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Abstract 
 

THE UNIVERSITY OF ADELAIDE 

School of Physical Sciences 

 

Doctor of Philosophy 

 

An optical computed tomography scanner for three 

dimensional gel dosimetry of radiotherapy dose distributions 

 

Daniel Paul Norman Ramm 

 

Clinical radiotherapy treatments using linear accelerator (linac) generated megavoltage x-

ray beams are planned using computer models that calculate patient specific three 

dimensional (3D) radiation dose distributions. Treatment planning system (TPS) calculated 

doses are evaluated by clinicians to ensure suitable dose coverage of targeted tumours and 

the avoidance of excessive doses to normal tissues. The accuracy of the TPS must be 

validated by measurement to ensure correct patient treatments. Traditional radiotherapy 

dosimeters do not measure dose entirely in 3D. They effectively ‘spot check’ accuracy at 

discrete points or planes, without the ability to fully visualise measured dose distributions 

in true 3D. True 3D dosimetry systems have been a subject of research for more than 3 

decades. Gel dosimetry with optical computed tomography (CT) scanning using visible 

light wavelengths has been under investigation and development for much of this time. A 

lack of clinical uptake of the systems developed to date suggests that there are deficiencies 

or unappealing aspects, such as optical CT scanner maintenance and reliance upon optical 

expertise. Dosimetric accuracy of these systems also requires improvement, closer to 

accepted clinical dosimeters. In this work it was postulated that an optical CT scanner 

could be developed that is more efficient, practical and accurate than those demonstrated 

previously. This would address key aspects relating to clinical appeal. A specific 

application of stereotactic radiosurgery was targeted, where small dose distributions are 

delivered with high spatial accuracy to cranial tumours. 
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Improvements in the practicality and efficiency of optical CT scanning were initially 

sought by elimination of the need for a refractive index (RI) matching fluid bath for 

scanning gel dosimeter samples. Optical simulations were used to investigate and identify 

suitable optical geometry that would enable fluid-less scanning for tomographic 

reconstruction. A prototype fluid-less optical CT scanner was constructed and the proof of 

concept was demonstrated using ferrous xylenol orange gel (FXG). The next phase of work 

was to develop the dosimetry system further, striving for dosimetric accuracy. The 

properties of the FXG dosimeter were studied by characterising the dose response, dose 

development, ion diffusion and thermochromism. The scanner was refined by addressing 

imaging artefacts, the addition of a reference detector and the development of a cuvette 

based dose calibration procedure. Standard procedures for gel manufacturing and handling, 

and for optical CT operation were developed to improve reproducibility of results. The 

system’s performance was assessed and its utility was demonstrated in the clinical 

application of linac radiosurgery and was also extended to brachytherapy 192Ir source 

verifications. 

 

Further improvements of system practicality and measurement quality were proposed by 

the concept of dual wavelength scanning. A second laser of a different wavelength could 

provide reference scan data instead of pre-irradiation scans. This would give a single scan 

procedure for greater practicality and could improve measurement quality by avoiding scan 

to scan artefacts. Dual wavelength feasibility was first investigated by revisiting optical 

simulations and the development of a design incorporating a second laser. Through the 

addition of the second wavelength further insights were gained into optical artefacts and 

image quality improvements were realised. An alternative calibration method using a 

reconstructed test pattern was compared to the cuvette method and resulted in 

improvements of calibration accuracy for dual wavelength scanning. The dual wavelength 

scanner dosimetry system was tested and benchmarked using a range of test irradiations, 

with comparison to reference dosimeters. This culminated in a true 3D dosimetry solution 

for radiotherapy dose verifications with accuracy of the order of 1 %, together with 

practical and efficient optical readout for clinical use. 
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Chapter 1 
 

Introduction 
 

1.1 True three dimensional dosimetry in radiotherapy 

 

1.1.1 Radiotherapy 

 

Radiotherapy is a clinical treatment option for a range of benign and malignant lesions. It 

is most commonly associated with the treatment of cancer. Ionising radiation is used to kill 

tumour cells by direct and indirect DNA damage. The response to radiation dose can be 

described by the tumour control probability (TCP) where a treatment dose is selected that 

gives a high probability of tumour control for the particular type of tumour. When tumours 

are targeted with radiation, normal tissue also receives some dose. It is kept to a minimum 

considering acceptable normal tissue complication probabilities (NTCP). There is therefore 

a trade-off between increasing dose for a higher TCP and decreasing dose for an improved 

NTCP.  The ratio of TCP to NTCP is the therapeutic ratio and is optimised to achieve the 

best outcome for the patient. The therapeutic ratio is increased if the tumour cells are more 

radiosensitive and the normal tissue is less radiosensitive. Another way to increase the TCP 

is to improve the conformity of the dose distribution to the tumour. This means normal 

tissue receives less dose while maintaining the tumour dose or the tumour dose can be 

escalated while maintaining normal tissue dose. 

 

Some tissues have an early response to radiation, resulting in greater cell killing at low 

doses compared to late responding tissues. Tumour cells are often early responding while 

normal tissues are often late responding. Late responding tissues repair sub-lethal DNA 

damage better than early responding tissues. These differences can be exploited by 

delivering many small doses that accumulate to the total prescribed dose in the approach 

called fractionation. This results in a greater overall differential in cell kill and therefore an 

improved therapeutic ratio. Fractionation has been a longstanding feature of conventional 

external beam radiotherapy (EBRT) with treatment regimes over a number of weeks. Not 

all tumours are necessarily early responding, nor are all normal tissues late responding, so 
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varying fractionation schedules have been utilised. In recent times, hypo-fractionation has 

increased in use for particular, well defined smaller tumours resulting in many less 

treatment sessions. This is made possible by technological advances leading to improved 

abilities to reliably deliver more conformal dose distributions to targets, thus reducing 

doses to normal tissues for a given tumour dose and lessening the importance of 

differences in tumour and normal tissue radiobiological responses. In stereotactic 

radiosurgery (SRS), a single fraction treatment is used, made possible by precise 

localisation hardware. Traditionally in cranial SRS, a metal frame was attached to the 

patients’ skull to provide a fixed frame of reference giving accurate localisation (within 1 

mm). Modern IGRT and immobilisation techniques have provided the option of 

‘frameless’ SRS where a relocatable mask is used in conjunction with the imaging systems 

to accurately position the patient. Hypo-fractioned treatments termed stereotactic body RT 

(SBRT) or stereotactic ablative RT (SABR) have also been used for extra-cranial targets. 

 

The main sources of ionising radiation in cancer clinics are linear accelerators (linacs), 

producing MV energy x-rays and electrons. Lower kV x-rays are used for superficial 

lesions. These are the most common EBRT sources, while particle therapy using protons is  

increasing in use. Protons are an attractive option due to the nature of the dose deposition 

with depth. A relatively large peak of dose is deposited at depth, called the Bragg peak. 

This contrasts with photons that deposit maximum dose near the surface and progressively 

decrease with depth. Electron beams also deposit maximum dose near the surface, but have 

a sharper drop-off in dose with depth, and are utilised for more shallow lesions.  

 

Radioisotopes are used in brachytherapy treatments where a small sealed source, typically 
192Ir, is inserted into catheters that are placed in intra-cavitary locations or implanted into 

or positioned near the surface of the body. The source is set in position for a programmed 

amount of time and stepped to other positions and catheters to deliver planned dose 

distributions. Since the source is placed inside or near the target and due to the sharp drop-

off in dose with depth, conformal dose distributions can be achieved without the extra dose 

from entry and exit beam paths as in EBRT. However, brachytherapy is usually a 

somewhat invasive procedure. 

 

Linac based EBRT is currently the main RT treatment modality and has a long history 

dating back to the 1950s (Thwaites and Tuohy 2006). Early 2D planning methods used 
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planar x-ray imaging and manual calculations with subsequent progression to full 3D 

computerised planning and delivery technologies in the 1980s and 1990s. With the advent 

of sufficient computing power and 3D imaging systems, 3D conformal RT (3DCRT) was 

adopted with planned dose distributions computed in 3D and delivered via computer 

programmed control. The development of a programmable, shape adaptable collimator, the 

multi-leaf collimator (MLC), was a major step towards the ability to achieve dose 

conformity to irregular targets. This then led to intensity modulated RT (IMRT). Treatment 

planning systems (TPS) were developed with inverse planning optimisers to generate many 

MLC segments that when combined, give the resulting modulated photon fluence 

computed by the TPS. Later, additional degrees of freedom were introduced by allowing 

modulation of gantry rotation speed and dose-rate together with the MLCs. This became 

commonly known as volumetric modulated arc therapy (VMAT). These advancements in 

planning and delivery methods have led to improvements in dose distribution conformity 

and delivery efficiency. 

  

Other major advancements in linac EBRT have been in patient positioning. Image 

guidance has been adopted using on board imagers (OBI) giving image guided RT (IGRT). 

These imaging units produce kV planar electronic images, calibrated to accurately position 

the patient. 3D imaging is also used in the form of cone beam CT (CBCT). These types of 

patient localisation systems can be capable of sub-millimetre positioning accuracy as 

required for SRS and SBRT. On board imaging also provides the possibility for adaptive 

RT where the treatment plan is adjusted to suit the patient geometry for each treatment 

session. 

 

The implementation of real-time monitoring systems such as optical marker and surface 

tracking, or x-ray imaging has given the ability to gate linac beams such that targets are 

only irradiated when located within predefined ranges of position. Another step beyond 

this is to track to tumours’ position and conform the beam to the real-time position or move 

the patient such that the target is ‘followed’ by the beam. This means target margins can be 

reduced and less normal tissue is irradiated. The introduction of MRI guided RT gives the 

best imaging quality to facilitate adaptive and tracking approaches. 

 

Increases in sophistication and automation of modern linac RT planning and delivery 

systems can mean treatment plan parameters are less intuitive, and detailed commissioning 
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and QA is required to validate accuracy. The dose to be delivered to the patient is 

calculated by the TPS, giving a full 3D dose distribution. The accuracy of computed doses 

needs to be confirmed by measurements using dosimeters. The required accuracy depends 

upon the steepness of the TCP curve and relationship to NTCP, which is dependent on 

radiobiology and the RT techniques employed. The historical general statement of required 

dose accuracy of ± 5 % (ICRU 1976) does not necessarily apply to contemporary RT. New 

guidelines have emerged with IAEA (2016) recommending the principle of ‘as accurately 

as reasonably achievable’ (AAARA), considering technical and biological factors. For low 

dose gradient regions, accuracy is quantified by dose difference, while in high gradient 

regions, spatial accuracy in terms of distance to agreement is used. Dosimetry 

instrumentation and methods with appropriate accuracy, precision, spatial resolution and 

practicality are required to validate RT patient treatments.  

 

1.1.2 Radiotherapy dosimetry 

 

The quantity measured in radiation dosimetry is absorbed dose which is the energy 

absorbed in a medium per unit mass. Energy is deposited in ionisation events as the 

incident radiation interacts with the medium. The most common direct measurement of 

absorbed dose is by calorimetry where the temperature rise in the medium is measured. 

The absorbed energy is determined by the temperature rise and the known specific heat 

capacity for the medium. This absolute dosimetry method is not practical for clinical 

dosimetry and is used for reference dosimetry in standards laboratories. Other dosimeters 

are ‘relative’ dosimeters with calibration achieved using a radiation beam calibrated by a 

reference dosimeter, traceable to a primary standard (eg. calorimeter). Detection of 

absorbed energy can be made by measurement of ionisation of gases, liquids and solids. 

Other mechanisms of detection include chemical reactions and light emission by 

scintillation or luminescent materials. A recent review has been conducted by Kron et al 

(2016) summarising radiation dosimetry methods and applications. 

 

Dosimeters can be classified according to their dimensional extent, that is, 0D (point 

detector), 1D, 2D or 3D. Most detectors are inherently point detectors such as ion 

chambers, diodes, diamonds, TLDs and OSLDs. A small volume of medium is the 

radiation sensitive volume providing a signal - electrical for ionisation (ion chambers, 

diodes, diamonds) or light output for luminescence (TLDs, OSLDs), measured by 
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instrumentation such as electrometers and photometers. Point detectors are commonly used 

in scanning water tank phantoms. The detector can be scanned in 3D to characterise static 

radiation beams, however time varying beams (eg. modulated) cannot be readily integrated 

in 3D. 

 

Multiple point detectors (ion chambers and diodes in particular) have been arranged in 

arrays to produce 2D and semi-3D dosimeters. Commercial products include MapCheck 

and ArcCheck (Sun Nuclear Corp), the Octavius suite of products (PTW Freiburg), Delta4 

Phantom (ScandiDos AB), and MatriXX (IBA Dosimetry). These dosimetry solutions have 

become popular for clinical use, partly due to their efficiency through use of integrated 

software for instrument control and analysis of results. The validity and reliability of quasi-

3D measured dose distributions need to be verified since they do not completely sample 

3D measurement space and are often indirectly derived. 

 

Detector arrays can have issues with water equivalence since ionisation based detector 

elements are usually air or silicon, and a comprehensive array can result in a substantial 

amount of the phantom that is far from water equivalent. Water equivalence is important 

since radiation dosimeters are calibrated to dose to water, as water is the standard reference 

medium in radiotherapy. Water has similar radiological properties to a range of tissues in 

the body. Phantoms that differ from water need to have well characterised radiological 

properties for them to be useful for dosimetry purposes. Inaccuracies can also result from 

detector angular dependence. Most point detectors suffer from some degree of angular 

dependence due to shape of the sensitive volume, as it is not really a ‘point’ but a finite 

volume being sampled. The volume may be the shape of a thin chip, thus there are large 

changes of detector cross-section from the beams’ eye view. Volume averaging is also an 

issue for point detectors of substantial size relative to the spatial features of the dose 

distribution. 

 

Some detectors are a continuous medium that can sample radiation beams in 2D. Film is a 

longstanding 2D radiation detector. Historically, radiographic silver emulsion type films 

were used. Now, radiochromic films are used, since the wet processing step is not required 

and they have improved energy independence. Chemical reactions (reduction of silver ions 

for radiographic and polymerisation for radiochromic) in the film active layer result in 

changes to visible light transmission that can be related to radiation dose. The spatial 
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resolution of film dosimetry is dictated by the film scanning readout method. The most 

common current scanners are standard office flatbed document transmission scanners 

adapted for dosimetry purposes. As these scanners are not purpose designed scientific 

instruments for film dosimetry, they suffer from issues such as non-uniformity due to light 

polarisation and optical geometry effects, and they typically cannot be recalibrated like 

measurement instruments often are to maintain a high level of accuracy (in 2D).  

 

Other detectors that are inherently 2D include OSLDs and plastic scintillators in sheet 

form. Light emission is spontaneous for scintillators and stimulated for OSLDs. Thus 

scintillators require a light detection system at the location of irradiation and OSLDs are 

read out post-irradiation. Neither of these approaches has been significantly developed for 

radiotherapy dosimetry purposes. In diagnostic radiology, computed radiography (CR) has 

been extensively used, which is a form of OSL. CR systems have been succeeded by direct 

reading flat panel detectors using semiconductor technologies. Flat panel detectors have 

also been used for the OBI systems on linacs. On board MV imaging panels have been 

utilised for RT dosimetry and have provided virtual 3D dosimetry by reconstruction of the 

exit dose measured at the panel to a 3D volume in the patient or phantom (Mijnheer et al 

2013). 

 

Approaches to give 3D measured doses as mentioned above have been by arrangements of 

lower dimension detectors to give semi-3D dose or by calculations using entry and/or exit 

measurements to give virtual-3D dose. Dosimeters that are inherently 3D would be useful 

since arrays and calculation based methods have experimental and calculation complexities 

that give uncertainties that cannot be necessarily avoided or corrected in all conditions of 

use. Film dosimeters can be stacked to give a 3D dosimeter, however the practicalities of 

the labour required for readout and registration make this unattractive for routine use. 

 

It is logical that radiation dose calculated in 3D for patient treatment would be verified by 

measurement in full 3D instead of point dose, 2D or quasi-3D dosimetry. This is 

particularly the case as delivery methods now provide modulated dose distributions in 3D. 

For example, clinical proton beam treatment units now use active beam steering systems, 

thus 3D dosimetry would ideally be used to verify the results of the beam’s motions. High 

resolution 3D dosimetry not only provides the benefit of verifying dose calculation 

accuracy at every point of interest, but also the positioning accuracy of the treatment 
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system can be quantified. The entire treatment process can be mimicked with a 3D 

dosimeter in a phantom, providing verification that the correct dose is delivered to the 

correct location. De Wagter (2004) provided a concept of 4 levels of dosimetric QA (for 

IMRT) with “3D dosimetry of entire treatment delivery” at the final step of level 4. With 

the advent of modulation of an increased number of parameters, motion management 

techniques, adaption and automation, there is an increasing need to conduct end to end 

tests with all components of the delivery system to verify a final combined result. Thus an 

accurate and reliable true 3D dosimetry technique with practical operation for clinical use 

would be extremely useful for end to end RT verifications. 

