact that discrepancies observed between the 

measurements and a reference dose cannot be definitively interpreted. If  properly 

prepared, it is the author’s opinion that anoxic polymer gels are more trustworthy for 

dosimetry than normoxic polymer gel dosimeters.

Two major reasons suggest that polymer gel dosimeters may remain a research tool 

and may not find widespread clinical use in radiotherapy departments unless these issues 

are resolved; these are:

i) Difficulty o f preparation and application,
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ii) Poor reproducibility due to susceptibility to environmental oxygen.

Optical scanning o f polymer gel dosimeters was suggested to facilitate their 

integration into the clinics (Olding et al (2011), Xu et al (2004, 2010), Bosi et al (2007), 

DeJean et al (2006)). Yet to date, only few attempts were made to perform an external 

calibration with optical CT (Olding et al 2011, Xu et al 2010) where instabilities and 

discrepancies similar to those reported in this thesis were observed. While optical 

scanning is cheaper and perhaps easier to perform than MRI, the laborious and time- 

consuming preparation o f the gels still remains an unbearable burden for the already 

overwhelmed work schedule in modem clinics. Besides, as long as issues related to the 

accuracy and precision o f these dosimeters are not well resolved, convincing clinics to 

take gel dosimetry as a routine clinical practice, for example for most o f their IMRT 

cases, would seem unlikely.

That being said, polymer gel dosimeters are unique in their 3D nature and will 

continue to play a major role in research and for specific complex cases in clinics where 

other dosimetry measurements are not adequate. At their current status, polymer gel 

dosimeters cannot be used independently as an absolute dosimeter, but they will continue 

to be used in conjunction with other dosimeters to resolve specific issues in complex 

treatment deliveries, in establishing and commissioning new treatment modalities and in 

finding potential pitfalls o f modem machines or treatment processes.
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