 

1.1.3 True 3D dosimeters 

 

A true 3D dosimeter can provide a full 3D dose map with high resolution (eg. < 2 mm 

spatial resolution). Dose gradients in RT can exceed 30 % / mm, so high spatial resolution 

capabilities are desired to accurately represent RT dose distributions. True 3D 

measurements can provide complete visualisation and quantification of the dose 

distribution instead of just particular points or planes. Gel dosimetry was proposed as an 

inherently 3D dosimeter in the 1980s by the use of MRI 3D scanning technology (Gore et 

al 1984). The gel was a chemical dosimeter where ferrous ions were oxidised to ferric ions, 

a change detected by MR relaxation rate measurements. This prompted interest in gel 

dosimetry and a number of researchers started investigating the possibilities of gel 

dosimeters, which led to the establishment of the 1st International Workshop on Radiation 

Therapy Gel Dosimetry, held in Kentucky, USA (DosGel’99 1999). A series of subsequent 

conferences followed, DOSGEL (2001, 2004, 2006, 2008). Then in 2010, the conference 

scope was broadened by renaming to the International Conference on 3D dosimetry 

(IC3DDose). By then, gels were not the only form of 3D dosimeters. Further meetings 

have been conducted, IC3DDose (2010, 2012, 2014, 2016). The proceedings of these 

conferences are a vast source of information on 3D dosimetry, particularly the numerous 

reviews and ‘refresher’ papers.  

 

The developments in 3D dosimetry are summarised here by categorisation of dosimeter 

physical state and mechanism of radiation induced change. Readout systems for chemical 

dosimeters are outlined. As with film dosimetry, the readout system dictates the spatial 

resolution and plays a major role in the overall measurement quality.  
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1.1.3.1 Semi-solids – Gel dosimeters 

 

The first true 3D dosimeters were manufactured using gels formed by gelatine, agarose and 

sephadex (Schreiner 1999) from as early as the 1950s (Day and Stein 1950). Chemical 

solutions known to provide a physically detectable change due to ionising radiation were 

spatially fixed in a gel matrix. Development of this idea would only really gain interest 

when 3D scanning technologies became available in the 1980s. 

 

1.1.3.1.1 Ferrous sulphate gels 

 

An aqueous ferrous sulphate solution chemical dosimeter known as the Fricke dosimeter 

(Fricke and Morse 1927) formed the chemical basis for early gel dosimeters. A typical 

Fricke solution comprised 1 mM ferrous ammonium sulphate and 1 mM sodium chloride 

in a 0.4 M sulphuric acid solution (Shortt 2001). Upon irradiation, radiolysis of water 

produced ions and radicals that caused oxidation of the ferrous (Fe2+) ions to ferric (Fe3+) 

ions as follows (Shortt 2001): 

 

ଶା݁ܨ  ൅ ଶܱܪ → ଷା݁ܨ ൅ ଶܱܪ
ି (1.1) 

 

ଶܱܪ 
ି ൅ ାܪ →  ଶܱଶ (1.2)ܪ

 

ଶା݁ܨ  ൅ ଶܱଶܪ → ଷା݁ܨ ൅ ܪܱ ൅  (1.3) ିܪܱ

 

ଶା݁ܨ  ൅ ܪܱ → ଷା݁ܨ ൅  (1.4) ିܪܱ

 

For gel dosimeters the yield of Fe3+ ions is increased substantially from that indicated by 

the above simplified equations due to impurities introduced by gelatin or agarose, and 

sodium chloride is not required, since its role is to suppress oxidation due to contaminants 

(Shortt 2001). The increase of Fe3+ ions gives increased optical absorption at 304 nm so 

radiation dose can be related to optical transmission measurements using 

spectrophotometry. The addition of a metal indicator dye, xylenol orange (XO), resulted in 

the formation of Fe3+- XO complexes with peak radiation induced absorption at 540 nm 

(Gupta et al 1978). This was called a ferrous, benzoic acid, XO (FBX) dosimeter. The 
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benzoic acid increased Fe3+ yield, however was not necessary when a gelling agent was 

added such as agarose (Appleby and Leghrouz 1991). An FBX gelatin dosimeter was used 

in the first example of an optical CT scanned FX dosimeter (Kelly et al 1998). Further 

optimisations of the chemical constituents would result in the ferrous, XO, gelatin (FXG) 

dosimeter (Bero et al 2001). 

 

Even though the original Fricke solution was probed by optical methods, the first 3D 

scanning method was not optically based but MRI based (Gore et al 1984). Since the Fe2+ 

and Fe3+ ions had different paramagnetic characteristics, NMR relaxation rate 

measurements (1/T1) could determine the concentration on Fe3+ ions and hence dose 

deposited. 

 

Whilst FX gels were promising for 3D dosimetry, there was the significant shortcoming of 

Fe3+ ion diffusion resulting in blurring of the dose distribution (Olsson et al 1992). 

Characterisations of diffusion were conducted and it was found that XO also acted as a 

chelator to reduce the diffusion coefficient to about half of that observed without XO (Rae 

et al 1996). Many attempts to reduce diffusion further have been made including recently 

(Penev and Mequanint 2013) with only minor improvements. A significant decrease of 

diffusion was achieved using polyvinyl alcohol as the gelling agent (Chu et al 2000). A 

hydrogel was formed by refrigeration and cryogel by freezing. The cryogel was opaque, 

thus read by MRI and the hydrogel could be optically read. Diffusion was about 1/3 of that 

reported by Rae et al (1996). Recent further attempts have not yielded significantly 

improved results (Smith et al 2015). PVA gels have only seen minor use compared to 

gelatin gels due to manufacturing difficulties regarding viscosity during mixing. The issue 

of diffusion remains the main limitation of FX gels. 

 

A version of FX gel has been commercialised by Modus Medical Devices Inc. (Canada) 

called TrueView. It is marketed as reusable by virtue of diffusion blurring the dose 

distribution over 2 days, and is then ready for reuse. This approach presents calibration 

complications for subsequent usages. 

 

1.1.3.1.2 Polymer gels 
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Alternatives to FX gels were investigated and a polymer 3D dosimeter was proposed 

(Maryanski et al 1993). The dosimeter comprised acrylamide (AAm) and N,N’-methylene-

bis-acrylamide (Bis) monomers in an agarose gel, and was named BANANA (Bis, AAm, 

nitrous oxide, agarose). The monomers polymerise upon irradiation and oxygen needed to 

be removed since it would inhibit polymerisation, hence the nitrous oxide. The agarose 

was replaced with gelatin to give a Bis, AAm, nitrogen, gelatin (BANG) dosimeter 

(Maryanski et al 1994). 3D readout of the BANG gel was first considered using MRI 

(Maryanski et al 1994) and then optical CT (Maryanski et al 1996). Radiation induced 

polymerisation gave differences in NMR relaxation rates and optical attenuation via optical 

scattering. As BANG gel was patented, a generic name of polyacrylamide gel (PAG) was 

adopted by researchers producing their own versions of the gel. BANG gel was 

commercialised by MGS Research Inc. (USA). 

 

The issue of having to prepare and maintain polymer gels in a hypoxic environment was 

addressed by the addition of antioxidants (Fong et al 2001). Many normoxic variants were 

investigated and one using tetrakis (hydroxymethyl) phosphonium chloride (THPC) as the 

antioxidant (De Deene et al 2002) provided improved dose rate dependence and cooling 

rate effects (De Deene et al 2006, De Deene et al 2007). This was called PAGAT (PAG in 

ATmospheric conditions). A drawback to PAG type gels is that acrylamide is a toxic 

substance and is dangerous to work with. A less toxic version was proposed using N-

isopropylacrylamide instead of acrylamide, named NIPAM (Senden et al 2006). Leakage 

of oxygen into prepared gel containers remains an issue and even minor leaks can cause 

substantial errors (Sedaghat et al 2011). 

 

Proposals of MRI and optical CT readout of polymer gels were followed by x-ray CT 

(Hilts et al 2000). Regions of greater polymerisation have increased physical density that 

can be detected by conventional clinical x-ray CT scanners, however dose sensitivity is 

low. 

 

There has been much work done in polymer gel dosimetry, with MRI in particular, and a 

major review was done in 2010 by a number of the prominent researchers in the field 

(Baldock et al 2010). 
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1.1.3.1.3 Other gel dosimeters 

 

1.1.3.1.3.1 Micelle gels 

 

A radiochromic, non-toxic, low diffusion, transparent hydrogel for optical CT scanning 

was sought by Jordan and Avvakumov (2009) when they developed a micelle gel 

dosimeter with leuco malachite green (LMG) dye. LMG converts to malachite green upon 

irradiation, giving a change in colour by increased optical absorption at around 600 nm. 

Micelles are aggregates of surfactant molecules with hydrophobic and hydrophilic parts. 

The insoluble leuco dye is emulsified in the aqueous solution by situating at the 

hydrophobic centre of the micelles. Since the micelles have substantial size they do not 

readily diffuse in the gelatin matrix. An alternative dye was also used, leuco crystal violet 

(LCV) which converts to crystal violet (Babic et al 2009a). Low diffusion was confirmed, 

however dose sensitivity was 10 times less than FXG. LCV gels were preferred due to 

linear dose response, higher dose sensitivity and lower diffusion.  

 

Further investigations into optimisation of LCV micelle gels resulted in an increase of dose 

sensitivity by a factor of 1.5, but at the expense of introducing significant dose rate 

dependence (Nasr et al 2015). LCV micelle gels are a promising option, and alternative 

reporter molecules may be possible in micelles.  

 

1.1.3.1.3.2 Genipin gels 

 

The use of a plant extract, genipin was found to be a potential option in a 3D gel dosimeter 

(Jordan 2008). Genipin was known to form cross-links with substances such as gelatin, so 

Jordan (2008) developed a method of preparing a genipin gel by blending a heated genipin 

and gelatin solution until it darkened and then sulphuric acid was added. When the genipin 

gel was irradiated it bleached in proportion to radiation dose. The change in optical density 

could be measured at its peak of about 600 nm. Due to the structural stability provided by 

the genipin-gelatin crosslinking, a wall-less gel was optical CT scanned (Jordan 2009). 

 

Further characterisations of genipin gel provided indication of some favourable properties 

such as low dose rate and temperature dependence, and no detectable diffusion (Davies et 
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al 2013). The main issues for implementation as a 3D dosimeter are high optical density of 

unirradiated gel and low dose sensitivity of around 1/20 of FXG.  

 

1.1.3.1.3.3 Fluorescent gels 

 

The process of radio-fluorogenic co-polymerisation (RFCP) has been applied to a gelatin 

gel (Warman et al 2011) to give a gel that exhibits radiation induced UV stimulated 

fluorescence.  A monomer, tertiary-butyl acrylate (tBuA) was used with a fluorogenic 

compound, N-(1-pyrenyl)maleimide (MPy) to give an RFCP product within a gel matrix. 

The fluorogenic response was shown to be proportional to radiation dose, however only 2D 

photographs were obtained for quantitative analysis. The development of an optical 

emission tomographic scanner with suitable UV stimulation light system is required for 

this radio-fluorogenic gel to become a true 3D dosimeter. 

 

1.1.3.2 Solid dosimeters 

 

True 3D dosimeters of a solid form are more recent developments than the previously 

established gel approaches. Solid dosimeters benefit from a more rigid and stable form, 

while uniform material and dosimetric properties throughout the volume are important to 

maintain in manufacture.  

 

1.1.3.2.1 Presage 

 

Presage is a tradename for a commercial 3D dosimeter by Heuris Inc. (USA). It is a rigid 

solid plastic, polyurethane, doped with the radiochromic leuco dye LMG (Adamovics and 

Maryanski 2004). A radical initiator such as a halocarbon is required to produce free 

radicals upon irradiation to cause oxidisation of the dye. A peak optical absorption dose 

response is observed at about 630 nm.  Presage is scanned by optical CT for 3D readout 

(Guo et al 2006). It can be moulded into various shapes and machined in its solid form, 

and a variety of formulations have been used (Oldham 2015). Water equivalence and 

optical quality (homogeneity) has been improved in later versions and there is no 

significant diffusion. The manufacturing process is more involved than gels, but it is 

available commercially. The high RI compared to gels can make optical scanning more 

difficult due to RI matching (Doran 2013). 
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1.1.3.2.2 Silicone 

 

A flexible solid radiochromic dosimeter material was recently proposed, using silicone 

(Sylgard 184 silicone elastomer kit) and LMG dye (De Deene et al 2015, Hoye et al 2015). 

Chloroform is another ingredient to generate radiation induced radicals to oxidise the LMG 

dye. As with Presage, the peak optical dose response is around 630 nm. Optical CT readout 

using dual wavelengths was demonstrated by De Deene et al (2015). Pre-irradiation 

reference scanning was avoided by referencing the dose responsive red channel to the blue 

which has little dose response. This was due to the dosimeter being deformable, meaning 

accurate localisation for pre and post-irradiation scans would not be possible. Dose rate 

and temperature dependencies were detected, while diffusion was not (De Deene et al 

2015). Dose rate dependence was improved by investigations of ingredient concentrations 

(Hoye et al 2015).  

 

1.1.3.2.3 Other solids 

 

Film dosimetry can provide high resolution 2D dose maps, and by construction of a stack 

of films in a phantom, 3D dosimetry is possible. This was investigated in detail by McCaw 

et al (2014). It was found that the radiochromic film stack dosimeter was accurate with an 

estimated uncertainty of 3 % (k=1), and was utilised in the application of IMRT 

verification. The practicalities of preparation and readout of multiple films may not be an 

attractive option for clinical physicists, however, for current film users with film 

equipment and procedures in place, it could be readily adopted. 

 

Plastic scintillator material has potential to be a real-time reusable 3D dosimeter as it is a 

transparent solid that emits light upon irradiation. Additionally plastic scintillator materials 

have good water equivalence for RT applications (Beddar et al 1992). Plastic scintillators 

have an organic fluorophore that is excited by charged particles and results in spontaneous 

visible light emission upon decay to the ground state. Kroll et al (2013) used plastic 

scintillator BC-408 (Saint-Gobain Crystals) in a hexagonal block shape with 3 CCD 

cameras facing 3 of the hexagonal faces and a fourth camera facing the end. The 4 camera 

views were used to generate a tomographic reconstruction. A significant limitation was 

that only a fixed beam orientation could be used due to the camera arrangement. Another 
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approach was to use a plenoptic camera viewing one side of a plastic scintillator cube (EJ-

260, Eljen technology, USA) embedded in a PMMA phantom (Goulet et al 2014). The 

linac portal imager was used to obtain another distinct view. A 3D iterative reconstruction 

algorithm was devised and IMRT and VMAT deliveries were measured. These early 

results indicate potential for plastic scintillators, however further work is required. 

 

1.1.3.3 Liquid dosimeters 

 

3D dosimeters of a liquid form could potentially be realised by using real-time imaging 

systems capable of 3D representations of light emissions from radio-luminescent liquids. 

This would result in time resolved dosimetry that could be integrated to give a composite 

dose distribution from a time varying delivery such as IMRT or VMAT. This is an area of 

recent development and is briefly outlined in the following sections. 

 

1.1.3.3.1 Scintillators 

 

The feasibility of liquid scintillators for 3D dosimetry was investigated using BC-531 

(Saint-Gobain Crystals) scintillator in a rectangular tank with a CCD camera facing one 

wall (Beddar et al 2009). This would only provide 2D dosimetry of proton Bragg peaks but 

it was proposed to add a second camera to facilitate 3D dosimetry. Further work was 

conducted, however, it was still only proposed that 3D imaging was possible (Archambault 

et al 2012). A simulation study of 3D reconstruction using limited views was conducted, 

indicating that 3 camera views would be a feasible approach by using an iterative 

reconstruction method (Hui et al 2014). Robertson et al (2013) has studied Bragg peak 

quenching in the 3D volume scintillator. 

 

 

1.1.3.3.2 Cherenkov light 

 

The Cherenkov effect is the emission of light due to electrons travelling faster than the 

local speed of light in a dielectric medium. Cherenkov light generated by linac MV 

irradiations of plastic scintillator dosimeters has been challenging to avoid (Beddar et al 

1992). In recent work Cherenkov light itself has been utilised to visualise radiation dose in 

a water phantom (Glaser et al 2013a). Cherenkov emissions were used to induce 

fluorescence of quinine sulphate added to the water. A CMOS camera gave 2D images of 6 
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MV beams that were proportional to dose, and it was suggested that extension to 3D 

dosimetry was possible. A 3D tomographic reconstruction method was demonstrated by 

rotating the linac collimator to give multiple 2D views of Cherenkov light without a 

fluorophore (Glaser et al 2013b). A telecentric lens helped with quantitative imaging of the 

anisotropic light emission. A similar 3D reconstruction method was used for isotropic 

quinine fluorescence without the telecentric lens (Glaser et al 2015). Multiple projection 

views were generated by collimator and couch rotations and a cone beam reconstruction 

was used to generate 3D dose maps of several MLC fields. Whilst useful to demonstrate 

3D dosimetry is possible, the collimator and couch rotations are impractical for clinical 

verifications where collimator, couch and gantry angles are defined by treatment plans.  

 

1.1.4 Three dimensional readout methods for chemical dosimeters 

 

Three dimensional passive dosimeters require a 3D imaging modality to interrogate the 

dosimeter and generate 3D dose maps. In modern medical diagnostic imaging, 3D imagers 

are commonplace. X-ray CT and MRI scanners are standard imaging technologies and 

have both been associated with 3D dosimetry. The other major imaging technique used for 

3D dosimetry has been optical CT scanning, which is a cheaper, dosimetry dedicated 

solution. Other methods such as ultrasound (Mather and Baldock 2003) have only been of 

minor interest due to imaging quality limitations. Readout methods for optical emission 

dosimeters are less mature than those for chemical 3D dosimeters and were briefly 

described in the dosimeters section 1.1.3. 

 

1.1.4.1 MRI 

 

The first 3D imaging modality used for 3D dosimetry was MRI (Gore et al 1984). It was 

found that the Fricke dosimetry solution radiation induced conversion of Fe2+ to Fe3+ could 

be quantified by NMR relaxation rate measurements. The spin-lattice relaxation rate R1 

(1/T1) and spin-spin relaxation rate R2 (1/T2) of protons in water were found to be 

proportional to ferric ion concentration, and hence dose. The R1 relaxation rate was found 

to be more reliable. This was also the case for Fricke solution with a gelling agent added to 

form a 3D gel dosimeter. Due to the diffusion limitation of Fricke gels, polymer gels soon 

became of interest with MRI scanning (Maryanski et al 1993). Many formulations of 

polymer gels have followed, using the scanning method of MRI, and numerous 
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applications involving IMRT, VMAT, brachytherapy and proton therapy have been studied 

(Baldock et al 2010). 

 

An advantage of MRI scanning is that gel dosimeter shape can be varied from the typical 

cylindrical shape used by optical scanning, thus providing the ability to scan human shaped 

gel dosimeters (De Deene et al 1998). This study gave mean absolute dose differences of 8 

% when compared to film dosimetry. This led to further studies to improve MRI 

quantitative imaging for polymer gel dosimetry. Issues that were noted include the 

following: eddy currents can cause the R2 response to be slice orientation and sequence 

parameter dependant (De Deene et al 2000a), and inhomogeneities in the magnetic field 

(B0) can cause geometric distortions (De Deene et al 2000b). With attention to these issues, 

improved polymer gel dosimetry was demonstrated for an IMRT application (De Deene et 

al 2000c). Furthermore, non-uniformities in imaged volumes can be caused by temperature 

drift due to the imaging workload (De Deene et al 2001). To assist other workers, suitable 

quantitative imaging sequences for polymer gel scanning have been suggested (De Deene 

2013). 

 

A recent comprehensive study of MRI scanning of polymer gels revealed that temperature 

variations in the MRI scanner room were responsible for large dose deviations of 15 %, so 

dosimeter temperatures needed active control to reduce absolute dose uncertainty to 2.6 % 

(Vandecasteele and De Deene 2013a). The effects of inhomogeneous main magnetic (B0) 

and RF (B1) fields were investigated and compensated by scanning blank gel phantoms. 

 

While MRI is a highly developed imaging modality for the general purpose of imaging 

human anatomy, it is not dedicated to the purpose of dosimetry and is largely the domain 

of the specialist MRI staff operating such equipment. Therefore it can be difficult to 

generate the expertise required to familiarise and develop suitable imaging techniques for 

quantitative dosimetry. Additionally, MRI machines are an important clinical resource for 

diagnostic imaging purposes, so access for scanning dosimeters can be problematic 

compared to a dedicated dosimetry scanner. However, RT treatment machines with 

integrated MR imagers have become a clinical reality (MRIdian, ViewRay USA) and 

MRI-linacs are following, so interest in MRI based 3D dosimetry may increase. 
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1.1.4.2 Optical CT 

 

Optical CT scanning was perhaps an overdue development by the time Gore et al (1996) 

provided clear demonstration of the feasibility of optical CT scanning for 3D dosimetry. X-

ray CT scanning had been developed decades earlier, which shares the same basis of 

tomographic reconstruction except using x-ray beams and detectors suited for these higher 

photon energies. Another optical scanner was developed in 1996 for the purpose of 

imaging 3D chemical structures using a CCD camera and LED light source (Winfree et al 

1996). With specific applications in mind, in an era of progress in photonics (lasers, LEDs 

and detectors), researchers in multiple fields were able to develop 3D optical CT scanning 

techniques. 

 

1.1.4.2.1 Optical CT scanning principles 

 

Optical CT scanners measure the change of optical attenuation, Δμ of a dosimeter. Light is 

attenuated exponentially (as with x-rays) when passing through a medium. The Beer-

Lambert law describes this behaviour with transmitted light intensity, I as a function of the 

wavelength,  of the light: 

 

ሻߣሺܫ  ൌ ሻ݁ିఓߣ଴ሺܫ
ሺఒሻ௫ (1.5) 

 

where I0 is the incident light intensity, x is the pathlength and µ is the linear optical 

attenuation coefficient. Transmittance is defined as: 

 

  ܶ ൌ ூሺఒሻ

ூబሺఒሻ
 (1.6) 

 

and absorbance is: 

 

ܣ  ൌ െ݈݃݋ ቀ ூ
ሺఒሻ

ூబሺఒሻ
ቁ (1.7) 

 

In spectrophotometry, transmittance is measured at a given wavelength using a light source 

with monochromator and a detector. The same principle is used for optical CT with a laser 
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or LED light source and photodiode or CCD detector. Measured transmittance is used to 

determine the optical attenuation coefficient per unit pathlength: 

 

ߤ  ൌ െ݈݊ሺܶሻ/(1.8) ݔ 

 

If the pathlength comprises a number of various levels of optical attenuation, as with a 3D 

dosimeter, they are summed to give the total for the ray path: 

 

௡ݔߤ  ൌ ∑ ௜ݔ௜Δߤ
௡
௜ୀଵ  (1.9) 

 

 

Figure 1.1. Schematic diagram of 1D projections I(p) at different angles of rotation. The 

projections are the Radon transform of the 2D object. A set of projections are inverse 

Radon transformed to reconstruct the 2D cross section of the 3D object. 

 

Multiple ray paths through a dosimeter form a projection as shown in figure 1.1. For a laser 

pencil beam with a point detector, translation across the sample gives a projection with 

parallel rays through the sample, that is, a profile across the sample with each point being 

the line integral of the optical attenuation over the pathlength at a given point. 

Tomographic reconstruction methods are used to reconstruct a 2D map of optical 
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attenuation coefficients. After one projection is obtained, the sample (or source and 

detector) is then rotated and another projection is acquired. This is repeated for many 

angles of rotation over 180 or 360. This set of projections can be plotted as intensity 

values as a function of rotation angle and translation distance, giving a ‘sinogram’. This is 

the Radon transform of the original image of the 2D slice of the sample. To reconstruct the 

original image from the sinogram, it is inverse Radon transformed or ‘back-projected’. 

Back-projection involves taking one projection at a given angle in real space and 

propagating the intensity values in the direction perpendicular to the projection. This is 

done for all projections at their given angles, where overlapping regions result in higher 

values, thus a 2D map of the original sample image is produced. The reconstructed image 

will be blurred since the backprojection is not a perfect mathematical transformation with 

low spatial frequencies more dominant. This is addressed with filtering using a high pass 

filter in the spatial frequency domain. Therefore this process of image reconstruction is 

named ‘filtered back-projection’ (FBP). 

 

Parallel ray geometry through the sample is the simplest case. Methods have also been 

extended to fan beam geometry, and then further developed to cone beam reconstruction, 

for example the Feldkamp, Davis, Kress (FDK) algorithm (Feldkamp et al 1984). Other 

approaches to tomographic reconstruction include iterative algorithms such as algebraic 

reconstruction techniques (ART). Here the difference between measured sinogram data 

and calculated estimate from a current iteration of the estimated reconstructed matrix is 

minimised to produce the final reconstruction. An advantage of ART is the ability to 

include known physical processes (ie. modelling) that can account for deviations from 

standard assumptions required in FBP reconstructions.  

 

1.1.4.2.2 Development of optical CT for dosimetry 

 

The first generation optical CT scanner for radiation dosimetry by Gore et al (1996) used a 

He-Ne laser and large area photodiodes for measurement and reference detectors.  The 

beam was translated across the sample by a pair of translating mirrors, ie. translate-rotate 

geometry. This scanner was used to measure optical attenuation by scattering in polymer 

gel dosimeters. The cylindrical gel sample was immersed in a RI matching fluid bath. The 

bath walls were perpendicular to the incident light beam to avoid refraction and give 

parallel rays through the sample. The translation mechanism resulted in slow scan speeds 
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for the first generation scanner. Kelly et al (1998) developed a first generation scanner 

with FX gels. The sample was translated instead of the light beam and acquisition was 

slow at 1 hour per slice. Oldham et al (2001) also constructed a first generation scanner 

with a 20 min per slice acquisition time for a 1 mm pixel size. A first generation scanner 

was commercialised with the name ‘Octopus’ (MGS Research Inc. USA), and was 

evaluated by Islam et al (2003). Imaging artefacts were apparent with 3 - 5 % relative dose 

errors for BANG gels, due to optical scattering effects. Scan speed was 12 min per slice for 

1.4 mm pixels. Studies of scanner performance were ongoing (Oldham et al 2003, Xu et al 

2003, Oldham and Kim 2004). 

 

With the scan speed limitations of first generation scanners, faster methods were devised 

by using a rotating mirror to sweep the beam across the sample (Maryanski and Ranade 

2001, van Doorn et al 2005). Acquisition as fast as 2.4 sec per slice was reported by van 

Doorn et al (2005), although quantitative imaging accuracy was not detailed. Another 

approach for increased scan speed was by broad beam scanning with a 2D camera detector. 

Tarte et al (1997) used a CCD camera to image FX gels in 2D and Wolodzko et al (1999) 

described a CCD cone beam scanner without fully addressing the optical geometry in 

terms of beam divergence and refraction. A parallel beam CCD camera system was 

developed with investigations into the ray paths by simulations (Doran et al 2001), and 

later further characterised (Krstajic and Doran 2006, 2007a). Jordan et al 2001 conducted 

initial investigations into cone beam scanning by re-sorting projection data. 

 

A cone beam scanner was commercialised by Modus Medical Devices Inc. (Canada) 

named Vista, with characterisations soon following (DeJean et al 2006, Jordan et al 2006). 

Artefacts due to scatter were found to be notable as may be expected from the broad beam 

geometry (DeJean et al 2006). Scattering polymer gels were most problematic. Later 

characterisations would follow, and efforts to refine the system using FXG to make clinical 

use more viable (Olding et al 2010a, Olding and Schreiner 2011). The Vista scanner 

utilised 633 or 590 nm LED diffuse light sources, a RI matching fluid bath, a 12 bit CCD 

camera and acquisition times of 5 minutes. In the work of Olding et al (2010a, 2011), 

optical CT absorbance measurement accuracy was 3 - 4 %, using spectrophotometer 

measurements as a reference. 
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Another broad beam approach was implemented by Sakhalkar and Oldham (2008) with 

parallel beam geometry using a telecentric lens with a < 0.1 acceptance angle. Presage 

was scanned in a RI matching fluid. This was further developed into the Duke Large field 

of view Optical-CT Scanner (DLOS) (Thomas and Oldham 2010). A LED light source was 

collimated to give parallel rays passing through the sample to the telecentric lens and CCD 

camera. This scanner was prepared for clinical application by testing with a range of test 

fields and comparison to a TPS and some previous measurements (Thomas et al 2011). 

Scan time was 15 minutes and good quality relative dosimetry was achieved, however, 

absolute dosimetry using spectrophotometer cuvette calibration measurements gave 

discrepancies up to 5 % compared to the reference TPS data.  

 

Among other novel prototypes, a method of laser beam fast scanning was proposed by 

using multiple galvo mirrors to raster scan the sample in 20 minutes (Krstajic and Doran 

2007b). Promising preliminary results were provided. A prototype laser fan beam scanner 

was described using a RI fluid tank with curved walls to maintain perpendicular incidence 

for all angles of the fan beam (Campbell et al 2013). Although steps were taken to address 

artefacts, image quality remained a problem. Improved performance of the Octopus 

scanner was proposed by the addition of a beam splitter to route a second laser beam to a 

second set of translating mirrors and detector, giving double the data acquisition rate (Qian 

et al 2013). Scan time was reduced from around 8 hours to 2 hours, however there were a 

number of additional components and moving parts. 

 

A standard design feature of optical CT scanners has been the use of RI matching fluid to 

avoid unwanted refraction at the dosimeter walls. Maryanski and Ranade (2001) did not 

use RI matching fluid, however, only a small central area of the dosimeter could be 

irradiated and read. Interest in fluid-less scanning became topical with simulation studies 

showing potentially feasible options of scanning Presage in air and using an ART (Doran 

and Yatigammana 2012, Rankine and Oldham 2013). Simulations showed that up to 65 % 

of the Presage diameter could be acquired. An approach of minimising the amount of RI 

fluid was investigated by simulations (Chisholm et al 2015) and then realised as a 

prototype scanner using Fresnel lenses (Bache et al 2016). Reduction of fluid is not as 

beneficial as complete elimination of fluid since issues of RI matching and cleanliness will 

still be present.  
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Developments have continued in recent times with the following reports: optical geometry 

with a convergent light source to reduce the effects of stray light for cone beam scanning 

(Dekker et al 2016), a laser beam scanner for large volumes using off-axis ray paths and a 

novel RI matching fluid tank (Dekker et al 2017), dual wavelength scanning to avoid the 

need for pre-irradiation scanning since the second wavelength is used as the reference scan 

(De Deene 2015), a cone beam scanner with reconstruction using an ART with refraction 

corrections and investigation of RI matching with water and dry scanning (Manjappa et al 

2016), and a fast cone beam scanner with projection data acquisition times of less than 1 

minute (Chang et al 2016).  

 

1.1.4.3 X-ray CT 

 

The use of the established imaging modality of x-ray CT was investigated by Hilts et al 

(2000). Polymer gels exhibit an increase in physical density upon polymerisation which 

can be detected by x-ray attenuation measurements. The sensitivity was only 

approximately 1 HU/Gy and therefore SNR was a significant limitation. Later refinements 

of scan techniques, phantoms and data processing yielded noise reductions and 

identification of various sources of noise (Hilts et al 2005). Further efforts to improve the 

SNR by adaptive mean filtering gave increases in the SNR, however the level of filtration 

needed to be appropriate for the given application to avoid excessive spatial distortion 

(Hilts and Jirasek 2008). Another method was by extrapolation to a ‘zero-scan’ image 

(Kakakhel et al 2011). Pixel values as a function of scan number were curve fitted and 

extrapolated to a zero scan value. An alternative method was developed to reduce 

‘structured’ noise by use of a signal removal method named remnant artefact removal 

(RAR) (Jirasek et al 2012). This was used in conjunction with the previous adaptive mean 

filtering that would only reduce stochastic noise.  

 

The low dose sensitivity of polymer gel x-ray CT scanning remains a limitation compared 

to higher dose sensitivity methods of MRI and optical CT. Image averaging, filtering and 

additional artefact removal techniques improve results, but the image quality for a given 

dose is still inferior. However, since clinical RT departments usually have a CT scanner for 

treatment planning, and access is readily available, CT scanned polymer gels may be of 

interest to medical physicists to provide some form of true 3D dosimetry. 

 



Chapter 1 Introduction 
 

 
23 

1.1.5 Applications of true 3D dosimetry 

 

The utility of true 3D dosimetry has been demonstrated for many radiotherapy 

applications. While not widely adopted as a standard clinical tool, researchers have shown 

that there are many feasible options to generate useful true 3D dosimetry. Feasibility may 

provide indication of the possibilities for use, however issues such as practicality and 

accuracy may still be considered questionable for some methods, limiting translation to 

routine clinical use. 

 

Further to the applications noted in the following sections, there are a number of earlier 

(pre-2007) examples of applications in the polymer gel review paper by Baldock et al 

(2010). Additionally, the DOSGEL / IC3DDOSE conference series proceedings include 

further examples. 

 

1.1.5.1 External beam radiotherapy 

 

Linac based EBRT is the most common RT treatment modality and there are a number of 

aspects of interest for 3D dosimetry as follows. 

 

SRS has been long established as a treatment technique, and 3D dosimetry can provide 

analysis of the accuracy of the small conformal dose patterns delivered with high spatial 

accuracy. Small fields were characterised by Babic et al (2009b) using FXG and optical 

CT scanning. Wang et al (2010) used optical CT scanned Presage for verifications of the 

very small field, high dose treatments of trigeminal neuralgia. Thomas et al (2013) 

measured 3D dose distributions of multi-target, single isocenter VMAT SRS deliveries 

with Presage and optical CT. Teng et al (2014) assessed the significance of setup errors for 

SRS deliveries using Presage and a Vista optical CT scanner. 

 

IMRT treatment plans are verified to ensure the modulation provided by the MLC is 

correct. IMRT verifications have been demonstrated by; Wuu and Xu (2006) with BANG 

gel scanned by an Octopus optical CT, Babic et al (2008) with optical CT and FXG, 

Oldham et al (2008) by Presage and Octopus optical CT, Olding et al (2010b) with a Vista 

optical CT and FXG, and Vandecasteele and De Deene (2013b) with both MRI read 

PAGAT and optical CT scanned micelle gel. VMAT deliveries have also been assessed by 
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Ceberg et al (2010) using nPAG read by MRI, and Jackson et al (2015) with Presage and 

optical CT scanning. 

 

For SABR lung treatments where motion of the target is significant, causing dose blurring 

and the potential for interplay of motions to give dose delivery errors, 3D dosimetry may 

be useful and was demonstrated by Olding et al (2015) with optical CT scanned micelle 

gel. The accuracy of deliveries assisted by motion management systems such as gating 

were assessed using PAG with MRI and Presage with optical CT by Ceberg et al (2008) 

and Brady et al (2010) respectively. Skyt et al (2013) used nPAG and BANG gels scanned 

by optical CT to verify both dose painting and tracking motions. 

 

One of the latest RT developments is the realisation of MRI guided treatments where an 

MRI scanner is integrated into the RT machine. The first commercial and clinical example 

is the MRIdian (ViewRay USA) 60Co teletherapy machine. Rankine et al (2017) used 

Presage and a Duke University optical CT scanner to demonstrate the use of 3D dosimetry 

to validate IMRT delivered by a MRIdian. In the future, 3D dosimetry using passive 

chemical dosimeters may prove to be useful for MRI-linacs since they may be less affected 

by MRI magnetic fields than electrically based detectors. 

 

The Gamma Knife (Elekta) treatment system for SRS uses many small 60Co sources to 

give precise conformal doses to cranial tumours. Examples of 3D dosimetry have been 

given (Ma et al 2009, Moutsatsos et al 2013, Klawikowski et al 2014). 

  

Assessment of the validity of software deformed doses is an application of rising interest. 

Dose deformation is useful for adaptive RT where changing anatomy can be registered and 

dose accumulated for repeated treatments or fractions. As dosimetric gels are naturally 

deformable they would appear to have potential for deformable dose measurements. PAG 

gels have been investigated as deformable dosimeters with MRI (Niu et al 2012) and 

optical CT readout (Yeo et al 2012). Solid dosimeters can also be deformable with 

Presage-Def proposed (Juang et al 2013), together with silicone dosimeters developed for 

the purpose (De Deene et al 2015, Hoye et al 2015). 

 

Another application for proven 3D dosimetry systems with known accuracy is the 

verification of quasi-3D dosimeters such as virtual reconstructed 3D dosimetry and semi-
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3D array detectors. An example of 3D assessment of a diode array (ArcCheck, Sun 

Nuclear Corp.) with 3D calculation software (3DVH, Sun Nuclear Corp.) using BANG3 

gel scanned by MRI has been conducted (Watanabe and Nakaguchi 2013). 

 

1.1.5.2 Brachytherapy 

 

The radiation sources used for brachytherapy can make RT dosimetric verifications 

difficult due to very steep dose gradients and dosimeter energy dependencies. True 3D 

dosimeters sampling 3D space in high resolution can be useful for large gradients and are 

typically more energy independent than conventional detectors such as TLDs, ion 

chambers and diodes. Brachytherapy treatments are commonly provided by an 192Ir source 

positioned by an afterloader. 3D measurements have been made using PAG scanned by 

MRI (Lin et al 2009) and Presage with optical CT (Wai et al 2009, Palmer et al 2013). 

Other radiation sources used in brachytherapy include sealed seed sources as permanent 

implants such as 103Pd, 125I and 131Cs. Adamson et al (2014) used Presage and optical CT 

scanning to obtain 3D dose measurements for comparisons to planning data. Another type 

of source, 90Sr/90Y used for intravascular brachytherapy, was assessed with BANG gel and 

a high resolution optical CT scanner (Massillon-JL et al 2009). 

 

1.1.5.3 Proton beam therapy 

 

Proton beam therapy can provide more conformal dose distributions than photon EBRT 

due the nature of proton dose deposition with the Bragg peak. There are also proton 

scanning beam technologies that need to be verified for accurate performance. Presage has 

been investigated (Zhao et al 2012) together with polymer gels (Zeidan et al 2010, Su et al 

2012) however, as with many dosimeters for protons, questions remain over accuracy 

especially regarding quenching of the Bragg peak (Doran et al 2015). Other particle beams 

such as carbon ions have also been investigated with Presage (Yates et al 2011).  

 

1.1.6 Conclusions 

 

Technological advances in radiotherapy have been rapid in the last 20 years with the 

implementation of IMRT, VMAT, IGRT, gating, tracking, and leading into adaptive RT 

with on board MRI imaging. There are also the treatment modalities of brachytherapy and 
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proton beam therapy delivering very conformal dose distributions. Methods and equipment 

to verify the 3D dose distributions delivered by increasingly sophisticated techniques have 

not developed to the point that true 3D dosimetry has been widely adopted in clinics. The 

feasibility of a number of approaches to 3D dosimetry has been demonstrated, however, 

the reliability and practicality remains questionable. It could be argued that such 

techniques are not required, as evidenced by the acceptance of new treatment techniques 

without them, but if the shortcomings can be improved, they may be considered more 

valuable in the future. Gel dosimetry has a long history of being ‘under development’ and 

improvements, particularly in practicality, are required to become a more commonly 

practiced form of dosimetry. Solid chemical dosimeters have been developed that have 

some improved dosimetric properties, but 3D scanning issues are similar. Newer methods 

using plastic and liquid scintillators, and luminescent dosimeters are in the early stages of 

development. 

 

The original 3D dosimeter readout method of MRI may have been limited by access to 

these machines, but with their increasing presence in RT departments, this may change. 

Optical CTs are a relatively cheap option and have shown promise in the quality of results. 

If practicality and accuracy could be further developed, optical CT scanning could become 

a more viable option for clinical medical physicists. An undesirable aspect of most optical 

CT scanners is the use of a RI matching fluid bath. An accurate fluid-less scanner would be 

a good advancement for the technique. In developmental work of an optical CT, an 

established gel dosimeter such as FXG could be beneficial as it has many desirable 

properties such as being optically absorbing, dose rate independent, tissue equivalent, good 

dose sensitivity, non-toxic and easy to manufacture without specialised equipment. Ferric 

ion diffusion is the main drawback, but a fast scanning method can mitigate this to a 

degree. Further improvements of gel dosimeters particularly the dose sensitivity of 

inexpensive, non-diffusing radiochromic hydrogels would be a welcome addition to a more 

practical optical scanner. 

 

1.2 Objectives of this research 

 

The overall aim was to develop an optical CT scanner with improved practicality and 

suitable accuracy and reliability to increase the likelihood of use in clinical radiotherapy 

dosimetry. To develop new scanning techniques, fundamental optical interactions were 
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considered in investigations of optical ray paths for tomographic reconstructions and 

factors relating to accurate measurements of optical transmittance. Specific objectives were 

identified to achieve the overall aim as follows: 

 

1. Design optical CT scanner optical geometry such that RI matching fluid is 

eliminated and a high likelihood of quantitative accuracy is possible. 

2. Construct a prototype scanner and demonstrate the feasibility of the optical design. 

3. Refine the scanner and develop a dosimetry system using a radiosensitive gel. 

4. Demonstrate the clinical utility for specific RT applications. 

 

During the work of addressing the above objectives, further ideas on improving both 

scanner practicality and performance were introduced, resulting in additional objectives as 

follows: 

 

5. Design and development of a dual wavelength optical CT scanner. 

6. Identify the advantages and weaknesses of the various modes of scanner operation. 

7. Validate the fluid-less dual wavelength scanner performance as part of a dosimetry 

system, ready for clinical use. 

 

1.3 Structure of the thesis 

 

The body of this thesis comprises a combination of conventional narrative and published 

research papers. The narrative provides details of unpublished work and background 

details for the publications, together with further discussions and linkage to the subsequent 

work. Thus an account is provided of progression from concepts through development and 

realisation of objectives in chronological order occurring during the research. 

 

The general research topic of true 3D dosimetry in radiotherapy was introduced in Chapter 

1. Techniques used to date were reviewed to identify areas of improvement that could 

assist in the development of a true 3D dosimetry solution for radiotherapy clinical 

applications. Chapters 2 to 6 comprise the body of the thesis, documenting the 

development of a new optical CT scanner and 3D dosimetry system, suitable for clinical 

use. In Chapter 7, final conclusions are drawn and the possibilities for further work are 

discussed. 
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Chapter 2 
 

Initial investigations into a new optical CT scanner 
 

2.1 Introduction 

 

A new optical CT scanner design was sought to provide a more practical solution than 

those previously described for the verification of RT dose distributions in full 3D. The 

specific application targeted was the small dose distributions of SRS. The planning and 

delivery of dose to small cranial tumours requires the highest degree of spatial accuracy in 

photon based EBRT. Positioning uncertainty for point or even 2D detectors results in 

uncertainty in the dosimetry, since it is unclear which exact points of the dose distribution 

have been sampled. True 3D dosimetry provides the entire dose distribution, thus 

identifying spatial delivery accuracy and dose accuracy at all points.  

 

Broad beam scanners appeared to be the state of the art around the time of 2010 due to the 

speed of data acquisition, however broad beam geometry presents challenges relating to 

optical scatter (De Jean et al 2006). Fast laser beam scanners had been described giving 

scan acquisition times comparable to those of broad beam scanners (Van Doorn et al 

2005). A laser beam approach was therefore selected, giving likely advantages in inherent 

scatter rejection and a narrow bandwidth of He-Ne lasers to avoid preferential attenuation 

of different wavelengths in the dosimeter. He-Ne lasers can also have a small enough spot 

size to give suitable spatial resolution of less than 0.5 mm, without having to focus the 

beam using lenses. The laser used initially had a wavelength of 540 nm which was close to 

the peak dose response of FXG. To move the beam across the sample while generating 

adequate scan speed, a rotating mirror design was chosen (Van Doorn et al 2005).  

 

Existing scanner designs used RI matching fluid baths to provide light ray paths through 

gel samples appropriate to the reconstruction algorithm. The requirement of a fluid bath 

was deemed to be a significant impediment in changing the perception of optical CT 

scanning being a specialised technique requiring knowledge in RI matching. In addition, 
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RI fluid could be a source of optical artefacts due to particles in the fluid and RI 

inhomogeneities (Doran 2009). Lastly, RI fluid was considered too messy and time 

consuming to maintain. Thus a fluid-less design was sought. 

 

The choice of dosimeter for the 3D dosimetry system influences the design of the optical 

scanning arrangement. In this case, the chosen dosimeter was a gel based radiochromic 

option. Radiochromic gels utilise optical absorption as the mechanism for optical 

attenuation and gel provides advantages of cheap ingredients and simplicity of preparation. 

Usually for gels, a rigid container is required to maintain the shape of the dosimeter, except 

where the dosimeter is intentionally deformable such as in dose deformation studies. Since 

a plastic structure to contain the gel was a requirement for this work, it would be desirable 

to use the container as the main optical lens if possible. This would avoid additional optical 

components that add cost and increase the number of optical interfaces. Minimising the 

number of interfaces in the imaging path helps to reduce the potential effects of inter-

reflections, alignment issues and contaminant particles and marks on surfaces. 

 

The major design problem was to simplify the arrangement of lenses to provide parallel 

light ray paths through gel samples and avoid the use of a RI matching fluid bath. Parallel 

rays are required for straightforward tomographic reconstruction using the Radon 

transform. A previously developed scanner was noted to have used the gel container as the 

lens (Maryanski and Ranade 2001), although performance was severely limited by 

projection data acquisition of only the central 1/3 of gel diameter.  

 

Alternative options were investigated using simulations of light ray paths and varying the 

dimensions of the gel cylindrical container. It was anticipated that a greater extent of light 

ray collection (than 1/3 of the gel diameter) could be achieved with a single point (large 

area) photodiode detector. Ray tracing using first principles was adopted to ensure there 

were no approximations of any form that could affect the accuracy of the calculated ray 

paths. 

 

2.2 Ray tracing calculations 

 

A set of equations were developed to propagate light rays from a fixed point representing 

the rotation centre of a rotating mirror, through the 4 interfaces of a gel filled plastic 
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cylinder, converging to a detection point. This is shown schematically in figure 2.1. An 

example of the equations and refractive indices used to calculate ray paths is given in 

Appendix A. The RI value for PMMA was obtained from material specifications and the 

FXG (4 % gelatin) RI was measured in previous unpublished work with an Abbe 

refractometer at 589 nm. Snell’s Law was used to give the angles of refraction, and 

geometry provided the intersection points at each of the interfaces. Numerical solutions for 

ray paths were obtained while varying the cylinder ID and distance from rotating mirror to 

the cylinder. The results for a standard 3 mm wall thickness container with 76 mm OD as 

used by Maryanski and Ranade (2001) showed that close to 50 % of the central rays would 

be within 0.1 mm of parallel at the gel centre. This could be achieved by decreasing the 

mirror to cylinder distance such that rays nearer to the centre would be compromised with 

up to 0.1 mm deviation from parallel to then provide additional outer rays for collection. 

Results illustrating this were included in the paper of Chapter 3 (section 3.1) and figure 

2.2(a) herein. 

 

 

 

Figure 2.1. Schematic diagram with variables used for ray tracing calculations (refer to 

Appendix A for example). A light ray originating at the left (source) is refracted as it passes 

through a gel filled cylinder in air. The light rays are required to be close to parallel when 

passing through the gel and converge to a point for collection by a photodiode detector. 
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Figure 2.2. Ray tracing calculations for gel filled PMMA cylinders in air. (a) 76 mm 

OD, 70 mm ID cylinder. (b) 76 mm OD, 51 mm ID cylinder. (c) Magnified view of 

(b). All axes are distances in mm. 

 

It was discovered that when the cylinder ID was reduced there were additional parallel rays 

that could be collected by the detector. Figure 2.2 illustrates the ray paths and further 

details are given in the paper of Chapter 3 (section 3.1). 

 

It was found that a 76 mm OD, 51 mm ID PMMA cylinder would provide projection data 

within 0.1 mm of parallel at the gel centre for around 90 % of the gel diameter. Prior to the 

manufacture of such a cylinder, the ray tracing calculation methodology was verified using 

a readily available PMMA cylinder with 63 mm OD and 50 mm ID. Ray tracing 

calculations were made for the cylinder filled with water and 2 different distances from the 

rotating mirror to the cylinder. Measurements were made of ray position in the water at the 

cylinder centre for different positions laterally off the central ray axis (ie. x = 0 and y = 0 

to 25 mm in figure 2.3). Ray positions as a  function of Y1 (figure 2.1) were obtained by a 

metal plate drilled with 1 mm holes corresponding to Y1 distances 5, 10, 15, 20 and 25 

mm. The ray positions in the water were measured using a target mounted on a micrometer 

stage. Results are shown in figure 2.3(a) for 104 mm and 81.5 mm mirror to cylinder 

(a) 

(b) 

(c) 
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surface distances. These results confirmed the validity of the ray tracing calculations.  

When the ideal cylinder of 76 mm OD and 51 mm ID had been manufactured, the ray 

position measurements were repeated with results as shown in figure 2.3(b). Calculated ray 

positions in gel were also shown in figure 2.3(b), illustrating the small differences 

compared to water.  

 

 

Figure 2.3. Measured and calculated 540 nm light ray positions in water filled PMMA 

cylinders. Results shown as deviations from parallel rays versus radial location. (a) 63 

mm OD, 50 mm ID cylinder with mirror to cylinder distances of 104 mm and 81.5 

mm. (b) 76 mm OD, 51 mm ID cylinder with 127 mm mirror to cylinder distance. Gel 

filled cylinder calculated paths shown for reference. 

 

The sensitivity of ray positions to change in distance from mirror to cylinder, cylinder ID, 

cylinder refractive index and gel refractive index were examined by calculations. The 

results were included in the paper of Chapter 3 (section 3.1). It was found that the design 

was robust and it would take relatively large changes in the mentioned parameters to 

significantly change the ray paths from the intended. Even changing from the gel refractive 

index of 1.34 to water at 1.33 resulted in less than 0.2 mm changes of ray location. 

 

2.3 Interface reflections 

 

With a cylinder in air as described in section 2.2, angles of incidence range from 0 up to 

about 60 at the air to PMMA interfaces. It was noted that light transmission would vary 

significantly due to reflection losses. It was also noted that the losses are light polarisation 

dependent. To understand the consequences of differing polarisations and the extent of 

losses, calculations were conducted using Fresnel’s equations to obtain reflection 

coefficients. The angles of incidence were obtained from ray tracing calculations and used 
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to calculate the reflection coefficient at each interface. The coefficients were summed to 

give the total transmission loss for a given ray path from source to detector. It was found 

that p-polarised light would be the preferable polarisation orientation since the losses were 

less than s-polarised as the ray path approaches the gel periphery. Figure 2.4 shows the 

calculated transmission through a PMMA cylinder considering interface reflection losses 

only.   

 

The lasers used for the optical CT were linearly polarised, and apart from investigations of 

reflection losses as a function of polarisation orientation, p-polarisation was always used. It 

was observed that an intermediate polarisation angle could be used to ‘flatten’ the 

appearance of the projection, however, the clearly defined reproducible condition of full p-

polarisation was preferred for experimental setup reasons, given that the losses would be 

corrected. Figure 2.4 shows the ‘horns’ of the p-polarised transmission profile that can be 

reduced with intermediate polarisation, by moving towards the other extreme of s-

polarisation. 

 

 

Figure 2.4. Calculated transmission through the gel filled 76/51 mm PMMA cylinder 

(with zero internal optical attenuation) as a function of radial distance in the gel 

sample. Data for p and s-polarised beams are shown, while intermediate polarisation 

gives a transmission profile within the bounds of the extremes of p and s-polarisation. 

 

Reflection losses ranging from 1 to 8 % over a projection needed to be corrected. This was 

considered to be straightforward, since pre-irradiation scans would be required to provide a 

zero dose reference for the gel and would also result in cancellation of the differences in 

reflection losses in projection data. For the initial prototype and the work in Chapter 3, the 

pre-irradiation scan was averaged to provide a single reference projection to normalise all 
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post-irradiation projections. The reason for this was to avoid noise, as the averaged 

projection was a smooth low noise curve. 

  

2.4 Incomplete projection data and simulated reconstructions 

 

The ray tracing results indicated that close to 90 % of the gel diameter would be imaged, 

giving truncated projections with 5 % missing at each end. The effects of missing 

projection data was previously shown by Jordan (1999). The missing data can cause a 

cupping artefact in reconstructions that propagates into the reconstructed volume. To 

address this issue a number of options were considered. Low optical attenuation in the 

sample periphery would help avoid artefacts, so ideas included: transparent non-gel 

material with gel refractive index, a transparent gel layer (ie. minus Fe & XO) and a more 

transparent gel. Increasing the wavelength from 540 nm green light to 594 nm yellow light 

would give a more transparent dosimeter, as shown by the absorption spectra of figure 2.5. 

The addition of a non-active layer of material with the refractive index of gel may have 

been achievable however, this would have introduced complications to gel or cylinder 

manufacturing. 

 

 

Figure 2.5. FXG absorption spectra showing a decrease of OD with 

increasing wavelength from 450 nm. 

 

An alternative approach was considered by extrapolating the missing data. The thick 

walled precision cylinder gave a well-known gel diameter to extrapolate to. The 

extrapolated data was calculated by considering the gel pathlength for each ray in the 

extrapolated region and by using the optical attenuation coefficient of the last measured 

projection data point. The equation for this was given in the paper of Chapter 5 (equation 

(5), section 2.1.2). It was considered that curve fitting of some form may give better results 
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for the case of dose gradients in the gel periphery however, the main aim was just to avoid 

the cupping artefact from propagating into the measured data.   

 

 

 

Figure 2.6. Test images used to test the extrapolation method to account for missing 

projection data. Arbitrary units used for optical attenuation and distances. (a) Test image 

with concentric circles of increasing levels. (b) Test image of a star dose pattern. (c) Optical 

attenuation projection data for image of (a) with 10 % of the total data extrapolated at each 

end. (d) Optical attenuation projection data for image of (b) with 10 % of the total data 

extrapolated at each end. (e) Extrapolated ends for (c). (f) Extrapolated ends for (d). 

 

The proposed extrapolation method was tested by simulations. Test images were Radon 

transformed using Matlab (The Mathworks) to obtain projections that were then 

manipulated by truncating projection ends to varying degrees such as 5 and 10 % of the 

diameter. These projections were extrapolated back to the original diameter and inverse 

(a) (b)

(c) (d)

(e) (f) 
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Radon transformed to reconstruct the image. Examples of test images are shown in figure 

2.6 with a simple artificial image and a semi-realistic image of a dose distribution with 

gradients in the periphery. Projection data and the extrapolated ends are shown for 288 

projections. These examples illustrate extrapolation of 10 % of the diameter at each end, 

meaning 80 % of the projections’ extent was ‘measured’. In practice the acquired data 

should be around 90 % of the diameter, thus this test case had double the amount of 

extrapolated data.  

 

 

 

 

Figure 2.7. (a) Test Image reconstructed with full projections (true image). (b) Reconstruction 

with 5 % (2.5mm/50mm) missing projection data at each end. (c) Reconstruction with 10 % 

(5mm/50mm) missing projection data at each end. (d) Reconstruction with 5 % of missing 

projection data at each end and extrapolation applied. (e) Reconstruction with 10 % of missing 

projection data at each end and extrapolation applied. 

(a) 

(b) (c)

(d) (e)
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Figure 2.8. Line profiles from the images of figure 2.7. (a) Profiles without extrapolation. 

(b) Profiles with extrapolation (c) Differences in profiles without extrapolation. (d) 

Differences in profiles with extrapolation. 

 

The consequences of the extrapolation for reconstructed images were assessed by 

comparison of profiles across the reconstructed data and difference maps. Figures 2.7 and 

2.8 show the improvements given by the extrapolation method. Without extrapolation, 

differences extend into the FOV, while the differences are small with extrapolation 

applied. Similar results were obtained for the star pattern with further details included in 

the paper of Chapter 3 (section 3.2). 

 

2.5 Prototype scanner construction 

 

The basis of the prototype scanner construction was from a previously designed fast laser 

beam optical CT scanner (van Doorn et al 2005). The existing rotating mirror was used but 

the remainder was redesigned. The optical design was developed from the ray tracing 

outlined in section 2.2. The light source and detector were replaced with a new photodiode 

with adjustable gain. The He-Ne laser was 540 nm green with random polarisation which 

would later be changed to 594 nm yellow polarised. The motion control for gel cylinder 

rotation and translation was programmed using National Instruments Labview software, 

(a) (b)

(c) (d)
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which also controlled the detector data acquisition. This enabled reliable synchronisation 

of motion and data acquisition. A screenshot of the scanner user interface is given in figure 

2.9. Further details of the components, a schematic diagram and photograph of the initial 

scanner prototype are given in the paper of Chapter 3 (section 2.2). 

 

 

 

Figure 2.9. Optical CT scanner user interface with manual translate/rotate motions, 

automated multi-slice acquisition and cuvette calibration acquisition sequence 

(partially visible). This was the later version with dual wavelength acquisition as used 

at the stage of development in Chapter 5. Display of raw projection data was used for 

prototype development to assist with troubleshooting and alterations. Two projections 

are shown in the screenshot of an unirradiated gel, the left is 594 nm and the other is 

633 nm. 

 

The sole optical lens component was the gel container that was custom made. Different 

plastics were considered and PMMA was selected by consideration of radiological, optical 

and mechanical properties. Together with the gel itself, the cylinder would form part of a 

dosimetry phantom, so ideally the plastic would be approximately water equivalent. This is 

desired to avoid the introduction of additional uncertainties in TPS dose calculations. For 

MV photon beam applications, Compton scatter is the dominant interaction and therefore, 

the electron density of the material is most important for a dosimetry phantom. PMMA has 
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an electron density of 1.15 and physical density of 1.19, thus there is greater x-ray 

attenuation than the same physical thickness of water. In the application of comparing gel 

measurements to TPS calculated doses, the TPS uses x-ray CT scan data of the phantom, 

calibrated to relative electron densities to compute dose. This means that the PMMA 

inhomogeneity will be accounted for, depending on TPS modelling accuracy. Given 

PMMA is a well know material in dosimetric uses, and it forms a ‘shell’ that the MV 

beams pass through to the gel dosimeter, it was considered to be a suitable option for the 

gel cylinder. The other key properties of PMMA given that it would form a lens are optical 

clarity and the suitability for machining and polishing to customise the size and shape. It is 

also a readily available material of various sizes. 

  

The first gel cylinder of the particular size of 76 mm OD, 51 mm ID was machined with a 

standard workshop lathe and finished with polishing compounds to give highly polished 

optical surfaces. Tolerances of 0.2 mm were used for the diameters and 0.05 mm for 

concentricity. A PMMA base plate for the cylinder was machined for an interference fit on 

the cylinder OD and a recess to reproducibly locate the cylinder on the scanner rotating 

mount. 

 

Projection data was processed into matrices using Matlab and then normalised to pre-

irradiation scan projections. The net transmission data was converted to attenuation and the 

missing projection ends were extrapolated. The inverse Radon transform function was used 

for tomographic reconstruction.  

 

2.6 First tomographic reconstructions 

 

Simple optically opaque objects with known dimensions were scanned to begin with. The 

rotating mirror was set to 36.2 revolutions/second. The data acquisition rate was 560k 

samples/second and this resulted in 0.097 mm/pixel in the gel sample. Acquisition time per 

slice was 8 seconds for 288 projections at 0.625 degree increments. These angular 

increments would give approximately 0.3 mm projection spacing at the periphery of the 

dosimeter, which was smaller than the spatial resolution of the system due to laser beam 

spot size. This was deemed adequate for scanning dose distributions since high spatial 

frequencies are not present as in other objects for imaging such as human anatomy with x-
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ray CT scanning. Artefacts due to aliasing are of lesser concern for the relatively smoothly 

varying image objects of dose distributions in gel.  

 

Metal rods of known dimensions were scanned as shown in figure 2.10. Reconstructed 

slices of the rods provided immediate indication of the validity of the optical geometry. 

The spacing of the rods was accurately represented in the reconstructions to within 0.5 mm 

compared to direct measurements using digital calipers. Metal items do not provide ideal 

test objects for optical scanning since photon extinction artefacts result. Some streaking 

can be seen in figure 2.10 even though the image had windowing and levelling set to 

indicate the circular cross-sections of the rods.  

 

 
 

Figure 2.10. Reconstruction of three 2.5 mm diameter metal 

rods, with 15 mm centre to centre spacing in water. 

 

 
 

Figure 2.11. Irradiation of FXG with a 13 mm diameter cone and 6 MV beam at four 

dose levels. (a) Schematic diagram of the irradiation with doses. (b) Reconstructed 

slice of FXG with the four circular doses. (c) A relative profile through the high dose 

beam compared to a diode scan. 

 

(a) (b) (c) 
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After accurate imaging of metal objects, an FXG sample was irradiated to provide a test 

object relevant to the intended imaging application. The FXG comprised 4 % gelatine, 25 

mM H2SO4, 0.1 mM Fe2+ and 0.05 mM XO. The irradiation comprised four 6 MV beams 

collimated by circular cones, directed down the cylinder axis, with four dose levels as 

shown in figure 2.11. The circular beams appeared to be qualitatively well represented in 

the FXG reconstructions, with some artefacts due to particles in the gel. The mean 

reconstructed relative optical attenuation coefficients in a 2 mm diameter ROI at the centre 

of each beam were 100, 49, 26 and 12 %, compared to the relative doses delivered of 100, 

50, 25 and 12.5 %. This indicated a near linear dose response for the FXG, which was 

consistent with cuvette studies of dose response also conducted. The shape of the beam 

profile was similar to a diode scan as shown in figure 2.11(c), with ferric ion diffusion 

evident. These results provided promising indications that the optical design of the scanner 

could provide accurate dosimetry.  

 

Projection data for the reconstructed slice of figure 2.11(b) is shown in figure 2.12. 

Viewing the data in this way was useful in identifying scanning issues. For example the 

data shown had a problem in that the first projection was de-synchronised with the 

remainder of projections. This could be seen in figure 2.12(a) in what appears to be a 

‘stray’ projection and the first vertical line of the sinogram of figure 2.12(b). Rectification 

was made by amendment of the motion control and data acquisition programming. 

 

 
 

Figure 2.12. Projection data for the reconstructed slice shown in figure 2.11. (a) Line 

plot of all projections, and (b) in the form of a sinogram. 

 

 

(b)(a) 
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2.7 Conclusions 

 

New optical geometry for optical CT scanning was devised with parallel ray paths through 

the gel sample, without the use of RI matching fluid. The gel cylinder forms the optical 

lens that provides parallel light rays. Optical ray tracing calculations were validated by 

measurements. Calculations yielded an optimal gel cylinder size with ID to OD ratio of 

0.67 to give projection data to 90 % of the sample diameter. Extrapolation of the missing 

projection ends was investigated to avoid artefacts in the non-extrapolated FOV. A PMMA 

cylinder was machined to 76 mm OD and 51 mm ID and a prototype scanner was 

constructed. 

 

The initial testing of the scanner using solid objects gave correct geometry of reconstructed 

images of the objects, within 0.5 mm. Imaging of FXG irradiated with beams of various 

doses indicated a linear change in optical attenuation with dose, and profiles across the 

beams were comparable to reference data. These early results indicated that the scanning 

approach was viable and the prototype scanner and processing code was operating 

satisfactorily. Further testing was conducted to demonstrate the proof of concept with 

results for distortion, spatial resolution, uniformity, noise and dose response as given in the 

following Chapter 3. 
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Chapter 3 
 

Fluid-less optical CT scanner proof of concept 
 

3.1 Introduction 

 

Following the initial design, construction and preliminary testing, the prototype fluid-less 

optical CT scanner was set up with a 594 nm polarised yellow He-Ne laser. The 540 nm 

He-Ne laser used initially, was replaced with a 594 nm version to lower optical attenuation 

with only minor reduction of dose sensitivity. This reduces the detector dynamic range and 

may improve the SNR. Linear polarisation was useful to set the polarisation angle to verify 

and control reflection losses. The rotating mirror and detector distances were set to give the 

desired ray paths as determined from ray tracing calculations. Ray tracing calculations had 

been conducted with ranges of RIs, focal distances and cylinder ID/OD ratios. Data 

acquisition over a full 360 sample rotation was adopted since the redundant data provided 

improved reconstructions of the optically opaque metal objects by the averaging effect of 

having 2 projections for each view through the sample. To maintain the scan speed of 8 

seconds per slice, the angular intervals were increased from 0.625 to 1.25. This was 

considered adequate since the angular resolution gave approximately 0.5 mm spacing at 

the periphery of the non-extrapolated FOV, similar to the spatial resolution due to laser 

spot size. The laser spot size is the dominant influence on intrinsic spatial resolution. In the 

work presented in the publication following, the native pixel size of 0.1 mm was used to 

present raw data without any re-sampling or filtering. In later work, a lower spatial 

resolution was used to increase the SNR. An axial pixel size smaller than, but closer to, the 

laser spot size reduces the effects of stochastic noise while not degrading spatial resolution 

due to use of a pixel size greater than the intrinsic resolution. 

 

A number of tests were devised to evaluate the imaging capabilities of the prototype 

scanner and give indication of the potential for accurate quantitative imaging. With unique 

optical geometry, spatial distortion was one of the first questions to be addressed, as to 

whether the reconstructed geometry was accurate. Spatial resolution was assessed, with 

particular interest in the most limiting factor. Uniformity and noise were assessed using a 
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dosimeter uniform in axial slices to within 1 %. Optical artefacts can be quantified by 

uniformity and noise metrics to a degree, however often a qualitative evaluation is also 

useful in attempting to determine the source of artefacts. Finally a demonstration of the 

ability to reconstruct a dose pattern from an FXG gel sample was conducted and compared 

to commissioned TPS data. The FXG composition was: 4 % gelatine, 50 mM H2SO4, 0.3 

mM Fe2+ and 0.05 mM XO. 

 

For this initial study, single slice scanning had only been developed, with automated multi-

slice scanning to be further developed. The motion control coding in LabView was a 

‘ground up’ development without the use of a commercial motion control package. This 

approach provided financial benefits and freedom in customising a solution at the expense 

of greater developmental effort. 
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3.2 Research publication on the fluid-less scanner 
 

The following research paper was published in Physics in Medicine and Biology in 2012. 

Optical CT scanner for in-air readout of gels for external radiation beam 3D dosimetry 

Daniel Ramm, Thomas P Rutten, Justin Shepherd and Eva Bezak 

Physics in Medicine and Biology 57 (2012) 3853–3868 

https://doi.org/10.1088/0031-9155/57/12/3853 
©  Institute of Physics and Engineering in Medicine.  Reproduced by permission of IOP Publishing. 
All rights reserved. 
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3.3 Conclusions 

 

The study presented in the preceding section provided indications that the prototype 

scanner had potential for good imaging quality with a completely fluid-less design. There 

was minimal distortion and spatial resolution was 0.5 mm. First indication of absolute dose 

accuracy was a 3.3 % difference from linac ion chamber reference dosimetry (section 3.5, 

Ramm et al 2012), using cuvette calibration samples. Scanner and processing code 

performance, together with gel limitations would need further investigation and 

improvements to yield the anticipated absolute dose accuracy (eg. < 2 %, k=1 

measurement uncertainty). The addition of a reference photodiode detector was planned 

but had not been implemented prior to the study. This would correct for laser output 

variations observed to be up to 1 %.  

 

Non-uniformity was dominated by the appearance of the extrapolated region. It was 

speculated at the time that cylinder rotational accuracy and projection data asymmetry 

played a role in the inaccurate extrapolation region. This was later determined to be the 

case in addition to pixel size calibration being a contributing factor. The other apparent 

artefacts were particulate matter in the gel which could be easily solved by filtration. A 

more significant concern was the issue of cylinder scratching or defects and the 

implications on reconstructed image quality. Only low level streak artefacts were observed 

with visually near pristine cylinder polished surfaces, and were probably more to do with 

dust on the optical surfaces. Nevertheless with repeated use the PMMA surfaces would 

almost certainly degrade. A solution was proposed of hard coating the cylinder optical 

surfaces to provide much greater scratch resistance. 

 

The reconstructed dose star pattern gave good general agreement with TPS data. The 

largest discrepancies were areas of overlapping penumbrae. At the time it was not known 

whether the dominant cause was TPS data or ion diffusion. Further work and experience 

with FXG would later indicate that ion diffusion would certainly be problematic in that 

instance. 
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Chapter 4 
 

Development of the optical CT dosimetry system 
 

4.1 Introduction 

 

The basis of a fluid-less optical CT scanner had been previously constructed and assessed 

by preliminary testing (Ramm et al 2012). The gel container formed the main optical lens 

to give parallel rays through the gel dosimeter, and the optical geometry was shown to 

provide geometrically accurate reconstructions. Further scanner refinements and gel 

dosimeter studies were required, with an overall aim of producing a 3D dosimetry system 

of dosimetric accuracy rivalling other established dosimeters such as film. The next stages 

of development would focus initially on minimising previously observed artefacts. Then 

improvements of scanner operation were addressed by the implementation of a reference 

photodiode, fully automated 3D data acquisition and validation of transmittance 

measurement accuracy. The dose response of FXG was characterised and calibration 

methodology developed for gel calibration using cuvettes under linac reference conditions. 

 

To validate the scanner / gel dosimetry system, benchmarking against reference dosimeters 

was conducted by measurements of simple radiation fields. This would indicate the 

accuracy of the system and provide understanding of the limitations of FXG gel in 

particular. Then clinical application of SRS was demonstrated by end to end testing of 

planned dose distributions using the SRS TPS and localisation systems. The gel dosimeter 

was fixed inside a head shaped phantom and the normal treatment process was carried out. 

Another application was addressed using gel dosimetry by irradiation with a brachytherapy 
192Ir source. The gel measured dose distribution produced by a 192Ir surface applicator was 

compared to the Monte Carlo computed planning data.  
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4.2 Imaging artefacts 

 

The artefact previously observed in the extrapolated region in Chapter 3 (Ramm et al 

2012) had only minor impact on the non-extrapolated FOV however, it was expected that it 

could be readily improved. Upon investigation, it was found that the gel cylinder rotation 

axis was slightly off vertical, resulting in the horizontally scanning laser being non-

perpendicular to the cylinder axis, and cylinder position relative to the fixed light source 

and detector would change as the cylinder was translated vertically. A new bearing design 

was implemented giving a cylinder axis of rotation within 0.1 of vertical, and < 0.1 mm 

deviation of cylinder position when scanned from top to bottom. This reduced the 

extrapolation artefact to a more subtle effect as shown in figure 1 of the publication in 

section 4.2.1. Other sources of artefacts, dust and other particles in the sample, were 

addressed by a filtration method using a syringe filter (2 µm). This was used with dyed 

water solutions and gel in all subsequent work.  

 

The issue of cylinder optical surface scratching or defects from repeated use was 

investigated. It was considered that a hard coating process similar to that used to give 

improved scratch resistance of optical or industrial plastic components may be beneficial. 

The implementation of a hard coating was reported in the publication in section 4.2.1. An 

undesirable effect was found where small variations in transmission were caused by thin 

film interference effects since the thin hard coating was not exactly RI matched to the 

PMMA and there were small variations of film thickness. This resulted in an artefact 

pattern in reconstructed slices. The use of point by point normalisation of the measurement 

scan projections to the reference scan projections instead of an averaged reference scan 

projection cancelled out the optical interference effects. These issues were reported in 

more detail in section 4.2.1. The point by point normalisation approach would become an 

important aspect in later work with regards to achieving good imaging uniformity over the 

entire 3D volume. The hard coating, even with the RI mismatch, was found to be useful 

and subsequent work utilised both the hard coated cylinder and a bare PMMA version. The 

main benefit of hard coating would be the increased working life of a cylinder, assuming 

failure of the coating did not occur (eg. delamination, crazing).  
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4.2.1 Publication on imaging artefacts 

 

The following conference paper was published in Physics the IOP Journal of Physics 

Conference Series in 2013. 

 

Laser beam optical CT scanner for in-air gel readout: imaging artefacts 

D Ramm 

Journal of Physics: Conference Series 444 (2013) 012078  

doi:10.1088/1742-6596/444/1/012078 

 

 
This work is licensed under the Creative Commons Attribution 3.0 Unported License. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/3.0/ 
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4.3 Scanner refinements 

 

Improvements of scanner performance were realised in the investigations of artefacts 

however a distinct mottle pattern residual artefact remained. It was suspected that laser 

output variations could be a contributing factor. The method to correct changes of laser 

output was by the use of a second photodiode measuring the output provided by a beam 

splitter. This was implemented after the prototype development in Chapter 3 and prior to 

the work of section 4.2. It was noted that the earlier work showed a finer mottle pattern 

when a higher data density (ie. higher spatial frequency data acquisition) was used. This 

indicated that data sampling was an influence factor. When the reference photodiode was 

added, the maximum acquisition rate was limited since the data acquisition card only had 

one analogue to digital converter scanning the multiple channels. The raw signals from the 

photodiodes were examined, with examples shown in figure 4.1. There were cyclical 

signals observed on varying time scales that were largely corrected by normalising the 

measurement signal to the reference. Sources of noise and interference were investigated 

and it was found that laser output instability appeared to be the largest contributor. With 

the reference signal correction applied, there were still some residual signals in the 

corrected measurements however, these fluctuations and the reconstructed mottle artefact 

were low level effects and were therefore not investigated further. It was concluded that 

the interplay between laser output fluctuations, data acquisition, detector response times 

and reconstruction would require significant further work to reduce the low level effect. A 

final point of note was from observations in later work with another laser (633 nm) which 

had more stable output than the 594 nm version. The mottle pattern was clearly reduced for 

the more stable laser when using exactly the same acquisition and processing methods. 

Thus further improvements could involve investigation of more stable light sources and 

better data acquisition with improved synchronisation of multi-channel acquisition. 
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Figure 4.1. Raw photodiode signals for the measurement (signal) and reference (ref), and 

differences when referenced point by point (point diff) and measurement point to the average 

of the reference (diff to av). (a) On a time scale of the order of one projection and (b) a few 

projections. 

 

Another significant change was the increase of rotating mirror speed from 2170 to 3620 

rpm for quicker scan times (17 ms per projection). Standard scan parameters were now, 

288 projections over a 360 rotation, giving 5 sec per slice at a data acquisition rate of 450 

kS/sec and 0.2 mm sample spacing (in gel). Thus the scanning rate for the cylinder was 10 

slices per minute, so a typical 3D acquisition would be 50 (1 mm) slices in 5 minutes to 

cover the 50 mm length and diameter. 

 

A major technical development was the progression from single slice to 3D fully 

automated scanning. A priority was set on the robustness of the acquisition, ensuring 

precise alignment of projection data independent of the driving computer’s state of 

performance. This was achieved by coding that used hardware position triggers on the 

rotating mirror motor to initiate acquisition of projection data each mirror rotation. If the 

timing of the loop controlling the acquisition was late, the acquisition would wait for the 
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next mirror rotation as would the next step increment of sample rotation. The integrity of 

the data was tested by imaging metal rod and pin objects as shown in figure 4.2. Analysis 

of the sinogram data would be an alternative method to verify the accuracy of the data 

acquisition. 

 

        

 

Figure 4.2. Reconstructed metal objects for verification of the integrity of the multi 

slice projection data. (a) Three 2.5 mm diameter metal rods (circular base partially 

included), with air bubble observed on the central rod, and (b) eight 1 mm diameter 

metal pins as used for spatial distortion testing. 

 

With any developments of the scanning system there is the fundamental question of 

whether transmittance measurements are accurate. This is often addressed by cuvette 

measurements using an independent spectrophotometer compared to the optical CT 

(Olding et el 2010) and there has been the use of known optical density filters (Thomas et 

al 2011). The favoured method for this work was the use of independently calibrated filters 

to verify transmittance accuracy. Since the scanner was designed to have a cuvette 

measurement mode of operation, filters for the purpose of calibrating spectrophotometers 

would be ideal. A set of 4 filters were used with certified transmission values: 0.8174, 

0.5237, 0.3374 and 0.1111 (at 590 nm) traceable to NIST (CF-VIS-ND, CVI Melles 

Griot). They were scanned on the optical CT with the rotation platform stationary and 

positioned in a cuvette dedicated mount with a recess machined for accurate localisation. 

The transmittance measurement results are shown in figure 4.3. This provided confidence 

in the ability to accurately measure transmittance since all results were within 0.5 % of 

expected. 

 

 

(a) (b)
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Figure 4.3. Measured transmission for NIST traceable spectrophotometer calibration 

filters using the optical CT 594 nm laser beam and photodiode. The differences 

between the measured and certified values are shown as indicated by the right side 

axis, including the 2 uncertainties (n=10). 

 

 
 

Figure 4.4. Optical attenuation of green dye water solutions measured in cuvettes and 

by optical CT reconstruction as a function of nominal attenuation values. The 

difference between CT cylinder and cuvette values are shown by the right side y-axis. 

The normal range of values is up to about 0.40 cm-1 and the high attenuation value at 

1.14 cm-1 shows extended correlation. Uncertainties shown were 1 (n=3) relative to 

the 0.4 cm-1 attenuation value. 
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The next step was to compare cuvette measured attenuation to 3D reconstructed optical 

attenuation measurements. Test solutions of water dyed to various levels using green food 

dye (Queen Fine Foods, Aust.) were prepared and measured in both cuvettes and the 

optical CT scanning cylinder. Results in figure 4.4 indicated a high level of correlation. 

Measurement points up to attenuation levels of 0.4 cm-1 were the intended range for 

standard operation while a much higher value of 1.14 cm-1 also provided good agreement. 

 

The scanner had been shown to provide accurate absolute transmittance and hence optical 

attenuation measurements over the range of interest for samples contained in both cuvette 

and optical CT cylinder. These were independent methods with one being a simple 

transmission measurement at a point and the other used transmission measurements to 

form projections that were then reconstructed to provide voxels of optical attenuation in 

the cylinder. This would form a reliable basis for the cuvette gel calibration method to be 

used. 

 

4.4 FXG dosimeter  

  

A standard FXG recipe was used, similarly to others (Bero et al 2001, Babic et al 2008a). 

Some experimentation of different ingredient concentrations was conducted however, no 

significant gains were made in terms of reduction of auto-oxidation, diffusion or increased 

sensitivity. The standard recipe comprised 4 % w/v gelatin dissolved in 50 mM H2SO4 (3/4 

of total) by heating to 40C on a hotplate stirrer, then 0.05 mM XO, 0.3 mM ammonium 

ferrous sulphate added with the remainder of the 50 mM H2SO4. The liquid gel is syringed 

(via filter) into the optical CT scanning cylinder and calibration cuvettes (shown in figure 

4.5) and refrigerated overnight to set. 

 

The cylinder and cuvettes are stored together as a set as shown in figure 4.5(c), since the 

thermal history is an important issue for accurate FXG dosimetry. The most significant 

effect is the temperature of the gel during optical scanning. This has been reported to be a 

2.5 % change in optical attenuation per C (Olding and Schreiner 2011). For this work a 

temperature dependence of 1.1 % / °C was determined. While this is far from the 2.5 % / 

°C value, it is a significant effect that must be dealt with effectively since large temperature 

variations are possible due to the fact that the gel is refrigerated to set. Some detailed 
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results of the experiment to determine temperature dependence were given in the 

publication in Chapter 6 (figure 4, section 3.1). For these temperature studies, cuvettes and 

a cylinder were fitted with fine wire (dia. 0.25 mm) type K thermocouples to minimally 

perturb the gel samples. A thermocouple was located at the centre of each cylinder or 

cuvette. The temperature monitored samples were not used for optical attenuation 

measurements. An identical sample, handled in the same way (ie. removed from water bath 

or storage box at the same time as the temperature monitored sample) was scanned to 

measure optical attenuation through the location of temperature measurement. After 

removal from the refrigerator, sample temperatures slowly increased by approximately 

10°C up to room temperature over a 5 hour period, while repeat scanning was conducted. 

 

       
 

Figure 4.5. FXG in (a) a 76 mm diameter optical CT PMMA cylinder, with a 4 Gy 2 x 2 cm 

irradiation, and (b) 4 ml polystyrene 10 mm pathlength cuvettes for calibration of dose with 0, 2 

and 4 Gy irradiations. (c) Gel sample storage conditions with the calibration cuvettes in a water 

bath of similar size to the cylindrical gel sample, giving comparable thermal load. All samples 

were located in an insulated box with lid. 

 

The issue of Fe3+ ion diffusion imposes time constraints on irradiation time and the time 

between irradiation and gel scanning. While minimising the time from irradiation to the 

start of scanning for diffusion reasons, dose development must also be taken into 

consideration. The change in optical attenuation with time was largely stabilised from 20 

minutes post irradiation (details included in the Chapter 6 publication). Thus the ideal 

scanning time is around 20 to 30 min post irradiation. 

 

The FXG dose response was characterised by cuvette studies with 3 cuvettes for each of 8 

dose points up to 5 Gy. The cuvettes were positioned in solid water at the linac calibration 

reference point. The cuvettes were located such that the axial plane of the beam at the 

cuvette centre was the effective point of measurement since it would be the path scanned 

(a) (b) (c) 
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by the laser beam. Irradiation was delivered by a 6 MV linac with a 10x10 cm field and 

100 cm SSD. The cuvettes were scanned on the optical CT at 20, 40 and 60 minutes post 

irradiation, giving optical attenuation values for the centre of the cuvette using equation 

1.8. Dose response curves are shown in figure 4.6. For this particular example, Fe2+ 

concentration was decreased from the standard 0.3 mM to 0.1 mM. The main effect of this 

was to cause slower development of Fe3+ ions. Thus optical attenuation changed by 5 % 

from 20 to 60 min scan time points. Auto-oxidation was accounted by subtraction of the 

zero dose cuvette optical attenuation from all other samples. All samples were scanned as a 

set with the same post-irradiation time, ± 1 minute.  

 

FXG dose response is usually assumed to be linear even though non-linear response has 

been observed (Babic et al 2008b). In this work, initially a polynomial was used to fit the 

data then, it was found that a power fit gave improved fitting and simplicity of fit function. 

The reason for lower dose response at low doses for yellow light (eg. 594nm as used here) 

has been attributed to rate of formation of XO-Fe3+ double complexes (Babic et al 2008b). 

It was beyond the scope of this work to investigate the validity of the curve fit function’s 

representation of the mechanism. Differences between inverse and reverse regression to 

obtain calibration curves were found to be negligible, thus reverse regression was routinely 

used. Low measurement uncertainties of each data point are beneficial in this case. 

 

 

 

Figure 4.6. FXG optical attenuation (594 nm) dose response at 20, 40 and 60 

min post irradiation. The uncertainties are 1 (n=3). The differences in curves 

are due to dose development. This particular gel had a reduced concentration of 

Fe2+ (0.1 mM instead of 0.3 mM) giving slower dose development, and a 

relatively large change from 20 to 40 min (4%). 
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For routine calibrations a more practical number of dose points were desired. A 3 point fit 

using only the 1, 2 and 4 Gy dose points provided results as shown in figure 4.7. The 3 

point fit was within ± 0.5 % up to the 4 Gy nominal maximum.  

 

These results helped to determine FXG standard operation and handling procedures. A 

cuvette based dose calibration procedure for each batch of gel was developed and the 

importance of gel temperature during scanning had been established. The following 

sections detail the testing and use of the system. 

 

 
 

Figure 4.7. FXG Measured dose response (20 min post irradiation) and 

calculated dose using a 3 dose point (4, 2, 1 Gy) power fit, dose=a(Δµ)b. The 

full 8 point fit is also shown. Global differences between calculated and 

measured are shown by the right side y-axis. The linear fit is included for 

reference. 

 

4.5 3D dosimetry system performance 

 

The performance of the FXG / optical CT system was tested by 6 MV linac irradiations of 

well-known simple fields. Firstly a 10x10 cm field size reference beam was used with a gel 

cylinder immersed in a water phantom to provide a full scatter condition to compare to ion 

chamber data scanned in a 3D scanning water phantom. The beam was directed down the 

cylinder axis in one experiment and perpendicularly through the cylinder wall in another. 

A small field of 2x2 cm was also used, which was of a typical size of field in the 
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application of SRS. The gel measured DICOM dose files were viewed in ImageJ (National 

Institutes of Health, USA) software, and routinely filtered with a 5x5 pixel median filter. 

FXG dose calibration was by cuvette optical attenuation coefficient measurements using 

the optical CT laser beam and detector. Three dose points and non-linear dose response fit 

were used as described in the preceding section 

 

Figure 4.8 gives a 3D representation of a 2x2 cm measured dose distribution, providing a 

qualitative indication of the quality of imaging achieved. Dosimetric accuracy was 

quantified by comparison with ion chamber scans as shown in figure 4.9. The gel measured 

depth dose curves were not renormalised and dose values presented are those calibrated via 

the cuvette calibration procedure. The ion chamber data was the calibrated dose delivered, 

accounting for daily output variations. The gel results were typically within 0.5 % of the 

ion chamber beyond dmax, with maximum deviations of up to 1.2 % for the 2x2 cm field. 

Measurements of the side entry irradiations were in good agreement with the reference 

data given that the depth was corrected with the electron density of the 12.5 mm thick 

PMMA wall of 1.146. The depth correction was a 1.8 mm shift applied to the physical 

depth. 

 

 
 

Figure 4.8. FXG measured 3D dose for a 6 MV 2x2 cm jaw field size, with 

voxel size 0.4 x 0.4 x 1.0 mm. The dose delivered at dmax was 3.57 Gy. Axial, 

coronal and sagittal 2D views (left) and 3D render with cutaway corner (right). 

 



Chapter 4 Dosimetry system development  
 

 
93 

 

 

Figure 4.9. FXG measured depth dose curves compared to ion chamber for (a) 10x10 cm 

field size directed down the cylinder axis, (b) 10x10 cm field size directed through the 

side wall of the cylinder, (c) 2x2 cm field size directed down the cylinder axis, and (d) 

2x2 cm field size directed through the side wall of the cylinder. 

 

Line profiles were extracted from the 2x2 cm field 3D measured datasets in the axial plane 

of the beam as shown in figure 4.10. Multiple post irradiation scans were conducted to give 

a time sequence of data. With the higher dose gradients of around 20 % / mm in the 

penumbra of the beam, the effects of Fe3+ diffusion become clearly apparent. Figure 

4.10(b) quantifies the effect in terms of change of the 80-20 % penumbra distance. A 

diffusion corrected curve was also shown. This was a point by point linear extrapolation to 

a zero post irradiation time. A PinPoint (PTW Freiburg) ion chamber gave an 80-20 % 

distance of 3.5 mm. Film and diode measured profiles, without the issue of volume 

averaging like ion chambers, give reduced penumbra distances by 0.5 to 1 mm. Thus for a 

steep gradient of a single beam, diffusion would cause up to a 0.5 mm deviation at a given 

dose point in the penumbra such as the 80 %. If a time sequence of post irradiation scan 

data were not available, a 20 minute scan would give a marginally greater deviation. 

 

(a) (b)

(c) (d)
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Figure 4.10. FXG measured crossline profile for a 2x2 cm jaw defined field. (a) The 

(top entry) full profile obtained with post irradiation scan times 20, 40, 60 and 80 min, 

showing the effects of Fe3+ ion diffusion. From the multiple time point data, a diffusion 

corrected curve is also shown. (b) Close-up view of the penumbral region of (a). The 

measured 80-20 % penumbra distance is shown on the table inset. (c) Comparison of the 

20 min top entry profile of (a) with a separate side entry irradiation. 

 

Figure 4.10(c) compares profiles of a 2x2 cm field delivered via top entry versus side 

entry. This shows that there are no significant differences in the integrity (scaling and 

distortion) of the axial image plane compared to lateral. There is also no notable distortion 

of the dose profile due to the MV beam transmission through the curved PMMA wall. 

 

The FXG / optical CT system measured external beam 6 MV doses typically within 1 %, 

with reproducibility within 1 %. Larger (10x10 cm) and smaller (2x2 cm) field sizes had 

been studied to date. The major limitation of FXG, ion diffusion, was addressed by 

limiting the post irradiation scan time and fast optical scanning. Spatial resolution was 0.4 

mm in axial slices and slice distance user configurable. Typical scan time was 5 minutes 

for the 51 mm diameter by 50 mm length 3D gel volume with 1 mm slices. This satisfies 

the resolution, time, accuracy and precision criteria (RTAP) proposed by Oldham et al 

(2001) for 3D dosimetry of: 1 mm3, 60 min, 3 % and 1 % respectively. 

(a) (b)

(c) 
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4.6 Applications 

 

Testing of the FXG / optical CT system indicated that it would be useful for verification of 

typical SRS dose distributions of around 1 to 3 cm in size. In addition, 3D dose 

distributions measured for 192Ir HDR sources at distances greater than 20 mm from the 

source could be of value. 

 

4.6.1 Stereotactic radiosurgery 

 

The application of SRS was the original targeted use of the prototype optical CT scanner in 

this work. The gel cylinder was specifically sized to fit inside an existing water filled head 

phantom (RSVP Phantom Head, The Phantom Laboratory, USA). A mounting system for 

the gel cylinder was fabricated such that it could be reliably located inside the head 

phantom. Figure 4.11(a) shows the head phantom with gel, mounted to a linac couch with 

Brainlab SRS frame hardware. This was the delivery stage of end to end testing of the 

entire clinical treatment chain following the standard clinical process of CT scanning, 

treatment planning (Brainlab iPlan) and delivery on the linac. The final positioning of the 

phantom was by laser alignment to Brainlab target positioners attached to the frame, as per 

clinical use. 

 

  

 

Figure 4.11. (a) FXG cylinder mounted inside the water filled head phantom, 

mounted to Brainlab SRS frame localisation hardware for end to end testing. (b) 

Brainlab iPlan TPS screenshot with the gel cylinder centre targeted for a 3 Gy 

spherical dose with a 10 beam treatment plan. 

(a) (b)
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A 10 static beam treatment plan was generated using 2.5 mm MLCs to conform the 80 % 

isodose to a spherical target of 20 mm diameter. The 80 % dose was 3 Gy, giving 3.75 Gy 

to the centre of the target. A TPS screenshot is shown in figure 4.11(b). The planned 

spherical target was positioned to within 0.2 mm accuracy of the cylinder geometric centre, 

according to the TPS. The TPS dose distribution was carefully cropped to the gel volume 

(to sub-pixel level), and centred on the cylinder. Similar was done for the measured dose 

distribution. Thus the planned dose distribution had known registration to the cylinder and 

since the measured dose distribution would be inherently registered to the cylinder walls, 

an accurate analysis of dose distribution delivery accuracy in terms of both dose levels and 

localisation could be made. The delivery was provided by a Varian Trilogy linac 6 MV 

beam with HDMLC.  

 

Figure 4.12 shows a dose slice through the target centre for iPlan calculated and FXG 

measured. Also shown are 3D surface rendered images of the 20 % and 80 % isodoses to 

illustrate the true 3D nature of the measurements. Positional accuracy was assessed by 

measurement of the centroid of the 80% isodose. Results are given in table 4.1, with the 

greatest deviation of measured to planned being 0.5 mm. The measured dose at the target 

centre with a 2 mm diameter ROI was 373.5 cGy compared to the 375 cGy planned, giving 

a -0.4 % difference.  

 

  

 

Figure 4.12. Treatment plan and delivery of a 20 mm diameter spherical dose. (a) iPlan TPS 

calculated 2D dose plane through the target centre. (b) FXG measured dose for the same 

plane as (a). (c) A 3D rendered image of the measured 20 % isodose surface, and (d) the 80 

% isodose surface. 

 

 

 

(a) (b) (c) 
(d)

cGyiPlan FXG
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Table 4.1. Delivery positional accuracy of a 20 mm diameter spherical dose. 
Positioning determined by the centroid of the 3 Gy 80 % isodose. 

 Axial plane (mm) Sagital plane (mm) 
 X (L-R) Z (A-P) Y (S-I) Z (A-P) 

Measured centre 40.71 40.72 24.63 40.50 
Target centre 40.20 40.20 24.20 40.20 

Difference 0.5 (Rt) 0.5 (P) 0.4 (S) 0.3 (P) 
 

 

 

 

Figure 4.13. Brainlab iPlan TPS screenshot with the gel cylinder targeted with a c-

shape dose using an 8 beam treatment plan. 

 

 

Another treatment plan was produced with a c-shaped target as shown in figure 4.13. 

Results are given in figure 4.14 showing the c-shaped dose distribution. There was good 

agreement of absolute dose and alignment as illustrated by the line profiles. Absolute dose 

agreement was within 2.5 % in the high dose areas and within 1 mm DTA in the high 

gradient regions. 
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Figure 4.14. Treatment plan and delivery of a c-shaped dose. (a) iPlan TPS calculated dose 

2D plane through the target centre. (b) FXG measured dose for the same plane as (a). (c) A 

3D rendered image of the measured 80 % isodose surface. (d) Line profiles extracted from 

(a) and (b). Note that the artefact at the bottom of the FXG image and also seen on the 

profile was the result of a mark on the cylinder wall, added for registration purposes. 

 

4.6.2 Brachytherapy source 

 

The 3D dose distribution delivered by a 20 mm H Leipzig applicator and 192Ir afterloader 

(Nucletron B.V. The Netherlands) was measured using the FXG / optical CT system. This 

provided visualisation and detailed comparisons of measured dose to the Monte Carlo 

(MC) derived values used for treatment planning. Leipzig applicators are a treatment 

option for superficial leisons. Figure 4.15 shows the experimental setup with water 

phantom and the applicator. The gel cylinder was immersed in the water phantom with top 

surface flush with the water surface. The lid was removed from the gel sample giving a flat 

gel surface. The applicator was positioned just in contact with the gel surface using 

micrometer stages with estimated accuracy of 0.1 mm. The source dwell time was 

calculated to deliver 2.705 Gy to the reference point at the depth of 3 mm. Calibration of 

cGyiPlan FXG(a) (b) (c) 

(d) 
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the FXG dosimeters was by the standard cuvette calibration procedure using a 6 MV beam, 

and thus independent of the HDR equipment. Since the HDR source has a 380 keV gamma 

emission, dosimeter energy dependence should be considered. It has been shown 

previously that FXG has low energy dependence and good water equivalence above 100 

keV (Keall et al 1999, Kron et al 1993). 

 

 

 

Figure 4.15. (a) Measurement setup with Leipzig applicator positioned by 3 axis 

micrometer stages. The gel cylinder was immersed in the 15 x 15 x 15 cm water 

phantom. HDR afterloader is shown in the background. (b) HDR Leipzig surface 

applicator (Nucletron B.V. The Netherlands). 

 

The FXG measured 3D dose distribution is illustrated in figure 4.16. Data could be 

extracted from close to the surface since the scanner scanned slice by slice. The first 

scanned slice was at a 2 mm depth in the gel since the gel was level with the top of the 

cylinder and the first 1 mm of the cylinder was not suitable for scanning. The depth of the 

first slice was measured from the gel surface to the centre of the scanning laser beam using 

the distance calibrated motion of the vertical translation stage.  

 

 

 

 

 

 

(a) 

(b)
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Figure 4.16. Visualisation of FXG 3D measured dose for a 20 mm Leipzig applicator 

with 192Ir source. The first slice was a 2 mm depth in gel. (a) Cylinder axial view (left) 

and lateral view (right). (b) 3D render of the 50 % isodose surface. 
  

Depth dose curves at the central axis are shown in figure 4.17(a) for the full cylinder length 

of 50 mm. There was good agreement with the manufacturer data which was based upon 

the work of Perez-Calatayud et al (2005) from the University of Valencia. Deviations were 

within 1 % except at depths < 10 mm where there were up to 5 % differences. Dose 

accuracy in this high dose gradient region is highly sensitive to positioning accuracy, and a 

further study was conducted to more closely investigate. To reduce the positional 

uncertainty (due to the scanning process) a higher resolution scan was taken by decreasing 

slice thickness to 0.2 mm. This would give an estimated 0.1 mm positioning uncertainty 

(0.14 mm when combined with setup uncertainty). At the 3 mm depth reference point, 0.1 

mm corresponds to about 1 % difference in dose. Figure 4.17(b) shows the depth dose 

curves from around 3 to 10 mm depths. There was a 1.3 % difference at the 3 mm depth 

and the other depths were within 1 % thus providing good validation of the planning data 

at these clinically relevant depths. 

 

(b) 

cGy
(a) 
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Figure 4.17. FXG measured depth dose for a 20 mm Leipzig applicator. (a) Optical CT 

scan from 2 to 50 mm depths with a 1.0 mm slice step size. (b) Optical CT slice step size 

was reduced to 0.2 mm for high resolution data to the 10 mm depth. 

 

Profiles of the 20 mm Leipzig 192Ir beam for the 6 mm depth are shown in figure 4.18. The 

in-plane direction was parallel to the source travel and cross-plane perpendicular. 

Measured data was not renormalised, similar to the depth dose data. Figure 4.18(a) shows 

reasonable agreement between measured and MC in the high dose regions, with some 

asymmetry noted. Diffusion effects are obvious in the penumbral regions due to the very 

steep gradients. The cross-plane profiles in figure 4.18(b) give better agreement with MC 

than the in-plane profiles. Asymmetric in-line profiles are likely to be due to source dwell 

position uncertainty. 
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Figure 4.18. FXG measured dose profiles at 6 mm depth for a 20 mm Leipzig applicator. (a) 

In-plane profile, and (b) cross-plane profile. The gel was scanned at multiple time points to 

show Fe3+ diffusion, and was compared to Monte Carlo calculated treatment planning data. 

 

4.7 Conclusions 

 

The FXG / optical CT dosimetry system was shown to provide useful true 3D dosimetry. 

The system was refined by improvements of scanning artefacts, giving improved image 

quality. FXG dose response and temperature dependence were quantified and a cuvette 

calibration process was established using the optical CT. A power curve fit was used to 

improve calibration accuracy for the slightly non-linear FXG dose response at 594 nm. 

Measurement quality was assessed using simple well defined linac beams. FXG 

measurements were compared to reference data for depth dose curves, profiles and beam 

output. Typical agreement was within 1 % except for penumbral regions where Fe3+ 

diffusion limits the accuracy. A simple diffusion correction method was used however, 

differences of up to 0.5 mm still occur at dose points in high gradients. The application of 
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end to end testing of a clinical SRS system was demonstrated, providing verification of 

dose levels and positioning accuracy. The true 3D measured dose datasets can be used to 

extract data in a variety of ways. Another application was demonstrated using an 192Ir 

brachytherapy surface applicator on the surface of the gel. The MC calculated doses used 

for treatment planning were validated with the FXG dose measurements, with 1.3 % 

agreement at the 3 mm reference depth and < 1% for depths greater than 10 mm. 

 

4.8 References 

 

Babic S, Battista J and Jordan K 2008a Three-dimensional dose verification for intensity-

modulated radiation therapy in the radiological physics centre head-and-neck phantom using 

optical computed tomography scans of ferrous xylenol-orange gel dosimeters Int. J. Radiat. Oncol. 

Biol. Phys. 70 1281-1291 

 

Babic S, Battista J and Jordan K 2008b An apparent threshold dose response in ferrous xylenol-

orange gel dosimeters when scanned with a yellow light source  Phys. Med. Biol. 53 1637-50 

 

Bero M A, Gilboy W B and Glover P M 2001 Radiochromic gel dosemeter for three-dimensional 

dosimetry Rad. Phys. Chem. 61 433-435 

 

Keall P and Baldock C 1999 A theoretical study of the radiological properties and water 

equivalence of Fricke and polymer gels used for radiation dosimetry Australas. Phys. Eng. Sci. 

Med. 22 85–91 

 

Kron T, Metcalfe P and Pope J M 1993 Investigation of the tissue equivalence of gels used for 

NMR dosimetry Phys. Med. Biol. 38 139–150 

 

Oldham M, Siewerdsen J H, Shetty A and Jaffray D A 2001 High resolution gel-dosimetry by 

optical-CT and MR scanning Med. Phys. 28 1436-1445 

 

Olding T, Holmes O and Schreiner L J 2010 Cone beam optical computed tomography for gel 

dosimetry I: scanner characterization Phys. Med. Biol. 55 2819-40 

 

Olding T and Schreiner L J 2011 Cone beam optical computed tomography for gel dosimetry II: 

imaging protocols Phys. Med. Biol. 56 1259-79 

 



Chapter 4 Dosimetry system development  
 

 
104 

Pérez-Calatayud J, Granero D, Ballester F, Puchades V, Casal E, Soriano A, and Crispín V 2005 A 

dosimetric study of Leipzig applicators Int. J. Radiat. Oncol. Biol. Phys. 62 579–584 

 

Ramm D, Rutten T P, Shepherd J, Bezak E 2012 Optical CT scanner for in-air readout of gels for 

external radiation beam 3D dosimetry Phys. Med. Biol. 57 3853-3868 

 

Thomas A, Newton J, Adamovics J and Oldham M 2011 Commissioning and benchmarking a 3D 

dosimetry system for clinical use Med. Phys. 38 4846-4857 

 



Chapter 5 Development of dual wavelength optical CT 
 

 
105 

 

Chapter 5 
 

Design and development of a dual wavelength 

optical CT scanner 
 

5.1 Introduction 

 

The process of optical CT scanning had been improved by negating the need for RI 

matching fluid as an integral part of the scanner. This also makes the scanner largely 

maintenance free. The fluid-less scanner with FXG gel dosimeters was demonstrated to 

provide reliable absolute 3D dosimetry and practical operation for clinical applications. 

Pre-irradiation scanning of the gel dosimeters is required for best results. If this 

requirement could be avoided there would be further simplification of the scanning 

process. The use of a second wavelength to provide a reference scan instead of a pre-

irradiation scan was considered in this work. Near simultaneous acquisition of the two 

different beams could also help to minimise artefacts and improve image quality. With 

sufficient beam matching, artefacts that vary from scan to scan such as dust or marks on 

gel cylinder may be corrected. Therefore the feasibility of a dual wavelength scanner was 

initially investigated as described in the following section 5.2, and the development of a 

prototype dual wavelength scanner is detailed in the section 5.3. 
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5.2 Feasibility of dual wavelength scanning 

 

The following conference paper was published in the IOP Journal of Physics Conference 

Series in 2015. 

 

Feasibility of a dual wavelength laser optical CT scanner with in-air gel readout 

D Ramm and T P Rutten 

Journal of Physics: Conference Series 573 (2015) 012057 

doi:10.1088/1742-6596/573/1/012057 
 

 
This work is licensed under the Creative Commons Attribution 3.0 Unported License. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/3.0/ 
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5.3 Research publication on the development of the dual wavelength 

scanner 

 

The following research paper was submitted to Physics in Medicine and Biology on the 

20th June 2017 and accepted for publication on 24th January 2018. 

 

A fast dual wavelength laser beam fluid-less optical CT scanner for radiotherapy 3D 

gel dosimetry I: Design and development 

Daniel Ramm 

Physics in Medicine and Biology 63 (2018) 045019 

https://doi.org/10.1088/1361-6560/aaaa45 

 
©  Institute of Physics and Engineering in Medicine.  Reproduced by permission of IOP Publishing. 
All rights reserved. 
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5.4 Conclusions 

 

The preliminary work in considering the feasibility of the addition of dual wavelength 

capability to the fluid-less optical CT scanner showed that it was readily achievable. 

However to minimise ray path differences due to the difference in wavelength, the 

wavelength difference was limited to < 40 nm. This difference would also lead to a dual 

wavelength dose response of 2/3 of the 594 nm response. The benefits of dual wavelength 

scanning in terms of artefact reduction were shown to outweigh the loss of dose response. 

Beam matching of spot size, alignment and ray paths was sufficient to provide improved 

image quality at optical attenuation levels equating to similar dose levels for single and 

dual wavelengths. Image quality and quantitative accuracy were assessed using dyed water 

solutions. Thus dual wavelength scanner operation had been established and optimised.  

 

The next stage was to employ FXG dosimetry with the dual wavelength scanner and to 

investigate the measurement quality that could be achieved. This is detailed in the next 

Chapter. 
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Chapter 6 
 

Performance of the gel dosimeter / optical CT 

system 
 

6.1 Introduction 

 

A dual wavelength optical CT scanner was previously developed and tested using dyed 

water solutions. In this work, FXG dosimetry was implemented with the dual wavelength 

scanner. This involved investigation of the dose response and confirmation of a suitable 

calibration procedure. The previously developed cuvette calibration method was adopted 

as one option, and a second option using a reconstructed gel volume for calibration was 

introduced. The benefits of each method were investigated. The dosimetric performance of 

the FXG / optical CT scanner system was established using a series of test irradiations. 

Measurement quality was quantified by comparisons to reference dosimeters. Finally, 

quality assurance guidelines to maintain performance in routine use were determined using 

insights obtained from the development of the system. 

 

6.2 Research publication on dual wavelength scanner performance 

 

The following research paper was submitted to Physics in Medicine and Biology on the 

20th June 2017 and accepted for publication on 24th January 2018. 

 

A fast dual wavelength laser beam fluid-less optical CT scanner for radiotherapy 3D 

gel dosimetry II: Dosimetric performance 

Daniel Ramm 

Physics in Medicine and Biology 63 (2018) 045020 

https://doi.org/10.1088/1361-6560/aaaa46 

 

©  Institute of Physics and Engineering in Medicine.  Reproduced by permission of IOP Publishing. 
All rights reserved.  
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6.3 Conclusions 

 

The dosimetric performance of the FXG / optical CT system featuring fluid-less, dual 

wavelength operation was detailed. It was shown that calibration methodology should be 

considered more carefully for dual wavelength scanning without pre-irradiation scans, 

where cuvette calibrations are not recommended. With a calibration sample of the same 

size as the measurement sample, using a reconstruction based calibration method, accuracy 

was maintained without pre-irradiation scanning. It was shown that different scanning 

options have various benefits. A single wavelength scanner would provide the cheapest, 

simplest scanner configuration. A dual wavelength scanner has additional complexity but 

provides the most practical and efficient normal operation. Measurement quality was 

largely similar, except in the case of sub-optimal cylinder cleanliness where dual 

wavelength scanning can be superior. This adds to the practicality for routine use since less 

diligence in cylinder cleaning prior to scanning can be tolerated. Thus a dual wavelength 

fluid-less optical CT scanner providing a practical option for clinical true 3D dosimetry has 

been developed. Measurement accuracy was validated, ready for clinical application. 
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Chapter 7 
 

Summary 
 

7.1 Conclusions 

 

This research commenced with an overall objective of development of a true 3D dosimetry 

system for radiotherapy dosimetry. Optical CT scanning of a radiochromic gel dosimeter 

was the method of choice. It was proposed that optical CT scanning could be made more 

practical and efficient with dosimetric accuracy competitive with established dosimeters. 

To achieve greater practicality in optical CT scanning, the scanning process was simplified 

by conceiving optical geometry that did not require RI matching fluid. The design used the 

gel cylindrical container as a lens to provide parallel ray geometry over most of the gel 

sample and resulted in a simple, cost effective scanner with a minimal number of optical 

components. Fundamental geometrical optics calculations led to the discovery of 

conditions whereby parallel rays through the gel sample were generated by just the gel and 

its container. It was found that a PMMA cylinder containing gel with a ratio of inner to 

outer diameters of 0.67 could provide suitable ray paths for tomographic reconstruction. 

 

A prototype scanner was constructed using a laser beam and rotating mirror sweeping the 

beam across the sample. The high speed of the beam’s sweep yielded acquisition times on 

the order of typical broad beam scanners which have been favoured by other researchers 

due to their fast acquisition rates. The prototype scanner was shown to provide suitably 

accurate reconstructions with minimal distortion and sub-millimetre spatial resolution. A 

dosimetry system was developed using FXG radiochromic gel. The gel dose response was 

characterised using a simple power function to account for slight, but significant, non-

linearity. This, together with mitigation of FXG readout temperature dependence, and 

accurate optical attenuation measurements of the scanner, provided high quality true 3D 

absolute dosimetry. The accuracy of the scanner and gel dosimetry system was determined 

by comparisons to conventional detectors considered to be the best reference for given 

conditions. 
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Clinical application of the 3D dosimetry system was demonstrated for SRS dose 

distributions delivered by linac. The value of true 3D measurements was shown by 

quantification of dose levels and 3D spatial accuracy of dose distributions with a single 

delivery and measurement. Calculated doses of a SRS treatment planning system were 

verified by 3D dosimetry, which was the main intended application for the system. 

Versatility was shown by implementation of another application using an 192Ir 

brachytherapy source. A surface applicator was placed on an exposed gel surface to deliver 

the superficial dose distribution. True 3D measured dose distributions provided verification 

of Monte Carlo derived planning data. 

 

A well performing, completely fluid-less, fast laser beam optical CT scanner had been 

developed, however, further increases in practicality and efficiency of operation were 

sought by the addition of a second laser beam of differing wavelength. It was found that a 

second wavelength could be used to give a reference dataset to replace the usual pre-

irradiation scan data. The difference in wavelength was minimised to avoid changes in 

refractive indices that would result in ray path deviations. Competing with this was the 

effect of reduced net dose response with less difference in wavelength. It was shown that 

the negative effect of a 1/3 reduction in dose response was offset by positive effects of 

improved image quality. The second wavelength could better correct for artefacts due to 

particles and defects on the cylinder optical surfaces. This was only possible with precise 

beam matching and alignment. 

 

An alternative calibration method for FXG was developed using the reconstruction of a 

known dose pattern delivered to a gel cylinder. The original cuvette based method was 

found to be deficient when pre-irradiation scans were not used with dual wavelength 

scanning. This was attributed to the different gel volumes undergoing different physico-

chemical changes from manufacture to the pre-irradiation time point. By matching 

volumes, the dose pattern method proved to be a suitable solution for an accurate 

calibration method. The dual wavelength scanner was benchmarked against reference 

detectors. Thus, a fluid-less dual wavelength optical CT scanner had been developed to a 

stage where it was ready for clinical application. 

  

The main limitation of the 3D dosimetry system was found to be the FXG dosimeter. Ion 

diffusion was the well-known issue that limited dose measurement accuracy in high 
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gradient regions. Additionally for small field sizes (< 10 mm) the peak dose could drop 

significantly with post irradiation time. Due to the speed and quality of optical CT 

scanning, multiple scans could be acquired and then used to correct for diffusion. This 

would however only provide partial correction with a small residual difference remaining. 

Nevertheless the non-diffusion corrected differences were of the order of dose gradient 

blurring due to volume averaging by other detectors such as micro ionisation chambers. 

 

7.2 Future 

 

The fluid-less dual wavelength optical CT scanner was successfully developed with a 51 

mm diameter gel sample size. The size was constrained by the requirement that the 

cylinder overall size would allow fitment to an existing head phantom. This would provide 

a useful solution for 3D dosimetry of small SRS dose distributions, however, a larger gel 

dosimeter would be required for other applications such as SBRT or more general RT 

treatments. Smaller 3D dosimeters can produce accurate dosimetry more easily than larger 

dosimeters since detector dynamic range and scatter are more significant issues at larger 

sizes. Thus scaling up the present scanner design would not necessarily be straightforward. 

In principle scaling to, for example, double the size should be feasible. If the reconstructed 

pixel size was scaled in proportion, then scan acquisition time per slice could remain the 

same. In this case FXG ion diffusion may be a sub-pixel effect. Beam wander at the 

detector may need to be addressed by additional lenses or an alternative detector. A larger 

PMMA cylinder is a more substantial mass of plastic that may be more difficult to 

produce. Application of a hard surface coating for larger cylinders could be beneficial to 

preserve the quality of the larger optical surface area. RI matching of hard coating is 

recommended to avoid optical interference effects. Anti-reflective coatings may be useful 

to reduce stray light, especially for scanners with array detectors. 

 

Alternative light source and detector arrangements may be possible with a next generation 

design using a laser line source and linear array detector. This approach would attempt to 

balance the competing effects of decreased stray light rejection with increased scan speed. 

The aim would be to reduce scan acquisition time significantly otherwise the change from 

point to array detector may not be worthwhile. Faster data acquisition products are now 

available at the time of completion of this work, thus scan speed improvements can be 
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made from that reason alone. Sub-minute scan times would be a goal to further improve 

the appeal of optical CT scanning. 

 

The choice of chemical dosimeter for this work, FXG, with well-known characteristics, 

provided the sound basis for a 3D dosimetry system, notwithstanding the shortcoming of 

ion diffusion. Optical CT scanner development was the main focus of this work and the use 

of a consistent gel dosimeter was useful to develop scanner performance. With an efficient 

and accurate optical scanner developed, the FXG gel dosimeter was the weaker aspect, 

since it placed limits on the performance of the dosimetry system. Thus, different gel 

dosimeters could be the subject of further investigations. Gels with low diffusion such as 

polymer gels and micelle gels could be used with the scanner developed in this work, 

however, they also have their own issues to address. For example, micelle gels have low 

dose sensitivity and are typically used with higher doses to give adequate optical 

attenuation. Improved optical CT imaging quality could help offset the lower dose 

sensitivity. Re-usable dosimetric gels could provide a significant improvement by the 

reduction of gel manufacturing efforts, making optical CT gel dosimetry methods more 

clinically compatible. 

 

It is therefore concluded that there are further options, to build upon the work conducted 

here, continuing to strive for more practical, efficient, reliable and accurate true 3D 

dosimetry systems based upon optical CT scanning. 
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Appendix A 
 

Matlab code for ray tracing with a gel filled cylinder as per the geometry in figure 2.1. 
Only refraction was considered here, while reflection effects were considered separately 
using recognised equations. 
 
 
%% Ray tracing for optical CT gel cylinder  
 
clear all 
  
% Cylinder size 
D1=input('Outer diameter of cylinder:'); 
D2=input('Inner diameter of cylinder:'); 
R1=D1/2; 
R2=D2/2; 
  
GW=input('Gel or water (g/w) : ','s'); 
  
ffl=input('Focal length:'); 
DetPos=input('Detector position:'); 
  
% Refractive indices 
n1=1.000;           % Air 
  
%% YELLOW 594nm RIs 
n2=1.491            % PMMA 
if GW=='g' 
   n3=1.342          % Gel 
elseif GW=='w' 
   n3=1.333          % Water 
end 
 
NumRays=10; 
 
step=0.194/NumRays;   % alphai1 = 0.1880  Y2=22.48mm    0.194 = Y2 23.0mm 
alphai1=‐step;         
  
% Calculate each ray 
for i=1:(NumRays+1);     
    alphai1=alphai1+step; 
    alpha1=asin((ffl*tan(alphai1)+R1*tan(alphai1))/(R1*sqrt(1+(tan(alphai1))^2)))‐alphai1; 
    Y1=R1*sin(alpha1); 
    f1=ffl+(R1‐Y1/tan(alpha1)); 
    theta1=alpha1+alphai1; 
    theta2=asin(n1/n2*sin(theta1)); 
    alphat1=alpha1‐theta2; 
    dt1=(2*R1*cos(theta2)‐sqrt((2*R1*cos(theta2))^2‐4*(R1^2‐R2^2)))/2; 
    d21=dt1*cos(alphat1); 
    Y2=Y1‐d21*tan(alphat1); 
    alpha2=asin(Y2/R2); 
    theta3=alpha2‐alphat1; 
    theta4=asin(n2/n3*sin(theta3)); 
    alphat2=theta4‐alpha2; 
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    dc=2*R2*cos(theta4); 
    d32=dc*cos(alphat2); 
    Y3=Y2+d32*tan(alphat2); 
    alpha3=asin(Y3/R2); 
    theta5=alpha3+alphat2; 
    theta6=asin(n3/n2*sin(theta5)); 
    alphat3=alpha3‐theta6; 
    dt2=(2*R2*cos(alphat3‐alpha3+pi)+sqrt((2*R2*cos(alphat3‐alpha3+pi))^2‐4*(R2^2‐R1^2)))/2; 
    d43=dt2*cos(alphat3); 
    Y4=Y3+d43*tan(alphat3); 
    alpha4=asin(Y4/R1); 
    theta7=alpha4‐alphat3; 
    theta8=asin(n2/n1*sin(theta7)); 
    alphai2=theta8‐alpha4; 
    f2=Y4/tan(alphai2); 
    bfl=f2‐(R1‐Y4/tan(alpha4)); 
  
    X0=‐(ffl+R1); 
    X1=X0+f1; 
    X2=X1+d21; 
    X3=X2+d32; 
    X4=X3+d43; 
    X5=X4+f2; 
    Y0=0; 
    Y5=0; 
  
   % Ray coordinates 
    X(:,i)=[X0,X1,X2,X3,X4,X5]; 
    Y(:,i)=[Y0,Y1,Y2,Y3,Y4,Y5]; 
    
    A(1,i)=alphai1; 
     
   % Deviation at gel centre and at detector 
    DevInGelY(:,i)= (Y3‐Y2)/2; 
    DevDetectorY(:,i)=(bfl‐DetPos)*tan(alphai2); 
    Y2plot(:,i)=Y2; 
  
end 
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